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Summary 

Malnutrition is defined by an imbalance between the supply of nutrients and energy and the 

body’s demand to ensure optimal growth, maintenance and specific bodily functions. The term 

malnutrition covers 2 broad groups of conditions. One is undernutrition, which includes 

wasting, stunting and insufficiencies in mineral or vitamins, whereas the other group comprises 

overweight and obesity. Today’s major health challenges in both developing and in more 

economically developed countries arise from excessive intake of high-energy dense food and/or 

the lack of dietary protein and calories, leading to overweight, obesity and protein-energy 

malnutrition (PEM), respectively. On the other hand, dietary restriction (DR), which is a 

reduction of particular nutrient intake without causing malnutrition, is believed to mediate 

positive effects of a plethora of health-associated parameters. The intestine is in close contact 

to dietary components and is a central mediator between the microbial community and the host. 

Maintaining the intestinal epithelial homeostasis requires an equilibrium between the microbial 

community and the intestinal epithelium and dietary interventions are believed to have an 

impact on this equilibrium. In my research, I focused on the effect of nutritional stressors, such 

as high-fat dieting (HFD), PEM and DR on epithelia-microbe interactions in the intestine of 

Drosophila melanogaster. I revealed that high fat dieting led to an increased hyperproliferation 

of intestinal stem cells and to an elevated number of enteroendocrine cells. The HFD-induced 

activation of stem cells depended on JNK pathway-mediated secretion of the cytokine Upd3 in 

enterocytes. Upd3 in turn activated JAK/Stat signaling in stem cells and enteroblasts. The 

increased stem cell activity upon high fat dieting critically depended on the presence of the 

indigenous microbiota as the observed hyperproliferation of stem cells was completely 

repressed in germ-free flies. I showed that a HFD led to a changed microbial composition and 

increased bacterial abundancy. Microbiota transplantation experiments failed to recapitulate the 

HFD-associated hyperproliferation phenotype suggesting that the increased abundance of 

bacteria is responsible for the activation of intestinal stem cells. For the purpose of 

standardization and reproducibility of PEM and DR experiments, I used a chemically well-

defined holidic diet. However, existing holidic diet protocols were not able to support the 

development of conventional and germ-free flies. Therefore, I optimized holidic diet protocols 

that now allows development of conventional and germ-free flies comparable to standard 

complex Drosophila diets. I used this diet to investigate the effect of DR and PEM on the host-

microbiota interaction in the intestinal ecosystem. PEM and DR led to changes of the intestinal 

structure, stem cell activity, enterocyte size and cellular composition, whereas some of these 

observations were depended on the indigenous microbiota. DR and PEM induced an increased 
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susceptibility to pathogenic S. marcescens infection and genotoxic chemicals. To study how 

host genetics contributes to DR and PEM-mediated intestinal phenotypes, I focused on the Tor 

pathway, which is a central mediator of amino acid and energy sensing in the cell. The DR and 

PEM induced changes in the intestinal structure were absent in Tor deficient flies. Moreover, 

Tor deficient flies revealed a decreased infection susceptibility. I showed that DR and PEM 

induced substantial changes in the transcriptional profile of the intestine. The impact of the 

indigenous microbiota on the intestinal transcriptome increased with lower amino acid contents 

in the diet. Furthermore, I analyzed the intestinal transcriptional profile of flies that lived for 14 

days on the control diet after a 7 days period of PEM. Thereby, I revealed that a short-term 

intervention of PEM led to long-lasting memory effects in the transcriptome.



Zusammenfassung V 

Zusammenfassung 

Eine Mangelernährung ist definiert durch ein Ungleichgewicht zwischen Nährstoffaufnahme 

und Nährstoffbedarf, die für das Wachstum und die Aufrechterhaltung von Körperfunktionen 

benötigt werden. Die Bezeichnung Mangelernährung umfasst zwei Kategorien. Eine Kategorie 

der Mangelernährung wird als Unterernährung bezeichnet und beinhaltet Magerkeit 

(„wasting“), Längenwachstumstörungen („stunting“) und ein Mineral/Vitamin-Insuffizienz. 

Demgegenüber umfasst die zweite Kategorie der Mangelernährung die Ausprägungen 

Übergewicht und Fettleibigkeit. Die heutigen gesundheitlichen Herausforderungen in Industrie- 

und Entwicklungsländern entstehen häufig durch den übermäßigen Konsum von Lebensmitteln 

mit hoher Energiedichte oder durch eine unzureichende Zufuhr von Proteinen und Kalorien, 

welche zu Übergewicht und Fettleibigkeit beziehungsweise einer Protein-Energie-

Mangelernährung (PEM) führen können. Diätetische Restriktion (DR) bezeichnet hingegen die 

Reduktion von Nahrung beziehungsweise die Reduktion von bestimmten Makro-

/Mikronährstoffen, ohne dass sich dabei eine Unterernährung einstellt. Im Gegensatz zu 

Übergewicht, Fettleibigkeit und PEM ist DR mit einer Reihe gesundheitsfördernder Effekte 

assoziiert. Der Darm steht in Kontakt mit der aufgenommenen Nahrung und ist ein wichtiger 

Mediator zwischen der mikrobiellen Gemeinschaft und dem Wirtsorganismus. Die 

Aufrechterhaltung der intestinalen Epithelhomöostase benötigt ein Equilibrium zwischen der 

mikrobiellen Gemeinschaft und dem intestinalen Epithel, wobei vermutet wird das diätische 

Interventionen einen Einfluss auf dieses Equilibrium haben. In meiner Studie habe ich die 

Auswirkungen einer Hochfett-Diät (HFD), DR und PEM auf Epithel-Mikroben Interaktionen 

im Darm von Drosophila melanogaster untersucht. Ich habe herausgefunden, dass die Zufuhr 

einer HFD zu einer Hyperproliferation von intestinalen Stammzellen und zu einer erhöhten 

Anzahl von Enteroendokrinen Zellen führte. Die HFD-induzierte Aktivierung der intestinalen 

Stammzellen wurde durch den JNK Signalweg in den Enterozyten vermittelt. Die Aktivierung 

des JNK Signalweges führte zu einer Sezernierung des Zytokins Upd3 aus den Enterozyten, 

welches wiederum den JAK/Stat Signalweg in intestinalen Stammzellen und Enteroblasten 

aktivierte. Zudem konnte ich zeigen, dass die durch die HFD hervorgerufene erhöhte 

Stammzellaktivität abhängig von der Anwesenheit der intestinalen Mikrobiota war, da die 

Verfütterung einer HFD an keimfreie Fliegen nicht zu der zuvor beobachteten 

Hyperproliferation führte. Zudem führte die Aufnahme einer HFD zu einer veränderten 

mikrobiellen Zusammensetzung, sowie zu einer erhöhten Menge an Bakterien. Da eine 

Mikrobiota-Transplantation nicht den gleichen HFD-assoziierten Phänotyp rekapitulieren 

konnte, vermute ich das die erhöhte Menge an Bakterien zu einer Aktivierung der intestinalen 
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Stammzellen führte. Um reproduzierbare und standardisierte DR und PEM Diäten herzustellen, 

habe ich eine definierte holidische Diät benutzt. Vorhandene holidische Diäten für Drosophila 

fördern jedoch nicht ausreichend die Entwicklung von konventionellen und keimfreien Fliegen. 

Aufgrund dessen habe ich eine holidische Diät entwickelt, welche nun die Entwicklung von 

konventionellen und keimfreien Fliegen erlaubt. Ich habe diese Diät benutzt, um den Effekt 

einer DR oder einer PEM auf Wirts-Mikrobiota Interaktionen im intestinalen Ökosystem zu 

untersuchen. DR als auch PEM führten zu einer Veränderung der intestinalen Struktur, der 

Stammzellaktivität, der Größe der Enterozyten und der zellulären Zusammensetzung. Einige 

der beobachteten strukturellen und zellulären Phänotypen waren abhängig von der Anwesenheit 

der intestinalen Mikrobiota. Mit DR und PEM ernährte Fliegen wiesen eine erhöhte 

Anfälligkeit gegenüber genotoxischen Chemikalien und einer Infektion mit S. marcescens auf. 

Um zu untersuchen welchen Einfluss der Genotyp des Wirts auf den DR- oder PEM-

vermittelten intestinalen Phänotypen hat, habe ich mich auf den Tor Signalweg fokussiert. Der 

Tor Signalweg ist ein zentraler intrazellulärer Mediator für den Aminosäure- und Energiestatus. 

Die durch DR und PEM induzierten strukturellen Veränderungen des Darms waren in Tor-

defiziente Fliegen nicht mehr zu detektieren. Zudem wiesen Tor-defiziente Fliegen eine 

geringere Anfälligkeit gegenüber einer S. marcescens Infektion auf. Darüber hinaus habe ich in 

einem weiteren Experiment gezeigt, dass eine DR und eine PEM zu erheblichen Veränderungen 

im transkriptionellen Profil der Därme führte. Der Einfluss der Mikrobiota auf die intestinale 

Transkription wurde größer, je niedriger der Aminosäuregehalt war. Zudem habe ich das 

intestinale transkriptionelle Profil von Fliegen analysiert, welche für 7 Tage mit einer PEM 

gefüttert wurden und anschließend für 14 weitere Tage mit einer Kontrolldiät. Mit diesem 

Versuch konnte ich zeigen, dass eine kurzzeitige Intervention mit einer PEM zu 

langanhaltenden Effekten im intestinalen Transkriptom führte. 
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Introduction 

1 
 

1 Introduction 

 

1.1 Impact of nutrition in health and disease 

Nutrition is one of the most important contributors to human health. Nutrition is a fundamental 

factor to support growth, development and body functionality but also for the prevention and 

treatment of several diseases. Over 2 billion people worldwide are malnourished and this 

malnutrition can be found in developing countries and in more economically developed 

countries. Malnutrition is an excess, deficiency or imbalance of energy and/or nutrients, which 

can lead to adverse consequences on the body composition and physiological function. The 

term malnutrition includes several conditions like undernutrition, overweight, obesity and 

micronutrient-related malnutrition. 

 

 Obesity 

The World Health Organization (WHO) defines overweight and obesity as excessive fat 

accumulation and is diagnosed at a body mass index (BMI) �  25 kg/m2 or �  30 kg/m2, 

respectively. In 2016, 13 % of the world’s adult population were obese and 39 % were 

overweight (1). Whereas overweight and obesity were considered as a high-income country 

problem, it is also on the rises in low- and middle-income countries (2,3). It is expected that the 

obesity rates will increase further (4). The main cause of obesity and overweight is an imbalance 

between increased intake of highly processed energy-dense foods and low physical activity  

(5,6). The so-called western-diet is high-energy dense food characterized by high contents of 

fats, sugars and refined grains and at the same time by low dietary fibers, vitamins and minerals 

(7). Overweight and obesity can lead to several diseases, such as diabetes mellitus (8), several 

types of cancer (9), non-alcoholic fatty liver disease (10), cardiovascular disease (11), 

musculoskeletal disorders (12) and poor mental health (13). An excessive intake of high-energy 

dense food can also lead to the metabolic syndrome, which is characterize by visceral obesity, 

hypertension, insulin resistance, elevated fasting and postprandial serum triglycerides and low 

serum high-density lipoproteins (14). Therefore, the life expectancy of obese people, but not of 

overweight people, is reduced compared to normal weight people (15,16). Plasma levels of free 

fatty acids (FFA) are mostly elevated in obese people (17). Plasma FFA mainly derive from 

intracellular lipolysis of triacylglycerols (TAG) in adipose tissues or from lipolysis of TAG-

rich lipoproteins within the circulation. The plasma FFA levels in obese people are elevated 
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because enlarged adipose tissue releases more FFAs and reduces clearance of circulating FFAs 

(18). It was shown that increased plasma FFA levels induce insulin resistance, whereas 

decreased plasma FFAs are associated with an improved insulin response (19,20,21,22). When 

the insulin resistance is not compensated by an enhanced secretion of insulin, as observed in 

pre-diabetic individuals, it may development into type 2 diabetes (23). Moreover, increased 

plasma FFAs impair the anti-lipolytic effect of insulin, which in turn further increases the 

release of FFAs into the circulation (24). Increased FFA availability leads to intracellular 

accumulation of TAGs in skeletal muscles and abdominal fat and are associated with pro-

inflammatory conditions in healthy and obese individuals (25,26,27,28). Fatty acids differ by 

the length of their aliphatic chain and whether or not this chain is saturated or unsaturated. The 

major saturated fatty acids in most diets are myristic acid and palmitic acid. Saturated fatty 

acids are associated with a variety of pathophysiological effects as they can cause an increase 

of blood cholesterol or of pro-inflammatory cytokine expression in adipose tissue (29,30). The 

impact of mono- or polyunsaturated fatty acids on inflammation in literature is inconsistent. 

Arachidonic acid, which is particularly obtained from meat products is able to stimulate the 

synthesis of pro-inflammatory cytokines (31,32). On the other hand, eicosepantenoic acid, 

mainly obtained from fish, has anti-inflammatory properties (31,33). It is also suggested that 

obesity is inheritable and genetic and epigenetic factors can cause a disregulated energy 

homeostasis (34,35). Therefore, it is in discussion if obesity is a disease or a behavioral 

abnormality. It was shown that gene deficiencies targeting leptin, leptin receptor, 

proopiomelanocortin, melanoncortin 4 receptor 4 or single-minded homolog 1 are associated 

with obesity (36,37,38,39,40).  However, these genetic deficiencies have stronger effects in 

individuals with a sedentary lifestyle or in those living in more obesogenic environments (41). 

From an evolutionary perspective, 10.000 years ago people were adopted to barely processed 

diets that were low in fat and high in fiber. As in many organisms, storing energy as fat when 

food is abundant was a fitness advantage in times of periodic hunger. The diets have changed 

dramatically through the agricultural- and industrial revolution in most parts of the world and 

the time was maybe insufficient for genetic adaptions for the modern food environment (42,43). 

However, obesity is a preventable disease. There are several strategies to prevent obesity such 

as a dietary adjustment, physical activity, pharmacotherapy or individual behavior therapy. 
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 Protein-energy malnutrition 

Factors that cause undernutrition comprise reduced food intake, impaired absorption, excess 

nutrient losses, increased energy expenditure or intake of food deficient in macro- and/or 

micronutrients. These factors can contribute to deficiencies in macronutrients (protein, 

carbohydrates and fat), which in turn can lead to a primary or secondary protein-energy 

malnutrition (PEM, 44). Nearly 11 % of the world’s population are undernourished with most 

living in developing countries (45). In 2011, undernutrition was the cause of 45 % of all child 

deaths worldwide (46). There are 3 physiological measures of undernutrition in children: 

stunting (low height-for-age), wasting (low weight-for-height) and underweight (low weight-

for-age). Stunting indicates chronic weight loss, whereas wasting results from recent weight 

loss (47). Undernutrition can lead to muscle wasting, fat depletion, impaired cardiac function, 

diarrhea as well as impaired immune function and wound healing (48). Severe forms of PEM 

in children are Marasmus and Kwashiorkor. Marasmus results from an inadequate energy and 

protein intake and is characterized by muscle wasting, depletion of subcutaneous fat and 

absence of edema. Kwashiorkor results from an inadequate intake of proteins with reasonable 

energy intake and leads to edema, large protuberant belly, fatty liver and an inability to grow 

or gain weight. However, there are also children suffering from marasmic kwashiorkor with 

pathological features of marasmus and kwashiorkor (49,44). Children who suffer from 

kwashiorkor normally have a higher mortality rate and are more difficult to treat than those 

suffering from marasmus (50). This is due to the more complex physiological and pathologic 

changes in kwashiorkor in comparison to marasmus. Kwashiorkor is associated with lower 

concentrations of ß-carotene, vitamin E and glutathione compared to marasmus, which in turn 

is associated with higher oxidative damage (51,52,53). The whole-body breakdown of proteins 

occurs at a slower rate in children suffering from kwashiorkor than in those with marasmus, 

which limits the supply of amino acids (54). Furthermore, the lipolysis is much slower in 

children with kwashiorkor than in children with marasmus, which indicates an insufficient 

mobilization and utilization of lipids (55). Notably, undernourished children have an increased 

risk to die of an infection disease (56). PEM is associated with an atrophy of the thymus and 

the bone narrow. This atrophy causes anemia, leucopenia as well as changes in the B- and T-

cell repertoire. (57,58). PEM also affect the acute phase response, as elevated C-reactive protein 

levels were found in malnourished children with and without infections. At the same time, the 

negative acute phase proteins pre-albumin or fibronectin are reduced in malnourished children 

(59,60,61,62). PEM also leads to structural changes of the epithelial barrier of the skin and the 

intestine providing a potential entry for pathogens (63,64,65). Even when the treatment is 
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difficult, some symptoms of kwashiorkor and marasmus are reversible. Children who suffered 

from kwashiorkor or marasmus for a certain time can physically recover in height and weight 

(66). However, chronic PEM in childhood can impair cognitive processes such as learning, 

memory and coordination in later life (67,68). Even though mostly children suffer from PEM, 

also elderly people are at risk for a compromised nutritional status. The prevalence of PEM in 

elderly patients ranges from 5-40 % and is associated with a highly increased mortality 

(69,70,71). 

 

 Dietary restriction 

In contrast to PEM or overnutrition, dietary restriction (DR) is associated with a plethora of 

health promoting effects (72). The term DR is often equated with caloric restriction (CR), even 

though they represent different interventions. CR describes a 20-40 % reduction of total caloric 

intake, without malnutrition. DR represent a broader range of nutritional interventions that 

differ from conventional diets in restriction of at least one specific macro- or micronutrient. 

Moreover, the term DR is associated with a several feeding pattern such as time restricted 

feeding or intermittent fasting (73). Studies in several animals models, including 

Saccharomyces cerevisiae, Caenorhabditis elegans, Drosophila melanogaster and mice 

showed that DR increases overall lifespan and healthy lifespan in short lived organisms (74). 

These data lead to the assumption that lifespan extension underlies evolutionary conserved 

mechanisms. Proteins seems to have the greatest impact on DR associated effects among the 

macronutrients. It was show that lowering the dietary protein content increases the lifespan of 

a variety of organisms reproducibly (75,76,77). Besides the DR effects on lifespan extension, 

DR protects against a variety of pathophysiological conditions such as obesity, cardiovascular 

disease, cancer, neurodegeneration, diabetes, and loss of motor and immune functions in non-

human primates and rodents (78,79,80,81,82). Important molecular mechanism that mediate 

the effects of DR are the nutrient-sensing mechanistic target of rapamycin (mTor) and 

insulin/insulin-like growth factor (IGF-1) pathways (83). The impact of the IGF-1 signaling 

network and the mTor pathway on regulating lifespan was established in a variety of model 

organisms, where a negative modulation of either pathway leads to an increased lifespan 

(84,85,86). mTor senses energetic stress, oxygen, hormones, growth factors as well as amino 

acids (87). Thus, positive effects on lifespan and body function can also be potentially achieved 

by reduction of specific amino acids. It was shown that a restriction of single amino acids such 

as glutamate, tryptophan or methionine is sufficient to extend the lifespan of Drosophila 
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melanogaster, Saccharomyces cerevisiae and mice (88,89,90). It is hypothesized that the 

organism reallocates resources from reproduction to somatic maintenance in order to survive 

times of resource limitations (91). Therefore, DR is often associated with a reduced fecundity 

(90,92). Interestingly, the fecundity can be fully restored by adding only methionine without 

decreasing the lifespan in a DR model of Drosophila melanogaster (93). Proteins from different 

sources can have different impacts on aging and body function. Plant-derived proteins from soy 

or wheat seems to have health promoting effects, whereas proteins derived from milk or casein 

are associated with pathophysiological effects. Soy and wheat proteins are low in methionine 

and tryptophan. They reduce IGF-1 signaling, insulin sensitivity as well as adiposity and 

increase lifespan. On the other hand, milk and casein are high in methionine or tryptophan and 

increases IGF-1 signaling (94,95,96,97). Interestingly, the reduction in IGF-1 signaling upon 

feeding a low protein diet is associated with a reduced mortality and cancer prevalence in 

younger but not older populations. Conversely, a high-protein intake reduces the cancer and 

mortality rate in older people (98). It was also shown that a high-carbohydrate low-protein diet 

lead to a caloric intake-independent increased lifespan and improved cardiometabolic function 

in mice (99,100). A beneficial effect on lifespan of high-carbohydrate low-protein diets was 

also shown in invertebrates such as Drosophila with an optimal protein:carbohydrate ratio of 

1:16 (101,102). These data highlight the importance of an optimized nutritional geometry and 

of a balanced amino acid composition to achieve an increased and healthy lifespan. Times-

restricted feeding, as a type of DR, is characterized by a reduction in overall caloric intake or 

by a restriction of specific macronutrients over a period of time. Intermittent fasting, as a type 

of time-restricted feeding, involves periods of fasting and feeding. The 16:8 diet, in which 

feeding is limited to an 8 hour period daily, attenuates a variety of metabolic diseases in mice 

and human (103,104,105). Intermittent fasting also leads to an increased lifespan in mice 

independent from caloric intake or diet composition (106). A repetitive starvation period of 24 

hours followed by 24 hours of ad libitum feeding, the so-called every-other-day feeding, cause 

lifespan extension in mice and a delayed onset of neoplastic disorders (107). However, these 

effects seem to be dependent on the age at onset of the dietary intervention. The initiation of 

every-other-day feeding in young mice is accompanied by lifespan extension, whereas the 

initiation in older mice lead to a decreased lifespan (108). On the other hand, late life stage 

onset of DR causes a lifespan extension in Drosophila (109). As periods of fasting are not 

feasible for most people, it was shown that even periodically recurrent phases of DR are 

sufficient to benefit from the advantages of DR (110). All these data suggest that the underlying 

molecular changes caused by DR to extent lifespan must occur within a short time frame. 
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1.2 Nutrition and the microbiome 

The microbiome refers to the collection of genomes of all microorganisms in a specific 

environment, whereas the microbiota is the community of microorganisms themselves 

including bacteria, viruses and fungi. Bacteria exists in many parts of the human body but 

primarily on internal and external surfaces such as the skin, saliva, oral mucosa or the 

gastrointestinal tract. The human body contains approximately 3x1013 cells, where an estimate 

stated that 4x1014 bacteria live in association with the human body. Thus, the bacteria in the 

human body outnumber the human cells at a ratio of 1.3 bacterial cells for every human cell 

(111). Most of the bacteria live in the intestine with about 1011 cells and an estimated number 

of 1000 bacterial species. All these species contain approximately 2000000 genes, which is 100 

times more than the estimated 20.000 human genes (112). Bacteria can function within a host 

as mutualists, communalists or pathogens, which could result in beneficial or detrimental 

consequences for host health. There are diverse host-endogenous and host-exogenous factors 

that have an impact on the composition and function of the microbial community. Each 

individual has a unique microbial composition, however, close relatives often have more similar 

microbial communities than unrelated individuals (113,114). Although host genetics can shape 

the human microbiota, host genetics are outweighed by environmental factors (115, 116). Host 

nutrition emerges as a crucial determinant in influencing microbial function and composition. 

Nutrition can have a direct influence on the intestinal microbial population, as nutrients are able 

to promote or inhibit growth kinetics (117). Diet-induced alterations in the intestinal microbiota 

occur also during seasonal changes in traditional hunter-gatherer communities. The Hadza 

community in Tanzania consume a plant-based diet during the wet season and an animal-based 

diet during the dry season and the intestinal microbiota follows a cyclic succession of species 

that correspond with enrichment of seasonally associated functions (118). Plant-based diets or 

diets that are high in protein are associated with high bacterial diversity, while high-fat, high-

sugar western diets are associated with a low bacterial diversity (119,120,121). Low bacterial 

diversity was observed in people with obesity, inflammatory bowel disease, Crohn’s disease as 

well as type 1 and type 2 diabetes (113,122,123,124). On the other hand, higher bacterial 

diversity is associated with improved metabolic health (125,126). Dietary modulation of the 

microbiota also alters its metabolic capacities, which can have influences on the host 

physiology. The fermentation of dietary fibers by bacterial-derived carbohydrate-active 

enzymes (CAZymes) is the most dominant function. Resistant starch, inulin, cellulose and 

fructo-oligosaccharide reach the intestine in their undigested form, because the human genome 

encodes a limited number of CAZymes (127). The end products of bacterial dietary fiber 
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fermentation are short-chain fatty acids (SCFA) such as acetate, propionate and butyrate 

(127,128). Butyrate is the main energy source for human colonocytes and has an important role 

in prevention of carcinogenesis and in maintaining intestinal immune homeostasis, epithelial 

barrier function as well as oxygen homeostasis (129,130,131,132). Propionate is able to regulate 

intestinal hormones and gluconeogenesis in the liver (133,132). Acetate is the most abundant 

SCFA and an essential metabolite for other bacteria as well as a bacterial growth regulator 

(134,135). Besides the SCFA production, bacteria are able to contribute to vitamin synthesis of 

vitamin K and family members of B vitamins (136). The intestinal microbiota also has a strong 

proteolytic capability and play a pivotal role in the catabolism of nitrogen compounds such as 

amino acids. Essential as well as nonessential amino acids are utilized by the microbiota. The 

end products of amino acid metabolism and fermentation are SCFA, ammonia, nitric oxide, 

biogenic amines, hydrogen sulfide, polyamines, branched-chain fatty acids (BCFA), thiols 

phenolic and indolic compounds (137). Microbiota-mediated amino acid catabolism is 

negatively connotated as many of the metabolites, such as indole, phenol, hydrogen sulfide and 

ammonia can be toxic to the host (138,139,140,141,142). However, polyamines such as 

putrescine, spermidine and spermine are known to improve the intestinal integrity and have 

anti-inflammatory properties (143,144,145). Bacteria are able to synthesize up to 20 kinds of 

amino acids de novo by using several substrates like ammonia (146,147). The contribution of 

the de novo synthesis of amino acids in the intestine of mono-gastric animals appears to be a 

crucial regulator in maintaining amino acid balance in the host (148). Moreover, it is estimated 

that bacterially synthesized L-lysine accounts for approximately 10 % to the daily L-lysine 

requirements in pigs (149). The microbial-derived L-lysine in the ileum of humans account for 

44 % of the total volume of lysine in  the plasma (150). All these data support the hologenome 

theory of evolution, which posits that the holobiont acts as a unit of selection in evolutionary 

change. Suggesting microbes play an important role in both adaption and evolution of the host 

to its environment, while the beneficial effect is transferred from one generation to the other 

(151,152). 

 

1.3 Energy and nutrient sensing 

The mTor, insulin and IGF-1 signaling network are important mediators of the cellular energy 

homeostasis and coordinate cell growth, protein synthesis, autophagy, mRNA translation, lipid 

and nucleotide synthesis (153,154). mTor is a highly conserved serine/threonine protein kinase 

in a variety of animals that forms 2 distinct multiprotein complexes, known as mTor complex 
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1 (mTorC1) and mTor complex 2 (mTorC2,155). mTorC1 consists of 5 components: mTor, 

regulatory-associated protein of mTor (Raptor), mammalian lethal with Sec13 protein 8 

(mLST8), prolin-rich AKT substrate 40 kDa (PRAS40) and DEP-domain-containing mTor-

interacting protein (Deptor). mTorC2 is defined by 6 components: mTor, rapamycin-insensitive 

companion of mTor (Rictor), mammalian stress-activated protein kinase interaction protein 

(mSIN1), protein observed with Rictor-1 (Protor-1), mLST8 and Deptor (156). The bacterial 

macrolide rapamycin is known to inhibit mTorC1 functions by binding to FK506-binding 

protein of 12 kDa (FKBP12) and interaction with the FKBP12-rapamycin binding domain 

(FRB) of mTor. In contrast to mTorC1, the mTorC2 complex is insensitive to rapamycin 

treatment (157). mTorC1 positively regulates the protein synthesis mainly through the 

phosphorylation of p70-S6 kinase 1 (S6K1) and eIF4E binding protein (4EBP). S6K1 activation 

lead to translation of ribosomal proteins, mRNA biogenesis and an cap-dependent translation 

as well as elongation (158,159). The phosphorylation of 4EBP prevents the binding to eIF4E, 

which enables mRNA translation (160). mTorC1 also represses autophagy via autophagy-

related gene 13 (ATG13) and unc-51-like kinase (ULK1) phosphorylation (161). 

mTorC1positively regulates lipid and nucleotide synthesis by the activation of the sterol 

regulatory element binding protein 1 (SREBP1) or by inducing the expression of MTHFD2, 

respectively (162,163). The mTorC1 induced anabolism only occurs in case of sufficient amino 

acid, oxygen, energy or pro-growth factor availability. The amino acids leucine, arginine and 

glutamine are known to directly stimulate mTORC1 activity (164,165). Proteins of the Rag 

family, which are related to small GTPases, are known to interact with mTorC1 in an amino 

acid-sensitive manner. Cellular amino acid availability stimulates the Rag proteins to bind 

Raptor and recruit mTorC1 to lysosomal surfaces where the small Ras-related GTPase Ras 

homolog enriched in brain (Rheb) is present. Rheb directly interacts with mTorC1 and 

stimulates its activity (166). However, glutamine activates mTorC1 in a Rag-independent 

pathway (167). Intracellular adenosine triphosphate (ATP) levels are sensed via the AMP-

activated protein kinase (AMPK). Low levels of ATP activate AMPK, which in turn 

phosphorylates the tuberous sclerosis complex 2 (TSC2) or Raptor. Phosphorylation of TSC2 

or Raptor lead to an inactivation of mTorC1(168,169). Growth factors stimulate mTorC1 via 

the IGF-1 or rat sarcoma (Ras) signaling pathway. Both pathways integrate growth factor 

signals and inhibit the tuberous sclerosis complex (TSC), a negative regulator of mTorC1. TSC 

is a heterodimer comprising TSC1 and TSC2 and functions as a GTPase-activating protein and 

converts Rheb in its inactive form (170). Ras activates the rapidly accelerated fibrosarcoma 

(Raf)/mitogen-activated kinase (MEK)/extracellular signal-regulated kinase (Erk) signaling 
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cascade leading to phosphorylation of TSC2 by Erk and subsequent inactivation of the TSC 

complex (171). Binding of insulin to the insulin receptor (IR) activates its tyrosine kinase 

causing phosphorylation of IR and of IR substrates (IRS). Phosphorylated IRS recruits 

phosphoinositide 3-kinase (PI3K), which stimulates the production of phosphatidylinositol-

(3,4,5)-triphosphate (PIP3) at the plasma membrane causing an activation of the 

serine/threonine protein kinase v-akt murine thymoma viral oncogene (Akt). Akt 

phosphorylates several substrates such as TSC2, glycogen synthase kinase 3ß (GSK3ß) or 

forkhead family box O (FoxO,172). However, Akt can also be activated though 

phosphorylation by mTorC2 (173). FoxO proteins are highly conserved in invertebrates and 

mammals; 1 FoxO gene exists in invertebrates while mammals have 4 FoxO genes, namely 

FoxO1, FoxO3, FoxO4 and FoxO6 (174,175). FoxO transcription factors are involved in the 

regulation of longevity in several organisms (176,177,178). FoxO proteins are negatively 

regulated by Akt and regulate numerous cellular functions such as proliferation, differentiation, 

Fig. 1: Scheme of the mTor, insulin and IGF-1 signaling network. The mTor, insulin and IGF-1 signaling 
network are important sensors of the amino acid and energy level of the cell. These pathways mediate the cellular 
energy homeostasis and coordinate cell growth, protein synthesis, autophagy, mRNA translation, lipid and 
nucleotide synthesis. A positive regulation is illustrated by green arrows, whereas a negative regulation is shown 
as red inhibitory arrows. IR: insulin receptor, IRS1: insulin receptor 1, PI3K: phosphoinositide 3 kinase, PIP3: 
phosphatidylinositol-(3,4,5)-triphosphate, Akt: v-akt murine thymoma viral oncogene, mTorC1: mechanistic Tor 
complex C1, mTorC2: mechanistic Tor complex C2, TSC1/2: tuberous sclerosis complex 1/2, AMPK: AMP-
activated protein kinase, Sesn: Sestrin, FoxO: forkhead box O, 4EBP: eIF4E binding protein, Rheb: ras homolog 
enriched in brain, IGF-1: insulin like growth factor-1, ras: rat sarcoma, MEK: mitogen-activated kinase, Raf: 
rapidly accelerated fibrosarcoma, Erk: extracellular-regulated kinase, ULK1: unc-51-like kinase, ATG13: 
autophagy-related gene 13, SREBP1: sterol regulatory element binding protein 1, S6K1: p70-S6 Kinase 1. 



