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A SYSTEM GENETICS ANALYSIS OF ENERGY METABOLISM TRAITS IN
DROSOPHILA MELANOGASTER

PATRICIA P JUMBO LUCIONI

GRADUATE PROGRAM: NUTRITION SCIENCES

ABSTRACT

Obesityis emerging as a global public health problend ithas shown to precede and
predict the development of type 2 diabetes, a complex diseaseathatlso reached
epidemic proportions ithe US and worldwideDespite that obesity-related traits are
highly heritable, the genetic basis underlying their naturahtran and the loci playing
pleiotropic roles among organismal traits have not been fully elecidahe overall
goals of these present studies were: to shed light on the atgtet®f the genetic co-
expression networks regulating variations in obesity-related,tediicidate the extent to
which they are regulated by pleiotropic loci, and identify pleiotragieles between
metabolism and life-history traits to provide key insights into wtiferent alleles are
allowed to persist in natural populations, despite the fact dbate of them confer
susceptibility to metabolic disorders. Using a wild-derived popuiabf Drosophila
melanogasteas model system, our results highlighted the relevance of etaboilic
pathways such as immune response, neurogenesis and neuronal functigrowaél)
food processing and water balance as key regulators of organtsdsl weight,
metabolic rate and body composition traits. Differential expryass of

cycling/photoperiodic genes among young adult flies underlies theigérees shaping



phenotypic variation in mitochondrial bioenergetic traits. Furtherntbesglucidation of
pleiotropic transcriptional modules provided a key insight into the mialebasis of the
well established trade-offs between body weight, reproduction, and duofifaod
deprivation. Our data further indicate thatolecular regulation of mitochondrial
respirationplays a critical role in mediating life history trade-afisnatural populations.
In conclusion, our results confirm that the genetic basis of natarations in obesity-
related traits involves highly interactive co-regulated trapscnal networks, and
identify various pleiotropic loci underlying evolutionarily conservedidraffs among
organismal survival and reproduction whiabcount for the perpetuation of alleles that

confer susceptibility to metabolic disordensiong individuals from a natural population.

Keywords: obesity-related traitsDrosophila melanogastergenetic networks, life-

history traits, trade-offsyndecan
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CHAPTER I

INTRODUCTION
Type 2 diabetes mellitus (T2DM) is a complex disease whicth#&acterized by a
chronic hyperglycemic status as a consequence of insulinaresesin muscle (causing
decreased glucose uptake) dindr (causing increased gluconeogenesis), together with
impaired insulin secretion from pancreditcells. The complexity of T2DM results from
the interaction of environmental factors with genetic suscepyibidictors. Linkage,
candidate-gene, and genome-wide association studies have provided imipsrtguts
into the genetic architecture of T2DM, and have identified potegéaétic variants in
several genes that confer T2DM risk [4]. Yet, numerous studies demonstrated that
increased fat mass, preferentially in the visceral compartrmeeatso an important risk
factor for insulin resistance [5], and the development of T2DM fjcording to Forcet
al. [6], for every kilogram of weight gain, the risk of diabeteseases between 4.5 and
9%. The transition from obesity to diabetes is produced by a psagregefect in insulin
secretion coupled with a progressive rise in insulin resistancerelvieese observation
after weight loss of 10 kg [7] confirms the role of obesity i@ ifmpairment of insulin

secretion and in the pathogenesis of insulin resistance.

Overweight and obesity continue to be leading public health coneeths US. The
latest estimates have shown that 17.1% of US children and adoteacerdverweight
and 32.2% of adults are obese [8]. Obesity has shown to precede ardd fredi

development of T2DM [9] [10]. T2DM comprises 90% of people with diabateand



the world. The World Health Organization (WHO) estimated mhate than 180 million
people worldwide had diabetes in 2006; and it has been anticipateithis number will

double by 2030 [11].

Mitochondrial dysfunction and metabolism.

As mentioned above, skeletal muscle, adipose tissue and liver anasthim-
responsive organs responsible for maintaining normal glucose honeostas
Dysregulation in any of the processes involved in the modulatiomsaflin action
produces elevation in fasting and postprandial glucose levels. Femakdecades, it has
been proposed that free fatty acids (FFA) play a critical noléhe modulation of
responsiveness of liver and muscle to insulin. This has been anfant@nse research
since Randlet al’s [12] 1963 publication on the competition between glucose and fatty
acids as oxidative fuel sources in isolated rat heart and diaphragmascle
preparations. According to Randle’s model, when concentrations of plagha F
increase, muscle fatty acid uptake is favored and fatty acipete with glucose for
oxidation. The enhanced fatty acid oxidation produces an increase in the acet@ibBoA
ratio that suppresses glucose oxidation even further through activattigpyruvate
dehydrogenase kinase, which phosphorylates and inhibits pyruvate algdryalse. The
inhibition of this enzyme leads to increased cytoplasmic citcatgcentrations that

consequently inhibit phosphofructokinase resulting in increased cortaamraof



glucose-6 phosphate; as a consequence, hexokinase is inhibited and, dinathge
uptake is impaired.

Yet recent studies have postulated that this model provides oalgial pxplanation
of the inhibition by FFA of insulin-stimulated glucose-uptake anddation in the
muscle. Studies by Shulman and co-workers [13], using nuclear titagesonance
spectroscopy, have shown a significant decrease in the intracgliildose concentration
of healthy subjects after a five-hour infusion of lipid/heparin througgctinhibition of
glucose transport by fatty acids. In light of these findings, lloamd Shulman [14]
speculate that “any metabolic perturbation that promotes the aationubf fatty acids
in liver and/or muscle and/or any defects in the ability odeh@rgans to metabolize fatty
acids might result in insulin resistance”. Indeed, recent biochemichdreea supports the
idea that insulin resistance in humans arises from defectstachondrial fatty acid
oxidation in skeletal muscle [14]. Furthermore, several cDNA oaitay studies
comparing transcriptional differences in skeletal muscle fnem-diabetic controls and
T2DM patients [15-17] have shown extensive down-regulation of genes involved in
mitochondrial oxidative phosphorylation (OXPHOS). These findings in hu@nalso
supported by gene-expression analysis in the skeletal muscle ofr@themalian models
[18]. Interestingly, in the studies conducted by Pettt@al [15] and Mootheet al [17] a
subset of down-regulated OXPHOS genes is known to be coordinatel\atesg by
peroxisome proliferator-activated receptor gamma co-activé@gO)-1a andPGC-14.
Expression of these genes is decreased in muscle tissue froeticdend pre-diabetic

subjectsPGC-1a andPGC-15 have been shown to regulate glucose and fat oxidation in



muscle and fat tissue [15] as well as gluconeogenesis n[livgand glucose-regulated
insulin secretion in pancreati¢cells [15]. Overall, these findings strongly suggest that
the biochemical network that regulates energy homeostasis idircated by genetic

elements with regulatory control of pathway genes

Mitochondrial Physiology and Genetics.

Mitochondria are subcellular organelles composed of “a smooth outabraee
surrounding an inner membrane of significantly larger surface #ra@ in turn,
surrounds a protein-rich core, the matrix” [19]. Mitochondria are kestvn for their
role in the production of adenosine triphosphate (ATP) through a prazes
OXPHOS [19,20]. Carbohydrate oxidation via glycolysis and the theoeylic acid
cycle (TCA) andp-oxidation of fats as well as protein metabolism supply reducin
equivalents in the form of electrons that travel along the mitoctadredectron transport
chain (ETC). The ETC is composed of 5 respiratory complexestimgiavith electrons
being transferred to either complex | (NADH dehydrogenase ADH\Nubiquinone
oxidoreductase) or complex Il (succinate dehydrogenase or natecibiquinone
oxidoreductase). Complex | is a very large enzyme composed of 43 suburstthe
point of entry for the majority of reducing equivalents that traaleihg the ETC.
Complex | transfers 2 electrons’)(drom NADH to ubiquinone (UQ) and such
transferring is associated to the translocation of 4 protohsagtoss the membrane [21].
Complex Il operates in both the ETC and the TCA cycle oxidizinngisate to fumarate

and transferring electrons from succinate to UQ. It is contpo$el subunits. Unlike



complex 1, complex Il does not behave as a redox-driven proton pump. Coliplex
(cytochrome (cyt)bcg complex or ubiquinol-cytochrome oxidoreductase) delivers
electrons from ubiquinol to cy. It is composed of 11 subunits, one of which has the
capacity to pump protons [20,21]. The overall reaction involves the net ioxidzt 1
UQH, to UQ, the reduction of two cyt (i.e. a complex Ill subunit), the release of Z&H

at one side of the membrane and the uptake of<2fidm the other. Cyt is a water
soluble hemoprotein [20] which shuttles electrons fromcgyt complex 11l to complex

IV (cytochromec oxidase; see Figure 1).

Complex IV is composed of 13 subunits and it is hypothesized to be ¢Hlanding
step of mitochondria bioenergetics [22]. At the active site, feare§ 4 és is used to
reduce Q into two molecules of D given that no reactive oxygen species (ROS) is
released. The complete cycle removes 4 Ftom the matrix side involved in the
reduction of @Qto H,O and additionally 4 more ld are pumped across the membrane
producing an overall charge movement of 8qg+/42&]. A reduction in complex IV
activity may increase the residence times of electronsagstin the chain, thereby
increasing the probability of electrons leaking to form superoxidena [23,24]. Finally,
complex V (i.e. mitochondrial ATP synthase) is a transmembrane protein composed of 11
subunits. Complex V is functionally reversible with the abilitysimthesize ATP from
adenosine diphosphate (ADP) and inorganic phosphgtediRered by the OXPHOS-
mediated proton motive force, coupling respiration to ATP synth@$is form of
respiration is known as ‘state 3’ respiration and is responsibfgdducing the ATP that

powers multiple cellular reactions in eukaryotes [19]. Howevempahdndria can also



use oxygen even in the absence of ADP, which occurs when protons |&aiktbathe
matrix via a mechanism that does not involve ATP synthase. This uesa@sipiration
from OXPHOS. Oxygen utilization in the absence of ADP is retetio as ‘state 4
respiration [25]. Nuclear-encoded uncoupling proteins (UCPs) may ®lagle in
augmenting this basal proton leak further rendering the mitochomainet membrane
leaky for protons, “uncoupling” the ETC from ATP synthesis, and iadqu&®kOS
production [26,27].

Mitochondria OXPHOS is under dual genetic control in all eukarydils. A single
mitochondrion contains its own genome and protein-synthesizing machidenyan
MtDNA contains 37 genes: 22 encode transfer RNAs (tRNAs), 2 endoasomal
RNAs (rRNAs), and the remaining 13 genes encode mitochondrial subutiis BTC
[21]. MtDNA consists mostly of coding sequences, has a very hightion rate [28],
and its repair mechanisms are poor [29]. Thus mtDNA replicatianglaormal cellular
and organismal aging could propagate mutant mtDNA within cedajes [30] due to
heteroplasmy, leading to bioenergetic defects of different magretseeen organs and
individuals. Tissues heavily dependent on OXPHOS, as heart, musedd as the renal
and endocrine systems are particularly affected [31] such IEINA is maternally
inherited [32,33]. Thus mitochondrial diseases have shown to be more Beveats
than in females [34]. However, later reports have demonstrated¢¢berence of paternal
inheritance in interspecific crosses among mammalian models [38s36ell as in
Drosophila [37]. This biparental inheritance of mtDNA provides further charare f

generating heteroplasmy within an individual. However, despite ithportant



contribution of the mitochondrial genome, nuclear genes code for mosheof t
mitochondrial OXPHOS proteins and for the mitochondrial metaboligneeg [38]. In
addition numerous nuclear-encoded factors are required for eithezxfgression of
mitochondrial genes (i.e. DNA and RNA polymerases, ribosomal ipsotend the
mtDNA regulatory factors such as mitochondrial transcriptiartofaA, Tfam) or the

assembly of the respiratory complexes [28,38,39].

Resting metabolic rate, mitochondrial proton leak, and obesity

Changes in body weight are known to result from an imbalaneesbetthe energy
derived from food and the energy expended in maintaining life and panrtpphysical
work. This imbalance is reflected as a change in the amount @fyestered, mainly, as
fat. Total daily energy expenditure comprises the resting metaksie (RMR), the
thermic effect of food, and the caloric cost of physical agtidD]. RMR is the resting
energy expenditure at thermoneutrality in the unfed state. Ibeafurther subdivided
into the sleeping metabolic rate and the additional energy sagetor wakefulness
without physical activity. The thermic effect of food accourds $10% of the daily
energy expenditure and the caloric cost of physical activitaiimble depending on the
individual’'s daily activity level. RMR is the component that exmdaithe largest
proportion of total daily energy needs in individuals. Assessment & Riong siblings
and monozygotic and dizygotic twins suggests that a good proportion dhtdre
individual variability in RMR is inherited [41]. This is observedmbhfter adjusting for

individual differences in age, sex, and fat-free mass, which mpeeghe major



determinants of RMR [42]. The heritability of RMR is also con&dnby studies in
rodents [43] androsophila[44], which report that ~20-40% of the variability in RMR is
explained by gene variants.

Numerous studies suggest that a low resting metabolic rate \RMfisted for fat-
free mass, fat mass, age, and sex, is a major risk facteefght gain in humans [40,45-
49]. However, there is still controversy about the influence of RMRherdévelopment
of obesity, with studies reporting that the resting component of orgahienergy
expenditure does not account for differences in weight gain patierasg individuals
[50,51]. Because it is well-known that the influence of particulalesdl on quantitative
traits is context dependent, often influenced by the genetic tmackd)and the history of
environmental conditions experienced [52], this discrepancy in finaimraysbe the result
of inadequate statistical power due to small sample sizes.fdlesréhe use of model
systems, such as the fruit fy. melanogasterwhich allow one to conduct studies in
controlled environments and defined genetic backgrounds, is extreraklgble to
address these issues.

Studies in rodents indicate that mitochondrial proton leak in skelatatlenis a
major contributor to RMR [27]. This holds true even when the datetigpmlated from
isolated tissues to whole-organism RMR [25]. Up to 20%-25% of whole-BddR is
attributable to the mitochondrial proton leak process [26,53,54]. Couplirgesaffy is
the proportion of oxygen consumption used to produce ATP and do useful work.
Mitochondrial proton leak (i.e. state 4) causes mild uncoupling, loweiscmaindrial

efficiency and possibly plays a role in the regulation of ROS ptmaud¢55]. By



contrast, under ADP-dependent respiration (i.e. state 3) couplimgertly approaches
90%. Conditions of low coupling efficiency (i.e. increased proton leak)tmss lead to

increased substrate oxidation and to reduced energy storage [56F &tisoborated by
the fact that patients with Luft's syndrome (i.e. a rare mei@lsghdrome of unknown
etiology) have inefficient mitochondria and display high calaniake, high metabolic
rate with profuse sweating, and a low body weight [56]. Thereforeeaeed RMR

resulting from cellular inefficiency to generate ATP magvér a potential antiobesity
effect by increasing fat and glucose catabolism to meeh@mal ATP requirements. In
view of these observations, the goal of this project was to shavhira is segregating
genetic variation for skeletal muscle mitochondrial couplindiciehcy among

individuals from natural populations and that genetically determindereliices in

mitochondrial coupling efficiency may underlie some of inter-individeaiability in

organismal RMR, which in turn affects variation in whole-body energy storage.

Drosophila melanogaster as a model system for studying the genetic basis of
metabolic traits.

Thoraces oD. melanogasteconsist primarily of flight muscle, which is an important
source of mitochondria, also known as sarcosomes [57]. Each musclecdiitains
relatively enormous, cross-striated, longitudinal columns or $ibAldjacent fibrils are
separated by a zone of transparent sarcoplasm in which a longitteinaf sarcosomes
is embedded. In the apparent absence of connective tissue sheatbarcaeimma,

muscle fiber readily separates into fibrils liberating ditlisuspension of sarcosomes.



Watanabe and Williams [57] examined the sarcosomes from filesteowed a high titer
of cytochromea, b andc, an active cytochrome oxidase and catalase, and significant
titers of mitochondrial enzymes similar to vertebrate mitochondfiathermore, the
phosphorylating respiratory chain of insect mitochondria strongbgméles that of
mammalian mitochondria. Insect mitochondria have an exceptionally reggiratory
and phosphorylative activity witlw-glycerophosphate and pyruvate as physiological
substrates [58]. However, there is a low rate of oxidation witb&cycle intermediates
and glutamate due to the very limited permeability of the mitochartdwards these
substrates. Neither FFAs nor their carnitine esters can hizedi by Drosophila
Moreover, one of the most characteristic features of insestiess is the high
concentration of free proline. Although pyruvate or proline alone isoritized at
significant rates, pyruvate plus proline support high rates of cowdee 3 respiration
[59]. This augmented respiratory rate obtained is due to an secri@athe rate of
pyruvate utilization mediated by prolin€ély mitochondrial respiration is also affected by
the same inhibitors and uncouplers that affect mammalian s)i&®&+60]. ATPase
activity is inhibited by oligomycin and stimulated with the uncouplagents 2,4-
dinitrophenol and carbonyl cyanidetrifluoromethoxyphenylhydrazone (FCCP) with
dissipation of the electrochemical gradient across the innerbraeen In addition,
similar to human nuclear-encoded UCPs, four UCP proteins have beeffiedantD.
melanogaster UCP4a, UCP4b, UCP4c and UCP5/BMCP1. Hanak and Jezek [61]
identified the first thre®. melanogastetJCPs as the closest human UCP4 analDgs.

melanogastetJCP5/BMCP1 shows a much higher similarity with the vertetiE®5

10



than any other UCP isoform [62]. A previous report showed an increasspiration
rate and a decrease in mitochondrial membrane potential esstiieofD. melanogaster
UCPS5 expression in the heterologous yeast system [63].

It has long been established that metabolic pathways have dhbttigeduring the
course of evolution. Insects capable of only short flights, such agliesitand bees, use
carbohydrates as the main source of flight energy. High eniyraativities for
carbohydrate oxidation (i.e. trehalase, hexokinase, GPDH) and mito@iamddative
enzymes (i.e. cytochrome oxidase) along with high mitochondrialte=snsupport the
high rates of aerobic metabolism required to maintain flight [G4ghalose is a
disaccharide that constitutes the major circulating sugar in thesets [65,66]. It can be
stored in relatively high concentration in body fluids. Trehalose cdrateons in insect
hemoplymph are usually between 1-2% whereas blood glucose in humaps asckad
0.1% [65]. Fat is the other major energy reservoir in an orgaihisbh. melanogasterfat
is stored as triacylglycerol (TAG) in the fat body, whichdistributed throughout the
organism [67]. Similar to mammals, the fat body constitutes lies’ fmajor energy
reserve and it is the functional equivalent of both mammalar knd white adipose
tissue. Comparative sequence analysis show®Ptlaaophilais a good model system for
studying energy metabolism traits because it possesses honsofogadl of the known
mammalian enzymes responsible for the activation, trafficking,pancessing of fatty
acids through th@-oxidation pathway [68]. Furthermore, the metabolic pathways for
carbohydrate oxidation in vertebrate muscle have their countenptire insect flight

muscle [69]. The insulin signaling pathway is highly conservedsaats particularly in

11



Drosophila[70]. In Drosophila, agroup of insulin producing cells located in the brain is
the equivalent of the human pancreasven insulin—like peptides (Dilps) are recognized
(Dilp1-7). The fly insulin-like peptides have been shown to control energgbuksm,
growth, reproduction, and longevity similarly to the vertebrate imdGIF signaling
pathway. Adipokinetic hormone (AKH) is another important metabolic hormone
insects with structural and functional similarities to vertebgiticagon [71,72]. Insulin-
and AKH-producing cells comprise a specialized network that contrganismal
energy metabolism and growth sharing a common evolutionary aneatrihe «c- and
B-cells of the human pancreas [70].

The measurement of G@roduction is the most sensitive and accurate method used
to investigate the rate of metabolism in small organisms, asidhuit-flies [73]. CQis
produced as a direct by-product of oxidative metabolism, but the ratio girGduced to
oxygen consumed varies with the metabolic substrate utilized.Drosophila,
carbohydrate is the sole fuel metabolized to provide substrateef@erobic production
of energy during flight [64,69]. Therefore, the £@roduction of fed flies is correlated
with oxygen consumption and the respiratory quotient is near 1 [64Fauthie flies are
starved over a 4-hour period and fat starts being consoorenirrently [74]. Genetic
differences affecting variation in RMR have been reported in alapapulations oD.
melanogaster{44]. Previous publications have recognized body size as an important
variable affecting metabolic rate [75,76]; however, later repbdse shown no
correlation between these two traits under a wide range of enwragahtonditions [73].

This is because “the more energy spent on activity, the highem#iss-independent
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resting metabolic rate”. Thus, insects that fly, an enerdigtidamanding behavior, have
higher RMRs than species that use energetically less dematygieg) of locomotion.
There is evidence that these higher RMRs among the move actjanisms are caused
by either larger sizes of those organs that have high metadliaty or by higher
metabolic rates in some or all organs [77]. The small siZ®. shelanogastemakes it

impractical to assess the size or metabolic rates of individual organs.

Life history theory and energy allocation.

Life-history theory predicts that the amount of energy availsbfmite, and energy
devoted to one function cannot be devoted to other functions [55]. The wayah whi
organisms allocate their available nutrients to growth and reproduatidifferent ages
has been shown to affect their survival [55]. Both early fecundity ggelaging rate
appear to have an antagonistic relationship with lifespan [78-82y. ieproduction may
result in early cessation of repair, producing fast growst,dging, and a short lifespan.
Selection for late reproduction may favor investment in repdigydeaturity and aging,
and lengthen lifespan [81,83].

Over the past 50 years, ROS, mainly produced by mitochondrial O%Ph&Ye also
been investigated as putative mediators of the process of &fdhgThis has been
confirmed by several reports across different species [85-88]. R@&dwgenously and
continuously produced throughout life under normal physiological conditionsnéetali

deleterious effects on biological macromolecules and irreverddieage, especially in
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post-mitotic tissues. Respiratory complex | and Ill are impof®DE generators in the
ETC [60].

Under normal conditions, mitochondria are incompletely coupled allowingtural
leak of protons back into the matrix (i.e. state 4). This appearsaagbereral pathway of
ecologically significant energy loss in all aerobes and noaréifact of mitochondrial
isolation [30]. So during OXPHOS some of the redox energy is $okeat. Considering
that up to 20%-25% of the RMR may be used to drive this proton leak [25,26553], i
function must be so important that organisms are prepared to pay &igh energetic
price to maintain it. It is clearly a thermogenic mechanisetause it stimulates
respiration without energy conservation [30]. However, it also ocicumsctothermic
organisms such d3rosophilg so thermogenesis cannot be its primary function. Brand
and colleagues [30] have hypothesized that the potential functitre ahitochondrial
basal proton leak (i.e. state 4) is to decrease the production obxdeeaind other ROS
to protect against cellular degeneration and aging. These functiemsts be important
enough to warrant such high energetic investment. Similarly, otfperts have shown
that mitochondrial superoxide production has a strong dependence on theudeghit
the proton-motive force across the inner membrane, so it can belytdecgeased by
mild uncoupling [60,84]. The proton-motive force would affect ROS generatyon b
altering the redox state of ubiquinone. At high proton-motive force eggpirslows, so
electrons accumulate on ubiquinone leading to an increase in the -statsdy
concentration of ubisemiquinone, an important determinant of ROS producadial P

uncoupling by the basal proton leak will tend to lower the proton-matiee fieading to
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a more oxidized ubiquinone pool and a lower concentration of ubisemiquinone. This
proton leak will also increase oxygen consumption rate so it auet the oxygen
tension around the mitochondrion. Therefore, both a reduced concentratioggeh ox
and ubisemiquinone in mitochondria may lead to a lower rate of mitochbiRIOS
production. In this context, one of the objectives of this research prvegecto elucidate

the genetic basis of natural variation in mitochondrial statesgiration as a surrogate
measure of basal proton leak. These findings may provide a keghtinato the
identification of candidate genes regulating mitochondrial ROS ggoeras well as

potential therapeutic targets to prevent ROS-mediated cellular degemewad aging.

Genetics of quantitative traits and gene co-expression network in natai
populations.

Mitochondrial bioenergetic and energy metabolism traits are contintraits.
Continuous traits are referred to as quantitative traits andeéheoh genetics that studies
their mode of inheritance is callegiantitative genetics[89]. The value observed when
the character is measured is the phenotypic value of the miGitt anay vary among
individuals in a population. The amount of variation is measured and expEsibe
variance. The phenotypic variancep\6s composed of a genotypic componeng)(dnd

an environmental componentg£N

V, = Vg + Ve
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The fraction of the phenotypic variance due to genetic effectsailed the
“heritability” of the character{89]. In this project, we determined the broad-sense
heritability, denoted aBi?, or the degree of genetic determination of the trait of istere
which is expressed ag/Vp.

Genome-wide measurements have shown that there is extensii@wanagene
expression levels in humans and other organisms and that variationscriprespecific
abundance of many genes has a heritable component [90-97]. The dd*gatietical
genomics” approach has been used to map loci controlling gene-eaprdgferences
that may underlie functional trait variation [98]. This approach gnaties trait,
expression, and genetic marker data to infer causal associattareebeene expression
and trait variation [99]. This is accomplished by several levketnalysis. The first step
consists of performing a genome-wide scan to map the chromossgi@is controlling
the level of expression for each transcript abundance phenotypseddrad step consists
of reconstructing co-expression network pathways underlying multi@asdript
abundance phenotypes to identify transcriptional “modules” of highlyconeected
genes [100]. One characteristic of many transcriptional netwoitke biological system
is a “scale-free” topology, where a small subset of highly tingenes, or “hubs”, links
the rest of less connected genes to the system [101,102]. The thirdosteerns the
mapping of the transcripts responsible for expression regulation cjethe modules
underlying the trait of interest [103].

Recent “genetical genomics” studies in human and animal mode¢s gravided

strong evidence of the existence of co-expression genetiormkstihat control energy

16



homeostasis [43,104,105]. This indicates that identifying single gemeisolling
variation in a quantitative trait or conferring susceptibilityatdisease has limited utility
in uncovering the genetic mechanisms underlying complex diseasess timegenetic
networks associated with the trait or disease are unraveledrj%jdition, this type of
network analysis provides hypotheses about functional relationships a@raosgripts
and provides insight into how variation in the network of co-expressegsgean give

rise to variation in the associated traits.

Significant Studies Included
In this dissertation, we used a group of¥@sophilainbred lines derived from a single
natural population in Raleigh, NC, to investigate whether there orssiderable
segregating variation in energy metabolism and mitochondrial biceretgits among
individuals from a single natural population. The overall goals ofptiesent studies
were:
1. to shed light on the genetic architecture of the co-expression hkstwegulating
variation in organismal obesity-related traitdnmelanogaster
2. to elucidate the extent to which body composition and energy metabiodigm
are regulated by pleiotropic loci, and
3. to identify evolutionary conserved genes with pleiotropic effeats body
composition, energy metabolism, and life-history traits to provide iksights

into why variation in body composition traits, such as fat massl, ia
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mitochondrial traits, such as state 4 respiration rate, &veeal to persist in
natural populations.
The following questions and topics were addressed:
-Chapter II: SYSTEMS GENETICS ANALYSES OF BODY WEIGHT AND
ENERGY METABOLISM TRAITS IN DROSOPHILA MELANOGASTER. The
present study aimed to elucidate the genetic architecture-rgfgatated transcriptional
networks underlying natural variations @rosophilabody weight, metabolic rate, and
whole-body metabolite pools. The study also assessed whether vikese genetic
correlations between energy metabolism and life-history figuish as fitness, starvation
resistance, and lifespan) and identified pleiotropic gene-expressdales underlying
these correlations.
-Chapter 1ll: IDENTIFICATION OF NUCLEAR-ENCODED GENE S
REGULATING DROSOPHILA MITOCHONDRIAL RESPIRATION TRAITS
THROUGH TRANSCRIPTOME ANALYSIS. The present study aimed (i) to
determine the genetic basis underlying variation in mitochdndggpiration trait in a
natural population oD. melanogasteand (ii) to investigate genetic correlations between

mitochondrial and life-history traits.

-Chapter IV: A ROLE FOR DROSOPHILA SYNDECAN IN THE REGULATION
OF WHOLE-BODY ENERGY METABOLISM AND HOMEOSTASIS. The present
study aimed to corroborate the role Bfosophila syndecan (dSd@) mitochondrial

function asdSdcwas identified as one of the candidate genes regulating mitochlondri
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state 3 respiration rate among a highly interactive network dfngygenes. For this

purpose, we used a viable mutant allele of the g8d€°°*""*
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CHAPTER I

SYSTEMS GENETICS ANALYSIS OF BODY WEIGHT AND ENERGY
METABOLISM TRAITS IN DROSOPHILA MELANOGASTER

PATRICIA JUMBO-LUCIONI, JULIEN F. AYROLES, MICHELLE MOSES
CHAMBERS, KATIE JORDAN, BRETT MCKINNEY, TRUDY F.C. MACKAY, AND

MARIA DE LUCA.
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ABSTRACT

Obesity has reached epidemic proportions in the US and worldwide. @Qtiaati
genetic analyses in humans and animal models have provided compgeiience that
several genes underlie the genetic architecture of obektedetraits. However, there
has been little focus on documenting the extent to which variation rgyemetabolism
traits contribute to life history variation and trade-offs in natural popanati Here, we
guantified phenotypic variation in body weight, body composition, and energy
metabolism traits among 40 wild-derived inbred lines Dobsophila melanogaster
established from a single natural population in the Raleigh &€a (These lines were
chosen because they were previously screened for whole-genonwiptaalsundance
and life-history traits. Our data confirmed that there iseggging variation in all the
traits, with broad-sense heritabilities ranging from 25% to 68%gréssion models
identified several hundred candidate genes significarfly0.01) associated with
variation in metabolic phenotypes in both sexes forming modules of huallygi
meaningful correlated transcripts. Gene ontology analyses rdvibalebody weight co-
expression sub-networks were overall enriched for genes involvedmure response
and neuronal development and function. Genes involved in cell growth and metabolis
were identified as regulators of body composition traits, whiteg@ssociated with food
processing and water balance were shown to underlie the bas&uol variation in

metabolic rate. Our study also showed that there was a tendanbyels with higher
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body weight and glycogen reserves to survive starvation betténeaexpense of
reproductive fitness and mating. Several pleiotropic gene-expnessbdules were
identified that provide key insights into the molecular mechanigmderlying the trade-

off between body weight, glycogen storage, and fitness.
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INTRODUCTION

Obesity is a condition characterized by an excess of adipaae tihat adversely
affects human health [1]. The clinical problem of excessive adifg®ee resides in its
strong association with a number of chronic diseases, such as iresiitance [2,3],
type 2 diabetes (T2DM) [4], coronary artery disease [4,5] and sfépkén 2003-2004,
32.2% of the adults in the United States were obese [7]. This &stig@resents a
significant increase in obesity prevalence over the past 20. ygargar trends are being
observed worldwide [8]. As the rise in the incidence of obesity raated health
problems continues, considerable efforts have been made towardsraubderstanding
of the etiology of obesity.

Large twin, adoption, and family studies have firmly establishedothesity-related
traits, such as body mass index (BMI) and measures of body caimpdsig., fat mass,
lean mass, and percentage fat mass), are highly heritable anby816]. Segregating
variation in obesity-related traits has also been observed in nptpalations of most
other organisms, including invertebrates [17,18]. Yet the genetic ectthié of these
traits is very complex [19]. This is reflected by the numerou®d/-gene interactions
(e.g. epistasis) reported in a diverse group of organisms [20-2vglaas the extensive
genotype-by-environment interactions [24,28-30].

Furthermore, a growing body of research in humans and animal nhadgbsovided

strong evidence of the existence of co-expression genetic hkstilmat control body
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composition and energy metabolism traits [31-33]. For example, Gloazat al [34]
used a “genetical genomics” approach in a segregating poputdtioice to map gene
sets that are differentially perturbed in lean and obese.nhey identified 13 metabolic
pathways whose genes are coordinately regulated in associatiiosulycutaneous fat-
pad mass traits [34]. Interestingly, follow-up studies that compgheeduman and mouse
adipose gene co-expression networks [31] identified a single common nesdtideed
for genes associated to immune response and macrophage activation-localize or
are in causal relationship to obesity-related traits in both huf8ahsand rodent models
[33]. These findings are reinforced by a recent study that igeésd tissue-to-tissue co-
expression (TTC) networksetween genes in the hypothalamus, liver, and adipose tissue
of obese mice [32]. The study demonstrated a strong cross-tissuaunication and
identified genes involved in circadian rhythm, energy balancéul@elresponse to
starvation, and immuneesponseas specific to the TTC networks in this obesity model
[32].

The link between adiposity and immune function is of particular relevas
previous studies in mammals have shown that molecules, such as hepparaxisome-
proliferator activated receptors, known to play a pivotal role in Inoditan, also play a
role in the regulation of the immune response [35]. These moleculesalsvdeen
shown to play a role in reproduction [36-38], which proposes them as medihtiire
physiological trade-off between reproduction and immune function [3%jarms
partition dietary resources acquired from the environment among hgramd

development, reproduction, and survivorship [40]. Since these resourcesite®, lthe
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way in which they are acquired and partitioned may be critwahé fithess of the
individual and often result in trade-offs between demanding physioldgitations [41].
Furthermore, the environment posmsstant challenges to an organism's survival and
fitness. For example, fighting a microbe infection, finding a matesurviving a stress
require significant energy, and trade-offs are expected betiweestments in these
energetically costly functions and other critical life-histéupctions involving growth
and reproduction [39,42-47].

A number of studies have identified physiological correlatdgeshistory variation
and trade-offs within specief48-51]. Slection studies inD. melanogasterhave
demonstrated that energetic investment in early reproduction, possiolying lipids
[52], may result in early cessation or reduction of somatic maamice and repair,
allowing increased fecundity, but faster rates of aging [44,53].th@nother hand,
selection for late reproduction may favor investment in repaigyddl maturity and
aging, resistance to environmental stresses, and lengthennifggh80,53]. Based on
these observations and the findings of the systems geneticssstildié above, we
hypothesized that the architecture of the genetic networks yimdenatural variation in
body composition traits may have been shaped by adaptive relatiohshiesen fitness-
related life-history traits and energy metabolic traits,tltese ultimately control the
amount of available energy that can be invested in these competing demands [50].

To test our hypothesis, we usBd melanogasteas a model system. Mudi what
has been learnt about the evolutionary biology of life-history variation, ircylartabout

the genetic and molecular aspects, comes from studi€sasophila In addition, in

25



recent years, we have learned that several genetic mausarsntrolling lipid
metabolism and energy homeostasis are shared between investedmdtenammals
(reviewed in [54,55]). Thus, insights about the genetics of body weigtitenergy
metabolism traits gained frofrosophila may apply also to mammals. In the present
study, we quantified genetic variationwet body weight (BW), triacylglycerol storage
(TAG), total protein content (PRO), total glycogen level (GL¥9tal glycerol level
(GLYC), and metabolic rate (MR) in 40 wild-derivéides of D. melanogasterThese
lines were chosen because they were previously evaluated foalsifeehnistory traits,
including longevity, resistance to starvation stress, mating behawvidr,campetitive
fitness [56], which allowed us to determine genetic correlatlmetsveen traits. Such
correlations (either positive or negative) would indicate the extemthich these traits
are influenced by the same polymorphisms [57] and could reveal ggdlyeliased trade-
offs among traits (if negatively correlated). Furthermoheseé lines were previously
guantified for transcript abundance [56].

Thus, we used this data to establish gene co-expression networke atshtify
“modules” of highly-interconnected genes associated with variatiogach trait [56].
Several algorithms have been developed to predict coherent tpgiosal modules from
gene expression profiles, the key difference between these meatibdse method used
in this studyis that the module building algorithm is objective and the number of
modules/clusters is self-determined to maximize the gecetrelation within a module
[56]. Our network analysis requires that we first regressrémsceript levels of each gene

that was significantly associated with the trait againsttitaié value for each line. The
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residuals from each regression are then saved. Finally, thedprecealculates the
degree to which the residuals from each regression are sigtlificrrelated (or co-
expressed) across the 40 lines. Use of residuals is necessamgdall genes used in the
network analysis are chosen based on their significant assnomth the trait (and so
by default all transcript expression levels should be correlaidddeach other). Each of
the resultant modules is then used to form an interaction networ&ahdde represented
as a graphical model in which nodes represent transcripts and eldyify genetic
correlations between transcripts exceeding a threshold valudfb8Japproach has been
highly effective for identifying gene co-expression networks toatribute to variation
in D. melanogastetife span, starvation resistance, male mating behavior, dnilc
recovery, fitness, and sleep among the 40 wild-type lin€ ofelanogasteused in this
study [56,59]. This provided us with the opportunity to gain invaluable insigtitghe
molecular causesf the adaptive relationships evolved in a natural population between

energy metabolism and life-history traits.
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MATERIALS AND METHODS
Drosophila stocks.

The 40 unrelated wild-type inbred lines @f melanogastewere established from a
sample of isofemale lines collected in Raleigh, NC and inbredachmwmozygosity by
20 generations of full-sib inbreeding [60]. Insertional mutations and ¢basogenic
control lines were obtained from the BerkelByosophila Gene Disruption Project

(http://flypush.imgen.bcm.tmc.edu/pscréenExelixis PiggyBac transposon insertional

mutations and their co-isogenic-**® control line were obtained from the Bloomington

DrosophilaStock Centerhttp://www.flybase.ory

We maintained each stock at constant parental density feastttivo generations to
minimize environmental effects. To control for larval density,allewed the parents of
the experimental flies to mate for 3 hours to generate egg tatis®n apple juice/agar
medium in laying plates. After 24 hours, we picked groups of 10Qifissar larvae from
the surface of the medium and put into replicate vials. To minithigenfluence of
genetic variation in reproduction on energy metabolism, we pertbath¢he phenotypic
assays on virgin flies that were randomly collected from thkcege vials for each line
on days 10 to 16 under brief @&xposure.

For all assays, we used ten replicate vials per line, with @at containing a group
of 10 single-sexed individuals aged 3-5 days. Due to the size ofxpesiment, we
conducted the phenotypic assays in 5 overlapping blocks, with each blockngcRidi

of the 10 replicate vials per line. We reafkels in vials containing 10 ml of standard
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cornmeal, agar, sugar, and yeast medium at a constant tempera@58Cof60—75%
relativehumidity, and a 12-hr light-dark cycle.
MR measurements

We measured MR as G(production using a flow-througtrespirometry system
(Qubit System Research, Kingston, Ontario, Canada) and a modiiia#tithe method
described in Van Voorhiest al. [61]. Briefly, a pump is used to push air through g CO
scrubber therefore providing G@ee air to the system. The airstream is saturated wit
H,O by passing through a series of gas syringes filled wattlest,O and cotton wool.
Pressure in the line is controlled by a precision pressurdateg that sets the input
pressure to the 4-channel mass flow meter/controller wheffeothhés divided into 4 gas
streams and provided to the sample chambers. The flow ratengritex chamber was
50ml/min. After leaving the sample chambers, air enriched in €@fers into the 4-
channel gas switcher that directs the flow to either the asadystem or to waste
(vented). For the determination of g@ample air was pulled through a drying column
to remove HO, a mass flow meter, and then the @G@alyzer that has a range of 0-2000
ppm CQ with a resolution of better than 1 ppm. We measured, @D 10
minutes/chamber with a 30 second flush period between measureméstamadunt of
CO, produced by each group of flies was calculated using C950 Data sfmqui
software (Qubit System Research, Kingston, Ontario, Canada).
BW and metabolite measurements

We first starved the flies for one hour under non-dehydrating ttonslito reduce the

food-derived TAG and GLY present in the gut. We then weigheld geoup of flies to
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0.1 mg accuracy with an analytical balance and stored them &C.-Finally, we
homogenized each group and measured TAG, GLYC, and PRO using the protocol
described in De Lucat al [62]. GLY was measured from the same homogenates using a
modification of the protocol described in Clakal [17]. Briefly, aliquots of 1.67 ul of
homogenate were added to 250 ul of a reagent containing 0.1 U/my/loigdunosidase,
5 U/ml of glucose oxidase, 1 U/ml of peroxidase, 0.04 mg/ml of O-ddanesi
dihydrochloride. After 30-minute incubation period at 37°C, s@0@vas measured.
Concentration of glycogen was determined from glucose and glycogelastamun with
each replicate. Each sample was assayed twice and the used in the analysis.
Previous studies showed that this protocol accurately refleasggyn concentration and
that endogenous glucose present in the flies contributes only negligibly to the LI
Quantitative genetic analyses

All statistical analyses were performed using SAS version Wd..used two-way
ANOVA to partition variationin each trait among the inbred lines according to the
model,Y = pu + L + S + LxS + Ewherep is the overall mear; andS are the main
effects of Line (Random) and Sex (Fixed)xS is the random effect of sex-by-line
interaction; andk is the within-vial error variancReduced models by sex were also run.
Broad-sense heritabilitie$if) were computed ad® = (0.2 + 65.9)/(c.* + 05> + o&°) for
the analyses pooled across sexes, whéles,”, andoe>are the among line, sex-by-line
and within line variance components, respectivielyvalues by sex were also computed
asH’=(a.)/(0.> + o¢°) [57]. Cross-sex genetic correlationge)rwere also estimated as

re= CoVogloooz, wherecow s is the covariance of lines means between females and
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males, andro and oz are the square roots of the among line variance components for
males and females. Genetic correlations between phenotypscviieaié calculated agr
= coVe12 /(0Gc1062) , Wherecows:2 IS the covariance between traits among line means from
the joint analysis, anels1 andog, are the square roots of the variances among lines from
the analyses of each trait separately. The coefficientsradty CVs) and environmental
(CVg) variances were calculated €% = 1000s/p and CVe = 1000/, respectively,
where o and o are the square roots of the line and within line variance components,
respectively. Differences in metabolic traits betwdq&T1}, PiggyBac transposon
insert lines and their co-isogenic controls were assessed beisgme ANOVA models
described above.
Transcript-phenotype associations

We used regression mode¥<£ «+ S+ T + SxT + -, whereS denotes sex anfithe
trait covariate) to identify transcripts significantly € 0.01) associated with organismal
phenotypic variation in both sexes. Modules of co-expressed transagotsiaied with
variation in each metabolic trait were constructed using thieluals from regression
models Y= u+ S+ E+ SxE+g, where E is the covariate medianJ@xpression level) to
compute the genetic correlations between transcripts signiffcastiociated with each
phenotype.
Transcriptional modules

Transcripts significantly associated with metabolic phenotgmesss the 40 wild-
derived inbred lines were organized into statistically correlanscriptional modules as

described previously [56]. The correlation between all pairs of ggnif transcripts
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andj was computecénd the absolute correlation valug$ yere transformed to define

edge Weight:e%‘] in a graph of genes indexed by the free paramnaefEne clusterind® =
{V1, ... ,Vi} and the value oé that jointly maximize the modularity function:

K r 2
- = [Ag(Ve, Vi) ,-*nﬁwl..v_.)
QP a) = 2 L.
JI. :I . [_ﬂﬂ{]l!_ '|Ir:| (KL-.[I'J. |F.--I

were determined, where.¢X,Y) denotes the total edge weight in the graph indexetl by
that connects any vertex in s€to a vertex in seY. The optimal partitiod? = {V1,..., Vi}
defines k transcriptional module%/,,...Vx at which the genetic correlation within a
module is maximal.
Pleiotropic modules

Transcriptional modules common to more than one metabolic traielhssv to the
other phenotypes were identified by considering pairs of traitcamgaring the lists of
significant transcripts for each module from the first phenotgpsath module from the
second across the 40 inbred lines. Fischer's Exact Test wasougadrttify the extent

that the overlap between two modules exceeded chance expectation.
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RESULTS AND DISCUSSION
Natural variation in body weight and energy metabolism traits

We observed significant genetic variation among the linedlftteaorganismal traits
analyzed P <0.01), with H? ranging from 25% to 68% in the combined sex analyses
(Table 1 and Figure 1A-F). These estimates are in generakragnt with those
determined by several clinical studies in humans [9-15,63,64] asasvghrious reports
on mammalian [65-67] and non-mammalian models [67,68]. We also found| tinaits
exhibited significant sex-by-line interactions (Table 1). Thresealts, however, are most
likely caused by differences in one sex in one line for most ofrthes. Indeed, the
genetic correlation coefficients across sexes among line&S3EM), were very high for
BW (0.94+0.05P <0.0001), TAG (0.72+0.11P <0.0001), PRO (0.72 +0.1P,<0.0001)
and GLYC (0.97+0.04P <0.0001) indicating that the same loci affect these traitian t
two sexes. Moderate values were observed for GLY (0.44+®%@,0032) and MR
(0.39+0.15;P =0.0116).

Next, we tested whether there were significant geneticlatimes between the traits.
We did not find any significant correlation using all data poaledss sexes (Table 2A).
On the other handyhen we analyzed the data stratified by sex we observedvpositi
correlations significant aP < 0.05 between PRO and BW, GLYC, and TAG only in
females (Table 2B). These results are in perfecteaggat with previous findings by

Wang and co-workers [69] who reported that protein and lipid abundarreehiggnly
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correlated with body weight in females from a seDafsophilarecombinant inbred lines
derived from a natural population, but not in males.

