
 

  

Omics-based characterization of chlorotonil-, 

myxopyronin- and chelocardin-stress  

in Clostridioides difficile 

 

I n a u g u r a l d i s s e r t a t i o n 

zur 

Erlangung des akademischen Grades eines 

Doktors der Naturwissenschaften (Dr. rer. nat.) 

der 

Mathematisch-Naturwissenschaftlichen Fakultät 

der 

Universität Greifswald 

 

        vorgelegt von 

        Madita Brauer 

        geboren am 17.09.1991 

        in Bremerhaven 

 

        

Greifswald, den 12.07.2022 

 

 



 

2 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Dekan:   Prof. Dr. Gerald Kerth 

1. Gutachter:  Prof. Dr. Katharina Riedel 

2. Gutachter:  Prof. Dr. Isabelle Martin-Verstraete 

3. Gutachter:  Prof. Dr. Franziska Faber 

 

Tag der Promotion: 19.10.2022 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Dedicated to my grandmothers, 

both of whom, each in their own way, 

have always been a great example to me 

 



 

4 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

5 
 

Table of contents 

Abstract ........................................................................................................................ 9 

Zusammenfassung ......................................................................................................11 

Original publications ....................................................................................................13 

Abbreviations ..............................................................................................................14 

1. Introduction ........................................................................................................15 

1.1 Antibiotics and antibiotic resistances .............................................................15 

1.1.1 The history of antibiotics .......................................................................15 

1.1.2 Antibiotic resistances ............................................................................17 

1.1.3 The requirement for new specialized antibiotics ...................................18 

1.2 Clostridioides difficile and its interplay with the microbiome and antibiotics ....19 

1.2.1 Clostridioides difficile – a zoonotic pathogen with a versatile  

metabolism ...........................................................................................19 

1.2.2 Clostridioides difficile infections ............................................................22 

1.2.3 Therapy of C. difficile infections ............................................................24 

1.3 New candidates for the therapy of infections with C. difficile ..........................26 

1.3.1 Antibiotics under investigation for the therapy of C. difficile infections ...26 

1.3.2 Promising drug targets in C. difficile......................................................29 

1.3.3 Screening of compounds with antimicrobial activity against C. difficile ..31 

2. Aim of the thesis .................................................................................................36 

3. Results ...............................................................................................................37 

3.1 Chlorotonil A and its derivatives selectively inhibit growth of C. difficile 

and close relatives .........................................................................................38 

3.1.1 Susceptibility of C. difficile and other intestinal species to chlorotonils ..39 

3.1.2 The protein inventory of bacteria with higher susceptibility to 

chlorotonils ...........................................................................................43 

3.1.3 Systemic effects of chlorotonil treatment on the metabolism of  

C. difficile ..............................................................................................49 

3.1.4 Systemic effects of ChA treatment on the complex microbial  

communities of the intestinal tract .........................................................62 

3.2 Myxopyronin B as potential novel antibiotic for C. difficile therapy .................74 

3.2.1 Myxopyronin B is active against C. difficile including fidaxomicin- 

resistant strains but spares other intestinal anaerobes .........................75 



 

6 
 

3.2.2 The stress responses of C. difficile 630 to rifaximin, fidaxomicin, and 

myxopyronin B ..................................................................................... 76 

3.2.3 Myxopyronin B interferes with toxin synthesis in C. difficile .................. 79 

3.3 The response of C. difficile to dissipation of the membrane potential by 

amidochelocardin .......................................................................................... 80 

3.3.1 Susceptibility of C. difficile and selected anaerobic bacteria to  

chelocardins ......................................................................................... 81 

3.3.2 The proteome response of C. difficile to amidochelocardin .................. 82 

3.3.3 Amidochelocardin accumulates in the membrane of C. difficile  

but does not cause cell deformation ..................................................... 84 

3.3.4 C. difficile potentially accumulates aromatic compounds in response 

to amidochelocardin stress ................................................................... 86 

4. Discussion ......................................................................................................... 88 

4.1 Omics technologies in the context of antibiotic development ......................... 88 

4.2 The complex intestinal community substantially contributes to host’s health . 91 

4.3 Transient metal toxicity and metal homeostasis as antibiotic target ............... 94 

4.4 Susceptibility to chlorotonils is correlated with tetrapyrrole biosynthesis  

and selenometabolism .................................................................................. 96 

4.5 Copper stress eventually limits selenium availability ..................................... 98 

4.6 The pros and cons of old and new drugs ..................................................... 100 

4.7 The current role of membrane-active and broad-spectrum antibiotics ......... 102 

5. Conclusion and outlook.................................................................................... 105 

6. Materials and methods..................................................................................... 107 

6.1 Antibiotics .................................................................................................... 107 

6.1.1 Natural products ................................................................................. 107 

6.1.2 Commercial antibiotics ....................................................................... 107 

6.2 In vitro experiments ..................................................................................... 108 

6.2.1 Bacterial strains and handling ............................................................ 108 

6.2.2 Physiological assays .......................................................................... 112 

6.2.3 Proteomics experiments ..................................................................... 117 

6.2.4 qPCR analysis ................................................................................... 121 

6.2.5 Inductively-coupled plasma-mass spectrometry analysis (ICP-MS) .... 122 

6.2.6 Metabolomics analysis ....................................................................... 123 



 

7 
 

6.2.7 Subcellular localization analysis ......................................................... 125 

6.2.8 Transmission electron microscopy ...................................................... 127 

6.3 In vivo experiments: Metaproteomics analyses ............................................ 129 

6.3.1 Extraction of proteins .......................................................................... 129 

6.3.2 LC-MS/MS sample preparation and analysis ...................................... 130 

6.3.3 Database search and analysis ............................................................ 131 

6.3 Comparative BLASTp analysis .................................................................... 132 

6.4 Data visualization ........................................................................................ 133 

6.5 Data availability ........................................................................................... 133 

7. References ....................................................................................................... 134 

8. Appendix .......................................................................................................... 161 

8.1 Supplementeray figures ............................................................................... 161 

8.2 CD Rom content .......................................................................................... 164 

8.3 Eigenständigkeitserklärung .......................................................................... 165 

8.4 Conference contribution ............................................................................... 166 

8.5 Acknowledegments...................................................................................... 167 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

8 
 

 

 

 

 

 

 

 

 



Abstract 

9 
 

Abstract 

Clostridioides difficile is the leading cause of antibiotic-associated diarrhea referring to 

infections of the gastrointestinal tract in the course of (broad-spectrum)antibiotic therapy. 

While antibiotic therapy, preferentially with fidaxomicin or vancomycin, often stops the acute 

infection, recurrence events due to remaining spores and biofilm-associated cells are 

observed in up to 20% of cases. Therefore, new antibiotics, which spare the intestinal 

microbiota and eventually clear infections with C. difficile are urgently required. In this light, 

the presented work aimed at the evaluation and characterization of three natural product 

classes, namely chlorotonils, myxopyronins and chelocardins, with respect to their 

antimicrobial activity spectrum under anaerobic conditions and their potential for the therapy 

of C. difficile infections. Briefly, compounds of all three classes were screened for their 

activity against a panel of anaerobic bacteria. Subsequently, the systemic effects of 

selected derivatives of each compound class were analyzed in C. difficile using a 

proteomics approach. Finally, appropriate downstream experiments were performed to 

follow up on hypotheses drawn from the proteomics datasets. Thereby, all three compound 

classes demonstrated significant activity against C. difficile. However, chelocardins similarly 

inhibited the growth of other anaerobes excluding chelocardins as antibiotic candidates for 

C. difficile infection therapy. In contrast, chlorotonils demonstrated significantly higher 

in vitro activity against C. difficile and close relatives compared to a small panel of other 

anaerobes. In addition, it could be shown that chlorotonils affect intracellular metal 

homeostasis as demonstrated in a multi-omics approach. The data led to speculate that 

chlorotonils eventually affect cobalt and selenate availability in particular. Moreover, a 

metaproteomics approach verified that oral chlorotonil treatment only marginally affected 

the intestinal microbiota of piglets on taxonomic and functional level. Furthermore, the 

proteome stress response of C. difficile 630 to myxopyronin B, which similarly showed 

elevated activity against C. difficile compared to a few other anaerobes, indicated that the 

antibiotic inhibited early toxin synthesis comparatively to fidaxomicin. Finally, evidence is 

provided that C. difficile 630 responds to dissipation of its membrane potential by production 

and accumulation of aromatic metabolites. 
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Zusammenfassung 

Clostridioides difficile ist der häufigste Erreger von Antibiotika-assoziierten Infektionen des 

Gastrointestinaltrakts als Folge einer (Breitspektrum)Antibiotika-Therapie. Infektionen mit 

C. difficile werden zumeist mit Fidaxomicin oder Vancomycin therapiert, was in den meisten 

Fällen zur Heilung der Infektion führt. Jedoch kommt es in bis zu zwanzig Prozent der Fälle 

zu wiederkehrenden Infektionen, die durch die von C. difficile produzierten Sporen oder 

Biofilm-assoziierte vegetative Zellen hervorgerufen werden. Aus diesem Grund werden 

dringend neue Antibiotika, die die Darmmikrobiota aussparen und idealerweise zur 

nachhaltigen Heilung der Infektion beitragen, benötigt. Die vorliegende Arbeit zielte daher 

darauf ab, drei neue Antibiotikaklassen mit Hinblick auf ihr Potential als Antibiotika für die 

Therapie von C. difficile Infektionen beziehungsweise das mit ihnen assoziierte Risiko eine 

C. difficile Infektion herbeizuführen zu evaluieren. Zunächst sollte dabei die Aktivität der 

Antibiotika-Klassen gegen anaerobe Bakterien nachgewiesen werden. Im Folgenden 

sollten die systemischen Effekte aller drei Substanzklassen mittels Proteomanalysen im 

Modellbakterium C. difficile untersucht werden, woraufhin abschließend Folgeexperimente 

generierte Hypothesen bestätigen sollten. Sowohl Chlorotonile und Myxopyronine als auch 

Chelocardine zeigten antimikrobielle Wirkung gegen C. difficile. Allerdings zeigten die 

Chelocardine zudem auch starke Aktivität gegen alle anderen getesteten Anaerobier, was 

die Chelocardine als Antibiotika für die Therapie von C. difficile Infektionen ausschließt. Im 

Gegensatz dazu zeigten insbesondere die Chlorotonile eine erhöhte Aktivität gegen 

C. difficile und nahe verwandet Spezies im Vergleich zu weniger nahe verwandten Spezies 

im Rahmen von in vitro Experimenten. Des Weiteren konnte eine Störung der 

intrazellulären Metallhomeostase in Folge von Chlorotonil-Stress in C. difficile im Rahmen 

einer multi-Omics Analyse beobachtet werden. Die vorliegenden Daten lassen zudem 

darauf schließen, dass Chlorotonile insbesondere den Cobalt- und Seleniumhaushalt 

stören. Außerdem konnte eine Metaproteomics Analyse zeigen, dass eine orale Chlorotonil-

Gabe nur einen minimalen Effekt auf die taxonomische und funktionale Integrität der 

intestinale Mikrobiota von jungen Schweinen hat. Weitere Proteomstudien konnten darüber 

hinaus zeigen, dass Myxopyronin B, ähnlich wie Fidaxomicin, die frühe Toxinproduktion 

inhibiert und C. difficile 630 auf den Zusammenbruch seines Membranpotentials mit der 

Synthese und Akkumulation von aromatischen Metaboliten reagiert. 

 

 

 

 



 

12 
 

 

 

 

  



Original publications 

13 
 

Original publications 

 

Parts of the work presented here will be/have been published in: 

I. Brauer M., Herrmann J., Zühlke D. Müller R., Riedel K., Sievers S. 

Myxopyronin B inhibits growth of a Fidaxomicin-resistant Clostridioides difficile 

isolate and interferes with toxin synthesis. Gut Pathog 14, 4 (2022). 

doi.org/10.1186/s13099-021-00475-9 

 

II. Brauer M., Hotop S.K., Wurster M., Herrmann J., Miethke M., Schlüter R., Zühlke 

D., Brönstrup M., Lalk M., Müller R., Sievers S., Bernhardt, J. Riedel, K. 

Clostridioides difficile Modifies its Aromatic Compound Metabolism in Response 

to Amidochelocardin-Induced Membrane Stress. mSphere, e0030222. doi: 

10.1128/msphere.00302-22 

 

III. Bublitz A., Brauer M.*, Wagner S.*, Hofer W., Müsken M., Deschner F., Lesker 

T.R., Neumann-Schaal M., Nübel U., Bartel J., Zühlke D., Bernecker S., Jansen 

R., Stadler M., Sievers S., Riedel K., Herrmann J., Müller R., Fuchs T.M., Strowig 

T. 

Sparing of the microbiota by the natural product antibiotic chlorotonil A prevents 

relapsing Clostridioides difficile infection (working title). Cell Host Microbe. 

(in revision) 

 

IV. Wagner S., Brauer M., …, Fuchs T.M. 

Effects of antibiotics on the functionality of the swine gut microbiota determined 

by a MetaOmics approach (working title). 

(in preparation) 

 

  



Abbreviations 

14 
 

Abbreviations 

AAA  Aromatic amino acids 

ABC  ATP binding cassette 

Ad  Add up to 

a.u.  artificial units 

BHI  Brain Heart Infusion 

BHIS  Brain Heart Infusion – supplemented 

BLASTp  Protein Basic local alignment search tool 

CAMP  cationic antimicrobial peptides 

Cbi  Cobinamide 

CDCHD  Amidochelocardin 

CDI  Clostridioides difficile infection 

CDMM  Chemical defined minimal medium 

ChA/B  Chlorotonil A/B 

CHD  Chelocardin 

Ctrl  Control 

DMSO  Dimethyl sulfoxide 

Ecf  Energy-coupling factor 

FC  Fold change 

Fid  Fidaxomicin 

FMT  Fecal microbiota transplantation 

GC-MS  Gas chromatography – mass spectrometry 

iBAQ  Intensity-based absolute quantification  

ICP-MS  Inductive-coupled plasma – mass spectrometry 

LC-MS/MS Liquid chromatography – tandem mass spectrometry 

LFQ  Label-free quantification 

MIC  Minimal inhibitory concentrations 

MyxB  Myxopyronin B 

ODxx nm  Optical density at xx nanometer 

ON/OFF  Exclusively identified in treated/untreated cells 

NMDS  Non-metric multidimensional scaling 

NSAF  Normalized spectrum abundance factor 

PCA  Principal component analysis 

PTS  Phosphotransferase systems 

Rif  Rifaximin 

ROS  Reactive oxygen species 

rpm  Rounds per minute 

RT  Room temperature 

(r)SAM  (radical) S-adenosylmethionine 

SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis 
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TCA  Tricarboxylic acid cycle 

TcdA/B  Toxin A/B 

TEM  Transmission electron microscopy 

w/v  Weight per volume  
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1. Introduction 

Although tremendous progress has been achieved in recent decades, infectious diseases, 

including those caused by bacteria, viruses, fungi, protozoa and multicellular parasites, still 

rank among the most common causes of death (Spencer et al., 2018; Bloom and Cadarette, 

2019). In particular, infectious diseases are still highly prevalent in developing countries, 

whereas an overall higher standard of living and good healthcare have led to significant 

improvements in the industrialized part of the world (Hansen and Paintsil, 2016; Wood et 

al., 2017). Nevertheless, infectious diseases remain an important health care burden also 

in the industrialized part of the world (Liu et al., 2016). Among others, emerging and 

antibiotic-resistant pathogens endanger human and animal health in all parts of the world 

due to the lack of effective therapeutic strategies to combat those pathogens (Morens et al., 

2004; Cassini et al., 2019). Consequently, the search for and development of new strategies 

against long-standing as well as emerging pathogens is of outmost importance for 

maintaining and improving the state of health in the world. In this context, antibiotic research 

and development are pivotal aspects (Division, 2019). 

