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Summary

Malnutrition is defined by an imbalance between shpply of nutrients and energy and the
body’s demand to ensure optimal growth, maintenancespecific bodily functions. The term
malnutrition covers 2 broad groups of conditionieGs undernutrition, which includes
wasting, stunting and insufficiencies in mineral/idamins, whereas the other group comprises
overweight and obesity. Today’'s major health cmgjéss in both developing and in more
economically developed countries arise from exgesstake of high-energy dense food and/or
the lack of dietary protein and calories, leadingoterweight, obesity and protein-energy
malnutrition (PEM), respectively. On the other hadéetary restriction (DR), which is a
reduction of particular nutrient intake without eag malnutrition, is believed to mediate
positive effects of a plethora of health-associgtacmeters. The intestine is in close contact
to dietary components and is a central mediatavéxen the microbial community and the host.
Maintaining the intestinal epithelial homeostasiguires an equilibrium between the microbial
community and the intestinal epithelium and dietamgrventions are believed to have an
impact on this equilibrium. In my research, | foedon the effect of nutritional stressors, such
as high-fat dieting (HFD), PEM and DR on epitheh&robe interactions in the intestine of
Drosophila melanogastet revealed that high fat dieting led to an insezhyperproliferation
of intestinal stem cells and to an elevated nunobenteroendocrine cells. The HFD-induced
activation of stem cells depended on JNK pathwagiated secretion of the cytokine Upd3 in
enterocytes. Upd3 in turn activated JAK/Stat sigigpin stem cells and enteroblasts. The
increased stem cell activity upon high fat dietargically depended on the presence of the
indigenous microbiota as the observed hyperpralifen of stem cells was completely
repressed in germ-free flies. | showed that a HEdDtd a changed microbial composition and
increased bacterial abundancy. Microbiota transataom experiments failed to recapitulate the
HFD-associated hyperproliferation phenotype suguggsthat the increased abundance of
bacteria is responsible for the activation of itited stem cells. For the purpose of
standardization and reproducibility of PEM and Diperiments, | used a chemically well-
defined holidic diet. However, existing holidic tigrotocols were not able to support the
development of conventional and germ-free flieser€fore, | optimized holidic diet protocols
that now allows development of conventional andrgéee flies comparable to standard
complexDrosophiladiets. | used this diet to investigate the eftdddR and PEM on the host-
microbiota interaction in the intestinal ecosyst&BM and DR led to changes of the intestinal
structure, stem cell activity, enterocyte size aatiular composition, whereas some of these

observations were depended on the indigenous niateolDR and PEM induced an increased
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susceptibility to pathogeni§. marcescensmfection and genotoxic chemicals. To study how
host genetics contributes to DR and PEM-mediate$imal phenotypes, | focused on the Tor
pathway, which is a central mediator of amino aaid energy sensing in the cell. The DR and
PEM induced changes in the intestinal structuresvadasent in Tor deficient flies. Moreover,
Tor deficient flies revealed a decreased infectaaceptibility. | showed that DR and PEM
induced substantial changes in the transcriptipnafile of the intestine. The impact of the
indigenous microbiota on the intestinal transcmpeéancreased with lower amino acid contents
in the diet. Furthermore, | analyzed the intestiremscriptional profile of flies that lived for 14
days on the control diet after a 7 days period BMP Thereby, | revealed that a short-term

intervention of PEM led to long-lasting memory etfein the transcriptome.
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Zusammenfassung

Eine Mangelernahrung ist definiert durch ein Ungdigiewicht zwischen Nahrstoffaufnahme
und Nahrstoffbedarf, die fur das Wachstum und diéréchterhaltung von Korperfunktionen
bendtigt werden. Die Bezeichnung Mangelernahruntaash zwei Kategorien. Eine Kategorie
der Mangelerndhrung wird als Untererndhrung bepeichund beinhaltet Magerkeit
(,wasting“), Langenwachstumstdrungen (,stuntingfduein Mineral/Vitamin-Insuffizienz.
Demgegeniber umfasst die zweite Kategorie der Mangéhrung die Auspragungen
Ubergewicht und Fettleibigkeit. Die heutigen geswitlichen Herausforderungen in Industrie-
und Entwicklungslandern entstehen haufig durchidemmaniigen Konsum von Lebensmitteln
mit hoher Energiedichte oder durch eine unzureidbefufuhr von Proteinen und Kalorien,
welche zu Ubergewicht und Fettleibigkeit beziehuvgjse einer Protein-Energie-
Mangelerndhrung (PEM) fuhren kdnnen. Diatetischetileion (DR) bezeichnet hingegen die
Reduktion von Nahrung beziehungsweise die Reduktimm bestimmten Makro-
IMikronédhrstoffen, ohne dass sich dabei eine Uméterung einstellt. Im Gegensatz zu
Ubergewicht, Fettleibigkeit und PEM ist DR mit eirReihe gesundheitsférdernder Effekte
assoziiert. Der Darm steht in Kontakt mit der anfg@menen Nahrung und ist ein wichtiger
Mediator zwischen der mikrobiellen Gemeinschaft uddm Wirtsorganismus. Die
Aufrechterhaltung der intestinalen Epithelhomdastasndétigt ein Equilibrium zwischen der
mikrobiellen Gemeinschaft und dem intestinalen lgdjtwobei vermutet wird das diatische
Interventionen einen Einfluss auf dieses Equilibrihaben. In meiner Studie habe ich die
Auswirkungen einer Hochfett-Diat (HFD), DR und PEMf Epithel-Mikroben Interaktionen
im Darm vonDrosophila melanogastaintersucht. Ich habe herausgefunden, dass dihZufu
einer HFD zu einer Hyperproliferation von intestera Stammzellen und zu einer erhdhten
Anzahl von Enteroendokrinen Zellen fuhrte. Die HFlDuzierte Aktivierung der intestinalen
Stammzellen wurde durch den JNK Signalweg in deteriemyten vermittelt. Die Aktivierung
des JNK Signalweges fiihrte zu einer SezernierusgZgtokins Upd3 aus den Enterozyten,
welches wiederum den JAK/Stat Signalweg in inted¢éin Stammzellen und Enteroblasten
aktivierte. Zudem konnte ich zeigen, dass die dudelh HFD hervorgerufene erhdhte
Stammzellaktivitat abhangig von der Anwesenheit idégstinalen Mikrobiota war, da die
Verfutterung einer HFD an keimfreie Fliegen nichu zder zuvor beobachteten
Hyperproliferation fuhrte. Zudem fihrte die Aufnaéineiner HFD zu einer veranderten
mikrobiellen Zusammensetzung, sowie zu einer egrolilenge an Bakterien. Da eine
Mikrobiota-Transplantation nicht den gleichen HF&s@ziierten Phanotyp rekapitulieren

konnte, vermute ich das die erh6hte Menge an Bakteu einer Aktivierung der intestinalen
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Stammzellen fihrte. Um reproduzierbare und stansiarte DR und PEM Diaten herzustellen,
habe ich eine definierte holidische Diat benutarhAndene holidische Diaten fdrosophila
fordern jedoch nicht ausreichend die Entwicklung konventionellen und keimfreien Fliegen.
Aufgrund dessen habe ich eine holidische Diat eskt®lt, welche nun die Entwicklung von
konventionellen und keimfreien Fliegen erlaubt. ldbe diese Diat benutzt, um den Effekt
einer DR oder einer PEM auf Wirts-Mikrobiota Inteianen im intestinalen Okosystem zu
untersuchen. DR als auch PEM flhrten zu einer \de@&mg der intestinalen Struktur, der
Stammzellaktivitat, der Grol3e der Enterozyten uedzkllularen Zusammensetzung. Einige
der beobachteten strukturellen und zellularen Pygea waren abhangig von der Anwesenheit
der intestinalen Mikrobiota. Mit DR und PEM ern&hrEliegen wiesen eine erhdhte
Anfalligkeit gegentber genotoxischen Chemikalied emer Infektion miS. marcescenauf.
Um zu untersuchen welchen Einfluss der Genotyp \tk$s auf den DR- oder PEM-
vermittelten intestinalen Phanotypen hat, haberath auf den Tor Signalweg fokussiert. Der
Tor Signalweg ist ein zentraler intrazellularer Megdr fir den Aminoséure- und Energiestatus.
Die durch DR und PEM induzierten strukturellen \feférungen des Darms waren in Tor-
defiziente Fliegen nicht mehr zu detektieren. Zuderasen Tor-defiziente Fliegen eine
geringere Anfalligkeit gegentuber eirfermarcescenafektion auf. Dartber hinaus habe ich in
einem weiteren Experiment gezeigt, dass eine DReur@lPEM zu erheblichen Veranderungen
im transkriptionellen Profil der Darme fihrte. Dinfluss der Mikrobiota auf die intestinale
Transkription wurde groRRer, je niedriger der Améaegehalt war. Zudem habe ich das
intestinale transkriptionelle Profil von Fliegenadysiert, welche fir 7 Tage mit einer PEM
geflttert wurden und anschlieBend fur 14 weitergeTait einer Kontrolldiat. Mit diesem
Versuch konnte ich zeigen, dass eine kurzzeitigeentention mit einer PEM zu

langanhaltenden Effekten im intestinalen Transknptuhrte.
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Introduction

1 Introduction

1.1 Impact of nutrition in health and disease

Nutrition is one of the most important contributt@shuman health. Nutrition is a fundamental
factor to support growth, development and body fionality but also for the prevention and
treatment of several diseases. Over 2 billion peapbridwide are malnourished and this
malnutrition can be found in developing countriesl an more economically developed
countries. Malnutrition is an excess, deficiencynobalance of energy and/or nutrients, which
can lead to adverse consequences on the body ctimpand physiological function. The

term malnutrition includes several conditions likedernutrition, overweight, obesity and

micronutrient-related malnutrition.

1.1.1 Obesity

The World Health Organization (WHO) defines ovemtei and obesity as excessive fat
accumulation and is diagnosed at a body mass iB&) 25 kg/nf or 30 kg/nf,
respectively. In 2016, 13 % of the world’'s adultpptation were obese and 39 % were
overweight (1). Whereas overweight and obesity vwenesidered as a high-income country
problem, it is also on the rises in low- and mididleome countries (2,3). It is expected that the
obesity rates will increase further (4). The mainse of obesity and overweight is an imbalance
between increased intake of highly processed erdggge foods and low physical activity
(5,6). The so-called western-diet is high-energysaefood characterized by high contents of
fats, sugars and refined grains and at the sanesltynhow dietary fibers, vitamins and minerals
(7). Overweight and obesity can lead to severaatiss, such as diabetes mellitus (8), several
types of cancer (9), non-alcoholic fatty liver dise (10), cardiovascular disease (11),
musculoskeletal disorders (12) and poor mentatihéaB). An excessive intake of high-energy
dense food can also lead to the metabolic syndrainieh is characterize by visceral obesity,
hypertension, insulin resistance, elevated fastimg) postprandial serum triglycerides and low
serum high-density lipoproteins (14). Therefore, life expectancy of obese people, but not of
overweight people, is reduced compared to normaghweeople (15,16). Plasma levels of free
fatty acids (FFA) are mostly elevated in obese fe¢p/). Plasma FFA mainly derive from
intracellular lipolysis of triacylglycerols (TAGhiadipose tissues or from lipolysis of TAG-

rich lipoproteins within the circulation. The plaarRFA levels in obese people are elevated
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because enlarged adipose tissue releases moredfBAsduces clearance of circulating FFAs
(18). It was shown that increased plasma FFA lewatisice insulin resistance, whereas
decreased plasma FFAs are associated with an ieghiosulin response (19,20,21,22). When
the insulin resistance is not compensated by aarer@d secretion of insulin, as observed in
pre-diabetic individuals, it may development inype 2 diabetes (23). Moreover, increased
plasma FFAs impair the anti-lipolytic effect of uts, which in turn further increases the
release of FFAs into the circulation (24). Increh$d-A availability leads to intracellular
accumulation of TAGs in skeletal muscles and abdainiat and are associated with pro-
inflammatory conditions in healthy and obese indiinls (25,26,27,28). Fatty acids differ by
the length of their aliphatic chain and whethenaot this chain is saturated or unsaturated. The
major saturated fatty acids in most diets are migriacid and palmitic acid. Saturated fatty
acids are associated with a variety of pathophggioal effects as they can cause an increase
of blood cholesterol or of pro-inflammatory cytokiexpression in adipose tissue (29,30). The
impact of mono- or polyunsaturated fatty acids mitammation in literature is inconsistent.
Arachidonic acid, which is particularly obtaine@rdn meat products is able to stimulate the
synthesis of pro-inflammatory cytokines (31,32). e other hand, eicosepantenoic acid,
mainly obtained from fish, has anti-inflammatorpperties (31,33). It is also suggested that
obesity is inheritable and genetic and epigenditoirs can cause a disregulated energy
homeostasis (34,35). Therefore, it is in discussfoobesity is a disease or a behavioral
abnormality. It was shown that gene deficienciesgating leptin, leptin receptor,
proopiomelanocortin, melanoncortin 4 receptor 4iagle-minded homolog 1 are associated
with obesity (36,37,38,39,40). However, these geraeficiencies have stronger effects in
individuals with a sedentary lifestyle or in thdseng in more obesogenic environments (41).
From an evolutionary perspective, 10.000 yearspegple were adopted to barely processed
diets that were low in fat and high in fiber. Asnrany organisms, storing energy as fat when
food is abundant was a fitness advantage in timhegmodic hunger. The diets have changed
dramatically through the agricultural- and indwstrevolution in most parts of the world and
the time was maybe insufficient for genetic adapgifor the modern food environment (42,43).
However, obesity is a preventable disease. Thersareral strategies to prevent obesity such

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

Factors that cause undernutrition comprise reddced intake, impaired absorption, excess
nutrient losses, increased energy expenditure takenof food deficient in macro- and/or
micronutrients. These factors can contribute toictefcies in macronutrients (protein,
carbohydrates and fat), which in turn can lead tprimmary or secondary protein-energy
malnutrition (PEM, 44). Nearly 11 % of the worlgispulation are undernourished with most
living in developing countries (45). In 2011, unarition was the cause of 45 % of all child
deaths worldwide (46). There are 3 physiologicalasuees of undernutrition in children:
stunting (low height-for-age), wasting (low weigbt-height) and underweight (low weight-
for-age). Stunting indicates chronic weight losteveas wasting results from recent weight
loss (47). Undernutrition can lead to muscle wastiat depletion, impaired cardiac function,
diarrhea as well as impaired immune function andmaohealing (48). Severe forms of PEM
in children are Marasmus and Kwashiorkor. Marasresslts from an inadequate energy and
protein intake and is characterized by muscle wgstdepletion of subcutaneous fat and
absence of edema. Kwashiorkor results from an maate intake of proteins with reasonable
energy intake and leads to edema, large protubbrllyt fatty liver and an inability to grow
or gain weight. However, there are also childrefiesing from marasmic kwashiorkor with
pathological features of marasmus and kwashiork&,44). Children who suffer from
kwashiorkor normally have a higher mortality ratedare more difficult to treat than those
suffering from marasmus (50). This is due to theer@mmplex physiological and pathologic
changes in kwashiorkor in comparison to marasmuwgagkiorkor is associated with lower
concentrations of 3-carotene, vitamin E and glidath compared to marasmus, which in turn
is associated with higher oxidative damage (51,52,Bhe whole-body breakdown of proteins
occurs at a slower rate in children suffering frewashiorkor than in those with marasmus,
which limits the supply of amino acids (54). Furthere, the lipolysis is much slower in
children with kwashiorkor than in children with mamus, which indicates an insufficient
mobilization and utilization of lipids (55). Notablundernourished children have an increased
risk to die of an infection disease (56). PEM isaasated with an atrophy of the thymus and
the bone narrow. This atrophy causes anemia, lemia@s well as changes in the B- and T-
cell repertoire. (57,58). PEM also affect the aqitase response, as elevated C-reactive protein
levels were found in malnourished children with avithout infections. At the same time, the
negative acute phase proteins pre-albumin or féxtin are reduced in malnourished children
(59,60,61,62). PEM also leads to structural chanfése epithelial barrier of the skin and the
intestine providing a potential entry for pathogdf8,64,65). Even when the treatment is
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difficult, some symptoms of kwashiorkor and marasrate reversible. Children who suffered
from kwashiorkor or marasmus for a certain time phpsically recover in height and weight
(66). However, chronic PEM in childhood can impaagnitive processes such as learning,
memory and coordination in later life (67,68). Exkbaugh mostly children suffer from PEM,
also elderly people are at risk for a compromiseiitional status. The prevalence of PEM in
elderly patients ranges from 5-40 % and is assediatith a highly increased mortality
(69,70,71).

1.1.3 Dietary restriction

In contrast to PEM or overnutrition, dietary redion (DR) is associated with a plethora of
health promoting effects (72). The term DR is oftguated with caloric restriction (CR), even
though they represent different interventions. @Ratdibes a 20-40 % reduction of total caloric
intake, without malnutrition. DR represent a braadenge of nutritional interventions that
differ from conventional diets in restriction of laast one specific macro- or micronutrient.
Moreover, the term DR is associated with a sevieadling pattern such as time restricted
feeding or intermittent fasting (73). Studies invesal animals models, including
Saccharomyces cerevisja€aenorhabditis elegansDrosophila melanogasteand mice
showed that DR increases overall lifespan and Imgéifespan in short lived organisms (74).
These data lead to the assumption that lifespagnsixin underlies evolutionary conserved
mechanisms. Proteins seems to have the greateattmp DR associated effects among the
macronutrients. It was show that lowering the diefaotein content increases the lifespan of
a variety of organisms reproducibly (75,76,77).iBes the DR effects on lifespan extension,
DR protects against a variety of pathophysiologomalditions such as obesity, cardiovascular
disease, cancer, neurodegeneration, diabetespssi@df motor and immune functions in non-
human primates and rodents (78,79,80,81,82). Irmpbrnolecular mechanism that mediate
the effects of DR are the nutrient-sensing mechiantarget of rapamycin (mTor) and
insulin/insulin-like growth factor (IGF-1) pathway83). The impact of the IGF-1 signaling
network and the mTor pathway on regulating lifespas established in a variety of model
organisms, where a negative modulation of eithehway leads to an increased lifespan
(84,85,86). mTor senses energetic stress, oxygemadnes, growth factors as well as amino
acids (87). Thus, positive effects on lifespan body function can also be potentially achieved
by reduction of specific amino acids. It was shdtatt a restriction of single amino acids such

as glutamate, tryptophan or methionine is sufficien extend the lifespan dbrosophila
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melanogaster Saccharomyces cerevisiaad mice (88,89,90). It is hypothesized that the
organism reallocates resources from reproducticsotoatic maintenance in order to survive
times of resource limitations (91). Therefore, BRoften associated with a reduced fecundity
(90,92). Interestingly, the fecundity can be fulgstored by adding only methionine without
decreasing the lifespan in a DR modeDobsophila melanogastg®3). Proteins from different
sources can have different impacts on aging ang faoattion. Plant-derived proteins from soy
or wheat seems to have health promoting effectsreds proteins derived from milk or casein
are associated with pathophysiological effects. &y wheat proteins are low in methionine
and tryptophan. They reduce IGF-1 signaling, ims@ensitivity as well as adiposity and
increase lifespan. On the other hand, milk andioase high in methionine or tryptophan and
increases IGF-1 signaling (94,95,96,97). Intergdginthe reduction in IGF-1 signaling upon
feeding a low protein diet is associated with augedl mortality and cancer prevalence in
younger but not older populations. Conversely, ghiprotein intake reduces the cancer and
mortality rate in older people (98). It was alsowh that a high-carbohydrate low-protein diet
lead to a caloric intake-independent increasedpée and improved cardiometabolic function
in mice (99,100). A beneficial effect on lifespahhigh-carbohydrate low-protein diets was
also shown in invertebrates suchx®sophilawith an optimal protein:carbohydrate ratio of
1:16 (101,102). These data highlight the importasfcan optimized nutritional geometry and
of a balanced amino acid composition to achievénareased and healthy lifespan. Times-
restricted feeding, as a type of DR, is charaaterizy a reduction in overall caloric intake or
by a restriction of specific macronutrients ovgresiod of time. Intermittent fasting, as a type
of time-restricted feeding, involves periods oftilag and feeding. The 16:8 diet, in which
feeding is limited to an 8 hour period daily, attates a variety of metabolic diseases in mice
and human (103,104,105). Intermittent fasting désads to an increased lifespan in mice
independent from caloric intake or diet composii{d06). A repetitive starvation period of 24
hours followed by 24 hours e libitumfeeding, the so-called every-other-day feedingsea
lifespan extension in mice and a delayed onseeoplastic disorders (107). However, these
effects seem to be dependent on the age at onfie¢ dietary intervention. The initiation of
every-other-day feeding in young mice is accomphiig lifespan extension, whereas the
initiation in older mice lead to a decreased lifasg108). On the other hand, late life stage
onset of DR causes a lifespan extensioiosophila (109). As periods of fasting are not
feasible for most people, it was shown that evemogeally recurrent phases of DR are
sufficient to benefit from the advantages of DRQ)LAIl these data suggest that the underlying

molecular changes caused by DR to extent lifespast nccur within a short time frame.
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1.2 Nutrition and the microbiome

The microbiome refers to the collection of genonoésall microorganisms in a specific
environment, whereas the microbiota is the commyuoit microorganisms themselves
including bacteria, viruses and fungi. Bacteriasexin many parts of the human body but
primarily on internal and external surfaces suchthes skin, saliva, oral mucosa or the
gastrointestinal tract. The human body contains@pmately 3x16° cells, where an estimate
stated that 4xX0bacteria live in association with the human bodyud, the bacteria in the
human body outnumber the human cells at a ratib.®bacterial cells for every human cell
(111). Most of the bacteria live in the intestinghvwabout 18! cells and an estimated number
of 1000 bacterial species. All these species comtaproximately 2000000 genes, which is 100
times more than the estimated 20.000 human gend@3. Bacteria can function within a host
as mutualists, communalists or pathogens, whicHdcoesult in beneficial or detrimental
consequences for host health. There are diverdeehdsgenous and host-exogenous factors
that have an impact on the composition and functérthe microbial community. Each
individual has a unique microbial composition, hoes close relatives often have more similar
microbial communities than unrelated individual$31.14). Although host genetics can shape
the human microbiota, host genetics are outweidpyeshvironmental factors (115, 116). Host
nutrition emerges as a crucial determinant in gnficing microbial function and composition.
Nutrition can have a direct influence on the intedtmicrobial population, as nutrients are able
to promote or inhibit growth kinetics (117). Dietduced alterations in the intestinal microbiota
occur also during seasonal changes in traditionakdr-gatherer communities. The Hadza
community in Tanzania consume a plant-based drtglthe wet season and an animal-based
diet during the dry season and the intestinal nbiota follows a cyclic succession of species
that correspond with enrichment of seasonally aasat functions (118). Plant-based diets or
diets that are high in protein are associated tiigh bacterial diversity, while high-fat, high-
sugar western diets are associated with a low baktbversity (119,120,121). Low bacterial
diversity was observed in people with obesity,anfmatory bowel disease, Crohn’s disease as
well as type 1 and type 2 diabetes (113,122,123,124 the other hand, higher bacterial
diversity is associated with improved metabolicltieél25,126). Dietary modulation of the
microbiota also alters its metabolic capacities,iclwhcan have influences on the host
physiology. The fermentation of dietary fibers bwcterial-derived carbohydrate-active
enzymes (CAZymes) is the most dominant functionsi®ant starch, inulin, cellulose and
fructo-oligosaccharide reach the intestine in thenligested form, because the human genome
encodes a limited number of CAZymes (127). The pratlucts of bacterial dietary fiber
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fermentation are short-chain fatty acids (SCFA)hsas acetate, propionate and butyrate
(127,128). Butyrate is the main energy source fwnén colonocytes and has an important role
in prevention of carcinogenesis and in maintainimgstinal immune homeostasis, epithelial
barrier function as well as oxygen homeostasis,[1#9131,132). Propionate is able to regulate
intestinal hormones and gluconeogenesis in the (1/&3,132). Acetate is the most abundant
SCFA and an essential metabolite for other bactsiavell as a bacterial growth regulator
(134,135). Besides the SCFA production, bacteaaalte to contribute to vitamin synthesis of
vitamin K and family members of B vitamins (136heTlintestinal microbiota also has a strong
proteolytic capability and play a pivotal role metcatabolism of nitrogen compounds such as
amino acids. Essential as well as nonessential@atius are utilized by the microbiota. The
end products of amino acid metabolism and fermemtare SCFA, ammonia, nitric oxide,
biogenic amines, hydrogen sulfide, polyamines, ¢had-chain fatty acids (BCFA), thiols
phenolic and indolic compounds (137). Microbiotadmaéed amino acid catabolism is
negatively connotated as many of the metabolited) as indole, phenol, hydrogen sulfide and
ammonia can be toxic to the host (138,139,140,42),1However, polyamines such as
putrescine, spermidine and spermine are known pyaue the intestinal integrity and have
anti-inflammatory properties (143,144,145). Baaeaie able to synthesize up to 20 kinds of
amino acidsle novoby using several substrates like ammonia (146,TA7g contribution of
the de novosynthesis of amino acids in the intestine of mgasetric animals appears to be a
crucial regulator in maintaining amino acid balaicthe host (148). Moreover, it is estimated
that bacterially synthesized L-lysine accountsdpproximately 10 % to the daily L-lysine
requirements in pigs (149). The microbial-derivelysine in the ileum of humans account for
44 % of the total volume of lysine in the plasr&(). All these data support the hologenome
theory of evolution, which posits that the hololiiacts as a unit of selection in evolutionary
change. Suggesting microbes play an importantind®th adaption and evolution of the host
to its environment, while the beneficial effecttiansferred from one generation to the other
(151,152).

1.3 Energy and nutrient sensing

The mTor, insulin and IGF-1 signaling network argportant mediators of the cellular energy
homeostasis and coordinate cell growth, proteithgsgis, autophagy, mRNA translation, lipid
and nucleotide synthesis (153,154). mTor is a jighhserved serine/threonine protein kinase

in a variety of animals that forms 2 distinct mpiatein complexes, known as mTor complex
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1 (mTorC1l) and mTor complex 2 (mTorC2,155). mTor@hsists of 5 components: mTor,
regulatory-associated protein of mTor (Raptor), mmaiian lethal with Secl3 protein 8
(mLST8), prolin-rich AKT substrate 40 kDa (PRAS4)d DEP-domain-containing mTor-
interacting protein (Deptor). mTorC2 is defineddgomponents: mTor, rapamycin-insensitive
companion of mTor (Rictor), mammalian stress-atéigigorotein kinase interaction protein
(mSIN1), protein observed with Rictor-1 (Protor-&)l.ST8 and Deptor (156). The bacterial
macrolide rapamycin is known to inhibit mTorC1 ftinos by binding to FK506-binding
protein of 12 kDa (FKBP12) and interaction with tRKBP12-rapamycin binding domain
(FRB) of mTor. In contrast to mTorC1, the mTorC2mmex is insensitive to rapamycin
treatment (157). mTorC1l positively regulates thetgn synthesis mainly through the
phosphorylation of p70-S6 kinase 1 (S6K1) and elbiing protein (4EBP). S6K1 activation
lead to translation of ribosomal proteins, mMRNAd@nesis and an cap-dependent translation
as well as elongation (158,159). The phosphorylatib4dEBP prevents the binding to elF4E,
which enables mRNA translation (160). mTorC1 alepresses autophagy via autophagy-
related gene 13 (ATG13) and unc-51-like kinase (WLKphosphorylation (161).
mTorC1positively regulates lipid and nucleotide thgsis by the activation of the sterol
regulatory element binding protein 1 (SREBP1) onrmucing the expression of MTHFD2,
respectively (162,163). The mTorC1 induced anabobsly occurs in case of sufficient amino
acid, oxygen, energy or pro-growth factor avail@pilThe amino acids leucine, arginine and
glutamine are known to directly stimulate mTORC1dy (164,165). Proteins of the Rag
family, which are related to small GTPases, arennto interact with mTorC1 in an amino
acid-sensitive manner. Cellular amino acid avaligbstimulates the Rag proteins to bind
Raptor and recruit mTorC1 to lysosomal surfacesratiee small Ras-related GTPase Ras
homolog enriched in brain (Rheb) is present. Rhabctly interacts with mTorC1 and
stimulates its activity (166). However, glutaminetizates mTorC1l in a Rag-independent
pathway (167). Intracellular adenosine triphospH&{€P) levels are sensed via the AMP-
activated protein kinase (AMPK). Low levels of AT&ctivate AMPK, which in turn
phosphorylates the tuberous sclerosis complex £2) r Raptor. Phosphorylation of TSC2
or Raptor lead to an inactivation of mTorC1(168)1&8rowth factors stimulate mTorC1 via
the IGF-1 or rat sarcoma (Ras) signaling pathwaythBpathways integrate growth factor
signals and inhibit the tuberous sclerosis comfI&SC), a negative regulator of mTorC1. TSC
is a heterodimer comprising TSC1 and TSC2 and iomstas a GTPase-activating protein and
converts Rheb in its inactive form (170). Ras attg the rapidly accelerated fibrosarcoma

(Raf)/mitogen-activated kinase (MEK)/extracellukignal-regulated kinase (Erk) signaling
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Fig. 1: Scheme of the mTor, insulin and IGF-1 sigriamg network. The mTor, insulin and IGE-signalin(
network are important sensors of the amino acidegrauigy level of the cell. These pathways medfeeellula
energy homeostasis and coordinate cell growth,epragynthesis, autophagy, mRNA translation, lipid
nucleotide synthesi#\ positive regulation is illustrated by greencavs, whereas a negative regulation is st
as red inhibitory arrows. IR: insulin receptor, R$sulin receptor 1, PI3K: phosphoinositide 3dsa, PIR.
phosphatidylinositol-(3,4,5)-triphosphate, Aktalkt murine thymoma viral oncogene, mTorC1: mechanior
complex C1, mTorC2: mechanistic Tor complex C2, TRCtuberous sclerosis complex 1/2, AMPK: AMP-
activated protein kinase, Sesn: Sestrin, FoxO:heakl box O, 4EBP: elF4E binding protein, Rhals:homolo
enriched in brain, IGF-1: insulin like growth factb, ras: rat sarcoma, MEK: mitogen-activatedase, Ra
rapidly accelerated fibrosarcoma, Erk: extracetlnémulated kinase, ULK1: unc-Sike kinase, ATG1:
autophagy-related gene 13, SREBP1.: sterol regylaelement binding protein 1, S6K1: p70-S6 Kinase 1.

cascade leading to phosphorylation of TSC2 by Hdk subsequent inactivation of the TSC
complex (171). Binding of insulin to the insulinceptor (IR) activates its tyrosine kinase
causing phosphorylation of IR and of IR substraf#S). Phosphorylated IRS recruits
phosphoinositide 3-kinase (PI3K), which stimulatles production of phosphatidylinositol-
(3,4,5)-triphosphate (P#P at the plasma membrane causing an activation hef t
serine/threonine protein kinase v-akt murine thyraomgiral oncogene (Akt). Akt
phosphorylates several substrates such as TSC&ggy synthase kinase 33 (GSK3R3) or
forkhead family box O (FoxO,172). However, Akt caalso be activated though
phosphorylation by mTorC2 (173). FoxO proteins laighly conserved in invertebrates and
mammals; 1 FoxO gene exists in invertebrates whéenmals have 4 FoxO genes, namely
FoxO1, FoxO3, FoxO4 and FoxO6 (174,175). FoxO trapon factors are involved in the
regulation of longevity in several organisms (176,178). FoxO proteins are negatively
regulated by Akt and regulate numerous cellulactiems such as proliferation, differentiation,
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apoptosis, autophagy, oxidative stress modulatiddNA repair and immunity
(179,180,181,182,183,184). There are a varietygfilatory circuits that mediates interplays
between FoxO and mTor. The activation of FoxO lg¢adsstimulation of 4EBP and therewith
counteracts mTorC1 activity (185). FoxO is ableirtdirectly inhibit mTorC1 activity by
stimulating AMPK via Sestrin (Sesn)-expression fatjan, which in turn activates TSC2
(186). FoxO has the potential to elevate the egprasof the IR, which in turn stimulate IR
downstream molecules and thereby limits FoxO antuag187,188). When sufficient growth
factors are present, mTorClcan initiate a negdétidback loop via S6K1 to inhibit Akt (189).
The inhibition of Akt leads to an activation of Fdxwhereby FoxO elevates the transcriptional
regulation of Sesn and Rictor. Elevated levels aitd® increases mTorC2 activity, which
subsequently activates Akt. Thereby, the homeadbalance between mTor and Akt activities
is balanced (190).