Introduction  

10 
 

apoptosis, autophagy, oxidative stress modulation, DNA repair and immunity 

(179,180,181,182,183,184). There are a variety of regulatory circuits that mediates interplays 

between FoxO and mTor. The activation of FoxO leads to a stimulation of 4EBP and therewith 

counteracts mTorC1 activity (185). FoxO is able to indirectly inhibit mTorC1 activity by 

stimulating AMPK via Sestrin (Sesn)-expression regulation, which in turn activates TSC2 

(186). FoxO has the potential to elevate the expression of the IR, which in turn stimulate IR 

downstream molecules and thereby limits FoxO activation (187,188). When sufficient growth 

factors are present, mTorC1can initiate a negative feedback loop via S6K1 to inhibit Akt (189). 

The inhibition of Akt leads to an activation of FoxO, whereby FoxO elevates the transcriptional 

regulation of Sesn and Rictor. Elevated levels of Rictor increases mTorC2 activity, which 

subsequently activates Akt. Thereby, the homeostatic balance between mTor and Akt activities 

is balanced (190). 

 

1.4 Drosophila as a model organism 

For nearly 100 years, Drosophila melanogaster is one of the most studied multi-cellular, 

eukaryotic organisms in biology and offers several advantages for the investigation of 

molecular and cellular mechanisms underlying behavior, development and many other 

processes. A short generation time, a large number of offspring, cheap and easy stock breeding 

are characteristics of Drosophila as a model organism. The fly genome was completely 

sequenced in 2000 and contains approximately 13.600 genes on only four chromosomes, 

allowing the research community to reveal homologs in human or other vertebrates (191). Over 

75 % of known human disease-associated genes have a homolog in the Drosophila genome 

(192). With regards to the parallels between the genome of humans and Drosophila, the fly is 

an important model organism for the study of human diseases as well as for development and 

behavior. An advance in genetic manipulation in Drosophila was the development of the 

GAL4/UAS system (193). The system utilizes the GAL4 transcription factor from yeast, a 

transactivator that specifically binds a downstream upstream activating sequence (UAS)-

element. The main advantage of the GAL4/UAS system in Drosophila is the separation of the 

responder from the transactivator in two distinct transgenic fly lines. Therefore, a construct with 

an enhancer or a promotor region of interest, driving the expression of the GAL4 gene, is used 

to create a transgenic fly. This fly line is called driver line. A second fly strain is made 

containing construct with a target gene downstream of a UAS-element, namely the responder 

line. Target genes are used to express reporter genes, downregulate (RNAi element) or to 
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overexpress a specific gene. In absence of the GAL4 transcription factor, no expression of the 

target gene is induced. By crossing the transgenic fly lines, the target gene is exclusively 

expressed in a specific cell or tissue and temporal pattern defined by the gene specific promotor 

upstream of the GAL4. 

 

 

 The intestinal tract of flies and humans  

The intestinal tract is the central organ for digestion and absorption of essential dietary 

nutrients. The intestinal tract is a mediator of the metabolic status as is regulates food intake 

and nutrient storage through bidirectional neuronal and endocrine signaling to the brain or other 

peripheral organs (194). The intestinal tract is in continuous contact with a diverse and dynamic 

array of mutualistic and symbiotic microorganisms. Moreover, it serves as the largest epithelial 

barrier against a variety of ingested pathogens and toxins. Thus, the intestine is increasingly 

acknowledged for its importance in promoting health. The empirical knowledge and the 

progress in intestinal research relied heavily on the extensive use of model organisms. With 

regard to human diseases, a model organism should reflect the biology of humans while 

reducing the complexity of the human disease of interest. The structure and function of the 

intestinal tract is broadly conserved among metazoan (195). In the last decades, the fruit fly 

Drosophila melanogaster has become a model for intestinal research as it shares many features 

with the human intestinal structure, homeostasis and physiology (196,197). The gastrointestinal 

Fig. 2: The GAL4/UAS-system in Drosophila melanogaster. The binary expression system GAL4/UAS in 
Drosophila comprises a GAL4 driver line and UAS responder line. GAL4 and UAS are fused to an enhancer of 
interest and a gene of interest, respectively. The F1 generation expresses both constructs, thus, the gene of 
interest is expressed in a spatio-temporal manner. UAS: upstream activated sequence.  
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tract of Drosophila is subdivided into distinct compartments: the foregut with its crop, anterior 

midgut, middle midgut, posterior midgut, hindgut and anus (198,197). In Drosophila, the 

midgut is further subdivided into 10-14 morphologically and molecularly distinct regions, each 

with specific histological, cellular, physical or gene expression properties (198, 199). The 

human gastrointestinal tract is subdivided in esophagus, stomach, small intestine, large 

intestine, rectum and anus. There are similarities between the foregut and the esophagus as well 

as the crop and the stomach. Ingested food passes through the foregut into the crop in 

Drosophila or through the esophagus into the stomach in humans, respectively. The crop as 

well as the stomach are responsible for early digestion and food storage (200–202). In 

Fig. 3: The gastrointestinal tract of Drosophila melanogaster and humans. (A) The gastrointestinal tract of 
Drosophila melanogaster is subdivided into crop, esophagus, anterior midgut, middle midgut, posterior midgut, 
hindgut and anus. (B) The gastrointestinal tract of humans is subdivided into esophagus, stomach, small intestine, 
large intestine and anus. The colored compartments illustrate functional similarities between the gastrointestinal 
tract of Drosophila and humans. (C) The epithelial monolayer of the Drosophila intestine consists of pluripotent 
ISCs, EBs, secretory EECs and absorptive ECs. The monolayer is protected by a chitinous peritrophic matrix and 
mucus on the luminal side and is surrounded by two layers of visceral muscles towards the body cavity. (D) The 
epithelial monolayer of crypts in the human intestine consists of ISCs, EECs, ECs, paneth cells, transient cells 
and goblet cells. ISC: intestinal stem cell, EB: enteroblast, EEC: enteroendocrine cell, EC: enterocyte. 
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Drosophila the food passages through the anterior midgut, middle midgut and posterior midgut 

where nutrients absorption takes place. Afterwards, it passes the hindgut where water and 

electrolyte resorption may occur and finally reaches the anus for excretion (203,204). In 

humans, the food moves to the small and large intestine for nutrient, water and electrolyte 

absorption and finally reaches the rectum for excretion (200). The Drosophila gut consists of a 

tubular epithelium surrounded by a basal lamina, nerves, visceral muscles and trachea 

(205,206). The Drosophila midgut originates from the mesoderm and a mucus layer as well as 

a semipermeable chitinous layer, the peritrophic matrix, lines the luminal side. Besides the 

protection against physical damage, the peritrophic matrix serves as a physical barrier to 

pathogenic microorganisms (207). The foregut and the hindgut are of ectodermal origin and are 

protected by an impermeable cuticle on the distal side. The intestine of Drosophila is composed 

of a monolayer of cells consisting of 4 cell types: intestinal stem cells (ISC), enteroblasts (EB), 

enterocytes (EC) and enteroendocrine cells (EEC). The ECs are large polyploid cells with 

nutrient absorptive and digestive enzymes secretion properties, whereas the EECs are small 

secretory cells (197). The human intestine is also an epithelial monolayer consisting pluripotent 

ISCs, ECs, and EECs. Other types of secretory cell types in the human intestine are 

antimicrobial peptide (AMP)- producing Paneth cells and mucus-producing goblet cells. In 

contrast to Drosophila, the human intestinal epithelium exhibit indentations to maximize the 

surface area, the so-called crypts. Both Drosophila and human ECs develop brush borders on 

their apical side to increase the cellular surface area (208). In Drosophila, ISCs undergo 

symmetric or asymmetric division. In asymmetric divisions, one ISC remains mitotically active, 

whereas the other daughter cell becomes an EB. The EB further differentiate into an EC or an 

EEC. (209,210,211). In human, asymmetric division gives rise to transient amplifying (TA) 

cells that moves up the crypt and undergo differentiation into either ECs, EECs, goblet or 

Paneth cells (212). 

 

 Intestinal plasticity in Drosophila 

Drosophila belongs to the group of holometabolic insects, therefore, the intestine undergoes 

complete metamorphosis. The gastrointestinal tract of Drosophila is replaced during 

development. The larval intestine and the pupal intestine degenerate during metamorphosis and 

are replaced by the adult intestine (213). Under steady-state conditions, the adult Drosophila 

intestine is renewed within 1 to 2 weeks (210). The renewal is achieved by ISCs, which undergo 

symmetric or asymmetric division. During asymmetric division ISCs produces an ISC and an 
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EB, whereas the EB is devoid of mitotic capability. The EBs differentiates terminally into either 

ECs or EECs, controlled by Delta-Notch signaling. The Delta (Dl) ligand is predominantly 

expressed in ISCs and activates Notch receptors on EBs. A strong Notch signal induces the fate 

of an EB to the EC, whereas a weak Notch signal directs the EB to an EEC (214). Both, ISCs 

and EBs express the marker gene escargot (esg). ISCs can be specifically identified by the 

expression of Dl, whereas EBs can be detected by the expression of  the Notch signal reporter 

suppressor-of-hairless Su(H)GBE (215,216). ECs specifically express myo1A whereas EECs 

are Prospero-positive (211,216). However, a recent study showed that only ECs are generated 

through Su(H)GBE+ cells, whereas EECs are generated through a distinct progenitor pre-EEC 

(217). ISCs are highly responsive to signals from neighboring cells, to environmental factors 

and to the metabolic state of the host. Intestinal tissue damage by pathogenic bacteria, corrosive 

agents, such as dextran sodium sulfate (DSS), bleomycin or paraquat, or other stressors leads 

to an increase of ISC mitotic activity (218,219). ISC proliferation and differentiation ensure 

tissue integrity by replacing lost cells. However, EBs are also produced by ISCs in the absence 

of an epithelial stressors or local turnover. EBs pause their differentiation as long as demand 

for new ECs is lacking, which in turn leads to a significantly faster replacement of lost cell 

(220). The nutritional state of the fly as well as the direct contact with nutrients influences the 

ISC homeostasis. It was shown that intestinal tissue growth was promoted via insulin signaling, 

when food was abundant. Moreover, insulin signaling directs ISC into symmetric or asymmetric 

division (221,222). Even single amino acids such as methionine affect ISC division (223). Many 

aspects of the intestinal regenerative response are associated with the presence of the 

microbiota. The absence of an intestinal microbiota in Drosophila lead to a reduced 

proliferation as well as an altered cell composition and intestinal morphology (224,225). Aged 

intestines show ISC hyperproliferation, incorrect cell lineage differentiation and a disturbed 

intestinal epithelial integrity as well as immune homeostasis (226,227). Interestingly, aged flies 

reveal an increased intestinal bacterial load in comparison to young flies. Extinction of the 

indigenous microbiota leads to a decreased ISC proliferation rate, increased intestinal integrity 

and a reduced immune system activity (224,228). The intestinal homeostasis is coordinated by 

conserved signaling pathways, namely the Janus kinase-signal transducers and activators of 

transcription (JAK/Stat), Jun N-terminal kinase (JNK), epidermal growth factor receptor 

(EGFR), Hippo and Wingless (Wg) pathways (229,230,227,231,232,233). The JNK pathway 

is an upstream sensor of tissue damage in the Drosophila intestine. In injured ECs, the JNK 

pathway induces Unpaired (Upd), Unpaired 2 (Upd2) and Unpaired 3 (Upd3) cytokine 

expression via a kinase cascade mediated by Hemipterous (Hep, JNKK) and Basket (Bsk, JNK). 
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Upd3, a ligand for the receptor Domeless (Dome) induces JAK/Stat signaling in ISC and EBs, 

which in turn promotes proliferation and differentiation to replace damaged cells. The Jun 

kinase phosphatase Puckered, a JNK feedback inhibitor, is required to restrain upd3 expression 

in healthy animals to maintain normal intestinal homeostasis (229,234). Overexpression of 

Dome, Hopscotch (Drosophila JAK), or Stat92E (Drosophila Stat) in ISCs leads to massive 

hyperproliferation, whereas depletion of one of these pathway components impairs regeneration 

ability and infection resistance of the fly’s intestine (229,224). Upd3 also acts in visceral 

muscles to induce the EGF ligand expression of Vein, which in turn activates 

EGFR/Ras/MAPK signaling in ISCs. Reciprocally, vein also acts in ECs to induce Upd 

expression to direct a positive feedback loop (234,231). EGFR signaling in ISCs is required for 

maintaining the growth and proliferative capacity, but has little or no influence on cell fate 

specification (235,236). The JNK pathway in ECs also mediates Wg expression in EBs upon 

cellular damage and leads to Myc-dependent ISC proliferation (233). Moreover, overexpression 

of Wg in ISCs induces the production of the EGF ligand Spitz in ISCs and an expression of 

Upd3 in ECs (237). 

 

Fig. 4: Cell lineage and proliferation mechanism of intestinal stem cells in Drosophila melanogaster. (A) 
ISCs undergo symmetric or asymmetric divisions. Under asymmetric division, the ISC divide into an EB or a 
pre-EEC, whereas the ISC remain mitotically active. The EB further differentiate into an EC and the pre-EEC 
mature into an EEC. (B) Activation of the JNK pathway induces Upd3 secretion from ECs, which in turn 
activates JAK/Stat signaling by binding the receptor Dome in ISCs or in the surrounding muscles. An activated 
JAK/Stat pathway in muscles leads to a release of Vein, which induces the EGFR/Ras/MAPK signaling cascade 
in ISCs. Activation of JAK/Stat and/or EGFR/Ras/MAPK pathways in ISCs promote proliferation and 
differentiation. The JNK pathway also mediates Wg expression in EBs, which stimulates ISC proliferation. 
ISC: intestinal stem cell, EB: enteroblast, EEC: enteroendocrine cell, EC: enterocyte, JNK: Jun N-terminal 
kinase, Upd3: unpaired 3, JAK/Stat: Janus kinase-signal transducers and activators of transcription, Dome: 
Domeless, EGFR: epidermal growth factor receptor, Ras: rat sarcoma, MAPK: mitogen-activated protein 
kinase, Wg: wingless. 
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 Drosophila to study host-microbe interactions 

Drosophila melanogaster is a well-established model organism to study host-microbe 

interactions in a nutrition-dependent context. The gut lumen of Drosophila is associated with a 

relatively low bacterial diversity (1-30 taxa; 238,239), in contrast to the more complex diversity 

of vertebrates (> 500 taxa;240,241,242). The genetic tractability, the lower complexity of the 

microbiota as well as the ease in raising germ-free flies highlight the potential of this model 

organism to study the interactions between the host and its microbial flora. The composition of 

the bacterial community of Drosophila is highly influenced by the host’s diet. In the wild, the 

food niches vary within the Drosophilids including rotting fruits, flowers, mushrooms and cacti. 

In wild type flies, up to 30 different bacterial taxa were found, whereas laboratory flies harbor 

only up to 8 taxa. However, only a three bacterial clades are associated with both natural and 

laboratory Drosophila populations: Enterobacteriaceae, Acetobacteraceae and the order 

Lactobacillales (238). The most prevalent bacterial species in flies are members of the genera 

Lactobacillus and Acetobacter, whereas the specific bacterial composition depends on the fly’s 

diet suggesting the bacterial microbiome is environmentally acquired. Although the bacterial 

composition of the fly’s food niche is highly complex, the fly represents only a subset of this 

composition. This data suggest that the fly has control properties to filter its bacterial 

community (238,239). It is unknown if Drosophila harbors a resident bacterial community and 

most researchers assume a transient microbiota. It was shown that Drosophila establishes and 

maintains its microbiome by frequently consuming bacteria. Flies that are transferred to fresh, 

sterile food daily harbor less bacterial populations than those that are not transferred (243). 

However, a recent study revealed bacterial species that stably associate with wild-type 

Drosophila independently from continuous inoculation. The intestine of lab Drosophila could 

be stable inoculated with 2 Acetobacter species, namely Acetobacter thailandicus and 

Acetobacter cibinongensis. Moreover, they were able to proliferate in the intestine and in 

addition, Acetobacter thailandicus exhibited mutualistic effects (244). The Drosophila embryo 

is sterile, whereas the chorion is contaminated with bacteria from the substratum niche as well 

as from the feces of adult flies. After hatching, the larvae acquire the bacteria through ingestion 

of the chorion and of the substratum (245). These data highlight the contribution of external 

inputs to sustaining the microbiome and that Drosophila inoculates its own substratum niche. 

Since Drosophila inoculates its own food niche, bacteria that are able to colonize the 

environment have the greatest chance to colonize the gut (243,246,247). Flies that were raised 

on either starch medium or molasses medium for several generations harbor different bacterial 

communities, thus, changes in the diet result in changes in the microbiota. Furthermore, flies 
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exhibit a mating preference for partners reared on the same medium suggesting that the 

microbiota influences the flies’ behavior, e.g. by altering the level of sex pheromones (246). In 

the wild, this microbiota-induced mating preference would reduce interbreeding of Drosophila 

populations, and thus favor speciation. Besides the impact of the microbiota on behavior, there 

is also a link between intestinal microbiota and energy metabolism. The ability to raise germ-

free flies indicates that the microbiota is dispensable for growth under optimal nutrient 

conditions, whereas it is required under restricted dietary conditions. Germ-free Drosophila 

larvae exhibit a delayed developmental time under poor diet conditions which can be fully 

restored by reintroduction of Lactobacillus plantarum. It is suggested that Lactobacillus 

plantarum affects the TOR pathway, the key sensor of the nutritional status of the cell (248). 

Another study showed, that Acetobacter pomorum can fully rescue developmental and size 

defects under protein-poor diet conditions by modulating insulin signaling (249). The 

Drosophila microbiota provides B vitamins on yeast-deprived diets, promotes protein nutrition 

and suppresses lipid/carbohydrate storage on high sugar diets (250). All these studies 

demonstrate that the microbiota has multiple impacts on Drosophila’s metabolism in a nutrient-

dependent context. Drosophila, with its less complex microbiota, can be utilized to investigate 

the influence of nutrition on the microbial community as well as the accompanied microbiota-

associated metabolic effects to the host. Together with the possibility of genetic manipulations, 

Drosophila is a suitable model to discover the complex host-microbe-nutrition tripartite 

interaction network. 
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1.5 Aims of the study 

Globally, over 2 billion people suffer from malnutrition, which is I defined by the World Health 

Organization as an excess, deficiency or imbalance in a person’s intake of energy and/or 

nutrients. Malnutrition is an important risk factor for the burden of diseases in developing 

countries as well as in economically more developed countries. Tackling malnutrition in its all 

forms is one of the greatest global health challenges. On the other hand, dietary restriction is 

suspected to have a plethora of health-promoting effects including life span. The intestine is 

particularly predisposed to nutritional interventions because it is in close contact with dietary 

components. Maintaining the intestinal epithelial homeostasis requires an equilibrium between 

the microbial community and the intestinal epithelium and dietary interventions are believed to 

have an impact on this equilibrium. In my study, I am interested to examine the complex 

tripartite interplay between the intestinal epithelium, microbial community and nutritional 

stressors such as high-fat dieting, protein-energy malnutrition and dietary restriction in the 

versatile model Drosophila melanogaster. 

The major aims of the study were: 

1) to elucidate the effects and underlying mechanisms of high-fat dieting on the interplay 

between intestinal cellular homeostasis and the microbial community 

2) to optimize holidic diet protocols, which allows optimal development of flies harboring an 

indigenous microbial community and germ-free flies 

3) to examine the impact of protein-energy malnutrition and dietary restriction on  

host-microbiota interactions in the intestinal ecosystem 
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2 Material 

 

2.1 Chemicals 

Chemicals that were used for experimental approaches are shown in table 1. 

Table 1: Chemicals. 

Chemical Source of supply 

Agar-agar Carl Roth 

Agarose Biozym 

BactoTM yeast extract Becton, Dickinson and Company 

Brewer’s yeast Leiber GmbH 

Isopropanol Carl Roth 

MgCl2 Thermofisher Scientific 

dNTPs Thermofissher Scientific 

Chloroform Carl Roth 

Coconut fat Palmin 

Corn meal Davert GmbH 

D-glucose monohydrate Carl Roth 

D-fructose Sigma-Adrich 

D-sucrose Carl Roth 

Molasses Biohof Heidelicht 

Nipagin Carl Roth 

Normal goat serum Sigma-Aldrich 

Paraformaldehyde powder EM grade Polysciences Inc. 

Propionic acid Carl Roth 

Sugar beet syrup Kanne Brottrunk GmbH 

Tween-20 Carl Roth 

Triton X-100 Carl Roth 

Trioleate  Sigma-Aldrich 

Mowiol Carl Roth 

Ethanol Carl Roth 

KCl Merck 

NaCl Carl Roth 

KH2HPO4 Carl Roth 
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DifcoTM MRS Fisher scientific 

Brilliant Blue FCF food dye E133 Ruth 

 

2.2 Kits and reagents 

Kits and reagents that were used for experimental approaches are shown in table 2. 

Table 2: Kit and reagents. 

Kit/Reagent Source of supply 

DNeasy Blood and Tissue kit Qiagen 

Masterpure DNA purification kit Epicentre 

Ambion Purelink RNA mini kit Thermofisher Scientific 

Qubit dsDNA HS assay kit Thermofisher Scientific 

Qubit RNA HS assay kit Thermofisher Scientific 

RNA magic Bio Budget 

qPCRBIO SyGreen PCR Bioystems 

AmplexTM Red Uric Acid/Uricase assay kit Thermofisher Scientific  

BODIPYTM 493/503 Thermofisher Scientific 

Infinity triglyceride solution Thermofisher Scientific 

PierceTM BCA Protein assay kit Thermofisher Scientific 

DreamTaq polymerase Thermofisher Scientific 

ONE-Glo Luciferase Assay System Promega 

Phusion Hot Start Flex 2x Master Mix NEB 

SequalPrep Normalization Plate Kit Thermofisher Scientific 

 

2.3 Ingredients for holidic diet 

The ingredients that were used for preparing the holidic diets are shown in table 3. 

Table 3: Ingredients for holidic diets. 

Ingredient Source of supply 

Cholesterol Sigma-Aldrich (C8667) 

Ergosterol Sigma-Aldrich (45480) 

KH2PO4 Carl Roth (P018.2) 

NaHCO3 Sigma-Aldrich (S5761) 

Glacial acid Carl Roth (3738.2) 
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Agar-agar Carl Roth (5210.2) 

L-alanine Sigma-Aldrich (A7627) 

L-aspartic acid Sigma-Aldrich (A6683) 

L-asparagin Sigma-Aldrich (A0884) 

Glycin Carl Roth (0079.1) 

L-prolin Carl Roth (T205.2) 

L-glutamin Carl Roth (3772.2) 

L-serin Carl Roth (1714.2) 

L-cystein HCl Carl Roth (3468.2) 

L-arginine monohydrochloride Sigma-Aldrich (A5131) 

L-threonin  Carl Roth (T206.2) 

L-methionine Carl Roth (9359.1) 

L-tryptophan Carl Roth (4858.2) 

L-phenylalanine Carl Roth (4491.1) 

L-histidine Carl Roth (3852.3) 

L-lysin HCl Carl Roth (9357.1) 

L-valin Carl Roth (4879.4) 

L-isoleucine Carl Roth (3922.2) 

L-leucine Carl Roth (3984.3) 

L-tyrosine Carl Roth (T207.2) 

Cholin chloride Sigma-Aldrich (C1879) 

Myo-inositol Sigma-Aldrich (I7508) 

Inosine Carl Roth (6770.1) 

Uridine Carl Roth (0714.3) 

Folic acid Carl Roth (T912.1) 

Riboflavin Carl Roth (9607.1) 

D(+)-biotin Carl Roth (3822.1) 

Nicotinic acid Carl Roth (3815.2) 

Calcium-D(+)-pantothenat Carl Roth (3812.2) 

Thiamine Sigma-Aldrich (T4625) 

Pyridoxine HCl Carl Roth (T914.1) 

L-glutamic acid monosodium salt hydrate Sigma-Aldrich (G5889) 

Copper(II) sulfate pentahydrate Sigma-Aldrich (C7631) 

Zinc sulfate • 5H2O Sigma-Aldrich (Z0251) 
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Iron(II) sulfate • 5H2O Sigma-Aldrich (F7002) 

Manganese(II) chlorid • 4H2O Sigma-Aldrich (M3634) 

CaCl • 6H2O Carl Roth (5239.2) 

MgSO4 • 4H2O Carl Roth (P027.2) 

Ribonucleic acid from torula yeast Sigma-Aldrich (R6625) 

Cobalamin Sigma-Aldrich (V6629) 

Molybdenum Carl Roth (0274.1) 

Cobalt  Sigma-Aldrich (CDS004010) 

 

2.4 Buffers and solutions 

Table 4 shows buffers and solutions that were used for experimental approaches. 

Table 4: Solutions and buffers. 

Solution/Buffer Ingredients 

10x phosphate-buffered saline 

(PBS) 

80 g/l NaCl, 2 g/l KCl, 17.8 g/l NaH2PO4, 2.4 g/l 

KH2PO4 (pH = 7.4) 

PBS containing 0.1 % Triton X-

100 (0.1 % PBT) 
0.1 % (v/v) Triton X-100 in 1x PBS 

Blocking solution 5 % (v/v) normal goat serum in 0.1 % PBT 

10 % nipagin 10 % (w/v) in 70 % EtOH 

10 % propionic acid 10 % (v/v) propionic acid in dH2O 

4 % paraformaldehyde 4 % (w/v) paraformaldehyde in 1x PBS 

Enzymatic lysis buffer 
20 mM Tris Cl (pH = 8.0), 2 mM sodium EDTA,  

1.2 % Triton X-100 

 

2.5 Oligonucleotides 

Primers and oligonucleotides that were used in this study are shown in table 5. 

Table 5: Primers and oligonucleotides. 

Primer Sequence 

8FM  F: AGAGTTTGATCMTGGCTCAG 

Bact515R  R: TTACCGCGGCKGCTGGCAC 

Upd3 
F: GAGAACACCTGCAATCTGAA 

R: AGAGTCTTGGTGCTCACTGT 
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Drsm 
F: ACCAAGCTCCGTGAGAACCTT 

R: TTGTATCTTCCGGACAGGCAG 

Def 
F: TCTTCGTTCTCGTGGCTATC 

R: TTCCAGTTCCACTTGGAGAG 

Dros 
F: GCGAATTCATTCCAATCGATCGGTATC 

R: CTGACAGGCCATTGCGAAG 

Mtk 
F: CCACCGAGCTAAGATGCAA 

R: AATAAATTGGACCCGGTCTTG 

Rpl32 
F: CCGCTTCAAGGGACAGTATC 

R: GACAATCTCCTTGCGCTTCT 

Oligo dT 
GAGAGAGGATCCAATACTAATACGACTCACTA 

TAGGGAGATTTTTTTTTTTTTTTTTTTTTTTTTT 

341F GTGCCAGCMGCCGCGGTAA 

806R GGACTACHVGGGTWTCTAAT 

 

2.6 Antibodies 

Primary and secondary antibodies that were used for immunohistochemistry are listed in  

table 6. 

Table 6: Primary and secondary antibodies. 

Antibody Dilution Source of supply 

anti-GFP from mouse 1:300 
Developmental Studies 

Hybridoma Bank 

anti-GFP from rabbit 1:300 Sigma-Aldrich 

anti-pH3 from rabbit 1:100 Cell Signaling Technology 

anti-phospho JNK 1:100 Promega 

anti-prospero 1:200 
Developmental Studies 

Hybridoma Bank 

anti-spectrin from mouse 1:100 
Developmental Studies 

Hybridoma Bank 
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anti-coracle from mouse 1:100 
Developmental Studies 

Hybridoma Bank 

anti-mouse AlexaFluor 555 1:300 Cell Signaling Technology 

anti-mouse Cy3 1:300 Jackson ImmunoResearch 

Anti-rabbit AlexaFluor 488 1:300 Jackson ImmunoResearch 

 

 

2.7 Culture media 

 

 Standard Drosophila culture medium 

The standard Drosophila culture medium was used for all stocking flies. The following recipe 

is for 500 ml medium: 

31.25 g corn meal 

31.25 g brewer’s yeast 

5 g agar-agar 

10 g D-glucose monohydrate 

15 g molasses 

15 sugar beet syrup 

Add 500 ml dH20 and mix well. Bring to a boil and simmer for 15 min, autoclave and let cool 

down to 65 °C. Add 3 % propionic acid (10 % propionic acid in dH2O) and 1 % nipagin (10 % 

nipagin in 70 % in EtOH). Pour the medium into Drosophila culture vials and let it dry. The 

medium was stored at 8 °C until use. 

 

 High fat diet 

The high fat diet consists of 20 % coconut fat and is based on a corn meal diet. The following 

recipe is for 500 ml high fat diet: 

43 g corn meal 

25 g yeast extract 
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5 g agar-agar 

25 g D-glucose monohydrate 

Add dH2O ad 400 ml and mix well. Bring to boil and simmer for 15 min, autoclave and let cool 

down to 65 °C. Melt 100 g coconut fat at 50 °C and mix it fastly with the corn meal medium. 

Add 3 % propionic acid (10 % propionic acid in dH2O) and 1 % nipagin (10 % nipagin in 70 % 

in EtOH). Pour the medium into Drosophila culture vials and let it dry. The medium was stored 

at 8 °C until use. The proper control medium was mixed with 100 ml dH2O instead of coconut 

fat. 

 

 Sugar-yeast diet 

The following recipe is for 500 ml sugar-yeast (SY) diet: 

4g corn meal 

50 g brewer’s yeast 

1 g agar-agar 

2.5 g sucrose 

Add 500 ml dH20 and mix well. Bring to a boil and simmer for 15 min, autoclave and let cool 

down to 65 °C. Add 3 % propionic acid (10 % propionic acid in dH2O) and 1 % nipagin (10 % 

nipagin in 70 % in EtOH). Pour the medium into Drosophila culture vials and let it dry. The 

medium was stored at 8 °C until use 

 

 Optimized holidic diet 

The optimized holidic diet was prepared according to Piper et al.(251) with some modifications. 

The ingredients and stock solutions are listed in table 7.  

Table 7: Components and stock solutions of the optimized holidic diet. 

 Ingredient Stock Amount per liter 

Gelling agent Agar  20 g 

Base Buffer 10x: 

30 m/l glacial acetic acid 

30 g/l KH2PO4 

100 ml 
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10 g/l NaHCO3 

Sugar Glucose  75 g 

Amino acids L-isoleucine 

L-leucine 

L-tyrosine 

 3.64 g 

2.42 g 

0.84 g 

Metal ions CaCl2 • 6H2O 

CuSO4 • 5H2O 

FeSO4 • 7H2O 

MgSO4 (anhydrous) 

MnCl2 • 4H2O 

ZnSO4 • 7H2O 

1000x: 250 g/l 

1000x: 2.5 g/l 

1000x: 25 g/l 

1000x: 250 g/l 

1000x: 1 g/l 

1000x: 25 g/l 

1 ml 

1 ml 

1 ml 

1 ml 

1 ml 

1 ml 

 Water (Milli-Q) 1 l minus combined volume 

to be added after autoclaving 

458.3 ml 

 

Autoclave for 15 min at 120 °C. The base buffer should be autoclaved separately. 

 

Cholesterol Cholesterol 20 mg/ml in EtOH 15 ml 

Amino acids Essential amino acid 

stock solution 

8 g/l L-arginine 

10 g/l L-histidine 

19 g/l L-lysine (HCl) 

8 g/l L-methionine 

13 g/l L-phenylalanine 

20 g/l L-threonine 

5 g/l L-tryptophan 

28 g/l L-valin 

121.02 ml 

 Nonessential amino 

acid stock solution 

35 g/l L-alanine 

17 g/l L-asparagine 

17 g/l L-aspartic acid 

1 g/l L-cysteine HCl 

25 g/l L-glutamine 

32 g/l glycine 

15 g/ L-prolin 

19 g/l L-serine 

121.02 ml 
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 Sodium glutamate 

stock solution 

100 g/l sodium glutamate 30.26 ml 

Vitamins Vitamin stock 

solution 

100x: 

0.2 g/l thiamine (aneurin) 

1.33 g/l riboflavin 

1.6 g/l nicotinic acid 

2.1 g/l Ca pantothenate 

0.33 g/l pyridoxine (HCl) 

0.026 g/l biotin 

10 ml 

 Sodium folate 100x: 2.9 g/l 10 ml 

Other 

nutrients 

 125x: 

6.25 g/l choline chloride 

0.63 g/l myo-inositol 

8.13 g/l inosine 

7.5 g/l uridine 

24 ml 

Preservatives Propionic acid 100 ml/l propionic acid in 

dH2O 

6 ml 

 Nipagin 100 g/l methyl-4-

hydroxybenzoate in 70 % 

EtOH 

15 ml 

 

Unless otherwise stated, all ingredients were dissolved in dH2O. All stock solutions, except the 

sterols and preservatives, were sterile filtrated. All stock solutions were stored at -20 °C until 

used. The essential and the nonessential amino acid stock solution were adjusted to pH 4.5. The 

base buffer was adjusted to pH = 4.0 and stored at 8 °C.  

