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What Is Already Known: 
Past studies have shown that intensely-selected populations are useful materials for analyzing the 
mechanistic foundations of adaptation in laboratory fruit flies.  Starvation-resistant and obese 
Drosophila populations are a powerful tool not only for studying the evolution of starvation 
responses, but also for studying metabolic disorders and related cardiac dysfunction. 
 
What This Study Adds: 
This study applied an intense selection regime on a large, outbred, ten-fold replicated set of 
Drosophila melanogaster populations for six years, tripling the average lipid contents and 
doubling the average cardiac arrest rates in respect to their ancestral populations.  We identified 
an additional 131 genes of interest that the most notable Drosophila starvation-selection 
experiment to date (Hardy et al. 2015, Hardy et al. 2018) did not find in their populations.  Our 
result of the complex age-dependent relationship between lipid levels and mortality rates in our 
obese fruit flies echoes some features of the relationship between obesity and mortality in human 
populations, once again supporting the importance of employing highly variable, outbred 
Drosophila populations for human metabolic and cardiac-related disorders. 
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I. ABSTRACT 

In experimental evolution, we impose functional demands on laboratory populations of model 

organisms using selection. After enough generations of such selection, the resulting populations 

constitute excellent material for physiological research. An intense selection regime for increased 

starvation resistance was imposed on ten, large, outbred Drosophila populations.  We observed 

the selection responses of starvation and desiccation resistance, metabolic reserves, and heart 

robustness via electrical pacing.  Furthermore, we sequenced the pooled genomes of these 

populations. As expected, significant increases in starvation resistance and lipid content were 

found in our ten intensely-selected SCO populations. The selection regime also improved 

desiccation resistance, water content, and glycogen content among these populations.  

Additionally, the average rate of cardiac arrests in our ten obese SCO populations was double the 

rate of the ten ancestral CO populations.  Age-specific mortality rates were increased at early 

adult ages by selection. Genomic analysis revealed a large number of SNPs across the genome 

that changed in frequency as a result of selection. These genomic results were similar to those 

obtained in our laboratory from less direct selection procedures. The combination of extensive 

genomic and phenotypic differentiation between these ten populations and their ancestors make 

them a powerful system for the analysis of the physiological underpinnings of starvation 

resistance.  

 

II. INTRODUCTION 

Stress affects both vertebrate and invertebrate organisms throughout their lifetime, and 

both groups experience and defend against similar stressors, sometimes but not always using the 

same or similar physiological machinery.  Evolutionary physiologists take advantage of stress, 

using it as a tool either (1) to measure an organism’s physical robustness, or (2) to create 
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differentiated populations with which to study adaptation. In the latter case, such differentiated 

populations provide excellent material for physiological analysis of organismal functions related 

to stress.   

A common theme of Drosophila evolutionary physiology has been the study of the 

physiological basis for the experimental evolution of populations that have been selected for very 

different life-histories (reviewed in Burke and Rose 2009, as well as Rose et al. 2004).  It is 

important to note that, though populations with different life-cycle timings are not specifically 

selected for different levels of stress resistance, they do nonetheless show distinctive 

enhancements in a variety of stress and performance characters.  For example, early on it was 

found that a variety of stress resistances and performance characters were improved in 

experimentally evolved stocks with postponed senescence (vid. Service et al. 1985; Service et al. 

1988; Graves and Rose 1990; Graves et al. 1992; Rose et al. 2004).  Service et al. (1985) first 

analyzed the effects of evolutionarily postponed senescence on stress resistance, finding an 

increase in starvation resistance, desiccation resistance, and resistance to ethanol vapor (15%).  

In addition to desiccation resistance, Graves et al. (1988) as well as Graves and Rose (1990) 

showed that selection for postponed senescence also increased flight endurance.  Physiological 

analysis of stress resistance in populations cultured with different life cycles has revealed 

evolutionary changes in multiple physiological characters, from lipid and glycogen content to 

water content and rates of water loss (Graves et al. 1992; Gibbs et al. 1997; Chippindale et al. 

1998; Djawdan et al. 1998; Rose et al. 2004). Djawdan et al. (1998) found strong, positive 

correlations between energy content and starvation resistance.   

Our lab and other colleagues have gone on to examine the response of life history and 

physiological traits to intense, or focal, selection regimes (e.g. selection for increased starvation 
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resistance).  We have called this type of selection paradigm “culling selection” in the past (e.g. 

Rose et al. 1990), but it could also be described as intense selection.  An intense selection regime 

can eventually achieve extreme levels of functional differentiation.  Such extreme functional 

differentiation is achieved by the use of environments so inimical to survival that only a small 

percentage of each generation survives selection.  Our past studies have shown that such 

stringently selected populations are useful material for analyzing the mechanistic foundations of 

adaptation in lab fruit flies.  For example, Archer et al. (2007) produced flies that can survive 

complete desiccation for as much as ten times longer than unselected flies.  Additionally, 

selection for increased resistance to starvation or desiccation in Drosophila can result in slower 

development, reduced larval or pupal viability, reduced early fecundity, and increased adult 

longevity (Rose et al. 1990; Rose et al. 1992; Chippindale et al. 1996; Bradley et al. 1999).   

Here we present a well-replicated set of populations intensely selected for increased 

starvation resistance: ten “SCO” populations that have been undergoing selection since August 

2010.  This intense selection regime rapidly produced changes in body shape, body size, and 

stress resistance.  We knew from previous experiments employing selection for starvation 

resistance that this selection regime would increase both starvation resistance and lipid content 

(Rose et al. 1992; Djawdan et al. 1998; Harshmann et al. 1999; Hardy et al. 2015). 

“Pseudocomparative” studies (vid. Burke and Rose, 2009) and reverse-selection studies (e.g. 

Passananti et al. 2004) have already found positive correlations among starvation resistance, lipid 

content, and longevity.  Selection for moderate increases in these stress resistance capacities also 

increased mean life span (Rose et al. 1992), but this effect is reversed at still greater levels of 

stress resistance (Archer et al. 2003; Phelan et al. 2003; Archer et al. 2007). Increasing lipid 

content to an extreme level may be beneficial in surviving against starvation or even desiccation, 
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however, it could physiologically disrupt normal function of multiple organ systems, harming the 

overall health of the organism.  Longevity begins to regress, implying that the relationship 

between starvation resistance and longevity becomes antagonistic at extreme levels. 

For this study, we functionally and genomically characterize our ten, intensely selected, 

starvation resistant populations.  In particular, we compare them to both their ancestors (CO1-5), 

which have not been subjected to such intense focal selection, as well as five other populations  

(nCO1-5) that have converged on their ancestors with respect to both life history (Burke et al. 

2016) and genomics (Graves et al. 2017). We examine functional characters that have long been 

studied in Drosophila, specifically stress resistance, metabolic reserves and longevity, as well as 

a functional character of more recent interest in our laboratory, heart robustness. We then 

compared patterns of genomic differentiation between our selected and control populations to 

identify candidate genes associated with adaptation to this selection regime. The present study 

shows how rapid and intense selection can induce extensive functional and genomic 

differentiation. 

 

III. Methods 

3.1 Populations Used 

This study employed 20 of the large, outbred, and highly differentiated populations 

created by the Rose laboratory since 1980 (e.g. Rose 1984; Rose et al. 1992; Rose et al. 2004).  

