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INTRODUCTION

In this introduction, I provide a general context for the work presented in this
thesis, which addresses the effects of developmental diet on adult life history
traits and gene expression in the fruit fly, Drosophila melanogaster. 1 begin
by giving a short introduction to the concepts of life history evolution and
(developmental) phenotypic plasticity, and the approaches used to study them,
followed by a brief introduction to the mechanisms whereby developmental
diet may affect adult phenotypes. I then address the special case of ageing in
life history evolution, and the theories put forward to explain the link between
developmental conditions and late life health and lifespan. Finally, I give a
general introduction to the model used in this thesis, Drosophila melanogaster,
and a short synopsis of the subsequent chapters.

The struggle for existence
In 1826, the English cleric and political economist Thomas Robert Malthus
observed, rather poetically:

“Through the animal and vegetable kingdoms, Nature has
scattered the seeds of life abroad with the most profuse and
liberal hand; but has been comparatively sparing in the room and
the nourishment necessary to rear them. The germs of existence
contained in this spot of earth, if they could freely develop
themselves, would fill millions of worlds in the course of a few
thousand years. Necessity, that imperious all-pervading law of
nature, restrains them within the prescribed bounds. The race of
plants and the race of animals shrink under this great restrictive
law; and man cannot by any efforts of reason escape from it.”
-Malthus 1826

Inlesselegant, butmore concisewords:life (i.e. animals, plants, microorganisms)
increases at a faster rate than the resources needed to sustain it. As a
consequence, not all individuals can survive and reproduce. While Malthus was
primarily concerned with the dire consequences of human population growth
outpacing resource availability, his idea was instrumental in the formulation of
the theory of evolution by natural selection. Both Darwin and Wallace realised
that because there are not enough resources for all individuals to survive, any
heritable variation that increases the ability of an individual to contribute
offspring to the next generation relative to others will be selected for and thus
increase in frequency (Darwin & Wallace 1858).

From an evolutionary perspective then, the imperative of life is to reproduce. To
meet this imperative, organisms have devised a bewildering array of strategies
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- ranging from the “live fast - die young” approach of mayflies and rock stars to
the “slow-and-steady wins the race” approach of tortoises and Buddhist monks.
Eachstrategyisadifferent solution to the problem ofhowbest toleave behind the
most offspring. For some species or individuals, it means investing considerably
in building and maintaining a high-quality body in order to raise a few, high
quality offspring. For others it means investing very little in a high-quality body,
but a lot in very many, lower quality offspring. These different modes of living
can be more precisely defined as life histories: the sequence of events related
to survival and reproduction that occur from birth through death (Roff 2001;
Stearns 1992). The traitsthat contribute the mosttofitness, such asfrequencyand
age at reproduction, size, and lifespan are termed life history traits (Roff 1992).

Life history theory seeks to explain how the wide array of life history
strategies observable in nature has evolved. Limited resources not only
lead to a “struggle for survival” between individuals, but they also lead to a
“struggle for investment” within an individual. The “struggle for investment”
is conceptualised in the idea of trade-offs, a fundamental concept in life
history theory. Because resources are limited, individuals cannot maximise all
traits at once and thus, increased allocation of resources to one trait, such as
reproduction, will by necessity lead to decreased allocation to another, such
as lifespan (Stearns 1992). Acquisition-allocation theory seeks to understand
how these allocation decisions are made in order to optimise an individuals
fitness with a limited amount of resources (Sibley & Calow 1986), and also to
explain the surprising lack of trade-offs observed in some instances (de Jong
& van Noordwijk 1992; Roff & Fairbairn 2007; Van Noordwijk & de Jong 1986).
More recent work has begun to characterise the genetic and physiological
pathways underlying trade-offs (Braendle et al. 2011). For example, molecular
genetic approaches have revealed that underlying signalling processes, rather
than energy allocation per se may underpin the lifespan-reproduction trade-
off in the worm, C. elegans (Barnes & Partridge 2003). This new aspect of life
history theory is only beginning to be explored, but argues that a mechanistic
approach can offer a more complete understanding of life history evolution
(Braendle et al. 2011). It is important to note that while generally, the limiting
resource being referred to in the context of trade-offs is food (e.g. Agrawal et
al. 2010), trade-offs can also result from the limitation of other resources such
as space and time, from underlying physiological constraints, or from genes
with antagonistic-pleiotropic effects (Hoffmann 2014; Stearns 1992; Zera &
Harshman 2001).

Plasticity, reaction norms, and development

Ultimately, life history traits are determined by the interaction of the genotype
with the environment. One of the most important mechanisms whereby
organisms can cope with environmental variation is via phenotypic plasticity
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Figure 1: Reaction norms of
four different genotypes across a
hypothetical environmental gradient.
D Genotype A exhibits no variation across
/ environments and is therefore canalized
¢] - .
for this phenotype, while genotypes
B B, C and D display varying degrees of
phenotypic plasticity (PP) for this trait.
Genotypes B and D share the same
slope and thus possess the same
degree of plasticity, however, both
Genotypes B and D are considerably
less plastic than Genotype C, whose
reaction norm has a much steeper
slope. Such differences in the degree
of plasticity between genotypes are
termed genotype by environment (G
by E) interactions.

phenotypic value

environmental gradient

(West-Eberhard 2003) defined as the ability of a single genotype to produce
multiple phenotypes in response to environmental variation (Schlichting
& Pigliucci 1998; Schlichting & Smith 2002). Phenotypic plasticity is often
visualised through the use of reaction norms where phenotypic variation
(y-axis) is plotted as a function of environmental variation (x-axis) for a single
genotype (Fig. 1; Schlichting & Pigliucci 1998). The extension of this approach
to plotting the reaction norms of several genotypes in a single plot can reveal
variation between genotypes in the degree of environmental plasticity they
possess. Genotypes that are unable to respond to environmental variation are
said to be canalised and exhibit flat reaction norms (Waddington 1942), while
genotypes that are plastic are capable of responding to environmental variation
and have non-flat reaction norms (Fig. 1). When the slope of the reaction norm
differs between two genotypes this is termed a genotype by environment
interaction (G by E) and indicates a genetically determined difference in the
degree of phenotypic plasticity (Stearns 1992).

Phenotypic plasticity can occur at all stages of life, however a particularly
importantstage is during development. Cases in which environmental cues lead
to discrete switches between two distinct phenotypes, termed polyphenisms,
provide especially striking examples of the ability of a single genotype to
produce different phenotypes in response to environmental variation (for
examples of well-characterised polyphenisms see Fig. 2). Polyphenisms are
common in insects (Simpson et al. 2011), and in many cases evolve in response
to seasonal environmental variation (Brakefield & Zwaan 2011). In fact, theory
predicts that they are mostlikely to evolve in species with short generation times
relative to the frequency of variation in the environmental cue that induces the
polyphenisms (Nylin & Gotthard 1998; Rickard & Lummaa 2007). By and large,
however, most cases of developmental phenotypic plasticity are not as discrete
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Figure 2: Discrete (a, b, c) and
continuous (d, e, f) examples of
phenotypic plasticity (PP). (a) The two
morphs of the caterpillar stage of the
moth species Nemoria arizonaria are
so distinct they were long considered
separate species. However, experi-
ments have shown that the dramatic
difference is driven by developmental
diet: the spring form of the caterpillar
feeds and looks like flowers of the oat
catkin, while the fall form feeds on
leaves and resembles a twig (Greene
1989). Photo courtesy of Erik Greene.
(b) The butterfly Bicyclus anynana,

an east-African species living in a
seasonal environment (Brakefield et
al. 2009) provides a particularly well
characterized example of PP.

In response to temperature cues
reflecting the two seasonal environ-
ments the butterfly typically encounters,
the caterpillar morphs into two very
distinct adult phenotypes. Strikingly,
these two phenotypes differ not only
in external morphology such as eye
spot size, but they also embody two
completely distinct life history strat-
egies within a single species: the

wet season form adapts a live fast,

die young strategy of rapid sexual
maturity, high reproduction and short
lifespan, while the dry season form
delays reproduction, has fewer offspring
and a long lifespan (Brakefield et al.
2007; Brakefield & Reitsma 1991).
Excitingly, the physiological and
molecular mechanisms underlying this
switch are starting to be unravelled
(Oostra et al. 2011). Photo adapted
from the bicyclus.org website. (c) Caste
determination in honeybees (Apis
mellifera) provides one the most striking
examples of adaptive developmental
plasticity (Moczek and Snell-Rood
2008). Genetically identical larvae give
rise to either long-lived, highly fecund
queens, or short lived, usually non-re-
productive workers. This difference is
determined by the diet received during
development: future queens receive
royal jelly, while workers receive plain
food. Interestingly, the difference
between the two morphs can be quite
reliably recapitulated by modulating
DNA methylation during development
(Kucharski, Maleszka et al. 2008)
highlighting epigenetic change as

a direct link between nature and

nurture. (d) Continuous develop-
mental plasticity is found in the water
flea, Daphnia pulex. D. pulex grows
protective neck spines in response

to chemical cues signalling predators
- the stronger the chemical cue, the
more neck spines (Tollrian 1993).
Furthermore, the degree of respon-
siveness to predator cues differs
between genotypes, providing an
excellent example of a genotype by
environment interaction (Spitze 1992)
Photo adapted from Tollrian, 1993.

(e) Developmental diet affects the
size of the horns of the horned beetle,
Onthophagus acuminatus, relative to
body size. Males reared under poor
diets have larger horns at at given
body size than their brothers raised
on good diets (Emlen 1997).

The drawings of the beetle horns are
a fictional representation of the
difference and serve only to illustrate
the concept of allometry, not the actual
magnitude of the effect observed, since
no pictures were available in Emlen
et al., (1997). (f) Potential effects of
variation in developmental conditions
on adults of a hypothetical organism.
The individual raised in environment B
is larger (i), has relatively longer arms
(ii), different levels of gene expression
(iii) and a distinct and less dense
microbiota than the individual raised
in environment A. Furthermore, it is
important to note that the differences
in gene expression (iii) can reflect not
only long-term changes in epigenetic
regulation of the genome, but also the
combined effects of the relative sizes
of different tissues (iii) and the structure
and function of the microbiome (iv).
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as those observed in polyphenisms. Continuous responses to developmental
environmental variation can be adaptive and result in increased adult fitness
(see the example of predator induced neck spine formation in Daphnia
pulex in Fig. 2d), however, there is also great potential for variation in the
developmental diet to have negative effects on fitness. For example, in order to
survive an extremely poor developmental environment an individual may need
to make compromises that decrease its overall fitness as an adult relative to an
individual that developed under optimal conditions. Such responses are called
“scarring” or “silver-spoon” effects (Brakefield & Zwaan 2011; Grafen 1988;
Rickard & Lummaa 2007), the latter name coming from the English expression
“to be born with a silver spoon in ones mouth”. It is important to realise that
even adaptive responses can decrease fitness when they are expressed in the
wrong environment. For example, in response to chemical cues emitted by its
main predator, the snail Physa virgata develops a rounder shell and reduces
growth rate, thereby decreasing its risk of predation. However, the snail cannot
distinguish between the chemical cues emitted by its predator and a closely
related non-predatory species and induces the response indiscriminately,
thereby suffering the costs of decreased growth with none of the benefits of
decreased predation risk (Langerhans & DeWitt 2002). Thus it is important to
note that whether the response to the developmental environment increases
fitness or not depends on both the nature of the variation in developmental
conditions, and the adult environment in which it is expressed (DeWitt et al.
1998; Ghalambor et al. 2007).

Mechanisms and outcomes of developmental plasticity

As illustrated above, developmental plasticity can lead to extensive variation
in adult phenotypes. However, the mechanisms that underlie this variation
are only beginning to be explored (Braendle et al. 2011; Oostra et al. 2011).
Ultimately, responses to environmental variation during development must
be mediated by changes in gene expression during development (Beldade
et al. 2011). If one accepts the definition of epigenetic change as “mitotically
and/or meiotically heritable changes in gene function that cannot be
explained by changes in DNA sequence” (Russo et al. 1996), then the ability
of a single genotype to change its gene expression in response to different
environments must be driven by underlying changes in epigenetic regulation
(Burdge & Lillycrop 2010). A suggestive example comes from the study of caste
determination in honeybees, Apis mellifera (reviewed in Moczek & Snell-Rood
2008). Depending on developmental diet genetically identical individuals
develop into either fertile queens or sterile workers: future queens are fed
royal jelly, while future workers are fed a plainer diet (Fig. 2¢). Kucharski et al.,
(2008) showed that the methylation of many genes differs between queens
and workers during development, and strikingly, that it is possible to generate
queens from a worker diet simply by artificially decreasing levels of DNA
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methylation during development. This illustrates the ability of epigenetic
changes to induce alternate phenotypes in response to environmental variation
- in essence linking nature to nurture - and represents an exciting new frontier
in the understanding of environmentally mediated effects on development.

After responses to the developmental environment are effected, there are at
least three (non-mutually exclusive) routes whereby they can effect the adult
phenotype: 1) epigenetic changes induced during development can persist and
continue to affect gene expression into adulthood, 2) the overall form of the
body (size or shape) can be affected, or 3) the microbiota associated with the
individual can be affected (illustrated schematically in Fig. 2f). In the following
paragraphs I will provide some examples of these effects, focusing mostly on
responses to variation in developmental diet.

The idea that persistent changes in the epigenome induced by developmental
diet continue to affect adult traits has gained a particular hold in the field of
human epidemiology (Burdge 2007). The finding that individuals exposed to
famine in utero have different methylation levels of the imprinted gene insulin-
like growth factor II (IGF2) (Heijmans et al. 2008) and other genes nearly 60
years later (Tobi etal. 2014), as well as increased risk of developing unfavourable
metabolic traits such as high LDL cholesterol and type II diabetes (Lumey et al.
2011) has resulted in the hypothesis that long term effects of developmental
diet in humans may be mediated by changes in the epigenome (Burdge 2007;
Burdge & Lillycrop 2010). While epigenetic mechanism are undoubtedly
important regulators of gene expression and environmental responses, it is not
yet clear whether the epigenetic changes induced in response to developmental
conditions still play a functional role in adulthood. Itisimportant to consider the
alternate hypothesis: that they represent a non-functional marker that serves
as a memory of the response effected during development. For example, many
of the differentially methylated genes identified so far in humans play a role in
the insulin signalling pathway (Heijmans et al. 2008). This pathway is a primary
regulator of nutrient-dependent growth during development (Shingleton 2011)
and thus epigenetic changes may reflect changes made in these pathways to
accommodate poor nutrition during development and growth to adulthood.

A Dbetter characterised long-term effect of developmental conditions on
phenotypes is through changes in the overall size and shape (i.e. allometry) of
theresulting adult. In almost all animals, reduced nutrition during development
restricts final adult size (Shingleton 2011) - a relationship that appears quite
intuitive when growth is put in the context of converting nutrients to tissue:
less nutrients equals less tissue. These changes in overall body size can then
go on to effect many fitness related traits in adulthood. In insects, for example,
a poor diet almost invariably leads to smaller ovaries, and by extension, lower

Sl
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reproductive capacity (Bergland 2011). In addition to influencing overall size,
developmental diet can influence the size of tissues relative to the whole body.
In the horned beetle, for example, the size of the horn relative to the body
depends on developmental diet: individuals raised on low quality diets have
larger horns at a given body size than siblings raised on a high quality diet
(Emlen 1997; Fig. 2e). In both cases, the changes induced during development
are more or less fixed upon adulthood and thus may continue to affect fitness
throughout the lifespan.

The effect of the microbiome on phenotypes has seen a great upsurge in
interest in recent years, adding a third dimension to the genotype-phenotype
relationship. In fact, the concept of the hologenome proposes that an
individuals fitness and capacity to respond to the environment is determined
not only by its own genome, but also by the genomes of all of the symbionts
it is associated with (Zilber-Rosenberg & Rosenberg 2008). Variation in the
microbiome has important effects on health and fitness in humans and many
other organisms (Broderick et al. 2014; Clemente et al. 2012; Wong et al. 2014),
affecting such diverse traits as ageing (Heintz & Mair 2014) and mate selection
(Sharon et al. 2010). Importantly, the microbiome is often established during
development and its composition is affected by the conditions experienced
(Mueller et al. 2015), thus, changes in the microbiome provide another route
whereby developmental conditions can affect adult traits.

Approaches to studying life histories

Historically, a range of theoretical and empirical approaches have been applied
to understanding the role of the environment in determining phenotypes.
These include theoretical modelling, comparative phylogenetic studies,
studies of evolution in the field (e.g. mark-recapture studies), environmental
manipulation, studies of gene expression, and experimental evolution (EE). EE
in particular has proven a powerful tool for understanding life history evolution
as it allows the experimenter to impose carefully controlled conditions

1
70 80 9 100 110

Age (years)



Introduction

and observe evolutionary responses in real time (Kawecki et al. 2012). This
approach can yield theoretical as well as practical insights. For example, EE
has been used to test the hypothesis that high extrinsic mortality should lead
to decreased lifespan. By subjecting fruit fly populations to different levels of
external mortality, Stearns et al., (2000) showed that, as predicted, populations
adapted to high extrinsic mortality evolved higher intrinsic mortality and
therefore shorter lifespans. Additional EE studies have also yielded insights into
how organisms adapt to environments with varying temperatures (Bennett &
Lenski 1993), developmental diet quality (Kolss et al. 2009; Vijendravarma et
al. 2015), or competition levels (Santos et al. 1997). More practically, EE has
been used to understand and prevent the evolution of antibiotic resistance
in microbes (Palmer & Kishony 2013). Importantly, the recent decline in the
costs of sequencing have allowed an extension of the EE approach, termed
“evolve and resequence” (E and R) to address the genomic changes underlying
adaptation (Long et al. 2015). E and R provides a more ecologically relevant
complement to mutant studies, by revealing the actual genes and pathways
accessible to evolution in natural populations.

While there are many advantages to EE, one of the main disadvantages is the
labor-intensive nature of the experiments, particularly when using eukaryotes.
This has lead to most experiments having relatively simple designs with little
or even no replication. However, organisms live in complex environments, and
as articulated in life history theory, they often need to balance investment in
competing interests. Thus there is a need for experimental evolution designs
with high replication that employ more than one selection pressure. EE of
fruit flies to variation in temperature and larval food quality simultaneously
(Bochdanovits & Jong 2003) showed that responses to both selection pressures
simultaneously lead to different adaptations than adaptation to each of the
selection pressures independently. Thus, applying two selection pressures
simultaneously can yield more realistic insight into the evolution of life
histories. Of particular interest would be designs that vary conditions during

Figure 3: Examples of approximate
maximum lifespan across animal
species. Some species, such as the
jellyfish Turritopsis dohrnii (far right)
retain the ability to revert to juvenile
2 - - polyps from mature individuals and thus
do not experience a decline in function
with time (Piraino, Boero et al. 1996).
This implies an absence of aging and

120 200 >1000  potentially has lead to the proposal that they are
immortal potentially biologically immortal.
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both developmental and adult life stages, offering insight into how the differing
demands of growth versus reproduction are reconciled.

Studies of gene expression have also been instrumental in allowing a more
mechanistic understanding of life histories. For example, they have provided
some powerful examples of how trade-offs may be mediated at the genetic
level via genes with antagonistic pleiotropic effects (see Bochdanovits & de
Jong 2004; Festucci-Buselli et al. 2005). Furthermore, they provide a read-out,
in real time, of the physiological status of an individual. Often, experimenters
are interested in which specific genes are expressed differently (i.e. when
classifying tumours), however, a more broad scale approach to identify the
overall magnitude of the effects of different treatments on gene expression
can also be insightful, especially in manipulations where this has not yet been
classified. For example, the negative effects of poor developmental conditions
in humans are often hypothesised to be due to long-term epigenetic changes
that continue to regulate gene expression throughout adulthood (Burdge et
al. 2007; Burdge & Lillycrop 2010). However, to date, there have been no large
studies that assess the consequences of developmental diet for adult gene
expression across the lifespan.

The special case of ageing in life history evolution

One of the most important fitness related traits is lifespan, and as such, ageing
has received special treatment in the study of life histories. The existence of
ageing, defined in this thesis as “a persistent decline in the age-specific fitness
components of an organism due to internal physiological degeneration” (Rose
1991), long posed a puzzle for evolutionary biologists. By definition ageing
decreases fitness, therefore it should be opposed by natural selection. However,
species-specific lifespans (Fig. 3) imply that genetic variation exists for ageing,
and that natural selection has played a role in determining the rate of ageing
(Zwaan 1999). The solution to this puzzle stemmed from the realisation that
even a potentially immortal organism cannot escape external forces such as
predation or disease indefinitely, therefore, the likelihood that an individual will
live to a certain age and reproduce declines with time. Without reproduction,
there is nothing for selection to act upon, resulting in a “selection shadow” in
late life (Fig. 4a).

The first evolutionary theory of ageing proposed that the existence of a selection
shadow would allow the accumulation of late acting deleterious mutations
whose negative effects could only be weakly opposed by selection, while
deleterious mutations that occur early in life would be eliminated by the strong
force of selection at those ages (Medawar 1952). This became known as the
mutation accumulation theory of ageing. In 1957, Williams proposed a second
mechanism through which ageing could evolve. He argued that alleles that
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Figure 4:The evolutionary explanation
of aging (adapted from Zwaan 1999).
(a) Survival (Ix) and reproductive

rate (mx) and (b,c) the probability of
reproduction and proportion of repro-
duction remaining for an individual in a
hypothetically non-ageing population.
The probability of reproduction at age

x is the product of Ix and mx . The
proportion of reproduction remaining
can be roughly interpreted as the
strength of natural selection (green
shading) at age x. It can be seen that
even in the absence of aging, the
strength of natural selection declines
with age resulting in a selection shadow
(grey shading) when the strength of
natural selection reaches 0. Genes that
have negative effects on fitness in the
selection shadow cannot be selected
against, and will be actively selected for
if they increase fitness in early life. (c) if
reproduction is shifted to later ages (an
approach taken in many experimental
evolution studies), then the strength

of natural selection at later ages also
increases (green shading), and the
selection shadow is shifted to the right
(grey shading).

increased fitness early in life but decreased fitness late in life could nevertheless
be selected for because the strength of selection is much stronger early in life.
This became known as the antagonistic pleiotropy theory of ageing (Williams
1957). In a sense, however, the arguments used in these two theories, while
hugely influential, contain an element of circular reasoning. Namely, they both
assume that biological ageing already exists. For example, for a mutation to
have a negative effect “late” in life that is less efficiently selected against, there
must already be a late life. Thus, while these hypotheses describe the types of
genes that could contribute to ageing and how they would avoid elimination by
natural selection, they do not explain its initial evolution.

A more recent evolutionary theory of ageing also relies on the concept of the
selection shadow, but circumvents the circular aspects of the older theories.
This theory is called the disposable soma theory of ageing (Kirkwood 1977) and
is based on the observation that organisms are constantly acquiring damage
at the cellular (and organismal) level: DNA replication errors occur, proteins
get damaged, and free-radicals run rampant. Mechanisms to repair or prevent
this damage exist, however, their deployment is energetically costly, and as
frequently mentioned in this chapter, resources are generally limiting. Because
an individual will eventually die from causes outside its control the soma

6l
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only needs to stay in good shape for as long as an organism can reasonably
be expected to live, thus a balance should be achieved between investment in
reproduction and investment in repair mechanisms (Kirkwood 1977; Kirkwood
& Holliday 1979). Importantly it adds a mechanistic basis to the understanding
of ageing - the rate of ageing is determined by the balance between investment
in repair mechanisms and investment in early reproduction (Zwaan 1999), and
it does not require the pre-existence of biological ageing, as is the case for the
mutational accumulation and antagonistic pleiotropy theories of ageing. The
disposable soma theory predicts that the exact balance that is struck between
investmentin repair and investment in reproduction will depend on the ecology
of a species, and especially the extrinsic risk of mortality: organisms with low
risk of external mortality (e.g. whales, tortoises, birds; Fig. 3) should evolve
relatively longer lifespans, coupled with relatively lower rates of reproduction.

Experimental approaches to understanding ageing

Experimental approaches have contributed greatly to the understanding of
ageing. Experimental evolution/artificial selection approaches in particular
have provided some of the strongest evidence for the evolutionary theories
of ageing. A series of elegant experiments showed that by adapting fruit
flies to later ages at reproduction, in essence shifting the selection shadow
towards later ages (Fig. 4b), lifespan extension can be achieved, usually with
a concomitant decrease in early fecundity, as predicted by the disposable
soma theory (Luckinbill et al. 1984; Partridge & Fowler 1992; Rose 1984). Later
experiments showed that lifespan extension could also be achieved by selecting
on lifespan directly (Zwaan et al. 1995). Another experimental approach to
extend lifespan emerged in the 1930’s when it became clear that underfeeding
without malnutrition, termed caloric or dietary restriction (CR/DR) can extend
lifespan, usually at the expense of fecundity, across a range of organisms from
yeast to mice (McCay et al. 1935; Nakagawa et al. 2012), and possibly even
primates (Colman et al. 2009). This effect is thought to represent an adaptive
strategy whereby resources are diverted away from reproduction towards
survival to remain alive until conditions more favourable to reproduction return
(Holliday 1989; Kirkwood & Shanley 2005; but see Adler & Bonduriansky 2014),
and highlights the importance of available resources in determining lifespan.
In addition, in the 1980’s it was discovered that mutations in single genes could
recapitulate the lifespan extending effects of DR in model organisms (Friedman
& Johnson 1988; Kenyon et al. 1993; Klass 1983). Interestingly, the genes that
affect lifespan tend to share some commonalities: in general, their effects on
lifespan are relatively conserved across model organisms and they are often
involved in the insulin signalling (IIS) and target of rapamycin (TOR) pathways
(Kuningas et al. 2008). The TOR and IIS signalling pathways both act to match
the activity of energy consuming processes such as reproduction and growth to
the actual nutritional status of the individual (Gems & Partridge 2013). While
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the IIS signalling pathway has both intra- and extra-cellular components and
coordinates the response to nutrients across the organism, the TOR pathway
controls intra-cellular nutrient status only (Evans et al. 2011). Both pathways
respond to low energy situations by shifting metabolism away from growth
towards cellular repair and maintenance (Fontana et al. 2010).

As a whole, each of these interventions suggest that lifespan is regulated by
tuning the balance between investment in the soma (e.g. repair mechanisms)
and investment in fecundity, as predicted by the disposable soma theory
(Kirkwood 1977; Kirkwood & Rose 1991). Furthermore, this balance also appears
to be regulated by either actual (DR) or perceived (mutations in IIS/TOR
signalling) nutrition, highlighting the important role of resources acquisition
in lifespan determination. An important note, however, is that for each of
these interventions, the magnitude of the effect can differ greatly between the
sexes. For example, the difference in the effect of DR between the sexes can
be as large as the differences observed between species (Magwere et al. 2004).
This highlights the need to consider both sexes when studying interventions
that affect lifespan and furthermore suggests that the optimal balance between
investment in the soma and investment in reproduction likely differs between
the sexes.

Applying evolutionary thinking to

humanageing in our contemporary society

Evolutionary thinking has also been applied to try to understand human ageing
in contemporary society, and in particular to explain the increased rate of type
II diabetes, obesity, and heart disease in modern human populations. In this
context, two main theories have emerged: the thrifty genotype and the thrifty
phenotype hypothesis (Barker et al. 1989; Neel 1962). The thrifty genotype
hypothesis (Neel 1962) suggests that modern conditions of affluent nutrition
do not match the purported cycles of feast and famine that were the norm for
most of the evolutionary history of our species. Thus adaptations made during
our evolutionary history to survive these cyclical conditions such as a tendency
to store excess calories as fat are maladaptive in many contemporary societies,
where periods of famine no longer occur. While this hypothesis is attractive, it
relies on assumptions about our evolutionary history that are difficult to test
(Bouchard, Zwaan 2003).

The second theory, termed the thrifty phenotype hypothesis, highlights
development as an important period for determining adult health. It arose
from a large epidemiological study done by Barker et al., (1989) which found
that low birth weight in humans is strongly associated with an increased risk of
developing heart disease in adulthood. Barker et al., (1989) proposed that this
effect was mediated by changes made to the insulin-signalling pathway (IIS) in
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utero in order to survive a poor developmental environment. Later on, it was
proposed that this response was adaptive in nature. It was suggested that the
developing foetus interprets the poor developmental environment as a cue that
predictsapoor post-natal environment and thus altersits phenotypenotin order
to survive current conditions, but rather to increase its fitness in adulthood.
This is called the predictive adaptive response (PAR) hypothesis (Bateson et
al. 2014; Gluckman & Hanson 2004). This theory shares many similarities with
the polyphenisms discussed earlier, including the prediction that mismatches
between the predicted and actual environment can negatively affect fitness.
However, most of the theory on polyphenisms and other examples of adaptive
developmental plasticity suggests that such responses are only likely to evolve
when the generation time of the species is relatively short relative to the cycle
of the environmental cue which induces the adaptation (Nylin & Gotthard
1998). Given that human development and fecundity are separated by decades,
it is difficult to imagine that a cue reflecting environmental variation during
development will retain predictive value until the time at which reproduction
occurs. Indeed, this argument has formed the crux of many arguments against
predictive adaptive responses in humans (Rickard & Lummaa 2007; Wells
2012). A more plausible alternative is that PARs increase fitness in early life
(i.e infancy and childhood). Infancy and development are much more closely
linked temporally, thus a prediction made during development is much more
likely to remain accurate. Furthermore, infancy and childhood traditionally are
phases of high external mortality, thus adaptations that increase fitness at this
age are likely to be under strong selection, even if they decrease fitness at later
ages.

Finally, it is important to bear in mind that the effects of developmental
conditions on human health need not be adaptive. As in other organisms,
suboptimal developmental conditions may simply result in scarring or silver
spoon effects (Brakefield et al. 2005; Grafen 1988). This is simple to imagine
given the following dichotomy: dying during development yields zero fitness,
while surviving, even in a compromised fashion, may eventually yield some
fitness.

Differentiating between these alternative hypotheses has proven difficult.
The necessary manipulations of both developmental and adult environments
are obviously not possible in humans. Given that some level of conservation
is expected at the level of evolutionary driving forces and the actual evolved
mechanisms, as has been observed in the study of DR and lifespan-extending
mutations (Gems & Partridge 2013; Nakagawa et al. 2012), it is useful to turn
first to model organisms to unravel the evolutionary and mechanistic processes
underlying the effects of developmental conditions on late life health. Such an
approach has been taken by the IDEAL (Integrated research on Developmental
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determinants of Ageing and Longevity) consortium of which the work contained
in this thesis forms a small part. IDEAL is an EU funded FP7 project comprising
researchers from fourteen universities across Europe. Using a broad range of
model species (fruit flies: this thesis, nematodes, fish, frogs, mice, birds et cetera)
and human cohorts IDEAL aims to address the mechanisms and consequences
of developmental conditions for late life health. By combining research on
more pliable model species with well-characterized human cohorts IDEAL
links developmental conditions to late-life health in a broad phylogenetic and
evolutionary framework.

