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Investigating Physiological and Life History Tr&esponses to Starvation and Dietary
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University of Nebraska, 2010
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Artificial selection for starvation resistance piaed insight into the relationships
between evolved physiological and life historyttrasponses following exposure to
biologically induced stress. Investigations of @tens to body composition, metabolic
rate, movement, and life history traits includireydlopment time, female egg
production, and longevity in response to brief pesi of starvation were conducted on
genetically based starvation-resistant and cofitre$ of Drosophila melanogaster.
Analysis of the starvation-resistant lines indidatecreased energy storage with
increased triglyceride deposition and conversiocanbohydrates to lipid, as identified
by respiratory quotient values. Correlations betwegluctions in metabolic rates and
movement in the starvation-resistant lines, suggktte presence of an evolved
physiological response resulting in energy congemalnvestigations of life history
traits in the starvation-resistant lines indicatedsignificant differences in development

time or reproduction between the selected and cbliies. Measurements of longevity,



however, indicated a significant reduction in stdian-resistanD. melanogaster

lifespan. These results suggested that elevatetdgmcentrations, similar to that
observed with obesity, were correlated with premeatoortality. Exposure of the
starvation-resistant and control lines to dietpéeipented with glucose, palmitic acid,
and a 2:1 mixture of casein to albumin were usdduestigate alterations in body
composition, movement, and life history traits. ®esobtained from this study indicated
that increased sugar in the diet led to increaaddoofydrate, glycogen, total sugar,
trehalose, and triglyceride concentrations, whitsreéased fat and protein in the diet
resulted in increased soluble protein, carbohydgiyeogen, total sugar, and trehalose
concentrations. Examination of life history trasponses indicated reduced fecundity in
females exposed to increased glucose concentratrarsased supplementations of
palmitic acid was consistently correlated with aerall reduction in lifespan in both the
starvation-resistant and contifosophila lines, while measurements of movement
indicated increased female activity levels in fliegposed to diets supplemented with fat
and protein. Analyses of the physiological and lifgtory trait responses to starvation
and dietary supplementation Bmosophila melanogaster used in the present study has
implications for investigating the mechanisms uihdeg the development and

persistence of human obesity and associated metaibrders.
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Chapter 1.

Introduction



Obesity prevalence and associated risk factors

Over the past three decades, the world has witdesdeamatic increase in the
prevalence of obesity within the human populatdfafg & Beydoun, 2007). Current
estimates indicate that approximately 400 milli@ople worldwide are identified as
clinically obese, with an additional 155 millionilciten recognized as either overweight
or obese (Seidell, 2000; Hossain et al., 2007; elog&kWijmenga, 2009). As such,
obesity has reached epidemic proportions and isvmel to continue to increase in
prevalence due to the 1.1 billion individuals weride that are currently identified as
overweight (Hossain et al., 2007). Obesity is #aaling risk factor for the development
of insulin resistance resulting in type |l diabetagertension, hyperlipidemia,
cardiovascular disease including atherosclerosis cartain forms of cancer (Baker &
Thummel, 2007; Bharucha, 2009; Hong & Park, 205@tistical correlations between
obesity and mortality rates indicate obesity deading risk factor for premature death,
with some experts suggesting it to be the secaatirlg cause of preventable death
(Wang & Beydoun, 2007). Currently, obesity is netagnized as a cause of death in the
International Classification of Diseases estabtishy the World Health Organization,
nor can physicians determine cause of death tarbetly associated with obesity, so
implications of this disease as a leading cauggefentable deaths is based solely on
statistical correlations.

Genetic and environmental interactions are thearoantributors to the
development and persistence of obesity (Hong & F20k0). Studies conducted in mice

and other model organisms have indicated that gealétrations can have a dramatic



effect on the amount of food consumed, energy edipge and utilization of calories,

and the amount of lipid storage within adiposeugsgHong & Park, 2010). Genetic based
predispositions to increased caloric intake anid lgborage are correlated with an
increased prevalence of obesity. Additionally, i@ans in energy expenditure can result
in increased fat deposition within the individuaddling to the development and
persistence of this disease. Reductions in execcigpled with a positive energy balance
due to greater food intake are correlated withdased risk for the development of

obesity and associated metabolic diseases (Honark, R010).

Drosophila melanogaster as a model for studying metabolism

The increased prevalence of obesity within the &mupopulation has led to
renewed interest in understanding the moleculathar@sms underlying this disease.
Researchers are currently utilizing model organisimesnduct phenotypic perturbations
to gain insight into correlations between genetid anvironmental alterations and the
resulting physiological responses. One model thatdecome important for use in the
investigation of metabolism is the fruit flprosophila melanogaster (Baker &
Thummel, 2007). This organism is ideal for metabsetudies in that the central pathways
of intermediary metabolism, including the metabalnd signaling pathways associated
with fat metabolism, adipocyte development, andlinssignaling have been conserved
throughout evolution (Ruden at al., 2005; Baker&uimmel, 2007). In addition to the

conservation in metabolic pathways and signalirsgades, a strong genetic association



has been established where approximately 61 peoféntman genes implicated in
disease development have homologs or orthologsifigehin Drosophila melanogaster.

The conservation in metabolic pathways and moledutection of specific
components is illustrated in similarities betweamians androsophila in nutrient
uptake, transport, and storage (Ruden et al., 2Baker & Thummel, 2007). Digestion
and absorption of dietary derived nutrients ocauithe midgut oDrosophila. This
organ is the functional equivalent to the stomauth mall intestine in mammals in that
both are involved in the catabolism of food andogpon of nutrients (Baker &
Thummel, 2007). Following absorption, nutrients aemsported through the
haemolymph to the fat body in lipophorin particlesijch are similar in structure and
function to the low and high density lipoproteinshuman circulation (Baker &
Thummel, 2007). Within the fat body, lipids andlzatnydrates are metabolized and
stored in the form of triglycerides and glycogerspectively (Ruden et al., 2005; Baker
& Thummel, 2007).

The main objective of this research is to invegggohysiological and life history
trait responses to starvation and dietary suppléatien in the context of an obese
phenotype. The following sections provide an ovemwof metabolism ifbrosophila
melanogaster focusing on metabolic organ structure and functinatabolic pathways of
lipid, carbohydrate, and protein synthesis and aldafion, and a description of energetic
homeostasis and responses to starvation. Eacbsedti additionally discuss
similarities betweerosophila and humans to illustrate the importance of thgaorsm

in studying human metabolic diseases. Investigataircorrelations between phenotypic



perturbations including starvation and dietary sem@ntation with body composition,
life history traits, and movement will provide ight into the molecular mechanisms

underlying the development and persistence of bpesi

The Drosophila fat body

Prior to metamorphosis Drosophila, the larva possess a fat body that performs
similar metabolic functions as those occurringhea &dult fly (figurel.1). During
metamorphosis, the organism undergoes a serigaumiatic changes that ultimately
result in alterations to tissues and organ strestudne example of this change is the
autophagy of the larval fat body and the formabbthe adult fat body de novo
(Bharucha, 2009). Contrary to the discrete locatibtine fat body within larvae, the adult
fat body is more dispersed throughout the orgariBnarucha, 2009). Sheets of adipose
tissue composed of adipocytes are distributed meah the integument and surrounding
the gut and reproductive tract within each indiabily (Arrese & Soulages, 2010; Hong
& Park, 2010). The thin lobes of the fat body tesswe maintained in close proximity to
the haemolymph, allowing for an effective exchaafjeutrients between the fat body
and the insect blood (Arrese & Soulages, 2010)hWithe fat body, the capacity for
lipogenesis is higher than glycogen synthesis pid droplets occupying the majority
of the intercellular space. The remaining spadhiwthis organ consists of a small
concentration of glycogen and protein granulesgger& Soulages, 2010).

Intermediary metabolism is modulated in the fadypthrough the regulation of

carbohydrate metabolism, protein synthesis, andi@@tid and nitrogen catabolism



(Arrese & Soulages, 2010). In order to efficienthgulate metabolic activities, the fat
body must possess nutrient sensors to determinauthidonal status of the organism.
Amino acid transporters located within the membraingne fat body act as nutrient
sensors stimulating the fat body to store nutrigrten food is plentiful, and release
energy during times of nutrient deprivation (Arré&s&oulages, 2010). Regulation of
carbohydrate metabolism within the organism ocautke fat body where signals are
generated to stimulate insulin producing cellshim brain to secrete insulin-like peptides,
thus promoting carbohydrate uptake and storageplda& Perrimon, 2007; Bharucha,
2009; Hong & Park, 2010). Beyond the regulatoryperties of the fat body, this organ
also serves an endocrine function through the ptomlu of antimicrobial peptides. These
particular proteins are involved in the detoxifioatof nitrogen metabolism resulting
from intercellular protein degradation (Arrese &ufames, 2010). Based on similarities in
metabolic functions, thBrosophila fat body has been equated functionally to the huma

liver.

Lipid metabolism

One of the main functions of the fat bodyDnosophila is to store lipids in the
form of triglycerides (Hong & Park, 2010). As suthis organ shares analogous
functions with mammalian white adipose tissue. Agpnately 6.5 percent of adult
Drosophila melanogaster body weight is composed of lipid (Baker & Thumn007).
The proportion of dry mass accounted for by ligidypproximately 50 percent with 90

percent of all stored lipids within in the organigientified as triglyceride molecules



(Arrese & Soulages, 2010). Stored triglyceridesimithe individual are derived form
dietary carbohydrates, fatty acids, or proteinuffeg1.2) through various metabolic
conversions (Arrese & Soulages, 2010).

Triglycerides are stored within ti&rosophila fat body in intercellular lipid
droplets (Arrese & Soulages, 2010). Similarly inrtans, triglycerides accumulate in
storage vesicles surrounded by a monolayer of gtodigds. However, the composition
of the lipid droplets irDrosophila are more structurally similar to human lipoproteins
rather than lipid storage vesicles, in that thayststs of a core of neutral lipids,
triglycerides and cholesterol esters, surrounded impnolayer of phospholipids and
embedded proteins (Arrese & Soulages, 2010). Ponbedded in the surface of the
Drosophila lipid droplet consist of Lsd1 and Lsd2 which atentified as PAT family
proteins (Bharucha, 2009). Lsd2 is a homolog to mafian perilipin and is thought to
promote lipid accumulation within the intercellulgrid droplets (Arrese & Soulages,
2010). Lsd1 serves an opposing function in thptamotes lypolysis and the release of
stored triglycerides to be used for energy produmc(Bharucha, 2009). Liberation of free
fatty acids is additionally achieved during proledgperiods of starvation through the
actions of Brummer lipase residing on the outefasgr of the lipids droplet (Baker &
Thummel, 2007). Lipids derived from the fat bodg agleased into the haemolymph in
the form of diacylglycerols that can later be cksdby oenocytes to release free fatty

acids for conversion into acetyl-CoA used in ATRtbgsis (Arrese & Soulages, 2010).



Carbohydrate metabolism

Carbohydrate levels withiDrosophila melanogaster are maintained by
neurosecretory cells, specifically located in timg igland complex of the brain, that
receive input of nutritional status from the fatlgqLeopold & Perrimon, 2007). Excess
carbohydrates within the organism are stored irfah@ of glycogen that is deposited
primarily in the muscle and fat body. Glycogenyathesized from UDP-glucose that is
derived from dietary carbohydrates or amino acktsgse & Soulages, 2010). During
times of nutrient deprivation (figure 1.3), dietatgrived carbohydrates can be converted
into trehalose; however, this process is energgdagnt and is only used upon depletion
of stored glycogen and triglycerides (Arrese & Sogls, 2010).

In response to depleted nutrients, especially ¢arb@tes, adipokinetic hormone
(AKH) is released from the corpora cardiaca witthia ring gland complex, located in
theDrosophila brain (Baker & Thummel, 2007). The release of AksHlue to an
inverse alteration in intracellular calcium stomesdiated by ATP-sensitive potassium
channels (Baker & Thummel, 2007). The resultingdanflux of calcium increases
intercellular cAMP levels, thus activating protéinase A (Arrese & Soulages, 2010).
Phosphorylation of a glycogen phosphorylase byepndkinase A stimulates the
catabolism of stored glycogen resulting in increasehalose concentrations in the
haemolymph (Leopold & Perrimon, 2007). When thergegc needs of the organism are
met, AKH binds to its receptor located on the ostaface of the fat body stimulating a
signaling cascade that prevents further AKH releamkcatabolism of glycogen reserves

(Bharucha, 2009). The strong functional similastieetween AKH regulation in



Drosophila and glucagon signaling in humans illustrate tlghldegree of metabolic

signaling conservation throughout evolution (Ba&€eFhummel, 2007).

Protein metabolism

A number of gene products have been identifieditetion as nutrient sensors
within Drosophila melanogaster. One example is a TOR-dependent molecular seosor f
amino acids that is involved in the regulationegding behavior (Leopold & Perrimon,
2007). TOR sensors located on the surface of theofdy detect variations in the levels
of circulating amino acids and generate resporsssstimulate neuroendocrine cells
located within thédrosophila brain to increase feeding when circulating proteurels
are significantly reduced. In the presence ofickifit quantities of circulating amino
acids, TOR kinase becomes activated and in tursgitarylates S6 kinase. This reaction
increases protein synthesis and organismal growtingltimes of adequate nutrition
(Baker & Thummel, 2007). An additional nutrient senon the surface of the fat body,
known as slimfast (figure 1.2), signals through T@Reduce growth and metabolism
during periods of inadequate nutrition. Duringdaeprivation, TOR signaling declines
resulting in a subsequent reduction in insulin algny to prevent the continued storage
of carbohydrates. This leads to the catabolisnia€d glycogen and triglycerides, thus
allowing for energy liberation within the organismtil food consumption is restored

(Baker & Thummel, 2007).
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Energy homeostasis and the response to starvation

Drosophila melanogaster adapt to reductions in available nutrients throtigh
regulation of metabolism (Leopold & Perrimon, 2Q0ssues that regulate metabolic
homeostasis within the organism include the fatyboénocytes, the gastrointestinal
tract, Malphigian tubes, and the brain (Bharucl®9}. During starvation (figure 1.3),
diacylglycerols are released from the fat body thihaemolymph to be taken up by
specialized cells, known as oenocytes (Leopold &ifren, 2007). These cells are
derived from the ectoderm and distributed in digcpaired clusters along the body wall
allowing for direct contact with the haemolymplg(fre 1.1) (Bharucha, 2009; Arrese &
Soulages, 2010). Oenocytes are functionally sinbdlanammalian hepatocytes in that
they perform lipid metabolism to generate energyeseary for survival during periods of
starvation (Leopold & Perrimon, 2007).

During the early responses to starvation, AKHwatds CAMP-dependent protein
kinase, which in turn stimulates Lsd1 and Brumnade at the surface of the
intercellular lipid droplets to release diacylglyals for transport through the
haemolymph by lipophorins (Leopold & Perrimon, 2pAJpon reaching the oenocytes,
the liberated diacylglycerols are converted to fegty acids through the actions of
lipases. A series of enzymatic reactions converfakty acids to acetyl-CoA, which can
then be used in the Krebs cycle for ATP synthddan@ & Park, 2010). During periods
of prolonged starvation, the liberated free fattida are converted into ketone bodies to
be used in th®rosophila brain for energy (Baker & Thummel, 2007; Hong &Ra

2010).
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Specific aims

The objective of this research was to investigdigsiological and life history
trait responses to starvation and dietary suppléatien in the context of an obese
phenotype using genetically based starvation-@asistnd control lines ddrosophila
melanogaster. The purpose of the initial study was to invedegzaorrelations between the
direct and a series of indirect responses to tesgprce or absence of a brief period of
starvation within starvation-resistant and conbBobsophila melanogaster lines. In this
study an artificial selection experiment was condddo measure indirect responses to
selection including alterations to body compositspecifically quantifying triglycerides,
carbohydrates, and soluble protein concentratibhs.resulting data were combined with
measurements of movement and life history tramsuding development time,
longevity, and fecundity, to identify correlatiobstween the response to selection and
observed alterations in body composition and agtievels. Results obtained from this
study were used to gain insight into alterationsutrient storage in obese individuals
and the resulting correlations between developniiéedpan, and reproduction.

The second study investigated metabolic and phygicdl responses of
genetically based starvation-resistant and cofitres of Drosophila melanogaster to the
presence or absence of starvation. The main obgeofithis research was to analyze
oxygen consumption and carbon dioxide productiothefstarvation-resistant and
control lines that are either starved or unstateedetermine metabolic rate. In addition,
respiratory quotient values were used to detertiagrimary metabolic fuel utilized in

the starved and unstarved states. Measuremerite atitnber of movements of each
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individual were coupled with the respiration datadentify correlations between
metabolism and movement. This analysis providsiin into metabolism and behavior
in lines that possess an evolved resistance teastan. In addition, information obtained
from this study will be used to gain insight intetabolic rate and associations with
activity levels in obese individuals.

The final study investigated correlations among feeparate dietary alterations
and body composition, life history traits, and maeat within the starvation-resistant
and control lines oDrosophila melanogaster. In this studyDrosophila diets were
supplemented with one of the following three cdastits: glucose, palmitic acid, or a
2:1 mixture of casein and albumin. Investigatiohthe effects of dietary
supplementation were conducted to identify corietet between increased dietary
components and alterations to body compositionliéadistory traits. Comparisons of
the results obtained from each of the diets werdemwdth the base diet for identification
of specific alterations associated with each fofreupplementation. Results obtained
from this study provided insight into correlatidmstween nutrient storage and potential
long-term effects associated with dietary suppletateon.

This research represents a comprehensive approaovestigating metabolic and
physiological responses to starvation and dietlieyations in the context of an obese
phenotype. Investigations of correlations betwéenrésponses to starvation and dietary
supplementation with alterations in body compositide history traits, movement, and
metabolic rate provided insight into the molecuechanisms underlying the

development of an obese phenotype. The authtrifésearch recognizes that results
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obtained in model organisms do not necessarilctiyreorrelate with responses in
humans; however, data obtained from this studyirhplcations for further investigation

of obesity and associated metabolic disorders withe human population.
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Chapter 2.

Investigations of physiological, metabolic, and I& history trait
responses to starvation in genetic-based starvatienesistant
and control lines of Drosophila melanogaster
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Abstract

Correlated responses obtained from artificial $&laexperiments for starvation
resistance provide insight into the evolved metiatatd physiological alterations
associated with increased survival following expedo biologically induced stress.
Investigations of genetically based starvationstasit and contrdDrosophila
melanogaster used in this study were conducted under starvdddly-fed conditions.
Measurements of body composition within the setéated control lines db.
melanogaster exposed to the presence or absence of a briefdpefistarvation revealed
an increase in metabolic fuel storage, specifidaigyycerides and carbohydrates, within
the starvation-resistant lines. Additional compamis of body composition indicated
increased concentrations of proteins followingws#on, suggesting that protein
production is correlated with the response to stiéon. A reduction in movement
recorded in the selected lines, suggested themres# a coordinated physiological
response that resulted in the conservation of gnegerves during periods of starvation.
Measurements of life history traits within the sééel and control lines indicated no
statistically significant differences in developrhéme or fecundity, while longevity was
decreased in the starvation-resistant lines as amedgo the control lines. Similarities in
metabolic and physiological responses to starvdigiween insects and higher order
vertebrates, including humans, provide a logicaalbea to studying metabolic disorders
including an obese phenotype. As such, resultdraatdrom this study have

implications for research focused on gaining insigto human metabolic diseases.
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Introduction

Natural populations of most species have beens®gto periods of unsuitable
or insufficient food resources (White, 1993). Mdhition and starvation resulting from
limited availability of nutrients has led to theodwtion of adaptive mechanisms allowing
for efficient energy utilization and survival whiégxposed to biologically induced stress
(Rion & Kawecki, 2007). The evolved resistance @éoiqds of starvation within
organisms likely result in a series of physiologresponses that alter the phenotype to
withstand changes in environmental conditions (kaifin & Parsons, 1991). Limits to
the degree of physiological adaptations in respém&avironmental variation play an
important role in identifying constraints of evoart with regards to individuals and the
population as a whole (Somero & Hochachka, 19Hledtigations of biological
responses to starvation within natural populatems in a laboratory setting are essential
for gaining insight into the evolution of traitsroelated to starvation resistance at the
cellular level, and with regards to life historgits (Rion & Kawecki, 2007).

The majority of knowledge regarding the genetic phgsiological basis for
organismal adaptations to starvation resistance derived from laboratory studies
conducted omrosophila melanogaster (Rion & Kawecki, 2007). Artificial selection
experiments utilizindrosophila have identified patterns of variation within andang
populations, evolutionary correlations among traitsl trade-offs between life history
traits in response to selection (Hoffmann & Harshpi®99; Zera & Harshman, 2001).
Previous experiments selecting for starvation tasce withinD. melanogaster resulted

in significant alterations to body composition ctagpwith alterations to lifespan and
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fecundity (Djawdan et al., 1998; Harshman et &#9%; Baldal et al., 2006). The
purpose of this study is to investigate correlaibetween the direct and a range of
indirect responses to selection for starvatiorstasce.

Three physiological mechanisms have been propasadcount for the observed
response to selection leading to enhanced starnvedgistance (Ballard et al., 2008). The
first mechanism addressed the increase in storedgmneserves, especially lipids, while
the second and third mechanisms addressed a redurctihe rate of energy utilization
and decreases in the minimal resources necessagrfatic maintenance (Hoffman et
al., 2005; Rion & Kawecki, 2007). In support oétfirst mechanism of increased
starvation resistance, previous studies of laboydiased selection for starvation
resistance ifDrosophila melanogaster indicated an increased abundance of lipids and
carbohydrates (Djawdan et al., 1998; Harshman. et 299a), which are stored within the
fat body. Additional responses correlated witlifiaral selection including life history
traits, body composition, metabolism, and movenaeatof interest in relationship to the
second and third hypothesized mechanisms of inedestarvation resistance.

There are a number of experiments ugdngsophila that address correlations
between body composition, life history traits, atarvation resistance. Artificial
selection studies quantifying alterations in bodgnposition inDrosophila melanogaster
indicated increased carbohydrate and lipids stevbge total body protein
concentrations remain unaltered (Djawdan et aB81®arshman et al., 1999b; Baldal et
al., 2006). Several experiments conducteBriasophila have shown a relationship

between starvation survival and life history traiist the results are variable. In some
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instances, selection for starvation resistancepmagively correlated with increased
survival, but in other experiments no correlatiorese observed between starvation and
lifespan. Selection experiments for increased dotty exhibit similar trends with a few
studies resulting in enhanced survival, while athethibit no relationship between
longevity and starvation resistance (Harshman, R083study conducted by Rose
(1984) indicated that increased resistance to atiarvwas correlated with an extension
of lifespan, while studies conducted by Luckinfll®84), Zwann (1995), Harshman
(1999b) and Stearns (2000) indicated no statisfisggnificant differences in longevity
between starvation-resistant and control lines.opposing trend was observed in
experiments using isofemale linesrfosophila simulans, indicative of a negative
relationship between lifespan and starvation safviBallard et al., 2008). Studies
conducted on increased accumulation of lipids aasstwith selection for starvation
resistance iirosophila melanogaster have indicated an increase in the amount of time
required for egg-to-adult development (Chippindslal.,1998; Harshman et al., 1999a).
It has been suggested that the slower developm@mtalkould allow for the
accumulation of energy stores, specifically lipidsor to adult emergence (Chippindale
et al., 1998). Studies correlating selection raspe and female fecundity indicated a
negative correlation between the two traits reprdve of a possible trade-off between
starvation resistance and reproduction (Harbis@h. e2004; Baldal et al., 2006).

The relationship between life history traits andvatal under biologically
induced stress is relevant to a number of investiga in biological research. One related

aspect is the conserved evolutionary responsegain@ms to dietary restriction. In most
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organisms, reduced nutrient intake to the minimewel required for somatic
maintenance led to an extension of lifespan (SIN@A05). It has been suggested that
organisms have evolved biochemical and physiolbgasponses to periods of starvation
that allow individuals to breed when food is mobeiredant (Partridge et al., 2005;
Sinclair, 2005). An associated topic regarding hifstory traits and the stress response
focused on evolution of life history traits and th#uence of metabolism. The Y-model
of life history trait evolution argued that a nagatcorrelation between life history traits
was expected if response traits were competing favmmon pool of energy storage
molecules (van Noordwijkand & de Jong,1986; ZerH&shman, 2001).

In the present study, a selection experiment waducted to measure indirect
responses to selection including body composifitms data was coupled with
movement data to gain insight into utilization atorage of energy reserves following
exposure to the presence or absence of brief geabstarvation. Life history traits
including developmental time, female fecundity, &mbevity were measured to identify
correlations with the response to selection aneémiasl alterations in body composition

and movement.



24

Materials and Methods

Artificial selection for starvation resistance

The base population @frosophila melanogaster utilized in artificial selection for
starvation resistance was derived from inbred lioelected in a manner designed to
preserve natural genetic variation. Initially, agka number of inseminated females were
collected from the Wolfskill Experimental Orchamtted in Yolo County in Northern
California. Following collection, the females wdymught into a laboratory setting and
the resulting progeny were used for 20 generatodrisbreeding. From this population,
flies were randomized into a series of ten indigidines that were intercrossed using all
possible pair-wise crosses between the lines, walthreciprocal crosses conducted.
From the approximately 100 crosses generated, i16§epy were randomly selected
from each cross and placed within a large populatiage (12 inches high, 36 inches
wide, and 24 inches deep) to ensure a balancedsamation of genetic variation. The
initial population density of approximately 15,0@@ults was maintained through an
overlapping generation population regime where 4hef 20 open bottle food sources
within the population cage were replaced weeklgrisure an adequate food supply. This
population regime contributed to the maintenanckfedpan and stress resistance, which
are normally lost when flies are maintained in laotatory culture with one generation
placed in each bottle (Hoffmann et al., 2001; Lmeé¢al., 2001).

The base population used for selection was divitéal eight subpopulations,

which were used to produce the four replicate netctelected and control lines. Adult
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flies utilized for selection were obtained by cotlag a large number of eggs from 10 cut
glass bottles randomly placed throughout the inficgoulation. The bottles contained a
food source consisting of yeast extract, waterfrder, agar, and a mixture of acids that
prevent mold and fungal growth on the surface efrttedia. Each day approximately 100
eggs were collected from the surface of the meddveere placed within vials of food
that were stored at a temperature of 25°C withdir$of light and 12 hours of darkness.
Following collection, the surface of the media wamioved and the bottles were replaced
within the cage overnight to obtain additional eggsd to produce the replicate selected
and control line populations. This process was atggk until each of the eight
subpopulations consisted of approximately 4,000ividdals. Adults within each
subpopulation were allowed to randomly mate prioegig collection for individuals in
the next generation. This procedure was repeatefddio generations with the population
size for each of the replicate selected and corinels consistently maintained at a
density of 2,000 males and 2,000 females. Artifisedection for starvation resistance on
the four subpopulations designated as the seldoted commenced in the following
generation.

Selection for starvation resistance was conductedadult mated females and
males that were approximately five days old upatiaition of selection. Separation and
scoring of the sexes was performed following twgsdaost eclosure, by briefly exposing
the flies to a small amount of ethyl ether to anetste the flies for separation. The 2,000
males and 2,000 females obtained from each of nd&vidual matched selected and

control lines were placed in sixteen populationesagiith dimensions of 12 inches wide
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by 18 inches long by 12 inches high. One circulperong in each cage allowed for
placement and removal of flies while conductingesgbn. This opening was sealed to
prevent the escape of test subjects using a stefefirgely woven cloth that was tied in a
knot. Males and females within the replicate cdnlires were provided with 6 petri-
plates (9mm in diameter) containing food, whileedliin the replicate selected lines
received 6 plates (9mm in diameter) containingdsiodid agar as a water source. Plates
were changed every other day during the morninge4pmint to provide flies with
adequate food or water sources, in addition togeng the growth and development of
mold and microbes on the surface of the media. Mage the plates within the cages
were replaced to prevent the introduction of prggéemo experimentation. Relative
humidity within the experimental environment wasimined at a moderate level by
placing the cages within a clear plastic bag cairigi a damp paper towel. The
moistened paper towel was replaced in conjunctiath wvemoval and replacement of
food and agar plates.