Positive correlations were also found between MR and TAG in fenfalble 2B)
and between BW, GLY, and MR in males (Table 2B). However, possible that the
sex-specificity of some of the correlations detected by oalysis may be the result of
inadequate statistical power due to small sample size. Indemdygnally significant
correlation between BW and GLY was also detected in femBles {.06; Table 2B).
Laboratory selection studies . melanogastehave shown that both female and male
adult flies selected for resistance to desiccation andastanvstresses are significantly
heavier than unselected controls [48]. Desiccation-selected dlggs have increased
whole-body water content and elevated glycogen content [48]. Glydmgds 3-5 times
its own mass in water [70], and therefore the increase in giycstprage has been
suggested as a mechanism of increasing intracellular Vj@8¢r Insects and other
terrestrial arthropods are susceptiblewater loss because of their small size and
variation in desiccation resistance has been documented for populatioms
melanogaster[71,72]. In addition, a positive correlation between body size and
desiccation tolerance in natural populationsDof melanogastehas been previously
reported [72,73]. We therefore speculate that the genetic atorelbetween BW and
GLY identified in our study may reflect the influence of bodgssand water balance on
desiccation resistance in the wild.

One interesting finding of our study is that there is a tendémcmale flies from

lines that have higher BW to have higher MR (Table 2B). Thecation between body
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mass and metabolic raterosophila melanogastdras been extensively studied by Van
Voorhieset al [61]. They compared wet or dry body mass and metabolic rate & mal
flies from different laboratory lines at different ages androdiferent metabolic
sampling periods and found no correlation between the traits [61]. Abfeegplanation

for these conflicting findings lies in the origin of the flies dige the two studies. While
Van Voorhieset al used primarily flies from laboratory lines [61], tBeosophilalines
tested in our study were established from a natural population. Therngatof
correlations that have evolved under laboratory conditions, in which afaotars such

as temperature and humidity are usually constant, are not aldexytscal to those that
have differentiated in wild populations. In support of this idea, studietesitcation
resistance and water balameenatural populations dbrosophila have shown a positive
correlation between metabolic ratesd water-loss rates, both of which were found to be
positively correlatedwith body mass [73]. The relationship between body mass,
metabolic rate, and water loss is explained by the fact treduection in metabolic rates
can help the fly to conserve watey reducing the need for gas exchange. Hence, the
genetic correlation between BW and MR observed in our study coultelyegult of the
phenotypic integration between these traits and water-loss ratesistent with this
hypothesis, as indicated below, we found that several genes regwiatiagon in MR

are expressed in the Malpighian tubules (Figure 3E). IMdalgighian tubules represent
the functional equivalent of the mammalian kidney [74]. They playuaial role in
organismal survival due to the fact that, as indicated above, srex@chighly susceptible

to water loss particularly under dehydrating environmental conditions [75].

35



Quantitative trait transcripts (QTTs) regulating natural variation in body weight and
energy metabolism traits

In order to identify candidate genes responsible for variation in &\ energy
metabolism traits among the 4Drosophila inbred lines, we searched for significant
correlations between transcript abundance (QTTs) and variation ntegic At aP-
value of 0.01, we found 275, 125, 130, 298, 389, and 93 transcripts associated with
natural variation in BW, TAG, GLY, PRO, GLYC, and MR, respectivébee
Supplementary Table 1 Analysis of modules of correlated transcripts associatea wit
each of the body composition and energy metabolism traits).

To independently validate the finding that the genes identified bpmalysis affect
the trait, we tested for phenotypic differences between homozygoastof candidate
genes and their controls. We chose to focus on candidate geoestasswith variation
in TAG, GLY, and GLYC for which homozygoug-elementand PiggyBac mutations
have been generated in an isogenic backgroundSigaglementary Table 2 Effects of
P[GT1] and PiggyBac transposon insertional mutations in candidate genes affecting
TAG, GLY, and GLYC).

We selected six genes affecting TA@ad-box-1(Ddx1); RhoGAP71E rutabaga
(rut), sugarless(sgl), SIRT7 andGXIVsPLA2 We found that all the mutations affected
the trait at least in one sex (Figure 4; Sepplementary Table 2 Effects ofP[GT1] and
PiggyBactransposon insertional mutations in candidate genes affecti® GAY, and
GLYC). Ddx1 codes for an evolutionarily conserved protein with a pivotal role in the

control of cell growth and division [76]Jiut encodes a CG&calmodulin-responsive
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adenylyl cyclase involved in learning and memory. Interestinghgesing ofP-element
insert lines ofDrosophila identified Ddx1 as a potential candidate gene regulating
variations in odor-guided behavior, while a single mutatiorutrhas been reported to
influence food choice behavior [77]. In most organisms, olfactory behavar essential
trait required for food localization [78]; and feeding behaviomisnaportant component
of organismal energy balancggl codes for a homologue of mammalidDP-glucose
dehydrogenasand is essential for proteoglycan syntheBiglement insertions within
the sgl coding region have previously shown to significantly impact figrgy stores
[79]. SIRT7is a member of the Sirtuins histone deacetylase enzymeyfaltsl
mammalian ortholog has been previously suggested as an importatatoegof
organismal cell growth in accord with energy status [SIRT7 NAD -dependency
establishes the link to fat accumulation as fatty acid ese#idn to triglyceride is
determined by the cellulaNADH/NAD™ ratio [81]. RhoGAP71Eand GXIVSPLA2
represent novel candidate genes affecting variation in fat gstona Drosophila
RhoGAP71Eencodes a protein that belongs to the group of RhoGAPs proteins.réhey a
evolutionarily conserved regulators of RhoGTPases [82], which hase &lgown to
modulate several cellular processes (i.e. cell growth andsialvi cell dynamics,
membrane trafficking, gene transcription and apoptosis) in respornsevil@nmental
cues [83] GXIVsPLAZ2encodes an enzyme involved in phospholipid metabolism [84].
We selected five genes affecting GL¥,amyloid protein precursor-lik§Appl),
Calbindin 53E (Cbp53E)ransferrin 1(Tsfl), sevenlesgsey), andjunctophilin (jp). We

found that, except faransferrin 1,all the mutations affected the trait at least in one sex
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(Figure 4; seeSupplementary Table 2 Effects of P[GT1] and PiggyBactransposon
insertional mutations in candidate genes affecting TAG, GLY,GIdC). Drosophila
Applis a pan-neural protein involved in axonal growth and synapse form@&pwith a
pivotal role in the pathogenesis of neurodegenerative diseases [86]navtbbe defects
in flies [87]. Cbp53Eis a calcium-binding protein that modulates the activation of many
intracellular effector proteins. Neuronal development and function uedkd basis of
food-related behaviors iDrosophila[88] and hence differential expression of neuronal-
related genes (such a&ppl and Cbp53E) may impact feeding behaviour and
subsequently, organismal energy balaismencodes a tyrosine kinase receptor required
for photoreceptor fate specification in the developing eye [89]. bttagly, components
of the sevsignaling pathway have been linked to the regulation of glucosei@dd |
homeostasis via insulin signaling [9(}}.encods a protein that belongs to a novel group
of highly conserved transmembrane proteins mediating optimal iagnalsig among
excitable cells [91]. These proteins have not been previously linked to glycogagest

We selected seven genes affecting GLYI@2GalNACTA CG10133 CG5946
CG892(Q Gliotactin (gli), Glutamate dehydrogenag€&dh), andtweety(tty). Glycerol is
an important intermediate in carbohydrate and lipid metabolismfodfed that, except
for CG5946, all the mutations affected the trait at least in one $egufe 4; see
Supplementary Table 2 Effects of P[GT1] and PiggyBac transposon insertional
mutations in candidate genes affecting TAG, GLY, and GLYOyosophila
b4GalNAcTAIs implicated in glucosamine metabolism. Previous quantitative geneti

analysis reporteth4GalNAcTAas a candidate gene regulating variations in 24-hr sleep
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time [79]. Interestingly, sleep disorders Drosophila have been linked to increased
adiposity accompanied by coordinated transcriptional changes in igeoéged in lipid
metabolism[92]. CG10133and CG8920are involved inphospholipase A2 activity,
mitochondrial electron transport function and nucleic acid binding, reeggc|[93].
Mitochondrial function has been shown to regulate glucose and lipid homsastasi
mammalian [94] and non-mammalian models [95-BFhsophila gliis a transmembrane
protein transiently expressed in peripheral glia in which lossuottion has been
implicated in defects in axonal guidance and synaptogenesis (@Bj.codes for a
nuclear-encoded mitochondrial enzyme with a pivotal role in metabalsihhas been
linked to differential utilization of metabolite pools for energpduction [99,100]Tty
encodes a highly conserved calcium-activated chloride channel asdotmatflight
behavioral abnormalities [101].
Transcriptional networks associated to body weight and energy metabolism traits
Previously, Ayrolest al. showed that th®rosophilatranscriptome is characterized
by high rates of correlation between transcripts [56], we tbere$ought to use a
weighted gene co-expression network procedure [56] to identify “mddotdsighly-
interconnected genes associated with variation in each trait.ypei®t network analysis
provides hypotheses about functional relationships among transcripts ewvidepr
insight into how variation in the network of co-expressed genesicanige to variation
in the associated traits. We identified 13 modules of corretedadcripts associated with
BW, 5 with TAG, 9 with GLY, 18 with PRO, 13 with GLYC, and 6 with MRigure 2

and Supplementary Table 1 Analysis of modules of correlated transcripts associated
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with each of the body composition and energy metabolism traitsdefermine the
biological significance of the genes in these network modulesjsed gene ontology
categories [102], tissue-specific expression [103], and published rpprtdein
interactions or shared domains.
Body WeightWe found that several of the QTTs associated with variatidBWhare
enriched for genes encoding antimicrobial peptides, infection-induogeins, as well as
proteins involved in microbial recognition, phagocytosis, melanization sagkling
(modules 1, 2, 4, 5, and 13) (Fig. 38upplementary Table 3 Over-representation of
Gene Ontology Categories, KEGG Pathways and Keywords forctiatss associated
with quantitative traits). These genes are predominantly exqaressthe fat body, gut,
and carcass of the adult fly (Fig. 3C). While the fat body @é®geized as the major
immune-responsive tissue responsible for the synthesis and secretmtinoicrobial
peptides in response to a pathogenic challenge, the gut and carcass plossbility to
fight infection via local production of reactive oxygen species atichacrobial peptides
as the main barrier epithelia in constant contact with exogenous microorg@higis
The remaining BW modules are enriched for genes involved in chesticallus
and behavior (modules 7 and 11); organismal development, sensory perception and
transduction (module 10). Reports on the genetic basis of rare mondgeng of
obesity in humans [105] and single-gene approaches in mammaliaris ib@ig-108]
have long suggested a strong involvement of the central nervous sydbecty weight
regulation [109]. Recently, tissue-to-tissue co-expression netvinanks highlighted the

role of the hypothalamus as the controlling tissue in organismagjyet@lance [32].
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Furthermore, recent genome-wide association studies in humansniapped body
weight-associated loci near genes that are highly exprassbe brain, particularly in
the hypothalamus, and are involved in neuronal development and activity [110,111].
Consistent with the data in mammals [32], BW module 10 is enriicegenes involved
in neuronal development, such mightblind (cac), inebriated (ine), soxneuro (SoxN),
erect wing (ewgpandreverse polarity (repo)and genes that are expressed in the adult
brain and thoracicoabdominal gangligfig. 3B-C), the equivalent of mammalian central
and peripheral nervous systems.

BW module 10 is also enriched for genes associated with sensagpfpen and
transduction $upplementary Table 3 Over-representation of Gene Ontology
Categories, KEGG Pathways and Keywords for transcriptsciassd with quantitative
traits). In mammals, the central nervous system (CNS) mitegjinformation regarding
nutrient status and organismal energy stores with cognitive, visifettory and taste
stimuli to elicit appropriate behavioral responses in relation dedihg [109].
Anatomically, various parts of the CNS in insects have shown toohaected to
neuroendocrine organs and the enteric nervous system innervatingeteigfapparatus
[112]. Interestingly, the neuropeptide gehneg one of the hub genes in module 10
(Figure 3B), is highly expressed in the subesophageal gangliomian navolved in
feeding and taste response [113]. These neurons have been showadbgxajs to the
ring gland, the central neuroendocrine orgabBiiasophila which produces adipokinetic
hormone (AKH) and receive inputs frabrosophilainsulin-like peptides-secreting cells.

Both insulin- and AKH-producing cells comprise a specialized nétwioat controls
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organismal energy metabolism and growth and hence body weight, shacomgmon
evolutionary ancestry with the- and p-cells of the human pancreas [114]. Further
experiments have suggested thiag neurons integrate chemosensory and nutrient signals
to determine feeding behaviorin melanogastef112].

Triacylglycerol storageQTTs associated with variation in TAG storage are enriched for
genes that mediate response to stress (modules 1 and 4) andowétl ¢nodule 4;
Supplementary Table 3 Over-representation of Gene Ontology Categories, KEGG
Pathways and Keywords for transcripts associated with quantitedit®. Remarkably,
five of the hub genes in module debcl| Sce viaf, Sirt7, and Srp54 (Fig 3D), have
human orthologsBOK, RING1 Pdcl3 SIRT7 and SFRS12 respectively, whose
transcript abundance has been shown to regulate obesity in mice [32].

Total glycogen levelQTTs associated with variation in GLY are enriched for genes
implicated in multicellular organismal development (module 6 and @l c
communication, signal transduction and synapsis (module 7), and mitochgedoane
maintenance and replication (moduleS2ipplementary Table 3 Over-representation of
Gene Ontology Categories, KEGG Pathways and Keywords forctipiss associated
with quantitative traits). Interestinglypuckered the most highly connected gene in
module 6, encodes@rosophilamitogen-activated protein kinase (MAPK) phosphatase,
an important negative regulator of one of the MAPK pathways, th&ldamminal kinase
(INK) signaling pathway (se&upplementary Table 1 Analysis of modules of
correlated transcripts associated with each of the body compostidn energy

metabolism traits). MAPK signaling cascades induce coordirted@scriptional changes
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in response to environmental cues. StudieBrwsophila[115], Caenorhabditis elegans
[116] and mammalian models [117] suggest antagonistic relationshipsdmeJNK and
the insulin signaling pathway. Mutations in the JNK signalirgecade induce significant
reduction in glycogen stores with rapid depletion of metabolitewveissrupon starvation
[118]. Thus,puckeredmediated differential activation of the JNK pathway would be
expected to have a regulatory effect on whole-body glycogen pools.

The inclusion of signal transduction genes as hub genes in modulgure(BA),
particularly those associated with acetylcholine receptor signahd metabolismAChR
protein of Drosophila, muscarinic receptor, acetylcholinesterase, choline
acetyltransferasg highlights the role of the central nervous system in the regulat
organismal energy homeostasis. Acetylcholine has been shown to piegta role in
olfactory learning inDrosophila[119]. Olfactory learning provides the basis of feeding
motivation in insects as it derives from previous dietary experience [120].

Total protein contentQTTs associated with variation in PRO are enriched for genes
involved in gene expression and RNA metabolism (module 3 and 4), celletabolism

and tissue development (module 7) and immune response (moduBup®)gmentary
Table 3 Over-representation of Gene Ontology Categories, KEGG Pgshwad
Keywords for transcripts associated with quantitative traiteprdinated transcriptional
changes via three main signaling cascades, the insulin/ingalithgfactor 1, the target

of rapamycin (TOR) and the MAPK pathways, play a pivotal raléhie body-wide
control of protein synthesis [121]. Interestingly, module 7 inclUd&#A as a hub gene

(Figure 5B).Tif-1A is a nutrient sensitive molecule previously identified as a downstream
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target of TOR in the yeast [122)rosophila[123] and mammalian systems [124], which
is involved in the control of ribosomal biogenesis, translational maghi@ad cell
growth. We also identifiechemoin module 7 as a QTT associated with variation in
whole-body protein. Gene ontology analysis describes a mitogeatadt protein kinase
(MAPK) activity for nemo Furthermore, there is evidence associatimgpchondrial
transcription factor Aa QTT in module 4, to mitochondrial biogenesis/function [125].
Similarly, scribble a QTT in module 13, has been linked to olfactory behavior [126].
These findings highlight the biological relevance of the modular commp®eemprising
our protein co-expression network as mitochondrial bioenergetics autiaif have also
shown to play a pivotal role in organismal energy homeostasis adohdeleehavior
[120,127,128].

Total glycerol levelQTTs associated with variation in GLYC are enriched for gene
involved in cellular redox homeostasis (module 5), gene expression and RNA metabolism
(module 6), cellular organization and biogenesis (module 7), protein metal{folodule

8) and neuronal development and behavior (moduleSi)lementary Table3: Over-
representation of Gene Ontology Categories, KEGG Pathways apaioKks for
transcripts associated with quantitative traits). The maintenafceellular redox
homeostasis (module 5) Drosophilawhen facing an immune challenge has shown to
trigger acute coordinated proteomic changes in Gpdh levels asulhd o& increasing
energy demand that shuts down normal biosynthetic processes, sucleasubled in
glycerol metabolism [129]. Interestinglpdh,the ortholog of mammaliaglycerol-3-

phosphate dehydrogenassg,included in module 12, and has been previously shown as
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an evolutionarily conserved enzymatic component involvedDrosophila glycerol
metabolism pathways [130].
Metabolic rate.QTTs associated with variation in MR are enriched for geneBatireg
proteolysis (modules 1 and 2) and carbohydrate metabolism (module 56;and
Supplementary Table 3 Over-representation of Gene Ontology Categories, KEGG
Pathways and Keywords for transcripts associated with quarditdataits). It is
interesting to note that modules of correlated transcripts assdavith MR are enriched
for genes that are mainly expressed in the midgut and Malpighian tubulee(Big). The
midgut is the site for carbohydrate and protein digestion [131]. Foodssingeentails a
metabolic cost that can increase metabolic rates between rtd/dfoarfold with a
subsequent decline that can be either rapid or prolonged depending on dies spe
[132,133]. Data on lepidopteran caterpillars suggest that the feedingeththcrease in
oxygen consumption rates is long-lasting [134]. Similar to inse@smalian [135] and
non-mammalian vertebrates [136] display a post-prandial increaseetabolic rate
mainly attributable to the energy requirements for protein and $yathesis, along with
those of temporary nutrient storage (i.e. fat and glycogen) defigen food ingestion.
Overall, these observations and our findings suggest that meanslzeomposition are
important regulators of the duration of the effect of food processing on metabalic ra
Genetic correlations between energy metabolism and life-history traits

Since the Raleigh lines were previously evaluated for sevérdlistory traits [56],
we next asked whether there were genetic correlations beemeegy metabolism and

life-history traits. The results of the analysis are shownahld 3A-C. We observed
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clear trade-off between BW and reproductive fithness (Table AA&)milar trade-off was
observed between GLY and reproductive fitness and between PRO ant timiteate
copulation (Table 2A). Such trade-offs evolve as a consequence lohifeel nature of
internal energy reserves and their differential allocation [B8]previously proposed,
“an increment of resources allocated to one trait necesstasrement of resources to
another trait” [137]. Indeed,ikersion of energy flow, particularly of fatty acids and
amino acids, towards reproductive processes has been shown tardetagh-fecundity
phenotypes at the expense of somatic reserves as shown ioiabg#lection studies in
insects [138,139]. Similarly, carbohydrates play a pivotal role pmodkictive success
[140]. As periodic episodes of food shortage are ubiquitous in nature, gemweticall
determined physiological adaptations are expected to evolve tograater resistance to
starvation [49] at the expense of reproductive fitness. Indeed, prelatapublished on
these 40 lines indicated that those lines that are resistasddaléprivation tend to have
reduced competitive fitness [56]. Several selection experimenBrosophila have
shown that an increase in energy reserves, in particular liprgéss seems to be a
mechanism underlying evolution of greater starvation resistandeth€erelationship
between fat reserves and starvation appears to be a consegutabmmatory selection
since no correlation was found among isofemale strains derived frishpopulations
[141]. Consistent with these findings, we found a tendency for Imesghich flies are
heavier and have higher levels of GLY to display higher resist@nstarvation (Table

2). Yet no correlation was observed between TAG and starvation resistance.
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We then analyzed the data stratified by gender as sexualmghism among body
weight and energy metabolism traits is well recognized acwdifferent species
[18,142,143]. BW is positively correlated to copulation latency in fesnaut not in
males (Table 3B-C), which is in good agreement with previous teepaggesting that
reproductive traits are strongly dependent on female body sizgobatr much less on
male body size [144-146]. Similar to the combined sex analysis, vodlg protein was
positively correlated to copulation latency and glycogen storag@egisvely correlated
(at a significanp-value<0.05) to starvation survival in both sexes (Table 3B-C).

In males, there was also a tendency for lines with lower MR to live longele(Z€).
Several reports have highlighted the existence of a negabuelation between
longevity and metabolic rate in mammalian [147,148] and non-mammalian snodel
[149,150]. These findings underlie the basis of the oxidative-stressytloé aging
[151,152] by which increased by-products derived from higher rateseobbic
metabolism are hypothesized to induce organismal cumulative deandgeence early
mortality. Recent studies have challenged the validity of the®ry [153,154]. This
discrepancy in findings may stem from undisclosed gender-speatiélic effects on
guantitative traits as shown by our data.

To gain insight into the molecular basis of the observed genetielations, we
tested whether there was overlap of common genes between mémtutee energy
metabolism traits and life-history traits. We found substantiadutar pleiotropy
between BW and other life-history traits (Table 4). Pleiotrapadules between BW,

starvation resistance, and fitness traits were enrichedydoes involved in immune
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response (BW module 2 and 4; seepplementary Table 1 Analysis of modules of
correlated transcripts associated with each of the body compostidn energy
metabolism traits), as well as in lipid and protein metaboli8W (module 8; see
Supplementary Table 1 Analysis of modules of correlated transcripts associatea wit
each of the body composition and energy metabolism traitdjing defectives one of
the genes with pleiotropic effects on BW, reproductive fithess stargation resistance.
Interestingly, molting defectiveis involved in the biosynthesis of ecdysone [155],
previously suggested as an important hormonal modulator of organismanpagtonic
development, oogenesis, and reproduction [50,156] and linked to a positive oegofati
cellular and humoral innate immunity ih melanogastef157-159]. A recent report has
shown that insect cell culture display increased expressiaiptdricin, cecropinand
attacin ( three other genes with pleiotropic effects on energy metabahshtife-history
traits) under pre-treatment with 20-hydroxy-ecdysone and upon imrstimelation
[160]. Differential expression aholting defectiveanay impact organismal body size (and
hence BW) agnolting defectivemutants have shown to display developmental arrest
[155]. Furthermore, its transcriptional defect may affect theyhibesis of ecdysone
with subsequent changes in Bsophilaimmune response.

Among the genes with pleiotropic effects on GLY and reprodudiiness, we
identified two photosensory opsinRh4 and RhG& Feeding behavior displays a 24hr
circadian rhythm under the control of peripheral clocks in bwa tissues but is also
influenced by light [161]. Indeed, disruption of this circadian organizatiofeeding

rhythms has been reported to alter glycogen stora@easophila[161]. In agreement
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with our findings, a wide range of reproductive behaviormsophila (i.e. sexual
receptivity, oviposition, mating, courtship, and locomotion) are also undesd@n

regulation [162,163].

CONCLUSION

The orchestrated expression of highly complex co-expression networkdiestiee
basis of phenotypic variation in metabolism traits among young dtest with
significant impact on reproduction and starvation resistance. Oue @emology
enrichment profiles highlight the relevance of signaling patlswen-directly related to
energy metabolism, as regulators of natural variations in olrettted traits. Indeed,
genes involved in immune response, neuronal development and functigrpegh and
cell metabolism were identified as regulators of organismaiggnealance. Several of
these genes have also been identified as exerting pleiotrogs awhong energy

metabolism and fitness traits setting the basis of existent life-histalg-offs.
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Table 1. Quantitative genetics analyses of body composition and energy metabolisrfotrdD wild-derived inbred lines &f.

melanogasterEstimates of genetic variance for the combined sex analyses

Mean )
Trait a O_L2b O'SLZC a_sz O_EZe O_P2f HZQ CVGh CVEI
(+SE)
BW 0.75 "
0.02 0.01 0.03 0.09 0.12 0.25 23.09 40.00
(mg/fly) (+0.01)
TAG 6.27
0.47 0.18 0.60 0.64 1.24 0.48 12.35 12.76
(ugl/fly) (x0.04)
GLY 6.02
£0 30.37 31.237 61.60 43.42 105.02 0.59 130.37 109.46
(ug/fly) (£0.14)
GLYC 4.11 N
0.23 0.01 0.24 0.13 0.37 0.65 11.92 8.77
(ugffly) (x0.12)
PRO 6435 ok e
L1114 23;9-2I 88.39 307.6 144.39 451.99 0.68 27.25 18.67
(ug/fly) (+1.14)
MR 3.80 N
0.12 0.14 0.26 0.36 0.62 0.42 13.42 15.79
(mICO./fly) (+ 0.03)
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3BW: body weight; TAG: triacylglycerol storage; PRO: total proteins;: Mitabolic rate; GLYC: glycerol levefsAmong line
variance component.Sex by line interaction variance compon@ﬂtotal genetic variances(* + os%). © Variance within replicates or
lines.” Total phenotypic variances¢’ + o=2). ¢ Broad-sense heritabilityst?/or°). " Coefficient of genetic variation (168/Mean)."

*kkk

Coefficient of environmental variation (16@Mean)." P <0.05;” P <0.01;" P <0.001;" P <0.0001.
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Table 2 - Genetic correlations between body weight and energy metaboh#i (A)
Genetics correlations averaged across sexes. (B) Gengttations for females (above

the diagonal) and males (below the diagonal).

A
TAG GLY PRO GLYC MR
BW 0.11+0.16| 0.22+0.16 0.27+0.1¢ 0144016 0.21+0.16
TAG 0.04+0.16| 0.20+0.16| 0.16%0.16 0.27+0.1
GLY -0.15+0.16 | 0.05+0.16 -0.15+0.16
PRO 0.25+0.16| -0.03+0.16
GLYC -0.07+0.16
B
TAG GLY PRO GLYC MR
0.19+0.16| 0.30+0.16| 0.34+0.16* | -0.17+0.16 | 0.18+0.16
0.17+0.16 0.16+0.16| 0.35+0.15* | 0.25+0.16 | 0.45+0.15**
GLY |0.32+0.15* | 0.05+0.16 -0.19+0.16| 0.01+0.16| -0.03+0.16
27+0.1 .23+0.16° .05+0.1
PRO |0 0.16 0.23+0 30.19i0.16 0.37+0.16* | 0.05+0.16
GLYC |-0.16+0.16 | 0.07+0.160.06+0.16| 0.10+0.16 -0.03+0.16
MR |0.38+0.15** | 0.03+0.16 0.1640.16 -0.09+0.16
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BW: body weight; TAG: triacylglycerol; GLY: glycogen ldge PRO: total proteins;

GLYC: glycerol levels; MR: metabolic rate? <0.05;” P <0.01.
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Table 3 -Genetic correlations between energy metabolism and life-histoty averaged

across sexes (A) for females (B), and for males (C).

A
FT cL SR LS
BW | -0.48+0.14* 0.21#0.16 | 0.52+0.14** |  0.01%0.16
TAG -0.14+0.16 0.08+0.16 0.12+0.16 -0.15+0.16
GLY | -0.38+0.15* 0.08+0.16 0.29+0.15 0.17+0.16
PRO -0.17#0.16 | 0.43#0.15** | 0.26+0.16 0.13+0.16
GLYC 0.05:0.16 0.22+0.16 | 0.06+0.16 -0.07+0.16
MR 0.14+0.16 -0.11#0.16 |  -0.04+0.16 -0.26+0.16
B
FT cL SR LS
BW | -0.52+0.14** | 0.38+0.15* | 0.53#0.14**| -0.01+0.16
TAG -0.10+0.16 0.20+0.16 0.140.16 0.01+0.16
GLY -0.27+0.16 0.10£0.16 | 0.36+0.15* | 0.10+0.16
PRO -0.1540.16 | 0.51+0.14** | 0.190.16 0.17+0.16
GLYC 0.04+0.16 0.22+0.16 0.00£0.16 -0.08+0.16
MR 0.0620.16 -0.110.16 0.00+0.16 -0.16+0.16
c FT cL SR LS
BW | -0.42+0.15% | -0.0640.16 |0.67+0.12%** |  0.07+0.16
TAG -0.17+0.16 -0.04+0.16 0.14#0.16| -0.29+0.16
GLY |-0.59#0.13** | 0.04#0.16 | 0.42+0.15* | 0.24+0.16
PRO -0.224#0.16 | 0.32+0.15* | 0.23%0.16 0.09+0.16
GLYC 0.0620.16 0.22+0.16 | 0.13+0.16 -0.06+0.16
MR 0.25+0.16 | -0.10+0.16 | -0.04+0.16 | -0.41+0.15*
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BW: body weight; TAG: triacylglycerol; GLY: glycogen leige PRO: total proteins;
GLYC: glycerol levels; MR: metabolic rate; FT: compettifitness; CL: copulation

latency; SR: starvation resistance; LS: lifesp#<0.05;" P <0.01; " P <0.001; " P

<0.0001.
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Table 4.Modular pleiotropy between energy metabolism and life-history traits

Energy Metabolism | Module | Life-history Module p-value
Trait trait
BW 5 FT 2 2.80E-04
BW 2 FT 6 3.05E-08
BW 4 FT 11 1.09E-06
BW 8 FT 15 6.92E-13
BW 10 FT 17 7.18E-11
BW 3 FT 18 8.50E-04
BW 13 FT 19 1.03E-04
BW 7 FT 20 3.46E-05
BW 2 SR 2 3.81E-05
BW 4 SR 4 7.22E-05
BW 7 SR 8 4.04E-03
BW 8 SR 9 3.21E-04
BW 8 CL 8 4.76E-03
BW 10 GLY 7 1.40E-03
GLY 2 FT 14 4.33E-03
GLY 7 FT 17 2.03E-05
PRO 13 FT 15 5.00E-04
PRO 7 CL 3 2.07E-04
PRO 15 CL 6 1.84E-09
PRO 17 CL 8 1.90E-03
PRO 15 SR 7 4.08E-06
PRO 13 SR 9 3.95E-03
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BW: body weight; GLY: glycogen levels; PRO: total proteiR3; competitive fitness;

CL: copulation latency; SR: starvation resistance.
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Figure 1. Variation in body weight and energy metabolism traits inD. melanogaster.
Distribution of BW (panel A), TAG (panel B), GLY (panel C), PRganel D), GLYC
(panel E), and MR (panel F) among the 40 Raleigh wild-type inbresd. IData represent
means + SEM fon = 10 independent replicates. The blue and pink bars in panels A-F

depict females and males, respectively.
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Figure 2. QTTs and transcriptional networks associated to variatin in body weight
and energy metabolism traits. (A) Clustering of the 275 transcripts significantly
associated with variation in BW into 13 modules. The color scalenbmates the value
of the correlation. (B) Clustering of the 125 transcripts sigmfigaassociated with
variation in TAG into 5 modules. (C) Clustering of the 130 transcimsificantly
associated with variation in GLY into 9 modules. (D) Clusteringhef 298 transcripts
significantly associated with variation in PRO into 18 modulesQlE3tering of the 389
transcripts significantly associated with variation in GLYCoint3 modules. (F)
Clustering of the 93 transcripts significantly associated wahation in MR into 6

modules.
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Figure 3. Genetic networks underlying variation in BW, TAG and MR. (A) Network

of correlated (|H0.5) transcripts for BW module 2 (light blue nodes), 4 (green nodes) and
13 (yellow nodes). Each node represents a gene and each edgéi@ast correlation
between a pair of genes. Nodes shown as round rectangles reprdsgeines involved

in responses to microbial infection Brosophila.Dashed lines between nodes represent
correlation of |r] = 0.4-<0.5. (B) Network of correlated>Qi§) transcripts for body
weight module 10. Each node represents a gene and each edgdi@sigrorrelation
between a pair of genes. Nodes shown as pink represent hub genes eaksuithat
neurogenesis irosophila (C) Distribution of tissue-specific expression of QTTs in
module 2, 4, 13 and 10. Module 2, 4 and 13 are enriched for QTTs involved in immune
response and predominately expressed in immune-responsive tissuas, faidgody

and carcass. Module 10 is enriched for transcripts mainly exgdraasérain and
thoracicoabdominal ganglion. (D) Network of correlated@|g) transcripts for TAG
module 4. Each node represents a gene and each edge a sigrificelation between a
pair of genes. Nodes shown as pink represent those genes previonsfiedias “hub”
genes in multi-tissue co-expression networks [32]. (D) Disiobubf tissue-specific
expression of all QTTs comprising the MR co-expression network.saré overall

predominately expressed in the midgut.
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Figure 4. Effects of P[GT1] and PiggyBac transposon insertional mutations in
candidate genes affecting variation in TAG, GLY, and GLYC Mutational effects are
given as deviations from the co-isogenic control line. Pink and blue represent
females and males, respectively. Mutations in all genes shawndignificant effects in
one or both sexes (setupplementary Table 3 Effects of P[GT1] and PiggyBac
transposon insertional mutations in candidate genes affecting TA%, &d GLYC).

Error bars, S.E.M. (A) TAG. (B) GLYC. (C) GLY.
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Figure 5. Genetic networks underlying variation in GLY and PRO. (A) Network of
correlated (|g0.5) transcripts for GLY module 7. Each node represents a gereaahd
edge a significant correlation between a pair of genes. Nodes sbqvimkaare involved
in acetylcholine receptor signaling and metabolism. Nodes shoVighablue represent
those candidate genes for which homozygous mutants were. featted lines between
nodes represent correlation of |r] = 0.4-<0.5. (B) Network of coeckl§|r}0.8)
transcripts for total proteins module 7. Each node represents a géreacn edge a
significant correlation between a pair of genes. Node shown asTfhk) (represents a

TOR-regulated gene.
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ABSTRACT

Obesity is the major contributor to the increasing prevalenchrohic diseases such
as insulin resistance and type 2 diabetes mellitus (T2DM). T&EDMcomplex disease
that adversely affects human morbidity and mortality. Recamtétgeevidence provides
strong support that T2DM in humans may develop from downregulationte¢mondrial
oxidative phosphorylation (OXPHOS). Furthermore, alteration edahondrial function
has emerged as a key factor in the development of diabetic icatiguls. Despite the
extensive research into mitochondrial pathology, we have no understandieggeietic
basis of mitochondrial respiration traits in natural populations. He&ee,quantified
variation in mitochondrial respiration traits [ADP-stimulatedtestd respiration, non-
ADP-stimulated state 4 respiration (a surrogate of basabmptetik), and mitochondrial
ATP synthesis efficiency (ADP/O ratio)] among 40 wild-typbred lines oDrosophila
melanogasterWe chose these lines because they were previously evaluatedifdion
in nuclear genome-wide transcription abundance and several eneafyohssh and life-
history traits. This allowed us to identify nuclear-encoded gesgsatingDrosophila
mitochondrial respiration traits and to investigate genetic ctioet between these
traits. We showed a genetic component of variance for all mitochondrial respiraits,
with broad-sense heritabilities ranging from 14% to 23%. Notabéydid not observe
significant genetic correlations between mitochondrial stan@® state 4 respiration

traits, suggesting that these traits have different gepetiperties. On the other hand, a
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negative correlation was found between ADP/O and state 4 in maddie$) is consistent
with the contribution of proton leak to mitochondrial efficiency. We uaegkene co-
expression network analysis to identify nuclear-encoded genes dndagataffecting
natural variation in mitochondrial respiration rates. We found that 293, ar@b,19
guantitative trait transcripts (QTTs) underlie differencemitochondrial state 3, state 4,
and ADP/O ratio, respectively. Regression analysis showed giéaes regulating
mitochondrial state 3 respiration rate are involved in sensory gienceand signal
transduction, and mitochondrial state 4 respiration network compeses gngaged in
reproduction and cell replication. The analysis of genetic ctiortarevealed positive
correlations between state 3 respiration rate and total ggycdevels and between
ADP/O ratio and total protein levels. A positive correlation ais® observed between
state 4 respiration rate and starvation resistance. Thathgrhrgtochondrial proton leak
improves the ability of the organism to survive starvation strassllys we found a
negative correlation between state 4 respiration and copulatiorcyatsuggesting a
trade-off between proton leak and reproduction. These results stronybate that
molecular regulation of mitochondrial respiratiplay a critical role in mediating life

history trade-offs in natural populations.
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INTRODUCTION

Obesity and overweight both pose a major risk for the developmenirohic
diseases such as insulin resistance and type 2 diabetésis@2DM). T2DM and its
complications have imposed a substantial economic burden on individual§edami
health systems and countries as it has reached epidemic propantitms US and
worldwide [1] [2]. T2DM is a complex disease characterized Hrpric hyperglycemia
as a consequence of insulin resistance in skeletal muscle (calesirepsed glucose
uptake) andiver (causing increased gluconeogenesis), together with defeatsulin
secretion from pancreatfcells. The complexity of T2DM results from the interaction
of environmental factors with genetic susceptibility factors [&cdtt genetic evidence
strongly supports the idea that insulin resistance in humans develops fr
downregulation of mitochondrial oxidative phosphorylation (OXPHOS) [419].
addition, mitochondrial cytopathy has been linked to defects in ligthlmolism [10]
and abnormal fat accumulation, preferentially in the visceralpestment, which is an
important risk factor for insulin resistance [11] and the development of T2DM [12].

The oxidation of metabolic fuels is an essential process teguknergy balance in
aerobic organisms. Oxidation takes place in mitochondria, where ebroehemical
proton gradient is used to convert ADP into ATP via OXPHOS forinseellular
processes [13]. In normal mitochondria, electrons from reducing eguisafelectron

donors) derived from substrate oxidation
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n fuel into complexes | and Il of the mitochondrial electron trarsgain and travel
through complexes Il and IV to reduce oxygen (electron acceptavater. Coupled to
electron transport, protons are pumped across the mitochondrial innéraneniFigure
1). The proton-motive force established by proton pumping drives prbtmksthrough
complex V, also known as the ATP synthase, forming ATP from ADPiramdanic
phosphate.

In a perfectly coupled system, protons only re-enter the mitochonaiailx through
ATP synthase in the presence of ADP. This form of respiratiatassified as ‘state 3’
(i.,e. G is consumed only in the presence of substrate and ADP). Howevechontria
also use oxygen in the absence of ADP, which occurs when proténbdela into the
matrix via a mechanism that does not involve ATP synthase. This peatlonncouples
respiration from OXPHOS. ‘State 4’ respiration rate repraesansurrogate measure of
mitochondrial basal proton leaklectronsflowing through complex | and litan also
escape redox transfer to produeactive oxygen species (ROS). Strong evidence exists
that mitochondrial ROS production plays a key role in the pathogeoE$2DM and its
complications through modification of various cellular events imyntessues, including
kidney, pancreatif cells, and liver [14].

Despite the extensive research into mitochondrial patholibidg,is knownabout the
geneticand molecular mechanisms underlying variation in mitochondrial eggpir
traits in natural populations. Several fundamental questions rem#&e tesolved: is
there considerable segregating variation in mitochondrial bioetergyaits in natural

populations? Do genetically based differences in mitochondrial atigpirin skeletal
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muscle underlie some of the inter-individual variability in organlsmreaergy
metabolism? Wat role does molecular regulation of mitochondrial respirgpiay in
mediating life history trade-offsth this context, the goal of the present study was to
investigate the genetic basis of mitochondrial state 3 regpirattate 4 respiration, and
mitochondrial efficiency (ADP/O ratio) using 40 wild-type indhrdines of D.
melanogasterecently established from a single natural population in Raldigh[15].

D. melanogasterwas used as a model because of the strong resemblance of the
phosphorylating respiratory chain of insect mitochondria to that of madian
mitochondria [16]. Exceptionally high respiratory and phosphorylative aetivhave
been reported in insects using pyruvate plus proline (feeding into eontplor a-
glycerophosphate (feeding into complex Ill) as physiological safiestr[16]. The
mitochondrial OXPHOS in insects is affected by the same imingbiand uncouplers
affecting the mammalian system [16-18]. Furthermore, we clhese lines because they
were previously evaluated for variation in nuclear genome-widadrgtion abundance
and several energy metabolism and life-history traits. Thosvatl us to identify nuclear-
encoded genes regulatindifferences in mitochondrial respiration traits among

Drosophilalines, and to investigate genetic correlations between all these traits.
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MATERIALS AND METHODS

Drosophila stocks

The 40 unrelated wild-type inbred lines @f melanogastewere established from a
sample of isofemale lines collected in Raleigh, NC and inbredachmwmozygosity by
20 generations of full-sib mating [15]. Each stock was maintainedredtant parental
density for at least two generations to minimize environmegftatts. To control for
larval density, we allowed the parents of the experimentaltfi@sate for 3 hours to lay
eggs on apple juice/agar medium in laying plates. After 24 hourpjoked groups of
100 first-instar larvae from the surface of the medium and pldeud into replicate
vials. To minimize the influence of genetic variation in reproduction eoergy
metabolism, we performed all the phenotypic assays on virgintfisgsvere randomly
collected from the replicate vials for each line on days 10 to 16 under briefxpOsure.
For mitochondrial function assays, we used seven replicate vials@ewith each vial
containing a group of 20 single-sexed individuals aged 3-5 days. Due tizahaf $his
experiment, we conducted the phenotypic assays in 14 overlapping blockeak¥'e
flies in vials containing 10 ml of standard cornmeal, agar, $sel§ and yeast medium at
a constant temperature of 25°C, 60—75% relduraidity, and a 12-hr light-dark cycle.
Mitochondrial respiration rate assay

Live flies were anesthetized on ice and thoraces were se®ereflly, thoraces were
placed into 200 ul of ice-cold isolation buffer [250 mM sucrose, 5 mBtHCI, 2 mM

EGTA, 1% (w/v) bovine serum albumin (BSA), pH 7.4 at 4°C; [18]) supplesdenith
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protease inhibitors (leupeptin 1mg/ml, aprotinin 1mg/ml and pepstatiniling a 1.5
ml Eppendorf tube. The samples were pounded gently 126 times oveanate period,
using a motorized micromortar. Mashed flies were filtered thraad> micron nylon
mesh, and the volume was raised to 400 pl by washing the nylon nmemirén
additional isolation buffer. After a cycle of low-speed centatian followed by
centrifugation of the filtered solution for 10 min at 3090at 4°C, the pellet was re-
suspended in 100 pl of isolation buffer. Protein concentrations in thehmiidcal
fractions were determined using a Lowry assay.

Mitochondrial respiration assays were performed using a po&pbgr oxygen
sensor (Oroboros oxygraph, OROBOROS® INSTRUMENIM8sbruck, Austria) in 0.1
mg/ml of freshly isolated mitochondnacubated in respiration medium (120 mM KCI, 5
mM KH,PQO,, 3 mM Hepes, 1 mM EGTA, 1 mM Mggland 0.2% BSA, pH 7.2; [18]).
Oxygen consumption rates were measured at@5previously shown as the optimum
temperature for such experiments [19]. As implemented by Mival, we measured
state 3 and state 4 respiration rates [18] using Nixiked substrates pyruvate 5
mM/proline 5 mM to feed electrons to mitochondrial complex I, along with ADP 400 p
to elicit ADP-dependent state 3 and ADP-independent statep#tatésn once ADP is
exhausted. The concentrations of substrates were chosen to aclaewvealhstate 3
respiration rates. Respiratory control ratio was obtained s 3tstate 4. ADP/O ratio
was calculated from the amount of oxygen consumed after a 400 pNofl@daP. All
assays were performed within 3 hours of mitochondrial isolation. Wata analyzed

using the softwar®atlLab Version 4.1.0.8.
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Quantitative genetic analyses

We used two-way ANOVA to partition variatiam each trait among the inbred lines
according to the modeY, = p + L + S + LxS + Ewherep is the overall meart, andS
are the main effects of Line (Random) and Sex (Fixed},is the random effect of sex-
by-line interaction; andk is the within-vial error varianc&®educed models by sex were
also run. Broad-sense heritabiliti¢$? were computed ad” = (5.2 + 65.9)/(6.> + 65/ +
oe?) for the analyses pooled across sexes, Whéres,”, andse” are the among line, sex-
by-line and within line variance components, respectividfyvalues by sex were also
computed ad’=(c.9)/(6.? + o&°) [20]. Cross-sex genetic correlationgdr were also
estimated asvk = cow,s/oooz, Wherecow s is the covariance of lines means between
females and males, angb and o; are the square roots of the among line variance
components for males and females. Genetic correlations betweenyphematts were
calculated asgt = cOw12/(0G10G2) , Wherecows;, is the covariance between traits among
line means from the joint analysis, at¢h andog; are the square roots of the variances
among lines from the analyses of each trait separatelycddiéicients of geneticQVg)
and environmentalQVg) variances were calculated &/ = 1000c/p and CVe =
1000t/|, respectively, wheres and o are the square roots of the line and within line
variance components, respectively. All statistical analyses werformed using SAS
version 9.1.
Transcript-phenotype associations

Regression modelsr= u+ S+ T+ SxT+e whereT denotes the trait covariateere

used to identify transcripts significantly associat&¥Q.01) with variation in each
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mitochondrial respiratory trait in both sexes [21]. Modules of coesgad transcripts
associated with variation in each metabolic trait were consttugsing the residuals
from regression modelsy€ y+ S+ E+ SxE+g, where E is the covariate median Jog
expression level) to compute the genetic correlations betivaeacripts significantly
associated with each phenotype.
Transcriptional modules

Transcripts significantly associated with metabolic phenotgmesss the 40 wild-
derived inbred lines were organized into statistically correlanscriptional modules as
described previously [21]. The correlation between all pairs of ggnif transcripts
andj was computeénd the absolute correlation valug$ vere transformed to define

Fii 1

edge weight€ == in a graph of genes indexed by the free paramaefehne clusterindg®
={V4, ... ,Vi} and the value of that jointly maximize the modularity function:

k — Wy X
. A (Ve V) ALV V)
Q(P, o) = -
AP.0) =) [A,,.:x-'_ V) (A,,[t-*. V]) ]

=1

were determined, where.¢X,Y) denotes the total edge weight in the graph indexetl by
that connects any vertex in séto a vertex in seY. The optimal partitiod? = {V1,..., i}
defines k transcriptional moduled/,,...Vx at which the genetic correlation within a

module is maximal.
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RESULTS AND DISCUSSION
Natural variation in mitochondrial respiration traits

Using ANOVA, we found a significant genetic component of variance for
mitochondrial state 3 and state 4 respiration rates. No signiBeandr interaction effects
were observed for these traits. In contrast, there was isagmtifvariation between
females and males for ADP/O rati® (=0.0012), with females displaying higher
mitochondrial efficiency than males (Figure 2C). However, thifemince was not
constant across lines; the sex-by-line interaction term vgddyhsignificant P <0.0001;
Table 1), suggesting that the loci that control ADP/O ratio haverdiit effects in males
and females. The heritabilityif) estimates for the mitochondrial respiration traits ranged
from 14% to 43% (Figure 2A-D and Table 1). The genetic correlabefficients across
sexes among linesyg (SEM), were very high for mitochondrial state 3 (0#92.07,P
<0.0001), mitochondrial state 4 (0.640.12; P <0.0001) and RCR (0.6F 0.12; P
<0.0001), but non-significant for ADP/O ratio (-0.2D.79,P =0.21), further supporting
the existence of loci with sex-specific effects affecting variatiohiglast trait.

