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Summary 

Inflammatory bowel diseases appear as highly heterogeneous, less-manageable 

chronic diseases. There is a remarkable progress in developing experimental colitis 

models which is a prerequisite to enrich the pharmacological armamentarium with 

new drugs. Yet, dextrans sulfate sodium (DSS)-induced colitis is widely implemented 

in different vertebrate model organisms. Although DSS was used to study multiple 

evolutionary-conserved pathways of cell injury in the Drosophila gut, a deep and 

integrative phenotyping of the DSS-induced injury is lacking. Here, a translational 

Drosophila model of DSS-induced colitis was established followed by a systematic 

characterization of disease endpoints and interrogation of host-microbiota 

interactions. Disease endpoints represent intestinal and extra-intestinal 

manifestations of the DSS-induced colitis. Significant reduction in the total activity, 

the food consumption, the excreta egestion and the body weight as well as marked 

gut leakiness and epithelial dysplasia were the main characteristic core phenotyping 

parameters (CPPs). Additionally, a significant increase of plasmatocytes (functional 

homolog of macrophages) recruitment to the injured gut was observed in response 

to DSS treatment. Inspired by the fact that the Drosophila gut is highly 

compartmentalized, gene expression and co-expression analyses were 

independently conducted on anterior and posterior midgut regions as well as the 

hindgut. Gene expression analysis revealed that Drosophila Disks large1 (Dlg1), E-

cadherin (DEcad), Kune-kune, Unpaired (Upd3), Drosomycin and Attacin, were 

differentially expressed along the Drosophila gut axis and share common and distinct 

transcriptional signatures in DSS-treatment group compared to controls. 

Furthermore, integrating the phenotypic and regionalized gene expression data 

suggested that the Drosophila hindgut was more resistant to DSS-induced injury. On 

the other hand, anterior and posterior midgut regions were severely affected by DSS 

treatment in terms of leakiness and dysplasia, respectively. Given that microbiota 

plays a cardinal role in modulating gut physiology, targeted metagnomics was 

conducted on the established Drosophila DSS-colitis model. Results underscored 

that 16S rRNA profiling of tissue-associated microbiota was superior to that of the 

fecal microbiota community. Moreover, profiling midgut microbiome after DSS 

treatment identified a regionalized microbiota signature that was characterized by a 

significant reduction of alpha-diversity and blooming of Proteobacteria. This dysbiotic 

signature was widely reported as a hallmark of both IBD and DSS colitis murine 

model. Altogether, integrating the differential gene expression and 16S rRNA 
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profiling data added another layer of understanding the host-microbiota cross-talk in 

DSS-induced colitis. However, the suggestive selective dominance of Proteobacteria 

warrants investigation in future studies. Above all, the established Drosophila DSS-

induce colitis model is not only successful in recapitulating multiple aspects of 

experimental colitis, but it also provides a general framework in the context of 

Drosophila model of human diseases.    
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Zusammenfassung 

Entzündliche Darmerkrankungen treten als sehr heterogene, schwer beherrschbare 

chronische Erkrankungen auf. Es gibt bemerkenswerte Fortschritte bei der 

Entwicklung experimenteller Colitis-Modelle, die eine Voraussetzung dafür sind, 

dass neue Medikamente entwickelt werden. Eine durch Natrium-Dextransulfat (DSS) 

ausgelöste Kolitis wird in verschiedenen Wirbeltiermodellen weithin eingesetzt. 

Obwohl DSS verwendet wurde, um evolutionär konservierte Wege der 

Zellschädigung im Drosophila-Darm zu untersuchen, fehlt eine tiefgehende und 

integrative Phänotypisierung der DSS-induzierten Schädigung. Im Rahmen dieser 

Arbeit wurde ein translationales Drosophila-Modell der DSS-induzierten Kolitis 

etabliert, das anschließend einer systematischen Charakterisierung der 

Krankheitsendpunkte und der Untersuchung der Wirt-Mikrobiota-Interaktionen 

unterzogen wurde. Die Krankheitsendpunkte repräsentieren intestinale und extra-

intestinale Manifestationen der DSS-induzierten Kolitis. Eine signifikante 

Verringerung der Gesamtaktivität, der Nahrungsaufnahme, der Ausscheidungen und 

des Körpergewichts sowie eine ausgeprägte Durchlässigkeit des Darms und eine 

Epitheldysplasie waren die wichtigsten charakteristischen 

Phänotypisierungsparameter (CPPs). Darüber hinaus wurde als Reaktion auf die 

DSS-Behandlung eine signifikante Zunahme der Rekrutierung von Plasmatozyten 

(funktionelle Homologe der Makrophagen) in den geschädigten Darm beobachtet. 

Da der Darm von Drosophila stark kompartimentiert ist, wurden 

Genexpressionsanalysen unabhängig voneinander in den vorderen und hinteren 

Mitteldarmregionen sowie im Hinterdarm durchgeführt. Die Genexpressionsanalyse 

ergab, dass Drosophila Disks large1 (Dlg1), E-Cadherin (DEcad), Kune-kune, 

Unpaired (Upd3), Drosomycin und Attacin entlang der Drosophila-Darmachse 

unterschiedlich exprimiert wurden und in der DSS-Behandlungsgruppe im Vergleich 

zu den Kontrollen gemeinsame und unterschiedliche Transkriptionssignaturen 

aufweisen. Die Integration der phänotypischen und regionalisierten 

Genexpressionsdaten deutet außerdem darauf hin, dass der Drosophila-Hinterdarm 

resistenter gegen DSS-induzierte Verletzungen ist. Andererseits waren die vorderen 

und hinteren Mitteldarmregionen durch die DSS-Behandlung in Bezug auf 

Durchlässigkeiten bzw. Dysplasien stark beeinträchtigt. In Anbetracht der Tatsache, 

dass die Mikrobiota eine zentrale Rolle bei der Modulation der Darmphysiologie 

spielt, wurde eine metagnomische Analyse an dem etablierten Drosophila DSS-

Kolitis-Modell durchgeführt. Die Ergebnisse unterstrichen, dass die 16S rRNA-
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Profilierung der gewebeassoziierten Mikrobiota derjenigen überlegen war, die sich 

allein auf Nutzung der Fäzes bezog. Darüber hinaus wurde bei der Profilierung des 

Mikrobioms des Mitteldarms nach der DSS-Behandlung eine regionalisierte 

Mikrobiota-Signatur identifiziert, die durch eine signifikante Verringerung der Alpha-

Diversität und ein Aufkommen von Proteobakterien gekennzeichnet war. Diese 

dysbiotische Signatur wurde weithin als Kennzeichen sowohl für IBD als auch für 

DSS-Kolitis im Mausmodell beschrieben. Insgesamt hat die Integration der 

unterschiedlichen Genexpressions- und 16S rRNA-Profilierungsdaten eine weitere 

das Verständnis des Wirts-Mikrobiota-Zusammenspiels bei DSS-induzierter Kolitis 

erweitert. Die selektive Dominanz von Proteobakterien sollte jedoch in zukünftigen 

Studien untersucht werden. Vor allem aber ist das etablierte Drosophila-Modell für 

DSS-induzierte Kolitis nicht nur in der Lage verschiedene Aspekte der 

experimentellen Kolitis zu rekapitulieren, sondern es reiht sich in den Kanon der 

Drosophila-Modelle für menschliche Krankheiten ein.    
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1. Introduction 

1.1 Inflammatory bowel diseases (IBDs) 

1.1.1 IBD Phenotypes, clinical manifestations and global burden 

Crohn‘s disease (CD), ulcerative colitis (UC), and indeterminate colitis (IC) are 

summarized as inflammatory bowel diseases (IBD, OMIM 266600), which are 

characterized by inflammation and ulceration of either the mucosal layer only or with 

involvement of submucosal layers of the entire gastrointestinal tract or parts of it 

(Table 1-1). Classically, IBDs are defined as chronic, relapsing, complex 

immunologically mediated diseases [1], [2], [3].  

Clinical symptoms of CD and UC comprise intestinal as well as extra-intestinal 

manifestations (EIMs). Intestinal manifestations include abdominal pain, chronic 

diarrhea with or without rectal blood and mucus in feces. Classically, the 

inflammatory response in CD attacks the entire intestinal wall of all parts of the 

digestive tract with subsequent perianal abscess and fistula formation and 

increased risk for intestinal carcinoma. In contrast, UC is a cyclical occurring 

disease that affects the lining of the rectum and colon with a variable degree of 

intensity presented as phases of exacerbation and remission [2], [4], [5], [6]. In 

principle, IBDs are systemic diseases, and their EIMs show that inflammation 

evoked in the gut may also affect multiple organs beyond the intestine, including 

mouth, eyes, skin, and the musculoskeletal, hepatobiliary and renal systems [7].   

The incidence for IBD was traditionally highest in North America and Western 

Europe with a global increase over the second half of the twentieth century 

(Fig.1.1). The annual incidence of UC and CD in North America is reported to be 

19.2 per 100,000 and 20.2 per 100,000, respectively. In Europe, the incidence is 

0.6–24.3 per 100,000 and 0.3–12.7 per 100,000, respectively. In non-westernized 

nations (Asia and Middle East), the incidence of UC and CD is reported to be 6.3 

per 100,000 and 5.0 per 100,000, respectively [3], [8], [9], [10].  
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Table 1-1: Clinical and pathological features of UC and CD.  

 Ulcerative colitis (UC) Crohn’s disease (CD) 

Transmural mucosal 
inflammation 

No Yes 

Distorted crypt architecture Yes Uncommon 

Cryptitis and crypt abscesses Yes 

 

Yes 

Granulomas No Yes, but rarely in mucosal biopsies 

Fissures Rarely Common 

Endoscopic characteristics 

(Adapted from Baumgart & 
Sandborn, 2007)[11] 

 

 

 

 

 

(Left): Typical post-inflammatory 
Changes (I.e. loss of fine vascular 
pattern.  
(Right): Pancolitis with irregular surface 
due to extensive ulcerations and 
haemorrhage. 

 

 

 

 

(Left):  Friability of mucosa with 
erythema, loss of ramifying vascular 
pattern.  
(Right): Linear and serpinguous 
ulcerations and patchy inflammation. 

 

 

 

 

Fig. 1.1: Epidemiological stages of IBD (Adapted from Kaplan& Windsor, 2021) [9] 
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1.1.2 Etiology and pathophysiology of IBD 

1.1.2.1 Risk factors of IBD  

Inflammatory bowel diseases are reported to have unequivocal genetic contribution 

mediated through a set of risk genes/alleles that contribute to the aggressive altered 

immune response, which is also triggered by heterogeneous environmental factors 

under influence of the intestinal microbiome (Fig.1.2). Since these factors explain 

only a small fraction of the disease risk, prediction of response/relapse to treatment 

remains mostly elusive. It is evident that external factors play a crucial role in 

modifying the risk of IBD and in precipitating relapses in patients with established 

disease [12], [13].  

 

 

 

Fig. 1.2: Schematized correlation of main factors involved in the IBD pathogenesis. Each of the 

mentioned factors fit together as separate pieces of puzzle, together creating a complex clinical and 

pathological image of the IBD. (Adapted from Brajdić & Mijandrušić-Sinčić, 2012 [13]). 

 

 

1.1.2.1.1 Genetics of IBD 

Population-based genetic studies on IBDs demonstrated a marked concordance 

between twins, which is stronger for CD than UC. An increased risk (8- to 10 fold) of 

disease susceptibility was also reported among relatives of diagnosed patients 

[14],[15], [16]. Several multi-ethnic genome-wide association studies (GWAS) 
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reported a catalogue of IBD-associated single nucleotide polymorphisms (SNPs) of 

which the NOD2, FUT2, multiple autophagy-related genes (IRGM, ATG16L1, ATG7, 

LRRK2, p62, optineurin and TFEB) and autoimmune diseases-related genes 

(IL23R and PTPN2) are widely studied in the context of intestinal homeostasis and 

subsets of IBDs [17], [18], [19].  

 

 

1.1.2.1.2 Microbiota in IBD 

Microbial communities of the human gut are composed of 500-1000 resident 

species. The number of dominant species increases from the stomach to the colon 

due to gradient of mucus and pH (Fig.1.3). The highly dominating microbial phyla 

are Firmicutes, Bacteroidetes, Proteobacteria, and Actinobacteria [20]. Several 

studies reported the association of microbiota composition, diversity and 

colonization with multiple aspects of human health; such as physiological and 

metabolic homeostasis, and proper immune response [21], [22].  

Association of substantial alteration of gut microbial communities (referred as 

‗dysbiosis‘) with both CD and UC has been reported either as a cause or 

consequence of host inflammatory responses. Bacterial dysbiosis has been 

reported for fecal and endoscopic brush (mucosa-associated) samples. Dysbiosis in 

IBD is more pronounced for CD than for UC and for inflamed versus non-inflamed 

tissues. It is characterized by a reduction in diversity of luminal microbial 

communities showing reduced abundance of Firmicutes and Bacteroidetes, 

whereas Proteobacteria are expanded.  Furthermore, disordered interaction 

between the mucosa and microbiota also contributes to disrupted homeostasis in 

IBD [3], [23], [24], [25], [26], [27].  

Metagenomic and metaproteomic studies provided compelling evidence of host-

microbe interactions in IBD. Published data reported that 12% of all metabolic 

pathways were significantly altered in IBD, with a marked decrease in biosynthetic 

capacity for short chain fatty acids (SCFAs) biosynthesis, however showing 

increased   propensity for managing oxidative stress [28], [29]. 

Functional studies on microbiome in IBD has informed further fecal bacterio-

therapeutic strategies to restore microbial diversity using fecal material transferred 

from a healthy donor to IBD patient. Indeed, restoring functionality of dysbiotic 

microbial communities has shown to be highly efficacious in treating IBD [30], [31]. 
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Fig. 1.3: Composition of dominant microbial community in the human GI tract IBD. (Adapted from 

Sartor & Mazmanian, 2012 [20]). 

 

 

1.1.2.1.3 Environmental risk factors 

Epidemiological studies showed that the prevalence of IBD dramatically increased 

in northern Europe, the United Kingdom and North America in the second half of the 

twentieth century and is also increasing in the rest of the world, proportionally to the 

adoption of a western lifestyle.  

Many intervention studies reported improvement of disease severity after modifying 

environmental factors [3], [32]. Several studies have reported inverse association 

between smoking and UC but not with CD [34], [35], [36]. Recent metagenomic 

study on experimental colitis revealed that positive effect of smoking on gut 

microbial ecology and resolution of inflammation [37].  

Most epidemiological studies of diet and IBD reported an inverse association 

between long-term fiber intake and the risk of Crohn‘s disease with emphasis on 

soluble fiber (from fruits and vegetables). Soluble fiber is metabolized by the 

intestinal bacteria to SCFAs that confer protective effect by maintaining the integrity 

and permeability of the epithelial barrier [38], [39], [40], [41]. Moreover, dietary fat 
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particularly the milk-derived saturated fats reported to be associated with the 

severity of IBD. High consumption of omega-6 PUFA and low consumption of n-3 

PUFA has been associated with an increased risk of both CD and UC, which is 

attributed to the blooming of a pathogenic, sulfite-reducing member of the 

Deltaproteobacteria [42], [43]. 

 

1.1.3 Experimental models of intestinal inflammation and IBD 

Rodents have given a supreme position as a classical model system for human 

disease owing to multiple similarities at the behavioral, anatomical, physiological 

and histological levels. More recently, other vertebrates and invertebrates model 

organisms (such as Danio rerio, Drosophila melanogaster, and Caenorhabditis 

elegans) have been introduced as a human disease models due to their advantages 

in terms of small body size, reduced breeding costs, affordable transgenesis, 

accessibility for live imaging, chemical library drug screens as well as production of 

germ-free animals for studying host-microbiota interaction [44], [45], [46].   

Successful development of a number of in vivo models of experimental colitis has 

dramatically increased in recent years including signaling molecule-deficient 

animals. Although none of these models exactly mimics all pathologic aspects of the 

disease, they have proven to recapitulate IBD-like symptoms at the immunologic 

and molecular levels [46], [47], [48], [49].  

Most of the models of experimental colitis were developed to study the etiology of 

IBD by recapitulating the acute phase of intestinal injury; however, other models 

focused on the chronic phase to evaluate disease [50], [51]. 

Chemically-induced colitis models include treatment with haptenating substances in 

ethanol such as trinitrobenzene sulfonic acid (TNBS) and oxazolone, whereas 

dextran sulfate sodium (DSS) is applied to induce both acute and chronic colitis. 

Moreover, models of inflammation-associated colorectal carcinoma is established 

by combined effect of a single dose of the colon carcinogen azoxymethane (AOM) 

followed by induction of chronic colitis by DSS. Models of TNBS and oxazolone 

colitis have been proved useful in studying the role of T helper cell-dependent 

mucosal immune responses in the development of colitis; however, they have 

limitations such as strain-dependent optimization and inapplicability in other 

invertebrate model organisms [52], [53].   
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1.1.3.1 DSS-induced colitis 

Oral administration of DSS of molecular weight (36,000-50,000 Da) in drinking water 

is proven to reproducibly induce experimental colitis after several days. Animal 

model of DSS colitis has multiple advantages including ad libitum delivery via 

drinking water, induction of consistent colitis with a defined disease onset and 

quantifiable phenotypic readouts. Furthermore, lack of involvement of adaptive 

immune response in the acute phase of DSS colitis broadens the application of DSS 

to study the role of innate immune mechanisms of colitis [51], [54], [55], [56]. By 

contrast, the main drawback of DSS colitis model is the heterogeneous response to 

DSS in terms of susceptibility, onset, and severity [57].  

Increased intestinal permeability is the hallmark acute DSS colitis.  Bloody diarrhea, 

ulcerations and infiltrations with granulocytes followed by increased mortality have 

been widely reported as severe symptoms of colitis [47]. It is extensively reported 

that DSS has a direct toxic effect on the intestinal epithelial cells of the basal crypts, 

hence compromises the integrity of the mucosal barrier [49] as depicted in (Fig. 

1.4).   

The toxic effect of DSS on colonic epithelia and barrier integrity is attributed to its 

high content of negatively- charged sulfate groups.  Recent report suggested that 

DSS forming nanolipocomplexes with medium-chain-length fatty acids in the colon; 

however the underlying mechanism of transcellular permeability induction remains 

elusive [49], [58]. Interestingly, development of DSS colitis is associated with 

dysbiosis. Taxonomic and functional metagenomic analyses revealed reduced 

microbial diversity with metabolic shift towards high metabolic activity for fatty acid 

biosynthesis, pyruvate metabolism, and lysine degradation [59], [60]. 
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Fig. 1.4: Schematic representation of the toxic effect of DSS on the intestinal epithelium.(Adapted 

from Chassaing et al., 2014 [49]) 

 

1.2 Drosophila as a model of human gastrointestinal disease(s) 

1.2.1 Translational impact of Drosophila in human biology and medicine  

The fruit fly Drosophila melanogaster (henceforth Drosophila) has been widely-

recognized as one of the most-prominent model organisms and used successfully to 

study multiple aspects of human developmental and evolutionary biology at both the 

basic and translational levels. Such agreeable appreciation is attributed to several 

reasons: as two-thirds of all human disease-causing genes have Drosophila 

orthologs; as striking multiple homology  between flies and vertebrates (including 

humans) is obvious at the level of organismal behavior and (patho) physiology, 

structure and function of internal organs/ tissues, signal transduction and metabolic 

pathways; as forward and reverse genetics are generally easier to perform, 

Drosophila system have powerful functional readouts; as cost-effective, feasible 

experimental tractability and simple gnotobiology are advantageous in flies; as the 

fast expanding and dynamic inter- and multi-disciplinarily fly community is 

accumulating various genetic tools and assays that opens the doors for 

development of in vivo chemical screening platforms [61 — 70].  Furthermore, the 

availability of annotated genomes, transcriptomes and microbiomes as well as the 

presence of various databases and query tools has placed the Drosophila research 

at the forefront [71].  
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1.2.2 Impact of Drosophila genetics on translating human GWAS-reported 

genes and drug discovery  

Human GWAS have been successful in identifying risk loci associated with disease 

condition, but do not typically identify specific causative genetic elements. Some of 

the discovered genes are evolutionary conserved throughout evolution [72], [73]. 

Drosophila transgenesis proves an exciting tool in testing whether a candidate gene 

is likely to be functionally linked to the corresponding human disease. This valuable 

framework aids in filtering/prioritizing the enormous data generated by genomics 

[74]. Interestingly, feasibility of manipulating diet in Drosophila provided an effective 

whole animal pre-clinical model for identifying therapeutically useful compounds 

[73], [75].  

 

 

1.2.3 The Drosophila is an effective model in interrogating host-microbiota 

interactions  

Recently, the holobiont concept has adopted to study the interactions between 

host‘s ecosystems and the associated microbial communities in the context of 

health and in disease [76]. Interestingly, research on host-microbiota interactions 

(HMIs) has emerged as a cross-disciplinary field. Experimental studies on model 

and non-model organisms are indispensible to understand the crosstalk between 

the host and the microbiota, and may provide opportunities to modulate the complex 

microbiome in different experimental settings [77], [78], [79], [80]. In the Drosophila 

gut, the most prevalent microbiotas are reported to be affiliated with the phyla 

Firmicutes and Proteobacteria and the related families Acetobacteraceae, 

Lactobacillales, and Enterobacteriaceae [77], [81]. Application of gnotobiotics in 

Drosophila experimental research (such as germ-free, conventional or mono- or bi-

association with defined microbial communities) paved the way for establishing 

high-throughput in vivo platform for functional profiling of microbiota communities as 

well as investigating prebiotics and probiotics [81], [83], [84]. 
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1.2.4 Feasibility of ectopic gene expression using the Drosophila bipartite 

GAL4–UAS system  

One of the exciting advantages for using Drosophila as research model is the 

availability of powerful binary GAL4/UAS system. It is designed to allow ectopic 

over-expression or silencing a (cloned) gene of interest in different spatial and 

temporal patterns (Fig. 1.5). In brief, the two essential components, GAL4 and UAS 

are separately inserted into two transgenic fly lines. On one hand, the GAL4 gene is 

under the control of an endogenous gene promoter creating a driver line. On the 

other hand, a gene of interest is introduced under the control of upstream activating 

sequence (UAS) to create a responder line. Importantly, both units have no effect 

on the host organism. Upon crossing the driver GAL4 line with the responder UAS 

line, the progeny has the gene of interest expressed in a cell-specific or tissue-

specific manner [85], [86], [87].   

 

 

 

 
Fig. 1.5: Schematic representation of GAL4/UAS system (Adapted from Kelly et al., 2017 [81]). 
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1.2.5 The Drosophila is an effective model of human intestinal pathology 

The fruit-fly Drosophila melanogaster has been proven as a powerful model for 

studying intestinal pathology. In contrast to the in vitro/ ex vivo systems, Drosophila 

suited for the manipulating multiple signaling components in the gut milieu.  The 

striking anatomical and histologic similarities between the human GI tract and fly gut 

helps several research on intestinal stem cell physiology during stress, infection and 

aging (Fig. 1.6) [88],[89], [90], [91].  

 

1.2.6 Anatomy and Physiology of the Drosophila gut 

Formerly, it was believed that Drosophila adult gut is composed of three main 

regions: the foregut, the midgut and the hindgut. It is evident that the fore- and 

hindgut have an ectodermal origin, whereas the midgut has an endodermal origin. 

Unlike the mammalian system, the Malpighian tubules in flies connect the gut at the 

midgut-hindgut junction to release urine into the hindgut gut [92]. It was recently 

reported that the Drosophila midgut consists of five morphologically and functionally 

distinct regions (Fig.1.7), named R1-R5. Those sub-regions are separated by 

anatomical boundaries to form physiologically and transcriptionally-defined 

compartments [89],[93],[94],[95], [96].  

 

 

 

 

Fig. 1.6: Anatomical description of homology between human (left) and fly (right) digestive tract. 
Colors indicate functionally related structures of the Gut (Adapted from Andreas Prokop 
https://droso4schools.wordpress.com/organs/) 

 

 

https://droso4schools.wordpress.com/organs/)
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Fig. 1.7: (A) Diagrammatic representation of the adult Drosophila gut regions, R1–R5: regions of the 
FG: foregut, MG: midgut, HG: hindgut (Adapted from Dutta et al., 2015) [94]. (B) Midgut cell-types, 
EC: enterocyte; EB: enteroblast; ISC: intestinal stem cell; EE: enteroendocrine (Adapted from 
Miguel-Aliaga  et al., 2018 [96]). 