Drosophila melanogaster: model organism of
choice for studies of ageing, diet and evolution

In this thesis I use the holometabolous insect Drosophila melanogaster - better
known as the fruit fly - as amodel for understanding the plastic and evolutionary
effects of developmental diet on life history traits. Its life cycle passes through
several distinct stages starting from an egg, through three larva stages, a pupal
stage, and a final adult (imago) stage. The egg stage lasts about 24 hours and
ends with the hatching of the first instar larva. The progression through all three
larval instars lasts approximately four days at 25 degrees Celsius and is a period
of near constant feeding and growth. In fact, larval size increases approximately
100 fold during this time. Advancement through these instars and into the next
stage, pupation, is regulated by hormonal changes (Nijhout 1998; Shingleton
2011). After reaching a critical size during the third instar the larva pupates
and metamorphoses into the adult form. During pupation, nearly all larval
tissues are histolysed, and the adult structures are formed from the imaginal
discs and histoblasts, two sets of cells that were present in undifferentiated
form throughout the larval stage. The imaginal discs give rise to the epidermal
structures of the adult body such as the legs, eyes, mouthparts ef cefera, while
the histoblasts give rise to internal structures such as the gut and other organs.
Afterremodelingis complete the adult emerges, and within eight to twelve hours
becomes capable of reproduction. Flies typically live about a week as adults in
the wild, but can live more than 12 weeks under laboratory conditions. During
this time females are capable of very high levels of reproduction, producing up
to 2000 offspring in their lifetime.

Several features of this life history make flies excellent models: they reproduce
early and often, their lifespan is short enough to study in the lab, and their
holometabolic life cycle allows the manipulation of developmental and
adult conditions independently. Many researchers have benefited from
these advantages, and in the process have generated a wide array of genetic
and genomic tools, making the fruit fly one of the most tractable organisms
for unraveling underlying mechanisms. Furthermore, research into dietary
and genetic lifespan determinants have shown an unexpected degree of
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conservation between fruit flies and other organisms in the genes and pathways
that underlie variation in lifespan (Kuningas et al. 2008; Partridge & Gems 2002),
suggesting that there is some scope for extending findings relating to diet and
lifespan from Drosophila to more ecologically, economically or personally (i.e.
humans) relevant species.

Aims and outline of this thesis

The general aim of this thesis is to increase our understanding of how
developmental diet influences life histories in the fruit fly. Within this broad
mandate, I seek to address three main questions: first, to what extent does the
phenotypic effect of developmental diet depend on the adult environment,
second, does variation in developmental diet have consequences for gene
expression across the lifespan and finally, how do life histories evolve in
response to variation in developmental diet? All three of these questions are
important from a general biological perspective, but they also each bear on
the observations and hypotheses formulated to explain the link between diet,
development and human ageing. By addressing the nature of this link first in
the fruit fly, as has been done for countless other questions, it is hoped that
the findings from this thesis can also be used to enhance our evolutionary and
mechanistic understanding of human ageing.

To address the three questions outlined above, [ apply two different approaches.
The first approach, applied in Chapters 2, 3, and 4, involves raising flies on
different concentrations of sugar and yeast as larvae and assessing the effects
on either life history traits (Chapters 2 & 4) or gene expression (Chapters 3 &
4) across a range of adult conditions. Ultimately the goal of these chapters is to
gain a detailed insight into the consequences of developmental and adult diet
for both life history traits and gene expression within a single generation, i.e. to
categorise the degree and nature of plasticity. The second approach, applied in
Chapter 5, uses experimental evolution as a tool to unravel how life histories can
evolve in response to the combination of variation in developmental diet and
variation in age at reproduction during adulthood. This approach has two main
aims: first, to assess how developmental diet influences life history evolution,
and second, to determine how larval diet availability interacts with selection on
age at reproduction. Combining selection pressures in two different life stages
provides not only a more realistic picture of life history evolution, but also can
indicate how life histories reconcile selection pressures experienced in two very
different life stages.

Chapter 2 provides an initial assessment of the phenotypic effects of the three
larval diets used throughout the thesis. These three diets differ by an order of
magnitude in the amount of sugar and yeast (protein and carbohydrate sources)
that they contain and thus represent drastically different developmental
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environments. The phenotypes measured include larval and adult weight, the
length of development from egg to adult, larval survival, and virgin longevity.
A second set of experiments also addresses how these developmental diets
interact with variation in the reproductive potential of the adult environment
(manipulated by adding either yeast or yeast and a male to the environment) to
influence two of the most important life history traits: lifespan and fecundity.
Ultimately the goal of this chapter is to gain a general understanding of the
life history consequences of these diets, before embarking on more detailed
transcriptional analyses (Chapters 3 and 4).

Chapter 3 assesses the relative contributions of developmental and adult
diets to transcriptional variation in whole body samples of one-day-old adult
male and female flies. I use a full factorial design combining three larval and
three adult diets (9 treatments total). After eclosion adults are immediately
transferred to one of the three adult diets and samples are collected 24 hours
later. This design allows the magnitude of larval diet effects in early life to be
assessed, as well as the rapidity and magnitude of the response to the adult
diet. In fact, a first goal is to address how much of the variation in expression
is attributable to developmental and adult diet respectively. This is estimated
by applying Principle Components Analysis. A second goal is to identify and
characterise the genes whose expression is affected by larval diet, adult diet or
both. To do so I use WGCNA (Weighted Gene Correlation Networks Analysis) to
identify modules of co-expressed genes whose expression is affected by larval
or adult diet. These modules are then assessed for evidence of tissue-specific
function, association with particular transcription factors and enrichment
for Gene Ontology terms. Overall this study gives a snapshot of the processes
driving transcriptional variation in very young flies and in particular the relative
roles of larval and adult diet therein.

Chapter 4 combines phenotypic and transcriptomic approaches to look at
the long-term effects of developmental diet in adulthood. Using the same full
factorial approach used in Chapter 3, I assess virgin and mated lifespan and
fecundity. Furthermore, on a subset of flies from the virgin lifespan cohort we
measure gene expression at middle and old age. The aim of this study is two
fold: first to determine the nature of the interaction between developmental
and adult diet in determining phenotypes, particularly with respect to existing
theories such as the silver spoon and predictive adaptive response hypothesis.
Second, using an ANOVA approach combined with K-means clustering we
aim to identify the number and type of genes affected by larval diet across the
lifespan in each sex. To date, very few studies have addressed long-term effects
of developmental diet on the transcriptome, although it is often assumed that
this is an important mechanism mediating phenotypic effects. Thus here
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I aim to provide insight into the magnitude and nature of long-term effects of
developmental diet on gene expression in the fruit fly.

In Chapter 5, I use experimental evolution to assess how life histories evolve
in response to environmental variation experienced during development and
during adulthood. To do so I employ a well-replicated full factorial design
consisting of three larval diets and two ages at reproduction. Evolution in
response to age at reproduction and variation in larval diet have both been
independently assessed previously, however, how the two selection pressures
interact is unknown. Looking at both together gives a more realistic and
ecologically relevant portrait of life history evolution, as organisms are
generally faced with environmental variation in more than one factor and more
than one stage. Furthermore, it gives increased insight into how developmental
acquisition-allocation decisions are made given different selection pressures
in adulthood. In order to differentiate between transient and long-term effects
I measure several key life history traits repeatedly across several generations
including developmental time, larval survival, fecundity, and lifespan.
Furthermore, I generally assess the responses on all three larval diets, revealing
whether changes in plasticity are involved in adaptation.

In the general discussion in Chapter 6, I synthesise the findings across the
experimental chapters, and address how they relate to each other. Furthermore,
I will discuss some more general points that emerge from considering the
experiments as a whole. Finally, I will address future directions suggested by
this thesis, as well as the potential insights that can be gained from this work
in the context of theories linking developmental conditions to late life health
in humans.
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Larval diet and adult phenotype in Drosophila

ABSTRACT

Both developmental nutrition and adult nutrition
affect life-history traits; however, little is known
about whether the effect of developmental nutrition
depends on the adult environment experienced.
We used the fruit fly to determine whether life-
history traits, particularly life span and fecundity,
are affected by developmental nutrition, and
whether this depends on the extent to which the
adult environment allows females to realize their
full reproductive potential. We raised flies on three
different developmental food levels containing
increasing amounts of yeast and sugar: poor, control,
and rich. We found that development on poor or rich
larval food resulted in several life-history phenotypes
indicative of suboptimal conditions, including
increased developmental time, and, for poor food,
decreased adult weight. However, development on
poor larval food actually increased adult virgin life
span. In addition, we manipulated the reproductive
potential of the adult environment by adding yeast
or yeast and a male. This manipulation interacted
with larval food to determine adult fecundity.
Specifically, under two adult conditions, flies raised
on poor larval food had higher reproduction at
certain ages — when singly mated this occurred early
in life and when continuously mated with yeast this
occurred during mid-life. We show that poor larval
food is not necessarily detrimental to key adult life-
history traits, but does exert an adult environment-
dependent effect, especially by affecting virgin life
span and altering adult patterns of reproductive
investment. Our findings are relevant because (1)
they may explain differences between published
studies on nutritional effects on life-history traits; (2)
they indicate that optimal nutritional conditions are
likely to be different for larvae and adults, potentially
reflecting evolutionary history; and (3) they urge
for the incorporation of developmental nutritional
conditions into the central life-history concept of
resource acquisition and allocation.
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INTRODUCTION

Nutrition is a primary determinant of lifespan, the rate of ageing, and
reproductive capacity (Chippindale et al. 1993; Fontana et al. 2010; Good
& Tatar 2001; Walker et al. 2005; Weindruch & Walford 1982) and as such
its relationship to life history has been studied extensively. The bulk of this
research has focussed on the impact of adult nutritional quantity and quality,
leading to important insights in the field of gerontology. For instance, the
discovery of lifespan extension upon dietary restriction across many different
animal species has resulted in a booming field concerned with characterizing
the mechanism and specific nutrient dependencies of the effect (Austad 1989;
Chippindale et al. 1993; Grandison et al. 2009; Weindruch & Walford 1982).
However, a growing body of evidence suggests that developmental nutrition
can also impose far-reaching effects on adult traits, including lifespan and
fecundity (Barrett et al. 2009; Brakefield et al. 2005; Cleal et al. 2007; Dmitriew
& Rowe 2011; Gluckman et al. 2008; Gluckman & Hanson 2004; Joy et al. 2010).

25 years ago, Barker et al., (1989) found that human infants with low birth
weights had higher adult mortality from cardiovascular disease. In this case
low birth weight was regarded as a proxy for malnutrition in utero. This finding
has since been confirmed in many other epidemiological studies, which have
tied under-nutrition in utero to an increased risk of traits associated with the
metabolic syndrome - a disorder of energy storage which increases the risk
of heart disease and type II diabetes (Barker et al. 1989; Leon et al. 1998). In
mammalian models for these observations, both inadequate or excessive
developmental nutrition has been shown to increase the incidence of traits of
the metabolic syndrome, including decreased glucose tolerance, obesity and
diabetes (Barker & Thornburg 2013; George et al. 2012; Painter et al. 2005). In
some cases this has also resulted in increased mortality rates (Aihie Sayer et
al. 2001; Ozanne & Hales 2004). In order to interpret these effects in relation to
ecological and evolutionary theory (Van den Heuvel et al. 2013), and to quantify
the epidemiological consequences for health, the effects of variation of the
developmental environment in concert with the adult environment should be
assessed. However, given the long lifespan and cost of upkeep of mammalian
models large factorial designs considering multiple life history traits across
different environments quickly become infeasible.

Studies using more tractable insect models have shown that poor nutrition
during development generally results in detrimental fitness effects including
decreased size, fecundity and lifespan (Barrett et al. 2009; Bauerfeind et al. 2009;
Blanckenhorn 2006; Boggs & Freeman 2005; Colasurdo et al. 2009; Dmitriew &
Rowe 2011; Kaspi et al. 2002; Kolss et al. 2009; Zajitschek et al. 2009; Zwaan et
al. 1991). In fact, it is often assumed that poor larval food inevitably leads to
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Figure 1: Drosophila melanogaster

detrimental effects in the adult. Several recent studies, however, suggest that
the effect of the developmental environment depends on the specific adult
environment experienced (Allen & Marshall 2013). For example, Adler et al.,
(2013) highlighted the context-dependence of the effect of larval food on adult
lifespan in the neriid fly Telostylinus angusticolus — when housed in same-sex
groups, males raised on calorically rich larval food lived longer than females,
however, this difference disappeared in mixed sex groups. A similar interaction
with housing conditions was shown for adult nutrition, where the extent of
lifespan changesin response to nutrition in male fruit flies depended on whether
or not the flies were kept in mixed sex groups (Zajitschek et al. 2013). Because
increasing reproduction often comes at the expense of lifespan (Flatt 2011;
Harshman & Zera 2007; Kenyon 2010), it is important to know how nutritional
manipulations affect longevity in environments with differing reproductive
potentials (i.e. the extent to which females can reach their full reproductive
potential). Indeed, the reproductive potential of the environment, and the
differing costs associated with achieving that potential after development on
foods differing in quality as larvae, might be the driving force behind some of
the interactions between larval and adult nutritional environment.
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Mechanistic links between diet and ageing have often been explored using
Drosophila melanogaster as a model organism (Mair et al. 2005; Min et al. 2007).
To our knowledge, only one study has addressed the effect of developmental
nutrition on both adult longevity and fecundity in Drosophila. It is important
to know how both of these traits respond since ageing is characterized by both
accelerating mortality rates with time, and by an associated decline in offspring
production (Kirkwood & Rose 1991; Lépez-Otin et al. 2013). Tu and Tatar (2003)
deprived third instar larvae of yeast and found that they displayed decreased
fecundity but no concomitant change in longevity as adults. Applying yeast
deprivation to third instar larvae only, however, is likely to cause different effects
compared to limitation across the whole developmental period (Danielsen et
al. 2013), amethodology more comparable to approaches taken in other species
when evaluating the effects of adult nutrition. It is also important to note that
research in insects on developmental nutrition concerns primarily the effects
of underfeeding, and the effects of overfeeding are less well-known, although it
has been shown in mammals that the effects of over and under-feeding could
be phenotypically similar (Ford & Long 2011).

In this study, we address the effect of under- and over-nutrition of D.
melanogaster (Fig. 1) during the entire juvenile stage on longevity, fecundity,
and other life history traits. We combine these larval nutritional manipulations
with three adult reproductive environments (singly mated, SM; singly mated
with yeast, SMY; and continuously mated with yeast, CMY) in a full-factorial
design in order to determine whether adult environment modulates the effects
of developmental nutrition. Generally, the addition of yeast increases fecundity
in Drosophila (Bass et al. 2007), while the presence of a male allows females to
reach higher reproductive potentials by preventing sperm depletion (Kaufman
1942), despite shortening lifespan (Partridge et al. 1987). We hypothesize that
the detrimental effects of developmental under or over-nutrition will be highest
in the most reproductively conducive adult environment, as presumably both
the under and over-fed flies are not able to make full use of the reproductive
potential of the environment, or will pay a greater cost in terms of lifespan for
doing so.

MATERIALS & METHODS
Drosophila stock and culturing

The stock population originated from wild populations collected in 2006 from
six locations across Europe. To ensure that the genetic variation of the original
wild population was equally represented in the stock, we performed four rounds
of crosses among the six component populations (Appendix 1), ensuring that
the effects of developmental nutrition are unlikely to be genotype specific. The
stock population has been maintained in the laboratory for more than forty
generations under standard laboratory conditions (25°C, 65% humidity, 12h:
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12h light: dark cycle, 14 day generation time, and a standard control diet (1x) of
70 grams yeast (Fermipan Instant Yeast Red Label), 100 grams sugar, 20 grams
agar, 15 mL nipagin and 3 mL propionic acid per litre of water) at a population
size of approximately 2000 individuals.

Larval diet

Eggs collected from four-day-old adults of the stock population were transferred
to vials filled with 7 mL of media (100 eggs/vial, 75 mm vial diameter). Larvae
were raised on media where yeast and sugar content was manipulated to
obtain diet treatments representing poor, control and rich food levels. The
concentrations of yeast and sugar were relative to those of the standard
medium: we used 0.25x concentration for the poor food, 1x for control and
2.5x for the rich food treatments (Appendix 2). Amounts of agar, nipagin and
propionic acid remained unchanged across all food levels.

Experimental set-up

Two cohorts of flies were raised on the three larval food levels. In the first cohort,
development time, survival from egg to adult, larval weight, adult weight, egg
weight and virgin survival were assessed. In this cohort, all adult flies were
maintained on the control medium. In the second cohort, female survival and
fecundity were assessed in three adult reproductive environments: singly mated
flies on control medium (SM), singly mated flies on control medium with yeast
supplement (SMY), and continuously mated flies on control medium with
yeast supplement (CMY). The full factorial setup in the second cohort allowed
for the estimation of the relative importance of developmental food conditions
and adult reproductive environment on lifespan and reproduction.

Developmental time and larval survival

Developmental time and larval survival were assessed for 400 individuals per
food level (four vials of 100 eggs each). The number of newly eclosed flies was
recorded every hour between 8:00 am and 5:00 pm from the first day of eclosion
until no new flies had eclosed for more than five hours.

Larval weight, adult weight and egg weight

Larvae were extracted from the medium four days post egg-laying following
Bochdanovits and de Jong (2003) and weighed in groups of three (n=15) to
obtain both wet (fresh) and dry weight (dried for 24 hours at 65°C). Adult flies
were weighed in unisex groupings of three individuals, one day after eclosion.
Weight was measured for 48 flies per treatment (12 groups of 3 flies each). After
wet weight was obtained, flies were dried in an oven at 65°C for 72 hours, and
then re-weighed to obtain dry weight.
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After development on the different larval foods, adult females were maintained
as virgins on control food for two days at a density of 10 females per vial. They
were then placed on agar plates with yeast to stimulate egg-laying for 3 hours.
Eggs were collected and weighed on a Sartorius ultra-micro balance in groups
of 20 per larval food (n=8) to obtain wet weight, then dried for 24 hours at 65°C
in an oven and re-weighed to obtain dry weight. All weights were obtained with
a Sartorius ultra-micro balance accurate to the nearest 0.1 pg.

Virgin survival

To measure adult virgin survival, flies were sexed under mild CO, anaesthesia
between the third and fourth hour after eclosion. Emergence of flies was
synchronized by staggering egg collection days. Flies were maintained in unisex
groups of five individuals per vial, per sex and per larval food level (n=20) and
transferred to fresh media weekly. Survival was recorded every second day.

Reproduction and survival of mated flies

After eclosing, flies raised on different larval treatments were kept separately
in mixed-sex groups in 250 mL bottles with standard medium for 48 hours
to allow time for mating. Flies were then sexed under mild CO, anaesthesia
and females were transferred to one of three adult treatments: singly mated
(SM), singly mated with yeast (SMY), or continuously mated with yeast (CMY).
The yeast supplement consisted of 20-30 grains of yeast added to the surface
of the medium. Females were housed individually or with a single male and
transferred to fresh medium every second day. At this time survival was
scored, yeast supplement was reapplied and any dead males were replaced
by individuals from the same cohort. Previously inhabited vials were retained
until the eggs developed into adults. These offspring were counted, giving an
accurate measure of realized female fecundity. This regimen was maintained
until all females had died.

Statistical Analysis

Wet and dry weight of eggs, larvae and adults were analysed using ANOVAs with
larval food as the independent variable. Post hoc determination of differences
between larval food treatments was done using the Tukey HSD test. Survival
from egg to adult was analysed as binomial data with a generalized linear mixed
models approach designating larval food as a fixed factor and vial as a random
variable nested within the food treatment. Egg to adult development time and
adult virgin survival were analysed using Cox proportional hazards with larval
food treatment as the independent variable.

Adult mated survival was analysed using Cox proportional hazards, with larval
food treatment and adult reproductive environment as independent variables.
Fecundity was analysed using a repeated-measures ANOVA which estimated



E 1.00 4 Larval food level E
..... Poor 5 1.00
- — Control £
& 0757.. Rich =
5 £ 075
£ =
8 g
5 0.50 A s
g S 0501
2 3
3 0.25 A
o 0.25 -
; i =
0.00 P——=memmeteoennnnd ; -
T T T T T 1 T T T
200 225 250 275 300 325 Low Control High
time (hours) Larval food level
e a
- 0.8
3 5
E =
E 1.00 1 5
> 'g 0.6
[
H =
= 0.75 3
3 T
T
< < 0.4 1
0.50
E
- = = 0.2 1 = *
T T T T T T
Low Control High Low Control High
Larval food level Larval food level
—e— Dry weight

Wet weight

Figure 2: The effect of larval food level
on development time (a), larval wet and
dry weight (b) adult female wet and dry
weight (c) and adult male wet and dry
weight (d). All error bars are standard
errors of the mean (SE).

both between and within-subjects effects. Between-subjects effects address
the effect of larval food and adult reproductive environment on total fecundity,
while within-subjects effects assess whether larval food or adult reproductive
environment affect patterns of reproduction over time. To disentangle
significant interactive effects in the model between time and adult reproductive
environment, we performed independent ANOVA’s for each 48-hour period for
each adult reproductive environment. To correct for multiple comparisons we
used the Bonferroni correction. All statistical analysis was performed in JMP
statistical software (v.9.0.0) and in R (v. 3.0.1; R Core Team 2013).

RESULTS
Effects of larval nutrition on larvae and young adults

Larvae raised on poor and rich food showed a delay in development compared
to the control food level (Cox PH model: )(2:553.164, p <0.0001, Fig. 2a). While
for the larvae raised on rich media the delay was only about eight hours, larvae
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Figure 3: The effect of larval food level
on virgin adult female (a) and male (b)
survival. Rearing on poor larval food
increases longevity of both male and
female flies, while flies raised on control
and rich food as larvae show similar
adult lifespans in both sexes.

on poor food took 34 hours longer to develop on average (Fig. 2a). In addition,
larvae feeding on rich and poor food showed significantly lower survival
compared to the control treatment (Generalized Linear Model, best fit model:
AIC=1014, z=3.42, p=0.0006, mean survival from egg to adult + SEM: Poor = 80
+ 3%, Control = 89 + 1%, Rich = 80 + 3%).

Larval weight at four days post hatching was strongly affected by larval food
level (ANOVA: Fz, 4 = 96.6690, p < 0.0001 and Fz, 4 = 99.4345, p < 0.0001 for
wet and dry weight, respectively, Fig. 2b). Both poor and rich food raised larvae
were lighter than control larvae (Tukey HSD: p<0.001 for poor and rich raised
larvae respectively, Fig.2b), however the effect was much stronger on poor food
raised larvae, which were 65% lighter than controls.

Both male and female flies developing on a poor food diet weighed significantly
less as adults than those raised on control and rich larval food (ANOVA:
F, ¢ = 9.641, p =0.006 and F,_=21.273, p <0.001 for wet and dry weight,
respectively; Fig. 2c, d), which means that the longer period of larval growth
did not compensate entirely for the adverse effects of poor food on body mass.
Interestingly, there was no difference in adult size between flies raised on rich
and control food levels (Tukey HSD: p = 0.907 and p=0.277 for wet and dry
weight respectively, Fig. 2c, d), indicating that flies raised on rich food were
able to compensate for their larval weight differential, perhaps via their slightly
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Table 1: Tests of between-subjects
effects on overall fecundity across the
lifespan. GG: Greenhouse-Geisser
corrected p-value.

Source of variation d.f. Sum of squares Mean square F P value (GG)
Larval food level (LFL) 2 25608 12804 2.502 0.085

Adult reproductive environment 2 2963847 1481923 289.531 <0.001

(ARE)

LFL x ARE 4 46088 11522 2.251 0.066

Error 161 824055 5118

Table 2: Tests of within-subjects effects
on patterns of reproduction over time.
GG: Greenhouse-Geisser corrected

p-value.
Source of variation d.f. Sum of squares Mean square F P value (GG)
Time 5.357 2010850 375383 223.964 <0.001
Time x larval food level (LFL) 10.714 37545 3504 2.091 0.02
Time x adult reproductive 10.714 1319910 123200 73.504  <0.001
environment (ARE)
Time x LFL x ARE 21.427 67144 3134 1.87 0.01
Error (time) 862.44 1445533 1676

increased development time. It is worth noting though, that this compensation
may not have been complete, as there still appears to be a trend towards lower
weight in rich-raised flies. Both sexes showed similar responses to larval food
(ANOVA: F2,78 =0.332, p=0.72 and F2,70 =0.949, p=0.392 for wet and dry weight,
respectively) and, as expected, females were heavier than males, irrespective of
larval food conditions (ANOVA: FL .5 =314.883, p <0.0001 and FL 20=347.38,p
< 0.0001 for wet and dry weight, respectively).

Eggs laid by females raised on poor food had a higher wet weight than those
of other treatments (ANOVA: sz ,; =4.253, p=0.0281, mean wet weight (mg)
+ SEM: Poor = 0.220 + 0.003, Control: 0.165 + 0.014, Rich: 0.2006 + 0.018),
however, no difference was observed when the eggs were dry (ANOVA: F,
, = 1.322, p =0.288, mean dry weight (mg) + SEM: Poor = 0.055 + 0.004,
Control: 0.047 + 0.003, Rich: 0.055 + 0.003), indicating a similar resource
investment in egg production. Overall, while our results show that larvae
and young adults suffer what have classically been considered detrimental
effects of poor nutrition such as increased development time and decreased
adult weight, the effects of rich nutritional levels are less pronounced.
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conditions and adult reproductive
environment on mated longevity

(a:c) and fecundity over time (d:f).
Longevity is shown under (a) singly
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In contrast to virgin longevity, there

are no differences in mated longevity
between larval food levels within an
adult condition (a:c). However, adult
conditions do profoundly affect lifespan,
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with lifespan decreasing dramatically
from SM (a) to SMY (b) to CMY condi-
tions (c). Maximum reproductive rate
and total reproduction occur when flies
were continuously mated with yeast
(f), while adding yeast alone (e) only
increases maximum reproductive rate
but not total reproduction relative to
singly mated flies (d). In addition, flies
raised on poor larval food have higher
early reproduction when singly mated
(d) and higher mid-reproductive span
reproduction when continuously mated
with yeast (f) relative to flies raised on
rich food.
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Figure 5: Total lifetime fecundity as a
function of larval food level and adult
reproductive environment. Across
larval diets, the continuous mating with
added yeast (CMY) condition results

in significantly higher lifetime fecundity
than single mating (SM), or single
mating with yeast (SMY) conditions.
While there is no significant main effect
of larval food on total lifetime fecundity,
there is a trend towards an interaction
between larval and adult conditions

Total lifetime fecundity
(o)
o
o

1500
1000
| e [

Singly mated Singly mated Continuously mated caused by the tendenCy for flies raised
+ Yeast + Yeast on poor larval food to have slightly
Adult reproductive environment higher lifetime fecundity than rich larval

food raised flies under CMY conditions
(Bonferroni post-hoc test, p=0.10).

Effects of larval nutrition on virgin longevity

Females were longer lived than males (Cox PH model: x? = 74.739, p < 0.0001),
but both sexes showed a similar response to larval treatments. Remarkably,
flies raised on poor food actually lived 7 and 8% longer on average than those
raised on control and rich medium respectively (Cox PH model: x? = 28.8517, p
< 0.0001; Fig. 3a, b). This translates into an increase in lifespan of about 6 days
on average, relative to the control, while flies raised as larvae on control and
rich food did not differ in lifespan (p = 0.73; Fig. 3a, b).

Effects of larval nutrition and reproductive
environment on mated longevity

There was a profound effect of reproductive environment on longevity (Cox PH
model: x? = 34.955, p < 0.0001, Fig. 4a-c). Longevity decreased stepwise relative
to singly mated females; adding yeast decreased longevity by approximately
8% while adding yeast and allowing continuous mating decreased average
longevity by approximately 30% (Fig. 4a-c). In contrast to virgin longevity, mated
longevity was not influenced by larval food level (Cox PH model: x?=2.3087, p=
0.315).

Effects of larval nutrition and reproductive
environment on reproduction

Theadultreproductiveenvironmentprofoundlyaffected both totalreproduction
(Table 1, Fig. 5) and patterns of reproduction over time (Table 2, Fig. 4d-f). The
strongest effect was seen when flies were continuously mated with added yeast
(CMY) - this treatment resulted in much higher lifetime reproduction (nine
and six times higher than females experiencing single mating or single mating
plus yeast conditions respectively; Bonferroni post-hoc test: p<0.001 for both,
Fig. 4d-f). CMY also increased the maximum rate of reproduction achieved per

LY



[A 4

Age
(days)

chapter 2

Table 3: ANOVA's of total fecundity per
time point and adult reproductive envi-
ronment. Only significant results shown.

ANOVA results Means + SE Post hoc tests
Adult Poor
reproductive Poorvs. vs. Control
environment F d.f. P Poor Control Rich Control Rich vs. Rich
Singly mated 6.48 2,53 0.003 34.1+28 251x26 19.7+3.1  0.074 0.002 0.373
Continuous + 4.33 2,53 0.018 96.7+5.5 84.5+3.1 80.3+3.2 0.0957 0.0182 0.7467
yeast
Singly mated 4.8 253 0.012 371x25 25.8+2.9 25.6+3.4 0.0262 0.0239  0.9992
Continuous + 4.03 2,53 0.024 141.4x71 102.9+15.4 93.1+14.3 0.0885 0.0267  0.8501
yeast
Continuous + 5.61 2,53 0.006 140.2+8.9 95.8+13.9 83.3x14.6 0.04 0.0071  0.7667
yeast
Continuous + 3.64 2,53 0.033 127.2+10.3 93.9+155 76.3+14.3  0.1956 0.0282 0.6303

yeast

48-hour period, with average fecundity from ages two to four days of 161.54
+4.76 SE relative to SMY (109.41+6.37) and SM (29.38+1.83) (ANOVA days 2
to 4: F, ., =188.43, p <0.001). In addition CMY flies continued reproducing
until day 36 of adult life while in SMY and SM flies all reproduction had ceased
by days 20 and 26 respectively (Fig. 4d-f). In contrast, the difference between
SM and SMY was subtler; while they did not differ in total lifetime fecundity
(Bonferroni post-hoc test: p=0.43, Fig. 5), their patterns of reproduction across
life were different. (Fig. 4d-f) Adding yeast to singly mated females resulted in a
rapid burst of reproduction early in life followed by a quick (near) cessation of
reproduction (Fig. 4e). In contrast, singly mated females without yeast did not
reach a similarly high peak of early reproduction, but their reproduction was
spread out across the lifespan (Fig. 4d).

There was also a near significant interactive effect between the larval food
environment and adult reproductive environment on total fecundity (Table 1,
Fig. 5), as flies raised on poor food had slightly higher lifetime reproduction
than those raised on rich food in the CMY condition (Bonferroni post-hoc
test, p=0.10). Indeed, contrary to expectation, flies raised on the lowest food
as larvae did not show compromised reproduction in any adult reproductive
environment.

Inaddition, larvalfood modified patterns ofreproduction across time depending
on the adult reproductive environment (Table 2, Fig. 4d-f). In order to break
down this interaction we performed individual ANOVA'’s per adult reproductive
environment on each 48 hour time period in which reproduction was measured.
This showed that under singly mated conditions, females raised on poor food
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had higher early reproduction than those raised on rich food (days one to four
of adult life, Table 3), while control and rich-raised flies did not differ. For the
rest of the lifespan the rate of reproduction of poor raised flies was similar
to the other larval treatments. When flies were singly mated with yeast, the
differences between larval food levels in patterns of reproduction across the
lifespan disappeared (Repeated Measures ANOVA: F, o 1374=0-749, p=0.588).
However, when under the CMY (continuous mating + yeast) condition, again
poor flies showed an increase in reproduction relative to flies raised on rich
food, while control and rich-raised flies did not differ from each other. Notably,
the increase in fecundity of poor-raised flies appeared later on in life, from days
12 to 16 of life (Table 3). Thus it appears that not only does larval food alter
patterns of reproduction, and therefore the adult life history of the fly, but this
effect is also dependent on the adult reproductive environment.