 

 Optimized exom-matched holidic diet 

The optimized exom-matched holidic diet is based on the exom-matched holidic diet from Piper 

et al.(252) with some modifications. The ingredients and stock solutions are listed in table 8. 

Table 8: Components and stock solutions of the optimized exom-matched holidic diet. 

 Ingredient Stock Amount per liter 

Gelling agent Agar  20 g 
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Base Buffer 10x: 

30 m/l glacial acetic acid 

30 g/l KH2PO4 

10 g/l NaHCO3 

100 ml 

Sugar Sucrose  17.2 g 

Amino acids L-isoleucine 

L-leucine 

L-tyrosine 

 1.11 g 

2.01 g 

0.66 g 

Metal ions CaCl2 • 6H2O 

CuSO4 • 5H2O 

FeSO4 • 7H2O 

MgSO4 (anhydrous) 

MnCl2 • 4H2O 

ZnSO4 • 7H2O 

1000x: 250 g/l 

1000x: 2.5 g/l 

1000x: 25 g/l 

1000x: 250 g/l 

1000x: 1 g/l 

1000x: 25 g/l 

1 ml 

1 ml 

1 ml 

1 ml 

1 ml 

1 ml 

 Water (Milli-Q) 1 l minus combined volume 

to be added after autoclaving 

564.56 ml 

 

Autoclave for 15 min at 120 °C. The base buffer should be autoclaved separately. 

 

Sterols Cholesterol 

Ergosterol 

20 mg/ml in EtOH 

80 mg/ml in chloroform 

7.5 ml 

7.5 ml 

Cobalamin  50 mg/l 1 ml 

Cobalt  1 g/l 1 ml 

Molybdenum Na2MoO4 • 2H2O 100 mg/l  1 ml 

Ribonucleotides   2 g 

Amino acids Essential amino acid 

stock solution 

10 g/l L-arginine 

4.5 g/l L-histidine 

10 g/l L-lysine (HCl) 

4.3 g/l L-methionine 

6.5 g/l L-phenylalanine 

10 g/l L-threonine 

1.7 g/l L-tryptophan 

11 g/l L-valin 

121.02 ml 
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 Nonessential amino 

acid stock solution 

13.2 g/l L-alanine 

8.3 g/l L-asparagine 

9.4 g/l L-aspartic acid 

8.2 g/l L-glutamine 

10.9 g/l glycine 

9.1 g/ L-prolin 

14 g/l L-serine 

121.02 ml 

 Cysteine stock 

solution 

74 g/l L-cysteine  

 Sodium glutamate 

stock solution 

100 g/l sodium glutamate 13.4 ml 

Vitamins Vitamin stock 

solution 

125x: 

0.1 g/l thiamine (aneurin) 

0.05 g/l riboflavin 

0.6 g/l nicotinic acid 

0.775 g/l Ca pantothenate 

0.125 g/l pyridoxine (HCl) 

0.01 g/l biotin 

21 ml 

 Sodium folate 1000x: 0.5 g/l 1 ml 

Other nutrients  125x: 

6.25 g/l choline chloride 

0.63 g/l myo-inositol 

8.13 g/l inosine 

7.5 g/l uridine 

8 ml 

Preservatives Propionic acid 100 ml/l propionic acid in 

dH2O 

6 ml 

 Nipagin 100 g/l methyl-4-

hydroxybenzoate in 70 % 

EtOH 

15 ml 

 

Unless otherwise stated, all ingredients were dissolved in dH2O. All stock solutions, except the 

sterols and preservatives, were sterile filtrated. All stock solutions were stored at -20 °C until 

used. The essential and the nonessential amino acid stock solution were adjusted to pH 4.5. The 

base buffer was adjusted to pH = 4.0 and stored at 8 °C.  
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2.8 Drosophila lines 

Table 9 shows all Drosophila melanogaster lines that were used for experimental approaches. 

Table 9: Used fly lines. 

Name Genotype Source 

yw y[1]w[1118] 
Bloomington Stock Center: 

6598 

w1118 w[1118] 
Bloomington Stock Center: 

5905 

esg>GFP 
y[1]w[1118];esg-Gal4,UAS-

GFP/CyO 
 

NP1-Gal4 w[1118]; NP1-Gal4 
gift from D. Ferrandon, 

Strasbourg 

hsNP1-Gal4 w[1118]; NP1-Gal4; tub-Gal80ts 
gift from D. Ferrandon, 

Strasbourg 

su(H)GBE-Gal4 w[1118];su(H)GBE-Gal4/Cyo gift from S. Hou, Maryland 

Tork17004 

y[1]w[67c23]; 

P{w[+mC]=lacW} Tor[k17004] 

/CyOP{w[+mC]=lacW}Tor[k17

00/CyO 

Bloomington Stock Center: 

11218 

UAS-upd3 RNAi 

y[1]sc[*]v[1];P{y[+t7.7] 

v[+t1.8]=TRiP.HMS00646}attP 

2 

Bloomington Stock Center: 

32859 

UAS-luc 

+;; p{UAS-Luciferase at 

attp2}/p{UAS-Luciferase at 

attp2} 

gift from M. Markstein, 

Massachusetts 

UAS-mCD8 GFP 
w[1118]; P{w[+mC]=20XUAS-

IVS-mCD8::GFP}attP2 

Bloomington Stock Center: 

32194 

UAS-Dome DN 

w[1118]; UAS-

dome� cyt2.1/UAS-

dome� cyt2.1 

gift from N. Perrimon, 

Boston 

UAS-GFP-mcherry-

atg8a 

y[1] w[1118]; 
P{w[+mC]=UASp-GFP-

mCherry-Atg8a}2 

Bloomington Stock Center: 

37749 
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4EBP::RFP ;;4EBP::RFP 
gift from J. Kang-Min, 

Seoul 

Stat-GFP w[1118];;10x STAT-GFP 
gift from E. Bach, New 

York 

Upd3-GFP w[1118]; upd3-Gal4; UAS-GFP 
gift from N. Perrimon, 

Boston 

4xTRE-dsRed TRE-dsRed attP40 
gift from D. Bohmann, 

Rochester 

Vkg-GFP ;Vkg-GFP 
gift from U. Theopold, 

Stockholm 

 

 

2.9 Devices and equipment 

Devices and equipment that were used in this study are listed in table 10. 

Table 10: Devices and equipment. 

Device/equipment Source of supply 

Stereo light microscope Leica S6 E Leica Microsystems 

Stereo light microscope WILD M5A Wild Heerbrugg 

Fluorescence microscope Axio Imager Z1  Carl Zeiss 

ApoTome Carl Zeiss 

Axiocam MRm camera Carl Zeiss 

Omni Bead Ruptor 24 Omni International 

Thermomixer comfort Eppendorf 

Centrifuge 54515 D and 5417 R Eppendorf 

Drosophila activity monitor 2 TriKinetics Inc. Waltham 

Vortex Genie 2 Scientific Industries 

StepOne Real Time PCR System Thermofisher Scientific 

PCR cycler Sensoquest 

DeNoxiv DS-11 spectrometer Biolabproducts GmbH 

Qubit 3 Thermofisher Scientific 

Micoplate reader Synergy H1 BioTek Instruments GmbH 

Mediaclave 9 Integra Biosciences AG 
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GeneAmp PCR system 9700 Thermofisher Scientific 

Cleanbench Labguard ES ClassII Nuaire 

MiSeq Illumina 

HiSeq4000 Illumina 

Drosophila culture vials (50 ml) Nerbe plus 

Drosophila culture vials (175 ml) Greiner Bio One 

Drosophila culture vial cellulose plugs (30 

mm) 

Nerbe plus 

Drosophila culture vial foam plugs (55 mm) VWR 

Forceps Dumont No. 9 Biolabproducts GmbH 

Microscope slides Carl Roth 

Cover slips  Carl Roth 

Ceramic beads (2.6 mm – 2.8 mm) Biolabproducts GmbH 

 

 

2.10  Software 

Software that were used for this study are listed in table 11. 

Table 11: Software. 

Software Source of supply 

AxioVisionSE64 Rel.4.9    Carl Zeiss 

ImageJ (FIJI)  

GraphPad Prism 8.0 GraphPad software Inc. 

CLC Genomics workbench 9 and 12 Qiagen 

CLC Microbial Genomic module Qiagen 

StepOne Thermofisher Scientific 

R  

Qiime2  

DAM FileScan software Trikinetics Inc 
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3 Methods 

 

3.1 Culturing of Drosophila melanogaster 

Drosophila stock flies were kept in a climate chamber with a 12 h : 12 h light-dark cycle at 18 

°C (day) : 16 °C (night) and a humidity of 65 %. The stock flies were transferred to fresh vial 

every 3 weeks on standard culture medium. If not otherwise noted, experimental flies were kept 

in a climate chamber with 12 h : 12 h light-dark cycle at 25 ° C (light) : 20 °C (dark) and a 

humidity of 65 %. 

 

3.2 Drosophila crosses 

For crossings the Gal4/UAS system was applied. In general, virgin UAS responder females or 

Gal4 driver females were crossed to either male Gal4 or UAS lines, respectively. For control 

genotypes, the driver and responder lines were backcrossed to the proper genetic background. 

The parental generation was removed after egg deposition. F1 progenies were used for 

experiments 3 -5 days after eclosion. 

 

3.3 Dechorionisation 

150 ml 2 % agar-agar in dH2O was cooked and mixed with 150 ml apple-juice. The apple-juice 

agar was poured into 90 mm plastic petri dishes. For egg collection, respective fly lines were 

transferred into 150 ml Drosophila culture vials and the culture vial was plugged with the petri 

dish containing the apple-juice agar. The culture vial was sealed with tape and the flies were 

allowed to lay eggs for a maximal time of 16 h at 25 °C. Afterwards, the flies were removed 

from the vials. The eggs were washed off with 1x PBS and collected in baze basket. The 

following steps were prepared under sterile conditions in a laminar flow cabinet. The eggs were 

dechorionized in 6 % sodiumhypochlorid (in dH2O) for 2 min followed by several washing 

steps with70 % EtOH and double autoclaved water. The gaze with the sterile embryos were 

transferred into culture vials with sterile fly food.  
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3.4 Bacterial recolonization 

A mixture of the following bacterial species, which were cultured as previously described (253) 

was used to reconstitute the natural microbiota: Acetobacter pomorum (OD600 = 0.7), 

Lactobacillus brevisEW (OD600 = 8), Lactobacilles plantarumWJL (OD600 = 6), Enterococcus 

faecalis (OD600 = 0.8), and Commensalibacter intestiniA911T (OD600 = 1.5) (kindly provided by 

Carlos Ribeiro, Lisbon, Portugal). To prepare the stock solution for recolonization, the 

following volumes of each liquid culture were combined in a 15 ml falcon tube: 2 ml of A. 

pomorum, 0.02 ml of L. brevisEW, 0.25 ml of L. plantarumWJL, 2 ml of E. faecalis, and 1 ml of 

C. intestiniA911T. The bacterial mixture was centrifuged three times at 3000 rpm for 15 min and 

repeatedly resuspended in sterile phosphate-buffered saline (PBS). Finally, the mixture was 

centrifuged at 3000 rpm for 15 min and resuspended in 25% glycerol prepared in sterile PBS. 

Aliquots of 500 � l were stored at �20°C. A volume of 50 � l of the bacterial mixture was added 

to the surface of control or high-fat media and allowed to settle for 1 h at room temperature 

under sterile conditions. Thereafter, 3–5-day-old GF flies were transferred to the corresponding 

media. 

 

3.5 Immunohistochemistry 

Intestines were dissected in sterile 1x PBS and were immediately fixed in 4 % 

paraformaldehyde for 1 h at room temperature. Afterwards, the intestines were washed 3 times 

with 0.1 % PBT for 10 min each and blocked with 5 % blocking solution for 1 h at room 

temperature. After blocking, the intestines were incubated with the primary antibodies in 

blocking solution at 8 °C overnight. The intestines were washed with 0.1 % PBT 3 times for 10 

min each, followed by an incubation with the secondary antibodies in blocking solution at 8 °C 

overnight. The secondary antibodies were removed and the intestines were incubated in a DAPI 

solution (1:2000 in 0.1 % PBT) for 10 min followed by 3 washing steps with 0.1 % PBT. The 

intestines were mounted on a microscope slide in Mowiol. Images were taken by an 

epifluorescent microscope Axio Imager Z1. For Z-projections the ApoTome was used and the 

intestines were stacked in 2 µm slices.  

 

3.6 Fluorescence quantification 

Images of fluorescent samples were taken by using the epifluorescent microscope AxiImager 

Z1. The exposure time and the slice thickness was fixed for every experimental group. The 
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fluorescence of single cells was quantified by using ImageJ. The cell of interest was selected 

with the drawing tool and the area, integrated density and the mean grey value was measured. 

A region next to the cell of interest without fluorescence was set as background control. To 

calculate the total fluorescence of a cell, the following equation was used:  

CTCF (corrected total fluorescence) = integrated density – (area of selected cell • mean 

fluorescence of backround reading). 

 

3.7 Bodipy staining 

Intestines were dissected in sterile 1x PBS and were immediately fixed in 4 % 

paraformaldehyde for 30 min at room temperature. Afterwards, the intestines were incubated 

with BODIPYTM 493/503 at a concentration of 1:1000 in 1xPBS for 30 min in darkness. 

Subsequently, the intestines were washed 3 times with 0.1 % PBT for 10 min each. The 

intestines were mounted on a microscope slide with Mowiol. Images were taken by an 

epifluorescent microscope Axio Imager Z1. The ApoTome was used for processing Z-

projections. 

 

3.8 Triacylglyceride content quantification 

The triacylglyceride content of whole flies was assessed by using a coupled colorimetric assay. 

5 female flies were used per replicate. The flies were transferred into 2 ml screwcap tubes, 

weighted and homogenized in 500 µl 0.05 % Tween-20 (in dH2O) by using a bead mill 

homogenizer at 3.25 m/s for 2 min. The homogenates were incubated at 70 °C for 5 min, 

followed by 3 min of centrifugation at 1000 x g. 500 µl supernatant was removed and stored at 

-20 °C until measurement. A standard curve (glycerol triolaeate: 100 µg/50µl – 3.12 µg/50µl) 

and 50 µl of the respective sample supernatants were pipetted into wells of a 96-well plate. The 

absorbance was determined at 562 nm (T0). Afterwards, 200 µl of a prewarmed (37 °C) Thermo 

Infinity triglyceride solution was added into each. The absorbance was measured at 540 nm by 

using a Microplate Reader Synergy H1. 

 

3.9 Uric acid content and uricase activity quantification 

The uric acid content and uricase activity was quantified by using the Amplex Red Uric 

Acid/Uricase kit according to the manufacturer’s protocol. In brief, 5 flies were homogenized 
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in 100 mM Tris (pH = 7.5) and debris were removed by centrifugation for 2 min at 3000 x g. 

For uric acid content quantification, uric acid standards (0 – 100 µM) were prepared from a 5 

mM stock diluted in 1x reaction buffer. For uricase activity measurements, uricase standards (0 

– 100 mU/ml) were prepared from a 100 U/ml stock diluted in 1x reaction buffer. Reactions 

were performed in 100 µl volume at 37 °C for 30 min protected from light. 20 mM H2O2 diluted 

in 1x reaction buffer served as a positive control. The fluorescence was measured at 590 nm by 

using a Microplate Reader Synergy H1. 

 

3.10  Protein content quantification 

The protein content of whole flies was quantified by using the PierceTM BCA Protein assay kit. 

5 female flies were used per replicate. The flies were transferred into 2 ml screwcap tubes, 

weighted and homogenized in 500 µl 0.05 % Tween-20 (in dH2O) by using a bead mill 

homogenizer at 3.25 m/s for 2 min. The homogenate was centrifuged at 1000 x g for 3 min to 

pellet the debris and 500 µl was removed and stored at -20 °C until measurement. The PierceTM 

BCA protein assay kit was used for the quantification of total protein amount in the supernatant. 

The assay was performed according to the manufacturer’s protocol for the microplate 

procedure. 

 

3.11  Excretion assay 

A small piece of fly food supplemented with Brilliant Blue FCF food dye added at a 

concentration of 1 % (wt/vol) was transferred to the bottom of a vial. A coverslip was placed in 

the middle of the vial to split it into two halves. Individual flies were trapped in one half, 

together with the piece of food, and the vial was sealed with a foam plug. Flies were incubated 

at 20 °C for 24 h and the numbers of fecal spots on the coverslips were counted manually. 

 

3.12  Determination of intestinal transit time 

Each well of a 24-well plate was loaded with a small piece fly food supplemented with Brilliant 

Blue FCF food dye added at concentration of 1 % (wt/vol). Individual flies were starved for 24 

h, transferred to the wells, and monitored every 15 min for 3 h. The appearance of the first dyed 

fecal spot determined the time from food ingestion to egestion in each individual fly, which 

was referred to as the transit time. 
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3.13  Fecal transplantation 

Recolonized esg>GFP flies aged 3–5 days were cultured on high-fat or control media for 7 

days. Subsequently, the intestines of five flies were homogenized in 300 � l of MRS medium 

using a bead mill homogenizer at 3.25 m/s for 2 min. Intestinal debris was removed by 

centrifugation, the supernatant was mixed with 5% sucrose, and 200 � l of the mixture was 

applied to sterile filter paper. GF esg>GFP flies were allowed to feed on the filter paper for 24 

h and then transferred to control media for 5 or 7 days. Esg+ cells in the anterior midgut region 

were counted. 

 

3.14  Smurf assay 

Flies were fed on either CD, DR or PEM for 14 days. Dyed medium was prepared by using the 

respective diet with Brilliant Blue FCF added at concentration of 1 % (wt/vol). After the dietary 

treatment, the flies were transferred onto the dyed medium for 24 h. A fly was counted as 

“smurf” when the blue dye could be observed not only inside the intestinal tract but also in the 

body cavity. 

 

3.15  Locomotor activity 

The Drosophila activity monitor (DAM) was used to determine the locomotor activity. 

Individual male flies were placed in glass tubes of 5 mm inner diameter, filled with the 

corresponding fly food at one end and plugged with a cotton plug at the other end. The glass 

tubes were placed into the DAM in an incubator with a 12 h : 12 h light-dark cycle at 25 °C  

and a humidity of 65 %. The activity of the flies was summarized in 2 minute bins. For data 

analysis Excel software and the DAMFileScan software of TriKinetics was used. The total 

number of beam breaks over 24 h of every single fly was summarized in intervals of 30 min. 

For sleep analysis, a 5 min bin of inactivity was considered as sleep phase. 

 

3.16  Lifespan assay 

Cohorts of 20 female flies were transferred into Drosophila culture vials with the respective fly 

flood. The flies were kept in a 12 h : 12 h light-dark cycle at 25 °C (light) : 20 °C (dark) and a 
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humidity of 65 %. Living flies were counted and transferred to fresh food vials every 3 days. 

In case of high fat dieting, the assay was performed at 20 °C. 

 

3.17  Luciferase assay 

The luciferase assay was performed as previously described (254) with minor modifications . 

The intestines of five adult flies per replicate were collected in 150 � l of ONE-Glo Lysis Buffer 

and homogenized using a bead mill homogenizer for 2 min at 3.25 m/s. The homogenate was 

transferred to a new reaction tube and stored at �20°C until further processing. For luciferase 

measurement, samples were thawed on ice and 50 � l was transferred to a white flat-bottom 96-

well plate, with at least one empty well between treatments to minimize signal spill over 

Samples were mixed with the same amount of substrate provided by the ONE-Glo Luciferase 

Assay System immediately before signal detection. Luciferase signals were detected using a 

Microplate Reader Synergy H1. A mock control was included on each plate to normalize 

treatments across plates. 

 

3.18  Infection assay with Serratia marcescens 

Cohorts of 10 female flies were transferred for 7 days onto either CD, DR or PEM diets. 

Afterwards, the flies were transferred into Drosophila culture vials with a 2 % agar-agar base. 

A strip of filter paper was soaked with S. marcescens OD = 1 (in 5 % sucrose solution) and 

were placed onto the agar-agar base. For the control group the filter paper was soaked with a 5 

% sucrose solution. The flies were orally infected daily. 

 

3.19  DSS treatment 

Cohorts of 10 female flies were transferred for 7 days onto either CD, DR or PEM diets. For 

the memory effect experiment, the flies were transferred onto either CD or PEM diet for 7 days. 

Afterwards, the flies were refed for 7 days on CD.  After the dietary intervention, the flies were 

transferred into Drosophila culture vials with a 2 % agar-agar base.  
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3.20  DNA extraction 

DNA was extracted by using the MasterPure DNA Purification kit. Dissected intestines were 

homogenized in 250 µl cell lysis solution by using a bead mill homogenizer for 2 min at 3.25 

m/s. Afterwards, 1 µl proteinase K were added to the sample followed by an incubation at 54 

°C for 15 min. The sample was cooled down to 37 °C and 1 µl of RNase A (5 µg/µl) was added. 

The sample was incubated at 37 °C for 30 min. To precipitate DNA, 175 µl of the protein 

precipitation reagent was added to the sample. Subsequently, the sample was vortexed for 10 s 

followed by centrifugation for 10 min at 14.000 g. The supernatant was transferred to a new 

reaction tube and 500 µl isopropanol was added. The sample was inverted 30 times followed 

by centrifugation for 10 min at 14.000 g for pelletisation. The supernatant was removed, and 

the DNA pellet was washed twice with 70 % ethanol. The pellet was resuspended in 30 µl TE 

buffer and stored at -20 °C until use. 

For 16S analysis, 16S rDNA was extracted by using the Qiagen DNeasy Blood and Tissue kit. 

Before dissection, the flies were drowned for 10 s in 70 % EtOH to remove bacterial 

contamination from the animal’s surface. The dissected intestines were homogenized in 200 µl 

sterile 1xPBS using a bead mill homogenizer at 3.25 m/s for 2 min. Afterwards, 180 µl ELB 

containing 20 mg/ml lysozyme was added to the sample and incubated at 37 °C for 30 min. 200 

µl ATL buffer and 20 µl proteinase K was added to the sample and incubated at 56 °C for 30 

min. 200 µl 100 % EtOH was added and vortexed. The mixture was pipetted into a DNeasy 

Mini spin column and centrifuged at 10.000 g for 1 min. The flow through was discarded and 

500 µl AW1 buffer was added to the spin column followed by centrifugation at 10.000 g for 1 

min. The flow trough was discarded and 500 µl AW2 buffer was added to the spin column 

followed by a centrifugation step at 20.000 g for 3 min. The flow through was discarded and 

the spin column was placed in a sterile 1.5 ml reaction tube. The DNA was eluted by adding 

200 µl AE buffer to the spin column, incubated for 1 min and centrifuged a 10.000 g for 1 min. 

The extracted DNA was stored at -20 °C until use. 

 

3.21  RNA extraction 

The intestines were dissected in cold PBS and transferred to 500 µl RNA Magic. The intestines 

were homogenized in a bead mill homogenizer for 2 min at 3.25 m/s. Afterwards, 200 µl 

chloroform was added to the sample. The sample was inverted 20 times and incubated on ice 

for 5 min followed by a centrifugation for 15 min at 12.000 g and 4 °C. The upper aqueous 

phase was transferred to a new reaction tube and an equal volume of 70 % ethanol was added. 
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The sample was loaded onto an Ambion PureLink RNA Mini kit column. Further extraction 

was done by following the Ambion PureLink RNA Mini kit manufacturer’s protocol. The total 

RNA was eluted in 30 µl RNase-free water and stored at -80 °C until use. 

 

3.22  cDNA synthesis 

The following mix was used to bind the oligo dT primer to RNA: 

0.5 µl oligo dT primer (10 pM) 

0.5 µl dNTPs (10 mM) 

x µl RNA 

ad 6.5 µl RNase free water. 

The mix was incubated at 65 °C for 5 min and for 1 min on ice. The synthesis was performed 

by adding the following reagents to the mix: 

µl 5x SSIV buffer 

0.5 µl DTT (0.1 M) 

0.5 µl Ribolock RNase Inhibitor (10 U) 

0.5 µl Superscript IV reverse transcriptase (100 U) 

The reaction mix was incubated at 25 °C for 5 min, followed by an incubation at 55 °C for 20 

min. The reaction was stopped by incubating the mix at 80 °C for 10 min. 

 

3.23  Polymerase chain reaction (PCR) 

The following reaction mix was used for PCR: 

0.5 µl reverse primer (10 µM) 

0.5 µl forward primer (10 µM) 

0.5 µl dNTPs (10 mM) 

2.5 µl 10x AV buffer 

25 ng DNA 
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1 µl DreamTaq polymerase 

ad 25 µl DNase free water 

The following cycling conditions were used (annealing and elongation times were adjusted 

individually): 

95 °C 1:00 min 

95 °C 0:30 min 

55 °C 0:30 min (25 cycles) 

72 °C 1:00 min 

72 °C 5 min 

 

 

3.24  Quantitative real-time PCR 

Isolated RNA was transcribed to cDNA (see chapter 3.22) for quantitative analysis of the 

relative transcript levels. The following reaction mix was used for qRT-PCR: 

5 µl qPCRBIO SyGreen 

0.5 µl forward primer (5 µM) 

0.5 µl reverse primer (5 µM) 

4 µl sample (5 ng/µl) 

The reaction was pipetted into well of a 48-well plate. The plate was subsequently sealed with 

adhesive film.  The following cycle conditions were used: 

95 °C 10:00  min 

95 °C 0:15 min 

60 °C 0:15 min (40 cycles) 

72 °C 0:30 min 

95 °C 00:15 min 

60 °C 01:00 min 

95 °C 00:15 min 

The relative differential expression was calculated by using the �� CP equation, whereby each 

gene was normalized to the house keeping gene rpl32: 

� CP = CP target gene – CP reference gene 
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�� CP = � CP treatment - � CP control 

Ratio = 2-�� CP 

 

3.25  RNA-seq analysis 

RNA-seq analysis was performed by using the Qiagen CLC Genomics Workbench 9. Adapter 

sequences were trimmed and reads were normalized and mapped to the BDGP6 reference 

database by the RNA-Seq analysis tool. Differential expression was calculated by using the 

Differential Expression for RNA-Seq tool. 

 

3.26  16s analysis 

16s analysis for the high fat diet experiment were performed as follows: The V3-V4 region of 

the 16S gene was amplified using the dual barcoded primers 341F and 806R. Each primer 

contained additional sequences for a 12-base Golay barcode, an Illumina adaptor, and a linker 

sequence. PCR was performed using Phusion Hot Start Flex 2× Master Mix in a GeneAmp 

PCR system 9700 and the following program: 98°C for 3 min, 30 cycles of 98°C for 20 s, 55°C 

for 30 s, and 72°C for 45 s, followed by 72°C for 10 min and then 4°C hold. PCR was checked 

by agarose gel electrophoresis. Normalization was performed using a SequalPrep 

Normalization Plate Kit following the manufacturer’s instructions. Equal volumes of 

normalized amplicons were pooled and sequenced on an Illumina MiSeq (2 × 300 nt). MiSeq 

sequence data were analyzed using MacQIIME v1.9.1. Briefly, all sequencing reads were 

trimmed to retain only nucleotides with a Phred quality score of at least 20, and then paired-

end assembled and mapped onto the different samples using the barcode information. 

Rarefaction was performed at 34,000 reads per sample to normalize all samples against the 

minimum shared read count and to account for differential sequencing depth. Sequences were 

assigned to operational taxonomic units (OTUs) using UCLUST and the Greengenes reference 

database (gg_13_8 release) with 97% identity. Representative OTUs were picked and assigned 

to a taxonomy using UCLUST and the Greengenes database. Quality filtering was performed 

by removing chimeric sequences using ChimeraSlayer and by removing singletons and 

sequences that failed to align with PyNAST. The reference phylogenetic tree was constructed 

using FastTree 2. Relative abundance was calculated by dividing the number of reads for an 

OTU by the total number of sequences in the sample. Unweighted Unifrac beta diversity was 

calculated and visualized by generating principal coordinate plots. Differentially abundant taxa 
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were assessed using the nonparametric t test. p values were adjusted for multiple testing using 

the FDR correction. LEfSe was performed by using an online tool available at 

“http://huttenhower.sph.harvard.edu/galaxy”. LDA denotes taxa based on their contribution to 

the overall observed differences between groups. 16s analysis for the protein-energy 

malnutrition experiment was performed as follows: The V1-V2 region of the 16s gene was 

amplified according to Rausch et al., 2019 (240). Amplicons were sequenced using Illumina 

MiSeq (2 x 300 nt). 16s analysis was performed by using the Qiagen CLC Genomics 

Workbench 20 Microbial Genomic module. Illumina sequencing adapters were trimmed from 

pair-end reads. OUT clustering was based on the 97 % Greengenes reference database (gg_13_8 

release) with a similarity score of 80 % and best match finding option, using following settings: 

chimera cross over costs 3, Kmer size 6, mismatch costs 1, minimum score 40, gap costs 4, 

maximum unaligned end mismatches 5. 

 

3.27  Statistics 

Statistical analysis was performed by using the Graph Pad Prism software 8.3.1. The data was 

tested for distribution by using the Shapiro-Wilk normality test. Parametric data was analyzed 

with unpaired students t-test and non-parametric data with Mann-Whitney test. Life span data 

was analyzed with Log rank Mantel-Cox test. 
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4 Results 

4.1 Effects of high fat dieting on epithelia-microbe interactions in 

the intestine of Drosophila 

The Drosophila intestine has direct contact with the nutritional content, but little is known how 

dietary lipids affect the intestinal homeostasis. For this reason, I investigated the effect of a 

short-term intervention of 20 % coconut fat-based high fat diet (HFD) on the Drosophila 

intestine compared to the control diet (CD). 

 

 High fat dieting leads to hyperproliferation in the Drosophila midgut 

Intestinal stem cells (ISCs) and enteroblasts (EBs) are marked by the expression of escargot 

(esg). I used the escargot reporter line (esg>GFP) fly line, which expresses membrane-bound 

GFP in ISCs and EBs, in order to examine the influence of a HFD on the stem cell proliferation. 

After 3 days of high fat dieting, I observed an increased number of esg+ cells in the anterior 

(Fig. 5, B) as well as in the posterior midgut (Fig. 5, B’) compared to the CD (Fig. 5, A and 

A’). To reveal how long this hyperproliferation persists in the midgut I used the aforementioned 

Fig. 5: High fat dieting leads to hyperproliferation of the Drosophila midgut. (A and B) esg>GFP flies fed for 
3 days with HFD showed an increased number of esg+ cells (GFP) compared to flies fed with CD. (A´ and B´) 
Representative images of esg+ cells in the posterior midgut. (C) The amount of esg+ cells was quantified in 
esg::GFP flies via co-expressed luciferase. The luminescence signal was significantly increased after 3 days of 
high fat dieting compared to flies fed with CD. (D and E) A higher number of EBs was observed in 
su(H)GBE>mCD8::GFP flies after 3 days of HFD feeding in comparison to flies fed a CD. (F) Expression of 
luciferase in EBs showed a significantly increased luminescence on day 3 in flies fed with HFD. HFD: high fat 
diet, CD: control diet, ISC: intestinal stem cell, EB: enteroblast, GFP: green fluorescent protein, esg: escargot, d: 
days, ns: not significant, *p < 0.05. n = 9-14. 