 

 

1.2.7 Evolutionary conservation of cellular junctions between the Drosophila 

and vertebrates  

In principle, an intestinal epithelium requires neighbouring cells to interact via 

intercellular junctions to ultimately form a physical barrier. This requires tight 

junctions to form the border between the apical and basolateral plasma-membrane 

domain. The intact semipermeable paracellular diffusion barrier is instrumental in 

protection of the bodies‘ internal milieu from luminal microbes and their related 

antigenic products; transport of macromolecules across the epithelial cell layer; and 

formation of signalling hubs that control cell behaviour and differentiation [97], 

[98],[99]. Adherens junctions of vertebrates and Drosophila share evolutionary 

conservation in composition and function. Other elements of epithelial junctions 

have some differences in organization (Fig. 1.8). The Drosophila junctions 

(Adherens and septate) are controlled by protein complexes that assemble around 

transmembrane proteins or associate with the plasma membrane such as 

Drosophila (DECad); kune-kune (kune), sinuous (sinu); polychaetoid (pyd), discs 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Miguel-Aliaga%20I%5BAuthor%5D&cauthor=true&cauthor_uid=30287514
https://www.sciencedirect.com/topics/immunology-and-microbiology/drosophila
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large 1 (dlg1), Crumbs, and Neurexin IV [100], [101], [102]. Interestingly, increased 

barrier permeability and barrier dysfunction in the Drosophila are routinely assessed 

by administration of non-absorbable dye with monitoring of gut leakiness, referred to 

as ―Smurfs‖ phenotype [103], [104]  

 

 

 

Fig. 1.8: Diagrammatic representation of the organization of epithelial junctions in vertebrates (A) 
and Drosophila (B) shows localization of molecular domains of different junctions at the apical–basal 
axis: sub-apical (SAR) regions, adherens domain, septate junction (SJ). (Adapted from Lynch AM& 
Hardin, 2009 [100]). 

 

 

1.2.8 Evolutionary conservation of core components of the JAK/STAT 

pathway between Drosophila and vertebrates  

Regenerative inflammation of the damaged gut epithelium is reported to be driven 

by a multiple signaling of homeostatic turnover and injury repair across the intestinal 

microenvironment. It requires multiple interactions between different Drosophila gut 

cells, mainly the intestinal stem cells (ISC) as a driver of repairing cascade. A 

harmonic involvement of other cells such as enterocytes (EE), enteroendocrine (EE) 

visceral muscle (VM) and basement membrane (BM) is reported as well [105], 

[106].  

There is an obvious conservation between the Drosophila and the mammalian 

JAK/STAT pathway and their functioning in inducing localized and systemic immune 

immunity as well as tissue growth and maintenance. In humans, the four JAKs 

(JAK1, JAK2, JAK3 and TYK2) and seven STATs (STAT1, STAT2, STAT3, STAT4, 

STAT5A, STAT5B and STAT6) mediate responses to a number of ligands such as 

cytokines and interferons. Interestingly, the Drosophila JAK/STAT pathway has 

A B 
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similar essential signalling components with less redundancy (Fig. 1.9). The 

Drosophila JAK/STAT ligands consist of only three cytokine-like proteins called 

unpaired (upd), upd2, and upd3 cytokines [107], [108], [109].  

 

 

1.2.9 Drosophila Plasmatocytes are functional homolog of vertebrate 

macrophages 

The Drosophila hemocyte lineages give rise to plasmatocytes (>90%), which 

function as primary phagocytic cells; crystal cells, which function in melanization-

mediated wound healing and clotting and; and lamellocytes, which function in 

encapsulation. Interestingly, plasmatocytes are functionally analogous to vertebrate 

leukocyte/ macrophages, whereas immune challenge-induced lamellocytes are 

analogous to granuloma formation in vertebrates [110], [111], [112], [113]. The 

intestinal macrophages are instrumental in maintaining the Drosophila gut 

homeostasis both under physiologic and stress conditions. They play a central role 

in innate immunity, producing antimicrobial peptides and pro-inflammatory 

mediators, phagocytosis of pathogens and apoptotic cells. They function also to 

control tissue regeneration by regulating stem cell proliferation and differentiation. 

Under conditions of tissue damage, they migrate to reside and deposit extracellular 

matrix (ECM) components such as Collagen IV within the injured tissue [114], [115], 

[116], [117], [118]. 
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Fig. 1.9: (A) Diagrammatic representation of interaction network in the damaged gut epithelia and 
induced signalling cascade. (B) Conservation and commonalities between the Drosophila and the 
mammalian JAK/STAT (Adapted from Kuraishi et al., 2013 [108]; Panayidou &Apidianakis, 2013 
[109]). 

 

 

 

 

 

Fig. 1.10: (A) A scheme depicts F1 generation of crossing a hemocyte-specific expression 
(hemolyctin gene ,Hml) with GFP-UAS-2xGFP (Adapted from Leitão, 2009 [116]; Woodcock et al., 
2015 [117]. (B) Cross-section of the Drosophila larva represents different localizations of 
plasmatocytes subsets: associated with the gut and other organs or circulating in the hemolymph 
(Adapted from 2020 [118]. 

 

 

 

A B 

https://www.semanticscholar.org/author/Alexandre-B.-Leit%C3%A3o/48275010
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1.3 Aim of the study  

The aim of the current study was threefold:  

 To establish the Drosophila model of DSS-induced colitis with subsequent 

systematic phenotyping.  

 To study spatiotemporal effects of DSS on expression of the candidate 

genes.in the gut 

 To study spatiotemporal effects of DSS on the microbial ecology of fecal and 

tissue-associated microbiota in terms of community structure and 

composition.  

 

.  
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2. Materials and Methods 

 

2.1 Materials 

All fly disposables were supplied by Greiner Bio-One GmbH, Frickenhausen, 

Germany. Components of nutrient media, materials were obtained from local 

suppliers. Plastic ware in forms of Petri dishes, Falcon tubes, Pipette tips were 

supplied by Nerbe Plus, Winsen/Luhe. Sterile cotton swabs were purchased from 

Greiner Bio One, Germany. Blotting paper 330g/m2 was purchased from A. 

Hartenstein GmbH for Laboratory Equipment Supplier, Würzburg, Germany.  

 

2.1.1 Laboratory equipments 

Low- and Medium-throughput instruments were supplied by in the departmental and 

institutional facility. MiSeq Sequencing platform was operated at the core facility lab 

at center of molecular biology (ZMB) Kiel. All equipments used for this study are 

listed in Table 2-1. 

 

Table 2-1: List of laboratory equipments 

Item Manufacturer (location) 

Agarose gel elctrophoresis unit Biometra GmbH, Göttingen, Germany 

Analytical balance ABS Kern & Sohn GmbH, Balingen-Frommern 

Autoclave Steam Sterilizer Varioklav
®
 H+P Medizintechnik GmbH, Oberschleisheim, Germany 

Balance MXX-412 Denver Instruments, New York, USA 

Bead Ruptor 24 Omni International, Kennesaw, GA, USA 

Binocular Nikon, Düsseldorf, Germany 

Capillaries 0,5 µl Paul Marienfeld GmbH, Lauda-Königshofen, Germany 

Casting system compact Biometra, Göttingen, Germany 

Centrifuge, 5415 D; rotor: F45-24-11 Eppendorf, Hamburg, Germany 

Centrifuge 5417 R, rotor FA-45-30-11 Eppendorf, Hamburg, Germany 

Centrifuge: Heraeus Fresco 17 
Thermo Electron LED GmbH, Osterode am Harz, Germany. 

Centrifuge: Sproud  Heathrow Scientific
® 

, Illinois, USA. 
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DeNovix Ds-11 Spectrophotometer DeNovix Inc. Wilmington, USA 

DNA ladder (GeneRuler 1Kb) Fisher Scientific, Darmstadt, Germany. 

Dry block & heat bath HB-130 UniTek Industrie Elektronik GmbH, Leutenbach, Germany 

Drosophila Activity Monitor (DAM) with Data 

Acquisition Software 

Trikenetics, Waltham, USA  

Electrophoresis power supply, EV245 Consort, Parklaan, Belgium 

Electrophoresis power supply, EV202 Consort Parklaan, Belgium 

Flourescence microscope Axio Imager.Z1 with 

Axiocam MRM, ApoTome 

Zeiss, Oberkochen, Germany 

Imager FLA-5000 Fujifilm, Tokyo, Japan. 

Incubation shaker, Heidolph Unimax 1010 Heidolph Instruments GmbH, Schwabach, Germany. 

Lab guard ES Class II Safety Cabinet IBS Integra Biosciences, Biebertal, Germany. 

Leica TCS SP3 confocal Microsystems  Leica, Heidelberg, Germany 

Microscope SZX12 + camera DP 71, Olympus Olympus GmbH, Hamburg, Germany. 

Molecular Imager Gel Doc system Bio-Rad, Munich, Germany 

Nanodrop ND-1000 spectrophotometer Peqlab, Erlangen, Germany 

Omni Bead Ruptor 24 Omni International Inc, Kennesaw, USA 

pH meter, model 330 Wissenschaftlich-Technische Werkstätten GmbH Weilheim, 

Germany 

Platform Shaker MR Hei-Standard MR 3001 Heidolph, Schwabach, Germany 

Savant DNA Speed Vac
®
 DNA 120  Fisher Scientific, Darmstadt, Germany 

StepOne Real-Time-PCR System Applied Biosystems, Darmstadt, Germany 

Syringe filters, Minisart® sterile Sartorius AG, Göttingen, Germany. 

Table autoclave Omni Perfect Beem
®
 , Rosbach, Germany 

Thermal cycler  Sensoquest, Göttingen, Germany 

Ultraviolet Sterilizing PCR workstation Peqlab Biotechnologie GmbH, Erlangen, Germany. 

Water bath, thermostat 2761 Eppendorf, Hamburg, Germany 
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2.1.2 Chemicals 

All chemicals used for this study are listed in Table 2-2. All fine chemicals were 

purchased with high quality or HPLC- / molecular biology grade (for molecular 

biology experiments), unless stated otherwise.   

 

Table 2-2: List of chemicals and reagents 

Chemicals Manufacturer (Location) 

1 kbp-GeneRuler
TM

 Fermentas, St. Leon-Roth, Germany. 

50 bp-GeneRuler TM Fermentas, St. Leon-Roth, Germany. 

Acetic acid Carl Roth, Karlsruhe, Germany. 

Agarose 
Biozym Scientific GmbH, Hessisch Oldendorf, 

Germany. 

Bacto
TM

 Yeast Extract  BD Diag, Maryland, USA. 

Blue and red food dye  Ruth, Bochum, Germany.  

Chloroform Carl Roth, Karlsruhe, Germany. 

DAPI Invitrogen, Darmstadt, Germany. 

Dextran sulfate sodium salt (36,000-50,000 

M.Wt.) Colitis Grade, Lot No. Q5930. 
MP Biomedicals, Santa Ana, CA, USA 

Dideoxynucleotide set Promega, Mannheim, Germany. 

Ethanol Carl Roth, Karlsruhe, Germany.  

Ethidium bromide AppliChem, Darmstadt, Germany. 

Ethylene diamine tetraacetic acid Carl Roth, Karlsruhe, Germany 

Fluorescein sodium salt (fluorescent tracer) Sigma-Aldrich, Steinheim, Germany 

Glucose monohydrate Carl Roth, Karlsruhe, Germany 

Glycerol Carl Roth, Karlsruhe, Germany 

Glycogen  Sigma-Aldrich, Steinheim, Germany 

Goat serum Sigma-Aldrich, Steinheim, Germany 

Isopropyl alcohol Carl Roth, Karlsruhe, Germany 

LB agar  Carl Roth, Karlsruhe, Germany 
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LB medium Carl Roth, Karlsruhe, Germany 

Materpure DNA extraction Kit Epicentre, Madison, USA 

Methanol Carl Roth, Karlsruhe, Germany 

MRS Broth DificoTM BD Diagnostic Systems, USA 

Nipagin Carl Roth, Karlsruhe, Germany 

Paraformaldehyde Sigma-Aldrich, Steinheim, Germany 

phalloidin –TRITC Sigma-Aldrich, Steinheim, Germany 

Phenol red Sigma-Aldrich, Steinheim, Germany 

Phenol Red Mannitol Broth BD Diagnostic Systems, USA 

Potassium chloride Merck group, Darmstadt, Germany. 

potassium dihydrogen phosphate  Carl Roth, Karlsruhe, Germany 

potassium dihydrogen orthophosphate Carl Roth, Karlsruhe, Germany 

Probionic acid Carl Roth, Karlsruhe, Germany 

RNAmagic Bio-Budget, Kredeld, Germany 

RNAsecure™ RNase Inactivation Thermo Fisher Scientific, Langenselbold, Germany.  

Schneider's Drosophila Media Thermo Fisher Scientific, Langenselbold, Germany. 

SuperScript IV First-Strand Synthesis  Thermo Fisher Scientific, Langenselbold, Germany. 

Sodium chloride  Carl Roth, Karlsruhe, Germany 

Sodium hydroxide  Carl Roth, Karlsruhe, Germany 

sodium hypochlorite Carl Roth, Karlsruhe, Germany 

SYBR® Green Invitrogen, Darmstadt, Germany 

Tween 20 Sigma-Aldrich, Steinheim, Germany 

Triolein  Sigma-Aldrich, Steinheim, Germany 

Tris-(hydroxymethyl)-aminomethane (Tris) Carl Roth, Karlsruhe, Germany 

Triton X-100  Sigma-Aldrich, Steinheim, Germany 

Triglyceride assay kit Thermo Fisher Scientific, Langenselbold, Germany.  

Washing Buffer for IHC Aptum Biologics Ltd., Southampton, UK 

Yeast extracts Carl Roth, Karlsruhe, Germany 

http://search.bd.com/cs.html?url=http%3A//www.bd.com/ds/productCenter/211527.asp&charset=iso-8859-1&qt=searchbbl+tm+phenol+red+mannitol+broth+bd&col=all&n=1&la=en
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Water ROTISOLV® HPLC Gradient Grade Carl Roth, Karlsruhe, Germany 

 

 

2.1.3 Antibodies  

Antibodies used for immunostaining are listed in Table 2-3 for primary antibodies 

and Table 2-4 for secondary antibodies. Antibodies were stored at -80°C freezer as 

glycerol stocks (1:1).  

 

Table 2-3: List of primary antibodies 

Antibodies Source Working dilution 

Mouse α-coracle  Developmental studies Hybridoma Bank, Iowa, IA, USA 1:200 

Mouse α-dlg Developmental studies Hybridoma Bank, Iowa, IA, USA 1:500 

Rabbit α-GFP Developmental studies Hybridoma Bank, Iowa, IA, USA 1:500
 

 

Table 2-4: List of secondary antibodies 

Antibodies Source Working dilution 

Goat α-mouse Dylight 549 Jackson ImmunoResearch Lab  1:500 

α-mouse Alexa Flour 555 Life Technologies, Darmstadt 1:500
 

Goat α-rabbit Dylight 488 Jackson ImmunoResearch Lab  1:1000 

 

2.1.4 Enzymes 

Antibodies used for metabolic assays and molecular biology experiments are listed 

in Table 2-5. 

Table 2-5: List of molecular biology enzymes 

Item Supplier 

Taq DNA Polymerase (5 U/μl) Invitrogen, Darmstadt, Germany 

DNAse  Thermo fisher scientific,Waltham, MA, USA 

Lysozyme from chicken egg white Sigma-Aldrich, Steinheim, Germany 

Proteinase K Thermo fisher scientific,Waltham, MA, USA 
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RNase inhibitor (40U/μl) Invitrogen, Darmstadt, Germany 

SuperScript™IV Reverse transcriptase Invitrogen, Darmstadt, Germany 

 

2.1.5 Bacterial strains 

Wild-Type E. coli BW25113 transformed with either two plasmids that constitutively 

express the ampicillin resistance gene bla, together with either pJBA24-eglp24 or 

pJBA24-mCherry was gifted by Dr. Christian Kost, at the Department of Ecology, 

School of Biology/ Chemistry, University of Osnabrück, Germany.  

 

2.1.6 Oligonucleotides 

Oligonucleotides used in qRT PCR assays were either designed using Primer3 

freeware (v. 0.4.0) or obtained from published reports (Clark RI et al., 2015 for qRT-

PCR assays) with further check using corresponding gene sequences retrieved 

from flybase and  mapping with SerialCloner freeware (v. 2.6.1). Primers listed in 

Table 2-6 and were obtained from Eurofins MWG Operon lLC and life Technologies 

GmbH, Darmstadt Germany.  

 

2.1.7 Solutions and media 

All buffers were prepared using deionized water, filtered through an ion-exchange unit 

(Membra Pure) followed by sterilization by steam autoclave run at 120° C for 15 minutes 

(Table 2-7). Heat-sensitive media was sterilized by 0,2 micron filter.  
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Table 2-6: List of oligonucleotides 

Gene annotation  Primer ID Sequence (3′→5′) coordinates  

Dmel_ CG12051 

Actin42A_F CTCATCGAACACACCCATTG 1449 

Actin42A_R TTCTGAAGGAGCGGAAGTGT 1533 

Dmel_ CG12055 

Gapdh-1_F CAGTGCTGGAGCCGAGTATGTGG 517 

Gapdh-1_R TGCACGAGGCGTTGGAGACC 691 

Dmel_ CG4651 

RpL13_F CAGGCATGCGAACCGCGTCAA 421 

RpL13_R GCAATGCCGATGGTCTTGGCGA 649 

Dmel_ CG7939 

RpL32 _F CCGCTTCAAGGGACAGTATC 582 

RpL32 _R GACAATCTCCTTGCGCTTCT 758 

Dmel_ CG33542 

Upd3_F GAGAACACCTGCAATCTGAA 2574 

Upd3_R AGAGTCTTGGTGCTCACTGT 2850 

Dmel_ CG15154 

Socs36E_F GAGATCCTCACAGAGGCCACT 10029 

Socs36E_R GCGAAACTTTCCACCTGACC 10140 

Dmel_ CG3722 

DEcad_F GACGAATCCATGTCGGAAAA 1325 

DEcad_R TCACTGGCGCTGATAGTCAT 2511 

Dmel_ CG14779 

Pck_F GCTCTCGCTTACCATCATCC 844 

Pck_R TACGGCCAAAAACATGAACA 996 

Dmel_ CG1298 

Kune_F AGGTTGTGGGCTCTGTTTTC 498 

Kune_R ATCCCGAGAATCTCCTTTGG 546 

Dmel_ CG10624 

Sinu_F CATTGAATTGCATAAACTTCAGCTA 1780 

Sinu_R GCGGAGTTTCGCTTACCTT 1854 

Dmel_ CG43140 

Pyd_F* TGAATCGAGAGGCAACTTCTT 92813 

Pyd_R* TTCTCGCGGGACAGACTC 92946 

Dmel_ CG1725 

DLg1_F AGAGTCGCGATGAGAAGAATG 29117 

DLg1_R GCTGGTGCTGCTCACAACT 30104 

Dmel_ CG10810 

 

Dro_F ACCAAGCTCCGTGAGAACCTT 36 

Dro_R TTGTATCTTCCGGACAGGCAG 144 

Dmel_ CG10146 Attacin_F AGGAGGCCCATGCCAATTTA 419 
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Attacin_R ATTCCTGGGAAGTTGCTGTG 574 

16S rRNA gene 

(diagnostic PCR) 

16SA1 AGAGTTTGATCMTGGCTCAG 

Ref. [120] 

16SB1 TACGGYTACCTTGTTACGACTT 

16S rRNA gene 

 (ROI: V1-V2 region; for 
Illumina MiSeq) 

27F AGAGTTTGATCCTGGCTCAG 

Ref. [121] 

338R GCTGCCTCCCGTAGGAGT 

 

 

 

Table 2-7: Solutions and media 

Medium  Composition 

A) Buffers for routine use 

10 x PBS (pH 7.4) 

1,37 M NaCl  

2,7 M KCl 

65 mM Na2HPO4 

15 mM KH2PO4 

HL3 (pH 7.2) 

70 mM NaCl 

5 mM KCl 

1,5 mM CaCl2 

20 mM MgCl2 

20 mM Glucose 

10 mM NaHCO3  

5 mM Trehalose 

115 mM Saccharose 

5 mM HEPES 

10 x TBE 

0,89 M TRIS 

0,89 M bor acid 

2 mM (Na2)-EDTA 

6x DNA loading dye  (pH 8.0) 

50% (v/v) glycerol 

60 mM EDTA 

6% SDS 

0.9% bromophenol blue 

 

 

 



25 

 

B) Standard l(rearing) fly medium 

Nutrients  

1 % agar-agar 

6.25 % cornmeal 

6.25 % yeast 

2 % glucose 

3 % molasses 

3 % sugar beet syrup 

3 % nipagin (10 % v/v)  

1 % propionic acid (10 % v/v) 

Nipagin stock solution in 70% ethanol 10% (w/v)   

Propionic acid in H2O  10% (v/v)  

C) Experimental liquid fly medium  

 
 5% Yeast extract 

10% Glucose monohydrate 

 Gut flushing solution (10% Glucose in H2O) 

D) Solutions for Immunohistochemistry  

PFA 
4% (w/v) dissolved in 1 x PBS, heated at 60-70° C 
under stirring overnight then cooled down to RT, 
then 0,3% Triton X-100 was added. 

PBT  0,1 % (v/v) Tween-20 in 1 x PBS 

Normal goat serum (NGS) 10 % (v/v) in PBT 

E) Media for bacterial cultivation 

Lysogeny broth (LB) medium (pH 7.4) 

1 % (w/v) tryptone  

0.5 % (w/v) yeast extract 

1 % (w/v) NaCl 

MRS medium 
5.5% (w/v) in H2O 

1.5% agar 

Phenol red Mannitol medium 
2% (w/v) in H2O 

1.5% agar 

F) Solution for bacterial DNA extraction 

STET  buffer (1X), pH 8.0 

100mM NaCl 

10mM Tris-HCl  

1mM EDTA 

5% Triton X-100 (v/v) 
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2.1.8. Drosophila stocks 

Fly lines were usually obtained from the Bloomington stock centre listed in Table 2-8. 

Stocked flies were raised on standard medium kept at 25°C with 50%-60% relative humidity 

under a 12 h light/dark cycle.  

 

 

Table 2-8: Fly lines used in the current study 

Stock ID/ genotype References 

w
[1118]

  BDSC_5905 

Oregon-R-C RRID:BDSC_5 

Canton-S BDSC_64349 

upd3-Gal4;UAS-GFP Ref. [122] 

YW; esg-Gal4, UAS-GFP/CyO Ref. [123] 

P{UAS-Cameleon.2.1}82 BDSC_6901 

Dl-Gal4, UAS-CD8-GFP Ref. [124] 

Su(H)GBE-Gal4 Ref. [124] 

Amon-Gal4 Ref. [125] 

how-Gal4 Ref. [126] 

Hml-Gal4, UAS-2xEGFP BDSC_30140; Ref. [116], [127] 

UAS-lacZ P{w[+mC]=UAS-lacZ.Exel}21; 3  Bloomington stock #3956 

Upd3-Gal4 BestGene 

 

 

 2.2 Methods  

2.2.1 Drosophila standard and experimental media 

Standard fly media is composed of 15.6 % Brewer‘s Yeast, 15.6 % cornmeal, 1% 

agar powder 2% glucose, 3% molasses and 3% syrup. The media was allowed to 

dissolve in hot sterile water and boiled for 15 minutes. Once the media cooled down 

to reach 40 °C, 3% nipagin and 1% propionic acid were added as preservatives. 

Experimental diet is composed of 10% BactoTM Yeast Extract and 5% sucrose.   

http://flybase.org/reports/FBti0026619.html
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2.2.2 Drosophila husbandry and experimental condition 

Adult flies were raised on standard medium-containing vials kept in temperature-

controlled climate chamber set at 25°C, 50%-60% relative humidity under a 12 h 

light/dark cycle. Newly hatched flies were reared at a standard density (up to 100) 

and allowed to mate for at least five days. Sex-Sorted flies were allowed to adapt on 

experimental diet for 2 days at density of 20-25 flies/ vial. 