During the process of selection for starvationstasice, the response to selection
was assessed in each of the selected cages byttagumortality levels at 12 hour
intervals and removing dead flies by aspiration.ehsure consistency in experimental
procedures and to determine natural mortality ratte42 hour intervals, each of the
control cages was assessed and dead flies werevedmbtJpon each selected line
reaching approximately fifty percent mortality l&yeflies from the matched selected and
control lines were removed from the cages by aspirafollowing brief exposure to

carbon dioxide to anesthetize the flies within ¢age. The surviving flies from each line
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were placed at moderate densities in plastic sottbataining 50 ml of food to allow for
refeeding following selection. Once all of the f@a@lected lines had reached fifty percent
mortality levels, the flies were allowed a two-da@govery period prior to breeding for
the next generation used in selection for stamatésistance.

To generate the next generation used in selediatandard number of 75 males
and 75 females from each of the replicate selemeldcontrol lines were allowed to mate
in 6 cut glass bottles, with egg collection begmniafter a one-day adaptation period
within the bottles. Approximately 100 eggs werdexikd per vial to produce a series of
200 vials for each replicate matched selected antfa line. From the collected eggs, a
population of 2,000 males and 2,000 females foheandividual replicate selected or
control line was obtained for each generation tdctmn.

Cohort mortality assays were conducted every figgheration on flies that were
two generations removed from selection to assessegponse to selection. In these total
mortality studies, flies from each replicate sedecand control line were provided with
only agar as a water source to measure percerivaumwnder starvation. Mortality levels
were tabulated at 12 hour intervals until all fiesach replicate selected and control line
reached complete mortality. Each assay for theorespto selection was conducted at
25°C with 12 hours of light and 12 hours of darkhwvmoderate relative humidity
maintained as previously described.

Following generation 15 of selection for starvatigsistance, flies from each
selected line underwent one to six generation®laiked selection, which is defined as

the absence of selection. Starting at the thirdeg®ion of relaxation from selection, a
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series of experiments were conducted to deterntieerésponse of the control and
selected lines to 32 hours of starvation compapelthes that were maintained on food.
The rational for selecting 32 hours of starvatiomswo induce a stress response within
the individuals while preventing mortality of subfe used for experimentation.
Following exposure to the presence or absenceaofatton, flies used in life history trait
measurements were returned to food. Developmest fismale fecundity, and longevity
were measured on flies that were five generatiensoved from starvation selection to
identify correlations between selection, reproduttiand lifespan. In addition, a large
number of flies that were subjected to either sttown or maintained on food were flash
frozen in liquid nitrogen to be used in determinthg concentrations of soluble proteins,
total carbohydrates, total sugars, glycogen, tosw®l triglycerides, and glycerol. All
replicates used in each of the body compositide,History trait, and movement assays

were based on separate sets of flies.

Soluble protein concentrations

Total soluble protein quantification was conduatsthg the Pierce BCA Protein
Assay Kit. The methodology employed with thisdaupled the reduction of copper in a
basic solution with colorimetric detection of thgocous cation by reaction with a
bicinchoninic acid (BCA) reagent. A series of stard solutions were created by
combining known amounts of au@/ml solution of albumin with known quantities of
HPLC water to create a dilution series that ranigesbncentration from 0 to 2,0Q@/ml

of protein.
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Determination of total soluble protein concentnasiavithin each of the replicate
selected and control lines were conducted by homiageg ten males or ten females in
500ul of HPLC water. Each sample was homogenized usit$2 inch stainless steel
grinding ball from OPS Diagnostics in a Talboys Hihroughput Homogenizer (OPS
Diagnostics) at 1,120 rpm for 3 minutes. Twentiefmicroliters of each standard
solution or unknown sample were added to individuells within a 96 well microplate.
Additionally, two hundred microliters of the combuhkit reagents were added to each
well prior to thorough mixing on an orbital shaler 30 seconds. Following mixing, the
plate was covered and incubated at 37°C for 30 tegprior to cooling to room
temperature. Optical density readings of total lsielypproteins within the samples were
determined using a Versa Max microplate reader é®ldbr Devices) set at a wavelength
of 562 nm. A standard curve was generated by ptpthe absorbance versus the
concentration of the standard solutions using ai& best-fit curve. Total protein
concentrations within each of the three replicafate matched selected and control
lines in either the starved or unstarved state® walculated utilizing the linear portion

of the standard curve.

Total carbohydrate concentrations

Total carbohydrate concentrations were determirtididing methods described
by Van Handel (1985). A glucose calibration cumes formed by the addition of
increasing amounts (25, 50, 100, 150, andgf)®0f a 1 mg to 1 ml glucose in 25

percent ethanol solution to anthrone reagent ctimgisf a mixture of distilled water,
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concentrated sulfuric acid, and dissolved anthtorgenerate a total reaction volume of 5
milliliters. Each solution was heated at 90°C f@rriinutes prior to cooling to room
temperature. Optical densities of each standare determined using the microplate
reader at wavelengths of 625 and 555 nm. Readiegs recorded at two wavelengths to
generate increased linearity of the standard curre.microgram concentrations of
glucose were plotted with the optical density ragdito produce the standard curve.

To determine total carbohydrate concentrationbénstarved and unstarved
selected and control samples, ten males or tenlésmgere homogenized in 1 ml of
anthrone reagent using the high throughput homag&ain procedure previously
described. Following homogenization, additionahaome was added to generate a total
reaction volume of 5 ml. Optical densities of fmdutions were measured at 625 and 555
nm following 17 minutes of heating at 90°C priorctwoling to room temperature.
Carbohydrate concentrations for each of the thepboate starved and unstarved selected
and control lines were determined based on extasipal from the glucose standard

curve.

Glycogen and total sugar concentrations

Quantification of glycogen and total sugar concaiins was preformed using
methods described by Van Handel (1985). Ten malerofemale starved and unstarved
selected and contr@l. melanogaster samples were homogenized in 20@f a two
percent sodium sulfate solution in water usinghigg throughput homogenization

methodology previously described. One millilitereéthanol was added to the
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homogenate prior to a 1 minute centrifugation @0@Q,rpm. Following centrifugation, the
supernatant containing the sugars was decantedvapirated to a volume of 100 to 200
ul, while the glycogen within the sample remainedhia precipitated sodium sulfate and
fly tissue. Anthrone reagent was added to botlstigar and the glycogen solutions to
generate a reaction volume of 5 ml. Each solutiaa thoroughly mixed, heated to 90
°C, and cooled to room temperature prior to deteimgi optical densities at wavelengths
of 625 and 555 nm. Glycogen and total sugar conatons for each of the three
replicate starved and unstarved selected and ddimes were determined using the

glucose standard curve.

Trehalose concentrations

Trehalose concentrations for the starved and uredagelected and control lines
were determined using methodology described byNamdel (1985), which separated
trehalose from the additional sugars present indta sugars fraction. A trehalose
standard curve was created through the additiamcoéasing concentrations (25, 50,
100, 150, and 200g) of a 1 mg to 1 ml of trehalose in 25 percenarth solution to 50
ul of IN hydrochloric acid. The resulting solutiomsvheated at 90°C for 7 minutes to
hydrolyze sucrose to glucose and fructose leavettptose intact. Addition of 150 of
1N sodium hydroxide heated at 90°C for 7 minutest¢ethe preclusion of anthrone
reactivity to glucose and fructose, allowing foe tijuantification of trehalose. Anthrone
reagent was added to each standard solution, gragladotal reaction volume of 5

milliliters. Each solution was heated at 90°C f@rrinutes. Following cooling to room
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temperature, the optical densities were measurad/ersa Max microplate reader at 625
and 555 nm. Plotting the trehalose concentratirensus the optical density readings
produced the trehalose standard curve.

Trehalose concentrations in the starved and urestaselected and control lines
were determined by homogenizing ten males or terales in a two percent sodium
sulfate solution in water utilizing the high thrdymmt homogenization methods
previously described. One milliliter of methanolsxedded to the homogenates prior to a
1 minute centrifugation at 2,000 rpm. The soluttontaining the sugar fraction was
decanted, while the pellet was resuspended inuB60water. One milliliter of methanol
was added to the resuspension prior to an additiomanute centrifugation at 2,000 rpm.
The resulting supernatant was combined with theipusly decanted solution prior to
concentrating the sugar fraction to a volume of BlO0

One hundred microliters of the concentrated sugatibn was added to 50 of
1N hydrochloric acid prior to heating at 90°C fomiutes. Following heating, 150 of
sodium hydroxide was added to prior to an addili@nainutes of heating at 90°C. A
total reaction volume of 5 ml was generated throilnghaddition of anthrone reagent
prior to heating the solution for 17 minutes at®@0Optical densities were determined at
wavelengths of 555 and 625 nm using the micropkdeder for each of the three replicate
staved and unstarved selected and control linésafirig cooling. Trehalose

concentrations for each sample were calculatedyubmtrehalose standard curve.
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Triglyceride and glycerol concentrations

Triglyceride and glycerol concentrations for tharged and unstarved selected
and controD. melanogaster lines were obtained using the BioVision Triglycerid
Quantification Kit. A standard curve was generdtedugh the addition of increasing
amounts (0, 2, 4, 6, 8, 10) of a 1 mM triglyceride standard solution to {h@vided
buffer resulting in a total reaction volume of OPrior to constructing each standard
curve, triglycerides in the standard solution waissolved into the aqueous phase to
ensure accurate concentration readings. Solubdizaf the standard was achieved by
heating the solution to 80°C in a water bath fonifiute prior to vortexing the solution
for 30 seconds. This step was repeated to ensunplete and accurate concentration
readings ranging from O to 10 nanomoles.

Whole body samples of five males or five femalesrfreach of the matched
selected and control lines in either the starvednstarved states were homogenized in
500ul of a five percent Titon-X-100 in water solutiosing the previously described
homogenization procedure. The samples were theardabt80°C for 5 minutes. The
homogenates were cooled to room temperature aedtethto ensure complete
solubilization of triglycerides and glycerol in stibn. A 1 minute centrifugation at 2,000
rpm removed insoluble materials prior to conductrtgnfold dilution of the samples in
HPLC water. This dilution ensured that the trighyde and glycerol concentrations of
each sample fell within range of the triglyceridenslard curve.

Two microliters of lipase were added to the staddaiutions and the samples

used for triglyceride quantification to allow fdeavage of the triglyceride molecules
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into free fatty acids and glycerol. Samples thatenused to measure free glycerol
concentrations did not receive the addition ofdg#o ensure that the measurements were
qguantifying only free glycerol. A combined reactimixture consisting of 46l of
triglyceride assay buffer, @ of the probe, and gl of an enzymatic mixture were added
to each sample and standard solution prior to @iB@te incubation at room temperature
in the absence of light. During the incubatiorycgrol within each sample was oxidized
to generate a product that reacted with the pravpiebe to produce a colorimetric
response. This response was measured as an ajgiisaly reading in the Versa Max
microplate reader set to a wavelength of 570 nnglylaeride and free glycerol
concentrations were determined for each of theetheplicates per selected and control
line in the starved and unstarved states througlagxation from the triglyceride

standard curve.

Weight measurements and data normalization

Body composition concentrations were normailizedgighe dry weight, the
weight in the absence of water, and the lean nilassyeight in the absence of lipid, of
the individual sexes. Flies from each replicateeld and control line subjected to the
presence or absence of starvation were flash frazbrliquid nitrogen and stored in a
-80°C freezer prior to obtaining individual weigheasurements. Dry weights were
acquired by placing five replicates of ten malesearfemales from each of the selected
and control lines that were either starved or umsthin opened microfuge tubes

positioned in a 65°C drying oven for 24 hours. Efighvas weighed individually and the
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average dry weight was obtained for each line énstiarved or unstarved states. Lean
masses were determined in a similar manner as elights with a standard Bligh and
Dyer lipid extraction (chloroform and methanol) docted prior to drying the samples in
the oven for 24 hours. Additionally, each measurgmbtained for body composition

was recorded per fly to use in comparisons onetel lof a single biological unit.

Development time

Adult emergence times were determined uSingelanogaster five generations
removed from fifteen generations of selection tangtion resistance from each of the
replicate selected and control lines. Parentad fiere subjected to either 32 hours of
starvation, with only agar as a water source, aevpéaced in bottles containing food at
seven days post eclosion. Following 32 hourstbieeithe presence or absence of
starvation, the mated adults were returned todmottlith food allowing for egg
collection. Approximately 100 eggs were collecéed placed in individual vials with a
total of ten vials collected per replicate seleaedontrol line for each starvation
treatment. The vials were maintained at 25°C WiHours of light exposure and 12
hours of darkness. Emerging adult flies were ct#i@@nd scored based on sex from each

of the vials at 8 hour time intervals until alleli had emerged.
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Female fecundity

Female egg production was quantified using fligggeinerations removed from
fifteen generations of selection for starvatioristasice. AdulDrosophila melanogaster
selected and control lines were subjected to eBBdrours of starvation or 32 hours in
the presence of food at one day post eclosionowoig the treatments, flies were
returned to food prior to conducting matings witkach line. Fifteen replicates of
single-pair matings between one male and one fealdbiéned from each of the replicate
selected and control starved and unstarved lines used to obtain an average number
of eggs produced by females per 24 hour time peflibd number of eggs produced by
each individually mated female was scored at tihheestame in the afternoon each day for

40 days.

Longevity

Life span determination for each of the replicalested and control flies were
conducted during the fifth generation removed fifidtaen generations of starvation
selection. Flies one day post eclosion were stdgjeto either a 32 hour period of
starvation or 32 hours on food. Following thisdiperiod, 3 replicates of 30 males and
30 females from each line exposed to each treatverg placed in cages supplied with a
food source kept at 25°C with 12 hours of light 42chours of darkness. The food was
replaced every 48 hours and dead flies within Hges were removed by aspiration and
scored based on sex. This study was conductedtotatilmortality was reached in all

lines.
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Movement

The number of movements of individutosophila melanogaster from the
selected and control lines following either 32 Isof starvation or 32 hours in the
presence of food were determined using individtles were six generations removed
from fifteen generations of artificial selectiorr &tarvation resistance. Mated flies
selected for movement analysis were exposed tprésence or absence of starvation at
7 to 8 days post eclosion prior to placement witflass capillary tubes (5 millimeter
diameter and 65 millimeter length). Once insidettiiees, the individuals were allowed
to recover from ethyl ether exposure used to sépéna sexes prior to experimentation.
Food sources were provided to the individDaimelanogaster at both ends of the
capillary tube, with one end only partially covetedllow airflow.

The placement of each individual within the 64 ltsfzaces between the two
Drosophila activity monitors (TriKinetics) was determined ngia statistical
randomization scheme generated by SAS 9.2 (SASR)208plementation of statistical
randomization of sample placement within each efrttonitors was used to reduce or
eliminate positional effects in the acquisitiondata. Each capillary tube was centered
with respect to the monitor and secured in pladh wirubber band.

Detection of the number of movements of individiliak was accomplished
using an infrared beam that bisected the glasti@gpiube located within each position
of the monitors. Each time an individual fly croddke beam, the computer recorded the
movement. The number of movements were quantibeedch of the six total replicates

obtained from each selected and control line exgpots¢he presence or absence of
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starvation over a ten minute time interval for aation of 48 hours. This allowed for the
identification of variation within and among linaad treatments with respect to
alterations in light cycle. Environmental conditiowere held constant during
experimentation at 25°C with a 12 hour light/daykle. Relative humidity was
maintained using moistened cotton balls placediwittear plastic bags surrounding
each monitor. The cotton balls were moistened digkilled water daily to prevent

desiccation of the experimental subjects.

Statistical analysis

A mixed model analysis was conducted using SAS8t®vare (SAS, 2009) to
analyze the effect of selection and starvation,tardktermine the presence or absence of
significant interactions between selection andvstgon. The model included fixed
effects for replication, selection, starvation, &mel interaction between selection and
starvation with a random effect of selected lir&stistical significance within the data
was defined as possessing a p-value equal to®othHas 0.05. Least squares means
estimates of statistically significant data werenpared to determine the direction of

change in concentrations within and among the lexg®sed to each treatment.
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Results

Artificial selection for starvation resistance

A direct response to artificial selection for stron resistance was observed in
the selected lines. Comparisons of percent suruivder starvation at generations one
and fifteen indicated a two-fold increase in suaviat the fifty percent mortality level in
both sexes (figure 2.1). Survival rates undewstawsn measured in the control lines
compared at generations one and fifteen indicabesignificant difference in male and
female survival over the generations (figure 28)rage survival rates under starvation
were compared within the starvation-resistant androl lines following fifteen
generation of selection and six generations okeglan from selection (figure 2.3). A
slight reduction in the response to selection weseoved in the starvation—resistant lines
following six generations of relaxed selection; lewer, no statistically significant
differences in mortality levels were observed ia tomparison between generations one
and six. This indicated that the selected linesta@ied levels of resistance to starvation

during the relaxation period.

Soluble protein concentrations

Comparisons of soluble protein concentrationsinbthfrom male and female
Drosophila melanogaster exposed to each treatment indicated a statistisajhificant
effect of starvation in both sexes (tables 2.9240), while the effect of selection

reached statistical significance only in maleslé&&b8). Whole body soluble protein
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concentrations (table 2.1) measured per fly inédaignificantly lower concentrations

of proteins in the starved state as compared toris&arved state in both sexes (p-values
<0.0001 females, 0.0391 males). Measurements nizedaby dry weight and lean mass,
however, resulted in the opposing response in neadddemales. Flies exposed to
starvation possessed significantly greater pratemcentrations as compared to flies that
remained in the presence of food (p-values <0.Q08dnale concentrations accounting
for lean mass did not reach statistical signifiegrout showed similar trends in protein
concentrations. These results when coupled toeh#ypmeasurements indicated an
effect of weight normalization that made the prajoor of protein appear to be increased
in the presence of starvation. Male concentratrmrsalized by dry weight indicated a
statistically significant effect of selection (talf2.8), where selected lines possessed
significantly reduced soluble protein concentragias compared to control lines (p-
values 0.0406). Concentrations in males reportedlyessulted in selected males with
significantly greater protein concentrations thanteol males (p-value, 0.0222). This
suggests that the alterations in concentrationsrteg per fly and with regards to mass
may be due to alterations in the accumulation arest energy between the selected and
control lines.

Analysis of the interaction between starvation sekction indicated reduced
soluble protein concentrations in starved seleotat® (table 2.11) measurements
normalized by dry weight and lean mass, with ntstteally significant differences
recorded between starvation-resistant and conires lin the fed state. Unstarved males

in each measurement possessed greater quantitesigbrotein than males in the
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starved state regardless of the presence or absérekection for starvation resistance.
Concentrations normalized by lean mass and dryhwéiglicated that starved selected
males possessed reduced protein concentratiormsrgsaced to starved control males (p-
values 0.0151, and 0.0178 respectively). This tesal perhaps be attributed to

alterations in energy storage between the selectdaontrol lines.

Carbohydrate concentrations

Starvation (tables 2.9 and 2.10) and selectidngta.8) had a statistically
significant effect on carbohydrate concentratiddsasurements of carbohydrates within
starvation-resistant and contidtosophila melanogaster (table 2.2) indicated a
statistically significant effect of starvation, wistarved flies possessing reduced
concentrations of carbohydrates as compared ®rifimaining in the fed state in both
sexes (p-values <0.0001). Selection had a statilstisignificant effect in female
measurements reported per fly, and normalized rggpect to dry weight and lean mass
(table 2.8) with selected females possessing isedeaarbohydrate concentrations as
compared to control females (p-values <0.0001 a®@d3®% respectively). A similar
result was observed in male measurements recoetetypvhere the selected lines
acquired increased carbohydrate concentrationsrapared to the control lines (p-value
0.0227), which is indicative of increased energyage in lines with an evolved
resistance to starvation.

Interactions between starvation and selection sstgdehat starvation resulted in

reduced quantities of carbohydrates, with increasedentrations detected in selected
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lines as compared to controls (table 2.11). Fenwddsohydrate measurements recorded
per fly indicated a statistically significant inéetion between selection and starvation
with the starved females possessing significarttiuced carbohydrate concentrations as
compared to unstarved females regardless of tlsepce or absence of selection.
Moreover, female measurements recorded per flgatdd an increased concentration of
carbohydrates in the selected lines as comparggetoontrol lines regardless of
starvation conditions (p-value 0.0308). Male cangulvate concentrations normalized by
dry weight indicated that males in the starvedespatssessed reduced concentrations of
total carbohydrates as compared to males that nemded regardless of selective
pressures. Additionally, starved selected male®viaind to possess greater
carbohydrate concentrations than starved contré#sr(@-values 0.0191). No
statistically significant differences were detedbetiween selected and control lines with
regards to carbohydrate concentrations when fiegmed in the presence of food,
suggesting that brief exposure to starvation hasie significant effect on carbohydrate
concentrations than the evolved resistance toatiarv

Measurements of stored carbohydrates, in the &rghycogen, indicated a
statistically significant effect of starvation iti \corded measurements (tables 2.9 and
2.10), while no significant interactions betweegrghtion and selection were observed in
either sex (tables 2.3 and 2.11). Exposure toed pariod of starvation resulted in a
reduction in glycogen concentrations in both maled females (p-values <0.0001). The
observed reduction in glycogen in response to atanv suggested the mobilization of

energy to withstand periods of food deprivation.
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Comparisons of total sugar concentrations indicatejnificant effect of
starvation in both sexes (tables 2.9 and 2.10)levén interaction between starvation and
selection was detected only in males (table 2.Tdfal sugar concentrations obtained
from whole body samples of selected and contreislim the starved or unstarved states
(table 2.4) indicated a statistically significaffeet of starvation resulting in reduced
total sugar concentrations in the starved statoagpared to the unstarved state in all
recorded measurements (p-values <0.0001). Stafligtsignificant interactions between
selection and starvation were detected in all nreasents recorded in males.
Concentrations that were normalized per fly andelayy mass exhibited significantly
reduced sugar concentrations in the starved staterapared to the unstarved state
regardless of the presence or absence of seled¥orstatistically significant differences
were detected between selected and control matée imnstarved state; however,
starved selected males were found to possessisaintlf greater concentrations of
sugars than starved control males (p-values 0.68820.0001 respectively). In male
concentrations normalized with respect to dry weitjte selected lines acquired
increased amounts of total sugars as comparee: toottitrol lines regardless of the
presence or absence of starvation (p-value <0.00Wig interaction suggested an
underlying pattern that resulted in a reductiototdl sugar concentrations in response to
starvation with the selected lines possessing asa@ quantities of sugar as compared to
the matched control lines.

Measurements of trehalose concentrations indicGatgnificant effect of

starvation in both sexes (tables 2.9 and 2.10)levehsignificant effect of selection was
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observed only in males (table 2.8). Comparisortstal body trehalose indicated a
statistically significant effect of starvation inth sexes in all recorded measurements
(table 2.5), with decreased trehalose concentatietected in the starved state as
compared to the unstarved state (p-values <0.0@@ibjtionally, a statistically
significant effect of selection was observed inenancentrations normalized per fly
with increased trehalose concentrations in thectsddines as compared to the control
lines (p-value 0.0468). Significant interactionsvien selection and starvation were
recorded in male measurements normalized with otspelry weight and lean mass,
with selected males possessing greater trehalogeotrations than control males
regardless of the presence or absence of starv@tealues 0.0125 and 0.0284
respectively). Moreover, starved selected male®immd to possess greater whole
body trehalose concentrations than starved comtabés. Interactions between starvation
and selection indicated that the selected linesggs®d increased trehalose
concentrations with the starved state resultingnioverall reduction of whole body

trehalose.

Triglyceride and glycerol concentrations

Quantification of triglyceride concentrations inglied significant effects of
starvation (tables 2.9 an 2.10) and selectiongtat8) in both sexes, while a significant
interaction between selection and treatment ocdwondy in female measurements
recorded per fly (table 2.11). Triglyceride coneatibns obtained from whole body

samples of starvation-resistant and coriinadsophila melanogaster males and females



45

indicated a statistically significant effect of istation among all measurements (table 2.6)
with the starved lines possessing significantlyucedl triglyceride concentrations as
compared to lines remaining in the presence of {pedalues <0.0001). Measurements
of triglycerides recorded per fly in females indezhthat selected lines possessed
significantly greater concentrations of triglycextdas compared to control lines (p-value
0.0400). A similar observation occurred in male sugaments recoded per fly and
normalized with respect to dry weight and lean nf{psglues 0.0135, 0.0163, and
0.0153 respectively)The only statistically significant interaction betan selection and
starvation occurred in female measurements recqueetly. No significant differences
were observed between selected and control fenmathe starved state; however,
selected females possessed significantly greaterecrations of triglycerides as
compared to control females in the unstarved ¢patalue 0.0508). This interaction
indicates an overall reduction in triglyceride centations in response to starvation with
the selected lines possessing increased quarditsered lipids.

Measurements of free glycerol concentrations irtdata significant effect of
starvation in females (table 2.9), while selectianl a significant effect on glycerol
concentrations in males (table 2.8). No signifidatgractions were detected between
selection and starvation in comparisons of glyceamicentrations among the lines.
Comparisons of whole body glycerol concentratidablé 2.7) indicated a statistically
significant effect of starvation in females whenasierements were recorded per fly and
normalized with respect to lean mass. In this campa, the starved lines possessed

significantly reduced free glycerol concentratiasscompared to the unstarved lines.
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Selection had a statistically significant effectroale measurements recorded per fly
resulting in selected lines with greater free gigteoncentrations than control lines. The
altered effects of starvation and selection ongjlgicconcentrations obtained from
females and males respectively indicated that parfemales respond to starvation

directly, while males have a greater response tvatved resistance to starvation.

Life History Traits

Analysis of the effects of starvation and selactta life history traits indicated
no significant differences in egg-to-adult devel@mtal time or female fecundity, while
measurements of longevity indicated a significadurction in lifespan for the starvation-
resistant lines. Measurements of egg-to-adult @gwveént time in starvation-resistant
and control males and females indicated no sigmificlifference between lines in either
the starved or unstarved states (figures 2.4 @&)d Zomparisons between male and
female development time indicated that females geslightly before males; however,
the difference in development was not statisticsigynificant. Quantification of egg
production by mated selected and control femalaswviere either starved or unstarved
indicated no statistically significant differenecethe number of eggs produced (figure
2.6). Slight fluctuations in egg production occdriuring the first 5 days past initial
mating and spanning days 15 to 19 with the numbeggs produced by females
declining past day fifteen. The initial alteratiansegg production may be due to
adaptation to the experimental environment, whikedlterations spanning days 15 to 19

could perhaps be due to increased egg depositiontprthe decline in eggs production
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observed in females at 15 days post eclosion. hotygstudies conducted on starvation-
resistant and contr@. melanogaster lines indicated a significant reduction in lifesga
selected males and females as compared to thethnés (figures 2.7 and 2.8).
Furthermore, starvation had an effect on contnuldfie longevity with a reduction in
lifespan recorded in the starved control linesuffeg2.7). Additional comparisons
following 32 hours of starvation indicated no sigrant differences between selected and
control lines in either sex; however, trends indiaéa indicated a reduction in lifespan in

the selected lines as compared to the control.lines

Movement

Light had a significant effect on the number of mments recorded from males
and females resulting in increased movement dahed?2 hours of darkness as
compared to thel2 hours of light (p-values <0.000%) interaction between starvation
and light resulted in increased activity in botkeseduring the darkness in lines exposed
to either the starved or unstarved states (p-v@u@9, <0.0001 females, <0.0001
males respectively). A significant interaction beém selection and light in females
resulted in control lines moving substantially mdteing the dark phase of the light
cycle, with no effect of light detected in the sl lines (p-values <0.0001, 0.0241
respectively). The interaction between selectich leght in males resulted in selected
lines with reduced movements as compared to colinties (p-values <0.001) in either
light cycle, with a greater number of movement®rded during the darkness regardless

of selective pressures (p-values <0.0001, 0.02¢3eatively). For males, selection had a
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significant effect on movement resulting in selddiaes moving less than the control
lines (p-value 0.0006). The interaction betweeerd&n and starvation in males resulted
in increased movement in the control lines regasitd the presence or absence of

starvation. (p-values starved 0.0076, unstarved/7.0
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Discussion

Starvation is a significant form of biological sseencountered by most
organisms residing within natural populations (\WWhit993). In response to periods of
starvation, organisms from diverse taxa rangingfnesects to vertebrates have evolved
physiological responses that result in more efficEnergy utilization during periods of
starvation (Baker & Thummel, 2007). Three mechagiliawve been proposed to explain
the physiological adaptations associated with aived resistance to starvation (Ballard
et al., 2008)The first mechanism addressed increased storageeofly molecules, while
the second and third mechanisms focused on a feduntthe rate of energy utilization
and an overall reduction in the minimal resourcasessary for survival (Ballard et al.,
2008). The purpose of the present study is notdwepor disprove these theories of
increased starvation resistance; however, reshttsred from this study investigating
correlations between the direct and a series afdodresponses to selection were
supportive of the first two proposed theories.

