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Abstract 
Nutrition and growth are strongly linked, but not much is known about how nutrition 

leads to growth. To understand the connection between nutrition through diet, growth 
and/or proliferation, we need to study the phenotypes resulting from the activation and 
inhibition of central metabolic pathways. Here I use the model organism Drosophila 
melanogaster (D. mel.) and three non-model Drosophila species with different dietary 
needs, Drosophila guttifera (D. gut.), Drosophila deflecta (D. def.), and Drosophila 
tripunctata (D. tri.), to study the effects of dietary amino acid availability in these diverse 
flies on fecundity and longevity. In addition, I inhibited the Target of Rapamycin (TOR) 
pathway to test how inhibition interplays with the nutritional stimuli in these four fruit fly 
species. The hypothesis was that the inhibition of the TOR pathway would reverse the 
phenotypes observed under conditions of overfeeding. The results show that egg-lay rates 
increased with higher amino acid availability but decreased in response to TOR 
inhibition. The longevity data were more varied: most species experienced an increase in 
median lifespan in both genders with an increase in yeast, except for D. mel. females. 
When exposed to the TOR inhibitor rapamycin, most lifespans decreased, except for D. 
tri. The obtained data will benefit future studies of metabolism and will also help 
scientists to adopt non-model organisms into their labs to study the true complexity of 
pathway evolution across different species with diverse nutritional habits and needs.  
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1 Effect of active yeast quantity on diverse Drosophila 
species 

1.1 Abstract 
To understand more about the effects of dietary amino acids through the 

availability of yeast, the model organism Drosophila melanogaster (D. mel.) and three 
non-model Drosophila species, Drosophila guttifera (D. gut.), Drosophila deflecta (D. 
def.), and Drosophila tripunctata (D. tri.) were exposed to different quantities of yeast in 
addition to a basic sugar agar. We examined the effect of these different diets on the egg-
lay rate (fecundity) and longevity. Our results show that an increase in yeast leads to an 
increase in egg production and generally, except for D. mel., an increase in median 
lifespan.  
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1.2 Introduction and Background 
As with all organisms, Drosophila need nutrition and hydration to survive and 

function. Currently, nearly 5000 drosophilid species are known 1, making their diet 
potentially as diverse as the average human diet. To understand what nutritional 
components fruit flies need and how the diet affects their ability to live and reproduce, 
carefully conducted feeding experiments and evaluations of the effects on the life history 
of fruit flies are necessary. Nutritional science has a long history of studying the relation 
between nutrition and longevity and/or fecundity in several model organisms; however, 
much remains unknown. As far as using Drosophila to study nutrition, studies have 
mainly focused on D. mel. and have frequently been inconclusive 2.  

One good reason to study biological phenomena in D. mel. is that this important 
model organism can be quickly and inexpensively cultured in the laboratory and has a 
well-established genetic toolkit and an annotated genome 3. Even more importantly, 
about 70 percent of human disease-causing genes can find homologues in the D. mel. 
genome 4, making this fruit fly species an ideal model organism for genetic manipulation 
and cellular pathway discovery. To truly begin to understand the complexity of the 
evolution of metabolic pathways and their effects on lifespan and fecundity, we must 
examine the regulation of these pathways in diverse Drosophila species. 

This study utilizes four species of Drosophila, D. mel., D. gut., D. def., and D. tri. 
These four species are found in the Sophophora subgenus (D. mel.) and the immigrans-
tripunctata radiation (D. gut., D. def., and D. tri.), which have evolved separately over 
roughly the last 60 million years 5. Aside from differences in wing and abdominal color 
patterns, these four species exhibit unique feeding patterns. Although they can all be 
reared in the lab on standard yeast-sugar food, in nature, they have a wide variety of 
natural food sources.  

D. mel. is arguably known as an omnivore 6 and is most frequently found around
decaying fruits and vegetables. The fact that they can eat and reproduce on many fruits 
and vegetables is greatly advantageous within its heavily crowded ecological niche 7.  

The natural food source of D. gut. are mushrooms. Like several other quinaria 
species group members, when given the choice of mushrooms, bananas, tomatoes, 
lettuce, or plain agar, they prefer to lay their eggs on mushrooms 8. D. gut.’s draw 
towards mushrooms is further supported by their high resistance to mushroom toxins 
(Werner personal communication), 9.  

