
 
 

 

 

 

Transcriptional, proteomic and metabolic 
networks of the Fur-regulated iron 

metabolism of  
Clostridium  difficile  

 
 
 

Von der Fakultät für Lebenswissenschaften 
 

der Technischen Universität Carolo-Wilhelmina zu Braunschweig 
 

zur Erlangung des Grades einer 
 

Doktorin der Naturwissenschaften 
 

(Dr. rer. nat.) 
 

genehmigte 
 

D i s s e r t a t i o n 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
von Mareike Petra Berges 

aus Kassel 
 
 



 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1. Referent: Prof. Dr. Dieter Jahn 

2. Referent: Prof. Dr. Dietmar Schomburg 

eingereicht am: 21.06.2017 

mündliche Prüfung (Disputation) am: 25.08.2017 

 

Druckjahr 2017 



 
 

I 
 

Vorveröffentlichungen der Dissertation 

 
Teilergebnisse aus dieser Arbeit wurden mit Genehmigung der Fakultät für 
Lebenswissenschaften, vertreten durch den Mentor der Arbeit,  
in folgenden Beiträgen vorab veröffentlicht: 
 
 
Tagungsbeiträge: 
 
Berges, M., Wronska, A., Burghartz, M. and Jahn, D.: The role of Fur in iron 
homeostasis in Clostridium difficile (Poster), Vereinigung für Allgemeine und 
Angewandte Mikrobiologie (VAAM) und Deutsche Gesellschaft für Hygiene und 
Mikrobiologie (DGHM) – Jahrestagung, Dresden, Germany (2014).  
 
Berges, M.: The role of Fur in iron homeostasis in Clostridium difficile (oral 
presentation), Vereinigung für Allgemeine und Angewandte Mikrobiologie (VAAM) – 
Jahrestagung, Marburg, Germany (2015). 
 
Klauer, A., Burghartz, M., Berges, M. and Jahn, D.: Global analysis of Clostridium 
difficile stress response to environmental conditions and infection (Poster), Vereinigung 
für Allgemeine und Angewandte Mikrobiologie (VAAM) – Jahrestagung, Marburg, 
Germany (2015). 
 
Ünal, C., Berges, M., Burghartz, M., Fischer, G., Jahn, D. and Steinert, M.: 
Characterization of the parvulin-type PPIase PsrA2 of Clostridium difficile (Poster), 
Vereinigung für Allgemeine und Angewandte Mikrobiologie (VAAM) – Jahrestagung, 
Marburg, Germany (2015). 
 
Berges, M., Burghartz, M., Beckstette, M., Lassek, C., Nuss, A. M., Otto, A., Sievers, 
S., Becher, D., Dersch, P., Riedel, K. and Jahn, D.: The role of Fur in the iron 
homeostasis in Clostridium difficile (Poster), ClostPath, Freiburg, Germany (2015).  

 
Nuss, A. M., Berges, M., Burghartz, M., Beckstette, M., Jahn, D. and Dersch, P.: 
Transcriptional landscape of Clostridium difficile in respone to iron (Poster), ClostPath, 
Freiburg, Germany (2015). 
 
Berges, M.: Transcriptional, proteomic and metabolic networks of the Fur regulated iron 
metabolism of Clostridium difficile (oral presentation), Vereinigung für Allgemeine und 
Angewandte Mikrobiologie (VAAM) – Jahrestagung, Jena, Germany (2016). 
 
Ünal, C., Steinert, M., Berges, M., Jahn D., and Schiene-Fischer, C.: Biochemical and 
molecular characterization of the parvulin-type PPIase PrsA2 of Clostridium difficile 
(Poster), Vereinigung für Allgemeine und Angewandte Mikrobiologie (VAAM) – 
Jahrestagung, Jena, Germany (2016). 
 
 



 
 

II 
 

Michel., A.-M., Berges, M., and Jahn, D.: PerR-mediated response of Clostridium 
difficile (Poster), Vereinigung für Allgemeine und Angewandte Mikrobiologie (VAAM) 
und Deutsche Gesellschaft für Hygiene und Mikrobiologie (DGHM) – Jahrestagung, 
Würzburg, Germany (2017).  



 
 

III 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

    Was hinter uns liegt und was vor uns liegt
 sind kleine Angelegenheiten  

verglichen mit dem was in uns liegt. 
        Henry David Thoreau



Table of contents 

IV 
 

TABLE OF CONTENTS 

Vorveröffentlichungen der Dissertation ____________ _______________________ I 

TABLE OF CONTENTS _________________________________ ______________ IV 

1. Introduction ______________________________________ _____________ 7 

1.1 Clostridium difficile – a human pathogen on its lead _______________________ 7 

1.2 Virulence factors __________________________________________________ 8 

1.2.1 C. difficile toxins ________________________________________________ 8 

1.2.2 Flagellar and type IV pili _________________________________________ 10 

1.3 Amino acid fermentation through the Stickland reaction ___________________ 12 

1.4 Stress factors during infection process ________________________________ 14 

1.5 Ferric uptake regulator (Fur) ________________________________________ 15 

1.6 Aim of the project _________________________________________________ 16 

2. Materials and Methods _____________________________ ____________ 17 

2.1 Instruments and Kits ______________________________________________ 17 

2.1.1 Instruments ___________________________________________________ 17 

2.1.2 Chemicals and Kits _____________________________________________ 17 

2.2 Strains and Plasmids ______________________________________________ 18 

2.2.1 Strains _______________________________________________________ 18 

2.2.2 Plasmids _____________________________________________________ 20 

2.3 Microbiological methods ___________________________________________ 20 

2.3.1 Sterilization ___________________________________________________ 20 

2.3.2 Growth media and cultivation of bacteria ____________________________ 21 

2.3.3 Determination of cell density ______________________________________ 21 

2.3.4 Storage of bacterial cells _________________________________________ 21 

2.4 Molecular biology methods _________________________________________ 21 

2.4.1 Genomic DNA preparation _______________________________________ 21 

2.4.2 Preparation of plasmid DNA ______________________________________ 22 

2.4.3 Determination of DNA concentration _______________________________ 22 

2.4.4 Preparation of competent Escherichia coli cells _______________________ 22 

2.4.5 Transformation of competent Escherichia coli cells ____________________ 23 

2.4.6 Agarose gel electrophoresis ______________________________________ 23 

2.4.7 Amplification of DNA Fragments by Polymerase Chain Reaction _________ 23 

2.4.7.1 Design and synthesis of oligonucleotide primers __________________ 23 

2.4.7.2 Polymerase chain reaction conditions __________________________ 24 

2.4.7.3 Purification of PCR products _________________________________ 25 

2.5 Mutagenesis of Clostridium difficile ___________________________________ 25 

2.5.1 Construction of ClosTron vectors __________________________________ 25 

2.5.2 Mating procedure of E. coli CA434 and C. difficile 630∆erm _____________ 26 



Table of contents 

V 
 

2.5.3 Verification of insertional mutation experiment ________________________ 27 

2.5.4 Comparative growth experiments in complex and minimal medium________ 27 

2.5.5 ICP-MS analyses of iron content in CDMM __________________________ 27 

2.5.6 Field emission scanning electron microscopy (FESEM) _________________ 28 

2.5.7 Toxin quantification _____________________________________________ 28 

2.6 Sample collection for systems biology approach ________________________ 28 

2.6.1 Transcriptome analyses (RNAseq) _________________________________ 28 

2.6.2 Proteome analyses _____________________________________________ 29 

2.6.3 Metabolome analyses ___________________________________________ 31 

2.7 Bioinformatical analysis ____________________________________________ 33 

3. Results and Discussion ____________________________ ____________ 35 

3.1 Comparative growth experiments of C. difficile wild type and fur mutant in 

response to iron availability _______________________________________________ 35 

3.1.1 C. difficile wild type requires iron for growth __________________________ 35 

3.1.2 Generation of a fur mutant in C. difficile _____________________________ 37 

3.1.3 Generation of multiple regulatory mutants of C. difficile _________________ 39 

3.1.4 Fur mutant displays growth deficiency in CDMM medium _______________ 40 

3.1.5 Comparative growth of wild type and fur mutant with different iron sources _ 41 

3.2 Toxin expression is not controlled by Fur ______________________________ 43 

3.3 Morphology: flagella and pili formation are affected by Fur mutation _________ 45 

3.4 Systems biology approach to understand the role of Fur for the physiology of 

C. difficile _____________________________________________________________ 47 

3.4.1 Defining conditions for sampling ___________________________________ 47 

3.4.2 Overview - Iron-regulated response of C. difficile ______________________ 49 

3.4.3 Overview - Fur-regulated gene expression response of C. difficile ________ 51 

3.4.4 Fur-and iron-dependent regulation of iron-transporters in C. difficile _______ 53 

3.4.5 L-leucine fermentation of C. difficile is controlled by iron and Fur _________ 54 

3.4.6 The glycine reductase complex of C. difficile is downregulated by iron _____ 57 

3.4.7 Proline metabolism displays a more complex regulation in C. difficile ______ 59 

3.4.8 Electron transfer complex Rnf is affected by iron and Fur in C. difficile _____ 61 

3.4.9 Butanol and butyrate formation of C. difficile are regulated by iron and Fur _ 61 

3.4.10 Thiamine biosynthesis of C. difficile is regulated by iron and Fur _______ 64 

3.4.11 Riboflavin biosynthesis is regulated by iron and Fur in C. difficile _______ 65 

3.4.12 Flagella and pili formation of C. difficile is regulated by iron and Fur _____ 66 

3.4.13 Spermidine metabolism is regulated by iron and Fur in C. difficile _______ 68 

3.4.14 Purine metabolism is regulated by iron and Fur in C. difficile __________ 69 

3.4.15 Fatty acid biosynthesis is regulated by iron and Fur in C. difficile _______ 70 

3.4.16 Phosphotransferase transporter are also affected by iron and Fur in 

C. difficile 71 

3.5 Metabolome analyses of fur gene inactivation __________________________ 71 

3.6 Fur-binding motif of C. difficile _______________________________________ 73 



Table of contents 

VI 
 

3.7 Iron regulation strongly dependents on Fur_____________________________ 79 

4. Conclusions and future perspectives _______________ ______________ 81 

5. Schlussfolgerungen und Zukunftsperspektiven _______ _____________ 82 

6. References ________________________________________ ___________ 83 

7. Appendix __________________________________________ __________ 95 

List of tables _________________________________________________________ 95 

List of figures ________________________________________________________ 97 

Abbreviations ________________________________________________________ 99 

SUPPLEMENTAL MATERIAL _____________________________ ____________ 101 

ACKNOWLEDGEMENTS __________________________________ ___________ 102 

 



Introduction 
 

7 
 

1. Introduction 

1.1 Clostridium difficile  – a human pathogen on its lead 

The genus Clostridium is one of the largest in the prokaryotic kingdom with a wide 

range of genetic, metabolic and physiological capabilities. They all are described as 

obligate anaerobes. They are Gram-positive, rod-shaped, spore-forming bacteria (1). 

Clostridia are able to colonize different ecological niches, e.g. soil, sewage and marine 

habitats. The majority of Clostridia are benign. There are several exceptions of 

pathogenic species. For example, C. botulinum produces the neurotoxin botulinum 

causing botulism. This neurotoxin can lead to a severe flaccid paralytic disease. On the 

other side, the toxin has also beneficial effects regarding its use in medicine (2).  

Clostridium difficile is a toxin producing pathogen leading to often hospital acquired 

infections worldwide (3) (Figure 1). It is causing the disease Clostridium difficile 

associated disease (CDAD) or Clostridium difficile infection (CDI). The phenotype of 

the toxin caused CDAD ranges from mild diarrhea to toxic megacolon and can result in 

death (4).  

 

Figure 1 Scanning (left) and transmission (right) e lectron microscopy of 
C. difficile  630∆erm . The bar represents 2 µm. Images were taken by Professor Manfred 
Rohde, HZI, Braunschweig. 

In the United States over half a million cases of CDI with approximately 29,000 deaths 

are reported, making CDI to one of the most common and also cost effective 

healthcare-associated infections (5). C. difficile is transmitted via the fecal-oral route 

and colonizes the human gut and colon. The intestinal microbiota usually acts as a 

barrier for pathogens. However, in cases of for example antibiotic treatment or chemo 

therapy the intestinal microbiota is disrupted and C. difficile can proliferate. Since 
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C. difficile is able to form spores in an unfavorable environment, it can persist which 

contributes to its transmission outside of the body. Nonetheless, human ingestion of 

C. difficile spores does not always result in symptomatic infection (6). Asymptomatic 

carriers of C. difficile provide a potential reservoir for onward transmission, especially in 

a clinical environment. Spores are ingested via contact with contaminated surfaces and 

persons. Under favorable conditions (in susceptible hosts), spores will germinate to a 

vegetative morphotype that can produce toxins (7). The biochemical activity of the two 

protein exotoxins, termed TcdA (toxin A) and TcdB (toxin B), lead to disruption of 

colonic epithelial cells and causes the release of pro-inflammatory cytokines and 

chemokines (8). This process induces an intense immune response causing acute 

inflammation of the large intestine. Different strains and ribotypes of C. difficile are 

known. The most important ones are strain R20291 (hypervirulent, ribotype 027) and 

strain 630 (riboytpe 012). Both strains are used for intense studies for the better 

understanding of pathogenesis and infection.  

1.2 Virulence factors  

1.2.1 C. difficile  toxins 

The main virulence factors of C. difficile are toxins A and B. They are encoded by the 

tcdA and tcdB genes which are located within a 19.6 kb genomic island known as the 

pathogenicity locus (PaLoc) (Figure 2). The PaLoc comprises of three other genes: 

tcdR, which encodes an alternative RNA polymerase sigma factor that directly 

activates toxin gene expression (9); and tcdE, which encodes a putative holin involved 

in the toxin's extracellular release, at least in high toxin-producing strains (10–12). The 

role of the protein coded by the third gene, tcdC, is less clear.  

 

Figure 2 PaLoc organization in non-toxigenic strain s (A) and toxigenic C. difficile 630 (B). 
Modified from (13). Non-toxigenic C. difficile strains are lacking PaLoc region, whereas toxigenic 
strains possess all genes necessary for toxin production (orange). Light blue = cdu1 encoding 
for beta lactams repressor, yellow = cdd1, hypothetical protein, darkgreen = CD630_06642, 
hypothetical protein, dark blue = cdd2/cdd3 encoding for multidrug family ABC transporter 
permeases. Adapted from (13).  
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The encoded protein TcdC was then identified as a negative regulator of TcdA and 

TcdB by Carter and colleagues. They showed, that TcdC interferes with the ability of 

the TcdR-containing RNA polymerase to recognize the tcdA and tcdB promoters, 

causing an inhibition of their transcription (14). Nevertheless, genetic manipulations of 

tcdC were unable to show a clear correlation between the tcdC genotype and toxin 

production in C. difficile R20291 and C. difficile 630 (15, 16). Both toxins, TcdA and 

TcdB, glycosylate Rho family GTPases in host cells, leading to the disruption of the 

actin cytoskeleton, cell death and a strong inflammatory response (17). 

In addition, some C. difficile strains also produce a third toxin, named binary toxin 

(CDT). The role of CDT in infection is still unclear since many virulent strains do not 

produce the toxin. However, it has been shown that CDT depolymerizes the actin 

cytoskeleton. At low doses, it enhances the adhesion of C. difficile cells to the 

gastrointestinal epithelium by inducing the formation of microtubule-based protrusions 

in the host cell membranes (18). Toxin production is tightly regulated and is influenced 

by factor of the growth environment. For example, toxin levels are increased when 

biotin is limited or high levels of short chain fatty acids are found in the growth medium 

(19). In contrast, rapidly metabolizable sugars and certain amino acids greatly reduce 

toxin yields (19–24). Most carbon sources that are found to repress toxin gene 

expression are transported into the bacterium by the phosphoenolpyruvate-dependent 

carbohydrate: phosphotransferase system (PTS). This points towards a regulation of 

toxin gene transcription by these rapidly metabolizable carbon sources via the carbon 

catabolite repression (CCR) system (18). The CCR allows bacteria to assimilate an 

energetically preferred (e.g., rapidly metabolizable) carbon source such as glucose 

prior to less attractive ones, when exposed to more than one carbon source. CcpA 

usually acts as a repressor of genes involved in the utilization of alternative carbon 

sources and as a positive regulator of pathways associated with glycolysis (18). 

Another important transcriptional regulator of the energy metabolism is Rex responding 

to cellular NAD versus NADH ratios. The CodY regulator is responding to cellular 

concentrations of branched chain amino acids and GTP. Regulation of toxin production 

is dependent on different regulators (Rex, CodY, CcpA) and corresponding nutritional 

signals (Figure 3).  
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Figure 3 Metabolic control of C. difficile  toxin synthesis . The metabolites that activate the 
corresponding regulatory protein are indicated: FBP, Fructose‐1,6‐bisphosphate; BCCAs, 
branch chain amino acids (Isoleucine, Valine, Leucine); NAD, Nicotinamide adenine 
dinucleotide. Alternative reductive pathways include glycine reductase (GR) pathway, the 
butyrate production and succinate utilization pathways. Square boxes correspond to alternative 
σ factors while oval boxes represent transcriptional regulators. Triangles label the toxins. 
Arrowed lines indicate positive controls while lines ending with a bar across correspond to 
negative control. Dashed arrows indicate mechanisms that are not fully understood. From (18). 

Phenotypic analysis of a C. difficile codY mutant showed that all of the PaLoc genes 

are strongly de-repressed during the exponential phase (25). Moreover, toxin 

production is also regulated by temperature with an optimal temperature of 37 °C which 

is dependent on the alternative sigma factor TcdR, formerly named TcdD (26, 27).  

1.2.2 Flagellar and type IV pili  

In addition to the toxins also flagella and type IV pili (T4P) are important virulence 

factor in CDI. C. difficile is motile via its flagellar apparatus (Figure 4). The flagella 

associated genes are located in three operons on the chromosome. The F3 locus 

contains early stage genes, and encodes the FliA sigma factor (also named SigD). FliA 

controls the expression of late-stage flagellar genes of the F1 locus, such as genes 

coding for the flagellin FliC (28) and the cap protein FliD (29). The F2 regulon is 

responsible for posttranslational modification of flagella that has been shown to be 

essential for flagella assembly and function, responsible for the motility of C. difficile 

(30, 31). In C. difficile an alternative sigma factor (sigH) negatively controls the flagella 

genes which are highly expressed during the exponential growth phase. The relevance 
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of flagella in C. difficile in infection is controversially discussed since different studies 

yielded conflicting results. Dingle and coworkers discovered in their study that fliC and 

fliD mutant displayed better adherence to human intestine derived Caco-2 cells 

compared to the corresponding C. difficile wild type strain 630∆erm, leading to the 

assumption that flagella are not fostering the infection process.  

 

Figure 4 Flagellar assembly in C. difficile . Adapted from KEGG (http://www.genome.jp/kegg-
bin/show_pathway?cdf02040). Green boxes indicate the presence of the gene in the genome of 
C. difficile 630. 
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Furthermore, both mutants were tested in a hamster infection model and showed an 

increased virulence compared to the wild type strain, again suggesting rather a 

negative effect of flagella in infection (32). Additionally, mice experiments displayed 

that flagella are not required for adhesion and colonization, however might contribute to 

overall motility and fitness of the C. difficile wild type strain compared to corresponding 

flagella mutants (33).In contrast, in the C. difficile strain R20291, adherence to Caco-2 

cells was found significantly decreased for both the fliC and fliD mutant strains. The fliC 

mutant showed decreased colonization fitness when compared to the parental strain in 

a dixenic competitive mouse model (33). Obviously, regulation of flagella formation and 

their function in colonization and adherence is strain-dependent and cannot be 

generalized. Furthermore, flagella might be important in late stages of biofilm formation 

since flagellin gene mutation affected biofilm formation in vitro (34). In addition to 

flagella, C. difficile produces type IV pili (T4P). In Gram-negative bacteria T4P mediate 

gliding and twitching motility which are motility processes independent of flagella. 