Artificial selection for starvation resistance ¢ tpopulation oDrosophila
melanogaster utilized in this study resulted in a measurablediresponse to selection.
Selected males and females exhibited an approxXyrate-fold increase in survival
under starvation following fifteen generations efegtion for starvation resistance.
Analysis of body composition of the starvation-s¢sint and control lines indicated a
significant increase in the amount of triglyceridglycerol, and total carbohydrates
within the selected lines, which is consistent vatavious studies measuring starvation

resistance iD. melanogaster (Service, 1987; Zwann et al., 1991; Chippindalal et
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1996; Harshman & Schmid, 1998; Djawdan et al., 1828dal et al., 2006; Ballard et

al., 2008). Triglyceride concentrations in bothesewere approximately two fold greater
in the selected lines, while free glycerol concatdns were approximately three fold
greater in selected males. Perhaps the increageergl concentrations in selected males
can be attributed to increased liberation of figgyfacids to use in generating energy for
survival. Measurements of total carbohydrates eteid that selected females possessed
significantly greater concentrations as comparezbtdrol females. This result supports
previous findings that starvation-resistant linegéadapted mechanisms to increase
energetic storage in response to starvation (Chiabe et al., 1996; Harshman &
Schmid, 1998; Djawdan et al., 1998). Measuremenigole body trehalose in selected
males indicated an increased amount of circulaugars. Perhaps, the increased
concentrations can be explained by increased toahspsugars to the fat body to be
used in synthesizing glycogen or triglyceridesdtmrage.

Reduced concentrations of soluble proteins obtdireed the selected males in
the present study countered previous results migitated no significant differences in
protein concentrations between the starvationta@sisind control lines (Baldal et al.,
2006). One possible explanation is that the setelihes are storing increased
concentrations of high-energy molecules resultmgeduced availability for protein
deposition. Another possible reason for the reduadti protein concentrations in the
selected lines could be attributed to a reductiotmanslation. This phenomenon has been
observed in caloric restrictdatosophila melanogaster lines that receive food with

reduced nutrient content, producing a similar pygeto flies that have been starved for
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a brief period of time (Bjedov et al., 2010). Tharsition from a fed to starved state may
require extensive changes in genes transcribeéxmessed, thus accounting for
reductions in RNA and protein concentrations. ONdoady composition data obtained
from the selected and control lines indicated @negase in energy storage associated with
increased resistance to starvation.

Analysis of the effects of starvation on both $tervation-resistant and control
lines indicated the utilization of energy resourbgdoth of the lines when exposed to
starvation. Triglyceride and carbohydrate reservesduding glycogen, total sugars, and
circulating trehalose concentrations, were reduttgthg starvation, perhaps for
conversion into energy necessary for survival. Addally, glycerol concentrations were
reduced during starvation, suggesting that freeegbyl was possibly converted into
glucose for use in ATP production (Sugden et &39). These results indicated the
presence of a coordinated metabolic response thlailized necessary energy by
converting stored triglycerides and carbohydradesriergetic compounds for use in
withstanding periods of starvation. Measurementgrofein concentrations in the starved
and fed lines indicated increased concentratiolh@#tng exposure to starvation. One
potential explanation for this occurrence is thatwation may result in an overall
remodeling of metabolism that alters RNA expressind protein production within the
organism. Perhaps, this adaptive response to lalogiress may lead to a dramatic
series of changes that alter metabolic functiobpetanore efficient in processing stored
energy compounds. As such, the organism may negghtbesize new RNA and proteins

to be able to survive during periods of starvation.
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In addition to measuring body composition in ttegation-resistant and control
lines exposed to the presence or absence of agenieid of starvation, the numbers of
movements were recorded to investigate correlatietseen metabolism and energy
expenditure. Analysis of movement indicated th&ced and control males and females
exhibited greater activity during the 12 hours dalnlase of the light cycle, with selected
males exhibiting reduced movement as comparedrtalanales. This observation of
increased sedentary behavior in the selected hakets true when comparisons are made
regarding starvation, implying that selected linesserve more energy by reducing the
number of movements in both the presence and absérstarvation. Similar results
were observed in a previous study measuring locomat starvation-resistant
Drosophila melanogaster, where the selected lines exhibited more sedehingvior
(Hoffmann & Parsons, 1993; Williams et al., 2004). additional study correlating
circulating trehalose concentrations with movemem. melanogaster indicated that a
reduction in trehalose concentrations in malesltedin a correlated reduction in
movement (Belgacem & Martin, 2006), which is supiperof results obtained in the
present study.

Analysis of life history traits within the staruwan-resistant and control lines
resulted in no significant difference in egg-to-kdievelopment time between the lines.
This is contrary to previous studies in that tresttion-resistant lines possessed an
increased egg-to-adult development time (Chippmealal., 1996, Harshman et al.,
1999a). One possible explanation for this disanepas that the flies used in this study

had not been exposed to the high levels of moytaed for selection in previous
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studies. Additionally, flies used in this study endent only fifteen generations of
artificial selection for starvation resistance, lghother studies have used flies that have
been selected for thirty or more generations. Measants of female fecundity within

the lines indicated no significant difference ie tumber of eggs produced by females in
the selected or control lines exposed to the poesenabsence of starvation, while
previous studies indicated a negative relationbkigveen fecundity and selection for
starvation resistance (Harbison et al., 2004; Batlal., 2006). These studies conducted
in D. melanogaster imply a cost of reproduction that was not obsemnwvétlin the lines

used in the present study.

Measurements of lifespan indicated that selectddsrand females have reduced
longevity as compared to the control lines. Th&ihecorrelates with results obtained
from studies using isofemale lines@fosophila ssimulans that indicated a negative
relationship between starvation-resistance andeityg(Ballard et al., 2008). Both the
present study and the study conducted by Ballgpgat the Y model of life history
evolution stating that a negative correlation existtween life history traits if the traits
are competing for a common pool of reserved engrgyNoordwijk & de Jong, 1986;
Zera & Harshman, 2001). Additional studies analgzime relationship between
starvation-resistance and longevity have resutietbiassociation between the two traits
(Luckinbill et al., 1984; Zwaan et al., 1995; Harsdn et al., 1999b; Stearns et al., 2000),
while other studies have demonstrated a positiveelation between starvation-
resistance and longevity (Rose, 1984). Thesetsesufjgest that longevity is a highly

complex phenotype controlled by numerous genescthdtl respond differentially in the
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various selection experiments analyzed (Harshm&wo&&mann, 2000; Ackermann et al.,
2001).

The results obtained from this study measuring blmthmetabolic and
physiological responses to starvation and genetied starvation-resistance represent the
most comprehensive investigation of the responsgatvation and selection in
Drosophila melanogaster. As such, these results have implications for oigyas ranging
from insects to vertebrates that reside in najpwalulations. One application of this study
is investigating parallels between starvation-tasise and caloric restriction. It has been
observed that limitations to caloric intake resulan extension of lifespan in insects as
well as higher order mammals (Sinclair, 2005). Teehanisms underlying enhanced
survival are suggested to be similar to starvatioa to a highly conserved stress
response that evolved in early life forms to inseeaurvival of organisms exposed to
periods of adverse environmental conditions (Sinck®05). An additional application
of results obtained from this study is the invediign of the development and persistence
of metabolic diseases including obesity. Thisipalar disease has reached epidemic
proportions within the human population and hastsatistically correlated with
increased premature mortality (Hossain et al., 20By analyzing modifications to body
composition and the resulting alterations in phiggjwal responses in model organisms,
one can begin to investigate the molecular basigltiag in an obese phenotype. Studies
such as the one conducted in this paper can beedtilo further investigate metabolism

and physiological responses associated with aregifesnotype in human populations.
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Figure 2.1 The response to selection@fosophila melanogaster selected for starvation
resistance. Percent survival under starvation ¢aaadard error) was assayed after one
generation of selection and following fifteen geatems of selection for starvation
resistance.
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Table 2.1Soluble protein concentrations within starvatiesistant and control lines
reported per fly and normalized with respect tomlesss and dry weight. Mean protein

concentration (standard error) following 15 genieret of selection for starvation
resistance.

Protein Protein Protein
concentration concentration concentration
Line Sex Treatment per fly per lean mass per dry weight

Selected Male Starved 0.2161 (0.0036) 1.107D2(%) 0.8694 (0.0198)
Control Male Starved 0.2074 (0.0034) 1.1999 103) 0.9842 (0.0132)
Selected Female Starved 0.2391 (0.0057) 0.723.8096) 0.5812 (0.0096)
Control  Female Starved 0.2343 (0.0076) 0.787703@D) 0.6546 (0.0260)
Selected Male Unstarved  0.2354 (0.0074) 1.02020386) 0.6998 (0.0223)
Control Male Unstarved  0.2110 (0.0056) 0.98830285) 0.7214 (0.0215)
Selected Female Unstarved 0.2632 (0.0063) 0.76218192) 0.4930 (0.0094)
Control Female Unstarved 0.2547 (0.0093) 0.79910324) 0.5522 (0.0202)
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Table 2.2 Carbohydrate concentrations within starvation tastsand control lines
reported per fly and normalized with respect tonlemass and dry weight. Mean
carbohydrate concentration (standard error) follmyvR5 generations of selection for
starvation resistance.

Carbohydrate  Carbohydrate Carbohydrate
concentration concentration concentration

Line Sex Treatment per fly per lean mass  per dry weight

Selected Male Starved  0.0050 (0.000Q)0256 (0.0009) 0.0201 (0.0008)
Control Male Starved  0.0027 (0.0003).0154 (0.0014) 0.0126 (0.0011)
Selected Female Starved  0.0059 (0.00@p179 (0.0003) 0.0143 (0.0002)
Control Female Starved  0.0036 (0.0000)0120 (0.0004) 0.0099 (0.0003)
Selected Male Unstarved 0.0149 (0.0008)0644 (0.0015) 0.0442 (0.0012)
Control Male Unstarved 0.0127 (0.0006).0594 (0.0027) 0.0433 (0.0020)

Selected Female Unstarved 0.0168 (0.00@10487 (0.0003) 0.0314 (0.0004)
Control Female Unstarved 0.0131 (0.000@)0409 (0.0005) 0.0284 (0.0005)
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Table 2.3Glycogen concentrations within starvation resistmd control lines reported
per fly and normalized with respect to lean masd dry weight. Mean glycogen
concentration (standard error) following 15 gerierst of selection for starvation
resistance.

Gchogen Gchogen Glycoge_n

concentration  concentration concentration

Line Sex Treatment per fly per lean mass  per dry weight
Selected Male Starved  0.0015 (0.0001).0075 (0.0003) 0.0058 (0.0002)
Control Male Starved  0.0004 (0.0001p.0022 (0.0005) 0.0018 (0.0004)
Selected Female Starved  0.0022 (0.000R2)0065 (0.0007) 0.0052 (0.0006)
Control Female Starved  0.0010 (0.0001).0035 (0.0003) 0.0029 (0.0003)
Selected Male Unstarved 0.0080 (0.0011).0344 (0.0044) 0.0236 (0.0030)
Control Male Unstarved 0.0061 (0.0007P.0286 (0.0032) 0.0208 (0.0026)

Selected Female Unstarved 0.0144 (0.0010)0417 (0.0032) 0.0269 (0.0017)
Control Female Unstarved 0.0123 (0.0003).0384 (0.0011) 0.0266 (0.0009)
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Table 2.4Total sugar concentrations within starvation resisand control lines reported
per fly and normalized with respect to lean massl any weight. Mean sugar
concentration (standard error) following 15 gerierst of selection for starvation
resistance.

Total sugar Total sugar Total sugar

concentration concentration concentration

Line Sex Treatment per fly per lean mass  per dry weight
Selected Male Starved 0.0036 (0.0001.0186 (0.0005) 0.0145 (0.0003)
Control Male Starved 0.0015 (0.0001p.0084 (0.0008) 0.0069 (0.0007)
Selected Female Starved 0.0048 (0.0008)0144 (0.0009) 0.0115 (0.0007)
Control Female Starved 0.0028 (0.00010.0092 (0.0005) 0.0076 (0.0004)
Selected Male Unstarved 0.0066 (0.000€).0284 (0.0025) 0.0195 (0.0017)
Control Male Unstarved 0.0058 (0.0001p.0270 (0.0001) 0.0197 (0.0001)

Selected Female Unstarved 0.0100 (0.0008)0291 (0.0022) 0.0187 (0.0015)
Control Female Unstarved 0.0068 (0.0006).0213 (0.0020) 0.0147 (0.0012)
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Table 2.5Trehalose concentrations within starvation restséaa control lines reported
per fly and normalized with respect to lean masd dry weight. Mean trehalose
concentration (standard error) following 15 gerierst of selection for starvation
resistance.

Trehalose Trehalose Trehalose

concentration concentration concentration

Line Sex Treatment per fly per lean mass  per dry weight
Selected Male Starved 0.0005 (0.0001).0028 (0.0006) 0.0021 (0.0004)
Control Male Starved 0.0001 (0.0001p.0003 (0.0007) 0.0002 (0.0005)
Selected Female Starved 0.0019 (0.000@)0049 (0.0002) 0.0050 (0.0002)
Control Female Starved 0.0010 (0.00010.0040 (0.0005) 0.0029 (0.0003)
Selected Male Unstarved 0.0018 (0.0001).0076 (0.0003) 0.0052 (0.0002)
Control Male Unstarved 0.0014 (0.0001p.0064 (0.0003) 0.0046 (0.0002)

Selected Female Unstarved 0.0041 (0.000@)0070 (0.0012) 0.0095 (0.0007)
Control Female Unstarved 0.0033 (0.0002).0071 (0.0006) 0.0085 (0.0005)
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Table 2.6Triglyceride concentrations within starvation résig and control lines
reported per fly and normalized with respect tomlesss and dry weight reported per fly
and normalized with respect to lean mass and dighite Mean triglyceride
concentration (standard error) following 15 genieret of selection for starvation

resistance.
Triglyceride Triglyceride Triglyceride
concentration concentration concentration
Line Sex Treatment per fly per lean mass per dry weight
Selected Male Starved 0.4382 (0.0741) 2.087198@B 1.6231 (0.2921)
Control Male Starved 0.9073 (0.1945) 0.7334 (9133 0.6012 (0.1139)
Selected Female Starved 0.1281 (0.0252) 2.817RED) 2.2206 (0.4831)
Control Female Starved 0.4070 (0.0772) 1.466@441) 1.2270 (0.2107)
Selected Male Unstarved  3.1036 (0.3807) 7.524678R) 5.1395 (1.1366)
Control Male Unstarved  5.5440 (0.8830) 3.252128wW6) 2.3765 (0.2119)
Selected Female Unstarved  0.6934 (0.0605) 15@148761) 10.424 (1.6644)
Control Female Unstarved  1.7333 (0.3859) 9.661L1764) 6.7428 (0.8533)
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Table 2.7 Free glycerol concentrations within starvation s&sit and control lines
reported per fly and normalized with respect tanl@aass and dry weight. Mean free

glycerol concentration (standard error) following Jenerations of selection for
starvation resistance.

Glycerol Glycerol Glycerol
concentration concentration concentration
Line Sex Treatment Per fly per lean mass per dry weight

Selected Male Starved 0.0683 (0.0216) 0.42019amy1  0.3195 (0.1439)
Control Male Starved 0.0559 (0.0175) 0.2405 (03)8 0.1971 (0.0713)
Selected Female Starved 0.0410 (0.0146) 0.17105%Q) 0.1353 (0.0432)
Control  Female Starved 0.0816 (0.0375) 0.23467@D) 0.1956 (0.0632)
Selected Male Unstarved 0.1003 (0.0175)  0.65433(@) 0.4470 (0.0880)
Control Male Unstarved 0.1098 (0.0160) 0.2709DgD6) 0.1971 (0.0494)
Selected Female  Unstarved 0.0580 (0.0145)  0.304R47) 0.2062 (0.0306)
Control Female  Unstarved 0.1501 (0.0294) 0.3160561) 0.2173 (0.0382)
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Table 2.8 Statistically significant least squares means \sloe the effects of selection

on body composition measurements obtained fronsetexted and control lines exposed
to the presence or absence of starvation. Leastrasjumeans (standard error) following
15 generations of selection for starvation restsan

Effect

Sex

Dependent Variable

p-value Selected

Cont

Selection
Selection
Selection
Selection
Selection
Selection
Selection
Selection
Selection
Selection
Selection

Selection

Male
Male
Female
Female
Female
Male
Male
Female
Male
Male
Male
Male

Protein per fly

Protein per dry weight

Total carbs per dry weight

0.0222  0.2257 (0%)03 0.2092 (0.0038)

0.0406  0.76316185)

0.0035.0228 (0.0005)

Total carbs per lean mass  0.0004€330 (0.0006)

Total carbs per fly
Total carbs per fly
Trehalose per fly
Triglyceride per fly
Triglyceride per fly
Triglyceride per dry weight
Triglyceride per lean mass

Glycerol per fly

<0.0001 0.0D1@002)
0.0227  0.0099G05)
0.0468  0.0012001)
0.0400 3.2258937)
0.0135 1.07021349)
0.0163 .38.3 (0.4049)
0.0153 8086 (0.5924)
0.0447  0.1159 (@BL

0.8528 (0.0185)
0.0192 (0.0005)
0.0264 (0.0006)
0.0083 (0.0002)
0.0076 (0.0005)
0.0007 (0.0001)
1.7709 (0.3937)
0.4107 (0.1349)
1.4888 (0.4049)
1.9927 (0.5924)
0.0495 (0.0185)
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Table 2.9 Statistically significant least squares means \&afoe the effects of starvation
on female body composition measurements obtaired the selected and control lines
exposed to the presence or absence of starvateast lsquares means (standard error)
following 15 generations of selection for starvatiesistance.

Effect Sex Dependent Variable p-value Starved Unstaed
Starvation Female Protein per fly <0.0001 0.236@081) 0.2589 (0.0081)
Starvation Female Protein per dry weight <0.00016119 (0.0194) 0.5226 (0.0194)
Starvation Female  Glycogen per dry weight ~ <0.00010040 (0.0011) 0.0267 (0.0011)
Starvation Female Glycogen per lean mass <0.0000050.(0.0018) 0.0400 (0.0018)
Starvation Female Glycogen per fly <0.0001 0.0a1eqo5) 0.0132 (0.0005)
Starvation Female Total carbs per dry weight <0100®.0123 (0.0005) 0.0297 (0.0005)
Starvation Female  Total carbs per lean mass  <0.0000151 (0.0006) 0.0445 (0.0006)
Starvation Female Total carbs per fly <0.0001 0O/OM@0002) 0.0148 (0.0002)
Starvation Female Total sugars per fly <0.0001 ®70@.0005) 0.0084 (0.0005)
Starvation Female Total sugars per dry weight <@00 0.0096 (0.0011) 0.0168 (0.0011)
Starvation Female Total sugars per lean mass <0.00m0118 (0.0017) 0.0251 (0.0017)
Starvation Female  Trehalose per dry weight  <0.00@10036 (0.0006) 0.0074 (0.0006)
Starvation Female Trehalose per lean mass <0.0000044 (0.0008) 0.0111 (0.0008)
Starvation Female Trehalose per fly <0.0001 0.001@002) 0.0037 (0.0002)
Starvation Female Triglyceride per fly <0.0001 @870.3701) 4.3238(0.3701)
Starvation Female Triglyceride per dry weight <@D0 1.7238 (0.7495) 8.5838 (0.7495)
Starvation Female Triglyceride per lean mass <00@.1420 (1.0487) 12.740 (1.0487)
Starvation Female Glycerol per lean mass 0.0327 032.20.0435) 0.3146 (0.0435)
Starvation Female Glycerol per fly 0.0095 0.0620180) 0.1051 (0.0130)
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Table 2.10Statistically significant least squares means \sfoethe effects of starvation
on male body composition measurements obtained fra@rselected and control lines
exposed to the presence or absence of starvateast lsquares means (standard error)
following 15 generations of selection for starvatiesistance.

Effect Sex Dependent Variable p-value Starved Unsteed
Starvation  Male Protein per fly 0.0391 0.2117 (@®0 0.2232 (0.0038)
Starvation  Male Protein per lean mass <0.0001 r.163250) 1.0048 (0.0250)
Starvation  Male Protein per dry weight <0.0001 681.0161) 0.7106 (0.0161)
Starvation  Male Glycogen per dry weight ~ <0.0001 088(0.0019) 0.0222 (0.0019)
Starvation  Male Glycogen per lean mass <0.0001 4300.0026) 0.0313 (0.0026)
Starvation  Male Glycogen per fly <0.0001 0.00090Q06) 0.0070 (0.0006)
Starvation  Male Total carbs per dry weight  <0.0000.0163 (0.0014) 0.0437 (0.0014)
Starvation  Male Total carbs per lean mass  <0.0001020% (0.0017) 0.0618 (0.0017)
Starvation  Male Total carbs per fly <0.0001 0.0038004) 0.0137 (0.0004)
Starvation  Male Total sugars per fly <0.0001 0.0¢025003) 0.0061 (0.0003)
Starvation Male  Total sugars per dry weight <0.0000.0107 (0.0010) 0.0195 (0.0010)
Starvation  Male Total sugars per lean mass  <0.0000134 (0.0014) 0.0276 (0.0014)
Starvation  Male Trehalose per dry weight  <0.00010006 (0.00004) 0.0049 (0.00004)
Starvation  Male Trehalose per lean mass <0.0001 022.(0.0006)  0.0069 (0.0006)
Starvation  Male Trehalose per fly 0.0468 0.0000F01) 0.0015 (0.0001)
Starvation  Male Triglyceride per fly <0.0001 0.26061349) 1.2133(0.1349)
Starvation Male  Triglyceride per dry weight <0.00011.1121 (0.4049) 3.7580 (0.4049)
Starvation  Male Triglyceride per lean mass  <0.0001L4102 (0.5924) 5.3881 (0.5924)



Table 2.11Statistically significant least squares means \&afoethe effects of the interaction between se&acind
starvation on body composition measurements olidnoen the selected and control lines exposede@tksence or
absence of starvation. Least squares means (sthetar) following 15 generations of selection $tarvation resistance.

Control Control Selected Selected
Sex Dependent Variable p-value Starved Unstarved Starved Unstarved
Male Protein per lean mass 0.0151  1.1999 (0.0354) .9883 (0.0354) 1.1074 (0.0354)  1.0212 (0.0354)
Male Protein per dry weight 0.0178 0.9842 (0.0228) 0.7214 (0.0228) 0.8695 (0.0228)  0.6998 (0.0228)
Male Total carbs per dry weight 0.0191  0.0127 (2MO0  0.0433 (0.0020) 0.0200 (0.0020)  0.0442 (0.0020)
Female Total carbs per fly 0.0308  0.0036 (0.0002) .0180 (0.0002) 0.0059 (0.0002)  0.0166 (0.0002)
Male Total sugars per fly 0.0092  0.0014 (0.0004) 0087 (0.0004) 0.0036 (0.0004)  0.0065 (0.0004)
Male Total sugars per dry weight <0.0001 0.0068004) 0.0197 (0.0014) 0.0145 (0.0014)  0.0194 (G1p0O1
Male Total sugars per lean mass 0.0001 0.0083Z0)00 0.0270 (0.0020) 0.0185 (0.0020)  0.0282 (0.0020)
Male Trehalose per dry weight 0.0125  0.0002 (0.p006 0.0046 (0.0006) 0.0031 (0.0006)  0.0052 (0.0006)
Male Trehalose per lean mass 0.0284  0.0002 (0.0009)0.0063 (0.0009) 0.0041 (0.0009)  0.0076 (0.0009)
Male Trehalose per fly <0.0001 5.1XA®.0001)  0.0013 (0.0001) 0.0008 (0.0001)  0.001G0@1)
Female Triglyceride per fly 0.0508 0.4382 (0.5234) 3.1036 (0.5234) 0.9073 (0.5234)  5.5440 (0.5234)

LL
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Chapter 3.

Investigating respiration and movement in geneticdy based
starvation-resistant and control lines of
Drosophila melanogaster
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Abstract

Resistance to biological stress, including staowats an adaptive mechanism
that alters the phenotype to withstand deleteremwronments. One theory of increased
resistance to starvation suggests the presenceaurdinated physiological response
resulting in a reduction of metabolic rate couglea reduction in energy expenditure.
The purpose of this study is to investigate regipinsand movement in genetically based
starvation-resistant and control linesDyfosophila melanogaster exposed to the presence
or absence of a brief period of starvation. An alleeduction in metabolic rate was
observed in the starvation-resistant lines as coedp@ the control lines based on
measurements of carbon dioxide production and axggasumption. Additionally,
measurements of carbon dioxide production followB&chours of starvation indicated a
reduction in metabolic rate within the starvati@sistant lines. Respiratory quotient
values reported per fly suggested increased coioversf carbohydrates to lipids in the
starvation-resistant lines, while analysis of tbatool lines indicated carbohydrate
oxidation as the primary source of metabolic fuhe number of movements recorded
using individual starvation-resistant and conthelsf previously used for respiration
indicated an overall reduction in movement in tekested lines. The results obtained
from this study indicated a positive correlatiomviEen respiration and movement
supportive of the theory that an evolved resistdacgarvation is correlated with
decreased metabolic rate and a reduction in ereqggnditure to promote survival under

adverse conditions.
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Introduction

Biological stress has been previously defined aalt@nation in the environment
that results in a reduction of organismal fithnéésghn & Bayne, 1989; Sibly & Calow,
1989; Hoffman & Parsons, 1991). Inadequate oribledood resources leading to acute
starvation conditions represent a significant fafrbiological stress, presumably
encountered by most organisms residing in natwplifations (White, 1993; Harshman
& Schmid, 1998; Harshman et al., 1999; Rion & Kakie2007). In response to
alterations in the environment, including periofistarvation, organisms have evolved
adaptive physiological mechanisms that alter thenplype to promote enhanced survival
(Djawdan et al., 1998; Harshman & Schmid, 1998 nRécKawecki, 2007). An evolved
resistance to starvation could be achieved thr@ugbordinated physiological response
that couples a reduction in metabolism with an alVeonservation of energy reserves
(Harshman & Schmid, 1998). This is accomplisheghdrt, through the storage of
nutrients during times when food is plentiful ttoal for increased energetic reserves
when food resources are later depleted (Chippinetadé, 1996; Hoffman et al., 2005;
Rion & Kawecki, 2007). Additionally, a reduction metabolic rate and movement serve
as a means to conserve energy during periods vdoehi$ scarce (Harshman & Schmid,
1998; Knoppien et al., 2000; Williams et al., 2Q0@)e purpose of this study is to
investigate correlations between respiration angdament in genetically based
starvation-resistant and control linesDyfosophila melanogaster to identify
physiological relationships between metabolism emergy expenditure in the presence

or absence of starvation.
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An overall reduction in metabolic rate has beerppsed as a key mechanism
utilized in an evolved resistance to starvationf{lann & Parsons, 1991). In
Drosophila, the mitochondria produce carbon dioxide as a boditabyproduct during
oxidative phosphorylation (Williams et al., 1997aidhman & Schmid, 1998). The
carbon dioxide released during ATP production enttransported through a highly
branched system of cuticle-lined tubes locatedutjnout the organism to the trachea,
where it is released to the external environmeetZ. Bradley, 2005). Diffusion of
carbon dioxide out of the body during gas excharageirs at valve-like structures known
as spiracles that are located on the surface adliiemen and thorax (Hetz & Bradley,
2005; Lehmann & Schutzner, 2009). Simxanelanogaster only respire aerobically,
measuring the concentration of expelled carbonideusing respirometry provided a
reasonable estimation of metabolic rate (Djawdaad.e997; Harshman & Schmid,
1998).