Results  

45 
 

esg>GFP fly lines with co-expressed luciferase, whereby the luciferase signal positively 

correlates with the number of ISCs and EBs. Flies fed with HFD showed a significant increase 

of ISCs and EBs on day 3 in comparison to flies fed a CD. No significant differences between 

flies fed the HFD and the CD could be observed on day 5 and 7 (Fig. 5, C). Specific expression 

of membrane-bound GFP in EBs by using the su(H)GBE-Gal4 driver revealed a higher number 

Fig. 6: Impact of high fat dieting on the mitotic activity of intestinal stem cells and the intestinal cell 
composition. (A-B) Representative images of anti-pH3 staining in the midgut of flies fed a HFD or CD for 3 days. 
(C) A significant increase of pH3+ cells in the midgut was detectable after 3 days of high fat dieting compared to 
the corresponding control (n = 11-13). (D and E) Representative images of anti-pH3 staining of the midgut after a 
7 days HFD or CD intervention. (F) Quantification of pH3+ cells in the midgut of flies fed a HFD or CD for 7 
days. (G-H) DAPI staining in the AM region of the intestines of flies after 7 days on a HFD or CD. Large, polyploid 
cells represent ECs. (I) No significant differences in the number of ECs were detected upon 7 days of high fat 
dieting in comparison to flies fed a CD (n = 10-11). (J-K) Representative images of anti-prospero staining, which 
specifically labels EECs, in the anterior midgut region of flies fed a HFD or CD for 7 days. (L) Quantitative 
analysis of the number of EECs of flies fed a HFD or CD (n = 10-11). HFD: high fat diet, CD: control diet, EC: 
enterocyte, EEC: enteroendocrine cell, pH3: phospho-histone 3, ns: not significant, **p < 0.01, ***p < 0.001. 
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of EBs after 3 days on HFD in the anterior midgut (Fig. 5, E) compared to flies fed with CD 

(Fig. 5, D). Expression of luciferase in EBs led to a significant increased luminescence signal 

after 3 days of high fat dieting compared to the CD, whereas no differences could be detected 

on day 5 and day 7 (Fig. 5, F). The mitotic activity of ISCs was evaluated by using the phospho-

histone 3 antibody (pH3), which specifically labels mitotic cells. The number of pH3+ cells was 

increased after 3 days of HFD feeding (Fig. 6, B) in comparison to flies fed a CD (Fig. 6, A), 

which was further supported by a quantitative analysis of the number of pH3+ cells of the 

complete midgut (Fig. 6, C). The number of pH3+ declined after 7 days of high fat dieting (Fig. 

6, E) and reached levels comparable to those of flies fed a CD (Fig. 6, D). The quantitative 

analysis of the number of pH3+ cells of complete midguts after 7 days of high fat dieting 

revealed no significant differences compared to control dieting (Fig. 6, F), which correlates 

with the temporal pattern of the proliferation of esg+ cells. To examine the effect of a HFD on 

the cellular composition, the number of enterocytes (ECs) and enteroendocrine cells (EECs) 

was counted, which are both descendants of EBs. A HFD intervention of 7 days had no effect 

on the number of enterocytes (Fig. 6, H) compared to flies fed a CD (Fig. 6, G). The number of 

enterocytes was evaluated by counting large polyploid DAPI-stained nuclei in the anterior 

midgut (Fig. 6, I). The effect of a HFD on the number of EECs was investigated by using an 

anti-prospero antibody, which specifically labels the EECs. In comparison to flies fed a CD for 

7 days (Fig. 6, J and L), the number of EECs in the anterior midgut was increased in flies fed a 

HFD (Fig. 6, K and L). 

 

 High fat dieting does not block differentiation of progenitor cells 

To further monitor the intestinal cell turnover upon high fat dieting, I used the ReDDM 

(repressible dual differential stability cell marker) tracing method (220). The ReDDM system 

combines the expression of the fluorescent proteins mCD8::GFP and H2B::RFP, which have 

short and long half-lives, respectively. The expression of these fluorescent proteins is under the 

control of an ubiquitous temperature-sensitive Gal4 repressor and a Gal4-promotor of choice. 

By using an esg-Gal4 driver, mCD8::GFP is expressed in progenitor cells (ISCs and EBs) but 

is not sustained in newly differentiated ECs and EECs. The stable H2B::RFP persist for several 

weeks and marks renewed ECs and EECs. Therefore, it is possible to evaluate a potential block 

of differentiation of progenitor cells.  ReDMM flies fed a HFD for 3 days showed an increased 

number of marked progenitor cells (Fig. 7, A) compared to ReDMM flies fed a CD (Fig. 7, B). 

After 7 days of high fat dieting (Fig. 7, D), the number of marked progenitor cells was 
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comparable to that of flies fed a CD (Fig. 7, C). The quantitative analysis also revealed a 

significant increase of progenitor cells after 3 days of high fat dieting compared to the proper 

control, whereas no differences between the dietary interventions were detectable on day 7 (Fig. 

7, E). The number of newly differentiated ECs and EECs, which are only marked by H2B:RFP, 

was not affected by a HFD on day 3 (Fig. 7, B) compared to flies fed a CD (Fig. 7, A). However, 

the number of renewed cells was increased in flies fed a HFD (Fig. 7, D) in comparison to 

control dieting flies (Fig. 7, C). The quantitative analysis showed a significant increase of newly 

differentiated cells after 7 days of high fat dieting and therefore an accelerated intestinal cell 

turnover, compared to flies fed a CD (Fig. 7, F). 

 

 Specific triglycerides phenocopy the HFD induced hyperproliferation 

Coconut fat has a high content of saturated fatty acids (92 %) and consists mainly of medium-

chain and long-chain triglycerides. The most abundant saturated fatty acids in coconut fat are 

Fig. 7: High fat dieting lead to an accelerated turnover of intestinal cells and do not block differentiation. 
(A-B) The ReDMM tracing method was combined with an esg-Gal4 driver. Progenitor cells (ISCs and EBs) are 
marked with mCD8::GFP (GFP) and H2B::RFP (RFP), whereas renewed cells (ECs and EECs) are exclusively 
marked by H2B::RFP. The number of progenitor cells was increased after 3 days of high fat dieting compared to 
flies fed a CD. The number of newly differentiated cells was not affected. (C-D) The number of renewed cells was 
increased in flies fed a HFD after 7 days in comparison to control dieting flies. No differences in the number of 
progenitor cells was detectable between flies fed a HFD or CD. (E) Quantitative analysis of progenitor cells after 
3 days and 7 days of high fat dieting compared to flies fed a CD (n = 9-10). (F) The quantitative analysis of newly 
differentiated cells in flies fed a HFD after 3 days and 7 days in comparison to control dieting flies (n = 9-10).
HFD: high fat diet, CD: control diet, ISC: intestinal stem cell, EC: enterocyte, EEC: enteroendocrine cell, GFP: 
green fluorescent protein, RFP: red fluorescent protein, ReDMM: repressible dual differential stability cell marker, 
esg: escargot, ns: not significant, ***p < 0.001 



Results  

48 
 

lauric acid (47 %, 12 carbon atom chain), myristic acid (16.5 %, 14 carbon atom chain), caprylic 

acid (9 %, 8 carbon atom chain), palmitic acid (7.5 %, 16 carbon atom chain) and capric acid 

(7 %, 10 carbon atom chain (255). To examine if even single triglycerides can phenocopy the 

intestinal response observed in flies fed a 20 % coconut fat-based diet, I supplemented the CD 

with purified medium-chain or long-chain triglycerides. The following triglycerides were used 

with a concentration of 20 %: tripalmitin (16 carbon atom chain), tristearin (18 carbon atom 

chain) and tricaprin (10 carbon atom chain). Esg>GFP flies fed a tripalmitin-based diet (Fig. 8, 

B), a tristearin-based diet (Fig. 8, C) or a tricaprin-based diet (Fig. 8, D) showed a highly 

increased number of esg+ cells compared to flies fed a CD (Fig. 8, A). The quantitative analysis 

revealed a significant increase of esg+ cells in the anterior midgut region in flies fed a 

tripalmitin-, tristearin- or tricaprin-based diet in comparison to control dieting flies (Fig. 8, E). 

To evaluate the mitotic activity of ISCs upon feeding a triglyceride-supplemented diet, the 

intestines were stained with an anti-pH3 antibody. The number of pH3+ cells was increased in 

flies fed a tripalmitin-based diet (Fig. 9, B), a tristearin-based diet (Fig. 9, C) or a tricaprin-

based diet (Fig. 9, D) compared to flies fed a CD (Fig. 9, A). The quantitative analysis of pH3+ 

in complete intestines revealed a significant increase of mitotically active cells upon feeding a 

diet supplemented with either tripalmitin, tristearin or tricaprin compared to control dieting flies 

(Fig. 9, E). 

Fig. 8: Single triglycerides lead to hyperproliferation in the Drosophila intestine. (A-D) Esg>GFP flies were 
fed with a CD supplemented with 20 % tripalmitin, tristearin or tricaprin. A higher number of esg+ cells (GFP) 
was observed in flies fed a tripalmitin-, tristearin- or tricaprin-based diet in comparison to flies fed a CD. (E) The 
quantitative analysis revealed a significant increase of esg+ cells in the anterior midgut region of esg>GFP flies 
fed a triglyceride-supplemented diet compared to flies fed a CD (n = 9 -10). HFD: high fat diet, CD: control diet, 
GFP: green fluorescent protein, esg: escargot, AM: anterior midgut, ***p < 0.001. 
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 JNK signaling is activated upon high fat dieting 

The JNK (c-Jun NH2-terminal kinase) signaling pathway is a major regulator that promotes 

cellular stress tolerance and is activated by a variety of environmental stressors (256) in the 

fly’s intestine. To examine whether high fat dieting activates JNK signaling, I checked JNK 

phosphorylation by a specific anti-phospho-JNK antibody (pJNK). Flies fed a HFD showed an 

Fig. 9: A triglyceride- based diet leads an increased number of mitotically active ISCs in the fly’s intestine. 
(A-D) Representative images of intestines of flies stained with an anti-pH3 (pH3) antibody after feeding on a 
tripalmitin-, tristearin-, or tricaprin-supplemented diet. The number of pH3+ cells was increased in flies fed a 
triglyceride-based diet compared to flies fed a CD. (E) Quantitative analysis of the number of pH3+ in complete 
intestines of flies upon feeding a triglyceride-based diet in comparison to control dieting flies (n = 9). HFD: high 
fat diet, CD: control diet, ISC: intestinal stem cell, pH3: phosphor-histone H3, **p < 0.01, ***p < 0.001. 

Fig. 10: High fat dieting induces JNK activation. (A-B) Staining with an anti-pJNK antibody in the anterior 
midgut of flies fed a HFD or a CD. HFD feeding leads to an increased pJNK fluorescence signal compared to flies 
fed a CD. (C-D) Representative images of the anterior midgut of the JNK reporter line 4xTRE-dsRed (E) 
Fluorescence quantification in the anterior midgut and posterior midgut of 4xTRE-dsRed flies after high fat dieting 
or control dieting (n = 8-10). HFD: high fat diet, CD: control diet, AM: anterior midgut, PM: posterior midgut, 
pJNK: phospho-JNK, ns: not significant, *p < 0.05, **p < 0.01. 
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increased level of pJNK (Fig. 10, B) in the antior midgut compared to CD fed flies (Fig. 10, A), 

which corresponds to activated JNK. To further support an activation of the JNK signaling 

pathway in the fly’s intestine upon high fat dieting I used the JNK reporter line 4xTRE-dsRed 

(257). TREs (tetradecanoylphorbol) are binding sites for the AP-1 transcription factor  

c-Jun, which is regulated by JNK phosphorylation. High fat dieting leads to an increased TRE-

dsRed fluorescence signal in the anterior midgut in comparison to flies fed a CD  

(Fig. 10, C-D). Quantification of the TRE-dsRed fluorescence revealed a significantly increased 

fluorescence in the anterior as well as in the posterior midgut compared to CD fed flies  

(Fig. 10, E). 

 

 High fat dieting induces upd3 signaling 

The cytokine upd3 (unpaired 3) is a major target of the JNK pathway in ECs and is linked to 

activation of ISCs through paracrine signaling (229). Therefore, I used an upd3-GFP reporter 

line to study the effects of a HFD on upd3 signaling. The expression of upd3 was highly 

increased in flies fed a HFD (Fig. 11, B) compared to flies fed a CD (Fig. 11, A). qRT-PCR 

revealed that the relative transcript levels were significantly increased upon high fat dieting 

(Fig. 11, C). To evaluate, if the elevated upd3 expression in HFD fed flies is linked to the 

observed increase in mitotic activity in ISCs, I expressed upd3 RNAi in ECs. A lower number 

of pH3+ was detectable in flies expressing upd3-RNAi in ECs (NP1>upd3 RNAi; Fig. 12, C) 

in comparison to the genotype controls (NP1>+, upd3 RNAi>+; Fig. 12, A and B) upon high 

fat dieting. This was further supported by the quantitative analysis of the number of pH3+ cells 

Fig. 11: Upd3 expression is increased upon high fat dieting. (A and B) A upd3-GFP reporter was used to 
monitor upd3 expression in the anterior midgut of flies fed a CD or a HFD. Flies fed a HFD showed an increased 
fluorescence signal compared to flies fed a CD. (C) qRT-PCR analysis revealed that HFD feeding lead to a 
significant increased relative level of upd3 in the intestine compared to flies fed a CD (n = 5). HFD: high fat diet, 
CD: control diet, GFP: green fluorescent protein, upd3: unpaired 3, *p < 0.05. 
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in the whole intestine. No significant differences were observed between the genotypes, which 

were fed a CD (Fig. 12, D). 

�

 High fat diet response requires JAK/STAT signaling in progenitor cells 

It is well known that the expression of upd3 in ECs triggers the proliferation of ISCs (229,258). 

In order to reveal activated JAK/STAT signaling  as a response to HFD in the fly’s intestine, I 

used a STAT-reporter (10xstat-GFP,259). Flies showed an increased fluorescence signal in 

progenitor cells upon high fat dieting (Fig. 13, B), whereas the signal in flies fed a CD was low 

(Fig. 13, A). Quantitative analysis of the fluorescence signal in the anterior midgut revealed a 

significantly stronger fluorescence signal in flies fed a HFD in comparison to corresponding 

control (Fig. 13, C). To confirm that JAK/STAT signaling in progenitor cells is required for the 

increased proliferation in flies fed a HFD, I ectopically overexpressed a dominant-negative 

Fig. 12: HFD-induced mitotic activity in ISCs depends on upd3 expression in ECs. (A-C) Flies, which 
expressed upd3 RNAi in ECs (NP1>upd3 RNAi) were subjected to a HFD as well as the two genetic controls 
(NP1>+, upd3 RNAi>+). The number of pH3+ cells in NP1>upd3 RNAi flies was lower compared to the genetic 
controls. (D) Quantitative analysis of the number of pH3+ cells in the intestine. A significant lower number of pH3+

cells was detectable in NP1>upd3 RNAi flies fed a HFD in comparison to the genetic controls on the same diet. 
No significant differences between the genotypes were observed in flies fed a CD (n = 8-16). HFD: high fat diet, 
CD: control diet, pH3: phospho-histone 3, upd3: unpaired 3, ns: not significant, *p < 0.05, **p < 0.01. 

Fig. 13: High fat dieting leads to an increased STAT signaling in progenitor cells. (A-B) By using a STAT-
reporter (10x stat-GFP), GFP was expressed in progenitor cells in the intestine. The fluorescence signal in 
progenitor cells was stronger in flies fed a HFD in comparison to CD fed flies. (C) Quantitative analysis of the 
relative fluorescence of 10x stat-GFP cells in the Drosophila intestine of flies fed a HFD or CD (n = 10-11). HFD: 
high fat diet, CD: control diet, *p < 0.05. 
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isoform of the JAK/STAT receptor domeless in progenitor cells (esg-GFP,Gal80>dome DN). 

In these animals, the number of pH3+ cells was similar in HFD fed flies (Fig. 14, B) and in CD 

fed flies (Fig. 14, A). The quantitative analysis showed no significant increase in the number of 

pH3+ upon high fat dieting compared the corresponding control (Fig. 14, C). This lack of 

response was also detectable, when esg+ cells were analyzed (Fig. 14, D and E).  No differences 

in the number of esg+ cells were detectable in esg>dome DN flies fed a HFD or a CD  

(Fig. 14, F).  

 

 The high fat diet induced proliferation is microbiota dependent 

It is well known, that dietary interventions can affect the intestinal microbiota. Therefore, I 

investigated the effect of the indigenous microbiota on the proliferation of ISCs in Drosophila 

by comparing germ-free (GF) flies to those that had been recolonized (RC) with a defined 

bacterial mix. To standardize all the experiments, all flies that were used in the following 

experiments were made GF by dechorionisation. Afterwards, the adult flies were recolonized 

with a bacterial mix, which comprised 5 different commensal bacterial species of Drosophila 

melanogaster: Lactobacillus plantarum, Lactobacillus brevis, Acetobacter pomorum, 

Fig. 14: The domeless receptor is required for the HFD mediated hyperproliferation in progenitor cells. 
(A-B) Representative images of an anti-pH3 staining in flies expressing a dominant-negative isoform of the 
domeless receptor (esg>dome DN) in progenitor cell. (C) Quantification of pH3+ cells in the midgut of esg>dome 
DN flies fed a HFD or CD (n = 14). (D and E) The number of esg+ cells in esg>dome DN flies fed a HFD was 
similar to flies fed a CD. (F) No significant differences in the number of esg+ cells (GFP) were observed in 
esg>dome DN flies upon high fat dieting compared to the corresponding control (n = 10-11). HFD: high fat diet, 
CD: control diet, pH3: phospho-histone 3, esg: escargot, GFP: green fluorescent protein, esg: escargot, 
ns: not significant. 
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Commensalibacter intestini and Escherichia faecium. As shown in chapter 4.1.1, high fat 

dieting leads to a significant increased number of esg+ cells in the anterior midgut region of the 

intestine of RC esg>GFP flies (Fig. 15, A and F) compared to the CD fed control (Fig. 15, B 

and F). Interestingly, the HFD induced proliferation of esg+ cells was not detectable in GF flies 

fed a HFD (Fig. 15, D) where the number of esg+ cells was significantly decreased compared 

to RC flies upon high fat dieting (Fig. 15, F). Moreover, there were only a few esg+ cells in GF 

flies fed a CD (Fig. 15, C) and the number of these cells was significantly decreased compared 

to RC flies on the same diet (Fig. 15, F). 

 

 High fat diet associated upd3 signaling depends on the microbiota 

As the HFD triggered cell proliferation in the intestine is highly microbiota dependent, I 

investigated if this lack of induction is also associated with upd3 signaling in ECs. Therefore, I 

used the upd3>GFP reporter line to study the compare the effects of a HFD in RC and GF 

animals. High fat dieting induced upd3 signaling in ECs in the intestine of RC flies (Fig. 16, A) 

compared to RC flies fed a CD (Fig. 16, B). The upd3 signal was low in GF fed a CD  

(Fig. 16, C). Interestingly, the HFD triggered upd3 signaling response was absent in GF flies 

upon high fat dieting (Fig. 16, D). This lack of response was also detectable by measuring the 

transcript levels of upd3 by using qRT-PCR. The transcript levels of upd3 in the intestine of 

GF flies fed a HFD were significantly lower compared to HFD fed flies, which harbors a 

Fig. 15: HFD induced cell proliferation is dependent on the intestinal microbiota. (A-B) RC esg>GFP flies 
fed a high at diet showed an increased number of esg+ cells (GFP) compared to RC flies fed a CD. (C-D) The 
HFD-triggered proliferation is not detectable in GF flies and the number of esg+ cells is comparable to GF flies 
fed a CD (F) Quantitative analysis of esg+ cells in the anterior midgut region of RC and GF upon high fat dieting 
or control dieting (n = 8-10). HFD: high fat diet, CD: control diet, RC: recolonized, GF: germ-free, GFP: green 
fluorescent protein, AM: anterior midgut, esg: escargot, ns: not significant, *p < 0.05, **p < 0.01, ***p < 0.001. 
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functional microbiota. Moreover, the upd3 transcript levels of GF flies fed a CD was even lower 

than the upd3 transcript levels of RC flies fed the similar diet (Fig. 16, E). 

�

 High fat dieting affects the intestinal microbial composition 

To examine the effect of high fat dieting on the intestinal microbiota, I compared the microbial 

composition between flies fed a HFD and those fed a CD. High fat dieting lead to an altered 

microbial composition compared to flies fed a CD. The most abundant phyla on both diets were 

Actinobacteria, Firmicutes, Bacteriodetes, Cyanobacteria, and Proteobacteria (Fig. 17, A). 

The altered microbial community was also illustrated by the separation in beta diversity, which 

was evaluated by a principal coordinate analysis (PCoA) based on unweighted UNIFRAC. Each 

data point represents a single biological replicate (Fig. 17, B). Linear discriminant analysis 

effect size (LEfSe) revealed an enrichment of the order Caulobacterales with the family 

member Caulobacteraceae, Enterobacteriales and Enterobacteriaceae. Caulobacterales 

belong to the class of alpha-proteobacteria, whereas Enterobacteriales belongs to gamma-

proteobacteria. High fat dieting also leads to an enrichment of 2 unknown species, which could 

not be identified by the Greengenes reference database. Lactobacillacea and the genus 

Pedicoccus where significantly enriched in flies fed a CD, which belong to the firmicutes 

phylum (Fig. 17, C). 

Fig. 16: HFD triggered upd3 signaling is absent in GF flies. (A-B) The upd3 expression in the anterior midgut 
of RC flies fed a CD or a HFD was examined by using a upd3-GFP reporter. RC flies fed a HFD showed an 
increased fluorescence signal compared to RC flies fed a CD. (C-D) The expression of upd3 in intestines of GF 
flies was low upon control dieting or high fat dieting. (E) qRT-PCR analysis of the upd3 transcript levels in the 
intestine in RC and GF flies fed a CD or HFD (n = 5). HFD: high fat diet, CD: control diet, RC: recolonized, GF: 
germ-free, upd3: unpaired-3, ns: not significant, *p < 0.05. 
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  Altered microbial composition do not affect cell proliferation 

To examine if the altered microbiota is responsible for the observed increased cell proliferation 

observed in chapter 4.1.1, I performed a fecal transplantation experiment. Therefore, GF 

esg>GFP flies were recolonized with either the CD associated or with the HFD associated 

Fig. 17: High fat dieting alters the intestinal microbial composition in flies. (A) Abundance table of the 
microbial composition of flies fed a CD or HFD (n = 5). (B) Principal coordinate analysis revealed a significant 
shift in the microbial community upon high fat dieting compared to flies fed a CD (n = 5). (C) A linear discriminant 
analysis effect size showed significant enrichments of different bacterial orders, phyla or genera 
(n = 5). CD: control diet, HFD: high fat diet, PCoA: principal coordinate analysis. 

Fig. 18: Diet induced changes of the microbial composition has no impact on intestinal cell proliferation. 
(A-D) GF esg>GFP flies were recolonized with feces derived from flies fed a CD or HFD. The CD or HFD 
associated microbial community did not affect the number of esg+ cells (GFP) in the intestine 3 days or 5 days 
after fecal transplantation. (E) Quantitative analysis of the number of esg+ cells in the anterior midgut region 3 
days or 5 days after recolonization with a CD or HFD associated microbial community (n = 7-12). HFD: high fat 
diet, CD: control diet, GF: germ-free, GFP: green fluorescent protein, AM: anterior midgut, esg: escargot, d: days, 
ns: not significant. 
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microbiota. Afterwards, all flies were kept on a CD for 3 or 5 days. No differences in the number 

esg+ cells were observed 3 days or 5 days after recolonization between flies, which harbor a 

microbiota derived from flies fed a CD or HFD (Fig. 18, A-D). The quantitative analysis of the 

number of esg+ cells also revealed no significant increased cell proliferation due to the transfer 

of a HFD associated microbial community (Fig. 18, E). 

 

  High fat dieting slows down the egestion  

In order to elucidate if a HFD and the intestinal microbial community have an influence on the 

egestion functionality, I checked the number of fecal spots and the time necessary for a 

completed gut transit in RC and GF flies. Upon high fat dieting, RC flies showed a significantly 

lower number of fecal spots per fly over 24 hours compared to RC flies fed a CD (Fig. 19, A). 

No differences in the number of fecal spots were observed between GF flies fed a CD or HFD. 

Interestingly, the fecal spot production was significantly reduced in GF flies fed a CD compared 

to RC flies on the similar diet. This phenotype was not detectable in RC flies and GF flies fed 

a HFD (Fig. 19, A). High fat dieting in RC flies lead to a delay in fecal transit time in 

comparison to RC flies fed a CD, validated by measuring the completed gut transit time. The 

gut transit time is also significantly prolonged in GF flies fed a HFD compared to GF flies upon 

control dieting. No differences in gut transit time was observed between RC flies and GF flies, 

which were fed the same diet, respectively. (Fig. 19, B). 

 

Fig. 19: High fat dieting affects the egestion. (A) Analysis of the fecal spot production per fly over 24 hours. 
High fat dieting highly reduced the number of fecal spots in RC flies and GF flies fed a HFD compared to the 
proper control dieting flies (n = 6-10). (B) RC flies and GF flies fed a HFD exhibited a prolonged complete gut 
transit time compared to the corresponding control flies fed a CD (n = 8-10). HFD: high fat diet, CD: control diet,
RC: recolonized, GF: germ-free, ns: not significant, *p < 0.05, **p < 0.01, ***p < 0.001. 
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  A HFD affects intestinal diameter and the microbial abundance 

I measured the intestinal diameter of flies to investigate if the prolonged gut transit time lead to 

an increased pressure within the lumen. In fact, the intestinal diameter was increased in flies 

upon high fat dieting (Fig. 20, B) in comparison to flies fed a CD (Fig. 20, A). Quantitative 

analysis revealed that the intestine of flies fed a HFD are approximately 50 µm thicker than the 

intestines of control dieting flies, which may reflect an increased mass of food in the flies 

intestine (Fig. 20,C). Moreover, the reduced gut transit time and the increased intestinal 

thickness is associated with a higher intestinal bacterial abundance. The bacterial abundance 

was 2 fold higher in flies fed a HFD in comparison to flies fed a CD, verified by measuring the 

16s rDNA copy number via qRT-PCR (Fig. 20, D). 

 

 

Fig. 20: Intestinal thickness and bacterial abundance of flies fed a HFD. (A-B) Representative images of 
intestines of flies fed a CD or HFD. Scale bar = 50 µm. (C) Quantification of the anterior midgut width of flies 
upon high fat dieting compared to flies fed a CD (n = 11). (D) The intestinal 16s rDNA copy number was analyzed 
by using universal 16s primers. The bacterial load was increased in flies fed a HFD in comparison to flies fed a 
CD (n = 5). HFD: high fat diet, CD: control diet, AM: anterior midgut, *p < 0.05, **p < 0.01. 
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  Triglyceride storage depends on the intestinal microbiota 

The lipid uptake in Drosophila is mainly regulated by ECs in the intestine, whereas ingested 

lipids are stored as triacylglycerols (TAG) in lipid droplets. I measured the TAG content of 

whole RC flies and GF flies, to investigate whether or not the dietary lipid is indeed ingested 

to the cells. RC flies fed a HFD had a significant increased TAG content compared to RC flies 

fed a CD. Interestingly, GF flies fed a CD had a higher TAG content than RC flies on the same 

diet. GF flies also stored significantly more TAGs upon high fat dieting than RC flies on the 

same diet. Moreover, upon high fat dieting GF flies revealed a higher TAG content than GF 

flies fed a CD (Fig. 21, A). The increased lipid uptake of RC flies fed a HFD or GF flies fed a 

CD did not affect the weight compared to RC flies upon control dieting. Surprisingly, the weight 

of GF flies fed a HFD was significantly reduced in comparison to RC flies on the same diet 

(Fig. 21, B). The increased lipid uptake was also detectable in ECs in flies verified by BODIPY 

(boron-dipyrromethene) staining. Due to its nonpolar structure, BODIPY is able to stain neutral 

lipids, like TAGs in lipid droplets. The number of lipid droplets in anterior midgut ECs of RC 

flies fed a HFD (Fig. 22, B) was increased compared to RC flies fed a CD (Fig. 22, A).  

Furthermore, GF flies fed a CD (Fig. 22, C) revealed an increased number of lipid droplets in 

comparison to RC flies on the same diet. As already confirmed via TAG measurement, GF flies 

upon high fat dieting (Fig. 22, D) showed a highly increased lipid uptake in ECs compared to 

RC flies fed the same diet.  

 

Fig. 21: High fat dieting leads to a microbiota-dependent increased TAG content. (A) The TAG content of 
RC flies and GF flies fed a HFD and CD. High fat dieting as well as the intestinal microbiota affects the TAG 
content in flies (n = 7-12). (B) The weight of RC flies and GF flies upon high fat dieting and control dieting (n = 
7-12). HFD: high fat diet, CD: control diet, RC: recolonized, GF: germ-free, TAG: triacylglycerol, ns: not 
significant, *p < 0.05, **p < 0.01, ***p < 0.001. 
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  High fat dieting affects the locomotor activity and time of sleep 

Next, I tested the influence of a HFD and of the intestinal microbial community on the physical 

activity of the fly. Therefore, I used a Drosophila activity monitor (DAM) which was placed in 

an incubator with a 12 h : 12 h light-dark cycle. High fat dieting rather affected the total activity 

than the circadian rhythm in flies compared to flies fed a CD. The period between of the 

morning and the evening peak in flies fed a HFD was similar to those fed a CD. The intestinal 

microbiota did not affect circadian rhythmicity as proofed by using GF animals (Fig. 23, A). 

The total activity over 24 hours was significantly reduced in RC flies fed a HFD in comparison 

to RC flies upon control dieting. The similar effect was detectable in GF flies fed a HFD or CD, 

whereas the microbiota had no impact on the total activity (Fig. 23, B). High fat dieting do not 

affect sleep rhythmicity in RC and GF flies compared to the proper control fed a CD (Fig. 23, 

C). However, the time of sleep was significantly increased in RC flies fed a HFD in comparison 

Fig. 22: Impact of a HFD and of the intestinal microbiota on the number of lipid droplets in ECs. (A-D) 
Dissected intestines of RC and GF flies upon high fat dieting or control dieting were stained with BODIPY to 
display lipid droplets in ECs. Representative images of the anterior midgut region are shown. CD: control diet, 
HFD: high fat diet, RC: recolonized, GF: germ-free, BODIPY: boron-dipyrromethene. 
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to RC flies on the CD. The intestinal microbial community has no impact on the time of sleep 

as verified by comparing GF flies with RC flies (Fig. 23, D). 

 

  Effects of a HFD on lifespan and starvation resistance 

I further investigated the effect of a HFD on lifespan and starvation resistance. For lifespan 

analysis, I monitored 100 flies for each diet until they deceased. Flies that continuously fed a 

HFD showed a significantly decreased lifespan compared to flies fed a CD with a median 

lifespan of 42 days and 44 days, respectively. (Fig. 24, A). To test the starvation resistance, the 

flies were fed with either a HFD or a CD for 7 days. Afterwards, the flies were transferred to a 

2 % agar medium. Although flies upon high fat dieting had an increased TAG content in 

comparison to CD fed flies (chapter 4.1.13), it surprisingly did not affect the starvation 

resistance (Fig. 24, B). 

Fig. 23: A HFD affects the total locomotor activity as well as the time of sleep. (A) Monitored locomotor 
activity over 24 hours in RC flies and GF flies fed a HFD or CD. High fat dieting as well as the intestinal microbiota 
do not affect the circadian rhythmicity (n = 48). (B) Quantification of the number of beam crosses over 24 hours. 
A HFD significantly reduces the physical activity of RC flies and GF flies compared to the proper control 
(n = 48). (C) Monitored sleep rhythmicity over 24 hours in RC and GF flies fed a CD or a HFD (n = 48). 
(D) Quantification of the time of sleep over 24 hours (n = 48). Flies fed a HFD sleep significantly more than flies 
upon control dieting. The microbiota neither affect locomotor activity nor the time of sleep. HFD: high fat diet, 
CD: control diet, RC: recolonized, GF: germ-free, ns: not significant, ***p < 0.001. 
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  High fat dieting leads to increased JNK signaling in the brain. 

I wanted to find out, if long-term dietary interventions of high fat dieting also leads to stress 

signaling in the peripheral tissue. It is well known, that there is a bidirectional communication 

between the intestine and the brain via the gut-brain axis. Therefore, I stained brains with an 

anti-phospho-JNK (pJNK) antibody to reveal stress responses after 14 days or 21 days of high 

fat dieting. The brains were co-stained with an anti-bruchpilot (NC82) antibody to label 

presynaptic active zones in the fly’s brain (Fig. 25, A and D). The presynaptic active zones are 

formed to neuropils, which represent different structures in the brain. Interestingly, 14 days of 

high fat dieting lead to an increased JNK signaling in the brain of HFD fed flies (Fig. 25, B) 

compared to CD fed flies (Fig. 25, E). The JNK signaling was mostly active in parts of the 

mushroom body (Fig. 25, C and D, marked as dashed lines). The quantification of the 

Fig. 24: Effects of high fat dieting on lifespan, starvation resistance and metabolic rate. (A) The lifespan of 
flies upon high fat dieting was significantly decreased compared to CD fed flies (n = 100, ~xHFD = 42 days, 
~xCD = 44 days). (B) Starvation resistance assay of flies that were fed with either a HFD or CD for 7 days before 
starvation (n = 66). HFD: high fat diet, CD: control diet, ns: not significant, **p < 0.01. 