1.1 Antibiotics and antibiotic resistances 

1.1.1 The history of antibiotics 

Since their commercialization in the mid 20th century, antibiotics are the most important 

treatment option against bacterial pathogens (Aminov, 2010). While originally defined as 

“small molecules that are produced by microorganisms and inhibit the growth of other 

microorganisms” (Waksman, 1947), the group of antibiotics today comprises a vast number 

of molecules of varying size, origin, and mode-of-action, which have in common that they 

either prevent the growth of bacterial pathogens (“bacteriostatic antibiotics”) or even lyse 

bacterial cells (“bactericidal antibiotics”) (Hutchings et al., 2019).  

Although antibiotics have been used for more than 2000 years, for instance, when the 

Chinese, Greeks and Egyptians already used moldy bread to cure wound infections it was 

not before the late 19th and the beginning of the 20th century that scientist became aware of 

antibiotics. After the discovery of microorganisms, such as the bacteria by Robert Hooke 

and Antoni van Leeuwenhoek between 1665 and 1676 (Gest, 2004), scientists 

systematically began to study the nature of infectious diseases and to search for effective 

treatment options. This led to the discovery of the first antibiotics, namely pyocyanase by 

Rudolf Emmerich and Oscar Löw in 1899 (Emmerich and Löw, 1899), salvarsan by Paul 

Ehrlich in 1909 (Ehrlich, 1910) and penicillin by Alexander Fleming in 1928 (Fleming, 1929) 

(Figure 1.1). In the following decades, further classes of antibiotics have been discovered, 

such as the cephalosporins, tetracyclines, macrolides and aminoglycosides (Gould, 2016) 
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(Figure 1.1). Finally, the term “antibiotic” was introduced by Selman Waksman in 1941 

(Waksman, 1941; Waksman, 1947). 

 

Figure 1.1: Timeline of antibiotic discovery. The most important antibiotic classes are displayed in the order 
of their introduction to the market. Substances presenting the only clinically relevant compound within their class 
are highlighted in yellow. * Penicillin has been discovered in 1928 but not commercially available before 1943. 
Modified from (Hutchings et al., 2019). 

 

In the first years, antibiotics were primarily isolated from Actinobacteria, such as various 

Streptomyces species (e.g., aminoglycosides, tetracyclines, macrolides), but also from 

other microorganisms, such as Myxobacteria (e.g., corallopyronins, myxopyronins) and 

several fungi (e.g., penicillins, cephalosporins, fusidic acid) (Barka et al., 2016; Geers et al., 

2022). These “natural” antibiotics are mainly produced as secondary metabolites to support 

their producers in competition with other microorganisms in their environments, such as in 

soils and the sea (Lucas et al., 2019). Naturally produced antibiotics are used by their 

producers for defense against other bacteria and eukaryotic predators and for colonization 

of new habitats but also, for instance, for communication or as siderophores (Lucas et al., 

2019; Pérez et al., 2020). 
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As soon as the value of antibiotics for infectious disease management became evident, the 

repertoire of antibiotics was further expanded by scientists, who started to modify existing 

antibiotics to provide semi-synthetic antibiotics and to produce fully synthetic compounds 

(Christensen, 2021). For instance, methicillin and ampicillin were derived from penicillin and 

several generations of cephalosporins derived from cephalosporin-C were gradually 

introduced to the market (Christensen, 2021). The first fully synthetic antibiotic, Salvarsan 

(Ehrlich, 1910), was followed by the quinolones and sulfones (Colebrook, 1936; Lesher et 

al., 1962). 

 

1.1.2 Antibiotic resistances 

Soon, a growing number of antibiotics became available and paved the way for the most 

outstanding improvements in medicine, such as surgeries and joint, organ and stem cell 

transplantations (Liu et al., 2018; L. Evans et al., 2021). However, as bacteria are well 

known for their adaptability and genetic flexibility, their frequent exposure to antibiotics 

selected for the first antibiotic-resistant clinical isolates soon after antibiotics were routinely 

used (Abraham and Chain, 1988; Aminov, 2010). Antibiotic resistance markers, referring to 

genetic elements that, for example, encode for enzymes able to modify or degrade 

antibiotics, for antibiotic efflux pumps or for modified target structures, are as old as 

antibiotics themselves. They are found in all kinds of environments where antibiotics are 

produced, even in deep sea sediments, and play an important role for the balance within 

ecosystems (Pal et al., 2015; Blanco et al., 2016; van Goethem et al., 2018; Larsson and 

Flach, 2022). However, overuse of antibiotics in clinical settings accelerated the 

development and spread of antibiotic resistance markers, for instance via horizontal gene 

transfer, finally leading to the emergence of multidrug resistant bacteria (Aminov, 2010; 

Gould, 2016; Wintersdorff et al., 2016). 

It took some time until scientists identified the molecular mechanisms underlying antibiotic 

resistance development and its dissemination (D.I. Andersson et al., 2020). Today, huge 

efforts are made to reduce antibiotic consumption world-wide and to reduce the introduction 

of antibiotics into the environment to slow down antibiotic resistance development and 

dissemination (McEwen and Collignon, 2018). Moreover, antibiotic stewardship strategies 

were developed to adapt antibiotic treatment schemes in order to optimize the use of 

antibiotics and preserve the efficacy of last-resort antibiotics used to treat multidrug and 

other difficult-to-treat pathogens, such as multi-drug resistant Mycobacterium tuberculosis 

and bacteria from the ESKAPE-group (Enterococcus faecium, Staphylococcus aureus, 

Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and 

Enterobacter species) (Oliveira et al., 2020; Nang et al., 2021). 
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Nevertheless, antibiotic consumption is increasing and the prevalence of antibiotic resistant 

pathogens is higher than ever before (Aslam et al., 2018; Klein et al., 2018). On the opposite 

side, the number of antibiotics in the development pipeline is low compared to the 1950s or 

to the number of anticancer and antihypertensive drugs, and is only slowly increasing after 

decades of stagnation (Plackett, 2020) (Figure 1.1). The restricted use of new antibiotics, 

which are withheld for relatively rare severe infections with high-concern pathogens, 

however, strongly limits the expected profit from new antibiotics. Consequently, the interest 

of many pharmaceutical companies to continue or resume their own work on antibiotics is 

rather low, and thus antibiotic research is mainly restricted to the academic sector and 

smaller companies (Silver, 2011; Da Farrell et al., 2018). Therefore, only a few antibiotics 

have been added to the pool of antibiotics in the last two decades, such as daptomycin in 

2003, pleuromutilins in 2007, fidaxomicin in 2011 and bedaquiline in 2012 (Hutchings et al., 

2019) (Figure 1.1). 

 

1.1.3 The requirement for new specialized antibiotics 

Alternative therapeutic options and preventive measures, such as monoclonal antibodies, 

phage therapy and probiotics, are in use and under investigation as well (Shen et al., 2017; 

Wilcox et al., 2017). However, antibiotics are still the preferred therapy against many 

important bacterial infections and a larger panel will be inevitable to keep up with bacterial 

infections in the future (Mulani et al., 2019; Luong et al., 2020). In addition to the general 

demand for new antibiotics, there is also growing interest in more specialized antibiotics 

(Yang et al., 2021). In recent years, there has been an increasing gain in knowledge 

concerning individual infectious diseases and disease outcome has been linked to many 

other aspects of health, such as hormone status, diet and microbiota composition (Cho and 

Blaser, 2012; Myles, 2014). This more sophisticated understanding of infectious diseases 

has led to a demand for antibiotics with additional beneficial properties, such as 

immunomodulatory effects or antibiotics, which reduce the virulence of a pathogen during 

infection (Köhler et al., 2010; Zimmermann et al., 2018). Moreover, there is increasing 

awareness that many antibiotic treatment regimens are associated with adverse events, 

which eventually counterbalance the positive effect of antibiotic therapy (Gerber et al., 2017; 

Tandan et al., 2018). In particular, antibiotics that spare the gastrointestinal microbiota of a 

patient are urgently needed to reduce the risk of patients to develop antibiotic-associated 

diarrhea (Theriot et al., 2014). 

Especially, the microbiota associated with different body sites, such as the skin, oral cavity, 

vagina and intestinal tract, has recently gained considerable attention as profound first line 

of defense against various pathogens (Cho and Blaser, 2012; Theriot and Young, 2015; 
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Park and Lee, 2017; Anahtar et al., 2018). Antibiotics that spare and/or restore the 

microbiota therefore substantially support the cure of an infection and/or prevent secondary 

infections, such as antibiotic-associated diarrhea and vaginosis (Theriot and Young, 2015; 

Anahtar et al., 2018). For instance, the vaginal tract is protected against invading pathogens 

by probiotic lactic acid bacteria, which lower the pH to an acidic state, which is unfavorable 

for most pathogens (Tachedjian et al., 2017). Antibiotic therapy of vaginal infections must 

consequently aim at the inhibition of the invading pathogen, but must simultaneously allow 

the re-colonization of the infection site with probiotic bacteria and concomitant restoration 

of the pH (Tachedjian et al., 2017). 

Likewise, the gastrointestinal microbiota protects against numerous pathogens through 

competition for nutrients, production of inhibitory metabolites and immunomodulatory 

effects. This effect, not only restricted to the intestinal microbiota, is also known as 

“colonization resistance”. Disruption of the colonization resistance provided by the intestinal 

microbiota, e.g., by antibiotic therapy, often leads to antibiotic-associated diarrhea (Buffie 

and Pamer, 2013). The most important causative agent of antibiotic-associated diarrhea is 

the spore-forming Gram-positive bacterium Clostridioides difficile (Theriot and Young, 

2015). 

In summary, antibiotics, which became available for broad-use in the middle of the 20th 

century, saved millions of lives and still form a cornerstone in modern medicine. However, 

the emergence of antibiotic resistances as well as of new pathogens severely threatens the 

achievements made to public health in the last century. Moreover, a more sophisticated 

understanding of many infectious diseases has led to a demand for more targeted drugs to 

accelerate and improve the therapy for a particular disease, while reducing the adverse 

events frequently observed with inappropriate antibiotic therapy. In consequence, new 

antibiotics, overcoming antibiotic resistances, revealing novel modes-of-action, and being 

optimized for specific requirements addressing important pathogens, such as multi-drug 

resistant pathogens or other hard-to-treat pathogens, such as C. difficile, are urgently 

required. 

 

1.2 Clostridioides difficile and its interplay with the microbiome and antibiotics 

1.2.1 Clostridioides difficile – a zoonotic pathogen with a versatile metabolism 

C. difficile is an important anaerobic rod-shaped pathogen able to spread inside the 

intestinal tract under favorable conditions causing mild to severe forms of colitis (Figure 1.2) 

(Magill et al., 2018; Suetens et al., 2018). As an ubiquitous bacterium, C. difficile can be 

found in the intestine of many different mammals, especially in humans and livestock 

animals such as pigs and cattle, but also in many environmental sources such as manure 
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and soil (Janezic et al., 2014; Hernandez et al., 2020; Lim et al., 2020). Moreover, C. difficile 

is considered a zoonotic pathogen. For instance, C. difficile isolates derived from swine or 

cattle and associated farm workers of a respective farm are closely related indicating direct 

human-animal transmission (Debast et al., 2009; Koene et al., 2012; Knetsch et al., 2014; 

Knight et al., 2019; Tramuta et al., 2021). The broad host spectrum of C. difficile can be 

explained by the environmental requirements of the pathogen. As an inhabitant of the 

intestinal tract, C. difficile not only prefers mammalian body temperature and anaerobic 

conditions but is, more importantly, dependent on the availability of a certain nutrient 

spectrum. The preferred nutrients of C. difficile comprise high amounts of small peptides, 

amino acids and some carbohydrates. In addition, the availability of so-called “germinants” 

required for germination of C. difficile spores is crucial for the pathogen (Theriot et al., 2014; 

Jenior et al., 2018). 

 
 

 

Figure 1.2: Scanning electron microscopy images of 
C. difficile. Provided and approved by Rabea Schlüter 
(Imaging Center, University of Greifswald) and Nicole 
Metzendorf (Institute of Microbiology, University of 
Greifswald). Scale bar = 1 µm. 
 

 

 

In more detail, C. difficile preferentially utilizes amino acids, such as proline, leucine, 

phenylalanine and glycine via Stickland fermentation (Neumann-Schaal et al., 2015; 

Neumann-Schaal et al., 2019). Although it was recently shown that C. difficile is able to 

grow in the absence of proline and branched chain amino acids (Gencic and Grahame, 

2020), there is strong evidence that C. difficile is not able to compete with other microbes 

in the complex community of the intestinal tract in the absence of its preferred amino acids, 

particularly proline (Jenior et al., 2017; Battaglioli et al., 2018; Fletcher et al., 2018; Lopez 

et al., 2019; Fletcher et al., 2021). In addition to amino acids, C. difficile is able to use 

carbohydrates via the glycolysis, the pentose-phosphate pathway and other carbohydrate 

degradation pathways as well as several other nutrients, such as ethanolamine derived from 

epithelial cells (Antunes et al., 2012; Nawrocki et al., 2018; Neumann-Schaal et al., 2019). 

Carbohydrates are considered second-line nutrients for C. difficile and were neglected as a 

nutrient source for a long time. However, increasing evidence suggests a more central role 

of carbohydrates in the metabolism of C. difficile considering the expression of several 

phosphotransferase systems (PTS) and ATP binding cassette (ABC) transport systems 

during in vivo infection experiments (Theriot et al., 2014; Jenior et al., 2017, 2018). 

Intermediate fermentation products, such as pyruvate, are further degraded via the 
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pyruvate-formate lyase, pyruvate dehydrogenase or the butyrate fermentation pathway, 

which yields a range of short chain fatty acids (Neumann-Schaal et al., 2019). Besides, the 

Wood-Ljungdahl pathway has recently gained attention as an important electron sink when 

reductive equivalents, such as the Stickland acceptor amino acids, become limited 

(Bouillaut et al., 2019; Gencic and Grahame, 2020). The Wood-Ljungdahl pathway is used 

in a limited number of bacterial species to synthesize acetyl-CoA from CO2 and H2. 

Interestingly, the operon encoding the twelve proteins of the Wood-Ljungdahl pathway is 

present in all C. difficile genomes sequenced so far and is highly conserved (Köpke et al., 

2013).  

Apart from the nutrient availability, bile acids play a central role for C. difficile inside the 

intestinal tract (Buffie et al., 2015; Shen, 2020). While some of them, namely most 

secondary bile acids, such as lithocholate and deoxycholate, can prevent C. difficile 

sporulation (Buffie et al., 2015; Thanissery et al., 2017), others, such as cholate and 

taurocholate, are urgently required as signal molecules for the initiation of spore germination 

(Shen, 2020). Apart from that, bile acids are assumed to have large impact on other 

properties of C. difficile, including motility, toxin structure and biofilm formation (Dubois et 

al., 2019; Sievers et al., 2019; Tam et al., 2020). However, the role of bile acids in the 

lifecycle of C. difficile is only partially understood and subject of ongoing research due to 

the complexity of this research field (Reed et al., 2020). In addition to bile acids, C. difficile 

needs to cope with fluctuating oxygen conditions, the host immune system and secondary 

metabolites produced by other microbes. To cope with these stress factors within the 

intestinal tract, C. difficile has evolved an efficient stress response system with various 

signaling, regulatory and detoxification proteins, which allow the pathogen to deal with, e.g., 

molecular oxygen (Neumann-Schaal et al., 2018; Kint et al., 2020), bile acids (Sievers et 

al., 2019), heme (Knippel et al., 2020), and antimicrobial peptides (Woods et al., 2018). 