Furthermore, T4P promote different cellular functions like adherence to eukaryotic cells 

, DNA uptake and protein secretion (35). C. difficile displays a cluster of genes coding 

for proteins sufficient for T4P formation. The role of T4P during infection of C. difficile is 

not clear yet, but an immunogold labeling approach using a hamster model showed in 

vivo expression of corresponding genes(36). It was shown that C. difficile T4P are 

involved in biofilm formation (37). Biofilm formation in turn has been demonstrated to 

enhance the resistance of C. difficile cells to antibiotics and oxidative stress (38).  

1.3 Amino acid fermentation through the Stickland rea ction 

The Stickland reaction was first described by Stickland in 1934 (39). It is characterized 

by the oxidation of one amino acid coupled to the reduction of a second one. During 

this process energy is mainly conserved by ATP formation via substrate-level 

phosphorylation (SLP) (40).  



Introduction 
 

13 
 

 

Figure 5 Generalized view of Stickland reactions . Light grey panel: reductive pathway, dark 
grey panel: oxidative pathway, R depending on the amino acid. Adapted from (41).  

The Stickland reaction was intensively studied in Clostridium sticklandii and 

Clostridium sporogenes (40, 42). It is divided into a reductive pathway in which amino 

acids function as electron acceptors (Figure 5, light grey) and into an oxidative 

pathway, where amino acids are used as electron donors (Figure 5, light grey). Some 

amino acids can be used in both, the reductive and oxidative pathway. For C. difficile 

seven amino acids are essential for growth in a minimal defined medium (MDM), 

namely proline, cysteine, methionine, valine, leucine, isoleucine, and tryptophan. For 

example, leucine as a Stickland amino acid can be metabolized as well in the reductive 

or the oxidative pathway, leading to isocarproate or isovalerate, respectively. 

Metabolome analysis revealed consumption of amino acids in dependence of the 
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employed medium composition. Casamino acids containing medium yielded in a 

different metabolite spectrum compared to MDM (41). Furthermore, Neumann-Schaal 

and colleagues showed that using Clostridium difficile minimal medium (CDMM), the 

amino acids proline, and cysteine are preferred sources for energy and carbon, unlike 

glutamate and lysine which were hardly used. In contrast, in MDM cysteine and 

methionine were consumed first where proline and leucine were utilized later. The 

availability of different amino acids can also influence toxin formation. 

1.4 Stress factors during infection process 

Transmission of C. difficile is mediated by ingestion of spores which are germinating in 

the gut induced by the presence of bile acids. The gut microbial community thrives on 

complex carbohydrates and proteins that are not digested and taken up by the upper 

intestine. The balanced community also depends on the provision of micronutrients like 

iron. There is a continuous competition for these nutrients which is reflected by the 

different requirements and uptake mechanisms utilized by certain species possess 

(43). Metabolic competition and interactions are ways for the gut microbiota to restrain 

the growth of unwanted pathogens. Commensal bacteria produce for example 

bacteriocins, proteinaceous toxins or alter the host environmental conditions (e.g. pH) 

to prevent for pathogen colonization (44). Short chain fatty acids (SCFAs) can 

influence the pH and therefore inhibit pathogen growth. Furthermore, the mucus layer 

covering the intestinal epithelium creates a dynamic defense barrier against luminal 

bacteria including C. difficile (45). In addition, antimicrobial peptides, defensins, and 

cathelicidins secreted by specialized cells may provide another layer of defense 

against C. difficile (46). Moreover, iron availability is generally extremely limited for 

bacterial growth in the human body, due to innate iron withholding mechanisms that 

aim to prevent growth of pathogenic invaders (47). The gut microbiota promotes 

mucosal barrier function and also enhances host immunity to defend against enteric 

infection (44). However, pathogens have evolved several strategies to escape these 

mechanisms. For example, they have to compete for nutritional resources, for which 

pathogens have developed alternative nutrient utilization. Since iron is an essential 

resource for the growth of bacteria, many bacteria produce iron-chelating small 

molecules known as siderophores to acquire ferric iron (48). The gut lumen exhibits 

high amounts of dietary iron. Nevertheless, in which gut microorganisms have to deal 

with the stress of iron limitation as the presence of freely available ‘unbound’ iron is 

limited due to the environmental conditions in the colon lumen (43). On the other side, 

cellular enrichment of ferrous iron in the presence of oxygen can cause unwanted 
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radical formation. Therefore, a tight regulation of iron acquisition is essential for 

pathogens as well as for commensals.  

1.5 Ferric uptake regulator (Fur)  

In order to stop the growth of infectious microorganisms during infection the host 

restricts the excess to iron for the pathogens by producing iron- and siderophore-

chelating proteins, by exporting iron from intracellular pathogen-containing 

compartments, and by limiting absorption of dietary iron (49). Consequently, infectious 

bacteria must adjust their iron uptake and utilization strategies. The ferric uptake 

regulator (Fur) protein is a transcriptional repressor of iron uptake and iron-regulated 

genes in bacteria. Fur functions as a central global regulator of iron homeostasis in the 

cell. Fur is a dimeric metal ion-dependent transcription regulator (Figure 6) controlling 

the expression of genes involved in a diversity of cellular functions, including iron 

uptake.  

 

Figure 6 Functionality of ferric uptake regulator ( Fur) under high and low iron conditions . 
With iron excess, Fur is bound to a Fur-box leading to the repression of Fur-regulated genes, 
under limited iron conditions, Fur dissociates leading to the derepression of Fur-regulated 
genes. 

Monomers of Fur typically contain two structural domains, the N-terminal DNA binding 

domain and the C-terminal dimerization domain (50). Under iron replete conditions, 

Fe2+ is a corepressor, and the Fur–Fe2+ complex inhibits the expression of Fur-

regulated genes. In contrast, under iron starvation conditions, the Fur protein is 

inactive, which allows expression of Fur-regulated genes. In Bacillus subtilis the Fur 

regulon includes genes encoding for siderophore synthesis, siderophore uptake, iron 

transport, flavodoxins and genes involved in amino acid metabolism (51). Further 

analyses of Fur proteins in different organisms displayed a role of Fur in processes like 

redox- and acid tolerance, virulence, motility, quorum sensing, energy and carbon 

metabolism (52–58). The role of Fur was studied in many Gram-negative and Gram-

positive, most of them being aerobic or facultative anaerobic bacteria. Nevertheless, 

the role in strictly anaerobic bacteria have received less attention.  
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1.6 Aim of the project 

For pathogenic bacteria the access to iron on their host represents the major growth 

limiting factor. Almost nothing was known about the regulation of iron uptake by the strict 

anaerobic Gram-positive pathogen Clostridium difficile in the mammalian gut of the 

beginning of this thesis. Consequently, different possible iron sources should be tested. A 

genomic knock out of the gene for the ferric uptake regulator Fur should be generated 

using the ClosTron system and subjected to a systems biology investigation using 

transcriptome, proteome and metabolome analyses. The Fur-dependent iron regulon 

should be deduced.  
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2. Materials and Methods 

2.1 Instruments and Kits 

Several instruments and kits from different manufacturers were used in this work. 

Following, the instruments and kits are listed.  

2.1.1 Instruments 

All instruments used in this work are listed in Table 1.  

Table 1 List of instruments 

Instrument  Model  Supplier  
Agarose gel electrophoresis  Agagel  Biometra  
Agarose gel documentation  GelDoc  Bio-Rad  
Agilent 2100 Bioanalyzer Bioanalyzer 2100 Agilent Technologies 
Anaerobic chamber  Type B flexible vinyl 

chamber  
Coy Laboratories  

Autoclave  LVSA 50/70  Zirbus  
Centrifuges  5804  

Biofuge primoR 
Minispin  

Eppendorf  
Hereaus  
Eppendorf   

Electrophoresis power 
supply  

PowerPac 300  Bio-Rad  

Homogenizer  FastPrep®24 Instruments  MP Biomedicals  
DNA sequencer HiSeq2500 Illumina 
pH determination  C 6840 B  Schott  
Pipettes Research® plus 

Pipetman Classic® 
Eppendorf 
Gilson 

Photometer  Ultrospec 2000  
C08000 

Amersham Bioscience  
Biochrom 

Spectrophotometer  NanoDropTM1000  PeQlab  
Thermocycler  Tpersonal  Biometra  
Thermomixer  Thermomixer compact  

Thermomixer comfort  
Eppendorf  
Eppendorf  

Vortex  Vortex Genie 2  Scientific Industries  
Water purification  Milli-Q-system  Millipore  
 

2.1.2 Chemicals and Kits 

All chemicals and kits used in this work are listed in Table 2. 

Table 2 Chemicals and kits 

 Product  Supplier  
Chemicals Tobacco acid pyrophosphatase (TAP) Epicentre Biotechnologies 
Enzymes Phusion DNA Polymerase 

T4 DNA Ligase 
Taq DNA Polymerase 
Restriction enzymes 

New England Biolabs 
New England Biolabs 
New England Biolabs 
New England Biolabs 
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Kits RNA 6000 Nano Kit 
FastDNA® SPIN Kit for Soilt 
QIAquick® Gel Extraction Kit 
QIAquick® PCR purification Kit  
QIAprep® Spin Miniprep Kit 
MICROBExpress™ Bacterial mRNA Enrichment 
Kit 
ERCC RNA Spike-In Mix 
TGC-E002-1 ELISA  

Agilent Technologies 
MP Biomedicals 
Qiagen 
Qiagen 
Qiagen 
AmbionTM 

 
AmbionTM 

tgcBIOMICS 

Molecular 
weight 
standards 

GeneRulerTM DNA LadderMix MBI Fermentas 

All chemicals were purchased from either Sigma Aldrich/Fluka Chemie (Steinheim, 

Germany), AppliChem (Darmstadt, Germany) or Carl Roth (Karlsruhe, (Germany) unless 

stated otherwise.  

 

2.2 Strains and Plasmids 

2.2.1 Strains 

All bacterial strains used in this work are listed in Table 3-4.  

Table 3: List of Escherichia coli strains  
Species  Strain  Genotype  Origin  
E. coli DH5α F– endA1 glnV44 thi-

1 recA1 relA1 gyrA96 deoR nupG purB20 φ80dl
acZ∆M15 ∆(lacZYA-argF)U169, hsdR17(rK

–

mK
+), λ– 

 

Invitrogen 

E. coli DH10B F–

 endA1 deoR+ recA1 galE15 galK16 nupG rpsL 
∆(lac)X74 φ80lacZ∆M15 araD139 ∆(ara,leu)769

7 mcrA ∆(mrr-hsdRMS-mcrBC) StrR λ– 

 

Invitrogen 

E. coli CA434 E. coli HB101 carrying the Incβ conjugative 
plasmid R702 

Gift from 
Dr. Elaine Allen, 

UCL London 
 

Table 4: List of Clostridium difficile strains 

Species  Strain  Genotype  Origin  

C. difficile  
630∆erm 630 

PCR ribotype 012 
Erythromycin sensitive strain of 

strain 630, Thir 
(59) 

Cdi630∆erm-
spo0A178a::intron 

ermB 
(CD630_12140) 

 

630∆erm 
spo0A insertional mutant, site 

178/179 antisense, Thir, Ermr This work 

Cdi630∆erm-
perR187a::intron 

ermB 
630∆erm 

perR insertional mutant, site 

187/188 antisense, Thir, Ermr This work 
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(CD630_08260) 
 

Cdi630∆erm-
sigB171s::intron 

ermB 
(CD630_00110) 

 

630∆erm 
sigB insertional mutant, site 

171/172 sense, Thir, Ermr This work 

Cdi630∆erm-
fur274a::intron 

ermB 
(CD630_12870) 

 

630∆erm 
fur insertional mutant, site 274/275 

antisense, Thir, Ermr This work 

Cdi630∆erm-
ppiB290a::intron 

ermB 
(CD630_03310) 

 

630∆erm 
ppiB insertional mutant, site 

290/291 antisense, Thir, Ermr This work 

Cdi630∆erm-
prsA261s::intron 

ermB 
(CD630_35000) 

 

630∆erm 
prsA2 insertional mutant, site 

261/262 sense, Thir, Ermr This work 

Cdi630∆erm-
rsbU906s::intron 

ermB 
(CD630_26850) 

 

630∆erm 
rsbU insertional mutant, site 

906/907 sense, Thir, Ermr This work 

Cdi630∆erm-
mnkat288s::intron 

ermB 
(CD630_15670) 

 

630∆erm 
mnkat insertional mutant, site 

288/289 sense, Thir, Ermr This work 

Cdi630∆erm-
sigD228s::intron 

ermB 
(CD630_02660) 

 

630∆erm 
sigD insertional mutant, site 

228/229 sense, Thir, Ermr This work 

Cdi630∆erm-
sigH123s::intron 

ermB 
(CD630_00570) 

630∆erm 
sigH insertional mutant, site 

123/124 sense, Thir, Ermr This work 
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2.2.2 Plasmids 

All plasmids used in this work are listed in Table 5.  

Table 5: List of plasmids 
 

Vector  Description  Resistance  Origin  

pMTL007C-E2 

ClosTron plasmid 
containing catP and intron 

containing ermB RAM 
marker 

Chloramphenicol (60) 

pMTL007C-E2_ 
spo0A178a::intron 

pMTL007C-E2 retargeted to 
Cdi630∆erm-

spo0A178a::intron ermB 
Erythromycin This work 

pMTL007C-E2_ 
perR187a::intron 

pMTL007C-E2 retargeted to 
Cdi630∆erm-

perR187a::intron ermB 
Erythromycin This work 

pMTL007C-E2_ 
sigB171s::intron 

pMTL007C-E2 retargeted to 
Cdi630∆erm-

sigB171s::intron ermB 
Erythromycin This work 

pMTL007C-E2_ 
fur274a::intron 

pMTL007C-E2 retargeted to 
Cdi630∆erm-fur274a::intron 

ermB 
Erythromycin This work 

pMTL007C-E2_ 
ppiB290a::intron 

pMTL007C-E2 retargeted to 
Cdi630∆erm-

ppiB290a::intron ermB 
Erythromycin This work 

pMTL007C-E2_ 
prsA261s::intron 

pMTL007C-E2 retargeted to 
Cdi630∆erm-

prsA261s::intron ermB 
Erythromycin This work 

pMTL007C-E2_ 
rsbU906s::intron 

pMTL007C-E2 retargeted to 
Cdi630∆erm-

rsbU906s::intron ermB 
Erythromycin This work 

pMTL007C-E2_ 
mnkat288s::intron 

pMTL007C-E2 retargeted to 
Cdi630∆erm-

mnkat288s::intron ermB 
Erythromycin This work 

pMTL007C-E2_ 
sigD228s::intron 

pMTL007C-E2 retargeted to 
Cdi630∆erm-

sigD228s::intron ermB 
Erythromycin This work 

pMTL007C-E2_ 
sigH123s::intron 

pMTL007C-E2 retargeted to 
Cdi630∆erm-

sigH123s::intron ermB 
Erythromycin This work 

pMTL82151 ClosTron shuttle vector Chloramphenicol (61) 
pMTL82151_ 

fur 
Complementation plasmid 
for fur gene CD630_12870 Chloramphenicol This work 

 

2.3 Microbiological methods 

2.3.1 Sterilization 

If not otherwise stated all media and solutions were vapor sterilized at 120 °C, 1 bar for 

20 min or sterilized by filtration (pore width 0.2 µm). 
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2.3.2 Growth media and cultivation of bacteria 

Escherichia coli cells were grown in lysogenic broth (LB) (10 g l-1 peptone, 10 g l-1 NaCl, 

5 g l-1 yeast extract) supplemented with 100 mg l-1 ampicillin or 20 mg L-1 chloramphenicol 

if required. Antibiotics were added after sterilization by autoclaving. For preparation of 

agar plates 1.5% (w/v) agar-agar was added to the medium before autoclaving.  

Clostridium difficile cells were grown in Brain-Heart-Infusion (BHI) medium (37 g L-1) 

supplemented with 0.1% L-cysteine and 5 mg ml-1 yeast extract. During mutagenesis 

experiments C. difficile supplement (250 mg l-1 D-cycloserine and 8 mg L-1 cefoxitin) 

(Sigma Aldrich, Taufkirchen, Germany) and 2.5 mg L-1 erythromycin (Carl Roth, Karlsruhe, 

Germany) were added after sterilization of the liquid by autoclaving. For preparation of 

agar plates 1.5% (w/v) agar-agar was added to the medium prior autoclaving.  

For growth experiments and systems biology approaches C. difficile cells were grown in 

liquid Clostridium difficile minimal medium (CDMM) (41). All growth experiments regarding 

C. difficile cells were performed under anaerobic conditions using an anaerobic chamber 

from Coy Laboratories (Grass Lake, Michigan, USA).  

2.3.3 Determination of cell density 

The cell density of bacterial solutions was determined by measuring the optical density 

(OD) at 600 nm using a WPA spectrophotometer (CO8000 cell density meter, Biochrom 

GmbH, Berlin, Germany). For cell densities with an OD600nm ≥ 1 corresponding dilutions 

were prepared.  

2.3.4 Storage of bacterial cells 

Storage on agar-plates occurred at 4 °C. Long term storage of bacterial strains was 

accomplished by preparing glycerol stock solutions. For this purpose 800 µl of a bacterial 

culture were mixed with 300 µl of sterile 80 % glycerol (v/v), instantly frozen and stored 

at -80°C. For C. difficile strains anaerobic 125 ml flasks were used for storage at 4 °C.  

2.4 Molecular biology methods 

2.4.1 Genomic DNA preparation  

The respective strains were grown overnight to yield high density culture. Cells were 

harvested by centrifugation at 13.400 rpm for 5 min. Cell disruption and DNA purification 

with the FastDNA® SPIN Kit for Soil (MP Biomedicals) were carried out according to 

manufacturer’s instructions. Briefly, 2 ml of bacterial cell solution were centrifuged, the 

resulting cell pellet was dissolved in 978 µl of sodium phosphate buffer and added to a 

Lysing Matrix E tube. Afterwards, 122 µl of MT buffer were added and the resulting 
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solution was homogenized in the FastPrep® Instrument for 40 s at 6.0 twice. 

Centrifugation succeeded at 13,400 rpm for 10 min to allow separation of cell debris. The 

supernatant was transferred to a new microcentrifuge tube and 250 µl of PPS were added 

and spun down for at 13,400 rpm for 5 min. Supernatant was mixed with 1 ml of DNA 

binding matrix and incubated for 15 - 30 min. 600 µl of the supernatant was removed and 

discarded. Remaining supernatant was mixed with DNA binding matrix and transferred to 

a SPINTM Filter and centrifuged at 13,400 rpm for 1 min. The resulting pellet was re-

suspended with 500 µl SEWS-M and centrifuged at 13,400 rpm for 1 min. For drying a 

SPINTM Filter was incubated for 30 min at room temperature. To elute the bound genomic 

DNA 30 µl ddH2O were added and the SPINTM Filter was  centrifuged at 13,400 rpm for 1 

min. Eluted purified DNA was stored in ddH2O at 4 °C. 

2.4.2 Preparation of plasmid DNA 

Plasmid DNA was extracted from all organisms using the QIAprep® Spin Miniprep Kit 

(Qiagen, Hilden, Germany) in accordance with the manufacturer’s instructions. Purified 

plasmid DNA was stored at -20 °C. The DNA concentration of samples was quantified 

using the NanoDrop™ 1000 spectrophotometer (Peqlab, Erlangen, Germany). Purified 

plasmid DNA and appropriate primers were sent to GATC (Konstanz, Germany) for DNA 

sequencing. 

2.4.3 Determination of DNA concentration 

Concentration and purity of DNA solutions were determined by measuring the 

absorbance at 260 nm and 280 nm, respectively. The ratio of OD260 to OD280 provided 

information about the purity of the DNA solutions. An OD260/OD280 ratio of 1.8 - 2.0 

was considered as pure. 

2.4.4 Preparation of competent Escherichia coli cells  

Chemically competent E. coli DH5α, DH10β and CA434 cells were produced using the 

method described by Hanahan (62). In short, 50 ml LB medium were inoculated with an 

overnight culture of the desired bacterium to an optical density at 600 nm (OD600) of 0.1 

and incubated at 37 °C shaking at 250 rpm until an OD600 of 0.4 to 0.6 was reached. Cells 

were kept on ice for 15 min, then harvested by centrifugation (4400 x g, 4 °C, and 30 min). 