Fig. 25: A HFD triggers JNK signaling in the brain. (A-F) Fly brains were dissected 14 days after control 
dieting or high fat dieting. The neuropils were labeled with an anti-NC82 antibody and JNK signaling was revealed 
by using an anti-pJNK antibody. Parts of the mushroom bodies are marked by dashed lines. (G) Fluorescence 
quantification of the pJNK fluorescence signal in the mushroom body after 14 days and 21 days of control dieting 
or high fat dieting (n = 10-12). CD: control diet, HFD: high fat diet, NC82: bruchpilot, pJNK: phospho-JNK, ns: 
not significant, ***p < 0.001. 
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fluorescence signal of the mushroom body revealed a significant increase in JNK signaling after 

14 days when fed a HFD compared to flies fed a CD. However, the JNK signaling decreased 

after 21 days of high fat dieting and the fluorescence signal was comparable to that of flies fed 

a CD (Fig. 25, G). 

 

 

4.2 Development of an optimized holidic diet 

Drosophila is an important model in nutrition research to study the response to dietary factors, 

diet-disease interactions or diet-host-microbiota interactions. Most of the Drosophila diets, the 

so-called complex diets, are based on corn meal, yeast, sucrose and agar (260). However, the 

experimental diets vary between studies and laboratories and the use of different diets can lead 

to high variances in the observed effects and to non-reproducible results. Therefore, a complete 

chemically defined diet (holidic diet) is required. There are currently only a few holidic diets 

available for Drosophila (251,252,261,262) but none of these diets sufficiently support the 

larval development. 

 

 Optimized holidic diet increases pupation and eclosion rate 

Piper and colleagues created in 2014 a holidic diet (HD), which support adult fecundity, lifespan 

and development at reduced rate when compared to a standard complex Drosophila diet (251). 

A low protein to carbohydrate ratio was reported to decrease the developmental time and 

increases the egg-to-adult viability of Drosophila (263,264). Therefore, I changed the amount 

of essential as well as non-essential amino acids and the sugar in order to further support the 

developmental time and eclosion rate. I increased the sugar concentration from 17 g/l to 75 g/l 

and sucrose was replaced by glucose as glucose is the main hemolymph sugar of Drosophila. 

The total amount of amino acids was raised from 21.4 g/l to either 42.8 g/l (OHD 2xAA), which 

resulted in a protein:carbohydrate ratio of 1:1.75. I created a second diet, by increasing the total 

amount of amino acids from 21.4 g/l to 64.2 g/l (OHD 3xAA), to examine if a total increase of 

carbohydrates and amino acids improve the development. The vitamin concentrations were 

modified according to the synthetic diet published by Tânia Reis in 2016 (261). The 

developmental time, pupation rate and eclosion rate was compared to a complex diet (chapter 

1.5.2), which serves as a control diet (CD). The developmental time from egg to pupa was 

comparable between larvae fed an OHD 2xAA, OHD 3xAA or HD. However, the 
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developmental time of larvae fed a CD was shorter compared to the HD, OHD 2xAA and OHD 

3xAA (Fig. 26, A). The pupation rate was significantly increased in CD and OHD 2xAA fed 

larvae compared to larvae raised on a HD. Interestingly, the beneficial effect on the pupation 

rate by feeding the larvae with 42.8 g/l total amino acids is completely absent in larvae fed with 

64.2 g/l total amino acids (Fig. 26, B). The developmental time from egg to adult was 

comparable between larvae fed a HD, OHD 2xAA and OHD 3xAA. Larvae fed a HD, an OHD 

2xAA or an OHD 3xAA showed a longer developmental time from egg to adult than CD fed 

larvae (Fig. 26, C). The eclosion rate was significantly higher in larvae fed a CD or an OHD 

2xAA compared to HD fed larvae. Again, the beneficial effect on the eclosion rate by feeding 

42.8 g/l total amino acids was completely absent in larvae  fed with 64.2 g/l total amino acids 

(Fig. 26, D). To examine the egg laying preference for the different diets, 100 mated female 

flies were transferred into cages with either a HD, a CD and an OHD 2xAA or a HD and an 

OHD 2xAA for 24 hours. In the presence of a HD, a CD and an OHD 2xAA, female flies laid 

significantly more eggs on the CD compared to the HD. No significant differences in the egg 

laying preference were observed between an OHD 2xAA and a HD (Fig. 27, A). When only a 

Fig. 26: Optimization of a holidic diet increased pupation and eclosion rate. (A) The developmental time from 
egg to pupa of larvae fed either a HD, a CD, an OHD 2xAA or an OHD 3x AA (n = 10). (B) Quantification of the 
pupation rate (n = 10-12). (C) The developmental time from egg to adult from larvae fed either a HD, a CD, an 
OHD 2xAA or an OHD 3xAA (n = 10). (D) Quantification of the eclosion rate (n = 10-12). CD: control diet, HD: 
holidic diet (Piper et al., 2014), OHD 2xAA: optimized holidic diet 2x amino acids, OHD 3xAA: optimized holidic 
diet 3x amino acids, ns: not significant, **p < 0.01, ***p < 0.001. 
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HD and an OHD 2xAA are available for egg laying, the flies significantly preferred the OHD 

2x AA (Fig. 27, B). 

 

 Impact of fructose and ribonucleotides on the development 

In collaboration with the Rimbach lab (University of Kiel) we discovered that the 

supplementation of the OHD 2xAA with cobalt, cobalamin, molybdenum and a 

cholesterol/ergosterol mixture (hereafter declared as OHD) further decreases the developmental 

time. Moreover, these supplements increased the pupation rate as well as the eclosion rate (data 

not shown). Based on this diet, I replaced glucose by fructose or by a fructose/glucose mixture 

to evaluate the optimal carbohydrate source, whereas the total amount of 75 g/l carbohydrates 

was equal in each diet. Besides this, I added 5 g/l ribonucleotides to the OHD as ribonucleotides 

are known to promote development, especially in rapid growth phases 265. With that, I 

examined if another carbohydrate source as well as ribonucleotides will further improve the 

diet regarding developmental time, pupation rate and eclosion rate. Interestingly, fructose as 

well as the fructose/glucose mixture had a negative influence on the developmental time from 

egg to pupa in comparison to the OHD. The supplementation of ribonucleotides improved the 

developmental time slightly (Fig. 28, A). The carbohydrate source or the ribonucleotides had 

no impact on the pupation rate (Fig. 28, B). Fructose and a fructose/glucose mixture increased 

the developmental time from egg to adult compared to the OHD. On the other hand, 5 g/l 

ribonucleotides had a positive influence on the developmental time from egg to adult (Fig. 28, 

Fig. 27: Egg laying preference for HD, CD and OHD 2xAA. (A) 100 female flies were transferred into cages 
with plates filled with either a HD, a CD or an OHD 2xAA. The flies were allowed to lay eggs for 24 hours 
(n = 6). (B) Egg laying preference between a HD and an OHD 2xAA (n = 6). CD: control diet, HD: holidic diet 
(Piper et al., 2014), OHD 2xAA: optimized holidic diet 2x amino acids, ns: not significant, **p < 0.01. 
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C). The eclosion rate was significantly decreased in animals fed a fructose diet compared to 

OHD fed animals. A fructose/glucose diet and a supplementation with ribonucleotides did not 

lead to significant differences in the eclosion rate in comparison to the OHD (Fig. 28, D). 

 

 The optimized holidic diet promotes germ-free development 

In 2017, Piper et al. published an exom-matched holidic diet (EMHD) that uses genome 

information of Drosophila to define its amino acid requirements. The EMHD is based on the 

HD published by Piper et al. (2014) with a differed amino acid proportion. The EMHD 

enhanced growth and increased the reproduction capability compared to the HD (252). It is 

known that the developmental time of GF larvae is postponed on dietary restricted diets, 

whereas it is not impaired on complex diets (248). Therefore, I tested if the OHD, the HD and 

the EMHD are able to support GF development. The developmental time from egg to pupa from 

GF larvae fed an OHD was comparable to larvae harboring a normal microbiota (chapter 4.2.2), 

however, GF larvae on HD and EMHD did not develop (Fig. 29, A). Thus, the pupation rate of 

Fig. 28: Developmental time, pupation rate and eclosion rate in fructose and ribonucleotide supplemented 
diets. (A) Developmental time from egg to pupa of larvae fed either an OHD (containing glucose), a 
fructose/glucose or a fructose supplemented diet. The ribonucleotides were added to the glucose containing diet 
(n = 12). (B) Quantification of the pupation rate (n = 12). (C) Developmental time from egg to adult of larvae fed 
either a glucose, fructose/glucose, fructose or ribonucleotide supplemented diet (n = 12). (D) Quantification of the 
eclosion rate (n = 12). OHD: optimized holidic diet, ns: not significant, *p < 0.05. 
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OHD fed GF larvae was significantly increased compared to GF larvae fed an EMHD and HD 

(Fig. 29, B). The developmental time from egg to adult was highly improved by an OHD 

compared to an EMHD or a HD (Fig. 29, C). The eclosion rate was significantly increased in 

GF flies fed an OHD in comparison to EMHD and HD fed GF flies (Fig. 29, D). Taken together, 

the OHD improves the development of flies harboring a microbial community as well as of GF 

flies. Moreover, GF larvae fed a HD or an EMHD were smaller 7 days after oviposition 

Fig. 29: The OHD improves the development of GF flies. (A) The developmental time from egg to pupa from 
GF larvae fed an OHD, EMHD or HD (n = 10). (B) Quantification of the pupation rate (n = 10). (C) The 
developmental time from egg to adult (n = 10). (D) Quantification of the eclosion rate (n = 10). OHD: optimized 
holidic diet, EMHD: exom-matched holidic diet, HD: holidic diet, GF: germ-free, ***p < 0.001. 

Fig. 30: Size comparison of GF larvae fed with either OHD, EMHD or HD. GF larvae fed a HD or an 
EMHD were smaller 7 days after egg laying in comparison to GF larvae fed an OHD. OHD: optimized 
holidic diet, EMHD: exom-matched holidic diet, HD: holidic diet, GF: germ-free. 
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compared to OHD fed GF larvae (Fig. 30). GF larvae fed an OHD reached L3 stage after 7 

days, whereas GF larvae fed a HD or EMHD died. 

 

 Improvement of an exom-matched holidic diet 

I created different diets based on the EMHD by manipulating ingredients such as ergosterol, 

cholesterol, cobalt, cobalamin, molybdenum, ribonucleotides and l-arginine to further improve 

the EMHD regarding developmental time, pupation rate and eclosion rate. The different diets 

and its manipulated ingredients are listed in table 12. The developmental time from egg to pupa 

was highly improved in larvae fed an optimized exom-matched holidic diet (OEMHD) in 

comparison to larvae fed diet 1-6 or EMHD (Fig. 31, A). The pupation rate of larvae fed an 

OEMHD was significantly increased compared to EMHD fed larvae. No differences in the 

pupation rate were observed between an OEMHD fed larvae and larvae that fed diet 1, diet 2, 

diet 3, diet 4, diet 5 or diet 6 (Fig. 31, B). Larvae fed an OEMHD examined a decreased 

developmental time from egg to adult in comparison to EMHD, diet 1, diet 2, diet 3, diet 4, diet 

5 or diet 6 fed larvae (Fig. 31, C). The eclosion rate was significantly increased in flies fed an 

OEMHD compared to EMHD fed flies. The manipulated ingredients in diet 1, diet 2, diet 3, 

Table 12: EMHD supplemented with combinations of ergosterol, cholesterol, sucrose, glucose, cobalt, 
cobalamin, molybdenum, ribonucleotides and l-arginine. 
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diet 4, diet 5 and diet 6 do not further support the eclosion rate in comparison to the OEMHD 

(Fig. 31, D). The pupae size was significantly increased in larvae that fed an OEMHD in 

comparison to EMHD and diet 1 fed larvae. The pupae size was comparable between OEMHD 

fed animals and animals fed a diet 2, diet 3, diet 4, diet 5, and diet 6 (Fig. 31, E). The adult 

weight was highly increased in flies fed an OEMHD in comparison to EMHD and diet 2 fed 

flies. The adult weight was not significantly affected in flies fed a diet 1, diet 3, diet 4, diet 5 or 

diet 6 compared to OEMHD fed flies (Fig. 31, F). 

Fig. 31: An optimized exom-matched diet improves the development. (A) Developmental time from egg to 
adult of larvae that fed diets listed in table 3 (n = 10). (B) Quantification of the pupation rate (n = 10). (C) 
Developmental time from egg to adult of larvae that fed diets listed in table 3 (n = 3). (D) Quantification of the 
hatching rate (n = 10). (E) The pupae length of larvae fed a diet listed in table 3 (n = 10). The pupae size of flies 
fed an OEMHD was enhanced in comparison to EMHD fed flies. (F) The adult weight of flies 7 after hatching. 
The adult weight was increased in flies fed an OEMHD compared to EMHD fed flies. OEMHD: optimized exom-
matched holidic diet, EMHD: exom-matched holidic diet, ns: not significant, *p < 0.05, **p < 0.01, ***p < 0.001.
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 Determination of the optimal carbohydrate source and concentration 

Based on the OEMHD, I wanted to determine the optimal carbohydrate source and 

concentration. Therefore, different carbohydrate sources were added to the OEMHD such as 

sucrose, fructose and glucose with increasing concentrations of 10 g/l, 17.2 g/l, 35 g/l and 50 

g/l.  The OEMHD contained 17.2 g/l sucrose and served as control. The developmental time 

from egg to pupa was decreased in larvae fed a diet with 10 g/l or 17.2 g/l sucrose in comparison 

to larvae fed a diet with 35 g/l or 50 g/l sucrose (Fig. 32, A). Whereas, the developmental time 

from egg to pupa was comparable in larvae fed an OEMHD with 10 g/l, 17.2 g/l, 35 g/l and 50 

g/l glucose (Fig. 32, B). No differences in the developmental time from egg to pupa were 

observed in larvae fed a diet with 10 g/l, 17.2 g/l, 35 g/l or 50 g/l fructose (Fig. 32, C). The 

pupation rate of larvae fed a diet with 17.2 g/l sucrose was significantly increased in comparison 

to larvae fed a diet with either 35 g/l sucrose, 35 g/l glucose or 50 g/l glucose. The pupation 

rate of larvae fed a diet with either 10 g/l sucrose, 50 g/l sucrose, 10 g/l glucose, 17.2 g/l glucose, 

10 g/l fructose, 17.2 g/l fructose, 35 g/l fructose or 50 g/l fructose was not affected in 

comparison to larvae fed an OEMHD with 17.2 g/l sucrose (Fig. 32, D). The developmental 

time from egg to adult of larvae fed a diet with 10 g/l sucrose or 17.2 g/l sucrose was decreased 

in comparison to larvae fed a diet with 35 g/l sucrose or 50 g/l sucrose (Fig. 33, A). Different 

concentration of glucose did not affect the developmental time of larvae (Fig. 33, B). The 

developmental time from egg to adult was increased in larvae fed a diet with 50 g/l fructose 

Fig. 32: Determination of the optimal sugar source and concentration in the OEMHD to improve the 
developmental time from egg to pupa. (A-C) Developmental time from egg to pupa of larvae fed an OEMHD 
with the indicated sugar source and concentration (n = 10). (D) Quantification of the pupation rate (n = 10). 
OEMHD: optimized exom-matched holidic diet, ns: not significant, *p < 0.05, ***p < 0.001. 
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compared to larvae fed a diet with either 10 g/l, 17.2 g/l or 35 g/l fructose (Fig. 33, C). No 

significant differences of the eclosion rate were observed of larvae fed diets with different 

concentrations of either sucrose, glucose or fructose (Fig. 33, D). The pupae size of larvae fed 

an OEMHD with 17.2 g/l sucrose was significantly increased in comparison to larvae fed a diet 

with 50 g/l sucrose, 10 g/l glucose, 35 g/l glucose or 17.2 g/l fructose. The size of the pupae 

were not affected in larvae fed a diet with either 10 g/l sucrose, 35 g/l sucrose, 17.2 g /l glucose, 

50 g/l glucose, 10 g/l fructose, 35 g/l fructose or 50 g/l fructose compared to larvae fed a diet 

with 17.2 g/l sucrose (Fig. 34, A). The weight of adult flies was significantly decreased in flies 

fed a diet with 17.2 g/l fructose compared to flies fed a diet with 17.2 g/ sucrose. However, the 

weight of adult flies was not affected in the other diets compared to flies fed an OEMHD with 

17.2 g/l sucrose (Fig. 34, B). The sugar source as well as the sugar concentration had no impact 

on the wing area of adult flies, which is an indicator for the body size of the fly (Fig. 34, C). 

Fig. 33: Determination of the optimal sugar source and concentration in the OEMHD to improve the 
developmental time from egg to adult. (A-C) Developmental time from egg to adult of larvae fed an OEMHD 
with the indicated sugar source and concentration (n = 10). (D) Quantification of the eclosion rate (n = 10). 
OEMHD: optimized exom-matched holidic diet, ns: not significant. 
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 Cobalamin and cobalt did not improve GF development 

In chapter 4.2.3 it was shown, that the OHD improves GF development and that an EMHD did 

not support the survival of GF larvae. Next, I tested if an OEMHD can support GF development 

as good as an OHD. Furthermore, cobalamin and its central atom cobalt were depleted from the 

OEMHD to examine if these components are important promoters for the GF development as 

it is known that cobalamin is synthesized by some bacteria and archaea but not by animals or 

plants (266). A complex diet served a positive control diet (CD, chapter 1.5.2). The 

developmental time from egg to pupa of GF larvae fed an OEMHD was increased in 

comparison to CD fed GF larvae. Cobalamin as well as cobalt did not improve the 

developmental time (Fig. 35, A). The pupation rate was significantly increased in GF larvae fed 

a CD compared to GF larvae fed an OEMHD. However, the depletion of cobalamin or cobalt 

or both from an OEMHD did not significantly decrease the pupation rate in GF larvae in 

comparison to GF larvae fed an OEMHD (Fig. 35, B). The developmental time from egg to 

adult of GF larvae fed a CD was decreased compared to GF larvae fed an OEMHD. The 

depletion of cobalamin or cobalt did not affect the developmental time of GF larvae in 

comparison to OEMHD fed GF larvae (Fig. 35, C). The eclosion rate was comparable between 

GF larvae fed an OEMHD, a cobalt depleted OEMHD, a cobalamin depleted OEMHD, a 

cobalt/cobalamin depleted OEMHD and a CD (Fig. 35, D). The pupae length was increased of 

GF larvae fed a CD compared to GF larvae fed an OEMHD. No significant differences of the 

pupae length was observed between a cobalt depleted OEMHD, a cobalamin depleted OEMHD, 

a cobalt/cobalamin depleted OEMHD and an OEMHD (Fig. 35, E). Interestingly, the wing area 

of adult flies was decreased in GF flies fed a cobalt/cobalamin depleted OEMHD in comparison 

to OEMHD fed GF flies, which indicates a smaller body size. On the other hand, the wing area 

Fig. 34: Pupae length, weight and wing area of flies fed an OEMHD with different sugar sources and sugar 
concentrations. (A) Pupae length of larvae fed an OEMHD with either sucrose, glucose or fructose and increasing 
sugar concentrations (n = 10-12). (B) The weight of adult flies 7 days after fed one of the indicated diets (n = 9-
10). Wing area of adult flies fed either a sucrose, glucose or fructose containing OEMHD (n = 8-12). OEMHD: 
optimized exom-matched holidic diet, ns: not significant, *p < 0.05, ***p < 0.001. 
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of GF flies fed a CD was significantly increased compared to GF flies fed an OEMHD  

(Fig. 35, F). 

Fig. 35: Effect of cobalamin and cobalt on the development of OEMHD fed GF larvae. (A) Developmental 
time from egg to pupa of GF larvae fed an OEMHD or a complex diet, which served as a control diet (CD). Either 
Cobalt, Cobalamine or both were depleted from the OEMHD (n = 10). (B) Quantification of the pupation rate 
(n = 10). (C) Developmental time from egg to adult of GF larvae fed one of the indicated diets (n = 10). (D) 
Quantification of the eclosion rate (n = 10). (E) Quantification of the pupae length (n = 10). (F) Quantification of 
the wing area of adult GF flies (n = 9-11). OEMHD: optimized exom-matched holidic diet, CD: control diet, 
ns: not significant, *p < 0.05. 
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 Fitness parameters of an OEMHD and an EMHD 

I compared fitness parameters like, protein content, adult weight, metabolic rate, fecundity and 

locomotor activity between an OEMHD and an EMHD. The protein content, the adult weight 

and the metabolic rate of adult flies fed an OEMHD or an EMHD for 7 days were analyzed. 

The protein content as well as the adult weight was significantly increased in flies fed an 

OEMHD in comparison to flies fed an EMHD (Fig. 36, A and B). Furthermore, OEMHD fed 

flies revealed an increased metabolic rate compared to flies fed an EMHD (Fig. 36, C). The 

fecundity was determined on 8 days after 1 female fly was mated with 5 male flies on the 

respective diet. The number of laid eggs was comparable between OEMHD fed flies and flies 

fed an EMHD (Fig. 36, D). No differences in circadian rhythmic and the total locomotor activity 

were detectable between flies fed an OEMHD and EMHD fed flies (Fig. 36, E and F). However, 

when feeding on an OEMHD adult flies died within 30 minutes when cultured in a sealed 

container. It is suggested that chloroform, the solvent of ergosterol, induced the observed 

phenotype.  

 

Fig. 36: Fitness parameters of flies fed an OEMHD or an EMHD. (A) Protein content of flies fed an OEMHD 
or an EMHD (n = 14-16).  (B) The weight of adult OEMHD fed flies and EMHD fed flies (n = 14-16). (C) 
Metabolic rate of flies fed an OEMHD or an EMHD for 7 days (n = 11). (D) Number of laid eggs of female flies, 
8 days after feeding an OEMHD or an EMHD (n = 11). (E) Circadian rhythm of flies fed on of the indicated diets 
(n = 24). (F) Total locomotor activity of adult flies fed an OEMHD or an EMHD (n = 24). OEMHD: optimized 
exom-matched holidic diet, EMHD: exom-matched holidic diet, ns: not significant, *p < 0.05. 
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 Effect of ergosterol based diets on the development 

It was shown that yeast-based complex Drosophila diets mainly contain ergosterol and only 

traces of cholesterol (267,268) Therefore, I examined if the supplementation of the EMHD with 

solely ergosterol is able to support the larval development. As chloroform lead to an increased 

the mortality of adult flies in sealed containers, I dissolved 80 mg/l ergosterol in 100 % butanol. 

Additionally, the ergosterol-based EMHD was supplemented with cobalt, cobalamin, 

molybdenum and ribonucleotides or combinations of them. The combinations and its associated 

abbreviations are listed in table 13. The developmental time from egg to pupa was increased in 

larvae fed an EMHD, an EMHD + E or an EMHD + EVM compared to flies fed an EMHD + 

EVMR. However, the developmental time of larvae fed an EMHD + EVMR was increased in 

comparison to larvae fed a sugar-yeast complex diet (SY, Fig. 37, A). The pupation rate of 

larvae fed an EMHD + EVMR was not significantly different compared to larvae fed an EMHD 

+ EVM, an EMHD + E, an EMHD or a SY diet (Fig. 37, B). The developmental time from egg 

to adult was decreased in larvae fed an EMHD + EVMR in comparison to larvae fed an EMHD 

+ E, an EMHD + EVM or an EMHD. Larvae fed a SY diet revealed an improved developmental 

time from egg to adult compared to larvae fed an EMHD, an EMHD + E, an EMHD +EVM or 

an EMHD + EVMR (Fig. 37, C). The eclosion rate was significantly increased in larvae fed an 

EMHD + EVMR compared to larvae fed and EMHD + E. No significant differences in the 

eclosion rate were observed between larvae fed an EMHD + EVMR and EMHD + EVM, 

EHMD or SY diet fed larvae (Fig. 37, D). The pupae length of larvae fed a SY diet was 

significantly increased in comparison to EMHD + EVMR fed larvae. The pupae length was 

comparable between EMHD + EVMR fed larvae and larvae fed an EMHD + E, an EMHD + 

EVM or an EMHD (Fig. 37, E). Interestingly, the wing area of adult flies was significantly 

smaller of flies fed an EMHD, EMHD + E or an EMHD +EVM in comparison to flies fed an 

Table 13: EHMD supplemented with combinations of ergosterol, cobalt, cobalamin, molybdenum and 
ribonucleotides. 



Results  

75 
 

EMHD +EVMR. The measurement of the wing area did not reveal significant differences 

between EMHD + EVMR fed flies and flies fed a SY diet (Fig. 37, F). 

 

Fig. 37: Effect of ergosterol based diets on the developmental time, pupation rate, eclosion rate, pupae length 
and wing area. (A) Developmental time from egg to pupa of larvae fed an EMHD + EVMR, an EHMD + EVM, 
an EHMD + E, an EMHD or a SY diet (n = 6). (B) Quantification of the pupation rate (n =6). (C) Developmental 
time from egg to adult of larvae fed one of the indicated diets (n =6). (D) Quantification of the eclosion rate (n 
=6). (E) Pupae length of larvae fed an EMHD + EVMR, an EHMD + EVM, an EHMD + E, an EMHD or a SY 
diet (n = 15-16). (F) Quantification of the wing area of adult flies fed for 7 days on of the indicated diets (n = 11-
18). SY: sugar-yeast, EMHD: exom-matched holidic diet, E: ergosterol, VM: vitamin mineral, R: ribonucleotides, 
ns: not significant, *p < 0.05, **p < 0.01. 
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4.3 Effect of DR and PEM on epithelia-microbe interactions in the 

intestine of Drosophila 

Dietary restriction (DR) is linked with a plethora of health promoting effects (72,269), whereas 

protein-energy malnutrition (PEM) is associated to range of pathological conditions (44). 

However, little is known about the impact of DR or PEM on the cellular homeostasis as well as 

about the function of the intestinal microbiota under chronic protein shortage. Therefore, I used 

the OHD (chapter 5.2.1) as a basis to design diets with following protein:carbohydrate (PC) 

ratios: PC 1:75, PC 1:16 and PC 0:1. The OHD with a PC 1:2 ratio served as a control diet 

(CD), the OHD with a PC 1:16 represented a DR, whereas the OHD with a PC 0:1 ratio 

represented a PEM. These diets were used to examine the effect of a 14 days long-term 

intervention with amino acid-restricted diets on host-microbe interactions in the Drosophila 

intestine. Unless otherwise stated, yw flies were used for all the experiments. 

 

 Effect of DR and PEM on lifespan 

DR is associated with a prolonged lifespan in Drosophila, whereas PEM is linked to increased 

mortality (102). I performed lifespan experiments to validate that the designed DR and PEM 

based on the OHD leads to its aforementioned phenotype in comparison to a CD. Indeed, the 

lifespan of flies fed a DR diet was increased compared to flies fed a CD with a median lifespan 

of 90 days and 65 days, respectively. On the other hand, the lifespan of PEM fed flies was 

significantly decreased compared to CD fed flies with a median lifespan of 48 days and 65 days, 

respectively (Fig. 38). 

Fig. 38: Impact of a DR diet and a PEM on the lifespan. Lifespan of flies fed a CD, a DR diet or a PEM diet 
(~xCD = 65 days, ~xDR = 90 days, ~xPEM = 48 days, n = 100). CD: control diet, DR: dietary restriction, PEM: 
protein-energy malnutrition, ***p < 0.001. 



Results  

77 
 

 Impact of DR and PEM on the body composition of Drosophila 

Next, I investigated the impact of DR and PEM on the fly’s body compositions such as protein 

content, TGA content and weight. Flies fed a CD revealed a significant higher protein content 

than flies subjected to DR or PEM (Fig. 39, A). The TAG content of flies fed either a CD, DR 

diet or PEM diet was not affected (Fig. 39, B). Flies subjected to DR or PEM showed a 

significant decreased body weight compared to control dieting flies (Fig. 39, C). 

 Amino acid-restricted diets and the microbiota affects the intestinal 

morphology 

The length as well as the width of the intestine was measured in order to examine the effect of 

an amino acid-restricted diet and of the microbiota on intestinal structure. The length of the gut 

was shortened in RC flies subjected to DR or PEM in comparison to RC flies fed a CD. 

Moreover, RC flies fed a CD or a DR diet revealed significantly longer guts compared to GF 

Fig. 40: The intestinal length and width of RC and GF flies fed a CD, DR diet or PEM diet. (A) The gut 
length of RC and GF flies fed a CD, DR diet or PEM diet (n = 7-15). (B) The anterior midgut width of RC and 
GF flies subjected to a CD, DR or PEM (n = 7). RC: reconstituted, GF: germ-free, CD: control diet, DR: dietary 
restriction, PEM: protein-energy malnutrition, AM: anterior midgut, ns: not significant, **p < 0.01, ***p < 0.001.

Fig. 39: Body composition of flies subjected to DR or PEM. (A) Protein content of flies fed either a CD, DR 
diet or PEM diet (n = 12). (B) TAG content of flies fed with the indicated diets (n = 8-12). (C) Weight of flies 
subjected to a CD, DR or PEM diet (n = 12). CD: control diet, DR: dietary restriction, PEM: protein-energy 
malnutrition, TAG: triacylglyceride, ns: not significant, **p < 0.01, ***p < 0.001. 
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flies fed the respective diet. No significant differences in the length of the intestine were 

observed between GF flies subjected to PEM and RC flies fed the equivalent diet. The length 

of the intestine between GF flies treated with CD, DR or PEM was comparable (Fig. 40, A). 

The width of the anterior midgut was significantly thicker in flies fed a CD compared to DR or 

PEM treated flies. GF flies fed a CD or a DR diet examined thinner anterior midguts in 

comparison to RC flies subjected to a CD or DR, respectively. The anterior midgut width was 

comparable between RC and GF PEM treated flies. No significant differences in the gut width 

were detectable between GF flies fed a CD, DR diet or PEM diet (Fig. 40, B). 

 

 Impact of the microbiota and dietary amino acid-restriction on the 

intestinal proliferation 

The esg>GFP reporter line was used to examine the influence of a amino acid-restricted diet on 

the intestinal proliferation. Furthermore, RC and GF esg>GFP flies were compared to reveal 

the impact of the intestinal microbial community on the ISC proliferation on amino acid 

restricted diets. The number of esg+ cells in the anterior midgut of RC esg>GFP flies decreases 

Fig. 41: Impact of amino acid-restricted diets and of the microbiota on the intestinal proliferation. (A-F) 
Representative images of anterior midgut regions of RC and GF esg>GFP flies either fed a CD, DR or a PEM. 
The number of esg+ cells (GFP) decreases with lowering the amino acid content in the diet in RC and GF 
esg>GFP flies. GF esg>GFP flies fed a CD, DR or a PEM revealed lower proliferation of esg+ cells compared to 
RC esg>GFP flies fed the respective diet. (G) Quantitative analysis of the number of esg+ cells in RC and GF 
esg>GFP flies fed a CD, DR diet or PEM diet (n = 10-14). RC: reconstituted, GF: germ-free, CD: control diet, 
DR: dietary restriction, PEM: protein-energy malnutrition, esg: escargot, GFP: green fluorescent protein, AM: 
anterior midgut, ns: not significant, *p < 0.05, ***p < 0.001. 
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with lowering the amino acid content in the diet (Fig. 41, A, C and E). GF esg>GFP flies fed a 

CD, DR diet or PEM diet revealed a lower number of esg+ cells in comparison to RC esg>GFP 

flies fed the equivalent diet (Fig. 41, A-F). The number of esg+ cells was decreased in GF 

esg>GFP flies subjected to DR or PEM compared to GF esg>GFP flies fed a CD (Fig. 41, B, 

D and F). The quantitative analysis of esg+ cells in the anterior midgut of the fly’s intestines 

further support these observations (Fig. 41, G). 

 

 Amino acid-restricted diets and microbes affect the number of EECs 

The number of EECs were revealed by an anti-prospero staining to examine the effect of a long-

term intervention of amino acid-restriction on the cellular composition of the anterior midgut. 

The number of EECs in the anterior midgut was decreased in RC flies subjected to DR or PEM 

in comparison to RC flies fed a CD (Fig. 42, A, C and E). Interestingly, DR or PEM treated GF 

flies showed an increased number of EECs compared to RC flies fed a DR diet or PEM diet 

(Fig. 42, A-B and C-D). RC flies fed a PEM diet and PEM subjected GF flies revealed a 

comparable number of EECs (Fig. 42, E-F). The number of EECs was increased in GF flies fed 

a CD compared to GF flies subjected to DR and PEM (Fig. 42, B, D and F). These observations 

Fig. 42: The number of EEC of RC and GF flies fed a CD, DR diet or PEM diet. (A-F) Representative 
images of anterior midgut regions of RC and GF flies fed a CD, a DR diet or a PEM diet. The intestines were 
stained with an anti-prospero antibody to detect EECs. (G) Quantitative analysis of the number of EECs in the 
anterior midgut region of CD, DR or PEM treated RC and GF flies (n = 10-12). RC: reconstituted, GF: germ-
free, CD: control diet, DR: dietary restriction, PEM: protein-energy malnutrition, EEC: enteroendocrine cell, 
AM: anterior midgut, ns: not significant, *p < 0.05, **p < 0.01, ***p < 0.001. 
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were further supported by a quantitative analysis of the number of EECs in the anterioir midgut 

of RC and GF flies fed a CD, DR diet or PEM diet (Fig. 42, G).  