 

2.2.3 Drosophila GAL4/UAS crossing 

For crossing, 5-15 virgin females of the UAS strains and corresponding GAL4 males 

in a ratio 1:2 - 1:3 were used. Using the temperature-sensitive Gal4-tubGal80ts/ 

UAS system, gene expression for the F1-generation was temporarily controlled by 

keeping larval-adult stages at 17°C until induction of expression at 30°C was 

performed two days before experiments. Furthermore, F1-generation of crossing 

with RNAi-UAS lines was kept at 30°C at least three days before experiments and 

experiments were maintained at such higher temperature.  

 

2.2.4 Induction of gut inflammation by Dextran sulfate sodium 

Dextran sulfate sodium salt (DSS) with M.wt. 36-50 KDa, was added to the media in 

a final concentration of 5% (w/v). Flies were fed 5% DSS in medium ad libitum.  

 

 

2.2.5 Characterization of DSS-induced colitis-like phenotype 

2.2.5.1 Survival analysis 

One-hundred flies were split into 4 biological replicates; each was kept at a density 

of 25 flies per vial. After synchronization of test or control fly cohorts by two-hour 

starvation, flies were allowed to access to the DSS-supplemented media or normal 

media, respectively. Alive Flies were transferred to fresh media -containing vials 

every three days. Dead flies were, however, removed from the experiment. Data 

recorded as percentage of living flies counted every 24 hours. Survival analysis of 

Kaplan-Meier estimate was applied to DSS vs. mock-treated fly cohorts.  
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2.2.5.2 Determination of total activity  

Activity of flies was monitored using the Drosophila Activity Monitoring System 

(DAM2 System). Fly cohorts were split 32 biological replicates for each treatment 

group. A single fly was transferred to each glass tubes (2.5 cm × 12.5 cm) 

containing diet to be housed in climate chamber for twelve-fifteen days at 25°C, 50 - 

60% relative under a 12 h light/dark (LD) cycle condition. In principle, DAM file scan 

software records sum of movement for flies automatically every 2 min during the 

testing period. Fly activity is expressed as arbitrary units representing the number of 

events in which each fly was able to cross an infrared beam. Fly activity is 

expressed as arbitrary units (AU) representing the number of events in which each 

fly was able to cross an infrared beam. Activity results were presented as mean total 

activities per day. Results were presented as total activities per fly per day. 

Checking for outliers was performed by applying Grubbs' test.  

 

2.2.6 Determination of Cumulative Food Consumption and Excretion 

2.2.6.1 Determination of food consumption 

The Capillary Feeder (CAFE) assay was performed with modification of the originally-

published method [128]. Briefly, a hole was drilled in the cap of plastic tube (84×30 mm) to 

fit a 100L-sized pipette tip. The tip was inserted to act as a gentle holder for the glass 

capillary. Plastic tubes were drilled to form five small holes (smaller than the fly body size), 

which aim at equilibrating the inside (tube) and outside (temperature/humidity) environment, 

in turn decreasing loss in the liquid food. Capillary tubes were filled with experimental liquid 

fly medium with the capillary action. The capillary tube filled with the colored liquid food is 

inserted vertically inside the tube through the plastic holder. One side of the capillary is 

facing flies, while the other side is outside the tube. Since experiment was carried out in 

12/12 h (day/night) regime at 25°C with 60% relative humidity, a drop of a mineral oil was 

added to the outer side of the capillary to minimize potential evaporation (Fig. 2.1). For 

obtaining a reasonable effect size, number of biological replicates was not set below 10/ 

treatment groups with extra 2 blank tubes without flies that served as evaporation controls. 

In order to avoid type II error (false-negativity), all fly cohorts were allowed to pre-

acclimatize in the CAFE tubes on normal media 1 day before the planned experiments and 

they were also synchronized by fasting for 2 hours before the planned experiments. All 

measurements and calculations were made according to the original protocol.  

 



29 

 

 

 
 

 
Fig. 2.1: Schematic diagram illustrating the set up of CAFE assay. (A) Liquid food, topped with an oil 
layer to minimize evaporation. (B) A Fly approaches the capillary to feed on a red-dyed liquid food. 
The dye has a dual role: to roughly ensure the food consumption by monitoring the fly proboscis / 
abdominal coloration and to accurately calculate the food consumption by measuring the volume 
consumed at the end of the experiment. (Modified from Ja et al., 2007 [128]).  

 

 

2.2.6.2 Egestion rate  

A small piece of normal media supplemented with 2.5% (w/v) (f.c. 0.5%) Brilliant 

Blue FCF food dye (E133, Ruth, Bochum, Germany) was transferred as a cube (0.6 

mm2) to the bottom of a polystyrene Petri dish (35 mm diameter, 10 mm height). 

Five biological replicates with N=10 flies/replicate were incubated at 25 C for 12 

hours (day cycle) after pre-acclimatization and synchronized fasting (on 2% agar) in 

similar conditions for 2 hours. Total number of fecal spots was counted manually 

three times (to avoid observer bias) for each petri dish considering all spots on the 

bottom, side and lid. Normalization of fecal spot counts was done by dividing the 

average of spot counts by number of flies. Final results were expressed as ‘egestion 

rate‘ - fly spots/ fly/ hr - and analyzed statistically by considering two-tailed test.   

 

2.2.6.3 Quantification of fecal consistency and luminal content 

Fecal deposits left on the petri dishes were solublized with 200 l PBS pre-heated 

at 90 C then diluted up to 300 l, and further vortexed and heated at 90 C for 5 

min. Solution was homogenized with bead rupture S=3:25, T=1min, 3 pause. 

Undigested food debris was sedimented by centrifugation at 12K rpm for 5 min and 

volume was checked and equalized to 500 l.  A volume of 50 l was applied on 96 

well plate for absorbance measurement at 630nm.  Standard curve was managed 
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by 1:1 dilution starting with Blue dye concentration of 1 mg/ml (1000 g/ml). Giving 

that the molar mass of blue dye is 792.85 g/mol, results were expressed as 

concentration (M L-1) 

 

 

2.2.7 Measurement of body weight  

Flies were collected in groups of five (per vial) to be starved under non-dehydrating 

conditions for one hour. Each group was anaesthetized on ice and weighed to 0.1 

mg accuracy with an analytical balance.  Unless otherwise stated, each fly group 

was homogized in 1X PBS using bead rupture for 2 minutes, centrifuged at 14K rpm 

for 1 minute with further heat-inactivation of endogenous enzymes at 70 °C for 

5 min. Supernatant was transferred to fresh 1.5 eppendorf and stored at -20 for 

spectrometric determination of multiple total body metabolites. 

 

 

2.2.8 Body fat quantification: 

Total triacylglycerols (TAGs) was measured using the coupled colorimetric assay 

(CCA) as described previously [129]. Flies grouped into 8 biological replicates (per 

treatment group). Five flies from each replicate were homogenized in 1X PBS 

containing 0.05% Tween-20 using a bead Ruptor 3.25 m/s for 2 minutes followed by 

heat-inactivation of endogenous enzymes at 70 °C for 5 min. Supernatant was 

transferred to fresh 1.5 eppendorf and stored at -20 for spectrometric determination 

of targeted analytes. Triolein (40 μg) was diluted in a series of 2-fold dilution was 

used as TAG standard for setting up standard curve. 50 μl of samples/ blank was 

pipette in technical duplicates into a 96 well microtiter plate. 200 μl of pre-warmed 

triglyceride reagent was added into each well and incubated at 37°C for 30 min with 

mild shaking. Then the absorbance was read at 540 nm using spectrophotometer. 

Value of TAG was normalized to mg fly wet weight and expressed as μg TAG 

equivalents. Final results were expressed as total fat (Glyceride) in g/ female fly 

wet weight (in g). 
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2.2.9 Characterization of barrier dysfunction”leaky gut” phenotype 

Fly medium containing 0.5% f.c. blue food dye (FD& C Blue Dye no. 1) and 

fluorescent tracer, sodium fluorescein (NaFl), were used to prove translocation of 

dietary content from the fly lumen to the hemocele. For testing the hypothesis of 

potential translocation of gut-associated microbe, fly medium was supplemented 

with wild-Type E. coli BW25113 transformed with pJBA24-egfp24 and pJBA24-

mCherry plasmids with bacterial density (OD600=1).  

 

 

2.2.10 Immunohistochemistry and microscopy 

Adult Drosophila was dissected in Sylgard dish containing Schneider medium. The 

entire gastrointestinal tract was dragged from the anal pad following the published 

protocol [130]. Dissected gut was fixed over night in 4% PFA at 4° C. After three 

rinses in PBT buffer the tissue was blocked in 10% NGS for 30 minutes at room 

temperature with mild shaking. Gut specimens was incubated with primary antibody 

overnight at 4° C. In the next day, gut specimens was rinsed three times in PBT 

followed by addition of secondary antibody with overnight incubation at 4 C. In all 

tissue samples, nuclei were stained with DAPI and mounted with 80 % glycerol in 

PBS. All antibodies and their dilutions used for immunohistochemistry purposes are 

listed in Tables 2-3 and 2-4. For staining with Phalloidin-TRITC, fixed gut tissues 

were washed and incubated with dye (1: 100) in 1X PBS for 15 min. with further 

washing 3 times with 1X PBS. Microscopic analysis was performed either with an 

Olympus SZX12 stereomicroscope, equipped with an epifluorescence support, or 

with the Zeiss Axio Imager Z1. For Z-projections the ApoTome was used and the 

intestines were stacked in 2 μm slices. Captured images were analysed using 

CellSens, and/or AxioVision Rel4,8.   

 

 

2.2.11 Relative Quantification of Immunofluorescence image  

Dissected gut specimens were processed according to standard immunostaining 

protocol (mentioned previously). Mounted gut specimens were examined by 

fluorescence microscopy with multiple filters for DIC, DAPI and GFP. All GFP 

images were captured using Axio Imager Z1 with identical exposure time and 
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analyzed with similar parameters using ImageJ2 [131]. Corrected integrated density 

of multiple ROI was calculated using the formula: corrected integrated density = 

Integrated Density - (Area of selected cell X Mean fluorescence of background 

readings). 

 

2.2.12 β-galactosidase staining 

Adult Drosophila gut tissues were dissected in PBS then fixed for at least 15 - 20 

min in 0.125% gluteraldehyde fixation solution followed by successive rinsing for 3 

times for 5 min with 1xPBS. The tissues were transferred in pre-warmed (37°C) 

staining solution where X-Gal was added [132]. Tissues were incubated at 37°C in 

the dark (with shaking, if possible) for 2 hours with periodic monitoring of color 

reaction till sufficient intensity of blue staining is observed with no/ less background 

(detailed reaction mechanis of lacZ staining is depicted in (Fig. 2.2 [133]). Color 

reaction was stopped when the desired signal is obtained by washing in 1x PBS 

twice for 10 min each at room temperature. All tissues were mounted in 80% 

glycerol for microscopic examination.  

 

2.2.13 Establishment of axenic (Germ-free) fly culture  

In principle, two cardinal steps for establishing long-term microorganism-free fly line 

should be considered: dechorionation and sterilization of embryo with diluted 

hypochlorite bleach followed by transfer to a sterile diet. In the current study, 100 

females were allowed to lay eggs for overnight. Eggs collected by paintbrush into a 

cell strainer soaked in a perti-dish filled with 1X PBS. The procedure was shifted to 

UV-sterlized biosafety cabinet where sterile media is place. Eggs were decorionated 

in two rounds of in 6% hypochlorite solution (2.5 minutes each) followed by two 

consecutive rinsing steps in 1X PBS.  Sterilized eggs (40-50 eggs per vial) were 

transferred to a sterile media using a sterile paintbrush. Importantly, parallel 

establishment of conventionalized was performed by transferring non-decorionated 

eggs to vials containing sterile media. Testing for micobiota-free condition has to be 

confirmed by diagnostic 16S rRNA PCR (amplicon size is approximately 1.5 kb 

[120]. at 37 ºC for 48 hours. An additional biological replicate was left for periodic 

checking for germ-free condition during the experimentation period. The rest of the 

fly cohort was reared on sterile media until the time of experimentation. 
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Fig.2.2: Schematic illustration of the E. coli LacZ reporter gene encoding for the β-

galactosidase staining. In optimal staining condition, a substrate 5-bromo-4-chloro-3-indolyl-β-

Dgalactopyranoside (X-gal) is hydrolyzed by β-galactosidase to form an intermediate (5-bromo-4-

chloro-3-hydroxyindole) which dimerizes upon oxidation to form the final blue-colored product (5,5'-

dibromo-4,4'-dichloro indigo).  (Adapted from Blanco et al., 2018 [133]). 

 

 

 2.2.14 Preparation, storage and re-colonization of total microbial community 

The experiment was designed to include 3 groups each include a cohort of 30 flies 

divided into 3 biological replicates. The groups were assigned to be the DSS-treated 

Drosophila at day 6 post treatment, the DSS-treated Drosophila at day 12 post 

treatment as well as one corresponding non-treated control at day 12. In a sterile 

vial, 30 adult female flies were collected randomly from each treatment groups, 

anesthetized on ice and exposed to body sterilization with 6% hypochlorite solution 

(2.5 minutes each) followed by two independent rinsing steps in 70% ethanol and 

autoclaved 1X PBS.  Flies were collected in sterile screw-capped tubes containing 

pre-autoclaved ceramic beads and 0.7 mL autoclaved 1x PBS and undergone 1 

cycle of gentle homogenization for 30 seconds at 3.25 m/s speed using Bead 

Ruptor 24 followed by low-speed centrifugation at 800 ×g for 3 minutes. Gut 

microbiota suspension (450L) was mixed with equal volume of autoclaved 1x PBS, 

0.15 ml autoclaved glycerol followed by gentle vortexing.  Microbiota suspension 

was aliquoted in 3 cryo plastic tubes and stored at -80 C. Each aliquot 350 l was 

thawed on ice immediately before use and mixed with equal volume filtere-sterilized 

10% sucrose (2X) colored with 1% (f.c) brilliant Blue dye (dissolved in 1% PBS). 

Axenic flies were fed on autoclaved filter paper soaked with the blue-colored 
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microbiota-sucrose suspension. Frequent replenishment of microbiota suspension 

was performed by thawing another aliquot every other day in order to sustain 

microbial colonization. Viability of bacterial suspension (I.e. the presence of 

Lactobacillus sp. as indicators) after a single freezing-thawing event was checked 

by plating 100L of the microbiota suspension on MRS agar plate at 37 C for 48 

hours.  

 

 

2.2.15 Isolation of DNA-free RNA from fly gut tissues 

Adult Drosophila was dissected in Sylgard dish containing Schneider medium. The 

entire gastrointestinal tract was dragged from the anal pad. For RT-qPCR, five 

independent biological replicates were prepared for each treatment groups. Each 

gut tissue was further dissected and collected in separate tubes (three tubes per 

biological replicate) as anterior midgut (AMG), posterior midgut (PMG), or hindgut 

(by removing anal pad and Malpighian tubules). Dissection was done in solution 

containing Schneider‘s medium supplemented with RNAsecure™ (f.c.1X) pre-

activated at 60 °C for 15 minutes. Fifteen dissected tissues from each gut  region 

were collected in screw-capped tubes containing ceramic beads and 1 ml 

RNAmagic® solution. Two cycles of homogenization for 2 min at 3.25 m/s speed 

were performed using Bead Ruptor 24. An optimized protocol of extraction of a high 

yield, inhibitor-free and DNA-free RNA was conducted using RNAmagic® reagent 

with the PureLink® RNA Mini Kit combined with on-column DNase treatment 

protocol.Homogenized specimens in the form of tissue lysate were kept at room 

temperature for 5 minutes followed by addition of 0.2 mL chloroform with immediate 

vigorous shaking by hand for 15 seconds.Specimens were incubated at room 

temperature for 2–3 minutes followed by centrifugation at 12,000 × g for 15 minutes 

at 4ºC. A volume of 400 μL of the upper phase was transferred to a fresh RNase–

free tube containing an equal volume 70% followed by gentle inversion for 15-20 

times. Less than 700 μL of the RNA aggregate was transferred to a spin cartridge 

(with a Collection Tube). Routine mandatory steps of centrifugation at 12,000 × g for 

15 seconds at room temperature followed by discarding the flow-through and 

reinsertion of the collection tube were performed for Binding, Washing, and Elution 

(referred hereafter as ―routine mandatory step‖).  A volume of 350 μL of the wash 

buffer#1 was added to the spin cartridge containing the bound RNA followed by the 
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routine mandatory step. A volume of 80 μL of the PureLink® DNase mixture 

containing (8 μL of 10X DNase I buffer, 10 μL of DNase (~3U/μL) and 62 μL of 

RNase-free water)  was added to the spin cartridge containing the bound RNA . 

After incubation at room temperature for 15 minutes, another 350 μL of the wash 

buffer#1 was added followed by the routine mandatory step. A volume of 500 μL 

wash buffer#2 (diluted with ethanol) was added followed by the routine mandatory 

step. A volume of 25 μL of RNase–free water was pipetted onto the center of the 

spin cartridge reinserted into a fresh recovery tube followed by centrifugation at 

12,000 × g for 15 seconds at room temperature. RNA preparations were stored at -

80°C.  

 

2.2.16 Nucleic acid Quantification and purity measurement  

Isolated DNA and RNA were assessed using Nanodrop for measuring concentration 

and different quality indices (A260/A280; A260/A230). 

 

2.2.17 Agarose gel electrophoresis 

Agarose gel electrophoresis was used for analytical and preparative purposes. For 

a casting gel, 1-2 % (w/v) agarose was dissolved by heating it in a microwave oven 

in 1 x TBE buffer and supplemented with 3 μl ethidium bromide. The DNA samples, 

mixed with 5x DNA loading buffer, were loaded into the wells. DNA size standards 

(100 bp or 1 kb ladder) were run in parallel. Electrophoresis was performed at a 

constant voltage of 100 V for 45–60 min, depending on the desired resolution. For 

the purposes of documentation, DNA bands were visualized under UV light (312 

nm) and gels were photographed using the gel imaging system. 

 

2.2.18 Establishment of RT-qPCR assay, QC, and data analysis.  

The reverse transcriptase polymerase chain reaction (RT-PCR) was used to test the 

expression of different genes in the Drosophila gut. In brief, cDNA synthesis was 

performed using SuperScript IV First-Strand Synthesis System. PCR amplification 

was carried out using Taq DNA polymerase in a total volume of 25 μl and the gene 

specific primers were used for PCR. The RT-qPCR for relative quantitative PCR 

was performed using StepOnePlus™ Real-Time PCR System. The total volume of 

10 μl each reaction was loaded into 48 wells plate which consists of 5 μl SYBR 



36 

 

Green MasterMix, 0.25 μl ROX, 0.5 μl forward primer (5 μM), 0.5 μl reverse primer 

(5 μM), 1 μl cDNA (50 ng). Reaction condition and thermal cycling program are 

depicted in (Table 2-9). 

In a preliminary test, the primer efficiencies for both gene of interest and reference 

were analyzed basing on the standard curve and the slope, which was derived from 

five serial dilutions of cDNA from 50 ng to 3.12 ng. The primer efficiencies were 

calculated according to the formula E=10-1/slope [134]. Multiple internal control 

genes were checked for stability using the NormFinder formula [135].  In the current 

study, the Gapdh-1 was served as a reference gene for all assays. Relative 

expression ratio (fold change) of a target gene was determined based on the Ct 

values in comparison to a reference gene.  A list of candidate genes related to the 

studied phenotype was selected for gene expression analysis. It includes 3 

categories; genes regulating the Drosophila septate junction (DEcad, Dlg1 and 

Kune-kune); genes regulating regenerative inflammatory signaling and ISCs 

proliferation (Upd3 and Socs36E), as well as genes regulating antimicrobial defense 

and gut-microbiota interactions (Drosopmycin and Attacin). Each dataset contains a 

normalized delta-Ct value (Ct ―target gene‖ - Ct ―Gapdh-1‖) for DSS-treatment group 

at day 6, day 12 post DSS treatment as well as after 6-day recovery period on 

normal media. Also, datasets were grouped according to the analyzed gut regions 

(anterior midgut ―AMG‖, posterior midgut ―PMG‖ and hindgut ―HG‖. Since the 

datasets are two-dimensional addressing spatio-temporal effect of DSS, comparison 

of relative abundance of the candidate genes was disentangled into 2 levels: the 

time of DSS treatment and the impact of DSS on gut regions. Relative fold change 

in transcript abundance was calculated after normalization using the equation 2–

∆∆Ct method (I.e. ∆Ct of DSS treatment - ∆Ct controls). Volcano plot was also used 

to identify meaningful changes within a large data set by plotting the log2 of the fold 

change in gene expression on the x-axis versus statistical significance (-log10 p-

value) on the y-axis. 
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Table 2-9: Thermal cycling program for RT-qPCR. 

Step Temperature Time Cycle number 

cDNA master mix 65°C 5 min  

cDNA synthesis 
25°C 10 min 

 
50°C 20 min 

RT inactivation 80°C 10 min  

Taq activation 95°C 10 min  

Denaturation 95°C 15 sec 

40 Primer annealing 60°C 20 sec 

Elongation 72°C 35 sec 

Hold 4°C ∞  

   

 

2.2.19 Bacterial DNA isolation from tissue and fecal samples  

For extraction of DNA from fecal material, fly cohorts were split into three biological 

replicates per treatment group. A hundred flies were transferred to clean UV-

sterilized plastic vials and allowed to drop fecal material on the plastic surface of the 

vial for 24 hours at standard fly husbandry conditions. Fecal spots were wiped out 

using sterile cotton swabs pre-wetted with sterile STET buffer. Each fecal material-

loaded swab was cut to allow the cotton part releasing the adsorbed contents in 

sterile screw-cap tubes containing 500μL STET buffer.  After vortex-shaking using a 

horizontal module for 30 minutes, a volume of 500μL fecal wash was transferred to 

a fresh screw-capped tube containing ceramic beads.  

For gut tissues, adult flies soaked in 2% hypochlorite then washed two times with 

dist. H2O followed by two times 70% ethanol and finally allowed to dry briefly on 

autoclaved filter paper. Dissection was done on glass slide using sterilized forceps. 

Dissected fly guts (whole midguts and hindguts; 15-20 per replicate) were collected 

in a tube contains 300μL STET buffer. Disruption of cell walls of gram-positive 

bacteria was performed using bead rupture for 2 minutes at power 3.25 for either 

fecal samples or tissue specimens, followed by brief centrifugation for 1 minute at 

14K rpm.  
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For adult flies, 10 flies were collected in a sterile screw-cap tube containing 500μL 

STET buffer. Flies were undergone the same protocol of frass-loaded swabs.  

Once bacterial cell lysate was made ready for DNA extraction, 25μL of lysozyme 

was added with further incubation at 37°C for 30 minutes together with mild shaking 

to ensure complete disruption of bacterial cell wall.  

DNA extraction protocol was conducted following the instruction of Materpure DNA 

extraction Kit (fluid protocol). A detailed modified procedure is outlined as follows: 

1. A volume of 300μL of fecal washing/ gut tissue issue lysate was added to 

tubes contains 300μL of 2X T and C Lysis Solution supplemented with 3 μL 

Protinase K followed by incubation at 56 °C for 30 minute with further 

inactivation step at 65°C for 3 minutes and brief spin down. 

2. After bacterial cell lysate was allowed to equilibrate at room temperature, 

500μL of cell lysate was transferred to fresh eppendorf contains 291μL of 

MPC protein, followed by vigorous vortexing and incubation at 4°C. Protein 

precipitation was performed by centrifugation at 14K rpm for 10 minutes. 

3. DNA recovery was achieved by overlaying 400μl of the supernatant over a 

DNase-free eppendorf tubes containing equal volume of ice-cold isopropanol 

followed by inversion for 20-30 times and overnight incubation at -80°C. DNA 

precipitation was achieved by centrifugation at 14k rpm for 10 minutes.  