DISCUSSION
Effects of larval nutrition on larvae and young adults

A wide array of insect literature has found that calorically poor food during
developmentleads to increased development time, and decreased adult weight
(Colasurdo et al. 2009; Dmitriew & Rowe 2011; Kaspi et al. 2002; Kolss et al. 2009),
which agrees with our finding that developing on poor food decreases larval
and adult weight while increasing development time. Although the literature
on overfeeding during development in insects is rather sparse, existing studies
suggest that high-protein diets accelerate larval development while high sugar
levels can cause growth inhibition and development of “hallmarks” of type-
2-diabetes (Danielsen et al. 2013; Pasco & Léopold 2012). In our study a high-
protein-high-sugar diet resulted in a moderate increase of development time,
and a decrease of larval but not adult weight. It appears that flies raised on rich
developmental nutrition may use an increase in development time to overcome
the challenges of over-feeding, ultimately resulting in flies phenotypically
indistinguishable from control flies in all other adult traits we assayed, but with
lower fecundity than poor-raised flies at certain ages.

As found previously by Prasad et al., (2003) and Vijendravarma et al., (2010),
flies raised on poor food as larvae laid significantly heavier eggs than those
raised on control food, despite being smaller adults. Vijendravarma et al.,
(2010) hypothesized that this was due to enhanced maternal egg provisioning.
Our results showed that the increased egg weight in poor-raised females was
due to increased water content of the eggs; the dry weight of eggs did not differ
between the control and poor raised females. This increased water content
could be caused simply by increased allocation of water by the poor raised flies,
or by a change in the allometry of the different components of the egg. Whether
either of these mechanisms is beneficial to the offspring is unclear, but merits
further testing.
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Effects of larval nutrition on virgin longevity

While several traits responded as expected to larval nutrition, virgin longevity
was a notable exception in our experiment. Flies raised on rich food as larvae
showed no difference relative to control in terms of lifespan, while, flies of both
sexes raised on poor food displayed a 7% increase in lifespan relative to control
(Fig. 2a-b). While this increase may seem rather modest, it is by no means
negligible and indicates a far-reaching effect of larval nutrition on lifespan.
In fact, this extension falls within the range of lifespan extension achieved by
induction of dFOXO (Hwangbo et al. 2004), a key gene in the insulin-signalling
pathway (Giannakou & Partridge 2007).

Of the few studies that have applied restricted nutrition to Drosophila during
development and consequently measured longevity, only one has shown an
increase in lifespan. Zwaan et al., (1991) found that adult lifespan was increased
in flies that had been transferred as larvae onto agar-only medium after 60
hours of development. In contrast, Tu and Tatar (2003) found that removing
yeast in the third instar did not affect adult longevity. It seems rather likely that
reduction of both yeast and sugar, as done by Zwaan et al., (1991) and in our
experiments, would have considerably different effects to reducing only yeast.
In fact, for adult Drosophila it has been shown that the ratio of carbohydrate
to protein (i.e. sugar to yeast) is often very important in determining adult
longevity (Lee et al. 2008). In addition, studies on Drosophila larvae have
indicated that different relative protein and sugar contents of developmental
food can cause long term alterations in insulin signalling with possible effects
on adult traits (Danielsen et al. 2013; Pasco & Léopold 2012). In these studies,
high sugar diets induced delayed eclosion, smaller body size and a type-2-
diabetes-like phenotype in adults. In the Tu and Tatar (2003) study the lack of
any protein in the diet but ample sugar caused several of those effects, but the
demographic patterns of ageing remained normal. Perhaps decreasing both
sugar and yeast in a balanced way, as in our study and that of Zwaan et al.,
(1991) could induce other types of long term metabolic changes resulting in
a long-lived phenotype. Indeed, body composition (most notably, relative fat
content) of the adults was significantly affected by the larval developmental
environment in the Zwaan et al, (1991) study.

Effects of larval nutrition and reproductive environment
on mated longevity and reproduction

In contrast to virgin flies, the lifespan of mated flies was not affected by larval
food, regardless of the adultreproductive environment. Interestingly, this closely
parallels the response to selection for lifespan observed by Zwaan et al., (1995)
wherein increases in lifespan in response to selection were observed in virgin
but not mated flies. One possible explanation is that the lifespan shortening
effects of reproduction make lifespan differences more difficult to detect.
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In mated flies, the adult reproductive environment acted as the main
determinant of mated lifespan and fecundity. This is not a novel finding, in
fact, an increase in fecundity with added yeast and added males coupled with a
concomitantdecreaseinlongevityiswell documented (Bass etal. 2007; Kaufman
1942; Partridge et al. 1987). However, these adult reproductive environments
were included in our experiment in order to determine whether or not the
effect of developmental environment depended on the adult reproductive
environment, and in this sense they proved very instructive. Specifically, we
had hypothesized that the negative effects of poor or rich developmental food
would be more pronounced in the adult environments in which reproduction
was most favoured (added yeast and males). This proved to be incorrect as
neither poor nor rich raised flies suffered significantly decreased longevities or
fecundities relative to the control in either of these situations (Fig. 4).

Across insects, adult size is quite strongly correlated with fecundity (Honek
1993). In a meta-analysis of 68 insect species, Honek (1993) found that for every
one percent increase in body mass, median fecundity increased by 0.95%. In
our experiment flies raised on poor food were 9.3 and 10.8% smaller than rich
and control raised flies respectively (Fig. 2c-d). However, at no point did they
display decreased fecundity. Rather, when singly mated without yeast, poor
raised females had higher reproduction early in life, and when continuously
mated with yeast poor raised females had increased reproduction in the middle
of the reproductive span (Table 3). No such differences existed in the SMY
condition, likely because the high rates of reproduction afforded by the added
yeast resulted in consistent sperm depletion across treatments.

The mechanisms responsible for the increased virgin lifespan and age-specific
fecundity of poor raised flies remain speculative. One potential mechanism is
by “viability” selection, as flies raised on poor and rich food have significantly
lower larval survival than controls. However this seems unlikely, as despite both
treatments resulting in similar larval survival, only the poor raised flies have
increased lifespan. Two more likely alternative mechanisms are stress-response
hormesis or the induction of a thrifty phenotype.

Stress-response hormesis refers to the phenomenon whereby exposure to
a mild stressor increases future resistance to stress (Gems & Partridge 2008;
Shore & Ruvkun 2013), usually via induction of chaperone proteins such as
those involved in heat shock. In fact, in C. elegans brief thermal stress increases
lifespan, and the increase is greater the earlier the stress is applied (Olsen et
al. 2006). In our experiment it is possible that decreased nutrition during early
development acts as a hormetic, increasing the robustness of the organism.
However, this does not appear to hold true for flies raised on rich food; while
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these larvae do show some indicators of stress during development, they do not
exhibit increased lifespan or reproduction.

The thrifty phenotype hypothesis (Hales & Barker 1992) proposed that
nutritionally poor developmental conditions induce a metabolically thrifty
metabolism to survive development, but that this metabolic phenotype can be
detrimental later in life. In our case it is possible that the poor developmental
nutrition does indeed impose a change in metabolism, potentially to a more
energetically efficient “thrifty” metabolism while the rich larval food results in
the opposite. There is, however, one main difference to the thrifty phenotype
hypothesis as proposed by Hales and Barker for humans—humans experiencing
poor developmental nutrition show negative consequences of adequate
nutrition post-utero including an increased risk of developing the metabolic
syndrome (Danielsen et al. 2013; Gluckman et al. 2007; Painter et al. 2005). In
our flies this does not appear to be the case. This could be due to differences in
the way metabolism influences disease risk in flies as compared to humans, or
possibly that the adverse effects in adult flies are induced only in the case of a
larval diet dominated by sugars.

In keeping with these hypotheses, one could also consider more proximate
explanations of higher reproduction in young adults raised on poor food.

A recent study by Aguila et al., (2013) reports that programmed cell death of
larval fat cells in the adult is important for female reproduction. The authors
report that in two-day-old adults more than half of the nutrients acquired by the
ovaries are dependent on the death of fat cells, and thatif programmed cell death
is inhibited, ovarian development is delayed. One could imagine that normal
levels of programmed cell death in larvae reared on poor food, and therefore
with less larval fat, would result in a higher relative efficiency of programmed
cell death in this tissue, and consequently facilitate ovarian nutrient acquisition
and faster ovarian development. Alternatively, development on poor food could
have resulted in adults able to mobilize larval fat to the ovaries more efficiently.

Relevance for life history theory:
resource acquisition and allocation

Our results indicate that the optimal nutritional conditions for fruit flies differ
across the lifespan. In particular, less nutrient-rich larval diets may be beneficial
for adult fitness, at least for females. This may reflect the evolutionary history
of this insect in nature, where larval conditions may be substantially poorer on
average than the adult ones.

Inspired by observations such as those of Hales and Barker (2001), several
adaptive explanations have been put forward. They include a role of the
developmental environment as a predictor of the (nutritional) status of the
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impending adultenvironment. Natural selection could have favoured genotypes
that would adjust their physiological, metabolic, and/or life history phenotypes
to ensure a good match with the early and/or late life adult environment (for
instance Predictive Adaptive Responses; Bateson et al. 2004; Gluckman et al.
2007; see also Van den Heuvel et al. 2013).

Itis tempting to interpret our results in the light of such hypotheses. Poor-raised
flies have increased early life reproduction when singly mated, which could be
an immediate response to an anticipated poor adult environment. As indicated
earlier, this effect could have been masked in the added-yeast treatment
because of additional resource availability and a rapid depletion of sperm in
females. Similarly, the increased reproductive output in the CMY-treated flies
during mid-life may be an indication of increased willingness of poor-raised
females to re-mate, and/or an increased allocation during development to
reproduction.

The reported effects argue that the role of the larval and adult environment
in resource acquisition and allocation should be explicitly incorporated in
theoretical models and experimental studies of life history evolution. Further
work to determine the mechanism by which the flies raised on poor food extend
their virgin lifespan and increase fecundity under certain adult conditions can
help to understand this response. This could include studies of gene expression,
metabolic rate and stress resistance across the lifespan to determine whether
these are also lastingly affected by developmental environment. In addition,
the creation of artificial selection or experimental evolution lines adapted to
different larval nutritional environments may help to clarify to what extent
the plastic effects of developmental food are adaptive (May et al., unpublished
data).

Conclusions

This study shows that while larval over-feeding in Drosophila appears to have
minimal effects on lifespan and fecundity, larval under-feeding can dramatically
affectlife history traits across a developmental boundary. In addition, this effect
depends on the reproductive environment in which the traits are expressed.
In contrast to expectation, larval underfeeding extends adult virgin longevity,
does not affect mated-longevity and increases fecundity at certain ages. We
propose that this could occur in two separate, though not mutually exclusive
ways — either by the induction of stress response hormesis, producing hardier
flies, or via the induction of an altered metabolism which gives the flies a
general advantage as adults in these environments. Our results urge for a more
explicit incorporation of the developmental environment in life history theory.
Further experiments are suggested to determine the metabolic rate and stress
resistance of the flies raised on poor food, as well as to determine potential
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differences in gene expression between flies raised on poor or rich food.
A more clear understanding of the lifespan advantage gained by development
on poor food in the exceedingly tractable model organism Drosophila may be
instrumental in determining new areas to explore in the human-oriented field
of developmental nutrition.
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APPENDICES

Appendix 1. Derivation of the stock population.
The stock population was derived from 6 wild-caught
European populations. The crosses were designed to
create a stock population with a high level of genetic
polymorphism and to prevent uneven contribution of
genetic variation from the initial populations.

Initial component populations:

A: Vienna (Austria; N 48" 14.733’; E 016° 16.024’)

B: Palic (northern part of Serbia; N 46° 05.910’;
E 019° 45.649’)

C: Predijane (southern part of Serbia; N 42°
52.609’; E 022° 05.242")

D: northern Macedonia (N 41° 24.290’; E 022°
17.9517)

E: Dorjan (southern Macedonia; N 41° 20.480’;
E022° 26.575’)

F: Pournis (Greece; N 39° 08.443’; E 023" 17.181’
Crossing Scheme

1 First crossing round: “one to one”

- Populations were crossed with
each other inpairs (15 combinations)
In each cross, 100 females of
one component population and 100 males
of other component populations were mixed
Crosses were performed reciprocally (30
crosses in total
Crosses deliver “2-genotype populations”:
AB, AC, AD, etc.

2 Second crossing round: “each to a different”
- 2-genotype populations were crossed to other
2-genotype populations derived from different
component populations (15 combinations)
perform reciprocally, 30 crosses
Crosses deliver “4-genotype
populations”: ABCD, ABEF, ADBF, ADCE etc.

3 Third crossing round: “each to a different 11”
4-genotype populations were crossed to other
4-genotype populations derived from different
component populations
performed reciprocally, 30 crosses
Crosses deliver 30 “6-genotype populations”:
ABCDEF

4 Fourth crossing round: “Random mating”
30 “6-genotype populations” ABCDEF were
mixed in equal proportions.

The mixed base population was subsequently
divided into 4 replicate mixed

6-genotype populations

The populations were allowed to mate
randomly for 3 generations to prevent linkage
disequilibrium
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Appendix 2. Diet recipes
Diet composition per litre of water

Diet composition Low (0.25x)

Yeast* 17.5g
Sugar t 259
Agar 209
Nipagin solution 15mL
Propionic acid 3mL

*Fermipan Red Label instant yeast
tSuiker Unie Granulated Sugar Extra Fine

Control (1x)
709

100g
20g
15mL

3mL

High (2.5x)
1759

2509

20g

15mL

3mL
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Diet dependent gene expression in young adults

ABSTRACT

Itis often proposed that the effects of developmental
diet on adult phenotypes are mediated by long-term
changes in gene expression. However, no studies to
date have addressed the overall magnitude of the
effect of developmental diet on the entire adult
transcriptome, and how it compares to the effect
of adult diet. Here, we use a full-factorial design to
address how three different larval and adult diets
interact to affect gene expression in one day-old adult
fruit flies (Drosophila melanogaster) of both sexes.
We find that in both sexes the biggest contributor
to transcriptional variation is larval, and not adult
diet. The magnitude of this effect is especially
large in females but relatively small in males.
Furthermore, the effect of increasing caloric content
of the larval diet on gene expression was not linear,
suggesting that calories per se do not drive global
patterns of gene expression variation early in life. To
address the biological significance of the observed
patterns of variation, we further characterised gene
expression by applying Weighted Gene Correlation
Networks Analysis (WGCNA) to identify modules of
co-expressed genes whose expression was affected
by larval or adult dietary conditions. In females,
larval diet affected gene expression by modulating
the expression of two large strongly negatively
correlated modules which appeared to reflect
relative investment into reproduction versus non-
reproduction related processes. In males, modules
affected by larval and/or adult diet appeared to
relate primarily to nutrient sensing and metabolic
functions, and contained probes highly expressed
in the gut and fat body. The gut and fat body are
among the most important nutrient sensing tissues,
and are also the only tissues for which it is well
described that they are not completely histolysed
during pupation, suggesting that effects in male
flies may be mediated by the carry-over of these
tissues into young adulthood. Our results show that
developmental diet can have profound effects on
gene expression in early life and suggest further
work is necessary to determine the extent to which
such effects persist across the lifespan, and how they
relate to phenotypes. This would be important for
understanding the commonly observed link between
developmental conditions and late-life patterns of
ageing and health.
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INTRODUCTION

The environment experienced during development can have important
consequences for the adult phenotype of an individual (Schlichting & Pigliucci
1998). Frequently, individuals must develop under conditions of nutritional
scarcity, or, less commonly, nutritional excess. Development under such
conditions can affect the resulting phenotype via a variety of mechanisms
(reviewed in Lindstrém 1999; Monaghan 2008) including directly constraining
the overall size or quality of the resulting adult (so-called “silver-spoon” effects;
Grafen 1988), changing the relative allocation to different tissues or processes
(e.g. Emlen 1997; Lanet & Maurange 2014), and/or by acting as a cue predicting
the likely quality of the adult environment, allowing individuals to adjust
their phenotypes for better performance under these conditions (Bateson et
al. 2014; so-called Predictive Adaptive Responses: Gluckman et al. 2007). In
general, each one of these mechanisms is considered independently, but it is
more likely that the adult phenotype will reflect the combined action of some
or all of these effects.

Importantly, regardless of the mechanisms, such developmental influences
on adult phenotypes are expected to result in gene-expression changes at the
level of the whole organism. In fact, in the case of predictive adaptive responses
(PARs) itis hypothesised that gene expression changes per se may be a principal
cause of long-term phenotypic effects (Burdge 2007; Burdge & Lillycrop 2010).
This hypothesis comes from the observation that low birth weight in humans
(a proxy for poor nutrition in utero), is associated with greater risk of metabolic
disease in late life (Barker et al. 1993; Barker et al. 1989), an effect which appears
to be exacerbated by a plentiful adult diet (Gluckman & Hanson 2004; Ravelli et
al. 1998). It is proposed that through epigenetic changes, individuals modulate
the long-term expression of genes, particularly metabolic genes, in order to
be better adapted to the predicted adult environment (Burdge 2007; Burdge &
Lillycrop 2010; Gluckman & Hanson 2004). However, if the developmental cue
turns out to be wrong, as is proposed to be the case in humans who develop
in poor intrauterine environments and subsequently experience conditions of
plenty as adults, the individual’s gene expression profile will be mismatched
with its environment, potentially leading to metabolic disease.

Despite the widespread incidence of variation in the quality of the
developmental environment, and the fact that phenotypic effects will likely be
reflected in gene expression, relatively few studies have addressed the extent
to which developmental diet influences gene expression in adulthood. Studies
in rats have shown changes in the expression of genes related to metabolism
in adult offspring of protein-restricted mothers (Bertram et al. 2001; Lillycrop
et al. 2005; Maloney et al. 2003), while a study in fruit flies has shown that high
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protein larval diets increase the expression of some immune genes in young
adults (Fellous & Lazzaro 2010). These candidate gene approaches suggest that
developmental diet does play a role in adult gene expression, however to our
knowledge, no study has addressed the global effect on the transcriptome, nor
if and how it depends on the adult environment. Understanding the global
variation in gene expression induced by variation in developmental diet can
provide insight into which of the above mentioned mechanisms plays a role,
and/or which tissues and biological functions are the most affected.

Here we use the fruit fly, Drosophila melanogaster, to determine to what extent
developmental diet affects whole-body, whole-genome, gene expression in
one-day old adult male and female flies, and how this interacts with different
adult dietary conditions. We choose one-day old flies in order to establish a
baseline effect of developmental diet on adult gene-expression. Because this
study is the first to address this question in Drosophila, there are no concrete a
priori hypotheses concerning which tissues or mechanisms may be involved,
thus we employ a whole body, systemic approach to provide a first indication
of the magnitude of the effect and the tissues and mechanisms that may play a
role. Such an approach has previously been productively applied to the study
of transcriptional responses to dietary restriction (DR) in adults, identifying a
global down-regulation of cell-cycle, metabolic and reproduction related genes
in response to DR and implicating these processes as potentially important
mechanisms mediating the effect of DR (Pletcher et al. 2002).

To address the effects of developmental and adult diet on gene expression
we first assess broad-scale patterns of expression variation as obtained from
Principle Component Analysis (PCA). Subsequently, we use Weighted Gene Co-
expression Network Analysis (WGCNA; Langfelder & Horvath 2008) to identify
modules of co-expressed genes whose expression is affected by larval and/
or adult dietary conditions. There are several reasons to choose WGCNA over
traditional differential expression approaches: first, it is unbiased, as modules
are detected on the basis of expression only, with no information on treatments;
second, it alleviates the problem of multiple testing associated with differential
expression analysis by reducing the number of comparisons from tens of
thousands of genes down to the number of modules, and, third, networks
(and by extension modules) likely more accurately reflect the biological
relationships between genes as genes do not act in isolation, but rather interact
in hierarchically structured regulatory networks (Zhang & Horvath 2005). As
such, co-expression often reflects co-regulation (Allocco et al. 2004), or tissue-
specific function (Boutanaev et al. 2002), thus modules can provide biologically
relevant insight into the tissues and processes underlying gene expression
differences. To date, WGCNA has been productively applied to identify co-
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expression modules that are highly correlated to biological traits and functional
pathways in multiple species (Hilliard et al. 2012; Xue et al. 2013), including
identifying tissue-specific expression profiles that would be difficult if not
impossible to identify by more traditional differential expression analysis (e.g.
Oldham et al. 2006). After identifying modules of co-expressed genes affected
by dietary conditions, we use several external data sets to annotate the modules
and address whether there is evidence for specific functions (Gene Ontology),
tissue-specific roles (FlyAtlas and FlyGut databases), or co-regulation of the
modules by specific transcription factors (DrolD Database). The combined
results are discussed in the context of theories and hypotheses linking early life
conditions to late life health and the possible role of epigenetic mechanisms
there-in.

MATERIALS AND METHODS:
Fly Stocks and Experimental Design

We used the laboratory stock population described in May et al., (2015). This
population has been maintained in the laboratory for more than 60 generations
under standard laboratory conditions (25°C, 65% humidity, 12:12h light : dark
cycle, 14 day generation time, and a standard control diet (C) of 70 grams yeast,
100 grams sugar, 20 grams agar, 15 mL nipagin and 3 mL propionic acid per litre
of water).

To address howdevelopmental and adult dietinteract to affect the transcriptome
of one day old-flies we raised flies on three different diets as larvae and
switched them across these same three diets as adults. These diets were the
standard laboratory diet, hereafter referred to as control (C), a poor diet (P), and
arich diet (R). The poor and rich diets contained 25% and 250% as much sugar
and yeast as the control diet respectively. For the experiment, we raised flies
on these three diets as larvae at a density of 100 eggs per vial (6mL medium)
and immediately after eclosion randomly distributed the resulting adults
across these three diets again in a full factorial design. This resulted in nine
combinations of larval and adult diet, three experiencing the same diet during
both larval development and adulthood and six experiencing a novel adult diet
in the first twenty-four hours of adult life (same diet: PBCC,CR; diet transition:
PC,PC,CBCR,RPRC). To obtain virgin flies we sexed the adults immediately after
the cuticle had hardened (~ three hours post eclosion) and maintained them at
a density of 10 adults per vial. Twenty-four hours after eclosion, we flash froze
the flies in groups of five for gene expression analysis (25 flies per combination
of larval food, adult food and sex) and used these samples to obtain systemic,
whole-body and whole-genome gene expression.
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RNA extraction, hybridisation and data pre-processing

We extracted RNA from four replicates per combination of sex, larval diet, and
adult diet (4 replicates x 2 sexes x 3 larval diets x 3 adult diets = 72 arrays), using
the Machery Nagel Nucleospin II kit (Machery and Nagel). For each sample we
homogenised five whole flies together in order to minimise the effect of random
variation between individuals. Biotin labelling, cRNA synthesis, hybridisation
to Affymetrix Drosophila 2.0 GeneChips and array readouts were performed by
ServiceXS (wWwww.servicexs.com).

Prior to analysis we used several quality control measures to exclude outlier
arrays or arrays of insufficient quality from the dataset. Based on these results
we excluded ten female samples and four male samples from further analysis,
randomly distributed over the nine nutritional groups. The large number of
female arrays excluded is due to our very stringent quality control measures.
Subsequently we performed background adjustment, quantile normalisation
and summarisation using the robust multi-array average (RMA) algorithm
(Irizarry et al. 2003). When normalising males and females together, 96% of
the variation in expression was due to sex, so we chose to normalise male and
female samples separately to emphasise the effects of larval and adult diet rather
than ubiquitous and well-documented sex-specific differences (e.g. Ayroles et
al. 2009). We performed all subsequent analysis steps separately for each sex.
The data quality check and all other analyses were performed using R (version
3.0.0) and Bioconductor (Gentleman et al. 2004). To gain an understanding of
the broad patterns of variation in the data we applied principal components
analysis to the normalised expression data (PCA; Pearson 1901).

Weighted Gene Correlation Network Analysis

After normalising the data we applied WGCNA to the expression data for each
sex, using the default settings for detection of signed modules (Langfelder &
Horvath 2008). Implementation of WGCNA is freely available in the WGCNA
R package. In brief, WGCNA follows the following steps. First, expression
correlations are determined for all pairs of genes and weighted by the connection
strength. These correlations are then clustered using hierarchical clustering,
and modules are defined as branches of the clustering tree. The expression
profile of each module can be summarised by its eigengene (E) which is defined
as the first principal component of the expression matrix. The eigengene can
be thought of as a weighted average expression profile and thus for a particular
sample, the value of its eigengene is representative of the overall expression of
the module (Langfelder & Horvath 2008). For each module, eigengenes can be
compared across samples to detect significant correlations between treatments
and module eigengenes (i.e. expression). By convention, modules are named
by colours, with unassigned genes grouped together in the “grey” module.
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Annotating modules with external information

After performing module discovery using WGCNA we applied several additional
analysis steps to characterise the modules. First, for each module we fit an
ANOVA model that partitioned the variance in module eigengene expression
explained by larval diet (L), adult diet (A), and their interaction (L by A). We seta
false discovery rate (FDR) threshold of 0.001 (FDR; Benjamini & Hochberg 1995)
and focused the remaining analysis on the modules that showed a significant
effect of dietary treatment on their eigengene value (as explained above, this is
roughly equivalent to expression).

We next submitted the probe list associated with each module to DAVID
(Database for Annotation, Visualization and Integrated Discovery; Huang et
al. 2008) for gene-ontology enrichment analysis focusing on GO FAT terms.
GO FAT terms exclude broader GO terms and eliminate term redundancy. To
facilitate interpretation, we submitted lists of more than 20 terms to the REVIGO
online tool which uses semantic similarity to reduce large lists of terms to a
representative subset of terms (REduce and VIsualize Gene Ontology: Supek et
al. 2011).

To address whether modules showed evidence of tissue-specific expression
profiles we used two external data sets: FlyAtlas (Chintapalli et al. 2007) and
FlyGut (Buchon et al. 2013). FlyAtlas contains tissue-specific gene expression
data for both larval and adult tissues of the fruit fly, while FlyGut contains
region-specific expression patterns in the gut. For each of our modules, we
calculated the median expression across all of its probes in each tissue available
in the FlyAtlas database and in each gut region available in the FlyGut database.
This provides a simple read-out of the average expression levels of the module
in different tissues or gut-regions.

To address whether there was evidence that modules were co-regulated
by certain transcription factors (TFs) we used the Drosophila Interactions
Database (DrolD; Murali et al. 2010), a merged dataset of empirically validated
interactions between TFs and genes from the RedFly (Halfon et al. 2008) and
modENCODE databases (Roy et al. 2010). We first filtered the data set to exclude
transcription factors that are known to interact with less than five genes. We
then performed a Fisher’s exact test to identify modules enriched for genes
known to be regulated by certain transcription factors. We considered a module
enriched for probes binding a certain transcription factor at an odds-ratio of
greater than 1.5 fold and p-value of <0.05, although at this threshold, not all
interactions remained significant after stringent correction for multiple testing.



Diet dependent gene expression in young adults

15 A
- °
| 10 4 A
10 A ‘
3 s =" I
~ 54 | o A u
Z L 2 0 [
8z o 1% - g2 . []
a3 Asp ° 9 ] oA g
R T .
< < -10 4
o a A o 0
A
| |
T T T T T T
-30 =20 -10 0 10 20 30 -10 0 10
PC1 PC
(Var. Expl.: 43 %) (Var. expl.: 13 %)
& » o 10 ]
I
He HEo B 4
R ola A® A h s 54A° @ A |
o N ° °
8% 33 °1 A, %, x’ n
a3 - o x Ax ™
= _40d = 5 (]
§ -0 AA - l‘ "
-10 4
A
| I— T T T T T =
-30 -20 -10 0 10 20 30 -10 0 10
PC1 PC1
(Var. expl.: 43 %) (Var. expl.: 13 %)
3 1.00 3 1.00 4 Larval diet Adult diet
§ E ® Poor O Poor
g 0754 3 075 1 @ Control O Control
o o . .
- - ® Rich A Rich
S 0504 S 050 4
S k]
c I3
S 0254 S 025 4
t k=4
g g
S 0.00 L, S 0.00 4 Illlllnn------- ..............
o T T T o T T T T
0 10 20 0 10 20 30
Principal component Principal component

Figure 1: (a and b) Plot of PC1 versus
PC2 in females (a) and males (b). In
both sexes, PC1 separates samples

by their larval diets, and flies raised

on the rich larval diet fall in-between
those raised on poor and control. (c
and d) Plot of PC1 versus PC3 in
females (c) and males (d). In females
(c), PC3 separates three out of four CR
samples from the rest while in males
(d), the plot of PC1 versus PC3 more
clearly divides samples based on their
larval diets. (e and f) Plot of proportion
of variation explained across principal
components in females (e) and males
(f). PC1 explains more than three times
as much variation in females (e) than in
males (f).
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RESULTS
Expression in one-day old flies more
tightly associated with larval than adult diet

PC1 clearly groups flies by their larval diets in both sexes (Females: Fig. 1a;
Males: Fig. 1b), but explains three time more variation in females than in males
(Females: Fig. 1e; Males: Fig. 1f). In both sexes, PC1 separates flies raised on the
poor larval diet from those raised on the control larval diet, while flies raised
on the rich larval diet fall in between (Fig. 1a,b). The separation between flies
raised on the rich and control diet is distinct in females (Fig. 1a), but there is
some overlap in males (Fig. 1b). However, when plotting PC1 versus PC3 for
males, flies raised on the rich larval diet form a very distinct cluster (Fig. 1d).

In females, and to a lesser extent, males, PC2 segregates samples by adult diet,
and, in contrast to PC1, explains a similar amount of variation in both sexes
(females: 7%, males: 9%). In females, PC2 separates flies transferred to the poor
adult diet upon eclosion (squares) from the rest (Fig. 1a), suggesting a rapid
transcriptional response to the poor adult diet across larval diets. In males,
there is a trend towards flies transferred to the rich diet as adults (triangles)
having high values on PC2 and flies transferred to the poor diet as adults
(circles) having low values (Fig. 1b). Notably, the most extreme values for PC1
in males are observed for flies both raised on and subsequently transferred to
the poor adult diet (blue squares; Fig. 1b).