Despite evidence of the existence of a genetic component underigngndividual
variations in mitochondrial bioenergetics [22-28], ours is the #itsidy reporting
heritability estimates for mitochondrial traits. Interestyngtompared to the estimates
previously reported for other energy metabolism tralitsnpo-Lucioni et almanuscript
in preparation), heritability for mitochondrial bioenergetic traitparticularly

mitochondrial state 3 and state 4 respiration rates, areHéw .14-0.20). It has been
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previously reported that traits with low heritability tend to hesely correlated to fitness
as fitness-related traits display greater environmental tsetysiand are thus less
heritable [29,30].Evolutionary changes in fitness-related traits are a cuesee of
fithess response to natural selection as “the ‘characterhéitatal selection selects for is
fitness” [20]. Paradoxically, phenotypic variation in these fitmetsted traits
simultaneously introduces further variation in fitness.  Analogouplyenotypic
differences in mitochondrial bioenergetic traits have shown to impamss (i.e.
reproduction and survival) in populationsdrfosophila[28,31,32].

We also identified sex-specific effects on mitochondrial edficiy (i.e. ADP/O ratio)
(Table 1) under pyruvate plus proline-stimulated respiration. SeXnabrphism in
energy metabolism traits is well recognized across éiffespecies [33-35]. Consistent
with our findings, a previous report Brosophila simulanshowed higher mitochondrial
efficiency for female flies under pyruvate plus proline-inducespiration [31]. Our
results are also in good agreement with findings in mammals sfalat female rodents
possess a higher mitochondrial capacity and efficiency for sisbixidation across
several tissues [36-40]. Furthermore, clinical studies [41,42] heperted gender-
specific variations for mitochondrial traits, with female seésrads proposed as the
modulators of mitochondrial biogenesis and functiditempts to provide an explanation
for the mechanisms underlying the sexual dimorphism in mitochongioahergetic
traits focused on the way evolution selects and optimizesirceyémes for each sex.
Throughout evolution, genes from the mitochondrial genome and X chromosome spend

relatively more time under selection in females due to #t®immetric inheritance [43-
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45] and are therefore expected to be better optimized for functiomalde compared to
males [45]. Sincdemales usually engage in more energetically demanding behavior
than males to attain reproductive success, it has been projpadesdxual differences
may have arisen as an evolutionary adaptation to such differeneegrgetic demands
[46].
Genetic correlations between mitochondrial respiration traits

Next, we tested whether there were significant geneticeletions between traits.
There was no significant correlation between state 3 and stagpiation rates for both
males and females (data not shown), which indicate that diffeentegulate inter-
individual variability in these traits. In contrast, there wagraéncy for males from
those lines that have higher state 4 respiration rate to haveroteehondrial efficiency
(e.g. ADP/O ratio) (Table 2C). State 4 is the respiratioa iratthe presence of carbon
substrates (i.e. pyruvate plus proline) but in the absence of AMdPitas usually
attributed to mitochondrial basal proton leak [47]. These proton leak edetresase the
energy available to drive ATP synthesis thus reducing mitochoradfigiency [48]. Our
findings of a negative correlation between state 4 and mitochoedfi@éncy in males
but not in females may arise from differences in geneticitacture between male and
females as a result of the different energetic demands between sexes.
Quantitative trait transcripts (QTTs) regulating natural variation in mitochondrial
respiration traits

Previously, Ayroles et al. identified 10,096 genetically variable transcripts

(quantitative trait transcripts or QTTS) in these lines [21]. We therefectnaegression of
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the mitochondrial traits on transcript abundance to identify nuclezoded genes that
might mediate mitochondrial respiration traits. At a signifam level of 0.01, we
detected 293, 105, and 19 QTTs associated with variations in mitochotaheaB sstate
4, and ADP/O ratio, respectivel\s@pplementary Table 4 Analysis of modules of
correlated transcripts associated with mitochondrial bioenergetiq.traits

The small number of nuclear-encoded genes associated with varidations
mitochondrial ADP/O ratio highlights the potential role of mitochorteetecoded and/or
nucleo-mitochondrial interacting alleles in controlling inter-indixal variability in this
mitochondrial trait. Analyses of the relevance of mito-nuclageractions and mtDNA
variations in mitochondrial bioenergetics have been performed at tihedrepopulation
level. A previous report has demonstrated differences in various stermogakers of
mitochondrial efficiency among sympatriD. simulans hosting distinct mtDNA
haplogroups [26]. Western hemisphere populationsDofmelanogasterhave been
reported to be the least diverse with a single dominant haplotgpédplotype # 7) [49]
as opposed t@®. simulans However, non-neutral genetic variation in mtDNA is also
expected at the within-population levelDmosophila melanogasteas the mutation rate
of this genome is generally high and the influence of natelgicson (to decrease
genetic variation) is reduced compared to the nuclear genome [50}&jide, within-
population differences in mito-nuclear interactions are expecteddivecas mtDNA
variations have shown to trigger adaptive responses from the nucle@negeThese
events set the basis of mito-nuclear co-evolution [51,55]. Variousriequgs in

mammalian [52,53] and non-mammalian [54] models highlight the role tofmoiclear
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co-adaptation in maintaining optimal respiratory chain function. Tiwere one can
hypothesize that the number of genes influencing variations not mntyjitochondrial
efficiency but in all the mitochondrial bioenergetic traits may actuslpigger.
Transcriptional networks associated to mitochondrial bioenergetic traits

As mitochondrial abundance, morphology and function have been shown to be
coordinately regulated to meet cell-specific energetic, moéitaand signaling demands,
[56,57] individual variations in mitochondrial bioenergetics are expetedvolve a
complex process of individual-specific changeshe coordinated transcription of several
geneg57]. To address this idea, we used a gene network analysis to piresigle into
how variation in these QTTs can give rise to variation in mitochdnespiration traits
in our population of flies.

We identified 20 modules of correlated transcripts associatedmitiichondrial state
3 respiration rate, 8 with mitochondrial state 4 and 2 with ADRtO(Figure 4A-B and
Supplementary Table 4 Analysis of modules of correlated transcripts associatea wit
mitochondrial bioenergetic traits). To determine the biologicaliignce of the genes
in these network modules, we used gene ontology categories [58ie-sisscific
expression [59], and published protein-protein interactions or shared domains.
Mitochondrial State 3 Respiration Ratéene ontology analysis revealed that 30% of the
QTTs associated with variations in mitochondrial state 3 regpiratte are mainly
enriched for genes involved in sensory perception and signal transd(iigone 2A).
These alleles are significantly clustered in modules 10, 13, 16, 18 2é&nd

(Supplementary Table 5 Over-representation of Gene Ontology Categories, KEGG
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Pathways and Keywords for transcripts associated with quarditedits). Among them,
module 10 displays the highest degree of transcriptional connectivity, which hightgy
essentiality across the whole network as highly connected genedéanr shown to play
a pivotal role “in organizing the behavior of biological networks” [6jdeed, as shown
in Figure 5A, the expression of “hub” genes in module 10 is highlyeleded to the
expression of other “hub” genes throughout the network (Figure 5A).

Gene ontology analysis showed that module 10 is particularly edriohéoci linked
to photoreception Supplementary Table 5 Over-representation of Gene Ontology
Categories, KEGG Pathways and Keywords for transcriptsciaded with quantitative
traits, Figure 5A), which are mainly expressedmosophilaeye and head (Figure 5B).
This module includes two photosensory opsirtgpdopsin 4 (Rh4)and 6 (Rh6).Rh6
belongs to a structurally related group of extraocular photoresdtbflocated close to
Drosophila compound eye and optic lobe. Similar R4, Rh6transcription is under
circadian control [62,63] as its function has been implicated inligig-mediated
signaling for the entrainment of circadian rhythms and timinghaoftoperiodic responses
independent of visual imaging [64,65]. These findings are further gstremed by
anatomical evidence of axonal projections frdRih6containing photoreceptors to
Drosophilacircadian pacemaker center in the brain [65].

Furthermore Rh6 is the Drosophila ortholog of mammalian melanopsirg
photopigment found in the retina which has shown to substantially memiieselian
signaling [67].While Rh6ectopic expression has shown to fully restore light response in

mutant flies, heterologous expression of human melanopsin has shownlddysrescue
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photoreception in mammalian neuronal cells [66,67]. Besides melanopsinyeithal
photoreceptors or photopigments have been suggested to contribute ansdadtion of
the photic stimuli to the circadian system. Such redundancy in photacecéps also
been demonstrated in plants [68], flies [6®Id other vertebrates [70]. Previous studies
have suggested that melanopsin and circadian rhythm are both mediathght
signaling effects on sleep and brain activity during wakefulné8s Both vertebrates
and invertebrates display a circadian organization of sleep andtyastith similar
responses to exogenous modulators [71]. Analogous to melandpisthis highly
correlated with genes mostly involved in sensory perception and traiosdyce.
modules 13, 16, 18 and 20; Fig. 5A) which is in good agreement with thatemti of
sensory systems that characterizes wakefulness [73].

Thus, light-mediated circadian signaling via such photosensory opsirsraies the
daily rhythm of organismal physiology and behavior [72,74]. Out-of-phgisedxposure
has been shown to alter the temporal organization of behavi@r. imelanogaster
[75,76]. Mammalian models have shown a similar response [77-80]. simeitg,
module 17 in the mitochondrial state 3 co-expression network is enrfohegenes
involved in circadian rhythm and behavior (Figure 5C). The behavianaponent
specifically includes reproduction, olfaction, locomotion, learning and anem
(Supplementary Table 5 Over-representation of Gene Ontology Categories, KEGG
Pathways and Keywords for transcripts associated with quantitatitg. trai

Indeed, there is extensive evidence of circadian modulation of @ feitige of

organismal behaviors irosophila, such as sexual receptivity, oviposition, mating,
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courtship, locomotion [76,81], olfactory learning and memory [82,83]. Long-term
memory formation has shown to be clock-controlled in many inveree[8at84,85] and
vertebrate model systems [86-88]. Similarly, a recent repottighbghted a comparable
role for the central clock in short-term memory formationDirosophila via axonal
projections from Drosophila central oscillator in the brain to the vicinity of the
mushroom bodies, the brain centers for associative (i.e. olfadéany)ing and memory
in Drosophila[83]. Similar to the suprachiasmatic nuclei in mammals [67,89foup
of ventral lateral neurons in the brain have been identifiedeaséantral clock regulators
of behavioral rhythmicityn Drosophila melanogastd69,89,90] Interestingly, QTTs in
module 17 are predominately expressedimsophilabrain (Figure 5B) which further
strengthens the validity of our findings. Furthermore, a sircgatral oscillatory control
has been described for locomotion [91,92] and reproductive behaviors [93] in
Drosophila

However, QTTs in module 17 are not exclusively brain-specifigufeé 4B). In
Drosophila besides a central clock, peripheral circadian oscillators hisee beeen
identified [94]. Although previous reports have suggested diffusible hornsaadls as
mediators of the central control of peripheral oscillators [95,96]ethe also strong
evidence of the existence of independent photoreceptive clocks throulgadiyt body
[97-99]. Later reports have suggested thatide range of sexual reproductive behaviors
and locomotion are controlled by multiple oscillators [76,81]. Likewisdhas been
shown that olfactory behavior in insects displays circadian-depemiafghm under the

control of self-contained peripheral clocks in the olfactory recepeurons [99,100].

98



Such clocks are thought to share common pathways supporting a muiistosci

organization of the circadian system [76].

Therefore, the body-wide distribution of circadian clocks mapaticfor the impact
of circadian regulation on almost every aspect of organisnealdifcadian clocks have
been shown to govern the rhythmic expression of hundreds of trasstmgit are
involved in diverse cellular functions including developmental timingsighogy, and
biochemistry [62,101-107]. Previous studies have shown that mRNA tianslata
critical event in the light entrainment process of circadianillators [111]. TOR is an
evolutionarily conserved serine-threonine kinase, which coordinates melithg in
accordance with nutrient quantity and quality via the activation otcélelar mRNA
translation machinery [108-110]. Interestingly, this nutrient seestathway has shown
to be under photic regulation [111]. Brief light exposure has been shawgger TOR
activation in mammalian species dependent on the light-induced testivaf the
mitogen-activated protein kinase (MAPK) signaling pathway [11ibjil& to mammals,
MAPK also plays a crucial role in circadian outputDnosophila[112] as well as in
other vertebrate models [113-119]. Although there are no reportseg dhout light-
induced activation of TOR pathway via MAPK signaling, there is evelasfcTOR
dependency on MAPK for complete activation [120].

Increasing evidence highlights TOR signaling as cruciabfaride range of critical
biological functions [121-123]. Indeed, TOR has been proposed as a sensatynot
cellular energy status, but also of mitochondrial activity [124r&gtingly, a previous

mammalian report has shown that down-regulation oTMR/S6K signaling pathway is
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linked to @ordinated transcriptional changes of genes involved in mitochondriaioglect
transport and mitochondrial biogenesis ugregulation of peroxisome proliferator-
coactivator-1 PGClx) [125]. Physical interaction [126], modulation of TOR activity via
mitochondrial ROS production [127], modulation of mitochondrial bioenergéties
oxygen consumption, oxidative capacity, membrane potential) dependent Bn TO
stimulation and TOR-mediated regulation of glycolytic versusidaiwe (i.e.
mitochondrial) metabolism [121,128] have been suggested as potential mechani
underlying the molecular basis linking TOR and mitochondrial function. iStens with
these observations, we have identifieRPS6-p70-protein kinase (RPS6K
Supplementary Table 4 Analysis of modules of correlated transcripts associatea wit
mitochondrial bioenergetic traits), one of TOR downstream moletalgets, as one of
the hub genes in mitochondrial state 3 module 18 (Figure 5C). IntergstRigE6K
expression highly correlates with the expression of various hub géthés the network,
such asyndecann module 19 (Figure 5C)Syndecans a type-l transmembrane protein
involved in cell-matrix adhesion, migration, neuronal development, infmom and
feeding behavior [129,130], which are physiological processes with rkmmywact on
energy homeostasis.

Analogous to the crucial role of MAPK signaling in the light-dependE@R
activation, MAPK has also been shown to play a pivotal role in moaglather
circadian output pathways. We identified downstream targets oPHWIAignaling
pathway in our mitochondrial state 3 co-expression netwdtksrofibromin 1 (Nfl)a

“hub” gene in mitochondrial state 3 module 17 (Figure 4C), is highlyereed between
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humans and flies, and has been linked to the circadian control of locoaubtaty
[112], learning and memory [131] and overall growtlDimsophila[132] via a MAPK-
dependent signaling pathway [112]. FurthermarAMP-dependent protein kinase 1
(PKa-C1), has been suggested to interact or be a downstream taryl §£32]. In
agreement with these findings, we identifieda-C1and Nfl as two hub genes within
module 17, and our genetic network data shows that the expressitta«@lis highly
correlated withNfl transcript levels (Figure 5C). yBdecanexpression is also co-
regulated by expressiaf hub genes in module 17.

Mitochondrial State 4 Respiration Ratéene ontology analysis revealed that 30% of the
QTTs associated with variations in mitochondrial state 4 regpiratte are mainly
enriched for genes involved in reproduction and cell replication (€igBjJ, significantly
clustered in modules 1 and &upplementary Table 5 Over-representation of Gene
Ontology Categories, KEGG Pathways and Keywords for transcgdeciated with
guantitative traits). Module 1 may play a key role in organizingeavior of this
mitochondrial bioenergetic network as it displays the highest degré@anscriptional
connectivity within the network. It is particularly enriched for ggmvolved in eggshell
formation. Drosophila eggshell is an extracellular structure laid during late 0egje
between the oocyte and the overlying follicle cells targéb@dhrds a wide variety of
functions spanning from egg fertilization to larva hatching duratg Embryogenesis
[133]. Interestingly, a well-defined temporal organization of trapgonal, anabolic,
cleavage and transport events of various proteins and moleculas tergetevant for

Drosophilaeggshell assembly. Thus, a time-dependent transcription ofohnib&QTTs
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in module 1:chorion protein 16and 19, chorion protein a at 7F (i.e. CG33962),
CG13083and CG13084(the latter two are putative chorion gendgs been implicated
in eggshell biogenesis. In agreement with our findings, previoustsdmare suggested
that certain stages of oogenesis are under circadian control via selfiedrdatonomous
ovarian clocks [98].

Furthermore, several QTTs regulating variation in mitochondiiate 4 outside
module 1 (i.e.CG32397, longitudinals lacking, Us§G7408 and nop5 in module 4;
CG30427and odorant binding protein 99bn module 5;CG13067and CG31304in
module 6;no receptor potential A, Mec2nd CG17124in module 7;huntingtin,
CG32556, CG11142, CGY953, CG1134vdCyp4d21lin module 8) represent clock- or
sleep-regulated alleles [62,73,134]. Interestingly, among these geEspreviously
shown to be differentially expressed in a fly model of human insofiBiais a highly
conserved size-control gene implicated in ribosomal biogenesis [135]. Chaedicie of
this gene in yeast has shown that it is a transcriptionagttafgSfpl, a downstream
effector of the TOR pathway [136]nterestinglyslimfast another QTT in module 4, has
also been shown to be under TOR regulatioBriosophila[137]. Although an ortholog
of Sfplhas not been described in fli@OR pathway is evolutionarily conserved in all
eukaryotes [138hand has been previously shown to ureder photic regulation [111].
Thus, our findings highlight the non-visual effects of light as an ewroge signal
coordinating the temporal rhythms of organismal physiologyrosophilaand mammals

[72,139,140] In addition, the identification of genes involved in ribosomal biogenesis
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suggest a key role for nutrient-sensitive cell size- and/bgoaivth-controlling genes in
determining variations in mitochondrial bioenergetic traits.

Huntingtinexpression, a hub gene in module 8, has also been shown to be under sleep
regulation [73]. Huntingtin encodes a protein of unknown function involved in the
pathogenesis of Huntington's diseastintingtin has been previously suggested to
regulate the transcription oPGClx, a transcriptional coactivator that regulates
mitochondrial biogenesis and respiration [141]. Such findings prop@&€l. as a
molecular mediator of Huntington’s disease with a potential irolde pathogenesis of
other neurodegenerative diseaseSCln has been previously shown to be under TOR-
dependent transcriptional regulation [142], which supports the relevanbes ofutrient
sensitive pathway as mediator of the circadian output pathwaysatiagubrganismal
metabolism and energy homeostasis.

Mitochondrial ADP/O RatioOnly two modules comprise the mitochondrial ADP/O ratio
co-expression networkS(pplementary Table 4 Analysis of modules of correlated
transcripts associated with mitochondrial bioenergetic traitsjeGntology enrichment
analysis suggests that ADP/O ratio network alleles areapityminvolved in muscle
development, display a predominant membrane location and are mainly ddégote
oxidoreductase activities (Figure 36upplementary Table 5 Over-representation of
Gene Ontology Categories, KEGG Pathways and Keywords forctiatss associated
with quantitative traits).

Genetic correlations between energy metabolism and life-history traits
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All forty Raleigh inbred lines were previously screened forybaeight, metabolic
rate and total levels of protein, triacylglycerol, glyceroll @lycogen Jumbo-Lucioni et
al, manuscript in preparation), as well as for several life-hist@iys (i.e. copulation
latency, competitive fitness, starvation resistance, and dmilcrecovery) [21]. Thus,
we sought to determine whether there were significant genetrelaiions between
mitochondrial, energy metabolism, and life-history traits. Idemwtifo® of significant
correlation would give us information on why genetic variation in lo&diating
mitochondrial respiration is preserved in natural populations.

In the combined sex analyses, there was a tendency for thesdhat have a higher
mitochondrial state 3 respiration rate and coupling (i.e. respiratmmrol ratio= state
3/state 4) to store more glycogen, and for those lines that hgreater mitochondrial
efficiency (i.e. ADP/O ratio) to have higher total proteinsb(€a2A). These findings
highlight the central role of mitochondrial function in organismargy homeostasis.
Highly coupled mitochondrial respiration (i.e. high respiratory com&od, RCR) allows
for a higher level of metabolic efficiency and favors eneitgyage [143]. Factors that
adversely impact mitochondrial coupling and efficiency in eukarymdee been shown
to have a deleterious impact on energy conservation [144]. Glycogen reptegemiajor
fuel source of flight energy, which can be quickly mobilized to tns&eletal muscle
metabolic requirements [145].

Several of the QTTs identified in our study that have pleiotroffects on both
mitochondrial state 3 (particularly clustered in module 20) andogbm storage are

differentially expressed in a fly model of human insonidi. Sleep displays a circadian
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organization in both vertebrate and invertebrate models but sleep behaviora
modifications also provide timing information to the central clock.[Alfecent report
has suggested that the regulation of feeding behavior and metaboliBnosaphila
requires a complex circadian network of transcriptional events imglviput signaling
from central and peripheral clocks that couple to maintain whole-bemargy
homeostasis [146]. Disruption of this multi-level circadian regujasystem has been
shown to adversely impact food consumption and glycogen stordyesophila[146].
Based on these observations and our findings, we propose that diffleeeptiession of
circadian-regulated alleles (as a result of differentiatlc signal transduction) induces
variations in mitochondrial bioenergetic function leading to concomithi@ainges in
organismal metabolite reserves.

We further observed that those inbred lines displaying higher mitoohbsthte 4
respiration rate tended to be more resistant to starvatione(2&hl We identifiedNop5
as one of the genes with pleiotropic effects on both mitochondaial 4trespiration rate
and starvation resistanddop5 has beemreviously shown to be differentially expressed
in a fly model of human insomnia [73] and has been identified as a deamstarget of
the TOR pathway [136]. As previously discussed, downregulation of thisemiutri
sensitive pathway triggers coordinated transcriptional changes n&s gavolved in
mitochondrial electron transport and mitochondrial biogenesis via wpateEm of
mammalianPGCln [125]. Up-regulation ofPGClx has been associated to increased
mitochondrial state 4 respiration rate in muscle cells [147,&8Jomologof PGC-],

CG9809 has been described for melanogastej142].
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Most animals face periods of food shortage and are thus expeatedltwionarily
develop genetic-based physiological adaptations towards greaistance to starvation
[149]. Translational regulation allows an organism to rapidly resporehtaronmental
cues such as food scarcity, as it regulates protein expmefsim existing cellular
MRNAs [150]. Protein translation is highly dependent on TOR signhasmglrOR
activation up-regulates translation via the release of eukary@nslation initiation
factor (elF) 4E from elF4E-binding protein (BP)-mediated reprassGenome-wide
transcriptional analysis has shown thelF4EBP is up-regulated under starvation
conditions [151]. Later reports have highlightetFAEBP as a key nutrient-sensitive
gatekeeper of translational events [142] and provide evidence tipagssion of
Drosophila elF4EBP and its binding to elF4E are essential for survival to starvation
stress [150]. Thus, down-regulation of TOR signaling may underligréimscriptional
events leading to enhanced mitochondrial state 4 respiration raven@aaied by
concomitant improvement in resistance to starvation stresseNd4AEBPmediated
translational repression.

Additionally, those lines with higher mitochondrial state 4 respinatate tended to
initiate copulation faster. Genes with pleiotropic effects on batihcimondrial state 4 and
copulation latency are mainly clustered in stateodexpression networkmodule 6
(Supplementary Table 4 Analysis of modules of correlated transcripts associated with
mitochondrial bioenergetic traits) and involve genes differentiakpressed during
Drosophila metamorphosis (i.esyntaxin interacting protein ,2[152]), and tissue

morphogenesis .(i.darachyenteron [153]). Organismal body shape and size have been

106



shown to have a strong genetic component and nutrient sensitiveagatiuch as TOR
play a pivotal role during organismal development since nutrition modifies
developmental timing [110]. Interestingly, inhibition of TOR signalimghe prothoracic
gland, a tissue responsible for the hormonal production required for ttapigpa
transition, prolongs larva development and incre@sesophilaadult weight by as much

as 25% [110]. Along with TOR-associated changeB@C1 expression (as discussed
above), TOR-induced changes in body size may confer fithess advartagesstent
with this idea, previous studies h simulansprovide evidence that females mate faster
with larger males under different environmental conditions [154].

Since sexual dimorphism in mitochondrial bionergetic traits isn@eognized across
different species [31,36-38], we then analyzed the data stdabfiesexes. In females,
mitochondrial respiratory coupling (i.e. respiratory control ratioyl anitochondrial
efficiency (i.e. ADP/O ratio) were correlated to both glgen and total proteins,
respectively, in a similar way as in the combined sex andlyaisle 2A-B). In addition,
there was a tendency for females from lines that have a highechondrial state 4
respiration rate to have lower total glycerol levels (Tallg &lycerol is a key precursor
for the synthesis of phospholipids, one of the major classes of meenlypads in all
biological membranes [155]. A decrease or absence of cardiolipphospholipid
exclusively located in the inner mitochondrial membrane, has &edeles impact on
mitochondrial OXPHOS through a decrease in mitochondrial coupling [156,15H. Suc
uncoupling effect is attributed to an increase in mitochondrial dtatspiration rate

[157].
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Likewise in males, we found that those lines that have higher momaiial
efficiency, mitochondrial state 3 and 4 respiration rates tetwdedve a higher resistance
to food deprivation, and those that have higher oxygen consumption rates at
mitochondrial state 3 and 4 tended to take longer to recover frdkhtaima (Table 2C).
In agreement with our findings, studies usihgsimulanshave suggested that variations
in mitochondrial bioenergetics confer differential resistancdaxvation and chill-coma
recovery time [28,158]Energy metabolism genes are central to temperature toderanc

and climatic adaptation [56,159] as well as to resistance to nutrient deprivatibn [160

CONCLUSIONS

By constructing gene co-expression networks we provided evidenceublaar-
encoded genes involved in processes regulated by photop@dodircadian clocks are
key players of the molecular network underlying phenotypic variatianitochondrial
respiration traits in a natural population Bf melanogaster Moreover, our data
corroborate the pivotal role of the evolutionary conserved TOR signpétigvay in
mediating the effect of cycling/photoperiodic genes on mitochondggdiration. These
results add to a growing body of evidences showing a link betmeécular controls of
circadian rhythm and energy metabolism traits [161-166] as disruti biological
rhythms has been repeatedly linked to obesity, insulin resestam@DM and
cardiovascular disease. Thus, differential regulation of the temjpoganization of
organismal physiology and behavior via differential expression oadian-regulated

genes may underlie inter-individual variations in obesity-relatagtst that confer
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susceptibility to metabolic disease. Our findings identify satthles which become
immediate candidates for targeted pharmacological treatment.

One limitation of this study is that we specifically focuseddetermining the extent
to which nuclear genes influence mitochondrial respiration traiteoAgthwe identified
several nuclear-encoded genes regulating variation in 3tatel state 4 mitochondrial
respiration rate, it is clear from our findings twariability in mitochondrial efficiency
(e.g. ADP/O ratiopmong the Raleigh inbred lines may be mostly explained by igariat
in the mitochondrial genome and/or genetic interaction between nueedr
mitochondrial alleles (i.e. intergenomic epistasis). This &troh will soon be overcome
by the completion of the sequencing of the whole mtDNA genome ofi@hRaleigh

lines.
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Table 1. Quantitative genetics of organismal mitochondrial traits for 40 wild-detiiMered lines. Estimates of genetic variance for

all sexes combined.

Trait @ Mean o1_2b O_Sch O_sz GEze o1:>2f H29 CVGh CVg®
(+SE)
ST3 1848.93 39960.7°  5122.4  45083.1 178195.6 223278.7 0.20 11.48 22.83
(pmol/sec/mg (+ 26.06)
protein)
ST4 237.33  484.48" 52.29 536.77 3458.8 399557 0.14  9.76 24.78
(pmol/sec/mg  (+3.01)
protein’
P/O 2.67 -0.003 0.075" 0.072 0.097 0.169  0.43 10.05 11.67
(+0.01
RCR 8.41 1.78™ 0.33 2.11 6.95 9.06 0.23 17.27 31.35
(+ 0.15)

& ST3: mitochondrial state 3 respiration; ST4: mitochondrial stagéspiration; PO: ADP/O ratio; RCR: respiratory control réiate
3/state 4) Among line variance componefitSex by line interaction variance componéritotal genetic variances(® + os?); ©

Variance within replicates. Total phenotypic variances§® +ox). ¢ Broad-sense heritabilityot? /or%). " Coefficient of genetic
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variation (10@s /Mean).' Coefficient of environmental variation (16@Mean). Asterisks indicat®-values: P<0.05; ~ P<0.01;

*kkk

™ P<0.001;"" P<0.0001.
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Table 2. Genetic correlations among organismal mitochondrial, metabolism, and ldeyhrstits for 40 wild-derived inbred lines.

(A) Genetic correlations averaged across sexes. (B) Genetic torrelmr female flies. (C) Genetic correlations for male flies.

A
Trait 2 GLY PRO SR° cLP
ST3 0.35+0.15 -0.29+0.15 0.240.15 -0.080.16
ST4 -0.10t0.16 -0.120.16 0.40+0.15 -0.33t0.15
PO -0.09+0.16 0.70:0.117 0.18+0.16 0.170.16
RCR 0.35:0.15 -0.16+0.16 -0.060.16 0.080.16
B
Trait GLY PRO FT ° cLP ccP
Kkkk Kk 0.0&O- 16
ST3 0.64+0.17 -0.46t0.14 -0.04:0.16 -0.010.16 -0.1140.16
ST4 -0.02:0.16 -0.30:0.15 -0.46:0.14" -0.05:0.16 -0.43:0.14" -0.16:0.16
PO -0.13:0.16 0.93:0.06™ 0.13:0.16 -0.32+0.15 0.24:0.15 0.33:0.15
RCR 0.45:0.14" -0.13:0.16 0.24:0.15 0.07:0.16 0.07:0.16 -0.06t0.16




Trait SR" ccP PO
ST3 0.310.18 0.32:0.15 -0.20+0.15
ST4 0.63:0.17™ 0.34:0.15 -0.40¢0.14
PO 0.370.15 0.05:0.16 .

& ST3: mitochondrial state 3 respiration; ST4: mitochondrial state 4 respira@o[FP/O ratio; RCR: respiratory control ratio (state
3/state 4); GLY: glycogen storage; GLYC: total glycerol; CL: copatatatency; FT: competitive fitness; SR: starvation stress

resistance’ Data fromAyroles et alNature Genetics 2009. Asterisks indicBtealues: P<0.05;” P<0.01;” P<0.001;"" P<0.0001
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Figure 1. Mitochondrial electron transport chain showing the five respiratonyplexes
and the proton leak across the inner mitochondrial membrane (adapteddviani and

Lamantea, Science and Medicine 2005
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Figure 2. Variation in organismal mitochondrial bioenergetic traits among 40wild-
derived inbred lines. Distribution of line means for mitochondrial state 3 (Panel A) and
state 4 (Panel B) respiration rates in pmol/second/mg protdd/@ (Panel C),
respiratory control (Panel D) ratios for females (pink bamns) males (blue bars). Data

represent means = SEM for= 7 independent replicates.
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Figure 3. Gene ontology enrichment analysis of co-expression ggoenetworks.
Gene ontology biological processes, cellular components and molégnttions for
mitochondrial state 3 respiration rate (Panel A), mitochondréé st respiration rate
(Panel B), and mitochondrial ADP/O ratio (Panel C). AccordinchéoGene Ontology

Consortium website h{tp://www.geneontology.org/index.shimla biological process

represents a series of events (not equivalent to a pathway) @isted by one or more
ordered assemblies of molecular functions; a cellular componemoisiponent of a cell,
(i.e. a part of some larger structure) which may be an anatosticgkture (e.g. rough
endoplasmic reticulum or nucleus) or a gene product group (e.g. rieppomteasome or
a protein dimer), and molecular function describes activities, fichtalytic or binding

activities, occurring at the molecular level.
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Figure 4. Genetic networks underlying variation in mitochondral bioenergetic
traits. (A) Clustering of the 293ranscripts significantly associated with variation in
mitochondrial state 3 respiration rate into 20 modules. (B) Clustesinghe 105
transcripts significantly associated with variation in mitochohdtete 4 respiration rate
into 8modules. Clusterings are represented as heatmaps with a adosanning from

red (positive correlation), green (no correlation) to blue (negative dioorgla
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Figure 5. Genetic networks underlying variation in mitochondral state 3 and 4
respiration rates. (A) Interaction network (p0.5) for mitochondrial state 3 module 10
enriched for genes involved in photoreception. Each node represents angerach
edge a significant correlation between a pair of genes. Module 10 an®s (white)
highly interact with other “hub” genes in module 7 (green), 8 (réd) (yellow), 15
(gray), 16 (blue), 19 (purple), 20 (light-blue). Nodes shown as bold esjiré®se genes
previously identified as circadian- or sleep-regulated [62,73). TiBsue-specific
expression of transcripts comprising module 10 and 17 in the mitochosiétiel3 co-
expression network. (C) Interaction network>Qrf) for mitochondrial state 3 module 17
enriched for genes involved in circadian rhythm and organismal behavidr. ritale
represents a gene and each edge a significant correlatioselnedvpair of genes. Module
17 hub genes (white) highly interact with other hub genes in modulelg@y; 6 (pink),
7 (green), 9 (red), 11 (yellow), 12 (brown), 14 (dark green), 16 (blue)grby)( 19
(purple), 20 (light-blue). Nodes shown as bold represent those genesiphgudentified
as circadian- or sleep-regulated [62,73]. (D) Interaction network0.§) for
mitochondrial state 4 module 4. Each node represents a gene and@aehsignificant
correlation between a pair of genes. Nodes shown as white mgpitesdiub genes from
module 4. Module 4 hub genes highly interact with other hub genes in mothllee), 2
(green), 3 (yellow), 6 (red) and 7 (light-blue). Nodes shown asrbplésent those genes

previously identified as circadian- or sleep-regulated [62,73].

121



STATE 3

STATE 3

uolssaidx3 ueaN aneRd

9
e.

r _,
3 @ _
O

CG10233

e

JOS I

7]
¥q

STATE 4

1
mﬂ 1
e

()

Ol
1SR

)
W
LU

L

e

STATE 3

122



10.

11.

12.

13.

Reference List

Wylie-Rosett J: The diabetes epidemic: what can weld&r Diet Asso2009,
109: 1160-1162.

World Health Organization. Diabetes. WHO Media centre. 2009.

Mokdad AH, Ford ES, Bowman BA, Dietz WH, Vinicor F, Bales #tSal.:
Prevalence of obesity, diabetes, and obesity-related health risksfa2001.
JAMA 2003, 289: 76-79.

Kelly DP, Scarpulla RC: Transcriptional regulatory circuitentrolling
mitochondrial biogenesis and functiddenes Dex004, 18: 357-368.

Mootha VK, Lindgren CM, Eriksson KF, Subramanian A, Sihag S, Lebgaal]
PGC-1lalpha-responsive genes involved in oxidative phosphorylation
coordinately downregulated in human diabelést GeneR003, 34: 267-273.

Patti ME, Butte AJ, Crunkhorn S, Cusi K, Berria R, Kashyap&: Coordinated
reduction of genes of oxidative metabolism in humans with insulistaesie and
diabetes: Potential role of PGC1 and NRFfdoc Natl Acad Sci U S 2003, 100:
8466-8471.

Sreekumar R, Halvatsiotis P, Schimke JC, Nair KS: Gene ssxpneprofile in
skeletal muscle of type 2 diabetes and the effect of ins@atnrent.Diabetes
2002, 51: 1913-1920.

Petersen KF, Dufour S, Befroy D, Garcia R, Shulman GI: Ieganitochondrial
activity in the insulin-resistant offspring of patients witpay?2 diabetes\N Engl J
Med 2004, 350: 664-671.

Petersen KF, Befroy D, Dufour S, Dziura J, Ariyan C, Rothidanet al:
Mitochondrial dysfunction in the elderly: possible role in insulin stasice.
Science2003, 300: 1140-1142.

Vankoningsloo S, Piens M, Lecocq C, Gilson A, De PA, Renast Bl:
Mitochondrial dysfunction induces triglyceride accumulation in 3T3-L1 calle: r
of fatty acid beta-oxidation and glucogd.ipid Res2005, 46: 1133-1149.

Bjorntorp P: Metabolic implications of body fat distributibmabetes Carel991,
14: 1132-1143.

Ford ES, Williamson DF, Liu S: Weight change and diabetes megdéndings
from a national cohort of US adulsm J Epidemioll997, 146: 214-222.

Saraste M: Oxidative phosphorylation at the fin de si&dencel999, 283:
1488-1493.

123

are



14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Friederich M, Hansell P, Palm F: Diabetes, oxidative sstmeitric oxide and
mitochondria functionCurr Diabetes Re2009, 5: 120-144.

Ledford H: Population genomics for fruitfliééature2008, 453: 1154-1155.
Van den Bergh S. Insect MitochondN®ethods in enzymologyl17-122. 2008.

Sacktor B, Childress C. Metabolism of proline in insect flighiscle and its
significance in stimulating the oxidation of pyruvate. Arch.BehBiophys 120,
583-588. 1967.

Miwa S, St-Pierre J, Partridge L, Brand MD: Superoxide addohgn peroxide
production by Drosophila mitochondrigree Radic Biol Me@003, 35: 938-948.

SACKTOR B, SANBORN R: The effect of temperature on oxidative
phosphorylation with insect flight muscle mitochondda@iophys Biochem Cytol
1956, 2: 105-107.

Falconer DS MTintroduction to Quantitative Geneticgth edn. New York:
Longman; 1996.

Ayroles JF, Carbone MA, Stone EA, Jordan KW, Lyman RF, Magwivk é¥
al.: Systems genetics of complex traits in Drosophila melanogaéaerGenet
2009, 41: 299-307.

Curran JE, Johnson MP, Dyer TD, Goring HH, Kent JW, CharlesdGrth al.:
Genetic determinants of mitochondrial contéfttm Mol Gene007, 16: 1504-
1514.

Wallace DC: The mitochondrial genome in human adaptive radiatichssrate:
on the road to therapeutics and performance enhanceGam2005, 354: 169-
180.

Udar N, Atilano SR, Memarzadeh M, Boyer DS, Chwa M, LwetSal:
Mitochondrial DNA haplogroups associated with age-related macular
degenerationnvest Ophthalmol Vis S2009, 50: 2966-2974.

Canter JA, Olson LM, Spencer K, Schnetz-Boutaud N, Anderson B, HdAser
et al: Mitochondrial DNA polymorphism A4917G is independently associated
with age-related macular degeneratiehoS One2008, 3: e2091.

Katewa SD, Ballard JW: Sympatric Drosophila simulanss fith distinct
mtDNA show difference in mitochondrial respiration and electromspart.
Insect Biochem Mol Bi&2007, 37: 213-222.

Ballard JW: Drosophila simulans as a novel model for studyimgchondrial
metabolism and agingxp GerontoR005, 40: 763-773.

124



28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Ballard JW, Melvin RG, Katewa SD, Maas K: Mitochondrial OMariation is
associated with measurable differences in life-historytstrand mitochondrial
metabolism in Drosophila simularsvolution2007, 61: 1735-1747.

Burt A: Natural selection in the wil@irends Ecol Evo2000, 15: 306-307.

Orr HA: Fitness and its role in evolutionary genetdast Rev Gene2009, 10:
531-539.

Ballard JW, Melvin RG, Miller JT, Katewa SD: Sex diffezes in survival and
mitochondrial bioenergetics during aging in Drosophiging Cell2007, 6: 699-
708.

Melvin RG, Ballard JW: Intraspecific variation in survival andoaihondrial
oxidative phosphorylation in wild-caught Drosophila simulakging Cell2006,
5: 225-233.

De LM, Yi N, Allison DB, Leips J, Ruden DM: Mapping quantitativatttoci
affecting variation in Drosophila triacylglycerol storagebes Res2005, 13:
1596-1605.

Cortright RN, Koves TR: Sex differences in substrate mesabaind energy
homeostasiCan J Appl Physio2000, 25: 288-311.

Mittendorfer B: Sexual dimorphism in human lipid metabolisiutr 2005, 135:
681-686.

Valle A, Guevara R, Garcia-Palmer FJ, Roca P, Oliveexug dimorphism in
liver mitochondrial oxidative capacity is conserved under caloggtriction
conditions. Am J Physiol Cell Physi@007, 293: C1302-C1308.

Justo R, Boada J, Frontera M, Oliver J, Bermudez J, GianotiGévider
dimorphism in rat liver mitochondrial oxidative metabolism and biogengm J
Physiol Cell Physio2005, 289: C372-C378.

Justo R, Frontera M, Pujol E, Rodriguez-Cuenca S, Llado |, Gzabizer Flet
al.: Gender-related differences in morphology and thermogenic capadtgwn
adipose tissue mitochondrial subpopulatidnfe Sci2005, 76: 1147-1158.

Rodriguez-Cuenca S, Pujol E, Justo R, Frontera M, Oliver J, Gishettial:
Sex-dependent thermogenesis, differences in mitochondrial morphology and
function, and adrenergic response in brown adipose tigsB&l Chem2002,

277: 42958-42963.

Guevara R, Santandreu FM, Valle A, Gianotti M, Oliver J, Rac&dx-

dependent differences in aged rat brain mitochondrial function and oxidative
stressFree Radic Biol Me@009, 46: 169-175.

125



41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Yin PH, Lee HC, Chau GY, Wu YT, Li SH, Lui Wex al.: Alteration of the copy
number and deletion of mitochondrial DNA in human hepatocellularncama.
Br J Cancer2004, 90: 2390-2396.

Hsieh YC, Frink M, Choudhry MA, Bland KI, Chaudry IH: Metabolic matiuis
following trauma sepsis: sex hormon€sit Care Med2007, 35: S621-S629.

Giles RE, Blanc H, Cann HM, Wallace DC: Maternal inhagé of human
mitochondrial DNA.Proc Natl Acad Sci U S 2980, 77: 6715-6719.

Driver C, Tawadros N: Cytoplasmic genomes that confer additiongevity in
Drosophila melanogasteBiogerontology2000, 1: 255-260.

Tower J: Sex-specific regulation of aging and apoptesh Ageing DeR006,
127: 705-718.

Rogowitz GL, Chappell MA: Energy metabolism of eucalyptusagdoeetles at
rest and during locomotion: gender makes a differeddexp Biol 2000, 203:
1131-1139.

Moyes CD, Hood DA: Origins and consequences of mitochondrial gariati
vertebrate musclnnu Rev Physid®003, 65: 177-201.

Brand MD: The efficiency and plasticity of mitochondrial epergnsduction.
Biochem Soc Trarg005, 33: 897-904.

Solignac M: Mitochondrial DNA in the Drosophila melanogastempiex.
Genetica2004, 120: 41-50.

Haag-Liautard C, Coffey N, Houle D, Lynch M, Charlesworth Bglkéey PD:
Direct estimation of the mitochondrial DNA mutation rate in Dpisla
melanogasteiPLoS Biol2008, 6: e204.

Dowling DK, Friberg U, Lindell J: Evolutionary implications nbn-neutral
mitochondrial genetic variatioffirends Ecol EvoR008, 23: 546-554.

Kenyon L, Moraes CT: Expanding the functional human mitochondrial DNA

database by the establishment of primate xenomitochondrial cyPrios.Natl
Acad Sci U S A997, 94: 9131-9135.

McKenzie M, Chiotis M, Pinkert CA, Trounce IA: Functional regpmachain

analyses in murid xenomitochondrial cybrids expose coevolutionary constraints of

cytochrome b and nuclear subunits of complexMid! Biol Evol 2003, 20: 1117-
1124,

Edmands S, Burton RH. Cytochrome-c oxidase activity in interpapulagbrids

of the marine copepod Tigriopus californicus: a test for nucledeauwr
nuclear-cytoplasmic coadaptation. Evolution 53, 1972-1978. 1999.

126



55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Rand DM, Haney RA, Fry AJ: Cytonuclear coevolution: the gersoroic
cooperationTrends Ecol Evo2004, 19: 645-653.

Das J: The role of mitochondrial respiration in physiologacal evolutionary
adaptationBioessay2006, 28: 890-901.

Hock MB, Kralli A: Transcriptional control of mitochondrial biogaseand
function.Annu Rev Physi®009, 71: 177-203.

Dennis G, Jr., Sherman BT, Hosack DA, Yang J, Gao W, LanestH4l:
DAVID: Database for Annotation, Visualization, and Integrated Disgove
Genome BioR003, 4: 3.

Chintapalli VR, Wang J, Dow JA: Using FlyAtlas to identiigtter Drosophila
melanogaster models of human diseds#. Gene007, 39: 715-720.

Dong J, Horvath S: Understanding network concepts in modN&S. Syst Biol
2007, 1: 24.