Overall, C. difficile is well equipped to survive in the variable environment of the mammalian 

gut and is furthermore provided with a large flexible genome allowing evolutionary 

adaptation to changing conditions (He et al., 2010; Knight et al., 2015; Kulecka et al., 2021). 

Nevertheless, C. difficile is not able to establish inside the intestine of healthy humans as 

long as the complex and intact intestinal microbiota successfully protects its host by 

occupying the ecological niche required by C. difficile. Therefore, breakdown of the 

colonization resistance is a pre-requisite for an infection with C. difficile (Lopez et al., 2020; 

Leslie et al., 2021). 
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1.2.2 Clostridioides difficile infections 

The circumstances causing the intestinal imbalance, which paves C. difficile’s way to 

infection, are diverse and multifactorial, but increased age, antibiotic therapy, co-

morbidities, hospitalization, low alpha diversity of the microbiota and an overall weak 

immune response are assumed to be important risk factors (Peniche et al., 2018; Czepiel 

et al., 2021; van Werkhoven et al., 2021). In concert, these factors change the microbiome 

structure and reduce its diversity, which are two key factors for colonization resistance 

against C. difficile (Kang et al., 2019; Berkell et al., 2021; Lesniak et al., 2021). Despite the 

multifactorial nature of intestinal imbalance, antibiotics, especially broad-spectrum 

antibiotics such as carbapenems, cephalosporins and fluoroquinolones as well as other 

chemotherapeutic agents such as proton-pump inhibitors, often rank first in meta-analyses 

examining the factors most frequently correlated with C. difficile infections (Slimings and 

Riley, 2021; van Werkhoven et al., 2021). 

Infections with C. difficile are not only the most prevalent form of antibiotic-associated 

diarrhea but also rank amongst the most prevalent healthcare-associated infections in 

Europe (Cassini et al., 2016; Motamedi et al., 2021). Moreover, C. difficile infections often 

result in significant deterioration of the patient’s health status and mortality rates are around 

ten percent (Czepiel et al., 2021; Granata et al., 2021). Therefore, infected patients often 

require substantial medical care and hospitalization, which additionally leads to a significant 

economic burden of the disease (Wiegand et al., 2012; Rajasingham et al., 2020). Despite 

great efforts to protect vulnerable patients, such as elderly and immunosuppressed patients, 

from C. difficile by appropriate hygiene management, the number of cases per year remains 

on a constant level (Finn et al., 2021). Amongst others, rising numbers of C. difficile 

infections in the past decade are attributed to more virulent and transmittable strains and 

ribotypes, such as ribotype 027 (Kumar et al., 2019; Almutairi et al., 2021; Fu et al., 2021). 

In addition, C. difficile infections are no longer exclusively healthcare-associated infections 

but community-acquired forms of C. difficile infections have become highly prevalent in 

recent years (Khanna et al., 2012; Ofori et al., 2018; Fu et al., 2021). 

An infection with C. difficile is initiated by the germination of C. difficile spores upon 

disruption of colonization resistance. This is the starting point for a bloom of the pathogen 

in the intestine (Figure 1.3), where it has been detected by different studies with an averaged 

abundance between 0.76% and 3%. In severe cases, the total load might be even higher 

(Khanna et al., 2016; Seekatz et al., 2016; Crobach et al., 2020). In the following, the 

pathogen can cause a severe infection of the intestinal tract mediated mainly by the 

production of one or more enterotoxins (Figure 1.3) (Kordus et al., 2021). These toxins 

damage the intestinal epithelium directly or indirectly by activating a proinflammatory 
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immune response (Ernst et al., 2021; Landenberger et al., 2021; McKee et al., 2021). 

Epithelial damage, compromising necrosis of epithelial cells and destruction of the tight 

junctions, results in the typical symptoms of C. difficile infections, including diarrhea, colitis 

and, in severe cases, a so-called pseudomembranous colitis (Figure 1.3) (Kordus et al., 

2021). 

 

 

Figure 1.3: Schematic illustration of the steps towards an infection with C. difficile. Disruption of the 
healthy microbiota by, e.g., antibiotics, reduces the α-diversity of the microbial community and leads to an 
increase in primary bile acids, while secondary bile acids and short chain fatty acids are depleted. The changing 
conditions subsequently induce germination of C. difficile spores. The resulting vegetative cells eventually start 
to produce toxins. Toxins and the concomitantly induced immune response jointly cause damage of the intestinal 
epithelium. The figure was created in Microsoft PowerPoint according to recent literature cited above, e.g. Buffie 
et al., 2015; Theriot and Young, 2015; Schäffer and Breitrück, 2018. 

 

So far, three toxins have been described in C. difficile, of which most strains express at 

least one (Rupnik and Janezic, 2016). Two toxins, TcdA and TcdB, are encoded within one 

operon known as PaLoc (Eichel-Streiber et al., 1992). Both toxins function as 

glucosyltransferases targeting members of the Rho and Ras protein families after 

translocation into host epithelial cells (Just et al., 1995a; Just et al., 1995b). Inactivation of 

Ras and Rho proteins results in membrane leakage and several functional disorders (Sun 

et al., 2010). In contrast, the binary toxin Cdt is encoded separately from the PaLoc and 

acts as an ADP-ribosyltransferase (Perelle et al., 1997; Gülke et al., 2001). Damage 

mediated by the toxins causes an immune reaction, which together with the toxin damage 

further impairs the functionality of the intestinal epithelium and the microbiota (Kordus et al., 

2021). The regulation of C. difficile toxin synthesis is complex and involves various 
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regulators and signaling systems. Moreover, expression of toxins is strictly linked to the 

availability of nutrients but also to several other environmental stimuli (Martin-Verstraete et 

al., 2016). In addition to toxins directed against the host epithelial cells, C. difficile produces 

other, so far mainly overlooked, metabolites, which are directed against its competitors 

inside the intestine. The most prominent compound is para-cresol, which is produced from 

tryptophan by a very few bacterial species, including C. difficile, and which is toxic for most 

other bacteria (Passmore et al., 2018). In concert, the toxin cocktail of C. difficile as well as 

the immune response, which is activated by the presence of C. difficile, ultimately damage 

the intestinal barrier leading to the characteristic symptoms, such as diarrhea. Finally, 

damage of colonic stem cells by C. difficile’s toxins results in delayed epithelial repair and 

long-lasting damages and dysfunctionality (Mileto et al., 2020). 

Mild forms of C. difficile infections might be self-limiting, but most often more severe forms 

require medical therapy. Such therapy is today mainly based on antibiotics accompanied 

by pre- and probiotic as well as immunomodulatory therapy. 

 

1.2.3 Therapy of C. difficile infections 

Although antibiotics, as the first line of defense against a C. difficile infection, are often able 

to stop the acute infection, recurrence of C. difficile infections is highly prevalent (Granata 

et al., 2021). The collateral damage, which has been caused prior and during infection by 

the antibiotic therapy, the bacterial toxins, the host’s immune response and metabolites 

produced by C. difficile directed against competing bacteria, often severely impair the 

recovery of the healthy microbiota and its colonization resistance. In turn, recurrence and 

re-infection rates are reported with up to 20 to 30% for a primary C. difficile infection 

(Granata et al., 2021). Recurrence can thereby result both from reinfection events or due to 

the recovery of remaining biofilm-associated vegetative cells and spores (Castro-Córdova 

et al., 2021; Normington et al., 2021). Moreover, recurrence is linked to a persistently 

perturbed bile acid and short chain fatty profile and low alpha diversity of the microbiota 

(Buffie et al., 2015; McDonald et al., 2018; Lesniak et al., 2021). While microbiota-sparing 

antibiotics are crucial to reduce the risk for antibiotic-associated diarrhea, clearance of a 

C. difficile infection inevitably requires a sustainable therapy with selective antibiotics 

allowing recovery of the healthy microbiota (Webb et al., 2020; Binyamin et al., 2021; 

Lesniak et al., 2021). To prevent or overcome these issues, large efforts have been made 

to optimize preventive measures and to develop new therapeutic approaches. For instance, 

antibiotic treatment regimens have been intensively studied to identify high risk antibiotics, 

such as fluoroquinolones and cephalosporins, which are now avoided in high-risk patients 

(Dingle et al., 2017; Slimings and Riley, 2021). In addition, new treatment options have been 
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evaluated leading to, for example, the introduction of the monoclonal antibody 

bezlotoxumab, which is successfully applied as co-drug to neutralize C. difficile toxins until 

the infection is cleared (Figure 1.4) (Wilcox et al., 2017). Pre- and probiotic therapy with, 

e.g., Lactobacillus acidophilus and Lactobacillus casei, has gained upcoming interest to 

either prevent infections or to support antibiotic therapy (Figure 1.4) (Shen et al., 2017). 

Building on the success of pre- and probiotics, fecal microbiota transplantations are an 

increasing field of research and have been successfully applied in severely ill patients 

(Figure 1.4) (Quraishi et al., 2017; Hui et al., 2019). However, bezlotoxumab and pre- and 

probiotic therapies are insufficiently as stand-alone therapy and fecal microbiota 

transplantations are subject of ongoing discussions due to several concerns, such as the 

risk of transmitting other intestinal pathogens (Yadav and Khanna, 2021). To overcome 

these issues, defined microbial communities are currently designed and delivery methods 

are optimized to specifically restore colonization resistance, while avoiding transmission of 

other pathogens (Kao et al., 2021). However, such complex communities, which sufficiently 

resemble the complexity of the natural gastrointestinal microbiomes and enable reliable 

restoration of colonization resistance could not be established to date. Similarly, ongoing 

approaches to develop vaccines against C. difficile-specific antigens, such as the 

conserved cell wall glycopolymer PSII (Chu et al., 2016), have not been successful until 

today (Heidebrecht et al., 2021). 

 

 

Figure 1.4: Treatment options for C. difficile infections and the currently available therapeutics. 
Treatment of infections with C. difficile is currently primarily based on antibiotic therapy. However, pre- and 
probiotic therapy and monoclonal antibodies, such as bezlotoxumab, are often used supportively. For severe 
cases, fecal microbiota transplantation is an additional option. The figure was created in Microsoft PowerPoint 
according to recent literature cited above, e.g. Chaar and Feuerstadt, 2021; Monaghan et al., 2021. 
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In consequence, treatment of C. difficile infections still largely depends on antibiotic therapy. 

Currently, fidaxomicin and vancomycin are recommended for therapy of C. difficile 

infections, whereas the former first-line antibiotic metronidazole as well as a number of other 

antibiotics might optionally be used as second-line antibiotics (Chaar and Feuerstadt, 2021). 

For instance, the rifamycin antibiotic rifaximin is used as a chaser antibiotic post-

vancomycin therapy in severe cases to extend the antibiotic effect and due to the proven 

reduction in recurrence rates (Garey et al., 2011; Ng et al., 2019). The latest drug, 

fidaxomicin, is superior to most other available antibiotics due to the comparatively good 

clinical outcomes of patients, including comparatively high initial cure and low recurrence 

rates (Cornely et al., 2012; Guery et al., 2021; Gupta and Ananthakrishnan, 2021). The 

superiority of fidaxomicin is attributed to its high intestinal availability, its comparatively high 

selectivity for C. difficile and its ability to suppress toxin synthesis and spore formation as 

well as germination (Louie et al., 2012). In concert, the growth advantage for competing 

commensal bacteria and the reduced toxin and spore levels significantly improve the patient 

outcomes (Louie et al., 2012). Worryingly, a first fidaxomicin-resistant C. difficile strain was 

recently isolated from a patient and fidaxomicin-resistant strains were obtained during lab 

experiments (Leeds et al., 2014; Schwanbeck et al., 2019). These events remind that 

antibiotic resistances can quickly become an additional issue for the already difficult therapy 

of C. difficile, which thus far shows only neglectable levels of resistance against fidaxomicin 

and vancomycin (Liao et al., 2012; Sholeh et al., 2020). 

In view of the high number of C. difficile infections, the substantial health decline, the 

economic burden associated with the infection, and the risk of antibiotic resistance 

development, there is an urgent demand for alternative antibiotics, which overcome current 

limitations and that can replace fidaxomicin in case of the continued spread of antibiotic 

resistances. 

 

1.3 New candidates for the therapy of infections with C. difficile 

1.3.1 Antibiotics under investigation for the therapy of C. difficile infections 

New candidate antibiotics for the therapy of C. difficile infections should be as selective as 

possible, should have a new target or binding site, should be associated with low resistance 

rates and should be equipped with beneficial features, such as the ability to reduce toxin 

production and spore formation. Currently, a number of antimicrobial compounds are under 

investigation, comprising natural and synthetic compounds, including uncharacterized as 

well as approved antibiotics, which might be re-purposed for the therapy of C. difficile 

infections (Jarrad et al., 2015; Petrosillo et al., 2018; Monaghan et al., 2021). Some of these 

compounds were only briefly mentioned as being active against C. difficile, whereas some 
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compounds have already passed the first clinical trials (Figure 1.5) (Butler et al., 2022). The 

top group of next generation C. difficile antibiotics is currently formed by antibiotics such as 

ridinilazole, cadazolid, nitazoxanide, fusidic acid, thuricin CD, ramoplanin, surotomycin and 

teicoplanin. In addition, there are a range of other compounds currently under investigation 

such as rifaximin, rifampin, bacitracin, tigecycline, CRS3123, auranofin, NVB302, lacticin 

3147, ebselen and aryldepsipeptide antimicrobials (Figure 1.5) (Petrosillo et al., 2018; 

Monaghan et al., 2021). 

Promising candidate antibiotics, such as cadazolid, ridinilazole, surotomycin and 

ramoplanin, were all demonstrated to be highly active against and specific for C. difficile 

(Peláez et al., 2005; Chilton et al., 2014; Knight-Connoni et al., 2016; Cho et al., 2019). 

Especially, cadazolid, an oxazolidinone substituted with a fluoroquinolone moiety, is 

considered promising due to low gastrointestinal absorption, high tolerance and low rates 

of spontaneous resistance development (Baldoni et al., 2014; Chilton et al., 2014; Locher 

et al., 2014a; Gehin et al., 2015). Moreover, cadazolid was found to be non-inferior to 

vancomycin in clinical trials (Louie et al., 2015; Muhammad et al., 2020). Furthermore, toxin 

synthesis and spore formation were found to be inhibited by cadazolid (Locher et al., 

2014b). Similarly, ridinilazole was found to reduce toxin A and B levels resulting in an anti-

inflammatory effect (Bassères et al., 2016), while ramoplanin was found to adhere to 

C. difficile spores and immediately killed germinating cells (Kraus et al., 2015). Ridinilazole 

and ramoplanin successfully cured C. difficile infections in rodent models (Freeman et al., 

2005; Sattar et al., 2015) and randomized phase 1 and 2 trials could show that ridinilazole 

is well-tolerated in various doses and is non-inferior to vancomycin (Vickers et al., 2015; 

Vickers et al., 2017). Likewise, surotomycin was found to be non-inferior to vancomycin in 

clinical trials (Lee et al., 2016; Daley et al., 2017; Muhammad et al., 2019). However, 

although surotomycin reached non-inferiority against vancomycin in a phase 3 trial, 

superiority could not be reached (Daley et al., 2017) and both cadazolid and surotomycin 

failed to reach non-inferiority compared to vancomycin in two other phase 3 trials (Boix et 

al., 2017; Gerding et al., 2019). Today, only ridinilazole is in a phase 3 trial (Butler et al., 

2022). 