All of the populations assayed here descend from a single Drosophila melanogaster population, 

called IV. The IV population originated in 1975 as a sample of D. melanogaster caught in 

Amherst, Massachusetts. After four and a half years of laboratory culture, the B1-5 populations 

(baseline) and O1-5 populations (70-day generation cycle) were derived from the single IV 
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population in 1980 (Rose 1984; Rose et al. 2004). The 20 populations studied here are referred to 

as CO1-5, nCO1-5, SCO1-5A, and SCO1-5B. 

The CO1-5 populations (28-day generation cycle) were derived from the O1-5 populations 

in 1989 (Rose et al. 1992).  For each CO population, the flies are maintained in two cages (an 

alpha cage and a beta cage).  For example, the CO1 population is split into two cages, CO1α and 

CO1β. To be clear, these two cages represent the same population, CO1. The C-type selection 

regime and generation cycle is as follows. The egg laying process for the next generation is 

considered “Day 0”.  After a two-week development period, on day 14 from eggs laid, 1200-

1500 adult flies (approximate even mix of male and females flies) are transferred from vials into 

a rectangular plexiglass cage. Adult flies are fed the standard banana medium in a petri dish, with 

food replaced every other day.  On day 28 from eggs laid, a standard banana medium with added 

yeast paste is placed into the cage for egg collection for the ensuing generation. To ensure 

genetic similarity, a heavy mixing of flies from the two cages is conducted every 10 generations.   

The nCO1-5 populations (28-day generation cycle) were derived from the O1-5 populations 

in 2009, with the numerical nomenclature representing the direct ancestry (nCO1 population 

derived from O1 population).  Similar to the CO populations, each nCO population is maintained 

in an alpha cage and a beta cage.  For example, the nCO1 population is split into these two cages, 

nCO1α and nCO1β.  Every ten generations, a mixing of flies between the alpha and beta cage for 

each population was conducted to ensure genetic similarity.  The five CO and nCO populations 

follow the same selection regime, the C-type (Burke et al.2016). And despite the differences in 

generation number under C-type selection, the five CO and five nCO populations are 

phenotypically and genetically identical (Graves et al. 2017).  The five CO and nCO populations 
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were used in order to have 10 C-type populations to compare to the 10 S-type populations, which 

allows for a statistically stronger genomic comparison (Graves et al. 2017).   

The SCO1-5A and SCO1-5B populations (28-day generation cycle) are ten populations 

intensely selected for starvation resistance. The ten SCO populations were derived from the five 

CO populations in August 2010. From each CO population, two SCO populations were derived. 

For example, CO1 is the ancestral population to SCO1A and SCO1B.  From that point forward, 

SCO1A and SCO1B were treated as two unique populations with a shared ancestor.  To maintain 

ample genetic variation and population size post selection process, each S-type population also 

had an alpha and a beta cage (i.e. SCO1A-α and SCO1A-β).  The S-type selection regime and 

generation cycle is as follows. The egg laying process for the next generation is considered “Day 

0”.  After a two-week development period, day 14 from eggs laid, 1200-1500 adult flies 

(approximate even mix of male and females flies) are transferred from vials into a rectangular 

plexiglass cage. Adult flies are fed the standard banana medium (in a petri dish) with added yeast 

paste for three days. On day 17 from egg, the standard food petri dish is removed from the cage 

and replaced with a nonnutritive agar petri dish to begin the starvation period.  Each population 

is exposed to the nonnutritive agar until a 75-80% mortality threshold has been reached.  When 

an approximate 600-700 of flies were observed laying motionless in the cage with no response to 

provocation, we would begin conducting mortality checks by collecting and counting the dead 

flies from each cage. The starvation period and subsequent mortality checks would continue until 

75%, or at least 900 flies have been removed and counted from the cage.  When the 75% 

mortality threshold was reached in both the alpha and beta cages within each population, flies 

from the two cages were condensed into one cage (e.g. SCO1Aα and SCO1Aβ into SCO1A; 

approximate total of 600-700 flies). A three-day period of standard banana medium with added 
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yeast paste follows the starvation period with egg collection for the succeeding generation 

occurring on day 28 from egg.  At the beginning of this experiment, the starvation period took 

just three days to achieve 75-80% mortality.  Currently, the starvation period lasts for 

approximately 10 days.  At the time of the experimental assays reported here, the SCO 

populations had experienced between 55 and 86 generations of intense selection.  The group of 

populations subjected to this selection regime is referred to as the S-type treatment group. 

These large, outbred populations were maintained on a banana medium (agarose, banana, 

light and dark corn syrup, barley malt, yeast, ethanol and water). with a 24L:0D light cycle.  

Each new population was founded from the same number replicate of their ancestral population 

(i.e. population SCO1A was derived from CO1, population SCO2A was derived from CO2).  All 20 

populations were kept at moderately large census populations sizes (N > 1,000) to avoid 

confounding inbreeding effects.  All 20 populations experienced a 14-day developmental period 

in vials before being transferred to an acrylic cage for the remainder of their generation cycle.  

 

3.2 Functional Assay Methods 

Rearing protocols 

Two run-in generations of 14-day life-cycles were used to remove any parental or grand-

parental epigenetic effects not related to the selection regime that could potentially affect the 

measured physiological responses. The populations were cultured in banana medium from egg to 

adult, on a 24L:0D light schedule.  A petri dish with the banana medium was placed into each 

respective cage.  Adult flies were given 24 hours to lay eggs on the media. From the plate, eggs 

were collected at a density of 60 to 80 eggs and subsequently placed in a vial containing fresh 

media.  At the end of each run-in generation (day 14 from egg), the populations were transferred 
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to an acrylic cage.  Replicate populations of the same number were handled in parallel at all 

stages.  On day 14 of the second run-in generation, the adults were assigned at random to one of 

the following eight assays.   

At the beginning of the 14-day from egg desiccation resistance and starvation 

resistance assays, the CO and nCO populations had been under 325 and 72 generations of 

C-type selection.  The SCOA and SCOB populations had completed 55 generations of intense 

selection. For the 14-day from egg cardiac arrest rate assay, the CO and nCO populations were 

under selection for 332 and 79 generations, respectively.  The SCOA and SCOB populations had 

completed 62 generations of intense selection.  At the beginning of this mortality assay, the CO 

and nCO populations had been under C-type selection for 341 and 88 generations.  The SCOA 

and SCOB populations had completed 70 generations of intense selection. For the 14-day from 

egg glycogen content, lipid content, and water content assays, the CO and nCO populations had 

been under 352 and 98 generations of selection.  The SCOA and SCOB populations had 

completed 81 generations of intense selection.  For the age-specific cardiac arrest rate and lipid 

content assays, the CO and SCOA populations had been under their respective selection regime 

for 357 and 86 generations, respectively.  

Glycogen Content 

For each population, six groups of 10 females (14 days old from egg) were anesthetized 

using ethyl ether and placed in 1.7 milliliter microcentrifuge tubes at room temperature.  The 

next day, each group was placed in aluminum weighing boats and placed in an oven for one hour 

at 60 ºC to remove any water still remaining in the flies after this initial 24-hour storage period.  