Yasuyama K, Meinertzhagen IA: Extraretinal photoreceptotieatompound
eye's posterior margin in Drosophila melanogastetomp Neuroll999, 412:
193-202.

Ueda HR, Matsumoto A, Kawamura M, lino M, Tanimura T, Hashimoto S:
Genome-wide transcriptional orchestration of circadian rhythmsasdphila.J
Biol Chem2002, 277: 14048-14052.

Chen B, Meinertzhagen 1A, Shaw SR: Circadian rhythms in-dwgbited
responses of the fly's compound eye, and the effects of neuromod&atdrs
and the peptide PDB.Comp Physiol A999, 185: 393-404.

Shang Y, Griffith LC, Rosbash M: Light-arousal and circadian pécption
circuits intersect at the large PDF cells of the Drosogirdén. Proc Natl Acad
Sci U S A2008, 105: 19587-19594.

Helfrich-Forster C, Edwards T, Yasuyama K, Wisotzki B, Schiyeusy
Stanewsky Ret al: The extraretinal eyelet of Drosophila: development,
ultrastructure, and putative circadian functidmMeurosci2002, 22: 9255-9266.

Melyan Z, Tarttelin EE, Bellingham J, Lucas RJ, Hankins NMAlIdition of
human melanopsin renders mammalian cells photorespoh&tare 2005, 433:
741-745.

Ruby NF, Brennan TJ, Xie X, Cao V, Franken P, Heller éi@l: Role of
melanopsin in circadian responses to li@tience2002, 298: 2211-2213.

Briggs WR, Huala E: Blue-light photoreceptors in higher plariau Rev Cell
Dev Biol1999, 15: 33-62.

127



69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Helfrich-Forster C, Winter C, Hofbauer A, Hall JC, StangwRkThe circadian
clock of fruit flies is blind after elimination of all known photorpta's. Neuron
2001, 30: 249-261.

Underwood H, Groos G: Vertebrate circadian rhythms: retinaleatrdretinal
photoreceptionExperiential982, 38: 1013-1021.

Shaw PJ, Cirelli C, Greenspan RJ, Tononi G: Correlates @f atekwaking in
Drosophila melanogastescience2000, 287: 1834-1837.

Dijk DJ, Archer SN: Light, sleep, and circadian rhythms: tegeagain.PL0S
Biol 2009, 7: €1000145.

Seugnet L, Suzuki Y, Thimgan M, Donlea J, Gimbel SI, Gottschadk &l.:
Identifying sleep regulatory genes using a Drosophila modehsdmnia. J
Neurosci2009, 29: 7148-7157.

Menaker M: Circadian rhythms. Circadian photoreceptgmence2003, 299:
213-214.

Stoleru D, Nawathean P, Fernandez MP, Menet JS, Ceriani MbadRdel: The
Drosophila circadian network is a seasonal tirGedl 2007, 129: 207-219.

Sheeba V, Chandrashekaran MK, Joshi A, Kumar S, V: A caseltdiple
oscillators controlling different circadian rhythms in DrosophilelanogasterJ
Insect PhysioR001, 47: 1217-1225.

Shigeyoshi Y, Taguchi K, Yamamoto S, Takekida S, Yan L, Teti &: Light-
induced resetting of a mammalian circadian clock is associatéd repid
induction of the mPerl transcrifiell 1997, 91: 1043-1053.

Borbely AA: Sleep and motor activity of the rat during ultrars light-dark
cycles.Brain Resl1976, 114: 305-317.

Badia P, Myers B, Boecker M, Culpepper J, Harsh JR: Brighit diffects on
body temperature, alertness, EEG and behatbysiol Behavi991, 50: 583-
588.

Pohl H: Characteristics and variability in entrainment afadian rhythms to
light in diurnal rodents. InVertebrate circadian systems: Structure and
physiology Berlin: Springer-Verlag; 2009:339-346.

Nishinokubi I, Shimoda M, Ishida N: Mating rhythms of Drosoph#acue of
tim01 mutants by D. ananassae timel@gSircadian Rhythm&2006, 4: 4.

Sakai T, Tamura T, Kitamoto T, Kidokoro Y: A clock gene, period,sptakey

role in long-term memory formation in DrosophiRroc Natl Acad Sci U S A
2004, 101: 16058-16063.

128



83.

84.

85.

86.

87.

88.

89.
90.

91.

92.

93.

94.

95.

Lyons LC, Roman G: Circadian modulation of short-term meimnobyosophila.
Learn Mem2009, 16: 19-27.

Fernandez RI, Lyons LC, Levenson J, Khabour O, Eskin A: Circadidalation
of long-term sensitization in Aplysid€roc Natl Acad Sci U S &003, 100:
14415-14420.

Lyons LC, Rawashdeh O, Katzoff A, Susswein AJ, Eskin A: aGian
modulation of complex learning in diurnal and nocturnal AplyBrac Natl Acad
Sci U S A2005, 102: 12589-12594.

Valentinuzzi VS, Menna-Barreto L, Xavier GF: Effect ofcattian phase on
performance of rats in the Morris water maze tddRiol Rhythm£004, 19: 312-
324.

Valentinuzzi VS; Kolker DE; Vitaterna MH; Ferrari EAMakahashi JS and
Turek F. Effect of circadian phase on context and tone fear conditiaming
C57BL/6J mice. Anim Learn Behav 29, 133-142. 2001.

Winocur G, Hasher L: Aging and time-of-day effects on cmgnih rats.Behav
Neuroscil999, 113: 991-997.

Schwartz WJ: Sunrise and sunset in fly braiasure2004, 431: 751-752.

Glossop NR, Hardin PE: Central and peripheral circadiarabscimechanisms
in flies and mammalsl Cell Sci2002, 115: 3369-3377.

Grima B, Chelot E, Xia R, Rouyer F: Morning and evening pefdstivity rely
on different clock neurons of the Drosophila br&iature2004, 431: 869-873.

Nitabach MN, Wu Y, Sheeba V, Lemon WC, Strumbos J, Zelenskgt RiK
Electrical hyperexcitation of lateral ventral pacemaker neud@synchronizes
downstream circadian oscillators in the fly circadian cirand induces multiple
behavioral periodsl Neurosc006, 26: 479-489.

Lee G, Bahn JH, Park JH: Sex- and clock-controlled expressiotheof
neuropeptide F gene in DrosophiRroc Natl Acad Sci U S 2006, 103: 12580-
12585.

Hardin PE, Krishnan B, Houl JH, Zheng H, Ng FS, Dryeet&.: Central and
peripheral circadian oscillators in DrosophiNovartis Found Sym@g003, 253:
140-150.

Allada R, Emery P, Takahashi JS, Rosbash M: Stopping timgetie¢ics of fly
and mouse circadian clock&nnu Rev Neuros@001, 24: 1091-1119.

129



96. Hendricks JC: Invited review: Sleeping flies don't lie: tise of Drosophila
melanogaster to study sleep and circadian rhytiim&ppl Physiol2003, 94:
1660-1672.

97. Hall JC: Tripping along the trail to the molecular mechanisimbiological
clocks.Trends Neuroscl995, 18: 230-240.

98. Liu X, Lorenz L, Yu QN, Hall JC, Rosbash M: Spatial and temporal expression of
the period gene in Drosophila melanogastsmes De1988, 2: 228-238.

99. Plautz JD, Kaneko M, Hall JC, Kay SA: Independent photoreceptivadizn
clocks throughout Drosophil&ciencel997, 278: 1632-1635.

100. Hardin PE: The circadian timekeeping system of Drosogulia. Biol 2005, 15:
R714-R722.

101. Akhtar RA, Reddy AB, Maywood ES, Clayton JD, King VM, Sniith et al.:
Circadian cycling of the mouse liver transcriptome, as revebledcDNA
microarray, is driven by the suprachiasmatic nuclé€usr Biol 2002, 12: 540-
550.

102. Ceriani MF, Hogenesch JB, Yanovsky M, Panda S, Straume M,SKay
Genome-wide expression analysis in Drosophila reveals genes dogtroll
circadian behaviold Neurosci2002, 22: 9305-9319.

103. Claridge-Chang A, Wijnen H, Naef F, Boothroyd C, Rajewskyding MW:
Circadian regulation of gene expression systems in the Drosd@athNeuron
2001, 32: 657-671.

104. LinY, Han M, Shimada B, Wang L, Gibler TM, AmarakonetAl: Influence of
the period-dependent circadian clock on diurnal, circadian, and agegede
expression in Drosophila melanogasknoc Natl Acad Sci U S 2002, 99: 9562-
9567.

105. McDonald MJ, Rosbash M: Microarray analysis and organizationraad@n
gene expression in Drosophi@ell 2001, 107: 567-578.

106. Panda S, Antoch MP, Miller BH, Su Al, Schook AB, StraumeetMal:
Coordinated transcription of key pathways in the mouse by the @arcatick.
Cell 2002, 109: 307-320.

107. Storch KF, Lipan O, Leykin I, Viswanathan N, Davis FC, Wong &/Hhl:
Extensive and divergent circadian gene expression in liver and. MNedure
2002, 417: 78-83.

108. Rohde JR, Cardenas ME: The tor pathway regulates gene expbgsbiting
nutrient sensing to histone acetylatidol Cell Biol 2003, 23: 629-635.

130



109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

Jia K, Chen D, Riddle DL: The TOR pathway interacts withrihin signaling
pathway to regulate C. elegans larval development, metabolismifanspan.
Developmen2004, 131: 3897-3906.

Layalle S, Arquier N, Leopold P: The TOR pathway couples nutrémh
developmental timing in DrosophilBev Cell2008, 15: 568-577.

Cao R, Lee B, Cho HY, Saklayen S, Obrietan K: Photic regulatitthre shTOR
signaling pathway in the suprachiasmatic circadian cldét&l Cell Neurosci
2008, 38: 312-324.

Williams JA, Su HS, Bernards A, Field J, Sehgal A: A diesa output in
Drosophila mediated by neurofibromatosis-1 and Ras/MAFRHence2001, 293:
2251-2256.

Hayashi Y, Sanada K, Fukada Y: Circadian and photic regulatioABfKihase
by Ras- and protein phosphatase-dependent pathways in the chickgtameal
FEBS Lett2001, 491: 71-75.

Sanada K, Hayashi Y, Harada Y, Okano T, Fukada Y: Role ofdieinca
activation of mitogen-activated protein kinase in chick pineal ctschllation.J
Neurosci2000, 20: 986-991.

Obrietan K, Impey S, Storm DR: Light and circadian rhythynreigulate MAP
kinase activation in the suprachiasmatic nu®ait Neuroscil998, 1: 693-700.

Akashi M, Nishida E: Involvement of the MAP kinase cascadesktting of the
mammalian circadian clockzenes De2000, 14: 645-649.

Harada Y, Sanada K, Fukada Y: Circadian activation of buliétigal mitogen-
activated protein kinase associates with oscillator functioBiol Chem2000,
275: 37078-37085.

Ho AK, Price DM, Terriff D, Chik CL: Timing of mitogen-acted protein
kinase (MAPK) activation in the rat pineal glamdol Cell Endocrinol2006, 252:
34-39.

Eckel-Mahan KL, Phan T, Han S, Wang H, Chan GC, Scheineet Z&%:
Circadian oscillation of hippocampal MAPK activity and cAMP: imptions for
memory persistencélat Neurosck008.

Findlay GM, Yan L, Procter J, Mieulet V, Lamb RF: A MAPAdse related to
Ste20 is a nutrient-sensitive regulator of mTOR signallBigchem J2007, 403:
13-20.

Schieke SM, Phillips D, McCoy JP, Jr., Aponte AM, Shen RF, BaRBa al.:
The mammalian target of rapamycin (MTOR) pathway regulaigschondrial

131



122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

oxygen consumption and oxidative capacilyBiol Chem2006, 281: 27643-
27652.

Arsham AM, Neufeld TP: Thinking globally and acting locallth TOR. Curr
Opin Cell Biol2006, 18: 589-597.

Powers RW, lll, Kaeberlein M, Caldwell SD, Kennedy BK,dseb: Extension
of chronological life span in yeast by decreased TOR pathvgmalgig. Genes
Dev2006, 20: 174-184.

Schieke SM, Finkel T: Mitochondrial signaling, TOR, and lifansBiol Chem
2006, 387: 1357-1361.

Um SH, Frigerio F, Watanabe M, Picard F, Joaquin M, Stickerr &: Absence
of S6K1 protects against age- and diet-induced obesity while engansuiin
sensitivity.Nature2004, 431: 200-205.

Desai BN, Myers BR, Schreiber SL: FKBP12-rapamycso@sated protein
associates with mitochondria and senses osmotic stress via mitaahondr
dysfunction.Proc Natl Acad Sci U S 2002, 99: 4319-4324.

Sarbassov DD, Sabatini DM: Redox regulation of the nutrientigensaptor-
MTOR pathway and compleX.Biol Chen2005, 280: 39505-39509.

Bonawitz ND, Chatenay-Lapointe M, Pan Y, Shadel GS: Reduced ifjQdkrsy
extends chronological life span via increased respiration and upregutst
mitochondrial gene expressiddell Metab2007, 5: 265-277.

Tkachenko E, Rhodes JM, Simons M: Syndecans: new kids on the signaling
block. Circ Res2005, 96: 488-500.

Bellin R, Capila I, Lincecum J, Park PW, Reizes O, BechiWR: Unlocking the
secrets of syndecans: transgenic organisms as a potenti@ligegconj J2002,
19: 295-304.

Guo HF, Tong J, Hannan F, Luo L, Zhong Y: A neurofiboromatosigtlated
pathway is required for learning in DrosophMature2000, 403: 895-898.

The I, Hannigan GE, Cowley GS, Reginald S, Zhong Y, GuHedtal: Rescue
of a Drosophila NF1 mutant phenotype by protein kinas&dencel997, 276:
791-794.

Cavaliere V, Bernardi F, Romani P, Duchi S, Gargiulo G: Bgldip the
Drosophila eggshell: first of all the eggshell genes must bectibad. Dev Dyn
2008, 237: 2061-2072.

Harbison ST, Sehgal A: Quantitative genetic analysiseaipsin Drosophila
melanogasteiGenetics2008, 178: 2341-2360.

132



135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

Jorgensen P, Nishikawa JL, Breitkreutz BJ, Tyers M: Sy8teigentification of
pathways that couple cell growth and division in ye8stence2002, 297: 395-
400.

Marion RM, Regev A, Segal E, Barash Y, Koller D, Friedmagt &l: Sfpl is a
stress- and nutrient-sensitive regulator of ribosomal protein gemessionProc
Natl Acad Sci U S 2004, 101: 14315-14322.

Colombani J, Raisin S, Pantalacci S, Radimerski T, Montadreogdold P: A
nutrient sensor mechanism controls Drosophila gro@l.2003, 114: 739-749.

Powers T: TOR signaling and S6 kinase 1: Yeast catch€slipMetab2007, 6:
1-2.

Wijnen H, Naef F, Boothroyd C, Claridge-Chang A, Young MW: Contrdaoy
transcript oscillations in Drosophila by light and the circadiaclkclPLoS Genet
2006, 2: e39.

Hannibal J, Fahrenkrug J: Circadian rhythm regulation: a centeaffor the
neuropeptide vasoactive intestinal polypeptiien J Physiol Regul Integr Comp
Physiol2003, 285: R935-R936.

Cui L, Jeong H, Borovecki F, Parkhurst CN, Tanese N, Kraincddsgriptional
repression of PGC-lalpha by mutant huntingtin leads to mitochondrial
dysfunction and neurodegenerati@ell 2006, 127: 59-69.

Gershman B, Puig O, Hang L, Peitzsch RM, Tatar M, Garof8lo High-
resolution dynamics of the transcriptional response to nutritionrasdphila: a
key role for dFOXOPhysiol Genomic2007, 29: 24-34.

Boss O, Bobbioni-Harsch E, ssimacopoulos-Jeannet F, Muzzin P, Muhger R
Giacobino JRet al: Uncoupling protein-3 expression in skeletal muscle and free
fatty acids in obesityLancet1998, 351: 1933.

Dubessay P, Garreau-Balandier I, Jarrousse AS, FleurigdrABSDebise Ret
al.: Aging impact on biochemical activities and gene expressiddrasophila
melanogaster mitochondriBiochimie2007, 89: 988-1001.

SACKTOR B: The role of mitochondria in respiratory metabolsf flight
muscle Annu Rev Entomdl961, 6: 103-130.

Xu K, Zheng X, Sehgal A: Regulation of feeding and metabolism by neuronal and
peripheral clocks in Drosophil&ell Metab2008, 8: 289-300.

St-Pierre J, Lin J, Krauss S, Tarr PT, Yang R, NewgaretGB: Bioenergetic
analysis of peroxisome proliferator-activated receptor gammaicators lalpha
and 1beta (PGC-lalpha and PGC-1beta) in muscle d¢diml Chem2003, 278:
26597-26603.

133



148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

Adhihetty PJ, Uguccioni G, Leick L, Hidalgo J, Pilegaard H, Hood D role
of PGC-1alpha on mitochondrial function and apoptotic susceptibility ircleus
Am J Physiol Cell Physid@009, 297: C217-C225.

Rion S, Kawecki TJ: Evolutionary biology of starvation resistawbat we have
learned from Drosophilal Evol Biol2007, 20: 1655-1664.

Tettweiler G, Miron M, Jenkins M, Sonenberg N, Lasko PF: Starnvand
oxidative stress resistance in Drosophila are mediated throughR4E-binding
protein, d4E-BPGenes Dewv005, 19: 1840-1843.

Zinke |, Schutz CS, Katzenberger JD, Bauer M, Pankratz MJdehutontrol of
gene expression in Drosophila: microarray analysis of starvatimh sugar-
dependent respongeMBO J2002, 21: 6162-6173.

Lebo MS, Sanders LE, Sun F, Arbeitman MN: Somatic, germlinesaxd
hierarchy regulated gene expression during Drosophila metamorpBd4G
Genomic2009, 10: 80.

Singer JB, Harbecke R, Kusch T, Reuter R, Lengyel JA: Drdaophi
brachyenteron regulates gene activity and morphogenesis inttHi2egelopment
1996, 122: 3707-3718.

Taylor ML, Wedell N, Hosken DJ. Sexual selection and femaies$ in
Drosophila simulansBehav Ecol Sociobiol 62, 721-728. 2008.

Berg JM, Tymoczko JL, StryerlBiochemistry 5th edn. New York: W. H.
Freeman and Company; 2002.

Koshkin V, Greenberg ML: Oxidative phosphorylation in cardioliptkitey
yeast mitochondridBiochem 2000, 347 Pt 3: 687-691.

Morton R, Cunningham C, Jester R, Waite M, Miller N, Morris Ali&ration of
mitochondrial function and lipid composition in Morris 7777 hepato@encer
Res1976, 36: 3246-3254.

James AC, Ballard JW: Mitochondrial genotype affects ftriesDrosophila
simulansGenetic2003, 164: 187-194.

Hancock AM, Witonsky DB, Gordon AS, Eshel G, Pritchard JK, Coep &:
Adaptations to climate in candidate genes for common metabotiddis.PLoS
Genet2008, 4: e32.

Tsintzas K, Jewell K, Kamran M, Laithwaite D, Boonsong flelwvood Jet al.:

Differential regulation of metabolic genes in skeletal mudakéng starvation and
refeeding in humang. Physiol2006, 575: 291-303.

134



161.

162.

163.

164.

165.

166.

Karlsson B, Knutsson A, Lindahl B: Is there an association eetalaft work
and having a metabolic syndrome? Results from a population basedo$tudy
27,485 peopleDccup Environ Me@001, 58: 747-752.

Knutsson A, Akerstedt T, Jonsson BG, Orth-Gomer K: Increasedofisk
ischaemic heart disease in shift worké&sncet1986, 2: 89-92.

Knutsson A: Shift work and coronary heart diseéasand J Soc Med Supl®89,
44 1-36.

Kawachi I, Colditz GA, Stampfer MJ, Willett WC, Manson JE Zpd-Eet al:
Prospective study of shift work and risk of coronary heart diseaseomen.
Circulation 1995, 92: 3178-3182.

Geliebter A, Gluck ME, Tanowitz M, Aronoff NJ, Zammit GK: Work-shiftiqer
and weight chang@utrition 2000, 16: 27-29.

Chaput JP, Despres JP, Bouchard C, Astrup A, Tremblay A: Sle¢prdasaa

risk factor for the development of type 2 diabetes or impaired gtutdsrance:
Analyses of the Quebec Family Stu®eep Med®009.

135



CHAPTER IV:
A ROLE FOR DROSOPHILA SYNDECAN IN THE REGULATION OF WHOLE-

BODY ENERGY METABOLISM AND SLEEP

SUSAN T. HARBISON, PRIYA DATE, MICHELLE MOSES CHAMBERS,
PATRICIA JUMBO-LUCIONI, SHAOYAN ZHANG, STEPHANIE ROLLMANN

AND MARIA DE LUCA

In preparation foPL0oS ONE

Format adapted for dissertation

136



ABSTRACT

Syndecans are a family of type-1 transmembrane proteins involveellimatrix
adhesion, migration, neuronal development, inflammation, and feeding behavior. Our
recent analysis of gene co-expression networks was thetdirgtentify Drosophila
syndecan(dSdc)as one of the quantitative trait transcripts regulating mitochdrslate
3 respiration rate among a highly interactive network of cgghinotoperiodic genes.
Previous reports have linkeyndecarexpression to circadian rhythm in mammals and
recent evidence has suggested a roledfdcin sleep, a circadian-regulated behavior.
Thus, we sought to independently verify the effect ofdBecgene on mitochondrial
respiration and sleep by measuring these traits in flieswbet homozygous for the

insertional mutatiorsd&®%*""*

and non-mutant flies from the co-isogenic control line. As
predicted, flies homozygous for théSdc mutation displayed significantly lower
mitochondrial ADP-stimulated (state 3) respiration, with no céfien mitochondrial
ADP-independent (state 4) respiration. They also slept longer caoinpaith
homozygous wild-type flies. Moreover, real time-quantitative PORT-gPCR)
experiments showed a significant reduction in the mRNA levelshefDrosophila
homolog ofPGC-1(CG9809, an important co-activator of mitochondrial biogenesis and
function, inSd&®%""flies compared to controls. These results strongly confirenaa

role for a member of the syndecan family in the control of mitochahdspiration and

sleep inDrosophila
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INTRODUCTION

The Drosophila syndecarfdSd¢ gene encodes a member of #yndecan (SDC)
gene family [1], a group of type-l transmembrane proteins presethe surface of all
adherent cells. WhilBrosophilaappears to have only one syndecan protein ubiquitously
distributed [2], mammals have four syndecan proteins encoded bgdparate genes.
Three of these geneSPC1 SDC2 andSDC3 are expressed in a tissue-specific manner,
whereas the fourttSDC4,is expressed in a variety of cglpes [3]. Despite apparent
duplication and divergent evolution &frosophila single gene to four distinct genes in
mammals, syndecan protein structure is evolutionarily conservedniprises a core
protein composed of an extracellular domain (ectodomain), a simgleophobic
membrane-spanning domain, and a short intracellular domain. The eeiadmovides
attachment sites for heparan sulphate polysaccharide chains that mediatgéoniewith
extracellularmatrix (ECM) components [4], heparan-sulfate growth factors ¢8|
adhesion molecules [6], lipases [7], chemokines, cytokines and theptoex [8], and
pathogens [9]. As a result, syndecans function as co-receptors muguwainal
transduction pathways initiated by growth factors and are involvedllippliferation,
adhesion and migration, lipid metabolism, and inflammation [3]. Synddtares also
been shown to play a key role in signal transduction from the ECtHetantracellular
space interacting with cytoplasmic proteins via their intrat@lldomains. This allows

them to control focal adhesion, cell spreading, and cytoskeletal organization [3]
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To gain insights into the genetic basis of natural variation ioalndndrial respiration
traits, we previously used a system genetics approach to ydegdiie-expression
networks underlying variation in mitochondrial state 3 respiratiore dta¢spiration, and
mitochondrial efficiency (ADP/O ratio) using 40 wild-type indhrdines of D.
melanogaster (see Chapter Il : Systems Genetics Analyses of Mitochondrial
Bioenergetic Traits irDrosophila melanogaster This study identifiedDrosophila Sdc
(dSdc) as one of the quantitative transcript traits regulating mitochaindtate 3
respiration rate among a highly interactive network of circadigulated genes. A
previous report in rodent models descril$#C2also as a circadian-regulated gene [10].
Moreover, Harbisort al [11] recently reported a significant correlation between genet
variants in thedSdc gene and day sleep, a complex trait that displays a circadian
organization in both vertebrate and invertebrate model systems ifiL2], natural
population ofD. melanogaster

Attempts to linkSDC to organismal energy balance are exemplified by previous
transgenic and knockout studies in rodent models that have demonstrailed far r
syndecans in feeding behavior [13]. Ectopic over-expressioS8DOfE1 in the mouse
hypothalamus leads to hyperphagia and increased levels of liegtitin, and glucose
[14]. Similarly, genetic disruption o6EDC3 endogenously expressed in the mouse
hypothalamus, leads to decreased sensitivity to food deprivation [ba]aiSto sleep,
feeding rhythms are under the control of the coupling action mtfaleand peripheral
clocks in metabolic tissues [16]. However, ours is the first studyng differential
expression oSDCto natural variations in mitochondrial function. Such variations may

underlie the predisposition to metabolic diseases such as obesityy mesistance and
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type 2 diabetes mellitus which underscores the rol&DEC as a candidate gene in
metabolic disorders.

To independently verify the effect of tlkdcgene on mitochondrial respiration rate
and sleep, in the present study, we measured these traitssirhdirozygous for a
hypomorphic mutation ofiSdc(Sd&®%’"§ and flies homozygous for a wild-tymSdc

allele (but otherwise genetically identical to 8&¢%*""flies).
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MATERIALS AND METHODS

Fly stocks

The SA&®%"ines were established by the Berkel®gosophila Gene Disruption
(BDGD) Project viaP-element insertion into the second intron of t&dcgene in the
w'®Canton Sstrain [17]. To control for larval density, we allowed the parefthe
experimental flies to mate for 3 hours to generate egg coltecton apple juice/agar
medium in laying plates. After 24 hours, we picked groups of 106istdr larvae from
the surface of the medium and put them into replicate vials. Tonmzigithe influence of
genetic variation in reproduction on energy metabolism, we pertbathéhe phenotypic
assays on virgin flies that were randomly collected from thkcege vials for each line
on days 10 to 16 under brief @@&xposure. We reardlies in vials containing 10 ml of
standard cornmeal, agar, sugar, and yeast medium at a consiaataiire of 25°C, 60—
75% relativehumidity, and a 12-hr light-dark cycle.
Mitochondrial respiration rate

After removing wings and legs, we placed 20 live flies into p206f ice-cold
isolation buffer [250 mM sucrose, 5 mM Tris-HCI, 2 mM EGTA, 1%vjwbovine
serum albumin (BSA), pH 7.4 at 4°C] supplemented with protease inhilitozeptin
Img/ml, aprotinin 1mg/ml and pepstatin 1mg/ml) in a 1.5 ml Eppendorf flibe.
samples were pounded gently 126 times over a 2 minute period, usingoazeubt
micromortar, and filtered through aun nylon mesh. We then increased the volume to
400 ul by washing the nylon membrane with additional isolation buftéfter

centrifugation of the filtered solution for 10 min at 3000 g, at 4°C,pilket was re-
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suspended in 1Q0 of isolation buffer. Protein concentrations in the mitochondrial
fractions were determined using a Lowry assay. We performexdtmodrial respiration
assays using freshly isolated mitochondrial fraci{idri mg/ml) by measuring oxygen
consumption in a two-chamber polarographic oxygen sensor (Oroboros mxygra
OROBOROS® INSTRUMENTSInnsbruck, Austria). We measured state 3 and state 4
respiration rates using NABinked substrates, pyruvate 5 mM/proline 5 mM to feed
electrons to mitochondrial complex |, along with ADP 400l to elicit ADP-dependent
state 3 and ADP-independent state 4 respiration once ADP is exhauste
concentrations of substrates were chosen to achieve maxineal3staspiration rates.
Respiratory control ratio was obtained as state 3/state 4.s8#lya were performed
within 3 hours of mitochondrial isolation. Data was analyzed usingdfievareDatLab
Version 4.1.0.8.
Sleep and waking activity

These experiments were performed under similar laboratory condiibméorth
Carolina State University, NC. Adult virgins were maintaine@@flies to a single-sex
vial to ensure that each line was exposed to identical levetxal snteraction [18] and
had equal access to food. Sleep parameters for each fly wemsreteawith the
Drosophila Activity Monitoring System (Trikinetics, Waltham, MA), whiatounts the
number of times a given fly crosses an infrared beam during #isgeane interval.
Here, we used one-minute intervals to record activity countenSeontinuous days of
sleep and activity were recorded for each experimental blodepS$Vas defined as any
period 5 minutes or longer without an activity count [19]. An in-houSep@bgram was

used to calculate duration of sleep in minutes, numbers of sleep éerrimge sleep bout
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duration in minutes, and the number of activity counts per waking miuaking
activity).

Quantitative RT-PCR

Total RNA was isolated using the TriPure RNA isolation kit (R¥c Isolated RNA was
then used to make cDNA, using the First Strand Synthesis kit @igeitf, CA, US).

We performed RT-gPCRsing a Syber Green Master mix and 50 ng total of cDNA per
reaction and run in a Stratagene Mx3000P® gPCR machinesophila ribosomal

protein 49(rp49) mMRNA levels were used to normalizé8dcandCG9809mRNA data.
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RESULTS
Homozygous Sdc®®%?"™flieshave reduced mitochondrial function

To verify the effect of theSdcgene on mitochondrial bioenergetics, we used a viable
mutant allele of the gen&d€®%?"* sd&*?""4is a mutant generated in thé™'#Canton
S (B)[CS (B) background strain by the insertion ofpfGT1]-element in the second
intron of dSdc(Figure 1A). We examined the effects of tRi®lement insertion odSdc
transcription in adult flies by performing RT-gPCR experimamgg RNA isolated
from three body parts (head, thorax, and abdomen). We found that thed exprassion
of dSdcis significantly reduced in the three body part$d€©°*""flies (Figure 1B).

We next assessed respiration rates SHES°?"* mitochondria andCS (B)
mitochondria during metabolism of the NADH-linked complex | substrggsivate and
proline. Because no differences were observed between male made féies in
respiration rates, we pooled male and female data for statianalysis. We found that
the ADP-dependent state 3 respiration rate was reduced by appedyiri&% in
SdE®%?""compared with the controls (Figure 2A). No difference wasrebden ADP-
independent state 4 respiration rate (Figure 2B). Thus, thesendatate thatdSdcis
essential for normal mitochondrial function and energy metaboligmch is in good
agreement with our previous data proposim@§dc as a candidate gene regulating
variations in mitochondrial state 3, but not state 4 respiration (s¢eChapter Il :
Systems Genetics Analyses of Mitochondrial Bioenergetic tsTran Drosophila

melanogaster
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In mammals, PGC« and PGC-f play a pivotal role in the control of energy
homeostasis [20,21]. In addition, they play an essential role regulatitochondria
physiology and biogenesis [22] which may then become potentidsrdoy which
mitochondrial function is regulated. We therefore compared the tipihtevels of the
Drosophilahomolog ofPGC-1 gene,CG9809[23], in the whole-body oBd&¢%*""and
control flies. As predicted, we found that mRNA level<C&9809were reducedby 36%
in SA&°%?"*female flies and by 65% iBdE®%?"“flies relative to controls (Figure 2C).
dSdc plays arolein sleep behavior

We next assessed the effect of tt&dcmutation on a circadian-regulated behavior,
such as sleep as it was identified as one of the quantitativeranscripts regulating
mitochondrial state 3 respiration among a highly interactive netebdycling genes.
Therefore, we investigated the sleep-wake cycl8dif®**’"*andCS (B)flies over the
course of a 24 h day. We found that sleep was increased by 32% during night-time and by
76% during daytime i8d&®%?"“female flies compared to controls (Figure 3A). A 17%
increase in daytime sleep was also observed in males éFR3@)r This increased sleep
length is due largely to increases in the average duration qf Istegs rather than their

number (data not shown).
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DISCUSSION

In this study, we confirmed the role @§dcas a candidate gene regulatirsgiations
in pyruvate plus proline-induced state 3 respiration 1@te system genetics analyses of
mitochondrial bioenergetic traits in 40 inbred linesDfmelanogaste(Jumbo et al
manuscript in preparation; séehapter Il ) provide key insights into the potential
mechanisms underlying our findings. Indeed, our previous analysis shbatethe
expression of thelSdc,among various other genes, is highly correlate@RR&6-p70-
protein kinasetranscript abundance (Figure 4), a downstream effector of thet taf
rapamycin (TOR) signaling pathway. Activation of TOR sigmpirathway in mammals
is associated with transcriptional repression of P@Gathd mitochondrial dysfunction
[24]. PGC-In is the master regulator of mitochondrial biogenesis and function.
Consistent with these observations, we found that SH€°*"™ flies were also
characterized by a reduced expression obittesophilahomolog ofPGC-1(CG9809.

Further analysis of the mitochondrial state 3 co-regulated ctiptienal network
revealed other potential molecular mechanisms underlyBdemediated regulation of
mitochondrial function. Indeed, we found a high correlation betwiSsttandpyruvate
dehydrogenase kinagBdK transcript levels (Figure Supplementary Table 4. As in
mammalsPdk plays a critical role in the regulation of oxidative glucoseatm@ism in
Drosophila [25]. Pdk phosphorylates and inhibits pyruvate dehydrogenase. This
inhibition leads to suppression of glucose oxidation [26]. Thus, variationthe
metabolism of pyruvate, the respiratory substrate used inexwivo mitochondrial

respiration experiments, may affect the availability of oauly equivalents feeding into
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the mitochondrial electron transport chain. In this context, it willinnportant to
elucidate the transcriptional co-expression networks associaedatiations in
mitochondrial bioenergetics using other physiological substrates swscha-a
glycerophosphate. This substrate has been shown to be rapidly oxidizalgkgitt
extremely high respiratory and phosphorylative activitiedmsophila mitochondria
[27], and to have no dependenceRatkfor its metabolism.

If there is previous independent evidence suggestingSD&t expression is under
circadian regulation [10] and is linked to sleep regulation [28], wtedesleep behavior
in our dSdc mutants. Here, we corroborated tld8dc affects sleep, confirming the
finding of a recent study that reported significant correlatibasveen two genetic
variants in thedSdc gene and day sleep in 40 wild-derivBdosophila lines [28].
Although sleep displays a circadian organization, sleep behavioral cabidifis have
been shown to provide timing information to the central clock [29]. Misadent among
central and peripheral clocks derived from sleep disorders maylienter deleterious
impact of jetlag and shift work on organismal health. Disruption of gicéd rhythms
associated to shift work has been repeatedly linked to obesity, inmsslstance and
cardiovascular disease [30-3B8Jrosophilareplicates clinical findings in humans. Indeed,
a fly model of human insomnia exhibits increased adiposity acauetpaby a
differential expression of genes involved in lipid metabolism [Brgvious microarray
analyses of fly heads revealed three genes with predicted funititipgl metabolism
that increased expression during sleep [38]. FurthermBrelement insertions in
metabolic pathway genes impacted sleep duration and bout number [89]thiese

recent studies, our results demonstrate a molecular link betweegyanetabolism and
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sleep. Though the nature of that link has yet to be elucidated, walaeethat the
increased sleep iBdE®%?"’* mutants in combination with reduced mitochondrial
respiration may be indicative of a strategy to conserve enangglea long postulated as
a possible function of sleep [40].

Attempts to provide an explanation to our findings may derive fromeaqus study
by Reizes et al. [41] who recently suggested that the involveofeBDC in feeding
behavior, another circadian-regulated trait, may be linked to tleeofobyndecans in
neuronal development and synaptic organization in the hypothalamus.dSdcéas
been reported to participate normal axon guidance and neuronal development via
regulation of the Slit/Robo signaling [42], it is possible that mppr wiring of the
central nervous system might be responsible for sleep disoraleds differences in
feeding behavior) in thdSdcmutant as a result of the disruption of the circadian output
pathways. Even though this hypothesis needs to be tested in futures sesdence
supports the existence of high signaling trafficking betweantraleand peripheral
oscillators [43]. Such multi-oscillatory organization may hbeen evolved to an even
more complex circadian system in mammals, which underscheesrelevance of
studying neuronal development and organization in the control of behavior and

physiology inDrosophila
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Figure 1. Drosophila syndecan gene andSdc®¢%%™

. (A) Schematic representation of
dSdcgene region on the second chromosome at cytological position 57E1-57E6. The
dSdcgene contains seven exons, which generate three alternativebdsiphascripts:
SdecRA, SdeRB, andSdeRC (NCBI accession no. AE013599.4). The isofo8d¢RA,

has a unique exon located between exon four and five of the isoulei®B andSde

RC. Moreover SdecRA differs in the length of its first intron and second exon costpar

to SdeRB. Exons of thelSdcgene are represented by red boxes. Untranslated regions are
represented by black boxes. The location of gft8T1] insertion site that creates the
SdE®%?"* mutation is indicated with an arrowhedB) Insertion ofp[GT1]-element in

the dSdc of the CS (B) strain Sd&%?’?) results in a significant reduction of the
expression ofiSdcgene dSdcmRNA levels analyzed by RT-gPCR on cDNA £ 6)

using primers that encompass a common region of alternativeripas RNAs were
extracted from three body parts of homozyg®@uE°*"* and control,CS (B) flies.
Levels of dSdc mRNA were normalized tdrosophila ribosomal protein49(rp49)
MRNA levels. Statistical significance was determinedviny-tailed Student’s test with
unequal variancdn all panels, error bars represent SEM.P*< 0.01, *** P < 0.001,

% P <0.0001.
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Figure 2. Mitochondrial respiration rates and CG9809 mRNA levels in whole body

of Sdc®%?"* and CS (B) flies. (A and B) Whole-fly mitochondrial respiration rates were
assayed by measuring oxygen consumption rate in a polarographic ogpgen State 3
and 4 respiration rates were measured with NADH-linked substratesixture of
pyruvate 5SmM/proline 5mM. Values represent average of fearlenale pooled data of
twenty independent replicates. Statistical significance determined by two-tailed
Student’st test with unequal variance. In all panels, error bars repre&dmt’SP < 0.05,

* P <0.01, ** P < 0.001.(C) Gene expression levels were measured by RT-gPCR on
cDNA produced using mRNA extracted from the whole bodpaf®*?’“and CS (B)

flies (n = 6). CG9809 MRNA levels were normalizedrpal9. Statistical significance

was determined by two-tailed Studerittest with unequal variance.
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Figure 3. Sleep behavior inSdc®>*%

and CS (B) flies. (A-B) sleep parameters were
measured counting the number of times a given fly crosses arethfoeam during a
one-minute interval. Sleep was defined as any period 5 minutes gerlenthout an
activity count. In (A) and (B) values represent average howskep in female and male
flies, respectively, of two independent replicates of 16 fliesisBtatl significance was

determined by Wilcoxon T-test. In all panels, error bars sgmteSEM. P < 0.05, **P

<0.01, ** P<0.001, **** P < 0.0001.
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Figure 4. Interaction network (|r|=0.6) for mitochondrial state 3 module 17nriched
for genes involved in circadian rhythm and organismal behavioh BEage represents a
gene and each edge a significant correlation between afpgenes. Module 17 hub
genes (white) highly interact with other hub genes in module 5 deja® (pink), 7
(green), 9 (red), 11 (yellow), 12 (brown), 14 (dark green), 16 (blue), 18)(dtay
(purple), 20 (light-blue). Nodes shown as bold represent those genesuphgudentified
as circadian- or sleep-regulated [62,73]. Interaction betw&eslt, Pdkand RPS6-p70-

protein kinasas highlighted.
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CHAPTER V:

CONCLUSION

As complex trait disorders, both obesity and type 2 diabetes mellitus (T2BpOne
to the action and interaction of environmental and genetic susceptifalityrs.
Quantitative genetic analyses in humans and animal models have drooiagelling
evidence that multiple genes underlie the genetic architecturbesity [103-105] and
other complex diseases, including T2DM [4]. Despite the fact thegitybrelated traits
are highly heritable, the genetic basis underlying their nattaabtion and the loci

playing pleiotropic roles among organismal traits have not been fullydabed.

The overall goals of these present studies were: to shed tighea@rchitecture of the
genetic co-expression networks regulating variations in obes#tedetraits, elucidate
the extent to which they are regulated by pleiotropic loci, dadtify pleiotropic alleles
between metabolism and life-history traits to provide key insigitts why different
alleles are allowed to persist in natural populations, despiteatihéhat some of them

confer susceptibility to metabolic disorders.

The findings of Chapter Il confirmed the high heritability oesgy metabolism traits
and highlighted the relevance of genes involved in non-metabolic pathwaisas in
immune response, neurogenesis and neuronal function, cell growth, tme$gng and
water balance, as key regulators of organismal energy leal@he use of mutant stocks
to independently test some of the candidate genes affecting tatatal| triacylglycerol

and glycogen storage corroborated the validity of the methodolagpgabach used in
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the study. Furthermore, the elucidation of pleiotropic transcriptioalules provided a
key insight into the molecular basis of the well established -wffdebetween body
weight, reproduction, and survival of food deprivation.

Our second studyOhapter 11l ) showed that similar to body weight, metabolic rate
and body composition traits, there is segregating variation in hotatrial respiration
rates in this population dd. melanogasterOurs is the first study reporting heritability
for mitochondrial bioenergetic traits. The gene-co-expressiomonietanalysis revealed
that highly complex and interactive nuclear-encoded transcriptionafories underlie
natural variations in mitochondrial state 3 and 4 respiration @tethe other hand, only
a few nuclear-encoded genes were identified to affect varietionitochondrial ADP/O
ratio (i.e. efficiency), highlighting the relevance of mitochonedeiatoded genes and
mito-nuclear interactions as key players influencing mitochonelffigiency. Analysis of
pleiotropic loci between mitochondria bioenergetic and body composiads suggests
a coordinated regulation between mitochondrial function and energy halar=cglition,
the data from this study strongly indicate tmadlecular regulation of mitochondrial
respirationplays a critical role in mediating life history trade-afisnatural populations,
and underscore the relevance of the target of rapamycin sigmathg/ay as the key
regulator of mitochondrial function.

In our last study we intended to independently verify the effethefiSdcgene on
mitochondrial respiration rate and circadian-regulated behawock as sleep. We
corroborated the role @fSdcas a candidate gene regulating variations in mitochondrial
state 3 respiration rate. Indeed, flies homozygous fordBdc mutation displayed

significantly lower mitochondrial ADP-stimulated (state 3)piesgtion. Our data further
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confirmed changes in sleep, a circadian-regulated behavior knowrpaatimrganismal
energy balance.

In conclusion, our results confirm that the genetic basis of nataration in
body weight and energy metabolism traits involves highly intemactio-regulated
transcriptional networks, and identify several pleiotropic alelederlying evolutionarily
conserved trade-offs among obesity-related and organismal liteyhtgaits. Such trade-
offs establish inter-individual differences in survival and repradocand underlie the
basis for the perpetuation of alleles that confer susceptibditynétabolic disorders
among individuals from a natural population.

Futuredirections

Our study sheds light on the genetic architecture of body waighenergy metabolism
traits and identifies several candidate genes and genetiorkstaffecting these traits.
Identification of these new alleles will likely provide nevodels for human obesity and
type 2 diabetes mellitus that can be further tested in other popglaEurthermore, the
completion of the sequencing of the whole mtDNA genome of the 4@igRalines
currently underway will elucidate the extent to which variatiommitochondrial genome
and mitonuclear interactions contribute to differences in mitochonasairation traits
and subsequently in other metabolic traits. Additionally, the complatiorthe
sequencing of the whole nuclear genome of these 40 lines will provide furtiyt iinso
the potential genetic variants underlying variations in obesiaye@ traits and having
pleiotropic effects on body composition, energy metabolism and liferhigraits. If the
impact of some environmental variables on body weight regulatioffesemitself only

on certain genotypes, the identification of disease risk allaleallow targeting efforts
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towards recognition and counseling of susceptible individuals to prelssity at a
public health level. Finally, further studies are warranted on thecaulalr and genetic
mechanisms underlying the role Drrosophila syndecargene on organismal energy

balance.
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APPENDIX A

SUPPLEMENTARY TABLE 1

Analysis of modules of correlated transcripts associatedh wdch of the body
composition and energy metabolism traits. phelues are from the regression analyses.
Degree = the average correlation of a transcript with hirotranscripts in its module.
Avge Degree = the average correlation of all transcripts in the module.