In addition to these newly identified compounds, approved antibiotics, such as rifaximin, 

fusidic acid, bacitracin and teicoplanin, are considered to be re-purposed for the therapy of 

C. difficile infections (Figure 1.5) (Petrosillo et al., 2018; AbdelKhalek et al., 2020; Monaghan 

et al., 2021). These antibiotics offer the advantage that they are already approved for clinical 

use and well characterized. Similarly, derivatives of established antibiotics, like desmethyl 

vancomycin, might be promising (Zhang et al., 2012). In addition to antibiotics, a number of 

other therapeutics are in development, for instance, to suppress adhesion of C. difficile to 
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host epithelial cells, e.g., by blocking surface-exposed proteins of C difficile like the surface 

layer (S-layer) proteins and CotE, flagella proteins such as FliC or cell surface glycans of 

C. difficile (Bruxelle et al., 2016; Bruxelle et al., 2018; Maia et al., 2020). Other compounds, 

such as the small molecule inhibitor ebselen and the inhibitor of endosomal acidification 

bafilomycin A1, are expected to prevent toxin B-mediated cytotoxicity (Stewart et al., 2020; 

Monaghan et al., 2021) or modulate the host immune system (Figure 1.5) (J. A. Andersson 

et al., 2020). As for various other pathogens, small RNAs and phage therapy are likewise 

considered promising therapeutic strategies for C. difficile (Mondal et al., 2020; Selle et al., 

2020). 

 

 

 

Figure 1.5: Antibiotics and adjuvants for the therapy of C. difficile infections currently in development 
or in clinical use. Compounds in development are grouped depending on whether they have been tested in 
clinical trials or whether data are limited to in vitro and animal studies. The figure was created in Microsoft 
PowerPoint based on current literature cited above, e.g., Petrosillo et al., 2018; Chaar and Feuerstadt, 2021; 
Monaghan et al., 2021; Butler et al., 2022. 
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Finally, fecal microbiota transplantations, bile acid-based therapeutics and secondary 

metabolites of probiotic bacteria represent promising approaches based on natural defense 

strategies (Shen et al., 2017; Hui et al., 2019; Pal et al., 2021). 

However, regardless of the increasing list of compounds under investigation, none of the 

compounds has made it to market until now (Butler et al., 2022). In addition, several of them 

will likely fail at some point due to missing non-inferiority, emerging resistances or other 

reasons (Ullah et al., 2020). Especially therapeutics designed to reduce toxin production 

and their cytotoxic effects, as well as pre- and probiotic therapies are currently not expected 

to develop into stand-alone therapeutics (McFarland, 2015; Stewart et al., 2020). In this 

light, it is inevitable to continue the search for new antibiotics in order to constantly replenish 

the pool of available antibiotics against C. difficile. 

 

1.3.2 Promising drug targets in C. difficile 

There are two opposite approaches to find new antimicrobial compounds. On the one hand, 

large screening experiments can be used to identify compounds with significant activity 

against a pathogen, such as C. difficile. These compounds could then be critically assessed 

with regard to the suitability of their target structure and their selectivity in vivo. On the other 

hand, promising new drug targets might be derived from accumulating knowledge on 

essential metabolic pathways and network structure of C. difficile. 

Indeed, several studies used a computational approach to identify possible drug targets in 

C. difficile. For instance, metabolic network construction of C. difficile strain 630 revealed 

79 essential genes and 39 essential gene pairs, some of which were even found to be 

unique in the genome of C. difficile (Larocque et al., 2014). Based on these potential target 

genes, potential inhibitors for 29 of the essential genes, such as enzymes of the fatty 

biosynthesis pathway (fabF, fabH, fabZ and fabG), genes coding for the isoprene 

biosynthesis (ispA, ispH and ispF), genes involved in peptidoglycan biosynthesis (glmU and 

murD), as well as some metabolic genes, such as crt1, ntpA, ntpB, gapA, gapB, glyA, hpt, 

folD, fhs, upsS, accC, and adk, were identified (Larocque et al., 2014). Another in silico 

analysis of the proteome of C. difficile 630 revealed 155 putative drug targets and nine 

pathways of above-average importance. The homoserine dehydrogenase, the aspartate-

semialdehyde dehydrogenase and the aspartokinase were pointed out as most promising 

antibiotic targets due to their shared function in several essential pathways (Lohani et al., 

2017). Additionally, two analyses of essential genes in C. difficile strain R20291 further 

revealed an essential role of several pathways, including the branched chain amino acid 

fermentation, alanine, aspartate and glutamate metabolism, glycolysis/gluconeogenesis, 

pyrimidine and pyruvate metabolism and the peptidoglycan biosynthesis (Ezhilarasan et al., 
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2013; Kashaf et al., 2017). The gene murG was pointed out by Ezhilarasan et al. as the 

most promising target (Ezhilarasan et al., 2013). Likewise, an insertion mutant library 

analysis revealed 404 essential genes in C. difficile R20291, as none of the 70,000 insertion 

mutants were observed in these 404 genes. These genes were involved in DNA 

metabolism, transcription and translation as well as tRNA, fatty acid and folate or 

peptidoglycan biosynthesis (Dembek et al., 2015). 

These data consistently point to an essential role of fatty acid biosynthesis, amino acid 

metabolism and peptidoglycan biosynthesis in C. difficile as these pathways were 

repeatedly identified in these studies. However, although all these genes have in common 

that they are vulnerable points in the metabolism of C. difficile, the major challenge in the 

therapy of C. difficile infections is to find a drug, which is selective for C. difficile. To meet 

this demand, a drug must have a target, which is either unique to C. difficile or of 

substantially greater importance for C. difficile compared to other members of the intestinal 

microbiota. As a result, highly conserved enzymes and pathways might be rather 

unfavorable targets, while the catabolic or biosynthetic pathways, which are preferred by 

C. difficile, are favorable targets. 

For instance, the proline reductase and the Wood-Ljungdahl pathway are assumed to be 

crucial for the competitive fitness of C. difficile as outlined above. However, they are rarely 

found in other bacteria (Jackson et al., 2006; Gencic and Grahame, 2020). Additionally, the 

de novo biosynthesis pathway for the vitamin thiamine is considered an interesting antibiotic 

target due to the importance of the vitamin for C. difficile but a lack of a transport system for 

the uptake of this vitamin in the genome of C. difficile (Bousis et al., 2019). In contrast, about 

50% of all bacteria are able to synthesize the rare, essential nucleotide queuosine de novo, 

whereas C. difficile relies on the uptake of queuosine or its precursors from the environment 

via a specific transport system of the energy-coupling factor (Ecf)-transporter family (Yuan 

et al., 2019). Furthermore, the tricarboxylic acid (TCA) cycle enzyme fumarate hydratase is 

an ubiquitous enzyme, which, however, occurs in nature as isoenzymes, of which C. difficile 

has a less common version (Woods et al., 1988). Whereas most bacteria solely utilize an 

oxygen-stable version of the fumarate hydratase or encode for both enzyme types, some 

bacteria, such as C. difficile, only possess an ancient oxygen-sensitive version of the 

fumarate hydratase equipped with an iron-sulfur cluster (Lu and Imlay, 2021). The lack of 

sequence homology between both enzyme types makes the fumarate hydratase of 

C. difficile a selective antibiotic target. 

Most interestingly, also the fab pathway, which encodes the bacterial type II fatty acid 

biosynthesis and which has been pointed out as highly essential by the metabolic network 

construction studies reviewed above, comprises a rare version of an important enzyme that 
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is considered as an Achille’s heel in C. difficile’s metabolism (Jones et al., 2019; Marreddy 

et al., 2019). Although the fab pathway is ubiquitous and relatively conserved in the bacterial 

world, the enoyl-acyl carrier protein of C. difficile is, as its fumarate hydratase, a less 

common form of four isoenzymes, FabI, FabK, FabL and FabV (Jones et al., 2019; 

Marreddy et al., 2019). While some bacteria, such as E. faecalis and some Bacteroides, 

Enterobacterium and Lactobacillus species, have two isoenzymes, many other bacteria 

have only one enzyme. However, most species, such as E. faecium, Staphylococcus and 

Propionibacterium species, utilize either FabI, FabL or FabV, which are structurally related 

and similarly inhibited by antibiotics, such as triclosan (Rana et al., 2020). In contrast, a 

minority of bacterial genera, such as C. difficile, Faecalibacterium, Streptococcus and 

Peptostreptococcus species, utilize the less common isoenzyme FabK (Heath and Rock, 

2000; Marrakchi et al., 2003). Interestingly, C. difficile not only encodes a less common 

isoenzyme of the enoyl-acyl carrier protein, but additionally uses a less common 

transcriptional regulator, FabR, for the regulation of fatty acid biosynthesis. Whereas fatty 

acid biosynthesis in other bacteria is regulated by FabT, which allows exogenously supplied 

fatty acids to bypass inhibition of the fab pathway, FabR is prone to feedback inhibition by 

exogenous fatty acids resulting in additional repression of the fab operon in the presence 

of exogenously supplied fatty acids (Marreddy et al., 2019).  

In conclusion, all these findings offer the opportunity to discover compounds with powerful 

and selective activity against C. difficile, e.g., by targeting the fatty acid biosynthesis 

pathway of C. difficile or targeting ancient labile enzymes as the fumarate hydratase, while 

sparing most other members from the intestinal microbial community. 

 

1.3.3 Screening of compounds with antimicrobial activity against C. difficile 

Nevertheless, compounds directed to these identified target structures need to be identified. 

For this reason, screening approaches were developed to evaluate natural compounds, 

modified derivatives as well as synthetic compounds for their activity against C. difficile. 

For example, Thanissery et al. (2018) established a screening pipeline to screen a palette 

of 2-aminoimidazole molecules, which were already active against other bacterial 

pathogens such as S. aureus, Acinetobacter baumannii and Pseudomonas aeruginosa. 

The authors not only tested the activity of the compounds against C. difficile but also 

included a number of other commensal bacteria in the screening panel. Moreover, toxin and 

sporulation assays were implemented downstream of the pipeline to screen for compounds 

with negative impact on toxin synthesis and sporulation in C. difficile. Ultimately, three of 

the eleven tested compounds were selected for further analysis (Thanissery et al., 2018). 

Similarly, Pal et al. (2021) identified three promising compounds when screening the 
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commercial AnalytiCon NATx library. The identified compounds not only showed good 

activity against a range of C. difficile strains but additionally did not affect growth of other 

members of the intestinal microbiota and did not show a cytotoxic effect on cell lines (Pal et 

al., 2021). 

Natural products, such as plant-derived antimicrobials, have been screened for their 

suitability as anti-C. difficile drugs, although their potential as stand-alone drugs is low 

(Roshan et al., 2018; Schnizlein et al., 2020; Tortajada-Girbés et al., 2021). Furthermore, 

other groups have screened natural products, e.g., food ingredients, such as garlic, ginger 

and cinnamon, for their antibacterial activity in C. difficile (Roshan et al., 2017). 

Similarly, selected natural products provided by the Helmholtz Institute for Pharmaceutical 

Research (HIPS) in Saarbrücken were tested for their activity against C. difficile 630Δerm. 

To this end, three compounds were identified, which substantially delayed the growth of 

C. difficile 630Δerm (Bachelor’s thesis (BT) Anna-Lena Wolmeringer, 2017). These 

compounds were subsequently chosen for further characterization and evaluation of their 

potential role in the lifecycle of C. difficile.  
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Chlorotonils 

The first compound, chlorotonil A (ChA), is a 

secondary metabolite isolated from the 

myxobacterium Sorrangium cellulosum So ce1525 

(Figure 1.6) (Gerth et al., 2008). Chlorotonil A has 

previously been shown antimicrobial activity against a 

number of relevant Gram-positive bacterial pathogens, 

such as S. aureus and E. faecalis, as well as anti-

protozoal activity against Plasmodium falciparum (Held et al., 2014; Jungmann et al., 2015). 

Due to its most likely novel, although unknown, mode-of-action, chlorotonil A is considered 

a promising lead structure for antibiotic development. Consequently, a number of 

derivatives of chlorotonil A and its natural derivative ChB were synthesized, such as the 

epoxide derivative ChB1-Epo2 (Hofer et al., 2022). The selectivity of chlorotonils for Gram-

positive bacteria and the comparatively high bioavailability of chlorotonil A in the feces of 

rats and mice (Hofer et al., 2022), led to the decision to test chlorotonil A and its derivatives 

for their antimicrobial activity against C. difficile 630∆erm. After the activity of chlorotonil A 

against C. difficile had been demonstrated in vitro (Anna-Lena Wolmeringer, 2017), the 

effect of chlorotonil A therapy on the complex intestinal microbiota of mice and piglets was 

studied in vivo. Thereby, chlorotonil A was found to be relatively selective for close relatives 

of C. difficile, supporting the hypothesis that chlorotonils might be promising antibiotic for 

the treatment of C. difficile infections (Bublitz et al., in revision). 

  

Figure 1.6: Chemical structure of 
chlorotonil A.  

(Provided by the HIPS, Saarbrücken). 
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Myxopyronins 

Myxopyronins are alpha-pyrone antibiotics 

produced by Myxococcus fulvus fMx50 

(Figure 1.7) (Irschik et al., 1983). Alpha-pyrone 

antibiotics, such as myxopyronin A and B, 

corallopyronin and ripostatin, bind to the switch region of the bacterial RNA polymerase, 

thereby preventing the opening of the DNA:RNA clamp and, in turn, blocking the 

transcriptional process (Mukhopadhyay et al., 2008; Srivastava et al., 2011). 

Myxopyronin A/B as well as the other two compounds showed promising activity against 

clinically relevant bacterial species, such as S. aureus, E. faecalis, S. pneumoniae, and 

Haemophilus influenzae as well as C. difficile (Srivastava et al., 2011). In addition, 

mutations conferring resistance to myxopyronins in S. aureus were shown to cause 

substantial fitness costs compared to mutations conferring rifampin resistance (Srivastava 

et al., 2012). In consequence, development and dissemination of resistance to 

myxopyronins are expected to occur at lower rates than for rifamycins. Crystallography 

further provided insights into the exact binding site of myxopyronin and related compounds 

and showed that their binding is in close proximity, although not overlapping, to the binding 

site of fidaxomicin, which is likewise a RNA polymerase switch region inhibitor 

(Mukhopadhyay et al., 2008; Srivastava et al., 2011). Fidaxomicin blocks transcription at an 

earlier stage than rifamycins (Babakhani et al., 2014). Interestingly, the early inhibition of 

the transcriptional process and the concomitant inability of the cell to respond to the 

antibiotic are discussed as the underlying reason for fidaxomicin’s ability to reduce toxin 

production and spore formation in C. difficile (Louie et al., 2012; Aldape et al., 2017). 

Although differences between the mode-of-action of fidaxomicin and other switch region 

inhibitors have been demonstrated, the close proximity of their binding sites leads to the 

hypothesis that other RNA polymerase switch region inhibitors, such as myxopyronin A/B 

and corallopyronin, might be equally promising antibiotic candidates for the treatment of 

C. difficile infections. Additionally, the missing overlap between the binding sites potentially 

is expected to protect against cross-resistance between these antibiotics (Artsimovitch et 

al., 2012). With the detailed characterization of the myxopyronin gene cluster in 

M. fulvus Mx f50 and the introduction of heterologous expression systems enabling high-

yield production of myxopyronins (Sucipto et al., 2017), myxopyronins have finally become 

available in sufficient quantity and quality, which further encourages the evaluation of 

myxopyronins against C. difficile.  