WGCNA analysis reveals large sex-specific
differences in module size and membership

In females, WGCNA identified two very large co-expression modules consisting
of 5509 (blue) and 5695 (turquoise) probes respectively, while 7565 (grey)
genes were unassigned (Fig. 2a). The eigengenes of these two modules were
nearly perfectly negatively correlated (r2=-0.96, n=26, p <0.0001; Fig. 2b), thus
increased expression of one module implies decreased expression of the other.
In males, we identified 22 co-expression modules ranging in size from 41 to
3,805 probes (Fig. 2¢). A total of 15,082 probes (80% of total) were assigned to a
module while 3,687 background genes were unassigned (grey module). Nearly
all modules possessed significant GO annotation and enrichment for binding
of specific transcription factors (Appendix 1), as well as distinct tissue-specific
expression profiles in the FlyAtlas and FlyGut databases (Fig. 3). Furthermore,
modules that have positively correlated eigenvalues tend to possess very
similar tissue-specific expression profiles, suggesting that WGCNA identified
modules of genes that act in particular tissues. For example, the red, yellow,
black and cyan male modules cluster together in the hierarchical clustering
dendrogram and have highly positively correlated eigengene values (Fig. 2¢,d).
They are all nearly exclusively expressed in the adult testes in FlyAtlas (Fig. 3e).
Furthermore, the data in FlyGut and FlyAtlas agree with each other: modules
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Figure 2: Overview of modules
detected by WGCNA (a) Module sizes
in females (b) Module eigengenes of
the female blue module plotted against
eigengenes of the female turquoise
module. Eigengenes of the two
modules are nearly perfectly negatively
correlated (r2=0.96). Colour indicates
larval diet and shape indicates adult
diet (Legend in figure). (c) Module sizes
in males (d) Hierarchical clustering
dendrogram of male module eigen-
genes (labeled by their colors). (e)
Heatmap plot of the adjacencies in

the eigengene network. Each row and
column in the heatmap corresponds

to one module eigengene (labeled by
color). A value of 1 (red) represents high
adjacency (perfect positive correlation),
while 0 (blue) represents low adjacency
(perfect negative correlation). Modules
with high adjacency tend to have similar
tissue-specific expression profiles in
the FlyAtlas and FlyGut datasets. For
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Figure 3: Heatmaps of median
expression of female and male
modules per tissue in FlyAtlas and
FlyGut tissue-specific gene expression
databases. (a,b,c) Median expression
of female modules per tissue in (a)
larval tissues in FlyAtlas, (b) adult
tissues in FlyAtlas and (c) across

gut regions in FlyGut. (d,e,f) Median
expression of male modules per tissue
in (d) larval tissues in FlyAtlas, (e) adult
tissues in FlyAtlas and (f) across gut
regions in FlyGut. Abbreviations:

W: wandering, F: feeding, CNS: central
nervous system, Acc. gland: accessory
gland. For larval tissues “W.” refers to
tissues collected during the wandering
larval stage (late third instar) and “F.”
refers to tissues collected while third
instar larvae were still feeding. For
FlyGut data (c, f) R1 through R5 refer
to five sequential regions of the gut
which are delineated by the combi-
nation of (i) an anatomical constriction
between one region and the next, (ii)
changes in histology and (iii) changes
in gene expression (Buchon et al.
2013). Modules are shown in the same
order as they appear in the hierar-
chical clustering dendrogram. Modules
whose expression is affected by larval
or adult diet are indicated by a “*”

and annotated with whether they are
affected by larval diet (L), adult diet (A),
or their interaction (L*A).
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Table 1: g-values for per-module
ANOVAs assessing the effect of

larval diet (L), adult diet (A) and their
interaction (L*A) on module eigengene
values. Modules with g-values below
the significance cut-off (0.001) are
indicated by a “ * ”.

Module
Female
blue*
turquoise*®
grey

Male
turquoise
lightcyan
green*
greenyellow*
lightyellow
salmon
red

yellow
black
cyan
royalblue®
midnightblue®
purple
darkred
lightgreen
darkgreen
grey60*
pink
brown
blue
magenta

tan

grey

chapter 3

Larval diet (L)

<0.001
<0.001
0.690

0.720
0.440
<0.001
0.011
0.043
0.021
0.440
0.160
0.140
0.300
0.051
<0.001
0.078
0.011
0.022
0.410
<0.001
0.021
0.005
0.530
0.120
0.130
0.720

q-value

Adult diet (L)

0.024
0.320
0.035

0.440
0.021
0.011
<0.001
0.230
0.440
0.036z
0.210
0.720
0.290
<0.001
<0.001
0.074
0.360
0.410
0.033
0.003
0.240
0.730
0.079
0.710
0.400
0.180

L*A

0.490
0.680
0.680

0.073
0.160
0.110
0.760
0.730
0.600
0.150
0.440
0.210
0.160
0.790
<0.001
0.440
0.500
0.810
0.760
0.440
0.240
0.083
0.530
0.600
0.700
0.570
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with low expression in gut tissues in FlyAtlas tend to have low expression across
gut regions in FlyGut and vice versa (Fig. 3).

We next assessed which modules were affected by larval or adult diet. ANOVA
analysis of module eigengenes showed that the expression of both female
modules and five out of 22 male modules were affected by dietary conditions
(Table 1), thus we focus our remaining analysis on these modules.

Gene expression in young adult females is driven by larval diet

In females, the eigengene value of both modules (i.e. expression) was strongly
affected bylarval diet (Table 1). In both modules, the poor and control raised flies
form the two extremes of expression, while the rich raised flies fall in between,
similar to the differences observed for the PCA analysis (Fig. 1). The blue module
is up-regulated in poor raised flies (Fig. 4a), and the turquoise module is down-
regulated (Fig. 4b), consistent with the tight negative correlation of the module
eigengene values (Fig. 2b). Finally, while not reaching significance (Table 1), the
poor adult diet affects expression in the same direction as the poor larval diet
for both modules, suggesting that whether experienced as a larva or adult, the
poor diet has similar effects on gene expression.

Bothmoduleshave extensive GO enrichment (Bluemodule: 373 terms; Turquoise
module: 564 terms; Appendix 1) with only seven terms overlapping between
the two lists, suggesting they represent distinct processes. Summarisation with
REVIGO (Supek et al. 2011) shows the blue module is enriched for a broad
spectrum of terms including mesoderm development, detection of external
stimuli, leg and limb morphogenesis, energy derivation by oxidation of organic
compounds, and generation of precursor metabolites and energy (Fig. 5a),
while the turquoise module is annotated with terms related to cell division, cell
cycle, oogenesis and reproduction (Fig. 5b).

The tissue-specific expression profiles of the two modules are broadly
consistent with their GO annotation and negative eigengene correlation:
the turquoise module has relatively high overall expression (Fig. 3a:c), and
is particularly highly expressed in the adult ovary (Fig. 3b), consistent with
its enrichment for cell cycle and reproduction related GO terms, while the
blue module has relatively low median expression overall (Fig. 3a:c) and in
the ovary in particular (Fig. 3b), consistent with its lack of reproduction and
cell-cycle related GO terms. Assessment of enrichment of TF binding probes
found enrichment for 19 transcription factors in the turquoise module, but
none in the blue module (Table 2). These 19 TFs show similar tissue-specific
transcription patterns to the turquoise module overall (i.e. they are highly
expressed in general, and especially in the ovary; Appendix 2a:c) and also share
very similar GO annotation with the turquoise module, with 89 of the 92 terms
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enriched for the TF list also enriched in the turquoise module. Furthermore,
REVIGO summary of these 92 terms shows a similar emphasis on reproduction,
oogenesis, and early embryonic development (Appendix 2d).

Taken together, these results show that gene expression in one day old female
flies is driven by relative expression levels of two very large modules, and
that the balance between them is determined by larval diet. Furthermore,
annotation of the modules suggests that they represent gene expression
related to reproduction and cell-cycle related processes (turquoise) versus
non-reproduction related processes (blue; Table 3). The poor larval diet shifts
the balance toward higher expression of the blue, non-reproduction related
module, while the control larval diet does the opposite. This suggests larval diet
may determine the degree to which females have the potential to engage in
reproduction related gene expression in early life.

Male modules affected by diet fall into two distinct groups

In males we found significant effects of diet in five out of 22 modules (Table
1). Thus, in contrast to females, a significant proportion of gene expression
in young males is independent of dietary conditions. Of the five modules
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affected, two were affected by larval diet (grey60, green), two were affected by
adult diet (royal blue, green yellow), and one was affected by the interaction
between larval and adult diet (midnight blue). The modules could be broadly
divided into two groups whose eigengenes were highly positively correlated
within groups, but negatively correlated across groups (Fig. 2d). The first group
consists of the royal blue, midnight blue and grey60 modules (Group 1), and the
second group consists of the green and green yellow modules (Group 2). Within
a group, there is a degree of similarity in module expression profiles, though
they differ in whether they are more strongly affected by larval or adult diet,
while across groups expression profiles are roughly inverse (Fig. 4 c-g).

The modules in Group 1 are most highly expressed in flies either raised on
(grey60, midnight blue) or transferred to (royal blue, midnight blue) the poor
diet (Fig. 4c,e,g). The midnight blue module shows an interaction between these
two effects as it is up-regulated in flies raised on the poor larval diet, but this
effect is especially pronounced when combined with transfer to the poor adult
diet (Fig. 4g). The modules in Group 2 are down-regulated in flies raised on
(green) or transferred to (green-yellow) the poor diet (Fig. 4d,f). In both groups,
the differences between the rich and control diets depends on whether the
module is affected by larval or adult diet. For the two modules affected by larval
diet (grey60, green), flies raised on the rich diet have intermediate expression
between poor and control raised flies, similar to the pattern observed for the
modules affected by larval diet in female flies (Fig. 4c,d). For the two modules
affected by adult diet (royal blue, midnight blue) the effect of adult diet tends
to be linear, thus expression either decreases (green yellow) or increases (royal
blue) with increasing adult diet (Fig. 4e,f). For the interacting module, midnight
blue, there is no consistent difference between the flies raised on or transferred
to the control and rich diet, suggesting that this module is driven by changes in
expression particular to the poor diet (Fig. 4g).

GO analysis of key male modules suggests
roles in nutrient sensing and metabolism

Each of the five modules possess enrichment for GO terms (Appendix 1).
The two modules affected by larval diet, grey60 and green, possess the most
extensive annotation. The grey60 module, up-regulated in flies raised on the
poor larval diet (Fig. 4c), is enriched for 21 terms, and REVIGO summary of
these identifies three main functional categories: oxidation-reduction process,
generation of precursor metabolites and energy, and cellular respiration (Fig.
5c). The green module, which is down-regulated in poor raised flies (Fig. 4d),
is significantly enriched for 75 terms related to metabolism (hexose metabolic
process, amine biosynthetic process, cofactor metabolic process et cetera) and
defence response (Fig. 5d). By contrast, the two modules affected by adult diet
show relatively little annotation: the royal blue module, which is strongly up-

69



0L

semantic space x

-5

chapter 3

energy derivation by oxidation
of organic compounds

coenzyme metabolic process

generation of precursor
metabolites and energy

cofactor metabolic process

chitin metabolic
process
cell adhesion
protein-chromophore
linkage

leg joint morphogenesis

monovalent inorganic

cation transport visual perception

cellular component movement

leg segmentation imaginal disc-derived
limb morphogenesis
cell projection organization

mesoderm

development

leg morphogenesis
circadian rhythm
pigmentation
cell recognition

of
lipase activity

biological
adhesion
thythmic process

detection of external stimulus

Female Blue Module

-5 0 5 10

semantic space y

chromdsome organization

methylation

mitotic interphase

death
M phase

interphase
DNA metabolic
process

oogenesis
mitotic M phase
programmed cell death
o4 proliferation e celular process
= involved in
based process reproduction
cell cycle phase
chromosome
segregation establishment or
maintenance of
cell polarity

N microtubule-based

cdll wdb) process

5 mitotic c' cell division
ular response one—carbon

to stress. metabolic process

protéin localization

Female Turquoise Module

-5 0 5 10

semantic space y

Figure 5: Summarization of module
GO annotation using REVIGO.
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multidimensional scaling to a matrix

of the GO terms’ semantic similarities.
Bubble size indicates the frequency

of the GO term in the underlying GO
database; more general terms have
larger bubbles. Bubble colour indicates
the significance of the enrichment in the
DAVID analysis (log10 p-value).
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regulated in flies transferred to the poor adult diet (Fig. 4e), is solely enriched for
the term alkaline phosphatase activity and contains five out of the 13 putative
Drosophila alkaline phosphatases. The green yellow module, whose expression
increases linearly with increasing adult diet (Fig. 4f), is annotated with the two
general terms proteolysis and peptidase activity. These terms are also enriched
in the green module, which falls in the same group. Finally, the midnight
blue module is annotated with the general terms “response to nutrients” and
“response to extracellular stimulus”.

Of the 101 GO terms enriched in all five male modules, none overlapped
with the terms enriched for the female turquoise reproduction and cell-cycle
related module, but nearly 60% (58/101) overlapped with the female blue
module. This suggests that the response to diet in males is not directly related
to reproduction and cell-cycle related processes, and furthermore, processes
that show more subtle regulation in males are subsumed in females into the
blue “non-reproduction” module.



Module
Female

turquoise

Male

royalblue

midnightblue

grey60

greenyellow

TF

BEAF-32
CBP
cnc
disco
E2f2
GATAe
jumu
kn
lin-52
Med
mip120
Myb
pho
phol
Snr1
TflIB
trx

ttk

Ubx

bap

bin

bap

bin
disco
Dsp1
E(z)

gro

hkb
Mef2
NELF-B
Nelf-E
slp1

inv

run
gsb-n
NELF-B

tin

OR

1.54
1.79
1.54
1.58
1.54
1.60
1.82
1.52
1.53
1.52
1.61
1.55
1.56
1.64
1.82
1.67
1.52
1.75
1.72

6.87
2.48
3.21
2.06
1.56
1.69
1.72
1.65
1.68
1.77
2.13
1.78
1.84
Tol/2
1.95
1.64
1.59
1.80

p value

<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

0.004
0.016

0.042
0.011

0.033
0.009
0.007
0.035
0.020
0.003
0.002
0.047
0.026
0.050
0.024
0.022
0.014
0.024
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q value

<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

0.027
0.087

0.179
0.062
0.149
0.056
0.048
0.155
0.107
0.023
0.013
0.195
0.125
0.205
0.119
0.111

0.079
0.121

# genes in
module

4771
4771
4771
4771
4771
4771
4771
4771
4771
4771
4771
4771
4771
4771
4771
4771
4771
4771
4771

150
150
150
150
150
150
150
150
150
150
150
127
127
309
309
309

# genes
regulated by TF

6597
1291
440

1481
2251
647

920

497

2161
4974
4943
5589
2978
3713

2661
6591
453

2251

96
598

96
598
1481
1455
1521
1024
1236
1699
869
606
669
897
654
594
869
374

overlap

4200
953
279
938
1436
428
690
312
1366
3116
3286
3583
1921
2508
217
1835
4137
328
1603

16
30
32
34
22
27
39
24
14
16
17
14
26
37
18
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Table 2: Transcription-factor binding to interact with the transcription factor
enrichments per module. Results of the  (# TF), and the number of probes
hyper-geometric test for enrichment overlapping between the module

of probes known to bind particular and the probes modulated by the
transcription factors (TFs) per sex transcription factor (Overlap). We set
and module. For each significant TF a significance cut-off at OR >1.5 and
we include the odds ratio (OR), the p-value < 0.05. The full set of tests for
p-value and the FDR corrected g-value,  all modules and all TFs can be found in
the number of genes in the module (# Appendix 1.

module), the number of probes known

Male modules show two distinct tissuespecific expression profiles

In addition to having highly correlated eigengenes (Fig. 2d), the two groups each
possess similar tissue specific expression profiles (Fig. 3d:f). In larval tissues in
FlyAtlas, the Group 2 modules (green, green yellow) which are down-regulated
in response to poor larval or adult diet are highly expressed overall, and they
are most highly expressed in the feeding and wandering fat body (Fig. 3d). By
contrast, the Group 1 modules, which are up-regulated in response to poor
larval or adult diet show generally high expression across tissues, particularly in
the midgut, hindgut and malpighian tubules, but have their lowest expression
in the feeding and wandering fat body (Fig. 3d). Expression of the royal blue
module in particular is restricted to the midgut, hindgut and malpighian
tubules in FlyAtlas. In adult tissues of FlyAtlas, the Group 2 modules (green and
green yellow) show generally lower expression than in larval tissues, but are
most highly expressed in the fat body, heart and trachea (Fig. 3e). The Group 1
modules are also generally less highly expressed in adult tissues than in larval
tissues. Expression of the royal blue module in adult tissues is also constrained
to the hindgut and midgut similar to its expression in larval tissues (Fig. 3e). The
grey60 module shows a similar pattern, while the midnight blue module shows
expression across all tissues, but a slight tendency for higher expression in the
crop (Fig. 3e). Furthermore, two of the three modules (midnight blue, grey 60)
have their lowest expression in the adult fat body (Fig. 3e). Finally, we looked
at expression in the FlyGut database (Fig. 3f). Consistent with their relatively
high expression in gut tissues, the Group 1 modules are relatively highly
expressed across gut regions, while the Group 2 modules show intermediate
expression. It is noteworthy that the royal blue module, whose expression is
most strongly restricted to the gut and malpighian tubules, contains several
alkaline phosphatases, which are known to be expressed almost exclusively in
the midgut and malpighian tubules.

Transcription factor enrichment of key male modules

The Group 1 modules which were up-regulated in response to poor larval or
adult diet were each enriched for probes binding TFs known to be involved
in gut development (Table 2), which is consistent with their tissue-specific
expression profiles. Both the royal blue and midnight blue module were enriched
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Sex

Female

Male
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GO
Module Size ANOVA  Eigengene values across diets Group Terms GO Terms
Blue 5509 L blue (L) 373 mesoderm development
I\I/I detection of external stimuli
g leg and limb morphogenesis
\\} energy derivation by ox. organic
o *\‘/I compounds
< gen. of precursor metabolites &
Turqouise 5695 L turquoise (L 564 cell division
‘/0\ cell cycle
S oogenesis
reproduction
] ‘/.\l
<
Grey60 144 L grey60 (L) 1 21 oxidation-reduction process
'\ generation of precursor metabolites
= and energy
° I\Iﬁ cellular respiration
of o
[
Royal blue 82 A royal blue (A) 1 1 alkaline phosphatase activity
o
[S]
o
[
T
Midnight 179 L*A I midnight blue (L*A) 1 2 response to nutrients
blue response to extracellular stimulus
o
S +
o ¥>_<¥§I
N
Green 1336 L + 2 75 hexose metabolic process
o I’\lp/_:i’ amine biosynthetic process
IS] o7 cofactor metabolic process
S
/I defence response
<] F green (L)
]
Green 359 A 2 2 proteolysis
yellow - 1 peptidase activity
° /1/
$ I/greenyellow (A

for probes binding two related transcription factors (Table 2): bagpipe (bap)
and biniou (bin). Both of these transcription factors are important regulators
of the development of the visceral musculature of the midgut (Azpiazu &
Frasch 1993; Zaffran et al. 2001). The midnight blue module was also enriched
for nine additional transcription factors (Table 2) which are enriched for GO
terms related to mesoderm development/morphogenesis, heart development,
formation of the primary germ layer, and regulation of transcription from RNA
polymerase II (Appendix 2e). Finally, the grey60 module was enriched for the
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Table 3: Summary of module annota-
tions and biological interpretation as
developed in the discussion

Expr. Larval Expr. Gut

tissues Expr. Adult Tissues Regions TF Biological Interpretation

low expression low expression low 0 These two modules appear to represent the

overall overall, especially in modulation by larval diet of the expression of non-

ovary reproduction (blue) versus reproduction (turqousie)

related processes. This could be due to changes in
ovariole number, larval fat body size or both.

high expression high expression high 19 TFs; similar

overall, especially in
CNS and trachea

high expression in
mid and hindgut,

overall, especially in
ovary

highest expression
in midgut, hindgut,

intermediate
to low

expression profiles
and GO annotation
to whole module
(Appendix 3)

invected/runt - both
involved in hindgut

These three modules are highly expressed in the gut
and malpighian tubules but not the fat body. Given

malphigian tubules,  crop and wings, some development that both of these tissues are known to persistthrough
trachea expression overall pupation into adulthood, one possibllity is that these
module reflect the carry over of larval tissues into
adulthood, and that larval diet affected their size or
regulation.Furthermore, the effects of adult diet on
high expression in high expression in high bap and bin, these tissues may reflect adaptation to prevailing adult
mid and hindgut, hindgut and midgut, regulators of conditions.
malphigian tubules low elsewhere development
of visceral gut
musculature
high expression in high expression high 11 TFs including
mid and hindgut, overall, highest in crop bap and bin,
malphigian tubules,  and ejaculatory duct regulators of
trachea & salivary development
gland of visceral gut
musculature
highest in highest expression low 0 These two modules are highly expressed in the larval
wandering and in fat body and fatbody, another tissue that is known to persist through
feeding fat body, heart, intermediate pupation into adulthood. Therefore, these modules
intermediate expression across gut may reflect larval diet induced changes in the larval
expression across tissues fat body, and the green yellow module may reflect the
gut tissues break down of the larval fat body depending on adult
dietary conditions.
highest in highest expression in low gooseberry neuro

wandering and
feeding fat body,
intermediate
expression across
gut tissues

fat body, heart, and
wings intermediate

expression across gut

tissues

(gsb-n); NELF-B,
tinman: each
associated with
different processes

TFs runt and invected (Table 2), both of which are important in the embryonic
development of the hindgut (Iwaki & Lengyel 2002; Nam et al. 2002).

Of the Group 2 modules, which were down-regulated in response to poor larval

or adult diet, only the green yellow module was enriched for TF binding (Table
2). It was enriched for three seemingly unrelated TFs (Table 2): gooseberry-
neuro (gsb-n), Negative Elongation Factor Complex Member B (NELF-B), and
tinman (tin). gsb-n is known to play an important role in the patterning of the
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central nervous system (He & Noll 2013) while NELF-B is a component of the
NELF complex which negatively regulates the elongation of transcription by
RNA 1II polymerase (Wu et al. 2005). tinman is essential to the development of
visceral and cardiac mesoderm during development (Azpiazu & Frasch 1993).

Taken together, the different annotations of the male modules result in the
following summary. The GO annotation of the modules affected by diet shows
that they are generally involved in metabolic processes or nutrient sensing
(Table 3). Furthermore, modules with highly correlated eigengenes tend to have
similar eigengene expression profiles and tissue-specific expression profiles in
FlyAtlas. Modules up-regulated in response to the poor larval or adult diet tend
to be highly expressed in the gut and malpighian tubules, and lowly expressed
in the fat body, while modules down-regulated in response to the poor larval or
adult diet tend to be more highly expressed in larval tissues, particularly in the
larval fat body (Table 3). This suggests that the effects of both larval and adult
diet on gene expression in males may be mediated by changes in the same
tissues, the fat body, gut and malpighian tubules.

DISCUSSION

Herewe showthatbothlarvaland adultdiet affect thewhole-body transcriptome
of young adults, however, the effect of larval diet is considerably larger than
that of adult diet, especially in females. Thus flies do not begin life with a clean
slate, but rather, retain a considerable legacy of their developmental conditions
in their whole-body transcriptome, setting the stage not only for early life (life
history) differences in phenotypic trait values, but also for potential long-
term effects of developmental diet on adult gene expression and late-life
phenotypes. There was no linear relationship between increasing larval diet
concentration and gene expression, as flies raised on the richest larval diet had
intermediate expression values between flies raised on poor and control larval
diets, suggesting that total calories per se do not determine gene expression
levels (Fig. 1a,b). Furthermore, in females, there was a rapid transcriptional
response to the poor adult diet (Fig. 1a).

By applying WGCNA, we were able to identify modules of co-expressed genes
and test their association with larval or adult dietary conditions. We found
that in females nearly all genes fall into one of two negatively correlated co-
expression modules, the relative expression of which is dependent on larval
diet. Annotation of these two modules (summarised in Table 3) suggests that
they reflect relative investment into reproduction/cell-cycle related processes
(turquoise module) versus non-reproduction/cell cycle related processes
(blue module). Females raised on the poor larval diet have lower expression
of the turquoise module (reproduction/cell cycle related processes) but higher
expression of the blue module suggesting an important role for larval diet in
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determining broad scale patterns of transcriptional variation in young females.

For males, we identified 22 modules, only five of which were affected by diet,
either larval and/or adult. Annotation of the affected modules indicates their
involvement in metabolism and nutrient sensing rather than reproduction or
cell-cycle related processes, suggesting a very different role of diet in the male
versus the female transcriptome. Furthermore, the modules affected by diet in
males were highly expressed in the larval and adult gut, malpighian tubules
and the fat body in FlyAtlas, suggesting that these important nutrient sensing
tissues may play a role in modulating the effect of developmental diet on adult
gene expression.

No linear correlation between increasing
larval diet and gene expression

We found that development on the rich larval diet, rather than leading to the
most extreme expression, actually lead to intermediate expression in both sexes
(Fig. 1a,b). Therefore, there is no linear correlation between available calories
during development and global gene expression profiles. We have previously
shown that the effects of these diets on larval phenotypes follows a similar
pattern: flies raised on the poor larval diet develop slower and are smaller as
adults, while flies raised on the rich larval diet are intermediate between poor
and control (May et al. 2015). This suggests that both the poor and rich larval
diet may reflect sub-optimal developmental conditions, and that this may
then also be reflected in the relative similarity of their gene expression profiles.
Interestingly, the long-term phenotypic effects of the larval diets follow a
different pattern: as larval diet increases adult lifespan and fecundity decreases
(May et al. 2015). Thus the global patterns of gene expression patterns at
the beginning of adult life do not appear to translate to patterns of life-span
variation or fecundity. This suggests that either the effect is transient, or that
more subtle patterns of gene expression variation are driving long-term effects
of larval diet.

Larval diet determines relative investment in repro-
duction and cell-cycle related processes in females

Female fruit flies begin life primed for egg-laying and reproduction, being both
most receptive to mating and most fecund within the first week of life (Fricke et
al. 2013; Sgro & Partridge 2000). We show here that this immediate and intense
drive for reproduction appears to also translate to the transcriptome; while
in males we could identify many different co-expression modules, the female
transcriptome could only be broken down into two highly negatively correlated
modules, one highly related to reproduction related processes (turquoise
module) and one not (blue module). Furthermore, the relative expression of
the two modules was strongly dependent on larval diet. This suggests that (i) at
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the beginning of life, there is scope for a large effect of developmental diet on
reproductive output, and (ii) that developmental diet can also have long-term
effects on the transcriptome, a prerequisite for each of the hypotheses that link
development to adult late-life phenotypes (e.g. silver spoon and PAR).

There are several plausible mechanisms by which larval diet may affect the
extent of reproduction related gene expression. First, larval diet may determine
the overall energy available to reproduction. In fruit flies, larval-derived carbon
is known to contribute to egg production in the first week of adult life (Min
et al. 2006), and furthermore, considerable energy for early reproduction
comes from the larval fat body (Aguila et al. 2013) which dissociates during
pupation and persists into early adulthood as free-floating fat cells (Aguila
et al. 2013; Aguila et al. 2007; Nelliot et al. 2006). Thus, a poor larval diet may
simply decrease the relative size of energy stores, and in so doing decrease
overall reproduction related expression. However, such an effect is not likely
to persist, as the larval fat body dissociates and after one week larval-derived
carbon is no longer detectable in eggs (Min et al. 2006). Alternatively, larval
diet may affect the relative size of reproductive tissues. Ovariole number is
set during development, and females raised on nutritionally poor larval diets
often have fewer ovarioles as adults, putting an upper limit on their potential
fecundity (Hodin & Riddiford 2000; Tu & Tatar 2003). Thus, it is also plausible
that the poor larval diet leads to fewer ovarioles, and a concomitant decrease in
overall fecundity and reproduction related gene expression. However, given the
(non-significant) trend towards decreased expression of the turquoise module
observed in flies transferred to the poor larval diet as adults (whose ovariole
number is set), ovariole number alone cannot account for the entire response.
Thus it would be very informative to measure gene expression at later ages, to
determine to what extent the effect of larval diet on the transcriptome persists.

Male responses to diet

In contrast to females, male gene expression could be decomposed into a
substantially larger number of co-expression modules, most of which were
unaffected by dietary conditions, suggesting less scope for early and long-
term effects of developmental diet in males than in females. For the modules
that were affected by diet, GO annotation showed that they were primarily
annotated with terms related to metabolism and nutrient sensing, and
furthermore, while they overlapped considerably with the female blue “non-
reproduction” module, they did not overlap at all with the female turquoise
“reproduction-related” module. This suggests a much smaller role for diet in
reproduction related processes in males, and shows that processes that show
more subtle regulation in males are subsumed in females into the dichotomy of
“reproduction” versus “non-reproduction” related gene expression. In general,
these patterns and our interpretation aligns well with the much lower direct
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costs to reproduction in males than in females (i.e. sperm is much less “costly”
than eggs).

We found that the male modules affected by diet could be divided into two
groups based on the correlation of their eigengene values, and that modules in
the same group tended to have both similar responses to diet and similar tissue
specific expression profiles (Table 3). Group 1 (grey60, royal blue, midnight
blue) consisted of modules up-regulated in response to the poor larval or
adult diet, while Group 2 (green, green yellow) modules were down-regulated.
When the expression of these two Groups in the larval tissues of FlyAtlas was
compared there was a clear distinction between them: modules in Group 1 had
their lowest expression in the larval feeding and wandering fat body, but high
expression in the gut and malpighian tubules, while Group 2 had their highest
expression in the larval feeding and wandering fat body. This distinction is
observed to a lesser extent in adult tissues, suggesting that the effects of diet
in males may go through the gut, malpighian tubules, and fat body. This is
consistent with the GO annotation of the modules: for example, the midnight
blue module (Group 1) is enriched for the term alkaline phosphatase (APH)
activity and contains five of 13 known APHs (Pletcher et al. 2005), which are
known to be expressed almost exclusively in the midgut and malpighian
tubules, while the green module (Group 2) is annotated with terms related to
metabolism (hexose metabolic process, amine biosynthetic process, cofactor
metabolic process) and defence response, canonical functions of the insect fat
body (Arrese & Soulages 2010; Zhang & Xi 2015).

It is becoming increasingly clear that some tissues are not histolysed during
metamorphosis in Drosophila melanogaster, but rather persist into adulthood.
These tissues include the visceral musculature of the gut (Klapper 2000), the
larval fat body (Aguila et al. 2013; Aguila et al. 2007; Nelliot et al. 2006), and
the malpighian tubules (Riddiford 1993). Thus one intriguing hypothesis for
the relatively high expression of the male modules affected by larval diet in
these tissues is that they simply represent the carry-over of these tissues from
development into adulthood, and that the size and/or the regulation of the
tissue has been affected by larval diet. For example, the green module, which
is highly expressed in the larval fat body, is strongly down-regulated in flies
raised on the poor larval diet, suggesting that they may have accumulated
less fat during development. The modules affected by adult diet then could
reflect modifications of the expression of these “carried over” tissues to adapt
to the current adult conditions. For example, the green yellow module, which
is also highly expressed in the larval fat body (but with less specificity than
the green module), is strongly down-regulated in flies transferred to the poor
adult diet. Because the adult fat body only forms several days after eclosion
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(Aguila et al. 2007; Hoshizaki et al. 1995), one hypothesis suggested by the
annotation of proteolysis and peptidase activity of this module is that the
green yellow module may relate to the breakdown of the larval fat body, and
that this process depends on the adult dietary conditions. It has been shown
that inhibition of programmed cell death (PCD) of the larval fat body in adults
increases starvation resistance (Aguila et al. 2007), thus it seems plausible that
PCD of the larval fat body may also be inhibited in response to poor adult
dietary conditions, and up-regulated in plentiful adult conditions where stores
can easily be replenished. The two modules affected by adult diet and highly
expressed in the gut (royal blue, midnight blue) may reflect the adaptation of
the visceral musculature to adult dietary conditions, or adaptation of other
regions of the gut. Regional patterning of the Drosophila gut is not complete
until approximately three days after eclosion (Buchon et al. 2013), thus early
adulthood may provide an optimal time to adjust the gut to prevailing dietary
conditions.

The question then remains: why didn’t we observe any evidence for a role of
the gut in females? This could be because there is no such effect in females,
or because we were unable to detect it. The latter explanation is simpler:
because of the huge effect of reproduction versus non-reproduction related
gene expression on the female transcriptome, more subtle changes may be
obscured, especially at the level of the whole-body transcriptome. However, the
former explanation is also plausible given recent findings that show that the
male and female gut of Drosophila are fundamentally different, and that these
differences may underlie observed differences between the sexes in the lifespan
response to adult diet (Regan et al. 2016). Thus the male and female gut may
also respond differently to developmental and early adult diet. Furthermore,
it has recently been shown that at least in the female, the gut retains extensive
plasticity in adult life, showing extensive remodelling in response to mating
(Reiff et al. 2015), thus there may be no incentive for females to “remodel” their
gut early in life, as we hypothesise may be the case in males.