Trait

Wet Body
Weight

Probe Set ID Gene Name P-Value | Module Degree D’Z\gie
1635549 _at Turandot 4.76E-04 1 0.81038 | 0.81038
1639323 at Turandot C 5.00E-03 1 0.81038 | 0.81038
1641419 at attacin 4.85E-05 2 0.6947 | 0.65824
1638235_at | diptericin-like protein | 1.29E-04 2 | 0.73493| 0.6582¢
1627613_at metchnikowin 2.40E-04 2 0.68338 | 0.65824
1636490_at PGRP-SB1 1.13E-03 2 0.6453 | 0.65825
1633545 _at PGRP-SD 7.00E-04 2 0.53293 | 0.65824
1623790 _at CG31901 1.66E-03 3 0.53796 | 0.62547
1633385_at Karl 2.70E-05 3 0.73246 | 0.62547

1628715_a_at Karl 9.96E-06 3 0.60599 | 0.62547
1632719 _at Cecropin 6.16E-04 4 0.5706 | 0.55413
1626530_at Cecropin 5.23E-05 4 0.53122 | 0.55411
1623871_at CG18563 1.91E-04 4 0.67763 | 0.55414
1625698 _at CG6639 9.55E-04 4 0.62715| 0.55413
1636946_at CG6687 1.66E-03 4 0.46507 | 0.55414

1636333 _a_at Mth-like 2 3.10E-06 4 0.45312 | 0.55414
1624236_at CG30002 1.57E-03 5 0.41989 | 0.55043
1632430_at Transferrin 2.49E-03 5 0.64793 | 0.55043

1639442 a at Transferrin 1.55E-03 5 0.58348 | 0.55043
1631691 at CG16772 4.68E-03 6 0.37903 | 0.5129¢
1636293 _at CG2217 1.85E-04 6 0.53127 | 0.5129¢
1631370 _at CG30026 8.72E-03 6 0.47434 | 0.51296

1628387_s_at CG30080 1.95E-04 6 0.64298 | 0.5129¢
1627759 at CG30080 5.23E-04 6 0.64099 | 0.5129¢
1640478_at CG31777 8.60E-03 6 0.51913 | 0.5129¢
1636682_at CG31778 2.80E-03 6 0.45554 | 0.5129¢
1637370_at yellow f 3.52E-03 6 0.46043| 0.51296
1629474 _at CG11368 5.27E-04 7 0.53025 | 0.46714
1628567_at CG13565 2.85E-03 7 0.38466 | 0.46714
LESZEE0 o camorase 4| 252693 | 5 | gasses| o4evia
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1638066_at Olfactory-specific E 9.52E-03 7 0.53267 | 0.46714
1641200_at | Olfactory-specific-F | 549E-04 | 7 | 0.56226 | 0.46714
1636213 _at — 2.23E-03 8 0.50846| 0.3927]
1637382_at - 4.26E-03 8 0.40294 | 0.3927]
1638114 _at CG13022 7.26E-03 8 0.38916| 0.39277
1631631_at CG13222 8.33E-03 8 0.35087| 0.39271
1622894 _at CG15120 3.61E-04 8 0.33067| 0.39271
1624213_at CG15535 1.95E-03 8 0.43496| 0.3927]
1633251_at CG15829 1.09E-03 8 0.2769 0.3927]
1631650 a_at CG2056 1.14E-03 8 0.42982 | 0.3927]
1625763_at CG2789 4.00E-03 8 0.47799| 0.3927]
1623732 at CG31410 8.01E-04 | 8 | 0.27595| 0.3927]
1623963 _at CG32115 2.28E-03 8 0.1817 0.3927]
1640757_at CG33462 5.22E-04 8 0.56761| 0.39271
1631521 at CG33469 373E-03 | 8 | 0.44809| 0.3927]
1638733 _at CG3984 1.16E-04 8 0.22902 | 0.3927]
1640035_at fat body protein P6 7.26E-03 8 0.44765| 0.3927]
1628742_at molting defective | 3.56E-04 | 8 0.37562| 0.39271
1638338 a_at Protein-1 3.61E-03 8 0.54964| 0.3927]
1641239_at - 5.43E-03 9 0.21919 | 0.31385
1624517_at beta-galactosidase | 2.14E-03 9 0.28127 | 0.31385
1638580_at capricious 7.43E-03 9 0.35759 | 0.31385
1640221_at CG10479 6.81E-03 9 0.32754 | 0.31385
1625430 _at CG14022 2.62E-03 9 0.3363 | 0.31385
1634510 _at CG17324 8.21E-03 9 0.20525 | 0.31385
1623632_s_at CG6327 3.72E-03 9 0.35969 | 0.31385
1633357 _at CG7910 3.13E-03 9 0.39096 | 0.31385
1630302_at CG8562 7.56E-03 9 0.20296 | 0.31385
1637754 _at CG9458 9.56E-03 9 0.40001 | 0.31385
1628345 at | VOOTER | 249804 | o | ooeesy | 0.auass
1623068_at Cytochrome P450-4e3 3.41E-03 9 0.1925 | 0.31385
1631498 _a_at fru-satori 4.28E-03 9 0.18466 | 0.31385
1637990 _s_at fumble 5.28E-03 9 0.42874 | 0.31385
1632392 _s_at giant slob 1.63E-04 9 0.40927 | 0.31385
1636407_at goliath 6.13E-04 9 0.35982 | 0.31385
1639622_at Proctolin 1.62E-03 9 0.26707 | 0.31385
1634742_at Sorbitol degydrogenase 5.75E-03 9 aacnes | e
1639230 _at v(2)k05816 3.83E-03 9 0.46396 | 0.31385
1639273 _s_at vrille 4.08E-03 9 0.44075 | 0.31385
1630043 _a_at - 8.86E-03 10 0.39869| 0.3108
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1624531 s at - 9.63E-03 10 0.39396| 0.3108
1638496_at — 1.16E-03 10 0.18241| 0.3108
1639729 s at - 1.71E-04 10 0.14334| 0.3108
1636249_at 7B2 6.43E-03 10 0.44822| 0.3108
1637321 at | ATEEONRS | 743803 | 4o | oa0767] 03108
1636451_a_at ACtlvatlpagC:g?_nZSC”ptlon 3.69E-03 10 0.34567 0.3109
1628647 _at antennal protein 5 3.17E-03 10 0.24557| 0.3108
1633914 _at | peta-galactosidase-1| 6.19E-03 | 10 | 0.25235| 0.3108
1624417 a_at CG10186 3.65E-03 10 0.46002| 0.3108
1630106_at CG10362 6.00E-03 10 0.34565| 0.3108
1640845 _at CG10581 9.21E-03 10 0.20135| 0.3108
1633777 _at CG11221 3.26E-03 10 0.2825 0.3108
1634165 _at CG11378 9.99E-03 10 0.21969| 0.3108
1631307 _at CG11438 1.48E-03 10 0.16819| 0.3108
1629996_at CG11910 8.66E-03 10 0.40039| 0.3108
1624143 a_at CG12071 3.43E-03 10 0.39192| 0.3108
1641513_at CG12239 4,19E-03 10 0.46718| 0.3108
1625883 _at CG13253 7.75E-03 10 0.14347| 0.3108
1637150_at CG13928 7.49E-03 10 0.47175| 0.3108
1632424 _at CG13995 9.66E-03 10 0.41104| 0.3108
1624834 _at CG14015 8.14E-03 10 0.29423| 0.3108
1624772_at CG14186 1.97E-04 10 0.44021 0.3108
1639504 _at CG14855 7.70E-03 10 0.15486| 0.3108
1633589 _a_at CG1552 8.07E-04 10 0.35997 0.3108
1637593_at CG15537 2.79E-03 10 0.24272| 0.3108
1633816_at CG17181 2.34E-03 10 0.25162 0.3108
1625951 _at CG17778 2.24E-03 10 0.40892| 0.3108
1640006_at CG18609 5.81E-03 10 0.29072| 0.3108
1632023 _s_at CG1909 3.30E-04 10 0.47431| 0.3108
1627499 at CG2016 4.45E-03 10 0.41127| 0.3108
1625314 _at CG2022 1.99E-03 10 0.27143| 0.3108
1636414 _at CG30004 4.83E-03 10 0.26689| 0.3108
1635271 _at CG30431 6.76E-03 10 0.17544 0.3108
1634631 _at CG3105 6.89E-03 10 0.31021| 0.3108
1622929 at CG31222 7.33E-03 10 0.14527| 0.3108
1632653_at CG31555 7.31E-03 10 0.39378| 0.3108
1635041_at CG32225 1.60E-04 10 0.28344| 0.3108
1636608 _at CG32843 8.07E-04 10 0.29204 0.3108
1637374 _at CG33779 9.92E-04 10 0.26041| 0.3108
1628381 _at CG3579 8.17E-03 10 0.20145 0.3108
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1634462_at CG3822 2.05E-03 10 0.21571| 0.3108
1634993_at CG40498 7.89E-03 10 0.30752| 0.3108
1640896_at CG4462 2.57E-03 10 0.21304 0.3108
1633088_at CG4733 6.10E-03 10 0.36056| 0.3108
1623267 _at CG5237 6.81E-03 10 0.36699 0.3108
1631532_at CG5282 5.00E-04 10 0.32542| 0.3108
1636848_at CG6024 1.16E-03 10 0.41073| 0.3108
1641725_at CG7000 9.38E-04 10 0.26518| 0.3108
1631098 _at CG7194 2.64E-03 10 0.16907| 0.3108
1629428 _at CG7342 5.21E-03 10 0.19995 0.3108
1626684 _at CG7607 1.49E-03 10 0.26073| 0.3108
1637457 _at CG7646 6.66E-03 10 0.4075 0.3108

1635963_a_at CG7990 9.25E-03 10 0.42659 0.3108
1640058 _at CG8216 2.77E-03 10 0.33204| 0.3108
1634879 at CG8519 1.28E-03 10 0.28488 0.3108

1628187_s_at CG9691 3.95E-03 10 0.32254| 0.3108
1626124 at CG9717 4.35E-03 10 0.38973 0.3108
1624808 _at CheA75a 5.28E-03 10 0.36572| 0.3108
1622920 _at Cosens-Manning mutar 8.72E-03 10 0.32055 0.3108
1625859 at | (o rase 2| 78508 | 10 | 031007 0108

1637870_a_at dpr5 2.93E-04 10 0.20941| 0.3108
1634054 _at Droninac 3.28E-03 10 0.46524 0.3108
1629066 _at Dr“"g’;"caeﬁgia””'” 374E-03 | 10 | 0.20565| 0.3108
1638305_at drostatin-B2 2.54E-04 10 0.2788 0.3108
1629064 _at erect wing 1.39E-03 10 0.36503| 0.3108
1628604 _at fish-hook 4.54E-03 10 0.32772| 0.3108
1639292 _at frequenin 1.18E-03 10 0.24461| 0.3108
1631340_at G protein gamma 1 9.13E-03 10 0.42405| 0.3108

1623048 a_at| CAPATIEROTOER | 430803 | o | 50048 0310
1641618_at | guanylate cyclase 998 5.37E-04 | 10 | 0.25941| 0.3108
1639366_at Hormonﬁ,rggepmp“ke 309E-03 | 15 | 032503 0.3108

1627041 s at inebriated 3.37E-03 10 0.31405| 0.3108
1637435_at kekkon4 7.77E-03 10 0.26682| 0.3108
1635144 _at klingon 1.74E-03 10 0.41936| 0.3108
1628699 at | LHVSCUTPOCN Y ggoe0a | 0| (1 470a| 03108
1633298_at meiotic P22 7.14E-03 10 0.17044| 0.3108
1633061_at Mgat2 7.97E-03 10 0.36865| 0.3108
1634438 _at Munster 4.35E-04 10 0.30822| 0.3108

1628288 _s_at Neprilysin 4 7.87E-03 10 0.2709 | 0.3108
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1628147_at neuroligin 4.25E-03 10 0.46407| 0.310§
1640614 _at nightblind 4.71E-03 10 0.31896| 0.3108
1639535 _at pohﬁaer?s“fi?a(s: I2N A | 120803 10 | 0.37299| 0.3108
1635928_a_at | Protein-kinase-like-72A 7.38E-03 10 0.39757| 0.3108
1638436_at pyrokinin 2.66E-03 10 0.29212| 0.3108
1625195_s_at quo vadis 8.30E-03 10 0.17734| 0.3108
1625431 _at reverse polarity 6.81E-03 10 0.41881| 0.310§
1634402_at Sarcoglycan beta 2.65E-04 10 0.36665| 0.310§
1638040_at shade 5.07E-03 10 0.18921| 0.3108
1640129_at sloppy-paired 4.20E-03 10 0.18767| 0.3108
1631408_at soxneuro 2.71E-03 10 0.37538| 0.3108
1638811 _at Sugar-baby 6.24E-03 10 0.18721| 0.310§
1639431 _at synaptogyrin 3.23E-03 10 0.30891| 0.3108
1639743_s_at Syntrophin-like 2 2.06E-04 10 0.29711| 0.310§
1633696_at Trilspngff?rﬁ?@”e Y] L66E03 | 1o | oaeuss| 03108
1633383 _at twin of eyegone 2.04E-03 10 0.2931 | 0.3108
1641664_at CG10170 5.08E-03 11 0.22625 | 0.27627
1636257_at CG10688 5.26E-05 11 0.3452 | 0.27627
1624945 _a_at CG10910 3.74E-04 11 0.11344 | 0.27627
1640733_at CG14321 4.55E-03 11 0.24893 | 0.27627
1636085_at CG18143 8.82E-04 11 0.39635 | 0.27627
1632141 _at CG18265 3.09E-03 11 0.16701 | 0.27627
1628404 _at CG2767 6.20E-03 11 0.42176 | 0.27627
1626326_at CG31436 1.49E-03 11 0.1729 | 0.27627
1625710_at CG31717 7.62E-03 11 0.25758 | 0.27627
1628309_at CG5126 8.83E-03 11 0.26533 | 0.27627
1641343_at corazonin 5.38E-05 11 0.21833 | 0.27627
1641650_at fragment D 7.26E-04 11 0.35914 | 0.27627
1635740_at hemomucin 6.84E-03 11 0.28525 | 0.27627
Histamine-gated

1625463 at | chloride channel subun{ 7.03E-03

2 11 0.25712 | 0.27627
AP G Meiljtt)%rniolrgplex 2=t 11 0.35235 | 0.27627
1626053_at robo3 5.33E-04 11 0.30123 | 0.27627
Aesltlee) ol Stenr)élg?gc;etrhgg;n Nl 638 | | e oa
1623675_at | turn on sex-specificity | 2.83E-05 11 0.13202 | 0.27627
I GG tyﬁ?é'?'o”&gitea 274803 | 41 | 033114 0.27627
1624156_at Ugt86Da 8.01E-04 11 0.35821 | 0.27627
1640242_s_at 3.27E-03 12 0.18752| 0.1892

LA
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1625957 at CG10051 4.63E-03 12 0.14802| 0.1892
1624454 at CG10361 7.83E-04 12 0.14216| 0.1892
1627144 _at CG10560 6.33E-03 12 0.24603| 0.1892
1632120_at CG15533 7.93E-03 12 0.1632 | 0.1892]
1638016_at CG2993 9.12E-03 12 0.13211| 0.1892
1636567_at CG31199 1.95E-04 12 0.23108| 0.1892
1623969 _at CG31200 3.94E-03 12 0.20537| 0.1892

1624332 s at| CG4098// CG18217| 5.42E-03 12 0.17076| 0.1892

1625675 _a_at CG4853 9.82E-03 12 0.14603| 0.1892
1632045_at CG5697 3.65E-04 12 0.22943| 0.1892
1625487 _at CG6839 9.52E-03 12 0.18964| 0.1892
1630917_at CG7889 1.50E-03 12 0.18448| 0.1892
1634515 _at CG8093 1.10E-05 12 0.22291| 0.1892
1631806_at CG8693 7.75E-03 12 0.23524| 0.1892
1624509 at hdl cuticle gene cluster| 2.40E-03 12 0.23204| 0.1892
1632235 _at Metsl;lr?t?gtgig A ] 401803 | 1 | Gs06s| 0.1892
1625557_at - 4.80E-03 13 0.2282 | 0.16322
1637548 _at arginase 2.65E-06 13 0.20387 | 0.16322
1623555 _at CG10131 7.37E-04 13 0.15768 | 0.16322
1638322_at CG10168 5.56E-03 13 0.15867 | 0.16322
1623666_at CG10516 5.38E-03 13 0.16351 | 0.16322
1638567 _at CG1092 2.43E-05 13 0.22207 | 0.16322
1638612_at CG11142 5.09E-03 13 0.13294 | 0.16322
1625828 _at CG11841 9.17E-03 13 0.16817 | 0.16322
1628716 _at CG13283 5.51E-04 13 0.12675 | 0.16322

1637275_a_at CG13335 2.40E-03 13 0.19423 | 0.16322
1624171_at CG13488 8.59E-03 13 0.15256 | 0.16322
1636078 _at CG13670 7.45E-04 13 0.15512 | 0.16322
1622896_at CG13848 9.34E-03 13 0.13432 | 0.16322
1633481_at CG14394 4.66E-03 13 0.16612 | 0.16322

1624950 a_at CG14823 4.75E-03 13 0.18116 | 0.16322
1635446 _at CG15043 6.17E-03 13 0.1482 | 0.16322
1631660_at CG15065 5.84E-04 13 0.18279 | 0.16322
1634878_at CG15127 2.79E-03 13 0.13118 | 0.16322
1640950 _at CG15739 4.10E-03 13 0.12054 | 0.16322
1635812_at CG16965 1.36E-05 13 0.12667 | 0.16322
1625948 _at CG17633 6.06E-03 13 0.19382 | 0.16322
1640144 _at CG18067 8.36E-03 13 0.20392 | 0.16322
1633434 _at CG18327 7.67E-03 13 0.16913 | 0.16322
1626503_at CG2254 3.15E-03 13 0.12795 | 0.16322
1640217_at CG30154 2.52E-03 13 0.19943 | 0.16322
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1626201_at CG31091 1.81E-04 13 0.12753 | 0.16322
1634815_at CG31104 4.54E-04 13 0.14526 | 0.16322
1634477 _at CG31177 6.98E-03 13 0.14713 | 0.16322
1625657 _at CG32335 4.77E-03 13 0.14563 | 0.16322
1628702_at CG32580 2.48E-03 13 0.099129| 0.16322
1634697 _at CG32667 4.45E-03 13 0.22613 | 0.16322
1623000_at CG33093 3.81E-03 13 0.16977 | 0.16322
1626116_at CG33329 4.25E-03 13 0.2071 | 0.16322
1639730_at CG34054 1.59E-04 13 0.17333 | 0.16322
1635998 _at CG3672 2.94E-03 13 0.13692 | 0.16322
1640045 _at CG3934 2.75E-03 13 0.13348 | 0.16322
1637772_at CG4726 6.35E-03 13 0.12873 | 0.16322
1634788 _at CG4872 3.37E-03 13 0.14805 | 0.16322
1632531_at CG5770 9.79E-05 13 0.15532 | 0.16322
1633460 _at CG6034 5.34E-03 13 0.13852 | 0.16322
1632215_at CG6296 9.06E-04 13 0.13513 | 0.16322
1640521 _at CG6361 8.02E-03 13 0.16514 | 0.16322
1639819 at CG6385 7.04E-03 13 0.14649 | 0.16322
1633009_a_at CG6640 7.33E-03 13 0.13616 | 0.16322
1626536_at CG6776 4.35E-03 13 0.10366 | 0.16322
1634702_at CG7227 5.63E-04 13 0.13062 | 0.16322
1623769 _at CG7322 6.21E-03 13 0.20303 | 0.16322
1624895 _at CG7529 4.38E-03 13 0.23551 | 0.16322
1624821 _at CG8586 8.56E-04 13 0.17002 | 0.16322
1630723_a_at CG8708 2.57E-03 13 0.11411 | 0.16322
1635744 _at CG9342 8.50E-05 13 0.20069 | 0.16322
1631405 _at CG9508 3.82E-05 13 0.1269 | 0.16322
1633401 s_at| SYP12d1 pd/// P2 2 82-03 13 0.152 | 0.16322
1624939 _at Cyp6a21l 3.00E-05 13 0.12969 | 0.16322
1627844 at Cytochrome P450-4e2 9.41E-03 13 0.18934 | 0.16322
1625023_a_at Dbeta3 1.12E-03 13 0.20002 | 0.16322
1630515_s_at e r— 3.98E-:05 | 13 | 0.21608 0.16322
Rt 1 wansterase 02| 775593 | 15 | 01687 016322
UG 1 wansterase 04| 4593 | 15 | 017636 | 016322
1624793 _at t?amtsig;g)sn: DS7 9.11E-03 | 13 | 016856 | 0.16322
1636174_at wanerase 00| 257E98 | 15 | 015730 016320
1640360_at Moleeule | 813503 | 15 | 014190 016320
1626052_at Melanization Protease | 3.03E-03 13 0.22917 | 0.16322
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Glycogen
storage

deszile Gl nenzf?;rlggtcgnvt?atlllog O 122804 |0 | 08| 016322
1627250_at nesprin 2.14E-03 13 0.10866 | 0.16322
1625140_at NtR 4.28E-03 13 0.14295 | 0.16322
putative noncoding

1632984 s_at RNA 007:3R /// 6.24E-03
CG6503 13 0.22451 | 0.16322
1631821 _at Scavenger Receptor | 1.96E-04 13 0.18288 | 0.16322
1628884 _at semmelweis 1.64E-06 13 0.24716 | 0.16322
1641359_at Serine Protease 2 2.27E-03 13 0.18227 | 0.16322
1639892_at | 7 c:illizydrogenw 750E-03 | 13 | 1600 | 0.16322
IS SupprZTos}?czro?f WS | 280805 13 0.1078 | 0.16322
1634352_at Th'O'ngféiﬁ‘T\]/ta'”'”g 1B4E-04 | 13 | 02366 | 0.16322
| |
1626093 at Jonah 65A 5.17E-03 1 0.90887 | 0.90887
1628800 at Jonah 65A 1.04E-03 1 0.90887 | 0.90887
1626251 _at rhodopsin 7.90E-05 2 0.84963| 0.84963
1640642 at rhodopsin 1.12E-03 2 0.84963| 0.84963
1623229 at CG7881 9.41E-03 3 0.5924 | 0.5924
1640249 at CG33173 2.69E-03 3 0.5924 | 0.5924
1629308_at CG17192 2.61E-03 4 0.58055| 0.5805%
1635868 _at CG6295 4.07E-03 4 0.58055| 0.5805%
1632032 _at CG13188 3.31E-03 5 0.57627 | 0.57627
1639351 at CG15884 6.76E-03 5 0.57627 | 0.57627
1631765 _at puckered 3.24E-03 6 0.56778| 0.43833
1637107 _at CG10809 5.87E-03 6 0.49723| 0.43833
1637916 _at CG33013 2.83E-03 6 0.49624 | 0.43833
1641326 _at CG30118 4.55E-04 6 0.45364 | 0.43833
1626369 _at CG12269 3.26E-03 6 0.40209 | 0.43833
1638675 at CG10680 2.54E-03 6 0.39247| 0.43838
1634949 at hemipterous 8.76E-03 6 0.36643| 0.43833
1639498 a_at Xasta 2.64E-03 6 0.33079| 0.43833
1638004 at calbindin 5.23E-03 7 0.4997 | 0.36279
1631340_at G proteingamma 1 | 2.57E-03 7 0.47713 | 0.36279
1639028 a_at CG30296 9.98E-04 7 0.47684 | 0.36279
1637321 at ACSESF’JSL?{Q | 69503 7 | 0.46873| 0.36279
1634452 s at endophilin 9.65E-03 7 0.45516 | 0.36279
1640767 s at CG14591 3.46E-03 7 0.45276 | 0.36279
1636846 _at 6.14E-03 7 0.44769 | 0.36279
1640284 _at acet;cxlrt]:)alllr?;erase 6.71B03 | 7 | 0.44577| 0.36279
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1635928 a_at| Protein-kinase-like-72A 9.21E-03 7 0.44132 | 0.36279
1640201 _at undertaker 3.54E-03 7 0.43716 | 0.36279
1625921 at 4.60E-03 7 0.43392 | 0.36279
1630129 at CG32355 4.21E-04 7 0.41377 | 0.36279
1640534 s _at CaImOdEiIAgg:pendem 919803 | 7 | 041289 0.36279
1636345 s at Synaptotagmin 4.85E-04 7 0.41177 | 0.36279
1624833 a_at| muscarinic receptor | 5.90E-03 7 0.39662 | 0.36279
1635360 _at CG10830 5.93E-03 7 0.3833 | 0.36279
1636608 _at CG32843 5.77E-03 7 0.36867 | 0.36279
1637666_at CG15651 8.38E-03 7 0.35335 | 0.36279
1637294 at CG4641 9.89E-04 7 0.34376 | 0.36279
1632490 _at CG8008 7.32E-03 7 0.34154 | 0.36279
1631417 s at CG6282 5.48E-03 7 0.3415 | 0.36279
1624033 _at bet%g?glgg-ﬁlgem 852B-03 | ;| 033293 0.36279
1631371 _s_at| Phosphodiesterase 8| 3.93E-03 7 0.33095 | 0.36279
1633020 _at unkempt 9.63E-03 7 0.32789 | 0.36279
1634184 a_at junctophilin 8.43E-03 7 0.31954 | 0.36279
1628888 _at CG7180 6.17E-05 7 0.31642 | 0.36279
1638193 at CG5612 4.42E-03 7 0.30896 | 0.36279
1629091 at CG5177 2.00E-03 7 0.27911 | 0.36279
1639469 a_at| GTP cyclohydrolase | 9.66E-05 7 0.25662 | 0.36279
1638424 at CG10514 5.90E-03 7 0.23298 | 0.36279
1624577 at acetylcholinesterase | 4.57E-03 7 0.23267 | 0.36279
1637717 at sevenless 2.64E-03 7 0.20525 | 0.36279
1635047 s at trio 3.04E-03 7 0.19786 | 0.36279
1632325 _at tiptop 7.43E-03 7 0.19045 | 0.36279
1640755_at Cytr()e:(fgtrg(;n EFZ%O 781E-03 | 5 | 40161| 0.3436
1635455 at CG14529 5.85E-03 8 0.37601| 0.3436]
1622946 _at CG6908 3.52E-03 8 0.3689 | 0.34363
1626253 at t(raa:lrjltsa;g;:;: [?4 4.958-03 8 0.34049 | 0.3436]
1626350 at fragment K 2.53E-03 8 0.23113| 0.3436]
1623943 at CG17556 2.89E-03 9 0.25449 | 0.16014
1634936 _at CG14972 9.98E-04 9 0.25003 | 0.16014
1636532_at CG13958 4.71E-03 9 0.238 | 0.16014
1631692 _at CG16798 6.51E-04 9 0.23617 | 0.16014
1636546_s_at CG1640 4.73E-03 9 0.23361 | 0.16014
1635287 at CG15366 1.49E-03 9 0.22756 | 0.16014
1629259 at CG4186 9.07E-03 9 0.22168 | 0.16014
1637002 _at CG14125 9.42E-03 9 0.21697 | 0.16014
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1635375 _at CG5630 7.13E-03 9 0.216 | 0.16014
1634444 at CG12736 3.52E-03 9 0.21588 | 0.16014
1631573 a_at wunen 7.07E-03 9 0.20661 | 0.16014
1637875_a_at 9.19E-03 9 0.20622 | 0.16014
1623697 s at CG33465 2.57E-03 9 0.20507 | 0.16014
dynein ///
Sdic:CG32823 /// 3.75E-03
1628129 a_at Sdic:CG33499 9 0.20139 | 0.16014
1641527 at CG4576 1.34E-03 9 0.19857 | 0.16014
1637592 at CG10073 7.53E-05 9 0.19833 | 0.16014
1638777 _at Rim 9.37E-03 9 0.19827 | 0.16014
1634547 at CG32506 2.06E-03 9 0.19821 | 0.16014
1627408 _at CG32107 5.27E-03 9 0.19796 | 0.16014
1623683 _at mltocg?ggilglié%osoma L16E-03 | o | 19428 0.16014
1637236_at CGA41136 7.90E-03 9 0.19296 | 0.16014
1633648 at sticks and stones 2.95E-03 9 0.19239 | 0.16014
1631084 at CG12976 5.63E-03 9 0.18811 | 0.16014
1629469 s at CG10960 4.52E-04 9 0.18612 | 0.16014
1624215 s at klett 3.58E-04 9 0.18481 | 0.16014
1641508 s at tetraspanin 42E 2.20E-03 9 0.18008 | 0.16014
1640085_at CG9733 7.58E-03 9 0.17552 | 0.16014
1631604 at CG9511 6.04E-03 9 0.17454 | 0.16014
1633499 at retinin 2.80E-03 9 0.17054 | 0.16014
1626965 _at CG31743 2.64E-03 9 0.16801 | 0.16014
1635998 at CG3672 1.92E-03 9 0.16127 | 0.16014
1631882 _at CG10264 6.47E-03 9 0.15877 | 0.16014
1638862 _at CG15553 2.77E-03 9 0.15136 | 0.16014
1632791 at CG32479 8.93E-03 9 0.15116 | 0.16014
1630404 _at CG34112 6.08E-03 9 0.15105 | 0.16014
1641280 at Ance-4 6.64E-03 9 0.14837 | 0.16014
1636693 _at CG4330 6.66E-03 9 0.14549 | 0.16014
1640521 at CG6361 1.69E-03 9 0.14313 | 0.16014
1626759 at CG34136 1.54E-03 9 0.14261 | 0.16014
1636330 _at CG17107 7.52E-04 9 0.1419 | 0.16014
1640956 _at CG4725 6.39E-03 9 0.14097 | 0.16014
1628989 at 3.29E-03 9 0.14052 | 0.16014
1626536 _at CG6776 4.25E-03 9 0.14019 | 0.16014
1639268 _at CG13324 6.13E-03 9 0.13881 | 0.16014
1628611 at CG11241 9.86E-03 9 0.13554 | 0.16014
1636258 _at CG8550 9.70E-03 9 0.13505 | 0.16014
1626431 at CG10681 2.36E-03 9 0.13342 | 0.16014
1631225 at CG8317 9.40E-03 9 0.13319 | 0.16014
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Total
proteins

1640556_at CG14606 9.52E-04 9 0.13227 | 0.16014
1631193 at | CG3014 /// rigor mortis| 7.29E-03 9 0.13176 | 0.16014
1638775 at | Multi drug resistance 5( 6.90E-03 9 0.13147 | 0.16014
1636283 _at CG14826 9.01E-03 9 0.13143 | 0.16014
1630970 at CG14973 1.92E-03 9 0.12982 | 0.16014
1623666_at CG10516 7.52E-03 9 0.12882 | 0.16014
1639442 a_at Transferrin 2.33E-03 9 0.12707 | 0.16014
1639424 at CG6910 3.67E-03 9 0.1267 | 0.16014
1632120 at CG15533 3.60E-03 9 0.12644 | 0.16014
1631405 _at CG9508 9.79E-04 9 0.12555 | 0.16014
1627636 _at CG14636 8.93E-03 9 0.12374 | 0.16014
1638021 _at CGA4757 1.06E-06 9 0.12367 | 0.16014
1632045 _at CG5697 3.16E-03 9 0.12255 | 0.16014
1638856_at Olgkggzré%%mw 28903 | g | 012164/ 0.16014
1625129 at CG1946 9.40E-03 9 0.11828 | 0.16014
1632907 _a_at CG13204 8.37E-03 9 0.11446 | 0.16014
1628271 _at CG3609 8.09E-03 9 0.11431 | 0.16014
1636394 a_at 4.64E-03 9 0.1143 | 0.16014
1638716_a_at CG10725 2.59E-04 9 0.11189 | 0.16014
1638128 at CG30280 3.72E-03 9 0.10982 | 0.16014
1627771 _at CG13075 3.22E-03 9 0.10828 | 0.16014
1633147 at CG10659 9.04E-03 9 0.1058 | 0.16014
1633631 _at CG9682 5.62E-03 9 0.10372 | 0.16014
1629619_at Tryp?ﬁ?ﬁgtye{;f M 8E® || o | e mraa
1624069 at CG7296 ‘ 9.52E-03 9 0.089728 0.16014
I I
1632936 _at alpha-mannosidase | 9.36E-04 1 0.77387 | 0.75195
1626839 s at bloated tubules 9.76E-03 1 0.74584 | 0.75195
1625964 at | recombination-defectivg 1.52E-04 1 0.73615 | 0.75195
1623086_at germlm?atcrt%?scnptlon 767E03 |, 0.7795 | 0.66942
1639435 at Ulp1 8.54E-03 2 0.7682 | 0.66942
1627999 s at Barren 5.47E-03 2 0.74605| 0.66942
1637456 _at CG8878 2.09E-03 2 0.74088| 0.6694%
1632309 at Drosos@m?rfmngelman 9.88E-03 2 0.69949| 0.66942
1629306 _at X11L 6.21E-03 2 0.66384 | 0.66942
1624252 s_at CGlZE’lgf)e”s/SIender 78BE03 | 5 | 65512| 0.66942
1624803 _at CG34013 8.57E-03 2 0.30229| 0.6694%
1624301 _at lethal (3) 01640 2.21E-03 3 0.76252 | 0.6548
1634849 at CG9247 4.67E-03 3 0.74123| 0.6548
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1631919 at CG17078 9.33E-03 3 0.73612 | 0.6548
Drosophila cleavage an
polyadenylation 2.73E-03
1636774 at stimulation factor-160 3 0.7314 | 0.6548
1630213 _at CG1078 9.18E-03 3 0.7292 | 0.6548
1641644 s at swollen-antenna 8.83E-03 3 0.7283 | 0.6548
1628853 _at CG8915 8.09E-03 3 0.71433 | 0.6548
1629111 _at Medgtgl:r?i(t)Tplex 203803 | 3 | 570674 0.6548
1627331 at o0 ass%%lated oetor) 8.33E-03 3 | 069233 0.6548
1630683 _at CG5208 5.53E-03 3 0.69092 | 0.6548
1627383 _at abnormal spindle 8.28E-03 3 0.68908 | 0.6548
1625564 at CG9613 7.15E-04 3 0.68121 | 0.6548
1632194 at Nup98 5.80E-03 3 0.65846 | 0.6548
1633331 _at domino 3.87E-03 3 0.6565 | 0.6548
1637905 _s_at CG2924 8.76E-03 3 0.65479 | 0.6548
1628324 at CG14442 2.23E-03 3 0.65183 | 0.6548
1635618 at | Downstream of kinase| 2.39E-03 3 0.62794 | 0.6548
1638463 _at CG11986 9.17E-04 3 0.47745 | 0.6548
1638400 at CG8503 8.41E-03 3 0.40478 | 0.6548
1636632_at CG9784 2.06E-03 3 0.3608 | 0.6548
1629662 _at CG3527 8.97E-03 4 0.68149| 0.53242
1634572_at CG6459 2.53E-04 4 0.669 | 0.53247
1631718 at mltoc?)?g?erilr? ILlrllbzosoma 3.66E-03 4 0.65473| 0.53242
1635825 a_at tranrgtlztr(i);'?(())rr: (szral::atlor A | 281E03 4 0.64586 | 0.53242
1634230 s at grapes 8.06E-03 4 0.63625| 0.53242
1638237 _at CG5412 6.99E-03 4 0.61817| 0.53242
1639392 at lethal (2) 09851 3.29E-03 4 0.61286| 0.53242
1625271 _at CG15438 7.72E-03 4 0.58297 | 0.53242
1625665 _at mltoc?)?g?erilr? Iflzgosoma 4.978-03 4 0.57806 | 0.53242
1638146 _at Rtcl 6.87E-03 4 0.56175| 0.53242
1632689 _at hypomegfcile?r? A9 400803 4 | 054438| 053242
1627926 _at CG8315 5.25E-03 4 0.54384 | 0.53242
1625902 _at CG11655 7.73E-03 4 0.54265| 0.53242
1626444 at Fibrillarin 9.99E-03 4 0.49393| 0.53242
1624181 _at CG8062 9.83E-03 4 0.39395| 0.53242
1632656_at CG12112 1.77E-03 4 0.33854| 0.53242
1638297 at CG12056 6.58E-03 4 0.31622| 0.53242
1626431 _at CG10681 7.14E-03 4 0.16893| 0.53242
1629688 _at Oseg4 5.31E-03 5 0.50715 | 0.50715
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1637857 _at Lectin24A 9.89E-03 5 0.50715 | 0.50715
1634786 _at Lectin28C 5.13E-04 6 0.50456 | 0.50456
1637958 _at CG33510 2.09E-03 6 0.50456 | 0.50456
1630884 _at Rad21 4.98E-03 7 0.6192 | 0.44141
1623702 _at CG3226 8.22E-03 7 0.61836 | 0.44141
1627027 at CG15168 1.75E-03 7 0.61719 | 0.44141
1628486 a_at d4 5.11E-03 7 0.61282 | 0.44141
1640689 a_at He;ergg?rzoln/latm 341B-03 | 7 | 060697 0.44141
1630841 at CG8668 4.24E-03 7 0.60502 | 0.44141
1635385 _at CG10225 2.23E-03 7 0.60388 | 0.44141
1636164 s at CG3107 6.40E-03 7 0.59222 | 0.44141
1625845 s _at Chromost?? I Protein| 50903 7 | 0.58886 | 0.44141
1641170 a_at Glorund 6.56E-03 7 0.58878 | 0.44141
1640358 _at CG4968 8.77E-03 7 0.58818 | 0.44141
1640377_s_at | anon-fast-evolving-1H4 5.96E-03 7 0.58533 | 0.44141
1640510 at CG8600 8.94E-03 7 0.58506 | 0.44141
1632821 a_at CG3287 8.50E-03 7 0.58386 | 0.44141
1634182 at CG11593 8.21E-03 7 0.58095 | 0.44141
1638651 a_at CG3508 9.22E-03 7 0.58084 | 0.44141
1629941 a_at CG8044 4.96E-03 7 0.57961 | 0.44141
1634055 _at Mat1l 5.46E-03 7 0.578 | 0.44141
1629949 at CG14647 5.53E-03 7 0.57702 | 0.44141
1630991 at CG11007 8.22E-03 7 0.57396 | 0.44141
1638147 at CG7772 6.00E-03 7 0.57346 | 0.44141
1638591 at Tif-IA 2.71E-03 7 0.57169 | 0.44141
1636628 _at CG11866 5.49E-03 7 0.57034 | 0.44141
1626522 _at NUCIeOS?:::?o:emOdelm TesslEls | 0.5665 | 0.44141
1632105 a_at ciboulot 4.42E-03 7 0.56395 | 0.44141
1637554 a_at lethal(2)49Fk 7.03E-03 7 0.56263 | 0.44141
1641115 at CG10055 7.26E-03 7 0.5607 | 0.44141
1628922 s at vegetable 8.79E-03 7 0.55997 | 0.44141
1630817 _s_at CG17528 2.86E-03 7 0.55862 | 0.44141
1627488 at twinfillin 8.39E-03 7 0.5585 | 0.44141
1631775 _at CG11137 2.18E-03 7 0.55728 | 0.44141
1630369 _a_at CG3847 6.84E-03 7 0.55387 | 0.44141
1640375 _at bonsai 6.10E-03 7 0.5534 | 0.44141
1627473 at CG8090 8.39E-03 7 0.55281 | 0.44141
1634683_at Bﬂﬁctgﬁfn?fp&?éngi 390B-03 | 7 | 055237 0.44141
1635448 _at Mltocr;?ggiﬁllsortmg 7A0B-03 | 7| 55022 0.44141
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heterogeneous nuclea