 

  

Figure 1.7: Chemical structure of myxopyronin B. 
(Lira et al., 2007) 
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Chelocardins 

The atypical tetracycline chelocardin (CHD) has broad-

spectrum antibiotic activity against a variety of important 

bacterial pathogens, including Gram-positive bacteria such 

as S. aureus and E. faecalis, but also several Gram-

negative bacteria such as the ESKAPE pathogens. 

Chelocardin, a natural product of the actinomycete Amycolatopsis sulphurea, is composed 

of four cyclic rings, which are typical for tetracyclines (Figure 1.8) (Mitscher et al., 1970). 

However, in contrast to conventional tetracyclines, such as tetracycline, chlortetracycline 

and doxycycline, atypical tetracyclines, such as anhydrochlorotetracycline and chelocardin, 

do not primarily target protein biosynthesis by binding to the 30S subunit of the ribosome 

and are consequently not inhibited by classical tetracycline resistance determinants (Oliva 

and Chopra, 1992; Chopra, 1994; Stepanek et al., 2016). In contrast, there is increasing 

evidence that chelocardin primarily acts on the bacterial membrane, whereas its derivative 

amidochelocardin, also known as 2-carboxamido-2-deacetyl-chelocardin (CDCHD), was 

even shown to exclusively kill bacteria via a membrane-directed mode-of-action (Oliva et 

al., 1992; Stepanek et al., 2016; Senges et al., 2020). Moreover, most common antibiotic 

efflux systems do not protect bacteria against chelocardin (Hennessen et al., 2020). 

Amidochelocardin is even superior compared to its lead compound due to its improved 

activity, e.g. by also inhibiting the growth of important ESKAPE pathogens and escaping 

efflux of the Klebsiella spp. ArcAB efflux system (Hennessen et al., 2020). Despite first 

reports on the antibacterial activity of chelocardin from the 1960s and 70s (Mitscher et al., 

1970; Proctor et al., 1978; Oliver and Sinclair, 2021) and a first successful clinical trial 

evaluating chelocardin as treatment option for urinary tract infections in 1977 (Molnar et al., 

1977), chelocardins had not been in focus for decades. In the view of growing urgency to 

find new antibiotics, the discovery of the biosynthetic gene cluster for chelocardin 

biosynthesis in the genome of A. sulphurea (Lukežič et al., 2013) and the substantial 

improvements in biotechnological engineering led to the revival of chelocardins as future 

antibiotics. Heterologous expression and engineering of chelocardin finally provided new, 

optimized derivatives (Lešnik et al., 2015; Lukežič et al., 2019; Grandclaudon et al., 2020; 

Lukežič et al., 2020). Therefore, chelocardins, notably amidochelocardin, are highly 

promising broad-spectrum antibiotics anticipated to become important for the therapy of 

urinary tract infections. 

  

Figure 1.8: Chemical structure of 
amidochelocardin. (Provided by 

Jennifer Herrmann, HIPS, Saarbrücken). 
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2. Aim of the thesis 

The central aim of this thesis was to characterize the antimicrobial activity of three natural 

product classes, namely the chlorotonils, myxoypronins and chelocardins, against 

anaerobic bacteria, in particular C. difficile. The work has been part of a joint research 

project performed in collaboration with the Friedrich-Loeffler Institute (Institute of Molecular 

Pathogenesis led by Prof. Thilo Fuchs, Jena, Germany), the Helmholtz Institute for 

Pharmaceutical Research (Department of Microbial Natural Products led by Prof. Rolf 

Müller, Saarbrücken, Germany) and the Helmholtz Institute for Infection Research 

(Department of Microbial Immune Regulation led by Prof. Till Strowig, Braunschweig, 

Germany). 

In this thesis, the activity spectrum and the systemic effects of the natural product classes 

under anaerobic conditions were investigated in more detail. The first part of the study 

addressed the usefulness of chlorotonil A and myxopyronin B as lead structures for the 

development of new antibiotics for a selective therapy of C. difficile infections. The second 

part, in contrast, aimed at evaluating the potential risk for patients receiving the broad-

spectrum antibiotics chelocardin or amidochelocardin to develop a C. difficile infection. 

For this purpose, the susceptibility of several C. difficile isolates and other anaerobic 

bacterial species to the three compounds was determined.  Next, the proteome signature 

of C. difficile 630 to all three compound classes was analyzed by liquid chromatography 

(LC)- tandem mass spectrometry (MS/MS). Finally, individual downstream experiments 

were performed to verify and to pursue hypotheses derived from the omics experiments to 

understand how C. difficile responds to a particular compound. 
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3. Results 

To get an overview of the susceptibility of C. difficile to chlorotonils, chelocardins and 

myxopyronin B, all compounds were initially screened for their activity against a panel of 

five C. difficile strains in serial broth dilution assays. The panel of strains included isolates 

belonging to five different ribotypes, three of human and two of porcine origin, including the 

well-characterized strains 630 and R20291. In addition, all compounds were evaluated for 

their activity against a panel of other selected anaerobic bacteria to test for their potential 

selectivity for C. difficile. In the following, the stress response of C. difficile 630 to all three 

compounds and, when necessary, competitor antibiotics, was analyzed in detail on 

proteome level using a state-of-the-art LC-MS/MS approach. Eventually, individual assays 

and downstream experiments were performed with each respective compound to confirm 

the hypotheses derived from the proteomics stress signatures (Figure 3.0). 

 

 

Figure 3.0: Overview of experiments performed to evaluate and characterize chlorotonils, myxopyronins 
and chelocardins with special focus on their activity and systemic effects against anaerobic bacteria, 
particularly C. difficile. MIC: minimal inhibitory concentrations, ICP-MS: inductively-coupled plasma-mass 
spectrometry, AAA: aromatic amino acids, GC-MS: Gas chromatography-mass spectrometry, LC-MS/MS: 

Liquid chromatography-tandem mass spectrometry. 
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3.1 Chlorotonil A and its derivatives selectively inhibit growth of C. difficile and close 

relatives 

The first and largest part of this thesis aimed at the evaluation of chlorotonils as possible 

new treatment option for C. difficile infections. A limited activity of chlorotonils against Gram-

negative bacteria and its previously demonstrated ability to inhibit the growth of C. difficile 

630Δerm led to hypothesize that chlorotonils might be promising for the therapy of 

C. difficile infections (Held et al., 2014; Jungmann et al., 2015; Anna-Lena Wolmeringer, 

BT, 2017). Therefore, the susceptibility of a range of C. difficile strains and selected other 

anaerobic bacteria to ChA and its derivatives was analyzed under in vitro conditions. 

Subsequently, the systemic effects of chlorotonil-treatment on C. difficile and 

Terrisporobacter glycolicus under in vitro conditions were analyzed by LC-MS/MS. 

Moreover, a metaproteomics approach was applied to analyze the effect of chlorotonils on 

the intestinal microbiota of piglets.  

 

Parts of the results of this study have been included into two manuscripts and are reviewed 

in more detail in the following section. 

 

Bublitz A., Brauer M.*, Wagner S.*, Hofer W., Müsken M., Deschner F., Lesker T.R., 

Neumann-Schaal M., Nübel U., Bartel J., Zühlke D., Bernecker S., Jansen R., Stadler M., 

Sievers S., Riedel K., Herrmann J., Müller R., Fuchs T.M., Strowig T. Sparing of the 

microbiota by the natural product antibiotic chlorotonil A prevents relapsing Clostridioides 

difficile infection (working title). Cell Host Microbe (in revision) 

 

Wagner S., Brauer M., …, Fuchs T.M. Effects of antibiotics on the functionality of the swine 

gut microbiota determined by a MetaOmics approach (working title). 

(in preparation) 

 

* contributed equally  
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3.1.1 Susceptibility of C. difficile and other intestinal species to chlorotonils 

As a starting point, the susceptibility of selected C. difficile isolates and intestinal 

commensals to ChA and its derivatives were studied to verify the activity of the compound 

class against anaerobic bacteria and to test for a possible selectivity of the compound for 

C. difficile. 

3.1.1.1 Susceptibility of anaerobes to chlorotonils according to serial broth dilution assays 

First, classical serial broth dilution assays were performed to analyze the minimal inhibitory 

concentrations of ChA and some of its derivatives against a panel of C. difficile strains. The 

five selected C. difficile strains were inhibited by either 3.2 µg/ml or 6.4 µg/ml ChA and ChB 

with the exception of strain 1780, which was not inhibited by ChB at the highest 

concentration tested (6.4 µg/ml) (Table 3.1.1). The other ChA derivatives inhibited all 

C. difficile strains at lower concentrations ranging between 0.1 µg/ml and 0.8 µg/ml, 

respectively (Table 3.1.1). 

 

Table 3.1.1: Minimal inhibitory concentrations of chlorotonil A (ChA) and B (ChB) and selected derivatives of 
ChA against five different C. difficile strains in µg/ml according to serial broth dilution assays after 24 h of growth 
in BHIS. n ≥ 3. 

 630 1780 R20291 rt126 rt78 

ChA 6.4 6.4 3.2 3.2 6.4 

ChA-Epo2 0.1 0.8 0.2 0.4 0.8 

ChA-Epo2-Cl 0.2 0.4 0.2 0.2 0.2 

ChA-Epo2-ONO2 0.4 0.8 0.4 0.4 0.4 

ChB 6.4 > 6.4 3.2 6.4 6.4 

 

Over the course of the project, a ChB derivative with improved solubility and stability, ChB1-

Epo2, became available (Hofer et al., 2022). Subsequently, serial broth dilution assays were 

repeated for selected C. difficile strains and this time vancomycin was included as a 

reference antibiotic. All C. difficile strains were inhibited by 6.4 µg/ml of ChA and 1.6 µg/ml 

or 0.8 µg/ml ChB1-Epo2 (Table 3.1.2). Vancomycin inhibited the growth of all strains at 

concentrations of either 2 µg/ml or 1 µg/ml (Table 3.1.2). 
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Table 3.1.2: Minimal inhibitory concentrations of chlorotonil A (ChA), its derivative ChB1-Epo2 and vancomycin 
against four different C. difficile strains in µg/ml according to serial broth dilution assays after 24 h of growth in 
BHIS. n ≥ 3. 

 630 1780 R20291 VPI 10463 

ChA 6.4 6.4 6.4 6.4 

ChB1-Epo2 1.6 1.6 0.8 0.8 

Vancomycin 2 2 1 1 

 

Next, the susceptibility of commensal anaerobic bacteria to ChA and its derivative ChB1-

Epo2 were determined to test for differential susceptibility between C. difficile and other 

members of the intestinal microbiota. The minimal inhibitory concentrations obtained for 

ChA ranged from below 0.0125 µg/ml for Clostridium scindens to above 6.4 µg/ml for 

Bacteroides thetaiotaomicron. ChB1-Epo2 inhibited the growth of tested strains at 

concentrations of 0.2 µg/ml to 6.4 µg/ml. Interestingly, the minimal inhibitory concentrations 

of ChB1-Epo2 were lower compared to ChA for some strains, namely Terrisporobacter sp., 

Bacteroides fragilis and B. thetaiotaomicron, and higher for Lactobacillus casei, 

Bifidobacterium longum, Clostridium scindens and Terrisporobacter glycolicus (Table 3.1.3). 

 

Table 3.1.3: Minimal inhibitory concentrations of chlorotonil A (ChA) and its derivative ChB1-Epo2 against seven 
commensal intestinal anaerobes in µg/ml according to serial broth dilution assays after 24 h of growth in BHIS.  
n ≥ 3. 

 L. casei B. longum C. scindens Terrisp sp. T. glycolicus B. fragilis B. theta 

ChA 0.2 1.6 < 0.0125 0.1 0.2 6.4 > 6.4 

ChB1-Epo2 0.8 6.4 0.05 0.2 1.6 1.6 6.4 

 

Based on the higher susceptibility of C. difficile strains to ChB1-Epo2 in the serial broth 

dilution experiments and the improved solubility of ChB1-Epo2, the following experiments 

were mainly conducted with ChB1-Epo2 only. 

3.1.1.2 Exponentially growing bacteria are more susceptible to chlorotonils 

Interestingly, C. difficile 630 was significantly more sensitive to ChA and its derivative ChB1-

Epo2 when the strain was stressed with serial dilutions of the compounds during 

exponential growth (Figure 3.1.1). While the strain tolerated up to 6.4 µg/ml in the serial 

broth dilution assays (Table 3.1.2), 6.25 ng/ml of ChA and ChB1-Epo2 were enough to 

temporally reduce the optical density of exponentially growing cultures cultivated in 

chemical defined medium (Figure 3.1.1). Control experiments could show that this effect 

was independent from the different media that were used for serial broth dilution assays 

and growth experiments (Suppl. figure S1, suppl. table S1). 
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Figure 3.1.1: The growth of C. difficile is inhibited by low concentrations of chlorotonils. C. difficile 630 
was grown to mid-exponential phase in CDMM and was treated with (A) chlorotonil A or (B) its derivative ChB1-
Epo2. Exemplarily, selected growth curves for ChA and ChB1-Epo2 representing n ≥ 3 biological replicates are 
shown. 

 

To follow up on this interesting finding, the susceptibility of different C. difficile and 

commensal strains was re-analyzed in growth inhibition experiments. Instead of endpoint 

measurements performed in 96-well plates, exponentially growing bacteria were treated 

with four-fold serial dilutions of ChB1-Epo2. Subsequently, the growth rates of treated cells 

were compared to the growth rate of untreated cells. In contrast to the results from the serial 

broth dilution assays, the data revealed higher susceptibility of C. difficile and some close 

relatives to ChB1-Epo2 compared to other unrelated anaerobic bacteria (Figure 3.1.2). The 

non-clostridial species B. longum, Enterococcus faecalis and L. casei as well as a member 

of the Clostridia, namely Intestinibacter bartlettii, showed growth rates equal or higher than 

25% compared to the control even with the highest concentration tested. In contrast, 

C. difficile and related clostridial species as well as C. scindens were highly sensitive and 

their growth rates were reduced to less than 25% compared to the controls for 25 ng/ml and 

higher concentrations of ChB1-Epo2 (Figure 3.1.2). B. fragilis and B. thetaiotaomicron were 

tested in Brain heart infusion (BHI) broth to allow comparability to the other species and 

supplemented BHI (BHIS) because both strains require heme and vitamin K1 for optimal 

growth. Although both strains grew significantly better in BHIS, they were inhibited by 

1.6 µg/ml and 400 ng/ml ChB1-Epo2 in both media. However, they were less inhibited by 

lower concentrations of ChB1-Epo2 compared to the clostridial species (Figure 3.1.2). 
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Figure 3.1.2: Relative growth rates of selected anaerobic bacteria after treatment with increasing 
concentrations of ChB1-Epo2. Growth rates of selected anaerobic bacteria treated with five different 
concentrations of ChB1-Epo2 or DMSO only in the mid-exponential phase were calculated and are depicted 

relative to the growth rates of the untreated cells. At least two biological replicates were performed. n ≥ 2. 

 

Three additional C. difficile strains were likewise substantially inhibited by low 

concentrations of ChB1-Epo2, although the porcine isolates rt78 and rt126 were slightly 

less susceptible compared to the other C. difficile strains (Figure 3.1.3). 

 

 

Figure 3.1.3: Relative growth rates of four C. difficile strains after treatment with increasing 
concentrations of ChB1-Epo2. Growth rates of selected C. difficile strains treated with 3 different 
concentrations of ChB1-Epo2 in the mid-exponential phase were calculated and are depicted relative to the 
growth rates of DMSO-treated cells. At least two biological replicates were performed. n ≥ 2. 
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3.1.2 The protein inventory of bacteria with higher susceptibility to chlorotonils 

It can be assumed that the increased sensitivity to chlorotonils of some species is caused 

by the presence or absence of a cellular structure or metabolic feature. Although there is a 

trend in the growth inhibition assay data that obligate anaerobes are more susceptible than 

facultative anaerobes, not all anaerobes are equally susceptible. To identify such a trait 

causative for increased susceptibility, the theoretical protein inventory of more susceptible 

and less susceptible strains was compared. 