1.4 Drosophilaas a model organism

For nearly 100 yeaysDrosophila melanogasteis one of the most studied multi-cellular,
eukaryotic organisms in biology and offers seveadiantages for the investigation of
molecular and cellular mechanisms underlying bedravdevelopment and many other
processes. A short generation time, a large nuwibaispring, cheap and easy stock breeding
are characteristics dDrosophila as a model organism. The fly genome was completely
sequenced in 2000 and contains approximately 13¢ggd@s on only four chromosomes,
allowing the research community to reveal homoladsuman or other vertebrates (191). Over
75 % of known human disease-associated genes hawmalog in theDrosophilagenome
(192). With regards to the parallels between theogees of humans aridrosophila,the fly is

an important model organism for the study of hurdiseases as well as for development and
behavior. An advance in genetic manipulationDrosophila was the development of the
GAL4/UAS system (193). The system utilizes the GAtdnscription factor from yeast, a
transactivator that specifically binds a downstreapstream activating sequence (UAS)-
element. The main advantage of the GAL4/UAS systeBrosophilais the separation of the
responder from the transactivator in two distin@hsgenic fly lines. Therefore, a construct with
an enhancer or a promotor region of interest, dg\the expression of the GAL4 gene, is used
to create a transgenic fly. This fly line is callddver line. A second fly strain is made
containing construct with a target gene downstre&m UAS-element, namely the responder

line. Target genes are used to express reportegsgelownregulate (RNAi element) or to
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overexpress a specific gene. In absence of the Ghslnécription factor, no expression of the
target gene is induced. By crossing the transgiiyitines, the target gene is exclusively

expressed in a specific cell or tissue and tempaiaern defined by the gene specific promotor
upstream of the GALA4.

GALA4 driver line UAS responder line
—| enhancer H GAL4 l— —‘| UAS ’-EIGeneX l—

|

F1 generation

—| enhancer H GAL4 '—

|

—  UAS Gene X =

Fig. 2: The GAL4/UAS-system inDrosophila melanogasterThe binary expression system GAL4/UAS
Drosophile comprises a GAL4 driver line and UAS respondez.li@AL4 and UAS are fused to an enber o
interest and a gene of interest, respectively. Fhegeneration expresses both constructs, thusgehe o
interest is expressed in a spatio-temporal mahgs: upstream activated sequence.

1.4.1 The intestinal tract of flies and humans

The intestinal tract is the central organ for diges and absorption of essential dietary
nutrients. The intestinal tract is a mediator & thetabolic status as is regulates food intake
and nutrient storage through bidirectional neuramal endocrine signaling to the brain or other
peripheral organs (194). The intestinal tract isantinuous contact with a diverse and dynamic
array of mutualistic and symbiotic microorganisiM®reover, it serves as the largest epithelial
barrier against a variety of ingested pathogenstaxitis. Thus, the intestine is increasingly
acknowledged for its importance in promoting healfilhne empirical knowledge and the
progress in intestinal research relied heavily len éxtensive use of model organisms. With
regard to human diseases, a model organism sheflittr the biology of humans while
reducing the complexity of the human disease aredt. The structure and function of the
intestinal tract is broadly conserved among meta4d85). In the last decades, the fruit fly
Drosophila melanogastdras become a model for intestinal research &sies many features

with the human intestinal structure, homeostagilspdnysiology (196,197). The gastrointestinal
11
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esophagus B
esophagus

crop

anterior midgut stomach

middle midgut small intestine

large intestine

hindgut anus

anus

peritrophic matrix mucus

goblet cell

transient cell

EC ISC EB EEC muscles

paneth cell

muscles

Fig. 3: The gastrointestinal tract of Drosophila melanogasteand humans.(A) The gastrointestinal tract
Drosophile melanogaster is subdivided into crop, esophagusrian midgut, middle midgut, posterior mid¢
hindgut and anus. (B) The gastrointestinal tra¢tushans is subdivided into esophagus, stomach) sitestine
large intestine and anus. The colored pantments illustrate functional similarities betwebe gastrointestin
tract ofDrosophilaand humans. (C) The epithelial monolayer of@Binesophilaintestine consists of pluripote
ISCs, EBs, secretory EECs and absorptive ECs. Tdmlayer is protaed by a chitinous peritrophic matrix ¢
mucus on the luminal side and is surrounded byléwers of visceral muscles towards the body cayidy.The
epithelial monolayer of crypts in the human intestconsists of ISCs, EECs, ECs, paneth cells,igansell:
and goblet cells. ISC: intestinal stem cell, EBeenblast, EEC: enteroendocrine cell, EC: entemcyt

tract ofDrosophilais subdivided into distinct compartments: the futewith its crop, anterior
midgut, middle midgut, posterior midgut, hindgutdaanus (198,197). Irosophila the
midgut is further subdivided into 10-14 morpholadig and molecularly distinct regions, each
with specific histological, cellular, physical oeme expression properties (198, 199). The
human gastrointestinal tract is subdivided in esgplk, stomach, small intestine, large
intestine, rectum and anus. There are similaritete/een the foregut and the esophagus as well
as the crop and the stomach. Ingested food pabksesgh the foregut into the crop in
Drosophilaor through the esophagus into the stomach in hapraspectively. The crop as
well as the stomach are responsible for early tigesand food storage (200-202). In
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Drosophilathe food passages through the anterior midgutdimichidgut and posterior midgut
where nutrients absorption takes place. Afterwardpasses the hindgut where water and
electrolyte resorption may occur and finally reachike anus for excretion (203,204). In
humans, the food moves to the small and largetinee$or nutrient, water and electrolyte
absorption and finally reaches the rectum for etimng200). TheDrosophilagut consists of a
tubular epithelium surrounded by a basal laminayve® visceral muscles and trachea
(205,206). Thdrosophilamidgut originates from the mesoderm and a mucyes las well as

a semipermeable chitinous layer, the peritrophidrimnalines the luminal side. Besides the
protection against physical damage, the peritrophatrix serves as a physical barrier to
pathogenic microorganisms (207). The foregut aechthdgut are of ectodermal origin and are
protected by an impermeable cuticle on the digti@l. S he intestine ddrosophilais composed

of a monolayer of cells consisting of 4 cell typesestinal stem cells (ISC), enteroblasts (EB),
enterocytes (EC) and enteroendocrine cells (EEG® ECs are large polyploid cells with
nutrient absorptive and digestive enzymes secrgiioperties, whereas the EECs are small
secretory cells (197). The human intestine is atsepithelial monolayer consisting pluripotent
ISCs, ECs, and EECs. Other types of secretory typks in the human intestine are
antimicrobial peptide (AMP)- producing Paneth cellsed mucus-producing goblet cells. In
contrast toDrosophila,the human intestinal epithelium exhibit indentasida maximize the
surface area, the so-called crypts. Bothsophilaand human ECs develop brush borders on
their apical side to increase the cellular surfacea (208). InDrosophila ISCs undergo
symmetric or asymmetric division. In asymmetricigions, one ISC remains mitotically active,
whereas the other daughter cell becomes an EBEBheirther differentiate into an EC or an
EEC. (209,210,211). In human, asymmetric divisioreg rise to transient amplifying (TA)
cells that moves up the crypt and undergo diffeagioh into either ECs, EECs, goblet or
Paneth cells (212).

1.4.2 Intestinal plasticity in Drosophila

Drosophilabelongs to the group of holometabolic insectstetfuee, the intestine undergoes
complete metamorphosis. The gastrointestinal tmafctDrosophila is replaced during
development. The larval intestine and the pupakiime degenerate during metamorphosis and
are replaced by the adult intestine (213). Undead-state conditions, the adDlitosophila
intestine is renewed within 1 to 2 weeks (210). fidreewal is achieved by ISCs, which undergo

symmetric or asymmetric division. During asymmetticision ISCs produces an ISC and an
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EB, whereas the EB is devoid of mitotic capabilitiie EBs differentiates terminally into either
ECs or EECs, controlled by Delta-Notch signalingeTDelta (DI) ligand is predominantly
expressed in ISCs and activates Notch receptoEBsnA strong Notch signal induces the fate
of an EB to the EC, whereas a weak Notch signaktirthe EB to an EEC (214). Both, ISCs
and EBs express the marker geseargot(esg). ISCs can be specifically identified by the
expression of DI, whereas EBs can be detectedédgxpression of the Notch signal reporter
suppressor-of-hairlesSu(H)GBE (215,216). ECs specifically expresgolAwhereas EECs
are Prospero-positive (211,216). However, a restrty showed that only ECs are generated
through Su(H)GBE-cells, whereas EECs are generated through adigtingenitor pre-EEC
(217). ISCs are highly responsive to signals fragmginboring cells, to environmental factors
and to the metabolic state of the host. Intestiaalie damage by pathogenic bacteria, corrosive
agents, such as dextran sodium sulfate (DSS), lyie@ianor paraquat, or other stressors leads
to an increase of ISC mitotic activity (218,219C proliferation and differentiation ensure
tissue integrity by replacing lost cells. HoweVeBs are also produced by ISCs in the absence
of an epithelial stressors or local turnover. EBsige their differentiation as long as demand
for new ECs is lacking, which in turn leads to gndicantly faster replacement of lost cell
(220). The nutritional state of the fly as wellthe direct contact with nutrients influences the
ISC homeostasis. It was shown that intestinal @éggowth was promoted via insulin signaling,
when food was abundant. Moreover, insulin signatimgcts ISC into symmetric or asymmetric
division (221,222). Even single amino acids suctmathionine affect ISC division (223). Many
aspects of the intestinal regenerative responseasseciated with the presence of the
microbiota. The absence of an intestinal microbiotaDrosophila lead to a reduced
proliferation as well as an altered cell compositamd intestinal morphology (224,225). Aged
intestines show ISC hyperproliferation, incorreetl ¢ineage differentiation and a disturbed
intestinal epithelial integrity as well as immuranieostasis (226,227). Interestingly, aged flies
reveal an increased intestinal bacterial load imgarison to young flies. Extinction of the
indigenous microbiota leads to a decreased ISGf@ration rate, increased intestinal integrity
and a reduced immune system activity (224,228).iftastinal homeostasis is coordinated by
conserved signaling pathways, namely the Janusdismnal transducers and activators of
transcription (JAK/Stat), Jun N-terminal kinase K)Nepidermal growth factor receptor
(EGFR), Hippo and Wingless (Wg) pathways (229,230,231,232,233). The JNK pathway
is an upstream sensor of tissue damage ibtiesophilaintestine. In injured ECs, the JNK
pathway induces Unpaired (Upd), Unpaired 2 (Upd2y &Jnpaired 3 (Upd3) cytokine
expression via a kinase cascade mediated by HenmiistéHep, JNKK) and Basket (Bsk, JNK).
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Upd3, a ligand for the receptor Domeless (Domedided JAK/Stat signaling in ISC and EBs,
which in turn promotes proliferation and differexitbn to replace damaged cells. The Jun
kinase phosphatase Puckered, a JNK feedback iohilsitrequired to restrain upd3 expression
in healthy animals to maintain normal intestinahtemstasis (229,234). Overexpression of
Dome, HopscotchdrosophilaJAK), or Stat92E Prosophila Stat) in ISCs leads to massive
hyperproliferation, whereas depletion of one okthpathway components impairs regeneration
ability and infection resistance of the fly's intiee (229,224). Upd3 also acts in visceral
muscles to induce the EGF ligand expression of Veiwhich in turn activates
EGFR/Ras/MAPK signaling in ISCs. Reciprocally, vafso acts in ECs to induce Upd
expression to direct a positive feedback loop (23%). EGFR signaling in ISCs is required for
maintaining the growth and proliferative capachiyt has little or no influence on cell fate
specification (235,236). The JNK pathway in EC® afsediates Wg expression in EBs upon
cellular damage and leads to Myc-dependent ISGferation (233). Moreover, overexpression
of Wg in ISCs induces the production of the EGRiid Spitz in ISCs and an expression of
Upd3in ECs (237).

JAK/Stat —— Vein

Fig. 4: Cell lineage and proliferation mechanism ofntestinal stem cells inDrosophila melanogaster(A)
ISCs undergo symmetric or asymmetric divisions. étrmsymmetric division, the ISC divide into an EBe
pre-EEC, whereas the ISC remain mitotically actiMee EB further differentiate into an EC and the4pEC
mature into an EEC. (B) Activation of the JNK pattynvinduces Upd3 secretion from ECs, which in
activates JAK/Stat signaling by binding the recef@ome in ISCs or in the surrounding musckes.activate:
JAK/Stat pathway in muscles leads to a releasesof,Wvhich induces the EGFR/Ras/MAPK signaling eds
in ISCs. Activation of JAK/Stat and/or EGFR/Ras/MARathways in ISCs promote proliferation
differentiation. The JNK pathway also nigiés Wg expression in EBs, which stimulates IS@iferation
ISC: intestinal stem cell, EB: enteroblast, EECteemendocrine cell, EC: enterocyte, JNK: JurteNnina
kinase, Upd3: unpaired 3, JAK/Stat: Janus kinageaditransducers and activators of transcriptidame
Domeless, EGFR: epidermal growth factor receptas:Rat sarcoma, MAPK: mitogettivated protei
kinase, Wg: wingless.
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1.4.3 Drosophilato study host-microbe interactions

Drosophila melanogaster is a well-established model organiemstudy host-microbe
interactions in a nutrition-dependent context. belumen oDrosophilais associated with a
relatively low bacterial diversity (1-30 taxa; 2389), in contrast to the more complex diversity
of vertebrates (> 500 taxa;240,241,242). The geneictability, the lower complexity of the
microbiota as well as the ease in raising germ-fiies highlight the potential of this model
organism to study the interactions between the &adtits microbial flora. The composition of
the bacterial community ddrosophilais highly influenced by the host’s diet. In thddyithe
food niches vary within thBrosophilidsincluding rotting fruits, flowers, mushrooms aratt.

In wild type flies, up to 30 different bacteriaktawere found, whereas laboratory flies harbor
only up to 8 taxa. However, only a three bactasiatles are associated with both natural and
laboratory Drosophila populations: Enterobacteriaceae Acetobacteraceaeand the order
Lactobacillales(238). The most prevalent bacterial species @sféire members of the genera
LactobacillusandAcetobacterwhereas the specific bacterial composition dep@mdthe fly’'s
diet suggesting the bacterial microbiome is envirtentally acquired. Although the bacterial
composition of the fly’s food niche is highly coregl the fly represents only a subset of this
composition. This data suggest that the fly hastrobrproperties to filter its bacterial
community (238,239). It is unknown[frosophilaharbors a resident bacterial community and
most researchers assume a transient microbioiasltshown thaDrosophilaestablishes and
maintains its microbiome by frequently consumingtbga. Flies that are transferred to fresh,
sterile food daily harbor less bacterial populatidghan those that are not transferred (243).
However, a recent study revealed bacterial spettias stably associate with wild-type
Drosophilaindependently from continuous inoculation. Thestine of latDrosophilacould

be stable inoculated with Zcetobacterspecies, namelyAcetobacter thailandicusand
Acetobacter cibinongensidMoreover, they were able to proliferate in théegtine and in
addition,Acetobacter thailandicusxhibited mutualistic effects (244). TBeosophilaembryo

is sterile, whereas the chorion is contaminateti Wécteria from the substratum niche as well
as from the feces of adult flies. After hatchirfgg tarvae acquire the bacteria through ingestion
of the chorion and of the substratum (245). Thesta dighlight the contribution of external
inputs to sustaining the microbiome and thabsophilainoculates its own substratum niche.
Since Drosophila inoculates its own food niche, bacteria that apée @o colonize the
environment have the greatest chance to coloneguh(243,246,247). Flies that were raised
on either starch medium or molasses medium forrakgenerations harbor different bacterial
communities, thus, changes in the diet result enges in the microbiota. Furthermore, flies
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exhibit a mating preference for partners rearedth@n same medium suggesting that the
microbiota influences the flies’ behavior, e.g.ddtering the level of sex pheromones (246). In
the wild, this microbiota-induced mating preferemaauld reduce interbreeding Brosophila
populations, and thus favor speciation. Besidesntipact of the microbiota on behavior, there
is also a link between intestinal microbiota andrgy metabolism. The ability to raise germ-
free flies indicates that the microbiota is dismdnie for growth under optimal nutrient
conditions, whereas it is required under restrictedary conditions. Germ-fre@rosophila
larvae exhibit a delayed developmental time undmr mliet conditions which can be fully
restored by reintroduction dfactobacillus plantarumIt is suggested thdtactobacillus
plantarumaffects the TOR pathway, the key sensor of thetimral status of the cell (248).
Another study showed, th#&tcetobacter pomoruman fully rescue developmental and size
defects under protein-poor diet conditions by mating insulin signaling (249). The
Drosophilamicrobiota provides B vitamins on yeast-depriveztg] promotes protein nutrition
and suppresses lipid/carbohydrate storage on higjarsdiets (250). All these studies
demonstrate that the microbiota has multiple imgpanDrosophila’smetabolism in a nutrient-
dependent contexidrosophilg with its less complex microbiota, can be utilizednvestigate
the influence of nutrition on the microbial commiyras well as the accompanied microbiota-
associated metabolic effects to the host. Togetitarthe possibility of genetic manipulations,
Drosophila is a suitable model to discover the complex hastabe-nutrition tripartite

interaction network.
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1.5 Aims of the study

Globally, over 2 billion people suffer from malnitibn, which is | defined by the World Health
Organization as an excess, deficiency or imbalanca person’s intake of energy and/or
nutrients. Malnutrition is an important risk factfmr the burden of diseases in developing
countries as well as in economically more develapgmdhtries. Tackling malnutrition in its all
forms is one of the greatest global health chabblsn@n the other hand, dietary restriction is
suspected to have a plethora of health-promotifertsfincluding life span. The intestine is
particularly predisposed to nutritional intervenobecause it is in close contact with dietary
components. Maintaining the intestinal epitheliaieostasis requires an equilibrium between
the microbial community and the intestinal epitheliand dietary interventions are believed to
have an impact on this equilibrium. In my studyarh interested to examine the complex
tripartite interplay between the intestinal epithel, microbial community and nutritional
stressors such as high-fat dieting, protein-enengynutrition and dietary restriction in the

versatile modeDrosophila melanogaster
The major aims of the study were:

1) to elucidate the effects and underlying mechasi®f high-fat dieting on the interplay

between intestinal cellular homeostasis and theaiial community

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

indigenous microbial community and germ-free flies

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

host-microbiota interactions in the intestinal g&bem
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2 Material

2.1 Chemicals

Material

Chemicals that were used for experimental appraaaleshown in table 1.

Table 1: Chemicals.

Chemical Source of supply
Agar-agar Carl Roth
Agarose Biozym

Bactd™M yeast extract
Brewer’s yeast
Isopropanol

MgCl.

dNTPs

Chloroform

Coconut fat

Corn meal
D-glucose monohydrate
D-fructose
D-sucrose

Molasses

Nipagin

Normal goat serum
Paraformaldehyde powder EM grade
Propionic acid

Sugar beet syrup
Tween-20

Triton X-100
Trioleate

Mowiol

Ethanol

KCI

NacCl

KH2HP Oy

Becton, Dickinson and Company

Leiber GmbH
Carl Roth

Thermofisher Scientific

Thermofissher Scientific

Carl Roth
Palmin

Davert GmbH
Carl Roth
Sigma-Adrich
Carl Roth

Biohof Heidelicht
Carl Roth
Sigma-Aldrich

Polysciences Inc.

Carl Roth
Kanne Brottrunk GmbH
Carl Roth
Carl Roth
Sigma-Aldrich
Carl Roth
Carl Roth
Merck

Carl Roth
Carl Roth

19



Difco™ MRS
Brilliant Blue FCF food dye E133

2.2 Kits and reagents

Material

Fisher scientific
Ruth

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

Table 2: Kit and reagents.

Kit/Reagent

Source of supply

DNeasy Blood and Tissue kit
Masterpure DNA purification kit
Ambion Purelink RNA mini kit
Qubit dsDNA HS assay kit
Qubit RNA HS assay kit

RNA magic

gPCRBIO SyGreen

Amplex™ Red Uric Acid/Uricase assay kit
BODIPY™ 493/503

Infinity triglyceride solution

Piercé™ BCA Protein assay kit
DreamTaq polymerase

ONE-Glo Luciferase Assay System
Phusion Hot Start Flex 2x Master Mix

SequalPrep Normalization Plate Kit

2.3 Ingredients for holidic diet

Qiagen
Epicentre
Thermofisher Scientfi
Thermofisher Scientific
Thermofisher Scientific
Bio Budget
PCR Bioystems
Thermofisher Stfen
Thermofisher Scientific
Thermofisher Sciefiti
Thermofisher Scientific
Thermofisher Scientific
Promega
NEB

Thermofisherstfic

The ingredients that were used for preparing thiglicadiets are shown in table 3.

Table 3: Ingredients for holidic diets.

Ingredient Source of supply
Cholesterol Sigma-Aldrich (C8667)
Ergosterol Sigma-Aldrich (45480)
KH2PQOy Carl Roth (P018.2)
NaHCQ 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 HCI Carl Roth (3468.2)

L-arginine monohydrochloride
L-threonin

L-methionine

L-tryptophan

L-phenylalanine

Sigma-Aldrich (A5131)

Carl Roth (T206.2)
Carl Roth (9359.1)
Carl Roth (4858.2)
Carl Roth (4491.1)

L-histidine Carl Roth (3852.3)
L-lysin HCI 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 (17508)
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

Calcium-D(+)-pantothenat

Carl Roth (3815.2)
Carl Roth (3812.2)

Thiamine Sigma-Aldrich (T4625)
Pyridoxine HCI Carl Roth (T914.1)
L-glutamic acid monosodium salt hydrate Sigma-Aildr{G5889)
Copper(ll) sulfate pentahydrate Sigma-Aldrich (C¥63
Zinc sulfate « 5HO Sigma-Aldrich (Z0251)
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Iron(ll) sulfate « 5HO
Manganese(ll) chlorid « 44D
CaCl « 6HO

Material

Sigma-Aldrich (F7002)
Sigma-Aldrich (M3634)
Carl Roth (5239.2)

MgSQq e 4H,0 Carl Roth (P027.2)
Ribonucleic acid from torula yeast Sigma-Aldrich6@25)

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 @seexperimental approaches.

Table 4: Solutions and buffers.

Solution/Buffer

Ingredients

10x phosphate-buffered saline
(PBS)

PBS containing 0.1 % Triton X-
100 (0.1 % PBT)

Blocking solution

10 % nipagin

10 % propionic acid

4 % paraformaldehyde

Enzymatic lysis buffer

2.5 Oligonucleotides

80 g/l NaCl, 2 g/l KCI, 17.8 g/l NagPQy, 2.4 g/l
KH2PQy (pH = 7.4)

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

5 % (v/v) normal goat serum i @ PBT
10 % (w/v) in 70 % EtOH
10 % (v/v) propionic acid in M
4 % (w/v) paraformaldehydexifPBS
20 mM Tris Cl (pH = 8.0), 2 mM sodium EDTA,
1.2 % Triton X-100

Primers and oligonucleotides that were used inghidy 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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F: ACCAAGCTCCGTGAGAACCTT
prsm R: TTGTATCTTCCGGACAGGCAG
F: TCTTCGTTCTCGTGGCTATC
Def R: TTCCAGTTCCACTTGGAGAG
F: GCGAATTCATTCCAATCGATCGGTATC
pros R: CTGACAGGCCATTGCGAAG
F: CCACCGAGCTAAGATGCAA
Mtk R: AATAAATTGGACCCGGTCTTG
F: CCGCTTCAAGGGACAGTATC
Rplsz R: GACAATCTCCTTGCGCTTCT
_ GAGAGAGGATCCAATACTAATACGACTCACTA
Oligo dT TAGGGAGATTTTTTTTTTTTTTTTTTTTTTITITTT
341F GTGCCAGCMGCCGCGGTAA
806R GGACTACHVGGGTWTCTAAT

2.6 Antibodies

Primary and secondary antibodies that were usedniorunohistochemistry are listed in

table 6.

Table 6: Primary and secondary antibodies.

Antibody Dilution Source of supply
_ Developmental Studies
anti-GFP from mouse 1:300 _

Hybridoma Bank
anti-GFP from rabbit 1:300 Sigma-Aldrich
anti-pH3 from rabbit 1:100 Cell Signaling Technojog

anti-phospho JNK 1:100 Promega
. Developmental Studies
anti-prospero 1:200 )

Hybridoma Bank

_ _ Developmental Studies
anti-spectrin from mouse 1:100 )

Hybridoma Bank
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_ Developmental Studies
anti-coracle from mouse 1:100 )
Hybridoma Bank
anti-mouse AlexaFluor 555 1:300 Cell Signaling Treabgy
anti-mouse Cy3 1:300 Jackson ImmunoResearch
Anti-rabbit AlexaFluor 488 1:300 Jackson ImmunoResk

2.7 Culture media

2.7.1 Standard Drosophilaculture medium

The standar@®rosophilaculture medium was used for all stocking flieseTallowing 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 dHO and mix well. Bring to a boil and simmer for 15nmautoclave and let cool
down to 65 °C. Add 3 % propionic acid (10 % propooacid in dHO) and 1 % nipagin (10 %
nipagin in 70 % in EtOH). Pour the medium imoosophilaculture vials and let it dry. The

medium was stored at 8 °C until use.

2.7.2 High fat diet

The high fat diet consists of 20 % coconut fat endased 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 dH0 ad 400 ml and mix well. Bring to boil and simnf@r 15 min, autoclave and let cool
down to 65 °C. Melt 100 g coconut fat at 50 °C amd it fastly with the corn meal medium.
Add 3 % propionic acid (10 % propionic acid ing#} and 1 % nipagin (10 % nipagin in 70 %
in EtOH). Pour the medium in@rosophilaculture vials and let it dry. The medium was stiore
at 8 °C until use. The proper control medium wasadiwith 100 ml dHO instead of coconut
fat.

2.7.3 Sugar-yeast diet
The following recipe is for 500 ml sugar-yeast (N6t:

4g corn meal
50 g brewer’s yeast
1 g agar-agar
2.5 g sucrose

Add 500 ml dHO and mix well. Bring to a boil and simmer for 1&nmautoclave and let cool
down to 65 °C. Add 3 % propionic acid (10 % propooacid in dHO) and 1 % nipagin (10 %
nipagin in 70 % in EtOH). Pour the medium imoosophilaculture vials and let it dry. The

medium was stored at 8 °C until use

2.7.4 Optimized holidic diet
The optimized holidic diet was prepared accordmBiperet al(251) with some modifications.

The ingredients and stock solutions are listedlnbet 7.

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

Ingredient Stock Amount per liter
Gelling agent | Agar 209
Base Buffer 10x: 100 ml
30 m/I glacial acetic acid
30 g/l KHPQOy
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10 g/l NaHCQ@
Sugar Glucose 759
Amino acids | L-isoleucine 3.64¢9
L-leucine 242 ¢
L-tyrosine 0.84¢g
Metal ions | CaCh * 6HO 1000x: 250 g/l 1ml
CuSQ « 5H,0 1000x: 2.5 g/l 1ml
FeSQ « 7H0O 1000x: 25 g/l 1ml
MgSQs (anhydrous) 1000x: 250 g/l 1ml
MnClz « 4H0 1000x: 1 g/l 1ml
ZnSQ » 7THO 1000x: 25 g/l 1ml
Water (Milli-Q) 1 I minus combined volume 458.3 ml
to be added after autoclaving

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

Cholesterol | Cholesterol 20 mg/ml in EtOH 15 mi
Amino acids | Essential amino acid 8 g/l L-arginine 121.02 ml
stock solution 10 g/l L-histidine

19 g/l L-lysine (HCI)

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

Nonessential amino 35 g/l L-alanine 121.02 ml
acid stock solution 17 g/l L-asparagine

17 g/l L-aspartic acid

1 g/l L-cysteine HCI

25 g/l L-glutamine

32 g/l glycine

15 g/ L-prolin

19 g/l L-serine
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Sodium glutamate 100 g/l sodium glutamate 30.26 ml
stock solution

Vitamins Vitamin stock 100x: 10 mi
solution 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 (HCI)
0.026 g/l biotin

Sodium folate 100x: 2.9 g/l 10 ml
Other 125x: 24 ml
nutrients 6.25 g/l choline chloride

0.63 g/l myo-inositol
8.13 g/l inosine

7.5 g/l uridine
Preservatives | Propionic acid 100 ml/l propionic acid in 6 ml
dH-O
Nipagin 100 g/l methyl-4- 15 mi

hydroxybenzoate in 70 %
EtOH

Unless otherwise stated, all ingredients were tission dHO. All stock solutions, except the
sterols and preservatives, were sterile filtrafdtistock solutions were stored at -20 °C until
used. The essential and the nonessential aminatald solution were adjusted to pH 4.5. The
base buffer was adjusted to pH = 4.0 and stor8d’&t

2.7.5 Optimized exom-matched holidic diet

The optimized exom-matched holidic diet is basetherexom-matched holidic diet from Piper
et al(252) with some modifications. The ingredients atatk solutions are listed in table 8.
Table 8: Components and stock solutions of the optized exom-matched holidic diet.