Each group was transferred to their respective microcentrifuge tube where 700 microliters of 

deionized water was added to each tube.  The flies were then ground using a hand-held battery-
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operated grinder.  Each tube was boiled in water for five minutes. Once complete, 500 

microliters of the supernatant was carefully pipetted into a new microcentrifuge tube to minimize 

noise from precipitate contamination. Each tube was then vortexed to thoroughly mix the 

contents, then 100 microliters from each tube was transferred to a 13 x 100-millimeter test tube.  

Three milliliters of an anthrone reagent was added to each test tube.  The anthrone reagent 

composition was 150 milligrams of anthrone per 100 milliliters of 72% sulfuric acid.  Each test 

tube was then incubated in a water bath set to 90 ºC for 10 minutes.  Two one-milliliter samples 

from each test tube were placed in their own cuvettes.  Absorbance was then measured using a 

Perkin Elmer Lambda spectrophotometer at a wavelength of 620 nanometers.  All measurements 

were taken within 10 minutes of being removed from the water bath.  Five controls of known 

glycogen concentration underwent the same process.   

Water Content 

For each population, six groups of 10 females (14 days old from egg) were anesthetized 

using ethyl ether.  Each group was placed in aluminum weighing boats, and had their wet mass 

measured.  The flies were frozen overnight and placed in a drying oven the next day at 60 °C for 

24 hours.  Each group was then reweighed.  The difference between the wet mass and dry mass 

represented the water content of that group.  

Lipid Content 

For each population, lipid content was measured for six groups of 10 females at age 14 

days from egg.  After the dry masses of the groups were recorded for the water content assay, 

each group was placed in their own Whatman thimble.  The thimbles were placed in the extractor 

of a Soxhlet apparatus.  Petroleum ether was used as the extraction solvent.  The thimbles were 

in the Soxhlet apparatus for 24 hours, and upon completion, were removed and placed in a 
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drying oven at 60 °C for one hour.  The post-extraction mass of each group was recorded using a 

microbalance scale.  The difference between the dry mass and the post-extraction mass of each 

group represented the specific group’s lipid content.  

A second set of lipid content measurements were made for the five CO and five SCOA 

populations at six different adult ages.  These measurements were conducted at ages 14, 21, 28, 

35, 42, and 49 days from egg.  The protocol is the same as the previous paragraph. 

Desiccation resistance assay 

Thirty individual female flies (14 days old from egg) from each population were placed 

in their own desiccant straw.  A piece of cheesecloth separated the fly from the pipet tip at the 

end of the straw that contained 0.75 grams of desiccant (anhydrous calcium sulfate).  The pipette 

tip containing desiccant was sealed with a layer of Parafilm. Mortality was checked hourly, using 

lack of movement under provocation as a sign of death. Note that this was a materially different 

procedure than the one we have employed previously in our studies of desiccation resistance 

(e.g. Service et al. 1985; Graves et al. 1992; Djawdan et al. 1998), which used vials.   

Starvation resistance assay 

Thirty individual female flies (14 days old from egg) from each population were placed 

in their own starvation straw with agar.  The agar plug provides adequate humidity, but no 

nutrients. Mortality was checked every four hours, using lack of movement under provocation as 

a sign of death.  

Cardiac Arrest Rate Assay 

Forty female flies (14 days old from egg) from each replicate per stock were chosen at 

random.  The flies were anesthetized for three minutes using triethylamine, also known as 

FlyNap, and then placed on a microscope slide prepared with foil and two electrodes. FlyNap 
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was chosen as the anesthetic because of its minimal effect on heart function and heart physiology 

when administered for more than one minute, but less than the lethal time of five minutes (Chen 

and Hillyer 2013).  The cold-shock method was not used as an anesthetic for the cardiac pacing 

assay, because the flies need to be fully anesthetized throughout the procedure. If the flies regain 

consciousness, the added stress and abdominal contractions while trying to escape would alter 

heart rate and function more than the side-effects of FlyNap’s do. Paternostro et al. (2001) found 

that FlyNap does the least amount of cardiac disruption compared to the two other substances 

commonly used for Drosophila anesthesia, carbon dioxide and ether.  Two electrodes were 

attached to a square-wave stimulator in order to produce electric pacing of heart contraction.  

Anesthetized flies were attached to the slide between the foil gaps using a conductive electrode 

jelly touching the two ends of the fly body, specifically the head and the posterior abdomen tip.  

The electrical shock settings for this assay were 40 volts, six Hertz, and 10 ms pulse duration.  

The settings of the electrical pacing assay were chosen in order to increase the contraction 

rate to such a high enough level that cardiac arrest would be consistently induced.  Using 

an inverted compound microscope, an initial check of whether the heart was contracting or 

in arrest was made immediately after completion of the 30 second shock.  A second check 

was made after a two-minute “recovery” period to determine if the heart was in cardiac 

arrest.  The protocol for this assay was originally outlined in Wessells and Bodmer (2004).   

A second set of cardiac arrest rate measurements were made for the CO and SCOA 

populations at six different adult ages.  These measurements were conducted at ages 14, 21, 28, 

35, 42, and 49 days from egg.  The protocol is the same as the above-mentioned 14-day from egg 

pacing experiment. 
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Adult Mortality 

Flies from all populations of CO, nCO, and SCO were handled in parallel for two run-in 

generations in vials.  After 14 days of development in vials, approximately 800 to 1200 adult 

flies from each of the populations of the CO, nCO, SCOA and SCOB were transferred into 

Plexiglass cages, with multiple cohort cages for each population.   From then on, they were fed a 

standard banana diet, with the food being replaced every day.  Dead flies were collected from 

cages, separated by sex, and counted at the same time every day, with necessary precautions 

taken to minimize amount of escapers.  At the end of the mortality assay, the total number of 

dead flies (male and female) counted for each population becomes the initial starting number of 

flies in that population, once again, minimizing the effects of possible escapers.  Age-specific 

mortality rates were obtained over all adult ages for the C-type and S-type populations. Each 

assayed cohort was initially maintained in five cages; to control population density over time, 

cages were consolidated as the number individuals in a cage reached 50% of the standardized 

density that we used for that volume of cage. Flies were briefly anesthetized using carbon 

dioxide during these consolidations.  

 

3.3 Statistical Methods 

Analysis for Physiological Characters 

Each of the five measured phenotypes, glycogen content, lipid content, water content, 

starvation resistance, and desiccation resistance, were analyzed separately. We now outline the 

two linear mixed-effects models we used for starvation resistance.  

The first model was used for our within selection regime comparisons (CO vs nCO and 

SCOA vs SCOB).  Let yijk be the measured starvation resistance for selection treatment-i (i=1 (CO 
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or SCOA) and 2 (nCO or SCOB)), population-j (j= 1..10), and individual-k (k=1..nl). Then the 

effects of the fixed and random effects can be modeled as, 

𝑦௜௝௞ ൌ 𝜇 ൅ 𝛼𝛿௜ ൅ 𝛽௝ ൅ 𝜀௜௝௞      (1) 

where i=0 if i=1 and 1 otherwise. 

The second model was used for our selection type comparisons (i.e. C-type selection vs. 

S-type selection).  Let yijk be the measured starvation resistance for selection type-i (i=1 (C type) 

and 2 (S type)), population-j (j= 1..20), and individual-k (k=1..nl). Then the effects of the fixed 

and random effects can be modeled as, 

𝑦௜௝௞ ൌ 𝜇 ൅ 𝛼𝛿௜ ൅ 𝛽௝ ൅ 𝜀௜௝௞     (2) 

where i=0 if i=1 and 1 otherwise.  