The cell pellet was re-suspended in 20 ml ice-cold RF1 buffer (30 mM KCH3CO2, 50 mM 

MnCl2, 100 mM RbCl2, 10 mM CaCl2, 15 %(v/v) glycerol, pH 5.8) and incubated for 2 h on 

ice. Afterwards cell suspension was centrifuged and the resulting pellet was re-suspended 

in 4 ml RF2 buffer (10 mM MOPS, 75 mM CaCl2, 10 mM RbCl2, 15 % (v/v) glycerol, pH 

6.8). Aliquots of 50 µl were stored at -80 °C. 
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2.4.5 Transformation of competent Escherichia coli  cells 

To transform chemically competent E. coli cells with vector DNA, 50 to 100 ng plasmid 

DNA were added to one aliquot cells and incubated for 20 min on ice. Afterwards a short 

heat shock was applied for 45 s at 42 °C, the mixture was cooled on ice for 2 min. 250 µl 

of LB medium were added and cells were regenerated for 1 h at 37 °C with 300 rpm 

shaking (Thermomixer comfort, Eppendorf, Hamburg, Germany). Lastly, cells were plated 

on LB agar plates containing the desired antibiotic as selection marker. 

2.4.6 Agarose gel electrophoresis 

For visualization of DNA, agarose gel electrophoresis was employed routinely (63). 

Agarose gels containing 1 % (w/v) agarose dissolved in 1 x TAE buffer (50 x: 2 M Tris-

HCl, 1 M acetic acid, 50 mM EDTA, pH 8.5) were used. 6x loading dye (New England 

Biolabs, Frankfurt, Germany) was added to the DNA sample and the sample loaded onto 

the gel. To estimate the size of DNA fragments, a 1 kb ladder (NEB) was separated 

simultaneously. DNA was separated based on molecular weight using an electric current 

of 100 V. As a running buffer 1x TAE buffer was employed. To visualize the DNA, the gel 

was stained in an ethidium bromide-containing bath and visualized under UV light. 

2.4.7 Amplification of DNA Fragments by Polymerase Chai n Reaction 

The polymerase chain reaction is a routine, multi-purpose technique for amplification of 

DNA.  

2.4.7.1 Design and synthesis of oligonucleotide primers 

All oligonucleotides used in this thesis were purchased from Metabion (Steinkirchen, 

Germany).  

Table 6: List of oligos (primers)  
 

Name Nucleotide sequence (5´ � 3´) Product 
obtained 

Annealing 
temperature 

in C° 
Origin 

Cdiff16S_F GTGAGCCAGTACAGG 
800 bp 48 DSMZ 

Cdiff16S_R TTAAGGAGATGTCATTGG 

EBS universal 
CGAAATTAGAAACTTGCGTTCA

GTAAAC 
- 55 (64) 

ErmRAM_F 
ACGCGTTATATTGATAAAAATAA

TAGTGGG 
spliced: 
900 bp 

unspliced: 
1300bp 

59 (64) 
ErmRAM_R 

ACGCGTGCGACTCATAGAATTA
TTTCCTCCCG 

Cdi-spo0A-F AGGCATAGCTAAGGATGGAATT
G 

wild-type: 
328 bp 
mutant:  
2128 bp 

55 
This work 

Cdi-spo0A-R TTGAGTCTCTTGAACTGGTCTA
GGTTTTGG 

(64) 

Cdi-perR-F GTTCATCCTACTGCGGATTAC wild-type: 59 This work 
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Cdi-perR-R CCTACTTGGCTACACCTTTTAC 
332 bp 
mutant: 
2132 bp 

Cdi-fur-F CTGGTTTTAAGATTACGCCAC wild-type: 
394 bp 
mutant: 
2194 bp 

59 This work 
Cdi-fur-R CCATTACACTCGTCACATAGTC 

Cdi-sigB-F GTAGCTAATGCTACACATTACC wild-type: 
705 bp 
mutant: 
2505 bp 

59 This work 
Cdi-sigB-R CAGTCATCTGTGATATCCCTAG 

Cdi-prsA-F CTGTGGCAACAGTTGAAGGTAC wild-type: 
675 bp 
mutant: 
2475 bp 

59 This work 
Cdi-prsA-B CAGCAACCATTTGACCCCTTG 

Cdi-ppiB-F GATACAAGGAGGATGCCC wild-type: 
284 bp 
mutant: 
2084 bp 

59 This work 
Cdi-ppiB-R GTGGCTTATCAGCTGAATCTG 

Cdi-rsbU-F GATAAACTAAGAGGTTCAATAA
GTGCC 

wild-type: 
672 bp 
mutant: 
2472 bp 

59 This work 
Cdi-rsbU-R TCCATGTCCCATTACATCAGCA 

Cdi-mnkat-F GTAAAAGTAGAAAGACCAAATC wild-type: 
620 bp 
mutant: 
2420 bp 

53 This work 
Cdi-mnkat-R GAAGGAGGATTAATATCTATC 

Cdi-sigD-F GGGGCAAAGTTTTCTAGTTAC wild-type: 
320 bp 
mutant: 
2120 bp 

59 (65) 
Cdi-sigD-R GGAGCTTCCTCTTCTCTATCAC 

Cdi-sigH-F TAAGAGCAAGTGAAGGGGATAA wild-type: 
352 bp 
mutant: 
2152 bp 

55 (66) 
Cdi-sigH-R GTTACTATACTTGTAGCTATAAT

ATC 

Cdi-fur-
complNotI_F 

ATCA GCGGCCGC 
CAGATATTTATTATATTTGC 

779 bp 59 This work 
Cdi-fur-

complHindIII_R 
ATCA AAGCTT 

AATGGAAGAATAGCATAG 

 

2.4.7.2 Polymerase chain reaction conditions 

Different polymerase chain reaction (PCR) conditions were used in this work and 

described in the following sections. 

2.4.7.2.1 Colony PCR 

For colony PCR, individual colonies were picked from BHI-agar plates, re-suspended in 

50 µl ddH2O and centrifuged for 1 min at 13,400 rpm. To the 5 µl cell suspension, PCR 

master mix containing Phusion© DNA polymerase (1 U), 200 µM dNTP mix, 0.5 µmol 

forward and reverse primer, 20 % (v/v) PhusionTM HF buffer (5x) (all New England 

Biolabs, Frankfurt, Germany), ddH2O was added to a final volume of 25 µl. The 

thermocycling program employed for colony PCR is outlined in Table 7.  
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Table 7: PCR conditions of colony PCR using Phusion © DNA polymerase . 

Step Temperature [ °C] Time Cycles 
1 98 30 s 1 
2 98 10 s 

30 3 primer Tm-5 °C 20 s 
4 72 30 s 
5 72 10 min 1 

 

2.4.7.2.2 Gene of interest amplification 

Amplification of target DNA sequences from plasmids for cloning or preparation of 

truncated genes was carried out using 100 ng template DNA, 1 U Phusion© polymerase, 

20% (v/v) 5x Phusion HF buffer, 200 µM dNTPs, each 0.5 µM forward and reverse primer 

(all from New England Biolabs, Frankfurt, Germany), and ddH2O in a final volume of 25 µl. 

The thermocycling program employed for gene of interest amplification is outlined in Table 

8.  

Table 8: Thermocycling conditions for routine PCR u sing Phusion © DNA polymerase . 
 

Step Temperature [ °C] Time  Cycles 
1 98 4 min 1 
2 98 30 s 

25 - 35 3 Tm primer -5 °C  30 s 
4 72 30 s per kb 
5 72 10 min 1 

 

2.4.7.3 Purification of PCR products 

An aliquot of the amplified DNA was analyzed by gel electrophoresis for quality control 

(see 2.4.6). The reaction mixture was purified with the QIAquick PCR Purification Kit 

(Qiagen, Hilden, Germany) according to manufacturer’s instructions. If required, the DNA 

fragment of interest was excised from the gel and purified with the QIAquick Gel 

Extraction Kit (Qiagen, Hilden, Germany). 

2.5 Mutagenesis of Clostridium difficile  

2.5.1 Construction of ClosTron vectors 

Synthetic vectors with genes of interest (Table 5) were designed with the help of the 

ClosTron website (http://www.clostron.com/) using the Perutka algorithm (67). 

Customized vectors were transformed in E. coli CA434 for mating with C. difficile cells. 

For complementation of C. difficile fur mutant, 300 bp upstream and 100 bp downstream 

of fur gene (CD630_12870) were amplified from chromosomal C. difficile 630 DNA. Using 
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restriction endonucleases NotI and HindIII (NEB) the amplified genes and the 

corresponding vector DNA were excised from 1 % agarose gel and purified with the help 

of the QIAquick® Gel Extraction Kit (Qiagen, Hilden, Germany). Insert and vector DNA 

were ligated using T4 DNA ligase (NEB) following the standard protocol. Therefore, insert 

and vector DNA were mixed in 7.5:1, 6:2.5 and 5.5:3 molar ratios. Ligation was carried 

out for 2 hours or overnight at room temperature or at 17 °C. After transformation in 

chemically competent E. coli DH5α cells, individual clones were checked by means of 

colony PCR using Cdi-fur-complNotI_F and Cdi-fur-complHindIII_R primers. Recombinant 

plasmid DNA of positive clones was isolated using FastDNA®Spin Kit for Soil (MP 

Biomedicals, Eschwege, Germany) and sent for sequencing to GATC Biotech (Konstanz, 

Germany). 

2.5.2 Mating procedure of E. coli  CA434 and C. difficile  630∆erm  

To generate knock-out mutants in C. difficile, plasmids were transferred via conjugation. 

The re-targeted pMTL007C-E2 plasmid was transformed into an E. coli donor with the 

appropriate antibiotics for the plasmid (20 µg mL-1 chloramphenicol). E. coli CA434 

contains a plasmid which is capable of mobilizing shuttle plasmids that include the RK2 

origin of replication (oriT), such as pMTL007. The transformed cells were used for 

inoculation of 6 ml LB broth supplemented with chloramphenicol, followed by cultivation at 

37 °C and 200 rpm overnight. In parallel a 2 ml BHI-S broth of C. difficile 630∆erm was 

incubated anaerobically at 37 °C. After 24 h incubation E. coli donor cells were washed 

twice with 500 µl sterile PBS. Conjugation took place in an anaerobic chamber by mixing 

the conjugal donors and recipients in ratio 5:1 and spotting them onto a pre-reduced BHI 

plate without addition of antibiotics. Plates were incubated at 37 °C for 6 h. The 

conjugation mixture was scrapped off the plate with an inoculation loop and streaked out 

onto pre-reduced BHI plates supplemented with 250 µg mL-1  D-cycloserine and 8 µg mL-1  

cefoxitin for counterselection of E. coli and 15 µg mL-1  thiamphenicol to select for the re-

targeted pMTL007C-E2 plasmid in C. difficile. Plates were incubated at 37 °C under 

anaerobic conditions for 24 to 72 h. After incubation, colonies were re-streaked onto fresh 

and pre-reduced plate of the same medium and supplements for safe keeping. 

Transformants were selected by re-streaking colonies onto a fresh and pre-reduced BHI 

plate containing D-cycloserine, cefoxitin and 2.5 µg/ml erythromycin. Erythromycin is used 

to differentiate between cells harboring unspliced and spliced group I introns. Plates were 

incubated at 37°C under anaerobic conditions for 24 – 72 h, colonies were picked and re-

streaked onto fresh agar plates with erythromycin. The same colonies were used to 

inoculate 2 ml BHI broth supplemented with erythromycin and incubated at 37 °C under 
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anaerobic conditions overnight. Genomic DNA preparation was carried out either by 

colony preparation (chapter 2.4.7.2.1) or by using the FastDNA®Spin Kit for Soil (MP 

Biomedicals, Eschwege, Germany).  

2.5.3 Verification of insertional mutation experiment 

Four PCR’s were performed to validate a mutational experiment. Firstly, an E. coli specific 

primer pair and C. difficile specific primer pair were used to identify the desired organism. 

Secondly, a gene specific primer pair screening for the mutated gene which is 1800 bp 

bigger in size compared to wild type counterpart. Thirdly, a primer pair consisting of a 

forward/reverse primer of the gene of interest and the EBS universal primer (64) should 

provide information about the intron-exon junctions, with no visible PCR product in the 

wild type. Lastly, a confirmation with ErmRAM primer pair (64) was carried out, giving a 

900 bp PCR product for the spliced RAM marker and 1300 bp for unspliced marker.  

2.5.4 Comparative growth experiments in complex and min imal medium 

For comparative growth experiments either the complex medium BHI or C. difficile 

minimal medium (CDMM, modified after (41)) were used. Firstly, cells were plated on pre-

reduced BHI plates and passaged twice in a 1:100 ratio in BHI/CDMM, respectively. Main 

cultures were inoculated to an OD600nm of 0.01 and grown over 24 to 36 hours and optical 

density was measured either every 1 or 2 hours. Different iron sources were tested as 

additives to the medium, e.g. iron-sulfate, iron-chloride, iron-citrate, hemin, ferritin and 

transferrin (Table 9). 

Table 9 Iron sources used in this work, their corre sponding stock and end concentrations . 

Iron source Stock solution End concentration 
iron-sulfate 7.5 mM 15 µM 
iron-chloride 7.5 mM  15 µM  
iron-citrate  7.5 mM  15 µM  

hemin  5.2; 4.7 mM  10 µM  
ferritin  12.5 mg/ml  0.01 mg/ml  

transferrin  25 mg/ml  0.01 mg/ml  
 

2.5.5 ICP-MS analyses of iron content in CDMM  

ICP-MS analyses were performed by the company Currenta GmbH and Co. OHG, 

(Leverkusen, Germany). For this purpose, CDMM medium was prepared with and without 

15 µM iron-sulfate, pre-reduced and afterwards sent to Currenta for ICP-MS analyses of 

the iron content.  
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2.5.6 Field emission scanning electron microscopy (FESE M) 

The FESEM microscopy measurements were performed under the supervision of Prof. Dr. 

Manfred Rohde at the Helmholtz Zentrum für Infektionsforschung (HZI) (Braunschweig, 

Germany). C. difficile 630∆erm and corresponding fur mutant were grown anaerobically at 

37 °C to mid-exponential phase and fixated with 5% formaldehyde. Afterwards, the cells 

were washed with TE-buffer (20 mM TRIS, 1 mM EDTA, pH 6.9) before dehydration in a 

graded series of acetone (10%, 30%, 50%, 70%, 90%, 100%) on ice for 15 min for each 

step, critical-point dried with liquid CO2 (CPD 30, Bal-Tec, Balzers, Liechtenstein) and 

covered with a gold film by sputter coating (SCD 500, Bal-Tec, Balzers, Liechtenstein) 

before being examined in a field emission scanning electron microscope (Zeiss DSM 982 

Gemini, Oberkochen, Germany) using the Everhart Thornley SE detector and the inlens 

detector in a 50:50 ratio at an acceleration voltage of 5 kV. 

2.5.7 Toxin quantification 

For the separate detection of C. difficile Toxin A and Toxin B the TGC-E002-1 ELISA 

(tgcBIOMICS GmbH, Bingen, Germany) was used. The supernatants of harvested 

samples of wild type C. difficile and the corresponding fur mutant from different time points 

(8, 24, 48, 72 hours, respectively) were used immediately or stored for one week at 4 °C. 

2.6 Sample collection for systems biology approach 

C. difficile 630∆erm and the designated fur mutant strain were grown anaerobically in 

CDMM with 15 µM FeSO4 to mid-exponential growth phase. Cells were harvested (10 

min, 8000 x g) anaerobically using gas-tight polypropylene tubes (TPP, Trasadingen, 

Switzerland) and harvested cells and/or supernatant were used for transcriptome, 

proteome and metabolome analyses as described below. 

2.6.1 Transcriptome analyses (RNAseq) 

RNAseq based transcriptome analyses were performed in cooperation with Dr. Aaron M. 

Nuss from the Department of Molecular Infection Biology headed by Prof. Dr. Petra 

Dersch, Helmholtz Center for Infection Research, (Braunschweig, Germany). 

Transcriptome - RNA isolation . Total bacterial RNA was isolated from bacterial cell 

pellets as described before (68). Residual DNA was removed using TURBO DNase 

(Ambion, Thermo Fisher Scientific, Waltham, MA, USA). Resulting DNA-free RNA was 

further purified with phenol:chlorophorm:isoamylalcohol (25:24:1) extraction. Remaining 

traces of phenol were removed by washing the samples twice with 

chloroform:isoamylalcohol (24:1). RNA integrity was assessed using the Agilent RNA 

6000 Nano Kit on the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, 
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USA).The rRNAs were depleted from the total RNA using Microbexpress (Ambion, 

Thermo Fisher Scientific, Waltham, MA, USA). To 1 µg of rRNA depleted total RNA 1 µl of 

either 1:10 diluted ERCC ExFold RNA Spike-In Mix 1 or 2 (Ambion, Thermo Fisher 

Scientific, Waltham, MA, USA) was added. RNA was subsequently treated with tobacco 

acid pyrophosphatase (TAP) (Epicentre Biotechnologies, Madison, WI, USA). Prior to 

cDNA library preparation, RNA was again ectracted with 

phenol:chlorophorm:isoamylalcohol (25:24:1), any remaining phenol traces were removed 

by washing the samples twice with chloroform:isoamylalcohol (24:1), RNA was recovered 

by ethanol precipitation. 

Transcriptome - strand-specific library preparation  and Illumina sequencing . Strand-

specific RNA-seq cDNA library preparation and barcode introduction based on RNA 

adapter ligation was performed as described previously (69). Library quality was validated 

using the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) 

following the manufacturer’s instruction. Cluster generation was performed using the 

Illumina cluster station. Single-end sequencing on the Illumina HiSeq2500 followed a 

standard protocol. The fluorescent images were processed to sequences and transformed 

to FastQ format using the Genome Analyzer Pipeline Analysis software 1.8.2 (Illumina, 

San Diego, CA, USA). The sequence output was controlled for general quality features. 

Sequencing adapter clipping and demultiplexing was done using the fastq-mcf and fastq-

multxtool of ea-utils (70). 

Transcriptome - bioinformatics and statistics . DNA sequencing output was analyzed 

using the FastQC tool (Babraham Bioinformatics, Cambridge, UK). All sequenced libraries 

were mapped to the C. difficile 630 genome (NC_009089.1) and the corresponding 

pCD630 plasmid (NC_008226.1) using Bowtie2 (version 2.1.0) (71) with default 

parameters. ERCC mapping and analysis were performed after supplier’s instructions. 

After read mapping, SAMtools (72) was employed to filter the resulting bam files for 

uniquely mapped reads (both strands), which were the basis for downstream analyses. 

Differential gene expression was evaluated using the DESeq2 tool as part of the 

Bioconductor software package. 

2.6.2 Proteome analyses 

Proteome analyses were carried out in cooperation with Dr. Christian Lassek and Dr. 

Andreas Otto from the Institute of Microbiology headed by Prof. Dr. Katharina Riedel, 

Ernst-Moritz-Arndt University of Greifswald (Greifswald, Germany). 



                                          Material and Methods 
 

30 
 

Proteome - protein sample preparation and separatio n. Cell pellets were suspended in 

700 µl of ice-cold urea-containing buffer (7 M urea, 2 M thiourea, 50 mM 

dichlorodiphenyltrichloroethane (DDT), 4 % (w/v) 3-[(3-cholamidopropyl) 

dimethylammonio]-1-propanesulfonate (CHAPS), 50 mM Tris-HCl). Cell lysis was 

performed by sonication in six cycles of 60 s (probe MS73, amplitude 60 %, 0.1 s pulse 

every 0.5 s) on ice (Sonoplus, Bandelin, Berlin, Germany). Cell debris was removed by 

centrifugation at 6,000 g for 10 min at 4 °C. Proteins of cell free resulting lysates were 

precipitated by addition of ice-cold acetone (in a 1:7 ratio (v/v)) for 20 h at -20 °C. 