Artificial selection for starvation resistancebmosophila melanogaster has been
frequently used to investigate phenotypic alteratiassociated with increased tolerance
to starvation (Djawdan et al., 1998; Harshman etl&99; Baldal et al., 2006; Rion &
Kawecki, 2007). Previous studiesDbmosophila have indicated a significant relationship
between stress responses, metabolism, and theemainte of energetic homeostasis
within the organism (Hoffman & Parsons, 1991). Resice to biological stress,
including starvation, can be attained through attens in the storage and metabolism of
high-energy molecules resulting in the conservabibresources until nutrient intake can

be resumed (Harshman et al., 1999). Experimeriizsing laboratory-based artificial
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selection for starvation resistancelinosophila melanogaster have indicated an
increased abundance of triglycerides and glycogeasponse to selection (Chippendale
et al., 1998; Djawdan et al., 1998; Harshman ¢t.809; Marron et al., 2003).
Additional studies utilizing respiration to measuanetabolism in starvation-resistant lines
indicated a reduction in metabolic rate in respdosselection, with reduced carbon
dioxide production in lines exposed to brief pesad starvation (Djawdan et al., 1997).
Similar results were observed in a related studi véduced specific metabolic rates
obtained from starvation-resistant females as coegpi@ control females (Harshman &
Schmid, 1998). Further research of metabolic natemalized with respect to body mass
in D. melanogaster has indicated no significant differences betwearvation-resistant
and control lines (Djawdan et al., 1998; HarshmaBdamid, 1998). This observation
could be attributed to the increased weight of imataally inert lipid and carbohydrate
stores present within the selected lines (Harshehah, 1999). When carbon dioxide
production was normalized with respect to weidghe, metabolic rates appeared lower in
flies with increased body mass (Harshman et aB9)1.9

A reduction in energetic expenditures of the orgamin response to starvation
has been suggested to be an added mechanismwofatithe preservation of metabolic
fuels (Harshman et al., 1999). Previous analysignoffement patterns iBrosophila
revealed that activity occurred in discrete boutat twere separated by periods of
inactivity, with males exhibiting a more continuopattern of walking than females
(Martin et al., 1999). Measurements of activitydisvwithin lines selected for starvation

resistance indicated a reduction in the number @faments obtained from the selected
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lines (Williams et al., 2004). When exposed to\siton, the selected lines exhibited
decreased activity levels as compared to the dsnfikmoppien et al., 2000). Behavioral
studies conducted oBrosophila melanogaster indicated that selected lines exposed to
starvation exhibited a reduced search responsbtinofood as compared to the control
lines that have not previously evolved mechanismawvithstand starvation (Bell &
Tortorici, 1987; Rion & Kawecki, 2007).

The main objectives of this study were to analyzggen consumption and
carbon dioxide production in starvation-resistantl @ontrol Drosophila melanogaster
lines exposed to the presence or absence of agarefd of starvation to investigate the
associated physiological responses. Calculationesgiratory quotients obtained from
each individual provided information on metaboliels utilized in both the starvation-
resistant and control lines in the presence or raleseof 32 hours of starvation.
Additionally, measurements of the number of movemaerecorded from individuals
previously used for analysis of metabolic ratesewacquired to identify correlations
between respiration and movement. Results obtafreed this study provided insight
into energy utilization in response to starvationlines with an evolved resistance to

starvation and those reared in the absence oftselgressures.
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Materials and Methods

Drosophila melanogaster stocks

TheDrosophila melanogaster base population used in artificial selection for
starvation resistance was initially derived frorseaies of inbred lines collected in a
manner designed to preserve natural genetic vamiaixperimentation began by
obtaining a large population of inseminated feméias the Woflskill Experimental
Orchard in Yolo County, located in Northern Califia. The collected females were
placed in a laboratory setting with the resultinggeny used in 20 generations of
inbreeding to produce a series of lines. Ten okdtablished lines were intercrossed
using one virgin female and one male to generafgoakible combinations of pair-wise
matings with all reciprocal crosses conducted betwibe lines. From the approximately
100 crosses performed, 150 progeny per cross we&reted for placement within a large
population cage (12 inches high, 36 inches widd,zthinches deep. The food source
within the population cage consisted of a serigsvehty open food bottles distributed
throughout the cage. Four of the twenty total feodrces consisting of yeast extract,
molasses, cornmeal, glucose, water, agar, and amiaf acids to prevent mold growth
were replaced weekly, thus ensuring that the olidest was removed and continually
replaced with a fresh food source. This overlappiogulation regime contributed to the
preservation of lifespan duration and stress @st&t responses, which can be lost when
flies are maintained in a laboratory culture (Hodfm et al., 2001, Linnen, 2001). The

resulting base population Bf. melanogaster was maintained for one year prior to
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establishing a derived population used for condggcairtificial selection for starvation
resistance.

The population oD. melanogaster used in experimentation was divided into
eight subpopulations, which were randomly separatedthe four starvation—resistant
and four control lines. Flies used in the artifigalection experiment were obtained by
placing ten cut glass bottles containing food imd@mized locations throughout the
population cage. Bottles were removed each daglteat eggs residing on the surface of
the media. Approximately 100 eggs were collectadi@aced in individual vials
containing food to generate a series of vials &mheline. Vials containing the collected
eggs were stored in a controlled environment miatathat a temperature of 25 degrees
Celsius with a 12 hour light/dark cycle. Prior &placing the bottles in the population
cage for resuming egg collection on the followiraydthe surface of the media was
removed to eliminate any residual eggs or larvBe@s process was repeated until each
subpopulation consisted of approximately 4,000viiidials. Adults emerging from the
collected eggs were allowed to randomly mate wid@nh subpopulation prior to
collecting eggs for the next generation. A seofe®ur generations of matings were
conducted prior to initiating selection for stareatresistance on the following
generation of adult flies. Population sizes farheaf the replicate selected and control
lines were consistently maintained at a densit®,000 males and 2,000 females.

Artificial selection for starvation resistance wasformed using adult mated flies
that were collected five days post eclosion. Maled females from each line were

separated and placed in cages that either contéanedor the control lines or agar for
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the selected lines. Prevention of desiccation withe selected lines was achieved by
supplying individuals with solidified agar as a efasource. Petri-plates containing
either food or agar were routinely removed fromdhges every 48 hours to supply the
flies with a fresh food or water source and prevkatintroduction of progeny. The
temperature, light exposure, and relative humidigye held constant during
experimentation with subjects being kept at 25 éegiCelsius with a 12 hour light/dark
cycle. Relative humidity was maintained by placangoist paper towel in a clear plastic
bag surrounding each cage. The paper towel wagiedan conjunction with the plates
to ensure adequate moisture and prevent desicaatiExperimental subjects.

Direct responses to selection were measured watheh individual replicate cage
of selected males or females by calculating thetadity levels at 12 hour intervalB.
melanogaster that had died during that time frame were aspiratg of the experimental
cages and were disposed of following the deternainaif mortality rates. In order to
maintain consistency in experimentation, the cdrdages were additionally observed
every 12 hours to determine mortality levels in plhesence of food. Flies that had died
during this time frame were removed and countatiérmanner previously described.
Upon reaching 50 percent mortality levels in on¢hefselected male or female cages,
individuals within the matched selected and corltnals were removed from the cages
following brief exposure to carbon dioxide, whidtted as an anesthetic. Individuals
removed from the cages were placed in plasticdmtbntaining food that were
maintained at 25 degrees Celsius with al2 hout/tghk cycle. Flies were allowed a 2

day recovery period prior to being mated to produrogeny for the next generation of
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selection for starvation resistance. A populatiae sf approximately 450 males and 450
females was used for mating each of the four sedle@hd control populations prior to
collecting eggs for the next generation. A tofa2% to 27 generations of selection for
starvation resistance were conducted prior to coilg individuals from each of the three
generations to obtain measurements of respiratidmavement.

Respiration and movement values were obtained dkasgcollected from
generations 25, 26, and 27 of selection for staomaesistance. Two generations of
relaxation from selection were conducted followeagh of the three generations used for
experimentation to prevent parental effects. Relaraf selection was defined as the
absence of artificial selection on the starvatiesistant lines. Individuals obtained from
generations 25 and 26 were used to measure thengalioxygen consumption, carbon
dioxide production, and movement of individualsasbéd from each line. Additionally, a
pool of five flies was used to determine oxygenstonption and carbon dioxide
production within larger sampleB. melanogaster obtained following generation 27 of
artificial selection for starvation resistance wsubjected to either 32 hours of
starvation, with exposure to only agar as a watarce, or 32 hours remaining on food.
Following exposure to the presence or absenceaofatton, selected and control males
and females from each of the four replicate linesenused for measurements of

respiration and movement, as previously described.
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Respiration

Respiration was conducted on twelve replicate iidials and pools of five
selected and contr@lrosophila melanogaster following generations 25 and 26 of
selection for starvation resistance. Additionadigyen replicates per selected and control
line were obtained following generation 27 to eadéduthe effects of 32 hours of
starvation or 32 hours in the presence of food vatfards to oxygen consumption and
carbon dioxide production. Mated flies randomliested to undergo experimentation
were collected five to seven days post eclosianilofwing brief exposure to ether, males
and females from generations 25 and 26 were sepbaad allowed a one day
acclimation period in the presence of food priomeasuring respiration. Flies from
generation 27 were additionally exposed to thegmes or absence of 32 hours of
starvation prior to measuring the amount of oxygemsumed and carbon dioxide
produced by each individual and pool of five flidd. measurements were recorded
during the 12 hour light phase of the light cydestiminate potential alterations in
respiration that can be attributed to changes lmabier associated with changes in light.
Following respiratory measurements, each replicatizidual and pool of five flies were
aspirated out of the syringes and placed in thegpree of food for a one day recovery
period prior to quantifying the number of movemesttthe individual flies used in
respiration.

Two types of respiratory designs have been prelyaised to determine
metabolic rate and calculate respiratory quotieni3rosophila melanogaster. Stop-flow

respiration consists of gasses held at a constdmtne, while flow through respiration
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allows gasses to flow continuously through the réicy chambers. Stop flow
respiration was selected for this experiment bez#ysrovided an accurate method of
high throughput analysis of respiratory gas excbabgie to the increased number of
samples used for analysis, this method was esk#ortizbtaining precise readings in a
reasonable amount of time.

To obtain accurate readings of oxygen consumptiohcarbon dioxide
production from flies selected for experimentatithrg air used within the respiratory
apparatus, otherwise known as scrubbed air, wasdfd to remove impurities that can
alter the data (figure 3.1). Air within the systeras initially acquired from the
surrounding environment by a Tygon tube placediwighNalgene carboy, which was
used to reduce air turbulence (20 liter capackg)lowing collection, water vapor and
carbon dioxide were removed using a column of dleéend sodalime, respectively.
Airflow within the system was consistently reguthteetween 50 to 80 milliliters per
minute using the SS3 subsampler (Sable Systemis)patticular airflow rate used in
experimentation was selected to optimize data niaten during analysis.

Following the 24 hour acclimation period in theg®ece of food, individuals or
pools of fiveD. melanogaster were aspirated into separate five milliliter plastyringes.
Aspiration of the flies was used to prevent addiiiceffects of ether on the experimental
subjects that could potentially alter measuremehtsspiration. Ambient air within the
syringes was flushed and replaced with 3 milliftef scrubbed air at the flush junction
of the respiratory apparatus (figure 3.1). A tatal 2 syringes per individual time point

possessing either one individual or a pool of flies obtained from generations 25 or 26
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were placed within the PELT-5 environmental chambaintained at 25 degrees Celsius
with a 12 hour light cycle until respiration measments were obtained. A series of
seven syringes were placed within the chamber dwisingle time point for flies
collected from generation 27. The time points usedenerations 25 and 26 consisted
of three separate three hour windows that spamoed8:00 am to 11:00 am, noon to
3:00 pm, and 5:00 pm to 8:00 pm. These three tiongpwere selected to identify
potential alterations in respiration measuremeuntstiane of day. A singular time point
was used for respiration in individuals selectefrgeneration 27 that spanned from
3:00 pm to 7:00 pm.

At approximately seven to twenty minutes followihg flushing of residual air
from the syringes, the respired air from the indiial or pool of five flies was injected
into the respiration system at the injection pbgufe 3.1). Respired air was passed
through a scrubber containing magnesium perchlooatemove water from the air
collected from each syringe. Following water reaipthe respired air was passed to the
CA-10 carbon dioxide analyzer (Sable Systems), ekarbon dioxide production values
were recorded. The respired air was then passedghran ascarite scrubber to remove
any residual carbon dioxide prior to entering tka2 0 oxygen analyzer (Sable Systems).
Upon obtaining a reading for the amount of oxygenstimed by the individual or pool
of five flies within each syringe, the respired\aas returned to the surrounding
environment.

Carbon dioxide production and oxygen consumptida deere collected by the

UI2 apparatus (Sable Systems) prior to analysisel#e readings for carbon dioxide and
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oxygen concentrations were calculated using Expestaitware (Sable Systems). Prior to
experimentation, the carbon dioxide analyzer wasoseero, while values for oxygen
were corrected by 20.95 during data analysis towucfor the percentage of oxygen
within the surrounding environmental air. To adjisstfluctuations in the carbon dioxide
and oxygen readings due to the rate of injectiegréspired air into the system, a blank
syringe possessing only scrubbed air was injecikoling every five readings. The
values obtained from the blank syringes were satadafrom the initial experimental
readings, thus normalizing the data.

Carbon dioxide and oxygen concentrations withinréepired air were obtained
by aligning the oxygen and carbon dioxide peakkect#d from each syringe. The area
under each of the peaks was calculated and transtbinto values of oxygen
consumption (equation 3.1) and carbon dioxide pcbdn (equation 3.2). The values for
oxygen and carbon dioxide were converted into @bgtdividing the milliliter volume of
each gas by the time in minutes that the indivisloalpools of five flies were respiring
within the syringe. Additionally, respiratory quenits were calculated (equation 3.3) to
be used to determine the primary metabolic fudizet by starvation-resistant and

control flies subjected to the presence or absehaebrief period of starvation.

Movement
The number of movements of each individDabsophila melanogaster obtained
from each of the three generations subjected faregsry studies was measured to

identifypossible correlations between respiratinod emovement in the selected and
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control lines exposed to the presence or absenstaation. Following experimentation
to determine the amount of oxygen consumption amdan dioxide production,
individuals were allowed one day of recovery ond@oior to being aspirated into
separate glass capillary tubes (5 millimeters anditer and 65 millimeters in length).
Food sources were provided within the tubes aeeghd, with only one end partially
covered by food to allow for airflow during expegntation. Positioning within the 64
total spaces in the twidrosophila activity monitors (TriKinetics) was completed ugia
statistical randomization scheme obtained from SAJSAS, 2009). This method of
randomization was used to reduce or potentialiyielite a positional effect in data
acquisition. Once each tube containing an indiaidly was correctly positioned, the
tubes were centered with respect to the monitorsaedred in place using a rubber band.
Activity levels for each of the twelve replicatesrselected and control line
collected from generations 25 and 26, or sevenaapk per selected and control line in
the starved and unstarved states in generatiore?& rgcorded every ten minutes for a
total of 24 hours. The numbers of movements withis time frame were detected when
an individualDrosophila melanogaster crossed an infrared beam that bisects the
individual capillary tubes positioned within eadtttoe monitors. Measuring the number
of movements over a 24 hour time period allowedterdetection of variations in
movement patterns within the lines spanning theeshght cycle. During
experimentation, the environmental conditions weglel constant at a temperature of 25
degrees Celsius with 12 hours of light and 12 hotidark. The relative humidity was

also maintained by placing a moistened cottonwihin a clear plastic bag surrounding
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each monitor to prevent desiccation of the indiaiddrosophila melanogaster used in

experimentation.

Weight measurements and data normalization

Dry weight measurements for both the individuadithat were used in
respiration and movement studies, and in the pafdise flies used to measure
respiration were obtained by flash freezing theviddial flies or pools of five flies in
liquid nitrogen following the conclusion of actiyitnonitoring. The frozen flies were
stored at -80 degrees Celsius until dry weight mesmsents were obtained. In order to
ensure the complete removal of water from the éissrior to obtaining a weight, the
flies were placed in a 65 degree Celsius oven4dnd@urs. Following this time period,
flies were individually weighed to obtain dry wetgtior each individual fly and an
average weight for the pool of five flies from eaxflthe selected and control lines in the
presence or absence of starvation. Data obtaioedtiie respiratory studies was

recorded per fly and was additionally normalizethwespect to dry weight.

Statistical analysis

The respiration and movement data obtained fronstdwation-resistant and
control lines following generations 25, 26, andw&fe analyzed using SAS 9.2 software
(SAS, 2009) to conduct a linear mixed model analf@i identifying variations in
oxygen consumption, carbon dioxide production, iragpry quotient values, and the

number of movements. The model used in analysladed fixed effects factors for
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selection, starvation, generation of selection, gekeration removed. When only one
level of a factor was present, that factor was peapfrom the analysis. Additionally, the
model included random effects for the selectior lested within selection criteria and
each replicate. When examining the associationafement and respiration, movement
was added as a covariate to the respiration mo8tsstically significant results were
identified as those possessing a p-value equalless than 0.05. Once identified as
statistically significant, the least squares meaises were compared to determine the
direction and magnitude of the change in the stemvaesistant lines as compared to the

controls with respect to respiration and movement.
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Results

Respiration

Respiration data was considered separately for gachration of selection due to
differences in experimental design. In generationflies were exposed to the presence
or absence of starvation, while generation 25 &ftli€ remained in the presence of
food. Comparisons between generations 25 and 26aitedl a significant difference
between the generations with generation 25 valtiearbon dioxide production and
oxygen consumption consistently greater than géinera6 values. Measurements of
carbon dioxide production obtained from pools @éfmales or five females indicated
increased values collected from generation 25 agpaoced to generation 26 (p-values
0.0103 and 0.0080 respectively). Oxygen consumptieasurements recorded per fly in
both sexes (p-values <0.0001 females and 0.010dsinahd with respect to dry weight
in females (p-value 0.0162) indicated increasedatentrations obtained from generation
25 flies as compared to generation 26 flies. Duthé¢ significant differences between
generations 25 and 26, the main focus of the aisalyi§ be on the generations
separately.

Measurements obtained from pools of five fliesectkd two generations
removed from generation 25 indicated a signifiegfeéct of selection (table 3.16) on
oxygen consumption and respiratory quotient va(teses3.5 and 3.7), while no
significant effect of selection was observed in pansons of carbon dioxide production.

Oxygen consumption values normalized with respedry weight indicated a reduction
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in oxygen concentrations in selected females agpaoed to control females (p-value
0.0385). Additionally, respiratory quotient valuesorded per fly in males and females
indicated increased values obtained from the sddotes as compared to the controls
(p-values 0.0004 and 0.0028 respectively). Measengsrof respiratory quotients
normalized with respect to dry weight, howeverjéated an opposing effect where the
selected females possessed decreased respirattigngwalues as compared to control
females (p-value 0.0494). Average respiratory gmtvalues recorded from generation
25 ranged from 1.0 to 1.3 indicating carbohydratielation at respiratory quotient values
of 1.0 and increased conversion of carbohydratépitts at respiratory quotients values
greater than 1.0 within the control and selecteed] respectively.

Analysis of generation 26 flies indicated a siguaiht effect of selection (table
3.16) on carbon dioxide production, oxygen consimnp&nd respiratory quotients in
measurements obtained from individuals and poofwefflies (tables 3.2, 3.4, 3.6, and
3.8). Measurements of carbon dioxide productiomadized with respect to dry weight
in pools of five flies of each sex indicated a retthn in carbon dioxide values obtained
from the selected lines as compared to the confpelslue 0.0282 females and 0.0364
males). Similar effect were observed in oxygen oam#ion values normalized with
respect to dry weight obtained from pools of fivales or five females indicating a
reduction in oxygen consumption by the selecteeslifp-values 0.0088 and 0.0053
respectively). Comparisons of respiratory quotiettined from generation 26 flies
indicated a significant effect of selection in fdenmeasurements normalized with

respect to dry weight (p-value 0.0507) resultingefected females with a reduced
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respiratory quotient as compared to control femal@srage respiratory quotient values
obtained from generation 26 flies ranged from 0.7.4 indicating increased fat
oxidation in lines where the values were belowan@ increased carbohydrate to lipid
conversions in lines where the respiratory quotexteeded a value of 1.0.

Starvation had a statistically significant effetetb{e 3.18) on carbon dioxide
production values obtained from generation 27 fliiables 3.9 and 3.10). Analysis of
carbon dioxide production indicated a reductionanbon dioxide values obtained from
the starved lines as compared to flies in the fatesn measurements recorded per fly
and with respect to dry weight (p-values 0.0423 @:0@15 respectively). No significant
differences in oxygen consumption or respiratorgtmunts were detected between the
selected and control lines in either the starvelgdrstates. Respiratory quotient values
obtained from generation 27 flies were all closé&.indicating carbohydrate oxidation
as the primary metabolic fuel.

Single fly measurements of carbon dioxide produrcin generations 26 and 27
females indicated a significant effect of seleciioigeneration 26 (table 3.16) and
starvation in generation 27 (table 3.18) in measerds analyzed using movement as a
covariate. Carbon dioxide production measured lgenfgeneration 26 females indicated
increased concentrations obtained from the seldicteslas compared to the controls (p-
value 0.0475). Analysis of the effects of starvatiio generation 27 females indicated
reduced carbon dioxide production in starved fesatecompared to fed females when
measurements were recorded per fly and with respetty weight (p-values 0.0330 and

0.0237 respectively).
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Movement

Selection had a significant effect on the numbeno¥ements (tables 3.16 and
3.17) recorded in flies obtained from generatiodsd 27 (tables 3.2, 3.13, 3.14, and
3.15). Movement values obtained from generatiomags during the 12 hours of
darkness indicated a reduction in the number ofentants recorded in the selected lines
as compared to the controls (p-value 0.0122). #althlly, a significant effect of
selection was detected in the number of movemestsrded during time point three in
generation 26 males with the selected lines mosiggificantly less than the controls (p-
value 0.0123). Movement values obtained from gdimer27 males indicated a
significant effect of selection in both the darlddight phases of the 12 hour light cycle.
During the 12 hours of darkness, selected malestheignificantly less than control
males (p-value 0.0014). A similar effect was obedrduring the 12 hour light phase with
selected males moving significantly less than admirales (p-value 0.0055).
Comparisons of the number of movements betweernrgigmas 25 and 26 indicated

increased movement in generations 25 females dthandark phase (p-value 0.0295).
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Discussion

Acute exposures to periods of starvation are atogmally significant form of
biological stress encountered by most organismdingsin natural populations (White,
1993). In response to increased environmentalsstoeganisms have evolved adaptive
physiological responses that allowed for enhanced\sal during periods of inadequate
or unsuitable food resources (Harshman & Schmif@i81Blarshman et al., 1999; Rion
and Kawecki, 2007). Overall reductions in metabddi® and conservation of energy
reserves have been suggested to be the primaryamisots used for survival (Knoppien
et al., 2000; Williams et al., 2004). Previous stgdf stress resistanceDnosophila
melanogaster have indicated a strong positive association batvwecreased stress
resistance and reductions in metabolic rate (Haff&darsons, 1991). This suggested
that reductions in metabolism to the level of somaintenance were a key component
in the plastic response associated with resistamstarvation employed by organisms in
both natural and laboratory based populations (Bgawet al., 1997; Marron et al., 2003).

Reductions in energy expenditure have been fretwentrelated with reduced
metabolic rates in organisms with an evolved rasist to biological stress (Williams et
al., 2004). InDrosophila, movement and flight are energetically costly with metabolic
rate increased approximately fifty to one hund@d tluring flight (Arrese & Soulages,
2010). To conserve energy, starvation-resistardarosgns have implemented behavioral
modifications that result in increased sedentahalmr with an overall reduction in
flight and movement until food resources were mestgHoffmann & Parsons, 1993;

Williams et al., 2004; Rion & Kawecki, 2007; Balieet al., 2008). This combination of
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reduced metabolism coupled with a conservatiomefgy allowed organisms to survive
during adverse environmental conditions. In thes@né study, quantification of
metabolic rate was achieved through measurememéspifration in starvation-resistant
and control lines oDrosophila melanogaster that were either briefly exposed to
starvation or remained continuously fed. The numloémovements in individuals
previously measured for respiration were correlatél respiratory values to identify
significant associations between metabolism andggrexpenditure in starvation-
resistant and control lines exposed to the presenabsence of a brief period of
starvation.

A statistically significant difference between camipons of selected and control
lines collected from generations 25 and 26 wasrebdan carbon dioxide production,
oxygen consumption, and the number of movementthibihese measurements,
generation 25 values were consistently greater geaeration 26. Due to the observed
differences between the generations, values frarh ganeration were considered
separately. Reductions in carbon dioxide produdtiageneration 26 flies supported the
theory that increased selection for starvatiorstasce resulted in reduced metabolic
rates (Djawdan et al., 1997; Marron et al., 2008 magnitude of the observed change
was interesting in that one would expect the lioespproach a steady state with only
slight alterations observed in responses correlatdstarvation resistance from
generations 25 to 26. This suggested that perhapsteaneous environmental variable
could be altering the data between the generatibas,producing the observed

differences.
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Carbon dioxide concentrations normalized with respedry weight obtained
from generations 25, 26, and 27 indicated thas#tected lines produced significantly
less carbon dioxide than the control lines. Th&uit was in contrast with previous
studies in starvation-resistadtosophila lines that indicated an increase in carbon
dioxide production by the starvation-resistantsii®@jawdan et al., 1997). Potential
explanations for the observed differences betwkemtesent and past studies were
differences in respiratory measurements, stop-fiespiration used in this study versus
flow through respiration in previous studies, aftdrations in design and degree of
selection. Measurements of carbon dioxide prodoactith regards to the presence or
absence of starvation obtained from flies colledteth generation 27 indicated a
reduction in carbon dioxide production in lines eg@d to a brief period of starvation as
compared to the unstarved lines recorded per fiywath respect to dry weight. This
result was consistent with previous finding®inmelanogaster that indicated a reduction
in carbon dioxide production in control lines expo$o starvation as compared to lines
remaining in the presence of food (Djawdan etl#197; Marron et al., 2003). Previous
studies using starvation Drosophila melanogaster indicated an overall reduction in
metabolic rate in response to starvation (Djawdaal.e1997; Marron et al., 2003),
which supports the findings obtained from the aorstudy.

A correlation between carbon dioxide production amayement was detected in
flies obtained from generations 26 and 27. Reduostio the number of movements were
correlated with reduced carbon dioxide productioeelected lines as compared to

control lines obtained from generation 26. Addiéithy, a reduction in movement was
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correlated with a reduction in carbon dioxide prat¢hn in the starved lines as compared
to the fed lines in measurements obtained fromrgdioa 27. The correlation between
movement and carbon dioxide production was suppodi the theory of increased
energy conservation within starvation-resistamsfiand flies exposed to brief periods of
starvation.

Starvation-resistant females obtained from germrat?5 and 26 consumed less
oxygen than control females. Similar observatidnsxygen consumption occurred in
generation 27 flies; however, the results did eath statistical significance. Reduced
oxygen consumption in the selected lines indicateeduction in metabolic rate within
selected females as compared to control femaleéshwas supported by previous
studies of respiration iBrosophila melanogaster (Harshman et al., 1999). Reductions in
oxygen consumption within the selected lines haaenlsuggested as a possible
mechanism for enhanced resistance to starvatioredsed oxygen levels within the
organism can be toxic due to increased concentiatib oxygen free radicals. These
particular molecules in high concentrations camltes increased tissue damage, which
can lead to premature mortality (Hetz & BradleyQ2D The results obtained from this
study suggest that the reduction in oxygen conagatrs observed in the starvation-
resistant lines may perhaps be an adaptive mechdaisenhanced survival through
reductions in free radical formation.

Calculations of the respiratory quotient obtaineuirf generation 25 and 26
indicated that selected females possessed redustathotic quotients as compared to

control females when measurements were normaliztbdraspect to dry weight. This
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was indicative of a reduction in metabolic ratéha selected lines; however, this result
must be considered with caution because normalizyndry weight accounts for a large
volume of metabolically inert lipids stored withime starvation-resistant lines (Harshman
et al., 1999). Respiratory quotient values regbpter fly in generation 25 indicated
increased values obtained from the selected lise®@pared to the controls. Similar
results were observed in generations 26 and 27ewenythe respiratory quotient values
did not reach statistical significance. Respiratugtient values close to 1.0 were
indicative of carbohydrate oxidation, while valwsse to 0 indicated fat oxidation
(Chadwick, 1947; Lighton, 2008). Values exceedir@ftr the respiratory quotient were
indicative of the conversion of carbohydrate irdt fesulting in increased lipid storage
within the organism (Chadwick, 1947; Lighton, 200Bgspiratory quotient values that
exceeded 1.0 have increasingly greater error aggocwith the measurement, so values
that were significantly greater than 1.0 were cdasd with caution. In general, the
respiratory quotient values measured per fly olehiinom the selected lines slightly
exceeded 1.0 indicating increased carbohydratattoohversions. This result was
consistent with previous findings that increasddamn for starvation resistance
resulted in increased lipid deposition within tle¢ested lines (Chippendale et al., 1998;
Djawdan et al., 1998; Harshman et al., 1999; Maatal., 2003).