Ingredient Stock Amount per liter

Gelling agent | Agar 20 g

27



Material

Base Buffer 10x: 100 ml
30 m/l glacial acetic acid
30 g/l KH:POy
10 g/l NaHCQ@
Sugar Sucrose 17.2 g
Amino acids | L-isoleucine 1.11g9
L-leucine 201g
L-tyrosine 0.66 g
Metal ions CaCGle 6H0 1000x: 250 g/l 1mi
CuSQ « 5H0O 1000x: 2.5 g/l 1ml
FeSQ -« 7H0 1000x: 25 g/l 1ml
MgSQs (anhydrous) 1000x: 250 g/l 1mi
MnClz ¢« 4H:0 1000x: 1 g/l 1ml
ZnSQ, » 7TH0 1000x: 25 g/l 1mi
Water (Milli-Q) 1 I minus combined volume 564.56 ml
to be added after autoclaving

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

Sterols Cholesterol 20 mg/ml in EtOH 7.5 ml
Ergosterol 80 mg/ml in chloroform 7.5 ml
Cobalamin 50 mg/l 1ml
Cobalt 14/ 1ml
Molybdenum | NaMoOgs « 2H0 100 mg/I 1ml
Ribonucleotides 29
Amino acids | Essential amino acidlO g/l L-arginine 121.02 ml
stock solution 4.5 g/l L-histidine

10 g/l L-lysine (HCI)
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
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Nonessential amino 13.2 g/l L-alanine 121.02 ml
acid stock solution 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
Cysteine stock 74 g/l L-cysteine
solution
Sodium glutamate 100 g/l sodium glutamate 13.4 ml

stock solution

Vitamins Vitamin stock 125x: 21 ml
solution 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 (HCI)

0.01 g/l biotin
Sodium folate 1000x: 0.5 g/l 1mi
Other nutrients 125x: 8 mi

6.25 g/l choline chloride
0.63 g/l myo-inositol
8.13 g/l inosine

7.5 g/l uridine

Preservatives | Propionic acid 100 ml/l propionicdani 6 mi
dHO

Nipagin 100 g/l methyl-4- 15 mi
hydroxybenzoate in 70 %
EtOH

Unless otherwise stated, all ingredients were tisslon dHO. All stock solutions, except the
sterols and preservatives, were sterile filtrafdtistock solutions were stored at -20 °C until
used. The essential and the nonessential aminataald solution were adjusted to pH 4.5. The
base buffer was adjusted to pH = 4.0 and stor&fat
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2.8 Drosophilalines

Table 9 shows all Drosophila melanogaster lineswtesie used for experimental approaches.

Table 9: Used fly lines.

Material

Name Genotype Source
[1w{1118] Bloomington Stock Center:
w
W Y 6598
Bloomington Stock Center:
wits w[1118] J
5905
1]w[1118];esg-Gal4,UAS-
esg>GFP YL esg
GFP/CyO
gift from D. Ferrandon,
NP1-Gal4 w[1118]; NP1-Gal4
Strasbourg
gift from D. Ferrandon,
hsNP1-Gal4 w[1118]; NP1-Gal4; tub-Gal80ts

su(H)GBE-Gal4

Torkl7004

UAS-upd3 RNAI

UAS-luc

UAS-mCD8 GFP

UAS-Dome DN

UAS-GFP-mcherry-
atg8a

w[1118];su(H)GBE-Gal4/Cyg
y[1]w[67c23];
P{w[+mC]=lacW} Tor[k17004]
ICyOP{w[+mC]=lacW}Tor[k17
00/CyO
y[1]sc[*Iv[1];P{y[+t7.7]
v[+t1.8]=TRiP.HMS00646}attP
2
+;; p{UAS-Luciferase at
attp2}/p{UAS-Luciferase at
attp2}

w[1118]; P{w[+mC]=20XUAS-
IVS-mCDS8::GFP}attP2
w[1118]; UAS-
dome cyt2.1/UAS-
dome cyt2.1

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

mCherry-Atg8a}2

Strasbourg
gift from Bou, Maryland

Bloomington Stock Center:
11218

Bloomington Stock Center:
32859

gift from M. Markstein,

Massachusetts

Bloomington Stock Center:
32194

gift from N. Perrimon,

Boston

Bloomington Stock Center:
37749
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4EBP::RFP 4EBP::RFP
Stat-GFP w[1118];;10x STAT-GFP
Upd3-GFP w[1118]; upd3-Gal4; UAS-GF
4XTRE-dsRed TRE-dsRed attP40
Vkg-GFP 'Vkg-GFP

2.9 Devices and equipment

Material

gift from J. Kang-Min,
Seoul
gift from E. Bach, New
York
gift from N. Perrimon,
Boston
gift from D. Bohmann,
Rochester
gift from U. Theopold,
Stockholm

Devices and equipment that were used in this stneyisted in table 10.

Table 10: Devices and equipment.

Device/equipment

Source of supply

Stereo light microscope Leica S6 E
Stereo light microscope WILD M5A
Fluorescence microscope Axio Imager Z1
ApoTome

Axiocam MRm camera

Omni Bead Ruptor 24
Thermomixer comfort

Centrifuge 54515 D and 5417 R
Drosophila activity monitor 2
Vortex Genie 2

StepOne Real Time PCR System
PCR cycler

DeNoxiv DS-11 spectrometer
Qubit 3

Micoplate reader Synergy H1

Mediaclave 9

Leica Microsyste
Wild Heerbrugg

Carl Zeiss

Carl Zeiss

Carl Zeiss

Omni International
Eppendorf

Eppendorf

TriKinetics Inc. Wakm
Scientific Industries
Thermofisher Scientifi
Sensoquest
Biolabproducts GmbH
Thermofisher Scientific
BioTek Instruments GmbH

Integra Biosciences AG
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GeneAmp PCR system 9700 Thermofisher Scientific
Cleanbench Labguard ES Classll Nuaire
MiSeq lllumina
HiSeq4000 lllumina
Drosophila culture vials (50 ml) Nerbe plus
Drosophila culture vials (175 ml) Greiner Bio One
Drosophila culture vial cellulose plugs (30 Nerbe plus
mm)

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 listethble 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

Drosophilastock flies were kept in a climate chamber wittRah : 12 h light-dark cycle at 18
°C (day) : 16 °C (night) and a humidity of 65 %.eT$tock flies were transferred to fresh vial
every 3 weeks on standard culture medium. If ne¢etise noted, experimental flies were kept
in a climate chamber with 12 h : 12 h light-darlcleyat 25 ° C (light) : 20 °C (dark) and a
humidity of 65 %.

3.2 Drosophila crosses

For crossings the Gal4/UAS system was appliedehreral, virgin UAS responder females or
Gal4 driver females were crossed to either malel @alJAS lines, respectively. For control
genotypes, the driver and responder lines weredoasged to the proper genetic background.
The parental generation was removed after egg deposF1l progenies were used for

experiments 3 -5 days after eclosion.

3.3 Dechorionisation

150 ml 2 % agar-agar in dB was cooked and mixed with 150 ml apple-juice. apgle-juice
agar was poured into 90 mm plastic petri dishes.elgg collection, respective fly lines were
transferred into 150 nidrosophilaculture vials and the culture vial was pluggedhwite petri
dish containing the apple-juice agar. The cultuet was sealed with tape and the flies were
allowed to lay eggs for a maximal time of 16 h at°Z. Afterwards, the flies were removed
from the vials. The eggs were washed off with 1xSP&hd collected in baze basket. The
following steps were prepared under sterile coadgiin a laminar flow cabinet. The eggs were
dechorionized in 6 % sodiumhypochlorid (in ) for 2 min followed by several washing
steps with70 % EtOH and double autoclaved watee Jdwze with the sterile embryos were

transferred into culture vials with sterile fly fho
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3.4 Bacterial recolonization

A mixture of the following bacterial species, whieiere cultured as previously described (253)
was used to reconstitute the natural microbickaetobacter pomorun{ODeoo = 0.7),
Lactobacillus brevis" (ODsoo = 8), Lactobacilles plantaruMf’t (ODeoo = 6), Enterococcus
faecalis(ODsoo = 0.8), andCommensalibacter intestfit'™ (ODsoo = 1.5) (kindly provided by
Carlos Ribeiro, Lisbon, Portugal). To prepare thecls solution for recolonization, the
following volumes of each liquid culture were coméd in a 15 ml falcon tube: 2 ml &
pomorum 0.02 ml ofL. brevi§", 0.25 ml ofL. plantarum”t, 2 ml of E. faecalis and 1 ml of

C. intestinf®!'T The bacterial mixture was centrifuged three time3000 rpm for 15 min and
repeatedly resuspended in sterile phosphate-bdffesne (PBS). Finally, the mixture was
centrifuged at 3000 rpm for 15 min and resuspemd@$% glycerol prepared in sterile PBS.
Aliquots of 500 | were stored at 20°C. A volume of 50 of the bacterial mixture was added
to the surface of control or high-fat media andwaéid to settle for 1 h at room temperature
under sterile conditions. Thereafter, 3—5-day-okdflizs were transferred to the corresponding

media.

3.5 Immunohistochemistry

Intestines were dissected in sterile 1x PBS andewenmediately fixed in 4 %
paraformaldehyde for 1 h at room temperature. Méeds, the intestines were washed 3 times
with 0.1 % PBT for 10 min each and blocked with 5b#cking solution for 1 h at room
temperature. After blocking, the intestines wereubrated with the primary antibodies in
blocking solution at 8 °C overnight. The intestime=re washed with 0.1 % PBT 3 times for 10
min each, followed by an incubation with the se@gdntibodies in blocking solution at 8 °C
overnight. The secondary antibodies were removeddtanintestines were incubated in a DAPI
solution (1:2000 in 0.1 % PBT) for 10 min followbeg 3 washing steps with 0.1 % PBT. The
intestines were mounted on a microscope slide invidlo Images were taken by an
epifluorescent microscope Axio Imager Z1. For Zipetions the ApoTome was used and the

intestines were stacked in 2 um slices.

3.6 Fluorescence quantification

Images of fluorescent samples were taken by usiagpifluorescent microscope Axilmager
Z1. The exposure time and the slice thickness wasl ffor every experimental group. The
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fluorescence of single cells was quantified by gdmageJ. The cell of interest was selected
with the drawing tool and the area, integrated ig@sd the mean grey value was measured.
A region next to the cell of interest without flescence was set as background control. To
calculate the total fluorescence of a cell, thelofeing equation was used:
CTCF (corrected total fluorescence) = integratedsdg — (area of selected cell « mean

fluorescence of backround reading).

3.7 Bodipy staining

Intestines were dissected in sterile 1x PBS andewenmediately fixed in 4 %
paraformaldehyde for 30 min at room temperaturéermMards, the intestines were incubated
with BODIPY™ 493/503 at a concentration of 1:1000 in 1xPBS3J0rmin in darkness.
Subsequently, the intestines were washed 3 timés OiL % PBT for 10 min each. The
intestines were mounted on a microscope slide WMtwiol. Images were taken by an
epifluorescent microscope Axio Imager Z1. The ApamEowas used for processing Z-

projections.

3.8 Triacylglyceride content quantification

The triacylglyceride content of whole flies wasesssed by using a coupled colorimetric assay.
5 female flies were used per replicate. The flieseamransferred into 2 ml screwcap tubes,
weighted and homogenized in 500 pl 0.05 % Tweerfi20dH.O) by using a bead mill
homogenizer at 3.25 m/s for 2 min. The homogenat® incubated at 70 °C for 5 min,
followed by 3 min of centrifugation at 1000 x g.050! supernatant was removed and stored at
-20 °C until measurement. A standard curve (ghyiceraaeate: 100 ug/50ul — 3.12 pg/50ul)
and 50 pl of the respective sample supernatants pipetted into wells of a 96-well plate. The
absorbance was determined at 562 ngh Afterwards, 200 pl of a prewarmed (37 °C) Thermo
Infinity triglyceride solution was added into eadline absorbance was measured at 540 nm by

using a Microplate Reader Synergy H1.

3.9 Uric acid content and uricase activity quantificaton

The uric acid content and uricase activity was ¢jtiad by using the Amplex Red Uric
Acid/Uricase kit according to the manufacturer’stpcol. In brief, 5 flies were homogenized
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in 100 mM Tris (pH = 7.5) and debris were removgdentrifugation for 2 min at 3000 x g.
For uric acid content quantification, uric acidrstards (0 — 100 uM) were prepared from a 5
mM stock diluted in 1x reaction buffer. For uricaszivity measurements, uricase standards (0
— 100 mU/ml) were prepared from a 100 U/ml stodltdd in 1x reaction buffer. Reactions
were performed in 100 pl volume at 37 °C for 30 priotected from light. 20 mM #¥D- diluted

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

using a Microplate Reader Synergy H1.

3.10Protein content quantification
The protein content of whole flies was quantifigdusing the Pierd& BCA Protein assay Kkit.

5 female flies were used per replicate. The flieseamransferred into 2 ml screwcap tubes,
weighted and homogenized in 500 pl 0.05 % Tweer{i20dH.O) by using a bead mill
homogenizer at 3.25 m/s for 2 min. The homogenate eentrifuged at 1000 x g for 3 min to
pellet the debris and 500 pl was removed and statre2D °C until measurement. The Piétte
BCA protein assay kit was used for the quantifmatf total protein amount in the supernatant.
The assay was performed according to the manuta&tuprotocol for the microplate

procedure.

3.11 Excretion assay
A small piece of fly food supplemented with Brilita Blue FCF food dye added at a

concentration of 1 % (wt/vol) was transferred te biottom of a vial. A coverslip was placed in
the middle of the vial to split it into two halvelmdividual flies were trapped in one half,
together with the piece of food, and the vial wealed with a foam plug. Flies were incubated
at 20 °C for 24 h and the numbers of fecal spotthercoverslips were counted manually.

3.12 Determination of intestinal transit time

Each well of a 24-well plate was loaded with a dipigice fly food supplemented with Brilliant
Blue FCF food dye added at concentration of 1 %k Individual flies were starved for 24
h, transferred to the wells, and monitored everynibfor 3 h. The appearance of the first dyed
fecal spot determined the time from food ingestoregestion 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 edltan high-fat or control media for 7
days. Subsequently, the intestines of five flieseAtomogenized in 300 of MRS medium
using a bead mill homogenizer at 3.25 m/s for 2.nhmestinal debris was removed by
centrifugation, the supernatant was mixed with 5%r@se, and 200! of the mixture was
applied to sterile filter paper. GF esg>GFP fliexevallowed to feed on the filter paper for 24
h and then transferred to control media for 5 days. Esgcells in the anterior midgut region

were counted.

3.14 Smurf assay

Flies were fed on either CD, DR or PEM for 14 ddyged medium was prepared by using the
respective diet with Brilliant Blue FCF added ahcentration of 1 % (wt/vol). After the dietary
treatment, the flies were transferred onto the dyedlium for 24 h. A fly was counted as
“smurf” when the blue dye could be observed noyaméide the intestinal tract but also in the

body cavity.

3.15Locomotor activity

The Drosophila activity monitor (DAM) was used to determine thecdmotor activity.
Individual male flies were placed in glass tubes5oimm inner diameter, filled with the
corresponding fly food at one end and plugged aittotton plug at the other end. The glass
tubes were placed into the DAM in an incubator véth2 h : 12 h light-dark cycle at 25 °C
and a humidity of 65 %. The activity of the fliemsvsummarized in 2 minute bins. For data
analysis Excel software and the DAMFileScan sofemaf TriKinetics was used. The total
number of beam breaks over 24 h of every singlevlg summarized in intervals of 30 min.

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

3.16 Lifespan assay

Cohorts of 20 female flies were transferred iDtosophilaculture vials with the respective fly
flood. The flies were keptin a 12 h : 12 h liglatrkl cycle at 25 °C (light) : 20 °C (dark) and a
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humidity of 65 %. Living flies were counted andrséerred to fresh food vials every 3 days.

In case of high fat dieting, the assay was perfarate€20 °C.

3.17 Luciferase assay

The luciferase assay was performed as previoudgritbed (254) with minor modifications .
The intestines of five adult flies per replicatergveollected in 1501 of ONE-GIlo Lysis Buffer
and homogenized using a bead mill homogenizer foirRat 3.25 m/s. The homogenate was
transferred to a new reaction tube and stored @tC2until further processing. For luciferase
measurement, samples were thawed on ice antl\B8s transferred to a white flat-bottom 96-
well plate, with at least one empty well betweesatments to minimize signal spill over
Samples were mixed with the same amount of subgtratvided by the ONE-Glo Luciferase
Assay System immediately before signal detectiartiferase signals were detected using a
Microplate Reader Synergy H1. A mock control wasluded on each plate to normalize

treatments across plates.

3.18 Infection assay withSerratia marcescens
Cohorts of 10 female flies were transferred foragsionto either CD, DR or PEM diets.

Afterwards, the flies were transferred idoosophilaculture vials with a 2 % agar-agar base.
A strip of filter paper was soaked wigh marcescen®D = 1 (in 5 % sucrose solution) and
were placed onto the agar-agar base. For the ¢antnop the filter paper was soaked with a 5

% sucrose solution. The flies were orally infectiadly.

3.19DSS treatment

Cohorts of 10 female flies were transferred foraydonto either CD, DR or PEM diets. For
the memory effect experiment, the flies were transfd onto either CD or PEM diet for 7 days.
Afterwards, the flies were refed for 7 days on Ghiter the dietary intervention, the flies were

transferred int®rosophilaculture vials with a 2 % agar-agar base.
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3.20DNA extraction

DNA was extracted by using the MasterPure DNA Ruaifon kit. Dissected intestines were
homogenized in 250 pl cell lysis solution by usangead mill homogenizer for 2 min at 3.25
m/s. Afterwards, 1 pl proteinase K were added eodiimple followed by an incubation at 54
°C for 15 min. The sample was cooled down to 3aA@ 1 ul of RNase A (5 ng/ul) was added.
The sample was incubated at 37 °C for 30 min. Texipitate DNA, 175 pl of the protein
precipitation reagent was added to the sample.sutesitly, the sample was vortexed for 10 s
followed by centrifugation for 10 min at 14.000Tthe supernatant was transferred to a new
reaction tube and 500 ul isopropanol was added.s@hgple was inverted 30 times followed
by centrifugation for 10 min at 14.000 g for paBation. The supernatant was removed, and
the DNA pellet was washed twice with 70 % ethafble pellet was resuspended in 30 ul TE
buffer and stored at -20 °C until use.

For 16S analysis, 16S rDNA was extracted by udiegQiagen DNeasy Blood and Tissue Kit.
Before dissection, the flies were drowned for 10ns70 % EtOH to remove bacterial
contamination from the animal’s surface. The ditsgtmtestines were homogenized in 200 pl
sterile 1XPBS using a bead mill homogenizer at 812%& for 2 min. Afterwards, 180 pl ELB
containing 20 mg/ml lysozyme was added to the samptl incubated at 37 °C for 30 min. 200
pl ATL buffer and 20 pl proteinase K was addedh® sample and incubated at 56 °C for 30
min. 200 ul 100 % EtOH was added and vortexed. hdure was pipetted into a DNeasy
Mini spin column and centrifuged at 10.000 g fanih. The flow through was discarded and
500 ul AW1 buffer was added to the spin columndiwid by centrifugation at 10.000 g for 1
min. The flow trough was discarded and 500 pl AW@fdr was added to the spin column
followed by a centrifugation step at 20.000 g fan®. The flow through was discarded and
the spin column was placed in a sterile 1.5 mltteadube. The DNA was eluted by adding
200 pl AE buffer to the spin column, incubatedXanin 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 andfemesl to 500 pl RNA Magic. The intestines
were homogenized in a bead mill homogenizer fori@ at 3.25 m/s. Afterwards, 200 pl
chloroform was added to the sample. The sampleinvasted 20 times and incubated on ice
for 5 min followed by a centrifugation for 15 min 52.000 g and 4 °C. The upper aqueous

phase was transferred to a new reaction tube aedwad volume of 70 % ethanol was added.
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The sample was loaded onto an Ambion PureLink RNAi it column. Further extraction
was done by following the Ambion PureLink RNA Mikit manufacturer’s protocol. The total
RNA was eluted in 30 ul RNase-free water and state@0 °C until use.

3.22 cDNA synthesis

The following mix was used to bind the oligo dTrper to RNA:
0.5 ul oligo AT primer (10 pM)

0.5 pl dNTPs (10 mM)

X Ul RNA

ad 6.5 pl RNase free water.

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

by adding the following reagents to the mix:

ul 5x SSIV buffer

0.5 pl DTT (0.1 M)

0.5 pl Ribolock RNase Inhibitor (10 U)

0.5 pl Superscript IV reverse transcriptase (100 U)

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

min. The reaction was stopped by incubating the ah&0 °C for 10 min.

3.23 Polymerase chain reaction (PCR)

The following reaction mix was used for PCR:
0.5 pl reverse primer (10 puM)

0.5 pl forward primer (10 pM)

0.5 pl dNTPs (10 mM)

2.5 ul 10x AV buffer

25 ng DNA
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1 pl DreamTaq polymerase
ad 25 pul DNase free water

The following cycling conditions were used (anneglend 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 chapt@2)3for quantitative analysis of the

relative transcript levels. The following reactiomx was used for gRT-PCR:
5 ul gPCRBIO SyGreen

0.5 pl forward primer (5 pM)

0.5 pl reverse primer (5 uM)

4 ul sample (5 ng/ul)

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

adhesive film. The following cycle conditions wersed:

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 calculdigdising the CP equation, whereby each

gene was normalized to the house keeping gaBe:

CP = CP target gene — CP reference gene
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CP = CP treatment - CP control

Ratio=2 CP

3.25RNA-seq analysis
RNA-seq analysis was performed by using the Qi&je@ Genomics Workbench 9. Adapter

sequences were trimmed and reads were normalizédnapped to the BDGP6 reference
database by the RNA-Seq analysis tool. Differergigdression was calculated by using the
Differential Expression for RNA-Seq tool.

3.26 16s analysis

16s analysis for the high fat diet experiment weegormed as follows: The V3-V4 region of
the 16S gene was amplified using the dual barcquieders 341F and 806R. Each primer
contained additional sequences for a 12-base G@egode, an lllumina adaptor, and a linker
sequence. PCR was performed using Phusion Hot B&t2x Master Mix in a GeneAmp
PCR system 9700 and the following program: 98°Q3forin, 30 cycles of 98°C for 20 s, 55°C
for 30 s, and 72°C for 45 s, followed by 72°C fOrrhin and then 4°C hold. PCR was checked
by agarose gel electrophoresis. Normalization wasfopned using a SequalPrep
Normalization Plate Kit following the manufacturerinstructions. Equal volumes of
normalized amplicons were pooled and sequencech difuanina MiSeq (2 x 300 ntiMiSeq
sequence data were analyzed using MacQIIME v1Bxikfly, all sequencing reads were
trimmed to retain only nucleotides with a Phredliquacore of at least 20, and then paired-
end assembled and mapped onto the different samydeg the barcode information.
Rarefaction was performed at 34,000 reads per satophormalize all samples against the
minimum shared read count and to account for difféal sequencing depth. Sequences were
assigned to operational taxonomic units (OTUs)@&I€LUST and the Greengenes reference
database (gg_13 8 release) with 97% identity. Remtative OTUs were picked and assigned
to a taxonomy using UCLUST and the Greengenes ds#alfuality filtering was performed
by removing chimeric sequences using ChimeraSlayaet by removing singletons and
sequences that failed to align with PyNAST. Themafce phylogenetic tree was constructed
using FastTree 2. Relative abundance was calculatetividing the number of reads for an
OTU by the total number of sequences in the sanipieieighted Unifrac beta diversity was

calculated and visualized by generating princijpalrdinate plots. Differentially abundant taxa
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were assessed using the nonparametric t testupsvalere adjusted for multiple testing using
the FDR correction. LEfSe was performed by using amline tool available at
“http://huttenhower.sph.harvard.edu/galaxy”. LDAdees taxa based on their contribution to
the overall observed differences between groups dalalysis for the protein-energy
malnutrition experiment was performed as followbeTV1-V2 region of the 16s gene was
amplified according to Rausdt al, 2019 (240). Amplicons were sequenced using itham
MiSeq (2 x 300 nt). 16s analysis was performed bingi the Qiagen CLC Genomics
Workbench 20 Microbial Genomic module. lllumina seqcing adapters were trimmed from
pair-end reads. OUT clustering was based on tlé &feengenes reference database (gg_13 8
release) with a similarity score of 80 % and bestaim finding option, using following settings:
chimera cross over costs 3, Kmer size 6, mismatskscl, minimum score 40, gap costs 4,

maximum unaligned end mismatches 5.

3.27 Statistics

Statistical analysis was performed by using thepGfad Prism software 8.3.1. The data was
tested for distribution by using the Shapiro-Wilkrmality test. Parametric data was analyzed
with unpaired students t-test and non-parametia déh 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 ineractions in

the intestine ofDrosophila

TheDrosophilaintestine has direct contact with the nutritiooahtent, but little is known how
dietary lipids affect the intestinal homeostasiar this reason, | investigated the effect of a
short-term intervention of 20 % coconut fat-baséghHat diet (HFD) on theDrosophila
intestine compared to the control diet (CD).

4.1.1 High fat dieting leads to hyperproliferation in the Drosophilamidgut
Intestinal stem cells (ISCs) and enteroblasts (EBs)marked by the expression of escargot
(esg). | used the escargot reporter line (esg>@iMne, which expresses membrane-bound
GFP in ISCs and EBs, in order to examine the imideeof a HFD on the stem cell proliferation.
After 3 days of high fat dieting, | observed anrgased number of €sgells in the anterior
(Fig. 5, B) as well as in the posterior midgut (Fsg B’) compared to the CD (Fig. 5, A and

A"). To reveal how long this hyperproliferation gests in the midgut | used the aforementioned
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Fig. 5: High fat dieting leads to hyperproliferation of the Drosophilamidgut. (A and B) esg&FP flies fed fc
3 days with HFD showed an increased number of eslis (GFP) compared to flies fed with C@" and B”
Representative images of ésgells in the posterior midgut. (C) The amount sfffecells was quantified

esg::GFP flies via cexpressed luciferase. The luminescence signal igagfisantly increased after 3 days
high fat dieting compared to flies fed with CD. @nhd E) A higher number of EBs was observec
su(H)GBE>mCDS8::GFP flies after 3 days of HFD feedin comparison to flies fed @D. (F) Expression 1
luciferase in EBs showed a significantly increakedinescence on day 3 in flies fed with HFD. HFgthfal
diet, CD: control diet, ISC: intestinal stem c&B: enteroblast, GFP: green fluorescent protesg, escargot,

days, ns: not significant, *p < 0.05. n = 9-14.
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esg>GFP fly lines with co-expressed luciferase, relmg the luciferase signal positively

correlates with the number of ISCs and EBs. Fieekviith HFD showed a significant increase
of ISCs and EBs on day 3 in comparison to fliesde€@D. No significant differences between
flies fed the HFD and the CD could be observedansiand 7 (Fig. 5, C). Specific expression
of membrane-bound GFP in EBs by using the su(H)@&Ri# driver revealed a higher number
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Fig. 6: Impact of high fat dieting on the mitotic activity of intestinal stem cells and the intestinal ce
composition.(A-B) Representative images of apti3 staining in the midgut of flies fed a HFD or @& 3 days
(C) A significant increase of pH3ells inthe midgut was detectable after 3 days of highlieting compared
the corresponding control (n = 11-13). (D and Epieeentative images of amtH3 staining of the midgut afte
7 days HFD or CD intervention. (F) Quantificatiohptd3* cells in themidgut of flies fed a HFD or CD for
days. (GH) DAPI staining in the AM region of the intestinafflies after 7 days on a HFD or CD. Large, pobyg
cells represent ECs. (I) No significant differengeghe number of ECs were detected upon 7 daysghf fai
dieting in comparison to flies fed a CD (n = 10-1(I}K) Representative images of aptéspero staining, whit
specifically labels EECs, in the anterior midgugiom of flies fed a HFD or CD for 7 days. (L) Quitative
analysis of the number of EECs of flies fed a HROC® (n = 10-11). HFD: high fat diet, CD: contrakt] EC:
enterocyte, EEC: enteroendocrine cell, pH3: phodpbkimne 3, ns: not significant, **p < 0.01, ***p &001.
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of EBs after 3 days on HFD in the anterior midgtig( 5, E) compared to flies fed with CD
(Fig. 5, D). Expression of luciferase in EBs ledatsignificant increased luminescence signal
after 3 days of high fat dieting compared to the, @Dereas no differences could be detected
on day 5 and day 7 (Fig. 5, F). The mitotic acyiat ISCs was evaluated by using the phospho-
histone 3 antibody (pH3), which specifically labgigotic cells. The number of pH8ells was
increased after 3 days of HFD feeding (Fig. 6,Bgaomparison to flies fed a CD (Fig. 6, A),
which was further supported by a quantitative asialpf the number of pH3cells of the
complete midgut (Fig. 6, C). The number of ptd&clined after 7 days of high fat dieting (Fig.
6, E) and reached levels comparable to those ed fied a CD (Fig. 6, D). The quantitative
analysis of the number of pHells of complete midguts after 7 days of high datting
revealed no significant differences compared totrobrlieting (Fig. 6, F), which correlates
with the temporal pattern of the proliferation sfjecells. To examine the effect of a HFD on
the cellular composition, the number of enterocyteSs) and enteroendocrine cells (EECS)
was counted, which are both descendants of EBSFB idtervention of 7 days had no effect
on the number of enterocytes (Fig. 6, H) compandtids fed a CD (Fig. 6, G). The number of
enterocytes was evaluated by counting large poigpAPI-stained nuclei in the anterior
midgut (Fig. 6, ). The effect of a HFD on the nusnlef EECs was investigated by using an
anti-prospero antibody, which specifically labéie EECs. In comparison to flies fed a CD for
7 days (Fig. 6, J and L), the number of EECs irathierior midgut was increased in flies fed a
HFD (Fig. 6, K and L).