3.1.2.1 In silico analysis identifies differences between differentially susceptible bacteria in 

the amino acid and cofactor metabolism 

To increase the reliabilty of the analyis, additional strains tested elsewhere in a 96-well 

format-based screening for their susceptibility to ChA and ChB1-Epo2 (Arne Bublitz, HZI, 

Braunschweig, Suppl. figure S2) were included. Briefly, the theoretical protein repertoire of 

17 selected bacterial strains was compared using BLASTp (Camacho et al., 2009). The 

group of bacteria with higher susceptibility comprised C. difficile, some other 

Peptostreptococcaceae and three other commensals, namely Extibacter muris, C. scindens 

and Flavonifractor plautii. In contrast, the group with low susceptibility to chlorotonils 

comprised the Gram-negative species B. fragilis, B. thetaiotaomicron, and 

Akkermansia muciniphila and the Gram-positive species B. longum, 

Limosilactobacillus reuteri, and E. faecalis (see Suppl. figure S2). The alignments were then 

reviewed for proteins, which were present in at least six more susceptible species than less 

susceptible species, and vice versa. Proteins, which were characteristic for bacteria with 

higher susceptibility, comprised an above average proportion of proteins belonging, e.g., to 

the functional categories “Regulation and signaling”, “Sporulation and germination”, “Motility 

and chemotaxis”, “Cofactors and vitamins”, “Amino acid fermentation”, and “Carbohydrate 

metabolism” based on the functional classification of the C. difficile homologs (Figure 

3.1.4, suppl. table S2). 
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Figure 3.1.4: Homologous proteins enriched in the group of bacteria with higher susceptibility to 
chlorotonils. A comparison of the theoretical protein repertoire of bacteria with higher or lower susceptibility to 
chlorotonils using BLASTp revealed a number of proteins from different functional groups, which were present 
in at least six more strains with higher susceptibility than lower susceptibility. The ten functional categories 
comprising the highest number of homologous proteins in chlorotonil-suscpetible species are displayed. 

 

A more detailed analysis of the proteins and their respective pathways revealed that 

Stickland fermentation pathways were enriched in the group of bacteria with higher 

susceptibility to chlorotonils although homologous enzymes of most pathways were also 

found in the group of less susceptible bacteria (Suppl. table S2). Moreover, subunits of the 

selenium-dependent proline and glycine reductase were exclusively found in the group of 

bacteria with higher susceptibility (Figure 3.1.5). All species from the group with higher 

susceptibility are at least equipped with the glycine reductase with the exception of F. plautii. 

Similarly, proteins belonging to the cobalt-dependent cobalamin biosynthesis and proteins 

for cobalt acquisition were enriched in the group of bacteria with higher susceptibility, 

whereas only B. fragilis and L. reuteri had some more homologous enzymes (Figure 3.1.5, 

suppl. table S2). 
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Figure 3.1.5: Presence of the selenoenzymes, proline and glycine reductase, and enzymes for cobalamin 
biosynthesis is correlated with higher susceptibility to chlorotonils. Based on a comparative whole 
proteome BLASTp analyses, the multi-enzyme complexes of the proline and glycine reductase were identified 
as characteristic for a panel of bacterial species with higher susceptibility to chlorotonils. Similarly, cobalamin 
biosynthesis proteins were enriched in the respective species with higher susceptibility to chlorotonils. Presence 
of a respective protein in the proteome of the analyzed species is indicated by magenta color. If no homologs 
could be identified, the putative absence is indicated by grey color. Column annotations show whether a strain 
revealed higher (rose) or lower (purple) susceptibility. Row annotations indicate the affiliation of the proteins to 
the selected metabolic feature. 
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ABC-type transport system, cobalamin-specific ATP-binding protein
ABC-type transport system, cobalamin-specific permease
ABC-type transport system, cobalamin-specific extracellular solute-binding protein
Sirohydrochlorin cobaltchelatase
Cobalt-precorrin-6A reductase
Cobalt-precorrin-3B C(17)-methyltransferase
Cobalamin biosynthesis protein CbiG
Cobalt-precorrin-4 C(11)-methyltransferase
Cobalt-precorrin-6Y C(15)-methyltransferase
Cobalt-precorrin-6Y C(5)-methyltransferase
Cobalt-precorrin-5B C(1)-methyltransferase
Cobalt-precorrin-8X methylmutase
L-threonine kinase
Threonine-phosphate decarboxylase 1
Adenosylcobinamide-phosphate synthase
Cobyrinate a.c-diamide synthase
Cobyric acid synthase
Cobalamin biosynthesis phosphoglycerate mutase CobC
Adenosylcobinamide-GDP ribazoletransferase
Bifunctional adenosylcobalamin biosynthesis proein CobU
Nicotinate-nucleotide-dimethylbenzimidazole phosphoribosyltransferase
Dimethylamine corrinoid protein
Uroporphyrinogen decarboxylase
Oxygen-independent coproporphyrinogen-III-oxidase
Threonine-phosphate decarboxylase
Coproporphyrinogen III oxidase
Precorrin-2 dehydrogenase
Delta-aminolevulinic acid dehydratase
Bifunctional uroporphyrinogen-III- methyltransferase/synthase
Porphobilinogen deaminase

Glycine reductase

Proline reductase

Cobalt uptake

Cobalamin acquisition

Adenosylcobalamin/heme biosynthesis

low

high

Susceptibility Metabolic feature
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3.1.2.2 Bacteria with higher susceptibility to chlorotonils feature a specific seleno- and 

cobalamin metabolism 

Based on the results of section 3.1.2.1, the distribution of the proline and glycine reductase 

and of the cobalamin biosynthesis enzymes was examined in more detail. In addition, the 

distribution of enzymes involved in selenocompound metabolism required for the synthesis 

of the selenium-dependent proline/glycine reductase and of cobalamin-dependent enzymes 

were examined using publicly available datasets. 

Selenium metabolism 

The proline and glycine reductases are selenium-dependent multi-enzyme complexes. 

Their selenocysteine-containing subunits PrdB and GrdB are primarily found in Firmicutes 

species according to the InterPro database (data obtained from InterPro 09.05.2022) 

(Figure 3.1.6 A). More than 50% of the species for which PrdB and GrdB subunits can be 

found in the database are Clostridia species. In addition, a few homolgos are assigned to 

the Actinobacteria or Proteobacteria (Figure 3.1.6 A, suppl. table S3). Since not all bacteria 

can synthesize the rare amino acid selenocysteine de novo (Zhang et al., 2006; Peng et al., 

2016), the question was addressed whether the enzymes involved in selenium metabolism 

are likewise differentially abundant between species with higher or lower susceptibility to 

chlorotonils. To this end, a dataset published by Peng et al. (2016), who recently analyzed 

the distribution of selenocompound metabolism based on the analysis of 5,200 sequenced 

bacterial genomes, was used to analyze selenocompound metabolism in the selected 

species (Peng et al., 2016). Thirteen of the seventeen bacterial strains analyzed in section 

3.1.2.1 or closely related strains of the respective species were enclosed in the datasets of 

Peng et al. (2016). With the exception of E. faecalis, genes for the selenocompound 

producing enzymes were exclusively found in the genomes of bacteria with higher 

susceptibility to chlorotonils (Figure 3.1.6 B). All representatives of the bacteria with higher 

susceptibility are equipped with the genes encoding for the enzymes required for 

selenocysteine (Sec) synthesis (selD, selA, selB) and most of them also encode for the 

enzymes required for synthesis of the selenocofactor (Se cofactor) (yqeB, yqeC). Some 

species, including C. difficile and T. glycolicus are further equipped with ybbB encoding for 

the synthase of the rare tRNA base 5-methylaminomethyl-2-selenouridine (SeU) (Figure 

3.1.6 B). In line with this, genes encoding for selenoenzymes, such as the formate 

dehydrogenase, the glycine reductase, and the heterodisulfide reductase, were exclusively 

found in the genomes of bacteria which also encoded for the respective selenocompound 

synthesis enzymes (Figure 3.1.6 B). No genes encoding for selenoenzymes could be 

identified in the genome of E. faecalis, although enzymes for selenocompound synthesis 

were predicted in its genome (Figure 3.1.6 B) (Zhang et al., 2006; Peng et al., 2016). 
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Figure 3.1.6: Differential distribution of selenocompound metabolism between bacteria with higher and 
lower susceptibility to chlorotonils. (A) Taxonomic distribution of the proline and glycine reductase subunits 
PrdB and GrdB according to sequences deposited to Uniprot.  (B) Three different seleno-compounds are known 
thus far and are synthesized by SelD, SelA and SelB (Selenocysteine), YqeB and YqeC (selenocofactor) and 
YbbB (5-methylaminomethyl-2-selenouridine). Presence of the respective genes in the genome of the analyzed 
species is given by magenta color. If no homologs could be identified, the putative absence is indicated by grey 
color. Row annotations show whether a strain revealed higher (rose) or lower (purple) susceptibility to 

chlorotonils. The number of genes predicted to encode for selenoenzymes is given on the right. 

 

Cobalamin metabolism 

Similarly, Shelton et al. (2019) recently investigated bacterial cobalamin metabolism using 

genome sequences of 11,436 species. According to this analysis, genes of the de novo 

cobalamin biosynthesis were indeed mainly found in the genomes of commensals with 

higher susceptibility to chlorotonils (Figure 3.1.7 A). Moreover, the representatives B. fragilis 

and A. muciniphila are equipped with cobalamin biosynthesis enzymes but lack the first 

enzymes of the pathway. Therefore, they are only considered Cbi salvagers, which require 

cobinamide (Cbi) as precursor (Figure 3.1.7 A). In contrast, enzymes requiring vitamin B12, 

a cofactor from the cobalamin group, were found in bacteria with higher as well as lower 

susceptibility. For example, genes encoding for the vitamin B12-dependent methionine 

synthase, the vitamin B12-depenent ribonucleotide reductase and the epoxyqueuosine 

reductase were found in several species. However, the species with higher susceptibility to 

chlorotonils revealed, on average, more predicted B12-binding sites (Figure 3.1.7 B & C). The 

highest number of B12-binding domains was detected in the genome of T. glycolicus DSM 

1288 (Shelton et al., 2019). 
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Figure 3.1.7: Differential distribution of cobalamin biosynthesis and vitamin B12-dependent enzymes 
between bacteria with higher and lower susceptibility to chlorotonils. (A) Overview of the cobalamin 
biosynthesis pathway and its enzymes. Presence of a respective protein in the proteome of the analyzed species 
is given by magenta color. If no homologs could be identified, the putative absence is indicated by grey color. 
Row annotations indicate the affiliation of the proteins to the step of the cobalamin biosynthesis pathway. 
Column annotations show whether a strain revealed higher or lower susceptibility and whether a strain is 
predicted to produce cobalamins. (B) The number of predicted vitamin B12-binding sites varies between none 
and 10 sites. (C) B12-dependent enzymes are found in the genomes of all selected species with the exception 
of B. longum. Column annotations show whether a strain revealed higher or lower susceptibility and whether a 
strain is predicted to produce cobalamins. Cbi: Cobinamide; RNR: ribonucleotide reductase. 
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3.1.3 Systemic effects of chlorotonil treatment on the metabolism of C. difficile 

Based on the results obtained in section 3.1.2, it was assumed that chlorotonil treatment 

possibly affects C. difficile central metabolism, in particular Stickland fermentation and 

cofactor metabolism. With the aim to gain insights into the systemic effects of chlorotonil 

stress, the stress responses of C. difficile 630 and T. glycolicus DSM 1288 to ChA and/or 

ChB1-Epo2 were analyzed on proteome level by LC-MS/MS. Therefore, strains were 

allowed to grow to mid-exponential phase and were treated with sublethal concentrations 

of the respective antibiotics. Subsequently, treated and untreated cells were harvested and 

lysed to extract the cytosolic protein fraction, which was subjected to a standard LC-MS/MS 

sample preparation and analysis workflow. Finally, LC-MS/MS raw data were searched 

against a strain-specific database and the data were used to evaluate how C. difficile and 

T. glycolicus respond to the different compound classes (Figure 3.1.8). 

 

 

 

 

 

 

 

 

 

Figure 3.1.8: LC-MS/MS workflow. The stress response of C. difficile 630 to each of the selected new 
compounds and reference antibiotics was analyzed with the depicted workflow. 

 

3.1.3.1 The proteome response of C. difficile to ChA and ChB1-Epo2 suggests osmo- and 

metal-stress and a disturbed energy metabolism 

First, the proteome responses of C. difficile 630 to ChA and ChB1-Epo2 were analyzed. 

Exponentially growing cultures of C. difficile 630 were treated with 4.69 ng/ml of ChA or 

ChB1-Epo2, an equal volume of DMSO or were left untreated. 90 min following stress, cells 

were harvested and processed for analysis by LC-MS/MS as described above (Figure 3.1.8, 

Suppl. figure S3 A, B), leading to the identification of 1547 and 1499 proteins in the ChA and 

the ChB1-Epo2 experiment, respectively (Suppl. table S4, S5). The identified proteins 

covered the most important cellular functions, including macromolecule biosynthesis 

processes, energy, cofactor, and amino acid metabolism, and stress response/virulence 

Cell harvest after
antibiotic stress

Protein extraction

LC-MS/MS analysisData analysis & 
-visualization

Digestion of proteins & 
purification of peptides

0           2           4           6           8          10
h

1.8
1.6
1.4
1.2
1

0.8
0.6
0.4
0.2
0

O
D

 [
6

0
0

 n
m

]



Results 

50 
 

networks and were mainly of cytoplasmic origin (Figure 3.1.9). Since it could be proven that 

the solvent DMSO has only a neglectable effect on C. difficile, the downstream data 

analysis focused on the comparison of chlorotonil-stressed cells and solvent controls, only. 

          

Figure 3.1.9: Relative abundance, functional assignment and localization of C. difficile proteins 
identified in the proteomics experiments. Proteomics experiments addressing the stress response of 
C. difficile 630 to sublethal concentrations of ChA or ChB1-Epo2 led to the identification of 1547 and 1499 
proteins from various functional categories, mainly affiliated to the functional categories (1) protein metabolism, 
(2) energy metabolism, (3) stress response, defense and virulence, and (4) DNA and RNA metabolism (left 
panel). The proteins were mainly of cytoplasmic origin, minor fraction were cytoplasmic membrane or cell wall 
proteins according to PSORTb (right panel). Each cell of the Voronoi treemap represents a single protein and 

cell size correlates with overall abundance of the protein inside the bacterial cell. 

 

Comparing the stress response of C. difficile 630 to ChA or ChB1-Epo2 to the proteome 

response of the solvent controls, fold changes could be calculated for 1,368 and 1,340 

proteins, respectively (Suppl. table S4, S5). Statistical analysis indicated significant changes 

in protein abundance between treated and untreated controls for 9 and 7 proteins (log2 fold 

change (FC) ≥ 1, adj. p value ≤ 0.05), respectively. In addition, 13 and 29 proteins were 

exclusively found in at least three replicates of the ChA- and ChB1-Epo2-stressed cells 

(ON), whereas 29 and 29 proteins were exclusively found in at least three replicates in the 

solvent controls (OFF). 