Subsequently, samples were allowed to warm to room temperature and were centrifuged 

at 22,000 g for 45 min at room temperature. The supernatant was discarded and the 

pellets were dried. The protein pellets were solubilized in SDS-containing urea-buffer (7 M 

urea, 2 M thiourea, 1 % (v/v) SDS). For protein concentration determination, 10 µl of each 

sample was separated by SDS-PAGE (Criterion TGX Precast Gels 4-20 %, Biorad, 

Hercules, California). Resulting SDS-gels were fixed for 1 hour in 40 % (v/v) EtOH, 10 % 

(v/v) glacial acidic acid, washed in H2O and stained by the Flamingo fluorescent dye 

(Biorad, Hercules, California) for 1 hour. Resulting fluorescence signals of the samples 

were measured by a Typhoon TRIO scanner (GE Healthcare, Little Chalfont, United 

Kingdom) and quantified by ImageQuant 5.2 (GE Healthcare, Little Chalfont, United 

Kingdom). Comparable protein amounts (~30 µg of protein per sample) for each analyzed 

condition were separated by SDS-PAGE as described above and stained overnight with 

Colloidal Coomassie. Gel lanes were cut into 10 slices and proteins subjected to in-gel 

trypsinization as described previously (73). 

Proteome - LC-MS/MS measurements and data analysis . The eluted peptides were 

subjected to LC-MS/MS analyses performed on a Proxeon nLC 1000 coupled online to an 

Orbitrap Elite mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). In-

house self-packed columns (i.d. 100 µm, o.d. 360 µm, length 150 mm; packed with 1.7 

µm Aeris XB-C18 reversed-phase material (Phenomenex, Aschaffenburg, Germany) were 

loaded and washed with 10 µl of buffer A (0.1 % (v/v) acetic acid) at a maximum pressure 

of 750 bar. For coupled LC-MS/MS analysis, elution of peptides took place with a 

nonlinear 80 min gradient from 1 to 99 % buffer B (0.1 % (v/v) acetic acid in acetonitrile) at 

a constant flow rate of 300 nl/min. Eluting peptides were recorded with a mass 

spectrometer at a resolution of R = 60,000 with lockmass correction activated. After 

acquisition of the full MS spectra, up to 20 dependent scans (MS/MS) were performed 

according to precursor intensity by collision-induced dissociation fragmentation (CID) in 

the linear ion trap. Data was analyzed as previously described (73). For this purpose, 
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Sequest HT database searches were performed with raw files against a C. difficile 630 

protein database containing common contaminations (3804 entries). The following search 

parameters were used: enzyme typ = trypsin (KR), peptide tolerance = 10 ppm, tolerance 

for fragment ions = 0.6 Da, b- and y-ion series, variable modification = methionine (15.99 

Da); a maximum of three modifications per peptide was allowed. Peptide and protein 

identifications were accepted with a false discovery rate (FDR) of at most 1 %, requiring a 

minimum of at least two unique peptides for protein identification and quantification. 

Moreover, only proteins that were at least identified in two out of three biological replicates 

were taken into account. Relative protein quantification was achieved by calculating the 

normalized area under the curve (NAUC). Identification of statistical differences in relative 

protein amounts was performed using t-test (p-value < 0.05) including adjusted Bonferroni 

correction and all possible permutations. 

2.6.3 Metabolome analyses 

Metabolome analyses were carried out in cooperation with Dr. Meina Neumann-Schaal 

from the Department of Bioinformatics and Biochemistry headed by Prof. Dr. Karsten 

Hiller, formerly headed by Prof. Dr. Dietmar Schomburg, TU Braunschweig 

(Braunschweig, Germany).  

Metabolome - Sample preparation for GC/MS-based ana lysis of intracellular 

compounds . Cells were grown to the mid-exponential growth phase and harvested 

anaerobically by centrifugation (10 min, 8000 g) using gas-tight polypropylene tubes (TPP, 

Trasadingen, Switzerland). The supernatant was removed and the cells were immediately 

quenched by suspension in pre-cooled isotonic sodium chloride-methanol (50 % (v/v), -

32  C). Cells were pelleted at -20 °C, 8,000 g for 5 min. The quenching solution was 

removed and the cells were frozen in liquid nitrogen. Cell lysis and metabolite extraction 

were performed as described previously (74) with methanol instead of ethanol. One ml of 

the polar phase was dried in a vacuum concentrator and stored at -80 °C prior to analysis. 

Metabolome - GC/MS-based analysis . Extracellular samples were prepared as 

described previously (41). Volatile and non-volatile compounds in the culture supernatants 

and cell free extracts were analyzed via GC/MS as described earlier (41). Raw data 

obtained from GC/MS measurements were processed by applying version 2.2N-2013-01-

15 of the in-house developed software MetaboliteDetector (75). The peak identification 

was performed in a non-targeted manner with a combined compound library. After 

processing, non-biological peaks and artefacts were eliminated with the aid of blanks. 

Peak areas were normalized to the corresponding internal standards (o-cresol or ribitol) 
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and derivatives were summarized. Significant changes in metabolite levels were 

calculated by non-parametric Kruskal-Wallis test (76); p-value < 0.01) using Benjamini–

Yekutieli correction (77) to control the false discovery rate.  

Metabolome - HPLC/MS-based analysis of Coenzyme A-d erivatives . Cells were 

grown to the mid-exponential growth phase and harvested anaerobically by centrifugation 

(10 min, 8000 g) using gas-tight polypropylene tubes (TPP). Supernatant was removed 

and the cells were immediately frozen in liquid nitrogen. Coenzyme A (CoA)-esters were 

isolated by cell breakage using a Precellys 24 homogeniser (Peqlab, Erlangen, Germany) 

at -10 °C. The procedure included three cycles of homogenisation (6800 rpm, 30 s with 

equivalent breaks). The lysate was transferred to 10 mL of ice-cold ammonium acetate 

(25 mM, pH 6) and centrifuged (5 min at 10,000 g, 4 °C). CoA-derivatives were extracted 

on a Strata XL-AW solid phase extraction column (Phenomenex, Aschaffenburg, 

Germany). The column was equilibrated with 1 ml methanol followed by 1 ml 

methanol:H2O:formic acid (50:45:5) and 1 ml H2O prior sample application. Cell lysates 

were applied onto the column at 800 - 900 mbar vacuum for 5 min. The column was 

washed with 1 ml ammonium acetate (25 mM, pH 7.2) and 1 ml methanol, followed by 3 

min of drying at 700 mbar vacuum. CoA-esters were eluted twice with 500 µl methanol 

containing 2 % (v/v) ammonia solution (27 % ammonia in H2O). The fractions were dried 

in a vacuum concentrator. Buffers, eluents, column, and flow rates for HPLC-MS analysis 

of CoA-derivatives were used as described by Peyraud (78). Dried extracts were resolved 

in 110 µl sample buffer (25 mM ammonium acetate pH 3.5, 2 % methanol). Hundred µl of 

metabolite sample were separated using a Dionex ultimate 3000 system (Thermo 

Scientific Inc., Darmstadt, Germany) coupled to a Bruker MicroTOF QII mass 

spectrometer (Bruker Daltonik GmbH, Karlsruhe, Germany) equipped with an electrospray 

ionisation interface. Metabolites were chromatographed on a C18 analytical column 

(Gemini 150, 2.0 mm, particle size 3 µm; Phenomenex, Aschaffenburg, Germany) at a 

constant temperature of 35 °C using the following gradient: 1 min 5 % B (methanol) + 95 

% A (50 mM formic acid pH 8.1), 18 min gradient to 30 % B + 70 % A, 7 min gradient to 

95 % B + 5 % A and a final step at 95 % B + 5 % A for 4 min. MS analyses were done 

using a positive ESI mode with 3 Hz data acquisition and automated MS2 acquisition. Full 

scan mass spectra were obtained from 90 to 1178 m/z using an end plate offset of -500 V 

and a capillary voltage of 4,500 V. Nebulizer pressure was 1.2 bar. Dry gas flow rate was 

at 8 l·min-1 with 200 °C dry temperature. Data export in mzXML format and internal mass 

calibration using the sodium formiate cluster was carried out with DataAnalysis software 
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(version 4.0 SP 5 (Build 283)). Raw data were processed using the XCMS package (79–

81) for R (version 3.0.3) with the following parameters: ppm = 8, peakwidth = c (5, 24), 

snthresh = 1, prefilter:=c (1, 200), mzCenterFun = “wMeanApex3”, integrate = 1, mzdiff = 

0.4, fitgaus = TRUE, scanrange = c (700, 5000) and noise = 0. The XCMS methods 

'group' and 'rector' in two iterations were used for peak alignment and retention time 

correction. The parameters were set as following: method = “nearest”, mzVsRTbalance = 

15, mzCheck = 0.2, rtCheck = 20, kNN = 15 for the first iteration and kNN = 10 for the 

second grouping. Further parameters were missing = 3, extra = 2, smooth = “loess”, span 

= 0.2, family = “symmetric”, plottype = “mdevden” and missing = 1, extra = 1 for the 

second iteration of rector. A final grouping step was carried out using the same group 

parameters as for the second iteration. Finally, missing values were calculated using the 

'fillpeaks' method. Retention times of available CoA standards and the accurate masses of 

M + 2H ions were used for peak identification. If no synthetic standard was available for a 

certain compound both, calculation of molecular mass from M + 2H and M + H ions and 

sum formula prediction from the accurate mass and isotopic pattern were applied for 

identification using the DataAnalysis software. Whenever possible, MS2 fragmentation 

was used to confirm the presence of the CoA moiety. Significant changes in metabolite 

levels were calculated by non-parametric Kruskal-Wallis test (76); p-value < 0.01) using 

Benjamini–Yekutieli correction (77) to control the false discovery rate. 

2.7 Bioinformatical analysis 

De novo motif search  - Motif search was performed with the standalone version of 

MEME (82) on the promoter sequences [-250,0] of 66 genes known to be differentially 

regulated by Fur and involved in the iron metabolism. MEME was run with option "-anr" 

and without any restrictions on the motif width. Motif presence was confirmed in 11 out of 

the 66 promoters. 

Genome-wide motif scan  - We performed genome-wide motif search in the promoters 

[-250,0] of C. difficile using the de novo obtained position weight matrix (PWM). The 

standalone version of the MAST tool available in the MEME package was run with option 

“-norc" (search only the forward strand) once with default other parameters and once with 

maximal motif hit P value of 5.10(-5). 

Hierarchical clustering of large heatmaps  - We computed the pair-wise Pearson 

correlation between the log2-normalized read counts of the genes filtered by minimal 

variance change using data from all transcriptome replicates generated for a given 

condition. We performed hierarchical clustering of the genes in the resulting expression 

matrix by progressively grouping them: at each step of the iterative algorithm the two 
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genes or gene clusters that have the smallest distance were merged to form a new 

cluster, and two branches of a growing tree were joined. The lengths of the branches are 

equal to the half of the distance between two genes or gene clusters. We used the 

average linkage rule; this means that the distance between two clusters is computed as 

the mean of all the distances between the genes in the first cluster and the genes in the 

second cluster. All calculations were performed in R using the hclust function. 

For the small heatmaps  - All heatmaps were generated using the heatmap.2 function in 

R using the available transcriptome data.
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3. Results and Discussion 

The anaerobic, spore-forming bacterium Clostridium difficile is one of the leading 

causes of infectious diarrhea among patients in hospitals worldwide (3). It is referred to 

cause Clostridium difficile infections (CDI) and Clostridium difficile associated disease 

(CDAD). CDAD ranges from mild diarrhea to life-threatening complications like 

pseudomembranous colitis (PMC) and toxic megacolon. Systematic studies on 

C. difficile were lacking for a long time due to its complicated strict anaerobic cultivation 

and missing tools for genetic manipulation. This changed by invention of the ClosTron 

system in 2007 by Minton and co-workers (60, 64). This system allows the generation 

of stable, insertional knock-out mutants in the laboratory strain C. difficile 630∆erm.  

Iron plays a crucial role in the pathogenicity of most bacteria and its uptake and 

utilization must be tightly regulated. In order to elucidate C. difficile gene regulatory 

networks in response to iron the ClosTron system for C. difficile mutagenesis was 

established in our laboratory to inactivate a potential iron regulator gene.  

3.1 Comparative growth experiments of C. difficile  wild type and fur  

mutant in response to iron availability 

Many proteins such as heme containing cytochromes, Fe-S-cluster and heme 

containing respiratory proteins, and tricaboxylic acid metalloenzymes, use iron as a 

cofactor. Consequently, iron is an essential element for the growth of most bacteria 

(83). Despite its abundance in nature, iron is often a growth-limiting nutrient because of 

the low solubility of ferric iron under aerobic conditions at neutral pH (84). Under 

anaerobic or low-pH conditions, ferrous iron predominates over the ferric form. Bacteria 

have evolved various mechanisms to control iron homeostasis. Most pathogens use 

high-affinity iron-uptake mechanisms to counteract the low availability of free iron in the 

host. In pathogenic bacteria these iron-uptake mechanisms acquire iron directly from 

host proteins, including the iron-binding glycoproteins transferrin (in serum and 

extracellular fluid) and lactoferrin (in mucosal secretions), and from heme-containing 

proteins such as hemoglobin, haptoglobulin, and hemopexin (83).  

3.1.1 C. difficile wild type requires iron for growth 

Since iron is essential for the growth of most bacteria, its importance for the growth of 

C. difficile was examined. Due to oxygen sensitivity of C. difficile all experiments were 

carried out in an anaerobic chamber. First, for the reproducibility of the growth 

experiments a workflow was established. Initially, cells were re-streaked on agar 

plates, following a two-step incubation in liquid medium, and finally inoculation of the 
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main culture to avoid sporulation effects. The significance of iron was first investigated 

with C. difficile 630∆erm in complex media (BHI) in combination with different quantities 

of the iron chelator 2,2’-dipyridyl (DPP) (Figure 7). DPP scavenges Fe2+ ions and can 

therefore be used to generate iron-limited and iron-deplete conditions in different 

media. A concentration of 50 - 75 µM DPP inhibited substantially the growth of 

C. difficile 630∆erm, addition of 125 µM DPP significantly reduced the growth to about 

50 % mimicking iron-limited conditions. Concentrations of 200 - 300 µM DPP abolished 

growth and represented complete iron-depletion. Concluding, C. difficile requires iron 

for growth and, therefore a regulator controlling the homeostasis of this metal.  

 

Figure 7  C. difficile  630∆erm  grown for 24 hours with different quantities of th e iron 
chelator DPP in BHI medium . Growth in BHI (black) and BHI with 50 µM DPP (red), 75 µM 
DPP (yellow), 100 µM DPP (orange), 125 µM DPP (green), 200 µM DPP (pink) and 300 µM 
DPP (blue). Growth was monitored every two hours in anaerobic flasks in at least three 
independent cultivations. Standard deviations are given. 

The ferric uptake regulator (Fur), a transcriptional repressor was found in many 

Gram-negative and Gram-positive bacteria in control of the regulation of iron 

homeostasis. Basic local alignment search tool (BLAST) analyses displayed a 

homologue of the fur gene in C. difficile 630 (CD630_12870). Alignment of Fur proteins 

from E. coli K12 and Bacillus subtilis 168 with the potential counterpart from C. difficile 

showed high amino acid sequence homology of 62 to 70 %, respectively. DNA-binding 

domains (Figure 8, green box) are conserved between these Fur proteins.  
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Figure 8 Alignment of Fur proteins from E. coli K12, B. subtilis  168 and C. difficile  630. 
The alignment was made using Clustal Omega. Green box = DNA-binding domain, red box = 
Fe2+ binding region, underlined = Zn2+ binding region.  

Furthermore, the Zn2+ -and Fe2+-binding regions, necessary for dimerization are also 

conserved between these Fur proteins (Figure 8, Zn2+-binding site = underlined; 

Fe2+-binding site = red box). Since Fur plays a major role in controlling iron 

homeostasis in most Gram-positive and Gram-negative bacteria, a C. difficile fur 

mutant was generated to characterize its role in iron metabolism.  

3.1.2 Generation of a fur mutant in C. difficile   

Minton and co-workers established the ClosTron technology in 2007 (60, 64), which 

allows for the generation of stabile insertional mutants in the laboratory strain 

C. difficile 630∆erm (59). With the help of this technique the first aim was to generate a 

mutant lacking the ferric uptake regulator gene (fur). The ClosTron system uses a 

group II intron to insert an erythromycin resistance cassette into the target gene. 

C. difficile 630∆erm, an erythromycin-sensitive derivative of the sequenced C. difficile 

strain 630, was used as the parental strain and is further referred to wild type.  
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Figure 9: Illustration of the integration events us ing the ClosTron technology . C. difficile 
630∆erm was used as wild type and fur specific primers were designed. The plasmid 
pMTL007C-E2_fur274a::intron was designed and synthesized by DNA 2.0 (www.atum.bio). At 
the bottom, the chromosome of C. difficile fur mutant with integrated Erm RAM is displayed.  

Firstly, a plasmid containing the re-targeted sequence was designed with the help of 

the Peruthka algorithm (85) and afterwards synthesized by DNA 2.0 (Menlo Park, 

USA). This plasmid was transformed using E. coli CA434, a strain able to transfer the 

plasmid via conjugation into C. difficile. Mating procedure yielded multiple colonies. 

The potential mutants were re-streaked on agar-plates containing appropriate 

supplements for selection. Afterwards DNA was extracted and different PCRs (Figure 

9) were performed to screen for the desired integration event. At first, primers flanking 

the wild type fur gene were used to detect either the wild type PCR product of 394 bp 

or the desired mutant product at 2194 bp (Figure 10, Lane A and B). Next, the 

verification with intron-exon primer pair yielded in a PCR product of 410 bp (Figure 10, 

Lane C). Lastly, the spliced ErmRAM marker (900 bp) was confirmed by using 

ErmRAM specific primers (Figure 10, Lane D). 
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Figure 10 Agarose gel electrophoresis of potential fur  mutant in C. difficile 630∆erm . 
Lane A shows the positive control (wild type DNA) with a PCR product of 394 bp, Lane B 
displays a PCR product of 2194 bp indicating mutational insertion, Lane C shows intron-exon 
junctions PCR product of 410 bp, Lane D displays the spliced ErmRAM marker PCR product of 
900 bp. M = GeneRuler Ladder Mix, Fermentas (Thermo Fisher Scientific, Darmstadt, 
Germany). Schematical representation of integration events is illustrated in Figure 9.  

Figure 10 exemplary represents a successful mutational experiment, displaying all 

PCR products to verify the fur mutation in C. difficile 630∆erm.  

3.1.3 Generation of multiple regulatory mutants of C. difficile  

Using the ClosTron technology several other mutants were generated (Table 4). The 

C. difficile spo0A gene (CD630_12140) encodes for the transcriptional regulator of 

sporulation and was used to establish the ClosTron system in our laboratory. 

Furthermore, a mutant lacking the potential peroxide repressor perR (CD630_ 08260) 

was generated and systems biology analyses were carried out indicating a role of PerR 

as a starvation regulator. In addition, the sigma factor SigB (CD630_00110), generally 

referred to the general stress response was mutated and investigated regarding 

several stresses (e.g. H2O2, heat, acidic stress, starvation), though, no phenotype was 

found yet. A mutant lacking the gene CD630_26850, potentially encoding a 

phosphoserine phosphatase, known in B. subtilis as rsbU to be part of the sigma B 

operon was generated. This mutant is supposed to play a role during oxygen stress 

response and was send to Dr. Susanne Sievers in Greifswald for proteomic 

investigations. Genes encoding for fliA (CD630_02660, also referred to as sigD) and 

sigH (CD630_00570, a RNA polymerase sigma factor) were generated as well. These 

genes are associated with flagella assembly and also biofilm formation and were send 

to Dr. Christian Lassek in Greifswald for proteomic analyses and biofilm experiments. 
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Additionally, a potential manganese catalase (CD630_15670) was mutated and given 

to Dr. Christine Eymann in Greifswald. Two genes associated with peptidyl-prolyl-

cis/trans-isomerases, namely prsA2 (CD630_35000) and ppiB (CD630_03310) were 

generated and send to Dr. Can Ünal in Braunschweig. The mutants showed slightly 

reduced sporulation and motility. Furthermore, the ppiB mutant produced more toxin A 

and B, hence, represents an interesting targets for further experiments (personal 

correspondence with Dr. Ünal).  

This ClosTron system allows stable, insertional mutations in C. difficile and with the 

establishment of this method in our laboratory, further experiments to investigate 

C. difficile’s regulatory network can be carried out in the future.  

3.1.4 Fur mutant displays growth deficiency in CDMM  medium 

The ferric uptake regulator (fur) is known for many bacteria to control iron homeostasis 

(51). BLAST analyses displayed a fur homologue in C. difficile (CD630_12870) (Figure 

8) and an insertional mutant was generated (see 3.1.2). Growth experiments of 

C. difficile wild type and fur mutant were performed in BHI (complex) and C. difficile 

minimal medium (CDMM).  
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Figure 11  C. difficile 630∆erm  and corresponding fur  mutant grown in BHI (A) and CDMM 
(B) for 24 hours . Growth was monitored every two hours in anaerobic flasks in at least 3 
independent cultivations. Standard deviations are given.  