1633767 _at ribonucleoprotein M “EEIEES) 7 0.5497 | 0.44141
1630246_at CG14199 8.19E-03 7 0.54627 | 0.44141
1632236_at CG10221 5.28E-03 7 0.54448 | 0.44141
1629695 _at CG4686 /// GA18356 | 4.74E-03 7 0.54428 | 0.44141
1627154 at CG10904 7.07E-03 7 0.54385 | 0.44141
1624396 _at CG7927 2.56E-03 7 0.54352 | 0.44141
1634112 a_at CG5174 6.13E-03 7 0.54279 | 0.44141
1640643 a_at CG7609 8.61E-04 7 0.54181 | 0.44141
Sequence-specific
single-stranded DNA- | 7.09E-03
1634037 s at binding protein 7 0.54108 | 0.44141
1641058 at CG1319 3.61E-03 7 0.54013 | 0.44141
1640311 s at Batman 5.72E-03 7 0.53929 | 0.44141
1639625_at vacuolar Do oo 400808 |, | eacel 0 aaan
1637282 at Anoggg(l:l;irz " | aseE03 7 | 0.53248| 0.44141
1622981 at Ultraspiracle 4.64E-03 7 0.52762 | 0.44141
1639162 at 7.77E-03 7 0.52439 | 0.44141
1637190 _at CG9149 6.93E-03 7 0.52395 | 0.44141
1625855_at Meiljtt)%rn(i:toar’gplex 245803 | 7| 52082 0.44141
1638507 at mltocgorggiﬁlizlt%osoma 776B-03 | 2| 52061 | 0.44141
1627641 s at CG17494 3.52E-03 7 0.52215 | 0.44141
1627794 a_ at Traniggtgrsiomated (8B03 1 2| 052165 | 0.44141
1639411 at lethal (1) G0148 6.50E-03 7 0.52034 | 0.44141
1625260 at CG11802 6.27E-04 7 0.5202 | 0.44141
1634193 at CG13142 8.69E-03 7 0.52004 | 0.44141
1627894 s at Chip 8.15E-03 7 0.51995 | 0.44141
1633486_at mItOChEa)rnoOtlgianI Egosoma 380E-03 | 7 | 051905/ 0.44141
1623506 s at | Protein phosphatase X 9.04E-03 7 0.51858 | 0.44141
1639768 _at CG2813 4.64E-03 7 0.51838 | 0.44141
1637148 _at CG13366 9.84E-03 7 0.51489 | 0.44141
1631073 _at Chlorliﬁalrr]mtrﬁlce”mar 231B-04 1 ;| 50978 | 0.44141
1638782_at CG8195 2.48E-03 7 0.50937 | 0.44141
1634359 a_at Borealin 6.06E-03 7 0.50904 | 0.44141
1639052_a_at CG12024 6.50E-03 7 0.50566 | 0.44141
1626621 at CG1407 9.53E-03 7 0.50377 | 0.44141
1631460 s at Painting of fourth 8.11E-03 7 0.50194 | 0.44141
1625722 at CG2774 2.65E-03 7 0.50144 | 0.44141
1623826_at CHIP 1.07E-03 7 0.49833 | 0.44141
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1637417 at CG6565 3.32E-03 7 0.49661 | 0.44141
1633840 a_at CG8026 9.90E-03 7 0.49551 | 0.44141
1630370 at CG9796 1.25E-03 7 0.48617 | 0.44141
1639520 at CG1298 1.24E-03 7 0.48577 | 0.44141
1633506 _s_at CG6091 3.58E-03 7 0.48485 | 0.44141
1632586 _at CG9951 /// GA22148 | 7.00E-03 7 0.48311 | 0.44141
1627749 at CG6412 9.30E-03 7 0.48173 | 0.44141
1640633_s_at CG32425 2.31E-03 7 0.47989 | 0.44141
1632776 _at Jugisgr%ag?gtgiﬁﬂam RIS 7 0.47975 | 0.44141
1631712 at CG13398 2.59E-03 7 0.47749 | 0.44141
1631006_a_at CG10171 1.20E-03 7 0.47724 | 0.44141
1627323 at CG8388 7.29E-03 7 0.47625 | 0.44141
1640900 at Arc4?2 4.50E-03 7 0.47599 | 0.44141
1631367 _at CG7828 6.45E-03 7 0.47471 | 0.44141
1629537 s at CG30394 5.38E-03 7 0.47275 | 0.44141
1630340 _at CG11927 5.84E-03 7 0.47183 | 0.44141
1635647 at CG2617 8.14E-03 7 0.47102 | 0.44141
1631648 _at Srp9 7.60E-03 7 0.47059 | 0.44141
1626387 s at| mei-217 /// transcript ¢| 5.70E-03 7 0.47043 | 0.44141
1638447 s at CG11141 9.57E-03 7 0.46933 | 0.44141
1636125 a_at granny smith 6.94E-03 7 0.46515 | 0.44141
1638963 s at mr;j 2.68E-03 7 0.46483 | 0.44141
1625324 at CG18549 1.58E-03 7 0.46355 | 0.44141
1628869 s at CG11504 9.18E-03 7 0.45813 | 0.44141
1627465 at NF-YC-like 8.20E-03 7 0.45694 | 0.44141
1625875 at CG10635 7.02E-03 7 0.44622 | 0.44141
1633980 at CG14969 7.70E-03 7 0.44547 | 0.44141
1634299 at CG7810 8.33E-03 7 0.43948 | 0.44141
1629820 at CG14353 4.60E-03 7 0.43872 | 0.44141
Pho;phoethanolamine 3.48E-03
1641183 a at cytidylyltransferase 7 0.43737 | 0.44141
1640163 _at Fasciclin 1l 3.63E-03 7 0.43644 | 0.44141
1636068 a_at Argonaute2 7.33E-03 7 0.42904 | 0.44141
1637545 _at CG1837 1.93E-03 7 0.42622 | 0.44141
1629821 at CG30055 2.88E-03 7 0.42315 | 0.44141
1638113 at beta4GalNACTA 3.68E-03 7 0.42314 | 0.44141
1630227 a_at CG8176 4.02E-03 7 0.42259 | 0.44141
1631513 at CG30000 3.68E-03 7 0.4207 | 0.44141
1632182 at CG12096 9.93E-03 7 0.41972 | 0.44141
1637738 _at Srpl4 1.57E-03 7 0.41704 | 0.44141
1625017 at CG3732 4.03E-05 7 0.41688 | 0.44141
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1625288 at CG33177 9.39E-03 7 0.41641 | 0.44141
1636210 at CG10191 1.53E-03 7 0.41332 | 0.44141
1640734 a_at CG16718 9.02E-03 7 0.39908 | 0.44141
1633032_s_at CG8177 5.49E-03 7 0.37483 | 0.44141
1623191 at Rab9 4.93E-03 7 0.36826 | 0.44141
1624923 s at 3.85E-03 7 0.36449 | 0.44141
1630912 at CG7789 8.13E-03 7 0.36394 | 0.44141
1636076 _a_at turtle 2.76E-03 7 0.36388 | 0.44141
1625602_at 2.39E-03 7 0.35889 | 0.44141
1636633 _at 7.86E-03 7 0.35476 | 0.44141
1630298 at CG30496 1.73E-04 7 0.35235 | 0.44141
1625840 at CG12001 3.13E-03 7 0.35111 | 0.44141
1627405 _at CG14966 5.90E-03 7 0.35048 | 0.44141
1639048 a_at CG8229 5.08E-03 7 0.34768 | 0.44141
1639193 a_at CG1971 4.63E-04 7 0.33453 | 0.44141
1641659 s at CG7834 1.45E-03 7 0.33297 | 0.44141
1641370 s at CG4199 1.88E-03 7 0.3291 | 0.44141
1623759 at CG13428 2.75E-03 7 0.31938 | 0.44141
1623904 a_at Rpt3R 9.06E-03 7 0.29901 | 0.44141
1638884 _at CG4238 2.63E-03 7 0.29344 | 0.44141
1624689 at 3.37E-03 7 0.28164 | 0.44141
1623137 s at dpr8 8.54E-03 7 0.27874 | 0.44141
1626894 at CG13165 3.58E-03 7 0.26575 | 0.44141
1633869 at deformed 5.42E-03 7 0.26175 | 0.44141
1635200 _at CG11261 1.95E-03 7 0.23811 | 0.44141
1626891 at CG15414 4.69E-03 7 0.22995 | 0.44141
1624797 at CG1637 9.33E-04 7 0.21574 | 0.44141
1625833 _at CG9896 5.00E-05 7 0.21552 | 0.44141
1625582 at CG32187 3.12E-03 7 0.21396 | 0.44141
1626547 at 5.41E-03 7 0.2043 | 0.44141
1623773 _at CG32082 3.79E-04 7 0.20236 | 0.44141
1634388 _at CG30197 5.05E-03 7 0.19612 | 0.44141
1635410 at CG12766 4.20E-03 7 0.19223 | 0.44141
1629609 at hormone receptor 7.81E-04 7 0.18944 | 0.44141
1625918 a_at CG14346 2.36E-03 7 0.16768 | 0.44141
1638074 at CG6673 1.14E-03 7 0.16653 | 0.44141
1635223 at CG30285 7.04E-03 7 0.16604 | 0.44141
1635006_at CG7077 4.45E-03 7 0.13282 | 0.44141
1635893 at fragment | 1.21E-03 7 0.12304 | 0.44141
1633631 at CG9682 5.82E-05 7 0.10769 | 0.44141
1632400 at CG3841 /// nemo 9.00E-03 7 0.10004 | 0.44141
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1639906 a_at CG7759 1.04E-03 7 0.095559| 0.44141
1624512 at CG14496 2.70E-03 7 0.089315| 0.44141
1635793 at CG11413 1.43E-03 7 0.086256| 0.44141
1633684 _at aldosgéggﬂzrase " ses0s| 0.085185| 0.44141
1637804 at CG18673 3.36E-03 7 0.082677| 0.44141
1631334 at CG10260 2.80E-03 8 0.55583| 0.44017
1628969 s at CG8485 8.20E-03 8 0.50999 | 0.44017
1623495 at inhibitor-2 5.88E-03 8 0.46855| 0.44017
1635488 at CG31660 7.07E-04 8 0.37632| 0.44017
1625744 at t(rsalllrig‘tehrlgsns ES6 1.02E-05 8 0.29014 | 0.44017
1631761 _at CG31313 8.92E-03 9 0.48055| 0.39396
1639232 s _at SP1029 4.86E-03 9 0.47341 | 0.39396
1636338 _at CG15021 1.75E-03 9 0.39818 | 0.39396
1638104 a_at 8.78E-03 9 0.36751 | 0.39396
1640743 _at Dipeptidase C 3.57E-03 9 0.35734 | 0.39396
1636853 at CG13214 6.80E-04 9 0.28674 | 0.39396
1627533 at straightjacket 9.44E-03 10 0.46109| 0.36538
1623151 a_at CG2010 1.91E-03 10 0.32983| 0.36538
1639490 _at Rim 3.41E-03 10 0.30522| 0.36538
1626099 s_at Stezokilr;l;igrmem 6.258-03 | 19 | 0.47153| 0.36499
Protein phosphatase 6.24E-03
1625806 _at lalpha at 96A 11 0.46641 | 0.36499
1624631 x_at 4.07E-04 11 0.31628 | 0.36499
1640625 _at CG15654 6.30E-03 11 0.30362 | 0.36499
1634162 at CG40198 8.78E-03 11 0.26712 | 0.36499
1627396 _a_at lethal3Des 4.11E-03 12 0.4336 | 0.34787
1633788 _s_at CG15186 4.96E-04 12 0.32848| 0.34787
1628258 _at CG14526 1.59E-04 12 0.28153| 0.34787
1640035_at fat body protein P6 1.15E-03 13 0.47271 | 0.34055
1627281 at CG3117 8.94E-03 13 0.43384 | 0.34055
1624717 s _at CG32647 6.23E-04 13 0.40563 | 0.34055
1637382_at 5.91E-03 13 0.34088 | 0.34055
1638611 at 9.28E-04 13 0.29556 | 0.34055
1632720 _at Lysozyme X 2.26E-04 13 0.28181 | 0.34055
1630503 _at CG6045 3.89E-04 13 0.27039 | 0.34055
1639402 _a_at scribble 1.36E-03 13 0.22356 | 0.34055
1640627 at dachsous 3.57E-03 14 0.45951| 0.32966
1640586 _at CG1537 5.42E-03 14 0.36088| 0.32966
Pherqmone—binding . 9 01E-04
1630963 at | protein-related protein 4 14 0.30531| 0.32966
1641389 at CG14959 6.85E-03 14 0.29766| 0.32966
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1639530 _at CG14528 9.33E-03 14 0.22495| 0.32966
1634027 at CG12715 2.54E-03 15 0.50404 | 0.3121
1629815 at CG33679 1.17E-03 15 0.46854 | 0.3121
1626278 _at CG6180 5.73E-06 15 0.41424 | 0.3121
1629802 at CG15484 7.47E-04 15 0.40587 | 0.3121
1641680 at 4.54E-04 15 0.40256 | 0.3121
1633135 s at CG18854 4.29E-04 15 0.35749 | 0.3121
1629752 _at CG5525 5.22E-03 15 0.35065 | 0.3121
1626625 at 2.88E-03 15 0.34002 | 0.3121
1625550 at CR33294 6.43E-04 15 0.33463 | 0.3121
1630302_at CG8562 4.25E-05 15 0.29825 | 0.3121
1631497 at tetraspanin 42E 3.32E-05 15 0.28869 | 0.3121
1640642 _at rhodopsin 2.74E-03 15 0.28233| 0.3121
1640219 at 5.95E-03 15 0.27416 | 0.3121
1627080 at CG17752 2.68E-04 15 0.26214 | 0.3121
1639933 at 9.35E-03 15 0.2525 | 0.3121
1636495 at 1.53E-04 15 0.2502 | 0.3121
1639147 s _at CG30438 3.87E-03 15 0.2305 | 0.3121
1623208_at Sox100B 5.57E-03 15 0.22374| 0.3121
1633196 _at fragment B 5.02E-03 15 0.15478 | 0.3121
1634409 at CG31775 7.74E-04 15 0.14668 | 0.3121
1626554 at CG16777 9.07E-03 16 0.4127 | 0.2782
1631222 _at pou domain motif 3| 2.37E-03 16 0.27601| 0.2782
1638227 at SP1070 8.82E-04 16 0.26301| 0.2782
1628406 s_at 3.12E-03 16 0.25282| 0.2782
1639495 at Cytochrome P450-9pb1 2.17E-03 16 0.18645| 0.2782
1626429 _at - Zir#\"r%ap MY 795804 | 1o | (34084 | 0.25605
1631631 _at CG13222 3.85E-03 17 0.30998 | 0.25605
1641039 at CG1397 7.31E-03 17 0.27096 | 0.25605
1638063 _at CG3950 6.61E-03 17 0.23477 | 0.25605
1628310 at 3.38E-04 17 0.20248 | 0.25605
1624729 at longitudinals absent | 4.60E-03 17 0.1776 | 0.25605
1625409 at CG17086 1.70E-03 18 0.29137| 0.19925
1639418 at Acp65Aa 9.38E-03 18 0.27105| 0.19925
1634842 a_at CG11160 1.08E-03 18 0.27071| 0.19925
1623867 at CG14168 1.00E-03 18 0.26888| 0.19925
1630261 a_at troponin T 5.26E-03 18 0.24587| 0.19925
1630252 _at Ribosomal protein S1j1 9.15E-03 18 0.22866| 0.19925
1624137 at CG11911 2.52E-03 18 0.22481| 0.19925
1624092_at Jonah 99C Alpha | 7.83E-03 18 0.20723| 0.19925
1627881 _at spalt 1.22E-03 18 0.19444| 0.19925
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TAG
storage

1639703 _s_at CG10936 6.16E-03 18 0.19416| 0.19925
1628547 at CG5167 6.88E-03 18 0.18466| 0.19925
1638207 at CG15617 1.28E-03 18 0.18425| 0.19925
1639469 a_at GTP cyclohydrolasg 3.96E-05 18 0.18394| 0.19925
1635757 _at CG11440 2.88E-03 18 0.17159| 0.19925
1629098_at CG7631 7.69E-03 18 0.16749| 0.19925
1641629 at CG7402 4.83E-03 18 0.1666 | 0.1992%
1629961 s_at Fast;yn?rgtlacs:gA 353B-04 | 45 | 0.15455| 0.19925
1636275 a_at CG33528 9.17E-03 18 0.14816| 0.19925
1639395 at CG31269 9.53E-03 18 0.14473| 0.19925
1635590 a_at CG34109 7.08E-03 18 0.14173| 0.19925
1623687 at CG15199 4.02E-03 18 0.13943| 0.19925
1627967 a_at mth-like 4 4.35E-03 1 0.88682 0.88682
1641282 _at mth-like 4 6.36E-03 1 0.88682 0.88682
1627472 _at Annexin X 1.31E-03 2 0.80489 | 0.74537
1636173 s_at p38a MAP kinase 2.31E-03 2 0.80172 | 0.74537
1625158 at tipE homolog 4 2.81E-03 2 0.78096 | 0.74537
1633971 at CG31036 8.04E-03 2 0.75471 | 0.74537
1631051 at CG9323 8.54E-03 2 0.58456 | 0.74537
1641037 _at CG32702 1.88E-04 3 0.75487 0.70415
1623953 _at CG11592 9.03E-04 3 0.72917 0.70415
1633789 at Hand 7.76E-03 3 0.71469 0.70415
1629723 at CG14714 9.64E-03 3 0.61788 0.70415
1629252 at CG14657 7.34E-03 4 0.49264 | 0.32596
wing morphogenesis
1637194 at defect 8.52E-03 4 0.48938 | 0.32596
1629916 _at deborg 8.56E-03 4 0.47785 | 0.32596
1640352 _at CG13779 7.92E-03 4 0.44752 | 0.32596
mitochondrial ribosoma
1638783 _at protein L48 6.75E-03 4 0.44529 | 0.32596
1634899 a_at CG6512 7.34E-03 4 0.43549 | 0.32596
1634078 _at Sirt7 4.98E-03 4 0.4301 | 0.32596
1624267 at CG7182 7.64E-03 4 0.42353 | 0.32596
1631632_s_at Bicaudal-C 1.28E-03 4 0.42267 | 0.32596
1635939 a_at CG9641 4.76E-03 4 0.41611 | 0.32596
1628536 _s_at CG11880 7.25E-04 4 0.40469 | 0.32596
1632338_a_at MSP protein 5.61E-03 4 0.40364 | 0.32596
NEM-sensitive fusion
1639023 _at protein 2 3.13E-03 4 0.37767 | 0.32596
1629287 _at CG14130 5.63E-04 4 0.37539 | 0.32596
His2B:CG33868 ///
1623281 s_at | His2B:CG33870 /// 5.13E-03 4 0.37061 | 0.32596
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His2B:CG33872 ///
His2B:CG33874 ///
His2B:CG33876 ///
His2B:CG33878 ///
His2B:CG33880 ///
His2B:CG33882 ///
His2B:CG33884 ///
His2B:CG33886 ///
His2B:CG33888 ///
His2B:CG33890 ///
His2B:CG33892 ///
His2B:CG33894 ///
His2B:CG33896 ///
His2B:CG33898 ///
His2B:CG33900 ///
His2B:CG33902 ///
His2B:CG33904 ///
His2B:CG33906 ///
His2B:CG33908 ///
His2B:CG33910 ///
His2B:CG40461 ///
His2B:CG17949

viral IAP-associated

1631137 _at factor 8.97E-03 4 0.36996 | 0.32596
1639727_at CG7601 7.12E-03 4 0.36916 | 0.32596
1639264 at Dead-box-1 8.13E-03 4 0.35419 | 0.32596
1640220 _a_at CG11779 3.72E-03 4 0.34509 | 0.32596
1628382_at Srp54 3.07E-03 4 0.34367 | 0.32596
1624180_at Psf3 2.97E-03 4 0.33667 | 0.32596
1627898_at dRingl 4.30E-03 4 0.32654 | 0.32596
1632303 a_at Trc8 4.18E-03 4 0.32556 | 0.32596
1630705_at CG4511 9.50E-03 4 0.31524 | 0.32596
1637893 _at Vps28 1.47E-03 4 0.31128 | 0.32596
UDP-glucose
1629352 at dehydrogenase 6.60E-03 4 0.27021 | 0.32596
1632717 _a_at CG14341 7.88E-03 4 0.26901 | 0.32596
1630842_s _at| CG32641 /// CG32640| 2.95E-04 4 0.26722 | 0.32596
1641486_at CG32108 7.25E-03 4 0.26691 | 0.32596
1631627_at CG5335 /// Protein-1 | 6.58E-03 4 0.26366 | 0.32596
1640872_at CG6463 /// CG33493 | 6.36E-03 4 0.25906 | 0.32596
1625027 _a_at GXIVsPLA2 6.92E-03 4 0.25689 | 0.32596
Transient receptor
1639767_at potential A1 1.25E-03 4 0.25512 | 0.32596
1637835_at CG12177 9.13E-04 4 0.25302 | 0.32596
1623378 _at Olig family 3.67E-03 4 0.24662 | 0.32596
1637468_at CG7516 5.71E-03 4 0.24408 | 0.32596
1637051 at RhoGAP71E 6.98E-04 4 0.24361 | 0.32596
1638231_at CG4393 9.18E-03 4 0.23788 | 0.32596
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acyl co-enzyme A
1639943 at oxidase 9.66E-03 4 0.22953 | 0.32596
1629398 at CG10383 7.44E-03 4 0.21243 | 0.32596
1632715 _at 1.91E-04 4 0.20343 | 0.32596
1641590_at timeless 2 8.97E-03 4 0.20277 | 0.32596
1639666_at S1P 1.59E-03 4 0.19307 | 0.32596
1634445 at CG32750 2.87E-03 4 0.15775 | 0.32596
1634487 _at tau 1.55E-04 5 0.18121 0.130136
Organic anion
transporting polypeptide
1637928_at 58Db 8.27E-03 5 0.17913 0.13136
1627292_at CG2898 1.97E-03 5 0.17438 0.13136
1626247 at CG4785 1.04E-04 5 0.16928 0.13136
1637941 at Ribosomal protein S10a  7.42E-03 5 4816 0.13136
1631666 s at CG9766 9.88E-03 5 0.16174 0.13136
1623710_at CG5847 9.85E-03 5 0.16125 0.13136
1626632_at 7.15E-03 5 0.16096 0.13136
1640774 a_at Mob1l 6.30E-03 5 0.157p2 0.13136
1629898 s _at Gene 1 1.66E-03 5 0.15351 0.13136
1640073_at CG14164 1.79E-04 5 0.15207 0.13136
1626606_at CG10630 2.59E-03 5 0.15193 0.13136
1629385 s at 2.23E-04 5 0.14919 0.130136
1641055_at Protein 23 4.46E-08 5 0.14911 0.13136
1626747 at 20s proteasome 4.60E-03 5 0.147784 18613
1632149 at CG17930 8.70E-03 5 0.14759 0.13136
1623612_at CG7722 2.19E-03 5 0.14399 0.13136
1625108 a_at lethal(2)37Bd 3.62E-08 5 0.14346 31BG
1636818_at CG13133 9.72E-03 5 0.14138 0.13136
CG10045 Glutathione
1628353 at S-transferase 8.84E-03 5 0.14076 0.13136
Cellular retinaldehyde
1627833 at binding protein 5.56E-03 5 0.13989 0.13136
1633356_s_at Dalpha2 8.72E-08 5 0.13906 0.13136
1635573_at CG12488 3.00E-0% 5 0.13896 0.13136
1634187 x_at 4.60E-03 5 0.13767 0.13136
1637732_at Gustatory receptor 98a 6.21E-04 § 6843 0.13136
1634255_at CG12721 4.91E-03 5 0.13606 0.13136
1637374 _at CG33779 5.76E-03 5 0.13577 0.13136
protein phosphatase
1639436 _at | from PCR fragment D6 5.76E-03 5 0.13478 0.13136
1628594 at rutabaga 7.52E-04 5 0.13428 0.13136
1630827 _s_at 9.72E-03 5 0.13178 0.13136
1634144 _at CG12958 5.30E-03 5 0.131  0.13136
1640540 _at CG30273 8.84E-04 5 0.13086 0.13136
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194

1634140_a_at CG11155 1.45E-08 5 0.12934 0.13136
1630797_at CG32582 5.95E-03 5 0.12926 0.13136
1627080_at CG17752 6.42E-03 5 0.12762 0.13136
1630359_at CG31810 7.26E-03 5 0.12693 0.13136
1637103_at CG9640 1.48E-03 5 0.12661 0.13136
1625491 _at brain washing 3.25E-04 5 0.12645 @631
1635674 _at CG6901 4.19E-03 5 0.126p6 0.13136
1629184 _at CG3819 3.96E-04 5 0.12579 0.13136

0.9kb transcript ///
1638856_at CG2650 9.01E-03 5 0.12578 0.13136
alphal,3-
1625341 at fucosyltransferase 4.01E-03 5 0.12552 0.13[136
Tryptophanyl-tRNA
1629619_at synthetase 2.55E-03 5 0.12286 0.13136
1624393_at white 4.27E-03 5 0.12264 0.13136
1631882_at CG10264 2.98E-03 5 0.1223 0.13136

1626641 s at Hemoglobin 1.94E-08 5 0.12193 04313
1629667_at CG14298 //l GA1288 3.52E-03 5 0.121%713136
1625785_at lethal (1) G0196 3.44E-04 5 0.121351318B6
1634674 _at CG9989 6.37E-03 5 0.11974 0.13136
1640411 _at CG18284 9.52E-03 5 0.11954 0.13136
1634525_at CG7738 3.36E-03 5 0.11952 0.13136
1640556_at CG14606 2.50E-03 5 0.11617 0.13136

1639638_a_at CG14502 3.36E-0B 5 0.11587 0.13136
1634064 _at CG13311 4.05E-03 5 0.11554 0.13136

1629716_a_at CG13284 2.94E-0B 5 0.11551 0.13136
1637788_at CG31176 7.91E-03 5 0.11491 0.13136
1628100_at CG8957 3.17E-03 5 0.11442 0.13136
1639934 _at CG31272 5.24E-03 5 0.11411 0.13136

1629551 _s_at CG12268 2.04E-0B 5 0.11262 0.13136

1629540 _a_at Plum 1.18E-03 5 0.111P6 0.13136
1623486_at CG7900 6.29E-03 5 0.110R5 0.13136

1627745_s_at 1.01E-03 5 0.10892 0.13136
1638253_at CG5361 7.34E-03 5 0.10802 0.13136
1628373_at CG32085 7.32E-03 5 0.10768 0.13136

Inositol 1,4,5-
1634619 at triphosphate kinase 1 3.33E-03 5 0.10734 0.13136

1626434 _s_at pol 1.04E-04 5 0.10687 0.131136
1622946_at CG6908 9.37E-03 5 0.1041 0.13136
1641280_at Ance-4 7.25E-03 5 0.098878 0.13136
1641242_at Ugt86Di 4.14E-04 5 0.098596 0.13136
1634521 _at zetaCOP 6.89E-08 5 0.094663 0.13136



Total
glycerol

1632557_s_at Rab30 1.73E-03 0.87088 | 0.82532
1623650_a_at PNGase 7.34E-03 0.84645 | 0.82532
Hormone receptor-like
1639398 at in 96 4.16E-03 0.82799 | 0.82532
1627150_at CG3056 6.87E-04 0.81576 | 0.82532
protein tyrosine
1638438 a at phosphatase 6.11E-03 1 0.76551 | 0.82532
1631460 _s_at Painting of fourth 6.44E-0B8 2 0.8178®.77278
septin interacting
1630870_s_at protein 2 4.43E-03 0.80578 0.772[/8
1626387 s_at mei-217 /// transcript 9.24E-( 79632 | 0.77278
1630207_at CG16972 6.93E-03 2 0.76393 0.77278
1625201_s_at CG17230 3.84E-08 2 0.74847 0.77278
1629427 at CG5660 1.41E-07 2 0.70436 0.77R78
1639435 _at Ulpl 2.84E-03 3 0.81496 | 0.7651
DISCO Interacting
1634461 at Protein 2 6.58E-03 3 0.81171| 0.7651
1640127_at CG6650 5.06E-03 3 0.79382 | 0.7651
Chromosomal protein
1625845 _s_at D1 1.52E-03 3 0.79225| 0.7651
1638130_at CG7379 7.37E-03 3 0.7722 | 0.7651
heterogeneous nuclea
1633767 _at ribonucleoprotein M 1.44E-03 3 0.75761 | 0.7651
1639309_at CG12333 8.68E-03 3 0.74828 | 0.7651
1630677_at CG15100 7.52E-03 3 0.73681 | 0.7651
1630023 at Daxx-like protein 5.39E-04 3 0.71332 | 0.7651
1625658 at CGbh181 7.89E-03 3 0.71001 | 0.7651
1636002_at CG4281 9.77E-03 4 0.8211  0.74B327
1635290 at CG11418 9.75E-03 4 0.78087 0.74327
1629756_at CG11092 7.25E-03 4 0.76869 0.74327
1639553 at CG9987 2.99E-043 4 0.75883 0.74327
TBP-associated factor
1629974 at 150kD 4.81E-03 0.70923 0.74327
1626680_at CG9305 9.67E-03 4 0.705p9 0.74327
1622968 at pl15 8.95E-03 4 0.70352 0.74B27
1638457 _at CG18347 9.73E-03 4 0.69886 0.74327
1633274 at CG10158 4.87E-03 5 0.82192 | 0.73409
1626985 _a_at CG7263 7.45E-03 5 0.80111 | 0.73409
Myelodysplasia/myeloid
1624559 a_at leukemia factor 8.04E-03 5 0.77092 | 0.73409
1626823 a_at CG7945 6.44E-03 5 0.76413 | 0.73409
1638456_at CG8531 7.99E-03 5 0.75755 | 0.73409
1623353 at abstract 2.01E-03 5 0.74651 | 0.73409
1635279_at dpontin 6.83E-03 5 0.74337 | 0.73409
1636709_at CG8710 8.60E-03 5 0.73682 | 0.73409
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1636299_at CG4707 6.28E-03 5 0.73625 | 0.73409
1636877_at CG1134 6.29E-03 5 0.72271 | 0.73409
1627527_s_at CG9992 6.92E-03 5 0.71671 | 0.73409
1631367_at CG7828 4.71E-03 5 0.70986 | 0.73409
1630416_at kinl17 4.49E-04 5 0.70241 | 0.73409
1625568_a_at CG15111 2.07E-03 5 0.68059 | 0.73409
1640661 at Ack 4.67E-03 5 0.66871 | 0.73409
1632482_at CG5554 9.75E-03 5 0.66592 | 0.73409
1635668 at thoc5 5.26E-03 0.80487 0.73386
1633346_at CG7351 8.78E-043 0.80241 0.73386
Developmental
1628006_at embryonic B 6.91E-03 6 0.79265 0.73386
1628557 at CG2063 2.27E-03 6 0.781p1 0.73386
Mediator complex
1641160_s_at subunit 31 1.63E-03 6 0.76821 0.73386
1631853 _at CG6610 1.03E-04 6 0.765pR3 0.73386
1629288 s at CG12608 /// CG91238 1.00E-03 0.76R037 3386
1636401 a at N-myristoyl transferase 5.89E-04 6 5884 | 0.73386
1632663 at CG7407 8.59E-043 6 0.7499 0.73B86
1633602_at Eaf6 6.80E-03 6 0.72514 0.73386
1625989 at CG6144 3.67E-03 6 0.7182 0.73B86
1623726 _at CG11755 2.08E-03 6 0.71081 0.73386
1636656_at CG13379 2.96E-03 6 0.69596 0.73386
1639108 at CG31184 7.55E-03 6 0.68819 0.73386
1637038_at tex 4.37E-04 6 0.68702 0.73386
Mediator complex
1625855_at subunit 30 5.39E-03 6 0.68670L 0.73386
1628943 at Transferrin 2 3.39E-03 6 0.67686 0.73386
1636741 _s_at Hsc70Cb 2.26E-08 6 0.64168 0.73386
1635523_a_at CG6479 1.97E-03 7 0.79954 | 0.71685
1634209_at pimples 3.82E-03 7 0.79687 | 0.71685
1631344 at msb1l 7.69E-03 7 0.79102 | 0.71685
1627325_at Aurora-A 7.58E-03 7 0.77087 | 0.71685
1627707_at CG3313 1.55E-03 7 0.76105 | 0.71685
1624191 at CENP-meta 2.91E-03 7 0.76078 | 0.71685
1634359 a at Borealin 4.98E-04 7 0.75588 | 0.71685
1634385_at CG15524 7.01E-03 7 0.75297 | 0.71685
1639059_s_at exuperantia 4.61E-03 7 0.74426 | 0.71685
1631249 at CG12713 5.95E-03 7 0.74044 | 0.71685
1630786_at Chd3 4.60E-03 7 0.73502 | 0.71685
1641382_at Pms2 1.67E-04 7 0.73016 | 0.71685
1628321 _at CG4788 7.68E-03 7 0.72835 | 0.71685
1627897_at CG12265 1.46E-03 7 0.72802 | 0.71685
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1635322_a_at CG13322 9.14E-03 7 0.7277 | 0.71685
1636533 at Lethal hybrid rescue | 1.14E-03 7 0.72649 | 0.71685
1638326_at CG7685 6.82E-03 7 0.72422 | 0.71685

1641713 a_at CG11120 3.78E-03 7 0.71846 | 0.71685
1641708_at CG34133 7.19E-03 7 0.71562 | 0.71685
1631876_at CG15266 3.29E-03 7 0.70695 | 0.71685
1627340_at lionette 2.54E-03 7 0.70563 | 0.71685
1629441 at Fermitin 2 3.67E-04 7 0.69401 | 0.71685
1627532_at Rpb4 8.12E-03 7 0.68491 | 0.71685

1633231 a at TBP-like factor 6.04E-03 7 0.68212 | 0.71685
1639037_at CG13588 6.82E-03 7 0.6768 | 0.71685
1629948 at CG5194 1.76E-04 7 0.67155 | 0.71685
1638539_at Gene 3 2.34E-03 7 0.61184 | 0.71685
1635811 at roughex 9.77E-03 7 0.57656 | 0.71685
1623250_at CG18591 4.31E-03 7 0.57066 | 0.71685

1636847 s _at Makorin 1 2.43E-03 0.63484 0.48745
1628974 at CG32711 6.80E-03 0.612[74 0.48745

1632271 a at anon-fast-evolving-1A 7.23E-Q3 P6G0| 0.48745
1640412_at dNicastrin 7.54E-03 0.590P2 0.48[745
1624353 at CG32654 7.83E-03 0.58365 0.48745

1636265 s at fickle 9.96E-03 0.56186 0.48Y45

Protein tyrosine
phosphatase-
1629795 at | ERK/Enhancer of Rasl 9.56E-04 0.5534 0.487745

1630227 _a_at CG8176 4.52E-03 0.52414 0.48745
1625978 at CG15141 8.72E-03 0.496[72 0.48745

Cyclin-dependent
1627770_at kinase subunit 30A 3.36E-04] 0.46189 0.48Y45

1637123 a_at CG33281 7.82E-04 0.11661 0.48745

1634418 at CG33281 1.14E-03 0.11067 0.48745
platelet-activating factot
acetylhydrolase alpha

1627403 s at | subunit homolog 2.68E-03 9 0.63914 | 0.45811
1627027_at CG15168 8.74E-03 9 0.61273 | 0.45811
1635429 _at CG33095 6.22E-03 9 0.60825 | 0.45811
1627934 at CG11723 6.38E-03 9 0.59384 | 0.45811
1633940_at CG9393 1.49E-03 9 0.58914 | 0.45811
1625747 _at RhoGAP92B 3.87E-04 9 0.58034 | 0.45811
1640619_at CG7028 9.00E-03 9 0.57918 | 0.45811
1641017 at separation anxiety 1.83E-03 9 0.57672 | 0.45811

Actin-related protein
1631049_at 14D 8.96E-03 9 0.57304 | 0.45811
1641058_at CG1319 8.98E-03 9 0.5564 | 0.45811
1623722_at no-on transient A gene 4.13E-03 9 0.55336 | 0.45811
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1636541 _at CG33052 7.91E-04 9 0.54283 | 0.45811
1631362_at CG11279 2.04E-03 9 0.51239 | 0.45811
1627641 s at CG17494 1.99E-03 9 0.50574 | 0.45811
1639797_at CG34109 4.06E-03 9 0.16981 | 0.45811
1638074 _at CG6673 8.95E-05 9 0.14591 | 0.45811
1631882_at CG10264 7.46E-03 9 0.14302 | 0.45811
1641618 at guanylate cyclase 99B 2.42E-03 9 0.14001 | 0.45811
1634143 _at Cyp6bwl 3.98E-03 9 0.082326| 0.45811
1628243 at debra 3.72E-043 10 0.53376  0.41/001
GST-containing
FLYWCH zinc-finger
1625757 _at protein 8.71E-03 10 0.51208 0.41001
1636182 a_ at CG10948 9.15E-0b 10 0.49098 0.41001
1638709_at Apaf-1 related killer 8.97E-03 10 0.417500.41001
1641281 at CG12391 3.86E-03 10 0.43286 0.41001
1627270 at CG15893 4.88E-03 10 0.37852 0.41001
1641603 _s_at gp150-like 2.38E-03 10 0.35223 0.41001
1633927 a_at beat-llic 8.91E-043 10 0.10469 0.41001
E2F transcription factor
1627605_at 2 8.55E-03 11 0.51314 | 0.31354
1631479 _at lethal(3)73Ah 1.04E-03 11 0.50875 | 0.31354
CAS/CSEL1 segregatior|
1637053 at protein 9.51E-03 11 0.50197 | 0.31354
1625169_at CG14667 7.89E-03 11 0.50181 | 0.31354
1626049_at CG13089 8.34E-03 11 0.49664 | 0.31354
1624858_at CG6693 5.10E-03 11 0.4919 | 0.31354
1637716_a_at| RNA-binding protein 3| 4.49E-03 11 0.48849 | 0.31354
1629941 a_at CG8044 8.95E-03 11 0.4877 | 0.31354
1635003_at CG6697 8.21E-03 11 0.48401 | 0.31354
1631286_at CG7857 3.64E-03 11 0.48228 | 0.31354
heparan-sulfate-2-
1637618 at sulfotransferase 6.77E-03 11 0.48049 | 0.31354
1623487_at dalmatian 6.25E-03 11 0.47735 | 0.31354
1636606_at slalom 3.33E-04 11 0.47327 | 0.31354
1627473 _at CG8090 2.02E-03 11 0.46857 | 0.31354
Coproporphyrinogen
1637191 _at oxidase 9.80E-03 11 0.45904 | 0.31354
1636972_at CG8003 9.62E-04 11 0.45873 | 0.31354
1636929 at aveugle 7.71E-04 11 0.44881 | 0.31354
1638929_at CG8920 4.11E-03 11 0.44877 | 0.31354
mitochondrial ribosoma
1639715_at protein L11 6.54E-03 11 0.4463 | 0.31354
1628418 at abnormal oocyte 9.69E-03 11 0.4461 | 0.31354
1638237_at CG5412 9.97E-03 11 0.44237 | 0.31354
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polypeptide GalNAc

1637736 _a_at transferase 7 1.89E-04 11 0.43908 | 0.31354
1625422 at CG4925 5.99E-03 11 0.43548 | 0.31354
1635939 a_at CG9641 5.57E-03 11 0.42884 | 0.31354
1635468 a_at CG7730 7.50E-04 11 0.42668 | 0.31354
1636388_at CG14220 2.14E-03 11 0.42509 | 0.31354
1635329 _at CG7638 1.81E-03 11 0.42239 | 0.31354
1635681 at CG4615 8.00E-03 11 0.42219 | 0.31354
1628560_at CG9344 8.57E-03 11 0.41576 | 0.31354
1630527 _at CG8436 1.43E-03 11 0.41549 | 0.31354
1633754 at CG5626 2.98E-03 11 0.40801 | 0.31354
1632262 _at CG6833 2.57E-03 11 0.406 | 0.31354
1636309 _at CG4089 4.97E-03 11 0.40047 | 0.31354
1624418 s at bhringi 9.88E-03 11 0.39987 | 0.31354
1624429 at CG3967 8.13E-03 11 0.39412 | 0.31354
TBP-associated factor
1630803_at 16kD 6.97E-03 11 0.38848 | 0.31354
1633629_at CG11030 6.22E-03 11 0.38549 | 0.31354
1636636_at CG11771 1.27E-03 11 0.36696 | 0.31354
mitochondrial ribosomal
1632280 at protein S35 3.92E-03 11 0.36362 | 0.31354
1631704 _at CG5805 3.38E-03 11 0.35922 | 0.31354
1635299 at Revl 6.29E-03 11 0.33743 | 0.31354
1629866_at Suv4-20 2.04E-03 11 0.3244 | 0.31354
1623285_at CG1637 1.09E-03 11 0.32079 | 0.31354
1630762_at CG9918 6.61E-03 11 0.3119 | 0.31354
1625459 at CG3520 5.30E-03 11 0.30917 | 0.31354
1637994 at mars 6.53E-03 11 0.30032 | 0.31354
myo-inositol-1-
1635848 at phosphate-synthase | 4.79E-03 11 0.28556 | 0.31354
1624237 _at CG15099 3.60E-03 11 0.27091 | 0.31354
1633869 at deformed 1.01E-04 11 0.26385 | 0.31354
1641463 _at CG6583 5.44E-04 11 0.23872 | 0.31354
1624211 at CG9005 1.91E-03 11 0.22553 | 0.31354
E(spl) region transcript|
1637012 _at m2 7.18E-03 11 0.22552 | 0.31354
1637733 _at CG31063 9.72E-03 11 0.21987 | 0.31354
1626165_at CG3754 6.74E-03 11 0.21823 | 0.31354
1641152 at CG1718 8.53E-03 11 0.20267 | 0.31354
1641265 _at tweety 4.69E-03 11 0.20016 | 0.31354
1626328 at CG32259 6.64E-03 11 0.19926 | 0.31354
Dihydropteridine
1641451 at reductase 9.37E-03 11 0.15951 | 0.31354
1630746_at CG31807 3.24E-03 11 0.1593 | 0.31354
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1627596 at CG4446 2.29E-03 11 0.14761 | 0.31354
1631498 a at fru-satori 7.77E-03 11 0.13587 | 0.31354
1634106_at CG11686 1.87E-03 11 0.13175 | 0.31354
1627744 at CG15209 1.19E-03 11 0.12659 | 0.31354
1632215 at CG6296 9.37E-03 11 0.12641 | 0.31354
1632260 s_at bruno-2 3.45E-03 11 0.12566 | 0.31354
1637306_at CG31720 2.91E-03 11 0.12428 | 0.31354
1628888_at CG7180 9.68E-05 11 0.11995 | 0.31354
1625728 _at CG8866 6.90E-04 11 0.11927 | 0.31354
1632688_s_at CG11594 7.96E-03 11 0.11757 | 0.31354
1636407 _at goliath 7.24E-03 11 0.11301 | 0.31354
1633145 at PRGP-like 9.22E-03 11 0.11004 | 0.31354
1634339_at CG32694 4.08E-03 11 0.10846 | 0.31354
1634515 at CG8093 6.60E-03 11 0.10805 | 0.31354
1623675 at turn on sex-specificity | 6.43E-03 11 0.10563 | 0.31354
1640918 at omega 7.36E-03 11 0.10394 | 0.31354
1636015_s_at CG32850 6.94E-03 11 0.1006 | 0.31354
1626552_at CG3568 7.08E-03 11 0.095984| 0.31354
1633089 a at longitudinals absent | 1.41E-03 11 0.085364| 0.31354
1641268 at CG13313 3.47E-03 11 0.080521| 0.31354
1626947 s at pleiohomeotic 4.85E-083 12 0.40288 2022
1633204 _a_at CG10971 6.91E-08 12 0.3917 0.22207
1635501 at p120 catenin 7.09E-08 12 0.38878 0.22207
1635863_at CG7185 6.08E-03 12 0.37382 0.22207
1641403 at CG14967 8.91E-04 12 0.37095 0.22207
1628422_s_at CG31650 4.25E-08 12 0.36878 0.22207
1640237 a at Chorion-factor-4 6.25E-08 12 0.3675422207
1632332_at CG5447 3.60E-043 12 0.36248 0.22207
Brahma associated
1631677_at protein 111kD 5.99E-03 12 0.34294 0.22207
1623985_at lethal (3) j2D3 9.68E-043 12 0.3415 00722
1631784 at CG13663 4.51E-04 12 0.3413  0.22207
1629284 a_at CG32387 9.34E-08 12 0.32433 0.22207
1631006 _a_at CG10171 1.20E-08 12 0.32179 0.22207
1635972_at CG15014 1.66E-04 12 0.30691 0.22207
1625566 a_at CG9293 6.22E-03 12 0.30116 0.22207
1638113 at beta4dGalNACTA 6.23E-03 12 0.29694 0.2220
1625549 _at CG5970 2.50E-043 12 0.29439 0.22207
1624837 _at CG7506 4.85E-04 12 0.285B6 0.22207
1625602_at 8.84E-04 12 0.28393 0.22207
1635908 at CG11071 4.34E-03 12 0.28259 0.22207
1628601 at Kinesin-like protein a 6.16E-03 12 028| 0.22207|

200



64D
1639155 _at 2.28E-03 12 0.2783 0.22207
1632123 at CG12050 7.47E-03 12 0.27794 0.22207
Eukaryotic initiation
1630063 a at| factor 3 p66 subunit 8.71E-03 12 0.27783 0.22R07
1639202_a_at CG7023 5.67E-03 12 0.27345 0.22207
1639046_at CG5454 6.11E-04 12 0.27152 0.22207
1625495 at CG12807 2.32E-03 12 0.27136 0.22207
1626657 a at wolfram syndrome 1 7.45E-03 12 0.2710622207
1637336_at CG5377 7.74E-03 12 0.27102 0.22207
Topoisomerase |-
1630539 at interacting protein 5.36E-03 12 0.26956 0.22207
1627602_at turtle 4.50E-03 12 0.268%9 0.22207
1637180 _at CG17977 8.94E-03 12 0.26771 0.22207
1639856_at CG5727 3.06E-03 12 0.26381 0.22207
1638265 _s_at 1.05E-03 12 0.2638  0.22207
1631051 at CG9323 9.79E-043 12 0.26146 0.22207
1625066_at CG13230 4.67E-03 12 0.25959 0.22207
1623375 _at CG17081 7.07E-03 12 0.25613 0.22207
1636257_at CG10688 2.73E-03 12 0.25464 0.22207
1641279 at bendless 4.29E-03 12 0.25095 0.22207
1631692 at CG16798 7.50E-03 12 0.24979 0.22207
1639016_at CG8206 3.38E-043 12 0.24517 0.22207
1635449 s at Dipeptidase B 9.36E-03 12 0.24387 2022
1629372 _a_at sec71 2.40E-08 12 0.24086 0.22207
1630112 at CG18731 2.28E-03 12 0.23919 0.22207
1625949 at 5' gene 7.66E-04 12 0.23709 0.22207
1637032_at beta4GalNAcTB 3.40E-03 12 0.21708 0.2220
1629924 at CG10238 8.13E-03 12 0.20954 0.22207
1630512_at CG8316 6.65E-03 12 0.209B33 0.22207
1635137 a_at CG5946 7.35E-03 12 0.20112 0.22207
1636764 _at CG31075 3.58E-03 12 0.19659 0.22207
1636487 _at CG7079 3.95E-04 12 0.19364 0.22207
Odorant-binding proteir
1627935 a_ at 59a 4.77E-03 12 0.18971 0.2220p7
1625883_at CG13253 1.57E-03 12 0.18289 0.22207
1624203 s at gliotactin 2.51E-0] 12 0.165[72 0.22207
homogentisate 1,2-
1633492 at dioxygenase 4.28E-03 12 0.16396 0.22207
1635181 at CG3337 1.32E-07 12 0.16273 0.22207
CG32495 /I
1633036 _s at | Glutathione Synthetase 2.07E-04 12 0.15598 0.22207
1641675 _at medusa 7.48E-03 12 0.14817 0.22207
1637374 at CG33779 5.06E-04 12 0.13944 0.22207
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1627785 at tetraspanin 42E 1.69E-03 12 0.13551 202p
1635611 a_at 4.14E-03 12 0.13546 0.22207
1631801 _at CG15044 1.53E-03 12 0.13345 0.22207
Juvenile hormone
1640923 at esterase duplication 3.97E-03 12 0.13264 0.22207
1626326_at CG31436 6.00E-03 12 0.13059 0.22207
1633812_at CG9080 8.27E-04 12 0.1285  0.22207
1624509 at hdl cuticle gene cluster. 3.43E-03 12 12715 | 0.22207
1636750_s_at CG13737 8.34E-08 12 0.12481 0.22207
1625369 at CG10877 9.12E-03 12 0.11941 0.22207
1640045_at CG3934 2.25E-043 12 0.1177  0.22207
1635694 at CG12907 1.90E-03 12 0.11616 0.22207
1633031 at CG8299 4.29E-03 12 0.111p7 0.22207
1628927 _at yellow-b 3.99E-04 12 0.11098 0.22207
1634623 a_at Cyp6al4d 8.94E-08 12 0.10979 0.22207
1637575_at CG8028 2.51E-03 12 0.10795 0.22207
1635467 a_at CG7381 2.60E-03 12 0.10727 0.22207
1640758_at CG32613 4.12E-04 12 0.10454 0.22207
1633862_at CG12934 9.27E-03 12 0.10418 0.22207
1635764 at CG14696 5.24E-04 12 0.10351 0.22207
1641131 _at CG5621 6.88E-03 12 0.1034 0.22207
1623371 at CG11126 2.29E-04 12 0.099917 0.22207
1637687_at cut 1.63E-03 12 0.09901 0.22207
1637154 at CG7470 4.34E-03 12 0.095645 0.22207
Glutathione S
1628657 at transferase E9 4.49E-03 12 0.087924 0.22p07
1624695_at CG3999 8.61E-03 12 0.077185 0.22207
1638680_at CG17282 6.43E-04 13 0.27156 | 0.17088
Mediator complex
1631196_at subunit 10 2.74E-03 13 0.27102 | 0.17088
1625233 _at dPI 3-kinase 9.36E-03 13 0.26257 | 0.17088
KH domain
1638133 at | encompassing protein | 4.90E-03 13 0.2572 | 0.17088
1632488_a_at 6.33E-03 13 0.25651 | 0.17088
1625147_at CG7866 1.33E-03 13 0.25428 | 0.17088
1639567 at frataxin-like 8.64E-05 13 0.2517 | 0.17088
1638414_a_at Bmcp 5.41E-03 13 0.2487 | 0.17088
1628976_at CG14222 8.01E-04 13 0.24751 | 0.17088
1633418 at CG9666 3.35E-03 13 0.24424 | 0.17088
1635293_s_at CG8336 6.21E-03 13 0.23977 | 0.17088
1623383_at dynein 2.09E-03 13 0.23677 | 0.17088
tre oncogene-related
1631687_at protein 4.93E-03 13 0.23622 | 0.17088
1640835_a_at Glutamate 7.28E-03 13 0.23454 | 0.17088
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dehydrogenase

1634859 at r2d2 7.39E-03 13 0.23348 | 0.17088
1631465 _at CG3919 4.41E-03 13 0.2315 | 0.17088
1637327 _at CG11376 8.69E-03 13 0.23076 | 0.17088
1637473 s at| CG18789/// CG18787| 8.93E-04 13 0.2275 | 0.17088
1628990 at columbus 8.51E-03 13 0.22612 | 0.17088
1641504 s at windpipe 5.85E-03 13 0.22571 | 0.17088
Cyclin-dependent
1637085_at kinase 5 5.46E-03 13 0.224 | 0.17088
1624259 at CG32040 1.16E-03 13 0.22378 | 0.17088
1636665_at 8.11E-03 13 0.22221 | 0.17088
1624289 at CG10133 3.01E-03 13 0.21963 | 0.17088
1640084 a at CG8712 7.07E-03 13 0.21852 | 0.17088
1637304 _at CG14911 6.40E-03 13 0.21848 | 0.17088
1626278 at CG6180 1.24E-03 13 0.21695 | 0.17088
1636076_a_at turtle 4.98E-03 13 0.2161 | 0.17088
1624380 _at CG1359 6.88E-03 13 0.21356 | 0.17088
1624163 _at 8.59E-03 13 0.2129 | 0.17088
1637402_at CG32109 2.49E-03 13 0.21171 | 0.17088
1631003 _at CG31857 2.80E-03 13 0.20732 | 0.17088
1641740 _at CG13499 6.10E-03 13 0.20212 | 0.17088
RCC GEF-related
1639296_at protein 7.54E-03 13 0.20042 | 0.17088
1635315 at 1.70E-04 13 0.20041 | 0.17088
1631627 _at CG5335 /Il Protein-1 | 7.71E-03 13 0.19546 | 0.17088
1641526 a at CG31302 3.81E-03 13 0.1881 | 0.17088
1640790_at CG11293 2.10E-03 13 0.18712 | 0.17088
1632847 _at CG13484 1.58E-03 13 0.18621 | 0.17088
1639787 _at CG6791 7.55E-05 13 0.17987 | 0.17088
1636869 _at 5.43E-03 13 0.17856 | 0.17088
1633106_at CG6662 6.42E-05 13 0.17473 | 0.17088
1627982_at CG31077 2.30E-05 13 0.17293 | 0.17088
1631435 at CG7988 4.64E-03 13 0.16838 | 0.17088
1638227 at SP1070 2.61E-03 13 0.16249 | 0.17088
1631059 at protein kinase C 5.01E-04 13 0.16181 | 0.17088
1629520 at CG8997 4.29E-05 13 0.1594 | 0.17088
1632145 a_at CG31720 1.78E-03 13 0.15826 | 0.17088
1624681 at 8.91E-04 13 0.15705 | 0.17088
1626547 _at 9.70E-04 13 0.15366 | 0.17088
1625688 _at CG6293 1.39E-05 13 0.15339 | 0.17088
1630676 _at CG30116 8.06E-03 13 0.14979 | 0.17088
1637403 _at CG7953 4.58E-04 13 0.1496 | 0.17088
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C-terminal Binding