In the ChA dataset, higher amounts of the enzymes for oxidative Stickland fermentation of 

aromatic amino acids (IorA, IorB, CD630_23820), the glycine betaine ABC-type transport 

proteins OpuCA and OpuCC, a TetR transcriptional regulator and three less characterized 

proteins were identified (CD630_08810, CD630_10060, CD630_17520) (Figure 3.1.10). 
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Figure 3.1.10: Volcano plot of the ChA-stress proteome signature. The proteome signature of 
C. difficile 630 in the presence of 4.69 ng/ml ChA vs. growth with an equal volume of DMSO indicated significant 
higher abundance of nine proteins (threshold: log2 fold change ≥ 1; p value ≤ 0.05). Proteins with significantly 

altered abundance following stress are labeled. 

 

Following treatment with ChB1-Epo2, the small subunit ribosomal protein RpmE, a 

phosphonoacetate hydrolase, the thiamine biosynthesis protein ThiE and the 

argininosuccinate synthase ArgG, were identified in higher abundance in treated cells. 

Lower amounts in ChB1-Epo2-treated vs. DMSO-treated cells were observed for the 

cysteine synthase CysK, an ABC transport system protein and the proline ligase ProS2 

(Figure 3.1.11). 

 

 

Figure 3.1.11: Volcano plot of the ChB1-Epo2-stress proteome signature. The proteome signature of 
C. difficile 630 in the presence of 4.69 ng/ml ChB1-Epo2 vs. growth with an equal volume of DMSO indicated 
significant higher or lower abundance of four and three proteins (threshold: log2 fold change ≥ 1; p value ≤ 0.05). 
Proteins with significantly altered abundance following stress are labeled. 
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Interestingly, the ON/OFF proteins comprised several S-adenosylmethionine (SAM), metal- 

and [FeS]-cluster dependent enzymes according to their InterPro classification (Blum et al., 

2021). In addition, sequences of several ON/OFF proteins included a CXXC motive typically 

required for divalent metal and [FeS]-cluster binding. 

In more detail, the 13 ON proteins following ChA treatment comprised an alpha-hydroxy 

acid FMN-dependent dehydrogenase with similarity to a glycolate dehydrogenase 

(CD630_23870), a putative glyoxalase/bleomycin resistance protein (CD630_36100), a 

metal-dependent hydrolase (CD630_31820) and a putative iron-dependent (2R)-

sulfolactate sulfo-lyase subunit beta SuyB (Figure 3.1.12). In addition, e.g., the mannitol-

specific PTS system protein MtlA was exclusively identified in the proteome signature of 

ChA-treated cells (Figure 3.1.12). By contrast, OFF proteins of ChA-treated cells included 

the cobalt-transport protein CbiM, three SAM- and [FeS]-cluster-dependent 

oxidoreductases, including the oxygen-independent coproporphyrinogen-III oxidase HemN, 

CD630_14140 and CD630_26330, a putative SAM-dependent methyltransferase, and 

some proteins with predicted metal binding sites (HydN1, CD630_35270, CD630_29270, 

CD630_36200, CD630_19960). Additionally, the keto-acid reductoisomerase IlvC and a 

putative serine/threonine protein kinase were only identified in the DMSO controls (Figure 

3.1.12). 
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Figure 3.1.12: Heatmap of differentially abundant proteins in ChA- vs. DMSO-treated cells of C. difficile. 
The proteome stress signature of C. difficile 630 90 min after stress with 4.69 ng/ml ChA was compared to the 
proteome signature of cells treated with DMSO only. Proteins, which were exclusively present in ChA-treated 
cells or untreated cells, are displayed following z-transformation of the LFQ-based intensity data. 
Increased/decreased abundance following stress is displayed by the color gradient from red (high) to grey 
(OFF). Cofactors and domains with predicted metal-binding capacity are displayed on the right side. SAM: S-

adenosyl methionine. 

 

Similarly, approximately half of the ON proteins of the ChB1-Epo2 dataset contained 

conserved cysteine motives and several ON proteins are predicted to bind divalent metal 

ions. For instance, the ribosomal protein RpmE, the hydroxyphenylacetate decarboxylase 

HpdC, a [4Fe-4S]-cluster protein (CD630_31230), and the six-cysteine peptide 

CD630_27991 were among the ON proteins. In addition, the ON proteins included three 

PTS system proteins. In contrast, the OFF proteins included two D-alanyl-D-alanine 

carboxypeptidases (VanY3, DacF1), three SAM-dependent proteins (PflE, CD630_12490, 

CD630_14140), the keto-acid reductoisomerase IlvC, the cobalt transport protein CbiQ and 

the ferrous iron transport protein FeoA3 (Figure 3.1.13). 

OFF High abundant
DMSOChA

Protein Cofactor/domain

TsaA-like protein [CD630_13970] SAM

Signal peptidase I [Sip3]

Putative transcriptional regulator [CD630_17220]

Segregation and condensation protein B [ScpB]

Uncharacterized protein [CD630_14350]

Oxygen-independent coproporphyrinogen-III oxidase [HemN] SAM, [4Fe4S], CXXC

Putative glycosyl transferase, family 2 [CD630_27740]

Putative protein-tyrosine phosphatase [CD630_22720]

Uncharacterized protein [CD630_36200] CXXC  

Putative transcriptional regulator [CD630_19640]

Uncharacterized protein [CD630_35720]

Transcriptional regulator, AraC family [CD630_19960] CXXC

Ribonuclease 3 [Rnc] Mg2+

Uncharacterized protein [CD630_26490]

Putative oxidoreductase, Fe-S subunit [CD630_14140] SAM, [4Fe4S], CXXC

Two-component sensor histidine kinase [CD630_26370]

Ketol-acid reductoisomerase [IlvC] Mg2+

Transporter, Major Facilitator Superfamily [CD630_30360]

Energy-coupling factor cobalt transporter [CbiM]

Electron transport protein [HydN1] [4Fe4S], CXXC

Uncharacterized protein [CD630_14480]

Pseudouridine synthase [CD630_25960]

Putative FeS-containing oxidoreductase [CD630_26330 ] SAM, [4Fe4S], CXXC

Transcriptional regulator, Rrf2 family [CD630_27590]

Putative serine/threonine protein kinase [CD630_21480]

Two-component sensor histidine kinase [CD630_17830]

Flagellar number regulator [FlhG]

ABC-type transport system, iron-family [CD630_35270]

Transcriptional regulator, Phage-type [CD630_29270] divalent metal, HEXXH

Putative D-aminoacylase [CD630_31820] divalent metal

Putative signaling protein [CD630_15380]

Alpha-hydroxy acid dehydrogenase, FMN-dependent [CD630_23870] CXXC

Plasmid replication protein [RepL]

PTS system, mannitol-specific, IICB component [MtlA]

Two-component response regulator, Ethanolamine specific [EutV]

Uncharacterized protein [CD630_06400]

Transcriptional regulator, TetR family [CD630_22030]

Putative cyclic nucleotide-binding protein [CD630_01680]

Transcriptional regulator, PadR family [CD630_13450]

(2R)-sulfolactate sulfo-lyase subunit beta [SuyB] Fe2+, CXXC

Putative glyoxalase [CD630_36100] divalent metal

Putative SAM-dependent methyltransferase [CD630_32120] SAM, CXXC
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Figure 3.1.13: Heatmap of differentially abundant proteins in ChB1-Epo2- vs. DMSO-treated cells of 
C. difficile. The proteome stress signature of C. difficile 630 90 min after stress with 4.69 ng/ml ChB1-Epo2 
was compared to the proteome signature of cells treated with DMSO only. Proteins, which were exclusively 
present in ChB1-Epo2-treated cells or untreated cells, are displayed following z-transformation of the LFQ-
based intensity data. Increased/decreased abundance following stress is displayed by the color gradient from 
red (high) to grey (OFF). Cofactors and domains with predicted metal-binding capacity are displayed on the right 
side. SAM: S-adenosyl methionine. Adapted from Bublitz et al. (in revision). 

 

Next, all identified proteins of the ChA- and ChB1-Epo2-stress proteome signatures were 

ranked according to their fold change and mean ranks of defined gene sets summarizing 

proteins from the same pathways or operons, or proteins with similar function were 

calculated (Suppl. table S4, S5). The gene set enrichment analysis indicated increased 

synthesis of proteins for the oxidative Stickland fermentation of aromatic amino acids and 

the proline reductase in response to treatment with both chlorotonils (Figure 3.1.14 A). In 

contrast, cobalt transport proteins, butyrate fermentation enzymes, enzymes of the 

reductive part of the TCA cycle, pyruvate formate lyases, and cysteine and de novo purine 

biosynthesis enzymes were generally less abundant following stress with chlorotonils 

OFF High abundant
DMSOChB1-Epo2

Protein Cofactor/domain

PTS system, fructose-like IIC component [CD630_02070]

Transcriptional regulator, MarR family [CD630_32080]

Uncharacterized protein [CD630_32880]

Ribosomal RNA small subunit methyltransferase E [RsmE] SAM

Transcriptional regulator, TetR family [HydR]

PTS system, beta-glucoside-specific IIABC component [BglF4]

4Fe-4S binding domain protein [CD630_31230] [4Fe4S], CXXC

Uncharacterized protein [CD630_16940]

Uncharacterized protein [CD630_12640]

Six-cysteine peptide SCIFF [CD630_27991] SCIFF

Uncharacterized protein [CD630_29610]

Putative ferredoxin [CD630_06271] [4Fe4S], CXXC

4-hydroxyphenylacetate decarboxylase small subunit [HpdC] [4Fe4S], CXXC

Uncharacterized protein [CD630_06642] divalent metal, CXXC

Uncharacterized protein [CD630_21151] CXXC

Uncharacterized protein [CD630_32520] [FeS]?, TSCPD

PTS system, lichenan-specific IIB component [LicB]

Ribokinase [RbsK]

Pentapeptide repeat protein [CD630_36210] CXXC

Transcriptional regulator, TetR family [CD630_17520]

Uncharacterized protein [CD630_23860] divalent metal, CXXC

PTS system, beta-glucoside-specific IIABC component [BglF2]

Uncharacterized protein [CD630_36200] CXXC

Probable nicotinate-nucleotide adenylyltransferase [NadD]

ABC-type transport system,lantibiotic/multidrug-family ATP-binding protein [CD630_06450]

Electron transport protein [HydN1] [4Fe4S], CXXC

Armadillo-type fold protein [CD630_07890]

3-oxoacyl-[acyl-carrier-protein] reductase [FabG]

Serine / threonine exchanger [SteT1]

Acetyl-CoA synthase, nickel-inserting subunit [CD630_07240] divalent metal

Putative oxidoreductase, Fe-S subunit [CD630_14140] SAM, [4Fe4S], CXXC

Pyruvate formate-lyase activating enzyme [PflE] SAM, [4Fe4S], CXXC

Arginine decarboxylase [SpeA]

Putative beta-lactamase-like protein [CD630_06550] divalent metal

Uncharacterized protein [CD630_20210]

Uncharacterized protein [CD630_33210] [FeS]?

Ferrous iron transport protein [FeoA3] Fe2+

Processive diacylglycerol beta-glucosyltransferase [UgtP2]

Putative phage-related cell wall hydrolase [CD630_21870]

Heat-inducible transcription repressor [HrcA] Fe2+

Putative ATPase [CD630_03220]

Putative cyclic nucleotides-binding protein [CD630_22200]

Holliday junction ATP-dependent DNA helicase [RuvB]

D-alanyl-D-alanine carboxypeptidase, S11 peptidase family [DacF1]

Energy-coupling factor cobalt transporter [CbiQ]

Glycerate kinase [GarK]

D-alanyl-D-alanine carboxypeptidase, M15 family [VanY3]

Putative membrane protein, DUF975 family [CD630_05460]

Uncharacterized protein [CD630_18960]

Ketol-acid reductoisomerase [IlvC] Mg2+

Two-component response regulator [CD630_22890]

Putative radical SAM-superfamily protein [CD630_12490] SAM, [4Fe4S], CXXC

Nad dependent epimerase/dehydratase family protein [CD630_36040]

Cys-tRNA(Pro)/Cys-tRNA(Cys) deacylase [CD630_10020]

Putative membrane protein [CD630_05730]

Serine acetyltransferase [CysE]

Putative tryptophan RNA-binding attenuation protein [CD630_14810]

Putative synthetase [CD630_14030] pantetheine 4'-phosphate

Uncharacterized protein, DegV family [CD630_26140]
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(Figure 3.1.14 A). Furthermore, proteins involved in glyoxalate metabolism, lysine 

biosynthesis and the oxidative part of the TCA cycle were overrepresented in the ChA 

dataset, whereas enzymes required for the synthesis of vitamins were overall of lower 

abundance (Figure 3.1.14 B). The ChB1-Epo2 dataset was further characterized by 

enrichment of ribosomal proteins and a few proteins required for metal resistance 

(Figure 3.1.14 C). In particular, the copper chaperone CopZ (FC: 1.55, rank: 6) and the 

copper-responsive regulator CsoR (FC: 1.23, rank: 11) caught attention by ranking among 

the top fifteen proteins in the ChB1-Epo2 dataset. Moreover, the enrichment of ribosomal 

proteins in the ChB1-Epo2 dataset was mainly driven by higher fold changes of proteins 

with predicted divalent metal binding sites or CXXC motives, such as RpmE, RpmF, RpmB, 

RpsR and RpsZ. 

 

Figure 3.1.14: Top ten of gene sets affected the most by ChA- and/or ChB1-Epo2-treatement. Gene sets 
were defined as proteins from the same pathways or operons, or proteins with similar function and listed 
according to their mean rank sum based on log2 fold changes. (A) Gene sets equally affected by ChA and ChB1-
Epo2 treatment. (B) Gene sets specifically affected by ChA treatment. (C) Gene sets specifically affected by 
ChB1-Epo2 treatment. TCA = tricarboxylic acid cycle; LSU = large ribosomal subunit; SSU = small ribosomal 
subunit. 

 

3.1.3.2 The proteome of C. difficile upon long-term adaptation to ChB1-Epo2 

The observed ability of C. difficile to grow in the presence of chlorotonils in the absence of 

competing microbes and following adequate time for adaptation (Suppl. figure S4) led to the 

hypothesis that C. difficile is able to adapt its metabolism to overcome chlorotonil stress. To 

potentially identify changes in its proteome upon adaptation, C. difficile 630 was grown in 

the presence of ChB1-Epo2 or DMSO or without treatment to mid-exponential phase and 

cells were harvested when reaching OD600nm 0.5 (Figure 3.1.15). ChB1-Epo2 was again 

chosen due to its better solubility compared to ChA. 
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Figure 3.1.15: C. difficile slowly adapts to the chlorotonil derivative ChB1-Epo2. C. difficile 630 was grown 
to mid-exponential phase in the absence and presence of 6.25 ng/ml ChB1-Epo2. At an OD600nm of 0.5, cultures 
were harvested and analyzed by LC-MS/MS. 

 

Proteomics analysis resulted in the identification of 1513 proteins with similar functional 

distribution and localization as shown above (Figure 3.1.9, suppl. table S6). A principal 

component analysis (PCA) of the generated dataset indicated that the proteome signatures 

of ChB1-Epo2-adapted cells did not substantially differ from the proteome signatures of 

untreated and DMSO-treated cultures (Figure 3.1.16). Only the third biological replicate of 

ChB1-Epo2-adapted cells clustered distinct from the controls in a PCA plot (Figure 3.1.16). 

 

 

Figure 3.1.16: PCA plot of the ChB1-Epo2 adaptation dataset. The proteome signatures of C. difficile 630 
cultures grown in the presence and absence of ChB1-Epo2 or an equal volume of DMSO were analyzed by 
PCA. The results indicate that the proteome signatures of cultures adapted to ChB1-Epo2 did not significantly 

differ from the proteome signatures of DMSO- and untreated cultures. 