For these two models, the main effects of selection regime and replicate population were 

measured by  and , respectively.  The different populations contributed random effects to 

these measurements by genetically based differences that arise due to random genetic drift and 

were measured by  while individual random variation was measured by . Both sources of 

random variation were assumed to be independent normally distributed random variables with 

zero means. The model parameters were estimated with the R lme function (R Core Team 2015).  

Cochran-Mantel-Haenszel (CMH) tests were used to analyze the rates of cardiac arrests 

between two different stocks (i.e. CO vs nCO).  The CMH test is used when there are repeated 

tests of independence, or multiple 2x2 tables of independence.  This is the equation for the CMH 

test statistic, with the continuity correction included, that we used for our statistical analyses: 

  

𝑋MH
ଶ ൌ

ሼ|Σ ൤𝑎௜ െ
ሺ𝑎௜ ൅ 𝑏௜ሻሺ𝑎௜ ൅ 𝑐௜ሻ

𝑛௜
൨ | െ 0.5ሽଶ

Σሺ𝑎௜ ൅ 𝑏௜ሻሺ𝑎௜ ൅ 𝑐௜ሻሺ𝑏௜ ൅ 𝑑௜ሻሺ𝑐௜ ൅ 𝑑௜ሻ/ሺ𝑛௜
ଷ ൅ 𝑛௜

ଶሻ
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We designated “a” and “b” as the number of cardiac arrests in population i of the first stock and 

population i of the second stock, respectively. We designated “c” and “d” as the number of 

contracting hearts in the two populations.  The ni represented the sum of ai, bi, ci, and di. The 

subscript i (i = 1..5), represented one of the five replicate populations within each of the four 

stocks. 

Analysis for Age-Specific Mortality Rates 

 We first tested for convergence within the selection treatments (i.e. CO vs. nCO, and 

SCOA and SCOB) for effects of selection on mortality rates over the adult lifespan. The 

observations consisted of mortality rates at a particular age (t) but within a small age interval (k- 

1, 2,…, m). These age intervals were chosen to span the ages, such that all comparison 

populations still had live flies. Within each interval, mortality rates were modeled by a straight 

line and allowing selection regime (i=1 (CO or SCOA), i=2 (nCO or SCOB)) to affect the 

intercept of that line but not the slope. Slopes were allowed to vary between intervals. 

Populations (j=1,…,10) were assumed to contribute random variation to these measures.  Let yijkt 

be the measured mortality rate at age-t, interval-k, selection treatment-i, population-j. Then the 

effects of the fixed and random effects can be modeled as,  

𝑦௜௝௞௧ ൌ  𝛼 ൅  𝛽௞ ൅  𝛿௜𝛾௜ ൅ ሺ𝜔 ൅  𝜋௞𝛿௞ሻ𝑡 ൅ 𝛿௞𝛿௜𝜇௜௞ ൅ 𝑐௝ ൅ 𝜀௜௝௞௧  (3) 

where s=0 if s=1, and 1 otherwise. 

We then tested for divergence between the selection treatments  (i.e. C-type selection vs. 

S-type selection).  Let yijkt be the measured mortality rate at age-t, interval-k, selection treatment 

type-i (i=1 (C type) and 2 (S type)), population-j (j= 1..20).  Then the effects of the fixed and 

random effects can be modeled as 

𝑦௜௝௞௧ ൌ  𝛼 ൅  𝛽௞ ൅  𝛿௜𝛾௜ ൅ ሺ𝜔 ൅  𝜋௞𝛿௞ሻ𝑡 ൅ 𝛿௞𝛿௜𝜇௜௞ ൅ 𝑐௝ ൅ 𝜀௜௝௞௧  (4) 
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where s=0 if s=1, and 1 otherwise. 

In equations 3 and 4, the cj and ijkt are independent standard normal random variables. 

The different populations contributed random effects to these measurements by genetically based 

differences that arise due to random genetic drift and were measured by c while individual 

random variation was measured by . Both sources of random variation were assumed to be 

independent normally distributed random variables with zero means. The model parameters were 

estimated with the R lme function (R Core Team 2015). 

 

3.4 Pooled Genome Sequencing and Analysis 

DNA extraction and sequencing   

 Genomic DNA was extracted from samples of 200 female flies collected from each of the 

10 individual populations (SCO1A,B-SCO5A,B) using the Qiagen/Gentra Puregene kit, following 

the manufacturer’s protocol for bulk DNA purification. The 10 gDNA pools were prepared as 

standard 290-300 bp fragment libraries using the Nextera Library Kit for Illumina sequencing, 

and constructed such that each population was given unique barcodes, normalized, and pooled 

together. Libraries were run across an Illumina MiSEQ at the genomics laboratory of Joint 

School for Nanoscience and Nanoengineering, administered by North Carolina A&T State 

University and the University of North Carolina, Greensboro. Resulting data were 200 bp paired-

end reads on average. The raw fastq files containing DNA sequence data for the 10 SCO 

populations are available through the NCBI SRA repository (SRP159296, 

https://www.ncbi.nlm.nih.gov/sra/ SRP159296). 
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Read Mapping and SNP Identification 

We mapped reads with BWA (version 0.7.8) (Li and Durbin 2009) against the D. 

melanogaster reference genome (version 6.14) using bwa mem with default settings. We filtered 

and sorted the resulting SAM files for reads mapped in proper pairs with a minimum mapping 

quality of 20 and converted them to the BAM using the view and sort commands in SAMtools 

(Li et al. 2009). Average coverage was above 40X or greater for all populations except SCO3a 

and SCO5b which were 29X and 26X respectively (see Supplementary Table S2, available 

online). Next, the steps were repeated using the raw fastq files for the C-type populations, CO1-5 

and nCO1-5, used in our Graves et al. (2017) publication (files can be downloaded through NCBI 

SRA BioProject: PRJNA285429). This ultimately resulted in the creation of another 10 bam 

files. Bam files for all 20 populations were them combined into a single mpileup file using 

SAMtools. This mpileup file was then converted to a “synchronized” file using the PoPoolation2 

software package (Kofler et al. 2011). This file displays allele counts for all positions in the 

reference genome for all populations in a succinct tab delimited format. RepeatMasker 4.0.3 

(http://www.repeatmasker.org) was used to create a gff file containing simple sequence repeats 

found in the D. melanogaster genome version 6.14. These regions were then masked in the sync 

file.  

SNP Variation 

 A SNP table was created using the sync file mentioned above. We only considered sites 

where coverage was between 15X and 200X, and for a site to be considered polymorphic we 

required a minimum minor allele frequency of 2% across all 20 populations. Based on these 

criteria, we identified ~1.19 million SNPs. All sites failing to meet these criteria were discarded. 

To assess broad patterns of SNP variation in the S-type and C-type populations, heterozygosity 
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was calculated and plotted over 150 kb non-overlapping windows directly from the major and 

minor counts in our SNP table.  A t-test was also performed to compare mean heterozygosity 

between the two groups of populations. To assess how closely replicate populations resembled 

one another, FST estimates were also obtained using the formula: FST= (HT-HS)/HT where HT is 

heterozygosity based on total population allele frequencies, and HS is the average subpopulation 

heterozygosity in each of the replicate populations (Hedrick 2009). FST estimates were made at 

every polymorphic site in the data set for a given set of replicate populations. 