4.1.2 High fat dieting does not block differentiation ofprogenitor cells

To further monitor the intestinal cell turnover wpbigh fat dieting, | used the ReDDM
(repressible dual differential stability cell marké&acing method (220). The ReDDM system
combines the expression of the fluorescent protei@®8::GFP and H2B::RFP, which have
short and long half-lives, respectively. The expi@s of these fluorescent proteins is under the
control of an ubiquitous temperature-sensitive Gafg¥essor and a Gal4-promotor of choice.
By using an esg-Gal4 driver, mCD8::GFP is expregasguiogenitor cells (ISCs and EBs) but
is not sustained in newly differentiated ECs an€CEEThe stable H2B::RFP persist for several
weeks and marks renewed ECs and EECs. Therefaggassible to evaluate a potential block
of differentiation of progenitor cells. ReDMM fided a HFD for 3 days showed an increased
number of marked progenitor cells (Fig. 7, A) congoeto ReDMM flies fed a CD (Fig. 7, B).
After 7 days of high fat dieting (Fig. 7, D), theimber of marked progenitor cells was
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comparable to that of flies fed a CD (Fig. 7, CheTquantitative analysis also revealed a
significant increase of progenitor cells after ¥slaf high fat dieting compared to the proper
control, whereas no differences between the digtdeyventions were detectable on day 7 (Fig.
7, E). The number of newly differentiated ECs al®E, which are only marked by H2B:RFP,
was not affected by a HFD on day 3 (Fig. 7, B) cared to flies fed a CD (Fig. 7, A). However,
the number of renewed cells was increased in fédsa HFD (Fig. 7, D) in comparison to
control dieting flies (Fig. 7, C). The quantitatiaealysis showed a significant increase of newly
differentiated cells after 7 days of high fat digtiand therefore an accelerated intestinal cell

turnover, compared to flies fed a CD (Fig. 7, F).
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Fig. 7: High fat dieting lead to an accelerated turnover ofntestinal cellsand do not block differentiation.
(A-B) The ReDMM tracing method was combined withemgy&Gal4 driver. Progenitor cells (ISCs and EBS)
marked with mCD8::GFRGFP) and H2B::RFP (RFP), whereas renewed cells @@ EECs) are exclusiv
marked by H2B::RFP. The number of progenitor cets increased after 3 days of high fat dieting canag tc
flies fed a CD. The number of newly differentiatesdls was not affected. (D) The number of renewed cells v
increased in flies fed a HFD after 7 days in corigmar to control dieting flies. No differences irethumber ¢
progenitor cells was detectable between flies fetFB or CD. (E) Quantitative analysis of peattor cells afte
3 days and 7 days of high fat dieting comparedigs fed a CD (n = 9:0). (F) The quantitative analysis of ne
differentiated cells in flies fed a HFD after 3 dagnd 7 days in comparison to control dieting fliess 9-10).
HFD: high fat diet, CD: control dietSC: intestinal stem cell, EC: enterocyte, EECeem¢ndocrine cell, GF
green fluorescent protein, RFP: red fluorescertigmpReDMM: repressible dual differential stalyilitell markey
esg: escargot, ns: not significant, ***p < 0.001

4.1.3 Specific triglycerides phenocopy the HFD induced hyerproliferation
Coconut fat has a high content of saturated fatitysa(92 %) and consists mainly of medium-

chain and long-chain triglycerides. The most abuhdaturated fatty acids in coconut fat are
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Fig. 8: Single triglycerides lead to hyperproliferation inthe Drosophilaintestine. (A-D) Esg>GFP flies we

fed with a CD supplemented with 20 % tripalmitinstearin or tricaprin. A higher number of ésglls (GFP
was observed in flies fed a tripalmitin-, tristearor tricaprin-based dié comparison to flies fed a CD. (E) 1
guantitative analysis revealed a significant inseeaf esgcells in the anterior midgut region of esg>GFPs

fed a triglyceride-supplemented diet comparediésfled a CD (n = 9 -10). HFD: high fat diet, Cntrol diet
GFP: green fluorescent protein, esg: escargot, &Merior midgut, ***p < 0.001.

lauric acid (47 %, 12 carbon atom chain), myriat™ (16.5 %, 14 carbon atom chain), caprylic
acid (9 %, 8 carbon atom chain), palmitic acid %516 carbon atom chain) and capric acid
(7 %, 10 carbon atom chain (255). To examine iinesiagle triglycerides can phenocopy the
intestinal response observed in flies fed a 20 oot fat-based diet, | supplemented the CD
with purified medium-chain or long-chain triglycees. The following triglycerides were used
with a concentration of 20 %: tripalmitin (16 carbatom chain), tristearin (18 carbon atom
chain) and tricaprin (10 carbon atom chain). EsgB@ies fed a tripalmitin-based diet (Fig. 8,
B), a tristearin-based diet (Fig. 8, C) or a tritaynased diet (Fig. 8, D) showed a highly
increased number of €sgells compared to flies fed a CD (Fig. 8, A). Thantitative analysis
revealed a significant increase of esgells in the anterior midgut region in flies fed a
tripalmitin-, tristearin- or tricaprin-based diet comparison to control dieting flies (Fig. 8, E).
To evaluate the mitotic activity of ISCs upon faeglia triglyceride-supplemented diet, the
intestines were stained with an anti-pH3 antibdthe number of pH3cells was increased in
flies fed a tripalmitin-based diet (Fig. 9, B), réstearin-based diet (Fig. 9, C) or a tricaprin-
based diet (Fig. 9, D) compared to flies fed a €[9.(9, A). The quantitative analysis of pH3
in complete intestines revealed a significant iaseeof mitotically active cells upon feeding a
diet supplemented with either tripalmitin, tristeawr tricaprin compared to control dieting flies

(Fig. 9, E).
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Fig. 9: A triglyceride- based diet leads an increased number of mitoticallgctive ISCs in the fly’s intestine
(A-D) Representative images of intestines of fl¢gined with an anpH3 (pH3) antibody after feeding ol
tripalmitin-, tristearin-, or tricaprin-supplemedt@iet. The number of pH3Xells was increased in flies fe
triglyceride-based diet compared to flies fed a (&). Quantitative analysis of the number of phit8complet:
intestines of flies upon feeding a triglyceride-dsliet in comparison to control dieting flies (®xHFD: higt
fat diet, CD: control diet, ISC: intestinal stemlcpH3: phosphor-histone H3, **p < 0.01, **p <@)1.

4.1.4 JINK signaling is activated upon high fat dieting

The INK (c-Jun NEterminal kinase) signaling pathway is a major tatgur that promotes
cellular stress tolerance and is activated by &tyaof environmental stressors (256) in the
fly’s intestine. To examine whether high fat digtiactivates JNK signaling, | checked JNK
phosphorylation by a specific anti-phospho-JNK lzody (pJNK). Flies fed a HFD showed an
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Fig. 10: High fat dieting induces JNK activation. (A-B) Staining with an antpJNK antibody in the anteri
midgut of flies fed a HFD or a CD. HFD feeding lsdd an increased pJNK fluorescencealgompared to flie
fed a CD. (C-D) Representative images of the amtemidgut of the JNK reporter line 4xTRESRed (E
Fluorescence quantification in the anterior midgnd posterior midgut of 4xTRHsRed flies after high fat dieti
or control dieting (n = 8-10). HFD: high fat di€D: control diet, AM: anterior midgut, PM: posterior midg
pJNK: phospho-JNK, ns: not significant, *p < 0.6% < 0.01.
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increased level of pJNK (Fig. 10, B) in the antimidgut compared to CD fed flies (Fig. 10, A),
which corresponds to activated JNK. To further suppn activation of the JNK signaling
pathway in the fly’s intestine upon high fat digfihused the JNK reporter line 4xTRE-dsRed
(257). TREs (tetradecanoylphorbol) are binding ssifer the AP-1 transcription factor
c-Jun, which is regulated by JNK phosphorylatioightat dieting leads to an increased TRE-
dsRed fluorescence signal in the anterior midgutcomparison to flies fed a CD
(Fig. 10, C-D). Quantification of the TRE-dsReddtascence revealed a significantly increased
fluorescence in the anterior as well as in the gramt midgut compared to CD fed flies
(Fig. 10, E).

4.1.5 High fat dieting induces upd3 signaling

The cytokine upd3 (unpaired 3) is a major targethef INK pathway in ECs and is linked to
activation of ISCs through paracrine signaling (22Z%erefore, | used an upd3-GFP reporter
line to study the effects of a HFD on upd3 sigr@liihe expression of upd3 was highly
increased in flies fed a HFD (Fig. 11, B) compat@dlies fed a CD (Fig. 11, A). qRT-PCR
revealed that the relative transcript levels wegaicantly increased upon high fat dieting

(Fig. 11, C). To evaluate, if the elevated upd3regpion in HFD fed flies is linked to the

CD

relative transcript levels

upd3-GFP upd3-GFP

N Q
¢ §

Fig. 11: Upd3 expression is increased upon high fat dietindA and B) A upd3&FP reporter was used
monitor upd3 expression in the anterior midgutliesffed a CD or a HFD. Flies fed a HFD showedramdase
fluorescence signal compared to flies fed a CD. RY-PCR analysis revealed that HFD feeding lead
significant increased relative level of upd3 in thiestine compared to flies fed a CD (n =13[D: high fat diet
CD: control diet, GFP: green fluorescent protepdar unpaired 3, *p < 0.05.

observed increase in mitotic activity in ISCs, pessed upd3 RNAI in ECs. A lower number
of pH3" was detectable in flies expressing upd3-RNAi isERP1>upd3 RNAI; Fig. 12, C)
in comparison to the genotype controls (NP1>+, uRtiAi>+; Fig. 12, A and B) upon high

fat dieting. This was further supported by the ditative analysis of the number of pH&lls
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in the whole intestine. No significant differensesre observed between the genotypes, which
were fed a CD (Fig. 12, D).

HFD

NP1>+ upd3 RNAi>+ NP1>upd3 RNAi

ells/gut
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Fig. 12: HFD-induced mitotic activity in ISCs depends on up8 expression in ECs(A-C) Flies, whicl
expressed upd3 RNAI in ECs (NP1>upd3 RNAI) werejetted to a HFD as well as the two genetic cor
(NP1>+, upd3 RNAi>+). The number of pH8ells in NP1>upd3 RN#flies was lower compared to the gen
controls. (D) Quantitative analysis of the numbfgstd3* cells in the intestine. A significant lower numtoépH3*
cells was detectable in NP1>upd3 RNA: flies fedDHNn comparison to the genetic controls oa same die
No significant differences between the genotypeevebserved in flies fed a CD (n -16). HFD: high fat die
CD: control diet, pH3: phospho-histone 3, upd3:airgdl 3, ns: not significant, *p < 0.05, **p < 0.01

4.1.6 High fat diet response requires JAK/STAT signalingn progenitor cells

It is well known that the expression of upd3 in Bfiggers the proliferation of ISCs (229,258).

In order to reveal activated JAK/STAT signaling aasesponse to HFD in the fly's intestine, |

used a STAT-reporter (10xstat-GFP,259). Flies sldoa increased fluorescence signal in
progenitor cells upon high fat dieting (Fig. 13, Bhereas the signal in flies fed a CD was low
(Fig. 13, A). Quantitative analysis of the fluoresce signal in the anterior midgut revealed a
significantly stronger fluorescence signal in fliesl a HFD in comparison to corresponding
control (Fig. 13, C). To confirm that JAK/STAT sigimg in progenitor cells is required for the

increased proliferation in flies fed a HFD, | edtgily overexpressed a dominant-negative
HFD
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Fig. 13 High fat dieting leads to an increased STAT signalig in progenitor cells.(A-B) By using a STAT-
reporter (10x staGFP), GFP was expressed in progenitor cells inintestine. The fluorescence signa

progenitor cells was stronger in flies fed a HFOcamparison to CD fed flies. (C) Quantitative anedys the

relative fluorescence of 10x stat-GFP cells inDinesophilaintestine of flies fed a HFD or CD (n = 10-1H§D:

high fat diet, CD: control diet, *p < 0.05.
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isoform of the JAK/STAT receptor domeless in pragmmcells (esg-GFP,Gal80>dome DN).
In these animals, the number of pH&lls was similar in HFD fed flies (Fig. 14, B)caim CD

fed flies (Fig. 14, A). The quantitative analysmwed no significant increase in the number of
pH3" upon high fat dieting compared the correspondiogtrol (Fig. 14, C). This lack of
response was also detectable, when eslis were analyzed (Fig. 14, D and E). No déferes

in the number of esgcells were detectable in esg>dome DN flies fed RD+or a CD
(Fig. 14, F).
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Fig. 14: The domeless receptor is required for the HFD medtad hyperproliferation in progenitor cells.
(A-B) Representative images of an anti-pH3 stairimdlies expressing a dominanegative isoform of tt
domeless receptor (esg>dome DN) in progenitor g&)lQuantification of pH3cells in the midgut of esg>do1
DN flies fed a HFD or CD (n = 14). (D and E) Thewher of esgcells in esg>dome DN flies fed a HFD \
similar to flies fed a CD. (F) No significant difences in the number of éscells (GFP) were observed
esg>dome DN flies upon high fat dieting comparetthéocorresponding control (n = 10-1HfED: high fat diet
CD: control diet, pH3: phosphuistone 3, esg: escargot, GFP: green fluorescesteipr esg: escarg
ns: not significant.

4.1.7 The high fat diet induced proliferation is microbiota dependent

It is well known, that dietary interventions carieat the intestinal microbiota. Therefore, |
investigated the effect of the indigenous micradbion the proliferation of ISCs iDrosophila
by comparing germ-free (GF) flies to those that badn recolonized (RC) with a defined
bacterial mix. To standardize all the experimeatkflies that were used in the following
experiments were made GF by dechorionisation. wheds, the adult flies were recolonized
with a bacterial mix, which comprised 5 differemintmensal bacterial speciesfosophila

melanogaster Lactobacillus plantarum Lactobacillus brevis Acetobacter pomorum
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Commensalibacter intestirand Escherichia faeciumAs shown in chapter 4.1.1, high fat
dieting leads to a significant increased numbesgf cells in the anterior midgut region of the
intestine of RC esg>GFP flies (Fig. 15, A and Fnpared to the CD fed control (Fig. 15, B
and F). Interestingly, the HFD induced proliferatimf esg cells was not detectable in GF flies
fed a HFD (Fig. 15, D) where the number of 'esglls was significantly decreased compared
to RC flies upon high fat dieting (Fig. 15, F). Mower, there were only a few ésglls in GF
flies fed a CD (Fig. 15, C) and the number of thesés was significantly decreased compared
to RC flies on the same diet (Fig. 15, F).
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Fig. 15: HFD induced cell proliferation is dependent on thentestinal microbiota. (A-B) RC esg>GFP flie
fed a high at diet showed an increased numbergifasdls (GFP) compared to RC flies fed a CD.OTThe
HFD-triggered proliferation is not detectable in @&Es and the number of e5gells is comparable to GF fli
fed a CD (F) Quantitative analysis of ésglls in the anterior midgut region of RC a@# upon high fat dietir
or control dieting (n = 8-10). HFD: high fat di€&D: control diet, RC: recolonized, GF: gefree, GFP: gree
fluorescent protein, AM: anterior midgut, esg: egos ns: not significant, *p < 0.05, **p < 0.07**p < 0.001.

4.1.8 High fat diet associated upd3 signaling depends dhe microbiota

As the HFD triggered cell proliferation in the istme is highly microbiota dependent, |
investigated if this lack of induction is also agated with upd3 signaling in ECs. Therefore, |
used the upd3>GFP reporter line to study the coenfiee effects of a HFD in RC and GF
animals. High fat dieting induced upd3 signaling:i@s in the intestine of RC flies (Fig. 16, A)
compared to RC flies fed a CD (Fig. 16, B). The 2imignal was low in GF fed a CD
(Fig. 16, C). Interestingly, the HFD triggered upgl@naling response was absent in GF flies
upon high fat dieting (Fig. 16, D). This lack obponse was also detectable by measuring the
transcript levels of upd3 by using qRT-PCR. Thadaipt levels of upd3 in the intestine of
GF flies fed a HFD were significantly lower compdr® HFD fed flies, which harbors a
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functional microbiota. Moreover, the upd3 transtigpels of GF flies fed a CD was even lower
than the upd3 transcript levels of RC flies fedshmilar diet (Fig. 16, E).
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Fig. 16: HFD triggered upd3 signaling is absent in GF flies(A-B) The upd3 expression in the anterior mic
of RC flies fed a CD or a HFD was examined by usingpd3GFP reporter. RC flies fed a HFD showec
increased fluorescence signal compared to RCféliésa CD. (CP) The expression of upd3 in intestines of
flies was low upon control dieting or high fat digt. (E) qRTPCR analysis of the upd3 transcript levels ir
intestine in RC and GF flies fed a CD or HFD (n)=HFD: high fat diet, CD: control dieRC: recolonized, Gl
germ-free, upd3: unpaired-3, ns: not significapt<*0.05.

4.1.9 High fat dieting affects the intestinal microbial @mposition

To examine the effect of high fat dieting on thiegtinal microbiota, | compared the microbial
composition between flies fed a HFD and those fé&Da High fat dieting lead to an altered
microbial composition compared to flies fed a CheTmost abundant phyla on both diets were
Actinobacteria Firmicutes BacteriodetesCyanobacteria and Proteobacteria(Fig. 17, A).
The altered microbial community was also illustdalbg the separation in beta diversity, which
was evaluated by a principal coordinate analysto@ based on unweighted UNIFRAC. Each
data point represents a single biological repli¢&ig. 17, B). Linear discriminant analysis
effect size (LEfSe) revealed an enrichment of thdeoCaulobacteraleswith the family
member Caulobacteracege Enterobacterialesand Enterobacteriaceae Caulobacterales
belong to the class of alpha-proteobacteria, wiseEgderobacterialesbelongs to gamma-
proteobacteria. High fat dieting also leads tommcément of 2 unknown species, which could
not be identified by the Greengenes reference datalhactobacillaceaand the genus
Pedicoccuswhere significantly enriched in flies fed a CD, ialh belong to the firmicutes
phylum (Fig. 17, C).
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Fig. 17: High fat dieting alters the intestinal microbial camposition in flies. (A) Abundance table of tl
microbial composition of flies fed a CD or HFD (n5%. (B) Principal coordinate analysis revealedgaificant
shift in the microbial community upon high fat dief compared to flies fed a CD (n = 5). (C)iddar discriminar
analysis effect sizeshowed significant enrichments of different baeteriorders, phyla or gene
(n =5). CD: control diet, HFD: high fat diet, PCogrincipal coordinate analysis.

4.1.10 Altered microbial composition do not affect cell poliferation
To examine if the altered microbiota is responsibighe observed increased cell proliferation
observed in chapter 4.1.1, | performed a fecalsirlmtation experiment. Therefore, GF

esg>GFP flies were recolonized with either the GBoaiated or with the HFD associated
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Fig. 18: Diet induced changes of the microbial compositionds no impact on intestinal cell proliferation
(A-D) GF esg>GFP flies were recolonized with feces ddrifrem flies fed a CD or HFD. The CD or H]
associated microbial community did not affect tlhwnber of esgcells (GFP) in the intestine 3 days or 5 ¢
after fecal transplantation. (E) Quantitative as@yof the number of esgells in the anterior midgut regior
days or 5 days after recolonization with a CD oDHiSsociated microbial community (n = 7-18FD: high fa
diet, CD: control diet, GF: germ-free, GFP: greleoifescent protein, AM: antier midgut, esg: escargot, d: de
ns: not significant.

55



Results

microbiota. Afterwards, all flies were kept on a @D 3 or 5 days. No differences in the number
esg cells were observed 3 days or 5 days after rection between flies, which harbor a
microbiota derived from flies fed a CD or HFD (Fig, A-D). The quantitative analysis of the
number of esgcells also revealed no significant increasedmelliferation due to the transfer

of a HFD associated microbial community (Fig. 18, E

4.1.11 High fat dieting slows down the egestion

In order to elucidate if a HFD and the intestinatnobial community have an influence on the
egestion functionality, | checked the number ofafespots and the time necessary for a
completed gut transit in RC and GF flies. Upon Hagtdieting, RC flies showed a significantly
lower number of fecal spots per fly over 24 howspared to RC flies fed a CD (Fig. 19, A).
No differences in the number of fecal spots wergeoled between GF flies fed a CD or HFD.
Interestingly, the fecal spot production was siigaifitly reduced in GF flies fed a CD compared
to RC flies on the similar diet. This phenotype was$ detectable in RC flies and GF flies fed
a HFD (Fig. 19, A). High fat dieting in RC fliesdd to a delay in fecal transit time in
comparison to RC flies fed a CD, validated by meaguthe completed gut transit time. The
gut transit time is also significantly prolongedGif flies fed a HFD compared to GF flies upon
control dieting. No differences in gut transit tinvas observed between RC flies and GF flies,
which were fed the same diet, respectively. (F83.H).
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Fig. 19: High fat dieting affects the egestion(A) Analysis of the fecal spot pduction per fly over 24 hou
High fat dieting highly reduced the number of fespbts in RC flies and GF flies fed a HFD compaiethe
proper control dieting flies (n = 80). (B) RC flies and GF flies fed a HFD exhibit@grolonged complete ¢
transit time compared to the corresponding coriliet fed a CD (n = 8-10). HFD: high fat diet, C&antrol diet,
RC: recolonized, GF: germ-free, ns: not signific&pt< 0.05, **p < 0.01, ***p < 0.001.
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4.1.12 A HFD affects intestinal diameter and the microbiaabundance

| measured the intestinal diameter of flies to stigate if the prolonged gut transit time lead to
an increased pressure within the lumen. In fae,itestinal diameter was increased in flies
upon high fat dieting (Fig. 20, B) in comparisonflies fed a CD (Fig. 20, A). Quantitative
analysis revealed that the intestine of flies fétF® are approximately 50 um thicker than the
intestines of control dieting flies, which may et an increased mass of food in the flies
intestine (Fig. 20,C). Moreover, the reduced gansit time and the increased intestinal
thickness is associated with a higher intestinatdyéal abundance. The bacterial abundance
was 2 fold higher in flies fed a HFD in comparigorflies fed a CD, verified by measuring the

16s rDNA copy number via gRT-PCR (Fig. 20, D).
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Fig. 20: Intestinal thickness and bacterial abundance of fés fed a HFD.(A-B) Representative images
intestines of flies fed a CD or HFD. Scale bar =80. (C) Quantification of the anterior midgut widdf flies
upon high fat dieting compared to flies fed a CB-(hl). (D) The intestinal 16s rDNA copy number waslyze:
by usng universal 16s primers. The bacterial load wasdased in flies fed a HFD in comparison to ffied ¢
CD (n = 5). HFD: high fat diet, CD: control dietNMA anterior midgut, *p < 0.05, **p < 0.01.

57



Results

4.1.13 Triglyceride storage depends on the intestinal mrobiota

The lipid uptake irDrosophilais mainly regulated by ECs in the intestine, whernegested
lipids are stored as triacylglycerols (TAG) in tpdroplets. | measured the TAG content of
whole RC flies and GF flies, to investigate whetbenot the dietary lipid is indeed ingested
to the cells. RC flies fed a HFD had a significemareased TAG content compared to RC flies
fed a CD. Interestingly, GF flies fed a CD had ghler TAG content than RC flies on the same
diet. GF flies also stored significantly more TAGon high fat dieting than RC flies on the
same diet. Moreover, upon high fat dieting GF fliegealed a higher TAG content than GF
flies fed a CD (Fig. 21, A). The increased lipidalge of RC flies fed a HFD or GF flies fed a
CD did not affect the weight compared to RC flipsimi control dieting. Surprisingly, the weight
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Fig. 21: High fat dieting leads to a microbiota-dependent inreased TAG content.(A) The TAG content ¢
RC flies and GF flies fed a HFD and CD. High fattdig as well as the intestinal microbiota affatis TAG
content in flies (n = 722). (B) The weight of RC flies and GF flies updghfat dieting and control dieting (r
7-12). HFD: high fat diet, CD: control diet, RC:codonized, GF: gernfree, TAG: triacylglycerol, ns: n
significant, *p < 0.05, **p < 0.01, ***p < 0.001.

of GF flies fed a HFD was significantly reducedcomparison to RC flies on the same diet
(Fig. 21, B). The increased lipid uptake was alstectable in ECs in flies verified by BODIPY
(boron-dipyrromethene) staining. Due to its nonpsteucture, BODIPY is able to stain neutral
lipids, like TAGs in lipid droplets. The number lgsid droplets in anterior midgut ECs of RC
flies fed a HFD (Fig. 22, B) was increased compaedRC flies fed a CD (Fig. 22, A).
Furthermore, GF flies fed a CD (Fig. 22, C) revdaea increased number of lipid droplets in
comparison to RC flies on the same diet. As alreahfirmed via TAG measurement, GF flies
upon high fat dieting (Fig. 22, D) showed a higimgreased lipid uptake in ECs compared to
RC flies fed the same diet.
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CD HFD

BODIPY A:B()'l)ll’\'

BODIPY 2. BODIPY

Fig. 22: Impact of a HFD and of the intestinal microbiota onthe number of lipid droplets in ECs. (A-D)
Dissected intestines of RC and GF flies upon haghdfeting or control dieting were stained with BIPY to
display lipid droplets in ECs. Representative insagéthe anterior midgut region are shown. CD: mandiet
HFD: high fat diet, RC: recolonized, GF: germ-frB&DIPY: boron-dipyrromethene.

4.1.14 High fat dieting affects the locomotor activity am time of sleep

Next, | tested the influence of a HFD and of thtestinal microbial community on the physical
activity of the fly. Therefore, | usedrosophilaactivity monitor (DAM) which was placed in
an incubator with a 12 h : 12 h light-dark cycléglifat dieting rather affected the total activity
than the circadian rhythm in flies compared tosflied a CD. The period between of the
morning and the evening peak in flies fed a HFD wiaslar to those fed a CD. The intestinal
microbiota did not affect circadian rhythmicity psoofed by using GF animals (Fig. 23, A).
The total activity over 24 hours was significantdguced in RC flies fed a HFD in comparison
to RC flies upon control dieting. The similar effee@s detectable in GF flies fed a HFD or CD,
whereas the microbiota had no impact on the tatatity (Fig. 23, B). High fat dieting do not
affect sleep rhythmicity in RC and GF flies comphte the proper control fed a CD (Fig. 23,
C). However, the time of sleep was significantlgreased in RC flies fed a HFD in comparison
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to RC flies on the CD. The intestinal microbial coomity has no impact on the time of sleep

as verified by comparing GF flies with RC flies@F23, D).
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Fig. 23: A HFD affects the total locomotor activity as wellas the time of sleep(A) Monitored locomotc
activity over 24 hours in RC flies and GF flies &eHIFD or CD. High fat dieting as well as the ititeedl microbiot:
do not affect the circadian rhythmicity (n = 48) Quantification of the number of beam crosses @#ehours
A HFD significantly reduces the physical activity BC flies and GF flies compared to the proper
(n = 48). (C) Monitored sleep rhythmicity over 24uns in RC and GF flies fed a CD arHFD (n = 48
(D) Quantification of the time of sleep over 24 r®(n = 48). Flies fed a HFD sleep significantlyrsthan flie
upon control dieting. The microbiota neither affestomotor activity nor the time of sleedFD: high fat diet

CD: control diet, RC: recolonized, GF: germ-freg, mot significant, ***p < 0.001.

4.1.15 Effects of a HFD on lifespan and starvation resisince

| further investigated the effect of a HFD on Iffj@s and starvation resistance. For lifespan
analysis, | monitored 100 flies for each diet utiidy deceased. Flies that continuously fed a
HFD showed a significantly decreased lifespan coepdo flies fed a CD with a median
lifespan of 42 days and 44 days, respectively..(#4g A). To test the starvation resistance, the
flies were fed with either a HFD or a CD for 7 daffierwards, the flies were transferred to a
2 % agar medium. Although flies upon high fat digtihad an increased TAG content in
comparison to CD fed flies (chapter 4.1.13), itpsisingly did not affect the starvation
resistance (Fig. 24, B).
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Fig. 24 Effects of high fat dieting on lifespan, starvatiorresistance and metabolic rate(A) The lifespan ¢
flies upon high fat dieting was significantly deased compared to CD fed flies (n = 100umx= 42 days
~Xcp = 44 days). (B) Starvation resistance assay o flat were fed with either a HFD or CD for 7 dag$ore
starvation (n = 66). HFD: high fat diet, CD: contdet, ns: not significant, **p < 0.01.

4.1.16 High fat dieting leads to increased JNK signalingn the brain.

| wanted to find out, if long-term dietary intertems of high fat dieting also leads to stress
signaling in the peripheral tissue. It is well kmgvhat there is a bidirectional communication
between the intestine and the brain via the gutibagis. Therefore, | stained brains with an
anti-phospho-JNK (pJNK) antibody to reveal stresponses after 14 days or 21 days of high
fat dieting. The brains were co-stained with ani-Bnichpilot (NC82) antibody to label
presynaptic active zones in the fly’s brain (Fi§, 2 and D). The presynaptic active zones are
formed to neuropils, which represent different stinoes in the brain. Interestingly, 14 days of
high fat dieting lead to an increased JNK signalmghe brain of HFD fed flies (Fig. 25, B)
compared to CD fed flies (Fig. 25, E). The JNK sigmy was mostly active in parts of the
mushroom body (Fig. 25, C and D, marked as dashe)l The quantification of the
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Fig. 25: A HFD triggers JNK signaling in the brain. (A-F) Fly brains were dissected 14 days after co
dieting or high fat dieting. The neuropils weredbdd with an antNC82 antibody and JNK signaling was reve
by using an anti-pJNK antibody. Parts of the mushrdodies are marked by dashed lin€&) Fluorescenc
guantification of the pJNK fluorescence signalie mushroom body after 14 days and 21 days of @adiggting
or high fat dieting (n = 10-12). CD: control diét-D: high fat diet, NC82: bruchpilot, pJNK: phospdidK, ns
not significant, ***p < 0.001.
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fluorescence signal of the mushroom body reveategraficant increase in JNK signaling after
14 days when fed a HFD compared to flies fed a E@wever, the JNK signaling decreased
after 21 days of high fat dieting and the fluoreseesignal was comparable to that of flies fed
a CD (Fig. 25, G).

4.2 Development of an optimized holidic diet

Drosophilais an important model in nutrition research to gttiee response to dietary factors,
diet-disease interactions or diet-host-microbiataractions. Most of thBrosophiladiets, the
so-called complex diets, are based on corn meaktysucrose and agar (260). However, the
experimental diets vary between studies and laboestand the use of different diets can lead
to high variances in the observed effects and tereproducible results. Therefore, a complete
chemically defined diet (holidic diet) is requir€there are currently only a few holidic diets
available forDrosophila (251,252,261,262) but none of these diets suffiresupport the

larval development.

4.2.1 Optimized holidic diet increases pupation and eclasn rate

Piper and colleagues created in 2014 a holidig(HiBY), which support adult fecundity, lifespan
and development at reduced rate when comparedtemdard comple®rosophiladiet (251).