D. def., also a quinaria group member, seems to prefer rotting plant matter,
especially yellow water lilies 10,11. Little else is known about D. def., making it an 
interesting organism to study.  

Lastly, D. tri. feeds on a mixed diet of decaying fruit and mushrooms, including 
some that are highly toxic, such as Amanita species 9. While the mechanisms behind the 
moderate toxin resistance are unknown, it can be hypothesized that these mechanisms 
differ from those found in the strongly resistant D. gut.  

This study focuses on the influence of nutrition on lifespan and fecundity. 
Lifespan is both a simple and critical tool in the determination of variables in the aging 
process, both genetically and environmentally 12. Fecundity in this study is the 
physiological ability to produce eggs 13. The first goal of this thesis is to collect baseline 
data about how different Drosophila species respond to different quantities of yeast. 
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The central metabolic pathway that links nutrition, lifespan, and fecundity is 
known as the TOR (Target of Rapamycin) pathway. The mechanistic TOR (mTOR) 
pathway, as it is found in mammals, relies on the mTOR protein kinase that is made up of 
mTORC1 and mTORC2, where mTORC1 responds to nutrients and stress, which then 
leads to the regulation of homeostasis and growth 14. mTORC2 is a regulator of cell 
growth and proliferation, showing effects on autophagy and cancerous cell survival 15,16. 
The TOR pathway in Drosophila (dTOR) is highly comparable to mTOR as shown in 
Figure 1.1. While dTOR lacks some components and some proteins have shifted in the 
cascade, it provides a valuable opportunity to study TOR in a eukaryotic system without 
the ethical complications seen in many other model systems and has more similarities to 
the mTOR system than the more elementary TOR system in Caenorhabditis elegans 17-19. 

The regulation of dTOR has been found to be especially critical in the 
proliferation and maintenance of germline stem cells in the ovaries of Drosophila, which 
are crucial to the production of offspring 20. While flies with Tor null mutations are not 
viable, hypomorphic Tor mutants show small and distorted ovaries 21. Interestingly, TOR 
signaling can be manipulated through diet as shown by Drummond-Barbosa and 
Spradling (2001). By altering the quantity of protein in the nutrition, they were able to 
increase the rate of egg production by 60-fold through the simple addition of nutrients to 
basic agar 22. While TOR is not the only player in the proliferation of germline stem cells 
(ovary follicle maintenance is independent of TOR and involves other interwoven 
metabolic regulatory pathways), studies on the fecundity of diverse Drosophila species 
will yield important insights into the importance of TOR complex regulation on 
reproductive capabilities 23.  

Thus far, we have mainly focused on the effect of TOR on fecundity. However, as 
mentioned previously, fecundity is only one side of the story. In the discussion of TOR, 
fecundity must be balanced with lifespan. It is known that dietary, or rather nutritional 
restriction, increases lifespan 2,22,24. Evolutionary theory suggests that the lengthening of 
lifespan in nutritionally restricted conditions is a result of the organism shifting from a 
focus on reproduction and growth to somatic maintenance 25. In fruit flies, the shift from 
proliferation to maintenance can be triggered by limiting the availability of yeast 26. 
Kapahi, et al. (2004) further showed that TOR interacts with the insulin-signaling 
pathway to trigger the maintenance mode through dietary restriction. However, 
experimentally overexpressing proteins that usually get inhibited by an activated TOR 
complex has shown to lead to life span extension 2,27. The overexpression of these 
downstream TOR targets mimics a nonfunctional TOR complex. The result of an 
extended lifespan under these mimicked conditions shows that TOR does play a 
significant role in lifespan in addition to its already established role in fecundity.  
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Figure 1-1 Comparative schemes of the TOR pathway in four different systems 17. Image reproduced from E M Beauchamp et 
al, with copyright permission from Oncogene (see Appendix B)
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During the course of their lifetime, organisms constantly need to weigh the trade-
off between producing offspring as quickly as possible (possibly at the cost of lifespan) 
versus reproducing slowly and thereby extending their lifespan to be able to reproduce 
later during their lifetime 28. The first part of this study aims to determine, in all four 
species, if an overabundance of nutrition leads to more egg production in a shorter 
lifespan, while a restricted diet reduces egg production in favor of prolonging lifespan.  