 

 Amino acid-restricted diets and the microbiota alters EC size 

Next, I investigated the influence of the microbiota as well as of the amino acid-restricted diets 

on the EC distance and EC size. The EC distance was calculated by measuring the nearest 

neighbor distance of the nuclei centroids of ECs via ImageJ (Fig. 43, A). The EC distance of 

RC flies fed a CD was significantly decreased in comparison to RC flies fed a PEM diet. No 

significant differences were observed between RC flies fed a CD and DR treated RC flies. GF 

flies fed a CD or a DR diet revealed a decreased EC distance in comparison to RC flies fed the 

respective diet. The EC distance of RC flies and GF flies subjected to PEM was comparable. 

No differences in the EC distance were observed between GF flies fed either a CD, DR diet or 

a PEM diet (Fig. 43, B). The EC size was evaluated by measuring the EC area surrounded by 

the cell membrane. Therefore, the intestines were stained with an anti-coracle antibody, which 

marks septate junctions within the cell membrane. Interestingly, the EC area was increased in 

RC flies fed a CD in comparison to RC flies subjected to DR or PEM (Fig. 43, C-E). The 

Fig. 43: EC distance and EC area of flies fed a CD, DR diet or PEM diet. (A) Representative image of an 
intestine stained with DAPI. The nearest neighbor distance of nuclei centroids (indicated by red lines) of ECs 
were analyzed via ImageJ. (B) Quantitative analysis of the EC distance of RC and GF flies fed either a CD, DR 
diet or PEM diet (n = 10-13). (C) Representative images of intestines of RC flies fed with the indicated diets. The 
intestines were stained with an anti-coracle antibody to mark the cell membranes (scale bar = 20 µm). 
(F) Quantitative analysis of the EC area of RC flies a CD, DR diet or PEM diet (n = 12-13). RC: reconstituted, 
GF: germ-free, CD: control diet, DR: dietary restriction, PEM: protein-energy malnutrition, EC: enterocyte, 
ns: not significant, *p < 0.05, ***p < 0.001. 
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quantitative analysis revealed a significantly increased EC area in RC flies fed a CD compared 

to RC flies fed a DR diet or PEM diet (Fig. 43, F). 

 

 Intestinal transcriptomic analysis of DR and PEM subjected RC flies 

I performed an RNA-seq analysis, in order to examine the coding transcriptomic profile of 

midguts of RC flies fed a CD, DR diet or PEM diet for 14 days. For each dietary treatment,  

50 – 70 midguts were collected in 4 replicates each. The PCoA of differential regulated genes 

(DEGs) showed 3 main clusters between RC flies fed a CD, a DR diet or a PEM diet. Each data 

point represents a single biological replicate (Fig. 44, A). Differential expression analysis 

resulted in 76 genes that are specifically regulated in intestines of RC flies subjected to DR in 

comparison to RC flies fed a CD. Moreover, 6362 DEGs were detected in intestines of PEM 

treated RC flies compared to CD fed RC flies. The analysis also elucidated an overlap of 773 

genes that were differentially regulated in intestines of DR and PEM treated RC flies compared 

to RC flies upon control dieting (Fig. 44, B). Gene ontology (GO) category enrichment analyses 

were performed for each comparison (DR RC vs. CD RC and PEM RC vs. CD RC). In the 

intestine of RC flies fed a DR diet were significantly upregulated DEGs, belong to biological 

processes (BPs) like translation, response to bacterium, innate immune response, glucose 

import or transmembrane transport (Fig. 45, A). On the other hand, DR-specific downregulated 

DEGs belong to BPs such as determination of life span, regulation of JAK-STAT cascade, lipid 

homeostasis, carbohydrate metabolism or mannose metabolic metabolism (Fig. 45, B). 

Fig. 44: DR and PEM transcriptomic signatures of intestines of RC flies. (A) PCoA plot for DEGs of 
intestines of RC flies fed either a DR diet or a PEM diet compared to RC flies fed a CD. Each datapoint represents 
a single biological replicate. (B) Venn Diagram of DEGs of DR or PEM specific signatures in the intestines of 
RC flies. The following comparisons are illustrated: DR RC vs. CD RC and PEM RC vs. CD RC. RC: 
reconstituted, CD: control diet, DR: dietary restriction, PEM: protein-energy malnutrition, DEG: differentially 
expressed gene, FDR = 0.05. 
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Processes like proteolysis, cytoplasmic translation, RNA methylation, mitochondrial translation 

or ATP (adenosine triphosphate) metabolic process were significantly upregulated in RC flies 

subjected to PEM (Fig. 45, C). In RC flies fed a PEM, processes such as regulation of glucose 

metabolism, regulation of cell shape, regulation of cell proliferation, positive regulation of 

innate immune response, response to starvation, JNK cascade or transcription were 

downregulated (Fig. 45, D). All DEGs and BPs related to Fig. 44 and Fig. 45 are presented in 

Appendix A. 

 

Fig. 45: Selected GO terms of DEGs in intestines of RC flies subjected to DR or PEM. (A-B) Selected GO 
terms (category: biological process) of significantly up- and downregulated DEGs in intestines of RC flies fed a 
DR diet (n = 4). (C-D) Selected GO terms (category: biological process) of up- and downregulated DEGs in 
intestines of PEM treated RC flies (n = 4). RC: reconstituted, CD: control diet, DR: dietary restriction, PEM: 
protein-energy malnutrition, DEG: differentially expressed gene. 
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 Effect of amino acid restriction on the intestinal transcriptional 

landscape in GF flies 

I performed RNA-Seq analysis in order to reveal exclusive effects of amino acid restriction on 

the transcriptional landscape of the intestine. Therefore, I compared GF flies subjected to DR 

or PEM with GF flies fed a CD to remove microbial signatures in the analysis. The PCoA of 

DEGs revealed 3 separated main clusters between GF flies fed either a CD, DR or PEM diet 

(Fig. 46, A). Differential expression analysis resulted in 257 DEGs that are specifically 

regulated in GF flies subjected to DR in comparison to GF CD fed flies. Moreover, 5883 DEGs 

were expressed in the intestine of GF flies fed a PEM diet compared to GF flies upon control 

dieting. The analysis revealed an overlap of 427 DEGs that are regulated in GF flies subjected 

to DR and PEM in comparison to GF flies fed a CD (Fig. 46, B). 

GO category enrichment analysis were performed for each comparison (DR GF vs. CD GF and 

PEM GF vs. CD GF). Processes such as response to unfolded protein, lipid metabolic process 

or glutathione metabolic process were significantly upregulated in GF flies subjected to DR in 

comparison to GF flied fed a CD (Fig. 47, A). In intestines of GF flies BPs like carbohydrate 

metabolic process, Toll signaling pathway, proteolysis or lipid catabolic process were 

downregulated in comparison CD fed GF flies (Fig. 47, B). Processes such as mitochondrial 

translation, cytoplasmic translation, apoptotic process or cellular response to starvation were 

significantly upregulated in intestines of GF flies subjected to PEM compared to GF flies fed a 

CD (Fig. 47, C). On the other hand, processes like regulation of cell shape, transcription, protein 

Fig. 46: DR and PEM transcriptomic signatures of intestines of GF flies. (A) PCoA plot for DEGs of 
intestines of GF flies fed either a DR diet or a PEM diet compared to GF flies fed a CD. Each datapoint 
represents a single biological replicate. (B) Venn Diagram of DEGs of DR or PEM specific signatures in the 
intestines of GF flies. The following comparisons are illustrated: DR GF vs. CD GF and PEM GF vs. CD GF. 
GF: germ-free, CD: control diet, DR: dietary restriction, PEM: protein-energy malnutrition, DEG: 
differentially expressed gene, FDR = 0.05. 
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phosphorylation, regulation of JAK/Stat cascade, JNK cascade, carbohydrate metabolic process 

or immune response were significantly downregulated in intestine of GF flies fed a PEM diet 

in comparison to GF flies upon control dieting (Fig. 47, D). All DEGs and BPs related to Fig. 

46 and Fig. 47 are presented in Appendix B. 

  

Fig. 47: Selected GO terms of DEGs in intestines of GF flies subjected to DR or PEM. (A-B) Selected GO 
terms (category: biological process) of significantly up- and downregulated DEGs in intestines of GF flies fed a 
DR (n = 4). (C-D) Selected GO terms (category: biological process) of up- and downregulated DEGs in intestines
of PEM treated GF flies (n = 4). GF: germ-free, CD: control diet, DR: dietary restriction, PEM: protein-energy 
malnutrition, DEG: differentially expressed gene. 
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 Influence of the microbiota on the intestinal transcriptional landscape 

Furthermore, I used RNA-seq analysis to reveal the impact of the microbiota on the intestinal 

transcriptional regulation of genes upon interventions of amino acid-restriction. The PCoA of 

DEGs unveiled 6 main clusters between RC and GF flies fed a CD, DR diet or PEM diet. 

Interestingly, the dissimilarities between the clusters of RC flies and GF flies became larger the 

lower the protein content in the diet (Fig. 48, A). This is supported by the number of 

significantly DEGs, which are specifically regulated by the microbiota on the respective diet. 

120 genes were differentially expressed in intestines of GF flies fed a CD in comparison to RC 

flies upon control dieting. In the intestines of GF flies subjected to DR, 303 genes were 

differentially expressed compared to RC flies fed a DR diet. 2111 genes were specifically 

regulated in intestines of GF flies fed a PEM diet in comparison to RC flies subjected to PEM. 

Noteworthy, GF flies fed a CD, DR diet or PEM diet revealed an overlap of only 17 genes (Fig. 

48, B). GO category enrichment analysis were performed for each comparison (CD GF vs. CD 

RC, DR GF vs. DR RC, PEM GF vs. PEM RC). BPs such as mannose metabolic process, lipid 

catabolic process, transmembrane transport or protein deglycosylation were significantly 

upregulated in intestines of GF flies fed a CD compared to RC flies upon control dieting (Fig. 

49, A). On the other hand, BPs like carbohydrate metabolic process, determination of life span, 

cellular response to unfolded protein and negative regulation of cell growth are downregulated 

in GF flies fed a CD in comparison to CD fed RC flies (Fig. 49, B). In intestines of GF flies 

Fig. 48: Microbiota-associated intestinal transcriptional signatures of flies fed a CD, DR or PEM diet.
(A) PCoA plot for DEGs of intestines of GF flies fed either a CD, DR diet or PEM diet compared to flies fed an 
equivalent diet. Each datapoint represents a single biological replicate. (B) Venn Diagram of DEGs of GF specific 
signatures upon control dieting, DR dieting or PEM dieting in the intestines of flies. The following comparisons 
are illustrated: CD GF vs. CD RC, DR GF vs. DR RC and PEM GF vs. PEM RC. RC: reconstituted, GF: germ-
free, CD: control diet, DR: dietary restriction, PEM: protein-energy malnutrition, DEG: differentially expressed 
gene, FDR = 0.05. 
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subjected to DR BPs such as mannose metabolic process, lipid catabolic process, 

transmembrane transport or amino acid transport were significantly upregulated compared to 

Fig. 49: Selected GO terms of microbiota associated DEGs in intestines of flies fed a CD, DR or PEM diet.
(A-B) Selected GO terms (category: biological process) of significantly up- and downregulated DEGs in intestines 
of GF flies fed a CD (n = 4). (C-D) Selected GO terms (category: biological process) of up- and downregulated 
DEGs in intestines of DR treated GF flies (n = 4). (E-F) Selected GO terms (category: biological process) of up-
and downregulated DEGs in intestines of PEM treated GF flies (n = 4). RC: reconstituted, GF: germ-free, CD: 
control diet, DR: dietary restriction, PEM: protein-energy malnutrition, DEG: differentially expressed gene. 
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RC flies fed a DR diet (Fig. 49, C). BPs like response to bacterium, innate immune response, 

proteolysis, glucose import or intracellular cholesterol transport were upregulated in DR treated 

GF flies in comparison to RC flies fed a DR diet (Fig. 49, D). In intestines of GF flies fed a 

PEM diet BPs such as histone acetylation, histone H3-K36 demethylation, regulation of 

transcription, somatic stem cell maintenance, asymmetric cell division, programmed cell death, 

JNK cascade or Tor signaling were significantly upregulated compared to RC flies subjected to 

PEM (Fig. 49, E). In PEM treated GF flies BPs like response to bacterium, innate immune 

response, cytoplasmic translation, mitochondrial translation, glutathione metabolic process and 

proteolysis are downregulated in comparison to RC flies fed a PEM diet (Fig. 49, F). All DEGs 

and BPs related to Fig. 48 and Fig. 49 are presented in Appendix C. A comparison of the RNA 

concentration of intestines, it was noticeable that amino acid-restriction led to a significantly 

decreased RNA amount in RC flies subjected to DR or PEM compared to RC flies fed a CD. 

The amount of RNA per intestine was increased in GF flies fed a DR diet compared to DR 

treated RC flies. No significant differences in the RNA amount were observed in GF flies fed 

a CD or DR diet in comparison to RC flies fed the equivalent diet. GF flies fed a CD revealed 

an increased RNA amount in comparison to GF flies subjected to DR or PEM (Fig. 50, A). To 

further validate these findings, I analyzed the integrated fluorescence intensity of DAPI stained 

ECs as an indicator for ploidy, whereas it is suggested that higher polyploidy coincidences with 

an increased transcription rate (270). Indeed, the DAPI intensity was significantly reduced in 

RC flies subjected to PEM in comparison to RC flies fed a PEM diet. GF flies fed a CD or a 

Fig. 50: RNA amount per intestine and EC DAPI intensity. (A) Measured RNA amount per intestine of 
RC flies and GF flies fed either a CD, DR diet or PEM diet (n = 4). (B) Integrated DAPI fluorescence intensity 
of ECs of RC flies and GF flies subjected to a CD, DR or PEM (n = 15-45). RC: reconstituted, GF: germ-
free, CD: control diet, DR: dietary restriction, PEM: protein-energy malnutrition, ns: not significant, 
*p < 0.05, **p < 0.01, ***p < 0.001. 
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PEM diet revealed a decreased DAPI intensity compared to RC flies fed the equivalent diet. 

Likewise, GF flies upon control dieting exhibited a higher DAPI intensity than GF flies 

subjected to PEM (Fig. 50, B). 

 

  Amino acid-restricted diets and microbes affect the nitrogen excretion 

An excess of amino acid intake leads to an increased amount of ammonia due to deamination 

processes. Drosophila is an uricothelic organism, which convert ammonia to uric acid. 

Therefore, the uric acid content is an indicator for consumed amino acids. RC flies fed a CD 

revealed an increased uric acid content in comparison to RC flies subjected to DR or PEM. 

Interestingly, GF flies fed either a CD, DR diet or PEM diet had a significantly decreased uric 

acid content compared to RC flies fed the equivalent diet. GF flies upon control dieting showed 

a higher uric acid content than GF flies subjected to DR or PEM (Fig. 51, A). I measured the 

uricase activity, to further proof if the diet and the microbiota also affect the enzymatic process 

of uric acid degradation. Indeed, RC flies subjected to DR or PEM revealed a significant 

decreased uricase activity in comparison to RC flies fed a CD. The uricase activity was also 

decreased in GF flies fed a CD compared to RC flies upon control dieting. However, the uricase 

activity was comparable between GF flies fed a DR diet or PEM diet and RC flies fed the 

respective diet. No differences in uricase activity were detected in GF flies subjected to DR or 

PEM compared to GF flies fed a CD (Fig. 51, B).  

 

Fig. 51: Uric acid content and uricase activity of RC and GF flies fed amino acid-restricted diets. (A) Uric 
acid content of RC flies or GF flies fed either a CD, DR diet or PEM diet (n = 9-13). (B) Uricase activity of whole 
fly lysates subjected to a CD, DR or PEM (n = 9-10). RC: reconstituted, GF: germ-free, CD: control diet, DR: 
dietary restriction, PEM: protein-energy malnutrition, ns: not significant, **p < 0.01, **p < 0.01***p < 0.001. 
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  Amino acid-restricted diets affect infection susceptibility and 

intestinal barrier function 

The RNA-seq analysis revealed that the immune response is diminished in flies fed an amino 

acid-restricted diets (chapter 4.3.6). I performed an infection assay to check if this diminished 

transcription of immune genes manifest in a phenotype. Therefore, RC flies were fed for 1 week 

with either a CD, DR diet or PEM diet. Afterwards, the flies got a daily oral infection with S. 

marcescens (OD600 = 1) until they deceased. The survival rate of RC flies fed a CD was 

significantly higher compared to RC flies subjected to DR or PEM (Fig. 52, A). I performed a 

smurf assay to examine if this increased infection susceptibility was also due to a disturbed 

intestinal integrity. Therefore, 70-100 flies were fed with either a CD, DR diet or PEM diet for 

2 weeks. Surprisingly, RC flies subjected to DR revealed an increased intestinal integrity 

compared to RC flies fed a CD. However, PEM treated RC flies had a significantly decreased 

intestinal integrity in comparison to RC flies upon control dieting. No significant differences in 

intestinal integrity could be observed between RC flies and GF flies fed either a CD, DR diet 

or PEM diet. Moreover, the intestinal integrity was not altered between GF flies subjected to a 

CD, DR or PEM (Fig. 52, B). 

 

 

Fig. 52: Infection susceptibility and gut integrity of flies subjected to a CD, DR or PEM. (A) Infection 
assay of flies that were fed for 1 week with either a CD, DR diet or PEM diet. Flies got an daily oral infection 
with S. marcescens (OD600 = 1, ~xCD RC = 15 days, ~xDR RC = 12 days, ~xPEM RC = 10 days, n = 100). (B) Intestinal 
integrity of RC flies and GF flies subjected to a CD, DR or PEM for 2 weeks (N = 7-10). RC: reconstituted, 
GF: germ-free, CD: control diet, DR: dietary restriction, PEM: protein-energy malnutrition, ns: not significant, 
**p < 0.01, **p < 0.01, ***p < 0.001. 
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  PEM dieting affect the intestinal microbial composition 

To examine the effect of PEM dieting on the intestinal microbiota, I compared the microbial 

composition between flies fed a CD and those subjected to PEM. The most abundant phylum 

of CD fed flies were Firmicutes, whereas PEM dieting led to an increased abundance of 

Proteobacteria (Fig. 53, A). The altered microbial community was also illustrated by the 

separation in beta diversity, which was evaluated by a PcoA based on unweighted UNIFRAC 

(Fig. 53, B). However, flies subjected to PEM did not reveal an increased intestinal bacterial 

load in comparison to CD fed flies (Fig. 53, C). 

 

  Effect of amino acid-restriction in a DSS-based experimental model 

The irritant dextran sulfate sodium (DSS) is known to trigger proliferation and damage the 

basement membrane (271). 100 conventionally reared flies were fed with either a CD, DR diet 

or PEM diet for 2 weeks. Afterwards, these flies were fed daily with a 5 % DSS solution until 

they deceased. CD fed flies revealed a significantly increased survival rate upon DSS treatment 

in comparison to flies subjected to DR or PEM (Fig. 54, A). Next, I checked the influence of 

DSS on the basement membrane in the intestine. For that, I used viking-GFP reporter flies to 

visualize the basement membrane. The dissected intestines were co-stained with an anti-

spectrin antibody, which visualizes the plasma membrane. The basement membrane appeared 

thinner in DSS flies fed either a CD, DR diet or PEM diet in comparison to the proper sugar 

control (Fig. 54, B-G). The quantification of the basement membrane thickness further 

confirmed these observations. Interestingly, CD fed flies showed a significantly thinner 

basement membrane compared to flies subjected to DR and PEM (Fig. 54, H). The influence 

Fig. 53: Effect of PEM dieting on the microbial community and bacterial abundance. (A) Abundance table 
of the microbial composition of flies fed a CD or PEM diet (n = 5). (B) Principal coordinate analysis revealed a 
significant shift in the microbial community upon PEM dieting compared to flies fed a CD (n = 5). (C) Bacterial 
load of PEM subjected flies in comparison to CD fed flies (n = 5). CD: control diet, PEM: protein-energy 
malnutrition, PCoA: principal coordinate analysis. 
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on the intestinal proliferation was examined by using esg>GFP flies. DSS treated esg>GFP flies 

fed a CD, DR diet or PEM diet revealed an increased number of esg+ cells in comparison to the 

equivalent sugar control (Fig. 55, A-F). These observations were validated by a quantification 

of the number of esg+ cells in the anterior midgut region. Surprisingly, no significant different 

counts of esg+ cells were detected between CD fed flies and flies subjected to DR or PEM  

(Fig. 55, G). The number of pH3+ cells were highly increased in DSS treated flies fed a CD or 

a DR diet in comparison to the proper sugar control. However, the number of pH3+ cells in DSS 

treated flies subjected to PEM was comparable to sugar treated flies fed a PEM diet  

(Fig. 55, H-M). Flies fed a CD revealed an increased number of pH3+ cells in comparison to 

flies subjected to DR or PEM (Fig. 55, N). 

Fig. 54: Survival assay and basement membrane of DSS treated flies subjected to a CD, DR or PEM. (A) 
Flies were fed with either a CD, DR or PEM diet for 2 weeks. Afterwards, the flies were treated with a 5 % DSS 
solution or a 5 % sugar solution as a control (n = 100). (B-G) Representative images of intestines of viking-GFP 
flies treated either with a 5 % DSS solution or 5 % sugar solution after subjected to a CD, DR or PEM for 2 
weeks. The intestines were co-stained with an anti-spectrin antibody to visualize the plasma membrane. 
(H) Quantification of the basement membrane thickness (n = 48-50). CD: control diet, DR: dietary restriction, 
PEM: protein-energy malnutrition, DSS: dextran sodium sulfate, ns: not significant, *p < 0.01, **p < 0.01, 
***p < 0.001. 
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Fig. 55: DSS induced proliferation in flies fed a CD, DR diet or PEM diet. (A-F) Representative images of 
the anterior midgut region of esg>GFP flies subjected to a CD, DR or PEM. Esg>GFP flies were treated with a 
5 % DSS solution or a 5 % sugar solution. DSS treatment led to an increased number of esg+ cells (GFP) 
compared to the sugar control. (G) Quantification of the number of esg+ cells in the anterior midgut region (n = 
10-13). (H-M) Representative images of intestines of esg>GFP flies stained with an anti-pH3 antibody to 
visualize mitotically active cells. (N) Quantification pH3+ cells in the intestines of esg>GFP flies (n = 8-11). 
CD: control diet, DR: dietary restriction, PEM: protein-energy malnutrition, DSS: dextran sodium sulfate, AM: 
anterior midgut, esg: escargot, GFP: green fluorescent protein, pH3: phospho-histone 3, ns: not significant, 
*p < 0.05, **p < 0.01, ***p < 0.001. 
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  4EBP and ATG8 signaling in response to amino acid-restriction 

The Tor pathway senses energy levels as well as amino acids and regulates for example cell 

growth, proliferation, translation and autophagy (272,273). Tor pathway activation leads to 

phosphorylation of 4EBP to promote mRNA translation and to a repression of the autophagy-

related gene 8 (ATG8) expression to suppress autophagy (160,274). I used 4EBP::RFP reporter 

lines to confirm 4EBP activation due to attenuated Tor pathway activity on amino acid-

restricted diets. Indeed, flies subjected to DR (Fig. 56, B,B’ and B’’) or PEM (Fig. 56, C,C’ and 

C’’) revealed an increased the 4EBP signal in comparison to CD fed flies (Fig. 56, A,A’ and 

A’’). The 4EBP signal of flies fed a DR or PEM diet was detectable in the cytoplasm and in the 

nuclei, whereas 4EBP signaling in CD fed flies was restricted to the cytoplasm. I used 

NP1>GFP-mcherry-atg8a flies to visualize ATG8-related autophagy in ECs. In these flies, the 

GFP fluorescence signal is quenched by acidic hydrolases when autophagosomes fuse with 

lysosomes to form autolysosomes and the resulting autolysosomes will fluoresce red, whereas 

only autolysosomes are displayed in the following experiment (275). Flies subjected to DR and 

Fig. 56: 4EBP and ATG8 signaling in intestines of flies subjected to DR or PEM. (A-C) Representative 
images of the anterior midgut region of 4EBP::RFP reporter fly lines fed either a CD, DR or PEM diet. Flies fed 
a DR or PEM diet revealed a stronger RFP signal in the cytoplasm and in the nuclei in comparison to CD fed flies 
(D-F) Representative images of the anterior midgut region of NP1>GFP-mcherry-atg8a flies, which express GFP-
mcherry-atg8a in ECs. Only the fluorescence signal from mcherry is shown as it indicates autolysosome 
formation. CD: control diet, DR: dietary restriction, PEM: protein-energy malnutrition, 4EBP: eIF4E binding 
protein, ATG8: autophagy-related gene 8. 
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PEM showed a higher mcherry-atg8a fluorescence signal, and therefore an increased formation 

of autolysosomes in comparison to CD fed flies (Fig. 56, D-F). 

 

  Impact of protein-restriction on gut structure in Tor-deficient flies 

I used flies with a hypomorphic Tork17004 allele to reveal the impact of amino acid-restricted 

diets on the cellular homeostasis and structure of the intestine in the absence of the Tor pathway. 

RC Tork17004 flies fed a CD revealed a significant longer intestine in comparison to RC Tork17004 

flies subjected to DR or PEM. Interestingly, no significant differences in intestinal length were 

observed between RC Tork17004 flies and GF Tork17004 flies fed either a CD, DR diet or PEM 

diet. The length of the intestines were comparable between GF Tork17004 flies subjected to a CD, 

DR or PEM (Fig. 57, A). RC Tork17004 flies fed a CD revealed a significantly shorter intestine 

compared to the RC CD fed genetic control flies. Also, RC Tork17004 flies subjected either to 

DR or PEM showed a shorter intestine in comparison to RC genetic control flies fed the 

equivalent diet (Fig. 57, B). No significant differences were observed between GF Tork17004 

flies fed either a CD or DR diet and RC genetic control flies fed the respective diet. GF genetic 

control flies subjected to DR revealed a longer intestine than DR treated GF Tork17004 flies (Fig. 

57, C). The number of EECs in the anterior midgut region was comparable between RC 

Tork17004 flies fed a CD and RC Tork17004 flies subjected to DR or PEM. No differences were 

observed in the number of EECs between GF Tork17004 flies fed a CD and DR or PEM treated 

GF Tork17004 flies. Surprisingly, the number of EECs in GF Tork17004 flies subjected to either a 

CD, DR or PEM was significantly higher compared to RC Tork17004 flies fed the respective diet 

(Fig. 58, A). RC Tork17004 flies fed a CD or PEM diet revealed a significant decreased number 

of EECs in comparison to RC genetic control flies fed the equivalent diet. However, no 

Fig. 57: Intestinal length of RC and GF Tork17004 flies fed amino acid-restricted diets. (A) Length of the 
intestines of RC and GF Tork17004 fed either a CD, DR diet or PEM diet (n = 10-15). (B-C) Length of the intestines 
of RC and GF Tork17004 flies in comparison to genetic control flies (n = 10-15). CD: control diet, DR: dietary 
restriction, PEM: protein-energy malnutrition, RC: recolonized, GF: germ-free ns: not significant, *p < 0.05, **p 
< 0.01, ***p < 0.001. 
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differences in the number of EECs were detectable between RC Tork17004 flies and RC genetic 

control flies subjected to DR (Fig. 58, B). DR treated GF Tork17004 flies showed fewer EECs in 

the anterior midgut region in comparison to GF genetic control flies. The number of EECs was 

comparable between GF Tork17004 flies subjected to DR or PEM compared to GF genetic control 

flies fed the respective diet (Fig. 58, C). Interestingly, no differences in the EC distance was 

detectable in RC and GF flies fed either a CD, DR diet or PEM diet for each comparison (Fig. 

58, D). The EC distance was significantly increased in RC genetic control flies subjected to a 

CD or DR in comparison to RC Tork17004 flies fed the equivalent diet. However, the EC distance 

was comparable in RC genetic control flies and RC Tork17004 flies fed a PEM diet (Fig. 58, E). 

GF Tork17004 flies fed a CD or DR diet revealed a decreased EC distance compared to GF genetic 

control flies subjected to the respective diet. No differences in the EC distance were observed 

between PEM treated GF Tork17004 flies and GF control flies (Fig. 58, F).  

 

Fig. 58: EECs number and EC distance of Tork17004 flies subjected to a CD, DR or PEM. (A) The number of 
EECs in RC and GF Tork17004 flies fed either a CD, DR diet or PEM diet (n = 6-13). (B-C) EECs number of 
Tork17004 flies in comparison to RC and GF genetic control flies (n = 6-13). (E) EC distance of RC and GF Tork17004

flies subjected to a CD, DR or PEM (n = 11). EC distance of RC and GF Tork17004 flies compared to RC and GF 
genetic control flies (n = 10-11). CD: control diet, DR: dietary restriction, PEM: protein-energy malnutrition, 
RC: recolonized, GF: germ-free, EEC: enteroendocrine cell, EC: enterocyte AM: anterior midgut, ns: not 
significant, *p < 0.05, **p < 0.01, ***p < 0.001. 
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  Tor-deficient flies exhibit a decreased infection susceptibility 

As the Tor pathway affects the cellular homeostasis as well as the intestinal structure, I 

investigated the impact Tor-deficiency on the immune homeostasis. Therefore, I fed Tork17004 

flies and genetic control flies for 2 weeks with a CD. Afterwards, these flies were orally infected 

with S. marcescens every day until they deceased. Tork17004 fed a CD revealed a significant 

increased survival rate upon daily infection in comparison to genetic control flies (Fig. 59, A). 

Interestingly, a qRT-PCR analysis revealed a significant increase of diptericin and drosomycin 

transcripts already in non-infected Tork17004 flies fed a CD in comparison to genetic control flies 

subjected to a CD (Fig. 59, B). 

 

  L-tryptophan and BCA restriction affects AMP-produ ction and 

bacterial abundance 

As the Tor pathway affects the transcriptional regulation of diptericin and drosomycin, the 

question arises if the depletion of single amino acids in the diet also leads to a regulation of 

AMPs. Therefore, I created a L-tryptophan (trp) restricted diet and a branched-chained amino 

acid (BCA, L- valin, L-leucin and L-isoleucin) restricted diet based on the CD. Conventional 

flies fed a trp-restricted diet revealed reduced intestinal transcript level of drosomycin (Drsm), 

metchnikowin (Mtk), drosocin (Dros) and diptericin (Dip) in comparison to CD fed flies. 

However, defensin (Def) was upregulated in flies fed a trp-restricted diet compared to flies fed 

a CD (Fig. 60, A). Flies subjected to a BCA-restricted diet showed a downregulation of Drsm, 

Mtk, Dros, Dip, and Def in the intestine compared to CD fed flies (Fig. 60, B). Interestingly, 

Fig. 59: Infection susceptibility and AMP expression of Tork17004 flies. (A) Survival assay of Tork17004 flies fed 
a CD for 2 weeks before infected with S. marcescens orally (OD600 = 1) in comparison to genetic control flies 
(n = 100). (B) qRT-PCR analysis of the AMPs diptericin and drosomycin in non-infected Tork17004 flies and 
genetic control flies (n = 5). CD: control diet, ns: not significant, **p < 0.01, ***p < 0.001. 
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the intestinal bacterial load was significantly decreased in flies subjected to a trp-restricted diet 

or BCA-restricted diet in comparison to CD fed flies (Fig. 60, C). 

 

  Effect of the Tor pathway on the microbial community and abundance 

I performed 16s analysis with intestines of Tork17004 flies fed a CD or PEM diet, to investigate 

if the Tor pathway affects the intestinal microbial composition. No differences in the microbial 

community were observed between Tork17004 flies subjected to PEM or to a CD (Fig. 61, A). 

This was also illustrated by the separation in beta diversity, which was evaluated by a PCoA 

based on unweighted UNIFRAC (Fig. 61, B). The intestinal bacterial load was significantly 

decreased in Tork17004 flies subjected to PEM in comparison to Tork17004 flies fed a CD  

(Fig. 61, C). A Principal component analysis revealed dissimilarities in the microbial 

composition between genetic control flies and Tork17004 flies fed a CD. Interestingly, evaluation 

of the PCoA also unveiled a high similarity in the intestinal microbial community between 

genetic control flies subjected to PEM and Tork17004 flies (Fig. 61, D). 