A low protein to carbohydrate ratio was reporteddecrease the developmental time and
increases the egg-to-adult viability @fosophila(263,264). Therefore, | changed the amount
of essential as well as non-essential amino acidstl@e sugar in order to further support the
developmental time and eclosion rate. | increakedstigar concentration from 17 g/l to 75 g/l
and sucrose was replaced by glucose as glucoke mdin hemolymph sugar Brosophila
The total amount of amino acids was raised from gil.to either 42.8 g/l (OHD 2xAA), which
resulted in a protein:carbohydrate ratio of 1:1I®seated a second diet, by increasing the total
amount of amino acids from 21.4 g/l to 64.2 g/l @BXAA), to examine if a total increase of
carbohydrates and amino acids improve the developnide vitamin concentrations were
modified according to the synthetic diet publishiegd Tania Reis in 2016 (261). The
developmental time, pupation rate and eclosionwai® compared to a complex diet (chapter
1.5.2), which serves as a control diet (CD). Theetpmental time from egg to pupa was
comparable between larvae fed an OHD 2xAA, OHD 3xAA HD. However, the

62



Results

Kkx ek ns

A B I |
1001 - HD 1001 2
—~ 0"9"'0"9“'0”9""'. AN RNES -~ CD e ®ole,
Q) i e
S 75 i ~ OHD 2xAA S ™
& ; - OHD 3xAA &
& 504 i ¥ 504
2 ' E
g- " ..... 8 .
254 ] 0 e &= e 3 254 ° %
e i i oo . 4
! A._:{‘:':"..iﬂ“’q"“—" .o|. .-
o - L A2 . o0
o—va-rm'\o'oé\é-'—&ééJué:'\e'e&xéL ¢ Q Q . §
__________ > »
time (d) ¢ I G
Y &)
S O
(&) \)
e s sesewe ns
c 100 ? 100 I |
-y - L X ] L
_ e s ssenese - HD _":E_
$ 751 " - s 9 :
g i ~ OHD 2xAA b _
2 i -~ OHD 3xAA g 607
2 501 | p20~0090e: g. T
3 i z 40
= 25 ; ;;oo-oooo—o = ——
T~ [ TRERTRPR R T 201 —4—
Ry *
> OO -0 . * -9
0 s =s = = s = = 0 T T
"N""""“\"”‘E:E‘ﬁiﬁfifﬁc"‘ Q 9 > >
time (d) Q¢ 9 Pl Thag
2 %)
S &
Q \)

Fig. 26: Optimization of a holidic diet increased pupation ad eclosion rate(A) The developmental time frc
egg to pupa of larvae fed either a HD, a CD, an G¥BA or an OHD 3x AA (n = 10). (B) Quantificatiorf the
pupation rate (n = 1@2). (C) The developmental time from egg to adultf larvae fed either a HD, a CD,
OHD 2xAA or an OHD 3xAA (n = 10). (D) Quantificatioof the eclosion rate (n = 10-12)DCcontrol diet, HD
holidic diet (Pipeet al, 2014), OHD 2xAA: optimized holidic diet 2x amiagids, OHD 3xAA: optimized holid
diet 3x amino acids, ns: not significant, **p < 0,6**p < 0.001.

developmental time of larvae fed a CD was shodergared to the HD, OHD 2xAA and OHD
3xAA (Fig. 26, A). The pupation rate was signifidgnncreased in CD and OHD 2xAA fed
larvae compared to larvae raised on a HD. Intarglsti the beneficial effect on the pupation
rate by feeding the larvae with 42.8 g/l total amarcids is completely absent in larvae fed with
64.2 g/l total amino acids (Fig. 26, B). The depat@ntal time from egg to adult was
comparable between larvae fed a HD, OHD 2xAA andCBAAA. Larvae fed a HD, an OHD
2xAA or an OHD 3xAA showed a longer developmenitallet from egg to adult than CD fed
larvae (Fig. 26, C). The eclosion rate was sigaifity higher in larvae fed a CD or an OHD
2xAA compared to HD fed larvae. Again, the benefigffect on the eclosion rate by feeding
42.8 g/l total amino acids was completely absemivae fed with 64.2 g/l total amino acids
(Fig. 26, D). To examine the egg laying preferefarethe different diets, 100 mated female
flies were transferred into cages with either a HBZD and an OHD 2xAA or a HD and an
OHD 2xAA for 24 hours. In the presence of a HD,@ &d an OHD 2xAA, female flies laid
significantly more eggs on the CD compared to tie No significant differences in the egg

laying preference were observed between an OHD 2aiAd\a HD (Fig. 27, A). When only a
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HD and an OHD 2xAA are available for egg laying thes significantly preferred the OHD
2x AA (Fig. 27, B).
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Fig. 27: Egg laying preference for HD, CD and OHD 2xAA.(A) 100 female flies were transferred into ce
with plates filled with either a HD, a CD or an OHIXAA. The flies were allowed to lay eggs for 24ubs
(n = 6). (B) Egg laying preference between a HD andOHD 2xAA (n = 6). CD: control diet, HD: holadiet
(Piperet al, 2014), OHD 2xAA: optimized holidic diet 2x amiagids, ns: not significant, **p < 0.01.

4.2.2 Impact of fructose and ribonucleotides on the devepment

In collaboration with the Rimbach lab (Universityf &iel) we discovered that the
supplementation of the OHD 2xAA with cobalt, colmia, molybdenum and a
cholesterol/ergosterol mixture (hereafter decla®®HD) further decreases the developmental
time. Moreover, these supplements increased thatjmmprate as well as the eclosion rate (data
not shown). Based on this diet, | replaced gludnsi&uctose or by a fructose/glucose mixture
to evaluate the optimal carbohydrate source, wisdteatotal amount of 75 g/l carbohydrates
was equal in each diet. Besides this, | added foghhucleotides to the OHD as ribonucleotides
are known to promote development, especially indragowth phases 265. With that, |
examined if another carbohydrate source as welibasmucleotides will further improve the
diet regarding developmental time, pupation rateé @closion rate. Interestingly, fructose as
well as the fructose/glucose mixture had a negatifreence on the developmental time from
egg to pupa in comparison to the OHD. The suppl¢atien of ribonucleotides improved the
developmental time slightly (Fig. 28, A). The canlgdrate source or the ribonucleotides had
no impact on the pupation rate (Fig. 28, B). Fraetand a fructose/glucose mixture increased
the developmental time from egg to adult compacethe OHD. On the other hand, 5 g/l
ribonucleotides had a positive influence on theetlgymental time from egg to adult (Fig. 28,
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C). The eclosion rate was significantly decreasednimals fed a fructose diet compared to
OHD fed animals. A fructose/glucose diet and a grppntation with ribonucleotides did not
lead to significant differences in the eclosiorerat comparison to the OHD (Fig. 28, D).
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Fig. 28: Developmental time, pupation rate and eclosiorate in fructose and ribonucleotide supplemente
diets. (A) Developmental time from egg to pupa of larvas feither an OHD (containing glucose
fructose/glucose or a fructose supplemented diet. ribonuteotides were added to the glucose containing
(n = 12). (B) Quantification of the pupation rate< 12). (C) Developmental time from egg to adtillaovae fe
either a glucose, fructose/glucose, fructose amiicleotide supplemented diet (n = 1(2)) Quantification of th
eclosion rate (n = 12). OHD: optimized holidic dies$: not significant, *p < 0.05.

4.2.3 The optimized holidic diet promotes germ-free develjpment

In 2017, Piperet al published an exom-matched holidic diet (EMHD)tthgaes genome
information ofDrosophilato define its amino acid requirements. The EMHIDased on the
HD published by Piper et al. (2014) with a differachino acid proportion. The EMHD
enhanced growth and increased the reproductionbdapacompared to the HD (252). It is
known that the developmental time of GF larvae ostponed on dietary restricted diets,
whereas it is not impaired on complex diets (248grefore, | tested if the OHD, the HD and
the EMHD are able to support GF development. Tiveldpmental time from egg to pupa from
GF larvae fed an OHD was comparable to larvae mempa normal microbiota (chapter 4.2.2),

however, GF larvae on HD and EMHD did not develeig.(29, A). Thus, the pupation rate of
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Fig. 29 The OHD improves the development of GF fliegA) The developmental time from egg to pupa f
GF larvae fed an OHD, EMHD or HInh = 10). (B) Quantification of the pupation rate £ 10). (C) Th
developmental time from egg to adult (n = 10). (@)antification of the eclosion rate (n = 10). OHIPtimizec
holidic diet, EMHD: exom-matched holidic diet, Hbolidic diet, GF: germ-free, ***p < 0.001.

OHD fed GF larvae was significantly increased coregdo GF larvae fed an EMHD and HD
(Fig. 29, B). The developmental time from egg taladvas highly improved by an OHD
compared to an EMHD or a HD (Fig. 29, C). The dcdlmsate was significantly increased in
GF flies fed an OHD in comparison to EMHD and HID €eF flies (Fig. 29, D). Taken together,
the OHD improves the development of flies harboangicrobial community as well as of GF

flies. Moreover, GF larvae fed a HD or an EMHD weraaller 7 days after oviposition
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Fig. 30: Size comparison of GF larvae fed with either OHD, KIHD or HD. GF larvae fed a HD or
EMHD were smaller 7 days after egg laying in corgmar to GF larvaded an OHD. OHD: optimize
holidic diet, EMHD: exom-matched holidic diet, HBolidic diet, GF: germ-free.
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compared to OHD fed GF larvae (Fig. 30). GF larfedean OHD reached L3 stage after 7
days, whereas GF larvae fed a HD or EMHD died.

4.2.4 Improvement of an exom-matched holidic diet

| created different diets based on the EMHD by maliaiting ingredients such as ergosterol,
cholesterol, cobalt, cobalamin, molybdenum, ribd@eotides and I-arginine to further improve
the EMHD regarding developmental time, pupatioe &td eclosion rate. The different diets
and its manipulated ingredients are listed in tdleThe developmental time from egg to pupa
was highly improved in larvae fed an optimized exmatched holidic diet (OEMHD) in
comparison to larvae fed diet 1-6 or EMHD (Fig. 2}, The pupation rate of larvae fed an
OEMHD was significantly increased compared to EMK larvae. No differences in the
pupation rate were observed between an OEMHD fe@daand larvae that fed diet 1, diet 2,
diet 3, diet 4, diet 5 or diet 6 (Fig. 31, B). Laevfed an OEMHD examined a decreased
developmental time from egg to adult in comparisbBEMHD, diet 1, diet 2, diet 3, diet 4, diet
5 or diet 6 fed larvae (Fig. 31, C). The eclosiaterwas significantly increased in flies fed an
OEMHD compared to EMHD fed flies. The manipulatadgredients in diet 1, diet 2, diet 3,

Table 12: EMHD supplemented with combinations of ergosterol,cholesterol, sucrose, glucose, cob:
cobalamin, molybdenum, ribonucleotides and l-argime.

Cobalt

Abbreviation Sugar Sterols Cobalamine Ribonucleotides L-arginine
Molybdenum
150 mg/l
17.12 g/l ergosterol
E 5 5
OEMHD sucrose 150 mg/ml - S ¢l
cholesterol
150 mg/ml
EMHD 17.12 ¢l cholesterol
sucrose
Diet 1 17.12 gl 300 mg/ml
sucrose ergosterol
150 mg/1
. 17.12 g/l ergosterol
Diet 2 sucrose 150 mg/ml
cholesterol
17.12 g/l \
Diet 3 sucrose 300 mg _/l + 5S¢/l
cholesterol
150 mg/l
. 75 g/l ergosterol
Diet 4 glucose 150 mg/ml * 2¢l
cholesterol
150 mg/1l
. 75 g/l ergosterol
Diet 5 glucose 150 mg/ml * ¢l 2
cholesterol
150 mg/1
. 75 g/l ergosterol
Diet 6 glucose 150 mg/ml * S ¢l
cholesterol
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diet 4, diet 5 and diet 6 do not further suppoet ¢closion rate in comparison to the OEMHD
(Fig. 31, D). The pupae size was significantly @aged in larvae that fed an OEMHD in
comparison to EMHD and diet 1 fed larvae. The pugiae was comparable between OEMHD
fed animals and animals fed a diet 2, diet 3, djediet 5, and diet 6 (Fig. 31, E). The adult
weight was highly increased in flies fed an OEMHDcomparison to EMHD and diet 2 fed
flies. The adult weight was not significantly affed in flies fed a diet 1, diet 3, diet 4, dietr5 0
diet 6 compared to OEMHD fed flies (Fig. 31, F).
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Fig. 31: An optimized exom-matched diet improves the develapent. (A) Developmental time from egg
adult of larvae that fed diets listed in table 35r10). (B) Quantification of the pupation rate £n10). (C
Developmental time from egg to adult of larvae tieat diets listed in table 3 (n = 3). (D) Quantfiion ofthe
hatching rate (n = 10). JHhe pupae length of larvae fed a diet listedalslé 3 (n = 10). The pupae size of 1
fed an OEMHD was enhanced in comparison to EMHDflied. (F The adult weight of flies 7 after hatchi
The adult weight was increased in flies fed an OEMtémpared to EMHD fed flies. OEMHD: optimized exom
matched holidic diet, EMHD: exom-matched holidietdins: not significant, *p < 0.05, **p < 0.01, *5*< 0.001.
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4.2.5 Determination of the optimal carbohydrate source ad concentration
Based on the OEMHD, | wanted to determine the agtimarbohydrate source and
concentration. Therefore, different carbohydraterses were added to the OEMHD such as
sucrose, fructose and glucose with increasing curetgons of 10 g/l, 17.2 g/l, 35 g/l and 50
g/l. The OEMHD contained 17.2 g/l sucrose and eras control. The developmental time
from egg to pupa was decreased in larvae fed avitietLO g/l or 17.2 g/l sucrose in comparison
to larvae fed a diet with 35 g/l or 50 g/l sucr¢siy. 32, A). Whereas, the developmental time
from egg to pupa was comparable in larvae fed aMBE with 10 g/, 17.2 g/l, 35 g/l and 50
g/l glucose (Fig. 32, B). No differences in the elepmental time from egg to pupa were
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Fig. 32: Determination of the optimal sugar source and congcgration in the OEMHD to improve the
developmental time from egg to pupa(A-C) Developmental time from egg to pupa of larvase da OEMHL
with the indicated sugasource and concentration (n = 10). (D) Quantifaratof the pupation rate (n = 1
OEMHD: optimized exom-matched holidic diet, ns: significant, *p < 0.05, ***p < 0.001.

observed in larvae fed a diet with 10 g/l, 17.2 88 g/l or 50 g/l fructose (Fig. 32, C). The
pupation rate of larvae fed a diet with 17.2 gdrege was significantly increased in comparison
to larvae fed a diet with either 35 g/l sucrose gA5glucose or 50 g/l glucose. The pupation
rate of larvae fed a diet with either 10 g/l suerd© 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 50 g/l fructose was not affected in
comparison to larvae fed an OEMHD with 17.2 g/lrese (Fig. 32, D). The developmental
time from egg to adult of larvae fed a diet withglDsucrose or 17.2 g/l sucrose was decreased
in comparison to larvae fed a diet with 35 g/l siser or 50 g/l sucrose (Fig. 33, A). Different
concentration of glucose did not affect the develeptal time of larvae (Fig. 33, B). The

developmental time from egg to adult was increasddrvae fed a diet with 50 g/l fructose
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Fig. 33: Determination of the optimal sugar source and concgration in the OEMHD to improve the
developmental time from egg to adult(A-C) Developmental time from egg to adult of larvad fin OEMHI
with the indicated sugar source and concentratios (L0). (D)Quantification of the eclosion rate (n = :
OEMHD: optimized exom-matched holidic diet, ns: smgnificant.

compared to larvae fed a diet with either 10 g/,21g/l or 35 g/l fructose (Fig. 33, C). No
significant differences of the eclosion rate websarved of larvae fed diets with different
concentrations of either sucrose, glucose or fae{®ig. 33, D). The pupae size of larvae fed
an OEMHD with 17.2 g/l sucrose was significantlgrieased in comparison to larvae fed a diet
with 50 g/l sucrose, 10 g/l glucose, 35 g/l glucosd 7.2 g/l fructose. The size of the pupae
were not affected in larvae fed a diet with eitb@mg/I sucrose, 35 g/l sucrose, 17.2 g/l glucose,
50 g/l glucose, 10 g/l fructose, 35 g/l fructoses0rg/l fructose compared to larvae fed a diet
with 17.2 g/l sucrose (Fig. 34, A). The weight dié# flies was significantly decreased in flies
fed a diet with 17.2 g/l fructose compared to fied a diet with 17.2 g/ sucrose. However, the
weight of adult flies was not affected in the otdexts compared to flies fed an OEMHD with
17.2 g/l sucrose (Fig. 34, B). The sugar souraeadlsas the sugar concentration had no impact

on the wing area of adult flies, which is an indocdor the body size of the fly (Fig. 34, C).
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Fig. 34: Pupae length, weight and wing area of flies fed a@EMHD with different sugar sources and suga
concentrations.(A) Pupae length of larvae fed an OEMHD with eithersse, glucose or fructose and increa
sugar concentrations (n = 10-12). (B) The weighadilt flies 7 days after fed one of the indicadiéets (n = 9-
10). Wing area of adult flies fed either a sucragecose or fructose containing OEMHD (n 48}. OEMHD
optimized exom-matched holidic diet, ns: not sigpaifit, *p < 0.05, ***p < 0.001.

4.2.6 Cobalamin and cobalt did not improve GF development

In chapter 4.2.3 it was shown, that the OHD impso@& development and that an EMHD did
not support the survival of GF larvae. Next, | ¢elsf an OEMHD can support GF development
as good as an OHD. Furthermore, cobalamin aneitsal atom cobalt were depleted from the
OEMHD to examine if these components are imponpaoinoters for the GF development as
it is known that cobalamin is synthesized by sometdria and archaea but not by animals or
plants (266). A complex diet served a positive mantdiet (CD, chapter 1.5.2). The
developmental time from egg to pupa of GF larvag¢ & OEMHD was increased in
comparison to CD fed GF larvae. Cobalamin as wasllcabalt did not improve the
developmental time (Fig. 35, A). The pupation raés significantly increased in GF larvae fed
a CD compared to GF larvae fed an OEMHD. HoweVes,depletion of cobalamin or cobalt
or both from an OEMHD did not significantly decreathe pupation rate in GF larvae in
comparison to GF larvae fed an OEMHD (Fig. 35, B)e developmental time from egg to
adult of GF larvae fed a CD was decreased compardaF larvae fed an OEMHD. The
depletion of cobalamin or cobalt did not affect tievelopmental time of GF larvae in
comparison to OEMHD fed GF larvae (Fig. 35, C). Ebosion rate was comparable between
GF larvae fed an OEMHD, a cobalt depleted OEMHD;0balamin depleted OEMHD, a
cobalt/cobalamin depleted OEMHD and a CD (Fig.[3p,The pupae length was increased of
GF larvae fed a CD compared to GF larvae fed an BEMNo significant differences of the
pupae length was observed between a cobalt def@&®HD, a cobalamin depleted OEMHD,
a cobalt/cobalamin depleted OEMHD and an OEMHD.(Bt E). Interestingly, the wing area
of adult flies was decreased in GF flies fed a ttatmbalamin depleted OEMHD in comparison

to OEMHD fed GF flies, which indicates a smalledip®ize. On the other hand, the wing area
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of GF flies fed a CD was significantly increasednpared to GF flies fed an OEMHD
(Fig. 35, F).
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Fig. 35: Effect of cobalamin and cobalt on the developmentfddEMHD fed GF larvae. (A) Developmente
time from gg to pupa of GF larvae fed an OEMHD or a compiex, avhich served as a control diet (CD). Ei
Cobalt, Cobalamine or both were depleted from tlEMBID (n = 10). (B) Quantification of the pupatioate
(n = 10). (C) Developmental time from egg to adfl GF larvae fed one of the indicated diets (403. (D
Quantification of the eclosion rate (n = 10). (B)aQtification of the pupae length (n = 10). (F) Qtifecation of
the wing area of adult GF flies (n = 9-11). OEMHaptimized exom-matched holidic diet, CD: conteliet,
ns: not significant, *p < 0.05.
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4.2.7 Fitness parameters of an OEMHD and an EMHD

| compared fitness parameters like, protein conthilt weight, metabolic rate, fecundity and
locomotor activity between an OEMHD and an EMHDeTgrotein content, the adult weight
and the metabolic rate of adult flies fed an OEMbiDan EMHD for 7 days were analyzed.
The protein content as well as the adult weight sigsificantly increased in flies fed an
OEMHD in comparison to flies fed an EMHD (Fig. 3 and B). Furthermore, OEMHD fed
flies revealed an increased metabolic rate compiardlies fed an EMHD (Fig. 36, C). The
fecundity was determined on 8 days after 1 femiglavhs mated with 5 male flies on the
respective diet. The number of laid eggs was coaiparetween OEMHD fed flies and flies
fed an EMHD (Fig. 36, D). No differences in circairhythmic and the total locomotor activity
were detectable between flies fed an OEMHD and EMét¥lies (Fig. 36, E and F). However,
when feeding on an OEMHD adult flies died within 80nutes when cultured in a sealed

container. It is suggested that chloroform, thevesal of ergosterol, induced the observed
phenotype.

A B C D
350- 1.5 * 0.6 . 60 s
3004 . . .
> I - i‘
o 250- . ":F ? 1.0 £ 04 40
£ > ole < 1.V9 . . T 5 U]
= 200~ ) P < g
— : @ >
%150- %05 8 0.2 % “s’.ﬁZO :
o o 0.5 — .2 =1 -
o 100+ 2 = oo
50 T
e e 0.0-——T— 0.0 - —p——2p—o ot
) o o o o o o o
S X S X N X S X
& & & & & & & &
E F
60+ E
-~ OEMHD 25 ns
2 ~ EMHD @ 204
2 404 7]
7]
e O 151
; o
5 204 5 101
£ ]
K] 54
1} 0
0 2 46 81012141618202224 0 0
time (h) o@@ @@

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 BD fed flies and EMHD fed flies (n = 14-16). (C)
Metabolic rate of flies fed an OEMHD or an EMHD fodays (n = 11). (D) Number of laid eggs of fenfhéss,

8 days after feeding an OEMHD or an EMHD (n = X[E). Circadian rhythm of flies fed on of the indiedtdiets
(n = 24). (F) Total locomotor activity of adultds fed an OEMHD or an EMHD (n = 24). OEMHD: optieilz
exom-matched holidic diet, EMHD: exom-matched hioldiet, ns: not significant, *p < 0.05.
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4.2.8 Effect of ergosterol based diets on the development

It was shown that yeast-based compwsophiladiets mainly contain ergosterol and only
traces of cholesterol (267,268) Therefore, | exaahifthe supplementation of the EMHD with
solely ergosterol is able to support the larvalelepment. As chloroform lead to an increased
the mortality of adult flies in sealed containemissolved 80 mg/l ergosterol in 100 % butanol.
Additionally, the ergosterol-based EMHD was supmeaied with cobalt, cobalamin,
molybdenum and ribonucleotides or combinationseit. The combinations and its associated
abbreviations are listed in table 13. The develagaig¢ime from egg to pupa was increased in
larvae fed an EMHD, an EMHD + E or an EMHD + EVMngpared to flies fed an EMHD +
EVMR. However, the developmental time of larvae &dEMHD + EVMR was increased in
comparison to larvae fed a sugar-yeast complex(8¥t Fig. 37, A). The pupation rate of
larvae fed an EMHD + EVMR was not significantlyfdifent compared to larvae fed an EMHD
+ EVM, an EMHD + E, an EMHD or a SY diet (Fig. 3). The developmental time from egg
to adult was decreased in larvae fed an EMHD + EMMBbmparison to larvae fed an EMHD
+ E, an EMHD + EVM or an EMHD. Larvae fed a SY dietealed an improved developmental
time from egg to adult compared to larvae fed arHEMan EMHD + E, an EMHD +EVM or
an EMHD + EVMR (Fig. 37, C). The eclosion rate wagificantly increased in larvae fed an
EMHD + EVMR compared to larvae fed and EMHD + E. Blgnificant differences in the
eclosion rate were observed between larvae fedMHE+ EVMR and EMHD + EVM,
EHMD or SY diet fed larvae (Fig. 37, D). The pudeagth of larvae fed a SY diet was
significantly increased in comparison to EMHD + ERMed larvae. The pupae length was
comparable between EMHD + EVMR fed larvae and larfe an EMHD + E, an EMHD +
EVM or an EMHD (Fig. 37, E). Interestingly, the wirarea of adult flies was significantly
smaller of flies fed an EMHD, EMHD + E or an EMHIE¥M in comparison to flies fed an

Table 13: EHMD supplemented with combinations of ergosterolcobalt, cobalamin, molybdenum an
ribonucleotides.

Cobalt
Abbreviation Sterols Cobalamine Ribonucleotides
Molybdenum

EMHD 300 mg/l i )
cholesterol

EMHD + E JQO 1ng/.1nl i i
ergosterol

EMHD + EVM 300 mg/l E -
ergosterol

EMHD + EVMR 300 mg/l + 2 g/
ergosterol N
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EMHD +EVMR. The measurement of the wing area did mweal significant differences
between EMHD + EVMR fed flies and flies fed a SetdiFig. 37, F).
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Fig. 37:Effect of ergosterol based diets on the developmeaitime, pupation rate, eclosion rate, pupae leng
and wing area.(A) Developmental time from egg to pupalafvae fed an EMHD + EVMR, an EHMD + EV
an EHMD + E, an EMHD or a SY diet (n = 6). (B) Qtification of the pupation rate (n =6). (C) Devehognta
time from egg to adult of larvae fed one of theiéated diets (n =6). (D) Quantification of the esitm rate (i
=6). (E) Pupae length of larvae fed an EMHD + EVMIR,EHMD + EVM, an EHMD + E, an EMHD or a .
diet (n = 15-16). (F) Quantification of the wingearof adult flies fed for 7 days on of the indichtkets (n = 11-
18). SY: sugar-yeast, EMHD: exomatched holidic diet, E: ergosterol, VM: vitaminmaral, R: ribonucleotide
ns: not significant, *p < 0.05, **p < 0.01.
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4.3 Effect of DR and PEM on epithelia-microbe interactons in the

intestine of Drosophila

Dietary restriction (DR) is linked with a plethashealth promoting effects (72,269), whereas
protein-energy malnutrition (PEM) is associatedrange of pathological conditions (44).
However, little is known about the impact of DRREM on the cellular homeostasis as well as
about the function of the intestinal microbiota endhronic protein shortage. Therefore, | used
the OHD (chapter 5.2.1) as a basis to design dihs following protein:carbohydrate (PC)
ratios: PC 1:75, PC 1:16 and PC 0:1. The OHD witCal:2 ratio served as a control diet
(CD), the OHD with a PC 1:16 represented a DR, e&erthe OHD with a PC 0:1 ratio
represented a PEM. These diets were used to exameneffect of a 14 days long-term
intervention with amino acid-restricted diets orstamicrobe interactions in therosophila

intestine. Unless otherwise stated, yw flies wesedufor all the experiments.

Effect of DR and PEM on lifespan
DR is associated with a prolonged lifespanosophilg whereas PEM is linked to increased
mortality (102). | performed lifespan experimerdsvalidate that the designed DR and PEM
based on the OHD leads to its aforementioned plpaah comparison to a CD. Indeed, the
lifespan of flies fed a DR diet was increased comgdo flies fed a CD with a median lifespan
of 90 days and 65 days, respectively. On the dthed, the lifespan of PEM fed flies was
significantly decreased compared to CD fed fliethwaimedian lifespan of 48 days and 65 days,

respectively (Fig. 38).

Fig. 38: Impact of a DR diet and a PEM on the lifespanLifespan of flies fed a CD, a DR diet or a PEM
(~Xcp = 65 days, ~»#& = 90 days, ~pem = 48 days, n = 100). CD: control diet, DR: dietaggtriction, PEV
protein-energy malnutrition, ***p < 0.001.
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Impact of DR and PEM on the body composition oDrosophila
Next, | investigated the impact of DR and PEM oafily’'s body compositions such as protein
content, TGA content and weight. Flies fed a CDeeded a significant higher protein content
than flies subjected to DR or PEM (Fig. 39, A). TIh&G content of flies fed either a CD, DR
diet or PEM diet was not affected (Fig. 39, B).eBlisubjected to DR or PEM showed a
significant decreased body weight compared to obdieting flies (Fig. 39, C).

Fig. 39: Body composition of flies subjected to DRr PEM. (A) Protein content of flies fed either a CD,
diet or PEM diet (n = 12). (B) TAG content of fliésd with the indicated diets (n =18). (C) Weight of flie
subjected to a CD, DR or PEM diet (n = 12). CD:tooindiet, DR: dietary restriction, PEM: proteémerg
malnutrition, TAG: triacylglyceride, ns: not sigigiént, **p < 0.01, ***p < 0.001.

Amino acid-restricted diets and the microbiota affets the intestinal

morphology
The length as well as the width of the intestins weeasured in order to examine the effect of
an amino acid-restricted diet and of the microbmtantestinal structure. The length of the gut
was shortened in RC flies subjected to DR or PEMamparison to RC flies fed a CD.
Moreover, RC flies fed a CD or a DR diet revealgphificantly longer guts compared to GF

Fig. 40: The intestinal length and width of RC andGF flies fed a CD, DR diet or PEM diet.(A) The gu
length of RC and GF flies fed a CD, DR diet or PHMt (n = 745). (B) The anterior midgut width of RC &
GF flies subjected to a CD, DR or PEM (n = 7). R&tonstituted, GF: gerrinee, CD: control diet, DR: diets
restriction, PEM: protein-energy malnutrition, Ainterior midgut, ns: not significant, **p < 0.0%*p < 0.001.
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flies fed the respective diet. No significant diffieces in the length of the intestine were
observed between GF flies subjected to PEM andlie€fed the equivalent diet. The length
of the intestine between GF flies treated with ©CR or PEM was comparable (Fig. 40, A).
The width of the anterior midgut was significantycker in flies fed a CD compared to DR or
PEM treated flies. GF flies fed a CD or a DR digamined thinner anterior midguts in
comparison to RC flies subjected to a CD or DRpeesively. The anterior midgut width was
comparable between RC and GF PEM treated fliesigjuficant differences in the gut width
were detectable between GF flies fed a CD, DRal&EM diet (Fig. 40, B).

Impact of the microbiota and dietary amino acid-regriction on the

intestinal proliferation
The esg>GFP reporter line was used to examinafhence of a amino acid-restricted diet on
the intestinal proliferation. Furthermore, RC and €&g>GFP flies were compared to reveal
the impact of the intestinal microbial community tve ISC proliferation on amino acid

restricted diets. The number of ésglls in the anterior midgut of RC esg>GFP flies@ases

Fig. 41: Impact of amino acid-restricted diets andf the microbiota on the intestinal proliferation. (A-F)
Representative images of anterior midgut regionR@fand GF esg>GFP flies either fed a CD, DR oER!
The number of esgcells (GFP) decreases with lowering the amaea content in the diet in RC and
esg>GFP flies. GF esg>GFP flies fed a CD, DR ok Pevealed lower proliferation of esgells compared
RC esg>GFP flies fed the respective diet. (G) Qtative analysis of the number of éstells in RC and G
esg>GFP flies fed a CD, DR diet or PEM diet (n =14). RC: reconstituted, GF: geriree, CD: control die
DR: dietary restriction, PEM: protesnergy malnutrition, esg: escargot, GFP: greerrdlsent protein, AN
anterior midgut, ns: not significant, *p < 0.05*p*< 0.001.
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with lowering the amino acid content in the dieig(1, A, C and E). GF esg>GFP flies fed a
CD, DR diet or PEM diet revealed a lower numbeestd cells in comparison to RC esg>GFP
flies fed the equivalent diet (Fig. 41, A-F). Thenmber of esgcells was decreased in GF

esg>GFP flies subjected to DR or PEM compared t@&>GFP flies fed a CD (Fig. 41, B,

D and F). The quantitative analysis of &sglls in the anterior midgut of the fly’s intesim

further support these observations (Fig. 41, G).

Amino acid-restricted diets and microbes affect theaumber of EECs

The number of EECs were revealed by an anti-prosgiaining to examine the effect of a long-
term intervention of amino acid-restriction on ttedlular composition of the anterior midgut.