 

1.3 Materials and Methods 
1.3.1 Fecundity and longevity study 

All fly stocks used were maintained at room temperature on food containing 
brewer’s yeast, cornmeal, granulated sugar, agar, and tegosept as an antifungal agent. 
Canton-S wild-type Drosophila melanogaster were used throughout all experiments. In 
the second experiment, Drosophila guttifera (15130-1971.10, a kind gift from the Sean 
B. Carroll lab at UW-Madison), Drosophila deflecta (15130-2018.00, also from the 
Carroll lab) and Drosophila tripunctata (D.tripunctata_E14#3, originally wild-caught in 
Escanaba, MI) were compared against Drosophila melanogaster. 

Flies used in the experiments were newly hatched and moved to plain sugar agar 
medium for overnight acclimatization and to eliminate the weakest flies that die within 
the first day. On the following morning, ten healthy males and ten females were selected 
for each experimental sugar agar plate. 

Three identical replicates were performed for each experiment and kept 
concurrently. Each replicate used a negative control, where flies were given no yeast.  

On all other plates, scoops of finely ground Baker’s yeast powder were measured 
in 250 nanoliter increments, further referred to as single scoops. Flies were moved to 
fresh plates daily, using CO2 gas. Fresh plates were prepared a day in advance, 
refrigerated, and brought to room temperature before transferring the flies. Each vacated 
plate from the previous 24 hours of incubation with flies was inspected for eggs, and the 
eggs were counted by arranging them into 10x10 rows and columns. For selected 
experiments, these eggs were incubated for an additional 24 hours before checking for 
hatched eggs.  

In addition to the numbers of eggs laid and eggs hatched, the number of dead flies 
and their sex were recorded to measure their lifespan.  

1.3.2 Statistical methods 
All statistics were performed in R Software, primarily using base R with the stats 

package. The stats package was used to calculate mean and median values and to perform 
ANOVA tests with post hoc TukeyHSD. TukeyHSD of multiple comparisons of means 
with 95% family-wise confidence levels resulted in significance codes of p< : 0 ‘***’ 
0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1. The Standard Deviation values were calculated using 
the matrixStats package.  

To equalize the measure of egg yields across the species, the egg yields of the first 
10 days of reproduction were tracked. Data analysis for the 10-day period were started on 
the day when all three replicates produced eggs simultaneously. For longevity 
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calculations, 30 females and 30 males were monitored in three replicate plates, each 
holding 10 female and 10 male flies. Food was adjusted daily based on flies remaining 
from the original 20. Graphs and data analysis for median age combined all three 
replicates for an overall n=30 females and n=30 males. Any accidental deaths were 
disregarded in the conversion to % survivorship.  

 

1.4 Results 
In my first experiment, I tested if I can replicate previously published results from 

other labs, showing that increased nutrition leads to higher egg counts in D. mel., while at 
the same time decreasing female lifespan. I used the D. mel. strain Canton-S to generate 
baseline data and establish feasibility, after which I extended my research to three 
additional non-model Drosophila species: D. gut., D. tri., and D. def. 

1.4.1 Results for D. mel. on five yeast quantities 
For the first experiment with D. mel., I hypothesized that a gradual increase in 

dietary yeast availability leads to gradually increased fertility. I used five yeast quantities, 
ranging from the no-yeast control to an ad libitum yeast quantity, where the flies had 
plenty of food available at all times. My results showed that the hypothesized relationship 
between nutrition and egg-laying holds true for the female flies of our D. mel. strain, i.e., 
the more yeast they get, the more eggs they lay (Figure 1.2).  
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1.4.2 Results across species 
To further investigate the relationship between nutrition and fecundity, I 

performed a scaled down investigation (selected yeast quantities) with four species, D. 
mel., D. gut., D. def., and D. tri. As a result, all four species showed similar trends in egg 
yields, although with different maximum egg-lay capacities (Figure 1.3). Throughout the 
fecundity investigation, the longevity of both genders was also tracked (Table 1.1). Here, 
the expected trend of a decrease in female lifespan due to overfeeding was only observed 
in D. mel. (Table 1.1 and Figure 1.2B), but interestingly not in the three non-model 
species. Additionally, males of all species experienced extended lifespans with increases 
in yeast. Particularly, on ad libitum yeast diets, males generally displayed increased 
lifespans over their female counterparts. However, on lower yeast quantities, males 
tended to have shorter lifespans than females. 
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Table 1-1 Median lifespan of female and male Drosophila on three diets. A) Female. B) 
Male. 