4. Clean DNA prep was obtained after three rinsing runs with 70% Ethanol with 

subsequent centrifugation at 14K rpm for 10 minutes (for each run), followed 

by a final careful drying using SpeedVac. 

5. DNA pellet was resuspended carefully using 35μl of TE Buffer.  

6. DNA concentration and purity were measured using Nanodrop.  

 

 

2.2.20 Targeted high-throughput 16S rRNA amplicon sequencing  

Bacterial DNA samples were prepared from three independent experiments. Both 

Drosophila gut tissues (Whole midgut and hindgut) and fecal droppings were used 

for DNA extraction and further assessed for integrity and amplifiability by running 

diagnostic 16S rRNA PCR.  

For 16S rRNA gene amplicon sequencing, the hypervariable V1 and V2 region of 

bacterial 16S  rRNA gene were amplified using a primer set 27F and 338R [121]. 
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The forward primer (5´- AATGATACGGCGACCACCGAGATCTACAC XXXXXXXX 

TATGGTAATTGT AGAGTTTGATCCTGGCTCAG-3´) and reverse (5´- 

CAAGCAGAAGACGGCATACGAGAT XXXXXXXX AGTCAGTCAGCC 

TGCTGCCTCCCGTAGGAGT -3´) primer contained the illumina Adaptor p5 

(forward) and p7 (reverse) – donated by italics and the underlined sequences 

represent the sequencing primer including the broadly conserved bacterial primers 

27F and 338R. Both primer contain a unique 8 base index (index; designated as 

XXXXXXXX) to tag each PCR product. For the PCR were added 100 ng of template 

DNA to 25 µl PCR reactions performed using Phusion® Hot Start II DNA 

Polymerase (Finnzymes, Espoo, Finland). All dilutions were carried out using 

certified DNA-free PCR water (JT Baker). PCR reactions were assembled within a 

PCR hood in which all surfaces and pipettes had been decontaminated with 

DNAZap™ (Ambion) and UV irradiated for 30min. The cycling conditions were as 

follows: initial denaturation for 30 sec at 98°C; 30 cycles of 9 sec at 98°C, 30 sec at 

55°C, and 30 sec at 72°C; final extension for 10 min at 72°C. All reactions were 

performed in duplicate and combined after PCR.  

For libraray preparation, PCR products were extracted with the Qiagen MiniElute 

Gel Extraction Kit and quantified with the Quant-iT™ dsDNA BR Assay Kit on a 

nanodrop 3300 fluorometer. Equimolar amounts of purified PCR product were 

pooled and further purified using Ampure Beads (Agencourt). A sample of the library 

was run on an Agilent Bioanalyzer prior to calculate the final concentration for the 

sequencing. PhiX Control library (v3) (Illumina) was combined with the amplicon 

library (expected at 10%). Amplicon libraries were subsequently sequenced on a 

MiSeq using the Miseq Reagent Kit v3 600 cycles sequencing chemistry. The library 

was clustered to a density of approximately 1000 K/mm2. 

 

 

2.2.21 Integrated analysis of 16S rRNA gene amplicon 

All 16S rRNA paired-end fastq files reads were checked for quality and sorted in 

specific dataset with the corresponding metadata. The 16S rRNA amplicon reads 

were preprocessed using the UPARSE-based IMNGS platform [136], [137]. 

Chimeras were removed using UCHIME [138]. Ten nucleotides on both the 5′ and 

3′end were trimmed for each of the R1 and R2 reads, respectively. The quality trim 

score was 5 and expected number of errors across assembled reads was 1. 

Sequences were clustered into operational taxonomic units (OTUs) at 97% 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7967986/#CR29
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sequence identity using UPARSE v8.1.1861_i86. OTUs occurring at a relative 

abundance less than 0.25% (i.e., 0.0025) across all samples were removed to 

prevent the analysis of spurious OTUs. Also, each OTU included in the final OTU 

table was represented in at least one sample in the analyzed dataset. In order to 

resolve errors in amplicon sequence data at the level of single nucleotide, OTUs 

were denoised based on the unoise3 pipeline of usearch. zOTUs (zero-radiance 

OTUs) with Neighbor-Joining approximation was used in reconstruction phylogeny. 

Taxonomies were assigned with minimum identiy (> 95%) to a maximum of genus 

level using the updated SILVA database version 132 [139]. The OTU table was then 

normalized by total count per column to account for differences in library size. 

Taxonomic classification at the species levels for relevant zOTUs was assigned 

based on EzBioCloud microbiome taxonomic profile (version 20200513) [140].  

Downstream differential statistical analysis of zOTUs tables was performed in R 

[141]. It includes normalization step and calculating alpha-diversity indices (OTUs 

richness, eveness, and Shannon-effective) and beta-diversity (generalized UniFrac 

for calculation of the phylogenetic distance matrix), taxonomic assignment, 

statistical comparisons (using one-way ANOVA/ Kruskal-Wallis Rank Sum Test 

and/or unpaired t-Test/ Mann–Whitney U test as well as pairwise correlations 

(Pearson‘s correlation) within meta-variables and/or taxonomic variables [141], 

[142]. For statistical comparison of taxonomic composition, 2 cut-off values were 

assigned (abundance cutoff= 0.5; prevalence cutoff= 0.3) to avoid inclusion of zero-

infalted dataset in statistical testing.  

In addition, linear discriminant analysis (LDA) Effect Size (LEfSe) was applied 

(LDA>2) on genus-level taxonomy to calculate the effect size of each differentially 

abundant taxa between experimental groups [144]. Those discriminative zOTUs 

could be potential microbiomarkers (i.e. probiotic strain/pathobionts). Results were 

visually presented using GraphPad Prism 5 software.  

 

2.2.22 Preparation, storage and re-colonization of microbiota preparation   

In parallel to sampling flies after 6-day and 12-day of DSS treatment for conducting 

bacterial DNA extraction, 4 separate vials were allocated for each treatment group 

and corresponding controls. In each vial, 30 adult female W1118 flies were collected 

for re-colonization experiments. Next, flies ere anesthetized on ice before body 

sterilization with 6% hypochlorite solution (2.5 minutes each) followed by two 

independent rinsing steps in 70% ethanol and 1X PBS.  Flies were collected in 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7967986/#CR33
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7967986/#CR34
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7967986/#CR34
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screw-capped tubes containing ceramic beads and 0.7 mL 1x PBS and undergone 

1 cycle of gentle homogenization for 30 seconds at 3.25 m/s speed using 

Bead Ruptor 24 followed by low-speed centrifugation at 800 ×g for 3 minutes. 

Microbiota preparation (450mL) was mixed with equal volume 1x PBS, 

0.1 mL autoclaved glycerol followed by gentle vortexing and aliquoted in cryo plastic 

tubes and stored at -80 oC. Each aliquot 400 mL was thawed on ice immediately 

before use and mixed with equal volume filtere-sterilized 10% sucrose (2X) colored 

with 1% (f.c) brilliant Blue dye (dissolved in 1% PBS). Axenic flies were fed on 

autoclaved filter paper soaked with the blue-colored microbiota-sucrose suspension. 

Frequent replenishment of microbiota suspension was performed by thawing 

another aliquot every other day in order to sustain microbial colonization. Viability of 

bacterial suspension (Lactobacillus spp. as an indicator) after a single freezing-

thawing event was checked by plating 100mL of the microbiota suspension on MRS 

and Mannitol agar plate at 37 oC for 24- 48 hours.  

 

  

2.2.23 Statistical analysis  

For survival analysis, statistical significance of the Log-rank test statistics was 

performed using Microsoft Excel and GraphPad Prism 5 software with institutional 

license. Primary diagnostics of the datasets were performing using Shapiro test (for 

normality) and Fligner-Killeen test (for homogeneity of variance). Grubbs' test was 

used to check for outliers, whenever necessary. For analysis of variance, 

parametric unpaired Student's t-Test or one-way ANOVA and their nonparametric 

equivalents Wilcox ―Mann–Whitney U test‖ and Kruskal test, respectively. For post-

hoc pairwise multiple comparison, Tukey‘s or Wilcoxon test were performed after 

ANOVA or Kruskal test, respectively. Unless stated otherwise, data related to DSS-

treated group and control group were presented in red and black color, respectively.   

For relative gene expression analysis, distribution-free nonparametric tests were 

performed. Statistical analysis of significant difference were defined as * p < 0.05, ** 

p < 0.01, ***p < 0.001 and NS p > 0.05. 

For correlation analysis between continuous meta-variables and taxonomic 

variables (in microbiota analysis) or within-variable categories (in gene co-

expression analysis), Pearson‘s correlation was performed. Correlation coefficients 

of log-transformed data were calculated (default cutoff is 0.9/-0.9, default minimum 
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number of observation is 4).  Significant pairs are determined by p-value (default 

cutoff is 0.05). Graphical illustration of correlation matrix (with and without 

significance cutoff) was performed using the corrplot R package 

(https://github.com/taiyun/corrplot). The output reflects visually absolute value of 

corresponding correlation coefficients that is proportional to the area and color 

intensity of circles (blue for positive and red for negative R, respectively). Threshold 

of meaningful correlation was set at R= 0.8/ -0.8 and p <0.5; however results of 

correlation were carefully interpreted considering that correlation is not a true 

indicative of causality. Statistical output was presented in panel using the Microsoft 

Powerpoint and open-source Inkscape 0.92 graphic editor.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://github.com/taiyun/corrplot
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3 Results 

3.1 Establishment of the Drosophila DSS-induced colitis model 

3.1.1 DSS treatment induces mortality in Drosophila with male-bias survival 

advantage  

In several animal models including rats [145], mice [146] and zebra fish [147], the 

most reproducible colitis induction protocol is based on the feeding of DSS salt of 

M.Wt (36-50 KDa). A concentrations of 5% DSS has been tested to induce typical 

inflammation phenotype. Survival analysis of DSS treated and control flies by 

Kaplan-Meier estimate showed significant mortality rates in both female and male 

flies after 5% DSS treatment (Fig.3.1). Gender bias was observed as female flies 

have higher mortality rate than males (Fig.3.1.1.B& C).  
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Fig.3.1: Effect of DSS treatment on in conventional w
1118

 male and female flies. (A) The effect of 
5% DSS treatment on male and female flies showed a significant difference between DSS-treated 
and control groups with a Log-rank (Mantel–Cox) test of median survival p <0.0001. (B) Female flies 
showed a higher mortality rate with median survival at day 6.5 with a Log-rank test for trend p 
<0.0001.(C) DSS-treated male flies showed a reduced mortality rate compared with DSS-treated 
females with median survival at day 12 with a Log-rank test for trend p <0.0001. Data represents 
counts of death event for 100 flies (5 replicates) in 3 independent experiments. 
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3.1.2 Post-induction phases of DSS treatment is an informative survival-based 

proxy for disease progression 

In principle, survival analysis by Log-rank (Mantel–Cox) test was proven to be a 

gold standard in Drosophila research to address aspects of either life span or 

survival proportions after stress induction (i.e. infection). However, establishing a 

feasible and rapid alternative tool is still unmet need. Dividing survival curve into 

phases could help addressing different physiologic condition: low grade 

inflammation, active inflammation, followed by progression or recovery (aka 

remission). 

In the present Drosophila DSS induction model, the proportion of flies-at-risk during 

specific period of treatment was retrieved from survival analysis output to be tested 

as a potential informative proxy for disease status. In the first phase of DSS-post 

induction (half median survival - to- median survival), number of flies-at-risk is 

significantly decreased (p=0.03), which could represents a significant transition from 

low-grade to active inflammation state (Fig.3.2.A). Second phase of DSS-post 

induction which characterized by high mortality rate could reflect advanced 

inflammation state (Fig.3.2.B).   
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Fig.3.2: Phases of DSS- post induction in conventional w
1118

 flies are classified based on (A) pre- 
median survival windows and (B) post- median survival windows. Data represents counts of death 
event for 100 flies (5 replicates) in 3 independent experiments. Significance is calculated using the 
unpaired two-tailed Student‘s t-test. *p≤ 0.05.  
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3.1.3 Longitudinal analysis of the DSS effect on Drosophila reveals a 

significant reduction in mortality after 6-day recovery period 

 

The reason behind testing the effect of DSS over time with intervention is 

characterize longitudinally the phenotype. Study design represents 2 time points for 

sample/data collection. Experimental groups were classified in 5 groups: DSS-day6 

vs. Control-day-6, DSS-day-12 vs. control-day-12, and 6-day-recovery (Fig.3.3). 

The latter was an extra DSS-day-6 group shifted on normal media for 6-days 

recovery period.  This design is very informative when addressing dynamic 

interaction of host and gut microbiota. Furthermore, the including a new intervention 

group (recovery group) provides a possibility to recapitulate the state of clinical 

remission in IBD and opens up a new avenue for candidate drug testing.  

It is obvious that there is a significant difference between DSS and control groups at 

both day3 and day 6 post-treatment, but not between the 2 DSS groups. At day 12, 

there is a highly significant difference between DSS group and both the 

corresponding controls and the recovery group (p=0.0002).  
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Fig.3.3: Effect of 6-day recovery on the DSS-driven mortality. zero represents the starting day for 
DSS treatment. Red color refers to DSS- treated group; black color refers to the control group, which 
fed on normal media; blue color refers to the recovery group which was shifted from DSS-treatment 
regime after 6 day6 to fed on normal media. Values are means of 3 independent replicates of 100 
flies each.  Significance is calculated using the one-way ANOVA with Tukey's multiple comparison 
test. Values represent %; *p≤ 0.05, ***p≤ 0.001. 
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3.1.4 DSS treatment triggers rapid decline in the Drosophila total activity  

Analysis of locomotor activity of DSS vs. control female flies by using the Disease 

Activity Monitor (DAM) System showed a reduction in total activity starting from day 

1 post treatment (Fig.3.4). Activity of DSS-fed flies was significantly reduced starting 

from the first day of treatment (p < 0.0001). 
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Fig.3.4: Locomotor activity and sleeping behavior of female flies after DSS treatment. Values 
represent means± SEM for 31 biological replicates per day. NM referred to the control group, 
which fed on normal media. Significance is calculated using the Kruskal-Wallis test with 
Dunn's multiple comparison. *p≤ 0.05, ***p≤ 0.001. Absence of data points after day 3 is 
attributed to the increased death events in treatment groups compared with the control 
groups.  
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3.1.5 DSS treatment for 6 days reduces the Drosophila excreta egestion   

The intestinal physiology of Drosophila can be monitored in an invasive and a non-

invasive manner by analysing the excreta produced by flies fed on a dye-

supplemented diet. Several assays have been used to explore gut function and its 

regulation by longitudinally investigating the rate of excreta egestion [148], [149].  

In the DSS-treated group, number of fecal spots is significantly reduced (-42,7%, 

p=0.005) compared to the corresponding controls (Fig.3.5).  

 

3.1.6 DSS treatment for 6 days reduces the Drosophila food consumption  

Physiology of food consumption and excretion in Drosophila is characterized by a 

complex neuroanatomical visceral control. The food consumption phenotype is 

measured using CAFE assay with dye-supplemented diet [128].  

In the DSS-treated group, food consumption is significantly reduced (-63,5%, 

p=0.001) compared to the corresponding controls (Fig.3.6).  

 

3.1.7 DSS treatment triggers Drosophila weight loss  

Weight loss is one of the most robust physiological assays that reflect disturbance 

associated with the disease such as levels of storage macromolecules. It also could 

be regarded as a marker of disease activity in human IBD and murine DSS-induced 

colitis [150], [151], [152]. In The Drosophila model, weight loss was reported in 

different phenotypes as a proxy of nutritional abnormalities [129], [153], [154].  

 In the DSS-treated group, fly wet weight is significantly reduced (-7,3%, p=0.02) 

compared to the corresponding controls (Fig.3.7). However, the total body 

triglycerides shows a more pronounced and significant reduction in DSS-treated 

group (-34,4%, p=0.002)  
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Fig.3.5: Quantification of fecal spots and consistency after 6-day DSS treatment of female 
Drosophila.  Values represent means± SEM for 5 biological replicates. NM referred to the control 
group, which fed on normal media. Significance is calculated using the unpaired two-tailed Student‘s 
t-test,**p≤ 0.01.   
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Fig.3.6: Quantification of food consumption after 6-day DSS treatment of female Drosophila.  Values 
represent means± SEM for 12 biological replicates. NM referred to the control group, which fed on 
normal media. Significance is calculated using the unpaired two-tailed Mann-Whitney U test,**p≤ 
0.01.   
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Fig.3.7: Characterization of weight-loss phenotype after 6-Day DSS treatment in female Drosophila. 
(A) Represents the reduction in the fly wet weight; (B) represents the normalized reduction of total 
body triglycerides (TAG). Values represent means± SEM for 8 biological replicates in both 
experiments. CTRL/ Ctrl referred to the control group, which fed on normal media. Significance is 
calculated using unpaired one-tailed Student‘s t-test, *p≤ 0.05 **p≤ 0.01.   
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3.1.8 DSS treatment triggers plasmatocytes recruitment to the injured gut  

Since it is widely reported that plasmatocytes are functional homolog of mammalian 

macrophages, hemocyte-reporter (Hml-Gal4>UAS-2xEGFP) is developed to label 

plasmatocytes with GFP for further in-depth analysis [110], [116], [127].  

DSS treatment induces changes in plasmatocyte morphology and localization. The 

phenotype is characterized by marked plasmatocytic transmigration to the midgut. 

Counting the number of circulating GFP+ plasmatocytes revealed a significant 

reduction (-41,4%, p=0,002) in the abdominal area (Fig.3.8).   

 

 

 

Fig.3.8: Characterization of plasmatocytes migration phenotype in female Drosophila with GFP+ 
plasmatocytes 6-Day post DSS treatment. Dorso-ventral imaging of HmlΔ>GFP female Drosophila 
with white ovals focusing on the plasmatocytes clumps in the abdominal region (A). Representative 
image of transmigration of the abdominal GFP+ plasmatocytes with white arrow denotes the 
posterior midgut (B). Quantification of the abdominal GFP+ plasmatocytes (C). Values represent 
means± SEM for 3 biological replicates. Ctrl/nm referred to the control group, which fed on normal 
media. Scale bar = 50 μm. Significance is calculated using the unpaired two-tailed Student‘s t-test, 
**p≤ 0.01.   
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3.1.9 DSS treatment compromises the integrity of the Drosophila intestinal 

barrier (the “leaky gut” phenotype) 

Leaky gut (LG) is generally characterized by damage of epithelial tight junction of 

the gut with subsequent uncontrolled paracellular permeability. It is also reported 

that LG is implicated in the development of enteric infections in IBDs. [155]. Aging-

induced gut-barrier leakiness in Drosophila was previously reported as ‗smurf‘ 

phenotype [103]. 

Here, DSS-induced smurfness (referred to as DIS) was investigated at the 

organismal level. Cumulative death events due to LG at day 6 post treatment was 

markedly higher in DSS groups (25%) compared to non-treated controls (3%). 

Notably, 60,9% of the mortality at day 6 post DSS treatment is attributed to leaky 

gut (Appendix Table 7.1).  

Gut leakiness is presented with gradient in the same animal cohort. Severity of LG 

is classified into smurfness grades based on the degree of luminal cargo 

transmigration (Fig.3.9). The highest smurfness grade is presented with massive 

distribution of blue dye in the body cavity (I.e. hemocele) compared to the lowest 

grade (Fig.3.10). Notably, severe phenotype showed a marked reduction of total 

physical activity.  

The gut leakiness is evident to be independent of the molecular mass of the luminal 

tracer. Both non-microbial dietary cargo and bacterial cells can transmigrate across 

the compromised barrier (Fig.3.11).  

 

 

Fig.3.9: Representative images of different grades of the gut leakiness in the DSS-treated group 
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Fig.3.10: Representative images of DSS-induced Leaky gut. (A) Left panel shows DSS-induced 
transmigration of luminal cargo colored with a blue-dye (M.wt. 792.85 g/mol) to the entire body 
cavity. (B) Right panel shows blue coloration of the Drosophila ovary/ ovariole dissected from 
severely-affected animal with leaky gut.    

 

 

 

Fig.3.11: Representative images show transmigration of luminal cargo labeled with different tracer in 
A

1118
 flies. (A) Left panel shows DSS-treated animal shows transmigration of luminal cargo labeled 

with fluorescein sodium salt (fluorescent tracer, M.wt. 376.27 g/mol). (B) Right panel shows 
translocation E. coli-BW25113 labeled with the eGFP- and mCherry-containing plasmid pJBS24 
which accounts for approximate size of 0.5 by 1.5 μm (ca. 1,8 μm

3
) [119]. 

 

 

 

 



52 

 

 

3.1.10. Structural characterization of the DSS-induced Drosophila leakiness 

In DSS-treated group, loss of intestinal integrity is markedly observed in midgut 

region compared to the hindgut (Appendix Fig.7.1). Treatment with DSS for 6 days 

on shows a disruption of sarcometric integrity of visceral muscles (Fig.3.12; 

Fig.3.13). Similar disruptive effect on different elements of the gut septate junction 

(eg. Coracle and Discs large proteins) was also observed (Fig.3.14; Fig.3.15).  

 

 

Fig.3.12: Representative Z-stacked images of dissected posterior midgut of A
1118

 flies in DSS and 
control groups after staining actin with Phalloidin-TRITC. Ctrl: controls. Scale bar = 20 μm. 

 

 

 

Fig.3.13: Representative images dissected posterior midgut of the How-Gla4>UAS-20xGFP flies in 
the DSS and control groups after immunostaining with GFP antibody. Ctrl: controls. Scale bar = 50 
μm. 
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Fig.3.14: Representative images of dissected posterior midgut of A
1118

 flies after immunostaining 
with anti-coracle antibody. Ctrl: controls. Scale bar = 50 μm.   
 

 

 

 

 

Fig.3.15: Representative Z-stack images of dissected posterior midgut of A
1118

 flies after 
immunostaining with anti-Discs large (Dlg) protein antibody. Ctrl: controls. Cell size and nuclei are 
visualized by DAPI - (blue) and anti-coracle staining (red), respectively. Scale bar = 20 μm. 
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3.1.11. DSS treatment triggers hyperproliferation in the Drosophila midgut  

In principle, DSS is widely reported to induce multi-faceted toxicity to intestinal 

epithelium causing epithelial cell injury in different experimental animal models 

[156], [157], [158], [159], [160]. Consequent epithelial damage in The Drosophila 

midgut induces asymmetric division of underlying intestinal stem cells (ISCs) to give 

rise to enterocyte (EC) for ultimate tissue repair [161].  

For investigating the impact of DSS on different cells in the gut milieu, escargot-

reporter (esg-Gal4>GFP) was primarily used to mark progenitor cells (ISCs and 

enteroblasts ―EB‖). Treatment of female Drosophila with DSS for 6 days induces 

hyperproliferation of esg+ cells with a consequent accumulation of mis-differentiated 

enteroblasts (I.e. with dysplasia). Notably, the dysplastic gut phenotype is presented 

in both anterior midgut (AMG) (Fig.3.16 A& B) and posterior midgut (PMG) (Fig.3.16 

A´& B´) but not in the hindgut (Appendix Fig.7.2). After 6-day-recovery period on 

normal media, the effect of DSS is reversed to reach homeostatic state (Fig.3.16 C& 

C´). Also, similar effect of DSS on the midgut was observed in the male Drosophila 

(Fig.3.17). 

A confirmatory experiments were conducted using Su(H)GBE-Gal4>GFP and Dl-

Gal4>GFP Drosophila lines, which specifically express GFP in the EB and ISCs, 

respectively. Treatment with DSS for 6 days exclusively triggers hyperproliferation 

of both EB (Fig.3.18) and ISCs (Fig.3.19) in both AMG and PMG.   
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Fig.3.16: Representative images of dissected midgut of esg-Gal4>GFP female Drosophila after 
immunostaining with anti-GFP antibody. Ctrl: controls; GFP: green fluorescent protein, AMG: anterior 
midgut; PMG: posterior midgut. Scale bar = 50 μm.  

 

 
 

 

Fig.3.17:  Representative images of dissected midgut of esg-Gal4>GFP male Drosophila after 
immunostaining with anti-GFP antibody. 
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Fig.3.18: Representative Z-stack images of dissected midgut of Su(H)GBE-Gal4>GFP female 
Drosophila. Ctrl: controls; GFP: green fluorescent protein, AMG: anterior midgut; PMG: posterior 
midgut. Cell size and nuclei are visualized by DAPI - (blue) and anti-coracle staining (red), 
respectively. Scale bar = 20 μm. 