1623869_at Protein 5.94E-03 13 0.1474 | 0.17088
1624056 a_at CG12455 1.63E-04 13 0.14278 | 0.17088
1623817 _at CG7916 1.70E-06 13 0.14235 | 0.17088
1625374 at CG9466 5.77E-03 13 0.14144 | 0.17088
1633957 _s_at CGb5316 4.90E-04 13 0.14045 | 0.17088
1625349 at beat-lllc 7.86E-03 13 0.13946 | 0.17088
1627816 a_ at CG32264 7.64E-03 13 0.13819 | 0.17088
1625780_a_at CG9812 7.35E-04 13 0.1381 | 0.17088
1625082 _a_at CG7882 7.72E-03 13 0.13795 | 0.17088
1627129 at 5.22E-03 13 0.1379 | 0.17088
1625828 at CG11841 1.45E-03 13 0.13696 | 0.17088
1627144 at CG10560 2.44E-03 13 0.1358 | 0.17088
1638583 _at CG31103 7.67E-03 13 0.1319 | 0.17088
1628476 at PP2A B' subunit 6.13E-04 13 0.12974 | 0.17088
1632498 at CG15629 2.39E-03 13 0.12968 | 0.17088
UDP-
glycosyltransferase
1640109_at 37bl 2.32E-03 13 0.12967 | 0.17088
1626664 at CG3285 3.77E-03 13 0.12836 | 0.17088
1628013 at CG3597 5.69E-03 13 0.12771 | 0.17088
1633474 x_at CG32603 1.31E-03 13 0.12413 | 0.17088
1640773 _at CG14821 5.18E-03 13 0.12213 | 0.17088
1626949 at CG11158 6.00E-03 13 0.11916 | 0.17088
1639427 at CG13333 1.54E-03 13 0.1188 | 0.17088
1632076_a_at CG6933 5.29E-03 13 0.11792 | 0.17088
1626414 at JH-epoxide hydrolase| 3.69E-03 13 0.11778 | 0.17088
1629467 _at CG32005 9.91E-04 13 0.11725| 0.17088
1634267 at CG30495 3.26E-03 13 0.11699 | 0.17088
1627837 _at CG5527 3.98E-03 13 0.11573 | 0.17088
1638393 _at 3.68E-03 13 0.11459 | 0.17088
1623289 at Pseudogene 83e 5.39E-03 13 0.11208 | 0.17088
1630066_at CG4302 5.63E-04 13 0.11114 | 0.17088
Type Il alcohol
1628907 at dehydrogenase 2.24E-03 13 0.10996 | 0.17088
1638388_at CG10559 1.45E-03 13 0.10968 | 0.17088
1636398 _at CG10086 6.61E-03 13 0.10895 | 0.17088
1630064 at N-like 3.56E-03 13 0.10831 | 0.17088
1630289 at CG6435 3.67E-03 13 0.10702 | 0.17088
1626764 at CG10182 8.87E-03 13 0.10681 | 0.17088
1635590 a_ at CG34109 8.34E-03 13 0.10565 | 0.17088
1634716_s_at CG32843 1.28E-03 13 0.099114| 0.17088
Zincl/iron regulated
1637577 at transporter-related 6.71E-03 13 0.097815| 0.17088
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Metabolic
Rate

protein 3
1628284 at CG3690 3.14E-03 13 0.096265| 0.17088
1637941 at | Ribosomal protein S10§ 7.35E-03 13 0.094732| 0.17088
1634831 _at antdh 9.99E-03 13 0.092703| 0.17088
1637649 at CG1707 2.85E-03 1 0.69113 0.56314
1624821 _at CG8586 6.36E-04 1 0.651P9 0.56314
1623466 at bric-a-brac 3.47E-04 1 0.64449 0.56314
1638758 at CG3016 6.97E-03 1 0.63836 0.56314
1641359 at Serine Protease 2 6.69E-03 1 0.54038631D45
Inwardly rectifying
1623066 at potassium channel 3 6.43E-03 1 0.41643 0.56314
1637146 _at 3.22E-03 1 0.3592 0.56314
1625270_at CG31259 1.23E-03 2 0.53328 | 0.47045
1630679_at CG1961 2.45E-03 2 0.52025 | 0.47045
1635769_at CG8773 4.13E-03 2 0.51828 | 0.47045
1638240_s_at CG8785 9.78E-03 2 0.50996 | 0.47045
1625778 _at CG4562 4.46E-03 2 0.50573 | 0.47045
1638661 at Machete 1.97E-03 2 0.46178 | 0.47045
1623398_at CG4830 9.76E-04 2 0.44596 | 0.47045
1628800_at Jonah 65A 1.35E-03 2 0.44523 | 0.47045
1629566_at CG8834 3.93E-03 2 0.44081 | 0.47045
1637829_at CG4020 3.22E-03 2 0.42715 | 0.47045
1637660_at CG5150 6.24E-03 2 0.3665 | 0.47045
1641688 at CG18136 5.86E-03 3 0.515p1 0.45706
Oregon-R glutamate
1640736_at decarboxylase 8.89E-03 3 0.46368 0.45706
1634139 _at Cyp301al 4.06E-06 3 0.39248 0.45706
1630917_at CG7889 3.93E-03 4 0.42995 | 0.36684
1626182 a_at CG5026 7.31E-03 4 0.42607 | 0.36684
1627592_at CG3295 7.13E-04 4 0.35027 | 0.36684
1628018 at hemolectin 7.72E-03 4 0.26107 | 0.36684
1639401 at hdl cuticle gene cluster. 1.52E-03 5 7@€03 | 0.30278
1623521 at CG11909 3.39E-03 5 0.36891 0.30278
1624914 at CG8690 1.75E-04 5 0.363p1 0.30278
1623666_at CG10516 3.37E-04 5 0.3455 0.30278
1625835_at yellow-f2 8.69E-03 5 0.33398 0.30278
1628541 at Tak1-like 1 4.82E-03 5 0.33395 0.30R78
1631523 at CG10824 5.46E-03 5 0.32236 0.30278
1628503 _at CG30424 3.13E-03 5 0.316[73 0.30278
1636383_at CG13856 4.92E-04 5 0.254P5 0.30278
1641681 _s_at CG5288 8.09E-03 5 0.23513 0.30278
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1635110 at Cyp6al3 7.44E-03 0.19973 0.30
1636800_at 3.63E-03 0.18239 0.307
1639282_at CG9220 2.68E-03 6 0.25648 | 0.15653
1631148 _at CG9673 3.40E-03 6 0.2359 | 0.15653
1632936 at alpha-mannosidase | 4.20E-03 6 0.23356 | 0.15653
1632154 _at CG14060 6.83E-03 6 0.23347 | 0.15653
1623229 at CG7881 2.47E-03 6 0.23042 | 0.15653
1639890_at CG17508 1.75E-03 6 0.21517 | 0.15653
1627277_s_at CG2930 8.50E-03 6 0.20898 | 0.15653
1636657 _at CheA87a 3.30E-03 6 0.20804 | 0.15653
1628984 _s_at HMG protein Z 7.40E-03 6 0.20656 | 0.15653
1631746 _a_at CG8774 3.64E-03 6 0.20329 | 0.15653
1626749 _a_at CG18135 5.70E-03 6 0.19507 | 0.15653
1627448 at Updo 8.80E-04 6 0.19429 | 0.15653
1630217 _at CG13650 3.92E-03 6 0.18693 | 0.15653
1626837_a_at CG32245 8.26E-03 6 0.18451 | 0.15653
1635348 at CG8086 6.03E-03 6 0.18252 | 0.15653
1632100 s at | anon-fast-evolving-2H7| 3.48E-03 6 0.18112 | 0.15653
1633366_at CG12455 9.48E-03 6 0.17868 | 0.15653
1636888 _a_at| Alkaline phosphatase| 6.77E-03 6 0.17697 | 0.15653
1636728_at Ptc-related Disp-like | 4.52E-03 6 0.17189 | 0.15653
1628173 at CG17189 5.31E-03 6 0.17153 | 0.15653
Odorant-binding proteir]
1624932_at 49a 6.13E-03 6 0.16722 | 0.15653
1640249_at CG33173 7.67E-03 6 0.16293 | 0.15653
1641241 at 6.89E-03 6 0.15349 | 0.15653
1633425_at CG2191 9.72E-04 6 0.15325 | 0.15653
1624857 _at CG17510 1.52E-03 6 0.15284 | 0.15653
1637236_at CG41136 2.17E-03 6 0.15213 | 0.15653
1637620_s_at CG9186 1.10E-03 6 0.15183 | 0.15653
1634503 _at CG15695 6.99E-03 6 0.15053 | 0.15653
1627040_at CG1344 7.72E-03 6 0.14627 | 0.15653
1632808_at CG6012 8.21E-04 6 0.14315 | 0.15653
1624117_at CG18397 9.03E-04 6 0.14116 | 0.15653
Serine protease inhibitq
1637939_at 1 9.21E-03 6 0.13534 | 0.15653
1632791 at CG32479 9.84E-03 6 0.13467 | 0.15653
1629374 _at CG31739 7.91E-03 6 0.13333 | 0.15653
1628594 at rutabaga 5.57E-04 6 0.13142 | 0.15653
1626536_at CG6776 5.90E-03 6 0.13065 | 0.15653
juvenile hormone acid
1628177_at methyltransferase 5.34E-03 6 0.13036 | 0.15653
1634170 _a_at filamin 3.69E-03 6 0.12988 | 0.15653
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APPENDIX B

SUPPLEMENTARY TABLE 2

Effects of P[GT1] and PiggyBactransposon insertional mutations in candidate genes
affecting triacylglycerol storage and total glycerol. Meaments given as deviations
from the co-isogenic control line (Canton S A, B or Fndrl198. a is one half of the
difference between the homozygous mutant and the control Piv@lues are from
analyses of variance comparing the mutant lines to their control.
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PiggyBac

Line Candidate = Cytologica . / . / .P[GT.l] transposon
(Background) gene | Location a (%) a(d) P(L) P(S) P(SL) O P(L)d msg;ﬂon insertion
site site
1283 bp at
77%%3; 1.04E- Ddx15'
TAG BG01863 (B) Ddx1 -0.236 -0.005| 9.26E-02 2.66E-02 01 3.25E-02| 9.67E-01 side
608 bp at
RhoGAP71
71E1-71E2 1.95E- E isoform
storage | BG01624 (A) | RhoGAP71E -0.102 0.189 | 3.64E-01 1.79E-01 01 8.67E-01| 2.53E-02| C 3'side
12F4-12F4 4.17E- 24534 bp at
BG02747 (B) rut 0.417 -0.207 | 1.70E-03]| 7.82E-02 02 1.70E-03| 3.50E-01( rut5'side
65D4- 5.84E- 234 bp at
BG01214 (B) sl 65D5 -0.248 -0.204| 9.00E-04| 2.85E-01 01 2.60E-03| 4.50E-04 sgl5'side
98F6, at
3R:24,884,
98F6-98F6 693; 5'
<1.00E- 7.86E- <1.00E- terminus to
19053 SIRT7 -0.863 -0.102 04 8.84E-01 01 7.00E-04 04 the left.
72B2, at
3L:15,949,3
72B2-72B2 24; 5'
<1.00E- 7.95E- | <1.00E- | <1.00E- terminus to
18363 GXIVsPLA2 -1.662 -1.484 04 1.18E-01 02 04 04 the left.
112 bp at
50E6-50E6 4.63E- b4GalNACT
Total BG02565 (B) | b4GalNACTA 0.132 0.494 | 2.56E-02| 1.40E-01 01 2.35E-01| 1.35E-02| A 3'side
530 bp at
56F16- CG8920
56F16 <1.00E- 6.51E- isoform B
glycerol BG02518 (B) CG8920 2.007 0.526 04 4.23E-01 01 3.90E-03| 1.80E-03 3'side
35D4- 3.54E- 3082 bp at
BG01607 (B) Gli 35D4 0.486 -0.074| 5.40E-03| 4.78E-01 01 2.13E-02| 2.06E-01| Gli 5' side
95C13- 3.18E- 4874 bp at
BG02181 (B) Gdh 95D1 0.033 0.173| 2.00E-04| 1.20E-03 01 2.84E-02| 1.10E-04 Gdh5'side
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2039 bp at

tweety
19F4-19F5 <1.00E- 1.27E- isoform B
BG00349 (F) tty 1.744 -0.198 04 2.23E-01 01 7.00E-04| 7.18E-01 5' side
intron 2 of
CG5946
7.01E- isoform B
BG02420 (B) CG5946 68E1-68E1| -0.107 0.041] 8.64E-01 6.09E101 01 7.68E-01| 7.69E-01 andD
intron 2 of
<1.00E- | 7.58E- Appl
Glycogen | BG00720 (F) Appl 1B9-1B10 6.534 5.583| 3.00E-04 04 01 1.55E-02| 7.40E-03 isoform A
53E4, at
2R:
12,872,142;
<1.00E- 8.46E- | <1.00E- 5'terminus
storage 18382 Cbp53E 53E4-53E4| 16.8202 10.751 04 6.53E-01 01 04 1.81E-02 to the left.
17A9, at X:
18,281,636;
17A9- 9.91E- 5' terminus
18838 transferrin 1 17A9 -1.2438| -4.1169 2.69E-01 2.83E-p1 01 5.50E-01| 8.00E-0 to the left.
10A4, at X:
10,975,465;
10A4- 3.11E- 5'terminus
18545 sevenless 10A4 13.2397| 13.2998 9.00E-04| 1.96E-01 01 8.72E-02| 3.00E-04 to the right.
30B12, at
2L:9,560,48
9;5'
30B10- 3.52E- | <1.00E- terminus to
19205 junctophilin 30B12 22.4639| 13.29982.00E-04| 5.00E-01 01 04 5.70E-03 the right.
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APPENDIX C

SUPPLEMENTARY TABLE 3

Over-representation of Gene Ontology (GO) Categories (BP= hialogrocesses; CC=
cellular component; MF= molecular function), KEGG Pathways andvideds for transcripts
associated with quantitative traits. Count = the number of genbe annhotation category. %
= the number of genes in the annotation category/total number oficaghigenes. Th®
value is from a modified Fisher exact test for enrichment of genes in an amotdegory.

Trait

EGEWSTS

Regression
List

Category

GO BP

Term Count P-Value
%
behavior 12 4.30%| 4.44E-02
response to toxin 8 2.87% 9.30E-03
immune system process 15 5.38%  4.86E;04
response to stimulus 46 16.49%  6.24E-06
response to abiotic stimulus 9 3.23% 3.08E102
humoral immune response 7 2.51% 1.71E102
phototransduction 6 2.15% 5.09E-03
visual perception 9 3.23%| 1.50E-03
detection of stimulus 7 2.51% 6.14E-03
sensory perception 11 3.94% 6.33E-03
immune response 13 4.66%  2.57E-p4
response to fungus 4 1.43% 5.50E-p2
response to bacterium 10 3.58%  1.93E{04
defense response 24 8.60% 5.21E106
innate immune response 9 3.23% 5.57E104
response to chemical
stimulus 16 5.73% 1.28E-02
neurological system process 20 7.17% 6.05E+03
response to biotic stimulus 10 3.58% 1.80E402
response to external
stimulus 9 3.23% 2.54E-02
G-protein coupled receptor
protein signaling pathway 12 4.30% 1.11E-02
detection of visible light 6 2.15% 9.21E-Q3
detection of light stimulus 6 2.15% 9.21E-03
detection of abiotic
stimulus 6 2.15% | 1.26E-02
detection of external
stimulus 7 2.51% 4.51E-03
defense response to fungus 4 1.43%  4.49H-02
defense response to Gran‘\-
positive bacterium 6 2.15%| 4.15E-04
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defense response to
bacterium 10 3.58%| 8.57E-0p
defense response to Gram-
negative bacterium 4 1.43% 2.43E-02
detection of light stimulus
during sensory perception 6 2.15%  8.25E-03
ectoderm development 7 251%  8.80E-02
sensory perception of light
stimulus 9 3.23% 1.50E-03
response to other organism 10 3.58M% 6.49E-03
response to light stimulus| 6 2.15% 3.88E-02
multi-organism process 12 4.30% 6.69E-D3
system process 22 7.89% 4.21E-P3
response to radiation 7 2.51% 1.97E-D2
detection of light stimulus
during visual perception 6 2.159 8.25E-03
antibacterial humoral
response 7 2.51%| 3.99E-04
detection of stimulus during
sensory perception 6 2.159 1.38E-02
antimicrobial humoral
response 7 2.51%| 1.25E-02
intrinsic to plasma
GocC membrane 15 | 5.38% 4.99E-05
membrane part 44 15.77%  1.22E-03
intrinsic to membrane 39 13.98% 1.72E-p4
extracellular region 24 8.60% 2.25E-05
extracellular region part 7 2.519 2.19E-02
integral to plasma
membrane 15 5.38%| 4.24E-05
extrinsic to plasma
membrane 4 1.43%| 3.68E-02
plasma membrane 26 9.32%  9.84E-05
postsynaptic membrane 4 1.43% 2.63E402
unlocalized protein
complex 3 1.08% | 4.78E-02
plasma membrane part 22 7.89%  2.61E;06
synapse 5 1.79% 2.76E-02
integral to membrane 39 13.98% 1.62E-D4
synapse part 4 1.43% 2.96E-02
receptor complex 4 1.43% 3.31E-02
membrane 62 22.22%  8.56E-05
GO MF neurotransmitter binding 7 2.519 3.95E-04
substrate specific channe
activity 8 2.87% 1.78E-02
hydrolase activity 53 19.00% 1.72E-Q2
gated channel activity 8 2.879 4.51E-03
ligand-gated channel
activity 7 2.51% | 1.44E-03
trypsin activity 7 2.51% 1.15E-02
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catalytic activity 99 35.48% 4.24E-0R
molecular transducer
activity 25 8.96% 9.15E-04
passive transmembrane
transporter activity 8 2.87% 2.31E-02
heme binding 8 2.87% 1.98E-0R
tetrapyrrole binding 8 2.87% 1.98E-02
peptidoglycan binding 3 1.08% 3.94E-02
serine-type peptidase
activity 14 5.02% | 6.14E-03
transferase activity,
transferring alkyl or aryl
(other than methyl) groups 6 2.15% 2.02E-P2
peptidase activity 24 8.60% 6.32E-03
transcription factor activity| 13 4.66% 1.09E-02
monooxygenase activity 8 2.87% 2.20E-p2
serine-type endopeptidase
activity 14 5.02% 2.41E-03
extracellular ligand-gated
ion channel activity 5 1.79% 1.50E-02
endopeptidase activity 17 6.09% 2.30E-D2
N-acetylmuramoyl-L-
alanine amidase activity 3 1.08%  3.29E-0p2
neurotransmitter receptor,
activity 7 2.51% | 3.95E-04
serine hydrolase activity 14 5.029 6.66E-D3
transmembrane receptor
activity 12 4.30% 2.09E-02
ligand-gated ion channel
activity 7 2.51% 1.44E-03
ion channel activity 8 2.87% 1.51E-02
glutathione transferase
activity 6 2.15% | 3.68E-03
channel activity 8 2.87% 2.31E-0R
scavenger receptor activity 4 1.439 1.04E-02
peptide binding 4 1.43%| 4.73E-02
receptor activity 21 7.53% 1.06E-04
neuropeptide hormone
activity 5 1.79% | 1.07E-02
signal transducer activity 25 8.969 9.15E-p4
hormone activity 5 1.79% 3.61E-02
dme00980:Metabolism of
KEGG xenobiotics by cytochrome
P450 6 2.15% | 2.10E-02
dme00480:Glutathione
metabolism 5 1.79%| 3.38E-0P
dme00052:Galactose
metabolism 4 1.43%| 3.29E-0P
Keywords immune response 8 2.879 7.76E-p5
monooxygenase 8 2.879 1.99E-02
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antimicrobial 4 1.43% 6.89E-03
lonic channel 7 2.51% 1.58E-02
Direct protein sequencing 8 2.87%  3.69E-p2
antibiotic 4 1.43% 1.24E-03
innate immunity 8 2.87% 6.24E-0b
signal 29 10.39%| 6.81E-08
amidation 6 2.15%| 5.72E-04
Postsynaptic cell membrane 4 1.43% 2.55E+02
Secreted 18 6.45% 1.07E-Q6
Module 2 GO BP response to other organisﬂn 4 80.00%  3.15E+05
peptidoglycan catabolic
process 2 40.00% 8.77E-083
response to stimulus 5 100.00% 3.77E{04
multi-organism process 4 80.00%  8.24E-P5
response to biotic stimulus 4 80.0006 5.17E105
defense response 5 100.00% 5.54E;06
peptidoglycan metabolic
process 2 40.00% 9.57E-083
antibacterial humoral
response 3 60.009 2.07E-04
antimicrobial humoral
response 3 60.009 7.82E-04
defense response to
bacterium 4 80.00% 5.28E-0p
carbohydrate catabolic
process 2 40.00% 4.41E-02
innate immune response 3 60.0006  7.55E;04
response to bacterium 4 80.00p6  7.20E+106
defense response to Gram-
positive bacterium 2 40.00%  1.59E-02
humoral immune response 3 60.0000 8.93E;04
immune system process 5 100.00% 8.00Er07
immune response 5 100.00% 2.14E07
extracellular region | 5 100.00% 4.20E-05
hydrolase activity, acting on
carbon-nitrogen (but not
GO MF peptide) bon%s, i(n linear
amides 2 40.00% 7.39E-0B
hydrolase activity, acting on
carbon-nitrogen (but not
peptide) bonds 2 40.00%  1.15E-02
peptidoglycan binding 2 40.00% 1.63E-03
N-acetylmuramoyl-L-
alanine amidase activity 2 40.00%  1.48E-P3
pattern binding 2 40.009 1.09E-02
KEGG dmeOO&_S50:Peptidoegcan
biosynthesis 2 40.00% | 1.00E-02
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Keywords antibiotic 2 40.00%| 5.48E-03
innate immunity 4 80.00% 4.83E-0F
immune response 4 80.00%  5.33E-07

signal 4 80.00%| 3.56E-04
antimicrobial 2 40.00%| 9.39E-03
Secreted 4 80.009 3.67E-05
glycoprotein 3 60.00%| 1.11E-02
antibacterial humoral
Module 4 GOBP response 2 33.339 2.38E-Q02
antimicrobial humoral
response 2 33.339 4.56E-02
defense response to
bacterium 2 33.33% 4.41E-0p
innate immune response 2 33.33%  4.48Ef02
defense response to funguis 2 33.33% 1.91E-02
response to fungus 2 33.33% 2.06E{02
response to bacterium 2 33.33%6  4.87E{02
defense response to Gram-
positive bacterium 2 33.33%  1.59E-02
humoral immune response 2 33.33%  4.87E{02
defense response to Gram-
negative bacterium 2 33.33%  1.51E-02
Keywords antibiotic 2 33.33%| 5.48E-03
innate immunity 2 33.33% 2.41E-0R
immune response 2 33.33%  2.49E-p2
signal 3 50.00%| 1.44E-02

antimicrobial 2 33.33%| 9.39E-08

amidation 2 33.33% 1.64E-0p

Module 7 GO BP response to pheromone 2 40.00%  2.20E{03
response to chemical

stimulus 2 40.00% 4.70E-02

GO MF pheromone binding 2 40.00%  2.40E-03

odorant binding 2 40.009 1.20E-02

receptor binding 2 40.00%  4.90E-02

Keywords | secreted | 2 40.00% 3.30E-02

Module 10 GO BP behavior 7 7.22% 2.21E-02
gliogenesis 3 3.09%| 2.57E-02
calcium-mediated signalin 3 3.09% 2.80E-p2
neuropeptide signaling
pathway 3 3.09% | 4.97E-02
response to abiotic stimulus 6 6.19%  9.83E403
transmission of nerve
impulse 8 8.25% | 7.60E-03

215



phototransduction 4 4.12% 7.55E-03
visual perception 6 6.19%| 1.07E-03
detection of stimulus 4 4.12% 2.16E-02
sensory perception 6 6.19% 1.35E-02
neurological system process 12 12.37%  8.19H-04
ion transport 7 7.22% 3.80E-0R
response to external
stimulus 6 6.19% | 8.44E-03
muscle contraction 4 4.12% 1.63E-02
rhodopsin mediated
phototransduction 3 3.09% 1.53E-02
G-protein coupled receptor
protein signaling pathway 10 10.31% 5.87E-D5
detection of visible light 4 4.12%| 1.11E-02
detection of light stimulus 4 4.12% 1.11E-02
detection of abiotic
stimulus 4 4.12% | 1.35E-02
detection of external
stimulus 4 4.12% 1.83E-02
multicellular organismal
process 31 31.969 9.82E-05
cell surface receptor linkeg
signal transduction 12 12.37%  7.54E-03
organ development 14 14.43%  3.10E-02
signal transduction 26 26.80% 1.65E-D6
cell communication 29 29.90% 6.53E-07
detection of light stimulus
during sensory perception 4 4.12% 1.03E+02
nervous system
development 11 11.349 8.66E-03
multicellular organismal
development 21 21.659 2.24E-Q2
ectoderm development 5 5.15%  2.39E-02
glial cell differentiation 2 2.06%| 4.72E-0P
sensory perception of light
stimulus 6 6.19% 1.07E-03
response to light stimulus 4 4.12%  2.90E-02
cell-cell signaling 8 8.25% 1.44E-0p
chemosensory behavior 4 4.12%  4.25E402
muscle system process 4 4.12% 1.63E;02
intracellular signaling
cascade 10 10.31%  1.58E-02
system development 16 16.49%  3.15E102
hormone metabolic procegs 3 3.09% 2.12E+02
system process 13 13.40% 5.45E-04
response to radiation 5 5.15%  6.96E-D3
detection of light stimulus
during visual perception 4 4.129 1.03E-02
learning 4 4.12% 9.56E-08
detection of stimulus during
sensory perception 4 4.129 1.44E-02
learning and/or memory 4 4.12% 2.05E-p2
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GO CC membrane part 27 27.84%  3.28E-05
intrinsic to membrane 22 22.68% 1.66E-04
extracellular region part 5 5.159 1.56E-02
extrinsic to membrane 4 4.12%  8.18E-03
extrinsic to plasma
membrane 4 4.12%| 4.05E-03
plasma membrane 14 14.43%  9.86E-04
plasma membrane part 12 12.37%  1.46E04
integral to membrane 22 22.68% 1.59E-D4
membrane 32 32.99% 1.93E-04
GO MF neurotransmitter binding 5 5.159 3.86E-04
substrate specific channe
activity 5 5.15% 1.48E-02
gated channel activity 5 5.159 6.06E-03
ligand-gated channel
activity 4 4.12% | 9.74E-03
calmodulin binding 4 4.12% 5.93E-08
calcium ion binding 6 6.19% 2.33E-02
neuropeptide binding 3 3.099 1.45E-02
sequence-specific DNA
binding 5 5.15% 1.83E-02
organic cation
transmembrane transporter
activity 3 3.09% | 2.72E-02
molecular transducer
activity 14 14.43%| 2.63E-04
passive transmembrane
transporter activity 5 5.15% 1.77E-02
transcription regulator
activity 10 10.31%| 4.90E-02
RNA polymerase I
transcription factor activity 6 6.19% 3.80E-Q2
transcription factor activity| 9 9.28% 7.87E-04
cation transmembrane
transporter activity 7 7.22%| 3.28E-02
ion transmembrane
transporter activity 10 10.31% 3.22E-0Q3
extracellular ligand-gated
ion channel activity 3 3.09%| 4.53E-02
neurotransmitter receptor,
activity 5 5.15% | 3.86E-04
neuropeptide receptor
activity 3 3.09% 1.45E-02
transmembrane receptor
activity 7 7.22% 1.25E-02
ligand-gated ion channel
activity 4 4.12% | 9.74E-03
ion channel activity 5 5.15% 1.33E-02
transporter activity 13 13.40% 1.77E-02
substrate-specific 11 11.34%  1.50E-02
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transporter activity
channel activity 5 5.15% 1.77E-02
substrate-specific
transmembrane transporter
activity 10 10.31%| 1.73E-0Z
peptide receptor activity 3 3.09¢9 1.61E-02
peptide binding 4 4.12% 2.89E-03
receptor activity 10 10.319 1.68E-03
neuropeptide hormone
activity 3 3.09% | 3.81E-02
signal transducer activity 14 14.43% 2.63E-D4
Keywords lonic channel 5 5.15% 5.91E-08
receptor 6 6.19%| 1.65E-02
Homeobox 4 4.12% 1.17E-02
calcium 5 5.15% 1.12E-02
membrane 13 13.409 2.83E-02
ion transport 5 5.15%| 2.64E-0P
dna-binding 8 8.25% | 1.74E-0R
ion channel 2 2.06%| 4.83E-0R
immunoglobulin domain 4 4.12%| 3.81E-Q2
Module 13 GO BP response to stimulus 12 15.58%  3.03E-02
rhodopsin biosynthetic
process 2 2.60% 4.23E-0p
leukocyte activation 2 2.60% 3.40E-02
myeloid leukocyte
activation 2 2.60% 3.40E-02
defense response 11 14.29%  2.93E;05
proteolysis 10 12.99% 1.18E-02
response to toxin 4 5.199 2.26E-02
macrophage activation 2 2.60% 3.40E-D2
immune system process 7 9.09% 1.66E;03
immune response 5 6.49% 1.37E-02
intrinsic to plasma
GO CC membrgne 7 9.09%| 2.17E-04
intrinsic to membrane 10 12.99% 3.71E-02
integral to plasma
membrane 7 9.09%| 2.00E-04
plasma membrane 7 9.09% 3.40E-D2
plasma membrane part 7 9.09%  3.11E403
integrin complex 2 2.60%| 4.53E-0R
integral to membrane 10 12.99%  3.65E-p2
receptor complex 3 3.90% 1.05E-02
membrane 16 20.78%  1.38E-02
GO MF heme binding 4 5.19%| 3.52E-02
hydrolase activity 17 22.08% 4.19E-02
serine-type endopeptidase 6 7.79% 1.22E+-02
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Glycogen
storage

Regression
List

activity
serine hydrolase activity 6 7.79%  1.96E-p2
trypsin activity 4 5.19% 1.34E-02
scavenger receptor activity 3 3.90% 6.49E403
oxidoreductase activity 11 14.29%  3.76E-03
tetrapyrrole binding 4 5.19% 3.52E-02
endopeptidase activity 8 10.39%  1.01E-p2
glutathione transferase
activity 5 6.49% | 1.52E-04
iron ion binding 5 6.49%| 3.19E-02
catalytic activity 34 44.16%  2.55E-083
monooxygenase activity 4 5.19%  3.71E-0p2
transferase activity,
transferring alkyl or aryl
(other than methyl) groups 5 6.49% 7.39E-D4
serine-type peptidase
activity 6 7.79% | 1.88E-02
electron carrier activity 5 6.49% 2.59E-02
peptidase activity 11 14.29%  1.99E-03
Keywords oxidoreductase 9 11.69%  7.64E-03
serine protease 4 5.19% 2.68E-p2
heme 4 5.19%| 3.17E-02
iron 5 6.49% 2.95E-02
protease 7 9.09%| 4.87E-03
monooxygenase 4 5.199 3.17E-02
GO BP signal transduction 19 13.87%  1.80E-02
neurological system process 14 10.22%  1.80E-04
synaptic vesicle transport 4 2.92% 4.56E-D2
synaptic vesicle endocytosjs 3 2.19% 3.84E{02
system process 14 10.22% 5.11E-pD4
mitochondrial DNA
metabolic process 3 2.199 2.64E-03
multicellular organismal
process 26 18.989 4.49E-02
acetylcholine metabolic
process 2 1.46% 4.03E-0p
response to wounding 3 2.19% 1.49E-D2
mitochondrial genome
maintenance 3 2.19% 3.66E-0Q3
cell communication 25 18.25% 8.67E-04
response to light stimulus 4 2.92%  4.00E-p2
response to external
stimulus 9 6.57% | 8.06E-0%
synaptic transmission 9 6.579 6.38E-04
cell-cell signaling 12 8.76% 1.38E-04
mitochondrial DNA
replication 3 2.19% 2.64E-03
response to chemical
stimulus 8 5.84% | 4.08E-02
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imaginal disc eversion 2 1.469 4.03E-02
regulation of
neurotransmitter levels 6 4.389 5.13E-03
transmission of nerve
impulse 12 8.76% | 4.53E-05
response to stimulus 17 12.41%  2.24E402
micropyle formation 2 1.46% 4.03E-0P
GO CC postsynaptic membrane 3 2.19% 2.97E402
synapse 4 2.92% 1.19E-02
membrane 27 19.71% 6.11E-03
plasma membrane 10 7.30%  4.18E-02
gamma DNA polymerase
complex 3 2.19% | 4.48E-04
synapse part 3 2.19% 3.22E-02
GO MF hydrolase activity 27 19.719 1.70E-Q2
rhodopsin-like receptor
activity 4 2.92% | 2.22E-02
molecular transducer
activity 12 8.76% | 1.62E-07
neprilysin activity 3 2.19% 3.47E-02
carboxylesterase activity 5 3.65% 3.82E-D2
signal transducer activity 12 8.76% 1.62E-D2
gamma DNA-directed DNA
polymerase activity 3 2.19%| 4.86E-04
hydrolase activity, acting on
ester bonds 12 8.76% 8.06E-03
DNA-directed DNA
polymerase activity 3 2.19%| 4.05E-02
metalloendopeptidase
activity 4 2.92% | 3.98E-02
Keywords membrane 17 12.41% 3.15E-03
G-protein coupled receptor 4 2.929% 3.43E02
transducer 5 3.65%| 1.03E-02
hydrolase 21 15.339 1.36E-02
Module 6 GO BP imaginal disc fusion 2 25.009 2.40E-Q3
embryonic development
ending in birth or egg
hatching 2 25.00%| 3.76E-02
post-embryonic
development 3 37.509 3.83E-03
wound healing 2 25.009 3.60E-03
embryonic development via
the syncytial blastoderm 2 25.00%  3.65E-D2
cell morphogenesis 3 37.50% 4.56E-03
actin cytoskeleton
organization and biogenesjs 2 25.00%0 3.61Ef02
cellular developmental
process 3 37.50% 1.83E-02
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actin filament-based

process 2 25.00% 3.69E-02
response to wounding 2 25.00% 5.59E-03
morphogenesis of an
epithelium 2 25.00%| 4.23E-02
anatomical structure
development 3 37.509 3.28E-02
stress-activated protein
kinase signaling pathway 2 25.00%  1.32E-p2
response to external
stimulus 2 25.00%| 4.20E-02
imaginal disc development 3 37.50% 2.91E{03
aging 2 25.00%| 1.71E-02
eggshell chorion formation 2 25.00%  1.59E-D2
chorion-containing eggshell
formation 2 25.00%| 1.95E-02
imaginal disc eversion 2 25.009%  1.20E-D3
imaginal disc
morphogenesis 3 37.50% 2.02E-03
cellular structure
morphogenesis 3 37.50% 4.56E-03
organ morphogenesis 3 37.50% 3.17E403
metamorphosis 3 37.50% 2.22E-03
organ development 3 37.50% 1.56E-0p2
establishment of tissue
polarity 2 25.00%| 1.47E-0Z
micropyle formation 2 25.009 1.20E-03
dorsal appendage formatign 2 25.00%  7.59E}03
instar larval or pupal
development 3 37.509 3.71E-03
larval development 3 37.50% 2.57E-03
actin filament organization 2 25.00% 2.19E-p2
multicellular organismal
development 3 37.509 4.63E-02
ectoderm development 2 25.00%  3.65E402
larval development (sensy
Amphibia) 3 37.50%| 2.22E-03
MAPKKK cascade 2 25.009 2.43E-02
dorsal closure 2 25.00%  1.99E-02
morphogenesis of
embryonic epithelium 2 25.00%  2.35E-02
cell differentiation 3 37.50% 1.77E-0R
multicellular organismal
aging 2 25.00%| 1.71E-02
ovarian follicle cell
development 2 25.009 4.08E-02
cell development 3 37.50% 1.25E-02
eggshell formation 2 25.00% 1.95E-02
JNK cascade 2 25.00% 1.28E-02
embryonic morphogenesis 2 25.00p6  3.53E102
anatomical structure
morphogenesis 3 37.50%  1.48E-02
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protein kinase cascade 2 25.0000 3.14Ef02
morphogenesis of a
polarized epithelium 2 25.00% 1.67E-02
system development 3 37.50% 2.31E-D2
establishment of planar
polarity 2 25.00%| 1.47E-0Z
determination of adult life
span 2 25.00%| 1.71E-0
Module 7 GO BP behavior 5 14.71%| 6.50E-08
transmission of nerve
impulse 11 32.35%| 1.35E-09
cell morphogenesis 5 14.71%  4.92E-02
acetylcholine metabolic
process 2 5.88% 1.25E-0p
anatomical structure
development 10 29.419 7.39E-Q3
neurological system process 11 32.35% 1.16H-07
response to external
stimulus 4 11.76%| 9.33E-08
G-protein coupled receptor
protein signaling pathway 4 11.76%  2.33E-02
cellular structure
morphogenesis 5 14.71%  4.92E-02
developmental process 13 38.24%  1.83E;03
multicellular organismal
process 16 47.069 2.44E-05
cell surface receptor linkeg
signal transduction 6 17.65%  2.29E-02
regulated secretory pathway 3 8.82%  3.51E:02
energy taxis 2 5.88% 3.72E-02
membrane invagination 4 11.76%  4.63E-D2
organ development 8 23.53% 1.10E-p2
signal transduction 11 32.35% 6.78E-04
endocytosis 4 11.769 4.63E-02
neurotransmitter metaboli
process 2 5.88% 4.93E-0p
cell communication 16 47.06%  1.95E-07
biological regulation 13 38.24%  1.67E-03
multicellular organismal
development 11 32.359 6.95E-Q3
phototaxis 2 5.88%| 3.72E-0R
synaptic vesicle transport 3 8.82% 2.49E02
regulation of
neurotransmitter levels 5 14.71%  3.41E-D04
synaptic vesicle endocytosis 3 8.82%  4.03E;03
neurotransmitter secretior 3 8.82% 3.51E402
synaptic transmission 8 23.53% 1.12E-D6
cell-cell signaling 11 32.359 4.48E-09
regulation of biological
process 12 35.299 3.07E-03
cell development 7 20.59%  2.38E-02
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Total
proteins

Regression

List

locomotory behavior 3 8.82% 3.60E-02
anatomical structure
morphogenesis 8 23.53%  9.52E-03
intracellular signaling
cascade 6 17.659 1.03E-02
system development 10 29.41%  2.17EH03
system process 11 32.35%  3.15E-07
generation of a signal
involved in cell-cell
signaling 3 8.82% 3.79E-02
GO CC postsynaptic membrane 3 8.82%  3.67E-03
synapse 4 11.769 5.14E-04
membrane 12 35.299 8.66E-03
plasma membrane 8 23.53% 5.09E-D4
synapse part 3 8.82% 4.01E-03
molecular transducer
GO MF activity 9 | 26.50%| 1.10E-04
signal transducer activity 9 26.50% 1.10E-Dp4
receptor activity 6 17.60%  3.20E-03
neurotransmitter binding 3 8.809 7.40E-03
neurotransm!tter receptor 3
activity 8.80% 7.40E-03
phospholipid binding 3 8.80% 7.80E-03
lipid binding 3 8.80% | 2.80E-07
Keywords synapse 3 8.80% 7.60E-03
transmembrane protein 3 8.80% 1.30E-02
cell junction 3 8.80% 1.50E-02
membrane 7 20.609 1.80E-02
transducer 3 8.80% 2.50E-02
neurotransmitter receptor 2 5.90% 3.30E-02
phosphoprotein 4 11.80% 4.20E-02
alternative splicing 5 14.70%  4.90E-Q2
. | |
cell projection
GOBP morpf)ho]genesis 12 | 39204 4.17E-02
cell part morphogenesis 12 3.92%  4.17E4102
cellular macromolecule
metabolic process 60 19.61% 1.77E-02
RNA metabolic process 36 11.76%  2.49E-D2
biopolymer modification 28 9.15%| 4.06E-02
biopolymer metabolic
process 71 23.209 1.85E-03
nervous system
development 19 6.21%| 3.44E-02
protein modification
process 28 9.15% 2.37E-02
embryonic development via
the syncytial blastoderm 8 2.619 2.80E-p2
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cellular component
organization and biogenesjs 57 18.63%  1.68E+02
gene expression 45 14.71%  1.35E-D2
morphogenesis of an
epithelium 9 2.94% 2.13E-02
post-translational protein
modification 24 7.84% 1.71E-02
cell projection organizatior
and biogenesis 12 3.929 4.17E-02
embryonic development
ending in birth or egg
hatching 8 2.61%| 3.26E-02
macromolecule metabolic
process 97 31.709 8.70E-03
cellular protein metabolic
process 59 19.289 9.01E-03
protein metabolic process 60 19.61%0 1.03E:02
GO Cellular
Component organelle lumen 25 8.17%  9.89E-04
intracellular non-
membrane-bound organelle 28 9.15% 1.44E:02
nucleolar part 3 0.98%| 4.08E-02
nuclear part 24 7.84%| 3.27E-02
membrane-enclosed lumeh 25 8.17% 9.89E-04
non-membrane-bound
organelle 28 9.15% 1.44E-0p
intracellular part 92 30.079 2.21E-Q2
intracellular organelle part 46 15.03%  4.33E-D2
organelle part 46 15.03% 4.52E-02
chromosome 14 4.58% 1.20E-02
intracellular 101 33.0199 1.01E-0p
mitochondrial matrix 9 2.94% 3.78E-02
nuclear lumen 16 5.23% 1.47E-02
mitochondrial lumen 9 2.94%|  3.78E-0Q2
GO MF RNA polymerase II. .
transcription factor activity 12 3.92% 1.86E-02
transcription regulator
activity 22 7.19% | 3.66E-02
structural constituent of
ribosome 7 2.29%| 4.94E-02
Keywords nucleus 27 8.82%| 8.61E-0B
metalloprotease 6 1.96% 2.21E-02
ribonucleoprotein 6 1.96% 3.94E-02
Transcription regulation 14 4.589 2.01E-02
Transcription 14 4.58% 2.39E-0p
cell projection
Module 7 GO BP morp?hojgenesis 8 4.91% 2.96E-02
cell part morphogenesis 8 4.91% 2.96E02
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regulation of programmed
cell death 5 3.07%| 3.55E-02
neuromuscular junction
development 3 1.84% 2.88E-02
biopolymer metabolic
process 35 21.479 2.99E-02
reproduction 13 7.98%| 3.23E-02
nervous system
development 13 7.98% 8.94E-03
neuron morphogenesis
during differentiation 8 4.91% 1.15E-0p
muscle development 7 4.29% 8.86E-P3
neuron development 8 4.91% 1.35E-02
cell development 16 9.82% 2.67E-02
cell death 7 4.29%| 3.88E-0R
death 7 4.29%| 3.99E-02
cellular morphogenesis
during differentiation 8 4.91% 3.34E-0p
system development 19 11.66%  4.67E102
cellular component
organization and biogenes 31 19.02%  2.11E+02
programmed cell death 7 4.29% 3.49E-p2
neurite development 8 4,919 1.15E-02
regulation of gene
expression 15 9.20%| 4.37E-Q2
gene silencing 4 2.45%  4.83E-0Q2
dendrite morphogenesis 5 3.07% 2.41E402
neurite morphogenesis 8 4.91% 1.15E402
neuron differentiation 8 4.91% 1.82E-02
dendrite development 5 3.07% 2.41E-02
cell projection organizatior
and biogenesis 8 4.91% 2.96E-02
neurogenesis 8 4.91% 4.40E-02
generation of neurons 8 4.91% 3.50E-p2
cellular protein metabolic
process 30 18.409 4.27E-02
GO CC organelle lumen 13 7.98% 1.89E-02
chromosomal part 7 4.29% 4.00E-02
membrane-enclosed lume 13 7.98% 1.89E+02
intracellular part 49 30.069 2.64E-02
chromosome 10 6.13% 4.72E-03
cell part 64 39.26%| 1.02E-02
cell 64 39.26%| 1.02E-02
intracellular 55 33.74%  3.85E-0B
mitochondrial matrix 6 3.68% 4.36E-0P
mitochondrial lumen 6 3.68% 4.36E-02
GO MF protein binding 65 39.88%  2.85E-0R
transcription regulator
activity 14 8.59% | 2.35E-02
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TAG
storage

Total
glycerol

Regression GO BP response to stress 8 6.20% 1.84E102
List response to heat 4 3.10% 1.01E-D2
response to temperature
stimulus 4 3.10% 1.40E-02
lipid metabolic process 10 7.75%  3.59E-02
GO CC membrane part 21 16.28%  5.97E-03
integral to membrane 17 13.18% 1.13E-D2
integral to plasma
membrane 7 5.43% 6.32E-03
intrinsic to plasma
membrane 7 5.43%| 6.77E-03
intrinsic to membrane 17 13.18% 1.16E-p2
eye pigment precursor
GO MF transporter activity 2 1.60%| 4.20E-02
Keywords transmembrane 16 12.40%  6.80E-03
glycoprotein 9 7.00% 3.70E-02
GO BP negative regul_ation of
Module 4 cellular metabolic process 4 8.33%  4.62E-p2
regulation of translation 3 6.25% 1.45E-02
negative regulation of
biological process 6 12.50%  2.08E-02
regulation of oskar mMRNA
translation 2 4.17% 3.43E-02
response to temperature
stimulus 3 6.25% | 1.81E-02
response to heat 3 6.25% 1.45E-D2
regulation of biosynthetic
process 3 6.25% 1.72E-0p
chromatin assembly 3 6.259 4.26E-02
cellular component
assembly 6 12.50%  2.58E-0Q2
regulation of cellular
biosynthetic process 3 6.259 1.72E-02
negative regulation of oskar
MRNA translation 2 4.17%| 2.87E-0p
alpha-linolenic acid
KEGG metabolism 2 4.20%| 3.80E-0P
Regression GO BP M phase 18 4.51%| 3.21E-0p
List DNA metabolic process 21 5.26%  4.25E-02
apoptosis 11 2.76% 1.14E-02
death 13 3.26%| 3.35E-0p
RNA splicing, via
transesterification reactions
with bulged adenosine as
nucleophile 11 2.76% 1.95E-0p
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Metabolic
Rate

Regression

List

adult locomotory behavior 4 1.009 4.21E-02
biopolymer metabolic
process 82 20.559 2.52E-02
RNA splicing, via
transesterification reactions 11 2.76% 1.95E402
cell cycle phase 19 4.769 2.62E-(2
cell death 13 3.26%| 3.22E-02
RNA splicing 12 3.01% | 1.14E-02
MRNA processing 15 3.76% 1.63E-02
mMRNA metabolic process 15 3.76% 2.39E-D2
nuclear mRNA splicing, vig
spliceosome 11 2.76% 1.95E-Q2
macromolecule metabolic
process 118 29.579 4.12E-Q02
GO CC intracellular part 121 30.309 2.40E-Q3
intracellular 129 32.30% 5.70E-08
intracellular organelle part 60 15.00% 1.60E-D2
organelle part 60 15.00% 1.70E-02
nucleus 62 15.50% 1.80E-02
chromosome 16 4.00% 1.90E-02
polytene chromosome 7 1.80% 2.00E-p2
spliceosome 8 2.00%  4.10E-Q2
snRNP U6 3 0.80%| 4.20E-0R
cytoplasm 66 16.50%  4.30E-0R2
ribonucleoprotein complex 15 3.80%  4.60E-D2
GO ME RNA polymerase II_ _
transcription factor activity 16 4.00% 6.80E-03
general RNA polymerase ||
transcription factor activity 8 2.00%  4.00E-Q2
structure-specific DNA
binding 4 1.00% | 4.60E-0Z
Keywords Transcription regulation 22 5.50% 1.30E-04
Transcription 21 5.30%| 4.90E-04
nucleus 35 8.80% 1.50E-08
zinc-finger 22 5.50% 1.60E-08
alternative splicing 25 6.30% 7.60E-03
cytoplasm 17 4.30% 1.80E-0R
dna-binding 16 4.00%| 4.30E-0R
rna-binding 8 2.00%| 4.30E-02
- _________________| |
igmentation durin
GOBP i gdevelopment ) 4 4.10%| 1.50E-02
pigmentation 4 4.10% 1.50E-0p
proteolysis 11 11.30% 2.10E-0Q2
nucleobase catabolic
process 2 2.10% 2.20E-0p
uracil metabolic process 2 2.10% 2.20E-D2
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beta-alanine biosynthetic
process 2 2.10% 2.20E-0p
uracil catabolic process 2 2.10% 2.20E-D2
beta-alanine metabolic
process 2 2.10% 2.20E-0p
pyrimidine base catabolic
process 2 2.10% 2.20E-0p
nonprotein amino acid
biosynthetic process 2 2.109 2.20E-02
carbohydrate metabolic
process 9 9.30% 2.40E-0p
amine metabolic process 8 8.20% 2.90E102
metabolic process 45 46.40%  3.00E-P2
nitrogen compound
metabolic process 8 8.209 3.20E-02
secondary metabolic
process 4 4.10% 4.70E-0p
cocc | membrane | 17 17.50%  2.00E-Q2
GO MF catalytic activity 48 49.50%| 1.30E-04
hydrolase activity 25 25.80% 5.10E-03
alpha-glucosidase activity 3 3.10% 6.90E-D3
hydrolase activity,acting o]
ester bonds 10 10.30% 1.70E-02
glucosidase activity 3 3.10% 1.90E-Q2
peptidase activity 11 11.30% 2.10E-02
aspartate 1-decarboxylase
activity 2 2.10% | 2.10E-02
carboxy-lyase activity 3 3.10% 2.20E-02
cysteine-type peptidase
activity 4 4.10% | 2.50E-02
lyase activity 5 5.20% 2.80E-0R
glutamate decarboxylase
activity 2 2.10% | 3.20E-02
phosphoric ester hydrolase
activity 6 6.20% | 3.30E-02
carbon-carbon lyase activity 3 3.10%  3.80E-02
glutamyl aminopeptidase
activity 2 2.10% | 4.20E-02
Keywords | hydrolase | 19 19.60(%{ 3.50E-03
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APPENDIX D

SUPPLEMENTARY TABLE 4

Analysis of modules of correlated transcripts associated vétih @f the mitochondrial

bioenergetic traits.The P-values statistics are from theessign analyses. Degree =

the

average correlation of a transcript with all other transcripitsimodule. Average Degree =
the average correlation of all transcripts in the module.