 

This study started with an in-depth investigation into the effect of dietary amino 
acids on D. mel. fecundity and longevity. The results show that with an increase in yeast, 
both egg production and lifespan increased, except in females where an abundance of 
food lowered the median lifespan. This trend in female egg-lay rates and longevity is 
supported in the Drosophila literature. 

The next step was to expand this study into non-model organisms. The study shows 
that an increase in protein provided through the addition of yeast to a simple sugar agar 
diet increased the egg production across all four studied Drosophila species, no matter 
what their natural food sources are, once again supporting and expanding on the trend 
reported in the Drosophila literature 29-31.  

The topic of lifespan, however, seems to be more complicated when comparing the 
four species. While D. mel. females showed the expected decrease in lifespan in 
combination with the high amount of yeast, the lifespans of the females of the three other 
tested species as well as of D. mel. males continued to increase when more food was 
available. This observation is critical to the currently ongoing debate that in 
reproductively active females, the simple behavior of increasing intake as a response to 
mating might be shortening their lifespan, as both low and overly high intakes of dietary 
protein have been shown to shorten lifespan 32-36. A possible explanation for the 
decreased lifespan in female D. mel. is the observation that D. mel. females are the most 
egg-productive species, increasing their average egg-laying capacity by ~10-fold, going 
from 4 eggs per day to almost 40, while the second most egg-productive species, D. gut., 
only saw an increase of 7.5-fold, going from 2 to 15. The other species, D. def. and D. 
tri., have a very low starting point of 1 and 1.5 eggs per day, respectively, and increase to 
16 and 6, respectively. Comparatively to D. mel., the tested non-model species lay very 
few eggs. The observed egg production rate differences may mean that more stress is put 
on a reproducing D. mel. female than on females from the other species. The resulting 
constant proliferation of cells in the D. mel. ovaries might contribute to oxidative stress 
and thus shortening overall lifespan, whereas other species may have more time to 
recover between births.  
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The fact that lifespan is extended in response to increased yeast quantities in our 
three non-model Drosophila species begs the question if scientists have been relying on 
the D. mel. model system too heavily in the past. What is allowing the other species to 
thrive on an overabundance of food is an open question. While the other three species see 
a significant increase in egg-lay rates, the absolute increase is not as dramatic as in D. 
mel. The moderate increase possibly suggests that other species might be more proficient 
at regulating their metabolic pathway. Better regulation could include storing excess 
nutrients rather than pouring all energy into proliferation. Tighter regulation on 
proliferation might be more advantageous when food sources are scarce and the 
production of offspring is better spread out over the duration of the fly’s lifetime, rather 
than peaking rapidly in the first 10 days. Thus, my discoveries in the three non-model 
species provide valuable baseline data for future studies that aim to elucidate the 
pathways that regulate longevity and the regulation of fecundity over a female’s lifespan. 
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2 Modification of Drosophila metabolism through the 
use of rapamycin to inhibit the TOR complex 

2.1  Abstract 
 After examining the effect of the availability of the dietary amino acids on 
longevity and fecundity in diverse species, we utilized the well-known inhibitor of 
TOR, rapamycin, to identify the effects of experimental TOR pathway inhibition. We 
observed major reductions in fecundity (offspring) and, generally, lifespan when the 
flies were treated with rapamycin. These reductions illustrate the downstream effects 
of the TOR pathway on metabolism, fecundity, and longevity.  

 

2.2  Introduction 
The first studies of the TOR pathway were performed 30 years ago 37. The mTOR 

protein kinase was discovered through the use of its inhibitor rapamycin. Initially, 
rapamycin was found to be a potent antifungal agent isolated from 
Streptomyces hygroscopicus on Easter Island 38, but identifying its mechanism of 
action was challenging. When the target of rapamycin was finally identified, it was 
appropriately called “Target of Rapamycin”, TOR 39. When TOR was shown to be a 
protein complex, the story got more complicated. It was later shown that TOR can 
auto-phosphorylate itself 40, making it evident that the TOR complex acts as a protein 
kinase 37.  