Fig. 60: Intestinal AMP expression upon dietary amino acid restriction. (A) qRT-PCR analysis of Drsm, 
Mtk, Dros, Dip and Def transcript levels in intestines of flies fed a trp-restricted diet (n = 5). (B) qRT-PCR 
analysis of Drsm, Mtk, Dros, Dip and Def transcript levels in intestines of flies fed a BCA-restricted diet (n = 5). 
(C) qRT-PCR analysis of the relative 16s rDNA copy number of flies fed a trp- or BCA-restricted diet (n = 5). 
CD: control diet, trp = L-tryptophan, BCA: branched-chained amino acids (L-valin, L-leucin, L-isoleucin), 
Drsm: Drosomycin, Mtk: Metchnikowin, Dros: Drosocin, Dip: Diptericin, Def: Defensin, *p < 0.05, **p < 0.01. 
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  PEM induce long-lasting changes in the transcriptional profile 

It is established that severe PEM at an early life stage predispose an individual to non-

communicable diseases in later life (276). However, it is not known which factors contribute to 

this long-lasting PEM-induced effect. Therefore, I investigated if a short-term intervention of 

PEM in early life stages of adult Drosophila leads to long-lasting changes in the transcriptional 

profile of the intestine. Flies were transferred for 3 days on CD, afterwards one group of flies 

were switched to a PEM diet for 7 days while the other group of flies remained on CD. After 7 

days, flies of the PEM group were switched back to CD for 14 days (Fig. 62, A). I compared 

the transcriptional profile of flies fed for 7 days a PEM diet with flies fed a CD for 8 days and 

flies recovered from PEM dieting for 14 days with flies fed a CD for 21 day to uncover memory 

signatures. Differential expression analysis revealed 3566 genes that were differentially 

expressed in intestines of flies subjected to PEM in comparison to CD fed flies. 345 genes were 

differentially expressed in intestines of flies recovered for 14 days after a 7 days period of PEM 

Fig. 61: Influence of the Tor pathway on the microbial composition and abundance. (A) Abundance table of 
the microbial composition of Tork17004 flies fed a CD or PEM diet (n = 5). (B) Principal coordinate analysis of the 
microbial community in Tork17004 flies upon PEM dieting compared to Tork17004 flies fed a CD (n = 5). (C) Bacterial 
load of PEM subjected Tork17004 flies in comparison to CD fed Tork17004 flies (n = 5). (D) Principal coordinate 
analysis of the microbial community in Tork17004 flies and genetic control flies fed a CD or PEM diet. CD: control 
diet, PEM: protein-energy malnutrition, PCoA: principal coordinate analysis. 
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dieting compared to flies fed a CD for 21 days. I identified 1326 genes that were differentially 

expressed in both, in intestines of flies subjected to PEM for 7 days and in flies that recovered 

from an period of PEM dieting (Fig. 62, B). Interestingly, some DEGs of flies recovered from 

a period of PEM dieting showed a memory phenotype, means that their transcriptional profile 

remained at the level of the PEM group subjected 7 days to PEM. Many of the downregulated 

Fig. 62: Short-term intervention of PEM dieting induces long-lasting changes in the intestinal 
transcriptional landscape. (A) Schematic of the experimental design. (B) Venn Diagram of DEGs of flies 
subjected for 7 days to PEM and flies recovered from a short-term intervention of PEM dieting. The following 
comparisons are illustrated: d7 PEM vs. d8 CD and d21 PEM (recovered) vs. d21 CD. 1326 genes were 
differentially regulated in both comparisons (n = 4). (C) Selected DEGs that were downregulated in both 
comparisons. (D) Selected genes that were upregulated in bot comparisons. CD: control diet, PEM: protein-energy 
malnutrition, DEG: differentially expressed gene, FDR = 0.05. 
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DEGs were associated with carbohydrate metabolic process including mannosidases, 

galactosidases or amylases. Furthermore, several DEGs involved in glucose transport or lipase 

activity were repressed (Fig. 62, C). On the other hand, upregulated DEGs were associated with 

proteolysis or proteasome-mediated protein catabolic processes including serine- and 

threonine-endopeptidases (Fig. 62, D). All DEGs and BPs related to Fig. 62 are presented in 

Appendix D. 

 

  Effect of short-term interventions of PEM on the intestinal cellular 

homeostasis 

I was interested, if a short-term intervention of PEM dieting leads to long-lasting changes in 

the intestinal cellular homeostasis. Therefore, I used the same experimental design as described 

in chapter 4.3.17 and examined the effect on ISC activity by using esg>GFP flies. Flies 

subjected to PEM for 7 days revealed fewer esg+ cells (Fig. 63, D) in comparison to flies fed a 

Fig. 63:Effect of short-term interventions of PEM dieting on the ISC activity. (A-F) Representative images 
of anterior midgut regions of esg>GFP flies subjected to PEM for 7 days, flies recovered from PEM (PEM/CD) 
and flies constantly fed a CD. (G) Quantification of the number of esg+ cells in the anterior midgut region 
(n = 10). (H-M) Representative images of midgut regions with pH3+ cells. (N) Quantification of the number of 
pH3+ cells (n = 10).CD: control diet, PEM: protein-energy malnutrition, esg: escargot, AM, anterior midgut, 
GFP: green fluorescent protein, pH3: phospho-histone 3, ns: not significant, *p < 0.05, **p < 0.01. 
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CD for 7 days (Fig. 63, A). Interestingly, the dietary switch from PEM to the CD on day 8 led 

an elevated number of esg+ cells (Fig. 63, E) compared to flies fed a CD constantly for 8 days 

(Fig. 63, B). The number of esg+ cells was comparable between flies recovered from an PEM 

intervention (Fig. 63, F) and flies fed a CD for 21 days (Fig. 63, C). The quantification of the 

number of esg+ cells further supported these observations (Fig. 63, G). No differences in the 

number of mitotically active cells were detected between flies subjected to PEM for 7 days (Fig. 

63, K) and flies fed a CD for 7 days (Fig. 63, H), which was revealed by an anti-pH3+ antibody 

staining. The switch from a PEM diet to a CD on day 8 led to increased number of pH3+ cells  

(Fig. 63, L) compared to flies fed a CD for 8 days (Fig. 63, I). The number of pH3+ cells was 

decreased in flies recovered from a short-term PEM intervention on day 21 (Fig. 63, M) in 

comparison to flies fed a CD for 21 days (Fig. 63, J). These observations were further supported 

by a quantification of pH3+ cells in the intestines (Fig. 63, N). 

 

  Effect of short-term interventions of DR and PEM on DSS-induced 

stem cell activity 

Next, I investigated the effect of DSS on the intestinal epithelial after a short-term intervention 

of DR or PEM. Therefore, I fed flies with a DR diet or PEM diet for 7 days, afterwards they 

were switched to the CD for 14 days. Control flies were fed a CD for 21 days continuously. 

Subsequently, these flies were fed daily with a 5 % DSS solution until they deceased. No 

significant differences were observed in the survival rate were observed between flies, which 

were subjected to DR or PEM for a short-term period in comparison to flies fed a CD constantly 

(Fig. 64, A). Next, I checked the influence of DSS on the basement membrane in the intestine 

by using viking-GFP reporter flies. The intestines were co-stained with an anti-spectrin 

antibody to visualize the plasma membrane. The DSS treatment led to an thinner basement 

membrane of flies fed a DR (Fig. 64, F) or PEM diet (Fig. 64, G) for a short period of time and 

of flies fed a CD (Fig. 64, E) in comparison to the sugar control fed the same diet  

(Fig. 64, A-C). The quantification of the basement thickness further confirmed these 

observations. Interestingly, flies recovered from a short-term period of PEM dieting revealed a 

significantly thinner basement membrane compared to flies fed a CD continuously  

(Fig. 64, H). The influence on the intestinal proliferation was examined by using esg>GFP flies. 

DSS treated esg>GFP flies recovered from a short-term intervention of DR (Fig. 65, E) or PEM 

(Fig. 65, F) revealed an increased number of esg+ cells in comparison to the equivalent sugar 

control (Fig. 65, B and C). The same phenotype was observed in flies fed a CD (Fig. 65, D) 
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constantly in comparison to the sugar control (Fig. 65, A). These observations were further 

supported by a quantification of esg+ cells in the anterior midgut. No significant differences in 

the number of esg+ cells were detected between flies recovered from an DR or PEM diet 

compared to flies fed a CD continuously (Fig. 65, G). The number of pH3+ cells was elevated 

in flies recovered from a short-term intervention of DR (Fig. 65, L) or PEM (Fig. 65, M) and 

in flies continuously fed a CD (Fig. 65, K) compared to the equivalent sugar control  

(Fig. 65, H-J). No significant differences in the number of pH3+ cells were observed between 

flies fed a CD and flies recovered from a DR or PEM diet intervention (Fig. 65, N). 

 

 

 

 

 

Fig. 64: Effect of DSS on the survival rate and intestinal basement membrane in flies recovered from a 
short-term period of DR or PEM. (A) Flies were fed with either a DR or PEM diet for 7 days, subsequently 
they were transferred to a CD for 14 days. Control flies were fed a CD for 21 days. Afterwards, these flies were 
treated with a 5 % DSS solution or a 5 % sugar solution as a control (n = 100). (B-G) Representative images of 
intestines of viking-GFP flies treated either with a 5 % DSS solution or 5 % sugar solution. The intestines were 
co-stained with an anti-spectrin antibody to visualize the plasma membrane. (H) Quantification of the basement 
membrane thickness (n = 30-50). CD: control diet, DR: dietary restriction, PEM: protein-energy malnutrition,
DSS: dextran sodium sulfate, ns: not significant, *p < 0.05, **p < 0.01, ***p < 0.001. 
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Fig. 65: Effect of DSS on the ISC activity in flies recovered from a short-term period of DR or PEM. 
(A-F) Representative images of the anterior midgut region of esg>GFP flies that lived for 14 days on a CD after 
a 7 days period of DR or PEM and flies that fed continuously a CD. Esg>GFP flies were treated with a 5 % DSS 
solution or a 5 % sugar solution. DSS treatment led to an increased number of esg+ cells (GFP) compared to the 
sugar control. (G) Quantification of the number of esg+ cells in the anterior midgut region (n = 7-11). (H-M) 
Representative images of intestines of esg>GFP flies stained with an anti-pH3 antibody to visualize mitotically 
active cells. (N) Quantification pH3+ cells in the intestines of esg>GFP flies (n = 6-9). CD: control diet, DR: 
dietary restriction, PEM: protein-energy malnutrition, DSS: dextran sodium sulfate, AM: anterior midgut, esg: 
escargot, GFP: green fluorescent protein, pH3: phospho-histone 3, ns: not significant, ***p < 0.001. 
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5 Discussion 

 

5.1 High fat dieting induces microbiota-dependent increase of stem 

cell proliferation  

Overweight and obesity are defined as an excessive fat accumulation that can lead to a plethora 

of health-impairing consequences. The intestinal epithelium plays an important role in nutrient 

absorption, barrier function and hormone secretion. The intestine retains its epithelial 

homeostasis by undergoing cell renewal driven by ISCs proliferation. It is known that the 

intestine responds to dietary factors such a dietary lipids. Excessive intake of dietary lipids is 

associated with colorectal cancer (277,278). These findings imply that high fat dieting affects 

intestinal signaling pathways, which promote cell proliferation. In this study, I used the model 

organism Drosophila melanogaster to investigate the effect of a 20 % coconut-fat based diet 

on the intestinal epithelial homeostasis and to reveal the underlying signaling pathways. I found 

that a 3 days short-term intervention is sufficient to induce an increased mitotic activity of ISCs. 

The HFD-induced mitotic activity was accompanied by a marked hyperproliferation of esg+ 

cells, namely ISCs and EBs, in the anterior as well as posterior midgut. The number of ISCs 

and EBs did not remain elevated after 7 days. However, a continuous HFD-treatment led to an 

altered cellular composition as the number of EECs was significantly increased, whereas the 

number of ECs was not affected. Most interestingly, the HFD-induced hyperproliferation 

completely relied on the presence of the intestinal microbiota since the HFD-induced activation 

of ISC proliferation was absent in GF flies. Furthermore, I suggest that the observed effect 

depends on JNK signaling in ECs, which in turn activates JAK/Stat signaling in ISCs and EBs. 

An increased number of ISCs and transient cells upon high fat dieting was also shown in several 

mouse and rat models (279,280). In mice, a HFD also leads to structural changes of the intestine. 

Mice subjected to a HFD have shorter intestines and increased villus heights (281,282). High 

fat dieting does not affect the number of EECs in mice, but reduces the number of bactericidal-

producing Paneth cells and mucus-producing goblet cells (278,281,282). In mammals, ISCs are 

located in a niche at the bottom of crypts. Paneth cells are interspersed throughout these crypts 

and are essential for maintaining the ISC niche (283). It is suggested that the reduced number 

of Paneth cells within the crypts leads to an uncoupling of ISCs from their niche and therefore 

a Paneth cell-independent growth. On the other hand, CR increases the number of Paneth cells 

and the interaction of ISCs with their niche (284). In Drosophila it was shown that bacterial 

infection or a treatment with genotoxic chemicals leads to an extended cell-cell contact between 
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ISCs and EBs. The extended cell-cell contact between ISCs and EBs did not occur under 

homeostatic conditions, suggesting that the extended cell-cell contact is related to increased 

epithelial renewal. The increased cell-cell contact as well as proliferation and differentiation 

were associated with JAK/Stat signaling in ISCs and EBs (285). In fact, the observed HFD-

induced elevated number of esg+ cells in Drosophila could be due to either increased 

proliferation or developmental arrest. However, by using the REDDM linage tracing method I 

showed that the differentiation of EBs is not blocked. In contrast to the effect of high fat dieting 

on the abundance of EECs in mice, a diet containing high concentrations of cholesterol 

increases the number of EECs in Drosophila. A diet with low concentrations of cholesterol 

decreases the number of EECs and prevents the formation of EEC tumors. The increase of EECs 

is associated with decreased Delta levels in ISCs and reduced Notch signaling in EBs, whereas 

it is known that attenuated Notch signaling in EBs directs to a differentiation of EECs (214). 

The cholesterol-induced effect is mediated through the Drosophila dHR96 nuclear receptor, 

which binds cholesterol and affects Delta-Notch signaling (286,287). However, in the 

aforementioned study they used high concentrations of cholesterol, whereas I used a HFD 

containing triglycerides with mainly medium-chained saturated fatty acids such as lauric acid, 

myristic acid, caprylic acid and palmitic acid (255). I showed that even the supplementation of 

the diet with specific triglycerides such as tripalmitin, tristearin or tricaprin induces 

hyperproliferation of ISCs. Considering that the HFD-induced effect on proliferation is 

dependent on the intestinal microbiota, I suggest an indirect mechanism that causes induction 

of stemness and differentiation.  

The JNK signaling pathway in Drosophila responds to a variety of external stressors and 

mediates protective mechanism to increase the stress tolerance (224,288,227). The JNK 

signaling pathway in Drosophila consist of one of several JNKKKs, a JNKK Hep and the JNK 

Bsk. Bsk regulates cell responses by phosphorylating effector molecules. Negative feedback 

mechanisms, regulated by the MAP kinase phosphatase Puckered (Puc), tightly control the 

duration and extent of JNK signaling (289). In my Drosophila HFD model, the level of 

phosphorylated JNK was significantly increased in cells throughout the whole intestine. One 

downstream target of the JNK signaling pathway is the cytokine Upd3, whereas the molecular 

mechanism to induce its expression is not known (224,290,291). The observed increase of the 

Upd3 level in HFD fed flies originates from stressed ECs, which could be shown by EC-targeted 

RNAi experiments. Our lab could also show that the HFD-induced expression of Upd3 was 

dependent on the activation of the JNK pathway in ECs (292). Furthermore, the HFD triggered 

hyperproliferation was absent in flies with a negatively modulated JAK/Stat pathway in ISC 
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and EBs. These data indicate that the JNK and JAK/Stat pathways synergize to promote ISC 

proliferation and cell renewal in response to stressed ECs caused by dietary lipids. A JNK 

pathway dependent release of Upd3 in stressed or damaged ECs and subsequent activation of 

the JAK/Stat pathway in ISCs and EBs was also observed in Drosophila model treated with 

pathogens or genotoxic chemicals (218,229,293). In Drosophila it is not known how the JNK 

signaling cascade is activated upon high fat stress. In vitro studies demonstrated that the 

saturated fatty acid palmitate can bind to the toll-like receptor 4 (TLR4), which in turn activates 

JNK and increases the expression of the proinflammatory cytokine interleukin-6 (IL-6), which 

is homologous to Upd3 in Drosophila (294,295). Mice lacking a TLR4 do not show a palmitate-

induced IL-6 expression suggesting TLR4 as an important mediator of the effects of palmitate 

(296). An increased activation of the Toll receptor upon high fat dieting could not be shown in 

Drosophila (290). Interestingly, high fat dieting does not solely lead to local intestinal responses 

in Drosophila. Flies subjected to a HFD revealed a systemic JAK/Stat activation mediated by 

plasmatocytes, which releases Upd3 in a JNK-dependent manner (290). Excessive intake of 

dietary lipids leads to a local release of IL-6 in the intestine, the bone marrow, adipocytes and 

the brain as well as to increased systemic IL-6 levels in mice. (297,298,299,300,301,302). It is 

known that disruption of the STAT inhibitor suppressor of cytokine signaling 3 (SOCS3) in 

intestinal epithelial cells of mammals increases the proliferative response to damaged or 

stressed tissue (303). IL-6 is able to promote colon cancer cell growth by activating STAT3 

(304,305). However, in vitro wound healing assays showed that the cytokine IL-6 had no 

positive effect on the epithelial regeneration. Moreover, IL-6 deficient mice are not susceptible 

to DSS-induced colitis and display regular epithelial regeneration suggesting that IL-6 is not an 

essential growth signal for epithelial regeneration in mammals (306). Nevertheless, it is likely 

that the mitogenic role of IL-6-like cytokines and JAK/Stat signaling is conserved in vertebrates 

and invertebrates.  

Besides the JNK and JAK/Stat signaling pathways, Beyaz and colleagues reported that some 

fatty acids directly activate the signaling cascade that involves the nuclear peroxisome 

proliferator-activated receptor �  (PPAR-� ) in ISCs and transient cells (278). PPARs are 

molecular sensors of fatty acids and play a role in lipid metabolism, proliferation, differentiation 

and inflammation (307). PPAR-�  is associated with the Wnt pathway, which is required for ISC 

maintenance and the development of intestinal tumors (308,309). Mice fed a HFD revealed an 

increased expression of PPAR-�  and many of its target genes such as Wnt/ß-catenin (278). It 

has been suggested that Drosophila do not have a homolog of PPAR. However, it is speculated 

that the ecdysone-induced protein E75 (E75) is a putative divergent functional homolog of 
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PPAR-�  (310). In addition to the effect of HFD on the stem cell activity in the intestine, I also 

found out that this dietary intervention leads to changes in the composition of the microbial 

community. Caulobacteriales and Enterobacteriales were significantly enriched in flies fed a 

HFD, whereas the abundance of Lactobacillacea was reduced. A HFD-induced dysbiosis in the 

microbial composition could also be shown in other organisms (311,312,313,314). It has been 

reported that high fat dieting lead to a decrease of Bacteroidetes and an increase in Firmicutes 

and Proteobacteria in mice and human (315,316). However, a meta-analysis revealed an 

inconsistent data situation regarding the HFD-associated microbial composition as well as the 

alpha-diversity richness (317). It suggested that the HFD alters the microbial community 

directly and not the obese state of the individual (315). Intake of HFD stimulates the secretion 

of bile acids, which have a selective antimicrobial activity (318). Thus, the selective 

antimicrobial activity of bile acids could mediate alterations in the microbial composition (319). 

However, it was also reported that high fat dieting affects the regulation of PPAR-�  in the 

intestine of mice, which in turn led to a dysregulation of AMPs. A disturbed AMP-production 

could influence the composition of the microbial community. Furthermore, HFD fed mice 

revealed an altered viscosity of the mucus layer due to an accumulation of Mucin2 (MUC2) on 

the apical side of the goblet cells and is known that an altered mucus layer affects the microbial 

composition as well as the intestinal structure (320,321). In mice, it was reported that the HFD-

associated microbiota has an increased capacity to harvest energy from the diet. This trait was 

transmissible as recolonization of the HFD-associated microbiota in GF mice resulted in an 

increase in body fat in comparison to GF mice recolonized with a microbiota harvested from 

lean mice (322). Interestingly, the concentration of SCFA, the main fermentation products of 

dietary fiber mediated by the microbiota, is increased in stool samples of obese individuals 

(323). The fact that SCFA are absorbed by the intestine and contribute to the host’s energy 

metabolism could explain the transmissible obese phenotype. However, the observed 

microbiota-dependent hyperproliferation of ISCs in HFD fed flies described in my study was 

not transmitted as the fecal transplantation experiment failed to recapitulate the stemness 

phenotype. I showed that the HFD-triggered proliferation of ISCs is absent in GF flies 

suggesting that the presence of the bacteria alone seems to have more impact on the intestinal 

cellular homeostasis than the composition of the microbial community. The absence of the 

microbiota also attenuates Upd3 signaling in the intestine, which could be an explanation for 

the non-existent HFD-induced hyperproliferation of ISCs. In Drosophila it was already 

demonstrated that GF flies exhibit lower basal proliferation activity of ISCs and a highly 

reduced expression of JAK/Stat and JNK pathway components in the intestine (224). The data 
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suggests that the indigenous microbiota maintain a basal level of intestinal epithelial renewal. 

GF mice and rats also show an reduced cell proliferation rate and an altered intestinal 

architecture compared to conventionally reared animals (324,325). Moreover, the 

recolonization with bacteria is able to restore the aforementioned observations (326). The 

molecular mechanism how the indigenous bacteria affect the intestinal homeostasis is not well 

understood. The microbiota in the intestine of mammals is recognized by TLRs via microbe-

associated molecular patterns (MAMPs, 327). It was shown the activation of TLRs is crucial to 

protect the intestine against injury and associated mortality (328). On the other hand, an 

overactivation of TLRs cause increased epithelial proliferation and neoplasia in an Wnt 

signaling dependent manner (329). There are also other studies using mice or zebra fish 

showing that the intestinal microbiota promote proliferation through Wnt signaling (330,331). 

Furthermore, the incidence rate of colorectal cancer is much higher than small intestine cancer 

as the bacterial density in the small intestine is lower (332,333). Therefore, one can consider 

that a higher density of intestinal bacteria leads to an increased proliferation. In my studies, I 

showed an increased bacterial load upon high fat dieting. The higher bacterial load is probably 

caused by the provision of high energy-dense food or by the increased intestinal transit time 

and reduced fecal output. The provision of high energy-dense food could facilitate bacterial 

growth in the intestine and in the flood. The increased intestinal transit time and the 

accompanied reduced fecal output could lead to a reduced loss of bacteria. This constipation 

phenotype as well as the increased bacterial burden also occurs in mice and humans upon high 

fat dieting (334,335,336). These data suggest that constipation and an increased bacterial load 

is a general concomitant of high fat dieting. Drosophila display a marked increase of the 

bacterial load during aging, which is associated with hyperproliferation of ISCs and a disturbed 

epithelial integrity of the intestine (227,228,337).The age-associated hyperproliferation is 

accompanied with increased JNK activity (227). Interestingly, immune-deficient flies also 

shows a higher burden of indigenous bacteria and an increased activity of the JNK and JAK/Stat 

pathways (224). These data support the idea that a higher bacterial load leads to an imbalanced 

intestinal epithelial turnover mediated by JNK and JAK/Stat signaling.  

Furthermore, I showed that high fat dieting led to increased diameter of the intestine and 

therefore probably to an elevated luminal pressure. The intestine of flies fed with 

methylcellulose, an indigestible fiber and food thickener, display an increased luminal diameter. 

Interestingly, the increased diameter of the intestine leads to an elevated number of ISCs, EBs 

and EECs mediated by the activation of the stretch-activated ion channel Piezo. The Piezo 

channel is expressed in ISCs pre-EECs and triggers proliferation and EEC differentiation 
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through Ca2+ signaling (338). In a previous study it was shown that bacteria are able to induce 

Ca2+ signaling in IECs of mice (339). Therefore, the HFD-associated constipation phenotype 

could lead to an increased mechanical stress and subsequent initiation of ISCs activity and EEC 

differentiation. In my studies, the uptake of TAGs in ECs and the storage in the fat body was 

highly increased in GF flies in comparison to RC flies. In Drosophila, it is known that GF flies 

display a hyperlipidemia phenotype independent of high fat dieting (340). Strikingly, GF mice 

had 40 % less total body fat compared to the conventionally reared mice even though they 

consumed more food (341). This could be explained by the fact that the intestinal microbiota 

provides energy from otherwise indigestible fibers (342). Furthermore, the intestinal absorption 

of fatty acids is increased in conventionally raised mice and zebra fish compared to their GF 

counterparts and therefore contributes to overnutrition (343,344). GF flies show a reduced 

protein content probably due to the missing amino acid harvest promoted by the microbiota 

(340,345). Following the protein leverage hypothesis of obesity, GF flies would tend to 

overfeed to consume sufficient protein (346). However, GF flies seem to eat less and therefore 

the protein leverage hypothesis would not explain the hyperlipidemia observed in GF flies 

(340).  

Increased uptake of fat is associated with a plethora of metabolic disorders including deleterious 

effects on neurological conditions (347). In this study, I revealed a microbiota-independent 

effect of high fat dieting on the physical activity and sleep of flies. HFD fed flies showed a 

decreased locomotor activity as well as an increased time of sleep. A HFD-induced decrease in 

physical activity and a disruption of the circadian rhythm was also shown in mouse models 

(348,349). An enhanced starvation-induced hyperactivity was observed in HFD-fed flies (350). 

This might explain that HFD-fed flies in my study did not show an increased starvation 

resistance as the increased energy expenditure compensate the increased energy resource in the 

form of TAGs. It is known that EECs are scattered throughout the intestinal epithelia and sense 

signals such as nutrients, microorganisms or mechanical stimuli with their cell surface 

receptors. EECs release hormones that can enter the circulation, whereas other EECs are 

directly innervated by afferent and efferent nerves which allows them to provide a bidirectional 

communication between the nervous system and the intestine (351,352). In Drosophila, EECs 

respond to a fed state by secreting the hormone Bursicon � , which is able to attenuate 

adipokinetic hormone (AKH) containing neurons (353). Since AKH is involved in locomotor 

activity one can assume that the observed HFD-associated decreased physical activity is also 

mediated by the endocrine system (354). Another hormone released by EECs in the intestine of 

flies is Allatostatin A (AstA), which is able to promote sleep (355). In mice, the glucagon-like 
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peptide 1 (GLP-1) is released by EECs after food consumption and is associated with an 

attenuation of locomotor activity (356). It was reported that high fat dieting in zebra fish 

converts EECs into a nutrient-insensitive state, with bacteria offsetting this effect (357). This 

data show that the microbiota plays a role in endocrine signaling. However, it is not clear 

whether altered locomotor activity is a consequence or a cause of HFD-induced obesity (358). 

Long sleep durations in mammals is associated with an increase of inflammation markers (359). 

Interestingly, I could show increased JNK signaling in the brain after long-term high fat dieting. 

Recent studies in Drosophila also demonstrated that many inflammatory pathways in the head 

are upregulated and that memory formation is impaired upon high fat dieting (360,360). It is 

also known from mice and humans that a HFD leads to several detrimental effects on the 

cognitive function as well as to neurodegenerative processes (361,362,363). All these described 

deleterious consequences of high fat dieting on intestinal homeostasis, inflammation, abnormal 

fat accumulation and altered physical activity can lead to lifespan shortening as reported in my 

study. 

 

5.2 Importance and optimization of a holidc diet 

Drosophila melanogaster has a long history as an experimental model to study human 

metabolic disorders. However, when designing experiments with model organisms, the 

importance of the diets is mostly overlooked. This happens for the most part if the diet is not 

the prime focus of the study. Dietary factors can profoundly influence the expression of 

phenotypes (251,364,365). Drosophila melanogaster is a cosmopolitan species and its 

distribution is highly associated with the presence of humans (366). As a commensal 

Drosophila was found in a variety of habitats, but mostly on rotten fruits (367). A recent study 

showed that ancestral Drosophila in Africa used the marula fruit as a food source. It is suggested 

that the usage of marula fruits by human drove Drosophila melanogaster into commensalism 

(368). As Drosophila is mainly found on fermenting fruits, they have a tolerance for low pH 

values and high alcohol contents (369). Nowadays, Drosophila is cultured on a huge scale in 

labs on complex diets containing mainly sucrose, yeast, agar and corn meal (260). However, 

there are also labs that use a variety of other ingredients such as bananas, molasses, apple juice, 

opuntia powder, malt extracts or soy (370). All these ingredients can be obtained from different 

resources, whereby the macro- and micronutrient composition can vary between studies even 

by using the same fly food recipe. Unfortunately, these fly food recipes are referred to as 

‘standard media’ and without the method of preparation, which in turn can lead to inconsistent 
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outcomes between laboratories. Therefore, an increasing number of researcher highlights the 

importance of standardizing experimental diets (251,371,372). For the purpose of 

standardization, it is essential to develop a so-called holidic diet, which addresses the nutritional 

requirements of larvae and adults. The term holidic diet refers to a completely chemically 

defined diet, which differ from meridic or oligidic diets that contain one or more non-defined 

ingredients. One of the first efforts to develop a holidic diet for Drosophila was done in 1956, 

but until now only a few holidic diets have been reported (373,374,261,262,251,252). However, 

most of these diets do not support larval development as good as a complex diet. The first highly 

recognized holidic diet was developed by Piper et al. in 2014. They showed that Drosophila 

larvae were able to develop on the holidic diet although with an increased developmental time 

and a reduced eclosion rate. The holidic diet contains a total amount of amino acids of 21.4 g/l 

and 17.12 g/l sucrose, which corresponds to a P:C ratio of 1.25:1. Previous studies used the 

nutritional geometry to disentangle the complex effects of P:C ratios on life-history traits in 

Drosophila. The developmental time from larvae to pupae decreased on low P:C ratios with a 

minimized developmental time at P:C 1:2. Moreover, the egg-to-adult viability and adult size 

was maximized at P:C 1:2. Lower protein or carbohydrate concentrations than 20 g/l were not 

tested or had detrimental effect on various life-history traits (263,264,375,376). In my study, I 

raised the total carbohydrate amount to 75 g/l and the total amino acid amount to 42.8 g/l, which 

led to a P:C ratio of 1:1.75. The P:C ratio of 1:1.75 decreased the developmental time and 

increases the egg-to-adult viability, which coincidences with the previously mentioned studies. 

A further increase of the amino acids to 64.2 g/l (P:C 1:1.17) showed detrimental effects on the 

pupation and eclosion rate supporting the importance of a balanced nutritional geometry (377). 

The deleterious effects of 64.2 g/l amino acids in the diet on the viably is presumably caused 

by toxic effects, which can occur when amino acids are present in high concentrations 

(378,379,380). Furthermore, I showed in an oviposition choice assay that mated females laid 

more eggs in higher carbohydrate food, as the flies preferred P:C ratios of 1:1.75 over 1.25:1. 

This was also demonstrated in a previous study, were females preferred P:C ratios of 1:8 over 

1:4 and 1:4 over 1:1. Interestingly, larva preferred moderate P:C rations of 1:2 over 1:16 or 1:1 

over 1:8, which promotes their development (263). Thus, adult flies tend to lay their eggs in 

substratum suboptimal for the larval development. It is known that the amount of yeast 

populations, the primary protein source for Drosophila, increases with fruit decomposition 

(381). Drosophila prefer to lay their eggs near to yeast sources, rather than in yeast sources 

(382). This leads to the assumption that Drosophila prefer oviposition sites with low P:C ratios 

as they will provide optimal feeding sides for larval development in the future. 
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The supplementation of the holidic diet with cobalamin, cobalt, molybdenum and a 

cholesterol/ergosterol mixture further decreased the developmental time and yielded an 

increased pupation as well as eclosion rate. The positive effect of the ergosterol/cholesterol mix 

is surprising as yeast-based complex Drosophila diets mainly contain ergosterol and lanosterol. 