The number of EECs in the anterior midgut was deesd in RC flies subjected to DR or PEM
in comparison to RC flies fed a CD (Fig. 42, A,i@&). Interestingly, DR or PEM treated GF
flies showed an increased number of EECs compar&Lt flies fed a DR diet or PEM diet

(Fig. 42, A-B and C-D). RC flies fed a PEM diet aR&M subjected GF flies revealed a
comparable number of EECs (Fig. 42, E-F). The nurabEECs was increased in GF flies fed
a CD compared to GF flies subjected to DR and PEilgL @2, B, D and F). These observations

Fig. 42: The number of EEC of RC and GF flies fed €D, DR diet or PEM diet. (A-F) Representati
images of anterior midgut regions of RC and GFsffied a CD, a DR diet or a PEM diet. The intestiwes
stained with an anfirospero antibody to detect EECs. (G) Quantitadivalysis of the number of EECs in
anterior midgut region of CD, DR or PEM treated &@ GF flies (n = 10-12). RC: reconstituted, Ghnge
free, CD: control diet, DR: dietary restriction, IMEprotein-energy malnutrition, EEC: enteroendocrine
AM: anterior midgut, ns: not significant, *p < 0.,05p < 0.01, ***p < 0.001.
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were further supported by a quantitative analystas@number of EECs in the anterioir midgut
of RC and GF flies fed a CD, DR diet or PEM diag(R2, G).

Amino acid-restricted diets and the microbiota altes EC size
Next, | investigated the influence of the microhias well as of the amino acid-restricted diets
on the EC distance and EC size. The EC distancecalaslated by measuring the nearest
neighbor distance of the nuclei centroids of EGslmaged (Fig. 43, A). The EC distance of
RC flies fed a CD was significantly decreased imparison to RC flies fed a PEM diet. No
significant differences were observed between RS fed a CD and DR treated RC flies. GF
flies fed a CD or a DR diet revealed a decreasediB@nce in comparison to RC flies fed the
respective diet. The EC distance of RC flies andfli&s subjected to PEM was comparable.
No differences in the EC distance were observeddrsi GF flies fed either a CD, DR diet or
a PEM diet (Fig. 43, B). The EC size was evaludtedneasuring the EC area surrounded by
the cell membrane. Therefore, the intestines waieed with an anti-coracle antibody, which
marks septate junctions within the cell membranteréstingly, the EC area was increased in
RC flies fed a CD in comparison to RC flies sulgeicto DR or PEM (Fig. 43, C-E). The

Fig. 43: EC distance and EC area of flies fed a CIQR diet or PEM diet. (A) Representative image of
intestine stained with DAPI. The nearest neighlietatice of nuclei centroids (indicated by retke§) of EC
were analyzed via Imaged. (B) Quantitative analgsihe EC distance of RC and GF flies fed eith@g DF
diet or PEM diet (n = 103). (C) Representative images of intestines ofIRE fed with the indicated diets. T
intestines were stained with an aotiracle antibody to mark the cell membranes (stale = 20 um
(F) Quantitative analysis of the EC area of RCsfleCD, DR diet or PEM diet (n = 1B). RC: reconstitute
GF: germ-free, CD: control diet, DR: dietary resion, PEM: proteirenergy malnutrition, EC: enterocy
ns: not significant, *p < 0.05, ***p < 0.001.
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guantitative analysis revealed a significantly @aged 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 sibjected RC flies
| performed an RNA-seq analysis, in order to exantime coding transcriptomic profile of
midguts of RC flies fed a CD, DR diet or PEM diet .4 days. For each dietary treatment,
50 — 70 midguts were collected in 4 replicates edble PCoA of differential regulated genes
(DEGSs) showed 3 main clusters between RC flieaf€iD, a DR diet or a PEM diet. Each data
point represents a single biological replicate (Fig, A). Differential expression analysis
resulted in 76 genes that are specifically regdlatantestines of RC flies subjected to DR in
comparison to RC flies fed a CD. Moreover, 6362 BEG&re detected in intestines of PEM
treated RC flies compared to CD fed RC flies. Thalgsis also elucidated an overlap of 773
genes that were differentially regulated in intessi of DR and PEM treated RC flies compared
to RC flies upon control dieting (Fig. 44, B). Gemdology (GO) category enrichment analyses

Fig. 44: DR and PEM transcriptomic signatures of inestines of RC flies.(A) PCoA plot for DEGs ¢
intestines of RC flies fed either a DR diet or a#Pdliet compared to RC flies fed a CD. Each datap@ipresen:
a singlebiological replicate. (B) Venn Diagram of DEGs oRr PEM specific signatures in the intestine
RC flies. The following comparisons are illustratddR RC vs. CD RC and PEM RC vs. CD RC.
reconstituted, CD: control diet, DR: dietary restdn, PEM: proteirenergy malnutrition, DEG: differentia
expressed gene, FDR = 0.05.

were performed for each comparison (DR RC vs. CDaR@ PEM RC vs. CD RC). In the
intestine of RC flies fed a DR diet were signifidgrupregulated DEGSs, belong to biological
processes (BPs) like translation, response to bacte innate immune response, glucose
import or transmembrane transport (Fig. 45, A).t@mother hand, DR-specific downregulated
DEGs belong to BPs such as determination of lismspegulation of JAK-STAT cascade, lipid

homeostasis, carbohydrate metabolism or mannosaboiet metabolism (Fig. 45, B).
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Processes like proteolysis, cytoplasmic translaiA methylation, mitochondrial translation
or ATP (adenosine triphosphate) metabolic procem® wignificantly upregulated in RC flies
subjected to PEM (Fig. 45, C). In RC flies fed avRprocesses such as regulation of glucose
metabolism, regulation of cell shape, regulationcell proliferation, positive regulation of
innate immune response, response to starvation, &E&cade or transcription were
downregulated (Fig. 45, D). All DEGs and BPs ralaie Fig. 44 and Fig. 45 are presented in
Appendix A.

Fig. 45: Selected GO terms of DEGs in intestines &C flies subjected to DR or PEM.(A-B) Selected Gi
terms (category: biological process) of signifidpnip- and downregulated DEGs in intestines of RC fliabke
DR diet (n = 4). (C-D) Selected GO terms (categtmgiogical process) of upand downregulated DEGs
intestines of PEM treated RC flies (n = 4). RC:omstituted, CD: control diet, DR: dietary restrictj PEM
protein-energy malnutrition, DEG: differentiallygressed gene.
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Effect of amino acid restriction on the intestinal transcriptional

landscape in GF flies
| performed RNA-Seq analysis in order to revealesige effects of amino acid restriction on
the transcriptional landscape of the intestine.rétoee, | compared GF flies subjected to DR
or PEM with GF flies fed a CD to remove microbiaratures in the analysis. The PCoA of
DEGs revealed 3 separated main clusters betweeitigSHed either a CD, DR or PEM diet
(Fig. 46, A). Differential expression analysis rksd in 257 DEGs that are specifically
regulated in GF flies subjected to DR in comparignGF CD fed flies. Moreover, 5883 DEGs
were expressed in the intestine of GF flies fedEMRIiet compared to GF flies upon control
dieting. The analysis revealed an overlap of 42TGBEhat are regulated in GF flies subjected

to DR and PEM in comparison to GF flies fed a Ciy(B6, B).

Fig. 46: DR and PEM transcriptomic signatures of itestines of GF flies.(A) PCoA plot for DEGSs ¢
intestines of GF flies feéither a DR diet or a PEM diet compared to GF ffexd a CD. Each datapo
represents a single biological replicate. (B) V&iagram of DEGs of DR or PEM specific signatureshe
intestines of GF flies. The following comparisoms Blustrated: DR & vs. CD GF and PEM GF vs. CD (
GF: germ-free, CD: control diet, DR: dietary reginn, PEM: proteirenergy malnutrition, DEC(
differentially expressed gene, FDR = 0.05.

GO category enrichment analysis were performeédch comparison (DR GF vs. CD GF and
PEM GF vs. CD GF). Processes such as responséddioleoh protein, lipid metabolic process
or glutathione metabolic process were significanflyegulated in GF flies subjected to DR in
comparison to GF flied fed a CD (Fig. 47, A). Inastines of GF flies BPs like carbohydrate
metabolic process, Toll signaling pathway, protemyor lipid catabolic process were
downregulated in comparison CD fed GF flies (Fig, B). Processes such as mitochondrial
translation, cytoplasmic translation, apoptoticqass or cellular response to starvation were
significantly upregulated in intestines of GF fla#hjected to PEM compared to GF flies fed a
CD (Fig. 47, C). On the other hand, processeg&galation of cell shape, transcription, protein
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phosphorylation, regulation of JAK/Stat cascadd§ dbscade, carbohydrate metabolic process
or immune response were significantly downregulateidtestine of GF flies fed a PEM diet
in comparison to GF flies upon control dieting (Md, 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 fliesubjected to DR or PEM.(A-B) Selected Gt
terms (category: biological process) of signifidpnip- and downregulated DEGs in intestines of GF fliabke
DR (n =4). (C-D) Selected GO terms (category:dmadal process) of umnd downregulated DEGs in intesti
of PEM treated GF flies (n = 4). GF: germ-free, @ontrol diet, DR: dietary restriction, PEM: prata&inerg
malnutrition, DEG: differentially expressed gene.
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Influence of the microbiota on the intestinal transriptional landscape

Furthermore, |1 used RNA-seq analysis to revealrttpact of the microbiota on the intestinal
transcriptional regulation of genes upon intervamgi of amino acid-restriction. The PCoA of
DEGs unveiled 6 main clusters between RC and &5 fied a CD, DR diet or PEM diet.
Interestingly, the dissimilarities between the tdus of RC flies and GF flies became larger the
lower the protein content in the diet (Fig. 48, Ahis is supported by the number of
significantly DEGs, which are specifically reguldtey the microbiota on the respective diet.
120 genes were differentially expressed in intestiof GF flies fed a CD in comparison to RC
flies upon control dieting. In the intestines of @Es subjected to DR, 303 genes were

Fig. 48: Microbiota-associated intestinal transcriptional sgnatures of flies fed a CD, DR or PEM diet.
(A) PCoA plot for DEGs of intestines of GF fliegifeither a CD, DR diet or PEM diet comparedlits fed ai
equivalent diet. Each datapoint represents a sbiglegical replicate. (B) Venn Diagram of DEGS®@# specifit
signatures upon control dieting, DR dieting or PHigting in the intestines of flies. The followingraparison

are illustrated: CD GF vs. CD RC, DR GF vs. DR Rd EM GF vs. PEM RC. RC: reconstituted, GF: germ-
free, CD: control diet, DR: dietary restriction, IREprotein-energy malnutritiorDEG: differentially expresst

gene, FDR = 0.05.

differentially expressed compared to RC flies fe@R diet. 2111 genes were specifically
regulated in intestines of GF flies fed a PEM dhetomparison to RC flies subjected to PEM.
Noteworthy, GF flies fed a CD, DR diet or PEM dietealed an overlap of only 17 genes (Fig.
48, B). GO category enrichment analysis were peréal for each comparison (CD GF vs. CD
RC, DR GF vs. DR RC, PEM GF vs. PEM RC). BPs sicmannose metabolic process, lipid
catabolic process, transmembrane transport or iprateglycosylation were significantly
upregulated in intestines of GF flies fed a CD caregd to RC flies upon control dieting (Fig.
49, A). On the other hand, BPs like carbohydrateabwdic process, determination of life span,
cellular response to unfolded protein and negaggelation of cell growth are downregulated

in GF flies fed a CD in comparison to CD fed R@$dli(Fig. 49, B). In intestines of GF flies
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subjected to DR BPs such as mannose metabolic gwodgid catabolic process,

transmembrane transport or amino acid transpore wigmnificantly upregulated compared to

Fig. 49: Selected GO terms of microbiota associated DEGs intestines of flies fed a CD, DR or PEM diet
(A-B) Selected GO terms (category: biological pss)eof significantly upand downregulated DEGs in intesti
of GF flies fed a CD (n = 4). (C-D) Selected GQmsr(category: biological process) of wgnd downregulate
DEGs in intestines of DR treated GF flies (n =(&xF) Selected GO terms (category: biological pssg@f up
and downregulated DEGs in intestines of PEM tre&€&dflies (n = 4). RC: reconstituted, GF: gefmee, CD
control diet, DR: dietary restriction, PEM: protenergy malnutrition, DEG: differentially expressgehe.
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RC flies fed a DR diet (Fig. 49, C). BPs like respe to bacterium, innate immune response,
proteolysis, glucose import or intracellular chédesl transport were upregulated in DR treated
GF flies in comparison to RC flies fed a DR dietg(F49, D). In intestines of GF flies fed a
PEM diet BPs such as histone acetylation, histoBeKB6 demethylation, regulation of
transcription, somatic stem cell maintenance, asgtriocell division, programmed cell death,
JNK cascade or Tor signaling were significantlyagaiated compared to RC flies subjected to
PEM (Fig. 49, E). In PEM treated GF flies BPs llesponse to bacterium, innate immune
response, cytoplasmic translation, mitochondraistation, glutathione metabolic process and
proteolysis are downregulated in comparison to RS fed a PEM diet (Fig. 49, F). All DEGs
and BPs related to Fig. 48 and Fig. 49 are predentAppendix C. A comparison of the RNA
concentration of intestines, it was noticeable Hratno acid-restriction led to a significantly
decreased RNA amount in RC flies subjected to DREM compared to RC flies fed a CD.
The amount of RNA per intestine was increased infli&s fed a DR diet compared to DR
treated RC flies. No significant differences in REA amount were observed in GF flies fed
a CD or DR diet in comparison to RC flies fed tlp@igalent diet. GF flies fed a CD revealed
an increased RNA amount in comparison to GF fliggested to DR or PEM (Fig. 50, A). To
further validate these findings, | analyzed thegnated fluorescence intensity of DAPI stained
ECs as an indicator for ploidy, whereas it is sstgg that higher polyploidy coincidences with
an increased transcription rate (270). IndeedDAPI intensity was significantly reduced in
RC flies subjected to PEM in comparison to RC ffied a PEM diet. GF flies fed a CD or a

Fig. 50: RNA amount per intestine and EC DAPI intemity. (A) Measured RNA amount per intestine
RC flies and GF flies fed either a CD, DR diet &MPdiet (n = 4). (B) Integrated DAPI fluorescennteinsity

of ECs of RC flies and GF flies subjected to a ©R, or PEM (n = 15-45). RC: reconstituted, GF: germ-
free, CD: control diet, DR: dietary restriction, E protein€nergy malnutrition, ns: not significa

*p < 0.05, **p < 0.01, ***p < 0.001.
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PEM diet revealed a decreased DAPI intensity coethéw RC flies fed the equivalent diet.
Likewise, GF flies upon control dieting exhibitedhggher DAPI intensity than GF flies
subjected to PEM (Fig. 50, B).

Amino acid-restricted diets and microbes affect th nitrogen excretion
An excess of amino acid intake leads to an inceeassount of ammonia due to deamination
processesDrosophila is an uricothelic organism, which convert ammotvauric acid.
Therefore, the uric acid content is an indicatardonsumed amino acids. RC flies fed a CD
revealed an increased uric acid content in comparie RC flies subjected to DR or PEM.
Interestingly, GF flies fed either a CD, DR dietREM diet had a significantly decreased uric
acid content compared to RC flies fed the equivalest. GF flies upon control dieting showed
a higher uric acid content than GF flies subjette®R or PEM (Fig. 51, A). | measured the
uricase activity, to further proof if the diet atie microbiota also affect the enzymatic process
of uric acid degradation. Indeed, RC flies subjgd® DR or PEM revealed a significant
decreased uricase activity in comparison to RG fiezl a CD. The uricase activity was also
decreased in GF flies fed a CD compared to RC dipes control dieting. However, the uricase
activity was comparable between GF flies fed a D& dr PEM diet and RC flies fed the
respective diet. No differences in uricase actiwgre 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 oRC and GF flies fed amino acid-restricted diets(A) Uric
acid content of RC flies or GF flies fed either@,®R diet or PEM diet (n = 23). (B) Uricase activity of who
fly lysates subjected to a CD, DR or PEM (n = 9:1R¢: reconstituted, GF: gerfree, CD: control diet, DF
dietary restriction, PEM: protein-energy malnutnitj ns: not significant, **p < 0.01, **p < 0.01***g 0.001.
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Amino acid-restricted diets affect infection susqgatibility and

intestinal barrier function
The RNA-seq analysis revealed that the immune respe diminished in flies fed an amino
acid-restricted diets (chapter 4.3.6). | perforraednfection assay to check if this diminished
transcription of immune genes manifest in a phgmaty¥herefore, RC flies were fed for 1 week
with either a CD, DR diet or PEM diet. Afterwardise flies got a daily oral infection wit8.
marcescengODesoo = 1) until they deceased. The survival rate of fR€s fed a CD was
significantly higher compared to RC flies subjectedR or PEM (Fig. 52, A). | performed a
smurf assay to examine if this increased infecsasceptibility was also due to a disturbed
intestinal integrity. Therefore, 70-100 flies wéee with either a CD, DR diet or PEM diet for
2 weeks. Surprisingly, RC flies subjected to DReaded an increased intestinal integrity
compared to RC flies fed a CD. However, PEM tre®€xflies had a significantly decreased
intestinal integrity in comparison to RC flies upmntrol dieting. No significant differences in
intestinal integrity could be observed between R&€3 fand GF flies fed either a CD, DR diet
or PEM diet. Moreover, the intestinal integrity wast 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) Infectior
assay of flies that were fed for 1 week with eithéZD, DR diet or PEM diet. Flies got an daily drdéctior
with S. marcescen®Dsoo= 1, ~%prc= 15 days, ~#r rc= 12 days, ~¥emrc= 10 days, n = 100). (B) Intestil
integrity of RC flies and GF flies subjected to B,MR or PEM for 2 weeks (N = 7-10RC: reconstitute:
GF: germ-free, CD: control diet, DR: dietary regtion, PEM: proteirenergy malnutrition, ns: not significa
**p < 0.01, **p < 0.01, ***p < 0.001.
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PEM dieting affect the intestinal microbial compogion

To examine the effect of PEM dieting on the inteatimicrobiota, | compared the microbial
composition between flies fed a CD and those stdgjetd PEM. The most abundant phylum
of CD fed flies wereFirmicutes whereas PEM dieting led to an increased abundahce
Proteobacteria(Fig. 53 A). The altered microbial community was also sthated by the
separation in beta diversity, which was evaluatga PcoA based on unweighted UNIFRAC
(Fig. 53 B). However, flies subjected to PEM did not rdvaaincreased intestinal bacterial
load in comparison to CD fed flieBif. 53 C).

Fig. 53: Effect of PEM dieting on the microbial conmunity and bacterial abundance.(A) Abundance tab
of the microbial composition of flies fed a CD dEM diet (n = 5). (B) Principal coordinate analyssealed
significant shift in the microbial community upo&EM dieting compared to flies fed a CD (n = 5). &cteria
load of PEM subjected flies in comparison to CD fkels (n = 5). CD: control diet, PEM: prote@merg
malnutrition, PCoA: principal coordinate analysis.

Effect of amino acid-restriction in a DSS-based gerimental model

The irritant dextran sulfate sodium (DSS) is knowrtrigger proliferation and damage the
basement membrane (271). 100 conventionally rébesdwere fed with either a CD, DR diet
or PEM diet for 2 weeks. Afterwards, these fliegevied daily with a 5 % DSS solution until
they deceased. CD fed flies revealed a signifigantreased survival rate upon DSS treatment
in comparison to flies subjected to DR or PEM (=4, A). Next, | checked the influence of
DSS on the basement membrane in the intestinethBgrl used viking-GFP reporter flies to
visualize the basement membrane. The dissectedtimdse were co-stained with an anti-
spectrin antibody, which visualizes the plasma nramé. The basement membrane appeared
thinner in DSS flies fed either a CD, DR diet orPHiet in comparison to the proper sugar
control (Fig. 54, B-G). The quantification of theadement membrane thickness further
confirmed these observations. Interestingly, CD fies showed a significantly thinner

basement membrane compared to flies subjected tarldRPEM (Fig. 54, H). The influence
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Fig. 54: Survival assay and basement membrane of BSreated flies subjected to a CD, DR or PEM(A)
Flies were fed with either a CD, DR or PEM diet foweeks. Afterwards, the flies were treated with% DS¢
solution or a 5 % sugar solution as a control (08). (B-G) Representative images of intestineglohg-GFF
flies treated either with a 5 % DSS solution or 5@gar solution after subjected to a CD, DR or PiaM2
weeks. The intestines were co-stained with an sp#ttrin antibody to visualize the plasma memb
(H) Quantification of the basement membrane thiskn@ = 48-50)CD: control diet, DR: dietary restrictic
PEM: protein-energy malnutrition, DSS: dextran sodisulfate, ns: not significant, *p < 0.01, **p <0Q,

*xp < 0.001.

on the intestinal proliferation was examined bywgssg>GFP flies. DSS treated esg>GFP flies
fed a CD, DR diet or PEM diet revealed an increamedber of esgcells in comparison to the
equivalent sugar control (Fig. 55, A-F). These obstgons were validated by a quantification
of the number of esgeells in the anterior midgut region. Surprisingly, significant different
counts of esgcells were detected between CD fed flies and 8igsjected to DR or PEM
(Fig. 55, G). The number of pH8ells were highly increased in DSS treated flasd CD or
a DR diet in comparison to the proper sugar conktolvever, the number of pH8ells in DSS
treated flies subjected to PEM was comparable warsureated flies fed a PEM diet
(Fig. 55, H-M). Flies fed a CD revealed an increasamber of pH3 cells in comparison to
flies subjected to DR or PEM (Fig. 55, N).
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Fig. 55 DSS induced proliferation in flies fed a CD, DR dieor PEM diet. (A-F) Representative images
the anterior midgut region of esg>GFP flies sulgiddb a CD, DR or PEM. Esg>GFP fliesre treated with
5 % DSS solution or a 5 % sugar solution. DSS tneat led to an increased number of*esglls (GFP
compared to the sugar control. (G) Quantificatibthe number of esgeells in the anterior midgut region (i
10-13). (H-M) Representative images of intestiné®sg>GFP flies stained with an apt#3 antibody t
visualize mitotically active cells. (N) Quantifiéah pH3" cells in the intestines of esg>GFP flies (n £19-
CD: control diet, DR: dietary restriction, PEM: pem-energy malnutritiorDSS: dextran sodium sulfate, A
anterior midgut, esg: escargot, GFP: green fluemsprotein, pH3: phospho-histoners: not significan
*p < 0.05, **p < 0.01, ***p < 0.001.
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4EBP and ATGS signaling in response to amino acicestriction

The Tor pathway senses energy levels as well ascaatids and regulates for example cell
growth, proliferation, translation and autophagy4273). Tor pathway activation leads to
phosphorylation of 4EBP to promote mRNA translatmd to a repression of the autophagy-
related gene 8 (ATG8) expression to suppress aatppi6c0,274). | used 4EBP::RFP reporter
lines to confirm 4EBP activation due to attenualext pathway activity on amino acid-
restricted diets. Indeed, flies subjected to DRy(Bb, B,B’ and B”") or PEM (Fig. 56, C,C’ and
C”) revealed an increased the 4EBP signal in campa to CD fed flies (Fig. 56, A,A’ and
A”). The 4EBP signal of flies fed a DR or PEM digais detectable in the cytoplasm and in the
nuclei, whereas 4EBP signaling in CD fed flies wastricted to the cytoplasm. | used
NP1>GFP-mcherry-atg8a flies to visualize ATG8-retbautophagy in ECs. In these flies, the
GFP fluorescence signal is quenched by acidic hgdes when autophagosomes fuse with
lysosomes to form autolysosomes and the resultibgysosomes will fluoresce red, whereas
only autolysosomes are displayed in the followirgegiment (275). Flies subjected to DR and

Fig. 56: 4EBP and ATGS signaling in intestines oflies subjected to DR or PEM.(A-C) Representati
images of the anterior midgut region of 4EBP::REporter fly lines fed either a CD, DR or PEM diglies fec
a DR or PEM diet revealed a stronger RFP signddercytoplasm and in the nuclei in comparison tof&flies
(D-F) Representative images of the anterior midggion of NP1>GFP-mcherry-atg8a flies, which expi®&P-
mcherry-atg8a in ECs. Only thdéubrescence signal from mcherry is shown as itcaigis autolysosor
formation. CD: control diet, DR: dietary restriatioPEM: protein-energy malnutrition, 4EBEIFAE bindin
protein, ATG8: autophagy-related gene 8.
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PEM showed a higher mcherry-atg8a fluorescenceakignd therefore an increased formation

of autolysosomes in comparison to CD fed flies (Bi§, D-F).

Impact of protein-restriction on gut structure in Tor-deficient flies
| used flies with a hypomorphic T9f°allele to reveal the impact of amino acid-restct
diets on the cellular homeostasis and structutieeoihtestine in the absence of the Tor pathway.
RC TorK7%4flies fed a CD revealed a significant longer ititesin comparison to RC Tgr%4
flies subjected to DR or PEM. Interestingly, nongiigant differences in intestinal length were
observed between RC T&1°%flies and GF Tdt"°%flies fed either a CD, DR diet or PEM
diet. The length of the intestines were comparhbteveen GF Tét"%%*flies subjected to a CD,
DR or PEM (Fig. 57, A). RC T61"%%flies fed a CD revealed a significantly shorteestine
compared to the RC CD fed genetic control fliesscAIRC Tof"°%flies subjected either to
DR or PEM showed a shorter intestine in comparisn®RC genetic control flies fed the
equivalent diet (Fig. 57, B). No significant difearces were observed between GF 8¢
flies fed either a CD or DR diet and RC genetictoalrilies fed the respective diet. GF genetic
control flies subjected to DR revealed a longeestihe than DR treated GF T5P%flies (Fig.
57, C). The number of EECs in the anterior midgdion was comparable between RC
Tor!7%4flies fed a CD and RC T8rflies subjected to DR or PEM. No differences were
observed in the number of EECs between GET8fflies fed a CD and DR or PEM treated
GF Tok"%%{lies. Surprisingly, the number of EECs in GF 61°*flies subjected to either a
CD, DR or PEM was significantly higher comparedRi® Tok'"%flies fed the respective diet
(Fig. 58, A). RC Tdf'"%flies fed a CD or PEM diet revealed a significdatreased number
of EECs in comparison to RC genetic control fliesl fthe equivalent diet. However, no

Fig. 57: Intestinal length of RC and GF Tok"°* flies fed amino acid-restricted diets(A) Length of the
intestines of RC and GF T%f°“fed either a CD, DR diet or PEM diet (n = 10-1(8)-C) Length of the intestin
of RC and GFTor<'7%*flies in comparison to genetic control flies (n 8-15). CD: control diet, DR: dieta
restriction, PEM: protein-energy malnutrition, R€colonized, GF: germ-free ns: not significant<*p.05 **p
< 0.01, **p < 0.001.
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differences in the number of EECs were detectagteden RC Tdt°%*flies and RC genetic
control flies subjected to DR (Fig. 58, B). DR texhGF Tof!"°%flies showed fewer EECs in
the anterior midgut region in comparison to GF giereontrol flies. The number of EECs was
comparable between GF T6%flies subjected to DR or PEM compared to GF geruetitrol
flies fed the respective diet (Fig. 58, C). Intéiregy, no differences in the EC distance was
detectable in RC and GF flies fed either a CD, &R of PEM diet for each comparison (Fig.
58, D). The EC distance was significantly increaseBC genetic control flies subjected to a
CD or DR in comparison to RC Tf°flies fed the equivalent diet. However, the EQatise
was comparable in RC genetic control flies and RET%flies fed a PEM diet (Fig. 58, E).
GF ToK7%%4flies fed a CD or DR diet revealed a decreasediE@nce compared to GF genetic
control flies subjected to the respective diet.diféerences in the EC distance were observed
between PEM treated GF T8°**flies and GF control flies (Fig. 58, F).

Fig. 58: EECs number and EC distance of Td#"%* flies subjected to a CD, DR or PEM(A) The number ¢
EECs in RC and GF THr%4flies fed either a CD, DR diet or PEM diet (n =18). (B-C) EECs number
Tork17%4flies in comparison to RC and GF genetic confiesf(n = 6-13). (E) EC distance of RC and GF<Y8¢*
flies subjected to a CD, DR or PEM (n = 11). EQatise of RC and GF Tgr°flies compared to RC and (
genetic control flies (n = 10-11). CD: control di&R: dietary restriction, PEM: protegmergy malnutritior
RC: recolonized, GF: germ-free, EEC: enteroendecirll, EC: enterocyte AM: anterior midguts: no
significant, *p < 0.05, **p < 0.01, ***p < 0.001.
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Tor-deficient flies exhibit a decreased infectiorsusceptibility

As the Tor pathway affects the cellular homeostasiswell as the intestinal structure, |
investigated the impact Tor-deficiency on the imminomeostasis. Therefore, | fed 6%
flies and genetic control flies for 2 weeks witGB. Afterwards, these flies were orally infected
with S. marcescensvery day until they deceased. #61** fed a CD revealed a significant
increased survival rate upon daily infection in gamson to genetic control flies (Fig. 59, A).
Interestingly, a gRT-PCR analysis revealed a sicgnit increase of diptericin and drosomycin
transcripts already in non-infected FdP%*flies fed a CD in comparison to genetic contria]
subjected to a CD (Fig. 59, B).

Fig. 59: Infection susceptibility and AMP expressia of Tor<17%% flies. (A) Survival assay of T6F°* flies fec
a CD for 2 weeks before infected with marcescensrally (ODsoo = 1) in comparison to genetic control fl
(n = 100). (B) gRT-PCR analysis of the AMPs diptgriand drosomycin in non-infected T8P% flies anc
genetic control flies (n = 5). CD: control diet; mst significant, **p < 0.01, ***p < 0.001.

L-tryptophan and BCA restriction affects AMP-production and

bacterial abundance
As the Tor pathway affects the transcriptional tagon of diptericin and drosomycin, the
guestion arises if the depletion of single aminmsdn the diet also leads to a regulation of
AMPs. Therefore, | created a L-tryptophan (trp)nieted diet and a branched-chained amino
acid (BCA, L- valin, L-leucin and L-isoleucin) rested diet based on the CD. Conventional
flies fed a trp-restricted diet revealed reduceadstinal transcript level of drosomycin (Drsm),
metchnikowin (Mtk), drosocin (Dros) and diptericfBip) in comparison to CD fed flies.
However, defensin (Def) was upregulated in flies detrp-restricted diet compared to flies fed
a CD (Fig. 60, A). Flies subjected to a BCA-resatcdiet showed a downregulation of Drsm,
Mtk, Dros, Dip, and Def in the intestine compareddD fed flies (Fig. 60, B). Interestingly,
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the intestinal bacterial load was significantly ik&sed in flies subjected to a trp-restricted diet

or BCA-restricted diet in comparison to CD fed dlig-ig. 60, C).