Comparing the growth profiles of both strains grown in BHI, a slight difference is visible 

in the stationary phase, where the of fur mutant revealed slightly reduced growth 

(Figure 11, A). A clear growth deficiency of the fur mutant was observed in CDMM 

(Figure 11, B). The ODmax of wild type is 0.99 ± 0.016 and of fur mutant 0.45 ±0.041. 

Clearly, the fur mutation has an impact on growth of C. difficile.  

3.1.5 Comparative growth of wild type and fur mutant with different iron 

sources 

C. difficile wild type can utilize different iron sources (e.g. FeSO4, FeCl3 and Fe citrate) 

when grown before in iron-replete conditions with DPP. In order to investigate effects of 

fur mutation on the utilization of different iron sources, different iron compounds were 

supplied and the growth behavior of the mutant was compared to wild type C. difficile 

cells (Figure 12). FeSO4, Fe citrate, hemin, FeCl3, transferrin and ferritin were tested. 

The wild type C. difficile and the fur mutant both can utilize these organic and inorganic 
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iron sources. Comparing the growth profiles of wild type and the fur mutant using iron 

sulfate and iron citrate as iron sources displayed clear differences. The wild type 

reached a higher optical density compared to the mutant (Table 10 for ODmax and 

µmax). Other iron sources were utilized to an equal extend, however lead to a 

prolonged lag-phase of the fur mutant. Finally, a restoration of growth rates during 

stationary phase was observed.  

Table 10 Maximal optical densities and growth rates  (µmax) of C. difficile  wild type and 
the fur  mutant grown with different iron sources in CDMM . 

strain iron source OD max [600 nm] µmax 

630∆erm iron sulfate 0.999 ± 0.016 0.066 ± 0.003 

fur mutant iron sulfate 0.456 ± 0.041 0.137 ± 0.012 

630∆erm iron citrate 0.538 ± 0.002 0.135 ± 0.007 

fur mutant iron citrate 0.521 ± 0.008 0.113 ± 0.015 

630∆erm iron chloride 0.709 ± 0.017 0.095 ± 0.014 

fur mutant iron chloride 0.488 ± 0.010 0.118 ± 0.022 

630∆erm hemin 0.499 ± 0.002 0.088 ± 0.003 

fur mutant hemin 0.469 ± 0.003 0.064 ± 0.003 

630∆erm transferrin 0.382 ± 0.002 0.105 ± 0.007 

fur mutant transferrin 0.423 ± 0.005 0.064 ± 0.004 

630∆erm ferritin 1.095 ± 0.019 0.066 ± 0.002 

fur mutant ferritin 0.711 ± 0.008 0.096 ± 0.006 
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Figure 12 C. difficile 630∆erm  and fur  mutant grown for 24 hours in CDMM with different 
iron sources . Iron sources were: A = FeSO4, B = Fe citrate, C = hemin, D = FeCl3, E = 
transferrin, F = ferritin. Growth was monitored every two hours in anaerobic flasks in at least 3 
independent cultivations. Standard deviations are indicated. 

3.2 Toxin expression is not controlled by Fur 

C. difficile is producing three toxins, the enterotoxin A (tcdA), cytotoxin B (tcdB) and a 

binary toxin (CDT). All toxins were associated with CDI, leading to damage and follow 

up diseases. Toxins A and B glycosylate Rho family GTPases in host cells, leading to 
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the disruption of the actin cytoskeleton, cell death and a strong inflammatory response 

(17). Toxin formation is typically observed in C. difficile cultures 48 – 72 h after 

inoculation. Toxin A and B formation was determined with an ELISA assay in the 

exponential (8 h), early stationary (24 h), late stationary (48 h) growth phase and after 

72 h of growth. To examine whether the fur mutation has an impact on toxin 

production, an ELISA assay of C. difficile wild type and the fur mutant was performed 

(Figure 13).  

 

Figure 13 Comparison of toxin concentration of C. difficile wild type and fur  mutant 
grown in CDMM . Cells were harvested at designated time points and toxin assays (ELISA, 
tgcBiomics, Bingen, Germany) were performed in triplicates. Standard deviations are indicated. 

Obviously, toxin production starts in the late stationary phase. At 8 hours (during mid-

exponential growth phase) no toxin was detectable or concentration were below the 

detection limit. To test if the toxins were produced in later growth phases, samples from 

24, 48 and 72 hours were tested. In wild type, toxin A was quantified (2.29 ng/ml) and 

toxin B (0.84 ng/ml) after 24 h growth. Toxin A was also quantified (4.12 ng/ml) and 

toxin B (2.74 ng/ml) in the fur mutant after 24 hours of growth. The ratio of toxin A to 

toxin B for wild type is 2.7 while ratio in the fur mutant is 1.5. The toxin ratio in wild type 

cells after 48 h of growth is 15 [toxin A: 11.89 ng/ml, toxin B: 0.79 ng/ml] and in the fur 

mutant 10 [toxin A: 9.38 ng/ml, toxin B: 0.93 ng/ml]. The toxin production varies 

dramatically between different isolates of C. difficile and also between different 

publications (19, 86, 87). Comparison of the extracellular toxin level of five different 

strains including strain 630 revealed the lowest toxin scores for C. difficile 630 in a 
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complex medium after 24 h cultivation with a toxin A to toxin B ratio of 1.4 (87). This 

finding corresponds nicely to toxin ratio of the fur mutant after 24 h of growth. However, 

Neumann-Schaal and colleagues cultivated C. difficile 630∆erm in CDMM and 

analyzed toxin formation. They observed a toxin A to toxin B ratio of 20 after 48 h of 

growth (41). The toxin ratios described here for wild type and fur mutant after 48 h of 

growth were more comparable to the results obtained by Neumann-Schaal. This is not 

surprising, since the same wild type strain, medium composition and assay method 

were used. The toxin ratio is influenced by medium composition as well as by the 

tested growth phase and can deviate strongly. Apparently, the results display different 

toxin ratio in wild type [15] to fur mutant [10] but there is no significant difference in total 

toxin concentration, indicating no direct regulation of toxin formation by Fur.  

3.3 Morphology: flagella and pili formation are affec ted by Fur mutation 

To investigate the morphological phenotype of the fur mutant scanning electron 

microscopy was performed in cooperation with Prof. Dr. Manfred Rohde, HZI, 

Braunschweig. Cultures were grown in CDMM under high iron conditions (760 µg/l) to 

mid-exponential phase and fixed with paraformaldehyde for microscopy (Figure 14). 

 

Figure 14  Electron microscopy overview of C. difficile  wild type (A) and fur  mutant (B) . 
Cultures were grown in CDMM with iron (760 µg/l) and harvested at mid-log phase for 
microscopy analyses. Bar 2 µm. Images were taken by Prof. Dr. Manfred Rohde, HZI, 
Braunschweig.  

Less cells compared to wild type are visible in the fur mutant sample, probably due to 

growth deficiency (Figure 14, B). A detailed representation of wild type and fur mutant 

phenotypes are illustrated in Figure 15. A and C show wild type C. difficile cells, while 

in B and D fur mutant cells are shown. Cells differed in their shape, and most 

significantly in the number of attached flagella and pili. Wild type cells were regular rod-

shaped, in contrast the fur mutant cells showed an irregular shape displayed by humps 

around the cells. Both strains exhibit flagella and pili. Nevertheless, the fur mutant 

showed much less flagella in comparison to wild type. Even more pronounced was the 
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observed reduction of the pili in the fur mutant. For most pathogens, flagella are 

recognized as essential virulence factors. It has been shown, that flagella participate in 

the formation of biofilms in C. difficile (34). Biofilm formation in Gram-positive bacteria 

involves multiple factors including adhesins and surface structures such as flagella and 

pili (88). Recently, strain C. difficile 630 flagella mutants were reported to have better 

adherence in an in vitro model (89). Dapa and colleagues suggested that flagella are 

important at later biofilm stages, as their fliC mutant did not display defects in vitro at 

earlier time points (34). 

 

Figure 15 Detailed electron microscopy of C. difficile  wild type (A and C) and fur  mutant 
(B and D) . Cultures were grown in CDMM with iron (760 µg/l) and harvested at mid log phase 
for microscopy analyses. Bar 1 µm. Images were taken by Prof. Dr. Manfred Rohde, HZI, 
Braunschweig. 

Many chronic and recurrent bacterial infections require from biofilm formation. Biofilms 

are surface-associated bacterial communities embedded in an extracellular matrix (90). 

C. difficile infects the colon surface and CDI may be biofilm mediated. Moreover, 

biofilms are known to allow their constituents to resist antibiotic treatment. Although the 

precise mechanisms of CDI treatment resistance and infection relapse are currently 

unknown, they may be related to the formation of a C. difficile biofilm (37). C. difficile 

produces type IV pili (T4P). T4P are important for biofilm formation in a number of 

organisms such as P. aeruginosa (91). Type IV pili contribute to aggregation in 

C. difficile and are regulated by a c-di-GMP-dependent transcriptional riboswitch 
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activator (92). Bordeleau and colleagues suggested in their work an involvement of 

type IV pili in the pathogenicity of C. difficile (92). Other studies revealed that 

aggregation and/or biofilm formation could be important for colonization (93). 

Furthermore, Goulding et al. observed the presence of pilus-like structures at the 

surface of C. difficile cells within the intestinal crypts of infected hamsters and detected 

the predicted pilin CD630_35070 in vivo (36). Consequently, biofilm formation with 

flagella and T4P involvement might play a crucial role for the infection process. The 

scanning electron microscopy displayed less pili for the fur mutant leading to the 

assumption that the fur mutant is less infectious. This needs to be examined at the 

transcriptional level and in an animal model. There exists an increasing scientific 

evidence that flagella play a more direct role in virulence via modulation of toxin 

expression (33, 94), rather than simply providing force-driven motility towards nutrients 

available in the gut (95). Baban and colleagues proposed in their study that in the 

630∆erm strain, flagella and motility are not essential to colonize mice but may provide 

a motility fitness advantage over non-flagellated strains in environments where the two 

coexist (33). Infection of hamsters with fliC and fliD mutants of C. difficile 630 indicated 

a link between flagellar gene regulation and toxin expression, due to the fact that 

mutants succumbed faster in infection than wild type 630∆erm (89). The fur mutant 

might be less infectious due to its fewer presence of flagellar and pili. However, 

connection between flagella and virulence is most certainly strain specific and needs to 

be fully understood. Therefore, a combined systems biology approach was necessary 

to unravel C. difficile’s iron-dependent regulatory network. 

3.4 Systems biology approach to understand the role o f Fur for the 

physiology of C. difficile  

In order to characterize the Fur mediated iron response and corresponding gene 

regulatory, proteomic and metabolic networks, a systems biology approach was 

performed.  

3.4.1 Defining conditions for sampling 

At first, appropriate growth and sample conditions were determined. Growth 

experiments described earlier displayed a growth deficiency of the fur mutant 

compared to wild type in CDMM (Figure 12).  
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Figure 16 Growth curves of C. difficile  wild type and corresponding fur  mutant in CDMM 
with 760 µg/l iron or 11 µg/l iron sulfate . Symbols are: Black = wild type iron excess, red = 
wild type iron-limited, green = fur mutant iron excess, blue = fur mutant iron limited. Growth was 
monitored every two hours in anaerobic flasks in at least three independent cultivations. Arrows 
indicate time points of sampling for systems biology approach. Standard deviations are 
indicated. 

These conditions were further investigated concerning the iron amounts in the medium. 

For this purpose, both strains were grown in CDMM without added iron, mimicking iron-

depleted conditions. Subsequently, CDMM medium was analyzed via ICP-MS analysis 

and the iron content was quantified in cooperation with Currenta Analytik (Leverkusen, 

Germany). CDMM with iron sulfate exhibited an iron content of 760 µg/l and CDMM 

without added iron showed an iron content of 11 µg/l. As a consequence, CDMM 

without added iron was used for testing of iron-limited conditions. For the combined 

systems biology approach wild type and fur mutant cells were grown in CDMM with the 

conditions described before. Samples were taken in mid-exponential growth phase of 

each condition and strain (time points are marked with an arrow in Figure 16) to make 

sure that growth phases (and therefore metabolism) were comparable. A combination 

of transcriptome, proteome and metabolome analyses were performed in cooperation 

with the Helmholtz Centre for Infection Research in Braunschweig, the University of 

Greifswald and the Department of Bioinformatics and Biochemistry at the TU 

Braunschweig to investigate Fur-dependent iron regulation in C. difficile.  
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The next chapters will show at first an overview of the most abundant genes and 

proteins in general found in the conditions tested. Furthermore, a detailed discussion is 

addressed, regarding several processes found to be regulated by either iron and/or 

Fur. 

3.4.2 Overview - Iron-regulated response of C. difficile  

In total, 3156 different genes were identified by RNAseq analyses, 243 were 

upregulated and 303 were downregulated in response to iron availability (Figure 18). 

For transcriptome analyses, a log2 fold change and a p value of < 0.05 were applied.  

 

Figure 17 Principal component analysis (PCA) of RNA seq data generated from biological 
triplicates of C. difficile  wild type and the corresponding fur  mutant . Cultures were grown 
in CDMM under high (760 µg/l) and low (11µg/l) iron conditions, harvested at mid-log phase and 
used for transcriptome analyses. Orange circle = wild type grown under high iron, blue circle = 
wild type grown under low iron, orange square = fur mutant grown under high iron, blue square 
= fur mutant grown under low iron. 

Exemplarily, a principal component analysis (PCA) of RNAseq data for C. difficile wild 

type and fur mutant triplicates grown at low and high iron conditions were generated 

(Figure 17). All related triplicates cluster together, indicating that the transcriptional 

profiles of the replicates were similar. Wild type C. difficile cells grown in high iron 

concentration (760 µg/l) (orange circles) clustered together in the upper right corner of 
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the PCA plot, while the fur mutant with and without iron clusters with wild type grown 

with low iron. Obviously, the fur mutant had lost its regulation at high iron conditions. 

Proteome analyses detected 1639 proteins differentially expressed in response to 

iron-limitation in wild type cells. Exemplarily, a volcano plot of RNAseq data was 

generated displaying most abundant genes regulated either with their corresponding 

gene name or locus tag (Figure 18).  

For proteome analyses a log2 fold change of ±1 and a p-value < 0.05 was applied. 

Among them 85 proteins are significantly downregulated and 61 upregulated. 

Additionally, proteins were found ON [85] and OFF [170] in response to iron-limitation, 

though, no fold change was calculable, even there was a strong regulation observed.  

In response to iron availability, genes encoding for iron-transporters (CD630_16470 – 

CD630_16500), thiamine biosynthesis (ThiH, ThiE2), the putative iron-sulfur cluster 

protein IscR, a flavodoxin (FldX), spermidine biosynthesis proteins (SpeB and SpeE) 

and a gene involved in energy transfer (PrdC) were under the most upregulated genes. 

This finding is in accordance with the proteome data. Furthermore, the whole operon 

encoding for L-leucine fermentation (CD630_03940-CD630_04010, ldhA, hadA, hadI, 

hadB, hadC, acdB, etfB1 and etfA1) was strictly downregulated in both, transcriptome 

and proteome data. A gene encoding adhe1 (CD630_29960), an aldehyde-alcohol 

dehydrogenase, which is supposed to have a metal ion binding site was found under 

the most downregulated genes. Basically, most genes downregulated under iron-

limited conditions are genes involved in iron-transport and energy metabolism. A 

hypothetical protein (CD630_32320) was one of the most repressed genes under iron-

limited conditions in the wild type. BLAST analyses revealed the presence of this gene 

exclusively in C. difficile strains. Fagan and colleagues developed a gene essentiality 

system for C. difficile strain R20291 which can be used for other C. difficile strains as 

well. Using this list, no essentiality for CD630_32320 was found. Nevertheless, this 

gene seems to have an important function in the iron regulon of C. difficile. 
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Figure 18 Volcano plot – DESeq2 analyses of RNAseq data from biological triplicates of 
wild type C. difficile  under high (760µg/l) and low (11 µg/l) iron condit ions . Log2 fold 
change was set at ±2. Most abundant regulated genes are highlighted with corresponding gene 
name/ORF. 

3.4.3 Overview - Fur-regulated gene expression resp onse of C. difficile  

In addition to the iron regulated response in C. difficile, a fur mutant was generated and 

examined in this work. A comparative systems biology approach was applied and the 

fur mutation and C. difficile wild type were compared to define the Fur regulon in 

C. difficile.  

In total, 3012 genes were differentially expressed in the fur mutant compared to 

C. difficile wild type cells. The log2 fold change was set at ± 2 and a p-value < 0.05 was 

applied. This lead to 369 genes up- and 268 genes significantly downregulated in 

transcriptome analyses. The most abundant regulated genes were highlighted with 

their corresponding gene name or locus tag.  
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Exemplarily, a volcano plot of RNAseq data was generated displaying most abundant 

genes regulated either with their corresponding gene name or locus tag regarding fur 

gene inactivation (Figure 19).  

 

Figure 19  Volcano plot – DESeq2 analysis of biological tripli cates of C. difficile  wild type 
and fur  under high iron (760 µg/l) conditions . Log2 fold change was set at ±2. Most 
abundant regulated genes are highlighted with corresponding gene name/ORF. 

Proteome analyses detected 1682 proteins. A log2 fold change was set at ± 1 and a 

p-value < 0.05. This lead to 86 proteins significantly downregulated and 112 proteins 

upregulated. Additionally, for some proteins no fold change was calculable, though, 

there is a strong regulation. Namely, 152 proteins were not found in the fur mutant 

(OFF proteins) and 128 proteins were only found in the fur mutant (ON proteins).  

In response to fur gene inactivation, several genes and their corresponding protein 

products were found highly upregulated, namely iron ABC transporters (CD630_16470 

- CD630_16500), an operon encoding for a sulfonate ABC transporter (ssuCBA2), a 

zinc transporter (ZupT), a flavodoxin (FldX), an operon encoding for purine metabolism 

(CD630_16820 – CD630_16840, iunH), spermidine biosynthesis (SpeB), a gene 
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involved in energy transfer (PrdC) and a ribosomal protein (RpmJ). Taking a closer 

look into the significantly downregulated genes in response to fur gene inactivation, the 

whole operon regarding L-leucine fermentation (CD630_03940 - CD630_04010, ldhA, 

hadA, hadI, hadB, hadC, acdB, etfB1 and etfA1) was affected as seen before when 

comparing wild type C. difficile cells under iron-limited conditions. This finding was in 

accordance with the proteome data. Another gene (CD630_07400) encoding for a 

pyridoxal phosphate-dependent aminotransferase involved in phosphonate and 

phosphinate metabolism was found downregulated in the fur mutant. 

3.4.4 Fur-and iron-dependent regulation of iron-tra nsporters in C. difficile 

The most prominent function of Fur is the direct control of iron-associated transporters. 

With the help of the systems biology approach, several iron-associated ABC 

transporter were found induced during iron-limitation and fur gene inactivation, namely 

the fhu operon, encoding for ferrichrome specific transporters and iron ABC transporter 

(CD630_16470 – CD630_16500) suggesting an iron and Fur-dependent regulation 

(Table 11). A Fur-box was identified upstream of fhuB and fhuD, implying a direct 

control of this operon by Fur, which is in accordance with the recent findings by Ho and 

colleagues (96). The fhu operon encodes for a ferrichrome system which was predicted 

to be involved in transport of Fe(III) siderophore complexes in other bacteria (97). In B. 

subtilis the fhu operon is also controlled by Fur (98). ZupT (CD630_10870), possibly 

involved in zinc uptake was found highly upregulated by the fur mutation and also 

under iron-limited conditions. Furthermore, the ssuCBA2 operon (CD630_29890 – 

CD630_29920) was upregulated. Recently, Ho and colleagues speculated that this 

operon might has a specificity for a sulfonated derivative of a siderophore (96). ZupT 

(CD630_10870) and ssuC2 (CD630_29910) display a predicted fur binding site using 

the consensus sequence established in this work (see chapter 3.6), indicating a direct 

control by Fur. 