SNP Differentiation and Gene ontology (GO) Analysis 

 The Cochran-Mantel-Haenzsel (CMH) test as implemented in the PoPoolation2 software 

package was used to compare SNP frequencies between the SCO and C-type populations. 

Comparisons were made at every site that met our previously described SNP calling criteria. 

When running the test, the CO1-5 populations were paired with the SCO1A-5A populations with 

respect to ancestry (indicated by replicate number), while the SCO1B-SCO5B populations were 

paired with the nCO1-5 populations. CMH tests between our two groups of populations were 

performed at each of these polymorphic sites. To correct for multiple comparisons, we used the 

permutation method featured in Graves et al. (2017). Briefly, populations were randomly 

assigned to one of two groups and the CMH test was then performed at each polymorphic 

position in the shuffled data set to generate null distributions of p-values. This was done 1000 

times, and each time the smallest p-value generated was recorded. The quantile function in R was 

then used to define thresholds that define the genome-wide false-positive rate, per site, at 5%.  

 The Gowinda software package (Kofler and Schlotterer 2012) was used to identify 

enriched GO terms. Our complete SNP list based on our aforementioned SNP calling parameters 

was used as the background. A gene annotation file for the D. melanogaster reference genome 
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(6.14) was obtained from FlyBase. A gene set file for relevant GO terms was obtained from 

FuncAssociate3 (Berriz et al. 2009). With these files as inputs, Gowinda was set to run for 106 

simulations with the gene-definition and mode parameters set to “gene”. Setting gene-definition 

and mode to "gene" means we only considered SNPs within introns and exons associated with 

genes, and our analysis assumed all SNPs within a gene are linked. This list was then filtered so 

all GO categories containing less than 5 reference genes were discarded, and the resulting list 

was run through GO-Module to correct for hierarchical clustering (Yang et al. 2011.).  

 

IV. Results 

4.1 Starvation Resistance and Lipid Content 

The S-type populations had a significantly higher average starvation survival time and 

average lipid content than the C-type populations (see Fig. 1 and Table 1; see Supplementary 

Table S1 for 20 population data, available online).  First off, the average survival time during 

starvation, or starvation resistance, for the five SCOA populations was 150.98 hours, and for the 

five SCOB populations it was 152.2 hours.  The starvation resistances of the SCOA and SCOB 

populations were statistically similar (p-value = 0.95). The average lipid content for the five 

SCOA populations was 0.138 mg per fly, while the average lipid content for the five SCOB 

populations at 14 days of age from egg was 0.143 mg per fly.  The lipid contents between these 

two sets of S-type populations were also statistically similar (p-value = 0.754).  The five CO 

populations had a much lower average starvation survival time of 66.84 hours, and an average 

lipid content of 0.058 mg per fly at 14 days of age.  The recently-derived nCO populations had 

an average starvation survival time of 61.4 hours, and an average lipid content of 0.051 mg per 

fly.  The CO and nCO populations were not significantly different in regards to starvation 
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resistance (p-value = 0.081) and lipid content (p-value = 0.367).  After finding no significant 

differences within the two selection types, we compared all ten C-type populations against the 

ten S-type populations.  The S-type populations had a significantly higher average lipid content 

than the C-type populations by 0.086 mg/fly (p-value < 0.0001).  Approximately 8.6% of the S-

type body mass is composed of lipid, whereas only 4.3% of the body mass of CO populations is 

composed of lipid.  Additionally, the S-type populations had a significantly greater starvation 

survival time than the C-type populations, with a difference of 87.44 hours (p-value = 0.01).   

In our first experiment looking at age-specific physiology, both the CO and SCOA sets of 

populations increased in lipid content from age 14 to age 21 (see Fig. 2; Supplementary Table 

S3, available online).  The five CO populations went from an average 0.068 mg/fly lipid content 

(5.56% lipid to mass) to 0.103 mg/fly in one week (8.67% lipid to mass; p-value = 0.019). 

However, the CO populations maintained a stable average lipid content (~ 0.10 mg/fly) from age 

21 through age 49.  At age 14 from egg, the SCOA populations had an average lipid content of 

0.129 mg/fly (8.57% lipid to mass), which significantly increased to 0.397 mg/fly (24.03% lipid 

to mass) by age 21 from egg (p-value < 0.0001).  The average lipid content for the SCOA 

populations continued to rise through age 35, reaching an average lipid content of 0.584 mg/fly 

(p-values < 0.0001). The lipid content to body mass of the S-type populations ranged from 

29.55% to 32.75% during these later ages. The increase in lipid content to body mass ratio is 

coupled with a decrease in water content to body mass ratio in these populations (66.33% at age 

14 days down to 50.57% at age 49 days). At all ages, the S-type populations had a significantly 

higher average lipid content than the C-type populations (p-value < 0.01).  
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4.2 Desiccation Resistance, Water Content, and Glycogen Content 

 Similar to starvation resistance and lipid content, we found significantly lower average 

water content and average glycogen contents in the C-type populations when compared to S-type 

populations (see Table 1; Supplementary Fig. S1 and Fig. S2, available online).  The CO and 

nCO populations had similar average water contents of 0.919 mg/fly and 0.863 mg/fly (p-value = 

0.114).  The five SCOA and five SCOB populations had average water contents of 1.058 mg/fly 

and 1.094 mg/fly, respectively (p-value = 0.374).  When we compared the 10 S-type populations 

with the 10 C-type populations, the average water content of the S-type populations was slightly 

significantly higher than the average water content of the C-type populations (p-value = 0.031).  

The average glycogen contents for the CO and nCO populations were 0.068 mg/fly and 0.076 

mg/fly, respectively (p-value = 0.366).  The average glycogen contents for the SCOA and SCOB 

populations were 0.151 mg/fly and 0.163 mg/fly, respectively (p-value = 0.473).  When we 

compared the 10 C-type populations with the 10 S-type populations, we found that the S-type 

populations had a larger average glycogen content than the C-type populations by 0.084 mg/fly 

(p-value < 0.001, see Table 1). 

 With water content and glycogen content being major factors in desiccation resistance, it 

was not surprising to find parallel results for desiccation resistance among these populations (see 

Fig. S3, available online).   The five CO and five nCO populations had average desiccation 

survival times of 14.71 hours and 14.63 hours, respectively.  These two sets of C-type 

populations were not significantly different from each other (p-value: 0.935).  The five SCOA 

populations and the five SCOB populations had average desiccation survival times of 17.29 hours 

and 16.34 hours, respectively. These two sets of S-type populations were not significantly 

different from each other (p-value = 0.278).  When we compared the 10 S-type populations 
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against the 10 C-type populations, the S-type populations had a higher average desiccation 

survival time by 2.14 hours (see Table 1).  However, our linear mixed effects analysis showed 

this difference was not statistically significant, though close to statistical significance (p-value = 

0.0697).  