Fig. 60: Intestinal AMP expression upon dietary amio acid restriction. (A) gqRT-PCR analysis of Drsr
Mtk, Dros, Dip and Def transcript levels in intests of flies fed a trp-restricted diet (n = 5). @RTPCF
analysis of Drsm, Mtk, Dros, Dip and Def transcittels in intestines of flies fed a BO&stricted diet (n =&
(C) gRT-PCR analysis of the relative 16s rDNA caopynber of flies fed a trp- or BChestricted diet (n = £
CD: control diet, trp = L-tryptophan, BCA: brancheldained amino acids (L-valin, L-leucin, iteleucin)
Drsm: Drosomycin, Mtk: Metchnikowin, Dros: DrosogciDip: Diptericin, Def: Defensin, *p < 0.05, **p €.01.

Effect of the Tor pathway on the microbial community and abundance
| performed 16s analysis with intestines of ‘t&P*flies fed a CD or PEM diet, to investigate
if the Tor pathway affects the intestinal microlmamposition. No differences in the microbial
community were observed between f6 flies subjected to PEM or to a CBig. 61, A).
This was also illustrated by the separation in loitarsity, which was evaluated by a PCoA
based on unweighted UNIFRAEI{. 61, B). The intestinal bacterial load was signifidgnt
decreased in THY%%4 flies subjected to PEM in comparison to &% flies fed a CD
(Fig. 61, C). A Principal component analysis revealed cdarities in the microbial
composition between genetic control flies and¥8t*flies fed a CD. Interestingly, evaluation
of the PCoA also unveiled a high similarity in timestinal microbial community between

genetic control flies subjected to PEM and*f&f*flies (Fig. 61, D).
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Fig. 61: Influence of the Tor pathway on the microlal composition and abundance(A) Abundance table
the microbial composition of TH%flies fed a CD or PEM diet (n = 5). (B) Principalardinate analysis of t
microbial community in Td#7°%flies upon PEM dieting compared to ¥6f%lies fed a CD (n = 5). ((Bacteria
load of PEM subjected T87%“flies in comparison to CD fed T8f%flies (n = 5). (D) Principal coordine
analysis of the microbial community in T8P%flies and genetic control flies fed a CD or PEMtd@D: contro
diet, PEM: protein-energy malnutrition, PCoA: piied coordinate analysis.

PEM induce long-lasting changes in the transcriptinal profile
It is established that severe PEM at an early difge predispose an individual to non-
communicable diseases in later life (276). HoweN&s,not known which factors contribute to
this long-lasting PEM-induced effect. Therefor@vestigated if a short-term intervention of
PEM in early life stages of adubrosophilaleads to long-lasting changes in the transcription
profile of the intestine. Flies were transferred 3odays on CD, afterwards one group of flies
were switched to a PEM diet for 7 days while thHeeoggroup of flies remained on CD. After 7
days, flies of the PEM group were switched bacKibfor 14 days (Fig. 62, A). | compared
the transcriptional profile of flies fed for 7 dagPEM diet with flies fed a CD for 8 days and
flies recovered from PEM dieting for 14 days wiikg fed a CD for 21 day to uncover memory
signatures. Differential expression analysis rea@aB566 genes that were differentially
expressed in intestines of flies subjected to PERbmparison to CD fed flies. 345 genes were

differentially expressed in intestines of fliesaeered for 14 days after a 7 days period of PEM
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dieting compared to flies fed a CD for 21 daysidntified 1326 genes that were differentially
expressed in both, in intestines of flies subjetteBEM for 7 days and in flies that recovered
from an period of PEM dieting (Fig. 62, B). Inteingly, some DEGs of flies recovered from
a period of PEM dieting showed a memory phenotypeans that their transcriptional profile

remained at the level of the PEM group subjectedys to PEM. Many of the downregulated

Fig. 62: Short-term intervention of PEM dieting induces longlasting changes in the intestin:
transcriptional landscape. (A) Schematic of the experimental design. (B) Vddiagram of DEGs of flie
subjected for 7 days to PEM and flies recoverethfeoshorterm intervention of PEM dieting. The followi
comparisons are illustrated: d7 PEM vs. d8 CD afd ®EM (recoveredys. d21 CD. 1326 genes w
differentially regulated in both comparisons (n » 4C) Selected DEGs that were downregulated i
comparisons. (D) Selected genes that were upreglilat ot comparisons. CD: control diet, PEM: pirotenerg
malnutrition, DEG: differentially expressed gen®H= 0.05.
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DEGs were associated with carbohydrate metabolecgss including mannosidases,
galactosidases or amylases. Furthermore, sevei@shivolved in glucose transport or lipase
activity were repressed (Fig. 62, C). On the ottaard, upregulated DEGs were associated with
proteolysis or proteasome-mediated protein catabpliocesses including serine- and
threonine-endopeptidases (Fig. 62, D). All DEGs BR® related to Fig. 62 are presented in
Appendix D.

Effect of short-term interventions of PEM on the ntestinal cellular

homeostasis
| was interested, if a short-term intervention &Mp dieting leads to long-lasting changes in
the intestinal cellular homeostasis. Thereforesddithe same experimental design as described
in chapter 4.3.17 and examined the effect on IStigcby using esg>GFP flies. Flies
subjected to PEM for 7 days revealed fewef esfjs (Fig. 63, D) in comparison to flies fed a

Fig. 63:Effect of short-term interventions of PEM deting on the ISC activity. (A-F) Representative imac
of anterior midgut regions of esg>GFP flies sulgddb PEM for 7 days, flies recovered from PEM (FEB)
and flies constantly fed a CD. (G) Quantificatiohtlee number of esgeells in the anterior midgut regi
(n = 10). (H-M) Representative images of midguioag with pH3 cells. (N) Quantification of the number
pH3* cells (n = 10).CD: control diet, PEM: protein-egyermalnutrition, esg: escargot, AM, aritg midgut
GFP: green fluorescent protein, pH3: phospho-hestms: not significant, *p < 0.05, **p < 0.01.
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CD for 7 days (Fig. 63, A). Interestingly, the @ist switch from PEM to the CD on day 8 led
an elevated number of éscells (Fig. 63, E) compared to flies fed a CD tangy for 8 days
(Fig. 63, B). The number of esgells was comparable between flies recovered sorREM
intervention (Fig. 63, F) and flies fed a CD for @dys (Fig. 63, C). The quantification of the
number of esgcells further supported these observations (FR3g.G9. No differences in the
number of mitotically active cells were detectetil@en flies subjected to PEM for 7 days (Fig.
63, K) and flies fed a CD for 7 days (Fig. 63, tthich was revealed by an anti-pHantibody
staining. The switch from a PEM diet to a CD on 8dgd to increased number of pHS:lls
(Fig. 63, L) compared to flies fed a CD for 8 délygy. 63, 1). The number of pHZells was
decreased in flies recovered from a short-term RE#rvention on day 21 (Fig. 63, M) in
comparison to flies fed a CD for 21 days (Fig. B3, These observations were further supported

by a quantification of pH3cells in the intestines (Fig. 63, N).

Effect of short-term interventions of DR and PEM o DSS-induced

stem cell activity

Next, | investigated the effect of DSS on the itesd epithelial after a short-term intervention
of DR or PEM. Therefore, | fed flies with a DR dmt PEM diet for 7 days, afterwards they
were switched to the CD for 14 days. Control fiesre fed a CD for 21 days continuously.
Subsequently, these flies were fed daily with a %S solution until they deceased. No
significant differences were observed in the swalviate were observed between flies, which
were subjected to DR or PEM for a short-term pemocbmparison to flies fed a CD constantly
(Fig. 64, A). Next, | checked the influence of D&&Sthe basement membrane in the intestine
by using viking-GFP reporter flies. The intestin@ere co-stained with an anti-spectrin
antibody to visualize the plasma membrane. The B&3ment led to an thinner basement
membrane of flies fed a DR (Fig. 64, F) or PEM d{iggy. 64, G) for a short period of time and
of flies fed a CD (Fig. 64, E) in comparison to teagar control fed the same diet
(Fig. 64, A-C). The quantification of the basemehickness further confirmed these
observations. Interestingly, flies recovered froshart-term period of PEM dieting revealed a
significantly thinner basement membrane comparedflies fed a CD continuously
(Fig. 64, H). The influence on the intestinal pieration was examined by using esg>GFP flies.
DSS treated esg>GFP flies recovered from a short4tgervention of DR (Fig. 65, E) or PEM
(Fig. 65, F) revealed an increased number of eslis in comparison to the equivalent sugar
control (Fig. 65, B and C). The same phenotype olzerved in flies fed a CD (Fig. 65, D)
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Fig. 64: Effect of DSS on the survivatate and intestinal basement membrane in flies rea@red from a
short-term period of DR or PEM. (A) Flies were fed with either a DR or PEM diet fodays, subsequen
they were transferred to a CD for 14 days. Coritied were fed a CD for 21 days. t&fwards, these flies we
treated with a 5 % DSS solution or a 5 % sugartgoilas a control (n = 100). (B) Representative images
intestines of vikingsFP flies treated either with a 5 % DSS solutio®s & sugar solution. The intestines v
co-stained with an ansipectrin antibody to visualize the plasma membrédgeQuantification of the basem:
membrane thickness (n = 30-50). CD: control didR: dietary restriction, PEM: protein-energy malitign,
DSS: dextran sodium sulfate, ns: not significapt<*0.05, **p < 0.01, **p < 0.001.

constantly in comparison to the sugar control (B, A). These observations were further
supported by a quantification of ésgglls in the anterior midgut. No significant difé|aces in
the number of esgcells were detected between flies recovered fronDR or PEM diet
compared to flies fed a CD continuously (Fig. 6%, Bie number of pH3cells was elevated
in flies recovered from a short-term interventidrD& (Fig. 65, L) or PEM (Fig. 65, M) and
in flies continuously fed a CD (Fig. 65, K) compdré the equivalent sugar control
(Fig. 65, H-J). No significant differences in thenmber of pH3 cells were observed between

flies fed a CD and flies recovered from a DR or Péist intervention (Fig. 65, N).
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Fig. 65: Effect of DSS on the ISC activity in fliesecovered from a short-term period of DR or PEM
(A-F) Representative images of the antenmdgut region of esg>GFP flies that lived for 14/slan a CD afte
a 7 days period of DR or PEM and flies that fedticmmously a CD. Esg>GFP flies were treated with% BS¢
solution or a 5 % sugar solution. DSS treatmentdeah increased number of ésglls (GFP) compared to 1
sugar control. (G) Quantification of the numberesty cells in the anterior midgut region (n = 7-11)-H
Representative images of intestines of esg>GFP dli@ined with an anfiH3 antibody to visualize mitotica
active cells. (N) Quantification pH3ells in the intestines of esg>GFP flies (n = 6€&p: control diet, DF
dietary restriction, PEM: protein-energy malnutnitj DSS: dextran sodium sulfate, AM: anterior midgusig
escargot, GFP: green fluorescent protein, pH3: pih@distone 3, ns: not significant, ***p < 0.001.

103



Discussion

5 Discussion

5.1 High fat dieting induces microbiota-dependent incrase of stem

cell proliferation

Overweight and obesity are defined as an excefsiaecumulation that can lead to a plethora
of health-impairing consequences. The intestinghefpum plays an important role in nutrient
absorption, barrier function and hormone secretibhe intestine retains its epithelial
homeostasis by undergoing cell renewal driven b@siProliferation. It is known that the
intestine responds to dietary factors such a didipids. Excessive intake of dietary lipids is
associated with colorectal cancer (277,278). Tlieskngs imply that high fat dieting affects
intestinal signaling pathways, which promote cedlliperation. In this study, | used the model
organismDrosophila melanogasteo investigate the effect of a 20 % coconut-fetdohdiet

on the intestinal epithelial homeostasis and teaéthe underlying signaling pathways. | found
that a 3 days short-term intervention is suffictennduce an increased mitotic activity of ISCs.
The HFD-induced mitotic activity was accompaniedabynarked hyperproliferation of €sg
cells, namely ISCs and EBs, in the anterior as alposterior midgut. The number of ISCs
and EBs did not remain elevated after 7 days. Hewevcontinuous HFD-treatment led to an
altered cellular composition as the number of EB@s significantly increased, whereas the
number of ECs was not affected. Most interestingiyy HFD-induced hyperproliferation
completely relied on the presence of the intestimaftobiota since the HFD-induced activation
of ISC proliferation was absent in GF flies. Furthere, | suggest that the observed effect

depends on JNK signaling in ECs, which in turnvaatgs JAK/Stat signaling in ISCs and EBs.

An increased number of ISCs and transient cells inigh fat dieting was also shown in several
mouse and rat models (279,280). In mice, a HFDlabss to structural changes of the intestine.
Mice subjected to a HFD have shorter intestinesiaagtased villus heights (281,282). High
fat dieting does not affect the number of EECs icembut reduces the number of bactericidal-
producing Paneth cells and mucus-producing goklét (278,281,282). In mammals, ISCs are
located in a niche at the bottom of crypts. Pagetls are interspersed throughout these crypts
and are essential for maintaining the ISC nich&)2B is suggested that the reduced number
of Paneth cells within the crypts leads to an uptiog of ISCs from their niche and therefore
a Paneth cell-independent growth. On the other h@Rdincreases the number of Paneth cells
and the interaction of ISCs with their niche (284)Drosophilait was shown that bacterial

infection or a treatment with genotoxic chemicaksds to an extended cell-cell contact between
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ISCs and EBs. The extended cell-cell contact batw&&s and EBs did not occur under
homeostatic conditions, suggesting that the extbrogd-cell contact is related to increased
epithelial renewal. The increased cell-cell conatwell as proliferation and differentiation
were associated with JAK/Stat signaling in ISCs &EB$ (285). In fact, the observed HFD-
induced elevated number of ésgells in Drosophila could be due to either increased
proliferation or developmental arrest. Howeveruksing the REDDM linage tracing method |
showed that the differentiation of EBs is not bledkin contrast to the effect of high fat dieting
on the abundance of EECs in mice, a diet contaimiglp concentrations of cholesterol
increases the number of EECsDnosophila A diet with low concentrations of cholesterol
decreases the number of EECs and prevents thetftoma EEC tumors. The increase of EECs
is associated with decreased Delta levels in IS@s@duced Notch signaling in EBs, whereas
it is known that attenuated Notch signaling in Ed®cts to a differentiation of EECs (214).
The cholesterol-induced effect is mediated throtighDrosophiladHR96 nuclear receptor,
which binds cholesterol and affects Delta-Notchnalmng (286,287). However, in the
aforementioned study they used high concentratadnsholesterol, whereas | used a HFD
containing triglycerides with mainly medium-chaingsturated fatty acids such as lauric acid,
myristic acid, caprylic acid and palmitic acid (35bshowed that even the supplementation of
the diet with specific triglycerides such as tripdin, tristearin or tricaprin induces
hyperproliferation of ISCs. Considering that the DHiRduced effect on proliferation is
dependent on the intestinal microbiota, | suggesnhdirect mechanism that causes induction

of stemness and differentiation.

The JNK signaling pathway iDrosophila responds to a variety of external stressors and
mediates protective mechanism to increase thesstasrance (224,288,227). The JNK
signaling pathway ilrosophilaconsist of one of several INKKKs, a INKK Hep amel INK
Bsk. Bsk regulates cell responses by phosphorgadffector molecules. Negative feedback
mechanisms, regulated by the MAP kinase phosphd&easkered (Puc), tightly control the
duration and extent of JNK signaling (289). In myosophila HFD model, the level of
phosphorylated JNK was significantly increasedefiscthroughout the whole intestine. One
downstream target of the JNK signaling pathwayédytokine Upd3, whereas the molecular
mechanism to induce its expression is not knowd ,220,291). The observed increase of the
Upd3 level in HFD fed flies originates from stred&&Cs, which could be shown by EC-targeted
RNAI experiments. Our lab could also show that l#teD-induced expression of Upd3 was
dependent on the activation of the JINK pathway@s E292). Furthermore, the HFD triggered
hyperproliferation was absent in flies with a negady modulated JAK/Stat pathway in ISC

105



Discussion

and EBs. These data indicate that the JNK and J&K{&thways synergize to promote ISC
proliferation and cell renewal in response to sedsECs caused by dietary lipids. A JNK
pathway dependent release of Upd3 in stressedmagizd ECs and subsequent activation of
the JAK/Stat pathway in ISCs and EBs was also ebsein Drosophilamodel treated with
pathogens or genotoxic chemicals (218,229,293prosophilait is not known how the JINK
signaling cascade is activated upon high fat strieswitro studies demonstrated that the
saturated fatty acid palmitate can bind to theltkd receptor 4 (TLR4), which in turn activates
JNK and increases the expression of the proinflarmmaytokine interleukin-6 (IL-6), which

is homologous to Upd3 ibrosophila(294,295). Mice lacking a TLR4 do not show a p&éie-
induced IL-6 expression suggesting TLR4 as an itapdmediator of the effects of palmitate
(296). An increased activation of the Toll receptpon high fat dieting could not be shown in
Drosophila(290). Interestingly, high fat dieting does not solelgddo local intestinal responses
in Drosophila Flies subjected to a HFD revealed a systemic $#d€/activation mediated by
plasmatocytes, which releases Upd3 in a JNK-depgndanner (290). Excessive intake of
dietary lipids leads to a local release of IL-Ghe intestine, the bone marrow, adipocytes and
the brain as well as to increased systemic IL-@lein mice. (297,298,299,300,301,302). It is
known that disruption of the STAT inhibitor suppes of cytokine signaling 3 (SOCS3) in
intestinal epithelial cells of mammals increases fnoliferative response to damaged or
stressed tissue (303). IL-6 is able to promotercalancer cell growth by activating STAT3
(304,305). Howeverin vitro wound healing assays showed that the cytokine Haé no
positive effect on the epithelial regeneration. Btorer, IL-6 deficient mice are not susceptible
to DSS-induced colitis and display regular epithlglegeneration suggesting that IL-6 is not an
essential growth signal for epithelial regeneratromammals (306). Nevertheless, it is likely
that the mitogenic role of IL-6-like cytokines allK/Stat signaling is conserved in vertebrates

and invertebrates.

Besides the JNK and JAK/Stat signaling pathwayyaBeand colleagues reported that some
fatty acids directly activate the signaling cascddat involves the nuclear peroxisome
proliferator-activated receptor (PPAR-) in ISCs and transient cells (278). PPARs are
molecular sensors of fatty acids and play a rolgpid metabolism, proliferation, differentiation
and inflammation (307). PPARis associated with the Wnt pathway, which is regplifor ISC
maintenance and the development of intestinal tar®@08,309). Mice fed a HFD revealed an
increased expression of PPARand many of its target genes such as Wnt/R-caf@iis). It
has been suggested tlabsophilado not have a homolog of PPAR. However, it is sfaed
that the ecdysone-induced protein E75 (E75) is tatpe divergent functional homolog of
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PPAR- (310). In addition to the effect of HFD on thersteell activity in the intestine, | also
found out that this dietary intervention leads hamges in the composition of the microbial
community.Caulobacterialesand Enterobacterialesvere significantly enriched in flies fed a
HFD, whereas the abundancd.attobacillaceavas reduced. A HFD-induced dysbiosis in the
microbial composition could also be shown in otheganisms (311,312,313,314). It has been
reported that high fat dieting lead to a decredd®acteroidetesnd an increase Hrmicutes
and Proteobacteriain mice and human (315,316). However, a meta-amalsevealed an
inconsistent data situation regarding the HFD-aased microbial composition as well as the
alpha-diversity richness (317). It suggested tihat HHFD alters the microbial community
directly and not the obese state of the individ@ab). Intake of HFD stimulates the secretion
of bile acids, which have a selective antimicrobadtivity (318). Thus, the selective
antimicrobial activity of bile acids could mediatierations in the microbial composition (319).
However, it was also reported that high fat dietaifgcts the regulation of PPARin the
intestine of mice, which in turn led to a dysregiola of AMPs. A disturbed AMP-production
could influence the composition of the microbiahwounity. Furthermore, HFD fed mice
revealed an altered viscosity of the mucus layertdian accumulation of Mucin2 (MUC2) on
the apical side of the goblet cells and is knovat &n altered mucus layer affects the microbial
composition as well as the intestinal structuré(321). In mice, it was reported that the HFD-
associated microbiota has an increased capacitgrie@st energy from the diet. This trait was
transmissible as recolonization of the HFD-assediahicrobiota in GF mice resulted in an
increase in body fat in comparison to GF mice retialed with a microbiota harvested from
lean mice (322). Interestingly, the concentratibi®SGFA, the main fermentation products of
dietary fiber mediated by the microbiota, is ina@@ in stool samples of obese individuals
(323). The fact that SCFA are absorbed by the tineesand contribute to the host’'s energy
metabolism could explain the transmissible obesenptype. However, the observed
microbiota-dependent hyperproliferation of ISCHIRD fed flies described in my study was
not transmitted as the fecal transplantation erpenmi failed to recapitulate the stemness
phenotype. | showed that the HFD-triggered prddifien of ISCs is absent in GF flies
suggesting that the presence of the bacteria aeems to have more impact on the intestinal
cellular homeostasis than the composition of therabial community. The absence of the
microbiota also attenuates Upd3 signaling in thesitine, which could be an explanation for
the non-existent HFD-induced hyperproliferation I8Cs. In Drosophila it was already
demonstrated that GF flies exhibit lower basal ifgation activity of ISCs and a highly
reduced expression of JAK/Stat and JNK pathway @mapts in the intestine (224). The data
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suggests that the indigenous microbiota maintdasal level of intestinal epithelial renewal.
GF mice and rats also show an reduced cell pratifan rate and an altered intestinal
architecture compared to conventionally reared alim(324,325). Moreover, the
recolonization with bacteria is able to restore #fierementioned observations (326). The
molecular mechanism how the indigenous bacterecathe intestinal homeostasis is not well
understood. The microbiota in the intestine of maisnis recognized by TLRs via microbe-
associated molecular patterns (MAMPs, 327). It slasvn the activation of TLRs is crucial to
protect the intestine against injury and associateditality (328). On the other hand, an
overactivation of TLRs cause increased epitheliliferation and neoplasia in an Wnt
signaling dependent manner (329). There are alser adtudies using mice or zebra fish
showing that the intestinal microbiota promote echtion through Wnt signaling (330,331).
Furthermore, the incidence rate of colorectal carsceuch higher than small intestine cancer
as the bacterial density in the small intestinvger (332,333). Therefore, one can consider
that a higher density of intestinal bacteria leedan increased proliferation. In my studies, |
showed an increased bacterial load upon high &indj. The higher bacterial load is probably
caused by the provision of high energy-dense faollyahe increased intestinal transit time
and reduced fecal output. The provision of highrgpelense food could facilitate bacterial
growth in the intestine and in the flood. The irmsed intestinal transit time and the
accompanied reduced fecal output could lead taaced loss of bacteria. This constipation
phenotype as well as the increased bacterial buald®noccurs in mice and humans upon high
fat dieting (334,335,336). These data suggestdbagtipation and an increased bacterial load
is a general concomitant of high fat dietif@rosophila display a marked increase of the
bacterial load during aging, which is associatetth\Wwyperproliferation of ISCs and a disturbed
epithelial integrity of the intestine (227,228,33He age-associated hyperproliferation is
accompanied with increased JNK activity (227). destingly, immune-deficient flies also
shows a higher burden of indigenous bacteria andaeased activity of the INK and JAK/Stat
pathways (224). These data support the idea thigther bacterial load leads to an imbalanced
intestinal epithelial turnover mediated by JNK a#dK/Stat signaling.

Furthermore, | showed that high fat dieting ledirtoreased diameter of the intestine and
therefore probably to an elevated luminal pressurke intestine of flies fed with
methylcellulose, an indigestible fiber and fooatkgner, display an increased luminal diameter.
Interestingly, the increased diameter of the imedsieads to an elevated number of ISCs, EBs
and EECs mediated by the activation of the stratithvated ion channel Piezo. The Piezo
channel is expressed in ISCs pre-EECs and triggeaisferation and EEC differentiation
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through C&' signaling (338). In a previous study it was shdhat bacteria are able toduce
C&* signaling in IECs of mice (339). Therefore, thelH&ssociated constipation phenotype
could lead to an increased mechanical stress dsquent initiation of ISCs activity and EEC
differentiation. In my studies, the uptake of TAB<ECs and the storage in the fat body was
highly increased in GF flies in comparison to Ri€édl InDrosophila it is known that GF flies
display a hyperlipidemia phenotype independentgl fat dieting (340). Strikingly, GF mice
had 40 % less total body fat compared to the canwaally reared mice even though they
consumed more food (341). This could be explainethb fact that the intestinal microbiota
provides energy from otherwise indigestible fib@42). Furthermore, the intestinal absorption
of fatty acids is increased in conventionally rdiseice and zebra fish compared to their GF
counterparts and therefore contributes to overtmutri(343,344). GF flies show a reduced
protein content probably due to the missing amicid &arvest promoted by the microbiota
(340,345). Following the protein leverage hypothesi obesity, GF flies would tend to
overfeed to consume sufficient protein (346). HogreGF flies seem to eat less and therefore
the protein leverage hypothesis would not explam hyperlipidemia observed in GF flies
(340).

Increased uptake of fat is associated with a ptatbbmetabolic disorders including deleterious
effects on neurological conditions (347). In thiady, | revealed a microbiota-independent
effect of high fat dieting on the physical activiipd sleep of flies. HFD fed flies showed a
decreased locomotor activity as well as an incitéigee of sleep. A HFD-induced decrease in
physical activity and a disruption of the circadidnythm was also shown in mouse models
(348,349). An enhanced starvation-induced hyperisigivas observed in HFD-fed flies (350).
This might explain that HFD-fed flies in my studyddnot show an increased starvation
resistance as the increased energy expenditureestsate the increased energy resource in the
form of TAGs. It is known that EECs are scattetadaghout the intestinal epithelia and sense
signals such as nutrients, microorganisms or mecalastimuli with their cell surface
receptors. EECs release hormones that can entecirthdation, whereas other EECs are
directly innervated by afferent and efferaetves which allows them to provide a bidirectional
communication between the nervous system and tastine (351,352). IDrosophilg EECs
respond to a fed state by secreting the hormonei&ur , which is able to attenuate
adipokinetic hormone (AKH) containing neurons (353)nce AKH is involved in locomotor
activity one can assume that the observed HFD-adsdcdecreased physical activity is also
mediated by the endocrine system (354). Anothemboe released by EECs in the intestine of
flies is Allatostatin A (AstA), which is able to @mote sleep (355). In mice, the glucagon-like
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peptide 1 (GLP-1) is released by EECs after foodsumption and is associated with an
attenuation of locomotor activity (356). It was oejgd that high fat dieting in zebra fish
converts EECs into a nutrient-insensitive statéh\wacteria offsetting this effect (357). This
data show that the microbiota plays a role in eridecsignaling. However, it is not clear
whether altered locomotor activity is a consequence cause of HFD-induced obesity (358).
Long sleep durations in mammals is associatedamtincrease of inflammation markers (359).
Interestingly, | could show increased JNK signalmthe brain after long-term high fat dieting.
Recent studies iDrosophilaalso demonstrated that many inflammatory pathwayke head
are upregulated and that memory formation is inggaupon high fat dieting (360,360). It is
also known from mice and humans that a HFD leadseteral detrimental effects on the
cognitive function as well as to neurodegenergtiaeesses (361,362,363). All these described
deleterious consequences of high fat dieting astimal homeostasis, inflammation, abnormal
fat accumulation and altered physical activity tead to lifespan shortening as reported in my

study.