 

 

 

 

Fig.3.19: Representative Z-stack images of dissected midgut of Dl-Gal4>GFP female Drosophila. 
Ctrl: controls; GFP: green fluorescent protein, AMG: anterior midgut; PMG: posterior midgut. Cell 
size and nuclei are visualized by DAPI - (blue) and anti-coracle staining (red), respectively. Scale bar 
= 20 μm. 
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3.1.12 DSS treatment triggers midgut hyperproliferation in axenic female 

Drosophila   

To test whether the presence of specific gut bacterial community/ -ies  before DSS 

treatment is essential in inducing dysbiosis, a cohort of germ-free (axenic) animals 

was prepared (as mentioned in section 2.2.13 pp. 33) and the successfulness of 

bacterial removal was validated (Appendix Fig.7.3).  

Results indicate that sustained absence of gut microbiota prior to and during the 

course of DSS treatment has no protective effect from DSS-induced midgut 

dysplasia (Fig.3.20).  

 

 

3.1.13 Re-colonization of germfree recipient Drosophila gut with total 
microbial community from day-12 DSS-treated donors induces midgut 
dysplasia. 

Basically, previous studies on murine DSS-induced colitis have reported a 

significant disrupting effect of DSS on gut microbial ecology [162], [163], [164].  

Here, the experiment was designed to test the functional implication of potentially 

dysbiotic microbial community on midgut cell proliferation. Firstly, recipient esg-

Gal4>GFP female Drosophila was pre-made available as germ-free before feeding 

on the donor microbial community. Secondly, vials containing the total microbial 

community from adult w1118 female Drosophila donor were allowed to thaw on ice 

and undergone viability testing (Appendix Fig.7.4). Thirdly Microbial community 

preparations were transferred from DSS treated group at both day 6 and day 12 in 

parallel to the untreated controls from day 12. (as mentioned in section 2.2.14 pp. 

34). The later was used to rule out any potential aging-related confounders  

Notably, transfer of the microbial community derived from the day-12 post DSS 

treatment can recapitulate the typical midgut dysplasia driven by the DSS treatment. 

The failure of the microbial community derived from day-6 post DSS treatment can 

be only explained after community profiling via 16S rRNA amplicon 

sequencing (section 3.3). 
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Fig.3.20: Representative images of dissected gut of axenic  esg-Gal4>GFP female Drosophila.  Ctrl: 
controls. Axenic refers to germ-free state. Scale bar = 100 μm. 

 

 

 
 

 
 
Fig.3.21: Representative images of dysbiosis after re-colonizing total microbial community from 
donor flies to the germfree esg-Gal4>GFP Drosophila recipients. AMG: anterior midgut; PMG: 

posterior midgut; biota: microbiota. Scale bar = 100 μm. 
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3.1.14 DSS treatment induces over-expression of Upd3 in the Drosophila 

midgut  

In the Drosophila gut, multiple line of evidence highlighted that JAK/STAT signaling 

plays a major role in modulating gut homeostasis in response to environmental cues 

such as infection and high-fat diet. Damaged enterocytes secrete Upd3 (IL-6-like 

cytokine) to stimulates ISCs division mostly through JNK (basket)-dependent 

JAK/STAT signaling [165], [166].  Expression pattern of Upd3 was monitored in vivo 

using both Upd3-Gal4> GFP and Upd3-Gal4 >LacZ reporter Drosophila lines [167].  

Here, the effect of 6-day period of DSS treatment on the expression of Upd3 was 

monitored visually by a qualitative measurement of the intensity of x-Gal staining as 

well as by semi-quantative densitometric measurements of the Upd3-GFP signals 

(as mentioned in section 2.2.11 pp. 32). Further relative quantification of the 

expression of Upd3 gene and downstream effectors were examined later at the 

molecular level (section 3.2). 

After DSS treatment, the Drosophila gut showed a strong Upd3 expression in the 

treated group compared to controls. These strong signals are obvious after staining 

with x-Gal (Fig.3.22) as well as with anti-GFP antibody (Fig.3.23). Notably, staining 

of Upd3 shows a strong expression in the anterior midgut (AMG) and posterior 

midgut (PMG) compared to the hindgut (HG). However, analysis of densitometric 

data shows a significant expression of Upd3 in the HG (Fig.3.24), which will be 

further tested with a higher sensitivity using RT-qPCR.  
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Fig.3.22: Representative images of dissected gut from Upd3-Gal4 >LacZ Drosophila reporter line 
after x-Gal staining in DSS- treated and control groups. Ctrl: controls. Scale bar = 100 μm.  

 

 

 

 

 

Fig.3.23: Representative images of dissected gut from Upd3-Gal4 >GFP Drosophila reporter line 

after immunostaining with -GFP Ab in DSS- treated and control groups. Ctrl: controls.  
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Fig.3.24: Densitometric semi- quantification of the Upd3-GFP signals in the Drosophila Upd3 >GFP 

reporter line after immunostaining with -GFP Ab in DSS- treated and control groups. dss: DSS; nm 
refers to controls fed on normal media; AMG: anterior midgut; PMG: posterior midgut; HG: hindgutls.  
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3.2 Spatiotemporal gut-wide multiple gene expression analysis in 

DSS-induced Drosophila colitis-like model 

 

3.2.1 DSS induces transcriptional dysregulation in the Drosophila anterior 

midgut (AMG) after 6-day treatment 
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Fig.3.25: Effect of DSS treatment for 6 days on the transcriptional profile of candidate genes in the 
Drosophila anterior midgut. Each panel represents the mRNA levels of different gene categories: 
genes regulating the gut septate junction (Panel A); genes regulating the regenerative inflammatory 
signaling and ISCs proliferation (Panel B); and genes regulating antimicrobial defense and gut-
microbiota interactions (Panel C). All transcripts are normalized by Gapdh-1. The differential 
expression is expressed as log fold change (2

-∆∆Ct
) in transcript abundance in DSS-treated, and 

control groups. Values represent means± SEM for 5 biological replicates; *p<0.05, **p<0.01.  
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3.2.2 DSS induces transcriptional dysregulation in the Drosophila posterior 

midgut (PMG) after 6-day treatment 

 

DSS CTRL
0

2

4

6

8

10
DEcad

T
ra

n
s
c

ri
p

t 
/ 

G
A

P
D

H
 (

F
o

ld
 c

h
a

n
g

e
)

DSS CTRL
0

5

10

15

20

25 **Dlg1

T
ra

n
s
c

ri
p

t 
/ 

G
A

P
D

H
 (

F
o

ld
 c

h
a

n
g

e
)

DSS CTRL
0

2

4

6
Kune

T
ra

n
s
c

ri
p

t 
/ 

G
A

P
D

H
 (

F
o

ld
 c

h
a

n
g

e
)

DSS CTRL
0

2

4

6
Upd3

T
ra

n
s
c

ri
p

t 
/ 

G
A

P
D

H
 (

F
o

ld
 c

h
a

n
g

e
)

DSS CTRL
0.0

0.5

1.0

1.5

2.0
Socs36E

T
ra

n
s
c

ri
p

t 
/ 

G
A

P
D

H
 (

F
o

ld
 c

h
a

n
g

e
)

DSS CTRL
0

2

4

6

8
Attacin

*

T
ra

n
s
c

ri
p

t 
/ 

G
A

P
D

H
 (

F
o

ld
 c

h
a

n
g

e
)

DSS CTRL
0

5

10

15

20

*

Drosomycin

T
ra

n
s
c

ri
p

t 
/ 

G
A

P
D

H
 (

F
o

ld
 c

h
a

n
g

e
)

A

C

B

 

 

Fig.3.26: Effect of DSS treatment for 6 days on the transcriptional profile of candidate genes in the 
Drosophila posterior midgut. Each panel represents the mRNA levels of different gene categories: 
genes regulating the gut septate junction (Panel A); genes regulating the regenerative inflammatory 
signaling and ISCs proliferation (Panel B); and genes regulating antimicrobial defense and gut-
microbiota interactions (Panel C). All transcripts are normalized by Gapdh-1. The differential 
expression is expressed as log fold change (2

-∆∆Ct
) in transcript abundance in DSS-treated, and 

control groups. Values represent means± SEM for 5 biological replicates; *p<0.05, **p<0.01.  
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3.2.3 DSS induces transcriptional dysregulation in the Drosophila hindgut 

(HG) after 6-day treatment 
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Fig.3.27: Effect of DSS treatment for 6 days on the transcriptional profile of candidate genes in the 
Drosophila hindgut. Each panel represents the mRNA levels of different gene categories: genes 
regulating the gut septate junction (Panel A); genes regulating the regenerative inflammatory 
signaling and ISCs proliferation (Panel B); and genes regulating antimicrobial defense and gut-
microbiota interactions (Panel C). All transcripts are normalized by Gapdh-1. The differential 
expression is expressed as log fold change (2

-∆∆Ct
) in transcript abundance in DSS-treated, and 

control groups. Values represent means± SEM for 5 biological replicates; *p<0.05, **p<0.01.  
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3.2.4 DSS induces transcriptional dysregulation in the Drosophila anterior 

midgut (AMG) after 12-day treatment 
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Fig.3.28: Effect of DSS treatment for 12 days on the transcriptional profile of candidate genes in the 
Drosophila anterior midgut. Each panel represents the mRNA levels of different gene categories: 
genes regulating the gut septate junction (Panel A); genes regulating the regenerative inflammatory 
signaling and ISCs proliferation (Panel B); and genes regulating antimicrobial defense and gut-
microbiota interactions (Panel C). All transcripts are normalized by Gapdh-1. The differential 
expression is expressed as log fold change (2

-∆∆Ct
) in transcript abundance in DSS-treated, and 

control groups. Values represent means± SEM for 5 biological replicates; *p<0.05, **p<0.01, ns: non-
significant.  

 

 

 

 

 

 

 

 



66 

 

 

3.2.5 DSS induces transcriptional dysregulation in the Drosophila posterior 

midgut (PMG) after 12-day treatment 
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Fig.3.29: Effect of DSS treatment for 12 days on the transcriptional profile of candidate genes in the 
Drosophila posterior midgut. Each panel represents the mRNA levels of different gene categories: 
genes regulating the gut septate junction (Panel A); genes regulating the regenerative inflammatory 
signaling and ISCs proliferation (Panel B); and genes regulating antimicrobial defense and gut-
microbiota interactions (Panel C). All transcripts are normalized by Gapdh-1. The differential 
expression is expressed as log fold change (2

-∆∆Ct
) in transcript abundance in DSS-treated, and 

control groups. Values represent means± SEM for 5 biological replicates; *p<0.05, **p<0.01, ns: non-
significant.  
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3.2.6 DSS induces transcriptional dysregulation in the Drosophila hindgut 

(HG) after 12-day treatment 
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Fig.3.30: Effect of DSS treatment for 12 days on the transcriptional profile of candidate genes in the 
Drosophila hindgut. Each panel represents the mRNA levels of different gene categories: genes 
regulating the gut septate junction (Panel A); genes regulating the regenerative inflammatory 
signaling and ISCs proliferation (Panel B); and genes regulating antimicrobial defense and gut-
microbiota interactions (Panel C). All transcripts are normalized by Gapdh-1. The differential 
expression is expressed as log fold change (2

-∆∆Ct
) in transcript abundance in DSS-treated, and 

control groups. Values represent means± SEM for 5 biological replicates; *p<0.05, **p<0.01, ns: non-
significant.  
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3.2.7 Spatiotemporal gut-wide transcriptional dysregulation in the Drosophila 

DSS-induced colitis model 

Basically, volcano plot is a scatter plots used to display omics data. However, it is 

used to graphically summarize the magnitude of transcript expression fold changes 

versus statistical significance (p-value). The log2 of the fold change in the transcript 

expression of each candidate genes and the corresponding p-value (-log 10) are 

plotted on the x-axis and y-axis, respectively. The horizontal line ( at value 1.3) 

indicates the p value threshold (-log10 (0.05)) .The two dashed vertical lines are set 

to mark the threshold in transcript regulation. Genes represented by data points in 

the range of between +1 and -1 threshold represent genes that are unchanged after 

DSS treatment. On the other hand, data points distributed in the upper left [I.e. > +1 

fold change & > 1,3 (-log 0.05 )] represent genes that are up-regulated after DSS 

treatment. 

 

 

 

 

Fig.3.31: Volcano plot depicts the top 15 up-regulated genes in the Drosophila gut at day 6 and 12 
post DSS treatment. Values represent means± SEM for 5 biological replicates; Regardless of 
statistical significance, data points presented in red=anterior midgut; in blue=posterior midgut; in 
green=hindgut. Data points presented in circle refer to day-6 post DSS treatment. Data points 
presented in triangle refer to day-12 post DSS treatment. The differential expression is expressed as 
log 2 fold change in transcript abundance in DSS-treated, and control groups. Values represent 
means± SEM for 5 biological replicates.  
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3.2.8 Gene-gene interactions in the Drosophila gut at day-6 post DSS 

treatment.  

 

      

 

 

 

Fig.3.32: Corrplot depicts the pairwise correlation between fold change of candidate transcript 
expression in different gut regions at day-6 post DSS treatment. Correlation graph depicts strength 
and direction of pairwise correlations between log fold change (2-∆∆Ct) of all candidate genes. 
Pearson's r represented by the color gradient for blue (positively)- or red (negatively)- correlated 
pairs. The color of circles corresponds to the direction of correlations whilst color intensities and size 
are directly proportional to strength and significance of correlation, respectively. Regardless of 
statistical significance, colors of asterisks and arrows represent pairs. Values represent means± 
SEM for 5 biological replicates; *p<0.05, **p<0.01.  
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3.2.9 Gene-gene interactions in the Drosophila gut at day-12 post DSS 

treatment.  

 

       

 

 

 

Fig.3.33: Corrplot depicts the pairwise correlation between fold change of candidate transcript 
expression in different gut regions at day-12 post DSS treatment. Correlation graph depicts strength 
and direction of pairwise correlations between log fold change (2-∆∆Ct) of all candidate genes. 
Pearson's r represented by the color gradient for blue (positively)- or red (negatively)- correlated 
pairs. The color of circles corresponds to the direction of correlations whilst color intensities and size 
are directly proportional to strength and significance of correlation, respectively. Regardless of 
statistical significance, colors of asterisks and arrows represent pairs. Values represent means± 
SEM for 5 biological replicates; *p<0.05, **p<0.01.   
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3.2.10 Six-day recovery period impacts the restoration of transcriptional 

dysregulation in the Drosophila anterior midgut  

 

D
S
S
-D

ay
6

D
S
S
-D

ay
12

6-
day

-R
ec

ove
ry

C
tr
l-D

ay
6

C
tr
l-D

ay
12

0

5

10

15
DEcad

ns

ns

T
ra

n
sc

ri
p

t 
/ 

G
A

P
D

H
 (

F
o

ld
 c

h
a

n
g

e
)

D
S
S
-D

ay
6

D
S
S
-D

ay
12

6-
day

-R
ec

ove
ry

C
tr
l-D

ay
6

C
tr
l-D

ay
12

0

5

10

15

20

25
Dlg1

ns

ns

T
ra

n
s
c
ri

p
t 

/ 
G

A
P

D
H

 (
F

o
ld

 c
h

a
n

g
e

)

D
S
S
-D

ay
6

D
S
S
-D

ay
12

6-
day

-R
ec

ove
ry

C
tr
l-D

ay
6

C
tr
l-D

ay
12

0

5

10

15
Kune

ns

ns

T
ra

n
s
c

ri
p

t 
/ 

G
A

P
D

H
 (

F
o

ld
 c

h
a

n
g

e
)

D
S
S
-D

ay
6

D
S
S
-D

ay
12

6-
day

-R
ec

ove
ry

C
tr
l-D

ay
6

C
tr
l-D

ay
12

0

5

10

15

20
Upd3

ns

ns

T
ra

n
s
c

ri
p

t 
/ 

G
A

P
D

H
 (

F
o

ld
 c

h
a

n
g

e
)

D
S
S
-D

ay
6

D
S
S
-D

ay
12

6-
day

-R
ec

ove
ry

C
tr
l-D

ay
6

C
tr
l-D

ay
12

0

5

10

15

20
Socs36E

ns

ns

T
ra

n
s
c

ri
p

t 
/ 

G
A

P
D

H
 (

F
o

ld
 c

h
a

n
g

e
)

D
S
S
-D

ay
6

D
S
S
-D

ay
12

6-
day

-R
ec

ove
ry

C
tr
l-D

ay
6

C
tr
l-D

ay
12

0

5

10

15

20
Attacin

***
*** ns

ns

T
ra

n
s
c

ri
p

t 
/ 

G
A

P
D

H
 (

F
o

ld
 c

h
a

n
g

e
)

D
S
S
-D

ay
6

D
S
S
-D

ay
12

6-
day

-R
ec

ove
ry

C
tr
l-D

ay
6

C
tr
l-D

ay
12

0

5

10

15

20

25
Drosomycin

*

*
ns

T
ra

n
s
c
ri

p
t 

/ 
G

A
P

D
H

 (
F

o
ld

 c
h

a
n

g
e

)

A

C

B

 

 

Fig.3.34: Effect of 6-day recovery period after 6-day DSS treatment on the transcriptional profile of 
candidate genes in the Drosophila anterior midgut. Each panel represents the mRNA levels of 
different gene categories: genes regulating the gut septate junction (Panel A); genes regulating the 
regenerative inflammatory signaling and ISCs proliferation (Panel B); and genes regulating 
antimicrobial defense and gut-microbiota interactions (Panel C). All transcripts are normalized by 
Gapdh-1. The differential expression is expressed as log fold change (2

-∆∆Ct
) in transcript abundance 

in DSS-treated, and control groups. Regardless to the commonly used color code, dark red 
color=DSS treatment for 12 days; pale red= DSS treatment for 6 days; blue= recovery group; pale 
grey= non-treated controls at day 6; dark grey= non-treated controls at day 12. Values represent 
means± SEM for 5 biological replicates; *p<0.05, **p<0.01, ***p<0.001, ns: non-significant.  
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3.2.11 Six-day recovery period impacts the restoration of transcriptional 

dysregulation transcriptional dysregulation in the Drosophila posterior 

midgut  
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Fig.3.35: Effect of 6-day recovery period after 6-day DSS treatment on the transcriptional profile of 
candidate genes in the Drosophila posterior midgut. Each panel represents the mRNA levels of 
different gene categories: genes regulating the gut septate junction (Panel A); genes regulating the 
regenerative inflammatory signaling and ISCs proliferation (Panel B); and genes regulating 
antimicrobial defense and gut-microbiota interactions (Panel C). All transcripts are normalized by 
Gapdh-1. The differential expression is expressed as log fold change (2

-∆∆Ct
) in transcript abundance 

in DSS-treated, and control groups. Regardless to the commonly used color code, dark red 
color=DSS treatment for 12 days; pale red= DSS treatment for 6 days; blue= recovery group; pale 
grey= non-treated controls at day 6; dark grey= non-treated controls at day 12. Values represent 
means± SEM for 5 biological replicates; *p<0.05, **p<0.01, ***p<0.001, ns: non-significant.  
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3.2.12 Six-day recovery period impacts the restoration of transcriptional 

dysregulation in the Drosophila hindgut  
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Fig.3.36: Effect of 6-day recovery period after 6-day DSS treatment on the transcriptional profile of 
candidate genes in the Drosophila hindgut. Each panel represents the mRNA levels of different gene 
categories: genes regulating the gut septate junction (Panel A); genes regulating the regenerative 
inflammatory signaling and ISCs proliferation (Panel B); and genes regulating antimicrobial defense 
and gut-microbiota interactions (Panel C). All transcripts are normalized by Gapdh-1. The differential 
expression is expressed as log fold change (2

-∆∆Ct
) in transcript abundance in DSS-treated, and 

control groups. Regardless to the commonly used color code, dark red color=DSS treatment for 12 
days; pale red= DSS treatment for 6 days; blue= recovery group; pale grey= non-treated controls at 
day 6; dark grey= non-treated controls at day 12. Values represent means± SEM for 5 biological 
replicates; *p<0.05, **p<0.01, ***p<0.001, ns: non-significant.  
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3.2.13 Gene-gene interactions in the Drosophila gut after 6-day recovery period  

 

      

 

 

 

Fig.3.37: Corrplot depicts the pairwise correlation between fold change of candidate transcript 
expression in different gut regions after 6-day recovery period. Correlation graph depicts strength 
and direction of pairwise correlations between log fold change (2-∆∆Ct) of all candidate genes. 
Pearson's r represented by the color gradient for blue (positively)- or red (negatively)- correlated 
pairs. The color of circles corresponds to the direction of correlations whilst color intensities and size 
are directly proportional to strength and significance of correlation, respectively. Regardless of 
statistical significance, colors of asterisks and arrows represent pairs. Values represent means± 
SEM for 5 biological replicates; *p<0.05, **p<0.01.   
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3.3 Spatiotemporal gut-wide microbiota profiling in DSS-induced 

Drosophila colitis-like model 

 

3.3.1 Effect of 6-day DSS treatment on the Drosophila fecal microbiota 

community structure   
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Fig.3.38: Graphs depict multiple aspects of fecal microbiota community structure after 6-day 
post DSS treatment. Phylogenetic diversity is presented as alpha-diversity and beta-diversity on 
normalized counts. Alpha-diversity (Panel A) is summarized as OTU richness (A), Evenness (A´) and 
Shannon effective (A´´). Beta-diversity is carried out using generalized UniFrac distance metric and 
presented by the dendrogram (Panel B) and MDS ( Panel C) of all samples. Values represent 
means± SEM for 3 biological replicates. CTRL: controls; BR: Biological replicates; MDS: 
multidimensional scaling. *p<0.05.  
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3.3.2 Effect of 6-day DSS treatment for on the Drosophila fecal microbiota 

abundance at higher taxonomic ranks 
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Fig.3.39: Graphs depict differentially abundant and discriminating taxa of fecal microbiota 
after 6-day post DSS treatment. Relative abundance of all zOTUs reveals major phyla with their 
informative ratio (Panel A). Taxonomic pinning at the phyla levels shows cumulative relative 
abundance (%) of major and minor phyla (Panel B). Values represent means± SEM for 3 biological 
replicates. Ctrl: controls; R=BR: Biological replicates; p_: phylum. *p<0.05.  
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3.3.3 Effect of 6-day DSS treatment on the Drosophila fecal microbiota 

abundance at lower taxonomic ranks  
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Fig.3.40: Graphs depict selected differentially abundant families, classes and microbial 
biomarker(s) of fecal microbiota after 6-day post DSS treatment. Relative abundance of all 
zOTUs reveals major classes of proteobacteria as well as other relevant families with their 
informative ratio (Panel A). Linear discriminant analysis (LDA>2.0) coupled with effect size 
measurements (Panel B). Values represent means± SEM for 3 biological replicates. Ctrl: controls; 
LDA: Linear discriminant analysis; c_: class; f_: family; g_: genus. *p<0.05.  
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3.3.4 Effect of DSS treatment for 6 days on the interaction of different 

parameters of fecal microbiota community and physiologic correlates 

 

 

 

 

 

 

                    

                 

Fig.3.41: A graphical display of correlations arrays across differentially-abundant taxonomic 
ranks of fecal microbiota and physiologic parameters after 6-day post DSS treatment. 
Pearson‘s pairwise correlations between relative abundance of taxa (at phyla and genus levels) and 
quantitative gut phenotypes (panel A) and taxa-taxa interactions (panel B). Pearson's r represented 
by the color gradient for blue (positively)- or red (negatively)- correlated pairs. The color of circles 
corresponds to the direction of correlations whilst color intensities and size are directly proportional to 
strength and significance of correlation, respectively. Black dots mark data points that pass the 
threshold of the correlation coefficient r  p-value. Values represent means± SEM for 3 biological 
replicates (in taxonomic variables) and 5 biological replicates (physiologic variables). p_:phylum; g_: 
genus.  
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3.3.5 Effect of 6-day DSS treatment on the Drosophila midgut microbiota 

community structure   

 

 