The number of movements recorded in individuakflieeviously measured for
respiration indicated a reduction in movement mgtarvation-resistant lines as
compared to the control lines. Measurements redardboth the 12 hours of darkness

and 12 hours of light indicated a reduction in nratevement across all three
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generations, which was consistent with previoudifigs of reduced movement in the
starvation-resistant lines (Hoffman& Parsons, 1988tiams et al., 2004; Rion &
Kawecki, 2007; Ballard et al., 2008). The reduciimmovement observed in the selected
lines used the present study supported the thbatystarvation-resistant lines were more
sedentary, and were thus capable of conservingggramounts of energy when food
resources were depleted (Hoffman & Parsons, 1998aws et al., 2004, Ballard et al.,
2008). Analysis of movement in the control linedicated increased movement
following exposure to starvation. These valuesewat statistically significant within

this study; however, it illustrated the increasedrsh behavior displayed by organisms
that have not evolved a resistance to starvatioogigien et al., 2000). Previous studies
have suggested that males exhibited more continpatisrns of walking, while females
have a more periodic pattern of movement with bobiteactivity (Martin et al., 1999).
The sex related differences in activity levels dopbtentially explain the lack of
statistical significance in variations of femalevament patterns observed within the
context of this study.

Comparisons of respiration values and activity lewbtained from this study
indicated a positive correlation between metaboksith movement. Analysis of carbon
dioxide production and oxygen consumption in tHected lines using movement as a
covariate indicated that a reduction in movemert earelated with reduced
metabolism. Moreover, exposure to a brief peribstarvation resulted in reduced
carbon dioxide production that when coupled with tlovement data supported an

overall reduction in metabolic rate with conservatof energy reserves. The results
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obtained from this study indicated a significansifige association between metabolism
and movement in starvation-resistant line®odsophila melanogaster. An overall

reduction in metabolic rate coupled to a reductiomovement recorded in the selected
lines supported the theory that an evolved resistém starvation resulted in a reduction

of metabolic rate coupled to an increased conservaf energy.
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Equation 3.1

VO, = (FiO,-FeO,) * FR / (1-FeQ)

The volume of oxygen consumed (YQvas calculated by taking the difference of the
fractional concentration of oxygen entering theroshar (FiQ), and the oxygen
concentration leaving the chamber (RFe@nultiplied by the flow rate (FR). This value is
then divided by the difference of one minus thecemrtration of oxygen leaving the
chamber (Feg) to obtain the volume of oxygen consumed by tlgaoism. FiQ is
equivalent to 0.2095 and is used to account fooaperic oxygen content. The volume

of oxygen consumed is measured in milliliters péerute.
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Equation 3.2

VCO, =STP *FR * (FeCG, - FiC0,) — (FeCG, * VO,) / (1-FeCQy)

The volume of carbon dioxide expelled (Vg @vas calculated by taking the standard
temperature and pressure of the ambient air (SAd)raultiplying it by both the flow

rate (FR) and the difference between the concéoraf carbon dioxide leaving the
chamber (FeCg) and the fractional concentration of carbon diexaétering the

chamber (FICQ). This value is then subtracted from the proddiche carbon dioxide
concentration leaving the chamber (FefLé&nhd the volume of oxygen from equation 1
(VOy). The resulting value is divided by the differefetween one minus the carbon
dioxide concentration leaving the chamber (FeICBICQO; is equivalent to zero based on
experimental setup. The volume of carbon dioxidalpction was measured in milliliters

per minute.



Equation 3.3

RQ =VCO,/ VO,

The respiratory quotient (RQ) is calculated bynakihe volume of carbon dioxide
expelled (VCQ) by the fly or series of flies and dividing it Bye volume of oxygen

consumed (VQ by the individual or series of five flies.
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Drierite/soda lime/drierite column
CO2 analyzer

02 analyzer
SS3

ui2
(connects to
computer)

PELT-5

Ascarite (goes between CO2 and
tubing to carboy Magnesium 02 analyzers)

flush junction . Perchlorate
injection port (goes before

CO2 analyzer)

Figure 3.1 Diagram of the equipment setup for conductingirasion.



Table 3.1Generation 25 respiratory and movement measurerf@ntglividual starvation resistant and contrag$l reported
per fly. Mean respiratory or movement measurenmsan@ard error) after 2 generations of relaxecctelefollowing 25
generations of selection for starvation resistance.

Generation Generations

of Selection = Removed Replicate  Selection Sex 02 RATE CO2 _RATE RQ Movement
25 2 1 Control  Female 0.00010 (1.3X10 0.00012 (1.4x18) 1.38914 (0.1301) 3.09825 (0.9589)
25 2 2 Control  Female 0.00008 (1.0x10 0.00010 (1.1x18) 1.41709 (0.2302) 3.06140 (0.9928)
25 2 3 Control  Female 0.00013 (1.9X10 0.00014 (2.5x18) 1.05875 (0.7616) 4.50000 (0.6305)
25 2 1 Selected Female 0.00012 (1.73%10 0.00014 (1.4x18) 1.29167 (0.1072) 2.40789 (0.6398)
25 2 2 Selected Female 0.00008 (1.0310 0.00010 (1.0x18) 1.37943 (0.1068) 2.31955 (0.7274)
25 2 3 Selected Female 0.00011 (1.6310 0.00013 (2.2x18) 1.24213(0.1319) 4.68045 (0.8488)
25 2 1 Control Male  0.00009 (2.3x10 0.00009 (2.1x10) 1.35581 (0.1824) 7.45263 (2.1667)
25 2 2 Control Male  0.00006 (7.0x90 0.00008 (1.3x18) 1.32476 (0.1407) 3.30175 (1.3804)
25 2 3 Control Male  0.00010 (1.3x10 0.00010 (1.6x18) 1.05615 (0.1180) 7.80567 (1.3585)
25 2 1 Selected Male  0.00006 (1.0X10 0.00009 (9.0x16) 1.25702 (0.2299) 5.01404 (1.4438)
25 2 2 Selected Male  0.00008 (1.9X10 0.00009 (2.0x18) 1.53902 (0.3915) 6.00810 (2.4750)
25 2 3 Selected Male  0.00008 (1.1X10 0.00009 (1.2x16) 1.19312 (0.1365) 4.53947 (1.1053)

ETT



Table 3.2Generation 26 respiratory and movement measurerf@ntglividual starvation resistant and contrag$l reported
per fly. Mean respiratory or movement measuremsan@ard error) after 2 generations of relaxecctelefollowing 26
generations of selection for starvation resistance.

Generation  Generations

of Selection  Removed Replicate  Selection Sex 02_RATE CO2_RATE RQ Moveemt
26 2 1 Control  Female 0.00008 (1.2%)0 0.00010 (1.3x16) 1.64337 (0.3141) 2.33772 (0.7860)
26 2 1 Control Male  0.00007 (2.7X30 0.00009 (2.9x1®) 1.62703 (0.5285) 7.42807 (1.3108)
26 2 2 Control  Female 0.00007 (1.5%)0 0.00009 (9.0x16) 0.43424 (0.6593) 2.79649 (0.5944)
26 2 2 Control Male  0.00007 (1.1X30 0.00008 (1.5x1®) 1.51607 (0.3594) 3.34035 (1.0335)
26 2 3 Control  Female 0.00010 (2.3%10 0.00009 (2.3x18) 0.12789 (0.7753) 4.32794 (0.7640)
26 2 3 Control Male  0.00006 (6.0x30 0.00006 (5.7x18) 1.11131 (0.1466) 8.23509 (1.8451)
26 2 1 Selected Female 0.00009 (1.4310 0.00013 (9.0x1®) 3.60113 (1.4877) 4.94737 (1.0801)
26 2 1 Selected  Male  0.00006 (7.0810 0.00007 (6.0x18) 1.31846 (0.1574) 4.26316 (1.0656)
26 2 2 Selected Female 0.00009 (1.1310 0.00011 (1.6x1®) 1.33739 (0.2706) 2.83806 (0.9651)
26 2 2 Selected  Male  0.00013 (6.8%10 0.00014 (5.9x1®) 1.65698 (0.4280) 2.79352 (0.6240)
26 2 3 Selected Female 0.00010 (3.3310 0.00010 (3.0x1®) 7.92602 (4.2269) 4.26692 (0.6594)
26 2 3 Selected  Male  0.00005 (1.3%10 0.00006 (1.0x1®) 3.03091 (2.0106) 6.03158 (1.1038)
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Table 3.3Generation 25 respiratory and movement measurerf@ntalividual starvation resistant and contrad$l reported
per dry weight. Mean respiratory or movement mearsent (standard error) after 2 generations of eglaelection following
25 generations of selection for starvation resistan

Generation Generations

of Selection  Removed Replicate  Selection Sex 02 RATE CO2 RATE RQ Movement
25 2 1 Control  Female 0.00024 (3.7X)0 0.00028 (4.7x1®) 3.25000 (0.3939) 3.09825 (0.9925)
25 2 1 Control Male  0.00030 (8.3x10 0.00029 (5.1x18) 5.22532 (0.9207) 7.45263 (2.1667)
25 2 2 Control  Female 0.00020 (2.3X)0 0.00022 (2.3x1®) 2.7382 (0.2708)  3.06140 (0.9928)
25 2 2 Control Male  0.00019 (2.5x10 0.00023 (3.0x18) 4.66596 (0.7677) 3.30175 (1.3804)
25 2 3 Control  Female 0.00028 (5.9X)0 0.00029 (7.4x18) 2.17284 (0.1883) 4.50000 (0.6305)
25 2 3 Control Male  0.00037 (5.5x10 0.00039 (7.1x18) 4.23509 (0.6934) 7.80567 (1.3585)
25 2 1 Selected Female 0.00020 (1.83100.00025 (1.9x18) 2.61909 (0.2319) 2.40789 (0.6398)
25 2 1 Selected Male  0.00022 (3.8X)10 0.00031 (3.6x18) 4.16946 (0.8534) 5.01404 (1.4438)
25 2 2 Selected Female 0.00017 (2.33100.00022 (3.0x18) 2.64190 (0.3353) 2.31955 (0.7274)
25 2 2 Selected Male  0.00033 (9.3X10 0.00036 (9.4x18) 6.47304 (2.3534) 6.00810 (2.4750)
25 2 3 Selected Female 0.00026 (4.9%100.00032 (6.6x10) 2.77834 (0.3272) 4.68045 (0.8488)
25 2 3 Selected Male  0.00028 (5.5X)10 0.00027 (4.1x18) 3.78553 (0.4259) 4.53947 (1.1053)
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Table 3.4Generation 26 respiratory and movement measurerf@ntglividual starvation resistant and contrad$l reported
per dry weight. Mean respiratory or movement mearsent (standard error) after 2 generations of eglaelection following
26 generations of selection for starvation resistan

Generation of Generations

Selection Removed Replicate  Selection Sex 02 _RATE CO2 RATE RQ Moweent
26 2 1 Control  Female 0.00018 (3.0%)0 0.00023 (3.0x18) 4.63451 (1.3317) 2.49393 (0.7860)
26 2 1 Control Male  0.00036 (1.6x90 0.00042 (1.7x16) 3.87787 (0.9450) 7.42807 (1.3108)
26 2 2 Control  Female 0.00013 (3.0¥10 0.00022 (2.0x1®) 0.37058 (0.2966) 2.79649 (0.5944)
26 2 2 Control Male  0.00028 (7.0x10 0.00033 (9.0x1®) 6.59354 (2.2416) 3.34035 (1.0335)
26 2 3 Control  Female 0.00032 (1.2X)0 0.00030 (1.3x10) 0.31106 (0.2619) 4.32794 (0.7640)
26 2 3 Control Male  0.00022 (4.0x10 0.00020 (3.0x1®) 3.45011 (0.5580) 8.23509 (1.8451)
26 2 1 Selected Female 0.00016 (4.0310 0.00025 (2.0x10) 7.45689 (5.7721) 4.94737 (1.0801)
26 2 1 Selected  Male  0.00018 (3.0X10 0.00022 (3.0x1®) 5.02142 (0.8278) 4.26316 (1.0656)
26 2 2 Selected Female 0.00018 (3.0310 0.00023 (5.0x1®) 3.26564 (1.0701) 2.83806 (0.9651)
26 2 2 Selected  Male  0.00090 (7.4X10 0.00081 (6.4x10) 3.12237 (0.4402) 2.79352 (0.6240)
26 2 3 Selected Female 0.00022 (8.0310 0.00024 (8.0x16) 20.1320 (19.479) 4.26692 (0.6354)
26 2 3 Selected  Male  0.00016 (5.0810 0.00022 (3.0x16) 10.5529 (7.5382) 6.03158 (1.1038)
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Table 3.5Generation 25 respiratory measurements for podis@ttarvation resistant and control flies repdrper fly. Mean
respiratory measurement (standard error) aftem2rmg¢ions of relaxed selection following 25 generet of selection for
starvation resistance.

Generation of Generations
Selection Removed Replicate Selection Sex 02 RATE CO2 RATE RQ
25 2 1 Control Female 0.00008 (6.0®10  0.00009 (7.0x1H) 1.17266 (0.0511)
25 2 2 Control Female 0.00008 (2.0R)10  0.00009 (4.0x16) 1.12925 (0.0284)
25 2 3 Control Female  0.00009 (5.0910  0.00009 (4.2x18  1.09077 (0.0455)
25 2 1 Control Male 0.00005 (3.0x)0  0.00006 (4.0x1®)  1.07947 (0.0517)
25 2 2 Control Male 0.00006 (4.0x{0  0.00007 (5.0x16) 1.10393 (0.0454)
25 2 3 Control Male 0.00006 (6.0x)0  0.00007 (8.0x16) 1.11618 (0.0404)
25 2 1 Selected Female  0.00008 (3.0810 0.00010 (4.0x1®  1.25097 (0.0333)
25 2 2 Selected Female  0.00008 (5.0810 0.00010 (5.0x1®  1.25549 (0.0429)
25 2 3 Selected Female  0.00008 (7.0310 0.00009 (2.9x18) 1.17191 (0.0320)
25 2 1 Selected Male 0.00005 (5.0810  0.00006 (5.0x16) 1.23190 (0.0443)
25 2 2 Selected Male 0.00006 (1.0810  0.00008 (1.3x1®)  1.35710 (0.1170)
25 2 3 Selected Male 0.00005 (4.0810  0.00007 (4.0x1®  1.27929 (0.0531)
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Table 3.6Generation 26 respiratory measurements for podis@ttarvation resistant and control flies repdrper fly. Mean
respiratory measurement (standard error) aftem2rmg¢ions of relaxed selection following 26 generet of selection for
starvation resistance.

Generation of  Generations
Selection Removed Replicate Selection Sex 02 RATE CO2 RATE RQ
26 2 1 Control Female  0.00007 (5.0%0  0.00007 (4.0x16) 1.38395 (0.2593)
26 2 1 Control Male 0.00005 (2.0x10  0.00005 (3.0x19) 1.11262 (0.0612)
26 2 2 Control Female  0.00007 (6.0910  0.00008 (8.0x16) 1.19220 (0.0515)
26 2 2 Control Male 0.00005 (3.0x10  0.00006 (4.0x1%) 1.13101 (0.0530)
26 2 3 Control Female  0.00006 (2.0¥10  0.00006 (7.0x16) 1.00591 (0.1028)
26 2 3 Control Male 0.00005 (5.0x10  0.00004 (5.0x16) 0.99807 (0.1027)
26 2 1 Selected Female  0.00007 (3.0810  0.00009 (4.0x16) 1.31239 (0.0610)
26 2 1 Selected Male 0.00005 (3.0£10  0.00006 (3.0x19) 1.16860 (0.0416)
26 2 2 Selected Female  0.00007 (6.0810  0.00008 (8.0x16) 1.17684 (0.0366)
26 2 2 Selected Male 0.00005 (4.0810  0.00006 (4.0x1%) 1.21147 (0.0889)
26 2 3 Selected Female  0.00007 (5.0810  0.00006 (8.0x16) 0.99112 (0.1079)
26 2 3 Selected Male 0.00005 (4.0810  0.00005 (5.0x16) 1.17420 (0.1061)
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Table 3.7Generation 25 respiratory measurements for podis@fttarvation resistant and control flies repdrper dry
weight. Mean respiratory measurement (standard)after 2 generations of relaxed selection follogvR5 generations of
selection for starvation resistance.

Generation of  Generations
Selection Removed Replicate Selection Sex 02 RATE CO2 RATE RQ
25 2 1 Control Female  0.00017 (1.0X)0  0.00019 (1.5x18) 2.41706 (0.0856)
25 2 1 Control Male 0.00025 (2.4x10  0.00026 (2.4x16) 4.21288 (0.2228)
25 2 2 Control Female  0.00023 (4.0810  0.00025 (4.2x16) 4.73501 (0.4903)
25 2 2 Control Male 0.00015 (1.2x10  0.00018 (1.5x16) 2.46965 (0.1668)
25 2 3 Control Female  0.00019 (1.4%X10  0.00021 (1.4x18) 4.00544 (0.2263)
25 2 3 Control Male 0.00028 (4.6x10  0.00030 (4.5x19) 3.87327 (0.1387)
25 2 1 Selected Female  0.00016 (1.1310  0.00018 (1.4x16) 2.36012 (0.1373)
25 2 1 Selected Male 0.00020 (1.2810  0.00022 (1.3x19) 4.12936 (0.2742)
25 2 2 Selected Female  0.00020 (8.0310  0.00022 (1.2x18) 4.20584 (0.2603)
25 2 2 Selected Male 0.00014 (8.0K10  0.00017 (8.0x16) 2.18139 (0.0844)
25 2 3 Selected Female  0.00017 (1.8310 0.00012 (1.8x16) 3.96923 (0.1614)
25 2 3 Selected Male 0.00017 (1.3%10  0.00021 (1.2x18) 4.00696 (0.2030)
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Table 3.8Generation 26 respiratory measurements for podis@fttarvation resistant and control flies repdrper dry
weight. Mean respiratory measurement (standard)after 2 generations of relaxed selection follogvR6 generations of
selection for starvation resistance.

Generation of  Generations
Selection Removed Replicate Selection Sex 02 RATE CO2 RATE RQ
26 2 1 Control Female  0.00015 (9.0%)0  0.00016 (1.2x16) 2.50463 (0.1714)
26 2 1 Control Male 0.00021 (2.6X10  0.00023 (3.5x19) 4.95335 (0.5986)
26 2 2 Control Female  0.00015 (1.9%)0  0.00018 (2.2x19) 2.61781 (0.1378)
26 2 2 Control Male 0.00021 (1.9x10  0.00025 (2.7x19) 4.90286 (0.4363)
26 2 3 Control Female  0.00014 (6.09)0  0.00014 (1.8x19) 2.13459 (0.2944)
26 2 3 Control Male 0.00017 (1.4X10  0.00017 (1.8x19) 4.00324 (0.3501)
26 2 1 Selected Female  0.00012 (6.0910 0.00015 (8.0x16) 2.14918 (0.1167)
26 2 1 Selected Male 0.00016 (1.1X10  0.00019 (1.1x19) 3.89384 (0.1610)
26 2 2 Selected Female  0.00012 (1.0310 0.00014 (1.1x1®) 2.26653 (0.2639)
26 2 2 Selected Male 0.00017 (1.4%10  0.00020 (1.5x19) 4.09366 (0.3856)
26 2 3 Selected Female  0.00012 (1.5310 0.00012 (1.3x19) 1.79474 (0.1525)
26 2 3 Selected Male 0.00014 (1.0810  0.00016 (1.4x19) 3.98914 (0.2688)
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Table 3.9Generation 27 respiratory and movement measurerfentglividual starvation resistant and contrag$l reported

per fly. Mean respiratory or movement measurensan@ard error) after 2 generations of relaxedctelefollowing 27

generations of selection for starvation resistance.

Generation  Generations

of Selection = Removed Selection Sex Starvation 02 RATE CO2 RATE RQ Movesnt
27 2 Control Female Starved  0.00005 (1.0310 0.00006 (7.0x16) 1.00812 (0.4048) 2.93584 (0.8339)
27 2 Control Male Starved 0.00006 (1.1%10 0.00008 (9.0x18) 1.90455 (0.4025) 5.69609 (0.8396)
27 2 Control Female Unstarved  0.00009 (1.6310 0.00012 (2.1x18) 1.28961 (0.0889) 2.63187 (0.3771)
27 2 Control Male Unstarved  0.00007 (1.2R10 0.00008 (1.2x1®) 1.20819 (0.0719) 4.42687 (0.8785)
27 2 Selected  Female Starved  0.00007 (1.8x100.00006 (1.3x16) 1.01208 (0.0662) 3.20339 (1.4281)
27 2 Selected Male Starved 0.00015 (8.5310 0.00015 (7.9x18) 1.14403 (0.0862) 2.70373 (0.4106)
27 2 Selected Female Unstarved  0.00018 (9.8x100.00019 (8.7x1®) 1.26401 (0.0765) 3.93601 (0.8538)
27 2 Selected Male Unstarved  0.00008 (1.2%100.00010 (1.4x16) 1.21914 (0.0756) 3.76239 (0.6695)
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Table 3.10Generation 27 respiratory and movement measurerfaritsdividual starvation resistant and contra¢$l reported
per dry weight. Mean respiratory or movement mearsent (standard error) after 2 generations of eglaelection following

27 generations of selection for starvation resistan

Generation Generations

Starvation

02 RATE

CO2_RATE

RQ

Moveent

of Selection  Removed Selection Sex
27 2 Control Female
27 2 Control Male
27 2 Control Female
27 2 Control Male
27 2 Selected Female
27 2 Selected Male
27 2 Selected Female
27 2 Selected Male

0.00012 (3.0%10 0.00013 (2.1x19)
0.00023 (4.8%10 0.00029 (4.1x16)
0.00022 (5.13100.00028 (6.5x16)
0.00028 (6.2X)10 0.00032 (6.2x16)

0.00015 (4.8x100.00015 (3.7x19)
0.00045 (2.7%100.00046 (2.5x10)

0.00046 (2.7x100.00049 (2.4x16)

0.00031 (5.7%100.00035 (7.0x19)

2.15352 (1.2500)
7.39583 (2.7446)
3.03515 (0.1780)
4.70258 (0.2588)
2.31496 (0.2475)
3.89903 (0.4119)
2.70861 (0.3269)

4.14767 (0.3054)

2.93584 (0.8339)
5.69609 (0.9129)
2.63187 (0.3771)
4.42687 (0.8785)
3.20339 (1.4281)
2.70373 (0.4106)
3.93601 (0.8538)

3.76239 (0.6695)
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Table 3.11Generation 27 respiratory measurements for podis®fttarvation resistant and control flies repdrper fly.
Mean respiratory measurement (standard error) 2ftemerations of relaxed selection following 2iegations of selection
for starvation resistance.

Generation of Generations

Selection Removed Selection Sex 02 RATE CO2 RATE RQ
27 2 Control Female 0.000072 (5.08)0  0.00007 (5.0x16) 1.02800 (0.0239)
27 2 Control Male 0.000049 (3.0x10 0.00005 (3.0x16) 1.02088 (0.0229)
27 2 Selected Female 0.000059 (5.0910  0.00006 (6.0x18) 1.05760 (0.0304)
27 2 Selected Male 0.000049 (5.0x10  0.00005 (5.0x16) 1.06383 (0.0281)
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Table 3.12Generation 27 respiratory measurements for podis@tstarvation resistant and control flies repdrper dry
weight. Mean respiratory measurement (standard)after 2 generations of relaxed selection follogvR7 generations of

selection for starvation resistance.

Generation of Generations

Selection Removed Selection Sex 02 RATE CO2 RATE RQ
27 2 Control Female 0.00015 (1.3%)0  0.00016 (1.4x19) 2.17563 (0.0922)
27 2 Control Male 0.00017 (1.2x1p 0.00017 (1.3x19) 3.48164 (0.1578)
27 2 Selected Female 0.00010 (8.0%10  0.00011 (1.0x18) 1.87513 (0.0703)
27 2 Selected Male 0.00015 (1.9X)0  0.00016 (1.9x19)

3.31692 (0.1105)
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Table 3.13Generation 25 movement measurements for indivisiaavation resistant and control flies reportedfiyeiMean
number of movements (standard error) after 2 géinesaof relaxed selection following 25 generatiohselection for
starvation resistance.

Generation of Generations Number of movements Number of movements
Selection Removed Replicate Selection Sex in the light in the dark
25 2 1 Control Female 3.03221 (0.4896) 4.061033(6H
25 2 2 Control Female 3.23695 (0.7589) 4.70423G8Y
25 2 3 Control Female 3.66733 (0.5165) 6.008220835
25 2 1 Control Male 5.26404 (1.2769) 8.80282 (2105
25 2 2 Control Male 4.17291 (1.2410) 7.01878 (10§19
25 2 3 Control Male 3.67830 (0.3462) 6.18202 (16)50
25 2 1 Selected Female 3.75174 (0.6465) 4.3776039)
25 2 2 Selected Female 2.74386 (0.4343) 5.62799%6)
25 2 3 Selected Female 3.97498 (0.6085) 4.0206246)
25 2 1 Selected Male 3.54098 (0.7181) 6.47606 GUPO
25 2 2 Selected Male 6.57200 (1.4834) 6.93608 (BP6
25 2 3 Selected Male 3.03452 (0.5327) 3.15728 ()0
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Table 3.14Generation 26 movement measurements for indivisiaavation resistant and control flies reportedfiyeiMean
number of movements (standard error) after 2 géinesaof relaxed selection following 26 generatiohselection for
starvation resistance.

Generation of

Generations

Number of movements Number of movements

Selection Removed Replicate Selection Sex in the light in the dark
26 2 1 Control Female 1.96733 (0.5552) 2.94691@bY
26 2 1 Control Male 4.23370 (0.6079) 5.43099 (0444
26 2 2 Control Female 3.81911 (0.8015) 4.205630d6H
26 2 2 Control Male 3.63342 (0.4618) 7.64601 (1495
26 2 3 Control Female 3.26205 (0.5702) 3.424700%
26 2 3 Control Male 4.95069 (1.1711) 6.52488 (1804
26 2 1 Selected Female 3.80943 (0.4790) 4.6915236)
26 2 1 Selected Male 3.19099 (0.8324) 4.49899 (@88
26 2 2 Selected Female 2.35467 (0.6928) 3.2730240)
26 2 2 Selected Male 3.67605 (0.5432) 4.67931 1.p5
26 2 3 Selected Female 2.98048 (0.3537) 3.91851%8)
26 2 3 Selected Male 4.54965 (0.7393) 3.67042 @ap1
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Table 3.15Generation 27 movement measurements for indivisiaavation resistant and control flies reportedflyeiMean
number of movements (standard error) after 2 géinesaof relaxed selection following 27 generatiohselection for
starvation resistance.

Generation of

Generations

Number of movements in Number of movements

Selection Removed Replicate Selection Sex Starvation the light in the dark
27 2 1 Control Female Starved 2.93584 (0.8339) 50341.0404)
27 2 1 Control Male Starved 5.69609 (0.9129) 7.86629854)
27 2 1 Control Female Unstarved 2.63187 (0.3771) 72585 (0.5594)
27 2 1 Control Male Unstarved 4.42687 (0.8785) P6R1(1.4446)
27 2 1 Selected Female Starved 3.20339 (1.4281) 99307(1.0225)
27 2 1 Selected Male Starved 2.70373 (0.4106) 0023.7113)
27 2 1 Selected Female Unstarved 3.93601 (0.8538) .50980 (0.9314)
27 2 1 Selected Male Unstarved 3.76239 (0.6695) 5357 (0.7526)
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Table 3.16Statistically significant least squares means \&faoethe effects of selection in the selected @nrol lines.

Least squares means (standard error) followingrgénas 25, 26, and 27 of selection for starvatesistance.