While one line of research focused on the interaction of rapamycin on the TOR 
pathway, another focused directly on how rapamycin functions as an antifungal 
antibiotic. After it was discovered that rapamycin interacts with various metabolic 
processes, it became evident that rapamycin specifically acts as a suppressor of 
protein synthesis and growth, thus leading to a halt of cellular proliferation 41. 
Rapamycin is essentially able to hold cells in the G1 phase without completely 
blocking cellular function 41. Part of this blockage happens through the inhibition of 
the p70S6 kinase protein, which regulates cell growth and is often upregulated in 
metastasizing cancers 41,42.  

The study of rapamycin is critical as it is currently used to treat a variety of 
diseases, from obesity and diabetes to genetic and neurological diseases 43. Whole-
body metabolic effects of rapamycin are difficult to study in larger organisms 
considering the centrality of this pathway. The centrality also means that any 
complete knockouts of tor are unviable for study. This, however, leaves the capability 
to study the effects of dietary rapamycin in diverse Drosophila species.  

Previous studies from other labs performed in D. mel. discovered that rapamycin 
caused a decrease in fecundity, while resulting in an increase in lifespan in both 
gender flies 44. The increase in lifespan is hypothesized to be one of the effects of 
starvation, where cells stop producing proteins strictly needed for growth and 
proliferation, and cells rather focus on proteins needed for maintenance and cellular 
cleanup 45. In the presence of rapamycin, one of the mTOR complexes, TORC1, starts 
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to send cues to enzymatically break down damaged cellular debris, proteins, lipids, 
carbohydrates, and other molecules to generate energy 45.  

However, the relationship between rapamycin and longevity is not 
straightforward, as illustrated by the following studies performed in D. mel. At a 
concentration of 200 µM in the diet, flies experience a bioavailable concentration of 
rapamycin comparable to studies done in mice 24. A combination of rapamycin at this 
concentration and a stringent diet (as far down to 100 g/L of yeast in the agar) has 
shown to extent the longevity of D. mel. 24,44. However, the extended lifespan 
diminished as food concentrations were increased, while keeping the rapamycin 
concentration constant 44. Harrison (2010) found that when the rapamycin 
concentration is increased between 0 -1000 µM on a 1:1 yeast : sugar diet with 
tegosept, the longevity of female flies decreased 46. Furthermore, when Villa-Cuesta 
et al. (2014) fed flies on a 12% yeast diet with rapamycin, ranging from 0 - 400 µM, 
the flies showed no expended lifespan. However, on a 2% yeast diet, rapamycin 
concentrations of 50 - 200 µM rapamycin extended mean longevity, suggesting the 
possible need for a moderated diet 47.  

The goal of the second chapter of my thesis was to further examine the effect of 
rapamycin on an ad libitum yeast diet in D. mel., as well as the three non-model 
species D. gut., D. def., and D. tri.  

 

2.3 Materials and Methods 
2.3.1 Use of rapamycin plates in longevity studies 

Fly collection and rearing for rapamycin plates was performed as described in 
1.3.1. For rapamycin-containing plates, rapamycin powder was added to a final 
concentration of 200 µM by dissolving it in the same ethanol solution used for the 
incorporation of tegosept.  

2.3.2 Ovariole imaging 
10 male and 10 female flies were reared as described in 1.3.1 on four different 

diets: 2 scoops of yeast per fly and ad libitum yeast, each on plates with and without 
rapamycin. The plates were transferred daily to fresh food for 5 consecutive days, 
after which they were anesthetized with CO2 and drowned in 1x PBT. The ovaries of 
the female flies were removed under a dissection microscope in a 9-well plate. The 
ovaries were then imaged with a dark-field filter at 25X magnification. 

 

2.4 Results 
In order to test the effect of rapamycin on the longevity and fecundity of the diverse 

Drosophila, I tested the flies on 200 µM of rapamycin on standard sugar agar plates. 
Because there was no statistical difference in the egg-lay rates in my previous 
experiments on low versus no-yeast diets, and because the egg-lay rate was expected 
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to decrease further in response to rapamycin, I decided to perform the experiments 
only on ad libitum quantities of yeast. 