5.2 Importance and optimization of a holidc diet

Drosophila melanogastehas a long history as an experimental model taystouman
metabolic disorders. However, when designing expemis with model organisms, the
importance of the diets is mostly overlooked. Thappens for the most part if the diet is not
the prime focus of the study. Dietary factors caofqundly influence the expression of
phenotypes (251,364,365Prosophila melanogasteis a cosmopolitan species and its
distribution is highly associated with the preserafehumans (366). As a commensal
Drosophilawas found in a variety of habitats, but mostlyrotten fruits (367). A recent study
showed that ancestiarosophilain Africa used the marula fruit as a food soultis.suggested
that the usage of marula fruits by human drbvesophila melanogastanto commensalism
(368). AsDrosophilais mainly found on fermenting fruits, they havéokerance for low pH
values and high alcohol contents (369). NowadByssophilais cultured on a huge scale in
labs on complex diets containing mainly sucrose@steagar and corn meal (260). However,
there are also labs that use a variety of otheehgnts such as bananas, molasses, apple juice,
opuntia powder, malt extracts or soy (370). Allsléngredients can be obtained from different
resources, whereby the macro- and micronutrientposition can vary between studies even
by using the same fly food recipe. Unfortunatehgde fly food recipes are referred to as
‘standard media’ and without the method of prepanatvhich in turn can lead to inconsistent
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outcomes between laboratories. Therefore, an isgrganumber of researcher highlights the
importance of standardizing experimental diets (2%1,372). For the purpose of
standardization, it is essential to develop a $ledholidic diet, which addresses the nutritional
requirements of larvae and adults. The term holdiét refers to a completely chemically
defined diet, which differ from meridic or oligiditiets that contain one or more non-defined
ingredients. One of the first efforts to developddidic diet forDrosophilawas done in 1956,
but until now only a few holidic diets have beepaded (373,374,261,262,251,252). However,
most of these diets do not support larval develoypras good as a complex diet. The first highly
recognized holidic diet was developed by Pipeal in 2014. They showed thBrrosophila
larvae were able to develop on the holidic digt@lgh with an increased developmental time
and a reduced eclosion rate. The holidic diet ¢osta total amount of amino acids of 21.4 g/l
and 17.12 g/l sucrose, which corresponds to a BtiG of 1.25:1. Previous studies used the
nutritional geometry to disentangle the complexee of P:C ratios on life-history traits in
Drosophila The developmental time from larvae to pupae demé on low P:C ratios with a
minimized developmental time at P:C 1:2. Moreoviee, egg-to-adult viability and adult size
was maximized at P:C 1:2. Lower protein or carbahiglconcentrations than 20 g/l were not
tested or had detrimental effect on various lifetdny traits (263,264,375,376). In my study, |
raised the total carbohydrate amount to 75 g/lthadotal amino acid amount to 42.8 g/l, which
led to a P:C ratio of 1:1.75. The P:C ratio of I15Ldecreased the developmental time and
increases the egg-to-adult viability, which coiraides with the previously mentioned studies.
A further increase of the amino acids to 64.2B/(1:1.17) showed detrimental effects on the
pupation and eclosion rate supporting the impoeari@ balanced nutritional geometry (377).
The deleterious effects of 64.2 g/l amino acidghmdiet on the viably is presumably caused
by toxic effects, which can occur when amino acigle present in high concentrations
(378,379,380). Furthermore, | showed in an ovipmsithoice assay that mated females laid
more eggs in higher carbohydrate food, as the firegerred P:C ratios of 1:1.75 over 1.25:1.
This was also demonstrated in a previous studye Wemnales preferred P:C ratios of 1:8 over
1:4 and 1:4 over 1:1. Interestingly, larva prefdmeoderate P:C rations of 1:2 over 1:16 or 1:1
over 1:8, which promotes their development (263)ud; adult flies tend to lay their eggs in
substratum suboptimal for the larval developmentsIknown that the amount of yeast
populations, the primary protein source farosophilg increases with fruit decomposition
(381). Drosophilaprefer to lay their eggs near to yeast sourceberahan in yeast sources
(382). This leads to the assumption thabsophilaprefer oviposition sites with low P:C ratios

as they will provide optimal feeding sides for lalrdevelopment in the future.
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The supplementation of the holidic diet with colpala, cobalt, molybdenum and a
cholesterol/ergosterol mixture further decreaseel developmental time and yielded an
increased pupation as well as eclosion rate. Thitipe effect of the ergosterol/cholesterol mix
is surprising as yeast-based compersophiladiets mainly contain ergosterol and lanosterol.
On the other hand, plant-based comdersophiladiets contain sitosterol, campesterol and
stigmasterol. Both, yeast-based as well as plasgddiets contain only traces of cholesterol
(267,268). Ergosterol and lanosterol are both fdwsgived sterols, whereas sitosterol,
campesterol and stigmasterol are derived from plé8&3,384). Cholesterol is mainly is from
animal sources (385). In contrast to mammals, epthais are sterol auxotroph and require
exogenous dietary sterols. Bsosophilain the wild feed on yeast and plant material, éher
no apparent source of cholesterol in this envirammEne ancestral food habitatidfosophilg

the marula fruit, mainly contains 3-sitosterol, rasterol and stigmasterol, but only traces of
cholesterol (386). Howevebrosophilacan convert plant-derived sterols to cholesterdheir
intestines, therefore cholesterol is detectabliid-living flies even when they do not have a
dietary cholesterol source (387,267). Furthermdrés known that some bacteria contain
cholesterol in their membranes (388). Sterols amgortant components for the ecdysteroid
synthesis in arthropods that triggers molting aedulates growth, whereby titers of
ecdysteroids peak in every critical developmemtaigition of the larva (389,390). Cholesterol
seems to be essential for theosophilalarval development as larvae on a low cholestesdl d
do not reach the pupal stage (391). It was repdhatdergosterol alone is not able to support
larval growth. However, adding trace amounts oflesierol to the ergosterol containing diet
could rescue larvae to adulthood (391). Strikinglyine and other studies showed that
ergosterol alone is sufficient to support larvavelepment to adulthood (392). It was shown
that flies reared on a cholesterol supplemented gdreduces ecdysone (E) and 20-
hydroxyecdysone (20E), whereas flies reared omstagerol supplemented food only contain
makisterone A (MaA). Flies fed with ergosterol ained 24(28)-dehydromakisterone
(dhMaA) and 24-epi-makisterone (24-epi-MaA). 20EaM and dhMaA fully support
development until adulthood and function interchestigy. Interestingly, flies fed with an equal
mixture of cholesterol and stigmasterol containedwesively 20E. Flies began to produce MaA
when the ratio of stigmasterol:cholesterol react@®00:1, suggesting that cholesterol is used
preferentially for the production of 20E. Howevéres fed with cholesterol alone formed
smaller pupae and adults compared to those fedphatit sterols (392). Nevertheless, it is not

known what drives the selective use of cholestiemothe ecdysteroid production.
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Surprisingly, Pipeet al. denoted RNA extracts as non-defined ingredientsexcluded them
from their initial holidic diet (251). One of thérst developed holidic diets fddrosophila
already showed that RNA extracts improve the ladeaielopment (393). RNA extracts contain
nucleotides, which are linked to ribose and an mighase such as adenine, guanine, cytosine
and uracil. Nucleotides can be synthesized endagiynand are not essential nutrients (394).
However, the supplementation of dietary nucleotidas promote the early growth and
development of rats (265). It was shown that dyetarcleotides have positive effects on the
intestinal growth of rats in the weanling, a timferapid growth (395). Intra-uterine growth
restriction in piglets, which received dietary reatide supplemented milk revealed improved
growth performance, development and immune resp@B896€). In fed infants, dietary
nucleotide supplementation does not influence dmpwut leads to an improved immune
function (397). These data suggest, that dietacjemtides can become essential for growth in

periods of reduced nutrient intake or rapid growth.

Molybdenum is an essential micronutrient for a efriof organisms. Molybdenum itself is
catalytically inactive but gains catalytic activitgren it binds to pterin to form the molybdenum
cofactor (Moco). Moco is the catalytic site of aflolybdenum-containing enzymes in
organisms (398). librosophila 4 enzymes are known that use Moco: aldehyde sg&la-4
(Aox1-4), mitochondrial amidoxime reducing compon@mArc), xanthine dehydrogenase
(rosy) and sulfite oxidase (Suox,399). Defectosyriead to hypersensitivity of oxygen stress,
disturbed cuticle development and to the inabildygenerate uric acid. Furthermore, rosy
mutant show changes in metabolism pathways suelm ascumulation of xanthine, which in
turn can lead to conglomerates in malpighian tubul€00,401,402,403). Suox mutants show
elevated sulfite level affecting the glutamate hostasis, which is important for normal
neuronal excitation (404). Moreover, low-dose seppntation of molybdenum leads to an
enhanced antioxidant capacitylmosophila(405). Doses over 0.05 mM can be toxic and lead
to an disturbed larval development or reduced litgl§#406). However, | supplemented 0.5 uM
molybdenum, which is in a range not negativelydffey the development. Cobalamin and its
central atom cobalt are important for cell profgon, hematopoiesis and proper function of
the nervous system (407). Cobalamin is produceddntain bacteria and is concentrated in
bodies of predators positioned higher in the fobdir (407). Cobalamin is absent in plant-
derived food sources, the only exceptions are sii®e mushrooms and algae (408). Nothing
is known about the cobalamin requirementBaisophila A previous study demonstrated that
Drosophila melanogasterontained no detectable cobalamin levels, wheodaer insects or
arthropods did (409,410). Nonetheless, | couldistiat molybdenum, cobalamin and cobalt
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have positive effects on the larval developmengnewhen cobalamin and/or cobalt did not
improve the development of GF larvae significan@yher studies could show that a vitamin
mixture, containing also cobalamin, decreases #weldpmental time and increases the egg-
to-adult viability of GF African cotton stainer'¢t11). However, as they used a mixture of
different vitamins, this is not a proof that colmla alone is able to improve larval
development. It was also demonstrated that thelsogmtation of single B vitamins, but not
cobalamin, promote the survival of @brosophilalarvae to pupation (250). Therefore, B

vitamins seem to be essential for the developmi@Giansects.

In 2017, Pipeet al presented a new interesting approach for thelolerent of a holidic diet
for Drosophilaand mice (252). They hypothesized that the amtid sequirements of an
animal is encoded in its genome. Thus, they caledlthe proportional representation of each
amino acid in each of the 19.736 predicted proteiding genes. Without changing the total
amount of amino acids of 21.4 g/l, the exom-matdhaatlic diet improves the development of
Drosophilasubstantially. They showed that the fecundityail&flies is affected by the most
limiting amino acid in the diet. The most limitimgmino acid in their initial holidic diet from
2014 was arginine. Increasing the amount of argiceused egg production to increase in the
same extent as when all amino acids were alteredhbysame amount. An additional
supplementation of arginine in my studies did ngpriove the development suggesting this led
to an imbalanced diet, which in turn can have askvaffects on fly's growth. Pipet al
demonstrated that increasing total amount of anaicids up to 21.4 g/l led to a decreased
developmental time but also to a decreased lifa spadult flies. However, further increasing
the total amino acid content could still promote ttevelopmental time without affecting the
healthy lifespan as | showed in my study. Even ¢gfothe exom-matched holidic diet from
Piperet al (2017) is superior to the holidic diet from Pigeral. (2014), the supplementation
of ergosterol, cholesterol, cobalamin, cobalt amadylrdenum still improved the development
of larvae and fitness parameters of adult fliesshbwed that increasing amount of
carbohydrates, independent of the carbohydratecepued to adverse effects on the
development of larvae and partially on adult siaeameters. It was already reported that high
concentrations of glucose, sucrose or fructose teaal developmental delay Drosophila
larvae (412). Interestingly, high sugar concentragiinversely correlates with larval feeding as
hyperglycemic larvae have an aversion to feed @3, Thus, | suggest that the food aversion
on high sugar diets leads to a scarcity of othgredients which support growth. High sugar
diets cause insulin resistance in larvae (415)uRed insulin signaling in the prothoracic gland
during larval stages leads to delayed pupationraddced larval growth rate mediated by the
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ecdysteroid 20E (416,417). On the other hand, ilgs&e of amino acids due to high sugar
concentrations could lead to a attenuated Tor Bignan the prothoracic gland, which in turn
also causes developmental delays (418). Interdgtingake of glucose as a carbohydrate
source led to a reduced pupation rate in my stodypared to a sucrose containing diet. This
was also reported elsewhere (412). That is sungrias glucose, besides trehalose, is the main
circulating sugar in the hemolymph 8frosophila (419). On the contrary, larvae show a
stronger preference to fructose and sucrose wHileoge elicits only weak preference
responses (413). For adDltosophilg it was showed that sucrose fed flies revealegtaehsed
lifespan when compared to fructose or glucose lied {420). Thus, nutritional requirements
of adult flies are most likely not the same as ¢haildarvae. In my study, | tried to find a dietary
formulation that is primary optimized for larvahaddopment and which is probably not optimal
for fithness parameters of adult flies. Moreovertritional requirements for aduRrosophila
optimal for lifespan can have adverse effects aruridity (252). The required nutrient
composition can vary between genotypes, environraedtorganism age, which enhance the
complexity of the development of a holidic diet.

5.3 Morphological and physiological adjustments of thantestine

are mediated by amino acid availability and microbs

DR is associated with a plethora of health prongptffects, whereas PEM is linked several
pathophysiological conditions. In this study, | d$lkee OHD to create a DR and PEM diet with
P:C ratios of 1:16 or PEM diet a P:C ratio of Ggspectively. IrDrosophilg it is known that

a low P:C ratio of 1:16 maximizes the lifespan, vélas a P:C ratio of 0:1 leads to an increased
mortality (101,102). | confirmed these results & ibcreased the lifespan compared to the CD
and a PEM diet led to an elevated mortality ratB. &hd PEM were both associated with a
reduced protein content. Reduced expression obtbsophilalR or the IR substrate Chico
extends lifespan, which implies that reduced imsgignaling may induce a DR-like state
(421,422).Drosophila melanogasteris known to have &rosophila insulin-like peptides
(dILP), which all have impacts on development andifespan (423,424). The expression rate
of the several dILPs highly depends on the proésid carbohydrate concentration. Notably,
the expression rate of dILP2, dILP3 and dILP6 eatgst on low protein diets (425). Strikingly,
reduced dILP2 activity, achieved by genetic marapahs, is associated with lifespan
extension (423,426). As dFoxO is negatively reguaby insulin signaling and therefore

overexpression of dFoxO mimics reduced insulin &ligg, overexpression of dFoxO in adult
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fat bodies increases lifespan and reduces dILP&sgion (427). However, dFoxO mutants are
able to respond normally to DR suggesting that @Fas not required to mediate the DR-
associated lifespan effect and that other mechantsm compensate the loss of dFoxO (428).
This is consistent with studies@ eleganswhere it was shown that DR increases the lifespan
independently from daf-16, ti& elegand-oxO ortholog (429). Contrarily, DR cannot further
increase the lifespan in insulin signaling mice amis (430). The facts that 4EBP reacts to DR
(425, this study) and that dFoxO mutants respori2Rdut with an overall decreased lifespan
implicates that dFoxO activity is affected by DRETTor pathway modulates cellular responses
to amino acids and energy levels, furthermorekhiswn that rapamycin is able to increase the
lifespan ofDrosophilathrough inhibition of TorC1 (431). Emraat al found that adding back
essential amino acids to a DR diet decreases #ifesput not in rapamycin treated flies.
Moreover, flies with deletions fallLP2, dILP3, anddILP5 showed the same responses as wild
type flies to the addition of essential amino a¢athe DR diet(432). These data suggest that
the Tor pathway mediates the effect of DR and ms&xlin signaling. On the other hand, it was
reported that the lifespan is not decreased is fierying a dominant-negative form of the IR
by the addition of essential amino acids to a D& (#3). The restriction of the essential amino
acid methionine can extend the lifespanDirosophila However, this lifespan extension is
abolished in flies overexpressing TSC2 or a dontinagative form of the IR (90). It was also
shown that DR and rapamycin act additively to etéespan suggesting that Tor pathway

independent mechanism exists, which mediate thefidts (431).

The exact nutritional and molecular mediators ef ElR response are not resolved nowadays,
and the interpretation can be challenging (433ndtleeless, the response of the insulin and
Tor pathway to DR imply that they are involved ivetDR-mediated effects. A recent study
demonstrated that intermitting fasting, anotheetgp DR, led to a Tor pathway independent
lifespan extension irDrosophila They proposed that the intermitting fasting-mestia
extended lifespan is partially explained by an iowed intestinal health (434). In my study, |
showed that a dietary long-term intervention of RPEM led to substantial changes in the
intestinal morphology as well as in stemness, c&lphology and cell composition. Flies
subjected to DR or PEM revealed a decreased patiide of ISCs, a reduced number of EECs
and smaller ECs. As ECs are the most abundantinet® intestine, the reduced size of ECs
caused probably the overall intestinal morphologyDdR or PEM subjected flies exhibited
significantly shorter and thinner intestines. Itswdemonstrated that CR subjected mice
revealed an altered intestinal morphology as tlaslyahdecreased villi length, a decreased mass
of the intestine and an increased crypt expansunereas the length of the intestine was not
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affected. Furthermore, CR reduced the frequen&Eas, ECs, goblet cells and transient cells.
Interestingly, CR led to an increased number ofsl&@d Paneth cells (284,435). Yilnmetzl,
showed that CR attenuates the mTorC1 pathway ietRaells, which in turn elevates Bstl
levels (284). Bstl converts NADo the paracrine effector cyclic ADP ribose (CADRRd is
able to activate responder cells via nucleosidasparters to activate €asignaling and
promote proliferation (436). It was shown that cADRom Paneth cells entered ISCs and
increased G4 and AMPK phosphorylation, whereas the AMPK phosplation in turn
activated sirtuin-1 (SIRT1). SIRT1 led to an adiiva of mTorC1 and S6K1 in ISCs (435).
Therefore, CR in mice leads to an increased nunabelSCs through non-autonomous
mechanism mediated by mTorC1 signaling in Pandth. @es the number of transient cells and
differentiated cells is reduced in CR subjectedersioggests that CR favors ISC self-renewal
at the expense of differentiation. However, theariit these studies were subjected to CR,
which means an overall reduced intake of caloaesl, not to a specific restriction of amino
acids as in my studies. Thus, the effect of DR BRI are possibly regulated through other
mechanism. Nonetheless, it was reported that easted flies show a reduction of ISCs and
EBs as well as a smaller intestine. These fliesvedoa decreased dILP3 secretion from
intestinal muscle cells, which is thought to actI&Cs and EBs through the IR pathway
(221,222). 1t is suggested that symmetric versymagetric division is partially mediated by
the IR pathway. IR pathway activity in EBs duringyametric division probably contributes
to the separation of the EB daughter cell fromI8@, which is required to allow continuous
ISC proliferation (221). Another study showed ttieg IR pathway acts through nutritionally
regulated microRNA-305 expression, which controlotdd pathway activity (437).
Overexpression of the IR in ISCsbrosophilaleads to an increased proliferation of ISCs and
to an increased EC size. Conversely, overexpressidgminant-negative form of the IR or
Chico reduces ISC proliferation and EC size (438jus, reduced insulin signaling due to
protein-restriction could partially explain the vegd number of EECs and the attenuated ISC
proliferation in my studies.

Another possible nutritional-regulated pathway, efth¢ould additionally mediate the DR and
PEM induced intestinal epithelial phenotype, isTioe pathway. Flies treated with rapamycin,
which represses Tor activity, attenuates the gation of ISCs (439). These results were also
confirmed in mice (435). IDrosophilg Kapuriaet al showed that TSC2 is highly expressed
in ISCs but not in EBs, which led to lower Tor &ityi in ISCs compared to EBs. Loss of Tor
pathway activity in ISCs reduced the ISC prolifematcapacity and EC size. ISCs with
increased Tor activity did not revealed significalifferences in cell number, however, the
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increased Tor activity led to larger ECs. Furthemmdotch pathway mediated repression of
TSC2 in EBs was required to promote the commitnoéiiEBs into ECs or EECs (438). Two
studies reported that the ISC activity was incrdase/east-fed flies compared to starved flies,
providing evidence for a strong response of IS@rteins (222,221). Interestingly, the ISC
proliferation is also reduced in high yeast diatd ¢his phenotype is more severe in TSC1
mutant flies suggesting that TSC1 activity isoldtesTor pathway from dietary stimuli in ISCs
to maintain stemness and that even high proteicastrations are able to negatively regulate
Tor pathway activity (438). Therefore, the IR pa#tyvas well as the Tor pathway are possible
mediators of ISC proliferation, cell differentiatiaand cell growth in DR or PEM subjected
flies. Notably, the observed phenotypes on thestimal epithelial homeostasis in flies fed a
DR or PEM were highly influenced by the presencthefintestinal microbiota. The length and
the width of the intestine were significantly redddn GF flies fed a CD or DR diet compared
to their equivalent RC counterpart. No differenaese observed between GF flies and RC flies
fed a PEM diet as well as between GF flies subjetdteCD, DR or PEM. This is consistent
with the reduced EC distance, which is an indictdothe EC size as reduced distance implies
smaller ECs. The addition of amino acids to the did not compensate for the loss of the
microbiota. This means that amino acids foster ¢ina¥ the intestine but only in the presence
of the microbiota and that the microbiota potehtiprovide growth-stimulating effects to the
cell through amino acid assimilation. However, amiacid restriction attenuated the
proliferation of ISCs in RC as well as in GF flisgggesting that amino acids, even in the
absence of the microbiota, promote ISC activitytihesamino acids have no influence on organ
growth but on ISC proliferation in GF flies, | suagg that the minimal size of the intestine is
limited and therefore no differences between G&sfbn the different diets were detectable. In
mice, the depletion of the intestinal microbiotardu affect the length of the whole intestine
but leads to morphological changes as the villuiwis reduced (440,441). GF mice reveal an
overall reduction of cells in the villus and the ahintestine as well as an attenuated 1SC
proliferation (441,442). | showed elevated levelsABBP and ATGS8 in intestines of flies
subjected to DR or PEM suggesting that the Torwayhis inhibited due to amino acid
restriction. RC Tor deficient flies fed a CD rewadhla significantly longer intestine in
comparison to RC Tafeficientflie fed a DR or PEM diet. However, no differenaetestinal
lengths were observed between RC Tor deficient@Rdlor deficient flies fed on the same
diet. Moreover, RC Tor deficient flies had a shoitgestine as the equivalent RC genetic
control, whereas no differences were observed letwaF Tor deficient flies and GF genetic

controls. The data suggest that the Tor pathwagnisessential regulator for the intestinal
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development and a potential gateway for the miatabito promote organ growth in
Drosophila It may also be that Tor deficient flies alreadyflect the minimal size of the

intestine and therefore no effects of the micraberte detectable.

Even when the number of EECs was lower in Tor daiicflies in comparison to the genetic
control, the number of EECs was significantly highe GF Tor deficient than in RC Tor
deficient flies. This phenotype was also detectéletsveen RC and GF genetic control flies.
Thus, the microbiota seems to depress the diffiatéort of progenitor cells into EECs. The
increased number of EECs was already shown irD@sophilaand it is supposed that the
microbiota affects the Notch pathway, which is irogled in cell fate decision of progenitor
cells (225). Tor deficient flies revealed an inG@@ susceptibly towardS. marcescens
infection compared to the genetic control, whictls\@acompanied with higher basal expression
levels of the AMPs Diptericin and Drosomycin. Itssghown that decreased Tor signaling due
to protein-restriction activates the transcriptifactor Myc, which in turn induces AMP
generation and promote infection susceptibility J{44Protein-restriction in mice is also
associated with an decreased mortality upon irdact#44). The intestinal epithelial barrier
prevents uptake of harmful environmental toxins anatrobial contamination into the
circulation. Thus, an increased infection suscdptibis normally linked to a disturbed
intestinal barrier integrity (445). | revealed acnobiota-independent effect of amino acid-
restriction on the intestinal epithelial barriemétion, in which DR improved the barrier
function and PEM led to a disturbed integrity. Tdnessults are consistent with findings of other
studies (446,447). However, | showed that DR ad a®IPEM led to a decreased infection
susceptibility inDrosophila Interestingly, the AMP production of Drosomyditetchnikowin,
Drosocin, Diptericin and Defensin was significantéduced in flies fed a L-tryptophane- or
BCA-restricted diet, which could partially explahre reduced survival of flies subjected to DR
or PEM. The reduced ISC proliferation could be dditgonal explanation for the increased
mortality rate upon infection in DR and PEM dietl féies as reduced ISC pool potentially
reduce the regenerative capacity of the intestépahelium. In mice it was shown that CR
enhanced intestinal epithelial regeneration follayviradiation injury suggesting that CR
induced ISC activity leads to an preservation ofirgary-resistant reserve of ISC function
(284,448). DSS increases the intestinal permewlaiid leads to induced ISC activity in mice
andDrosophila(449,219). In my studies, flies fed a CD showeatkaereased mortality rate in
comparison to flies subjected to DR or PEM. Inténgdy, the number of eSgcells was
comparable between the diets upon DSS-treatmeeteah significantly more pHgells were
detectable in CD fed flies. IDrosophila it was demonstrated that a DSS-treatment ledhto a
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accumulation of EBs, which do not further diffeiate to ECs (219). The absence of EC
maturation potentially increases the effect of @®3he intestinal permeability. This block of
differentiation could be more severe in DR or PEigk fed flies as reduced Tor signaling in
EBs represses EC growth (438).

In Drosophilaand mice, it was shown that single amino acidé ssscmethionine or glutamine
promote ISC activity (450,451,223,452). There isrameasing evidence that the metabolites
of the intestinal microbiota like SCFA or amino @ggiare important modulators of the host
intestinal physiology. Furthermore, some metabdlioctions such as lipopolysaccharide
biosynthesis or BCA biosynthesis seems to be daetinly the intestinal bacteria (453). GF
mice have an altered distribution of free amina@saalong the intestine in comparison to their
conventionally reared counterparts suggestingtttgamicrobiota plays an important role in the
amino acid homeostasis of the host (454). The &y@mino acid substrates of intestinal
bacteria are glycine, arginine, serine, glutamiygine and BCA, which leads to a generation
of SCFA, branched-chain fatty acids (BCFA), ammaméd biogenic amines (455). SCFAs and
BCFAs affect immunomodulation, intestinal integyitytestinal energy homeostasis as well as
lipid, glucose and cholesterol homeostasis in &tyaof tissues (456,457). Biogenic amines
such as agmatine or tryptamine are able to mimiea€$dciated metabolic functions or to
stimulate the intestinal motility, respectively @859). Intestinal bacteria are also able to
synthesize amino acidie novafrom nitrogen sources such as ammonia and uréy.(k5vas
shown that bacteria generated lysine from ammanaosorbed in the intestine and contribute
for the most part of the host lysine pool (149,150)erefore, endogenous ammonia or urea
sources that enters the intestinal lumen can bé bigédacteria for thele novosynthesis of
amino acids, which in turn can be incorporated iorabial protein. This process could be
considered a nitrogen recycling as the microbiaiveel amino acids and proteins can be
absorbed and therefore contribute to the amino sugaply of the organism. | showed that the
uric acid content in is significantly reduced in DRPEM subjected flies, which is likely caused
due to the reduced nitrogen intake in form of an@noils. Interestingly, the uric acid content is
further reduced in GF flies suggesting that thestihal microbiota provide relevant nitrogen
sources to the host. Thus, the effects of the rhiota on the intestinal homeostasis is described
by a complex interaction network of nutrient allbea and direct stimulation of proliferation-
associated signaling pathways such as the JNK AKdéSat signaling cascade (described in
chapter 5.1).

Moreover, | demonstrated that amino acid-restricliets as well as the indigenous microbiota

have pronounced effects on the intestinal trangseoripl landscape. RC flies fed a DR diet
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revealed 76 DEGs in comparison to RC flies fed g ®Bereas 6362 DEGs were detected in
RC flies subjected to PEM. Considering the factt ttkee Drosophila genome encodes
approximately 13.600 genes means that 46 % of ¢éimegin the intestine are differentially
regulated upon PEM dieting. Many of the DEGs aryway components that are involved in
cell proliferation and differentiation such as theK, Wg, Notch or JAK/Stat pathway, which
are likely a part of the phenotypic expressiorhefintestinal cell homeostasis of flies fed a DR
or PEM diet. The immune response was induced ormlie®, where a PEM led to a repressed
immune response. However, an induced immune respaloge may not be enough to gain
fitness benefits upon a continuous oral infectib® omarcescendly study also showed that
when amino acid content is low a cascade of met@bdiaptions is brought into play to face
the decrease of amino acid availability. Proteolyirocesses are upregulated in RC flies
subjected to PEM in comparison to RC flies fed a, @bereas genes involved in lipid
metabolism or glucose metabolism are downreguldteelse data probably indicate an increase
in amino acid utilization at the expense of lipiilacarbohydrate utilization. Lipid and glucose
homeostasis is often disrupted in children withese\PEM including hypoglycaemia, impaired
glucose clearance and increased lipolysis (460689 1interestingly, biological processes such
as mitochondrial translation and mitochondrial negpry chain complex assembly are highly
upregulated in RC flies fed a PEM diet. Intesticells must respond to changes in amino acid
availability in order to survive times of amino @cestriction. This response includes inhibition
of anabolic processes and activation of autophangly proteasomal degradation in order to
recycle proteins. Mitochondria generate cellularPAfhrough oxidative phosphorylation and
therefore have a central function in energy pradacwithin a cell. It is reported that
mitochondria fuse in response to amino acid ragindo protect them from autophagosomal
degradation (462). Furthermore, amino acid restnctincreases mitochondrial protein
synthesis and the capacity of mitochondria to adiaé amino acids (463). These data suggest
that the cell channels the protein turnover to ahtmdria to achieve mitochondrial protein
biosynthesis. This seems not be driven by energiadd, because an alternative energy source
in form of glucose is present in the diet. Therefdhe increased mitochondrial biosynthesis is
a mechanism to limit cellular anabolism. This ixantrast to the detected upregulated DEGs
that are involved in cytoplasmic translation orogbmal subunit assembly in flies fed a PEM
diet as these processes are anabolic. Proteinesyattlepends on mRNA transcript abundance
and accessibility, and consumes the highest fraatfonutrients and energy in cells (464).
However, the biological process transcription waghly downregulated which was also

confirmed by RNA concentration measurements. Thé RNncentration per intestine was
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approximately 20-fold lower in PEM subjected R@sglin comparison to CD fed RC flies. This
was further confirmed as EC revealed decreasedyplniabsence of amino acids, which is an
indicator for a decreased transcription rate witihi@ EC. Amino acid restriction is normally
associated with ribosome pausing and suppressedqmé formation, which results in a
subsequent decrease in protein expression (465gdBan these data and the finding that the
RNA abundance is reduced upon PEM dieting, | sugbes the protein synthesis is restricted
even when ribosomal genes are upregulated. The axisop of GF flies subjected to DR or
PEM with GF flies fed a CD revealed that genes Ive® in cell proliferation are
downregulated suggesting that the amino acid statusnfluence proliferation pathways even
when the indigenous microbiota is absent. Intemghtj processes that are associated with an
induced immune response are downregulated in @6 féd a DR diet in comparison to GF
flies fed a CD. This means that the intestinal otiaota has a positive influence on the immune
response when amino acids are present, whereasd¢habiota does not stimulate the immune
reaction when amino acids are absent. Surprisitigeycomparison between GF flies and RC
flies fed the same diet revealed that the impactth&f indigenous microbiota on the
transcriptional landscape of the intestine incrdasigh lower amino acid content. Therefore,
the presence of the intestinal microbiota as weth@ microbiota-mediated nutrient allocation
is all the more important for the transcriptionadulation in times of amino acid scarcity. For
sure, processes that are involved in immune reggoase downregulated in GF flies as the
microbiota is the main inducer of the immune syst@®5). Interestingly, the biological
processes mitochondrial translation and proteqlygisch are upregulated upon PEM dieting
in RC flies, are downregulated in GF flies subjddi® DR or PEM in comparison to RC flies
fed the same diet. These data suggest that theolota provide factors to the host for
maintaining energy homeostasis and protein catlpobicesses in the cell under amino acid
scarcity, which is crucial for the cell viabilitffhus, the constant association of the intestine
with the microbiota have important roles in inteatidevelopment and physiology, ranging
from intestinal epithelial homeostasis to immuratd metabolic processes.

Furthermore, | identified memory signatures in iheestinal transcriptome of that flies
subjected to a CD for 14 days after a 7 days pei®EM exhibited. The transcriptional profile

of several genes on day 21 remained completeliieateivel of flies fed a PEM for 7 days.
Genes belong to processes such as carbohydratbatietarocess, glucose transmembrane
transport and lipid catabolic process were dowrleggd. These processes comprised
galactosidases, mannosidases, amylases, glucasid@sense transmembrane transporter and
genes with lipase activity. On the other hand, gdredong to processes such as proteolysis and
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proteasome-mediated protein catabolic process wpregulated including several serine-
endopeptidases and threonine-endopeptidases. fhieunetabolic shift observed in long-term
PEM diet fed flies is also detectable in flies nem@d for 14 days from a short-term intervention
of PEM suggesting that even short periods of natr@ stress can lead to long alterations of
the metabolic status in the intestineDirosopila, it was shown that interventions of nutritional
stress in early life can lead long-lasting changéise metabolic homeostasis, which can sustain
over several generations (466,467). These longiastiterations are partially explained by
epigenetic reprogramming of metabolic genes (4BEM in early childhood often favor later
obesity, type 2 diabetes and impaired glucosedotss, which is referred to as the dual burden
paradox (469,470,471). However, the critical timadew or etiology of childhood PEM for
the establishment of these effects is still unclesinowed that short-term PEM dieting in early
life did not affect the intestinal homeostasis atel life. Nonetheless, comparable mortality
rates were observed upon DSS-treatment between fiig a CD continuously and flies
subjected to DR or PEM for a short period of timeearly life. These data suggest that
imprinting of nutritional stressor events on thescriptional 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 adddBD:

RNA-Seq data
CD\Appendix A 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

RNA-Seq data
CD\Appendix B 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

RNA-Seq data
CD\Appendix C 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

RNA-Seq data
CD\Appendix D related to
Fig. 62

BiologicalProcess_Memoryeffect_d24 PEM vs d7 PEMviiregulated
BiologicalProcess_Memoryeffect_d24 PEM vs d7 PEMegplated
DEGs_Memoryeffect_d24 PEM vs d7 PEM_downregulated
DEGs_Memoryeffect_d24 PEM vs d7 PEM_upregulated
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