CONCLUSIONS

Here we show that developmental diet continues to affect the whole-body
transcriptome of young adult flies, especially of females. This finding is relevant
for the potential of the flies to respond to early life environments and their
capacity for reproduction. Moreover, there is scope for long-term effects of
developmental diet on gene expression, which is necessary for all hypothesised
mechanisms that link developmental conditions to late-life health and disease.
In females, larval diet modulates the relative expression levels of reproduction
versus non-reproduction related genes, while in males a large portion of the
transcriptome is unaffected by dietary conditions, suggesting a lesser role for
both larval and adult diet in affecting gene expression. The modules affected
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by diet in males relate primarily to nutrient sensing and metabolism and show
no evidence of the reproduction and cell-cycle related processes identified in
females, however, their expression in external tissue specific data sets suggests
a role for the gut and fat body in mediating the effects of diet in males. Given
the oft cited hypothesis that long-term phenotypic effects of developmental
diet may be mediated by changes in gene expression, these findings suggest
that such effects are possible, and furthermore, at least in Drosophila, are likely
to be largely sex specific.
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APPENDICES

Appendix 1: Module membership, GO enrichment
and TF enrichment

Excel File containing module membership of all
probes for both sexes (Tab 1), significant GO terms for
each module (Tab 2) and results of the hypergeomet-
ric test for transcription factor enrichment for each TF
in each module (Tab 3).

Appendix 1 can be found in the folder associated with
this chapter in the online Dropbox folder associated
with this thesis at:
https://www.dropbox.com/sh/q37qolcfi6ib05m/AABBF-
G1k3hIOGFK-WXUyCngBa?dI=0

Appendix 2: Expression and annotation of enriched
transcription factors

Expression profiles of TFs enriched per module in (a)
adult FlyAtlas data, (b) FlyGut regions, and (c) larval
FlyAtlas data. REVIGO analysis of GO terms asso-
ciated with TFs enriched in (e) the female turquoise
module and (f) the male midnight blue module. For (e)
and (f) each scatterplot shows the cluster represen-
tatives (i.e. terms remaining after the redundancy
reduction) in a two dimensional space derived by
applying multidimensional scaling to a matrix of the
GO terms’ semantic similarities. Bubble size indicates
the frequency of the GO term in the underlying GO
database; more general terms have larger bubbles.
Bubble colour indicates the significance of the enrich-
ment in the DAVID analysis (log10 p-value).
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The shadow of development past:
Effects of developmental diet on
adult lifespan and gene expression
persist but are small compared to
adult plasticity in the fruit fly
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Long term effects of developmental diet

ABSTRACT

In nature, individuals must cope with nutritional
variation during both development and adulthood,
however most experiments manipulate diet in only
a single life stage. Here we vary both by raising the
fruit fly across three different developmental and
adult diets. We then assess how dietary conditions
during the two life stages interact to determine adult
life history phenotypes and gene expression. We
find that developmental and adult diet exert largely
independent effects on adult life history traits and
gene expression, and that adult diet has considerably
more influence on both classes of traits. Yet, we do
find a highly consistent effect of larval diet on virgin
lifespan across adult diets in both sexes — as sugar
and yeast content of the larval diet increases, adult
lifespan decreases. Furthermore, for the first time,
we show that a signature of larval diet is detectable
in the fruit fly transcriptome throughout adult life.
The expression of most of the genes affected showed
no linear correlation with lifespan suggesting that
their expression was unrelated to the life history
phenotype. In contrast, consistent across the sexes,
we identified a cluster of genes whose expression
is negatively correlated with lifespan and that is
enriched with terms related to transcription and
translation, especially ribosomes. Whether this effect
is causal or incidental is unclear, however, given
several recent studies showing lifespan extension
in response to decreased expression of ribosomal
sub-units and other transcription and translation
related proteins, these genes provide promising
candidates for mediating the long-term effects
of larval diet on lifespan we identify. We discuss
how our observations relate to theories that link
developmental conditions to late-life phenotypes,
the epigenetic mechanisms underpinning this link,
and the likelihood that gene expression differences
caused by developmental exposure causally relate
to the adult ageing phenotypes.
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INTRODUCTION

The quality or quantity of available nutrition is a major factor affecting the
life history of an organism (Roff 2001; Stearns 1992). For many years, 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. In this manner,
pervasive effects of both developmental and adult diets on the phenotype have
been identified (Skorupa et al. 2008; Solon-Biet et al. 2014; Tu & Tatar 2003).
However, in natural settings, organisms are likely to experience nutritional
variation across multiple life stages. Furthermore, the changes made in an
earlier life stage can potentially influence the range of possible phenotypic
responses in later stages (reviewed in Lindstrom 1999; Monaghan 2008).
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 the developmental and adult diet
interact (Chown et al. 2010).

Several models have been proposed to explain the potential interactive effects
between developmental and adult diet in determining phenotypic variation.
The silver spoon hypothesis proposes that developmental diet affects the overall
quality of the individual independent of the adult environment experienced
(Grafen 1988). Thus individuals that develop under poor conditions become
poor quality adults with a disadvantage across adult environments, while
the opposite is true of individuals that develop under good conditions. Such
effects have been observed across a broad range of taxa including birds, insects
and mammals (Lindstrom 1999; Madsen & Shine 2000; Monaghan 2008).
Alternatively, the phenotypic effect of the developmental diet can depend on
the adult environment. Individuals can make phenotypic changes to adapt
to the current developmental environment which persist into adulthood,
so-called “developmental programming” responses (Fernandez-Twinn &
Ozanne 2006), or they can use cues perceived during development to make
phenotypic changes to be well-adapted to the future adult environment —
so-called “predictive adaptive responses” (PAR; Gluckman & Hanson 2004b;
Gluckman et al. 2007). For example, adaptations made to increase fitness
in a poor developmental environment (programming) or in preparation
for a predicted poor adult environment (PARs) such as storing food as fat or
maintaining high blood glucose levels will likely be beneficial in a poor quality
adult environment, but detrimental in a high-quality one. Thus both PAR’s
and programming predict negative fitness effects in the case of mismatches
between developmental and adult diets.

At a physiological level, developmental conditions can influence adult
phenotypes by changing the overall size of the individual (Shingleton 2011),
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by changing the relative investment into different tissues or functions (e.g.
Emlen 1997; Jannot et al. 2007; Shingleton et al. 2009), and/or by permanently
modulating patterns of gene expression. In all cases, these effects are expected
to manifest themselves as changes in gene expression at the level of the whole
organism. In fact in the case of predictive adaptive responses (PARs) it is often
hypothesized that gene expression changes per se may be the principal cause
of long-term phenotypic effects, rather than just a read-out of past changes
(Burdge 2007; Burdge & Lillycrop 2010). However, despite the potential
importance of gene expression changes in modulating long-term effects of
developmental diet, the extent of the effect of developmental diet on the adult
transcriptome has not yet been addressed. Candidate gene approaches have
revealed that developmental effects on adult gene expression do persist into
young adulthood; for example, inrats a restricted-protein maternal diet strongly
induces the expression of PPAR at six days of age (Lillycrop et al. 2005), while
in fruit flies, high protein larval diets increase the expression of some immune
genes in young adults (Fellous & Lazzaro 2010). Importantly, neither of these
studies link the observed gene expression differences to phenotypic variation,
nor do they indicate the overall magnitude of the effect on the transcriptome
and whether such effects will persist past young adulthood, a key prediction of
both the PAR and programming hypotheses.

To address these unanswered questions we use the fruit fly, Drosophila
melanogaster, as a model for understanding the consequences of mismatches
between developmental and adult diet for both adult phenotypes and gene
expression. To do so we vary the caloric content of both developmental and adult
diet 10-fold in a three-by-three full factorial design (Fig. 1). This approach has
three main aims: the first is 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. The second is to determine the overall magnitude
of the effect of developmental diet on gene expression in middle and old-aged
flies and if and how this depends on the adult environment, and the third is
to determine whether there is any discernible link between developmentally-
induced changes in gene expression and the observed phenotypes. Because
there is no a priori hypothesis about the tissues and functions that play a
role, we choose to employ a similar approach to that taken to understand the
transcriptional responses underlying dietary restriction (DR) by measuring
gene expression profiles in whole bodies (e.g. Pletcher et al. 2002). Furthermore,
while most studies of dietary effects on gene expression and phenotypes tend
to use only one sex (in fruit flies: females; e.g. Bauer et al. 2010; Doroszuk et
al. 2012; Pletcher et al. 2002), there is considerable evidence that at least the
phenotypic responses to diet tend to differ between the sexes (Magwere et al.
2004). Thus here we address the transcriptional and phenotypic responses to
diet in males and females.
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Figure 1: Experimental design. Eggs divided across these same three diets

developed from larvae to adults under resulting in a total of nine different

three diets, poor (P), control (C) and treatments. Gene expression was

rich (R) which differed only in their measured on virgin flies sampled when

concentrations of sugar and yeast. 10% (middle age) and 90% (old age) of

Emerging adults were immediately the treatment cohort had died.

MATERIALS AND METHODS
Experimental Design

To test the effect of mismatches between developmental and adult diet on
lifespan, fecundity and gene expression, we raised flies from the laboratory
stock population (S), described in May et al., (2015), 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 poor (P), control (C), and
rich (R) differed only in the amount of sugar and yeast they contained. The
control diet (C) was identical to the standard laboratory diet (70g yeast, 100g
sugar, 20g agar, 15mL nipagine, and 3mL propionic acid per liter of water),
while the poor (P) and rich (R) diet contained 25% and 250% as much sugar
and yeast as the control diet, respectively.

In previous experiments we assessed the effects of these three diets on
developmental traits (May et al. 2015). Flies raised on the poor larval diet
develop more slowly and are smaller as adults than those raised on the control
diet, while flies raised on the rich larval diet are intermediate between the two
(May et al. 2015). Furthermore, under control adult dietary conditions flies
raised on the poor adult diet had the longest virgin lifespan, while those raised
on the rich diet had the shortest.
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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 fecundity
occurs, and late fecundity (days 7 to end of reproduction) when fecundity is
steadily decreasing (Novoseltsev et al. 2005; Robertson & Sang 1944; Sgro et al.
2000). 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 diet and adult diet were flash-
frozen for gene expression 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.servicexs.com).

All statistical analyses were performed using R (R Core Team 2013). Virgin
and mated lifespan were analyzed using Cox proportional hazard regression
models and fecundity was analyzed using a general linear model (GLM) with a
Poisson distribution.

Gene expression data pre-processing

Prior to normalization we assessed the quality of the arrays and identified
outliers using the simpleaffy R package (Wilson & Miller 2005) and
Principle Component Analysis (Pearson 1901). 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
(Irizarry et al. 2003) on the remaining 138 samples. We found that if 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
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well-documented sex-specific differences (Ayroles et al. 2009). We performed
all subsequent analysis steps separately for each sex using R (version 3.0.0) and
Bioconductor (Gentleman et al. 2004).

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 transcriptomics data
we applied principal components analysis (PCA; Pearson 1901) and principal
variance components analysis (PVCA; Bushel 2013). PVCA is a supervised
version of PCA that partitions the proportion of total variation attributable 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., (2009). For
each transcript the model partitioned the variation in expression between
larval diet (L), adult diet (A) and age (T), as well as the interactions between
these factors (LxA; LxT; AxT; LxT x 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; Benjamini & Hochberg 1995). For all main effect gene lists
(L, A, T) we applied an additional filtering step to remove all genes that also
showed a significant interaction with another factor. For example, the “L” gene
list contains transcripts whose expression 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 probes 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 sexand for each of the effects (L, L*T, L*A,
L*T*A). We then addressed whether the clusters showed any evidence of shared
biological function 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; Huang
et al. 2008). We focussed on “GO FAT” terms, which eliminate term redundancy
and increase specificity of gene ontology analysis. Second, we checked for
over-representation of probes expressed only in particular tissues by using
the FlyAtlas database which contains gene expression data from individual
Drosophila tissues (Chintapalli et al. 2007). We filtered the FlyAtlas dataset to
extract lists of genes that were exclusively expressed in a single tissue (Appendix
1) and then checked for over-representation of tissue-specific lists in each of
the clusters using a hypergeometric test. Finally, we checked for significant
overlap in cluster composition between the sexes using a hypergeometric test.
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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. For
Cox proportional hazard models and
GLMs with Poisson distribution the
chi-squared test is most appropriate.

Phenotype Sex Factor Log likelihood X2 df p value
Virgin Lifespan Female Null model -22555.16
Adult diet (A) -21754.99 1600.34 2 <0.001
Larval diet (L) -21679.02 151.94 2 <0.001
A*L -21667.75 22.53 4 <0.001
Male Null model -19930.17
Adult diet (A) -19757.87 282.18 2 <0.001
Larval diet (L) -19898.96 62.42 2 <0.001
A*L -19747.86 20.01 4 <0.001
Mated Female Null model -4927.58
Hfespan 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
AL -3911.46 9.74 4 0.045
Early Female Adult diet (A) 3100.10 2 <0.001
Fecundity Larval diet (L) 94.98 2 <0.001
A*L 4.49 4 0.343
Late Fecundity Female Adult diet (A) 8461.28 2 <0.001
Larval diet (L) 91.94 2 <0.001
A*L 53.53 4 <0.001
RESULTS

Adult dietis the primary determinant of adult phenotypes but is consistently
and significantly influenced by larval diet

In both sexes, most of the variation in virgin lifespan was explained by adult
diet (Table 1). For females, lifespan peaked on the control 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). Furthermore, it affected lifespan
similarly in both sexes and consistently across adult environments (Fig. 2a; Fig.
2b). The rich larval diet decreased lifespan across adult diets, while the poor
larval diet increased lifespan (Fig. 2a,b; p-values for all pairwise comparisons
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between larval diets given in Appendix 1). In both sexes, there was a relatively
weak interaction between larval and adult diet (Table 1) due to the fact that
differences in lifespan between larval diets were smaller on the poor adult diet
and not always significant (Appendix 1).

In a similar fashion to virgin lifespan, mated fecundity depended primarily on
the adult diet (Table 1), both early in life (Fig. 2e) and late in life (Fig.2f). In the
first week oflife, adult diet and larval diet both affected fecundity independently
but with opposing effects: as adult diet increased fecundity increased across
all larval diets (all p values <0.0001), while as larval diet increased fecundity
decreased across all adult diets (all p values <0.01,Fig. 2e). Thus, as was the
case for virgin female lifespan (Fig. 2a), larval diet had a consistent effect on
female fecundity across adult diets in early life. After the first week of adult life,
however, the differences in fecundity between larval diets disappeared on the
poor and control adult diets (all p-values >0.05), but persisted on the rich 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 (Table 1). In males, adult diet had no overall
effect on lifespan, while in females the poor 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 (Appendix 1). Under rich adult
dietary conditions flies raised on the rich larval diet (RR) had decreased mated
lifespan relative to PR and CR flies in both sexes (Females: Fig. 2c; Males: Fig.
2d; Appendix 1). In females they also had decreased lifespan under control
adult conditions (Fig. 2¢; Appendix 1).

Overall, there was no phenotypic evidence that fitness was negatively affected
by mismatches between developmental and adult environments, as proposed
by the PAR and programming hypotheses. Rather, the superior lifespan and
fecundity of flies raised on the poor larval diet across the adult diets is consistent
with the silver spoon hypothesis.

Pervasive effects of adult diet and age, and more subtle effects of larval
diet on adult gene expression variation

We observed that virgin lifespan depended predominantly on adult diet.
However, within an adult diet treatment, larval diet consistently modulated the

Figure 2: Responses of adult life virgin lifespan. Mean female (c) and
history traits to adult diet (along x-axis) male (d) mated lifespan. Mean early (e)
and larval diet (indicated by colour and late (f) mated female fecundity. All

coding). Mean female (a) and male (b) values are means + standard error.
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overall magnitude of the response in both sexes. Having established that larval
diet does indeed play a role in determining adult lifespan we next assessed
whether it also had any effect on the transcriptome of middle- and old-aged
virgin flies sampled from the same cohort.

We first evaluated how larval diet, adult diet, and age related to the largest
principal components of gene expression variation. In both sexes, PCA revealed
clear segregation between age classes (middle and old-age) and adult diets
when plotting PC1 versus PC2 and PC1 versus PC3, but no clear segregation
between larval diets (Fig. 3). In females, PC1 divided flies on the poor adult diet
from those on control, while flies on the rich adult diet fell in between and did
not form a distinct cluster (Fig. 3a). PC2 separated middle-aged flies (circles)
from old flies (Fig. 3a), and PC3 separated flies on the rich adult diet from those
on poor and control (Fig. 3b). In males, the largest component of variation
(PC1) separated young flies (circles) from old flies (triangles) and within these
age-classes also separated flies roughly by adult diet (Fig. 3d), while PC2
further separated flies living on the poor adult diet from the rest (Fig. 3d). When
labeling samples by larval diet, no clear pattern emerged when plotting PC1
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colored by larval diet Figure 3: Global patterns of gene
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versus PC2 in females (Fig. 3c) and males (Fig. 3f), suggesting that larval diet
does not play a role in the major components of transcriptional variation.

The ANOVA and PVCA analyses broadly confirmed the patterns observed
in the PCA (Table 2). In both cases and both sexes, most of the variation in
expression (PVCA) and significant probes (ANOVA) was due to adult diet
and age. PVCA attributed 32.5 and 22.7% of the total observed variation in
expression in females to adult diet and age respectively, and 15.5 and 35.6%
in males, while ANOVA identified 4504 and 3589 probes affected by adult diet
and age in females and 2688 and 6111 probes in males (Table 2). Thus the
relative importance of adult diet and age is reversed between the sexes, the
transcriptome being more responsive to adult diet in females and age in males
(Table 2). However, in females there are considerably more probes showing an
interaction between adult diet and age (TA; 3832 probes) than in males (TA; 806
probes) suggesting that the effect of age in females is more strongly contingent
on the adult diet experienced.
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Table 2: Overall effects of larval diet, probes affected as a fraction of the
adult diet, age, and their interaction total number of probes affected by any
on global patterns of transcriptional factor in each sex and sums to more
variation as determined by principal than 100% because many probes show

variance components analysis (PVCA) effects of several factors (Males : 10164
and ANOVA analysis. The “% of probes”  probes; Females : 11695).
category shows the percentage of

Male Female
Factor PCAV (%) Probes % of probes PCAV (%) Probes % of probes
Larval diet(L) 4.4 1999 19.7 1.1 321 2.7
Adult diet(A) 15.5 2688 26.6 325 4504 38.5
Age(T) 35.6 6111 60.4 22.7 3589 30.7
LA 1.1 140 1.4 1.5 770 6.6
LT 0.8 240 2.4 0.7 170 1.5
TA 4.1 806 8.0 8 3832 32.8
LTA - 288 2.8 - 464 4.0
Residual 38.6 - - 33.5

ANOVA analysis also identified effects of larval diet on the transcriptome,
both as a main effect and in interaction with the other treatments, though in
both sexes the effect was considerably smaller than the main effects of adult
diet or age (Table 2). In males, we identified 2,667 probes showing an effect of
larval diet, either as a main effect or in interaction with other factors, while in
females we identified 1725 probes. In males, the majority of probes showed a
main effect of larval diet (1999 probes), while in females, the largest group of
probes were those showing an interaction between larval diet and adult diet
(770 probes; Table 2). Thus there is a persistent effect of developmental diet
on the adult transcriptome into middle- and old age, though it is considerably
smaller than the effects of adult diet and age, and furthermore, the degree of
interaction with adult conditions and age is sex-dependent.

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
phenotypic responses to larval diet to the patterns of transcriptional variation.
For each list of probes affected by larval diet (L) or its interaction with adult
diet (LA), age (LT) or both (LTA), we applied K-means clustering to identify
probes showing similar expression profiles. For each cluster we checked for
overlap of cluster composition between the sexes, overlap with genes with
tissue-specific expression profiles mined from FlyAtlas, and for significant gene
ontology annotation. The results of all three of these analyses for each cluster
are provided in Appendix 2 and 3. Given that the phenotypic effect of larval diet
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Table 3: Gene ontology term annotation icant in both clusters. BP: Biological
of male Cluster 9 and female Cluster 3. process; CC: Cellular component; MF:
Italics indicate GO terms that are signif-  Molecular function.

Cluster
C9 Male

C3 Female

Category
BP
BP
BP
MF
CcC
MF
BP
MF
MF
BP
MF
MF
BP
CcC
cC
CcC
MF
MF
MF
BP
MF
BP
BP
MF
cC
MF
MF
BP
BP
BP
cC
BP
BP
MF
MF
MF
BP
MF
MF
MF
MF
BP
BP
MF
MF
BP
BP
BP
MF
MF
MF
MF
MF
MF
MF
BP
cC
BP
BP
BP
BP
CcC

GO ID

G0:0006396
G0:0034660
GO0:0034470
GO:0000166
G0:0031981
G0:0001882
G0:0016071
GO0:0005524
GO0:0032559
G0:0006397
G0:0030554
G0:0001883
GO:0006399
GO0:0070013
G0:0043233
GO:0031974
G0:0017076
G0:0032553
G0:0032555
G0:0022613
GO0:0003723
G0:0008380
G0:0042254
G0:0004386
G0:0005730
GO0:0008186
GO:0004004
GO0:0006364
G0:0016072
G0:0006360
G0:0005654
GO0:0006418
GO0:0043039
G0:0016875
G0:0016876
G0:0004812
GO0:0043038
GO0:0016779
G0:0034062
G0:0003899
G0:0003724
G0:0035196
GO0:0035195
GO0:0008026
GO0:0070035
G0:0000398
G0:0000377
G0:0000375
GO0:0003729
GO0:0042624
GO0:0004540
G0:0032549
G0:0003677
G0:0000287
G0:0016887
GO:0009451
G0:0030529
G0:0034660
G0:0034470
GO0:0042254
G0:0022613
G0:0022625

Term

RNA processing

ncRNA metabolic process

ncRNA processing

nucleotide binding

nuclear lumen

nucleoside binding

mRNA metabolic process

ATP binding

adenyl ribonucleotide binding

mRNA processing

adenyl nucleotide binding

purine nucleoside binding

tRNA metabolic process

intracellular organelle lumen

organelle lumen

membrane-enclosed lumen

purine nucleotide binding

ribonucleotide binding

purine ribonucleotide binding
ribonucleoprotein complex biogenesis
RNA binding

RNA splicing

ribosome biogenesis

helicase activity

nucleolus

RNA-dependent ATPase activity
ATP-dependent RNA helicase activity
rRNA processing

rRNA metabolic process

transcription from RNA polymerase | promoter
nucleoplasm

tRNA aminoacylation for protein translation
tRNA aminoacylation

ligase activity, forming carbon-oxygen bonds
ligase activity, forming aminoacyl-tRNA
aminoacyl-tRNA ligase activity

amino acid activation
nucleotidyltransferase activity

RNA polymerase activity

DNA-directed RNA polymerase activity
RNA helicase activity

gene silencing by miRNA, production of miRNAs
gene silencing by miRNA
ATP-dependent helicase activity

purine NTP-dependent helicase activity
nuclear mRNA splicing, via spliceosome
RNA splicing, via transesterification reactions with adenosine
RNA splicing, via transesterification reactions
mRNA binding

ATPase activity, uncoupled
ribonuclease activity

ribonucleoside binding

DNA binding

magnesium ion binding

ATPase activity

RNA modification

ribonucleoprotein complex

ncRNA metabolic process

ncRNA processing

ribosome biogenesis

ribonucleoprotein complex biogenesis
cytosolic large ribosomal subunit

P-value
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.002
0.000
0.004
0.004
0.001
0.003
0.003
0.003
0.012
0.012
0.021
0.011
0.022
0.022
0.007
0.007
0.007
0.023
0.007
0.006
0.006
0.006
0.026
0.028
0.013
0.013
0.047
0.047
0.047
0.015
0.018
0.021
0.029
0.031
0.038
0.040
0.002
0.001
0.004
0.003
0.006
0.027
0.020
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Figure 4: Expression profiles of
clusters of probes affected by larval diet
across adult diets and age classes in
females (a) and males (b). 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 poor-raised flies and

least expressed in control-raised flies,
while rich raised flies fall in between.
They differ primarily in the tightness

of co-expression, with rich-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 rich-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 compo-
sition with female cluster 3 (a) as well
as sharing a similar expression profile
and GO enrichment for terms related to
ribosomes and transcription and trans-
lation. 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.
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was similar both across sexes and across larval diet, the simplest hypothesis
is that genes related to the phenotypes would have similar expression profiles
across adult diets and across ages: i.e. that they would fall into the “L” category.
Indeed, given the consistent phenotypic responses it is very difficult to envision
how such linear responses could be attributable to interactions between larval
diet and adult diet and/or age (though this possibility cannot be definitively
excluded). Thus we focus on the probes showing a main effect of larval diet
(L), and provide the results for the probes showing an interaction (LT, LA, LTA)
in Appendices 4, 5, and 6 respectively. However, it is noteworthy that nearly
all of the clusters of probes showing interactive effects primarily differ in the
response of poor raised flies to age, adult diet, or their interaction, suggesting
that while they may be linked to the effects of the poor larval diet on lifespan,
they likely do not explain the lifespan differences observed between control
and rich-raised flies.

The expression of ribosome-related probes is
positively correlated with larval diet in females

K-means clustering of the relatively small female “L” list (321 genes) identified
4 clusters (Fig. 4a). Clusters 1 and 4 were not associated with any significant
GO enrichment nor did they show any evidence of enrichment of tissue-
specific genes (Appendix 2 and 3). Cluster 1 had variable expression in poor,
low expression in control, and high expression in rich-raised flies, while cluster
4 had roughly the opposite expression pattern (Fig. 4a). The two remaining
clusters, Clusters 2 and 3, had expression profiles characterized by increasing
expression with increasing larval diet (Fig. 4a). This pattern was particularly
evident in cluster 3. Both clusters possessed significant gene ontology
annotation related to ribosomes - cluster 2 (83 probes) was solely annotated
with the term cytosolic ribosome while cluster 3 (76 probes) was annotated with
the terms RNA modification, ribonucleoprotein complex, ncRNA metabolic
process, ncRNA 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 across the lifespan in males

In males we identified 11 clusters of genes in the “L” list which could be grouped
into three different expression profiles (Fig. 4b). The first group (Clusters: 1, 3, 5,
6, and 11) was representative of more than 50% of the probes affected by larval
diet (1081 probes) and was characterized by high expression in poor raised flies,
low expression in control raised flies, and intermediate expression in rich raised
flies (Fig. 4b). The clusters differed primarily in the tightness of co-expression,
especially in rich-raised flies. The second group (Clusters 10, 7, 8, 4 and 2) was
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notable for having an inverse expression profile relative to Group 1 (Fig. 4b).
These clusters also differed primarily in the tightness of co-expression, again,
especially in rich-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).

In contrast to the females, which showed no tissue-specific enrichment, three
of the male clusters (C1, C3, and C5 - all in Group 1) were highly enriched for
probes exclusively expressed in the testes (hypergeometric test: all p-values
<0.0001; Appendix 2), most differentially expressed in the testes relative to
the whole body, and most highly expressed in the testes in the FlyAtlas data
set (all p-values <0.01). This overlap also extends to the GO terms associated
with these clusters as they overlap substantially with those enriched for
probes highly expressed in the testes in FlyAtlas (C1: 100% overlap, C3: 67%
overlap, C5: 96% overlap; Appendix 2). Thus a large proportion of the effect
of larval diet in males is through changes in the expression of groups of
genes with testes-specific expression and function, and may explain why we
identified considerably less genes affected by larval diet in females. 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;Appendix 1). The second group of clusters (Clusters 10, 7, 8, 4 and 2; Fig.
4b), was representative of most of the remaining probes (818 probes). None of
these clusters showed any significant overlap with genes with testes-specific
expression (all p-values >0.94), nor with any other tissue. Furthermore, each of
the clusters except cluster 2 possessed distinct GO annotation including 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 Appendix 2) suggesting that these clusters represent
an array of different processes.

The third expression pattern we identified consisted of one cluster (Cluster
9; Fig. 4b) that contained probes whose expression increased with increasing
larval diet (Cluster 9; 232 probes, Fig. 4b). It showed no evidence of enrichment
of tissue-specific probes (Appendix 2) and was annotated with 56 GO terms
related to ribosome structure, function and regulation as well as to other
aspects of transcription and translation including tRNA metabolic activity
and RNA polymerase activity (Table 3), and contained sub-units of all three
eukaryotic RNA polymerases’ (Rpll140, Rpl135, Rplll128 and RplIl). The
probe composition of this cluster overlapped significantly with that of female
cluster 3 (Hypergeometric test; p<0.0001), which showed a similar response
to larval diet. The overlapping genes were CDKAL1-like, CG32409, CG6769,
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Notches (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; Le Bouteiller et
al. 2013; Ulbrich et al. 2009) or in transcription and translation (elp2; Glatt &
Miiller 2013; Otero et al. 1999) (CDKAL-1; Wei et al. 2011). 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 a conserved effect
of increasing larval diet in both sexes.

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

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 (Grafen 1988), programming (Ozanne & Hales 2004) and
predictive adaptive response hypotheses (Gluckman & Hanson 2004a): the
former predicting that individuals raised in a low quality environment will be
of relatively poorer quality and have a disadvantage across adult environments
and the two latter hypotheses predicting that the effect of the developmental
environment will depend on the degree of mismatch between 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 more consistent with the predictions of the silver spoon hypothesis.
In fact, we see that flies raised on the different larval diets differ only in their
average performance, with poor-raised flies tending to live longer (Fig. 2a,b)
and reproduce more in early life (Fig. 2e), than those raised on the rich larval
diet.

Importantly, adult diet explained considerably more variation than larval diet
in terms of 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, adult fruit flies retain extensive plasticity with respect to their ability
to respond to adult diet. This suggests that the developmental environment is
not a reliable predictor of adult conditions and thus there is no evolutionary
advantage to inflexibly “setting” a phenotype to predicted adult conditions in
fruit flies. 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 consequences of a (sub-optimal)
developmental environment. Such explanations have also been proposed as
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alternatives to the PAR hypothesis as applied to humans (Rickard & Lummaa
2007; Wells 2012), and a few studies have also shown that poor developmental
conditions are detrimental regardless of adult conditions in some human
cohorts (Hayward & Lummaa 2013; Hayward et al. 2013). In any case, the
evolutionary history of humans and flies are very different, thus the absence of
PARsin flies does not give any information about their role in humans, however,
as has been shown for dietary restriction, the mechanisms underlying the effect
may be similar, even if the adaptive significance of the response differs (e.g. van
den Heuvel et al., submitted modelling paper).

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 suggesting that fruit flies are unable to, or do not
benefit from, completely erasing the legacy of their developmental conditions.
Given our use of whole flies, these changes could reflect change in tissue size,
regulation or both (Harrison et al. 2015), and presumably some of them relate to
the observed phenotypic differences. However, despite the relatively consistent
effect of larval diet on adult phenotypes across adult environments and across
sexes, most of the probes affected by larval diet show no linear relationship with
the phenotypes, either because they are involved in an interaction with adult
diet, age or both (Appendices 4 to 6), or because they showed a main effect
of larval diet, but not in a direction consistent with a linear effect of diet. For
example, ten of the eleven clusters of probes affected by larval diet in males were
characterised by intermediate expression in rich-raised flies, while in terms of
phenotypes, rich-raised flies are both most short-lived (males and females) and
least fecund (females). This suggests that if the expression of these probes is
related to lifespan then the relationship between their expression and lifespan
is non-linear (e.g. Lebedeva et al. 2012; Meyer et al. 2014; Qu & Xu 2006). The
ability to conclude this is a consequence 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 poor and control
only, it would have been logical to infer that the genes up and down-regulated
in poor-raised flies relative to control contribute linearly to the phenotypic
differences observed between the two, however, had we compared control to
rich, we would have concluded that the relationship between expression levels
and phenotypic values was in the opposite direction. The risk of such misguided
interpretation in a two-factor design strongly warrants the inclusion of three or
more environments, especially when establishing the causality between the life
history (lifespan, ageing) phenotype and some measure of molecular and/or
genetic variation is difficult.