 

2.4.1 Results for egg-lay response and longevity with the 
introduction of rapamycin to an ad libitum diet 
As a result of the addition of rapamycin to an ad libitum diet, the females of all 

four Drosophila species laid significantly fewer eggs (Figure 2.1). D. mel. reduced its 
egg-lay capacity from 40 eggs per day to only 10, whereas D. gut. decreased from 14 
eggs per day to only 4. D. tri. barely produced any eggs within the first 10 reproductive 
days, dropping from an average of just over 6 eggs per day to 3. Interestingly, D. def. 
entirely ceased egg production, which was reminiscent of the minimal diet.  
 

 
Figure 2-1 Average egg-lay responses of various Drosophila on an ad libitum diet, with 
or without the addition of rapamycin. A) D. mel. B) D. gut. C) D. def. D) D.tri.  
 

2.4.2 Alterations in lifespan due to the addition of rapamycin to 
an ad libitum diet 
I also examined the effect of rapamycin on the median lifespan of the flies on ad 

libitum yeast quantities. As a result, besides D. tri., all three other species (D. mel., D. 
gut., and D. def.), both males and females, showed reduced median lifespans on 
rapamycin (Table 2.1).  
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Table 2-1 Median lifespan of various Drosophila on three diets ranging from low to high 
yeast, where minimal is 1 scoop per day per fly, with or without the addition of 
rapamycin. A) female, B) male. 

 
 

2.4.3 Results for D. tri. fed with ad libitum amounts of yeast with 
or without rapamycin 
Rapamycin treatment on an ad libitum diet caused a unique response in D. tri., as 

compared to the remaining three tested species: its lifespan unexpectedly increased 
(Table 2-1). This observation led me to hypothesize a possible resistance mechanism to 
rapamycin. However, like the other three species, D. tri. showed a reduction in egg-lay 
rate over the first 10 reproductive days. The first 10 days were chosen because they 
usually represent the most prolific days in egg production, which is followed by a short 
plateau and then a decrease of egg-laying until the death of the fly. However, unlike all 
other species and treatments, the peak of egg-lay production for D. tri. was shifted closer 
to day 20 in response to rapamycin (Figure 2.3). The peak around day 20, however, is 
significantly reduced compared to the peak when the flies were not exposed to 
rapamycin. While a D. tri. female fly on an ad libitum diet could lay on average 189 eggs 
during her lifetime, a female exposed to rapamycin on the same diet would on average 
only lay 65 eggs. Considering the extended lifespan of D. tri. and the later onset of egg 
production suggests that D. tri. adapts to rapamycin during the first week or two of 
consuming this drug. I speculate that the resistance mechanism(s) in D. tri. may be 
related to this species’ ability to tolerate a variety of mushroom toxins found in its natural 
diet. Any resistance mechanism, however, would only be partial as egg-laying is 
significantly reduced.  
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Figure 2-2 Average eggs per female on an ad libitum yeast diet with or without 
rapamycin. D. tri. shows an increased egg production post first 10 reproductive days in 
response to rapamycin treatment. Error bars showing SD calculated from three replicates 
each using 10 female flies. Per female adjusted for any deaths during the experiment.  
 

2.4.4 Examination of lifespan and fertility of D. mel. on a medium 
diet with and without rapamycin 

As I observed in my previous experiment, D. mel. females responded to a minimum yeast 
diet, one scoop, with a longer lifespan than when maintained with a no-yeast or an ad 
libitum yeast diet. At the same time, the D. mel. females were laying a notable number of 
eggs on the minimum yeast diet. This increased longevity on a restricted diet led me to 
conduct a more in-depth investigation on the effect of rapamycin in combination with a 
moderate diet, two scoops per fly. Based on previous studies, I hypothesized that a 
moderate diet with rapamycin reduces egg-laying but increases their lifespan 24,44,46. To 
test if rapamycin can indeed have a life-prolonging effect, I fed D. mel. flies with a 
moderate yeast diet of two scoops in addition to rapamycin. As a result, I observed the 
expected reduction in the egg-lay rate. However, I did not find evidence of a life-
prolonging effect of the drug. In contrary, rapamycin reduced the lifespan of the flies 
despite the moderate diet (Figure 2.2 and Table 2.2). These reasons for the reduced 
longevity are unclear. I noticed black melanin patches on rapamycin-treated flies before 
they died, indicating an activation of the melanisation host defense pathway, a part of the 
innate immune response that is normally triggered by parasitoids 48. I also observed 
granular crystals in the feces of rapamycin-treated flies, which may be an indicator of 
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Figure 2-3 Average egg-lay response of D. mel. during the first 10 reproductive days on a 
medium diet with and without rapamycin. 
 