 

4.3 Cardiac Arrest Rates  

 Our first set of cardiac experiments compared the C and S-type populations at age 14 

days from egg. The S-type populations clearly had a dysfunctional cardiac system in comparison 

to the C-type populations (see Fig. 1 and Table 1). The five CO populations had an average 

arrest rate of 25.3%, whereas the five nCO populations had an average cardiac arrest rate of 

27.3% (p-value = 0.643).  The five SCOA populations had an average arrest rate of 54%, whereas 

the five SCOB populations had an average rate of 52.7% (p-value = 0.806).  With no significant 

differences found within the two selection treatments, we then compared the cardiac arrest rates 

of the 10 S-type populations against the 10 C-type populations.  The 10 C-type populations had 

an average cardiac arrest rate of 26.33%, whereas the 10 S-type populations had an average 

cardiac arrest rate of 53.33%.  The average cardiac arrest rate of the S-type populations was 

significantly higher than the C-type populations (p-value = 2.37 x 10-21). 

 In our second set of experiments, at ages 14, 21, and 28 days from egg, the five SCOA 

populations had an average rate of cardiac arrests significantly higher than that of the five CO 

populations (p-value < 0.05; see Fig. 3; Supplementary Table S3, available online).  It was not 

until age 35 days from egg where the cardiac arrest rates in the SCOA populations (57.69%) were 

no longer significantly different than the CO populations (59.4%; p-value = 0.826).  The lack of 

a significant difference in arrest rates was also observed at age 42 and age 49 from egg.  
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4.4 Age-Specific Mortality Rates  

 The age-specific mortality rates of the C-type populations and the S-type populations 

significantly differ starting at age 20 days from egg, continuing through age 40 days from egg 

(see Fig. 4).  The mortality rates of the S-type populations dramatically diverge from the pre-

aging plateau shown by the C-type populations.  This rapid increase in S-type mortality rates was 

seen from age 14 to 25 days from egg and was then followed by a roughly stable mortality 

through age 40 days from egg.  The mortality rates of the C-type populations converged on the 

rates of the S-type populations during the 41-43 day age-interval (p-value = 0.129). The 

mortality rates of the 10 S-type populations mirrored those of the 10 C-type populations for the 

remainder of the assay.  After the aging phase ends, the twenty populations begin to show signs 

of a late-life plateau that has been documented before in our outbred Drosophila populations 

(e.g. Rose et al. 2002; Burke et al. 2016).  Overall, the average lifespan of the S-type populations 

was 41.2 days from egg, about eight days fewer than the average C-type lifespan (49.05 days; 

see Table 1).  

 

4.5 SNP Variation 

 Although there were some notable depressions in heterozygosity in both the SCO and C-

type populations, we see relatively few regions where genetic variation had been completely 

expunged (see Fig. 5). These patterns were also robust to changes in window size (see 

Supplementary Fig. S4 and Fig. S5, available online). Many of the observed depressions in 

heterozygosity were consistent across replicate populations, which may be indicative of selection 

acting on the genome in parallel across replicates. Regions featuring depressed heterozygosity 

were also more common in the SCO populations than the C-type populations, which is reflected 
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in differences in mean heterozygosity across the genome between the two groups. We found that 

mean heterozygosity in the C-type populations ranges from 0.27 to 0.29, and 0.22 to 0.25 in the 

SCO populations (see Supplementary Table S4, available online). Based on a t-test comparing 

means between the two groups, we found that heterozygosity was significantly higher in the C-

type populations (p-value = 3.38 X 10-10). Lastly, in the C-type populations, we found the mean 

FST was 0.04 which indicates a high degree of similarity between replicates. However, in the 

SCO populations we observed a mean FST of 0.11, indicating reduced similarity between 

replicates when compared to the C-type populations.  

 

4.6 SNP Differentiation and GO Analysis 

Our CMH tests identified a total of 1,234 significantly differentiated SNPs across the 

major chromosome arms (see Fig. 6).  Checking for overlap between candidate SNPs and known 

genetic regions via FlyBase genome browser, we found a total of 145 genes (see Supplementary 

Table S5, available online).  Seventy-four of these genes are located on chromosome arm 3R, 

thirty-two are located chromosome arm 2R, twenty-three are located on chromosome X, thirteen 

are located on chromosome 2L, and the remaining three genes are located on chromosome 3L. 

The associated GO functions of these genes vary from cellular and organelle function to DNA 

and RNA expression elements.  Many of these Drosophila genes have been linked to human 

orthologs associated with cardiovascular, renal, and metabolic disorders. 

Subsequently, using the list of candidate SNPs and Gowinda, a tool that allows for 

analysis of gene set enrichment, we identified 53 significantly enriched GO terms with p-values 

< 0.05. (Kofler and Schlotterer 2012). Discarding terms with GO categories containing less than 

5 genes and correcting for hierarchical clustering using GO-Module (Yang et al. 2011) reduced 
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this list to 34 enriched terms (see Table 1; see Supplementary Table S6 for associated genes, 

available online). Although these terms cover a variety of biological processes, we found that 

roughly a third of them were related to metabolic processes.  

 

V. Discussion 

5.1 Extreme Differentiation Between C-type and S-type Populations 

With only 67 generations of intense selection for increased starvation resistance, the S-

type populations have clearly differentiated from their ancestors in many of the physiological 

assays mentioned above.  As seen in other work from our laboratory and our colleagues’ 

laboratories, it was not surprising to find such extreme differentiation in starvation resistance and 

lipid content between the C-type and S-type populations (Rose et al. 1992; Hardy et al. 2015). 

The improved survival in a starvation environment is likely due to the changes in lipid content. 

In the S-type populations, lipid composes 8.6% of their average wet body mass (~1.64 mg/fly), 

whereas the lipid content in the C-type populations only contributes to 4.3% of their wet body 

mass (~1.263 mg/fly; see Table 1).  Our results parallel what has been previously documented, 

that starvation resistance and lipid content tend to be highly correlated with each other (R2 = 

0.86; Djawdan et al. 1998; Hardy et al. 2015).  Not only did we find a breakdown in the 

correlation between starvation resistance and average lifespan, we actually observed a negative 

correlation (R2 = -0.73) between these traits, similarly described as in Phelan et al. (2003) with 

their intensely-selected starvation resistant SO populations.  Although beneficial for a select few 

physiological characters, this obesity-driving selection regime is quite antagonistic on overall 

health. 
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Implementing this intense selection protocol also indirectly affected other physiological 

characters.  Directly selecting for increased starvation resistance also increased water content, 

glycogen content, and desiccation resistance in the S-type populations (see Table 1, 

Supplementary Table S1 and Figures S1-S3).   The average absolute water contents of the S-type 

population were significantly larger than the C-type populations, however in relation to the wet 

body mass, the ratio of water content to wet body mass actually decreased in the S-type 

populations (70.54% in C-type versus 65.61% in S-type populations). Using the wet body masses 

gathered from the water content and lipid content assays, the ratio of glycogen content to body 

mass nearly doubled in the S-type populations (5.7% in C-type versus 9.56% in S-type 

populations).  Although insignificant, it is not surprising to observe an increased desiccation 

resistance in S-type populations following the observation of larger amounts of free water and 

glycogen content in these populations.  It must be kept in consideration that the overall surface 

area to volume ratio of the S-type populations is potentially smaller, thus decreasing water loss 

rates.  This would further contribute to the observed increased desiccation resistance.  