Generation Removal Effect Sex I\CIJL;rfrI]itéir Dependent variable Covariate p-value Contl Selected
25 2 Selection Female 5 02 per dry weight none 2704 1.6x10' (1.4x10°% 1.4x10% (1.8x10°
25 2 Selection Female 5 RQ per dry weight none @04 2.3619 (0.0916) 2.1656 (0.0933)
25 2 Selection Female 5 RQ per fly none 0.0028 (R 18.0256) 1.2278 (0.0265)
25 2 Selection  Male 5 RQ per fly none 0.0004 1.0808361) 1.2883 (0.0369)
26 2 Selection Female 1 CO2 per fly movement  0.047%9.0x10° (1.2x10°) 1.2x10*(1.0x10%)
26 2 Selection Female 5 CO2 per dry weight none 2820 1.6x10 (1.0x10°% 1.4x10% (1.2x10°%
26 2 Selection Female 5 02 per dry weight none 8800 1.5x10" (1.3x10°) 1.2x10% (1.0x10°)
26 2 Selection Female 5 RQ per dry weight none (r05 2.4495 (0.1658) 2.0791 (0.1633)
26 2 Selection  Male 1 Movement in the dark none 1220 6.5319 (0.6526) 4.2347 (0.6810)
26 2 Selection  Male 1 Movement time point 3 none 01823 8.3064 (0.6549) 5.8793 (0.6861)
26 2 Selection Male 5 CO2 per dry weight none 04036 2.2x10" (1.5x10°) 1.8x10* (1.0x10°)
26 2 Selection Male 5 02 per dry weight none 0.00532.0x10" (1.2x10°) 1.6x10% (1.7x10°)
27 2 Selection  Male 1 Movement in the dark none 0140 7.5798 (0.6954) 4.2382 (0.6794)
27 2 Selection  Male 1 Movement in the light none 0085 5.2931 (0.5026) 3.2330 (0.4910)
25 and 26 2 Selection Female 1 CO2 per fly movement0385 1.0x10 (1.3x10°) 1.2x10% (1.1x10°)
25 and 26 2 Selection Female 5 CO2 per dry weight onen 0.0037 1.7x10(1.4x10°) 1.5x10% (1.0x10°)
25 and 26 2 Selection Female 5 02 per dry weight neno 0.0121  1.6xI0(1.0x10% 1.3x10* (1.3x10%
25 and 26 2 Selection Female 5 RQ per dry weight neno 0.0012 2.4045 (0.0909) 2.1252 (0.0907)
25 and 26 2 Selection Male 1 Movement in the dark  onen 0.0049 6.8763 (0.5110) 4.9228 (0.5141)
25 and 26 2 Selection Male 5 02 per dry weight none 0.0013  2.0x19 (1.3x10°) 1.7x10* (1.1x10%
25 and 26 2 Selection  Male 5 RQ per fly none 0.0104 1.0904 (0.0314) 1.2352 (0.0319)
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Table 3.17Statistically significant least squares means \&foethe effects of generation in the selectedamndrol lines.
Least squares means (standard error) followingrgéinas 25 and 260f selection for starvation resise.

Generations Number
Compared Effect Sex of fies Dependent variable Covariate p-value Genation 25 R2  Generation 26 R2
Movement in the
25 and 26 Generation Females 1 dark none 0.0295 4.7598 (0.3222) 3.7500 (0.3277)
25 and 26 Generation Females 5 CO2 per fly none 0080. 9.0x10 (1.3x10")  8.0x10° (1.8x10")
25 and 26 Generation Females 5 02 per dry weight onen  0.0162 1.5xIH(1.0x10°)  1.3x10" (1.2x10°)
25 and 26 Generation Females 5 02 per fly none 0000  8.0x10 (1.1x10")  7.0x10° (1.6x10")
25 and 26 Generation  Male 5 CO2 per fly none (B010 7.0x10° (1.0x10")  5.0x10° (1.4x10")
25 and 26 Generation ~ Male 5 02 per fly none 0.01046.0x10° (1.2x10°)  5.0x10° (1.0x10")
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Table 3.18Statistically significant least squares means \&afaoethe effects of starvation in the selected @nutrol lines.
Least squares means (standard error) followingrgéine 27 of selection for starvation resistance.

Generation Number

Compared Effect Sex of flies Dependent variable  Covariate p-value Starved Unstaed
27 Starvation Female 1 CO2 per dry weight none 1502 1.3x10f (8.0x10°)  4.0x10" (8.3x10°)
27 Starvation Female 1 CO2 per dry weight ~ movemeft0237  1.3x10 (8.6x10°)  4.0x10" (8.1x10°)
27 Starvation Female 1 CO2 per fly none 0.0423 W0X3.0x10°) 1.5x10% (3.2x10°)
27 Starvation Female 1 CO2 per fly movement  0.033.0x#° (3.7x10°)  1.6x10" (3.7x10°)
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Chapter 4.

The effects of dietary alterations on body composdan, life
history traits, and movement using genetically alteed
starvation-resistant and control lines of
Drosophila melanogaster
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Abstract

Dietary alterations can have a dramatic effect @alylcomposition, life history
traits, and behavior. In this study, geneticallgdmstarvation-resistant and control
Drosophila melanogaster lines were exposed to diets supplemented withogkeic
palmitic acid, and a 2:1 mixture of casein and ailvuto identify correlations between
dietary alterations and body composition, life twgttraits, and movement in the context
of an obese phenotype. Results obtained from thdysndicated that increased levels of
dietary protein and fat led to increased solubtggin concentrations in selected and
control males and females. Increased sugar, fdtpestein in the diet resulted in
increased concentrations of total carbohydratgspglen, total sugars, and trehalose in
both sexes. Furthermore, increased levels of gistagar promoted triglyceride
accumulation in all lines. Analysis of life histamgits indicated a negative relationship
between high sugar consumption and fecundity ih boe selected and control lines.
Supplementation with either a high fat or high pnotdiet resulted in a significant
reduction in lifespan in both sexes of the seleeatadl control lines, with the most
dramatic effects observed in control females. Camapas of movement indicated that all
of the supplemented diets resulted in increasecemewnt in males, while
supplementation with only the high fat and hightpio diets producing increased
movement in females. Results obtained from thidystadicated that alterations to
nutrient composition within the diet can have drameffects on body composition and
life history traits. Information obtained from tretudy has implications for the analysis

of dietary alterations in humans in regards to rgangnt and treatment of obesity.
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Introduction

Alterations to nutrient composition in the dietquently occur in natural
populations due to changes in environmental camtt(Somero & Hochachka, 1971,
White, 1993). For example, variations in soil nerits alter the quantity and type of
metabolites present in plants, which in turn alteescomposition of food consumed by
herbivores and omnivores. Analyses of phenotyprtupeations associated with
alterations to the diet provide insight into caat@ns between consumption of specific
nutrients and alterations in body composition afedhistory traits (Skorupa et al., 2008;
Katewa & Kapahi, 2010). This area of research isartant for the investigation of
associated human health issues including correti@tween nutrient consumption and
the development and persistence of metabolic déseasluding obesity. Gaining insight
into the responses to altered diets can lead toowepl recommendations for dietary
consumption resulting in enhanced performance anchproved quality of life (Miller et
al., 2009).

Nutrient intake and absorption are key componentee maintenance of energy
homeostasis within organisms (Buch et al., 2008 fieed for a constant supply of
energy coupled with variability in food resources mesulted in the evolution of
mechanisms to detect nutritional status. AnalyEimetabolic reserves stored within the
organism and available environmental nutrientsaalfor a coordinated response
between metabolic regulation and physiological &tégn resulting in alterations to
organismal development, growth, and reproductigtistbased on the amount of

available energy (Baker & Thummel, 2007). Durirgipds of excess intake, most
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organisms absorb the additional nutrients and shereinused energy in the form of
triglycerides and glycogen. However, some organisnctuding mice, increase energy
expenditure through mitochondrial respiration, thomsting energy storage following
excess consumption (Obici et al, 2002). When enerdgod resources are depleted,
biochemical mechanisms within the organism trigherrelease of free fatty acids and
glucose for conversion into energy through ATP Bgais (Gronke et al., 2005).
Alterations to energy homeostasis resulting inm@ieic imbalance of excess nutrient
intake and reduced energy expenditure have bekedlito the development and
persistence of metabolic diseases including ohedidpetes mellitus, cardiovascular
disease, and certain forms of cancer (Jiang 2@05; Baker & Thummel., 2007,
Gronke et al., 2007). Attaining a proper balandsvben the quantity and type of
nutrients is therefore essential for maintainingrgy homeostasis within the organism
and preventing the development of disease. Theprasudy used genetically based
starvation-resistant and control linesDyfosophila melanogaster to investigate
correlations among four separate diets with bodymusition, life history traits, and
movement in the context of an obese phenotype.

The use of the model organigdnosophila melanogaster in metabolic studies is
warranted due to the high degree of evolutionanseovation between insects and
vertebrates in metabolic responses including thehar@sms of nutrient absorption,
transport, storage, and mobilization (De Luca gt24105; Ruden et al., 2005; Wang &
Beydoun, 2005; Baker & Thummel., 2007). Absorptdmlietary nutrients occurs in the

midgut withinDrosophila, which is analogous in function to the stomach smdll
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intestine in vertebrates (Bharucha, 2009). Follgnabsorption, nutrients are transported
through the haemolymph, similar to mammalian bldodhe fat body, which performs
metabolic functions comparable to those observedeérmammalian liver and white
adipose tissue. Within the fat body, lipids andoéwydrates are metabolized and stored
in the form of triglycerides and glycogen (Rudemlet2005; Beller et al., 2006; Baker &
Thummel, 2007). During nutrient deprivation withire organism, these high-energy
molecules are mobilized for energy utilization tdhstand periods of starvation (Baker

& Thummel, 2007; Gutierrez et al., 2007).

Previous dietary studies conductedBnosophila melanogaster have provided
insight into correlations between individual diatgl life history traits (Mair et al.; 2005;
Piper & Partridge, 2007; Skorupa et al., 2008). ialations of the basal diet resulting
in reduced nutrient availability without malnutoiti, commonly referred to as dietary
restriction, prolongs life in a diverse subsetmdaes includinddrosophila, mice,
primates, and perhaps humans (Carvalho et al.,)28@8itionally, caloric restriction
has been identified to delay or arrest the onsagefrelated deteriorations and the
development of diseases such as cancer and casdidaadisease in a diverse set of
species studied (Carvalho et al., 2005; Skoruh ,€2008; Lefevre et al., 2009; Witte et
al., 2009). The observed extension in lifespaniwiéiglly attributed to an overall
reduction in caloric intake; however, more receéntlies have indicated that reductions in
specific dietary components including sugar andginchave a more robust effect on
lifespan extension iDrosophila melanogaster than caloric content alone (Mair et al.,

2005; Piper et al., 2007; Lee et al., 2008).
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Correlations between life history traits and digtsmpplementation iDrosophila
have indicated that diets consisting of relatively protein and moderate carbohydrate
concentrations resulted in increased longevityfandndity (Skorupa et al, 2008; Ja et al,
2009). Increases in lifespan observed in dietagration studies have been attributed to
the combination of a relatively low protein to moate carbohydrate diet resulting in a
ratio of protein to carbohydrates at 1:16 (Leel e2808; Skorupa et al., 2008; Ja et al.,
2009; Katewa & Kapahi, 2009). Reductions in diefanytein intake irD. melanogaster
have been indicated to enhance mitochondrial fanagsulting in increased longevity,
while the converse of high protein supplementaitiotme diet resulted in increased
protein intake and reduced adiposity, which wasetated with a reduction in lifespan
(Skorupa et al., 2008; Katewa & Kapahi, 2009; Zidle 2009). Additionally, excess
protein has been suggested to reduce lifespanghrogreased oxygen free radical
production by the mitochondria, changes in insalid amino acid signaling pathways,
and increased organ damage due to high concemisaifanitrogen degradation products
(Lee et al., 2008). Consumption of a high carbohtglto moderate protein diet resulted
in an obese phenotype with increased triglyceridees and a suppression of protein
storage, that in combination were associated witbweerall reduction in lifespan
(Skorupa et al., 2008; Katewa & Kapahi, 2009). Measents of the effects of dietary
alterations on fecundity iBrosophila have indicated a reduction in the number of
offspring produced by females exposed to high daybate diets (Skorupa et al., 2008).

Conversely, diets possessing a protein to carbalydatio of 1:2 resulted in maximal
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egg laying rates with a dietary ratio of 1:4 pradgamaximal lifetime egg production
(Lee et al., 2008).

Alterations to dietary composition have become camfior promoting weight
loss in human populations. Some of the more prevaliets that are implemented for
weight loss include the Atkins, South Beach, Zarel Ornish diets. Similarities in
recommended dietary consumption are present iAtkias and South Beach diets,
which promote a reduction in carbohydrate intakéhwicreased fat consumption
(Gardner et al, 2007). The Ornish diet, howewayu$es on the combination of a high
carbohydrate intake with relatively low amountdaifconsumed (Miller et al., 2009).
Dietary recommendations for the Zone diet presenbee balanced dietary approach
where the nutrient composition is 40 percent caybdadtes, 30 percent fat, and 30
percent protein (Gardner et al., 2007). Due tanbeeased popularity of these diets, it is
important to establish not only the effects of digtalterations on body composition, but
also the long-term effects on life history traitssluding survival.

In the present study, starvation-resistant seleatedcontroDrosophila
melanogaster were supplied with increased concentrations ofageg¢ palmitic acid, and
a 2:1 mixture of casein and albumin to determireetfects of dietary alterations on
body composition and life history traits. Compansof results obtained from each of the
diets were made with the basal diet to identifgraltions associated with each form of
dietary supplementation. Measurements of body caitipo including the abundance of
soluble proteins, carbohydrates, glycogen, totgass) trehalose, and triglycerides were

correlated with movement data to gain insight edeociations between activity levels



138

and body composition following exposure to eacthefdiets. Life history traits
including female egg production and longevity iritbsexes were measured to identify

the effects of dietary supplementation on survarad reproduction.
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Materials and Methods

Drosophila melanogaster stocks

The initial base population &frosophila melanogaster used in artificial selection
for starvation resistance was derived from a sefi@sbred lines collected in a manner
designed to preserve natural genetic variatiotialhyi, a large population of inseminated
females was collected from the Wolfskill Experimar®@rchard in Winters, California.
Once moved into a laboratory setting, 20 generatannbreeding was conducted using
progeny obtained from the female lines. From tkiges of inbred lines, ten were
randomly selected to be intercrossed by condudtilngossible pair-wise crosses
between lines with all possible reciprocal crosseslucted. From the series of
approximately 100 crosses, 150 progeny per cross k@@domly selected and placed in
a large population cage (12 inches high, 36 ingtide, and 24 inches deep). Selection of
an equal number of progeny from each of the crossssred a balanced representation
of naturally occurring genetic variation within thase population ddrosophila
melanogaster. The population density of 15,000 individuals wastained through an
overlapping generation population regime. Initiatlyenty bottles of food consisting of
yeast extract, cornmeal, molasses, glucose, agaml@ds to prevent mold growth were
placed in random locations throughout the cagehkaek, four of the oldest bottles
were removed and replaced with a fresh food soditws. form of population

management contributed to the maintenance of biiesmd stress resistance, which are
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normally lost when individuals are maintained ibdeatory culture (Hoffmann et al.,
2001, Linnen et al., 2001).

The base population used for experimentation wadet! into eight discrete
subpopulations, of which four were randomly desigdas the selected lines while the
remaining four were identified as the control lin€en cut glass bottles containing a food
source were placed at random locations througt@utage to collect flies for each
subpopulation. All bottles used for progeny cdilat were removed daily from the
population cage to obtain eggs from the surfadb@imedia. Approximately 100 eggs
were collected per vial with the resulting seriésials placed in a controlled
environment maintained at 25°C with a 12 hour liddutk cycle. Following the first egg
collection, the surface of the media was removeatder to eliminate any residual eggs
and larvae from the previous egg laying periodtlBstwere then replaced within the
population cage and egg collection resumed ondl@ifing day. This process was
continued until each subpopulation consisted of@gmately 4,000 individuals. Adult
D. melanogaster that emerged from the vials were allowed to ranigiamate prior to egg
collection for the next generation. This process vepeated for four generations with the
sample size of the subpopulations consistently tamied at 2,000 females, and 2,000
males within each of the eight lines. Artificialesgtion for resistance to starvation
commenced on the selected lines in the followinegation.

Individuals selected for starvation resistanceewmllected at 5 days post
eclosion. Two thousand males and two thousand &syiedm each line were separated

following brief exposure to ethyl ether, which attes an anesthetic, prior to placement
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in population cages that were supplied with eithévod source for the control lines or
agar for the selected lines. Solidified agar wasexd within the selection cages to ensure
an adequate supply of water and prevent desiccafitire flies exposed to starvation.

The petri-plates (9mm in diameter) containing eifbed or agar were replaced every 48
hours to provide fresh media and prevent the intcdn of progeny. Environmental
conditions were held constant during selection witemperature of 25°C, and 12:12
light/dark cycle. The relative humidity was maimd during experimentation by placing
moist paper towels within a clear plastic bag sumng the cage. The paper towels
were replaced in conjunction with the media to ainsthe relative humidity levels.

During each generation of artificial selection $tarvation resistance, mortality
levels within each selected line were monitoretizahour intervals. Individuals that had
died during this time period were removed by asjpneand counted to determine
mortality rates under starvation, prior to beingcdirded. The control populations were
additionally assayed at 12 hours intervals in otdenaintain consistency in
experimental conditions and to determine mortahtes in the presence of food. When
one of the selected lines reached approximately gércent mortality, the surviving.
melanogaster from the matched selected and control lines wemgored from the cages
following brief exposure to carbon dioxide, whichswised to anesthetize the individuals
within in the cage. Flies removed from each ofdhges were then placed at a moderate
density in plastic bottles containing food. Botttemtaining the flies from each
individual line were kept at 25°C with 12 hourdight and dark until all lines had

reached optimal mortality levels. A two day recgvperiod was extended to all of the
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lines prior to mating individuals to produce thexngeneration used in selection. A
population size of approximately 450 males and#é5@ales were used to propagate each
line for each of the generations of artificial tlen for starvation resistance. Twenty
generations of selection were conducted prior taiolng a subpopulation @rosophila
melanogaster to be used in the analysis of effects of dietaypéementation on body

composition, life history traits, and movement.

Diets

Upon concluding 20 generations of artificial sel@etfor starvation resistance,
flies from each replicate selected line were subpkto one to six generations of relaxed
selection. To maintain consistency in experimeatatihe control lines were maintained
in the same manner as the selected lines. Relaxatiselection within this experiment
refers to the absence of selection on the starvaésistant lines for a series of discrete
generations. Measurements of body compositionhlgeory traits, and movement were
conducted on flies that were two to six generati@msoved from selection to identify the
effects of increased supplementation of sugarafad, protein to the standard diet
consisting of a mixture of yeast extract, glucagater, agar, and a combination of
phosphoric and propionic acids to prevent mold gnoi®rosophila melanogaster placed
on the high sugar diet were provided with 1200 grafglucose, which is twice the
normal amount in the base diet. Individuals onhig fat diet were provided with an
additional 3 grams of palmitic acid, while indivigla on the high protein diet received an

additional 60 grams of protein consisting of a 4 tmixture of casein to albumin.
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Supplementation of the diet with casein alone daggrovide an adequate balance of
amino acids due to deficiencies in methionine arsgdiige. To correct for the absence of
these amino acids, albumin was added resultingarBtl casein to albumin mixture used
for protein supplementation (Dussutour & Simpsd@Q& Simpson & Abisgold, 1985
after Dadd, 1961). To investigate the effects ahedietary alteration, an additional sub-
population of flies were maintained on the baseé wide used for comparison.
Individuals used for the analysis of body compositivere six generations
removed from selection and were maintained in teegnce of each diet for seven days
prior to being flash frozen with liquid nitrogenetRale fecundity and longevity in both
sexes were measured on flies that were two angesigrations removed from selection,
respectively. These individuals were continuallp@sed to the diets following one day
post eclosion to obtain the full effect of dietanpdification on life history traits.
Drosophila melanogaster used to quantify alterations in movement were sgddo each
of the altered dietary conditions for seven daysrgo being placed within the activity
monitors to determine the number of movements48 hour time period. Flies used for
measuring the number of movements of each indiViekaosed to each of the four diets

were six generations removed from selection fawatéon resistance.
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Soluble protein concentrations

The Pierce BCA Protein Assay Kit was used to detgraoluble protein
concentrations within whole body homogenizationsedécted and contr@rosophila
melanogaster lines placed on each of the four diets. Ten matden females from each
of the replicate lines on each diet were homogehizé&00ul of HPLC water for 3
minutes at 1,120 rpm using a Talboys High Througtiynmogenizer (OPS Diagnostics)
with a 5/32 inch stainless steel grinding ball (GB&gnostics). Twenty-five microliters
of each homogenate was added to @08f the combined kit reagents within individual
wells of a 96 well microplate. Each sample wasdahghly mixed for 30 seconds using
an orbital shaker prior to a 30 minute incubatibB#C in the absence of light.
Following cooling of the samples to room temperattine optical density reading of
each homogenized sample was obtained using a Wixsamicroplate reader (Molecular
devices) set to a wavelength of 562 nm.

Quantification of soluble protein concentrationssvobtained by creating a series
of standard solutions for use in generating a stahdurve. Standards consisted of
known amounts of a 2 mg/ml solution of albumin wkittown quantities of HPLC water.
The dilution series resulted in protein concentrairanging from 0 to 2,0Q4y/ml.
Twenty-five microliters of each standard was coredimvith 200ul of reagents from the
kit within individual wells of a 96 well plate. Eh standard solution was thoroughly
mixed on an orbital shaker for 30 seconds pridydimg incubated at 37°C for 30 minutes
in complete darkness. Following incubation, theisohs were cooled to room

temperature and the optical density of each standas read at 562 nm (Versa Max
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microplate reader from Molecular Devices). The itasg standard curve comparing
optical density readings and known protein conegiuins was used to determine the
amount of soluble protein in each of the threeicapts for each selected and control line

on each of the four diets.

Total carbohydrate concentrations

Quantification of total carbohydrate concentrationboth the selected and
control lines on each of the four diets were aabieusing methodology described by
Van Handel (1985). Homogenization of ten maletenrfemales from each line on each
of the diets was conducted in 1 ml of an anthre@agent composed of distilled water,
concentrated sulfuric acid, and dissolved anthisieg the homogenization procedure
previously described. The resulting homogenatedeasnted and an additional volume
of anthrone was added to produce a total reacttunme of 5 ml. Activation of the
anthrone used to detect the concentration of cgdrakes was achieved by heating the
samples at 90°C for 17 minutes. Upon cooling tHet&ms to room temperature, optical
densities of each sample were measured at botarEi2555 nanometers in a Versa Max
microplate reader (Molecular Devices). Measuremest® recorded at each of the two
wavelengths to extend the linear portion of thedéad curve.

Carbohydrate concentrations for each of the thepkcates of each selected and
control line placed on one of the four diets westednined through extrapolation from a
glucose calibration curve. Standard solutions @ivkm glucose concentrations were

generated by the addition of increasing amountgbfng to 1 ml glucose in 25 percent
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ethanol solution (25, 50, 100, 150, 20§) to known volumes of anthrone reagent
producing a total reaction volume of 5 ml. Theusiolhs were heated for 17 minutes at
90°C to activate the anthrone reagent. Opticasities for each of the standards were
measured at wavelengths of 625 and 555 nm in aa\Mex microplate reader
(Molecular Devices) following cooling of the sampl® room temperature.
Measurement of two wavelengths allowed the lin@atign of the standard curve to be
extended as advocated by Van Handel (1985). Tatabbtydrate concentrations for each
replicate selected and control line exposed to eate four diets were obtained by
comparison with the standard curve consisting efrtiicrogram concentrations of

glucose plotted against the optical density realing

Glycogen and total sugars concentrations

Concentrations of glycogen and total sugars withenselected and control flies
on each of the four diets were determined usindnat= described by Van Handel
(1985). Homogenization of ten males or ten femhtas each of the replicate selected
and control lines on each diet was completed ini2@® a 2 percent sodium sulfate
solution in water using the procedures previousiyadibed. Following homogenization,
1 ml of methanol was added to each sample priarkaninute centrifugation at 2,000
rpm. The supernatant containing the sugars wastigtand evaporated to a volume of
100 to 20Qul, while the glycogen remained in the pellet witle precipitated sodium
sulfate and homogenized tissue. A total reactmome of 5 ml was generated by the

addition of anthrone reagent to each tube contgieitiher the sugars or the glycogen
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extracted from each of the three replicate sanfplesach line exposed to each diet.
Solutions containing the mixture of extracts antheosne were heated at 90°C for 17
minutes prior to cooling the samples to room terapee. Optical density readings were
obtained for each sample using the Versa Max miatepeader (Molecular Devices)
reading at 625 and 555 nm. Both the glycogen atadl $ugar concentrations for each
replicate of the selected and control lines onafitee four diets were determined by

comparison to the glucose standard curve.

Trehalose concentrations

Determinations of trehalose concentrations werainbt using methodology
adapted from Van Handel (1985). Ten males or terafes from each of the replicate
selected and control lines on each of the foursdietre homogenized in a 2 percent
sodium sulfate solution in water using the higlotlghput homogenization procedure
described previously. One milliliter of methanolss@mbined with the homogenates
prior to a 1 minute centrifugation at 2,000 rpnmheTresulting solution containing the
sugar fraction was decanted, while the pellet ahbgenized tissue and precipitated
sodium sulfate was resuspended in gDOf HPLC water. An additional 1 ml of
methanol was added to the resuspended solutiamstoe complete recovery of sugars
from each of the samples prior to a second 1 micemérifugation at 2,000 rpm. The
supernatant obtained following centrifugation wambined with the initial solution
containing the sugar fraction prior to concentrgtime fraction by reducing the volume

of the solution to 50Ql.
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Fifty microliters of 1N hydrochloric acid was adbi® 100ul of the concentrated
sugar fraction. The combined solution was heat&D&C for 7 minutes to ensure
hydrolyzation of sucrose in the samples to glu@wkfructose. The reactivity of glucose
and fructose to the anthrone reagent was inhiltiyeithe addition of 15Q1 of 1N sodium
hydroxide heated at 90°C for 7 minutes. Following &dditions of HCL and NaOH, the
reactivity of sucrose, glucose, and fructose thiamte was inhibited leaving only
trehalose to be quantified. Anthrone reagent wag@do each sample resulting in a total
reaction volume of 5 ml prior to heating the congainmixture at 90°C for 17 minutes.
Each of the three replicate samples for each selextd control line on the four diets
were cooled to room temperature prior to obtair@angptical density reading at
wavelengths of 625 and 555 nm using the Versa Maxaplate reader (Molecular
Devices).

The amount of trehalose within each of the replicaiected and control lines on
each of the diets were determined through extréipalaf values from a trehalose
standard curve. Increasing amounts of known volush@sl mg to 1 ml of trehalose in
25 percent ethanol solution (25, 50, 100, 150,201l.g) were added to 5@ of 1N
hydrochloric acid. Each standard trehalose satutias heated for 7 minutes at 90°C
prior to the addition of 150l of 1N sodium hydroxide. Following the additionsgddium
hydroxide, the solutions were again heated at 96fC minutes. Anthrone reagent was
added to each of the standard solutions resultiigtal reaction volume of 5 ml prior
heating the solutions at 90°C for 17 minutes. Tpigcal densities for each of the

standards were determined using a microplate resd&25 and 555 nm following
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cooling of the solutions to room temperature. Coiregions of trehalose present in each
of the three replicate samples of selected and@ldiries on each of the diets were
determined using the standard curve plotting theealpdensity readings of the standards

against the known concentrations of trehalose.

Triglyceride concentrations

The BioVision Triglyceride Quantification Kit wassed to determine the
concentration of triglycerides in the selected eonltrol Drosophila melanogaster lines
exposed to each of the four diets. Homogenizatfdive males or five females from
each of the lines on each diet was preformed uti@grocedures previously described.
Flies were homogenized for 3 minutes at 1,120 mp&00ul of a 5 percent Triton-X-100
in water solution. The resulting homogenized solutivas decanted and heated at 80°C
for 5 minutes. Samples were cooled to room tempexadrior to repeating the heating
step to ensure complete solubilzation of triglydesi in solution. Insoluble materials were
removed by conducting a 1 minute centrifugatio®,800 rpm. To ensure that the
concentrations of triglycerides fell within the genof a series of known triglyceride
standards, each sample was diluted tenfold with@®iRfater prior to placing 50l of the
diluted solution within a well of a 96 well plate.