0

50

100

150

Control

DSS

O
T

U
 R

ic
h

n
e

s
s

0.0

0.2

0.4

0.6

0.8
DSS

Control

E
v
e

n
n

e
s
s

0

20

40

60

80

100
DSS

Control

*

S
h

a
n

n
o

n
 E

ff
e

c
ti

v
e

A A´ A´´

 

 

 

    

 

Fig.3.42: Graphs depict multiple aspects of midgut microbiota community structure after 6-
day post DSS treatment. Phylogenetic diversity is presented as alpha-diversity and beta-diversity 
on normalized counts. Alpha-diversity (Panel A) is summarized as OTU richness (A), Evenness (A´) 
and Shannon effective (A´´). Beta-diversity is carried out using generalized UniFrac distance metric 
and presented by the dendrogram (Panel B) and metaNMDS (Panel C) of all samples. Values 
represent means± SEM for 3 biological replicates. CTRL: controls; BR: Biological replicates; 
metaMDS: non-metric multidimensional scaling. *p<0.05. 
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3.3.6 Effect of 6-day DSS treatment for on the Drosophila midgut microbiota 

abundance at higher taxonomic ranks 
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Fig.3.43: Graphs depict differentially abundant and discriminating taxa in the midgut 
microbiota after 6-day post DSS treatment. Relative abundance of all zOTUs reveals major phyla 
with their informative ratio (Panel A). Taxonomic pinning at the phyla levels shows cumulative 
relative abundance (%) of major and minor phyla (Panel B). Values represent means± SEM for 3 
biological replicates. Ctrl: controls; BR: Biological replicates; p_: phylum. *p<0.05.  
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3.3.7 Effect of 6-day DSS treatment on the Drosophila midgut microbiota 

abundance at lower taxonomic ranks  
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Fig.3.44: Graphs depict selected differentially abundant families, classes and microbial 
biomarker(s) midgut microbiota after 6-day post DSS treatment. Relative abundance of all 
zOTUs reveals major classes of proteobacteria as well as other relevant families with their 
informative ratio (Panel A). Linear discriminant analysis (LDA>2.0) coupled with effect size 
measurements (Panel B). Values represent means± SEM for 3 biological replicates. Ctrl: controls; 
LDA: Linear discriminant analysis; c_: class; f_: family; g_: genus.  
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3.3.8 Effect of 6-day DSS treatment on the Drosophila hindgut microbiota 

community structure   
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Fig.3.45: Graphs depict multiple aspects of hindgut microbiota community structure after 6-
day post DSS treatment. Phylogenetic diversity is presented as alpha-diversity and beta-diversity 
on normalized counts. Alpha-diversity (Panel A) is summarized as OTU richness (A), Evenness (A´) 
and Shannon effective (A´´). Beta-diversity is carried out using generalized UniFrac distance metric 
and presented by the dendrogram (Panel B) and metaNMDS (Panel C) of all samples. Values 
represent means± SEM for 3 biological replicates. CTRL: controls; BR: Biological replicates; 
metaMDS: non-metric multidimensional scaling.  
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3.3.9 Effect of 6-day DSS treatment for on the Drosophila hindgut microbiota 

abundance at higher taxonomic ranks 
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Fig.3.46: Graphs depict differentially abundant and discriminating taxa in the hindgut 
microbiota after 6-day post DSS treatment. Relative abundance of all zOTUs reveals major phyla 
with their informative ratio (Panel A). Taxonomic pinning at the phyla levels shows cumulative 
relative abundance (%) of major and minor phyla (Panel B). Values represent means± SEM for 3 
biological replicates. Ctrl: controls; BR: Biological replicates; p_: phylum.   
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3.3.10 Effect of 6-day DSS treatment on the Drosophila hindgut microbiota 

abundance at lower taxonomic ranks   
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Fig.3.47: Graphs depict selected differentially abundant families, classes and microbial 
biomarker(s) of hindgut microbiota after 6-day post DSS treatment. Relative abundance of all 
zOTUs reveals major classes of proteobacteria as well as other relevant families with their 
informative ratio (Panel A). Linear discriminant analysis (LDA>2.0) coupled with effect size 
measurements (Panel B). Values represent means± SEM for 3 biological replicates. Ctrl: controls; 
LDA: Linear discriminant analysis; c_: class; f_: family; g_: genus.  
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3.3.11 Effect of 12-day DSS treatment on the Drosophila fecal microbiota 

community structure   
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Fig.3.48: Graphs depict multiple aspects of fecal microbiota community structure after 12-day 
post DSS treatment. Phylogenetic diversity is presented as alpha-diversity and beta-diversity on 
normalized counts. Alpha-diversity (Panel A) is summarized as OTU richness (A), Evenness (A´) and 
Shannon effective (A´´). Beta-diversity is carried out using generalized UniFrac distance metric and 
presented by the dendrogram (Panel B) and MDS ( Panel C) of all samples. Values represent 
means± SEM for 3 biological replicates. CTRL: controls; BR: Biological replicates; NMDS: non-metric 
multidimensional scaling.   
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3.3.12 Effect of 12-day DSS treatment for on the Drosophila fecal microbiota 

abundance at higher taxonomic ranks 
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Fig.3.49: Graphs depict differentially abundant and discriminating taxa of fecal microbiota 
after 12-day post DSS treatment. Relative abundance of all zOTUs reveals major phyla with their 
informative ratio (Panel A). Taxonomic pinning at the phyla levels shows cumulative relative 
abundance (%) of major and minor phyla (Panel B). Values represent means± SEM for 3 biological 
replicates. Ctrl: controls; R=BR: Biological replicates; p_: phylum.  
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3.3.13 Effect of 12-day DSS treatment on the Drosophila fecal microbiota 

abundance at lower taxonomic ranks  
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Fig.3.50: Graphs depict selected differentially abundant families, classes and microbial 
biomarker(s) of fecal microbiota after 12-day post DSS treatment. Relative abundance of all 
zOTUs reveals major classes of proteobacteria as well as other relevant families with their 
informative ratio (Panel A). Linear discriminant analysis (LDA>2.0) coupled with effect size 
measurements (Panel B). Values represent means± SEM for 3 biological replicates. Ctrl: controls; 
LDA: Linear discriminant analysis; c_: class; f_: family; g_: genus. *p<0.05.  
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3.3.14 Effect of 12-day DSS treatment on the Drosophila midgut microbiota 

community structure   

 

 

A A´ A´´

0

10

20

30

40

Control

DSS*

O
T

U
 R

ic
h

n
e

s
s

0.0

0.2

0.4

0.6

0.8
DSS
Control

E
v
e

n
n

e
s
s

0

2

4

6

8

10
DSS
Control

S
h

a
n

n
o

n
 E

ff
e

c
ti

v
e

 

 

 

 

       

 

Fig.3.51: Graphs depict multiple aspects of midgut microbiota community structure after 12-
day post DSS treatment. Phylogenetic diversity is presented as alpha-diversity and beta-diversity 
on normalized counts. Alpha-diversity (Panel A) is summarized as OTU richness (A), Evenness (A´) 
and Shannon effective (A´´). Beta-diversity is carried out using generalized UniFrac distance metric 
and presented by the dendrogram (Panel B) and metaNMDS (Panel C) of all samples. Values 
represent means± SEM for 3 biological replicates. CTRL: controls; BR: Biological replicates; 
metaMDS: Non-metric multidimensional scaling. *p<0.05. 
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3.3.15 Effect of 12-day DSS treatment for on the Drosophila midgut microbiota 

abundance at higher taxonomic ranks 
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Fig.3.52: Graphs depict differentially abundant and discriminating taxa in the midgut 
microbiota after 12-day post DSS treatment. Relative abundance of all zOTUs reveals major phyla 
with their informative ratio (Panel A). Taxonomic pinning at the phyla levels shows cumulative 
relative abundance (%) of major and minor phyla (Panel B). Values represent means± SEM for 3 
biological replicates. Ctrl: controls; MG: midgut; BR: Biological replicates; p_: phylum.  
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3.3.16 Effect of 12-day DSS treatment on the Drosophila midgut microbiota 

abundance at lower taxonomic ranks  
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Fig.3.53: Graphs depict selected differentially abundant families, classes and microbial 
biomarker(s) midgut microbiota after 12-day post DSS treatment. Relative abundance of all 
zOTUs reveals major classes of proteobacteria as well as other relevant families with their 
informative ratio (Panel A). Linear discriminant analysis (LDA>2.0) coupled with effect size 
measurements (Panel B). Values represent means± SEM for 3 biological replicates. Ctrl: controls; 
LDA: Linear discriminant analysis; c_: class; f_: family; g_: genus; s_: species. 
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3.3.17 Effect of 12-day DSS treatment on the Drosophila hindgut microbiota 

community structure   
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Fig.3.54: Graphs depict multiple aspects of hindgut microbiota community structure after 12-
day post DSS treatment. Phylogenetic diversity is presented as alpha-diversity and beta-diversity 
on normalized counts. Alpha-diversity (Panel A) is summarized as OTU richness (A), Evenness (A´) 
and Shannon effective (A´´). Beta-diversity is carried out using generalized UniFrac distance metric 
and presented by the dendrogram (Panel B) and metaNMDS (Panel C) of all samples. Values 
represent means± SEM for 3 biological replicates. CTRL: controls; BR: Biological replicates; HG: 
hindgut; metaMDS: Non-metric multidimensional scaling.  
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3.3.18 Effect of 12-day DSS treatment for on the Drosophila hindgut 

microbiota abundance at higher taxonomic ranks 
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Fig.3.55: Graphs depict differentially abundant and discriminating taxa in the hindgut 
microbiota after 12-day post DSS treatment. Relative abundance of all zOTUs reveals major phyla 
with their informative ratio (Panel A). Taxonomic pinning at the phyla levels shows cumulative 
relative abundance (%) of major and minor phyla (Panel B). Values represent means± SEM for 3 
biological replicates. Ctrl: controls; BR: Biological replicates; HG: hindgut; p_: phylum.   
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3.3.19 Effect of 12-day DSS treatment on the Drosophila hindgut microbiota 

abundance at lower taxonomic ranks   
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Fig.3.56: Graphs depict selected differentially abundant families, classes and microbial 
biomarker(s) of hindgut microbiota after 12-day post DSS treatment. Relative abundance of all 
zOTUs reveals major classes of proteobacteria as well as other relevant families with their 
informative ratio (Panel A). Linear discriminant analysis (LDA>2.0) coupled with effect size 
measurements (Panel B). Values represent means± SEM for 3 biological replicates. NM: controls fed 
on normal media; LDA: Linear discriminant analysis; c_: class; f_: family; g_: genus.  
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3.3.20 Effect of 6-day recovery period on the Drosophila fecal microbiota 

community structure   
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Fig.3.57: Graphs depict multiple aspects of fecal microbiota community structure after 6-day 
recovery period post 6-days DSS treatment. Phylogenetic diversity is presented as alpha-diversity 
and beta-diversity on normalized counts. Alpha-diversity (Panel A) is summarized as OTU richness 
(A), Evenness (A´) and Shannon effective (A´´). Beta-diversity is carried out using generalized 
UniFrac distance metric and presented by the dendrogram (Panel B) and metaNMDS (Panel C) of all 
samples. Values represent means± SEM for 3 biological replicates. Ctrl: controls; R: Biological 
replicate; Recovery_day12 refers to the experimental group that was recovered on normal media 
after 6-Day DSS treatment. NMDS: non-metric multidimensional scaling. *p<0.05. 
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3.3.21 Effect of 6-day recovery period on the Drosophila fecal microbiota 

abundance at higher taxonomic ranks 
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Fig.3.58: Graphs depict selected differentially abundant families, classes and microbial 
biomarker(s) of fecal microbiota after 6-day recovery period post 6-days DSS treatment. 
Relative abundance of all zOTUs reveals major classes of proteobacteria as well as other relevant 
families with their informative ratio (Panel A). Linear discriminant analysis (LDA>2.0) coupled with 
effect size measurements (Panel B). Values represent means± SEM for 3 biological replicates. Ctrl: 
controls; R: Biological replicate; Recovery_day12 refers to the experimental group that was 
recovered on normal media after 6-Day DSS treatment; LDA: Linear discriminant analysis. *p<0.05; 
**p<0.01.  
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 3.3.22 Effect of 6-day recovery period on the Drosophila fecal microbiota 

abundance at lower taxonomic ranks 
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Fig.3.59: Graphs depict selected differentially abundant families, classes and microbial 
biomarker(s) of midgut microbiota after 6-day recovery period post DSS treatment. Relative 
abundance of all zOTUs reveals major classes of proteobacteria as well as other relevant families 
with their informative ratio (Panel A). Linear discriminant analysis (LDA>2.0) coupled with effect size 
measurements (Panel B). Values represent means± SEM for 3 biological replicates. Ctrl: controls; R: 
Biological replicate; Recovery_day12 refers to the experimental group that was recovered on normal 
media after 6-Day DSS treatment; LDA: Linear discriminant analysis; ZOTU: zero-radius Operational 
Taxonomic Unit; c_: class; f_: family. *p<0.05; **p<0.01.  
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3.3.23 Effect of 6-day recovery period on the Drosophila midgut microbiota 

community structure   
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Fig.3.60: Graphs depict multiple aspects of midgut microbiota community structure after 6-
day recovery period post 6-days DSS treatment. Phylogenetic diversity is presented as alpha-
diversity and beta-diversity on normalized counts. Alpha-diversity (Panel A) is summarized as OTU 
richness (A), Evenness (A´) and Shannon effective (A´´). Beta-diversity is carried out using 
generalized UniFrac distance metric and presented by the dendrogram (Panel B) and metaNMDS 
(Panel C) of all samples. Values represent means± SEM for 3 biological replicates. Ctrl: controls; R: 
Biological replicate; Recovery_day12 refers to the experimental group that was recovered on normal 
media after 6-Day DSS treatment; MG: midgut; NMDS: non-metric multidimensional scaling. 
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3.3.24 Effect of 6-day recovery period on the Drosophila midgut microbiota 

abundance at higher taxonomic ranks 
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Fig.3.61: Graphs depict differentially abundant and discriminating taxa in the midgut 
microbiota after 6-day recovery period post 6-days DSS treatment. Relative abundance of all 
zOTUs reveals major phyla with their informative ratio (Panel A). Taxonomic pinning at the phyla 
levels shows cumulative relative abundance (%) of major and minor phyla (Panel B). Values 
represent means± SEM for 3 biological replicates. Ctrl: controls; R: Biological replicate; 
Recovery_day12 refers to the experimental group that was recovered on normal media after 6-Day 
DSS treatment; MG: midgut; p_: phylum. *p<0.05; **p<0.01.  
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3.3.25 Effect of 6-day recovery period on the Drosophila midgut microbiota 

abundance at lower taxonomic ranks  
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Fig.3.62: Graphs depict selected differentially abundant families, classes and microbial 
biomarker(s) of midgut microbiota after 6-day recovery period post 6-days DSS treatment. 
Relative abundance of all zOTUs reveals major classes of proteobacteria as well as other relevant 
families with their informative ratio (Panel A). Linear discriminant analysis (LDA>2.0) coupled with 
effect size measurements (Panel B). Values represent means± SEM for 3 biological replicates. Ctrl: 
controls; Recovery_day12 refers to the experimental group that was recovered on normal media 
after 6-Day DSS treatment. LDA: Linear discriminant analysis; c_: class; f_: family; g_: genus; s__: 
species (refined based on EzBioCloud microbiome taxonomic profiling). *p<0.05 
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3.3.26 Effect of 6-day recovery period on the Drosophila hindgut microbiota 

community structure   
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Fig.3.63: Graphs depict multiple aspects of hindgut microbiota community structure after 6-
day recovery period post 6-days DSS treatment. Phylogenetic diversity is presented as alpha-
diversity and beta-diversity on normalized counts. Alpha-diversity (Panel A) is summarized as OTU 
richness (A), Evenness (A´) and Shannon effective (A´´). Beta-diversity is carried out using 
generalized UniFrac distance metric and presented by the dendrogram (Panel B) and metaNMDS 
(Panel C) of all samples. Values represent means± SEM for 3 biological replicates. Ctrl: controls; 
Recovery_day12 refers to the experimental group that was recovered on normal media after 6-Day 
DSS treatment; HG: hindgut; NMDS: non-metric multidimensional scaling. 
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3.3.27 Effect of 6-day recovery period on the Drosophila hindgut microbiota 

abundance at higher taxonomic ranks 
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Fig.3.64: Graphs depict differentially abundant and discriminating taxa in the hindgut 
microbiota after 6-day recovery period post 6-days DSS treatment. Relative abundance of all 
zOTUs reveals major phyla with their informative ratio (Panel A). Taxonomic pinning at the phyla 
levels shows cumulative relative abundance (%) of major and minor phyla (Panel B). Values 
represent means± SEM for 3 biological replicates. Ctrl: controls; Recovery_day12 refers to the 
experimental group that was recovered on normal media after 6-Day DSS treatment; p_: phylum.  
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3.3.28 Effect of 6-day recovery period on the Drosophila hindgut microbiota 

abundance at lower taxonomic ranks 
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Fig.3.65: Graphs depict selected differentially abundant families, classes and microbial 
biomarker(s) of hindgut microbiota after 6-day recovery post 6-days DSS treatment. Relative 
abundance of all zOTUs reveals major classes of proteobacteria as well as other relevant families 
with their informative ratio (Panel A). Linear discriminant analysis (LDA>2.0) coupled with effect size 
measurements (Panel B). Values represent means± SEM for 3 biological replicates. Ctrl: controls; 
Recovery_day12 refers to the experimental group that was recovered on normal media after 6-Day 
DSS treatment LDA: Linear discriminant analysis; c_: class; f_: family; g_: genus.  
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3.3.29 Effect of 6-day DSS treatment on the male Drosophila fecal microbiota 

community structure   
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Fig.3.66: Graphs depict multiple aspects of male fecal microbiota community structure after 
6-day DSS treatment. Phylogenetic diversity is presented as alpha-diversity and beta-diversity on 
normalized counts. Alpha-diversity (Panel A) is summarized as OTU richness (A), Evenness (A´) and 
Shannon effective (A´´). Beta-diversity is carried out using generalized UniFrac distance metric and 
presented by the dendrogram (Panel B) and MDS (Panel C) of all samples. Values represent 
means± SEM for 3 biological replicates. Ctrl: controls; R: Biological replicates; MDS: 
multidimensional scaling.  
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3.3.30 Effect of 6-day DSS treatment for on the male Drosophila fecal 

microbiota abundance at higher taxonomic ranks 
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Fig.3.67: Graphs depict differentially abundant and discriminating taxa in the male fecal 
microbiota after 6-day DSS treatment. Relative abundance of all zOTUs reveals major phyla with 
their informative ratio (Panel A). Taxonomic pinning at the phyla levels shows cumulative relative 
abundance (%) of major and minor phyla (Panel B). Values represent means± SEM for 3 biological 
replicates. Ctrl: controls; R: Biological replicates; p_: phylum. *p<0.05.  
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3.3.31 Effect of 6-day DSS treatment on the male Drosophila fecal microbiota 

abundance at lower taxonomic ranks  
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Fig.3.68: Graphs depict selected differentially abundant families, classes and microbial 
biomarker(s) of male fecal microbiota after 6-day DSS treatment. Relative abundance of all 
zOTUs reveals major classes of proteobacteria as well as other relevant families with their 
informative ratio (Panel A). Linear discriminant analysis (LDA>2.0) coupled with effect size 
measurements (Panel B). Values represent means± SEM for 3 biological replicates. NM: controls fed 
on normal media; LDA: Linear discriminant analysis; c_: class; f_: family; g_: genus; s__: species 
(refined based on EzBioCloud microbiome taxonomic profiling). 
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4. Discussion 

4.1. DSS-induced Drosophila colitis-like model has a theoretical rationale 

Inflammatory bowel disease with its subsets UC and CD is investigated 

experimentally in different vertebrate model organisms such as rats [156], mice 

[157] and zebrafish [158]. One of the widely implemented chemically-induced 

experimental models is the acute/chronic DSS-Induced Colitis model owing to its 

simplicity, rapidity and enhanced reproducibility. It also helps recapitulate most 

clinical and pathological features of the human IBD especially UC with emphasis on 

the innate immune response and the implication of intestinal microbiota [157], [159], 

[160], [164]. No single model reflects the complexity of the complex IBD pathology, 

but each model is informative for one or another major aspect of disease, and 

altogether with evolving new model systems can lead to an in-depth understanding 

of the reciprocal host-microbiota interactions involved in the disease onset, 

progression and remission [157], [168]. Drosophila melanogaster has been proven 

to be a reliable translational model of human diseases.  In principle, cost-

effectiveness, reduced turnaround experimentation time, conserved as well as the 

inherent nature of feasibly-manipulated intestinal stem cell lineage have been 

driving many Drosophila researchers to establish different effective 

genetic/physiologic frameworks that can be used to elucidate many aspects of 

human gut inflammation and related pathologies and host-microbiota interaction 

[90], [169], [171], [172], [173]. Dextran sodium sulfate (DSS) was used in many 

Drosophila studies as a DSS-injury model to investigate intestinal stem cell 

proliferation and tissue regeneration (Fig. 1.4) [161], [175]. Nevertheless, none of 

these studies have addressed either the phenotypic characteristics of the human 

IBD/ experimental DSS-induced colitis or the impact of host-gut microbiota 

interaction on inflammation.  In this project,  the Drosophila model of acute DSS-

induced colitis-like phenotype was established following the ‗3Rs‘ principle– 

relatively replace, reduce and refine – a policy that provides a framework for 

implementation of non-mammalian systems [176]. The precise objectives are to 

establish clinically-relevant disease endpoints in Drosophila, to investigate the 

epithelial barrier function; to unravel the initiation and progression of innate aspects 

of intestinal inflammation at organismal, cellular and molecular levels in a temporal 

and spatial context, and to validate the potential interrelation between gut 

microecology and inflammation.  
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4.2. Developing reproducible and quantitative disease endpoints (DEs) of 

DSS-induced colitis-like phenotype in the Drosophila.  

Typically, most of the human disease models in rodents have been proved to fulfill 

aspects of face validity (eg. signs and symptoms). However, in some cases this 

validity is partial because the model organism does not replicate the entire clinical 

picture of the human counterpart [177], [178]. Striking implementation of the 

Drosophila as a pre-clinical model has markedly emphasized on the superior 

advantage of cross-species comparison [72], [179], [180]. In murine model of DSS-

induced colitis, histopathologic analysis and disease activity index (DAI) are the 

gold standard estimates of inflammation. Disease activity index (DAI) is determined 

by scoring multiple phenotypes of the living animals, such as weight loss, stool 

consistency and stool blood. Additional surrogate blood biomarkers are 

implemented as quantitative estimate of intestinal permeability (eg. serum 

concentration of orally-administered FITC-dextran tracer) and inflammatory status 

(serum TNF-α). On the other hand, other inflammatory markers are performed on 

colonic tissues to quantify infiltrating tissue neutrophils (e.g. Myeloperoxidase, 

MPO) as well as mRNA/protein levels of relevant tissue cytokines (e.g. IL-6) [49], 

[181]. 

In this project, most of the DSS-induced disease outcomes are mirrored in 

Drosophila in a systematic top-down manner in order to establish quantitative read-

out proxy/ies for colitis. Importantly, all DSS-induced Drosophila colitis-like 

phenotypes are reported as disease endpoints (DEs) at both the organismal 

‗clinical-like‘ level as well as the histologic levels.   

 

4.2.1. Disease endpoint 1 (DE01): Reduced survival and activity in DSS-

induced colitis that mimics the rodent model, but with reversed sexual 

dimorphism  

DSS was administered ad libitum at a 5% concentration for a period of 12 days. 

Total Drosophila activity is monitored daily as a proxy of disease onset and 

progression. DSS administration induces a significant reduction of mean Drosophila 

activity (45,1%) in female flies as soon as day1 post treatment (Fig. 3.4) as well as 

a significant gradual reduction in survivability (Fig. 3.1) which reflects the underlying 

morbidity triggered by DSS. The major finding is that median survival in female flies  
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is reproducibly monitored between day 6-7 (at day 6.5) that is partially consistent 

with other similar studies in flies [182] and mice [183]. Moreover; female flies 

showed a significant partial recovery following a 6-day period of DSS removal after 

day6 post DSS treatment (Fig.3.3).   