Table 2-2 Median lifespan of D. mel. on medium yeast with and without the addition of 
200 µM rapamycin. 

 
2.4.5 Images of ovary dissection of D. mel. females fed on 

various diets 
In addition to examining the quantitative responses to nutrition, the ovary 

dissection gave the opportunity for a qualitative view at the effect of nutrition and 
rapamycin on the ovaries. D. mel. flies of both sexes were put on either the medium diet 
(two scoops per fly) of yeast or ad libitum with or without rapamycin for 5 days and 
dissected. Flies fed on the no-rapamycin diets (medium and ad libitum) had well-
developed, symmetrical, rounded ovaries, while rapamycin-treated flies showed 
asymmetrical and underdeveloped ovaries (Figure 2-3).  



 

16 
 

 
Figure 2-4 Ovary dissections of D. mel. on four different diets. All images taken at 25X 
magnification. A) D. mel. ovaries on a medium diet (2 scoops/fly). B) ovaries on an ad 
libitum yeast diet. C) ovaries on medium diet with rapamycin. D) ovaries on an ad 
libitum yeast diet with rapamycin.  
 

2.5 Discussion 
As soon as rapamycin is added to an ad libitum yeast diet, the data show a stark 

trend: egg-laying significantly decreases. The decrease was expected from observations 
made in other studies using D. mel. However, the effects of rapamycin in D. mel. have 
been shown to be genotype-specific 49. Just like the effects seen under starvation, the 
inhibition of the TOR protein yields similar egg-lay rates in my experiments for all four 
species.   

Hypothetically rapamycin arrests cell proliferation through the inhibition of the 
TOR complex, extending lifespan by focusing on cellular maintenance 47. However, this 
is not obvious in the data presented here when plenty of nutrition is available. While the 
dietary amino acids no longer seem to be leading to proliferation, lifespan is not 
prolonged. If the lack of proliferation indicates cell cycle arrest, then rapamycin must be 
doing something else to the flies to reduce their lifespans. The one outlier is D. tri. with 
an extended lifespan on rapamycin and a delayed egg-lay peak. I have reasons to believe 
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that D. tri. might be utilizing a toxin-removal strategy related to its ability to feed on 
poisonous mushrooms, allowing for the successful adaptation to rapamycin. 
Figure 2.5 combines data from parts 1 and 2. 
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Figure 2-5 Combined graph of the effect of an ad libitum diet on egg-lay rate and both 
female and male longevity of all four species. Bars represent eggs per female per day, 
while dots and triangles represent the median lifespan. Red dots are females and blue 
triangles are males. All scales are equal throughout the figure.  
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In summary, it is clear that both overfeeding and the introduction of rapamycin have 
large influences on the reproductive ability and longevity of diverse Drosophila species.  
Most notable are the outliers, such as D. tri.’s extended lifespan on rapamycin, possibly 
making it a more robust model organism for the study of longevity, or D. mel. with the 
significant reduction in lifespan due to overproliferation as a response to overfeeding, 
making it a good target for studies looking into oxidative stress due to excessive cell 
replication. D. def. is also an interesting species as it stopped any proliferation on non-
ideal diets, a more extreme phenotype than seen in other species. D. def. can also give 
insight on longevity when females are not producing offspring, in which case they 
showed a very comparable lifespan between males and females.  
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3 Conclusion 
 This thesis examined the effect of nutrition on fecundity and longevity of four 
fruit fly species: D. mel., D. gut., D. def., and D. tri. I hypothesized that an increase in 
nutrition activates the metabolic TOR pathway, leading to an increase in proliferation, 
which would translate into an increased egg production. As a result of this increased egg 
production, I expected females to suffer a decrease in lifespan. I found that in all studied 
species, egg-laying in the first 10 days of reproductive activity increased with an 
increased diet, but only overfed D. mel. females experienced a reduction in the median 
lifespan. After having determined the baseline of the effect of nutrition on fecundity and 
longevity in four species, the focus of this research shifted towards possible ways to 
inhibit the activation of the TOR pathway. All four species were exposed to a rapamycin 
concentration of 200 µM in a high-yeast diet, and all species responded with a stark 
decrease in egg-lay rates in the first 10 reproductive days. Unexpectedly, however, 
rapamycin did not extend their lifespans, except in D. tri. Some of the species-specific 
results point to the need for more extensive research, but nonetheless underscores the 
value in using multiple species in future studies. 
 Overall, my data show the importance of the use of non-model organisms 
alongside the usual model species and provide insights into nutritional control in the 
maintenance of diverse fly stocks. This study showed that providing ad libitum access to 
dietary protein through yeast is not problematic to the flies, while at the same time 
providing evidence of the well-known claim that the proteins provided by the yeast are 
essential to proliferation.  
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A Additional Experiments 
 