To determine the concentration of triglyceridethwi each of the three replicate
samples from each line on each diet, a standalgdgride concentration curve was
generated. Increasing amounts of a 1mM standajigderide solution (0, 2, 4, 6, 8, 10

ul) were added to a known volume of buffer resulimgptal reaction volume of 5@. In
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order to ensure accurate concentrations of thiy¢egdes, the standard solution was
heated in an 80°C water bath for 1 minute priorddexing the solution for 30 seconds.
The heating and mixing steps were repeated to enarcomplete solubilzation of
triglycerides within the standard solution to ohtaccurate concentration readings that
ranged from O to 10 nanomoles.

Two microliters of lipase was added to all staddsolutions and samples used to
guantify triglyceride concentrations. The resultergymatic reaction cleaved the
triglyceride molecules to release glycerol and fegty acids into solution. Each well
containing either the series of standard solutmrte samples for quantification
received 5Qul of a combined reaction mixture consisting ofyd®f buffer, 2ul of the
probe, and 2l of an enzyme mixture. The samples were thorougtiked on an orbital
shaker prior to a 30 minute incubation at room terafure in the absence of light. This
resulted in the oxidation of glycerol to generaf@duct that reacted with the provided
probe to produce a colorimetric response useddtarthining triglyceride
concentrations. The optical density readings ferdtandards and the samples were
obtained using a Versa Max microplate reader (Md&dDevices) reading at a
wavelength of 570 nm. Triglyceride concentrati@orseach of the three replicates of the
selected and control lines that were placed onobtiee four diets were determined using
the triglyceride standard curve that compared aptensity readings with known

triglyceride concentrations.
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Dry weight measurements

Each of the body composition measurements wemaalaed by dry weight,
which is a measure of the mass of an individuaéigluding weight attributed to water.
Five replicates oD. melanogaster from each replicate selected and control linegidaan
one of the four diets were flash frozen followingewen day exposure to the high sugar,
high protein, high fat, or base diets. Ten maleten females from each line on each of
the four diets were placed in an open microfuge kdpt in a 65°C drying oven for 24
hours. All of the flies used for dry weight detenaiion were individually weighed and
an average was obtained for each of the selectédantirol lines on each of the diets. In
addition to the dry weight normalizations of thedlp@omposition data, each
measurement was recorded per fly. In order to atelyraccount for the differences in
body mass between the selected and control lineadf sex, only the dry weight

measurements were considered further for comparisbbody composition.

Female fecundity

The number of eggs produced by females was quethfdr each of the replicate
selected and control lines on each of the fourscieery day for a duration of 30 days
post eclosion starting on day one. Egg counts wktained during a consistent one to
two hour time interval to ensure the accuracy efdhata and prevent alterations to counts
based on time of day. Ten single-pair matings betwane randomly selected adult
female and male in each of the replicate seleatedcantrol lines were generated to

obtain an average number of eggs produced by niategles within each line on each
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diet. Each of the vials containing the individyathated flies was kept at 25 °C with a 12

hour light/dark cycle for the duration of experinegion.

Longevity

The duration of lifespan was measured in threbaaps of each of the selected
and control lines on each of the four diets. Thingles and thirty females from each of
the lines were collected one day post eclosioretplaced in cages containing one of the
four diets. Apart from dietary manipulations, eovimental conditions were held
constant for experimentation with flies kept at@Mith a 12 hour light/dark cycle. The
population cages used in longevity measurements menitored every 48 hours to
replace the food source and remove dead individbéés that had died within this time
frame were removed by aspiration with each sex @obto determine mortality levels.
Measurements of lifespan duration were continued aihexperimental subjects had

reached total mortality.

Movement

The number of movements of individuatosophila melanogaster from the
selected and control lines on each of the foursdietre determined using flies that were
six generations removed from selection for staovatesistance. Individuals selected for
experimentation were placed in vials containing ohthe four diets for seven days
following one day post eclosion. Following expostae¢he diets, flies were anesthetized

with a small amount of ethyl ether prior to allolagement within glass capillary tubes
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(5 mm in diameter and 65 mm in length) used for imooimg activity levels. Within the
glass tubes, individuals were supplied with a feodrce on either end, with one end only
partially covered by food to allow airflow duringgerimentation.

Flies from the selected and control lines place@ach of the four diets were
randomized with respect to position in each of@fidotal spaces within the two
Drosophila activity monitors (TriKinetics) to prevent positial effects in the data. Each
tube was centered with respect to the monitor andred using a rubber band to ensure
that the position of the tube remained constamuginout experimentation. Readings of
the number of movements of each individual wereatet! by an infra-red beam that
bisected the tube within each position of the nmniEach time the individual crossed
the beam, a reading was recorded in the computéivi levels for each of the six total
replicates in the selected and control lines onadrtke four diets were recorded at 10
minute time intervals for a 48 hour time perioddentify variations in movement due to
dietary alterations. During experimentation, envim@ntal conditions were held at a
constant temperature of 25°C with a 12 hour ligiiéctycle. Relative humidity was
maintained by placing moistened cotton balls wittlear plastic bags surrounding the
individual activity monitors. Each of the cottonllbavas moistened once daily to prevent

drying of the food sources and desiccation of lies.f
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Statistical analysis

The body composition data obtained from the setkahd control lines on each
of the four diets were analyzed using a linear whixeddel generated by SAS 9.2 (SAS,
2009) to identify variations in concentrations obfeins, lipids, and carbohydrates. The
model included fixed effects for replication, s¢iec, dietary supplementation, and the
interaction between selection and each of the dadsg with a random effect of selected
line. Statistically significant results were iddiatil as those that possessed a p-value
equal to or less than 0.05. Following identifioatias statistically significant, the least
squares means values obtained from the analysessoenpared to determine the
direction and magnitude of dietary associated cbsmythe selected lines as compared

to the controls.
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Results

Artificial selection for starvation resistance

The direct response to selection was quantifiedhi® starvation-resistant lines
following twenty generations of artificial seleatiocComparisons between selecizd
melanogaster following one and twenty generations of selectmmstarvation resistance
indicated a two-fold increase in survival undenstion in males, and a 2.5 fold increase
in survival under starvation in females at the Bfcpnt mortality level (figure 4.1).
Survival rates measured in the control lines inéidano significant alterations from
generations one to twenty, with mortality levelsiegning relatively consistent
throughout the generations of artificial selectionthe starvation-resistant lines (figure
4.2).

A previous study following fifteen generations efection for starvation
resistance indicated no significant reduction mitbsponse to selection following six
generations of relaxation from artificial selecti@omparisons of survival rates under
starvation between generations fifteen and twesdylted in a slight increase in survival
rates of females with no significant differencemale survival under starvation (figure
4.3). Based on the results obtained from the eatiely conducted at generation fifteen,
it was reasonable to assume no significant alteratin the response to selection
following six generations of relaxed selection $tarrvation resistance starting at

generation twenty.
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Soluble protein concentrations

Soluble protein concentrations obtained from whoady homogenizations of the
selected and control lines placed on each of thedeets revealed a significant effect of
selection on females (table 4.8) and dietary treatrftable 4.9) on both sexes, with a
significant interaction (table 4.10) between setecand dietary treatment observed in
males (table 4.1). Measurements normalized witheetsto dry weight indicated that
selected females possessed reduced concentratisolsible proteins as compared to
control females (p-values 0.0011). Additionallysignificant effect of dietary treatment
(p-value <0.0001) on female soluble protein coredians indicated that females placed
on the base and high protein diets possessedisajtily greater concentrations of
soluble proteins than females on either the higloféigh sugar diets with no
statistically significant differences detected bedw females placed on the base and high
protein diets. Comparisons between the high fatragld sugar diets indicated
significantly greater soluble protein concentrasiamfemales while exposed to the high
fat diet. Soluble protein concentrations obtainednf selected and control females on
each of the four diets indicated that the selelitexd possessed reduced soluble protein
concentrations as compared to control lines wighhiigh protein and base diets resulting
in increased protein concentrations as comparéuetbigh fat and high sugar diets.

In males, dietary treatment had a statisticatipificant effect on measurements
of soluble protein concentrations normalized pgrwdeight (p-value <0.0001). Exposure
of males to the high fat or high protein diets Heglin increased soluble protein

concentrations as compared to either the basedibe high sugar diet, with no
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statistically significant differences observed bedw high fat and high protein diets.
Measurements of soluble proteins in males placegitber the base or high sugar diets
indicated a statistically significant increase mtpin concentrations in males on the base
diet. Soluble protein concentrations recorded itesandicated increased concentrations
of protein while placed on the high fat and hightpin diets, followed sequentially by
the base and high sugar diets.

A statistically significant interaction betweenesgtion and treatment (table 4.10)
was detected in male protein concentrations nomedlby dry weight (p-value 0.0026).
Exposure of males to either the base or the highrsdiets resulted in no statistically
significant differences between the selected amtroblines. Following placement of
males on the high protein or high fat diets, aificgmt decrease in soluble protein
concentrations were detected in the selected maalesmpared to the control males.
Measurements of the interaction between selectidrtfze four dietary treatments
indicated that the high protein and high fat dresulted in decreased soluble protein
concentrations in the selected males as compartbe twontrol males, with no detectable
differences between the lines when males were expisthe high sugar or base diets.

Soluble protein concentrations recorded in coraral selected males indicated
similar results between the lines with the hight@irodiet producing increased soluble
protein concentrations as compared to the highraligah Measurements obtained from
control males indicated a significantly increasedazntration of soluble proteins in
males placed on the high protein or high fat disteompared to either the base or high

sugar diets, with no statistically significant éifénce between males on the base and the
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high sugar diets. Additionally, no statisticallgsificant differences were detected
between males exposed to the high protein andfhigtiets. Soluble protein
concentrations measured in selected males indicatathtistically significant

differences in concentrations among all dietargralions, except for the comparison
between males on the high protein and high sugas.dvithin this comparison, males on
the high protein diet possessed increased solubteip concentrations as compared to
males exposed to the high sugar diet. Measuremeedsded in selected and control
males indicated increased protein concentratioesmirol males on the high fat and high
protein diets as compared to the base and higlr sligfa, while measurements recorded
in selected males indicated increased protein cdratéons in males on the high protein

diet as compared to the high sugar diet.

Total carbohydrate concentrations

Measurements of total carbohydrate concentrationsalized with respect to dry
weight in the selected and control lines on eadheffour diets resulted in a statistically
significant effect of dietary treatment (tables dri2l 4.9) in both sexes (p-values <0.0001
females and 0.0004 males). Females exposed togheigar diet possessed increased
concentrations of carbohydrates as compared totties three dietary alterations, with
no significant differences in carbohydrate concaians detected between females
exposed to the high protein, high fat, or basesdidiilles exposed to the high fat diet
possessed increased carbohydrates as comparetewpiseed on the other three dietary

alterations. Additionally, no significant differeexin carbohydrate concentrations were
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detected between males exposed to the high pratigim sugar, or base diets.
Measurements of carbohydrate concentrations in $mths indicated increased
carbohydrate concentrations in females placed emigih sugar diet and males exposed
to the high fat diet.

A significant interaction between selection anddretary treatments (table 4.10)
was identified in female carbohydrate concentratioormalized by dry weight (p-value
0.0079). Selected females placed on the high sudaase diets possessed reduced
carbohydrate concentrations as compared to cdetriles, while exposure of females
to either the high fat or high protein diets resdlin no statistically significant
differences between the selected and control li@esiparisons of the effects of dietary
supplementation in control females indicated inseelacarbohydrate concentrations in
females exposed to the high sugar diet as comparthe other three diets, with no
statistically significant differences in carbohyi@raoncentrations detected in females on
the high fat, high protein, or base diets. Die@gnparisons in selected females indicated
that all three of the dietary alterations resultethcreased carbohydrate concentrations
as compared to the base diet, with no statisticafjgificant difference in carbohydrate
concentrations observed in females placed on gtedugar, high fat, or high protein
diets. Measurements of the interaction betweercsefeand the dietary treatments
indicated a reduction in carbohydrate concentratiarfemales exposed to the high sugar
and base diets, with the high sugar diet resultirigcreased concentrations in control

females as compared to the other three dietarsatittes. Measurements in selected
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females indicated that all three of the dietargraltions resulted in increased

carbohydrate concentrations as compared to fereajessed to the base diet.

Glycogen concentrations

Analysis of the selected and control lines place@ach of the four diets
indicated a significant effect of dietary treatmé@ables 4.3 and 4.9) on glycogen
concentrations in both sexes (p-values <0.0001 lesyand 0.00126 males).
Comparisons of glycogen concentrations obtainem fimmales exposed to the high
sugar diet resulted in increased glycogen as cagdparfemales placed on the high fat,
high protein, or base diets. Females on eithehitje fat or base diets possessed
increased concentrations of glycogen as compargartales on the high protein diet,
with no statistically significant differences detet between females exposed to high fat
or base diets. Measurements of glycogen concemisatiormalized by dry weight in
males resulted in no statistically significant diffnces between the diets, except for the
comparison between males on the high fat and bate #Vithin this comparison, males
exposed to the high fat diet possessed increasemtotrations of glycogen as compared
to males on the base diet. Measurements of glycogecentrations in females exposed
to each of the diets resulted in increased conagniis of glycogen obtained from
females placed on the high sugar diet as compartgethigh fat and base diets, with
females exposed to the high protein diet possessapast amount of glycogen.
Measurements obtained from males indicated thatsralhced on the high fat diet

resulted in increased glycogen as compared to mald#ise base diet.
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Glycogen concentrations recorded in males indicatsthtistically significant
interaction between selection and the dietaryneats (table 4.10), with no significant
differences in glycogen concentrations detectediden selected and control males
placed on each of four the diets (p-value 0.02M¢asurements of glycogen
concentrations in control males indicated that eddhe dietary alterations resulted in
increased glycogen content as compared to contiensabtained from males on the
base diet. Moreover, no statistically significaiftedtences in concentrations were
observed in control males exposed to the highhigh sugar, or high protein diets.
Glycogen concentrations obtained from selected sratticated that males exposed to
the high fat diet possessed increased glycogereotrations as compared to males on
the high sugar diet, with no statistically sigréfint differences detected between
comparisons of males on the additional diets. Messants of the interaction between
selection and the dietary treatments indicatedgrfecant differences in glycogen
concentrations obtained from selected and contedésn with the three dietary alterations
in control males resulting in increased glycogencemtrations as compared to the base
diet. Glycogen concentrations obtained from setbotales indicated increased

concentrations in males placed on the high fataBetompared to the high sugar diet.
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Total sugar concentrations

Total sugar concentrations obtained from seleatedcantrol lines exposed to
each of the four diets indicated a statisticalgngicant effect of dietary treatments
(tables 4.4 and 4.9) in both sexes (p-values <@.p@omparisons of total sugar
concentrations in females indicated that exposutbe high protein diet resulted in
greater sugar concentrations than the other thetg avith no statistically significant
differences in sugar concentrations detected betfeaales on the high sugar, high fat,
or base diets. Comparisons of males placed onaable four dietary alterations
indicated that males on the high protein diet pesse increased concentrations of sugars
as compared to males exposed to the high fat,dughr, or base diets. Moreover,
measurements of sugars in males on the high fahighdsugar diets resulted in
increased sugar concentrations as compared to exgesed to the base diet.
Comparisons of total sugar concentration in matesfamales placed on each of the four
diets indicated an increase in sugar concentratiomglividuals exposed to the high
protein diet as compared to the additional thre¢sdi

A statistically significant interaction was detattaetween selection and dietary
treatment (table 4.10) in female sugar concentnatimrmalized with respect to dry
weight (p-value 0.0172). Comparisons of selecteticamtrol females on each of the four
diets indicated no statistically significant di#eice between the lines on all of the diets,
except for the high sugar diet. Selected femalasaal on the high sugar diet possessed
reduced concentrations of sugars as compared tootéemales exposed to the same

diet. Measurements of total sugar concentratiorseiacted and control females indicated
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that females on the high protein diet possessedased concentrations of sugars as
compared to the other three diets, with no sigaiftaifferences in concentrations
obtained from females on the high fat, high prateimbase diets. The interaction
between selection and the dietary treatments itetidhat selected females possessed
reduced concentrations of sugars as compared totiieol lines, with females placed on
the high sugar diet resulting in increased totgbsiconcentrations as compared to

females on the additional three diets.

Trehalose concentrations

Dietary treatment had a statistically significaffect on trehalose concentrations
(tables 4.5 and 4.9) in both sexes of the selemteldcontrol lines (p-values <0.0001).
Measurements of trehalose concentrations in feneadessed to each of the four diets
indicated a significantly increased concentratibtrehalose in females placed on the
high fat diet as compared to the other three digehalose concentrations were
increased in females exposed to the base dietragared to females on the high protein
and high sugar diets, with no significant differeadetected between females exposed to
the high protein or high sugar diets. Males exgddseeither the base or high fat diets
possessed increased concentrations of trehalassrgsmred to males placed on either the
high protein or high sugar diets, with no stataticsignificant differences observed
between males exposed to the high protein or highrsdiets. Additionally, no
significant differences in trehalose concentratimese observed in males placed on

either the high fat or base diets. Measurementieb&lose concentrations obtained from
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selected and control females and males indicatgdltle high fat diet resulted in
increased quantities of trehalose as comparecetottier three diets.

In females, a statistically significant interactioetween selection and treatment
(table 4.10) was observed in measurements norrdalité respect to dry weight (p-
value 0.0266). Comparisons of selected and cofégnshles on each of the diets indicated
no statistically significant differences betweea limes on all of the diets, except for the
high protein diet. When exposed to the high protket, selected females possessed
significantly increased concentrations of trehal@aseompared to control females.
Measurements of trehalose concentrations in cofegnsales indicated a progression of
concentrations among the diets with females placethe high fat diet possessing the
greatest quantity of trehalose followed by femaleshe base diet. Females placed on the
high sugar diet possessed reduced trehalose coatbems compared to females on the
base diet, with females on the high protein dietsgssing the least amount of trehalose.
Similar results were observed in selected femabesept for the comparison between the
high sugar and high protein diets. In this comgmarj no statistically significant
differences were detected between females expogéeé high sugar or high protein
diets. The interaction between selection and thtady alterations indicated increased
trehalose concentrations in selected females apa@u to control females while on the
high protein diet, while comparisons within thees¢éd and control lines indicated that
females exposed to the high fat diet resulted ¢neiased trehalose concentrations as

compared to the other three diets.
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Triglyceride concentrations

Measurements of triglyceride concentrations norzedliby dry weight in selected
and control lines indicated a significant effectiadtary treatment (table 4.9) in both
sexes (p-values <0.0001), with a significant effdctelection identified in males (tables
4.6 and 4.8). Measurements of triglyceride conediatns indicated that females on the
high sugar diet possessed increased triglycerideerudrations as compared to females
placed on either the high fat or high protein dietish no statistically significant
difference in concentrations detected between fesnakposed to the high fat or high
protein diets. Triglyceride concentrations obtaifreth females on each of the three
dietary alterations resulted in increased triglydes as compared to females on the base
diet. A statistically significant effect of selewt in males resulted in selected lines
possessing increased concentrations of triglycerdecompared to control lines (p-value
0.0018). Comparisons of dietary treatments indet#tat males placed on the high sugar
diet possessed increased triglyceride concentsatisrcompared to males on the base
diet. Measurement of triglyceride concentrationsades on the high fat, high protein, or
base diets resulted in the opposing tend obsernviimales, where males on the high fat
or high protein diets possessed reduced concemtsatif triglycerides as compared to
males on the base diet. Comparisons of triglyeecmhcentrations in males and females
indicated that selected males possessed incredgigddride concentrations as compared
to control males with exposure to the high sugat disulting in increased triglyceride

concentrations in both sexes.
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A statistically significant interaction betweerestion and the dietary treatments
(table 4.10) was observed in females (p-value <ILpMeasurements of triglyceride
concentrations indicated that selected femalesgssss significantly increased
concentrations of triglycerides as compared torobfémales placed on the high sugar,
high protein, or base diets, while selected androbfemales placed on the high fat diet
did not possess significantly different triglycezidoncentrations. Control females
exposed to the high sugar diet resulted in thetgseaoncentrations of triglycerides
followed by control females placed on the highdi&t. Females on the high protein and
base diets possessed reduced concentration gtergles as compared to the high fat
diet, with no significant differences observed betw the high protein and base diets.
Measurements of triglyceride concentrations indetkfemales on the high sugar and
high protein diets indicated increased triglycesids compared to females on either the
high fat or base diets. No significant differencesoncentrations were observed between
females on the high sugar or high protein dietsn éemales on the high fat or base diets.
Comparisons of the interaction between selecti@hthe dietary treatments in females
indicated that the selected females possessedsettdriglycerides as compared to
control females on all diets, except the high fat @here no differences between the
lines were observed. Exposure to the high sugairdeach of the female lines resulted
in increased triglyceride concentrations as contgptvehe other three diets.

In males, a statistically significant interactiogtWween selection and treatment
(table 4.10) was detected in concentrations nom@adlby dry weight (p-value 0.0022).

Comparisons made with regards to selection resuitsdlected males possessing
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increased quantities of triglycerides as compasezbhtrol males when exposed to each
of the dietary alterations. Measurements in thérobmales indicated that the high sugar
diet resulted in increased quantities of triglydes as compared to all other diets, with no
statistically significant differences in concenias observed between males exposed to
the high protein, high fat, and base diets. Sim#gults were observed in selected males,
with males on the high sugar diet possessing isexk#riglyceride concentrations as
compared to males on the base diet. Selected plalesd on the high fat or high protein
diets resulted in reduced triglyceride concentregias compared to males on the base
diet, with no statistically significant differenge concentrations detected between the
high fat and high protein diets. Measurementsighfcteride concentrations in males
indicated that the selected lines possessed irextdaglyceride concentrations as
compared to control lines, with males on the higges diet resulting in increased

triglycerides as compared to the other three dieglierations.

Dry weight measurements

Selection for starvation resistance and dietarpkupentation were shown to
have a statistically significant effect on body sasDrosophila melanogaster (tables
4.7, 4.8, and 4.9 omparisons of dry weight values obtained fromaetkand control
males and females indicated that selection fowatam resistance resulted in increased
dry weight of selected males and females as cordgareontrol lines (p-values 0.0092
males, 0.0003 females). Additionally, dry weightasgrements of selected and control

males and females indicated a significant effeatiefary treatment in both sexes (p-
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values <0.0001). In females, exposure to the higfasdiet resulted in the greatest
accumulation of dry weight, which was followed lepfales placed on the high fat diet.
Females on the high protein diet possessed reduergtht as compared to females on the
high fat diet, with the least amount of dry massesied in females placed on the base
diet. Comparisons in males indicated increasedadight measurements obtained from
males exposed to the high sugar diet followed blesiglaced on the high fat diet. Males
placed on either the high protein or base dietsltess in reduced dry mass as compared
to males exposed to the high fat diet, with nastiaally significant differences in mass
detected between males on either the high proteiase diets. Measurements of dry
weight obtained from the selected and control matekfemales indicated the greatest
increase of dry mass in flies exposed to the higfasdiet as compared to the other three

diets.

Female egg production

Analysis of fecundity in selected and control feesaihdicated no statistically
significant difference in egg production betweea $klected and control lines when fed
the same diet for each of the four diets; howeakerations to the diet resulted in
significant changes in female egg production. Campas of fecundity obtained from
females placed on the high sugar diet resultee@anehsed egg production as compared
to the base diet (figure 4.4), while no differencesgg production were detected
between females exposed to the base diet and #ithéigh fat or high protein diets

(figures 4.5 and 4.6). Females placed on the higtem diet produced a significantly
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increased number of eggs as compared to femaldsedngh sugar diet (figure 4.7).
Evaluation of egg quantity obtained from femalegtanhigh fat diet compared to the
high protein diet indicated an increased amourggfs produced from females on the
high protein diet within the first 15 days of exjpeentation (figure 4.8). This situation
was reversed in comparisons of the high fat and sigyar diets with increased egg
production observed from females on the high fat i the last 15 days of

experimentation (figure 4.9).

Longevity

The duration of lifespan was recorded for female mrale selected and control
lines exposed to each of the four diets. Compasisdriemale longevity indicated that
the selected lines lived significantly shorter tlzantrol lines (figures 4.10, 4.12, 4.14).
Female responses to each of the supplementedeledted in decreased longevity as
compared to females exposed to the base diet.gafesmeasurements of females on the
high protein diet resulted in increased longeviyampared to either the high sugar or
high fat diets (figures 4.16, 4.18) with femaleaqad on the high sugar diet living
appreciably more than those on the high fat digti{é 4.20). In males, no significant
differences were detected between the diets, exeefite comparison made between the
base and the high fat diets (figures 4.11, 4.16{,44.19, 4.21). Within this comparison,
males placed on the high fat diet lived signifitafgss than males exposed to the base

diet (figure 4.13).
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Movement

There were no main effects of selection or envirental variation on the number
of movements, except that light resulted in a rédadn activity levels recorded in
males and females from the selected and contred lifhe number of movements
obtained from selected and control females exptsedch of the four diets indicated a
statistically significant interaction between sélat and light (p-value 0.0104). Within
this interaction, no significant differences in neovent were detected between the
selected and control lines exposed to 12 hoursudness. During the light phase, the
selected females exhibited a reduction in the nurabmovements as compared to
control females. Additionally, increased movememtse detected within the light phase
in the control lines as compared to movementserdtrk (p-value 0.0198). No
statistically significant differences in movemewsre detected for selected lines during
either the light or dark phases.

Interactions between the dietary alterations aedigint cycle were recorded
during the 12 hours of darkness (p-value 0.0365hiwthis comparison, females on the
high fat and high protein diets exhibited increaseiyements as compared to females on
the high sugar diet. All other dietary comparisaesg females resulted in no
statistically significant differences in the numloémovements recorded. In males, a
statistically significant effect of light was idéred with increased movements recorded
during the 12 hours of darkness as compared tb2Heurs of light (p-value 0.0119). An

interaction between the diets and the light cyetidated a statistically significant
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increase in movements during the dark in males segbto the high fat, high protein, and

high sugar diets (p-values 0.0133, 0.0059, and/.0dspectively).



172

Discussion

Alterations to dietary nutrient composition freqtlg occur within natural
populations due to changing environmental condstiauich as alterations in temperature
and available nutrients (Somero & Hochachka, 19D to the variability of available
resources, organisms must adapt to the changirigpement to ensure survival. One
example of evolved adaptations to changes in mitcensumption in natural populations
is the metabolic and physiological modificationsasated with evolved resistance to
starvation. In response to reductions in avail&bbel resources, most organisms have
adapted mechanisms that sense nutrient availabildawing for increased storage of
triglycerides and carbohydrates when food is pleh{Djawden et al., 1998; Harshman
et al, 1999). During periods of food deprivationganisms ranging from insects to
vertebrates have evolved a coordinated physiolbggsponse that allows for efficient
utilization of energy coupled to a conservatiommatabolic fuels through reduced
movement. These mechanisms of starvation resistemeebeen shown to enhance
survival while exposed to starvation (Sugden et1&I89).

The present study utilized genetically based stamaesistant and control lines
of Drosophila melanogaster to gain insight into correlations between dietary
supplementation and associated alterations in bodhposition, life history traits, and
movement. Artificial selection for starvation reaisce resulted in a two fold increase in
survival under starvation in selected males andddld increase in female survival
under starvation at the fifty percent mortalitydéfollowing 20 generations of selection

for starvation resistance. Measurements of surwithin the control lines, used as the
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basis for comparison, resulted in no statisticsigyificant alterations to survival under
starvation following 20 generations in culture.

Analysis of soluble proteins indicated a significarcrease in protein
concentrations when males and females were expgogkd high protein diet. A
significant reduction in soluble protein conceritias were detected in selected lines as
compared to control lines on the high fat and lggdtein diets, with no detectable
difference between the lines on the high sugarase diets. A related study conducted
in Caenorhabditis elegans analyzing translation initiation factoifg-1, the worm
homologue of elF4G, andks-1, the worm homologue of S6 kinase, in starvation
resistant lines (Pan et al., 2007), indicated acgdn in protein synthesis during
starvation due to inhibition of these two initiatiéactors. Inhibition of translation in
starvation-resistant lines has been suggestedrnesiaanism to preserve somatic
maintenance and decrease organismal growth dueingds of starvation (Pan et al.,
2007). This decrease in translation could perhapsie potential explanation for the
reduction in soluble protein concentrations obsgimehe starvation-resistant lines used
in the present study. Protein concentrations wereeased in individuals exposed to the
high protein diet. This observation was consistéttt previous findings thdd.
melanogaster exposed to a high protein diet, consisting oféeased yeast concentrations,
resulted in increase protein deposition withindhganism (Skorupa et al., 2008). Protein
measurements recorded in the males with regardietary treatments indicated
increased protein concentrations measured in iddals exposed to the high fat diet.