In principle, minor differences in DSS treatment outcomes among studies are 

attributed to multiple factors such as concentration, manufacturer, and batch [184].  

Interestingly, male flies show a significant reduced susceptibility to DSS with a 

double median survival (12 days) compared to DSS-treated female (Fig.3.1). In 

comparison to DSS-induced colitis in mice, male mice are highly susceptible to 

colitis. Sex difference in susceptibility is attributed to behavioral or hormonal factors 

[185].  On the other hand, survival advantage in male flies is proved to be 

influenced by differential abundance of specific gut microbial taxa (Fig.3.63 – 3.65). 

In this project, treatment protocol was applied mainly to female flies, unless stated 

otherwise, and designed to present different phases of survivorship: first phase 

represents a cohort of flies-at-risk post treatment that is sampled/tested at day 6; 

second phase represents a parallel cohort of flies-at-risk that is sampled/tested at 

day 12; and additional recovery phase that represents another parallel cohort of the 

first phase, however shifted from DSS treatment to normal media at day 6 and 

sampled/tested at day 12 (Fig. 3.3). Interestingly, this kind of experimental design is 

introduced for the first time in the Community of Drosophila model of human 

diseases. The importance of the second phase and recovery groups is to tackle 

dynamic changes in the gut physiology and ecology under treatment and DSS-

withdrawal conditions at different time points.  

 

4.2.2. Disease endpoint 2 (DE02): Appetite loss is a surrogate marker of DSS-

induced colitis 

Appetite loss is reported in active IBD with higher frequency in CD compared to UC 

[186], [187]. Nevertheless, it is less scored in animal models of DSS-colitis.  

Basically, DSS-induced colitis in murine models is established by the oral 

administration of DSS via drinking water. DSS consumption rate is roughly 

estimated to be 8 ml/day per animal [49], [181]. Unlike the licking behavior in 

rodents, flies accessed food by proboscis extension with a roughly estimated 

cumulative consumption of less than 8 L/fly/day (Fig. 2.1). In this project, non- 



109 

 

 

invasive read-out phenotypes of accumulative food consumption and excretion were 

combined to quantitatively measure appetite in DSS-treated animals. Since 

defecation rate in Drosophila is an indirect appetite marker, food intake was 

measured, in parallel, as a direct marker [128], [148].  The major findings are that 

DSS-treated flies manifested a 63,5% reduction in cumulative food consumption 

(Fig. 3.6) that is in line with the finding of DSS-induced colitis in mice [188]. 

Moreover, DSS treatment results in a 42,7 % reduction in defecation rate (Fig. 3.5). 

Importantly, hypophagic eating behavior during intestinal inflammation in human 

and DSS-induced colitis is reported to be attributed to increased pro-inflammatory 

cytokines and deregulated gut hormones/ neuropeptides [189], [190]. However, the 

causal relationship in the Drosophila DSS-induced colitis-like model needs further 

testing.  

 

4.2.3. Disease endpoint 3 (DE03): Weight loss is an informative extra-intestinal 

marker of DSS-induced colitis 

Undoubtedly, weight loss is reported in patients with IBD especially during flare-ups. 

It is largely attributed primarily to decreased food intake [186], [191]. It is also 

considered as a universal marker of active disease in murine models of DSS-

induced colitis [49], [192]. Unlike the poikilothermic model organisms (eg. 

Zebrafish), D. melanogaster is a powerful model organism to study organismal 

weight loss and related wasting of skeletal muscle and adipose tissue mass (eg. in 

cachexia) [193], [194], [195].  The major findings are that DSS-treated flies 

manifested a significant reduction in body weight (7,3%) and 34,4% reduction in 

total body triglycerides (Fig.3.7). Interestingly, body-weight reduction of 1 to 10 % in 

mouse model of DSS-induced colitis is scored as 1 unit of disease activity index 

(DAI) [192]. Consistent with the appetite loss and decreased defecation rate in 

DSS-treated flies, weight loss and reduced body fat could be a formal validation of 

the aforementioned DE02. Moreover, the potential association of increased energy 

cost and weight loss phenotype needs further testing.  

 

4.2.4. Disease endpoint 4 (DE04): Migration of Drosophila plasmatocytes 

(macrophage-like) to the injured gut is a quantitative surrogate marker of 

DSS-induced colitis. 

https://pubmed.ncbi.nlm.nih.gov/?sort=date&term=Cognigni+P&cauthor_id=21195352
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In principle, intestinal macrophages are key players in intestinal innate immune 

response. They act by maintaining the microbiological and cellular homeostasis of 

the intestinal mucosa via multiple mechanisms such as phagocytosis and wound 

healing. Homeostatic perturbation also participates in the development of intestinal 

inflammation and pathogenesis of IBDs [196], [197]. Interestingly, the Drosophila 

gut plasmatocytes of the monocyte lineage share a striking functional homology 

with mammalian macrophages. They are involved in phagocytosis, wound healing 

and production of extracellular matrix (ECM) components [198], [199]. 

Unsurprisingly, recent independent transcriptome studies on intestinal macrophages 

isolated from IBD patients and the Drosophila plasmatocytes showed shared gene 

ontology between some human genes and their Drosophila orthologs (eg. TIMP1 

and NF-κB) [197], [200]. Pathological recruitment and accumulation of 

macrophages in the inflamed gut was implemented as a biomarker of active disease 

in IBD patients (eg. fecal calprotectin), mice (eg. tissue myeloperoxidase, MPO) and 

zebrafish model of IBD as well as in Drosophila model of gut inflammation [116], 

[147], [201], [202], [203], [204], [205]. The major finding in this part is that circulating 

Hemolectin-positive plasmatocytes showed a marked directional collective migration 

from the circulation to the dorsal part of the abdomen in the DSS-treated flies 

compared to controls. Interestingly, Spiroplasma-infected Drosophila showed a 

typical phenotype [127]. To test whether plasmatocytes adhere to a specific gut 

region, the whole gut was dissected, washed and immune-stained. Plasmatocytes 

showed an evident adherence to the visceral muscle of the distal posterior midgut 

(PMG) (Fig. 3.8 B). In order to establish a reliable read-out phenotype, 

plasmatocyte migration marker (PMM) was developed as a direct quantitative 

surrogate maker of inflammation. A significant reduction (41,4%) of circulating 

abdominal plasmatocytes in DSS-treated flies is quantified under visual inspection. 

Interestingly, the established PRI is superior to the corresponding MPO (in mice) 

and neutrophilic inflammation index (in Zebrafish) because of its feasibility, non-

invasiveness, suitability for time-series (follow-up) analysis, and cost-effectiveness 

[203], [205], [206], [207].  The only limitation of the PRI measurement is the 

tendency for quantitative bias that is circumvented by inclusion of technical 

replicates (repeated counting).  
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4.2.5. Disease endpoint 5 (DE05): Smurfness combined with disrupted visceral 

muscle and tight junction is more frequent in the Drosophila DSS-induced 

colitis.  

Intestinal barrier function plays a crucial role in preventing the influx of luminal 

antigens and translocation of commensal/ pathogenic microbes. Barrier integrity is 

regulated by many tight junction (TJ) proteins (eg. zonulins in humans or its 

Drosophila homolog, Pyd) in order to control gut hyper-permeability. Dys-regulated 

gut paracellular permeability results in gut leakiness, aka leaky gut syndrome 

(LGS), with further triggering of local (intestinal) and systemic (extra-intestinal) 

inflammatory responses in IBD as well as other chronic inflammatory and metabolic 

disorders [208], [209], [210], [211]. 

Several non-invasive biomarkers have been developed to investigate the disrupted 

barrier functions such as sugar probes (urinary lactulose/ Manitol ratio) and seruma/ 

fecal zonulin in humans [212], [213]. Furthermore, the FITC-dextran-based in vivo 

permeability assay is widely adopted in mouse model of colitis as indirect non-

invasive quantitative marker of leaky gut [214].  

Unsurprisingly, the power of transparent Drosophila ‗ventral‘ body is harnessed to 

develop a direct, non-invasive, cost-effective intestinal permeability assay -so-called 

―Smurf assay‖- for the in vivo assessment of barrier integrity [115]. In principle, 

smurf assessment in the Drosophila longevity testing is presented as a continuous 

age-dependent phenotype [216].  

In this project, the DSS-induced smurfness/ gut leakiness (referred to as DIS) is; 

however, manifested as a binary, age- independent, intermediate phenotype with 

two subtypes, dead smurfs (in DSS treatment group) and live smurfs (in age-

matched control group). Upon DSS treatment, the frequency of dead smurfs 

increases to reach a normalized proportion of 57,7% of total dead flies at day 6 post 

treatment (Fig.3.9; Table 7-1). This data is in line with the conception that considers 

IBD as an impaired barrier disease [218].  

Further, the potential bacterial translocation as a sequel to DIS is investigated. Fly 

food supplemented with GFP- or mCherry-labeled E. coli shows a similar pattern of 

blue food translocation (Fig. 3.11). This result indicates that gut paracellular 

leakiness in the Drosophila model of DSS-induced colitis allows translocation of 

food macromolecules (eg. Blue dye, 792,8 Da) as well as larger luminal microbes  
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(eg. E. coli with TEM-based estimated size 1,5 m [119]). This data is in line with 

the increased bacterial translocation (BT) in both CD and UC with subsequent 

induction of both local and systemic proinflammatory responses as well as 

antimicrobial peptide secretion [219], [220]. Interestingly, this unique finding of influx 

of live bacteria associated with the DIS phenotype in Drosophila highlights the utility 

of this phenotype as one-of-a-kind in vivo, direct, and non-invasive marker of BT in 

animal models of DSS-induced colitis.  

Unlike the linear trend in the aging-associated smurfness [216], DIS phenotype 

presented with a non-linear trend (Table 7-1) that is consistent with data reported in 

DSS-colitis model in mice [217]. Furthermore, DIS is presented with different 

severity grades of leakiness. The severity of leakiness increases in caudal-to-cranial 

manner that is scored based on the blue hue difference (Fig.3.9). The leakiness 

grade is proportional to activity reduction that reflects active/ severe disease, 

however, calculating the frequency of each severity grade in DIS is misleading 

because of the accelerated progression to death in DAS compared with the aging-

associated smurfs.  

Taken together, an acceptable hypothesis appears to be that DIS phenotype in 

younger flies is better to be implemented as a binary phenotype of epithelial barrier 

dysfunction as well as an adjunct mortality indicator to the survivorship and activity, 

but not to be implemented as a quantitative continuous maker of leakiness. 

In this project, the location of the barrier loss across the gut was further 

characterized at the gross morphologic and histologic levels. The morphology of 

dissected midgut is shown to be less stiff in DIS compared to the hindgut (Fig. 7.1). 

Providing that there is a great anatomical homology between the Drosophila hindgut 

and the human large intestine [90], [221], [222], this data is partly in line with the 

enhanced leakiness in the human small intestine compared to the large intestine 

[223]. 

Moreover, immunostaining of the Drosophila visceral muscles of posterior midgut 

indicates a clear disruption of sarcometric integrity of the peristalsis muscles (Fig. 

3.12 &3.13). These findings are consistent with the reported phenotype of DSS-

based basement membrane damage [224]. To test the hypothesis whether there is 

a potential damage to the components of paracellular diffusion barrier, 

immunostating of selected septate junction (SJ) proteins (coracle and discs-large-1)  

https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0006073#pone.0006073-Kitajima1
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was performed. A significant pattern of irregular staining of coracle and dlg-1 

indicates dysregulated cell-cell communication in terms of loss of cell polarity and 

adhesion (Fig.3.14& 3.15). This finding is consistent with similar trends in both 

human IBD and murine DSS-induced colitis [225], [226]. Taken together, histologic 

findings provide another layer of direct evidence that collateral disruption of 

basement membrane/ muscle function and septate junction localization in the 

midgut is the main characteristic/hallmark of DIS phenotype.  

Despite protein quantification of immune-stained leaky gut has been reported [104], 

it is difficult to accurately calculate the densitometry-based expression. To this end, 

quantitative differential gene expression of candidate septate and adherens junction 

genes were analyzed. Differential gene expression analysis revealed that three of 

the tested candidate genes, Dlg1, DEcad  and kune-kune are significantly up-

regulated in DSS-induced smurfness (Fig. 7.5). Remarkably, antibody staining of 

Discs large protein clearly demonstrates showed a decreased abundance at the 

protein level (Fig. 3.15). Despite the increased abundance of transcripts, there is a 

histologically-confirmed loss of barrier integrity. These findings are not in line with 

previous findings that these genes are down-regulated in ageing-induced 

dysfunctional barrier, albeit shared common phenotypic and histologic 

characteristics of DSS-induced smurfness [104]. One possible explanation for these 

contradictory findings is that the duration of DSS-induced Smurfness is extremely 

shorter (i.e. acute) than aging-induced smurfness (i.e. chronic). Furthermore, the 

tested genes consist of AU-rich elements predicted by AREsite2 (Fig.7.8) [266]. 

Hence, post-transcriptional modification by ARE-mediated mRNA decay could be 

regulated differently in inflammaging-related smurfness. The other possible, and 

more likely explanation, is that other potential molecular players could disrupt the 

proper stability, assembly and localization of those proteins to the septate junctions 

in DSS-induced smurfness.   

To translate these findings, spatiotemporal gene expression analysis is performed 

in different gut regions (AMG, PMG and HG) in three treatment groups: DSS-

treated, untreated animals and recovered animals. Relative abundance data 

indicate that at day 6 post DSS treatment DEcad, Dlg1,  and Kune-kune are 

expressed in gradients along the anterior-posterior axis of the midgut. Dlg1 is 

extremely up-regulated in the midgut with a significant 16,3 fold increase and a 

significant 14,7 fold increase in the anterior midgut (AMG) and the posterior midgut  

http://rna.tbi.univie.ac.at/AREsite2/welcome
http://rna.tbi.univie.ac.at/AREsite2/welcome
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(PMG), respectively. DEcad is moderately up-regulated with a significant 6,1 fold 

increase in the AMG. However, Kune-Kune is slightly up-regulated in the AMG and 

PMG, but fails to survive the statistical significance. In contrast to the midgut, Dlg1, 

DEcad and Kune-kune show a trend of down-regulation in the hindgut (Table 7-3; 

Fig. 3.25 – 3.27, Fig. 3.31). As expected, these findings together with the 

morphology-based differential leakiness between midgut and hindgut (Fig. 7.1) 

confirm that hindgut is less affected by DSS.  Further, at day 12 post DSS 

treatment, gene expression analysis reveals a pan-gut slight up-regulation of all 

genes compared to day 6 post treatment (Table 7-3). Upon 6-day-recovery period 

from DSS treatment, DEcad, Dlg1 and Kune-kune show a trend of down-regulation 

in the PMG but not in the AMG (Table 7-3). In principle, interpreting spatiotemporal 

gene expression results in the way to draw functional cross-talks between genes is 

challenging due to stochasticity of gene expression [227]. However, these data 

strongly indicate that differential expression of DEcad, Dlg1 and Kune-kune in the 

PMG provides a regionalized transcriptional signature that reflects physiological 

resilience to DSS-induced colitis.  

In attempt to investigate whether the abundance of the candidate SJ-related genes 

have functional relationships with other molecular players, co-expression analysis of 

SJ-related genes with components of JAK/STAT-pathways (Upd3 and Socs36E) is 

tested. These findings indicate a significant positive correlation between different SJ 

components and Upd3 in the AMG and PMG but not in the HG (Fig. 3.32). These 

data are in line with the reported efficacy of anti-IL-6 (vertebrate homolog of Upd3) 

in reducing intestinal permeability and inflammation in DSS-induced colitis [228]. 

Together, providing that co-expressed genes are regulated by the same 

transcriptional machinery or functionally-related protein complex, it could be 

assumed that both Upd3 and the studied SJ genes share common transcription 

factors.  

Collectively, these results provide a conceptual and a translational framework of 

studying paracellular gut leakiness in the Drosophila model of DSS-induced colitis 

at the morphologic, histologic and molecular levels. Adopting this framework could 

be instrumental in screening candidate chemopreventive agents that potentially 

mitigate paracellular hyper-permeability leaky gut syndrome and associated 

disorders.  
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4.2.6. Disease endpoint 6 (DE06): Epithelial dysplasia of the Drosophila 

midgut progenitor cells is reliable marker of Drosophila DSS-induced colitis.  

Basically, activity of intestinal stem cell (ISC) in terms of proliferation and 

differentiation is a major aspect of mucosal homeostasis. Dysplasia, dysregulation 

of ISC proliferation and differentiation, impairs tissue renewal and is associated with 

DSS-induced inflammation in Drosophila, mice as well as in human IBD [229], [230], 

[231]. Myriads of signaling pathways have been reported to stemness in the 

Drosophila gut include escargot (esg), Notch, JAK/Stat [232], [233], [234]. In this 

project, two Drosophila lines that express GFP under the control of the escargot 

(esg) and upd3 drivers were utilized. Data reveal that female flies exhibit a DSS-

induced hyper-proliferative response in the ISC microenvironment (Fig. 3.16). It is 

obvious that dysplastic gut phenotype is characterized by significant regenerative 

response in both AMG and PMG, but not in the HG (Fig. 7.2). Precisely, the PMG is 

shown to be highly dysplastic and hyperplastic than the AMG. It is widely reported 

that the adult Drosophila hindgut proliferates in response to tissue damage while 

lacks active ISCs [237], [238]. Quite interestingly, upon 6-day-recovery period from 

DSS treatment, an irreversibility of functional stemness is more obvious in the PMG 

than in the AMG that reflects differential functional loss of ISCs (Fig. 12).  

Tellingly, gene expression data indicate that upd3 is significantly up-regulated in the 

AMG with 4,6 fold increase compared to the PMG at day-6-post DSS treatment. 

These findings are in line with the increased level of lL-6 in both murine DSS-

induced colitis and in IBD patients [228], [235], [236]. Further, prolonged DSS 

treatment for 12 days results in a highly significant and sustained up-regulation of 

upd3 in the AMG (5 fold increase) compared to the PMG. Upon 6-day-recovery, 

upd3 is sustainably up-regulated in the AMG (6 fold) whereas it tends to be down-

regulated in the PMG (Table 7-3; fig. 3.34 – 3.36). These findings indicate that 

sustained over-expression of upd3 is a critical determinant for ISC homeostasis in 

response to DSS-induced damage.   

One of the most important highlights arisen from the abovementioned smurfness 

and dysplastic phenotypes is that PMG is severely affected by DSS-induced tissue 

damage with a much lesser tendency of resolution after recovery from DSS 

treatment. It also raises the possibility that escargot-reporter (esg-Gal4> GFP) 

provides a reliable, rescuable phenotype that reflects DSS-induced dysfunctional 

barrier and JAK-STAT pathway activation. To this end, multiple hypotheses based  

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4800002/figure/F1/


116 

 

 

on the escargot-reporter were tested.  The first hypothesis to be tested is whether 

comparative reduction in the DSS-induced mortality of male Drosophila is affected 

by the degree of dysplasia.  Interestingly, DSS-treated male escargot-reporter flies 

exhibit a less pronounced dysplasia (Fig. 3.17) that is in line with the reported 

sexually dimorphic ISC proliferation [239]. The second hypothesis is to test whether 

the dysplasia induction is caused by direct effect of DSS on ISCs or by indirect 

reciprocal effect of DSS and gut microbiota. For that reason, axenic (germ-free) 

escargot-reporter female flies were generated for further treatment with either DSS 

or fecal microbiota transferred from DSS-treated animals. Data indicate that tissue-

damaging effect of the DSS can induce dysplasia independent of microbial cues 

(Fig. 3.20).  

Since DSS treatment is reported to induce intestinal dysbiosis in mice [162], this 

notion led to further testing whether transfer of whole gut microbiota from donor 

wild-type female W1118 flies -treated with DSS for either 6 or 12 days- to the 

recipient escargot-reporter female flies could drive dysplasia. Interestingly, gut 

microbiota transferred after prolonged DSS treatment (12 days), but not after 6-day 

treatment, led to moderate ISCs hyper-proliferation in recipient animals (Fig. 3.21). 

These findings indicate that gut microbiota transfer can recapitulate the dysplastic 

phenotype independent of the DSS effect. An attempt to decode the DSS-induced 

spatio-temporal differences of the abundance and composition of fecal and tissue 

resident microbiota ‗dark matter‘ is made by 16S rRNA amplicon sequencing.   

 

4.3. Drosophila DSS-induced colitis is an informative model of host-

microbiota interaction in the human IBD 

The Drosophila melanogaster is being implemented as a very promising model in 

dissecting complex host–microbe and host- endosymbiont interactions in terms of 

the impact of microbe on various organismal phenotypes, including behavior, life 

span, and disease resistance [240], [241], [242], [243], [244]. Despite the fact that 

the Drosophila gut lacks some aspects of mammalian gut such as dense mucus 

layer and high fermentative capacity, many studies supported its potential as a 

valuable and cost-effective tool for fundamental discovery of microbiome function 

[245], [246], [247]. 
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In IBD, most of the discovered risky genes are associated with the host-microbiota 

interactions in the gut microbial ecosystem.  This notion emphasized that the key 

feature of IBD is the shift of an interspecies balance of microbiota community 

(known as eubiosis) towards imbalanced microbial community (known as dysbiosis). 

The dysbiotic state is generally characterized by decreased community diversity 

and a shift in bacterial taxa [248], [249], [250]. 

In the present study, best practices in designing microbiome studies are considered 

in order to generate meaningful results that reflect the corresponding 

microecological scenarios. Importantly, both cross-sectional and longitudinal 

designs were conducted and presented in three model groups (henceforth model-6, 

model-12 and model-6-recovery). In principle, cross-sectional design is informative 

in understanding the potential perturbing effect of DSS on the gut ecosystem. 

However, longitudinal design with intervention (i.e. 6-day-recovery period on normal 

media) is crucial to investigate how microbial community structure and composition 

change over time in relation to disease progression and remission. Furthermore, 

fundamental macroecological principles such as resistance and resilience are 

implemented to tackle biological processes governing microbial dynamics.  

Since the dysbiotic gut microbiota in IBD is more pronounced in mucosal samples 

compared to the fecal counterparts [251], [252], the present study was designed to 

identify fecal-associated microbiota and tissue-associated microbiota in the pan 

midgut and hindgut. The only limitation in the study design is that midgut is 

technically difficult to be dissected as AMG and PMG because of potential cross-

contamination with luminal microbes.   Altogether, this meticulous design enables 

deciphering spatial and temporal events in the gut ecology, which in turn add 

another layer of understanding the microbiota residency in the context of gut 

physiology.  

 

4.3.1. Characteristics of fecal-associated and tissue-associated microbiotas 

in-house reared W1118 Drosophila 

Miseq Illumina sequencing of the hypervariable V1 and V2 region of bacterial 

16S rRNA gene produced > 40,000 paired reads per sample. The number of 

sequences were sufficient to be assigned into de-noised amplicon sequence variant 

(ASV) at 97% sequence identity based on the latest version of SILVA database.  
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Microbiota composition is presented in normalized relative abundance at different 

taxonomic levels. The fecal-associated microbiota community is classified into 4 

major phyla [ Actinobacteriota (45,5 %), Firimcutes (30,3 %), Proteobacteria 

(17,7 %) and Bacteroidetes (5,3 %) ] and 2 minor phyla [ Tenericutes (0,7 %) 

and Cyanobacteria (0,2 %) ]. Alternatively, the midgut-associated microbiota 

community is classified into 4 major phyla [ Actinobacteriota (24,1 %), Firimcutes 

(29,7 %), Proteobacteria (27,5 %) and Bacteroidetes (16,5 %) ] and 3 minor 

phyla [ Tenericutes (1,2 %), Fusobacteria (0,2 %) and Candidatus 

Saccharibacteria (0.8 %)]. On the other hand, the hindgut-associated microbiota 

community is classified into 4 major phyla [ Actinobacteriota (25,5 %), Firimcutes 

(31,8 %), Proteobacteria (33,55 %) and Bacteroidetes (8,1 %) ] and 2 minor 

phyla [ Tenericutes (0.7 %) and Fusobacteria (0,1 %) and Cyanobacteria (0,75 

%). Obviously, midgut-associated community is characterized by a community 

structure with a comparable co-occurrence of major phyla in addition to one extra 

unique minor phylum belongs to Candidatus Saccharibacteria, which in turn reflects 

specific inter-microbial interactions and niche specialization (Table 7-4& Fig. 7.6).  