Intriguingly, three of the male clusters with intermediate expression in rich
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raised flies (Fig. 4b) were highly enriched for probes with testes-specific
expression and annotation (C1, C3, C5), suggesting that the effects of larval diet
on the male transcriptome may be largely through changes in the expression
of testes-related genes. Whether these changes are related to the observed
lifespan differences is unclear, however, if they are, it would imply a “U” shaped
relationship between the expression of testes-related genes and lifespan in
males. These changes in expression may reflect changes in relative testes size
induced by larval diet, or changes in the regulation of testes-specific gene
expression (Harrison et al. 2015). In either case, 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. This seems especially plausible
given the lack of similarly in GO annotation between the Group 2 clusters,
suggesting that they represent a variety of functions (Appendix 2). In addition,
several recent studies have shown that a calorically-poor developmental diet
leads to a relatively larger genital arch in male flies (Shingleton et al. 2009;
Tang et al. 2011). If this extends to other sexual traits it is possible that a similar
response has occurred in the testes. Regardless of the mechanism, it is clear
that larval diet, particularly the poor larval diet, disproportionately affects the
expression of testes-specific genes across the lifespan in males.

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

As mentioned previously, 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 would be through larval-diet
induced changes in the expression of genes that also show similar responses
across adult diets and in both sexes. Indeed, we identified a single cluster of
probes showing a linear relationship with larval diet in both sexes (Females
C3, Males C9; Fig. 4). Both of these clusters show increasing expression with
increasing larval diet, across adult diets and age classes and are thus negatively
correlated with the observed lifespan differences (Fig. 4). Furthermore, these
clusters show significant overlap in probe composition and share similar GO
annotation: the female cluster being enriched for terms relating to ribosomes
and ncRNA processing (Table 2) and the male cluster also being enriched for
terms related to ncRNA and ribosomes, as well as many other terms related
to transcription and translation (Table 2). Given the ubiquitous and high
expression of ribosomes and the essential roles of transcription and translation
in cellular homeostasis, changes in the regulation of these processes across
the lifespan may have important consequences for phenotypes, particularly
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lifespan. Indeed, in model organisms (primarily flies, yeast, and worms) it has
been shown that the down-regulation or knock out of ribosomal sub-units
results in increased lifespan (Chiocchetti et al. 2007; Curran & Ruvkun 2007;
Kaeberlein et al. 2005; Larson et al. 2012; McCormick et al. 2015; Steffen et al.
2008). The same is true of down-regulation of translation through the knock-
out of various translation initiation factors (Chen et al. 2007; Curran & Ruvkun
2007; Hansen et al. 2007; Pan et al. 2007). Thus there is evidence that increased
expression of ribosomes and transcription and translation machinery would
decrease lifespan, consistent with the negative correlation between expression
of the male and female clusters and adult virgin lifespan. Taken together this
suggests that these clusters are attractive candidates for mediating the effect of
larval diet on lifespan.

Intriguingly, a recent study has also found an effect of larval diet on the
expression of ribosomes in early adulthood. Branco et al., (2014) subjected
flies to development on medium supplemented with the environmental toxin
BPA, high sugar, or both and measured whole-body transcription in adulthood.
Intriguingly, they found that BPA alone, but especially in combination with
high sugar during development lead to increased expression of many structural
components of the ribosome in adulthood. Because BPA is a known toxin, the
stronger response of the transcriptome in high sugar environments suggests
that high sugar is also toxic (Branco & Lemos 2014). This suggests that the
increasing levels of sugar and yeast used in our study may also reflect a form
of toxicity, and that some legacy of this persists across the lifespan. In any case,
regardless of the cause of the changes, we show thatlong-lasting developmental
effects are visible at the transcriptome level, a prerequisite for long-term effects
on adult phenotypes.

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 exerted independent effects on the phenotype and on gene
expression, and thus there was no evidence for Predictive Adaptive Responses
operating in Drosophila melanogaster. Rather, the responses followed the silver
spoon hypothesis which predicts that the effect of developmental conditions
will be similar across adult conditions. Furthermore, adult diet explained
considerably more variation in gene expression and phenotypes than larval
diet, showing that flies retain extensive plasticity into adulthood, and suggesting
that the long-term effects of developmental diet likely reflect the inability or
lack of incentive to erase such effects, 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 linear correlation with
the observed phenotypic responses, however, in both sexes, we identify a
cluster of genes whose expression is negatively correlated with the observed
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lifespan differences and that 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 increases lifespan these genes
provide promising candidates for mediating the long-term effects of larval diet
on lifespan. As these processes are highly conserved across the tree of life our
results may be relevant for other species as well, including for humans.
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Phenotype
Male Virgin Lifespan

Female Virgin Lifespan

Male Mated Lifespan

Female Mated Lifespan

Adult diet

Poor

Control

Rich

Poor

Control

Rich

Poor

Control

Rich

Poor

Control

Rich
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Larval diet contrast

P:C
R:C
R:P
P:C
R:C
R:P
P:C
R:C
R:P
P:C
R:C
R:P
P:C
R:C
R:P
P:C
R:C
R:P
P:C
R:C
R:P
P:C
R:C
R:P
P:C
R:C
R:P
P:C
R:C
R:P
P:C
R:C
R:P
P:C
R:C
R:P

Hazard Ratio [95% CI]

0.80 [0.68,0.94]
0.88[0.75,1.03]
1.10[0.94,1.29]
0.71[0.60,0.85]
1.33[1.12,1.58]
1.87 [1.56,2.24]
0.69 [0.59,0.80]
1.1 [0.95,1.29]
1.61[1.37,1.89)]
1.00[0.86,1.16]
1.37[1.18,1.60]
1.37[1.17,1.60]
0.67 [0.57,0.78]
1.33[1.15,1.55]
1.99 [1.70,2.34]
0.70 [0.60,0.81]
1.43[1.23,1.67]
2.05 [1.75,2.40]
1.07[0.79,1.45]
0.93[0.69,1.25]
0.86 [0.63,1.18]
0.73[0.52,1.02]
0.821[0.59,1.15]
1.13[0.82,1.56]
0.86[0.62,1.19]
1.49 [1.09,2.02]
1.73[1.26,2.37]
0.88 [0.66,1.16]
0.78 [0.59,1/03]
0.89 [0.68,1.18]
0.95 [0.72,1.25]
1.42[1.07,1.89]
1.50 [1.11,2.01]
1.10[0.82,1.48]
1.50 [1.11,2.04]
1.37[1.02,1.834]

p value
0.0056
0.12
0.24
0.0001
0.0013
<0.0001
<0.0001
0.198
<0.0001
0.99
<0.0001
<0.0001
<0.0001
0.0002
<0.0001
<0.0001
<0.0001
<0.0001
0.65
0.62
0.36
0.062
0.24
0.46
0.37
0.011
0.0007
0.36
0.084
0.42
0.71
0.016
0.0076
0.52
0.0089
0.039
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APPENDICES

Appendix 1. Pairwise contrasts between larval diets
per adult diet for male and female virgin and mated
lifespan (Table).

Appendix 2: Tabbed Excel File of results of ANOVA
analysis per probe in females (Tab 1), Males (Tab 2).
Cluster membership in both sexes (Tab 3). Tis-
sue-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 overlap-
ping GO terms between tissue-specific gene lists and
clusters in females (Tab 7) and males (Tab 8). This file
can be found in the folder associated with this chapter
at the following Dropbox link.

Appendix 3: 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). This file can
be found in the folder associated with this chapter at
the following Dropbox link.

Appendices 2 and 3 can be found in the folder asso-
ciated with this chapter in the online Dropbox folder
associated with this thesis at:
https://www.dropbox.com/sh/q37qolcfi6ib05m/AABBFG1k3h-
IOGFK-WXUyCnqgBa?dl=0
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Appendix 4: 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: poor, green: control, red: rich) and the x-axis
indicates larval diet and age (M-A: middle-aged and
O: old). We identified 5 clusters in females (a) and

4 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 poor-raised flies
showing attenuated (males) or opposite (females)
changes in expression with increasing age relative

to control and rich flies. In males, 3 of the clusters
(C1,C2 & C4) were down-regulated with age in control
and rich raised flies but up-regulated (C1 — protea-
some complex, C4) or unchanging (C2— no annota-
tion) in flies raised on the poor diet. The remaining
cluster C3, was associated with the mitochondrial
envelope and was down-regulated with age in control
and rich-raised flies, but relatively constant in poor-
raised flies. In females, all clusters showed relatively
little change in expression with age in control and rich
raised flies, but down (C1,C2, C4) or up-regulation
(C8,C5) in poor 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.
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Appendix 5: 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: poor, green: control, red: rich) and
the x-axis indicates adult diet (P: poor, C: control, R:
rich). 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 annota-
tion. Cluster 4, which was up-regulated on the control
adult diet in rich-raised flies was annotated with
responses to abiotic stimuli, particularly heat and oxy-
gen, while cluster 5 which was down-regulated on the
control adult diet in rich 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 anno-
tation. As with the “LT” clusters, these clusters were
characterized by very similar expression patterns in
control and rich raised flies, but distinct patterns in
poor-raised flies — Cluster two was characterized by
high expression on the poor adult diet for control and
rich raised flies, but low expression in poor raised
flies. It was strongly associated with visual perception,
circadian rhythm, regulation of behaviour and metal
ion transport. Cluster three was characterized by low
expression on the poor adult diet for control and rich
raised flies, but higher expression in poor raised flies.
This cluster was associated with nucleotide binding
and female reproduction. Clusters of probes with sim-
ilar 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.
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Appendix 6: 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: poor, green:
control, red: rich), the x-axis indicates adult diet (P:
poor, C: control, R: rich) 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 sig-
nificant GO annotation — C4: endoplasmic 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 rich-
raised flies only. Finally, C2 shows distinct expression
profiles in middle-age for P & C raised flies, but no
clear expression pattern in other ages or in rich 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 rich larval diet, while cluster
5, which is associated with various terms relating to
immune function and development, also shows a dis-
tinct expression profile in old-aged flies raised on the
rich larval diet, as well as in middle-aged flies raised
on the poor 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.
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Adaptation across life history stages

ABSTRACT

Experimental evolution (EE) has proven a powerful
tool for addressing how environmental factors
influence life history evolution. In nature, individuals
must optimise their life histories in response to
multiple selection pressures experienced at different
stages of their lives, however to date nearly all EE
studies have applied only one selection pressure
at a time within a single life stage. Here we assess
the life history consequences of adaptation to three
different diets during development in combination
with selection for early or late reproduction during
adulthood in a full factorial design in the fruit
fly. We show that the two life stages do not act
independently but rather interact to determine
both developmental time and lifespan. Across
all evolutionary diets, selection for later age-at-
reproduction increases lifespan, however, the
magnitude of the response is dependent on the sex,
the evolutionary diet, and the experimental assay
conditions. Developmental time also depends on
the interaction between evolutionary larval diet,
reproductive regime and assay conditions. For
example, while a poor evolutionary larval diet selects
for faster development from egg to adult, this effect
is lessened when combined with selection for later
age-at-reproduction. We also identify a positive
correlation between developmental time and lifespan
when lines are raised in the assay diet matching their
evolutionary diet, but no consistent correlation in
novel (i.e. non-evolutionary diet) assay conditions,
consistent with quantitative genetic theory. Overall,
we show that flies are not able to adapt to selection
at two different life stages independently, but
rather, must integrate both into their life history.
Given that multiple selection pressures are likely
the norm rather than the exception in nature, this
finding argues that trade-offs should be considered
not only between traits within an organism, but also
between adaptive responses to differing selection
pressures.
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INTRODUCTION

One of the tenets of life history evolution is that individuals cannot optimise
all fitness-related traits at once and thus trade-offs must exist between traits
(Roff 2001; Stearns 1992). Often, underlying these trade-offs is the fact that
individuals only have limited resources at their disposal and thus must make
allocation decisions between competing functions (de Jong & van Noordwijk
1992; Van Noordwijk & de Jong 1986). To understand the trade-offs caused
by limited resources, many studies have imposed variation in diet quantity
and quality within a single generation and observed the consequences for
phenotypes, - that is, they have addressed the plastic response.

Studies on plasticity have provided invaluable insight into the role of available
resources in affecting life history traits (e.g. see the extensive literature on
dietary restriction: Kirkwood & Shanley 2005; Mair et al. 2003; Nakagawa et al.
2012), however, there are some aspects of life history evolution that cannot be
addressed in this framework. For instance, itis often not possible to discriminate
between an adaptive response and a direct detrimental consequence of
the environmental pressure (Schlichting & Pigliucci 1998; Stearns 1992).
Furthermore, many responses may become fixed over evolutionary time and
will therefore become effectively invisible in studies of plasticity (Stearns
1992). At evolutionary equilibrium, resource acquisition is predicted to be
maximised within physical and physiological constraints. Thus at the genetic
level variation for resource acquisition is expected to be low (positive alleles
fixed, negative alleles in mutation-selection balance). One way to circumvent
these issues is to use experimental evolution (EE). EE allows the experimenter
to impose carefully controlled conditions and observe evolutionary responses
in real time (Kawecki et al. 2012). EE can readily distinguish between adaptive
and maladaptive responses and can identify the trade-offs or costs involved in
adapting to particular environmental variables (Kolss et al. 2009).

Several different EE paradigms have been used to understand how resource
availability affects life histories - in essence addressing how acquisition can
influence allocation on an evolutionary time scale. These studies have often
turned to the fruit fly Drosophila melanogaster as a model due to its short
generation time and high fecundity. For example, a set of Drosophila selection
lines adapted to chronic severe larval malnutrition evolved changes in both
larval and adult life history traits (Kolss et al. 2009; Vijendravarma et al. 2015;
Vijendravarma et al. 2013). Selection resulted in better larval performance on
the poor diet, measured as higher larval survival and faster larval development,
however, this appeared to come at the cost of adult fitness as the evolved lines
exhibited both decreased adult size and early-life fecundity (Kolss et al. 2009).
Notably this response is quite different from the evolutionary response to acute
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starvation during adulthood. Rather than speeding up developmental time and
decreasing size, as is the case for larval malnutrition, selection on starvation
resistance in young adulthood generally selects for slower development and
increased lipid accumulation, resulting in larger adult size (Baldal et al. 2006;
Bubliy & Loeschcke 2005; Chippindale et al. 1996) (but see Hoffmann et al.
2005). This difference highlights the fact that similar selection pressures may
select for different adaptations depending on when in life they are experienced.

EE studies have also shed light on the evolution of ageing. Contemporary
theories of ageing are under-pinned by the concept of the selection shadow:
because even potentially immortal individuals will eventually be killed by
forces outside their control (i.e. disease, predation et cetera), the likelihood
that reproduction will occur decreases with time (Medawar 1952). Since
natural selection must act through differential reproductive success, less
reproduction with time also means a decline in the force of natural selection,
ultimately resulting in a “selection shadow” in late life. Furthermore, staying
alive requires the activation of costly repair mechanisms, which will take up
some proportion of an individuals potentially limited resources. The disposable
soma theory of ageing proposes that individuals should only invest enough in
repair mechanisms to maintain a good soma for as long as they can reasonably
be expected to live, and that a balance should be struck between investment
in repair and investment in early reproduction (Kirkwood 1977; Kirkwood &
Holliday 1979). Several EE studies have shown that by selecting flies for later
ages-at-reproduction - in essence shifting the selection shadow to later ages -
lifespan extension can be achieved (Luckinbill et al. 1984; Partridge & Fowler
1992; Rose 1984). In nearly all cases, decreased early or life-long fecundity is
observed as a correlate of lifespan extension. Thus there appears to be a trade-
off between lifespan extension and fecundity, as predicted by the disposable
soma theory (Zwaan 1999).

The EE experiments described above illustrate the complexnature of adaptation,
including the frequent existence of trade-offs. Each of these designs, however,
reflects the response to only one selection pressure at a time and within a single
life stage. This represents an informative but simplified version of natural
conditions, where organisms likely need to cope with several different selection
pressures, and furthermore must balance the costs and benefits of adaptations
in one stage such as development, with their consequences in another stage,
such as adulthood. That the responses to different selection pressures are likely
tobeinteractive and notindependenthasbeen shown in fruit flylines adapted to
both temperature and food quality stress simultaneously during development:
the response to each selection pressure experienced independently was
very different to that observed when the flies needed to accommodate both
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pressures (Bochdanovits & Jong 2003). Thus, there is a need to address how
life histories evolve in response to more than one selection pressure, and how
selection within one life stage is weighed against selection in another.

In this article we combine two of the EE paradigms described above, selection
on different levels of larval acquisition and selection on age-at-reproduction
into a single full factorial EE experiment (Fig. 1a). In this way we address how the
response to both selection pressures simultaneously differs from the response
to each regime alone. Previous work suggests that there may be some conflict
between the two selection regimes. For example, adaptation to a poor quality
diet generally selects for faster development coupled with smaller adult size
(Bochdanovits & Jong 2003; Kolss et al. 2009), while longer lifespan is generally
(though not always; see Zwaan et al. 1991) correlated to longer developmental
time and larger size (Economos 1980; Khazaeli et al. 2005; Lints 1978; Promislow
1993). Thus, for example lines adapted to a poor developmental diet and
increased age-at-reproduction may experience a conflict between the two
differing adaptive responses. Furthermore, combining these two specific EE
regimes is especially relevant given on the one hand the theory on the role of
resource acquisition and allocation in determining relationships between life
history (fitness) traits, and on the other, how resource availability and allocation
relates to the evolution of ageing.

We evolve flies on three different larval diets (Poor, Control and Rich) and at two
ages-at-reproduction (Early and Late) in a full factorial design. To our knowledge,
this is the first time an EE approach has been applied which combines selection
pressures at two different life stages. Using this approach the main question we
wish to address is how selection on different larval acquisition levels interacts
with selection on age-at-reproduction to determine life history traits. Can
flies adapt to environmental variation in each stage independently, or will the
response affected in one stage also depend in the environment experienced
in the other. For example, will a poor larval diet constrain the ability to extend
lifespan in response to selection on age at reproduction, or will lifespan
extension be achieved at the expense of other traits? Conversely, will a rich larval
diet allow even greater lifespan extension, or will potential excess energy be re-
allocated to reproduction? To address these questions we assess the responses
of several life history traits across multiple generations. These include larval
survival and developmental time, which showed strong evidence of adaptation
in response to larval acquisition previously, and adult lifespan and fecundity,
the two traits that commonly trade-off in response to selection on age-at-
reproduction. In addition, we assess whether adaptation to one developmental
diet and reproductive regime influences the response to other developmental
diets (i.e. the evolution of plasticity). For example, does adaptation to the poor
larval diet also change the response to other assay diets, or are the responses



Adaptation across life history stages

a Figure 1: Overview of the experimental
= c PE evolution regime (a) and the origins (b)
and establishment (c) of the mixed population
PL used to start experimental evolution. (a)
c Experimental evolution (EE) regimes: blue,
L QCE green and red represent poor (P), control
| (C) and rich (R) diets respectively; each line
CL represents a distinct evolutionary lineage.
a Eight replicate populations were established
per larval diet and allowed to develop to
— G RE adulthood on their respective diets. After
eclosion all lines were transferred to the
RL control diet. Four lines from each larval diet
G reproduced 14 days post egg-laying (E) and
0 10 14 28 four reproduced at 28 days post egg laying

(L) on their respective larval diet, resulting in
four replicate lines each of PE,PL,CE,CL,RE
and RL. This regimen was continued for the
duration of EE. (b) Collection sites across
Europe of the six starting populations from
which the EE lines were derived. (c) A brief
description of the multi-generation crossing
scheme used to cross the populations in (b)
to generate the mixed “S” population used for
experimental evolution.
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specific to the evolutionary environment in which they evolved. To address
this we assay our lines across all three diets wherever possible. Therefore, our
study has the potential to provide valuable insights into how fitness is affected
by adaptations to selection pressures in two life stages and also how this has
involved or affected phenotypic plasticity.

Materials and Methods:
Design of experimental evolution

In our experimental evolution (EE) regime we combine three levels of larval
resource acquisition (Poor, Control and Rich) with two ages-at-reproduction
(early and late) in a full factorial design. The three larval diets differ only in the
amount of sugar and yeast that they contain (see Table S1 for recipes). Relative
to the rich diet (R), the poor diet (P) and control diet (C) contain 10% and 40%
of the sugar and yeast levels respectively. Early (E) and late (L) reproduction
were set at 14 and 28 days post egg-laying respectively. For each combination of
larval diet and age at reproduction we established four replicate lines (3 larval
diets x 2 ages at reproduction x 4 replicate lines = 24 lines total; Fig. 1a). The
control diet (C) combined with early age-at-reproduction (E) is identical to the
standard conditions in our laboratory and thus the lines maintained under
these conditions provide an unselected control and their responses to different
assay conditions provide the baseline pattern of plasticity.

For clarity, we refer to the experimental evolution lines throughout by their
larval diet abbreviation, (P, C, or R), their age at reproduction abbreviation (E,
L) or the combination of the two (PE, PL, CE, CL, RE, RL). Assay diets (i.e. the
conditions under which we phenotype the lines) are referred to by their full

names (Poor, Control, and Rich).
Creating a genetically diverse starting population

In order to ensure ample genetic variation for selection to act upon the
experimental evolution populations were derived from six populations of flies
collected in a longitudinal gradient across Europe (Fig. 1b). These populations
were maintained in the lab for 40 generations to allow laboratory adaptation
and then combined into one genetically diverse population, the starting or “S”
population, via a multi-generation crossing scheme (Fig. 1¢; see May et al. 2015
for full details of the crossing scheme). This crossing scheme was employed to
ensure that the S population was in linkage equilibrium and to ensure equal
contributions of the individual component populations. After crossing, the “S”
population was maintained under standard laboratory conditions for another
ten generations at a population size of approximately 4000 individuals before
experimental evolution was started.

Commencing Experimental Evolution
To begin experimental evolution, eggs were collected from the “S” population
into large glass bottles (500mL volume) filled with 65 mL of the respective larval
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Developmental time Mated lifespan

& larval survival & fecundity Figure 2: Overview of traits assayed

in each phenotyping session. For

py W LINCI p; W NELC each phenotyping session (8 in total,
Easle = HEOC EspgLis = MEO labeled P1 through P i
B OmC 3 6 O ooo abeled P1 through P8) we diagram
the traits measured in the columns
p, @ OO pg O OO0 (first column: Developmental time and
Esaiz W ONO Eagalio W HEN larval survival, second column: Mated
H OmO H EEE lifespan and fecundity) across pheno-
typing sessions and EE generations
P3 H EEE (rows). Developmental time and larval
H EEE EE Regime Assay diet e .
E7 & L4 B EEE p H OEO survival were assessed in all pheno-
EsL C W OmEO typings sessions (P1 through P8) while
H OEO rR H OEO mated lifespan and fecundity were only
E 54 H OEO PCR addressed in the later generations of
10415 o omO evolution (P7 and P8). Because the
size of our experiment meant that we
ps; W EEO could not always assess the responses
E12 & L6 N EEO of all lines in all assay environments,
W OmO the exact lines and assay conditions
HE EEE included in each phenotyping session
P6 ied. This is di d usi
H EEE varied. This is diagrammed using
E0&L15S o mmm the filled versus unfilled boxes, with
filled boxes representing inclusion in
py W HEN the assay. Briefly, the first column of
Ez2alie W HEE boxes indicates the evolutionary diet
O Ooo conditions included, while the second,
E EEE third and fourth columns indicate
P8 o mmE assessment on the poor, control and
E38 &L19 rich assay diet tively (the k
H EEE y diets respectively (the key

can be found in the inset box). In all
cases, both the early (E) and late (L)
reproducing lines were included. Thus,
for example, in P4 (Generation 10 & 5
of E and L lines respectively) the PE,
PL, CE, CL, RE, and RL lines were all
included (first column all filled) but only
assayed under the control assay diet.
It is noteworthy that there is a relatively
large generation gap between pheno-
typing sessions P1 through P5 and P6
through P8.

diets. Two bottles of approximately 1000-2000 eggs were collected per replicate
line and allowed to develop to adulthood. For each larval diet four lines were
randomly selected to be the early reproducing populations (E) and four lines
were selected to be the late reproducing populations (L). After emergence,
all lines were maintained on the control food and in each generation both
replicate bottles of a line were mixed to ensure that bottles did not become
distinct populations. Overall population size was generally 2000 to 4000 flies
per replicate line over the course of EE.

6¢cl



o€l

chapter 5

Assessing changes in life history traits over the course of evolution

We measured four key life history traits: length of development from egg
to adult, survival from egg to adult, mated female fecundity, and mated
lifespan. These assays were done across eight phenotyping sessions spanning
multiple generations ranging from the very beginning of evolution to relatively
advanced stages (Fig. 2). Figure 2 provides an overview of each phenotyping
session, hereafter referred to as P1 through P8, including the elapsed number
of generations of evolution, the lines included in the assay, the traits measured,
and the actual larval conditions under which flies were raised, hereafter referred
to as the assay environment.

Wherever possible we measured responses in all lines and used all three assay
diets, however, the scale of our experimental evolution design imposed some
logistical constraints on the breadth of these assessments. Therefore, in some
phenotyping sessions we monitored the progress of selection in only a single
assay environment (Control — the standard laboratory condition) while in
others we assessed genotype by environment interactions (G by E) by raising
larvae on all three assay diets. In all cases, we first allowed the lines to develop
for one generation on control larval food, to avoid potential maternal effects.
For all experiments larvae developed at a density of 70 eggs per vial, with 6mL
of food per vial. Since we always analysed lines selected for early and late
reproduction concomitantly, the E lines had always undergone roughly twice
as many generations of selection as the L lines (Fig.2).

Assessing development time and larval survival

We assessed development time and survival from egg to adult in all eight
phenotyping sessions (Fig. 2). This approach allowed us to address how the
response changed over evolutionary time. We collected 5 vials of 70 eggs per
line and assay diet. We scored development until no new flies emerged over
a period of 48 hours and summed the resulting adults to obtain a measure of
larval survival.

Assessing mated lifespan and fecundity

For lifespan and fecundity, we assayed mated flies on both their evolutionary
diet and under control conditions. The size of this experiment necessitated
splitting the experiment across two assays done on different generations (Fig.
2): in the first round all lines adapted to poor or control larval food were used
and assayed under these two conditions (P7), while in the second round all
lines adapted to control and rich larval diet were used and assayed across
all three larval diets (P8). The control lines served as a reference to facilitate
comparisons between the P and R lines.



Adaptation across life history stages

We assessed fecundity at three ages: the ages at which early and late reproducing
lines laid eggs for the next generation (Early, Age: 2 to 4 days and Late, Age: 18-21
days) and a few days after this (Post-Selection, Age: 25-28 days), an age that flies
never reached in experimental evolution. There was a slight methodological
difference between the two assays — in the first we maintained a single male-
female pair per vial (n=15 vials per line and larval food combination) while in
the second assay we maintained two males and two females per vial (n=10 vials
per line and larval food combination). New males from the same experimental
conditions replaced dead males, in order to ensure that females were not sperm-
depleted. Rather than assessing egg numbers we counted the actual offspring
resulting from the eggs, giving an accurate measure of realised fecundity.

To assess mated lifespan, flies were housed at a density of three males and three
females per vial (n=10 vials per combination of line and larval diet). Flies were
transferred to fresh vials and survival was scored every Monday, Wednesday
and Friday.

Statistical analysis

All statistical analyses were performed in R (2005). We fit a separate model
for each trait within each phenotyping session. In each model we included
evolutionary diet, evolutionary age at reproduction, assay diet, sex (where
applicable) and their interactions as explanatory variables. In addition, for each
trait that was assessed under multiple assay diets we also fit a model for the CE
lines alone to address the plastic response to variation in developmental diet.
In order to accommodate the random effect of replicate line nested within the
interaction between evolutionary diet and age at reproduction we used mixed
effects models. Both developmental time and mated longevity were analysed
using mixed effects Cox models (coxme package) while larval survival and
fecundity were analysed with generalised linear mixed models (GLMM) with
binomial and poisson distributions respectively.

In the tables, we report the Chi-squared values of the effect of each factor in the
full model as obtained by Analysis of Deviance. We performed further model
simplification by dropping non-significant terms from the model sequentially
and using a Chi-squared test to compare models. Where significant interactions
existed we also performed pairwise contrasts to determine which specific
contrasts were significant.
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Figure 3: Developmental time from
egg to adult (y-axis) across assay diets
(x-axis) and phenotyping sessions for
each combination of evolutionary diet
(color) and age-at-reproduction (line
type). Blue, green and red represent
the poor (P), control (C) and rich (R)
EE larval diets respectively. Solid and
dashed lines represent early (E) and
late (L) reproducing lines respectively.
All error bars are standard errors of
the mean across replicate lines. For
simplicity, only phenotyping sessions
carried out using all three assay diets
are included: P3 (a), P6 (b), P7 (c)
and P8 (d). (e) zooms in on the blue
highlighted areas in (b), (c),z and (d) to
emphasize the consistent decrease in
developmental time of PE and PL lines
when raised on the poor assay diet
across the later generations of EE.
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Table 1: Summary of GLMMs (Chi-
square statistics, degrees of freedom,
and their significance) for the effect of
assay diet on larval survival, develop-
mental time, lifespan, and fecundity on
CE lines across phenotyping sessions.
Where there was a significant effect

Phenotyping Generation Subset

Larval survival

P3 7
P5 12
P6 30
P7 32
P8 38
II_)eveIopmentaI
time
P3 7
P5 12
P6 30
P7 32
P8 38
Fecundity
P7 32 Early
Mid
Late
P8 38 Early
Mid
Late
Lifespan
P7 32 F
M
P8 38 F
M

of assay diet (i.e. plasticity for the
response to assay diet) we report the
outcomes of pairwise post-hoc compar-
isons between assay diets (p-values).
Where several models were fit per

trait we indicate the subset analyzed

(Subset).

Effect Assay diet Post-hoc contrasts
Chi-square df p-value P:C P:R R:C
1.59 2 0.45
6.18 1 0.01 0.0129
0.42 2 0.81
0.44 2 0.80
5.46 2 0.07
1878.70 2 <0.0001 <0.0001 <0.0001 <0.0001
1090.70 1 <0.0001 <0.0001 -=- ==
2648.30 2 <0.0001 <0.0001 <0.0001 <0.0001
2303.30 2 <0.0001 <0.0001 <0.0001 <0.0001
4212.50 2 <0.0001 <0.0001 <0.0001 <0.0001
12.904 1 <0.0001 0.0001 -
570.12 1 <0.0001 <0.0001 -=-
392.35 1 <0.0001 <0.0001 ---
251.46 2 <0.0001 <0.0001 <0.0001 0.79
225.24 2 <0.0001 <0.0001 <0.0001 <0.0001
65.824 2 <0.0001 <0.0001 0.42 <0.0001
16.015 1 <0.0001 <0.0001 --- ==
32.831 1 <0.0001 <0.0001 - ---
55.467 2 <0.0001 <0.0001 <0.0001 0.23

46.134 2 <0.0001 <0.0001 <0.0001 0.45
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Figure 4: Realized female fecundity
(y-axis) across assay diets (x-axis)
and phenotyping sessions P7 (a:c)
and P8 (d:f) for each combination of
evolutionary diet (color) and age-at-re-
production (line type). Fecundity was
assessed at the age when the E lines
lay eggs for the next generation (a,d;
Early life), when the late lines lay
eggs for the next generation (b, e; Mid
Life) and a few days after (c,f; Late
life). Blue, green and red represent
the poor (P), control (C) and rich (R)
EE larval diets respectively. Solid and
dashed lines represent early (E) and
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late (L) reproducing lines respectively.
All error bars are standard errors of
the mean across replicate lines. P7
(a,b,c) included all PE, PL, CE & CL
lines raised on both poor and control
assay diets while P8 (d,e,f) included

all CE, CL, RE & RL lines raised on

all three assay diets. While there is
some evidence that PE lines have
evolved lower fecundity at all ages (a:c)
the inconsistency of the response of
the CE lines across the two replicate
phenotyping sessions make conclusive
interpretations difficult (see Figure 5).
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Table 2: Summary of GLMMs (Chi-
square values) for the effect of assay
diet (A), evolutionary diet (D) and evolu-
tionary age-at-reproduction (R) on larval
survival and developmental time across
phenotyping sessions. * =P<0.05,
**=P<0.01, ***=P<0.001.