Analysis of metabolic pathways (figure 4.22) indéxhthat when individuals are exposed
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to increased fat concentrations in the diet sonteefatty acids can be converted into
acetyl-CoA through the citric acid cycle, which d¢aen be converted into protein
(Randle, 1995; Stipanuk, 2006). Comparisons ofgimatoncentrations in males and
females exposed to each of the diets indicatedhieghigh protein diet resulted in
increased protein concentrations in females, whiehigh fat and high protein diets
resulted in increased concentrations of solubléspron males, supporting the theory
that increased protein consumption can lead teassd protein storage (Skorupa et al.,
2008).

Body composition analysis of total carbohydrate glydogen concentrations in
males and females indicated increased concentsatisgsociated with placement on the
high sugar diet in females, while males on the lfisgliet possessed increased amounts
of carbohydrates and glycogen. Perhaps the sexeliites in carbohydrate storage on
the altered diets were associated with the cosgbduction where females convert
dietary sugar to stored carbohydrates for nutrifayrthe developing eggs, while males
convert excess fat to sugar to be used for enargyovement or flight. Comparisons of
the selected and control females indicated thdtiwithe control lines, females exposed
to the high sugar diet possessed the largest anobtmtial carbohydrates. This result
was supported by observations that exposure teased levels of sugar in the diet
results in enhanced sugar concentrations (Stip&00§). Comparisons within selected
females indicated that each of the dietary altenatresulted in increased carbohydrates
as compared to the base diet. Analyses of metapatiovays (figure 4.23) illustrated the

potential conversions of increased sugar, protaid,fat obtained from the diet into
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increased carbohydrates, especially glucose. ®eldices possesses significantly
reduced concentrations of carbohydrates as compatée control lines when placed on
the high sugar diet, while no differences were dettbetween selected and control line
glycogen concentrations. Thus, selected lines neagobverting the additional sugar into
other high-energy molecules, such as triglyceriddsle the control lines utilize the
additional sugar for carbohydrate storage.

Comparisons of total sugar and trehalose concéntgatvithin the selected and
control lines indicated that increased dietary @rotesulted in increased total sugars,
while increased dietary fat led to increased tret@lconcentrations. In females, total
sugar concentrations were reduced in the seleictesl &s compared to the controls, while
the situation was reversed in male measuremenitstiatselected lines possessing
increased amounts of total sugars. This resultatdd that the sexes may respond
differently to selection with females utilizing sarg and trehalose for fuel, while selected
males stored more sugars to be utilized for endegganding processes including
movement and flight. Trehalose concentrations weneased in the selected lines as
compared to the controls. Additionally, increasedass were detected in flies exposed to
the high protein diet. This observation was supggblty previous research indicating that
high levels of protein can be toxic, and as suehfiquently converted into glucose to
be stored or utilized in energy production (Stiggr2006). In the present study, a high
fat diet resulted in increased whole body trehal®$és observation may be explained in

that high levels of fat within the organism candoaverted into glucose (Randle, 1995)
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through the conversion of free fatty acids intot@le€oA that can then be converted into
glucose through gluconeogenesis (figure 4.23).

Increased concentrations of triglycerides were ndeskin the selected lines, with
females on the high sugar diet possessing theagteaincentrations of stored lipids. In
males, the selected lines possessed significarghter concentrations of triglycerides
than control lines on all of the diets, while maasnents in females indicate that selected
lines possess greater triglycerides on all dietsgpet for the high fat diet where no
differences were detected between the lines. Afigarisons of triglyceride
concentrations indicated that the high sugar éistlted in increased quantities of
triglycerides. This observation was supported f®vijpus studies in starvation-resistant
lines of D. melanogaster with increased carbohydrates in the diet prongotiiglyceride
storage (Skorupa et al., 2008).

Selected lines possessed increased dry mass aammhip control lines in both
sexes. Males and females placed on the high sugfaredulted in increased dry weight
as compared to exposure of each of the sexes tthigonal three diets. Additionally,
results obtained from the analysis of body compwsindicated an increase in total
carbohydrates, glycogen, and triglycerides in fégposed to the high sugar diet.
Presumably, the increased concentrations of thesgetic molecules were contributing
to the overall increase in body mass observeddivituals placed on the high sugar diet.

Analysis of fecundity indicated a negative relasibip between increased sugar in
the diet and egg production, with no correlatioseried between fecundity and

selection for starvation resistance. Fecundity mesmsents indicated no statistically
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significant differences between the selected amdrablines on any of the altered diets
indicating that selection pressures were not catedlwith the number of eggs produced
by females in the present study. Increased sugarecdrations were, however,
negatively correlated with reproduction. This obaéion was supported by previous
research indicating that increased sugar concénrigain the diet suppressed egg
deposition rates (Lee et al., 2008; Skorupa eR@DB). Measurements of egg production
on the high protein diet revealed increased egg@sigpn, which was supported by
previous research indicating a positive correlabetween increased dietary protein
supplementation, in the form of yeast, and fecyn@korupa et al., 2008; Katewa &
Kapahi, 2010).

An overall negative correlation between dietargrations and longevity was
observed, with the most dramatic effects recordezbntrol females. Analysis of
longevity between the selected and control lindgcated a reduced lifespan in the
selected females as compared to control femalenp@osons of dietary effects on
longevity indicated that all of the supplementegtslwere negatively associated with
lifespan in control females, with the high fat diesulting in reduced lifespan in both
sexes of the selected and control lines. Thisrebhien was supported by previous
studies where increased protein, in the form obiemnd increased carbohydrates, in the
form of glucose, resulted in reduced longevity (Mdial., 2005; Sanchez-Blanco et al.,
2006; Lee et al., 2008; Skorupa et al., 2008; . £2009). Additional research into

alterations in food composition indicated that adesin nutrients could have negative
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effects through potential food toxicity, which cdramatically reduce the lifespan of
individuals exposed to the altered food sourcediPgp al., 2007).

Analysis of movement patterns in the selected amtial lines placed on one of
the four diets indicated a significant effect ghli on the number of movements
recorded. The only significant alteration in themiber of movements correlated with the
diets occurred in females, with the high fat arghlprotein diets resulting in increased
movements as compared to the high sugar diet.rébidts was probably not solely
limited to nutrient intake, but rather could beibtited to increased amounts of energy
obtained from metabolism of fats as compared teettexgy obtained from the
metabolism of glucose, thus allowing for increasexnyement of females on the high fat
diet. In the dark phase, no statistically significdifferences were detected between the
selected and control lines in the number of movem&omparisons of control females
indicated increased movements in the light phas®epared to the dark, while no
significant differences were detected in the nundfenovements in comparisons
between the light and dark cycles in the selectess$]

Comparisons of movement and body composition daligated that exposure to
the high protein or high fat diets resulted in @ased movements as well as increased
concentrations of proteins, sugar, and trehalosdhaps the increased amounts of protein
are deposited in muscles allowing for increaseohista, and thus an increase in the
number of movements. Additionally, the increasedant of sugars present in females
exposed to the high protein or high fat diets mattributed to the increased amount of

energy necessary to promote increased movementp&asuons between movement and
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life history traits indicated that females placedtie high protein diet have a
significantly greater number of movements in additio an increase in egg production.
Perhaps females with increased protein have apased number of movements to allow
for greater distribution of eggs as a functionrafreased fecundity. Analysis of
movement and longevity within the lines indicatkdttlines on the high fat and high
protein diets have reduced lifespan, while movesarg increased in lines exposed to
these diets. Increased activity levels were negiticorrelated with longevity in that
energy is expended through increased movementsydoucing the available energy to
promote survival during times when energy resouacedimited. Alternatively, the
stress response may elicit a reduction in longetidy is independent of the increased
number of movements.

The results of this study represent one of the masiprehensive studies in
correlating dietary supplementation with alterasiam body composition, life history
traits, and movement. The outcome of this studygests that alterations to dietary
composition can lead to dramatic changes in bodypasition, life history traits, and
activity levels. Further analysis of alterationdtwly composition within the selected and
control lines needs to include an analysis of taloontent of each of the diets to identify
whether the observed changes were due to altesatianacronutrient composition or
changes in caloric content. Additionally, the amoafifood consumed by each of the
experimental subjects placed on each of the supgitad diets would provide insight
into potential correlations between increases dividual dietary components with

increased consumption. Correcting for these valmdd provide a more accurate
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analysis of the individual alterations associatéth wmcreased supplementation of
glucose, palmitic acid, and a 2:1 mixture of cas#id albumin. Alterations to nutrient
intake can have dramatic effects on the phenotfjpe sndividual through the concerted
actions of interlinked metabolic pathways. As suadterations to specific nutrients
including fat, carbohydrates, and proteins canlt@sehanges that can enhance or
reduce performance and quality of life. Studiesv@xréng an overall reduction in caloric
intake, known as dietary restriction, have showvat thtake of relatively low protein and
moderate carbohydrate concentrations can resiitirased longevity in a number of
diverse organisms ranging from insects to humarer(bt al., 2005; Lee et al., 2008; Ja
et al., 2009; Katewa & Kapahi, 2010;).

In the present study, dietary supplementation hsidraficant effect on body
composition with a consistently negative effectsarvival. Results obtained from the
current study have implications in the context wian health. One example is the use of
dietary alterations in the promotion of weight legthin obese individuals. By restricting
certain dietary components for a period of timer@ased weight loss can be promoted
resulting in improvements to overall health (Si€d#00; Hossain et al., 2007). Studies
analyzing individuals on the Atkins diet indicatetieased weight loss as compared to
either the Zone or Ornish diets; however, bothSbath Beach and Ornish diets were
better in weight management once the initial weigs lost (Gardner et al., 2007; Miller
et al., 2009). These results must be considerddaaitition in that long-term effects have
not been quantified. Results obtained from thiggtand others reviewing correlations

with dietary alterations, body composition, ané hiistory traits suggest that alterations
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to the diet can promote an overall change in méitahdhat can potentially have

dramatic effects on body mass, reproduction, angduity.
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Figure 4.1 The response to selection@fosophila melanogaster selected for starvation
resistance. Percent survival (and standard erfdheostarvation-resistant lines was
assayed after one generation of selection andaoitptwenty generations of selection
for starvation resistance.
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Figure 4.2 The response to starvation in control lines of Dpdsla melanogaster.
Survival under starvation (and standard error) assayed following one and twenty
generations of selection conducted on the stamvaésistant lines.
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Figure 4.3 Comparisons of the direct response to selectiothénstarvation-resistant
lines following fifteen and twenty generations dlestion for starvation resistance.
Percent survival (and standard error) of the stammaesistant lines.
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Figure 4.4The average number of eggs (and standard erradupea by the selected
and control lines on the base diet and high suggrfdllowing 20 generations of
selection for starvation resistance.
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Figure 4.5The average number of eggs (and standard erradupea by the selected
and control lines on the base diet and high fat th#owing 20 generations of
selection for starvation resistance.
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Figure 4.6 The average number of eggs (and standard erradupea by the selected
and control lines on the base diet and high pratiéh following 20 generations of
selection for starvation resistance.
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Figure 4.7 The average number of eggs (and standard erradupea by the selected
and control lines on the high protein diet and sugeotein diet following 20

generations of selection for starvation resistance.
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Figure 4.9The average number of eggs (and standard erradupea by the selected
and control lines on the high fat diet and highasutdjet following 20 generations of
selection for starvation resistance.
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Figure 4.10 Average longevity (and standard error) of sele@ed control lines of
femaleDrosophila melanogaster placed on the base and high sugar diets follo&ihg
generations of selection for starvation resistance.
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Figure 4.11 Average longevity (and standard error) of sele@ed control lines of
male Drosophila melanogaster placed on the base and high sugar diets follo&ihg
generations of selection for starvation resistance.
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Figure 4.12 Average longevity (and standard error) of sele@ed control lines of
female Drosophila melanogaster placed on the base and high fat diets following 20
generations of selection for starvation resistance.
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Figure 4.13 Average longevity (and standard error) of sele@ed control lines of
male Drosophila melanogaster placed on the base and high fat diets following 20
generations of selection for starvation resistance.
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Figure 4.14 Average longevity (and standard error) of sele@ed control lines of
femaleDrosophila melanogaster placed on the base and high protein diets follgwin
20 generations of selection for starvation resistan
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Figure 4.15Average longevity (and standard error) of sele@ed control lines of
male Drosophila melanogaster placed on the base and high protein diets follgvida
generations of selection for starvation resistance.
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Figure 4.16 Average longevity (and standard error) of sele@ed control lines of
female Drosophila melanogaster placed on the high protein and high sugar diets
following 20 generations of selection for starvatiesistance.
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Figure 4.17 Average longevity (and standard error) of sele@ed control lines of
male Drosophila melanogaster placed on the high protein and high sugar diets
following 20 generations of selection for starvatiesistance.
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Figure 4.18 Average longevity (and standard error) of sele@ed control lines of
female Drosophila melanogaster placed on the high protein and high fat diets
following 20 generations of selection for starvatiesistance.
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Figure 4.19 Average longevity (and standard error) of sele@ed control lines of
maleDrosophila melanogaster placed on the high protein and high fat dietsofwihg
20 generations of selection for starvation resitan
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Figure 4.20 Average longevity (and standard error) of sele@ed control lines of
female Drosophila melanogaster placed on the high sugar and high fat diets
following 20 generations of selection for starvatiesistance.
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Figure 4.21 Average longevity (and standard error) of sele@ed control lines of
male Drosophila melanogaster placed on the high sugar and high fat diets falgw
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Figure 4.22The Cori Cycle and partitioning of glucose metatlin mammals.
This figure was obtained from Randle, 1995.
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Figure 4.23Metabolic pathways for the conversion of dietarjriemts into energy.

The figure was adapted from Voet, 2006.
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Table 4.1 Soluble protein concentrations within starvati@sistant and control lines
exposed to each of the four diets. Mean proteirceotation (standard error) following
20 generations of selection for starvation resistan

Protein Protein
concentration concentration

Line Sex Treatment per fly per dry weight
Selected Male Sugar 0.2183 (0.0039) 0.6333 (0.0212)
Control Male Sugar 0.2024 (0.0034) 0.6502 (0.9212
Selected Female Sugar 0.2886 (0.0029) 0.6803110)0
Control Female Sugar 0.2730 (0.0024) 0.4900 @BYP6
Selected Male Fat 0.2209 (0.0032) 0.6863 (0.0116)
Control Male Fat 0.2127 (0.0025) 0.7781 (0.0144)
Selected Female Fat 0.2901 (0.0032) 0.5311 (@)014
Control Female Fat 0.2797 (0.0038) 0.6176 (0.p101
Selected Male Protein 0.2145 (0.0029) 0.6939 1(ILY
Control Male Protein 0.2120 (0.0052) 0.8192 (8M1
Selected Female Protein 0.2983 (0.0018) 0.5690446)
Control Female Protein 0.2794 (0.0035) 0.652D7@9)
Selected Male Base 0.2032 (0.0048) 0.6822 (0.0188)
Control Male Base 0.2074 (0.0048) 0.6803 (0.0378)
Selected Female Base 0.2867 (0.0031) 0.5840 (0.0119)
Control Female Base 0.2754 (0.0036) 0.6588 (0.0960)
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Table 4.2 Carbohydrate concentrations within starvation tastsand control lines
exposed to each of the four diets. Mean carbohgdcancentration (standard error)

following 20 generations of selection for starvatiesistance.

Carbohydrate Carbohydrate
concentration concentration
Line Sex Treatment per fly per dry weight

Selected Male Sugar 0.0060 (0.0004) 0.0174 (0.0013)
Control Male Sugar 0.0057 (0.0003) 0.0182 (0.0026
Selected Female Sugar 0.0065 (0.0005) 0.01260Z0)0
Control  Female Sugar 0.0055 (0.0003) 0.0111 ®BYO
Selected Male Fat 0.0053 (0.0002) 0.0165 (0.0030)
Control Male Fat 0.0046 (0.0001) 0.0169 (0.0014)
Selected Female Fat 0.0063 (0.0006) 0.0116 (0)001
Control  Female Fat 0.0053 (0.0005) 0.0117 (0.p015
Selected Male Protein 0.0064 (0.0000) 0.0206 0D
Control Male Protein 0.0055 (0.0003) 0.0213 (@®O
Selected Female Protein 0.0080 (0.0005) 0.0152019)
Control  Female Protein 0.0082 (0.0002) 0.019@QD7)
Selected Male Base 0.0047 (0.0002) 0.0159 (0.0027)
Control Male Base 0.0038 (0.0001) 0.0126 (0.0033)
Selected Female Base 0.0061 (0.0005) 0.0124 (0.0017)
Control  Female Base 0.0052 (0.0004) 0.0124 (0.0023)
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Table 4.3Glycogen concentrations within starvation resistam control lines exposed
to each of the four diets. Mean glycogen conceptia(standard error) following 20
generations of selection for starvation resistance.

Glycogen Glycogen
concentration concentration

Line Sex Ireatment per fly per dry weight
Selected Male Sugar 0.0085 (0.0007) 0.0245 (0.0018)
Control Male Sugar 0.0093 (0.0009) 0.0297 (0.0028
Selected Female Sugar 0.0176 (0.0011) 0.029940)00
Control Female Sugar 0.0169 (0.0002) 0.0353 @po
Selected Male Fat 0.0103 (0.0008) 0.0321 (0.0020)
Control Male Fat 0.0080 (0.0007) 0.0294 (0.0019)
Selected Female Fat 0.0150 (0.0013) 0.0275 (@)002
Control Female Fat 0.0127 (0.0015) 0.0281 (0.p033
Selected Male Protein 0.0080 (0.0005) 0.02590@7p
Control Male Protein 0.0074 (0.0006) 0.0287 (MO
Selected Female Protein 0.0096 (0.0007) 0.018201%)
Control Female Protein 0.0083 (0.0002) 0.0193®009)
Selected Male Base 0.0081 (0.0008) 0.0271 (0.0028)
Control Male Base 0.0064 (0.0005) 0.0211 (0.0021)
Selected Female Base 0.0121 (0.0008) 0.0246 (0.0016)
Control Female Base 0.0132 (0.0014) 0.0317 (0.0026)
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Table 4.4Total sugar concentrations within starvation resisand control lines exposed
to each of the four diets. Mean sugar concentra{gtandard error) following 20
generations of selection for starvation resistance.

Total sugar Total sugar

concentration concentration
Line Sex Treatment Per fly per dry weight
Selected Male Sugar 0.0060 (0.0004) 0.0174 (0.0013)
Control Male Sugar 0.0057 (0.0003) 0.0182 (0.9014
Selected Female Sugar 0.0065 (0.0005) 0.01260@8)0
Control Female Sugar 0.0055 (0.0003) 0.0111 @BPO
Selected Male Fat 0.0053 (0.0002) 0.0165 (0.0009)
Control Male Fat 0.0046 (0.0001) 0.0169 (0.0007)
Selected Female Fat 0.0063 (0.0006) 0.0116 (@)001
Control Female Fat 0.0053 (0.0005) 0.0117 (0.p009
Selected Male Protein 0.0064 (0.0000) 0.0206 O@BY
Control Male Protein 0.0055 (0.0003) 0.0213 (@O
Selected Female Protein 0.0080 (0.0005) 0.0152010)
Control Female Protein 0.0082 (0.0002) 0.019@A0O7)
Selected Male Base 0.0047 (0.0002) 0.0159 (0.0009)
Control Male Base 0.0038 (0.0001) 0.0126 (0.0007)
Selected Female Base 0.0061 (0.0005) 0.0124 (0.0010)
Control Female Base 0.0052 (0.0004) 0.0124 (0.0009)
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Table 4.5Trehalose concentrations within starvation restséenal control lines exposed
to each of the four diets. Mean trehalose conceotrgstandard error) following 20
generations of selection for starvation resistance.

Trehalose Trehalose
concentration concentration

Line Sex Treatment per fly per dry weight
Selected Male Sugar 0.0019 (0.0001) 0.0055 (0.0003)
Control Male Sugar 0.0017 (0.0001) 0.0055 (0.90002
Selected Female Sugar 0.0007 (0.0001) 0.0078R)0
Control Female Sugar 0.0007 (0.0001) 0.0012 (@BPO
Selected Male Fat 0.0027 (0.0002) 0.0083 (0.0010)
Control Male Fat 0.0028 (0.0000) 0.0102 (0.0003)
Selected Female Fat 0.0031 (0.0002) 0.0057 (B)000
Control  Female Fat 0.0026 (0.0001) 0.0058 (0.p003
Selected Male Protein 0.0018 (0.0001) 0.0059 0 LY
Control Male Protein 0.0016 (0.0001) 0.0063 (0%)0
Selected Female Protein 0.0010 (0.0002) 0.0020008)
Control Female Protein 0.0002 (0.0001) 0.000®003)
Selected Male Base 0.0023 (0.0001) 0.0077 (0.0003)
Control Male Base 0.0024 (0.0002) 0.0078 (0.0009)
Selected Female Base 0.0017 (0.0001) 0.0035 (0.0003)
Control  Female Base 0.0015 (0.0001) 0.0036 (0.0004)
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Table 4.6Triglyceride concentrations within starvation rémsig and control lines
exposed to each of the four diets. Mean triglygt®doncentration (standard error)
following 20 generations of selection for starvatiesistance.

Triglyceride Triglyceride

concentration concentration
Line Sex Treatment per fly per dry weight
Selected Male Sugar 9.6444 (0.7418) 27.7878 §DB2
Control Male Sugar 4.1182 (0.3233) 13.2972 (16)71
Selected Female Sugar 18.5696 (1.4681) 31.45(8D4R)
Control Female Sugar 12.6872 (0.6219) 26.51983(B)
Selected Male Fat 4.4538 (0.7687) 13.9729 (24484
Control Male Fat 1.8375 (0.4995) 6.7409 (1.8656)
Selected Female Fat 11.2370 (1.4420) 20.492%33)5
Control Female Fat 8.9113 (1.3302) 19.9027 (3111
Selected Male Protein 4.8512 (0.4654) 15.6733683)
Control Male Protein 2.3552 (0.1883) 9.0940 (@®9
Selected Female Protein 15.3850 (1.2864) 29.2248142)
Control Female Protein 5.4821 (0.6611) 12.7645414)
Selected Male Base 6.3951 (0.5908) 21.4595 (1.9510)
Control Male Base 1.8058 (0.1863) 6.1859 (0.7404)
Selected Female Base 9.3303 (1.7877) 19.0076 (0.7404)
Control Female Base 4.9698 (0.8593) 11.7758 (1.9431)
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Table 4.7Average dry weight of starvation resistant and iines exposed to each of
the four diets. Mean dry weight following 20 gesi@yns of selection for starvation

resistance.
Standard
Line Sex Treatment Average Dry Weight (mg) Error

Selected Male Sugar 0.3447 0.0034
Control Male Sugar 0.3112 0.0052
Selected Female Sugar 0.5890 0.0062
Control Female Sugar 0.4800 0.0060
Selected Male Fat 0.3219 0.0034
Control Male Fat 0.2734 0.0023
Selected Female Fat 0.5462 0.0058
Control Female Fat 0.4528 0.0046
Selected Male Protein 0.3092 0.0043
Control Male Protein 0.2587 0.0028
Selected Female Protein 0.5243 0.0058
Control Female Protein 0.4283 0.0049
Selected Male Base 0.2979 0.0027
Control Male Base 0.3049 0.0022
Selected Female Base 0.4909 0.0063
Control Female Base 0.4180 0.0054



Table 4.8Statistically significant least squares means \&afaethe effects of selection in the selected @ntrol lines. Least

squares means (standard error) following gener&foof starvation selection.

Effect Sex Dependent Variable p-value Selected Caont
Selection Female Protein per dry weight 0.0011 Bl440.0964) 6.2517 (0.0964)
Selection Male Triglyceride per dry weight 0.0018 9.723 (1.4553) 8.8295 (1.4553)
Selection Female Dry weight 0.0003 0.5376 (0.0088) 0.4448 (0.0088)
Selection Male Dry weight 0.0092 0.3184 (0.0076) 2706 (0.0076)

9T¢



Table 4.9Statistically significant least squares means \&afaethe effects of dietary treatment in the delé@nd control
lines. Least squares means (standard error) fallggeneration 20 of starvation selection.

Effect Sex Dependent Variable p-value Protein Fat War Base

Diet Female Glycogen per dry weight <0.0001 0.0488018) 0.0278 (0.0018) 0.0326 (0.0018) 0.02708018)
Diet Male Glycogen per dry weight 0.0126  0.027DQ20) 0.0304 (0.0020) 0.0269 (0.0020) 0.0243 (WPO2
Diet Female Protein per dry weight <0.0001 6.1110814) 5.7628 (0.0814) 5.2968 (0.0814) 6.22628(01)
Diet  Male Protein per dry weight <0.0001 7.5780€B0) 7.3389 (0.1960) 6.4612 (0.1960) 6.9305 (196
Diet Female Triglyceride per dry weight <0.0001 (@R (2.0280) 20.197 (2.0280) 28.984 (2.0280) 15(291280)
Diet Male Triglyceride per dry weight <0.0001 12338.3471) 10.356(1.3471) 20.542(1.3471) 13.8224(71)
Diet Female Total carbs per dry weight <0.0001 82®.0014) 0.0365(0.0014) 0.0434 (0.0014) 0.084@014)
Diet Male Total carbs per dry weight 0.0004  0.08838023) 0.0448 (0.0023) 0.0400 (0.0023) 0.0368023)
Diet Female Trehalose per dry weight <0.0001 0.qo102) 0.0057 (0.0002) 0.0013 (0.0002) 0.003B0@2)
Diet Male Trehalose per dry weight <0.0001 0.00BOEO4) 0.0089 (0.0004) 0.0055 (0.0004) 0.0083DMY
Diet Female Total sugars per dry weight <0.001 DOD.0008) 0.0116 (0.0008) 0.0113 (0.0008) 0.QDAR08)
Diet Male Total sugars per dry weight <0.0001 0MALO007) 0.0168 (0.0007) 0.0178 (0.0007) 0.04B007)
Diet  Female Dry weight <0.0001 0.4763 (0.0076) ©@.0076) 0.5345 (0.0076) 0.4545 (0.0076)
Diet Male Dry weight <0.0001 0.2839 (0.0065) 0.290®065) 0.3278 (0.0065) 0.2826 (0.0065)

N
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Table 4.10Statistically significant least squares means \&faoethe interaction of selection and dietarytiment in the
selected and control lines. Least squares meaarsd@td error) following generation 20 of starvatsetection.

Dependent Control Control Control Control Selected Selected Selected Selected
Sex Variable p-value Protein Fat Sugar Base Protein Fat Sugar Base
Glycogen per dry 0.0283 0.0291 0.0295 0.0217 0.0260 0.0318 0.0242 0.0269

Male weight 0.0210 (0.0029) (0.0029) (0.0029) (0.0029) (0.0029) (0.0029) (0.0029)  (0.0029)
Protein per dry 8.2059 7.8008 6.5496 7.0289 6.9501 6.8771 6.3728 6.8321

Male weight 0.0026 (0.2771) (0.2771) (0.2771) (0.2771) (0.2771) (0.2771) (0.2771) (0.2771)
Triglyceride per 12.764 19.902 26.519 11.775 29.254 20.492 31.450 19.007

Female  dryweight  <0.0001 (2.8681) (2.8681) (2.8681) (2.8681) (2.8681) (2.8681) (2.8681)  (2.8681)

Triglyceride per 9.0940 6.7409  13.297  6.1859  15.673  13.972  27.787  21.459

Male dry weight 0.0022  (1.9050)  (1.9050) (1.9050) (1.9050) (1.9050) (1.9050) (1.9050)  (1.9050)
Total carbs per 0.0378 0.0368  0.0459  0.0394  0.0386 0.0361  0.0409  0.0299

Female  dry weight 0.0079  (0.0020)  (0.0020) (0.0020) (0.0020) (0.0020) (0.0020) (0.0020)  (0.0020)
Trehalose per dry 0.0005 0.0057  0.0014  0.0035  0.0019 0.0057 0.0012  0.0035

Female weight 0.0266  (0.0004)  (0.0004) (0.0004) (0.0004) (0.0004) (0.0004) (0.0004)  (0.0004)
Total sugars per 0.0191 0.0116  0.0116  0.0123  0.0151 0.0116  0.0110  0.0124

Female  dry weight 0.0172  (0.0012) (0.0012) (0.0012) (0.0012) (0.0012) (0.0012) (0.0012)  (0.0012)
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