In addition to the experiments described in the main body of this thesis, further 
experiments were performed that could be the starting point to new projects or branches 
of this research.  
 
A.1 Use of wine yeast and dead yeast 

While the experiments shown in the main part of this thesis were performed using 
instant live Baker’s yeast, I also performed experiments with all four Drosophila species 
on wine yeast and heat-killed Baker’s. I used three levels of diets: no yeast, one scoop of 
yeast, and ad libitum yeast. 

The reason for testing wine yeast was to explore what yeast type would be best 
for our experiments. It was hypothesized that wine yeast would work well but not as well 
as Baker’s yeast, as D. mel. is commonly reared in the lab on Baker’s yeast. This 
hypothesis proved to be true. Both ad libitum diets of Baker’s yeast and wine yeast 
resulted in a statistical increase in egg-lay rate over the 1 scoop egg-lay rate; however, 
lower statistical significance was observed with the use of wine yeast. Thus, in order 
increase the likeliness of obtaining significant results for the main experiments between 
different yeast levels, only Baker’s yeast was used. 

The idea of killing Baker’s yeast by baking it at 400oF for 30 minutes had similar 
expectations to that of using undesirable types of yeast. However, while dead yeast 
should contain the same nutrients, the flies were not interested in eating it. The yeast 
remained uneaten, and results in egg-lay rate and lifespan did not differ from those on 
control plates with no yeast. This result led to the exclusion of this path of research from 
the work in this thesis. However, further investigations could be performed to test how 
adding ethanol to the dead yeast will affect the flies’ appetite to highlight the importance 
of smell in the consumption of a diet.  

 
A.2 Western blot for phosphorylated S6K 

Most of this thesis focuses on obtaining a quantitative measure of the effect of 
nutrition on longevity and fertility. It is hypothesized in the literature that longevity and 
fertility are regulated by the TOR pathway. However, longevity and fertility are far 
downstream effects of TOR and influenced by other molecular pathways and conditions. 
In order to provide additional evidence that the alterations of longevity and fertility are 
due to changes in TOR signaling, I utilized the well-known inhibitor of rapamycin to 
reverse the phenotypes seen in overfed flies. Hypothetically, providing an ad libitum diet 
will overactivate the TOR complex. This overactivation, in turn, should be reduced in the 
presence of the TOR complex inhibitor rapamycin. As a direct effect of the rapamycin 
treatment, there should be a reduction in phosphorylated S6K, a downstream target of the 
central kinase in the TOR pathway, as shown by Bjedov et al. (2010). As Bjedov et al. 
(2010) showed, the reduction in phosophorylated S6K should be observable through a 
Western blot. However, two separate attempts at performing Western blots, with the 
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gracious help of Xinqian (Sherry) Chen form the Shan lab, did not show phosphorylated 
S6K in control flies or rapamycin-treated flies. Trouble shooting and identifying 
alternative ways of protein isolation from flies could further molecular research into the 
TOR pathway. However, due to time limitations, follow-up experiments were not feasible 
for this thesis. 

  
Figure A-1 First attempt at Western blot. Failing to see any protein-phosphorylation 
around 70 kDalton (arrow), the expected molecular weight of phosphorylated S6K.  

 
Figure A-2 Second attempt at Western blot for S6K. Again, no visible sign of 
phosphorylated S6K.  
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