In addition, the transcriptional regulator gene iscR (CD630_12780) was highly 

upregulated in wild type C. difficile cells under iron-limitation, whereas there was no 

significant regulation detectable in the fur mutant. In Rhodobacter sphaeroides IscR 

functions as a repressor of genes for iron sulfur metabolism (99). If IscR is associated 

with iron metabolism and/or iron-sulfur metabolism in C. difficile remains to be 

determined. Downstream of the iscR gene are genes encoding a cysteine desulfurase 

and a NifU family iron-sulfur cluster assembly protein, suggesting a role in iron-sulfur 

metabolism. This two genes were highly downregulated in the fur mutant, which means 

they are induced by Fur. However, there was no Fur-box identified which points 

towards an indirect regulation via an additional regulator. 
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Table 11 Iron transporters and metal utilization as sociated genes and their 
corresponding protein products are controlled by bo th iron-limitation and fur gene 
inactivation in C. difficile.  

 

3.4.5 L-leucine fermentation of C. difficile  is controlled by iron and Fur  

In response to iron, several genes encoding iron-sulfur proteins were found significantly 

downregulated e.g. hadI (CD630_03960), hadAB (CD630_03970 and CD630_03980). 

The latter gene cluster encodes an oxygen-sensitive 2-hydroxyisocaproyl-CoA 

dehydratase, which possesses 2 [4Fe-4S] involved in L-leucine fermentation of 

C. difficile. Moreover, hadI encodes an electron-activating module with a [4Fe-4S] 

cluster. L-leucine is fermented to isocaproate via the reductive Stickland reaction 

(Figure 20).  

transcriptome proteome transcriptome proteome
Iron transporter

CD630_12780 iscR Rrf2 family transcriptional regulator 4.58** 3.30** -0.27 1.44 -

CD630_12790 iscS2 cysteine desulfurase 0.57** 2.69** -3.25** 0.03 -

CD630_12800
NifU family iron-sulfur cluster 
assembly protein

0.87** 3.83** -2.97** 0.31 -

CD630_16470 iron family ABC transporter permease 5.1** ND 5.90** ND -

CD630_16480 iron family ABC transporter permease 4.1** ON 4.74** ON -

CD630_16490
iron family ABC transporter ATP-
binding protein

5.20** ON 5.19** ON -

CD630_16500
iron family ABC transporter substrate-
binding protein

5.03** 7.46** 4.65** 8.55 -

CD630_28740 MATE family drug/sodium antiporter 3.00** ND 4.12** ND -

CD630_28750 fhuC
ferrichrome-specific ABC transporter 
ATP-binding protein

0.75 ON 1.86** ON -

CD630_28760 fhuG
ferrichrome-specific ABC transporter 
permease

1.84** ON 3.85** ON -

CD630_28770 fhuB
ferrichrome-specific ABC transporter 
permease

1.26 ND 3.27** ON +

CD630_28780 fhuD
ferrichrome-specific ABC transporter 
substrate-binding protein

0.84 2.43** 2.73** 4.47** +

CD630_29890 ssuA2
sulfonate family ABC transporter 
substrate-binding protein

2.64** 2.49** 4.39** 3.73** -

CD630_29900 ssuB2
sulfonate family ABC transporter ATP-
binding protein

2.96** 3.09** 4.50** 4.81** -

CD630_29910 ssuC2
sulfonate family ABC transporter 
permease

4.13** ND 6.09** ND +

CD630_29920 hypothetical protein 3.03** 1.07** 4.38** 5.83** -

CD630_10870 zupT zinc transporter ZupT 2.19** ON 6.17** ON +

Locus_tag gene name function
Log2 fold change Log2 fold change

potential 
Fur-box

WT – Fe/+ Fe Fur +Fe/WT+ Fe
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Figure 20 Leucine fermentation in C. difficile . (A) Oxidative Stickland pathway. (B) Reductive 
Stickland pathway. Electron bifurcation of the 2‐isocaprenoyl‐CoA hydrogenase was assumed 
based on homology. Taken from (100).  

The whole operon (CD630_03940-CD630_04010) encoding this pathway is 

downregulated in response to iron in wild type cells and in the fur mutation strain in 

both, transcriptome and proteome data (Table 12).  
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Table 12 L-leucine fermentation is affected by both  iron-limitation and fur gene 
inactivation in C. difficile.  

 

The expression pattern of these genes in wild type cells grown in low iron medium and 

the fur mutant grown in low and high iron displayed a similar pattern an iron control via 

Fur (Figure 21). 

 

Figure 21 Expression profile of leucine fermentatio n associated genes of wild type and 
the fur mutant under high (760 µg/l) and low (11 µg/l) iron  conditions . Samples of biological 
triplicates were harvested at mid-log exponential growth phase and RNAseq analyses were 
performed. The histogram describes the correlation of colors to normalized RPKM values. 

Leucine is one out of seven essential amino acids C. difficile uses for its major energy 

metabolism via the Stickland reaction as well as for carbon metabolism (41). As shown 

before, both iron-limitation and fur mutation, also led to a decreased growth phenotype 

(Figure 16). Implying that, this fermentation pathway is essential for the C. difficile 

energy metabolism and stress response. Furthermore, Neumann-Schaal and 

transcriptome proteome transcriptome proteome

Leucine 
fermentation

-

CD630_03940 ldhA D-lactate dehydrogenase -8.50** OFF -8.66** OFF -

CD630_03950 hadA
isocaprenoyl-CoA:2-
hydroxyisocaproate CoA-transferase

-8.46** OFF -11.10** OFF -

CD630_03960 hadI
2-hydroxyisocaproyl-CoA dehydratase 
activator

-7.98** OFF -11.00** OFF -

CD630_03970 hadB
oxygen-sensitive 2-hydroxyisocaproyl-
CoA dehydratase subunit B

-7.52** OFF -10.52** OFF -

CD630_03980 hadC
oxygen-sensitive 2-hydroxyisocaproyl-
CoA dehydratase subunit C

-8.04** -4.86** -10.94** OFF -

CD630_03990 acdB acyl-CoA dehydrogenase -7.46** -4.27** -10.17** -4.76** -

CD630_04000 etfB1
electron transfer flavoprotein subunit 
beta

-7.33** -3.90** -10.48** -4.50** -

CD630_04010 etfA1
electron transfer flavoprotein subunit 
alpha

-7.51** -3.90** -10.39** -4.98** -

Log2 fold change
Fur +Fe/WT+ Fe potential 

Fur-box
Locus_tag gene name function

Log2 fold change
WT – Fe/+ Fe
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colleagues showed that leucine is primarily degraded via the oxidative Stickland 

pathway and later on via the reductive Stickland pathway (41). Giving the fact, that 

some enzymes require an intact iron-sulfur cluster to be active, it is not surprising that 

this pathway is downregulated under conditions of iron-limitation. Additionally, fur gene 

inactivation induced (and therefore Fur downregulated) this pathway as well, showing 

an iron-dependent and Fur-dependent regulation of L-leucine fermentation in 

C. difficile. However, direct control of Fur was assumed, since no potential Fur-box was 

found upstream of the gene cluster. An indirect Fur dependent regulation via an 

additional regulator was deduced.  

3.4.6 The glycine reductase complex of C. difficile is downregulated by 

iron 

The glycine reductase complex containing a selenoprotein (glycine reductase) was also 

found downregulated in response to iron and partially in the fur mutant (Table 13). 

Selenoproteins are proteins with a selenocysteine in their active sites. Glycine acts as 

a Stickland acceptor and is used for central metabolism and organic acid fermentation 

in C. difficile (Figure 22). 
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Figure 22 Overview of Stickland reactions. D-proline reductase catalyzes the reductive 
cleavage of the D-proline ring to yield δ-aminovaleric acid. Glycine reductase catalyzes the 
reductive deamination of glycine to acetyl phosphate to generate ATP via substrate-level 
phosphorylation through acetate kinase. Taken from (23). 

Increased concentrations of glycine lead to increased amount of toxin in the growth 

medium (101). However, no connection of Fur and toxin production could be detected 

during this thesis. Albeit, a regulation of the grd operon by iron is assumed. 
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Table 13 Glycine reductase complex is downregulated  in all conditions tested in 
transcriptome and proteome data. 

 

3.4.7 Proline metabolism displays a more complex re gulation in 

C. difficile  

The proline reductase associated electron transfer protein PrdC is upregulated in 

response to limited iron and also fur gene mutation (Table 14). This protein is involved 

in proline metabolism and the Stickland reaction. In addition, the whole prd operon is 

highly expressed in response to iron in C. difficile wild type cells (Figure 23). 

Nonetheless, the expression profile displays that prd operon is differentially expressed 

in all conditions tested except wild type cells grown in low iron (Figure 23). This might 

conclude to an iron independent way giving a more complex regulation of proline 

metabolism since it is associated within the Stickland reaction. In addition, a potential 

Fur-box was identified upstream of prdE and prdA, indicating a Fur-dependent 

regulation. 

transcriptome proteome transcriptome proteome

Gylcine 
reductase 
complex

CD630_23480 grdD
glycine reductase complex component 
C subunit alpha

-4.65** OFF ND OFF -

CD630_23490 grdC
glycine reductase complex component 
C subunit beta

-3.73** ND -5.04** ND -

CD630_23510 grdB
glycine reductase complex component 
B subunit gamma

-5.20** OFF ND OFF -

CD630_23520 grdA
glycine/sarcosine/betaine reductase 
complex protein A

-4.08** ND ND ND -

CD630_23540 grdE
glycine reductase complex component 
B subunits alpha and beta

-5.03** -2.84** -5.63** OFF -

CD630_23550 trxA2 thioredoxin 2 -3.76* OFF -4.69** OFF -

CD630_23560 trxB3 thioredoxin reductase -3.17** OFF ND OFF -

CD630_23570 grdX glycine reductase complex component -2.72** ND ND ND -

Locus_tag gene name function

Log2 fold change Log2 fold change
potential 
Fur-box

WT – Fe/+ Fe Fur +Fe/WT+ Fe
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Table 14 Transcriptional and proteomic response of C. difficile  regarding arginine and 
proline metabolism during iron-limitation and  fur  gene inactivation. 

 

 

Figure 23 Expression profile of proline associated genes of wild type and fur mutant 
under high (760 µg/l) and low (11 µg/l) iron condit ions . Samples of biological triplicates were 
harvested at mid-log exponential growth phase and RNAseq analysis was performed. The 
histogram describes the correlation of colors to normalized RPKM values. 

transcriptome proteome transcriptome proteome
Arginine and 

proline 
metabolism

CD630_32370 prdF proline racemase 3.08** -1.48** 4.04** -1.14** -

CD630_32380 proline reductase PrdE-like protein 4.45** ND 4.34** ND -

CD630_32390 prdE proline reductase PrdE 4.23** -2.05** 4.48** -2.14** +

CD630_32400 prdD proline reductase PrdD 4.38** -1.83** 4.88** -1.00** -

CD630_32410 prdB proline reductase 1.75** -0.53** 2.69** -0.80** -

CD630_32430 hypothetical protein 2.93** -0.79 2.07** -0.39 -

CD630_32440 prdA D-proline reductase PrdA 3.01** -0.67** 3.05** -0.83** +

CD630_32450 prdR
sigma-54 dependent transcriptional 
regulator

0.61 0.02 -1.02 -0.80 -

CD630_32460 surface protein -1.41** ND -2.85** ND -

CD630_32470 prdC electron transfer protein 4.69** -0.96** 4.78** -0.90** -

Locus_tag gene name function

Log2 fold change Log2 fold change
potential 
Fur-box

WT – Fe/+ Fe Fur +Fe/WT+ Fe
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3.4.8 Electron transfer complex Rnf is affected by iron and Fur in 

C. difficile  

In addition, genes for a Rhodobacter nitrogen fixation complex [RNF] (CD630_11370 – 

CD630_11420, rnfCDGEAB) are upregulated under iron-limited conditions and also fur 

gene inactivation (Table 15). It was proposed for other clostridia, that orthologous 

genes to rnf and butyryl-CoA dehydrogenase may also possess the ability to use this 

mechanism for improved energy conservation (102). A reduced ferredoxin can act to 

conserve additional energy in the form of a proton-motive force by the membrane-

associated complex RNF and/or hydrogenase (103). Furthermore, the capability to 

conserve additional energy in the reductive part of carbohydrate as well as amino acid 

fermentation (102, 104, 105) may lead to a significant advantage of C. difficile growth 

behavior and infection process. Due to iron-limitation and fur gene inactivation the RNF 

complex is upregulated and might serve as a stress response to conserve energy.  

Table 15 Transcriptional and proteomic response of C. difficile  electron transfer complex 
Rnf during iron-limitation and fur  gene inactivation  

 

3.4.9 Butanol and butyrate formation of C. difficile are regulated by iron 

and Fur 

Transcriptome and proteome analyses showed significant downregulation of most of 

the butanol/butyrate pathway in response to iron limitation in wild type cells as well as 

in the fur mutant. Genes encoding for butanol and butyrate metabolism (CD630_10540 

– CD630_10590) were found downregulated (Table 16). In agreement, similar 

regulation was observed at the proteomic level. 

transcriptome proteome transcriptome proteome
Electron 

transport Rnf 
complex

CD630_11370 rnfC
electron transport complex protein 
RnfC

2.74** -0.73** 2.91** -0.49** -

CD630_11380 rnfD
electron transport complex protein 
RnfD

2.24** -1.19** 3.58** -0.62** -

CD630_11390 rnfG
electron transport complex protein 
RnfG

2.72** 0.47 3.31** 0.41 -

CD630_11400 rnfE
electron transport complex protein 
RnfE

1.32** OFF 3.47** OFF -

CD630_11410 rnfA
electron transport complex protein 
RnfA

2.02** ND 3.55** ND -

CD630_11420 rnfB
electron transport complex protein 
RnfB

1.69** -1.38** 2.47** -0.91** -

Locus_tag gene name function

Log2 fold change Log2 fold change
potential 
Fur-box

WT – Fe/+ Fe Fur +Fe/WT+ Fe
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Figure 24  Expression profile of butyrate metabolism associate d genes of wild type and 
the fur  mutant under high (760 µg/l) and low (11 µg/l) iro n conditions . Samples of biological 
triplicates were harvested at mid-log exponential growth phase and RNAseq analysis was 
performed. The histogram describes the correlation of colors to normalized RPKM values. 

Table 16  Butyrate/butanol metabolism is affected by both iro n-limitation and fur gene 
inactivation in C. difficile  

 

Pyruvate and succinate can be fermented by C. difficile to butanol and butyrate (Figure 

25). Additively to transcriptional and proteomic analyses, metabolome analyses were 

performed. Butanol was not detected in metabolome analyses due to its presence in 

late stationary phase which was not possible with the sampling time points used in this 

study (mid-exponential growth phase). 

transcriptome proteome transcriptome proteome

Butanoate 
metabolism

CD630_10540 bcd2 butyryl-CoA dehydrogenase -6.20 OFF -8.00** OFF -

CD630_10550 etfB
electron transfer flavoprotein subunit 
beta

-7.55 OFF -7.70** OFF -

CD630_10560 etfA
electron transfer flavoprotein subunit 
alpha

-6.84 OFF -7.75** OFF -

CD630_10570 crt2 3-hydroxybutyryl-CoA dehydratase -6.43 ND -7.48** OFF -

CD630_10580 hbd 3-hydroxybutyryl-CoA dehydrogenase -5.27 OFF -5.97** OFF -

CD630_10590 thlA1 acetyl-CoA acetyltransferase -6.36 OFF -6.43** OFF -

CD630_01120 ptb phosphate butyryltransferase 0.91 -0.79** 0.91 -0.79** -

CD630_01130 buk butyrate kinase 1.11 -1.05** 1.11 -1.05** -

Locus_tag gene name function

Log2 fold change Log2 fold change
potential 
Fur-box

WT – Fe/+ Fe Fur +Fe/WT+ Fe
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Figure 25 Fermentation of pyruvate and succinate to  butanol and butyrate in C. difficile . 
Shown are the genes responsible for conversion to next metabolic intermediate. Red gene 
names implicate downregulation in fur mutant compared to wild type cells. 

 

Figure 26 Comparison of butyrate concentrations of wild type and fur  mutant under high 
iron conditions . Biological triplicates were grown in CDMM with high iron (760 µg/l) and 
harvested at mid-log phase and used for metabolome analyses.  

Metabolome analyses detected significantly more butyrate in wild type than in the fur 

mutant when grown under high iron conditions (Figure 26). Butyrate is one end product 

of C. difficile’s central metabolism and organic acid fermentation. Butyrate is important 

as nutrient for epithelial cells of the mammalian colon. Butyrate is an energy source 

transported into colonocytes and promotes oxidative metabolism and inhibits 

autophagy (106). Colonocytes exhibit a great capacity to rapidly metabolize butyrate. 

Through fatty acid oxidation, butyrate is entirely oxidized into CO2 or used as a 

precursor for lipid biosynthesis (107). Butyrate, a major representative of short-chain 

fatty acid (SCFA) produced by bacterial fermentation of carbohydrate fibers in the colon 

was also found to induce host defense peptides expression in human, rabbit, chicken, 
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and various enterocytes (108). Butyrate plays an important role in intestinal health 

(109) and has been used to treat different inflammatory diseases in clinical practice 

(110, 111). Butyrate production by the gut microbiota proceeds through the acetyl-CoA, 

the glutarate, the 4-aminobutyrate, or the lysine pathways. The majority of bacteria 

encoding these pathways are members of the Clostridia class (112, 113). It was shown 

earlier that butyrate production of C. difficile starts after 3 hours of growth in CDMM 

(41), which corresponds nicely to the high levels of butyrate in C. difficile wild type 

found during this study. Taken together, the fur mutation lead to decreased butyrate 

concentrations which might influence the colonic cells during infection. This can be 

tested in an animal model using the fur mutant.  

3.4.10 Thiamine biosynthesis of C. difficile is regulated by iron and Fur 

Genes encoding for thiamine metabolism (CD630_17020 - CD630_17060) are 

upregulated under iron-limited conditions and also in the fur mutant suggesting an 

increased requirement of iron for biosynthesis of the vitamin thiamine (Table 17). In 

agreement, ThiH (CD630_17050) encoding a thiamine biosynthesis protein displays a 

predicted iron-sulfur binding site.  

Table 17 Thiamine biosynthesis is affected by both iron-limitation and fur gene 
inactivation in C. difficile.  

 

Comparing the expression profiles of thiamine biosynthesis associated genes using 

RNAseq data, wild type C. difficile cells and the fur mutant display a similar expression 

profile under high iron conditions (Figure 27). This suggested an iron and Fur-

dependent regulation of this pathway.  

transcriptome proteome transcriptome proteome

Thiamine 
metabolism

CD630_17020 thiC
phosphomethylpyrimidine synthase 
ThiC

2.91** 0.34 1.00 -1.00** -

CD630_17021 thiS thiamine biosynthesis protein ThiS 4.45** ND 1.14 ND -

CD630_17030 thiF thiamine biosynthesis protein ThiF 3.68** 1.12** 1.53** OFF -

CD630_17040 thiG thiazole synthase 4.03** 0.61** 1.52** -1.47** -

CD630_17050 thiH thiamine biosynthesis protein ThiH 4.90** 0.37 1.88** -1.49** -

CD630_17060 thiE2
thiamine-phosphate 
pyrophosphorylase ThiE2

4.73** 0.38 0.16 OFF -

Locus_tag gene name function

Log2 fold change Log2 fold change
potential 
Fur-box

WT – Fe/+ Fe Fur +Fe/WT+ Fe



  Results and Discussion 
 

65 
 

 

Figure 27 Expression profile of thiamine biosynthes is associated genes of wild type and 
the fur  mutant grown under high (760 µg/l) and low (11 µg/ l) iron conditions . Samples of 
biological triplicates were harvested at mid-log exponential growth phase and RNAseq analysis 
was performed. The histogram describes the correlation of colors to normalized RPKM values. 

Thiamine (vitamin B1) is indispensable for the activity of the carbohydrate and 

branched-chain amino acid metabolic enzymes in its active form thiamin 

pyrophosphate (TPP) (114). TPP is also found as cofactor for enzymes involved in 

central metabolism, for example the pyruvate:ferredoxin oxidoreductase (PFOR) (115). 