Desiccation resistance typically responds slower to selection than starvation resistance does 

(Passananti et al. 2004; Archer et al. 2007). It is likely that the continuation of our S-type 

selection regime would inevitably lead to a statistically significant increase in desiccation 

resistance.  We found a strong, positive correlation between glycogen content and desiccation 

resistance within these 20 populations (R2 = 0.702), as well as between water content and 

desiccation resistance (R2 = 0.632). 

Our results suggest that the increased lipid levels due to increased starvation resistance 

and subsequent alterations in lipid homeostasis weaken cardiac function, specifically the ability 

to recover from a fibrillation-like event. The stark contrast in rate of cardiac arrests is not hard to 
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comprehend, especially when you consider the nearly doubled lipid content to body mass ratio 

between the S-type and C-type populations. Lipid content increased in S-type populations 

through age 35 days, before stabilizing.  A similar trend was seen in the cardiac arrest rates, with 

the exception at age 28 days in which the rate of cardiac arrests in both C-type and S-type 

populations was lower than at age 21 days.  We found a strong, positive correlation between lipid 

content and cardiac arrest rates within these 20 populations (R2 = 0.789).  The S-type populations 

appear to display similar cardiac dysfunction as the experimental populations in studies 

previously referenced. 

The cardiological differences may not be the sole factor behind the heightened mortality 

rates in the starvation-selected populations during early adulthood, but it is likely a major 

contributing factor.  The association between the early age cardiac dysfunction and heightened 

early age mortality rates in the starvation-selected populations (see Figs. 3 and 4) suggests that 

the detrimental effects of obesity on health and lifespan could be age-dependent.  On average, 

the lipid content to body mass ratio in S-type flies increased from 8.6% to 24.02% in just one 

week of adulthood. This first week of adulthood in S-type populations is also associated with the 

steep rise in mortality rates, as well as cardiac arrest rates (46% to 55.14%).  While the mortality 

rate difference eventually goes away at later adult ages, it is also often found that the effect of 

obesity on human mortality rates shows a similar age dependence. Specifically, the optimal BMI 

levels for human mortality appear to increase with adult age (Flegel et al. 2013; Ford et al. 2014; 

Jackson et al. 2014). Even though the cardiac arrest rates remain rather high (55-60%) at later 

ages in the S-type populations, they do not significantly rise post age 35 day from egg. 

Additionally, the cardiac arrest rates are similar to the C-type populations, implying that the 

obesity of the S-type populations may not have as large of detrimental effect on Drosophila 
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physiology and longevity at these later ages in comparison to the earlier ages.  Cardiac arrest 

rates in the C-type populations rose to comparable levels of the rates observed in the S-type 

populations, despite the lipid content to body mass ratio never surpassing 8.67%.   Therefore, a 

potentially complex age-dependent relationship between lipid levels, cardiac function, and 

mortality rates is seen in obese fruit flies, echoing some features of the relationship between 

obesity and mortality in human populations. 

 

5.2 Drosophila as a Model for Heart and Obesity-Related Disorders 

Experimentally probing D. melanogaster physiology via selection experiments has 

demonstrated the value of this complex metazoan as an experimental model for the study of 

health and disease.  Unlike most microbial models, the physiology of Drosophila is both 

complex and broadly analogous to some features of vertebrate physiology.  D. melanogaster also 

have homologous genetic mechanisms with those that are thought to determine lifespan among 

vertebrates, including such genetic systems as TOR and insulin/insulin-like signaling (e.g. 

Partridge and Gems 2007).  There are important differences between Drosophila and mammalian 

cardiovascular structure and function (e.g. open versus closed circulatory systems).  However, 

there are similarities in (a) early heart development, (b) age-dependent decline in heart function, 

and (c) the genes associated with heart development, function, and diseases (Bodmer and 

Venkatesh 1998; Cripps and Olson 2002; Zaffran and Frasch 2002; Bier and Bodmer 2004; 

Ocorr et al. 2006; Nishimura et al. 2011; Diop and Bodmer 2012;).  Additionally, Drosophila 

shares some of the genes that underlie its cardiac performance with those of human cardiac 

genetics, such as tinman (Bodmer 1993; Bodmer 2006) and opa1 (Shahrestani et al. 2009).  
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Starvation-resistant and obese Drosophila populations are a powerful tool not only for 

studying the evolution of starvation responses, but also for studying metabolic disorders and 

related cardiac dysfunction (Birse et al. 2010; Diop and Bodmer 2012; Trinh and Boulianne 

2013; Smith et al. 2014; Diop and Bodmer 2015; Hardy et al. 2015; Hardy et al. 2018).  In a 

similar experimental setup as ours, Hardy et al. (2015) observed dilated hearts and reduced 

contractility in their three evolved obese populations after 65 generations of selection for 

starvation resistance.  With comparable extreme phenotypic differentiation in our obese 

populations to that of the obese populations in Hardy et al. (2015), 14 of our 145 significantly 

altered genes matched the significant genes detected in Hardy et al. (2018), notwithstanding the 

much lower statistical power of the Hardy et al. study, due to its lower level of replication.  

These 14 genes entail a range of associated molecular functions and biological processes, from 

cholesterol transmembrane transport to muscle development and cytoskeleton organization. 

Observing 14 overlapping genes between our respective sets of obese Drosophila populations 

instills confidence in our experimental model system and the possibility to parse out underlying 

genetic mechanisms from our 145 gene set (see Supplementary Table S5, available online).   

While it is difficult to see how all of our significantly differentiated genes could relate to 

this selection regime, especially with respect to mass lipid accumulation, we can conjecture why 

some genes have been affected by selection.  For example, the gene Gdh (glutamate 

dehydrogenase) has been associated with glutamate metabolism and NADH oxidation.  

Glutamate dehydrogenase serves a major role in regulating amino acid-induced insulin secretion.  

Mutations in this gene lead to hyperinsulinemia, hypoglycemia, and hyperinsulinism-

hyperammonemia syndrome (Stanley 2009; Stanley 2011; Smith and Smith 2016).  These 

disorders have been linked with insulin resistance, diabetes, and obesity (Corkey 2012; 
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Templeman et al. 2017; Page and Johnson 2018).  The differentiated gene nau, which encodes 

the protein nautilus, belongs to the basic helix-loop-helix (“bHLH”) family of transcription 

factors.  These bHLH transcription factors play an important role in muscle myogenesis, 

especially in the formation of the Drosophila visceral and heart muscles. Anomalously, there are 

no differentiated genes that have been specifically associated with lipid metabolism, at least not 

previously. Further exploration of the 145 identified genes and their potential involvement in 

lipid homeostasis and cardiac dysfunction is a necessary step to advance our current knowledge 

of obesity-related disorders.  