On the other hand, plant-based complex Drosophila diets contain sitosterol, campesterol and 

stigmasterol. Both, yeast-based as well as plant-based diets contain only traces of cholesterol 

(267,268). Ergosterol and lanosterol are both fungi-derived sterols, whereas sitosterol, 

campesterol and stigmasterol are derived from plants (383,384). Cholesterol is mainly is from 

animal sources (385). In contrast to mammals, arthropods are sterol auxotroph and require 

exogenous dietary sterols. As Drosophila in the wild feed on yeast and plant material, there is 

no apparent source of cholesterol in this environment. The ancestral food habitat of Drosophila, 

the marula fruit, mainly contains ß-sitosterol, avenasterol and stigmasterol, but only traces of 

cholesterol (386). However, Drosophila can convert plant-derived sterols to cholesterol in their 

intestines, therefore cholesterol is detectable in wild-living flies even when they do not have a 

dietary cholesterol source (387,267). Furthermore, it is known that some bacteria contain 

cholesterol in their membranes (388). Sterols are important components for the ecdysteroid 

synthesis in arthropods that triggers molting and regulates growth, whereby titers of 

ecdysteroids peak in every critical developmental transition of the larva (389,390). Cholesterol 

seems to be essential for the Drosophila larval development as larvae on a low cholesterol diet 

do not reach the pupal stage (391). It was reported that ergosterol alone is not able to support 

larval growth. However, adding trace amounts of cholesterol to the ergosterol containing diet 

could rescue larvae to adulthood (391). Strikingly, mine and other studies showed that 

ergosterol alone is sufficient to support larval development to adulthood (392). It was shown 

that flies reared on a cholesterol supplemented diet produces ecdysone (E) and 20-

hydroxyecdysone (20E), whereas flies reared on stigmasterol supplemented food only contain 

makisterone A (MaA). Flies fed with ergosterol contained 24(28)-dehydromakisterone 

(dhMaA) and 24-epi-makisterone (24-epi-MaA). 20E, MaA and dhMaA fully support 

development until adulthood and function interchangeably. Interestingly, flies fed with an equal 

mixture of cholesterol and stigmasterol contained exclusively 20E. Flies began to produce MaA 

when the ratio of stigmasterol:cholesterol reached 10.000:1, suggesting that cholesterol is used 

preferentially for the production of 20E. However, flies fed with cholesterol alone formed 

smaller pupae and adults compared to those fed with plant sterols (392). Nevertheless, it is not 

known what drives the selective use of cholesterol for the ecdysteroid production. 
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Surprisingly, Piper et al. denoted RNA extracts as non-defined ingredients and excluded them 

from their initial holidic diet (251). One of the first developed holidic diets for Drosophila 

already showed that RNA extracts improve the larval development (393). RNA extracts contain 

nucleotides, which are linked to ribose and an organic base such as adenine, guanine, cytosine 

and uracil. Nucleotides can be synthesized endogenously and are not essential nutrients (394). 

However, the supplementation of dietary nucleotides can promote the early growth and 

development of rats (265). It was shown that dietary nucleotides have positive effects on the 

intestinal growth of rats in the weanling, a time of rapid growth (395). Intra-uterine growth 

restriction in piglets, which received dietary nucleotide supplemented milk revealed improved 

growth performance, development and immune response (396). In fed infants, dietary 

nucleotide supplementation does not influence growth, but leads to an improved immune 

function (397). These data suggest, that dietary nucleotides can become essential for growth in 

periods of reduced nutrient intake or rapid growth. 

Molybdenum is an essential micronutrient for a variety of organisms. Molybdenum itself is 

catalytically inactive but gains catalytic activity when it binds to pterin to form the molybdenum 

cofactor (Moco). Moco is the catalytic site of all molybdenum-containing enzymes in 

organisms (398). In Drosophila, 4 enzymes are known that use Moco: aldehyde oxidases 1-4 

(Aox1-4), mitochondrial amidoxime reducing component (mArc), xanthine dehydrogenase 

(rosy) and sulfite oxidase (Suox,399). Defects in rosy lead to hypersensitivity of oxygen stress, 

disturbed cuticle development and to the inability to generate uric acid. Furthermore, rosy 

mutant show changes in metabolism pathways such as an accumulation of xanthine, which in 

turn can lead to conglomerates in malpighian tubules  (400,401,402,403). Suox mutants show 

elevated sulfite level affecting the glutamate homeostasis, which is important for normal 

neuronal excitation (404). Moreover, low-dose supplementation of molybdenum leads to an 

enhanced antioxidant capacity in Drosophila (405). Doses over 0.05 mM can be toxic and lead 

to an disturbed larval development or reduced viability (406). However, I supplemented 0.5 µM 

molybdenum, which is in a range not negatively affecting the development. Cobalamin and its 

central atom cobalt are important for cell proliferation, hematopoiesis and proper function of 

the nervous system (407). Cobalamin is produced by certain bacteria and is concentrated in 

bodies of predators positioned higher in the food chain (407). Cobalamin is absent in plant-

derived food sources, the only exceptions are some edible mushrooms and algae (408). Nothing 

is known about the cobalamin requirements of Drosophila. A previous study demonstrated that 

Drosophila melanogaster contained no detectable cobalamin levels, whereas other insects or 

arthropods did  (409,410). Nonetheless, I could show that molybdenum, cobalamin and cobalt 
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have positive effects on the larval development, even when cobalamin and/or cobalt did not 

improve the development of GF larvae significantly. Other studies could show that a vitamin 

mixture, containing also cobalamin, decreases the developmental time and increases the egg-

to-adult viability of GF African cotton stainer’s (411). However, as they used a mixture of 

different vitamins, this is not a proof that cobalamin alone is able to improve larval 

development. It was also demonstrated that the supplementation of single B vitamins, but not 

cobalamin, promote the survival of GF Drosophila larvae to pupation (250). Therefore, B 

vitamins seem to be essential for the development of GF insects.  

In 2017, Piper et al. presented a new interesting approach for the development of a holidic diet 

for Drosophila and mice (252). They hypothesized that the amino acid requirements of an 

animal is encoded in its genome. Thus, they calculated the proportional representation of each 

amino acid in each of the 19.736 predicted protein-coding genes. Without changing the total 

amount of amino acids of 21.4 g/l, the exom-matched holidic diet improves the development of 

Drosophila substantially. They showed that the fecundity of adult flies is affected by the most 

limiting amino acid in the diet. The most limiting amino acid in their initial holidic diet from 

2014 was arginine. Increasing the amount of arginine caused egg production to increase in the 

same extent as when all amino acids were altered by the same amount. An additional 

supplementation of arginine in my studies did not improve the development suggesting this led 

to an imbalanced diet, which in turn can have adverse effects on fly’s growth. Piper et al. 

demonstrated that increasing total amount of amino acids up to 21.4 g/l led to a decreased 

developmental time but also to a decreased life span of adult flies. However, further increasing 

the total amino acid content could still promote the developmental time without affecting the 

healthy lifespan as I showed in my study. Even though the exom-matched holidic diet from 

Piper et al. (2017) is superior to the holidic diet from Piper et al. (2014), the supplementation 

of ergosterol, cholesterol, cobalamin, cobalt and molybdenum still improved the development 

of larvae and fitness parameters of adult flies. I showed that increasing amount of 

carbohydrates, independent of the carbohydrate source, led to adverse effects on the 

development of larvae and partially on adult size parameters. It was already reported that high 

concentrations of glucose, sucrose or fructose lead to a developmental delay in Drosophila 

larvae (412). Interestingly, high sugar concentrations inversely correlates with larval feeding as 

hyperglycemic larvae have an aversion to feed (413,414). Thus, I suggest that the food aversion 

on high sugar diets leads to a scarcity of other ingredients which support growth. High sugar 

diets cause insulin resistance in larvae (415). Reduced insulin signaling in the prothoracic gland 

during larval stages leads to delayed pupation and reduced larval growth rate mediated by the 



Discussion  

115 
 

ecdysteroid 20E (416,417). On the other hand, less intake of amino acids due to high sugar 

concentrations could lead to a attenuated Tor signaling in the prothoracic gland, which in turn 

also causes developmental delays (418). Interestingly, intake of glucose as a carbohydrate 

source led to a reduced pupation rate in my study compared to a sucrose containing diet. This 

was also reported elsewhere (412). That is surprising as glucose, besides trehalose, is the main 

circulating sugar in the hemolymph of Drosophila (419). On the contrary, larvae show a 

stronger preference to fructose and sucrose while glucose elicits only weak preference 

responses (413). For adult Drosophila, it was showed that sucrose fed flies revealed a decreased 

lifespan when compared to fructose or glucose fed flies (420). Thus, nutritional requirements 

of adult flies are most likely not the same as those of larvae. In my study, I tried to find a dietary 

formulation that is primary optimized for larval development and which is probably not optimal 

for fitness parameters of adult flies. Moreover, nutritional requirements for adult Drosophila 

optimal for lifespan can have adverse effects on fecundity (252). The required nutrient 

composition can vary between genotypes, environment and organism age, which enhance the 

complexity of the development of a holidic diet. 

 

5.3 Morphological and physiological adjustments of the intestine 

are mediated by amino acid availability and microbes 

DR is associated with a plethora of health promoting effects, whereas PEM is linked several 

pathophysiological conditions. In this study, I used the OHD to create a DR and PEM diet with 

P:C ratios of 1:16 or PEM diet a P:C ratio of 0:1, respectively. In Drosophila, it is known that 

a low P:C ratio of 1:16 maximizes the lifespan, whereas a P:C ratio of 0:1 leads to an increased 

mortality (101,102). I confirmed these results as DR increased the lifespan compared to the CD 

and a PEM diet led to an elevated mortality rate. DR and PEM were both associated with a 

reduced protein content. Reduced expression of the Drosophila IR or the IR substrate Chico 

extends lifespan, which implies that reduced insulin signaling may induce a DR-like state 

(421,422). Drosophila melanogaster is known to have 8 Drosophila insulin-like peptides 

(dILP), which all have impacts on development and on lifespan (423,424). The expression rate 

of the several dILPs highly depends on the protein and carbohydrate concentration. Notably, 

the expression rate of dILP2, dILP3 and dILP6 is greatest on low protein diets (425). Strikingly, 

reduced dILP2 activity, achieved by genetic manipulations, is associated with lifespan 

extension (423,426). As dFoxO is negatively regulated by insulin signaling and therefore 

overexpression of dFoxO mimics reduced insulin signaling, overexpression of dFoxO in adult 
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fat bodies increases lifespan and reduces dILP2 expression (427). However, dFoxO mutants are 

able to respond normally to DR suggesting that dFoxO is not required to mediate the DR-

associated lifespan effect and that other mechanisms can compensate the loss of dFoxO (428). 

This is consistent with studies in C. elegans, where it was shown that DR increases the lifespan 

independently from daf-16, the C. elegans FoxO ortholog (429). Contrarily, DR cannot further 

increase the lifespan in insulin signaling mice mutants (430). The facts that 4EBP reacts to DR 

(425, this study) and that dFoxO mutants respond to DR but with an overall decreased lifespan 

implicates that dFoxO activity is affected by DR. The Tor pathway modulates cellular responses 

to amino acids and energy levels, furthermore it is known that rapamycin is able to increase the 

lifespan of Drosophila through inhibition of TorC1 (431). Emran et al. found that adding back 

essential amino acids to a DR diet decreases lifespan, but not in rapamycin treated flies. 

Moreover, flies with deletions for dILP2, dILP3, and dILP5 showed the same responses as wild 

type flies to the addition of essential amino acids to the DR diet(432). These data suggest that 

the Tor pathway mediates the effect of DR and not insulin signaling.  On the other hand, it was 

reported that the lifespan is not decreased in flies carrying a dominant-negative form of the IR 

by the addition of essential amino acids to a DR diet (93). The restriction of the essential amino 

acid methionine can extend the lifespan in Drosophila. However, this lifespan extension is 

abolished in flies overexpressing TSC2 or a dominant negative form of the IR (90). It was also 

shown that DR and rapamycin act additively to extent lifespan suggesting that Tor pathway 

independent mechanism exists, which mediate the DR effects (431).  

The exact nutritional and molecular mediators of the DR response are not resolved nowadays, 

and the interpretation can be challenging (433). Nonetheless, the response of the insulin and 

Tor pathway to DR imply that they are involved in the DR-mediated effects. A recent study 

demonstrated that intermitting fasting, another type of DR, led to a Tor pathway independent 

lifespan extension in Drosophila. They proposed that the intermitting fasting-mediated 

extended lifespan is partially explained by an improved intestinal health (434). In my study, I 

showed that a dietary long-term intervention of DR or PEM led to substantial changes in the 

intestinal morphology as well as in stemness, cell morphology and cell composition. Flies 

subjected to DR or PEM revealed a decreased proliferation of ISCs, a reduced number of EECs 

and smaller ECs. As ECs are the most abundant cells in the intestine, the reduced size of ECs 

caused probably the overall intestinal morphology as DR or PEM subjected flies exhibited 

significantly shorter and thinner intestines. It was demonstrated that CR subjected mice 

revealed an altered intestinal morphology as they had a decreased villi length, a decreased mass 

of the intestine and an increased crypt expansion, whereas the length of the intestine was not 
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affected. Furthermore, CR reduced the frequency of EECs, ECs, goblet cells and transient cells. 

Interestingly, CR led to an increased number of ISCs and Paneth cells (284,435). Yilmaz et al., 

showed that CR attenuates the mTorC1 pathway in Paneth cells, which in turn elevates Bst1 

levels (284). Bst1 converts NAD+ to the paracrine effector cyclic ADP ribose (cADPR) and is 

able to activate responder cells via nucleoside transporters to activate Ca2+ signaling and 

promote proliferation (436). It was shown that cADPR from Paneth cells entered ISCs and 

increased Ca2+ and AMPK phosphorylation, whereas the AMPK phosphorylation in turn 

activated sirtuin-1 (SIRT1). SIRT1 led to an activation of mTorC1 and S6K1 in ISCs (435). 

Therefore, CR in mice leads to an increased number of ISCs through non-autonomous 

mechanism mediated by mTorC1 signaling in Paneth cells. As the number of transient cells and 

differentiated cells is reduced in CR subjected mice suggests that CR favors ISC self-renewal 

at the expense of differentiation. However, the mice in these studies were subjected to CR, 

which means an overall reduced intake of calories, and not to a specific restriction of amino 

acids as in my studies. Thus, the effect of DR and PEM are possibly regulated through other 

mechanism. Nonetheless, it was reported that even fasted flies show a reduction of ISCs and 

EBs as well as a smaller intestine. These flies showed a decreased dILP3 secretion from 

intestinal muscle cells, which is thought to act on ISCs and EBs through the IR pathway 

(221,222). It is suggested that symmetric versus asymmetric division is partially mediated by 

the IR pathway. IR pathway activity in EBs during asymmetric division probably contributes 

to the separation of the EB daughter cell from the ISC, which is required to allow continuous 

ISC proliferation (221). Another study showed that the IR pathway acts through nutritionally 

regulated microRNA-305 expression, which controls Notch pathway activity (437). 

Overexpression of the IR in ISCs in Drosophila leads to an increased proliferation of ISCs and 

to an increased EC size. Conversely, overexpressing a dominant-negative form of the IR or 

Chico reduces ISC proliferation and EC size (438). Thus, reduced insulin signaling due to 

protein-restriction could partially explain the reduced number of EECs and the attenuated ISC 

proliferation in my studies.  

Another possible nutritional-regulated pathway, which could additionally mediate the DR and 

PEM induced intestinal epithelial phenotype, is the Tor pathway. Flies treated with rapamycin, 

which represses Tor activity, attenuates the proliferation of ISCs (439). These results were also 

confirmed in mice (435). In Drosophila, Kapuria et al. showed that TSC2 is highly expressed 

in ISCs but not in EBs, which led to lower Tor activity in ISCs compared to EBs. Loss of Tor 

pathway activity in ISCs reduced the ISC proliferation capacity and EC size. ISCs with 

increased Tor activity did not revealed significant differences in cell number, however, the 
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increased Tor activity led to larger ECs. Furthermore, Notch pathway mediated repression of 

TSC2 in EBs was required to promote the commitment of EBs into ECs or EECs (438). Two 

studies reported that the ISC activity was increased in yeast-fed flies compared to starved flies, 

providing evidence for a strong response of ISC to proteins (222,221). Interestingly, the ISC 

proliferation is also reduced in high yeast diets and this phenotype is more severe in TSC1 

mutant flies suggesting that TSC1 activity isolates the Tor pathway from dietary stimuli in ISCs 

to maintain stemness and that even high protein concentrations are able to negatively regulate 

Tor pathway activity (438). Therefore, the IR pathway as well as the Tor pathway are possible 

mediators of ISC proliferation, cell differentiation and cell growth in DR or PEM subjected 

flies. Notably, the observed phenotypes on the intestinal epithelial homeostasis in flies fed a 

DR or PEM were highly influenced by the presence of the intestinal microbiota. The length and 

the width of the intestine were significantly reduced in GF flies fed a CD or DR diet compared 

to their equivalent RC counterpart. No differences were observed between GF flies and RC flies 

fed a PEM diet as well as between GF flies subjected to CD, DR or PEM. This is consistent 

with the reduced EC distance, which is an indicator for the EC size as reduced distance implies 

smaller ECs. The addition of amino acids to the diet did not compensate for the loss of the 

microbiota. This means that amino acids foster growth of the intestine but only in the presence 

of the microbiota and that the microbiota potentially provide growth-stimulating effects to the 

cell through amino acid assimilation. However, amino acid restriction attenuated the 

proliferation of ISCs in RC as well as in GF flies suggesting that amino acids, even in the 

absence of the microbiota, promote ISC activity. As the amino acids have no influence on organ 

growth but on ISC proliferation in GF flies, I suggest that the minimal size of the intestine is 

limited and therefore no differences between GF flies on the different diets were detectable. In 

mice, the depletion of the intestinal microbiota do not affect the length of the whole intestine 

but leads to morphological changes as the villus width is reduced (440,441). GF mice reveal an 

overall reduction of cells in the villus and the small intestine as well as an attenuated ISC 

proliferation (441,442). I showed elevated levels of 4EBP and ATG8 in intestines of flies 

subjected to DR or PEM suggesting that the Tor pathway is inhibited due to amino acid 

restriction. RC Tor deficient flies fed a CD revealed a significantly longer intestine in 

comparison to RC Tor deficient flie fed a DR or PEM diet. However, no differences in intestinal 

lengths were observed between RC Tor deficient and GF Tor deficient flies fed on the same 

diet. Moreover, RC Tor deficient flies had a shorter intestine as the equivalent RC genetic 

control, whereas no differences were observed between GF Tor deficient flies and GF genetic 

controls. The data suggest that the Tor pathway is an essential regulator for the intestinal 
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development and a potential gateway for the microbiota to promote organ growth in 

Drosophila. It may also be that Tor deficient flies already reflect the minimal size of the 

intestine and therefore no effects of the microbiota are detectable. 

Even when the number of EECs was lower in Tor deficient flies in comparison to the genetic 

control, the number of EECs was significantly higher in GF Tor deficient than in RC Tor 

deficient flies. This phenotype was also detectable between RC and GF genetic control flies. 

Thus, the microbiota seems to depress the differentiation of progenitor cells into EECs. The 

increased number of EECs was already shown in GF Drosophila and it is supposed that the 

microbiota affects the Notch pathway, which is implicated in cell fate decision of progenitor 

cells (225). Tor deficient flies revealed an increased susceptibly towards S. marcescens 

infection compared to the genetic control, which was accompanied with higher basal expression 

levels of the AMPs Diptericin and Drosomycin. It was shown that decreased Tor signaling due 

to protein-restriction activates the transcription factor Myc, which in turn induces AMP 

generation and promote infection susceptibility (443). Protein-restriction in mice is also 

associated with an decreased mortality upon infection (444). The intestinal epithelial barrier 

prevents uptake of harmful environmental toxins and microbial contamination into the 

circulation. Thus, an increased infection susceptibility is normally linked to a disturbed 

intestinal barrier integrity (445). I revealed a microbiota-independent effect of amino acid-

restriction on the intestinal epithelial barrier function, in which DR improved the barrier 

function and PEM led to a disturbed integrity. These results are consistent with findings of other 

studies (446,447). However, I showed that DR as well as PEM led to a decreased infection 

susceptibility in Drosophila. Interestingly, the AMP production of Drosomycin, Metchnikowin, 

Drosocin, Diptericin and Defensin was significantly reduced in flies fed a L-tryptophane- or 

BCA-restricted diet, which could partially explain the reduced survival of flies subjected to DR 

or PEM. The reduced ISC proliferation could be an additional explanation for the increased 

mortality rate upon infection in DR and PEM diet fed flies as reduced ISC pool potentially 

reduce the regenerative capacity of the intestinal epithelium. In mice it was shown that CR 

enhanced intestinal epithelial regeneration following radiation injury suggesting that CR 

induced ISC activity leads to an preservation of an injury-resistant reserve of ISC function 

(284,448). DSS increases the intestinal permeability and leads to induced ISC activity in mice 

and Drosophila (449,219). In my studies, flies fed a CD showed a decreased mortality rate in 

comparison to flies subjected to DR or PEM. Interestingly, the number of esg+ cells was 

comparable between the diets upon DSS-treatment, whereas significantly more pH3+ cells were 

detectable in CD fed flies. In Drosophila, it was demonstrated that a DSS-treatment led to an 
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accumulation of EBs, which do not further differentiate to ECs (219). The absence of EC 

maturation potentially increases the effect of DSS on the intestinal permeability. This block of 

differentiation could be more severe in DR or PEM diet fed flies as reduced Tor signaling in 

EBs represses EC growth (438).  

In Drosophila and mice, it was shown that single amino acids such as methionine or glutamine 

promote ISC activity (450,451,223,452). There is an increasing evidence that the metabolites 

of the intestinal microbiota like SCFA or amino acids are important modulators of the host 

intestinal physiology. Furthermore, some metabolic functions such as lipopolysaccharide 

biosynthesis or BCA biosynthesis seems to be dominated by the intestinal bacteria (453). GF 

mice have an altered distribution of free amino acids along the intestine in comparison to their 

conventionally reared counterparts suggesting that the microbiota plays an important role in the 

amino acid homeostasis of the host (454). The favored amino acid substrates of intestinal 

bacteria are glycine, arginine, serine, glutamine, lysine and BCA, which leads to a generation 

of SCFA, branched-chain fatty acids (BCFA), ammonia and biogenic amines (455). SCFAs and 

BCFAs affect immunomodulation, intestinal integrity, intestinal energy homeostasis as well as 

lipid, glucose and cholesterol homeostasis in a variety of tissues (456,457). Biogenic amines 

such as agmatine or tryptamine are able to mimic CR-associated metabolic functions or to 

stimulate the intestinal motility, respectively (458,459). Intestinal bacteria are also able to 

synthesize amino acids de novo from nitrogen sources such as ammonia and urea (150). It was 

shown that bacteria generated lysine from ammonia is absorbed in the intestine and contribute 

for the most part of the host lysine pool (149,150). Therefore, endogenous ammonia or urea 

sources that enters the intestinal lumen can be used by bacteria for the de novo synthesis of 

amino acids, which in turn can be incorporated in microbial protein. This process could be 

considered a nitrogen recycling as the microbial-derived amino acids and proteins can be 

absorbed and therefore contribute to the amino acid supply of the organism. I showed that the 

uric acid content in is significantly reduced in DR or PEM subjected flies, which is likely caused 

due to the reduced nitrogen intake in form of amino acids. Interestingly, the uric acid content is 

further reduced in GF flies suggesting that the intestinal microbiota provide relevant nitrogen 

sources to the host. Thus, the effects of the microbiota on the intestinal homeostasis is described 

by a complex interaction network of nutrient allocation and direct stimulation of proliferation-

associated signaling pathways such as the JNK and JAK/Stat signaling cascade (described in 

chapter 5.1).  

Moreover, I demonstrated that amino acid-restricted diets as well as the indigenous microbiota 

have pronounced effects on the intestinal transcriptional landscape. RC flies fed a DR diet 
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revealed 76 DEGs in comparison to RC flies fed a CD, whereas 6362 DEGs were detected in 

RC flies subjected to PEM. Considering the fact that the Drosophila genome encodes 

approximately 13.600 genes means that 46 % of the genes in the intestine are differentially 

regulated upon PEM dieting. Many of the DEGs are pathway components that are involved in 

cell proliferation and differentiation such as the JNK, Wg, Notch or JAK/Stat pathway, which 

are likely a part of the phenotypic expression of the intestinal cell homeostasis of flies fed a DR 

or PEM diet. The immune response was induced on DR diets, where a PEM led to a repressed 

immune response. However, an induced immune response alone may not be enough to gain 

fitness benefits upon a continuous oral infection of S. marcescens. My study also showed that 

when amino acid content is low a cascade of metabolic adaptions is brought into play to face 

the decrease of amino acid availability. Proteolytic processes are upregulated in RC flies 

subjected to PEM in comparison to RC flies fed a CD, whereas genes involved in lipid 

metabolism or glucose metabolism are downregulated. These data probably indicate an increase 

in amino acid utilization at the expense of lipid and carbohydrate utilization. Lipid and glucose 

homeostasis is often disrupted in children with severe PEM including hypoglycaemia, impaired 

glucose clearance and increased lipolysis (460,461,55). Interestingly, biological processes such 

as mitochondrial translation and mitochondrial respiratory chain complex assembly are highly 

upregulated in RC flies fed a PEM diet. Intestinal cells must respond to changes in amino acid 

availability in order to survive times of amino acid restriction. This response includes inhibition 

of anabolic processes and activation of autophagy and proteasomal degradation in order to 

recycle proteins. Mitochondria generate cellular ATP through oxidative phosphorylation and 

therefore have a central function in energy production within a cell. It is reported that 

mitochondria fuse in response to amino acid restriction to protect them from autophagosomal 

degradation (462). Furthermore, amino acid restriction increases mitochondrial protein 

synthesis and the capacity of mitochondria to catabolize amino acids (463). These data suggest 

that the cell channels the protein turnover to mitochondria to achieve mitochondrial protein 

biosynthesis. This seems not be driven by energy demand, because an alternative energy source 

in form of glucose is present in the diet. Therefore, the increased mitochondrial biosynthesis is 

a mechanism to limit cellular anabolism. This is in contrast to the detected upregulated DEGs 

that are involved in cytoplasmic translation or ribosomal subunit assembly in flies fed a PEM 

diet as these processes are anabolic. Protein synthesis depends on mRNA transcript abundance 

and accessibility, and consumes the highest fraction of nutrients and energy in cells (464). 

However, the biological process transcription was highly downregulated which was also 

confirmed by RNA concentration measurements. The RNA concentration per intestine was 
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approximately 20-fold lower in PEM subjected RC flies in comparison to CD fed RC flies. This 

was further confirmed as EC revealed decreased ploidy in absence of amino acids, which is an 

indicator for a decreased transcription rate within the EC. Amino acid restriction is normally 

associated with ribosome pausing and suppressed polysome formation, which results in a 

subsequent decrease in protein expression (465). Based on these data and the finding that the 

RNA abundance is reduced upon PEM dieting, I suggest that the protein synthesis is restricted 

even when ribosomal genes are upregulated. The comparison of GF flies subjected to DR or 

PEM with GF flies fed a CD revealed that genes involved in cell proliferation are 

downregulated suggesting that the amino acid status can influence proliferation pathways even 

when the indigenous microbiota is absent. Interestingly, processes that are associated with an 

induced immune response are downregulated in GF flies fed a DR diet in comparison to GF 

flies fed a CD. This means that the intestinal microbiota has a positive influence on the immune 

response when amino acids are present, whereas the microbiota does not stimulate the immune 

reaction when amino acids are absent. Surprisingly, the comparison between GF flies and RC 

flies fed the same diet revealed that the impact of the indigenous microbiota on the 

transcriptional landscape of the intestine increased with lower amino acid content. Therefore, 

the presence of the intestinal microbiota as well as the microbiota-mediated nutrient allocation 

is all the more important for the transcriptional regulation in times of amino acid scarcity. For 

sure, processes that are involved in immune responses are downregulated in GF flies as the 

microbiota is the main inducer of the immune system (225). Interestingly, the biological 

processes mitochondrial translation and proteolysis, which are upregulated upon PEM dieting 

in RC flies, are downregulated in GF flies subjected to DR or PEM in comparison to RC flies 

fed the same diet. These data suggest that the microbiota provide factors to the host for 

maintaining energy homeostasis and protein catabolic processes in the cell under amino acid 

scarcity, which is crucial for the cell viability. Thus, the constant association of the intestine 

with the microbiota have important roles in intestinal development and physiology, ranging 

from intestinal epithelial homeostasis to immunity and metabolic processes.  

Furthermore, I identified memory signatures in the intestinal transcriptome of that flies 

subjected to a CD for 14 days after a 7 days period of PEM exhibited. The transcriptional profile 

of several genes on day 21 remained completely at the level of flies fed a PEM for 7 days. 

Genes belong to processes such as carbohydrate metabolic process, glucose transmembrane 

transport and lipid catabolic process were downregulated. These processes comprised 

galactosidases, mannosidases, amylases, glucosidases, glucose transmembrane transporter and 

genes with lipase activity. On the other hand, genes belong to processes such as proteolysis and 
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proteasome-mediated protein catabolic process were upregulated including several serine-

endopeptidases and threonine-endopeptidases. Thus, the metabolic shift observed in long-term 

PEM diet fed flies is also detectable in flies recovered for 14 days from a short-term intervention 

of PEM suggesting that even short periods of nutritional stress can lead to long alterations of 

the metabolic status in the intestine. In Drosopila, it was shown that interventions of nutritional 

stress in early life can lead long-lasting changes in the metabolic homeostasis, which can sustain 

over several generations (466,467). These long-lasting alterations are partially explained by 

epigenetic reprogramming of metabolic genes (468). PEM in early childhood often favor later 

obesity, type 2 diabetes and impaired glucose tolerance, which is referred to as the dual burden 

paradox (469,470,471). However, the critical time window or etiology of childhood PEM for 

the establishment of these effects is still unclear. I showed that short-term PEM dieting in early 

life did not affect the intestinal homeostasis in later life. Nonetheless, comparable mortality 

rates were observed upon DSS-treatment between flies fed a CD continuously and flies 

subjected to DR or PEM for a short period of time in early life. These data suggest that 

imprinting of nutritional stressor events on the transcriptional profile can also lead to long-term 

consequences on the individual fitness. 
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11 Appendix 

The following appendices are contents of the attached CD: 

CD\Appendix A 

RNA-Seq data 

related to  

Fig. 44 and 45 

·  BiologicalProcess_DR RC vs. CD RC_downregulated 

·  BiologicalProcess_DR RC vs. CD RC_upregulated 

·  BiologicalProcess_PEM RC vs. PEM RC_downregulated 

·  BiologicalProcess_PEM RC vs. EM RC_upregulated 

·  DEGs_DR RC vs. CD RC_downregulated 

·  DEGs_DR RC vs. CD RC_upregulated 

·  DEGs_PEM RC vs. CD RC_downregulated 

·  DEGs_PEM RC vs. CD RC_upregulated 

CD\Appendix B 

RNA-Seq data 

related to  

Fig. 46 and 47 

·  BiologicalProcess_DR GF vs. CD GF_downregulated 

·  BiologicalProcess_DR GF vs. CD GF_upregulated 

·  BiologicalProcess_PEM GF vs. PEM GF_downregulated 

·  BiologicalProcess_PEM GF vs. EM GF_upregulated 

·  DEGs_DR GF vs. CD GF_downregulated 

·  DEGs_DR GF vs. CD GF_upregulated 

·  DEGs_PEM GF vs. CD GF_downregulated 

·  DEGs_PEM GF vs. CD GF_upregulated 

CD\Appendix C 

RNA-Seq data 

related to 

Fig. 48 and 49 

·  BiologicalProcess_CD GF vs. CD RC_downregulated 

·  BiologicalProcess_CD GF vs. CD RC_upregulated 

·  BiologicalProcess_DR GF vs. DR RC_downregulated 

·  BiologicalProcess_DR GF vs. DR RC_upregulated 

·  BiologicalProcess_PEM GF vs. PEM RC_downregulated 

·  BiologicalProcess_PEM GF vs. PEM RC_upregulated 

·  DEGs_CD GF vs. CD RC_downregulated 

·  DEGs_CD GF vs. CD RC_upregulated 

·  DEGs_DR GF vs. DR RC_downregulated 

·  DEGs_DR GF vs. DR RC_upregulated 

·  DEGs_PEM GF vs. PEM RC_downregulated 

·  DEGs_PEM GF vs. PEM RC_upregulated 

CD\Appendix D 

RNA-Seq data 

related to  

Fig. 62 

·  BiologicalProcess_Memoryeffect_d24 PEM vs d7 PEM_downregulated 

·  BiologicalProcess_Memoryeffect_d24 PEM vs d7 PEM_upregulated 

·  DEGs_Memoryeffect_d24 PEM vs d7 PEM_downregulated 

·  DEGs_Memoryeffect_d24 PEM vs d7 PEM_upregulated 
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