Since, C. difficile gains its energy through coupled oxidation and reduction of amino 

acids (Stickland reaction) which is partly downregulated during iron starvation, the 

observed regulation might represent a compensation reaction to foster alternative 

pathways of energy generation.  

3.4.11 Riboflavin biosynthesis is regulated by iron  and Fur in C. difficile  

Genes encoding for riboflavin biosynthesis are organized in one operon (ribDBHA, 

CD630_17000 – CD630_16970), all of them are upregulated during iron-limitation in 

wild type cells and also in the fur mutant (Table 18).  

Table 18 Transcriptional and proteomic response of C. difficile  regarding riboflavin 
biosynthesis during iron-limitation and f ur  gene inactivation  

 

Furthermore, a putative Fur-binding sequence was identified upstream of ribH using 

the proposed Fur consensus sequence in this study. Recently, in Helicobacter pylori a 

connection in riboflavin biosynthesis and Fur was shown. Fur directly regulated this 

pathway in an iron-responsive manner (116). Vasileva and colleagues proposed that 

transcriptome proteome transcriptome proteome

Riboflavin 
biosynthesis

CD630_16970 ribH riboflavin synthase subunit beta 3.04** 0.31 3.86** 0.68** +

CD630_16980 ribBA
riboflavin biosynthesis bifunctional 3,4-
dihydroxy-2-butanone 4-phosphate 
synthase/GTP cyclohydrolase

2.24** 0.40** 2.62** 0.99** -

CD630_16990 ribE riboflavin synthase subunit alpha 1.87** 0.26 1.55** -0.07 -

CD630_17000 ribD riboflavin biosynthesis protein 1.44** 0.35 1.81** 1.02** -

Fur +Fe/WT+ FeLocus_tag gene name function

Log2 fold change Log2 fold change
potential 
Fur-box

WT – Fe/+ Fe



  Results and Discussion 
 

66 
 

due to the overproduction of flavodoxin in C. acetobutylicum during iron-limitation and 

also fur mutation can lead to an imbalance of flavin mononucleotide (FMN) which 

serves as a cofactor for flavodoxin, hence to an increased production of riboflavin (97).  

3.4.12 Flagella and pili formation of C. difficile is regulated by iron and Fur 

Our morphological studies revealed that flagella and type IV pili formation were 

affected by the fur mutation (Figure 15). In agreement, the type IV pili operon 

(CD630_35040 - CD630_35090) was found significantly downregulated in the fur 

mutant compared to wild type C. difficile (Table 19).  

Table 19 Transcriptional and proteomic response of C. difficile wild type and the fur 
mutant regarding pili formation.  

 

Proteome analyses failed to detect major differences in type IV pili formation due to the 

fact that a cytosolic proteome analyses were applied.  

Furthermore, the fur mutant displayed less flagella compared to wild type cells (Figure 

14 and Figure 15) which is in accordance with transcriptome analysis. The flagellar 

components are encoded in a large operon (CD630_02280 – CD630_02720). The 

flagellar operon is highly upregulated in the fur mutant under high iron conditions 

compared to C. difficile wild type cells (Table 20). Proteome analyses failed to detect 

flagella proteins, to due the investigation of cytoplasmic proteins.  

transcriptome proteome transcriptome proteome

Type IV pili

CD630_35040 type IV prepilin peptidase -0.49 ND -0.33 ND -

CD630_35050 twitching motility protein PilT -0.93 -0.52 -1.71** 0.12 -

CD630_35060 hypothetical protein -0.64 ND -2.01** ND -

CD630_35070 type IV pilin -0.29 ND -2.62** ND -

CD630_35080 type IV pilin -1.42 ND -1.74** ND -

CD630_35090 type IV pilus assembly protein -1.01 ND -2.43** ND -

CD630_35100 membrane protein -1.34** 0.08 -1.91** -0.21 -

CD630_35110 type IV pilus secretion protein -0.79 -1.43 -2.74** OFF -

CD630_35120 type IV pilus transporter system -0.93** 0.40 -2.50** -0.62 -

CD630_35130 pilin protein -1.66** 0.21 -3.13** -0.52 -

CD630_23050 pilin protein -0.31 0.21 -0.71 0.93** -

Locus_tag gene name function

Log2 fold change Log2 fold change
potential 
Fur-box

WT – Fe/+ Fe Fur +Fe/WT+ Fe
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Table 20 Transcriptional and proteomic response of C. difficile wild type and the fur 
mutant regarding flagella assembly.  

 

Profiles of the transcriptional response of flagella genes were generated for wild type 

grown with high iron [760 µg/l], wild type with low iron [11 µg/l], the fur mutant with high 

iron [760 µg/l] and the fur mutant with low iron [11 µg/l]. The results of biological 

triplicates are displayed (Figure 28). Expression pattern of wild type C. difficile cells 

grown with high iron differed the most in the gained results obtained from the profiles 

obtained for the other conditions. This implicates fur dependent iron regulation of the 

flagella associated genes. In agreement, a Fur-binding sequence was detected 

upstream of several flagellar, namely CD630_02460, CD630_02480, CD630_02540, 

CD630_02580, CD630_02590, CD630_02600, CD630_02620 and CD630_02670.  

 

transcriptome proteome transcriptome proteome
Flagella 

assembly
CD630_02450 flgB flagellar basal-body rod protein FlgB 1.95** ND 0.86 ND -
CD630_02460 flgC flagellar basal-body rod protein FlgC 1.21** 1.07** 1.11** 0.53** +
CD630_02470 fliE flagellar hook-basal body protein FliE 1.75** ND 1.30** ND -
CD630_02480 fliF flagellar MS-ring protein 1.93** -0.03 1.43** -0.17 +
CD630_02490 fliG flagellar motor switch protein FliG 1.80** -0.58 1.96** -0.34 -
CD630_02500 fliH flagellar assembly protein FliH 1.91** 0.16 1.42** -0.26 -
CD630_02510 fliI ATP synthase subunit beta FliI 1.42** -0.04 1.85** 0.31 -
CD630_02520 fliJ flagellar protein FliJ 2.58** ND 2.27** ON -

CD630_02530 fliK
flagellar hook-length control protein 

FliK
2.64** 1.15 2.96** 1.36** -

CD630_02540 flgD
basal-body rod modification protein 

FlgD
2.77** ND 2.41** ND +

CD630_02550 flgE flagellar hook protein FlgE 1.44** 0.43** 2.27** -0.18 -
CD630_02551 flbD flagellar protein FlbD 3.32** 1.56 1.28** 0.91 -
CD630_02560 motA flagellar motor rotation protein MotA 2.48** -0.73 2.19** -0.39 -
CD630_02570 motB flagellar motor rotation protein MotB 2.04** -0.16 2.04** -0.79** -

CD630_02580 fliL
flagellar basal body-associated 

protein FliL
1.93** 0.53 2.60** 0.24 +

CD630_02590 fliZ flagellar protein FliZ 1.25 ON 2.28** ON +
CD630_02600 fliP flagellar biosynthesis protein FliP 1.96** OFF 3.06** -0.14 +
CD630_02610 fliQ flagellar biosynthetic protein FliQ 1.29 ND 2.50** ND -

CD630_02620 flhB
bifunctional flagellar biosynthesis 

protein FliR/FlhB
2.40** ND 3.59** ND +

CD630_02630 flhA flagellar biosynthesis protein FlhA 3.96** 0.18 4.44** 0.10 -
CD630_02640 flhF flagellar biosynthesis regulator FlhF 3.77** 1.04 3.83** 1.30** -
CD630_02650 flhG flagellar biosynthesis protein FlhG 2.15** 0.28 3.57** 0.21 -

CD630_02660 fliA
flagellar operon RNA polymerase 

sigma-28 factor
3.76** -0.01 4.15** OFF -

CD630_02670 flagellar protein 3.05** 0.65 3.76** 1.02 +
CD630_02680 flgG1 flagellar basal body rod protein FlgG 4.41** 0.72 2.92** 2.00 -
CD630_02690 flgG flagellar basal body rod protein FlgG 3.57** 0.78** 3.47** OFF -
CD630_02700 fliM flagellar motor switch protein FliM 3.53** 0.18 3.41** -0.12 -

CD630_02710 fliN
flagellar motor switch phosphatase 

FliN
3.14** 0.43** 2.97** 0.04 -

CD630_02720 hypothetical protein 3.56** 0.34** 3.79** -0.47 -

Fur +Fe/WT+ FeLocus_tag gene name function
Log2 fold change Log2 fold change

potential 
Fur-box

WT – Fe/+ Fe
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Figure 28 Expression profile of flagella associated  genes in wild type and the fur  mutant 
under high (760 µg/l) and low (11 µg/l) iron condit ions . Samples of biological triplicates were 
harvested at mid-log exponential growth phase and RNAseq analysis was performed. The 
histogram describes the correlation of colors to normalized RPKM values. 

Clearly, flagella formation is positively regulated by iron and Fur.  

3.4.13 Spermidine metabolism is regulated by iron a nd Fur in C. difficile  

The spermidine operon (CD630_08880-CD630_08910) is also upregulated in response 

to iron-limitation and also fur gene inactivation (Table 21). Spermidine is a polyamine 

involved in various cellular processes, and is linked to abiotic stress resistance in apple 

and pear fruit trees (117). Furthermore, spermidine is associated with peroxide 

resistance in mouse fibroblasts (118). In addition, ABC transporters encoding for 

spermidine/putrescine are expressed equally to the spermidine operon (Table 22). 
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Table 21 Transcriptional and proteomic response of C. difficile  regarding spermidine 
metabolism during iron-limitation and fur  gene inactivation  

 

Table 22 Transcriptional and proteomic response of C. difficile  regarding ABC 
transporters for spermidine/putrescine during iron- limitation and  fur  gene inactivation  

 

A Fur-box was identified upstream of speA and speH, indicating a direct control of this 

operon by Fur. Nevertheless, this needs to be experimentally validated by for example 

by DNA footprint analyses.  

3.4.14 Purine metabolism is regulated by iron and F ur in C. difficile  

An operon encoding for purine metabolism (CD630_02180 – CD63_02250, 

purECFGNHDL) is partially upregulated in response to iron availability while it is highly 

upregulated in the fur mutant (Table 23). It was shown in Burkholderia pseudomallei 

and in Brucella abortus that purine biosynthesis is necessary for virulence (119, 120). 

Thus, indicating limited iron is an additional virulence factor for C. difficile. In B. subtilis 

expression of the pur gene cluster is controlled by PurR, a transcriptional regulator that 

responds to reduced cellular purine pools (121). The pur operon encodes for enzymes 

involved in the de novo synthesis of IMP, a precursor of ATP and GTP. Assumedly, 

there is a similar regulation pattern in C. difficile for PurR compensating increased 

levels of ATP and GTP. It was shown for E. coli that PurR is directly regulated in a Fur-

iron dependent manner (122). Nevertheless, no putative Fur binding sequence was 

identified upstream of this gene. However, upstream of purN and purH a putative Fur-

box was identified.  

transcriptome proteome transcriptome proteome

Spermidine

CD630_08880 speA arginine decarboxylase 4.17** ON 4.48** ON +

CD630_08890 speH S-adenosylmethionine decarboxylase 2.91** ON 2.95** ON +

CD630_08900 speE polyamine aminopropyl transferase 4.71** 0.38** 3.78** 0.59** -

CD630_08910 speB agmatinase 5.63** -0.31** 4.95** 0.53 -

potential 
Fur-box

WT – Fe/+ Fe Fur +Fe/WT+ FeLocus_tag gene name function

Log2 fold change Log2 fold change

transcriptome proteome transcriptome proteome

ABC transporter

CD630_10240 potA
spermidine/putrescine ABC 
transporter ATP-binding protein

3.61** -0.06 3.05** 0.43 -

CD630_10250 potB
spermidine/putrescine ABC 
transporter permease

3.42** -0.64** 3.22** -0.66 +

CD630_10260 potC
spermidine/putrescine ABC 
transporter permease

3.21** ND 3.23** ND -

CD630_10270 potD
spermidine/putrescine ABC 
transporter substrate-binding protein

2.68** -0.58 2.94** 1.78 -

Fur +Fe/WT+ FeLocus_tag gene name function

Log2 fold change Log2 fold change
potential 
Fur-box

WT – Fe/+ Fe



  Results and Discussion 
 

70 
 

Table 23 Transcriptional and proteomic response of C. difficile  regarding purine 
metabolism during iron-limitation and f ur  gene inactivation  

 

3.4.15 Fatty acid biosynthesis is regulated by iron  and Fur in C. difficile  

Interestingly, an operon coding for fatty acid biosynthesis (fab, CD630_11770 – 

CD630_11840) was highly upregulated in respect to fur mutation (Table 24).  

Table 24  Transcriptional and proteomic response of C. difficile  regarding riboflavin 
biosynthesis during iron-limitation and  fur  gene inactivation  

 

A wide range of cellular processes are dependent on fatty acids, from the biosynthesis 

of essential cellular structural components (membrane phospholipids, lipoproteins, and 

lipoglycans), cofactors (lipoate and biotin), and energy storage reserves to diffusible 

secondary metabolites (quorum-sensing [QS] signal molecules, siderophores, and 

transcriptome proteome transcriptome proteome

Purine 
metabolism

CD630_02180 purE
5-carboxyaminoimidazole 
ribonucleotide mutase

0.10 -0.24** 2.12** 0.80** -

CD630_02190 purC
phosphoribosylaminoimidazolesuccin
ocarboxamide synthase

-0.17 -0.21 2.59** 0.41** -

CD630_02200 purF amidophosphoribosyltransferase 1.68** -0.69** 2.96** 0.09 -

CD630_02210 purG
phosphoribosylformylglycinamidine 
cyclo-ligase

0.65 -0.76** 2.94** -0.69** -

CD630_02220 purN
phosphoribosylglycinamide 
formyltransferase

2.72** -0.41** 3.49** -0.04 +

CD630_02230 purH
bifunctional 
phosphoribosylaminoimidazolecarbox
amide formyltransferase/IMP 

2.63** -0.08 3.38** 0.24 +

CD630_02240 purD phosphoribosylamine--glycine ligase 2.28** -0.28 3.07** 0.32 -

CD630_02250 purL
phosphoribosylformylglycinamidine 
synthase

1.26** -0.06 2.24** 0.19 -

Fur +Fe/WT+ FeLocus_tag gene name function

Log2 fold change Log2 fold change
potential 
Fur-box

WT – Fe/+ Fe

transcriptome proteome transcriptome proteome
Fatty acid 

biosynthesis

CD630_11770 fapR
fatty acid biosynthesis transcriptional 
regulator

2.59** 0.17 3.16** 0.11 -

CD630_11780 plsX phosphate acyltransferase 1.98** -1.29** 3.25** -0.22 -

CD630_11790 fabH 3-oxoacyl-ACP synthase 2.16** 0.09 3.99** 0.92** +

CD630_11800 fabK enoyl-(acyl-carrier-protein) reductase II 2.97** -0.16 3.61** 0.5 -

CD630_11810 fabD
malonyl CoA-acyl carrier protein 
transacylase

3.16** -0.18 3.87** 0.41 -

CD630_11820 fabG 3-oxoacyl-ACP reductase 3.75** -0.06 3.94** 0.23** -

CD630_11830 acpP acyl carrier protein 3.19** ND 4.28** ND -

CD630_11840 fabF 3-oxoacyl-ACP synthase 3.09** 0.07 4.71** 0.69 -

Locus_tag gene name function
Log2 fold change Log2 fold change

potential 
Fur-box

WT – Fe/+ Fe Fur +Fe/WT+ Fe
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biosurfactants) (123). Since fur mutation lead to growth deficiency (Figure 12, B) and 

also reshaping of the rod shaped bacterium (Figure 14 and Figure 15) to an irregular 

shaped form this might conclude to regulated fatty acid biosynthesis by Fur. FapR 

controls the fatty acid biosynthesis in other bacteria. No direct binding of Fur could be 

identified for this regulator. Nonetheless, a potential Fur-box was identified upstream of 

fabH, leading to the suggestion of an indirect regulation. 

3.4.16 Phosphotransferase transporter are also affe cted by iron and Fur in 

C. difficile  

Several phosphotransferase transporter (PTS) are downregulated during iron-limitation 

and in the fur mutant, especially transporters for mannitol (Table 25). C. difficile is able 

to ferment sugars taken up via the PTS system (e.g. glucose, mannitol, fructose, and 

mannose). It was shown that the carbon regulator CcpA regulates sugar uptake as well 

as fermentation and amino acids (124).  

Table 25 Transcriptional and proteomic response of C. difficile  regarding riboflavin PTS 
transporter during iron-limitation and f ur  gene inactivation  

 

This regulator was not directly affected by fur mutation, nonetheless there might be an 

interplay of both regulators since CcpA directly controls the feo operon (CD630_14770 

- CD630_14800) (124) which showed a predicted fur binding motif found upstream of 

the feoB1 gene (CD630_14790). The feo operon is also found under the most 

upregulated genes when comparing the fur mutant and wild type cells under high iron 

conditions. 

3.5 Metabolome analyses of fur  gene inactivation 

Further metabolome analyses were applied and the fur mutant and wild type cells 

grown in high iron (760 µg/l) were compared regarding their metabolic features.  

transcriptome proteome transcriptome proteome

PTS transporter

CD630_23310 mtlD
mannitol-1-phosphate 5-
dehydrogenase

-6.38** -2.62** -5.79** -1.91** -

CD630_23320 mtlF
PTS system mannitol-specific 
transporter subunit IIA

-6.23** OFF -5.53** -1.54** -

CD630_23330 mtlR
PTS operon transcription 
antiterminator

-5.80** OFF -6.17** OFF -

CD630_23340 mtlA
PTS system mannitol-specific 
transporter subunit IICB

-6.38** OFF -5.92** -3.14** -

Fur +Fe/WT+ FeLocus_tag gene name function

Log2 fold change Log2 fold change
potential 
Fur-box

WT – Fe/+ Fe
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Figure 29 Scatterplot of metabolome analyses of wil d type and the fur  mutant under high 
iron (760 µg/l) conditions . Biological triplicates were grown in CDMM with iron and harvested 
at mid-log phase and used for metabolome analyses. Metabolites displayed in boxes are 
uniquely found in respective conditions.  

The scatterplot of wild type and the fur mutant grown in the presence of high iron 

displays metabolites uniquely found in either of the tested conditions. The regression 

line shows metabolites used by both strains equally (Figure 29). The degradation of 

amino acids is strongly regulated in C. difficile. A striking metabolic feature of Clostridia 

is the fermentation of amino acids via the Stickland reaction, described in 1934 by L. H. 

Stickland (39). It is characterized by the oxidation of one amino acid coupled to the 

reduction of another. In this process energy is mainly conserved by ATP formation via 

substrate-level phosphorylation (SLP). Preferred amino acids for energy and carbon in 

CDMM are leucine, proline and cysteine whereas glutamate or lysine are not or hardly 

used (41). Profiles of fermentation products of C. difficile wild type and the fur mutant 

detected more lysine and cysteine in the fur mutant, though no regulation of these 

pathways could be validated on transcriptional or proteomic level. C. difficile can utilize 

leucine in an oxidative (leading to isovalerate) and reductive (leading to isocaproate) 

way. The cells for our systems biology approach were harvested in mid-exponential 

growth phase. Neumann-Schaal and colleagues showed earlier that isovalerate is a 

preferred product from leucine in this growth phase (41). Profiles of fermentation 

products of wild type and the fur mutant displayed different utilization of amino acids. 
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Isovaleryl-CoA was found abundant in fur mutant. It was shown in our systems biology 

approach that the whole leucine operon was downregulated in response to iron-

limitation and also in the fur mutant which is not surprising giving the fact that this 

pathway requires intact iron-sulfur enzymes.  

Proline as one of the most efficient electron acceptors is more abundant in the fur 

mutant under iron-replete conditions. Proline is reduced by two selenium-dependent 

reductases (glycine reductase and D-proline reductase) in C. sticklandii (23). Due to 

sequence homology genes encoding glycine reductase (Table 13) and D-proline 

reductase were found in operon structures in C. difficile (Table 14, Figure 23). Bouillaut 

and colleagues showed in previous experiments that the proline reductase pathway is 

needed for optimal growth (23). In agreement, a clear growth deficiency of the fur 

mutant was observed in this study. The whole prd operon is highly upregulated on 

transcriptional level in response to iron and also fur gene inactivation in our studies. 