Average

Mitochondrial
state 3
respiration rate

Probe Set ID Gene Name P-Value Module d Degree
egree
1625287 at CG40178 9.50E-03 0.9445%6 0.94456
1625862 x_at CG40178 7.96E-03 0.9445%6 0.94456
1626022 _at Cypl2el 5.78E-03 2 0.88202 | 0.88202
1637309 a at Cypl2el 7.47E-04 2 0.88202 | 0.88202
1623431 at CG13423 4.81E-03 3 0.65344 0.65344
1640942 at CG3251 8.02E-03 3 0.65344 0.65344
1622906 at CG13200 3.91E-03 4 0.59399 | 0.59399
1636961 a at CG9027 4.95E-03 4 0.59399 | 0.59399
1626745 at Sucb 3.48E-03 5 0.495f 0.48832
1637251 a at Sucb 7.76E-03 5 0.4957 0.61153
1639001 a at Esterase-9 8.99E-03 5 0.4957 0.38726
Spinophilin ///
1633021 s at CG32295 4,28E-03 6 0.47133 | 0.41618
CG31866 ///
1633491 s at CG31865 1.78E-03 6 0.47133 | 0.57733
CG18789 /Il
1637473 s at CcG18787 6.33E-03 6 0.47133 | 0.48019
1638190 at CG9667 4.54E-04 6 0.47133 | 0.41163
1623291 at CG31673 3.11E-04 7 0.46977 0.5153
Niemann-Pick Type
1625334 at C-2 6.11E-03 7 0.46977 0.45874
1625901 s at 3.51E-03 7 0.46977 0.55241
1628272 _a at CG40486 5.12E-03 7 0.469177 0.32pb55
1630320 at Trypsin 3.18E-03 7 0.46977 0.51922
1635498 at CG9259 3.21E-03 7 0.46977 0.42[72
1637767 at CG3305 8.64E-03 7 0.46977 0.59684
1639286 s_at CG31689 3.53E-03 7 0.469f77 0.36p94
1626234 at 6.80E-03 8 0.45645 | 0.57529
1630095 a at Derailed 2 2.16E-03 8 0.45645 | 0.37408
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1632960 at Eclosion hormone| 3.96E-03 8 0.45645 | 0.54295
Connector of kinasg
1637815_s_at to AP-1 4.34E-04 8 0.45645 | 0.33347
1631680_a_at CG31878 7.33E-03 9 0.431P6 0.51831
Gustatory receptor
1633738_at 64f 3.04E-03 9 0.43196 0.51418
1636524 at 5.89E-03 9 0.43196 0.404p3
1639971 at CG12224 1.81E-03 9 0.43196 0.32496
1640598 s at --- 6.18E-03 9 0.43196 0.39812
1625338_at Cyp4d20 6.39E-03 10 0.41735 | 0.3123
1626251 at Rhodopsin 4 3.44E-03 10 0.41735 | 0.55864
1638021 at CG4757 2.87E-04 10 0.41735 | 0.26842
1640642 _at Rhodopsin 6 5.34E-05 10 0.41735 | 0.53006
CG32673 /// Rab9D
111 CG9807 /I
1623791_s_at| CG32671 2.29E-03 11 0.40166 0.54079
1623834 at CG18641 9.09E-03 11 0.40166 0.226
1623868_a_at CG30275 9.72E-03 11 0.40166 0.50726
1624212 at CG6784 6.23E-03 11 0.40166 0.17934
1624514 at Vhal6-3 2.92E-03 11 0.40166 0.50481
1625135 _at Chibby 8.89E-03 11 0.40166 0.33967
Ribosomal protein
1625248 at S29 8.63E-03 11 0.40166 0.40229
1625339 at CG31677 6.08E-03 11 0.40166 0.3218
1625630_at 9.99E-04 11 0.40166 0.386R1
1625635 at CG9316 9.62E-03 11 0.40166 0.46233
1625933 _at CG14731 5.19E-03 11 0.40166 0.48958
1626462 _at CG7691 8.58E-03 11 0.40166 0.34101
1626511 at CG32305 1.39E-04 11 0.40166 0.27407
1626800_at CG11630 8.75E-03 11 0.40166 0.40105
1627033 at CG11048 2.98E-03 11 0.40166 0.13819
1627166_at CG17287 7.04E-03 11 0.40166 0.42103
1627437 _at ref2 6.71E-03 11 0.40166 0.52743
1627457 _at CG10793 3.23E-04 11 0.40166 0.48749
1627891 at CG12725 8.57E-03 11 0.40166 0.52456
1628225 at CG32391 1.77E-03 11 0.40166 0.47204
1629253 at RabX?2 7.30E-03 11 0.40166 0.28062
1629698 at CG3515 8.87E-03 11 0.40166 0.36898
1630834_at Stromalin-2 5.22E-03 11 0.40166 0.8625
1631032_at CG14659 2.13E-03 11 0.40166 0.4914
1631171 at CheB93a 6.10E-03 11 0.40166 0.27437
1631270 at no hitter 7.58E-03 11 0.40166 0.51473
1631293 at CG31600 7.83E-03 11 0.40166 0.34408
1631598 at CG3184 3.11E-03 11 0.40166 0.31598
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1632696 at CG15323 1.63E-03 11 0.40166 0.49479

1633211 a_at CG7795 2.71E-03 11 0.40166 0.25389

Copper transporter

1634214 a_at 1C 8.17E-04 11 0.40166 0.52202
1634422 at CG31213 6.79E-03 11 0.40166 0.45462
1635108_at CG5964 2.87E-03 11 0.40166 0.36253
1635201 at CG15824 5.62E-03 11 0.40166 0.3793
1635345 at 7.96E-03 11 0.40166 0.42701
1635607_at CG31742 7.69E-03 11 0.40166 0.3763
1636862_at CG11322 8.29E-05 11 0.40166 0.4357
1636871 _at CG12943 8.63E-03 11 0.40166 0.50943
1637906_at 2.49E-03 11 0.40166 0.50249
1637919 at CG15233 5.09E-03 11 0.40166 0.40026
1638793 at CG31406 6.35E-03 11 0.40166 0.37889
1639201 at 5.39E-03 11 0.40166 0.41267
1639670 at cannonball 2.64E-03 11 0.40166 0.371157
1639781 at CG13402 5.10E-03 11 0.40166 0.50527
1639848 at matotopetli 3.98E-03 11 0.40166 0.5472
1639996_at tombola 1.12E-04 11 0.40166 0.41411

1641690 a at CG14929 9.50E-03 11 0.40166 0.336534

1625325 s at simjang 7.64E-03 12 0.38024 | 0.35729
1629914 _at CG14328 1.13E-03 12 0.38024 | 0.39577
1631843 _at CG6749 7.13E-03 12 0.38024 | 0.45758
1632648_at 7.08E-03 12 0.38024 | 0.44952

1634370_a_at pannier 3.28E-03 12 0.38024 | 0.24107
1630486_at Bteb2 1.16E-03 13 0.37362 0.46285

1633379 s at cap-n-collar 5.31E-03 13 0.37362 04B2

1635544 _s_at 2.37E-06 13 0.37362 0.31058
1638090 at CG4592 1.15E-03 13 0.37362 0.4798

CG32506 ///

1638381 _s_at CG1695 4.49E-03 13 0.37362 0.48301
1638756_at CG17279 7.81E-03 13 0.37362 0.27866
1639295 at CG4734 5.50E-03 13 0.37362 0.20084

Protein tyrosine

1623602_a_at| phosphatase 69D| 4.65E-03 14 0.3409 | 0.34263
1625147_at CG7866 7.63E-03 14 0.3409 | 0.38545

lethal (3) malignant

1627452 a at brain tumor 2.33E-03 14 0.3409 0.44453
1629950_at CG1785 6.02E-03 14 0.3409 | 0.39044
1634412 at CG2135 4.74E-03 14 0.3409 | 0.40863
1638892_at CG5397 8.93E-04 14 0.3409 | 0.16295

1640281 s at CG17129 3.41E-03 14 0.3409 | 0.25166
1624939_at Cyp6a2l 8.70E-03 15 0.32538 0.10746
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Peptidoglycan
recognition protein
1625486_a_at LA 2.06E-03 15 0.32538 0.4523
1626600 at CG30016 7.45E-03 15 0.32538 0.36162
1628469 _a_at CG32529 2.84E-0% 15 0.32538 0.19989
1628547 at CG5167 3.80E-03 15 0.32538 0.48116
1629476_at CG7542 7.92E-04 15 0.32538 0.38777
1630528 at CG17751 2.57E-03 15 0.32538 0.20058
1632870 _at CG32364 7.71E-03 15 0.32538 0.30596
retinin /// CG33060
1633499 at /Il CG33061 3.67E-05 15 0.32538 0.34354
1634455 at CG14406 1.86E-03 15 0.32538 0.38561
1635757 at CG11440 1.33E-03 15 0.32538 0.4606
1635975_s_at 1.87E-03 15 0.32538 0.1295
1638485 s _at SP2637 7.59E-03 15 0.32538 0.38902
1639594 at CG40485 1.46E-03 15 0.32538 0.40043
1640515 s_at liquid facets 5.17E-03 15 0.32538 49865
Cytochrome P450-
1640755 at 6a8 2.47E-03 15 0.32538§ 0.2129
1641239 at 5.67E-03 15 0.32538 0.21447
Na<up>+</up>-
dependent inorgani
phosphate
1623035 at | cotransporter 8.19E-04 16 0.32512 | 0.25807
1623697_s_at CG33465 5.54E-03 16 0.32512 | 0.32222
Gustatory receptor
1624233_at 8a 7.77E-03 16 0.32512 | 0.46252
1624384 _at CG13749 4.84E-03 16 0.32512 | 0.23201
1624402_at CG17906 1.34E-03 16 0.32512 | 0.36363
1624442 _at CG12586 2.88E-03 16 0.32512 | 0.26553
1624626_at 1.63E-04 16 0.32512 | 0.3524
1624964 _at CG17105 5.87E-03 16 0.32512 | 0.35923
1625092 at methuselah-like 6 | 7.58E-03 16 0.32512 | 0.31483
1625445_s_at schnurri 7.76E-05 16 0.32512 | 0.33617
CCK-like receptor
1625577_at at 17D3 2.13E-03 16 0.32512 | 0.39578
1625832_at 5.59E-03 16 0.32512 | 0.23622
1626009_s_at CG30427 5.42E-03 16 0.32512 | 0.31351
1626243 _at CG11626 6.89E-03 16 0.32512 | 0.22473
Gustatory receptor
1626255 _at 6la 1.19E-03 16 0.32512 | 0.10225
1626311 _at CG15088 6.39E-03 16 0.32512 | 0.40671
1626362_at missing oocyte 9.48E-03 16 0.32512 | 0.29741
1626753 _at CG12947 1.31E-03 16 0.32512 | 0.30143
1627011 at 7.99E-03 16 0.32512 | 0.35658
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1627225 _at Tetraspanin 26A 9.46E-04 16 0.32512 | 0.25483
1627548 at CG12541 7.39E-03 16 0.32512 | 0.32187
Odorant-binding

1627935 a at protein 59a 1.04E-03 16 0.32512 | 0.25974
1628086_at CG5369 3.03E-03 16 0.32512 | 0.26478
1628436_at CG13203 5.94E-03 16 0.32512 | 0.26581
1628950_at CG10178 8.51E-03 16 0.32512 | 0.13046
1629024 at pickpocket 25 3.07E-03 16 0.32512 | 0.43774
1629105 at CG16735 1.97E-03 16 0.32512 | 0.49859
1629174 at CG30264 8.55E-03 16 0.32512 | 0.35726

Odorant receptor
1630037_at 59b 4.32E-03 16 0.32512 0.412
1630061 at 6.92E-03 16 0.32512 | 0.35639
1630762_at CG9918 2.66E-03 16 0.32512 | 0.38247
1631748 at 8.42E-04 16 0.32512 | 0.45922
1632183 at roughoid 7.37E-05 16 0.32512 | 0.41796
1632808_at CG6012 5.17E-03 16 0.32512 | 0.22544
1632823 at CG17788 9.33E-03 16 0.32512 | 0.32793
1632910_at CG7512 4.57E-03 16 0.32512 | 0.39764
1632920_at CG10700 4.81E-03 16 0.32512 | 0.26901
1633155_at 5.49E-03 16 0.32512 | 0.23875
CG32496 /Il

1633167_s_at CG6788 6.52E-03 16 0.32512 | 0.29375
1633275 _at CG31562 1.51E-03 16 0.32512 | 0.37855
1633393 at CG6499 4.62E-03 16 0.32512 | 0.3425
1634062_at CG14218 5.04E-03 16 0.32512 | 0.33093
1634125 at CG30440 3.55E-03 16 0.32512 | 0.13811
1634530_at CG13040 4.52E-03 16 0.32512 | 0.28337
1634816_at CG8401 7.97E-03 16 0.32512 | 0.36804
1635243 _at CG31371 1.91E-03 16 0.32512 | 0.41249
1635251 at CG32553 4.59E-04 16 0.32512 | 0.3036
1635287_at CG15366 8.72E-03 16 0.32512 | 0.31293
1635562_at 6.83E-03 16 0.32512 | 0.21895
1636272_at CG8780 5.43E-03 16 0.32512 | 0.41484
1636283_at CG14826 8.81E-03 16 0.32512 | 0.19177
1636495 at 5.33E-03 16 0.32512 | 0.22285
1636532_at CG13958 5.85E-05 16 0.32512 | 0.43606
1636542_at CG15277 1.99E-04 16 0.32512 | 0.39852
1637310_at 1.51E-03 16 0.32512 | 0.3417
1637358_at CG10232 7.75E-03 16 0.32512 | 0.46666
1637886_at CG10339 3.04E-03 16 0.32512 | 0.38018
1637889_at CG5883 8.67E-03 16 0.32512 | 0.1646
1638309_at CG16733 2.89E-03 16 0.32512 | 0.48036
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1638492_at CG13913 8.36E-04 16 0.32512 | 0.35929
1638696_a_at CG3552 6.08E-03 16 0.32512 0.306
1638911 at CG14551 1.92E-03 16 0.32512 | 0.40109
1639044 _at Cad96Ch 4.32E-03 16 0.32512 | 0.43692
1639748_at CG15922 9.63E-03 16 0.32512 | 0.28048
1640670_at breathless 5.78E-03 16 0.32512 | 0.42896
1640890_at CG2973 2.72E-03 16 0.32512 | 0.20875
Ribonuclear protein
1641564 a_at at 97D 4.27E-04 16 0.32512 | 0.22571
1641712 _at CG8784 5.37E-04 16 0.32512 | 0.40087
1625511 at CG9322 2.30E-03 17 0.31436 0.38123
1626554 at CG16777 6.38E-03 17 0.31486 0.2747
CG4040 /1l
1627173 at CG33224 4.83E-03 17 0.31436 0.2006
1628190_at 9.94E-03 17 0.3143p 0.24188
1629573 at CG33975 2.06E-03 17 0.31486 0.45572
cAMP-dependent
1632409 a at| protein kinase 1 4.11E-03 17 0.31436 0.33785
1632541 at Blimp-1 2.27E-03 17 0.31436 0.34433
1634083 at Neurofibromin 1 9.06E-03 17 0.31436 33999
Ecdysone-induced
1634440 _s_at protein 74EF 8.03E-04 17 0.31436 0.36569
1638040 at shade 1.02E-04 17 0.31486 0.1621
1638383_at CG34014 3.37E-03 17 0.31486 0.3408
1639114 at 4.13E-04 17 0.3143p 0.32483
1640817 _at zormin 5.42E-03 17 0.31436 0.31694
RPS6-p70-protein
1624244 at kinase 8.53E-03 18 0.28272 | 0.39173
1624411 at CG18437 3.27E-03 18 0.28272 | 0.36775
1624957 _a_at Tequila 2.21E-03 18 0.28272 | 0.32892
1626064 _at CG4648 2.49E-03 18 0.28272 | 0.30802
1626577_at CG15556 8.37E-03 18 0.28272 | 0.1484
1627836_at CG13801 1.19E-04 18 0.28272 | 0.29287
1628363_at innexin 3 1.83E-03 18 0.28272 | 0.38257
1629081 at | orientation disrupte]l 3.86E-04 18 0.28272 | 0.25772
1630515_s_at Glutactin 5.22E-03 18 0.28272 | 0.2705
1634486_at CG30047 2.56E-05 18 0.28272 | 0.12484
1634834 _at CG4053 8.18E-03 18 0.28272 | 0.16201
1635135_at 8.10E-04 18 0.28272 | 0.34363
1635583 _s_at frizzled 2 2.09E-03 18 0.28272 | 0.32023
1635862_at CG33120 2.11E-03 18 0.28272 | 0.35318
Retinoid- and fatty-
1637843_at | acid binding protein| 5.52E-03 18 0.28272 | 0.33912
1640231_a_at CG8908 2.57E-03 18 0.28272 | 0.14514
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1640451 _at CG10863 4.73E-03 18 0.28272 | 0.26955
1623695 a_at CG11255 4.01E-03 19 0.25697 0.17372
1623991 _s_at coro 9.63E-03 19 0.25697 0.36902

1624015 at CG13732 4.36E-03 19 0.25697 0.13824
1624755 a at flap wing 2.34E-04 19 0.25697 0.3702

1625466 at CG2656 2.08E-03 19 0.25697 0.30167
1625997_s_at 3.82E-03 19 0.25697 0.13152
1626109 a at Drip 6.82E-03 19 0.25697 0.27297

1626740 at CG4784 6.40E-03 19 0.25697 0.10076

1626801_at CG10638 3.03E-03 19 0.25697 0.24289

1626988 at CG6805 7.32E-03 19 0.25697 0.28372
1627167 _a_at CG40485 6.26E-03 19 0.25697 0.17889

1627656 at gurken 3.98E-03 19 0.25697 0.32467

1628565_at CG11454 7.28E-03 19 0.25697 0.32084
1628915 s_at CG3799 7.17E-03 19 0.25697 0.17P43
1629191 s at CG6154 7.30E-03 19 0.25697 0.24743

Pyruvate
dehydrogenase
1629515 at kinase 8.67E-05 19 0.25697 0.29577
CG10404 /11
1629525 at GA15681 5.71E-03 19 0.256971 0.3694
1629532 at CG18157 6.02E-03 19 0.25697 0.16233
Cytochrome P450-
1629875 a at 4d1 3.07E-03 19 0.25697 0.10027
Protein C kinase

1631059 at 98E 8.49E-03 19 0.25697 0.18184

1631291 at 5.70E-03 19 0.25697 0.14078

1631783 at CG4267 3.25E-03 19 0.25697 0.19236

1631834 _at CG31098 5.61E-03 19 0.25697 0.21813
1631931 _s_at Syndecan 8.93E-0B 19 0.25697 0.32042

1632098 at CG4364 9.06E-03 19 0.25697 0.38681

1632377_at CG8399 6.40E-04 19 0.25697 0.29791
1632417 a at CG5021 9.34E-03 19 0.25697 0.33913

1632540_at Trypsin 4.00E-03 19 0.25697 0.25333

1632818 at CG32281 6.37E-03 19 0.25697 0.21677
1633483 a_at CG14207 2.67E-03 19 0.25697 0.33028

1633559 at CG8331 9.68E-03 19 0.25697 0.3727

1633716 _at CG10747 3.52E-03 19 0.25697 0.22954

RNA polymerase I

1633743 at 15kD subunit 1.06E-03 19 0.25697 0.35978

1634036_at CG8788 8.33E-04 19 0.25697 0.23741

1634250 at Actin 57B 2.40E-03 19 0.25697 0.33239

1634972_at CG4802 4.74E-03 19 0.25697 0.38006

1635321 at CG14688 2.31E-03 19 0.25697 0.22052
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1635658 at CG3592 7.72E-04 19 0.25697 0.28216
1635661 _at CG14777 9.55E-03 19 0.25697 0.350p31
1637491 _s_at CG3835 1.84E-03 19 0.25697 0.23722
1637526_s_at G protein 30A 2.98E-03 19 0.25697 31®m16
1638181 at CG14743 3.07E-04 19 0.25697 0.11y57
1638301 at CG8157 5.16E-03 19 0.25697 0.15354
1638321_s_at CG4847 2.11E-04 19 0.256p7 0.15p53
1638528 at CG15531 6.26E-05 19 0.25697 0.233802
1638878 at CG17302 6.15E-04 19 0.25697 0.16526
Organic anion
transporting
1639429 at | polypeptide 58Da 6.62E-03 19 0.2569/7 0.2115
1639439 at CG2471 7.68E-03 19 0.25697 0.37901
1640989_at CG12811 8.10E-03 19 0.25697 0.37811
1641320_s_at CG3168 6.80E-03 19 0.25697 0.29939
1641492 at 9.94E-03 19 0.25697 0.33691
1641508 s _at Tetraspanin 42Eh 1.97E-Q3 19 0.25697.1876
1622924 _at CG18540 1.04E-03 20 0.21086 | 0.25677
1623037_a_at CG5594 1.46E-03 20 0.21086 | 0.35033
amyloid protein
1624033 at precursor-like 7.71E-03 20 0.21086 | 0.33396
1624542 _at CG31757 9.35E-03 20 0.21086 | 0.24671
1627024 _s_at CG9164 1.95E-03 20 0.21086 | 0.27246
1628265 a_at CG32245 7.15E-03 20 0.21086 | 0.21152
1628406_s_at 2.94E-04 20 0.21086 | 0.16893
1628644 _at CG17350 5.06E-03 20 0.21086 | 0.13865
1629091_at CG5177 4.01E-04 20 0.21086 | 0.18728
1629688_at Oseg4 4.80E-03 20 0.21086 | 0.09243
Synapse-associate
1630169 _a_at protein 47kD 3.68E-03 20 0.21086 | 0.30147
1630761_at CG11854 5.38E-03 20 0.21086 | 0.16574
1631417 s _at CG6282 1.33E-03 20 0.21086 | 0.24736
1631606_at CG14285 5.39E-03 20 0.21086 | 0.14996
1634344 at lethal (2) 35Bg 2.12E-03 20 0.21086 | 0.10498
1635338 _a_at CG10233 2.24E-03 20 0.21086 | 0.26295
1635500_a_at prospero 3.32E-03 20 0.21086 | 0.20817
1635870_at CG1628 9.04E-03 20 0.21086 | 0.15501
1636345_s_at synaptotagmin 5.77E-03 20 0.21086 | 0.30568
1636566_at CG32368 2.54E-03 20 0.21086 | 0.15331
1638424 at CG10514 5.24E-03 20 0.21086 | 0.16743
1639017_at 4.69E-03 20 0.21086 | 0.14901
1639292_at Frequenin 1 9.92E-03 20 0.21086 | 0.21884
1641131 _at CG5621 5.21E-04 20 0.21086 | 0.21174
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Mitochondrial

state 4
respiration rate

1629380_at Chorion protein 16 7.96E-04 1 0.71408 694
Chorion protein a a
1633465_at 7F 2.58E-03 1 0.71498 0.7077b
1634091 _at Chorion protein 19 2.18E-03 1 0.714p8 78214
DNA
1636427 a_at| methyltransferase 2 9.04E-04 0.71498 0.50244
1637395 _at CG13084 1.41E-03 0.71498 0.79308
1641113 at CG13083 2.19E-03 0.71498 0.81072
1634287_at CG13737 8.81E-03 2 0.70023 | 0.70023
1636750_s_at CG13737 7.51E-03 2 0.70023 | 0.70023
1624400 a at cdc2-related-kinage 2.69E-04 K 0.6096%.4329
1624806_at yellow-g 4.54E-03 3 0.60965 0.70035
1625731 at CG13114 3.49E-03 3 0.60965 0.69047
1632992_at CG11381 4.31E-03 3 0.60965 0.7287
1634154 at CG15570 8.16E-03 3 0.60965 0.67722
1634395 at yellow-g2 9.26E-03 3 0.60965 0.71238
1636215 _at 4.17E-03 3 0.60965 0.251p9
1637707 _at CG4009 7.34E-03 3 0.60965 0.72502
1641158 a_at defective chorion|1 4.42E-03 3 0.6096%.56854
female sterile (1)
1624058 at Nasrat 2.08E-03 4 0.35842 | 0.50018
1624573 at CG4998 8.07E-03 4 0.35842 | 0.07109
1624613 at CG5986 3.65E-03 4 0.35842 | 0.21215
1625323 at CG32397 5.35E-04 4 0.35842 | 0.19153
longitudinals
1625768_s_at lacking 8.69E-03 4 0.35842 | 0.53198
1626223 at CG2543 8.37E-03 4 0.35842 | 0.30146
1626375 _a_at Usf 8.23E-03 4 0.35842 | 0.24693
Minichromosome
1626647 at maintenance 5 7.21E-03 4 0.35842 0.542
1626665_at CG7408 5.62E-03 4 0.35842 | 0.12209
1627348 at CG5285 1.70E-03 4 0.35842 | 0.38243
1629746 _at CG4041 7.52E-04 4 0.35842 | 0.43978
1630239_at Tubulin at 67C 7.57E-04 4 0.35842 | 0.47945
1630555_at CG33346 8.90E-03 4 0.35842 | 0.11654
1630950_at nop5 9.49E-04 4 0.35842 | 0.49263
1630957 s _at slimfast 8.34E-03 4 0.35842 | 0.37455
Ribonucleoside
diphosphate
reductase large
1631007_at | subunit 9.20E-03 4 0.35842 | 0.54281
zero population
1631078 at growth 7.70E-03 4 0.35842 | 0.50093
1631125 at CG15737 5.58E-03 4 0.35842 | 0.51857
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1631331_a_at pxt 4.12E-03 4 0.35842 | 0.52597
1632177 at homothorax 8.67E-05 4 0.35842 | 0.17051
1632283 at CG8950 1.07E-03 4 0.35842 | 0.48909
1632516_at CG8506 3.80E-03 4 0.35842 | 0.19878

Minichromosome
1632669 at maintenance 2 2.05E-03 4 0.35842 | 0.55285
1632713 at nanos 6.32E-03 4 0.35842 | 0.49815
1633417 at giant nuclei 3.80E-03 4 0.35842 | 0.48251
1633760_at CG10399 6.55E-03 4 0.35842 | 0.2647
1637133 x_at CG11350 8.65E-03 4 0.35842 | 0.22404
Autophagy-specific
1637240_a_at gene 7 8.02E-03 4 0.35842 | 0.39718
1639054 s_at 5.16E-03 4 0.35842 0.144
female sterile (1)
1639097_at Young arrest 1.85E-03 4 0.35842 | 0.50168
1639983 _at 8.21E-03 4 0.35842 | 0.14339
1640052_at CG15434 8.85E-04 4 0.35842 | 0.23534
tRNA-guanine
1640877 at transglycosylase 7.99E-03 4 0.35842 | 0.24332
1640972_at Cyclin J 6.86E-03 4 0.35842 | 0.54781
Odorant-binding
1623675 at protein 99b 7.68E-03 5 0.31653 0.283%3
CG14630 /Il
1625120 at CG33082 3.96E-03 0.31653 0.35707
1626718 at CG33127 9.55E-03 5 0.31653 0.39717
1628608 at CG17475 3.99E-03 5 0.3165%3 0.30791
1635239 at CG13901 6.69E-03 5 0.31653 0.23496
1635524 at CG30427 1.21E-03 5 0.31653 0.19657
1638246 at CG5804 8.03E-03 5 0.31653 0.43845

1623004 _a_at CG18449 8.69E-03 6 0.29182 | 0.4189
1624924 at CG31182 3.09E-03 6 0.29182 | 0.11778
1625657_at CG32335 4.77E-03 6 0.29182 | 0.2346

Syntaxin Interacting

1627084 _s_at Protein 2 5.20E-03 6 0.29182 | 0.36844
1627093 _at CG9284 7.89E-03 6 0.29182 | 0.33444
1627129 at 3.91E-03 6 0.29182 | 0.28731
1628261 at CG13067 7.02E-03 6 0.29182 | 0.14063
1631548 at CG30196 6.08E-03 6 0.29182 | 0.07312
1632823 at CG17788 2.94E-03 6 0.29182 | 0.32783
1634401_at fos intronic gene 6.32E-03 6 0.29182 | 0.40584
1635315 at 3.06E-03 6 0.29182 | 0.33594
1636121 at CG12924 7.23E-03 6 0.29182 | 0.2893
1637969_at CG16984 8.28E-03 6 0.29182 | 0.41769
1638494 at CG3124 7.76E-03 6 0.29182 | 0.43513
1638629_at CG15918 2.44E-03 6 0.29182 | 0.15749
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1639147 _s_at CG30438 1.00E-02 6 0.29182 | 0.2495
1639155 at 4.00E-03 6 0.29182 | 0.35617
1639885 at brachyenteron 7.95E-03 6 0.29182 | 0.28505
1640335_at CG31304 6.66E-03 6 0.29182 | 0.15233

1641237 _a_at SP555 8.80E-03 6 0.29182 | 0.44892
1623522 at CG11668 2.83E-03 7 0.21231 0.135%85

1625082_a_at CG7882 3.12E-03 7 0.21281 0.20681

1626837 _a_at CG32245 7.89E-03 7 0.21281 0.26962
1629106 at CG2233 6.31E-03 7 0.21231 0.19631
1630375_at Mec2 1.37E-03 7 0.21231 0.19907
1633329 at yellow-h 4.60E-03 7 0.212311 0.26897

1633553 _s_at SP1173 3.12E-03 7 0.212B81 0.28504
1634529 at CG3290 1.93E-03 7 0.21231 0.15703

no receptor

1636576 _s_at potential A 1.70E-03 7 0.21231 0.18826
1636954 at Netrin-B 4.22E-03 7 0.21231 0.141p4

Choline
1640284 _at acetyltransferase 7.16E-03 0.21231 0.28038
1640465 at CG17124 3.59E-03 0.21231 0.21909
1623103 at CG14946 1.22E-03 8 0.18844 | 0.09179
1623864 _at CG6321 1.74E-03 8 0.18844 | 0.22518
Protein phosphatas
1624023_at 1 at87B 1.36E-03 8 0.18844 | 0.33197
1626734 at CG6484 1.38E-03 8 0.18844 | 0.13621
1630084 _at CG10205 6.23E-03 8 0.18844 | 0.12143

1632063_s_at CG11357 1.27E-03 8 0.18844 | 0.27372
1632573 at Mitf 8.70E-03 8 0.18844 | 0.20459
1634666_at 1.24E-03 8 0.18844 | 0.14975
1635070_at CG9953 6.98E-04 8 0.18844 | 0.28491
1637516_at CG15449 2.63E-03 8 0.18844 | 0.11621
1638612_at CG11142 8.17E-03 8 0.18844 | 0.12422
1638809_at 1.65E-03 8 0.18844 | 0.2767
1639170_at Cyp4d21 5.97E-03 8 0.18844 | 0.11179
1639203 at CG32556 5.21E-03 8 0.18844 | 0.19223
1641422 at huntingtin 8.09E-03 8 0.18844 | 0.18589
1628310_at 7.50E-03 1 0.62002 0.501p1

1632854 s at Paramyosin 6.49E-08 1 0.62002 0.61175
1637483 _at CG8736 9.83E-03 1 0.62002 0.70615

CG31904 //I Adult

1641474 s _at| cuticle protein 1 8.53E-03 1 0.62002 0.66115
1624578 at CG9675 3.95E-03 2 0.13291 0.16641
1624893 at CG8852 9.56E-03 2 0.13291 0.13499
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1625087 _a_at CG32137 2.23E-03 2 0.13291 0.19586
1626709_at CG30179 9.15E-03 2 0.13291 0.08%97
1629066_at GRHRII 2.68E-03 2 0.13291 0.17148
1631168 at CG5687 8.93E-03 2 0.13291 0.13806
1631682_at twist 7.49E-03 2 0.13291 0.0825

1632170 a at CG14685 6.42E-03 2 0.13291 0.18p57

1632796 _s_at Ecdysone receptpr 8.30E-03 2 0.13291 .1050
1633481 at CG14394 7.82E-03 2 0.13291 0.11127

1635005 a at| Resistant to dieldfin 9.92E-03 2 @132 0.12872
1635006_at CG7077 5.17E-03 2 0.13291 0.14892
1638033 _at CG6055 8.03E-03 2 0.13291 0.09661

1639469 _a_at Punch 4.12E-03 2 0.13291 0.1315

1640732_s_at 5.30E-03 2 0.13291 0.11577
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APPENDIX E

SUPPLEMENTARY TABLE 5

Over-representation of Gene Ontology (GO) Categories (BP=BiallogProcesses; CC=
Cellular Component; MF= Molecular Function), KEGG Pathways and Kejsv for
transcripts associated with mitochondrial quantitative traits. Couhé number of genes in
the annotation category. % = the number of genes in the annotatgormgdtotal number of
significant genes. The value is from a modified Fisher exact test for enrichment négén
an annotation category.

Trait

Mitochondrial

state 3
respiration
rate

Analysis

Module 10

Category

GO BP

%

G0:0009314~response to
radiation 50.009 2.54E-07
G0:0009416~response to light
stimulus 50.009 2.23E-07
G0:0007602~phototransduction 50.00% 1.36E102
G0:0009605~response to
external stimulus 50.00% 4.20E-0p
G0:0007601~visual perceptior 50.00% 2.62E-P2
G0:0007600~sensory perceptign 50.0p%  4.70E}02
G0:0050962~detection of light
stimulus during sensory
perception 50.00% 1.51E-0%
G0:0018298~protein-
chromophore linkage 50.00% 2.00E-Q3
GO0:0050953~sensory perceptian
of light stimulus 50.009 2.62E-01
G0:0009628~response to abiotjc
stimulus 50.009 4.35E-04
G0:0051606~detection of
stimulus 50.009 1.99E-07
G0:0009584~detection of visible
light 50.00%| 1.55E-02
G0:0050908~detection of light
stimulus during visual perception 50.00% 1.51E-p2
G0:0009583~detection of light
stimulus 50.009 1.55E-07
G0:0009582~detection of abiotic
stimulus 50.009 1.67E-02
G0:0050906~detection of
stimulus during sensory
perception 50.00% 1.71E-0%
G0:0009581~detection of
external stimulus 50.00% 1.87E-Op
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G0:0004930~G-protein coupled
GO MF receptor activity 2 50.00%  3.42E-0P
G0:0009881~photoreceptor
activity 50.00%| 2.66E-03
G0:0001584~rhodopsin-like
receptor activity 2 50.00% 2.07E-0P
G0:0008020~G-protein coupled
photoreceptor activity 2 50.00% 2.66E-03
Keywords G-protein coupled receptor 2 50.00% 3.87E-P2
transducer 2 50.00%9% 4.63E-0p
retinal protein 2 50.00% 3.92E-03
chromophore 2 50.00%9% 3.92E-0B
Vision 50.00%| 2.95E-02
sensory transduction 2 50.0006 4.25E-02
photoreceptor protein 2 50.00%6 3.92E-03
G0:0048856~anatomical
Module 17| GO BP structure development 4 28.57%  2.05E-02
G0:0000003~reproduction 3 21.43%  3.82E-02
G0:0045475~locomotor rhythr 2 14.29%  1.43E-02
G0:0048477~00genesis 3 21.43% 1.42E-p2
GO0:0007276~gamete generatign 3 21.43%  2.75E02
G0:0042048~olfactory behavior 2 14.29%  4.79E-D2
G0:0019953~sexual reproduction 3 21.43% 2.90E{02
G0:0019935~cyclic-nucleotide
mediated signaling 2 14.29%  5.59E-(3
G0:0019933~cAMP-mediated
signaling 2 14.299 5.59E-03
G0:0019932~second-messenger-
mediated signaling 2 14.29%  2.69E-(2
G0:0007623~circadian rhythm 2 14.29% 2.77E-p2
G0:0008355~0lfactory learning 2 14.29%  2.69E-(2
G0:0007622~rhythmic behaviof 2 14.29% 2.14E-p2
G0:0048512~circadian behaviar 2 14.29% 1.99E{02
G0:0048511~rhythmic procesy 2 14.29%  2.85E02
G0:0007242~intracellular
signaling cascade 3 21.43p6  2.38E-(2
G0:0007613~memory 2 14.29% 1.67E-Q2
G0:0007612~learning 2 14.29%  2.93E-(J2
GO0:0007611~learning and/or
memory 2 14.299 3.86E-07
G0:0007292~female gamete
generation 3 21.43%  1.50E-0
G0:0007166~cell surface
receptor linked signal
transduction 3 21.43%  3.49E-02
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Mitochondrial

state 4
respiration
rate

GO0:0030707~ovarian follicle cell
Module 1 GO BP development 2 33.33% 4.08E-0p
GO0:0007275~multicellular
organismal development 3 50.00% 4.63E-02
G0:0030703~eggshell formation 2 33.33% 1.95E-p2
G0:0007306~eggshell chorion
formation 2 33.33%  1.59E-07
GO0:0007304~chorion-containing
eggshell formation 2 33.33% 1.95E-Op
G0:0030312~external
GO CC encapsulating structure 4 66.671% 1.26E-D7
G0:0042600~chorion 4 66.67% 9.67E-(8
GO MF G0:0005213~structural
constituent of chorion 2 33.33% 2.95E-03
G0:0007350~blastoderm
Module 4 GO BP segmentation 3 8.82%  4.47E-0p
G0:0000280~nuclear division 2 5.88%  1.83E-02
G0:0000279~M phase 6 17.65%  4.98E-03
G0:0000278~mitotic cell cycle 5 14710  1.91E-02
G0:0000003~reproduction 8 23.53% 2.19E-03
G0:0000087~M phase of mitotic
cell cycle 5 14.71% 1.01E-02
G0:0007338~single fertilization 3 8.82%  1.53E-03
G0:0007067~mitosis 5 14.71% 9.78E-03
G0:0019953~sexual reproduction 7 20.59% 5.11E403
GO0:0006267~pre-replicative
complex assembly 2 5.88%  3.18E-02
G0:0022414~reproductive
process 4 11.76%  1.27E-0P
G0:0006261~DNA-dependent
DNA replication 3 8.82%| 3.53E-02
G0:0006260~DNA replication 5 14.71% 1.28E-Q3
G0:0006259~DNA metabolic
process 17.65%  1.34E-02
G0:0009566~fertilization 8.82%  1.53E-0B
G0:0022403~cell cycle phase 6 17.6%% 6.16E403
G0:0022402~cell cycle process 6 17.65% 1.80E402
G0:0007049~cell cycle 6 17.65%  2.44E-Q2
G0:0030261~chromosome
condensation 3 8.82%  6.15E-0B
G0:0006139~nucleobase,
nucleoside, nucleotide and
nucleic acid metabolic process 11 32.35% 2.94E402
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ADP/O ratio

Module 2

G0:0051301~cell division 4 11.76%  3.62E-Q
G0:0009790~embryonic
development 5 14.71%  3.31E-0
GO cC GO0:0005656~pre-replicative
complex 2 5.88%  4.65E-07
G0:0043138~3'-5' DNA helicase
GO MF activity 2 5.88% | 4.15E-02
G0:0003676~nucleic acid
binding 10 29.41% 1.68E-07
G0:0003688~DNA replication
origin binding 2 5.88%| 4.52E-02
Keywords DNA-binding 5 14.71% 2.15E-02

GO BP

GO:0007517~muscle

development

o

o

GO MF

G0O:0030976~thiamin
pyrophosphate binding

2 11.76M0

8.25E-(

3

G0:0016903~oxidoreductase
activity, acting on the aldehyde
oxo group of donors

2 11.76%

3.66E-0

G0:0016624~oxidoreductase
activity, acting on the aldehyde ¢
oxo group of donors, disulfide ag
acceptor

Dr

2 11.76%

1.24E-0]

G0:0004591~oxoglutarate
dehydrogenase (succinyl-

transferring) activity

2 11.76%

8.25E-0

B

Keywords

receptor

3 | 17.65%

3.19E-0%
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