Through intense selection for starvation resistance, we have created a set of ten outbred 

Drosophila populations that have dramatic increases in metabolic reserves and survival in 

stressful environments, but overall, experience a shorter lifespan by eight days. These visibly 

obese populations exhibit a decline in heart robustness in relation to their ancestral CO 

populations, a decline that is associated with increased mortality rates. As mentioned, we cannot 

attribute a specific cause behind the heightened mortality rates in our S-type populations. It could 

involve multiple types of organ dysfunction, such as cardiac, gastrointestinal and renal 

dysfunction.  A weakened or stressed heart could lead to poor contractility, not allowing proper 

distribution of nutrients.  Additionally, it could contribute to a disruption in adequate recycling 

and filtration via the pericardial nephrocytes.  Different opinions have formed as to whether the 

heart frailty is due to the physical impingement of the fat body and lipid droplets on the heart 

tube, or if it is the increased viscosity of hemolymph due to increase lipids.  While previous 

studies have shown that altered lipid homeostasis in obese flies is associated with disruption in 

physical activity, metabolic rates, sleep patterns and heart function, this study supports the idea 

of using a fly model to the explore the potential age-dependent relationship between obesity, 
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heart function, and longevity (Birse et al. 2010; Diop and Bodmer 2015; Hardy et al. 2015; 

Hardy et al. 2018). 

Fruit flies with increased lipid content in other studies display hyperglycemia, insulin 

resistance, reduced cardiac contractility, and cardiac arrhythmias (Birse et al. 2010; Hoffmann et 

al. 2013; Na et al. 2013; Trinh and Boulianne 2013). These comparable characteristics to those of 

mammalian metabolic syndrome support the value of using Drosophila for heart studies. The 

types of heart disease that are prevalent among present-day human populations are unlikely to 

result from deleterious alleles of major effect, instead involving many genes and thus many 

biochemical pathways. It is therefore important for our understanding of human heart disease to 

study heart function in these large outbred populations of D. melanogaster that differ in allele 

frequencies at many loci, as shown here in our study. The use of multi-omic tools with these 

populations across multiple ages could help parse the genetic and molecular underpinnings of 

heart function, heart disease, and other obesity-related disorders.  
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VIII. TABLES 

Table 1. Phenotypic Characterization of C-type and S-type Populations 

Table 1 
Phenotypic Characterization of C-type and S-type Populations 

  
C-type 

Average 
S-type 

Average  
P-value 

Cardiac Arrest 
Rate (%) 

26.33 (±3.5) 53.33 (±2.9) 2.37 x 10-21 

Lifespan  
(Days) 

49.05 (±0.99) 41.2 (±1.16) - 

Survival during 
Starvation (h) 

64.14 (±1.23) 151.67 (±4.23) 0.01 

Survival during 
Desiccation (h) 

14.67 (±0.24) 16.82 (±0.3) 0.0697 

Lipid Content 
(mg/fly) 

0.055 (±0.003) 0.141 (±0.006) < 0.0001 

Glycogen Content 
(mg/fly) 

0.072 (±0.005) 0.157 (±0.009) < 0.001 

Water Content 
(mg/fly) 

0.891 (±0.01) 1.076 (±0.012) 0.031 

Body Mass 
(mg/fly) 

1.263 (±0.032) 1.643 (±0.035) < 0.001 

Note – All data was collected at age 14 days from egg with the 
exception of lifespan.  Data represents phenotypic characterization of 
female flies from the 10 C-type populations and 10 S-type populations. 
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Table 2. Enriched Gene Ontology Terms  
GO ID  P‐VALUE  GO TERMS 

GO:0044765  0.000493  single‐organism transport 

GO:0051234  0.001618  establishment of localization 

GO:0006810  0.003443  transport 

GO:0090304  0.003974  nucleic acid metabolic process 

GO:0016070  0.004889  RNA metabolic process 

GO:0044237  0.006299  cellular metabolic process 

GO:0035639  0.008713  purine ribonucleoside triphosphate binding 

GO:0032555  0.008765  purine ribonucleotide binding 

GO:0032550  0.008765  purine ribonucleoside binding 

GO:0044248  0.011031  cellular catabolic process 

GO:0042221  0.013156  response to chemical 

GO:0034641  0.014051  cellular nitrogen compound metabolic process 

GO:0032940  0.015651  secretion by cell 

GO:0046483  0.016596  heterocycle metabolic process 

GO:0042742  0.018441  defense response to bacterium 

GO:0046903  0.018929  secretion 

GO:0006139  0.019267  nucleobase‐containing compound metabolic process 

GO:0008324  0.019351  cation transmembrane transporter activity 

GO:0019752  0.019677  carboxylic acid metabolic process 

GO:0016192  0.019858  vesicle‐mediated transport 

GO:0005524  0.021219  ATP binding 

GO:0032559  0.021378  adenyl ribonucleotide binding 

GO:0051649  0.02157  establishment of localization in cell 

GO:0044265  0.021589  cellular macromolecule catabolic process 

GO:0006725  0.023259  cellular aromatic compound metabolic process 

GO:0022891  0.033601  substrate‐specific transmembrane transporter activity 

GO:0044260  0.03366  cellular macromolecule metabolic process 

GO:0006909  0.0347  phagocytosis 

GO:0032991  0.035485  macromolecular complex 

GO:0005737  0.035698  cytoplasm 

GO:0045216  0.038275  cell‐cell junction organization 

GO:0006082  0.044803  organic acid metabolic process 

GO:0043436  0.044803  oxoacid metabolic process 

GO:0017111  0.048551  nucleoside‐triphosphatase activity 
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IX. Figure Legends 

Figure 1.  Physiological differentiation between the ten intensely selected starvation resistant S-type 

populations (SCOA and SCOB) and the ten control C-type populations (CO and nCO) at age 14 days from 

egg. (TOP) The average rate of cardiac arrests after electrical pacing of female fruit flies (mean  1 

SEM). The S-type populations had higher average rates of cardiac arrests than the C-type populations (p-

value = 2.37 x 10-21). (MIDDLE) The average survival time of female fruit flies in a starvation 

environment (mean  1 SEM). S-type populations had significantly longer survival times than the C-type 

populations (p-value = 0.01). (BOTTOM) The average lipid content of female fruit flies (mean  1 SEM). 

S-type populations had significantly larger average lipid contents than the C-type populations (p-value < 

0.0001). 

Figure 2.  The age-specific average lipid contents of female fruit flies from the five CO 

populations and five SCO-a populations (mean  1 SEM). The SCO populations had statistically 

significantly, larger average lipid contents than the CO populations at all six ages.  

Figure 3.  The age-specific average rate of cardiac arrests of female fruit flies from the five CO 

and five SCO-a populations (mean  1 SEM). The SCO populations had significantly higher 

average rates of cardiac arrests than the CO populations at ages 14, 21, and 28 days from egg. At 

ages 35, 42, and 49 days from egg, the average rate of cardiac arrests are no longer statistically 

significantly different. 

Figure 4. (A) The age-specific mortality rates for each of ten C-type and ten S-type populations. 

(B) The average age-specific mortality rate of the C-type populations and the S-type populations. 

The S-type populations have a significantly higher age-specific mortality rate than the C-type 

populations from ages 20 to 40 days from egg (p-values < 0.05).  The mortality rates of the C-

type populations converge on the rates of the S-type populations during the 41-43 day age-

interval (p-value = 0.129). 
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Figure 5. Heterozygosity in the CO (A), nCO (B), SCOA (C), and SCOB (D) populations plotted 

over 150-kb windows across all major chromosome arms. All replicates are shown for each 

population.  

Figure 6. Results from CMH tests comparing SNP frequencies between the SCO and C-type 

populations plotted as –log(p-values). A total of 1,234 significantly differentiated SNPs across 

the major chromosome arms were detected, with 145 genes identified within the significantly 

differentiated regions. Permutation derived significance threshold is shown in red. 
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