Despite the present study is the first attempt to investigate the DSS-gut-microbiota 

interplay, any future taxonomic discordance should be attributed to either the lab-

brew experimental diet or the targeted region of the bacterial 16S rRNA.   

The community structure of the midgut-associated microbiota is presented with the 

highest alpha-diversity estimates at the level of both species richness (number of 

taxonomic groups, which is used as a proxy for understanding diversity) and 

Shannon effective index (a measure of the actual diversity) followed by the hindgut-

associated microbiota. However, the fecal-associated microbiota is the less diverse 

community (Shannon effective index = 33,4) in comparison to the midgut-associated 

microbiota (Shannon effective index = 45,8) and hindgut-associated microbiota 

(Shannon effective index = 38,1). Taken together, studying midgut-associated 

microbiota is superior in terms of community diversity and taxonomic resolution 

(Table 7-5, 7-6& 7-7).  

To test the hypothesis that whether each community-associated microbiota from 

those groups has a distinct features, beta-diversity analysis was performed. Results 

indicate a highly significant separation of fecal-associated microbiota, midgut- 
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associated microbiota and hindgut-associated microbiota clusters (Fig 7.7). In turn, 

pairwise comparison across those groups (i.e. fecal-associated microbiota vs. 

midgut-associated microbiota vs. hindgut-associated microbiota) is misleading.    

 

4.3.2. Community structure of the Drosophila DSS-induced colitis model 

In principle, diversity estimates are determined based on the abundance of taxa and 

calculated to describe the complexity of the ecological community.  A reduction in 

microbial diversity mirrors the instability of the ecosystem and its impaired function 

(i.e. dysbiosis) [253], [254].  

In this section, the impact of DSS on the longitudinal stability of the gut microbiota in 

the previously mentioned model groups (model-6, model-12 and model-6-recovery) 

is discussed at the level of alpha- and beta-diversity. 

Alpha-diversity describes the diversity within an ecosystem (i.e. within-sample) 

which is mostly represented by species richness and Shannon index. Alternatively, 

beta-diversity describes the difference between two ecosystems (i.e. inter-sample 

distances matrix) and represented by generalized UniFrac with a phylogenetic 

distance matrix visualized (as clusters in quadrant) by the non-metric Multi-

Dimensional Scaling (NMDS), which is the most robust unconstrained ordination 

method recommended in ecological analysis, together with a dendrogram 

representing a hierarchical clustering of all samples under the study. Significance of 

clusters separation is calculated by a PERMANOVA test.  

Studying alpha-diversity of model-6 reveals that DSS treatment causes 30,8% 

reduction in species richness and a significant sharp reduction (63,3%) in Shannon 

effective index of the midgut-associated microbiota. Similar trends were observed 

for the hindgut-associated microbiota (13.4% and 30,6% reduction in richness and 

Shannon index, respectively) and the fecal-associated microbiota (20,5% and 

34,2% reduction in richness and Shannon index, respectively). Notably, no further 

extensive decline was observed in alpha-diversity indices in model-12. Further 

testing of the model-6-recovery indicates lack of restorative capacity of the gut 

ecosystem after 6 days of recovery post DSS treatment.   

On projection of beta-diversity matrix of the model-6 on multidimensional scaling 

plot, samples from the DSS groups were clustered into cluster separated from the  

 



120 

 

corresponding samples of the control group. The midgut-associated microbiota 

group showed the best distinct clustering pattern compared to the hindgut-

associated microbiota and fecal-associated microbiota. Most of the DSS-treated 

replicates were well-separated in both multidimensional scaling (MDS) plot and the 

dendrogram (Fig. 3.38, 3.42 & 3.45). Further, MDS plot of all subsets of model-12 

and model-6-recovery fail to clearly separate sample clusters with distinct 

boundaries. The possible explanation is that lack of previously published 

benchmark datasets in the context of DSS and the Drosophila microbiota hampered 

a priori assignment of the proper sample size for adequate permutations and 

statistical power.  

Through the above results, it becomes clear that midgut-associated microbiota is 

superior over hindgut-associated microbiota and fecal-associated microbiota in 

studying the effect of DSS on microbiota community structure.  

It is also evident that 5% DSS treatment for 6 days causes a significant reduction of 

the midgut microbiota diversity. Interestingly, those three aspects of microbiota 

community structure in the Drosophila DSS-induced colitis model are typically 

consistent with published data on murine DSS-induced colitis and human active 

IBDs [60], [254], [255], [256], [257]. Together, this result highlights the 

successfulness of the established Drosophila DSS-induced colitis model in 

recapitulating major aspects of microbial ecology. It also encourages proper 

implementation of the Drosophila midgut-associated microbiota in studying the 

interplay of any candidate stressor with microbiota together with an in-depth 

downstream analysis of relative abundance at higher (Phylum) and lower (genus) 

taxonomy levels. 

 

4.3.3. Microbial imbalance of the Drosophila DSS-induced colitis at different 

taxonomic levels  

In principle, decreased alpha-diversity is a proxy for DSS-driven microbial diversity 

shifts and reflects a dysbiotic state of over-abundance of superior bacterial species 

that won the competition for nutrients and niche occupation.  However, it does not 

provide sufficient granularity about taxonomic variation (i.e. microbial signature of 

the disease).In this section, the impact of DSS on the relative abundance of 

different taxonomic ranks of the gut microbiota is discussed. These ranks include  
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the 4 major phyla (Actinobacteriota, Firmicutes, Bacteroidota and Proteobacteria); 2 

classes belonging to Proteobacteria (Alphaproteobacteria and 

Gammaproteobacteria), as well as 2 families belonging to Proteobacteria 

(Enterobacteriaceae) and Firmicutes (Lactobacillaceae). These lower taxonomic 

ranks are reported to be associated with DSS-induced colitis and human IBDs 

[258], [259], [260].  

In model-6, DSS-treated animals showed a significant increase in the relative 

abundance of Proteobacteria (80,9 % in midgut-associated microbiota, 41% in 

fecal-associated microbiota). In contrast, other major phyla belongs to the midgut-

associated microbiota community shows a marked reduction in abundance (-78,9% 

of Bacteroidota; - 44,2% of Actinobacteriota;  -24,2% of Firmicutes) in the DSS-

treated animal compared with controls. These results are consistent with most of 

the published reports on murine DSS-colitis and human IBDs as well as other 

inflammatory and autoimmune diseases [258], [259], [260], [261], [262], [263]. 

Further, Proteobacteria phyla is blooming only in the midgut-associated microbiota 

community of model-6 but not in the corresponding hindgut-associated microbiota 

community. This data add another layer of understanding the transcriptional 

dysregulation of Upd3, Drosomycin and Attacin in the gut (Table 7-3); in turn 

highlight the potential inflammation-driven selection of Proteobacteria over other 

taxonomic phyla. Together, these results are concordant with published data on the 

interplay between microbiota and antimicrobial peptides in the context of intestinal 

inflammation [264], [265].  

 

5 Conclusion& outlook  

In general, the established Drosophila model of DSS-induced colitis was shown to 

be successful in recapitulating major aspects of experimental colitis. Also, it 

provides a framework for experimentation considering a longitudinal design with 

inclusion of recovery groups.  The recovery group is important in addressing the 

potential resilience on the level of gut physiology and ecology.  

Since most of the phenotypic, gene expression and the microbiota analyses were 

mainly conducted on W1118 Drosophila line, generalizability of the current findings is 

expected to be limited if replicated in other genotypes. Furthermore, correlation of 

gene co-expression and taxa-taxa interaction analyses provided insights into the  
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underlying cross-talks. However, these results warrant future studies with precise 

experimental design for proper inferring of causality.  
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7. Appendix 

Table 7-1: Cumulative death events induced by LG  

  DSS-treated grups (3 biological replicates, n=100) 

Days post  

treatment 

Average 
cumulative  

total No. of all 
dead flies 

Average cumulative 

 total No. of dead  

flies with LG 

% LG-driven mortality 

Day_ 0 0.00 0.00 0.00 

Day_1 7.00 4.00 57.14 

Day_2 15.00 6.00 40.00 

Day_3 20.00 12.00 60.00 

Day_4 25.00 17.00 68.00 

Day_5 36.00 23.00 63.89 

Day_6 41.00 25.00 60.98 

 

Control groups (3 biological replicates, 

n=100) 

Days post  

treatment 

Average 
cumulative  

total No. of all 
dead flies 

Average cumulative 

 total No. of dead  

flies with LG 

Day_ 0 0.00 0.00 

Day_1 1.00 1.00 

Day_2 1.00 2.00 

Day_3 2.00 2.00 

Day_4 4.00 3.00 

Day_5 6.00 3.00 
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Fig.7.1: Representative images of dissected gut of w
1118

 female Drosophila.  

MG: midgut; HG: hindgut. Scale bar = 50 μm. 
 

 

 

 

Fig.7.2: Representative images of dissected gut of DSS-treated esg-Gal4>GFP Drosophila.   

MG: midgut; HG: hindgut. GFP: green fluorescent protein. Cell nuclei are visualized by DAPI - (blue) 
Scale bar = 100 μm. 
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Fig.7.3: Representative image of 2% agarose gel electrophoresis of 16s rRNA diagnostic PCR using 
16SA1 and 16SB1 primers targeting 16s rRNA gene. M: Molecular weight marker (1Kb); red arrow 
indicates the targeted amplicon size. Yellow-labeled lanes denote to samples with incomplete 
removal of bacterial community in preparation of the axenic animals; green-labeled lanes denotes 
bacterial-free samples (I.e. germ-free animal cohort).  

 

 

 
 

 

Fig.7.4: Representative MRS agar plate showing a growth of Lactobacillus sp as a viability indicator 
of microbial community preparations.  
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Fig.7.5: Prioritization of candidate septate junction genes, differentially expressed in the Drosophila 
gut. sm+: smurf flies with leaky gut; sm-: non-smurf flies. Sinu: Sinous, Pyd: polychaetoid; Decad: 
Drosophila Cadherin , Pck: Pickel; kune: kune-kune. Values represent means± SEM for 3 biological 
replicates; *p<0.05.   

 
 

 

Table 7-2: A Summary of average fold change in transcript levels and 

corresponding significance   

Sample_ID Mean_Fold_change 2-tail p value Log2 fold change -log10 p-value 

Day6_AMG_DEcad 6.12 0.0292 2.61 1.53 

Day6_AMG_Dlg1 16.36 0.0014 4.03 2.85 

Day6_AMG_Kune 3.91 0.3187 1.97 0.50 

Day6_AMG_Upd3  4.65 0.0015 2.22 2.82 

Day6_AMG_Socs36E  3.57 0.0210 1.84 1.68 

Day6_AMG_Attacin 0.72 0.3043 -0.48 0.52 

Day6_AMG_Droso 11.72 0.0027 3.55 2.57 

Day12_AMG_DEcad 2.96 0.1141 1.56 0.94 

Day12_AMG_Dlg1 2.27 0.3212 1.18 0.49 

Day12_AMG_Kune 1.25 0.5717 0.32 0.24 

Day12_AMG_Upd3 5.00 0.0049 2.32 2.31 
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Day12_AMG_Socs36E 1.38 0.6665 0.47 0.18 

Day12_AMG_Attacin 4.01 0.0652 2.00 1.19 

Day12_AMG_Droso 2.34 0.0673 1.22 1.17 

Day6_PMG_DEcad 5.62 0.4604 2.49 0.34 

Day6_PMG_Dlg1 14.73 0.0015 3.88 2.82 

Day6_PMG_Kune 1.68 0.7265 0.75 0.14 

Day6_PMG_Upd3 3.50 0.3066 1.81 0.51 

Day6_PMG_Socs36E 1.05 0.8652 0.06 0.06 

Day6_PMG_Attacin 5.03 0.0088 2.33 2.06 

Day6_PMG_Droso 10.70 0.0349 3.42 1.46 

Day12_PMG_DEcad 2.06 0.3109 1.04 0.51 

Day12_PMG_Dlg1 1.24 0.8717 0.31 0.06 

Day12_PMG_Kune 1.85 0.0507 0.89 1.29 

Day12_PMG_Upd3 2.07 0.4926 1.05 0.31 

Day12_PMG_Socs36E 0.96 0.7439 -0.06 0.13 

Day12_PMG_Attacin 6.41 0.2258 2.68 0.65 

Day12_PMG_Droso 1.77 0.8587 0.82 0.07 

Day6_HG_DEcad 0.96 0.7522 -0.06 0.12 

Day6_HG_Dlg1 1.58 0.6045 0.66 0.22 

Day6_HG_Kune 0.81 0.2807 -0.30 0.55 

Day6_HG_Upd3 1.81 0.6263 0.86 0.20 

Day6_HG_Socs36E 3.80 0.0320 1.93 1.49 

Day6_HG_Attacin 2.40 0.2383 1.26 0.62 

Day6_HG_Droso 8.46 0.0334 3.08 1.48 

Day12_HG_DEcad 4.02 0.0075 2.01 2.12 

Day12_HG_Dlg1 2.07 0.0859 1.05 1.07 

Day12_HG_Kune 1.12 0.7225 0.16 0.14 

Day12_HG_Upd3 2.86 0.0340 1.51 1.47 

Day12_HG_Socs36E 2.93 0.0119 1.55 1.92 

Day12_HG_Attacin 2.75 0.0016 1.46 2.80 

Day12_HG_Droso 2.37 0.5077 1.24 0.29 
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Table 7-3: A Summary of average fold change in transcript levels in DSS- 

treated and recovery groups 

 

 
Day6 Day12 Recovery 

AMG-DEcad 6.123948714 2.957645894 1.609739819 

PMG-DEcad 5.620381446 2.061655234 0.68814063 

HG-DEcad 0.959359536 4.020028064 1.912757325 

  

AMG-Dlg1 16.36269496 2.273398471 3.86930219 

PMG-Dlg1 14.72865548 1.242861404 0.52175872 

HG-Dlg1 1.579949388 2.072053777 0.960888398 

  

AMG-Kune 3.906440321 1.25226716 1.727003577 

PMG-Kune 1.679701139 1.850493208 0.928879968 

HG-Kune 0.814767358 1.119851506 0.819307576 

  

AMG-Upd3 4.646918167 4.999071421 6.019383193 

PMG-Upd3 3.496364192 2.07261518 0.704654135 

HG-Upd3 1.809435157 2.856515759 1.684612411 

  

AMG-Socs 3.574172713 1.382476356 1.097950228 

PMG-Socs 1.045403454 0.962175417 1.213713423 

HG-Socs 3.79867882 2.933230752 2.673558847 

  

AMG-Attacin 0.716906283 4.00898446 3.421503967 

PMG-Attacin 5.031408803 6.409622526 1.649982439 

HG-Attacin 2.400719931 2.748340024 2.467283086 

  

AMG-Droso 11.71872605 2.336999016 3.374184178 

PMG-Droso 10.6964044 1.765380617 2.850208503 

HG-Droso 8.460517269 2.369281233 3.808078538 
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Table 7-4: A Summary of % relative abundance of the major phyla in 

Drosophila fecal droppings, midgut tissue and hindgut tissue.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fecal droppings Midgut Hindgut

p__Actinobacteria 45.78 24.10 25.47

p__Bacteroidetes 5.27 16.46 8.10

p__Firmicutes 30.30 29.70 31.78

p__Proteobacteria 17.70 27.45 33.46

p__Tenericutes 0.68 1.18 0.69

p__Fusobacteria 0.69 0.40

p__Cyanobacteria 2.07 0.75

p__Candidatus Saccharibacteria 2.29
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Fig.7.6: Ecological distribution of major phyla in the Drosophila fecal, midgut tissue and hindgut 
tissue samples based on Illumina Miseq sequencing of the V1-V2 region the bacterial 16S  rRNA 
gene. Values represent means± SEM for 3 biological replicates  
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Fig.7.7: Graphs depict a significant difference in community structure between fecal, midgut 
and hindgut tissue samples. Beta-diversity is carried out using generalized UniFrac distance metric 
and presented by the dendrogram (Panel A) and metaNMDS (Panel B) of all samples. Values 
represent means± SEM for 3 biological replicates. Numbers in the denrogram refers to independent 
biological replicates; metaMDS: non-metric multidimensional scaling.  
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Table 7-5: Correlation coefficient r and significance of the fecal microbiota 

correlation matrix (Corrplot)   

 

Red color denotes values ≥ the preset threshold for r ( -0.8 & +0.8) and p-value (<0.05) 

 

 

 

 

 

 

 

variable1 variable2 correlation pValue

Richness g__Undibacterium -0.8431 0.00431

Richness g__Ureaplasma 0.8005 0.01699

Evenness g__Prevotella 0.9241 0.00292

Evenness g__Cutibacterium -0.9676 0.00000

Evenness g__Micrococcus -0.9090 0.00027

Evenness p__Firmicutes 0.6426 0.04509

Evenness p__Bacteroidota 0.6571 0.03898

Shannon.Effective g__Prevotella 0.8577 0.01357

Shannon.Effective g__Cutibacterium -0.9364 0.00007

Shannon.Effective g__Micrococcus -0.8202 0.00365

Shannon.Effective p__Actinobacteriota -0.6366 0.04781

Shannon.Effective p__Firmicutes 0.6724 0.03318

Shannon.Effective p__Cyanobacteria 0.7885 0.00672

Food_intake g__Prevotella -0.9263 0.00272

Food_intake p__Actinobacteriota 0.6341 0.04898

Food_intake p__Firmicutes -0.6881 0.02784

fecal_spot_count g__Paracoccus 0.8334 0.01017

fecal_spot_count p__Actinobacteriota 0.7269 0.01722

g__Prevotella g__Cutibacterium -0.9460 0.00126

g__Prevotella g__Micrococcus -0.9360 0.00192

g__Prevotella g__Paracoccus -0.9030 0.01365

g__Prevotella p__Actinobacteriota -0.9750 0.00019

g__Prevotella p__Firmicutes 0.9863 0.00004

g__Cutibacterium g__Micrococcus 0.9178 0.00018

g__Cutibacterium p__Actinobacteriota 0.6608 0.03751

g__Cutibacterium p__Firmicutes -0.6794 0.03070

g__Cutibacterium p__Cyanobacteria -0.6458 0.04367

g__Cutibacterium p__Bacteroidota -0.6507 0.04162

g__Micrococcus p__Actinobacteriota 0.7257 0.01752

g__Micrococcus p__Firmicutes -0.8087 0.00462

g__Paracoccus p__Actinobacteriota 0.7208 0.04365

p__Actinobacteriota p__Firmicutes -0.9415 0.00005
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Table 7-6: A Summary of relative change in the Drosophila fecal microbiota 

abundance after 6-day and 12-day DSS treatment   

Fecal_Day6 
     DSS Ctrl relative change  

Richness 96.000 79.667 20.502 

Shannon.Effective 33.470 24.940 34.202 

p__Actinobacteriota 26.091 42.868 -39.136 

p__Bacteroidota 5.199 5.607 -7.263 

p__Cyanobacteria 0.593 0.332 78.823 

p__Firmicutes 32.969 27.982 17.823 

p__Proteobacteria 32.168 22.809 41.035 

c__Alphaproteobacteria 5.045 6.394 -21.090 

c__Gammaproteobacteria 27.122 16.415 65.234 

f__Enterobacteriaceae 2.750 3.159 -12.923 

f__Lactobacillaceae 1.289 1.114 15.670 

    Fecal_Day12 
   

 
DSS Ctrl relative change  

Richness 84.000 94.667 -11.268 

Shannon.Effective 32.863 39.730 -17.283 

p__Actinobacteriota 29.732 27.779 7.031 

p__Bacteroidota 8.114 10.034 -19.137 

p__Cyanobacteria 0.445 0.334 33.202 

p__Firmicutes 30.454 20.480 48.702 

p__Proteobacteria 29.697 40.443 -26.571 

c__Alphaproteobacteria 7.342 7.379 -0.505 

c__Gammaproteobacteria 22.356 33.064 -32.388 

f__Enterobacteriaceae 4.529 5.099 -11.187 

f__Lactobacillaceae 1.151 0.685 67.866 
 

First column denotes alpha-diversity indices, major phyla, and lower taxonomic ranks. Second and 

third columns denote average values/ relative abundance. Third column denotes the relative change 

calculated by the equation [(DSS value – Control value)/ Control value] X100 
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Table 7-7: A Summary of relative change in the Drosophila midgut microbiota 

abundance after 6-day and 12-day DSS treatment   

Midgut_Day6       

  DSS Ctrl relative change  

Richness 70.333 101.667 -30.820 

Shannon.Effective 16.803 45.807 -63.317 

p__Actinobacteriota 11.499 20.630 -44.262 

p__Bacteroidota 3.013 14.305 -78.941 

p__Firmicutes 21.023 27.744 -24.224 

p__Proteobacteria 63.925 35.319 80.993 

c__Alphaproteobacteria 46.512 11.434 306.801 

c__Gammaproteobacteria 17.414 23.886 -27.096 

f__Enterobacteriaceae 
3.510 3.659 -4.057 

f__Lactobacillaceae 
1.187 1.397 -15.036 

    Midgut_Day12 

   

 

DSS Ctrl relative change  

Richness 33.000 37.000 -10.811 

Shannon.Effective 3.833 4.543 -15.627 

p__Actinobacteriota 1.788 3.529 -49.331 

p__Bacteroidota 0.208 0.699 -70.225 

p__Firmicutes 59.910 18.616 221.813 

p__Proteobacteria 38.094 76.938 -50.488 

c__Alphaproteobacteria 37.054 72.351 -48.786 

c__Gammaproteobacteria 1.040 4.588 -77.333 

f__Enterobacteriaceae 
0.261 1.084 -75.940 

f__Lactobacillaceae 
58.631 11.656 403.017 

 

First column denotes alpha-diversity indices, major phyla, and lower taxonomic ranks. Second and 

third columns denote average values/ relative abundance. Third column denotes the relative change 

calculated by the equation [(DSS value – Control value)/ Control value] X100 
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Table 7-8: A Summary of relative change in the Drosophila hindgut microbiota 

abundance after 6-day and 12-day DSS treatment   

Hingut_Day6 

     DSS Ctrl relative change  

Richness 84.000 97.000 -13.402 

Shannon.Effective 26.430 38.107 -30.642 

p__Actinobacteriota 9.084 20.328 -55.311 

p__Bacteroidota 6.213 8.774 -29.196 

p__Firmicutes 36.017 23.303 54.555 

p__Proteobacteria 47.230 45.309 4.240 

c__Alphaproteobacteria 28.232 18.212 55.023 

c__Gammaproteobacteria 18.998 27.097 -29.890 

f__Enterobacteriaceae 
3.715 5.359 -30.692 

f__Lactobacillaceae 
12.257 9.657 26.926 

    
Hingut_Day12 

   
  DSS Ctrl relative change  

Richness 52.000 59.000 -11.864 

Shannon.Effective 15.597 14.353 8.662 

p__Actinobacteriota 6.578 10.769 -38.921 

p__Bacteroidota 3.789 3.147 20.395 

p__Firmicutes 62.308 43.863 42.053 

p__Proteobacteria 26.669 41.797 -36.193 

c__Alphaproteobacteria 17.552 27.154 -35.363 

c__Gammaproteobacteria 9.117 14.642 -37.733 

f__Enterobacteriaceae 
1.771 1.336 32.516 

f__Lactobacillaceae 
53.855 29.993 79.556 

 

First column denotes alpha-diversity indices, major phyla, and lower taxonomic ranks. Second and 

third columns denote average values/ relative abundance. Third column denotes the relative change 

calculated by the equation [(DSS value – Control value)/ Control value] X100 
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Fig.7.8: Image denotes AREsite2 graphical output of testing potential AU-rich elements in 
Dlg1 gene. FBgn0001624 is the flybase gene ID for Dlg1. ATTTA is one of the core adenylate 
uridylate (AU) rich elements. http://rna.tbi.univie.ac.at/ 

http://rna.tbi.univie.ac.at/
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