EE Diet EE Repro Assay Diet
Phenotyping (D) (R) (A) D*R D*A R*A

Larval survival

P1 0.26 0.05 0.24
P2 0.30 0.85 0.37
P3 0.71 0.02 6.6* 0.57 1.50 0.00
P4 0.35 0.01 1.24
P5 13.06***  3.94* 0.17 0.32 25.24*** 0.46
P6 5.23. 2.49 42.69*** 2.73 5.99 38.86***
R 0.00 0.00 3.23 0.12 3.02 0.74
P8 1.45 0.04 8.07* 0.62 2.68 0.43
Developmental
time
P1 2.07 27.58*** == 0.96 s ==
P2 4.14 0.63 0.68
P3 0.46 15.74** 20617.4*** 0.34 140.61***  64.27**
P4 3.86 2 0.97
P5 0.18 4.30* 4830.06*** 2.44 25.13***  244.81***
P6 8.06* 2.02 12746.57*** 11.57**  76.11** 311.47***
P7 6.90** 0.18 8506.83*** 1.06 22.29"**  34.18"**
P8 7.64* 13.36*** 23285*** 1.21 181.40***  758.70***

Table 3: Summary of GLMMs (Chi-
square values) for the effect of assay
diet (A), evolutionary diet (D) and
evolutionary age-at-reproduction (R)
on fecundity at early, mid and late
ages across phenotyping sessions. *
=P<0.05, **=P<0.01, ***=P<0.001.

Evo Diet Evo Repro Assay Diet

Phenotyping Age (D) (R) (A) D*R D*A
Early  1.00 1.85 176.80*** 4.45* 35.26***

P7 Mid 4.69* 0.49 1383.33*** 8.14* 8.02**
Late 1.5 7.5** 2154.05*** 0.7135 1.84
Early 0.2044 1.5996 892.25*** 0.7745 9.05*

P8 Mid 0.6249 0.8895 364.66*** 10.20***  87.46***

Late 0.2853 7.54** 204.34** 0.934 84.75***

D*R*A

0.85
12,91
0.51
3.66

72.317*

41.63"*
48.51*
78.39"**
46.53"*

R*A D*R*A
1.18 5.47*
20.00"*  0.72
76.34"  7.62"
04933  0.7745"
43.04 13238

64.578***  90.37***
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Figure 5: Inconsistencies in fecundity
of control lines across phenotyping
sessions (a) and a potential expla-
nation (b). (a) Inconsistencies in
fecundity of CE (yellow solid line) and
CL lines (yellow dashed line) across
phenotyping sessions P7 and P8. All
error bars are standard errors of the
mean across replicate lines. In P7 CE
lines have higher fecundity than CL
lines in midlife and lower fecundity

in late life. In P8 this relationship is
reversed as indicated by the crossing
of the reaction norms at mid and late
life across phenotyping sessions. (b)
gives a potential explanation for the
inconsistencies in fecundity across the
phenotyping sessions. Both (i) and
(i) show similar patterns of fecundity

Early Mid Late

Time point

(y-axis) across the lifespan (x-axis).

In (ii) slight environmental variation
(e.g. temperature, humidity) leads to
overall compression of the fecund
period, despite the relationship between
early and late selected lines remaining
similar across the lifespan. Because we
assessed fecundity at three chronolog-
ically and not biologically determined
time points, slight variation in the
duration and magnitude of fecundity
due to environmental variation between
the two phenotyping sessions may
have led us to sample at different parts
of the curve (red lines), resulting in
opposite observations for the difference
between CE and CL lines between the
two phenotyping sessions.

RESULTS
Experimental evolution does not affect larval survival

Overall, larval survival was very high across assay diets, ranging from 80 to 95%
survival in all but one phenotyping session (Appendix 1). In fact, the plastic
effect of assay diet on CE lines was insignificant in all but one (P5) out of five
phenotyping sessions (Table 1). Given the lack of an effect of larval assay diet
on survival in the control lines (CE), it is perhaps not surprising that there was
also no consistent evolved response (Appendix 1). Across all eight phenotyping
sessions we detected significant effects of evolutionary regime on larval survival
in only three of them (P5, P7, and P8) however, the factors playing a significant
role did not overlap (Table 2). For example in P6, L populations displayed a
clear reduction in survival relative to E populations under rich assay conditions
(Reproductive regime x Assay interaction: 2=39.86, p=<0.0001; Supplementary
Fig. 1b), however, this response disappeared in both subsequent phenotyping
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Figure 6: Lifespan (y-axis) across
assay diets (x-axis) and phenotyping
sessions P7 (a,b) and P8 (c,d) for
females (a,c) and males (b,d) for
each combination of evolutionary diet
(color) and age-at-reproduction (line
type). Blue, green and red represent
the poor (P), control (C) and rich (R)
EE larval diets respectively. Solid and
dashed lines represent early (E) and
late (L) reproducing lines respectively.
All error bars are standard errors of the
mean across replicate lines. P7 (a,b)
included all PE, PL, CE & CL lines
raised on both poor and control assay
diets while P8 (d,e) included all CE,
CL, RE & RL lines raised on all three
assay diets. In contrast to fecundity,
the response of CE and CL lines to
the assay diets is qualitatively identical
across the two phenotyping sessions.
The response of lifespan to EE on the
poor larval diet is sex dependent but
consistent across assay diets (a,b). In
females (a) PL lines obtain lifespans
indistinguishable from CL lines, while

T T T
Poor Control Rich

Assay diet

PE lines evolve increased lifespans
relative to the CE lines. In males (b),
PL lines do not extend lifespan to the
same degree as CL lines, while PE
lines have similar lifespans to CE lines.
The response of lifespan to the rich

EE diet is similar between the sexes,
but highly dependent on the assay diet
and selection on age-at-reproduction
(c,d). In both sexes, RL lines show
similar lifespan extension to CL lines
on both poor and control assay diets,
however, in the assay diet matching
their own evolutionary diet, RL lines
have considerably shorter lifespans
than CL lines. RE lines exhibit essen-
tially the opposite pattern to RL lines,
although the magnitude of the response
differs between the sexes: on the poor
(significant in males only) and control
(significant in both sexes) assay diets
they tend to have shorter lifespans than
CE lines, while on the rich assay diet
they appear to have evolved slightly
longer lifespans (significant in females
only).
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sessions (Table 2, Supplementary Fig. 1c¢,d). The same pattern is true of all
other sessions — while significant effects arise, they are not consistent across
generations (Table 2). Thus it appears that while larval survival is sensitive to
transient effects, there is no consistent response of larval survival to the two
selection regimes or their interaction.

Emerging consistency: interactions between evolutionary diet,
age-at-reproduction, and assay diet determine developmental time

Contrary to larval survival, development time showed consistent responses to
assay conditions over time in CE lines (Fig. 3a-d): both the poor and, to a lesser
extent, rich assay conditions increased developmental time relative to the
control assay diet in all phenotypings (Table 1, all p-values <0.0001). However,
across the early generations of evolution, in a manner similar to larval survival,
developmental time showed few consistent effects of experimental evolution
(Table2). Startingfrom P5 (EG12 and LG6), however, aclear three-wayinteraction
emerged (Table 2). PE lines evolved substantially quicker development on the
poor assay food relative to CE and RE lines, and this effect persisted across all
subsequent phenotyping sessions (all p-values <0.001; Fig.3e). There was also
some evidence that they had evolved faster development under rich assay
conditions in P6 (Fig. 3b) and P8 (Fig. 3d), however this effect was not present in
P7 (Fig.3c). Notably, faster development on the poor assay diet also appeared to
evolve in the PL lines, but this effect only reached significance in phenotyping
sessions P6 and P8 and was in both cases less pronounced than for the PE lines
(Fig. 3e).

RE and RLlines showed less evidence of adaptation than P lines, however some
patterns emerged across the later phenotyping sessions in which they were
assayed (P6 and P8; Fig. 3b,d). Under rich assay conditions, RL lines developed
more slowly than RE lines (both p-values <0.01), however, this pattern was
reversed under control conditions (i.e. RE slower than RL: p<0.0001 and p=0.08
respectively) and was completely absent under poor assay conditions (both p
values >0.75). CE and CL lines showed a similar pattern (Fig. 3b,c,d): under rich
assay conditions the L lines developed more slowly. This effect became smaller
under control assay conditions, and reversed under poor assay conditions
(Fig.3b). Overall, while the plastic response of unselected lines is very consistent
across assays, the evolved response is different for each larval diet regime and
is dependent on both the assay conditions and whether or not selection for late
age-at-reproduction was also applied.

Fecundity shows extreme variability between phenotyping
sessions and no consistent evidence of adaptation

Because it was not possible to measure lifespan and fecundity for all lines
at once, we used the CE and CL lines as a standard across the two replicate
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Phenotyping Table 4: Summary of GLMMs (Chi-
Factor p7 P8 square values) for the effect of assay
diet (A), evolutionary diet (D) and
Evo Diet (D) 0.26 8.45™ evolutionary age-at-reproduction (R) on
- ek lifespan across phenotyping sessions. *
15.66 28.63
Evo Repro (R) =P<0.05, **=P<0.01, ***=P<0.001.
Assay Diet (A) 3557.81"* 3761.66"*
Sex (S) 0.01 46.47**
D'R 413 0.49
D*A 2.08 9.73**
R*A 0.02 0.55
s'D 12.69*** 10.34**
S*R 1.63 16.94***
S*A 0.00 2.62
D'R*A 0.27 20.99***
R*A*S 0.44 0.59
S*D*R 4.43* 0.01
S*D*A 1.68 0.01
S*D*R*A 1.59 0.22

phenotyping sessions (see Materials and Methods). The plastic response
of the CE lines to assay conditions differed between the two phenotyping
sessions, despite a relatively short gap of only six generations (Table 1, Fig.
4). In the first phenotyping (P7) CE flies raised on the poor assay diet had
lower fecundity than those raised on the control assay diet at all three ages
(Fig. 4a:c; all p-values<0.001). In the second assay (P8), the same effect was
observed at early and post-selection ages (all p-values<0.001), but reversed
at the late reproduction time point (p<0.001; Fig 4d:f). This inconsistency is
also reflected in the observed differences between the CE and CL lines on the
control assay diet in the two phenotyping sessions (Fig. 5). While in P7 the
L lines reproduced less than E lines at the “Mid” time point and more at the
“Late” time point, the opposite effect was observed in P8 (Fig.5a, both p-values
<0.003). Therefore, although fecundity at all ages appeared to be determined
by interactions between evolutionary diet, evolutionary age-at-reproduction
and assay conditions (Table 3) likely reflecting actual adaptive responses to the
experimental evolution regimes, the lack of repeatability of the response of the
CE and CL lines hampers the the interpretation of the evolutionary significance
of the observed differences between EE lines.

Lifespan shows consistent effects across phenotyping sessions
Contrary to fecundity, the effect of assay diet on lifespan was qualitatively
identical for the CE lines across phenotypings P7 and P8 (Fig. 6). In both
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phenotyping sessions and for both sexes, development on the poor assay
diet increased lifespan relative to the control assay diet for CE lines (all
p-values <0.0001; Table 1). Furthermore, adding experimental evolution for
late reproduction to the control larval diet regime (CL lines) did not change
the plastic response to assay diet, as CL lines also showed extended lifespan
when raised on the poor assay diet relative to the control assay diet (all p-values
<0.001) however, selection for later age-at-reproduction increased lifespan
overall in both phenotyping sessions, in both sexes, and across assay conditions
(all p-values<0.01)(Fig. 6).

Next we examined how adaptation to either poor (PE, PL) or rich (RE, RL)
evolutionary diet influenced lifespan. We found that in both sexes and across
assay diets selection for later age-at-reproduction had been effective in
increasing lifespan (i.e. PL>PE; RL>RE) (all p-values<0.03; Fig. 6). This was not
a foregone conclusion, and shows that adaptation to age-at-reproduction is an
importantmodifier oflife history, even uponvariation in larval acquisition levels.
However, the magnitude of the effect was dependent on the evolutionary diet,
indicating a modifying role of nutrition during development for determining
lifespan (Table 4).

Adaptation to the poor larval diet results

in sex-specific changes in longevity

While the CE and CL lines showed consistent responses to selection across the
sexes, the response of PE and PLlines to selection was sex-specific relative to the
control lines (Table 4; Fig. 6a,b). In essence, the two sexes showed a completely
inverse pattern: in females PL lines showed lifespans indistinguishable from
CL lines (p=0.94), but PE lines had evolved increased lifespans relative to the
CE lines (p<0.0001) (Fig.6a), while In males, the exact inverse response was
observed: PE adapted lines showed no lifespan differences relative to CE lines
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Figure 7: Regression of mean lifespan
(x-axis) against mean developmental
time (y-axis) per line, sex, and assay
diet in P7 (a) and P8 (b). Blue, green
and red represent the poor (P),

control (C) and rich (R) EE larval diets
respectively. Closed and open circles
represent early (E) and late (L) repro-
ducing lines respectively. In all cases,
the slope of the regression of develop-
mental time against lifespan is positive

when lines are raised on the assay diet
matching their evolutionary diet. Under
other assay diets, the slope shows

no consistent direction, being either
positive, negative or flat. For example,
for the flies adapted to the poor evolu-
tionary diet (PE and PL lines) lifespan
and developmental time are positively
correlated on the poor assay diet, but
show a neutral (females) or negative
(males) slope on the control assay diet.

(p=0.96) but PL lines evolved shorter lifespan than CL lines (p=0.01) (Fig.6b).
These effects were consistent across both the poor and control assay diets.

The effects of adaptation to rich larval diet
on lifespan depend on assay conditions

In contrast to adaptation to the poor larval diet, adaptation to the rich larval
diet led to similar responses in each sex, but differences in the magnitude
of the response and strong interactions with the assay diet experienced
(Table 4 and Figure 6). Under poor and control assay conditions, selection
for late reproduction lead to identical increases in lifespan in RL lines to that
observed for CL lines in both sexes, however, under rich assay conditions, RL
flies evolved significantly shorter lifespans in males (p=0.002, Fig. 6d), and
nearly significantly shorter lifespans in females (p=0.08, Fig. 6c) than CL lines.
Selection on the rich larval diet and for early reproduction (RE) showed an
essentially inverse pattern, with the sexes displaying similar responses that
differed in magnitude (Fig. 6¢,d). In males raised under poor and control assay
conditions, RE lines evolved decreased lifespan relative to CE lines (p=0.003
and 0.004 respectively) while under rich assay conditions RE and CE lines did
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not differ (p=0.66, Fig. 6d). In females, RE and CE lines did not differ under
poor assay conditions (p=0.42), while under control assay conditions RE lines
exhibited shortened lifespan (p=0.02), and under rich assay conditions RE lines
had extended lifespan (p=0.01, Fig. 6¢). This is in direct contrast to flies adapted
to the poor diet (PE and PL) whose responses are consistent across both poor
and control assay diets (Fig.6a,b).

Lifespan and developmental time correlate positively when flies develop
in the evolutionary assay diet, but vary under the other assay diets

We also investigated the relationship between lifespan and development
time in P7 and P8 by correlating lifespan and developmental time on a per
line and per assay diet basis (Fig. 7). This revealed a very striking pattern —
for every evolutionary diet, there was a positive correlation between lifespan
and development time when flies experienced the same assay diet as their
evolutionary diet (binomial test: p-value = 0.03125), however, this relationship
broke down, or even reversed under the other assay diets (Fig. 7; binomial test:
p-value = 0.39). As an example, refer to the positive slope of the correlation
between lifespan and development time of the C lines (yellow lines) on the
control assay diet relative to the negative slope of these same lines under the
poor assay diet (Fig. 7a) Therefore, the positive correlation between lifespan
and development time is specific to the evolutionary dietary conditions the
lines experienced. These patterns held true for both sexes, despite the fact
that their lifespans had evolved differently. Unfortunately we could not apply
a similar analysis to fecundity versus lifespan or development time because of
the lack of consistency of the fecundity measure across phenotyping sessions.

DISCUSSION

By combining extensive replication at the level of EE treatments with repeated
phenotypings over multiple generations and across assay diets, we were able to
gain a nuanced understanding of the evolutionary responses to simultaneous
selection on larval diet and adult age-at-reproduction for important life history
traits. We found consistent evolutionary responses for the traits developmental
time and lifespan, but nor for viability and fecundity. For the former traits,
our results indicate that the effects of adaptation to developmental diet and
selection on age-at-reproduction are not independent of each other, but are
strongly interactive. This suggests that adaptation during one life stage may be
highly contingent on the selection pressures experienced in other stages, and
that trade-offs may also stem from the necessity to accommodate selection
pressures which select for differing adaptations. Furthermore, the evolutionary
response was often highly dependent on the assay environment, indicating that
phenotypic plasticity was affected as well. This was emphasised by the positive
correlation between developmental time and lifespan when lines were raised
in assay conditions matching their evolutionary diet, but a lack of consistent
correlation in non-evolutionary conditions.
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Larval survival is insensitive to our EE regime

In contrast to previous experiments which found that flies adapted to relatively
poor larval diets evolved increased larval survival (Kolss et al. 2009) we found no
evidence of consistent changes in larval survival in response to either selection
on larval diet, or age-at-reproduction (Table 2). It is important to note that we
deliberately chose our larval diets in such a way that they did not affect viability.
In contrast, the diet imposed by Kolss et al., (2009) contained considerably less
nutrients than our poor diet, and decreased larval survival by 20% in control
lines. Since we observed little difference in larval survival of CE lines across
assay diets (Supplementary Fig. 1) it is likely that there was very little direct
selection for increased larval survival in our experiment. While it is still possible
that changes in larval survival could have evolved as a correlated response to
other aspects of selection (e.g. in a trade-off with faster larval development or
longer lifespan) our results do not support this hypothesis.

Developmental time is specific to EE regimes and assay diets

Weobserved that the two divergentevolutionarylarval diets selected for opposite
adaptive responses in terms of developmental time. In the later generations of
EE (P6 onwards) we observed that PE lines developed faster than CE lines when
raised in the assay diet matching their evolutionary conditions (poor assay
diet), while the RE lines developed more slowly than CE lines on the rich assay
diet (Fig. 3). The faster development of PE lines on the poor assay diet parallels
the response observed by Kolss et al., (2009) when they adapted flies to severe
larval malnutritition. Kolss et al., (2009) suggested that the faster development
of poor-diet adapted flies was primarily due to truncation selection imposed
by the added pressure of having to reproduce at a very young age. Our study;,
however, shows that truncation selection is not the whole story since the PL
lines also evolve faster development on the poor larval diet, though to a lesser
extent than the PE lines (Fig. 3e). This suggests that even when the truncation
selection pressure is relieved there is still selection for faster development
on the larval diet, perhaps due to competition to access resources before
they are exhausted, or to spend more time in the nutritionally replete adult
conditions. The slightly increased developmental time of the RE lines relative
to the CE lines on the rich assay diet suggests that there is an adaptive benefit
to extending developmental time on nutrient replete larval diets. In fruit flies,
some of the energy for reproduction in early life comes from the larval fat body,
which is retained into early adulthood (Aguila et al. 2013; Aguila et al. 2007).
Thus, the extension of developmental time in the RE lines relative to the CE
lines may reflect selection to increase fat stores in the high sugar, high yeast
larval environment and thereby increase early fecundity. Indeed, the RE lines
do appear to have a fecundity advantage in early life (Fig. 4d) relative to the CE
and RL lines, although as mentioned in the results section, the interpretation of
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these differences is hampered by the inconsistency in the response of CE lines
across phenotypings.

The correlation between lifespan and developmental
time depends on the assay diet

For a long time, it was thought that developmental time and lifespan were
genetically linked and that longer developmental time and longer lifespan were
inextricably coupled (Lints & Soliman 1988). However, a series of experiments
employing both experimental evolution and environmental variation showed
that this relationship can be uncoupled (Zwaan et al. 1995; Zwaan et al.
1991). Our study provides further evidence for the environment specificity
of this relationship: when flies were raised in the assay diets matching their
evolutionary diets, lifespan and developmental time were indeed positively
correlated, however, under other assay diets, the correlation was unpredictable
and inconsistent (Fig. 7). That trait correlations in evolved versus novel
environments may be very different is a key prediction of quantitative genetic
theory (Armand et al. 1994; Fry et al. 1998; Mackay 2001; Sgro & Hoffmann
2004; Vieira et al. 2000). However, empirical evidence of such responses is still
rare (Sgro & Hoffmann 2004). Here we show that this is clearly the case for the
correlation between developmental time and lifespan. It then remains to be
explained why selection for increased age-at-reproduction (and by extension
longer lifespan) also selects for increased developmental time under matched
assay diets in our experiment. One possibility is that reproduction at 14 days
post-egg laying (E), the schedule to which the populations were adapted
prior to commencing EE, still presents relatively strong selection for fast
development. There is considerable theoretical and empirical evidence that
fast growth is costly, particularly in terms of lifespan (Lee et al. 2011; Metcalfe &
Monaghan 2003; Rollo 2002), thus it is plausible that by selecting for late rather
than early reproduction, selection for fast growth may be removed and possibly
even selected against because of its potentially negative affect on lifespan.
Alternatively, selection on increased age-at-reproduction, and by extension
lifespan, may actively select for longer developmental time, as increased
lifespan is often coupled with increased developmental time (Khazaeli et al.
2005; Lints 1978; Promislow 1993).

Fecundity: significant but inconsistent responses

We did not anticipate the lack of a consistent response of fecundity across
phenotyping sessions undertaken relatively closely in evolutionary time (Fig.
4). However, we argue that, in this particular case, the lack of a consistent
response is not evidence of a lack of response, but rather, a product of our
experimental design and the fickle nature of fecundity measurements/assays
in general. Indeed, previous EE designs selecting on later age-at-reproduction
have also found inconsistent responses of fecundity across generations (Leroi
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et al. 1994), or marked sensitivity to environmental variation (Armand et al.
1994). In both phenotyping sessions we observed strongly significant effects of
both age-at-reproduction and evolutionary diet (Table 3). For example, PE lines
appeared to have decreased fecundity relative to PL, CE and CL lines at all ages
(Fig. 4a:c). Given the large replication of our design (e.g. independent replicate
populations per EE treatment) these responses are unlikely to be artefacts.
Rather, we argue that the inconsistency could be merely a result of slight
changes in environmental conditions coupled with the fact that we measured
fecundity at three chronologically, rather than biologically determined time-
points. If variables affecting the duration, onset, or magnitude of fecundity, such
as temperature (Klepsatel et al. 2013) or humidity, differed slightly between the
phenotyping sessions the differences observed at chronologically determined
time points may not be consistent, despite the overall pattern of fecundity
remaining the same. This is illustrated schematically in Fig. 5b: the relative
differences between the two lines are identical across phenotypings, but in Fig.
5b.ii some hypothetical change in environmental conditions has lead to the
overall compression of the fecund period relative to Fig. 5b.i, thus changing the
relationship between the two curves at chronologically determined time points,
despite the overall biological relationship remaining the same. Given the large
size of our experimental design, phenotyping fecundity at the chronological
time points at which the flies would lay eggs in the course of experimental
evolution seemed a logical compromise, however, it is now a clear goal of future
work to measure fecundity across a broader time frame.

The magnitude of lifespan extension in response to selection for later age-
at-reproduction depends on evolutionary diet, assay conditions and sex

It was by no means a foregone conclusion that lifespan extension would still
occur when flies were also forced to adapt to poor or rich larval evolutionary
diets. Indeed, we hypothesised that by limiting acquisition and possibly
selecting for faster development, the poor larval evolutionary diet may even
prevent lifespan extension. However, we found that selection on increased
age-at-reproduction was effective in extending lifespan across all evolutionary
larval diets, in both sexes and across all assay diets (Fig. 6). Thus our experiment
adds to the long line of experiments demonstrating that selection on age-at-
reproduction can extend lifespan (Luckinbill et al. 1984; Partridge & Fowler
1992; Rose 1984). However, we show here that the extent of the response is
dependent on the sex of the flies (in the case of PE & PL lines) and the assay
diet (in the case of RL lines). Given that variation in diet quality is likely to be
frequent in nature (Reznick et al. 2000; Tessier & Woodruff 2002) this study
provides evidence that it can be an important player in life history evolution.

As we observed for developmental time, the effects of the poor and rich
evolutionary diets on lifespan differed. The effect of adaptation to the poor
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assay diet was sex-specific but similar across assay diets (Fig. 6a,b). In females
adaptation to the poor assay diet was not at all detrimental to lifespan and
even beneficial in the case of PE lines, which evolved longer lifespans than CE
lines. In males, adaptation to the poor larval diet lead to less lifespan extension
in PL lines than CL lines, while CE and PE lines did not differ (Fig. 6ab). A
general argument can be made that selection on age-at-reproduction should
affect lifespan more strongly in females than in males. For females, fitness at
the later age requires being both alive and reproductively active until that age.
The same is not necessarily true of males — females can utilize sperm from a
single mating for several days, so males do not necessarily need to be alive
at the later age to gain fitness, or indeed may gain more fitness by investing
more in reproduction than survival. It is therefore possible that when nutrient
availability is constrained males do not invest as much in lifespan as females, or
by contrast, that gene-by-sex interactions (GSI) exist (e.g. Nuzhdin et al. 1997),
such that extension of lifespan in females under low developmental nutrient
availability comes at the expense of male lifespan. For the RE and RL lines, by
contrast, we find no evidence of a potential trade-off between the sexes. This is
consistent with the idea that trade-offs often manifest themselves only under
poor conditions (Reznick et al. 2000).

The lifespan effects of adaptation to the rich assay diet were strongly dependent
on the interaction between assay environment and selection on age at
reproduction (Fig. 6¢,d) . On the rich assay diet, RL lines showed considerably
less lifespan extension than CL lines (significant in both sexes), while RE lines
lived longer than CE lines (significant in females only; Fig. 6¢,d). It is unclear
why lines adapted to the rich assay diet should show such divergent lifespan
responses when combined with selection for early and rich reproduction. It is
noteworthy that the plastic effect of the rich larval diet is to slightly decrease
lifespanrelative to the control diet, thus the increased lifespan of RE linesrelative
to CE lines may be as a result of selection against this effect, or a mitigation
of the detrimental effects of the rich larval diet for lifespan. Furthermore, the
relatively small lifespan extension of RL lines may also reflect the inability of
adaptation to mitigate completely the negative effects of the rich larval diet on
lifespan. Strikingly, however, the responses of RE and RL lines with respect to
CE and CL lines are completely reversed on the poor and control assay diets.
Under these conditions RL and CL lines have similar lifespans and RE lines
have shorter, rather than longer lifespans than CE lines. Again, this highlights
the prediction from quantitative genetic theory that trait responses may be
very different in evolved versus novel environments (Armand et al. 1994; Fry et
al. 1998; Mackay 2001; Sgro & Hoffmann 2004; Vieira et al. 2000).
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Evidence for trade-offs

For the traits we assayed, we observed no clear evidence of trade-offs. For
example, lines adapted to the poor larval diet were able to both extend lifespan
and speed up development at no cost to larval survival. However, it is quite
likely that trade-offs exist with other traits, which we did not measure, or with
fecundity, for which we obtained inconsistent results. For example, Kolss et al.,
(2009) found that adaptation to severe larval malnutrition decreased both adult
size and early fecundity. Indeed, in Drosophila, adult body size often shows a
strong positive correlation with developmental time (Hillesheim & Stearns
1992; Prasad et al. 2001; Zwaan et al. 1995), and body size, in turn, is generally
positively correlated with fecundity (Honek 1993; Robertson 1957). Thus it is
possible that the PE and PL lines have sped up their developmental time at
the expense of adult size, and, by extension adult fecundity. In fact, there does
appear to be some evidence that PE lines have decreased fecundity across the
lifespan (Fig. 4a:c).

CONCLUSIONS

By utilising the combined strength of extensive replication, multiple assay
environments, and assessment of evolution across multiple generations we
have been able to discriminate between transient and consistent effects of
adaptation to larval diet and age-at-reproduction. We show that the two life
stages do not act independently but rather interact to determine phenotypes
for both developmental time and lifespan, while larval survival and fecundity
show no consistent evolutionary responses. Increased lifespan in response
to selection on later age-at-reproduction is observed across all evolutionary
diets, however, the magnitude of the response is dependent on the sex, the
evolutionary diet, and the experimental assay conditions. Furthermore, across
evolutionary diets we find that the adaptive response to selection on increased
age-at-reproduction is increased developmental time, resulting in a positive
correlation between developmental time and lifespan when flies are raised on
the assay diet matching their evolutionary diet. However, on other assay diets
this relationship is inconsistent, as predicted by quantitative genetic theory.
Overall, we show that flies are not able to adapt to selection at two different
life stages independently, but rather, must integrate both into their life history.
Given that multiple selection pressures are likely the norm rather than the
exception in nature, this finding argues that trade-offs should be considered not
only between traits within an organism, but also between adaptive responses
to differing selection pressures. Furthermore, because variation in available
nutrition is so frequent in natural environments, we argue that this can play a
large role in shaping the evolution and diversity of life histories in nature.
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Phenotyping
generation P3 E=7 L=4 P6 E=30 L=15

0.93
0.90

0.87

Larval survival
(Proportion)

0.84

0.81

Poor  Control Rich Poor Control Rich

Phenotyping
generation P7 E=32 L=16 P8 E=38 L=19

0.95
0.95

0.50 0.90

0.85 0.85

Larval survival
(Proportion)
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APPENDICES

Appendix 1. Larval survival from egg to adult
(y-axis) across assay diets (x-axis) and phenotyping
sessions for each combination of evolutionary diet
(color) and age-at-reproduction (line type). Blue,
green and red represent the poor (P), control (C)
and rich (R) EE larval diets respectively. Solid and
dashed lines represent early (E) and late (L) repro-
ducing lines respectively. All error bars are standard
errors of the mean across replicate lines. For sim-
plicity, only phenotyping sessions carried out using
all three assay diets are included: P3 (a), P6 (b), P7
(c) and P8 (d). In general, larval survival remains
high across phenotyping sessions and assay diets
and shows no clear or consistent effect of EE.
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GENERAL DISCUSSION

The aim of this thesis was to increase our understanding of how developmental
diet influences life histories in the fruit fly. Within this broad mandate and
as outlined in the introduction, I addressed three main questions: first, to
what extent does the phenotypic effect of developmental diet depend on
the adult environment, second, does variation in developmental diet have
consequences for gene expression across the lifespan, and finally, how do life
histories evolve in response to variation in developmental diet? The first two
questions were addressed in the first three experimental chapters of the thesis
(Chapters 2 through 4) and lead to two main findings. First, developmental
diet does affect both adult phenotypes and gene expression in the fruit fly
across the lifespan, but except for at the very beginning of adult life, this effect
is considerably smaller than that of the adult environment, suggesting that
fruit flies retain extensive plasticity into adulthood. Second, in general, the
developmental and adult environments exert independent effects on both life
history traits and the transcriptome, suggesting that the effect of development
on late life health in flies is congruent with the “silver-spoon” hypothesis. The
last experimental chapter (Chapter 5) addressed the third question: how do
life histories evolve in response to variation in developmental diet, and how
does selection for increased age-at-reproduction during adulthood depend on
this (developmental) diet. The main finding here was that, in contrast to the
plastic response, individuals are not free to independently respond to variation
in developmental and adult conditions, but rather over evolutionary time the
adaptive responses to developmental diet are contingent on the selection
pressures experienced during adulthood and vice versa.