Furthermore, a potential Fur-box was identified upstream of prdA and prdE, indicating a 

Fur-dependent regulation. Bouillaut and co-workers also showed a lower toxin 

expression in a proline mutant (prdB), accumulating proline, similar to metabolome 

analyses in this study. Hence, leading to assumption that fur mutation has an effect on 

toxin levels in C. difficile. Evaluating this assumption, toxin A and B of wild type and the 

fur mutant were quantified using ELISA technique. However, no difference of toxin 

levels was detectable (see chapter 3.2).  

3.6 Fur-binding motif of C. difficile  

A consensus Fur binding sequence was defined by using the DNA sequence of 250 bp 

upstream of the translational start site of 65 Fur-repressed (and therefore upregulated 

in transcriptome data) genes using MEME software (125), a tool for motif based 

sequence analyses (Figure 30). Comparing this sequence to known sequences (e.g. 

B. subtilis Fur, and recently published Fur-box of C. difficile from Ho and colleagues 

(96)), revealed a significant degree of similarity. All of them exhibited a length of 18-19 

bp with at least two conserved thymidine residues. However, Ho and coworkers used 

for their motif analysis 8 genes, instead of 65 genes used in this study.  
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Figure 30 Consensus sequence logo of the Fur-bindin g region using Meme software . 65 
Fur-repressed genes were used to identify motif. (www.meme-suite.org/tools/meme) 

Applying this binding motif to transcriptome and proteome data a Venn diagram was 

generated (Figure 31). This diagram displays the correlation of deduced Fur DNA 

binding motif with experimental transcriptome and proteome data for the fur mutant 

compared to wild type C. difficile cells grown at high iron conditions. Overlay of motif, 

transcriptome and proteome data indicated 8 genes (Table 26), genes highlighted in 

blue are iron associated.  

 

Figure 31 Venn diagram of transcriptome and proteom e analyses from C. difficile wild 
type and fur mutant under high (760 µg/l) iron conditions . Log fold change ≥2. (tool: 
http://bioinfogp.cnb.csic.es/tools/venny/) 
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Among them are FhuD (CD630_28780), a ferrichrome specific transporter and a 

hypothetical protein (CD630_29920) displaying a predicted iron hydrogenase domain. 

Furthermore, a chaperone (clpB, CD630_20200) was found which belongs to a 

chaperon system together with DnaK, DnaJ and GroE responsible for stressed induced 

repair mechanism. 

Table 26 Results from Venn diagram listed in tabula r form . Common elements in motif, 
transcriptome and proteome data and their locus tag , gene name and function . Genes 
associated with iron and/or iron-sulfur cluster binding site are highlighted in blue. 

common elements in “motif, 

transcriptome and proteome” data 

set 

gene name function 

CD630_01950  NCAIR-mutase PurE-like protein 

CD630_12030 xseA exodeoxyribonuclease VII large subunit 

CD630_13920  endoribonuclease 

CD630_20200* clpB chaperone protein 

CD630_22620  major facilitator superfamily transporter 

CD630_24930 selB 
selenocysteinyl-tRNA-specific translation 

factor 

CD630_28780 fhuD 
ferrichrome-specific ABC transporter 

substrate-binding protein 

CD630_29920**  hypothetical protein 

*  stress induced multi-chaperon system (together with DnaK, DnaJ and GroE) 
** predicted iron hydrogenase domain (source: www.uniprot.org) 
 
The Venn diagram exhibited an overlay of motif and transcriptome data and found 74 

common elements (Table 27). Among them are 16 genes, potentially displaying an iron-

binding site or are involved in iron metabolism, for example fhuB (CD630_28770), zupT 

(CD630_10870) and ssuC2 (CD630_29910) which were found significantly regulated 

by iron-limitation and fur gene inactivation.  

Table 27 Results from Venn diagram listed in tabula r form . Common elements in motif 
and transcriptome data and their locus tag, gene na me and function . Genes associated 
with iron and/or iron-sulfur cluster binding site are highlighted in blue. 

common elements in “motif and 

transcriptome” data set 
gene name function 

CD630_00070  spore protein 

CD630_00910* adk adenylate kinase 

CD630_00920* map1 methionine aminopeptidase 

CD630_00940 inf1 translation initiation factor IF-1 

CD630_01220  hypothetical protein 

CD630_01690  MATE family drug/sodium antiporter 
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CD630_02220 purN 
phosphoribosylglycinamide 

formyltransferase 

CD630_02230 purH 

bifunctional 

phosphoribosylaminoimidazolecarboxamide 

formyltransferase/IMP cyclohydrolase 

CD630_02460 flgC flagellar basal-body rod protein FlgC 

CD630_02540 flgD basal-body rod modification protein FlgD 

CD630_02580 fliL flagellar basal body-associated protein FliL 

CD630_02590 fliZ flagellar protein FliZ 

CD630_02620 flhB 
bifunctional flagellar biosynthesis protein 

FliR/FlhB 

CD630_02670  flagellar protein 

CD630_03160  ABC transporter permease 

CD630_03920**  radical SAM family protein 

CD630_04810 spaR two-component response regulator 

CD630_06150  TetR family transcriptional regulator 

CD630_06271**  ferredoxin 

CD630_06970  K+ conductance regulator 

CD630_08880 speA arginine decarboxylase 

CD630_10260 potC 
spermidine/putrescine ABC transporter 

permease 

CD630_10870 zupT zinc transporter ZupT 

CD630_10890 rgbR 
VirR-like two-component response regulator 

RgbR 

CD630_11470  permease 

CD630_11790 fabH 3-oxoacyl-ACP synthase 

CD630_11850  diguanylate kinase signaling protein 

CD630_12080  RNA-binding S4-domain-containing protein 

CD630_12090 recN DNA repair protein RecN 

CD630_12210  membrane protein 

CD630_12560 trmD 
transfer RNA (guanine-N(1)-)-

methyltransferase 

CD630_13150 ribC riboflavin biosynthesis protein 

CD630_13530  phosphomethylpyrimidine kinase 

CD630_13550 cspB cold shock protein CspB 

CD630_15570  peptidyl-prolyl isomerase 

CD630_15580 csfV ECF RNA polymerase sigma factor CsfV 

CD630_15650* ilvC ketol-acid reductoisomerase 

CD630_16470  iron family ABC transporter permease 

CD630_16500*  iron family ABC transporter substrate-
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binding protein 

CD630_16970 ribH 6,7-dimethyl-8-ribityllumazine synthase 

CD630_18150  hypothetical protein 

CD630_18190  membrane protein 

CD630_18200*** ade adenine deaminase 

CD630_21000** xdhC 
xanthine dehydrogenase iron-sulfur binding 

subunit XdhC 

CD630_21050  
multidrug family ABC transporter ATP-

binding protein 

CD630_21130  two-component sensor histidine kinase 

CD630_21160 bipA GTP-binding protein BipA 

CD630_22140 sinR HTH-type transcriptional regulator 

CD630_24120  negative regulator of gluconeogenesis 

CD630_24710  hypothetical protein 

CD630_24720  ArsR family transcriptional regulator 

CD630_24990  hypothetical protein 

CD630_26320  GTP-binding protein Der 

CD630_26920  threonine-phosphate decarboxylase 

CD630_27570  acyl transferase/phospholipase 

CD630_27720 tuaG family 2 glycosyl transferase 

CD630_27740  family 2 glycosyl transferase 

CD630_28490* phnXW 

bifunctional phosphonoacetaldehyde 

hydrolase/aminoethylphosphonate 

transaminase 

CD630_28770 fhuB 
ferrichrome-specific ABC transporter 

permease 

CD630_29910 ssuC2 sulfonate family ABC transporter permease 

CD630_30620  RpiR family transcriptional regulator 

CD630_32220** sdaB L-serine dehydratase 

CD630_32340  hypothetical protein 

CD630_32440 prdA D-proline reductase PrdA 

CD630_33010 lon Lon protease 

CD630_34220 cbiK sirohydrochlorin cobaltochelatase 

CD630_34240 cbiH cobalt-precorrin-3B C(17)-methyltransferase 

CD630_34460*  exoaminopeptidase 

CD630_34690 atpG ATP synthase subunit gamma 

CD630_34800 rpiB2 ribose-5-phosphate isomerase 

CD630_34860  membrane protein 

CD630_35010 mfd transcription-repair coupling factor 

CD630_35150* glmU bifunctional N-acetylglucosamine-1-
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phosphate uridyltransferase/glucosamine-1-

phosphate acetyltransferase 

CD630_35840  ABC transporter permease 

*predicted metal ion binding site (source: www.uniprot.org) 

**predicted iron-sulfur cluster binding site (source: www.uniprot.org)  

***predicted metallo-dependent hydrolase (source: www.ncbi.nlm.nih.gov/)  

Results from motif search displayed an overlay with proteome data and common 

elements are listed below (Table 28). Twelve elements were found, among them were 

three genes and their corresponding protein products found to be iron associated and 

highlighted in blue. FeoB1 (CD630_14790) is annotated as ferrous iron transport 

protein. C. difficile exhibits at least three copies of this gene in its genome. 

CD630_14790 is significantly upregulated in proteome data sets regarding iron-

limitation and fur gene inactivation (more than 7 log2FC) whereas, there was no 

regulation detectable in transcriptome data.  

Table 28 Results from Venn diagram listed in tabula r form . Common elements in motif 
and proteome data and their locus tag, gene name an d function . Genes associated with 
iron and/or iron-sulfur cluster binding site are highlighted in blue. 

common elements in “motif and 

proteome” data set 
gene name 

function 

CD630_01790 gluD NAD-specific glutamate dehydrogenase 

CD630_03400  hypothetical protein 

CD630_12580  ribosome biogenesis GTPase 

CD630_13800  major facilitator superfamily transporter 

CD630_13840  LamB/YcsF family protein 

CD630_14790* feoB1 ferrous iron transport protein FeoB 

CD630_15370** aspB oxidoreductase 

CD630_21680** hcp hydroxylamine reductase 

CD630_24510  
CRISPR-associated ATP-dependent 

helicase 

CD630_29560 atpA V-type ATP synthase subunit A 

CD630_35160 spoVG 
regulator required for spore cortex 

synthesis 

CD630_36420  selenocysteine synthase 

*predicted metal ion binding site (source: www.uniprot.org) 

**predicted iron-sulfur cluster binding site (source: www.uniprot.org)  

The Venn diagram also generated a list of genes and their corresponding protein 

products when comparing transcriptome and proteome data. This list of 31 common 

elements gives no information about a potential Fur-binding motif since the motif 

constructed during this thesis, was not found.  



  Results and Discussion 
 

79 
 

3.7 Iron regulation strongly dependents on Fur 

In a recent publication Ho and Ellermeier presented transcriptome data for a C. difficile 

fur mutant (96). In agreement with their finding we also observed that Fur regulates 

several transporters which are responsible for iron uptake and might also be 

associated with siderophore uptake (Figure 32). However, our detailed systems biology 

approach using a combination of transcriptome, proteome and metabolome analyses 

revealed multiple additional regulatory circuits. Thus, several central metabolic 

processes involved in amino acid fermentation, flagella and pili formation were found 

dependent on iron and also fur gene activity.  

 

Figure 32 Model of Fur-regulated iron-dependent res ponse in C. difficile . Predicted 
members of Fur regulon and their protein products are shown. In red are putative iron 
transporter (namely, FeoAB, FhuBDC, ZupT, SsuCBA), flavodoxin in green which interacts with 
iron containing enzymes like ferredoxin. Also flagellar assembly is a predicted Fur target.  

A gene encoding for flavodoxin is highly upregulated in fur mutant and also under iron-

limited conditions in wild type cells (fldX, CD630_19990). Flavodoxins and ferredoxins 

serve as small electron proteins. Iron deficiency leads to reduced levels of ferredoxins 

(iron-sulfur cluster proteins) which is balanced by induction of flavodoxins. They can 

also function as a general stress response, as shown for the cyanobacterium 

Synechocystis (126). Though no Fur-binding motif was detected upstream of the 

flavodoxin genes the Fur coordinated interplay between ferredoxin and flavodoxin may 

play an important role in the regulation of electron transport.  

In addition, a model of Fur-regulated network was generated (Figure 33). The dotted 

blue lines connect the Fur regulator to the transcriptional units defined to be 

significantly differentially expressed by transcriptome experiment. The dashed red lines 
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connect Fur to the transcriptional units showing expression shift as measured by 

proteome experiment. For convenience, co-expressed genes lying on the same operon 

have been combined.  

 

Figure 33 Plot of Fur-regulated transcriptional uni ts in C. difficile . The Fur regulator is 
shown in yellow and dotted blue lines display transcriptional units to be significantly differentially 
expressed in transcriptome data. Red dashed lines show expression shift in proteome data. Co-
expressed genes lying in the same operon are summarized. 

Besides the useful de-repression (induction) of iron-transporters under low iron 

conditions, Fur also represses/not activates genes of the central energy metabolism of 

C. difficile inducing the Stickland enzymes for the utilization of leucine, glycine and 

proline. Moreover, butyrate/butanol fermentation and the electron transfer complex Rnf 

follows the same regulation scheme. All these enzymes require iron for essential 

cofactors. In contrast riboflavin, thiamine and spermidine production are induced most 

likely compensating pathways and as stress response. 
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4. Conclusions and future perspectives 

Clostridium difficile is known as a human pathogen causing diarrhea among patients in 

hospitals and health care units worldwide. During this work, the iron and Fur-regulated 

response of this human pathogen was evaluated. Establishment of the ClosTron 

mutagenesis system and therefore capability of gene inactivation was inevitably to 

study gene regulation in C. difficile. After constructing a fur deficient C. difficile strain 

phenotypic behavior was investigated. The fur mutant displayed a growth deficiency 

compared to wild type C. difficile cells. Furthermore, electron microscopy showed 

reduced flagellar and pili formation in the fur mutant. A systems biology approach 

integrating transcriptome, proteome and metabolome data was established to define 

the iron and Fur-regulon in C. difficile. A closer look into studies regarding the Fur-

regulon displayed various functions of this regulator which is generally described as 

repressor. Fur is supposed to control expression of iron homeostasis genes in 

response to intracellular iron and therefore, ensures a crucial role between requirement 

for iron and avoidance of iron toxicity (Fenton reaction). The most prominent regulation 

is the induction of iron transporters during low iron conditions. In contrast, multiple 

enzyme systems of the central energy metabolism including the Stickland complexes 

for the utilization of leucine, glycine and proline and the corresponding electron transfer 

system Rnf were found in a Fur-dependent manner. All these protein complexes utilize 

iron containing cofactors. Similarly, formation of energy consuming flagella was also 

reduced. Alternative compensatory processes using riboflavin and thiamine as 

cofactors were found induced. Enhanced polyamine production might aim as stress 

response.  

Understanding the iron regulation of C. difficile is important since iron is an essential 

metal almost all bacteria need for optimal growth, as cofactors and it is known to be 

infection relevant. Unraveling the Fur-regulated networks in C. difficile helps for better 

understanding the role of iron during the infection cycle. Further investigations, for 

example testing the fur mutant strain in an infection model will be the next step to fully 

understand this organism and its way to thrive disease. 
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5. Schlussfolgerungen und Zukunftsperspektiven  

Das Gram-positive Bakterium Clostridium difficile ist einer der Hauptverursacher von 

nosokomial erworbenen Durchfallerkrankungen weltweit. Das Eisen- und Fur-regulierte 

Netzwerk dieses Bakteriums sollte in dieser Arbeit untersucht werden. Die Etablierung 

des ClosTron Mutagenesesystems und die damit verbundene Möglichkeit Gene zu 

manipulieren war unausweichlich, um die Genregulation in C. difficile zu untersuchen. 

Nach der Konstruktion einer fur defizienten Mutante in C. difficile, wurde diese 

phänotypisch untersucht. Die fur Mutante zeigte ein klares Wachstumsdefizit im 

Vergleich zu Wildtyp C. difficile Zellen. Des Weiteren konnten 

elektronenmikroskopische Aufnahmen reduzierte Flagellen und Pili in der fur Mutante 

zeigen. Ein systembiologischer Ansatz, der Transkriptom-, Proteom- und Metabolom-

Daten integriert, wurde gewählt, um das Eisen- und Fur-Regulon in C. difficile zu 

definieren. Allgemein wird Fur als Repressor beschrieben, welcher verschiedene 

Funktionen ausüben kann. Fur wird als Regulator der Eisenhomöostase beschrieben, 

welcher die intrazelluläre Verfügbarkeit von Eisen reguliert und hat damit eine 

entscheidende Rolle auch im Hinblick auf die Vermeidung von Eisenüberschuss, 

welcher zur Fenton-Reaktion führen kann. Die Induktion von Eisentransportern bei 

niedrigen Eisenkonzentrationen ist die bekannteste Rolle von Fur. Zusätzlich dazu 

wurden in dieser Arbeit mehrere Enzymsysteme des zentralen Energiestoffwechsels, 

einschließlich der Stickland Reaktion für die Verwertung von Leucin, Glycin und Prolin 

und dem entsprechenden Elektronentransfersystem Rnf in einer Fur-abhängigen 

Regulation vorgefunden. Alle diese Proteinkomplexe besitzen Eisen-Cofaktoren. Des 

Weiteren wurde auch die Bildung von energieverbrauchenden Flagellen induziert. 

Alternative Kompensationsprozesse, wie die Riboflavin- und Thiaminproduktion als 

Cofaktoren wurden durch Fur induziert. Eine verbesserte Polyaminproduktion könnte 

hier als Stressreaktion vorliegen.  

Eisen ist ein essentielles Metall, welches fast alle Bakterien für optimales Wachstum 

oder als Cofaktor benötigen. Daher ist es wichtig, die Eisenregulation von C. difficile zu 

verstehen, da Eisen zudem infektionsrelevant ist. Die Rolle des Fur Regulators und 

dessen Netzwerk soll weiterhin helfen, den Infektionsprozess besser zu verstehen. 

Weitere Untersuchung, zum Beispiel das Testen der fur Mutante in einem 

Infektionsmodell, wird der nächste Schritt sein, dieses Bakterium und den 

Infektionsverlauf zu verstehen.  
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Abbreviations 

B.     Bacillus 

BHI    Brain-Heart-Infusion 

bp    base pair(s) 

°C    degree Celsius 

C.    Clostridium 

CDAD    Clostridium difficile associated disease 

CDMM    Clostridium difficile minimal medium 

cDNA    complementary deoxyribonucleic acid 

DDT    dichlorodiphenyltrichloroethane 

DNA    deoxyribonucleic acid  

dNTP    deoxyribonucleotide triphosphate 

EDTA    ethylenediaminetetraacetic acid 

e.g.    exempli gratia (for example) 

ELISA    enzyme-linked immunosorbent assay 

et al.,    et altia (and others) 

Erm    erythromycin 

F    forward 

FESEM   Field emission scanning electron microscopy 

FMN    flavin mononucleotide  

Fur    ferric uptake regulator 

g    centrifugation: earth gravity (x g); weight: gram (g) 

h    hour(s) 

ICP-MS   inductively coupled plasma mass spectrometr 

kb    kilobase 

l    liter 

LB    lysogenic broth  

LC-MS/MS   liquid chromatography coupled with tandem mass   
    spectrometry 

m    milli 

M    molar [Mol /l ] 

µ    micro 

min    minute 

n    nano 
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OD600    optical density at 600 nm 

%    percentage 

p-value   probability value 

PCA    principal component analysis 

PCR    polymerase chain reaction 

PMC    pseudomembranous colitis 

QS    quorum sensing 

R    reverse 

RNA    ribonucleic acid 

rRNA    ribosomal ribonucleic acid 

ROS    reactive oxygen species 

rpm    rotations per minute 

RT    room temperature 

s    second 

SCFA    short chain fatty acid 

SDS    sodium dodecyl sulfate 

SDS-PAGE   sodium dodecyl sulfate polyacrylamide gel 
electrophoresis  

T4P    type 4 pili 

TAP    Tobacco acid pyrophosphatase 

Tris    tris-(hydroxymethyl)-aminomethane 

U    Unit 

V    Volt 

v/v    volume per volume 

w/v    weight per volume 

vs.    versus 
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variance change using data from all transcriptome replicates generated for a given condition.
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