In this discussion, I will synthesise the findings across the experimental
chapters, and address how they relate to each other. Furthermore, I will discuss
some more general points that emerged, such as the potential importance of
allometry or tissue specific effects in mediating effects of larval diet, and the
difficulty of linking life history phenotypes to variation in gene expression.
Finally, I will address future directions suggested by this thesis, as well as the
potential insights that can be gained from this work in the context of theories
linking developmental conditions to late life health in humans.

Under and over-feeding during development:
similarities and differences

In Chapter 2, 1 showed that both the poor and rich larval diets lead to
increased developmental time and decreased adult size relative to the control
diet. Both of these responses are classically considered indicative of a sub-
optimal environment in flies and suggest that over and under-feeding during
development may share some similarities, a finding that has also been observed
in mammalian studies (reviewed in Ford & Long 2011). Indeed, this was also
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supported by patterns of variation in gene expression in early life (Chapter 3) as
the transcriptomes of poor-raised flies were more similar to rich than control-
raised flies in both sexes. However, the two diets differed in whether they also
showed “sub-optimality” of lifespan and fecundity relative to the control diet.
Surprisingly, flies raised on the poor larval diet lived longer (males and females)
and reproduced more at certain ages and under certain reproductive conditions
(females), while the rich-raised flies showed the opposite response. This effect
on lifespan and fecundity was also identified when these traits were measured
across adult diets (Chapter 4) indicating that these effects are robust.

Given the generally positive correlation between body size and fecundity in
insects (Honek 1993), the increased fecundity of the flies raised on the poor
larval diet, which are smaller, is surprising. Furthermore, their increased
fecundity does not appear to come at any cost to lifespan, giving the outward
appearance that that they have circumvented the general trade-off between
lifespan and fecundity (Roff 2001; Stearns 1992). However, acquisition-
allocation theory predicts that the appearance of an absence of such trade-
offs can occur when individuals differ in resource acquisition levels, as they
do in our experiment (de Jong & van Noordwijk 1992; Van Noordwijk & de Jong
1986). In general this theory relates to the apparent alleviation of the lifespan-
fecundity trade-off in individuals who acquire more resources, allowing them
to both reproduce more and live longer, but it is also allows for the possibility of
differing allocation strategies with a given amount of resources. Thus the poor-
raised flies may have allocated more of their limited resources to lifespan and
fecundity, at the expense of another trait or traits.

The role of the immune system

One possibility is that poor-raised flies may have invested less in their immune
system, allowing greater investment in reproduction, but at little cost in the
relatively clean (e.g. microbe-free) laboratory environment. The immune
system is costly, and competes with repair mechanisms (longevity assurance)
and fecundity for resources (Lochmiller & Deerenberg 2000; Moret & Schmid-
Hempel 2000; Norris & Evans 2000; Schwenke et al. 2015). Indeed, one of the
only other studies to address the consequences of developmental conditions
for gene expression found that the expression of candidate immune genes
in young adults is positively correlated with the protein content of the larval
diet and concluded that larval diet lead to a plastic reallocation of resources
to immunity (Fellous & Lazzaro 2010). In our study of the transcriptome in
late life (Chapter 4), immunity did not emerge as a major functional group
affected by larval diet across the lifespan. It should be noted however, that this
may be due to our emphasis on groups of co-expressed genes, rather than the
individual genes with the largest difference in expression across the treatments.
In fact, when I focused on this aspect of the transcriptome, immunity genes
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Figure 1: Proportion of flies killed by

1 1 infection with the gram positive bacteria
Enterococcus faecalis in female (a)
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were clearly overrepresented and their expression was lower in the poor relative
to the control and rich-raised flies (analyses not shown). This prompted me
to perform several extensive pilot experiments in which I septically infected
adult flies raised on the different larval diets with the gram-positive bacteria
Enterococcus faecalis. I found that the poor larval diet decreases the ability
to survive infection, while the rich larval diet increases it, significantly so in
females (Fig. 1a, GLM: F(2,12) =4.60, p=0.003), but not in males (Fig. 1b). These
results are consistent with differential allocation of developmentally acquired
resources to immune function on the one, and lifespan and fecundity on the
other hand. In addition, the fact that this effect is much more visible in the
susceptibility to infection of female than male flies suggests that fecundity is
a much more likely “beneficiary” of this resource re-allocation than lifespan
as the reproductive investment in females in much larger than in males. Thus
these experimental results show that (i) the poor larval diet is not unequivocally
“good” relative to the rich larval diet, and, (ii) that although lifespan and
reproduction are the “textbook” fitness traits to place on the opposite sides of
a trade-off, there are many other physiological and life history traits that may
play a role. The latter message too often goes unheeded in studies of ageing
and lifespan, perhaps because of the siren-song of cost-free lifespan extension.
There are certainly many examples of lifespan extension with no clear cost to
fecundity and vice versa (reviewed in Flatt 2011), however to my mind, in order
to establish the existence of truly “cost-free” lifespan extension, we must look
more carefully at the full life-history phenotype, beyond lifespan and fecundity,
across a range of different resource acquisition levels, and in environments
more similar to the environments in which the species evolved.

The role of the microbiome

Changes in immune function are also known to be related to the microbiome in
flies (Broderick et al. 2014), and the microbiome is known to be dependent on
diet (Chandler et al. 2011; Gilbert 2005), thus I hypothesised that one potential
reason for the change in immune function may be due to flies acquiring
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different microbiomes during development, and that this may also relate to
the observed lifespan differences. I assessed whether “curing” adult flies raised
on the different larval diets of their microbiome by antibiotic treatment had
any effect on the lifespan differences observed in Chapters 2 and 4. I reasoned
that if the effects disappeared, then they may have been due to changes in
the microbiome. I found no effect of the curing on the lifespan differences
we observed (unpublished data) however, a role for the microbiome cannot
be completely excluded as flies may have re-established similar microbiomes
after antibiotic treatment, or the effects may already have been established
during development or in early adulthood, prior to curing. Thus addressing
how developmental diet affects the microbiome requires further work.

The role of ribosomes, transcription and translation

Another clue about the potential mechanism underlying the lifespan extension
in poor-raised flies and the lifespan decrease in rich raised flies comes from the
finding in Chapter 4 that larval diet affects the expression of a cluster of genes
related to ribosomes, transcription and translation in both sexes, across adult
diets and in middle and old-age. The expression of this cluster is negatively
associated with the lifespan effects of larval diet, in a manner consistent with
the known effects of knock-down of ribosome and translation related genes in
model organisms - i.e. knockdown of the expression of ribosomal subunits or
transcription and translation machinery usually increases lifespan (Chen et al.
2007; Chiocchetti et al. 2007; Curran & Ruvkun 2007; Hansen et al. 2007; e.g.
Kaeberlein et al. 2005; Larson et al. 2012; McCormick et al. 2015; Pan et al. 2007;
Steffen et al. 2008). Given that the generation of ribosomes and transcription
and translation are fundamental cellular processes, it seems plausible that
changes in their expression may affect lifespan and fecundity. For example
in growing yeast cells, ribosomal RNA makes up approximately 80% of total
cellular nucleic acid and nearly 50% of all RNAP II transcription initiation
events occur on ribosomal protein genes (Lempidinen & Shore 2009; Warner
1999).

The question then becomes: why or how would larval diet affect expression
of these genes at middle and old-age. Because I used whole flies I cannot
exclude that these changes reflect larval-diet induced changes in the allometry
of certain tissues, however, given the ubiquitous and essential nature of
ribosomes and translation, no obvious candidate tissue presents itself.
An alternate hypothesis is that larval diet somehow affects the activity of
ribosomes. Ribosome expression level is known to be modulated in two ways:
for short-term regulation in response to dietary changes or stress, transcription
rate at already “active” rDNA is altered, while for more stable changes (such
as tissue-specific levels of expression) expression of ribosome protein genes
is turned either on or off through epigenetic changes that lead to an altered
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chromatin state (reviewed in Grummt & Ladurner 2008). For example, even in
rapidly growing yeast cells, about 50% of the rDNA copies are silenced through
epigenetic modification (Lempidinen & Shore 2009). Intriguingly, a recent study
in Drosophila found that increasing levels of dietary yeast during development
lead to increased expression of ribosomal RNA genes during development and
that this in turn is correlated with increased rDNA instability and loss of rDNA
copies in adults (Aldrich & Maggert 2015). Furthermore, the loss of rDNA copies
is known to be associated with the loss of heterochromatic induced silencing
(Paredes & Maggert 2009) and the loss of heterochromatin in turn, is known
to de-repress RNA synthesis and decrease lifespan in Drosophila (Larson et al.
2012). This has lead to the hypothesis that epigenetic preservation of genome
stability, especially at the rDNA locus, and repression of unnecessary rRNA
synthesis, might be an evolutionarily conserved mechanism for prolonging
lifespan (Larson et al. 2012). Thus one plausible hypothesis is that as yeast
concentration in our larval diet increased (poor -> rich) de-repression of RNA
synthesis was decreased during development, leading to loss or rDNA copies
in adults, resulting in the loss of heterochromatic induced silencing and de-
repression of rRNA synthesis in adulthood. At the moment this is very clearly
only a hypothesis, but measuring rDNA copy number in adult flies raised on
the different larval diets would give a relatively quick insight into whether
this mechanism may be important. If such differences exist it may also prove
insightful to look for such changes in the experimental evolution lines (Chapter
5) to determine whether such changes will persist and become fixed in the
genome.

Given the crucial nature of ribosomes, transcription and translation for cellular
growth and reproduction, it is difficult to reconcile the increased fecundity of
poor-raised flies with their down-regulation of these processes. One possibility
is that the increased lifespan of the poor-raised flies may be mediated via the
ribosomes and the increased fecundity via the immune response “savings”
discussed above - i.e. the lifespan and fecundity effects may be underpinned
by different processes.

Young adulthood as a unique epoch in the life of a fly

In Chapter 3, I showed that most of the variation in gene expression in young
adult flies is attributable to larval and not adult diet, while, in Chapter 4, I found
that this pattern is reversed at both middle- and old-age. This suggests that the
beginning of adult life is a unique phase in which gene expression is still largely
dependent on developmental conditions. Furthermore, comparison with the
middle- and old-aged time points with PCA analysis shows that the first day of
adult life is unique not only in the relative magnitude of the effects of larval and
adult diet, but also in its overall expression (Males: Fig. 1a; Females: Fig. 1b).
Indeed, this large distinction (PC1 explains 66% of all variation in males and
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Figure 2: Plots of PC1 versus PC2

in males (a) and females (b) when
samples taken at one day of age,
middle-age, and old-age are normalised
together. In both sexes PC1 explains
most of the variation in expression

and clearly divides samples taken at
one-day old from the rest.

43% in females) formed the rationale behind analyzing the early and later life
transcriptomes separately.

I hypothesised that the large effect of larval diet in early life may be due to
the carry over of larval tissues into adulthood, thus affecting the whole body
transcriptome either through changes in regulation of the tissues, or through
changes in their overall size induced by larval diet. Such changes are clearly
plausible, as for example, Zwaan et al., (1991) showed that overall fat content
(arguably related to the size of the fat body) later in life is influenced by both
developmental density and diet. In females I hypothesised that the effects of
the developmental diet on the young adult may be mediated by either changes
in ovariole number due to larval diet (thus changes to the adult tissue, not
carry-over of the larval tissue) or due to the carry-over of the larval fat body
from development into adulthood. In males tissue-specific expression profiles
suggested a role for the malpighian tubules, the gut and the larval fat body;, all
of which are known to survive pupation and persist into adulthood (Aguila et
al. 2013; Aguila et al. 2007; Klapper 2000; Nelliot et al. 2006; Riddiford 1993).
The relative absence of such effects later in life suggests that this is purely a
transient phenomenon. In the case of the larval fat body, the transience of the
effect is expected, as it disappears within one week of adulthood (Aguila et
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al. 2007). However, there is no evidence that the gut and malpighian tubules
are later lost, thus if the tissues are being carried over, one might expect the
expression changes to persist, especially if they are due to changes in allometry.
Intriguingly though, in males there is evidence that alongside the effect of larval
diet on probes with high expression in these tissues, there is also a concomitant
and independent effect of adult diet. Thus one hypothesis is that while flies
carry these larval tissues over into adulthood, they adapt them to prevailing
adult conditions upon emergence. Indeed, a recent study by van den Heuvel
et al., (2014) found that when maintaining flies on a so-called “yo-yo” diet, in
which they switch between different diets every week of adult life, the first diet
experienced after eclosion determines both the manner and extent to which
life-history traits vary. The authors suggested that it might be beneficial for a
short-lived organism to be able to alter life-history decisions in response to
early adult experience. Thus one possibility is that flies “adjust” tissues carried
over into adulthood to the prevailing adult environment, which is especially
interesting in the case of the gut, as it has been shown that regional expression
patterns are not set until approximately three days after eclosion (Buchon et
al. 2013). To test this hypothesis it would be useful to employ a similar yo-yo
design to that employed by van den Heuvel et al., (2014) and address whether
certain tissue-specific aspects of the transcriptome are “set” during early life.

Despite the relative transience of the effect of larval diet on the adult
transcriptome, it may still have important consequences for our understanding
of life history evolution. For example, in my experimental evolution regime
(Chapter 5) flies selected for early reproduction have only four days of adult
life prior to laying eggs for the next generation, thus these differences in
expression in early life might be important constraints or determinants of the
potential response. Furthermore, a more practical point is that (uncontrolled)
differences in larval diet may explain inconsistencies observed between studies
of adult traits, especially when they pertain to early life phenotypes and gene
expression. In the fly literature there is no defined developmental diet, thus
slight differences in the developmental diet used may have profound effects, at
least for early life responses. Thus the fly community may also benefit from a
“defined” developmental diet, as has been proposed for studies addressing the
effects of diet in adults (Bass et al. 2007; Piper et al. 2014).

Adapting to selection in both development and adulthood

In Chapter 5, I addressed how life history traits evolved in response to
adaptation to different levels of larval acquisition combined with classical
selection for early and late-life reproduction. Most Experimental Evolution (EE)
studies address only a single environmental manipulation, however, individuals
likely need to cope with several different selection pressures at the same time,
and, furthermore, must balance the costs and benefits of adaptations in one
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stage such as development, with their consequences in another stage, such
as adulthood. T showed that the response to selection depended on both
the developmental and adult selection regime, however, the interactions
were generally of “magnitude” rather than of “sign”. This is surprising given
previous studies which suggest that there may be a conflict between the two
selection pressures: low developmental acquisition levels tend to select for
faster development (Bochdanovits & de Jong 2003; Kolss et al. 2009) while
faster development is generally associated with shorter lifespan (Lints 1978)
(but see Zwaan et al. 1991)). Despite this potential conflict, lifespan extension
was achieved across all acquisition levels and flies adapted to the poor larval
diet and late reproduction were able to both extend lifespan and decrease
developmental time simultaneously, suggesting that such perceived conflicts
are not set in stone, and are highly dependent on the actual experimental
evolution regime employed.

These lines continue to evolve in the laboratory and intermittent phenotypings
(unpublished data) show that the life history responses identified in this thesis
persist. One intriguing question for further work is whether fecundity has or
has not evolved - I found no consistent evidence of this, but argued that it was
due to the experimental design employed. It seems unlikely that no changes
in fecundity have evolved, and the transition from poor larval food conditions
to the control diet in combination with early reproduction requires particular
further attention as the most likely place in which trade-offs may be involved.
Furthermore, as mentioned in the introduction, evolve and resequence (E&R)
approaches allow the identification of the pathways and processes accessible
to evolution in natural populations (Kawecki et al. 2012; Long et al. 2015). An
exciting future direction that is ongoing is to apply E&R to these populations
in order to identify the underlying genomic changes involved in mediating the
phenotypic changes. Because of the full-factorial design employed here these
lines offer especially attractive candidates for E&R, especially with respect
to understanding the evolution of increased lifespan, as both shared and
unshared genomic changes correlated to lifespan extension can be expected
depending on the specific combination of acquisition and selection on age-
at-reproduction involved. Thus the analysis of the EE lines as described in this
thesis represents an essential and solid basis with respect to what we can learn
from them, and they will hopefully provide a resource for understanding the
nature of the relationship between acquisition levels and lifespan for many
years to come. This is a badly needed and essential addition to the “knock-in/
knock-out” mutagenesis approaches in model organisms that have provided
crucial insights into public and private pathways and processes that are involved
in determining lifespan (Kuningas et al. 2008; Partridge & Gems 2002), but for
which it is unclear and under-researched whether they explain the variation in
lifespan and other life history traits in natural populations, including those in
humans.
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The difficulty of matching gene expression
to phenotype in life history traits

In general, transcriptomic studies aim to link expression variation with
phenotypic variation. While not one of the main goals of this thesis, an
important conclusion is that this is far from a straightforward exercise,
especially when addressing life history traits, which likely are a reflection of
the overall physiological status of an individual. In our studies we used whole
bodies of flies for gene expression analysis, both because there was no a priori
hypothesis about which tissues or mechanisms might play a role, and because
this could yield an idea of the systemic response. Of course the potential short-
coming of this approach is the inability to discriminate between expression
changes due to regulation or allometry (Harrison et al. 2015), however, the
opposite end of the coin is that it can point at tissues that may play a role at
a systemic level. Two alternatives to our approach are the use of single tissues
(e.g. Robinson et al. 2013) or, as has recently become possible, single cells (e.g.
Xue et al. 2013). The tissue-specific approach is powerful when there is a good
a priori reason to suspect the involvement of a certain tissue, however, tissues
are also generally composed of a mix of different cell types, thus the potential
still exists to measure overall differences in cell type populations, rather than
identifying true “effector” genes (Harrison et al. 2015). The single-cell approach
avoids problems of allometry within the sample itself and gives exciting insight
into cellular physiology, but contains little information about the physiological
status of the whole individual. Ideally, one would apply a combination of all
three approaches to gain a more nuanced understanding of the link between
gene expression and phenotype. Furthermore, to gain true understanding, it
appears we may have to take a step backwards from exciting new technologies
and look more deeply at phenotypes - or at least to consider phenotypes and
gene expression together. For example, by using three diets instead of two as in
our study, we show that most variation in gene expression is not linearly related
to the observed phenotypic differences between diets: i.e. in male fruit flies
we see considerable changes in testes-related genes across the lifespan whose
expression shows no linear correlation with the observed lifespan differences.
Thus studying phenotypes and expression together, with more than two
treatments, is essential for studies that aim to make such links.

PARs, silver spoons, and where to look next
for long-term effects on phenotypes on late life health

This thesis was embarked upon in the context of theories linking the observed
effects of poor developmental conditions in humans to increased risk of
metabolic disease in adulthood, primarily the “Silver Spoon” and “Predictive
Adaptive Response” hypotheses (reviewed in Monaghan 2008). Briefly, the
predictive adaptive response hypothesis predicts that in utero, humans use
cues about the future environment to develop a phenotype that will be well-
suited to the predicted conditions, but with fitness consequences in the case of
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an incorrect prediction (Bateson et al. 2014; Gluckman & Hanson 2004), while
the silver spoon hypothesis predicts that individuals that develop under good
quality conditions will have an advantage across adult conditions and vice versa
(Grafen 1988). Flies are clearly not humans, and have evolved in a very different
ecological context, thus whether or not flies exhibit PARs (it appears they do
not; this thesis) does not tell us anything about whether or not we can expect
the existence of PARs in humans (though there is a relatively convincing body
of literature stating that they are unlikely (Hayward & Lummaa 2013; Hayward
et al. 2013; e.g. Rickard & Lummaa 2007; Wells 2012)). However, as research on
flies has helped to identify dietary restriction, insulin signalling (IIS) and TOR
pathways as important modulators of mammalian and possibly human lifespan
(Fontana et al. 2010; Partridge et al. 2011), it can also serve as a tool to identify
potential future directions for understanding the link between development
and late life health in humans. One might expect that the mechanisms involved
may be the same, even if the way in which they are used differs: e.g. to respond
to variation in diet, individuals use conserved nutrient sensing mechanisms,
but depending on their evolutionary history, differ in how they use them (e.g.
van den Heuvel et al., 2016, submitted theoretical model). In any case, the work
in my thesis is one of the first, if not the first, to partition the variation in gene
expression to developmental and adult diets across the lifespan. Moreover, in
general the effects of “developmental exposures” on the epigenome and gene
expression are exclusively measured in late-life and lack (for understandable
reasons) a longitudinal component. I show that long-lasting effects on gene-
expression can be found, but that linking them “as is” to observed phenotypes
is likely to lead to spurious conclusions. Thus the possibility that many of
the observed differences in molecular (epi) genetic and even physiological
measures may merely reflect the “shadow of development past” should serve as
both a source of caution and a thoughtfully considered competing hypothesis
for researchers attempting to link long-term epigenetic changes to late life
health.

In addition to these more general points on the value and possible impact of my
work, I think there are two more specific insights to be gleaned from my thesis.
First, I show that the expression of ribosomes, transcription and translation
are affected across the lifespan by larval diet in both sexes and are correlated
with lifespan. Given the conserved functional role of the transcriptional and
translational machinery across eukaryotes, coupled with the recent discoveries
that similar to mutations in TOR and IIS, knock-outs of ribosomes and
translational machinery increase lifespan (Chen et al. 2007; Chiocchetti et al.
2007; Curran & Ruvkun 2007; Hansen et al. 2007; e.g. Kaeberlein et al. 2005;
Larson et al. 2012; McCormick et al. 2015; Pan et al. 2007; Steffen et al. 2008), this
may be an intriguing area to investigate in “higher” organisms such as mice or
rats. Second, our use of whole flies suggested that some of the long-term change
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in gene expression were related to certain tissues (i.e. the testes in males). While
this response was not correlated to variation in lifespan, it does suggest that
developmental diet might disproportionately affects certain tissues. Indeed, a
tissue-specific explanation was one of the first proposed, when Barker et al.,
(1989) discovered the link between low birth weight and cardiovascular disease
many years ago. [t was suggested that individuals in a poor in utero environment
prioritise the brain at the expense of other tissues, and that the “compromised”
tissues may form the source or cause of late-life disease (Hales & Barker 1992;
Osmond & Barker 2000). This angle has since been relegated to the back-burner
but might deserve re-examination. This would require extensive phenotypic
analysis of the relative size and composition of different tissues in response to
variation in the developmental environment. It is noteworthy in this respect
that in one of the best studied tissues in humans, blood, differences in cell type
and counts are treated as confounding rather than explanatory variables.

CONCLUSIONS AND FINAL REMARKS

In this thesis I have shown that developmental diet affects both adult
phenotypes and gene expression in fruit flies, whether experienced within a
single generation, or across multiple generations. For plastic responses, the
developmental and adult environments exert largely independent effects on
phenotypes and gene expression suggesting that flies retain extensive plasticity
into adulthood. Furthermore, the effect of adult diet is generally much larger
than that of developmental diet, suggesting that while effects of developmental
diet do exist, they are dwarfed by adult plasticity. Furthermore, most long-
term effects on gene expression show no linear correlation with phenotypes,
however I do identify along-term effect of developmental diet on the expression
of ribosomes and transcription and translation related genes that is correlated
with the lifespan effects of larval diet, suggesting that these genes may play a
role in modulating the long-term effect of diet, and that they deserve further
consideration. Most excitingly, in the last experimental chapter I begin to
categorise responses to developmental diet over evolutionary time, showing
that the extent of lifespan extension in response to selection on increased age-
at-reproduction is dependent on evolutionary larval acquisition levels. This
analysis is only the tip of the iceberg and offers great potential to understand
how organisms cope with variation in acquisition over the long-term, but also
which genes and pathways underlie this process. It is hoped that this thesis
has provided a thorough baseline for the types and magnitude of responses
that can be expected in response to developmental diet. Future work should
address the candidate mechanisms identified in this thesis further, as well
as make full use of the extraordinary potential of the experimental evolution
lines, for example by identifying the genomic changes underlying the observed
evolutionary phenotypic responses.
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SUMMARY

Long-term effects of developmental diet on adult life history traits and health have
been identified across arange of organisms, including humans. However, there has
been considerable debate about the adaptive significance of such effects and the
mechanisms responsible. In particular, we still lack insight into whether and how
much such effects depend on the adult environment (as has been hypothesised to
be the case in humans), and if and how such effects manifest as long term effects
on gene expression, a proposed mechanism for the long-term effects.

The aim of this thesis was to use the fruit fly, Drosophila melanogaster,
as a model to gain insight into the effects of developmental diet on adult
phenotypes and gene expression, and if and how this effect is also contingent
on the actual adult environment experienced. I addressed this question
from two angles by assessing the effects of developmental diet both within a
single generation (plasticity) and when experienced across many generations
(adaptation). Chapters 2, 3 and 4 address the plastic effects of developmental
diet on phenotypes and gene expression across adult diets and across the
lifespan, while Chapter 5 uses experimental evolution to address how flies
adapt to differing larval diets over many generations, and how this interacts
with classical selection for increased age-at-reproduction. Throughout the
thesis I used the same three diets (poor, control, and rich) which differ 10 fold
in the amount of sugar and yeast they contain and thus represent drastically
different nutritional environments.

Chapter 2 begins by determining the general effects of the three diets used
throughout this thesis on both developmental and adult traits. It addresses
the fundamental question of whether variation in developmental diet affects
developmental and adult life history traits, with a particular emphasis on
whether the effect of developmental diet depends on the reproductive
potential of the adult environment. I found that both the rich and especially
the poor developmental diet lead to what would classically be considered
negative effects on developmental traits relative to the control - both slowing
development and decreasing adult size in young adulthood, however, their
effects on adult traits were distinct: the poor larval diet lead to increased
virgin lifespan and increased female fecundity at certain ages and in certain
adult reproductive environments relative to the control, while the rich larval
diet had the opposite effect. This suggests that while over- and under-feeding
share certain similarities with respect to their effects on traits in early life,
their long-term effects differ. It also indicates differing nutritional optima
between the developmental and adult stage in flies, as the poor diet is known
to drastically decrease both lifespan and fecundity when experienced during
adulthood, but is shown here to be largely beneficial for these traits when
experienced in development. In addition, we found that the adult reproductive



environment was considerably more important for determining traits than the
developmental environment, thus, while long-term effects of developmental
diet do exist, they are marginal when related to the plastic response effected in
adulthood - a recurring theme in this thesis.

In Chapter 3 the focus shifts from the effect of developmental diet on life history
traits to its effect on the adult transcriptome. It has frequently been proposed
that long-term effects of developmental diet on adult phenotypes are mediated
by changes in gene expression. Thus, in this chapter I addressed the scope for
such effects in fruit flies, by determining the relative effect of developmental
versus adult diet on gene expression in very young adult flies (one-day old) in
both sexes. I used a full factorial design combining three larval and three adult
diets (9 treatments total). I found that the largest contributor to transcriptional
variation in one day old flies is larval, not adult diet, especially in females.
Furthermore, the global effect of increasing caloric content of the larval diet
on gene expression was not linear, but rather followed the same pattern as that
observed for developmental phenotypes in Chapter 2 (i.e. rich-raised flies were
intermediate between poor and control) suggesting that calories per se do not
drive global patterns of gene expression variation. Next, using Weighted Gene
Correlation Networks Analysis (WGCNA) I identified modules of co-expressed
genes whose expression was affected by larval or adult dietary conditions. In
females, larval diet modulated the relative expression levels of reproduction
versus non-reproduction related genes, while in males a large portion of
the transcriptome was unaffected by dietary conditions, suggesting a lesser
role for both larval and adult diet in affecting gene expression. The modules
affected by diet in males related primarily to nutrient sensing and metabolism
and showed no evidence of the reproduction and cell-cycle related processes
identified in females, however, their expression in external tissue specific data
sets suggested a role for the gut and fat body in mediating the effects of diet in
males, potentially through the carry over of the larval versions of these tissues
into adulthood. Overall, these results suggested that there is scope for long-
term effects of developmental diet on gene expression, which is necessary for
all hypothesised mechanisms that link developmental conditions to late-life
health and disease.

Chapter 4 combines phenotypic and transcriptomic approaches to look at the
longer term effects of developmental diet in adulthood. Using the same full
factorial approach applied in Chapter 3, I assessed virgin and mated lifespan
and fecundity as well as gene expression at middle and old age. I found that for
themost partlarval and adult diet exerted independent effects on the phenotype
and on gene expression, and thus there was no evidence for Predictive Adaptive
Responses (described in Chapter 1) operating in Drosophila melanogaster.
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Rather, the responses followed the silver spoon hypothesis which predicts that
the effect of developmental conditions will be similar across adult conditions.
Furthermore, in contrast to the beginning of life (Chapter 3), adult diet
explained considerably more variation in gene expression and phenotypes
than larval diet, showing that flies retain extensive plasticity into adulthood,
and suggesting that the long-term effects of developmental diet likely reflect
the inability or lack of incentive to erase such effects, rather than an adaptive
response. I did identify some genes that retain a legacy of developmental diet in
their expression into middle and old-age. Many of these genes show no linear
correlation with the observed phenotypic responses, however, in both sexes, I
identified a cluster of genes whose expression was negatively correlated with
the observed lifespan differences and that were 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 increases lifespan
these genes provide promising candidates for mediating the long-term effects
of larval diet on lifespan. As these processes are highly conserved across the
tree of life our results may be relevant for other species as well, including for
humans.

In Chapter 5, I address the evolutionary, rather than the plastic response to
developmental diet by evolving flies on the three different larval diets in
combination with selection for early or late age-at-reproduction in a full factorial
design. This approach addresses how life histories evolve under different levels
oflarval acquisition, as well as how individuals cope with potentially competing
selection pressures experienced at two different life stages. I found that the
two life stages do not act independently but rather interact to determine both
developmental time and lifespan. Across all evolutionary developmental
diets, selection for later age-at-reproduction increased lifespan, however, the
magnitude of the response was dependent on the sex, the evolutionary diet,
and the experimental assay conditions. Developmental time from egg-to-
adult also showed a similar dependency on both evolutionary diet levels and
selection on age-at-reproduction. Given that multiple selection pressures are
likely the norm rather than the exception in nature, this finding argues that
trade-offs should be considered not only between traits within an organism, but
also between adaptive responses to differing selection pressures. Furthermore,
because variation in available nutrition is so frequent in natural environments,
we argue that this can play a large role in shaping the evolution and diversity of
life histories in nature.

In the discussion in Chapter 6 I synthesise the findings across the experimental
chapters, and address how they relate to each other. I also discuss some more
general points that emerged, such as the potential importance of allometry



or tissue specific effects in mediating effects of larval diet, and the difficulty
of linking life history phenotypes to variation in gene expression. Finally, I
point out future directions suggested by this thesis, as well as the potential
insights that can be gained from this work in the context of theories linking
developmental conditions to late life health in humans.
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