 

 

0,001

0,01

0,1

1

0 5 10 15 20

O
D

 [
6
0
0
 n

m
]

h

6.25 ng/ml DMSO CtrlChB1-Epo2 CtrlDMSO

O
D

 [
6
0
0
 n

m
]

1

0.1

0.01

0.001

0                   5                  10                  15                 20

[h]

Harvest



Results 

57 
 

In accordance with the PCA, only one protein, namely the isoleucine 2-epimerase 

CD630_21580, was significantly higher abundant in the ChB1-Epo2-treated cells compared 

to the solvent controls (Figure 3.1.17). However, a few other proteins were exclusively 

identified in ChB1-Epo2- (ON) or DMSO-treated (OFF) cells as seen before for the stress 

signature. ON proteins comprised, e.g., the energy-coupling factor cobalt transport protein 

CbiM, a zinc-dependent M20-type amidohydrolase, a putative SAM-dependent 

methyltransferase/RNA-binding protein and a mannose-type PTS protein. In contrast, the 

OFF proteins included a [4Fe-4S]-cluster protein, a putative zinc-dependent deacetylase 

(CD630_19710) and the 3-oxoacyl-[acyl-carrier-protein]-reductase FabG (Figure 3.1.17). 

 

 

Figure 3.1.17: Heatmap of differentially abundant proteins of C. difficile grown in the presence or 
absence of ChB1-Epo2. The proteome stress signature of C. difficile grown to mid-exponential phase in the 
presence of 6.25 ng/ml ChB1-Epo2 was compared to the proteome signature of cells grown to mid-exponential 
phase in the presence of DMSO only. Proteins, which were significantly more or less abundant in ChB1-Epo2-
treated cells or only present in treated or untreated cells, are displayed following z-transformation of the LFQ-
based intensity data. Increased/decreased abundance following stress is displayed by the color gradient from 
red (high) to grey (OFF). Cofactors and domains with predicted metal-binding capacity are displayed on the right 
side. SAM: S-adenosyl methionine. 

 

A more detailed analysis of the differences between the ChB1-Epo2-adapted cells of 

biological replicate three indicated that the observed different clustering was mainly 

mediated by substantially increased abundance of the glycine reductase subunit proteins. 

In addition, all ChB1-Epo2-adapted cultures revealed strikingly but non-significantly higher 

levels of the gluconeogenesis protein GapB and the glycogen biosynthesis proteins GlgB 

and GlgC (Suppl. table S6). 

 

 

OFF High abundant
DMSOChB1-Epo2

Protein Cofactor/domain

Transcriptional regulator, MarR family [CD630_28270] CXXC

3-oxoacyl-[acyl-carrier-protein] reductase [FabG]

Uncharacterized protein [CD630_19710] CXXC

Uncharacterized protein [CD630_02791]

Putative capsular polysaccharide biosynthesis protein [CD630_27690] SAM

Putative thiol peroxidase [Bcp]

4Fe-4S binding domain protein [CD630_31230] [4Fe4S], CXXC

Uncharacterized protein [CD630_35720]

Two-component response regulator [CD630_21140]

Energy-coupling factor cobalt transporter protein [CbiM]

Transcriptional regulator, LysR family [CD630_27360]

Isoleucine 2-epimerase [GabT] CXXC

Putative amidohydrolase, M20D family [CD630_24210] divalent metal

PTS system, mannose-type IIB component [CD630_10760]

Putative RNA-binding S4-domain protein [CD630_12080] SAM
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3.1.3.3 The proteome stress response of T. glycolicus to ChB1-Epo2 

The proteome signatures of C. difficile to both chlorotonils suggested disturbed metal 

homeostasis. To validate this finding, the proteome stress response signature of 

T. glycolicus DSM 1288, another highly susceptible representative of the intestinal 

microbiota, to ChB1-Epo2 was analyzed as well. Again ChB1-Epo2 was chosen due to its 

increased solubility compared to ChA. The experimental settings were chosen according to 

the experiments performed with C. difficile with the exception that T. glycolicus DSM 1288 

was grown in BHI instead of CDMM (Figure 3.1.8, Suppl. figure S3 C). The analysis identified 

1594 proteins mainly of cytoplasmic origin and assigned to the eggNOG functional 

categories “energy metabolism” and “information storage and processing”, followed by 

“cellular processes and signaling” (Figure 3.1.18, suppl. table S7). 

            

Figure 3.1.18: The proteome response of T. glycolicus to ChB1-Epo2. A proteomic experiment addressing 
the stress response of T. glycolicus DSM 1288 to a sublethal concentration of ChB1-Epo2 led to the identification 
of approximately 1594 proteins from various functional categories, mainly affiliated to the eggNOG 
classifications (1) metabolism, (2) information storage and processing, (3) cellular processes and signaling (left 
panel). Proteins were mainly of cytoplasmic origin or cytoplasmic membrane or cell wall proteins according to 
PSORTb (right panel). Each cell of the Voronoi treemap represents a single protein and cell size correlates with 
overall abundance of the protein inside the bacterial cell. 

 

In line with the results obtained for the chlorotonil stress responses of C. difficile, only six 

proteins were found in significantly different amounts between DMSO- and ChB1-Epo2-

treated cells. The proteins with the highest significant fold change were a glycine and a 

betaine reductase as observed for ChA-treated C. difficile cells. In addition, a metal-

dependent dihydropyrimidase/amidohydrolase and a formate dehydrogenase subunit were 

enriched, while a protein of purine metabolism and a flagella biosynthesis protein were 

lower abundant upon stress (Figure 3.1.19). In addition, ON proteins exclusively identified in 

the ChB1-Epo2-treated cells comprised, e.g., the energy-coupling factor transport system 

ATP-binding protein CbiO, a formate/nitrite transporter and a [2Fe-2S]-dependent aldehyde 
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oxidoreductase. In contrast, some proteins from various other functional categories were 

not identified in ChB1-Epo2-treated cells but in the DMSO-treated cells, such as a radical 

SAM (rSAM) Elp3/MiaB/NifB protein (Figure 3.1.19). More detailed analysis of the respective 

proteins revealed that the significantly enriched formate dehydrogenase alpha subunit has 

77.5% sequence homology to C. difficile 630 selenocysteine-dependent formate 

dehydrogenase H alpha subunit, suggesting that the T. glycolicus protein is most likely also 

a selenocysteine-containing protein. 

 

 

Figure 3.1.19: Heatmap of differentially abundant proteins in ChB1-Epo2- and DMSO-treated cells in 
T. glycolicus. The proteome stress signature of T. glycolicus following stress with 6.25 ng/ml ChB1-Epo2 for 
90 min was compared to the proteome signature of cells treated with DMSO only. Proteins, which were 
significantly more or less abundant in ChB1-Epo2-treated cells or only present in treated or untreated cells, are 
displayed following z-transformation of the LFQ-based intensity data. Increased/decreased abundance following 
stress is displayed by the color gradient from red (high) to grey (low). Cofactors and domains with predicted 

metal-binding capacity are displayed on the right side. SAM: S-adenosyl methionine. 

 

3.1.3.4 ChB1-Epo2 treatment disturbs the intracellular metal pool of C. difficile 630 

The recurrent detection of metal-binding and -transport proteins among the differentially 

abundant proteins following ChA/ChB1-Epo2 treatment led to the decision to analyze the 

intracellular metal pool of C. difficile 630 following stress with ChB1-Epo2. 

Briefly, the intracellular concentrations of mono- and divalent cations as well as their peak 

distribution under control and ChB1-Epo2 stress conditions were analyzed by inductively-

coupled plasma-mass spectrometry (ICP-MS) for C. difficile 630 in the same experimental 

set up used for the stress proteome study. The data indeed revealed that the metal pool of 

C. difficile 630 was altered following stress (Suppl. table S8). Most prominent, the total 

amount of potassium and sodium were significantly different between treated and untreated 

OFF High abundant
DMSOChB1-Epo2

Protein Cofactor/domain

Aldehyde oxidoreductase [SAMN02910355_2441] [2Fe2S], CXXC

DNA-binding transcriptional regulator, LysR family [SAMN02910355_1498]

Dihydropyrimidinase [SAMN02910355_2124] divalent metal

Oligopeptide transport system substrate-binding protein [SAMN02910355_2419]

Energy-coupling factor transport system ATP-binding protein [SAMN02910355_0485]

Formate dehydrogenase alpha subunit [SAMN02910355_3081] [4Fe4S], CXXC, Mo-MGD

Glycine reductase [SAMN02910355_3505]

Betaine reductase [SAMN02910355_3512]

Formate/nitrite transporter [SAMN02910355_3085]

Protein adenylyltransferase [SAMN02910355_2942]

Elp3/MiaB/NifB-like protein [SAMN02910355_0717] SAM, [4Fe4S], CXXC

Subtilase family protein [SAMN02910355_1585]

Phosphoribosylglycinamide formyltransferase [PurN]

Flagellar hook-associated protein 1 (HAP1) [SAMN02910355_2503]

Uncharacterized protein [SAMN02910355_0984]

ATP-dependent DNA helicase RecQ [SAMN02910355_2085]

DNA-binding transcriptional regulator, MocR family [SAMN02910355_0854]

SGNH hydrolase-like domain-containing protein [SAMN02910355_3624]

Uncharacterized protein [SAMN02910355_1127]

ABC transporter ATP-binding protein [SAMN02910355_1611]

Uncharacterized protein [SAMN02910355_1198]

DUF1540 domain-containing protein [SAMN02910355_0435] divalent metal
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cells (Figure 3.1.20 A). In addition, three transient metals, namely zinc, copper, and 

cadmium, were significantly more abundant in the cytoplasm upon stress (Figure 

3.1.20 B, C & D). Besides, single peaks within the chromatograms of selenium and 

manganese were significantly changed compared to the controls (Figure 3.1.20 E & F). 

 

 

Figure 3.1.20: ICP-MS analysis of intracellular metal concentrations following ChB1-Epo2 treatment. The 
intracellular metal content of C. difficile 630 grown in the presence of 4.69 ng/ml ChB1-Epo2 for 90 minutes was 
comparatively analyzed by ICP-MS. Statistical analysis revealed significantly changed intracellular 
concentrations for (A) potassium (K) and sodium (Na), (B) both zinc (Zn) isotopes, (C) both copper (Cu) 
isotopes, and (D) cadmium (Cd). In addition, two single peaks were significantly altered in the (E) selenium 
(Se77) profile and the (F) manganese (Mn) profile, respectively. K = potassium, Na = sodium, Zn = zinc, Cu = 
copper, Cd = cadmium, * = p value ≤ 0.05, ** = p value ≤ 0.01, [a.u.] = artificial units. 

 

 

3.1.3.5 ChA and ChB1-Epo2 bind divalent metals and selenium 

Next, the question was addressed whether the disturbed metal pool is potentially directly 

induced by chlorotonils and the result of non-covalent metal binding. Cell-free ICP-MS 

analysis of ChA and ChB1-Epo2 solved in DMSO revealed that both compounds bind 

divalent metals as well as selenate, but neither potassium nor sodium. 

Metal-binding could reliably be confirmed for isotopes of magnesium (Mg25, Mg26), calcium 

(Ca46, Ca48), vanadium (V51), zinc (Zn66, Zn67), and selenium (Se82), which is most 

likely bound as selenate (Figure 3.2.1, suppl. table S9). 
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Figure 3.1.21: ChA/ChB1-Epo2 

bind divalent metal cations and 

selenium. 

 

 

Moreover, additional ICP-MS measurements performed with ChA and ChB1-Epo2 in 

concentrated trace salt buffer, copper sulfate or selenate solutions suggested increased 

binding of copper, selenate and other divalent metals if availability of these metals is 

artificially elevated. ICP-MS analysis of chlorotonils under physiologically relevant 

conditions is ongoing.  
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3.1.4 Systemic effects of ChA treatment on the complex microbial communities of the 

intestinal tract 

Based on the correlation between selenium/cobalamin metabolism and chlorotonil 

susceptibility and the disturbed metal homeostasis observed in vitro, it was hypothesized 

that oral chlorotonil treatment causes specific functional changes of the intestinal 

microbiota, particularly affecting the selenium and cobalamin metabolism or, more 

generally, metal stress-sensitive pathways. Furthermore, species that rely particularly on 

metal-dependent and metal-sensitive pathways might be the most affected by chlorotonil 

treatment. As outlined in section 3.1.2, cobalamin and selenium metabolism are 

predominately found in the classes Clostridia and Proteobacteria. Backing up the 

hypothesis, previous analysis of fecal samples from ChA/ChB1-Epo2-treated piglets and 

mice by 16S rRNA gene sequencing revealed selective reduction of some Clostridia 

families, whereas Bacteroidetes families showed increased abundance upon ChA/ChB1-

Epo2 treatment (Bublitz et al., in revision). In order to test this hypothesis, functional 

changes of the microbiota in fecal samples of piglets were analyzed using a metaproteomics 

approach. 

3.1.4.1 Piglet feeding trial 

Briefly, two feeding trials with four and eight piglets bought at the age of four weeks were 

performed at the Friedrich-Loeffler Institute (Jena, Germany). To account for genetic 

diversity and maternally-inherited microbiota structure, six sibling pairs were selected, of 

which one was assigned the control (Ctrl) and one to the treatment group (ChA-treated = 

ChA) each (Table 3.1.4). 

 

Table 3.1.4: Assignment of animals included in the piglet feeding trial to the experiments and treatment 
groups. The piglet feeding trial comprised two experiments with four and eight piglets. Two and four sibling 

piglets were bought and divided to the two treatment groups (control = Ctrl vs. ChA-treated = ChA). 

 

 

After two weeks of acclimatization, piglets either received two doses of 10 mg/kg body 

weight ChA with peanut butter as vehicle, or peanut butter only (= control treatment) on two 

consecutive days. Prior and 6 hours after the first dose and 1 day following the second dose 

fecal samples were collected and subjected to an analysis by LC-MS/MS (Figure 3.1.22). 

More detailed information of the piglet feeding trial can be found in Bublitz et al. (in revision). 

 

Experiment 1 2

Treatment group Ctrl ChA Ctrl ChA Ctrl ChA Ctrl ChA Ctrl ChA Ctrl ChA

Sibling pair 1 1 2 2 3 3 4 4 5 5 6 6

Animal Ctrl_1 ChA_1 Ctrl_2 ChA_2 Ctrl_3 ChA_3 Ctrl_4 ChA_4 Ctrl_5 ChA_5 Ctrl_6 ChA_6
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Figure 3.1.22: Overview of piglet feeding trial experimental design. To analyze the effect of ChA treatment 
on the intestinal microbiota of piglets, piglets were treated twice (d0, d1) with 10 mg/kg body weight ChA and 
feces samples were collected for the downstream analysis. Briefly, piglets were allowed to get accustomed with 
the new environment for 14 d. ChA in peanut butter (vehicle) or peanut butter only (control) were administered 
twice on two sequential days and fecal samples were collected directly before the treatment (d0), 6 h after the 
first (d1) and one day after the second dose (d2). 

 

3.1.4.2 Metaproteomics sample preparation from fiber-rich piglet feces and customized 

database design 

First, a protocol for the extraction of proteins from the fiber- and organic acid-rich fecal 

samples was established building on published protocols. As extensively reviewed in the 

literature, protein extraction from environmental samples is challenging due to the 

complexity of the samples and high content of interfering factors (Heyer et al., 2017; Qian 

and Hettich, 2017; Isaac et al., 2019). To that end, low-speed differential centrifugation and 

filtering steps (Juste et al., 2014; Tanca et al., 2015; Zhang et al., 2016); phenol-, TriZOL-

based and phenol-free extraction protocols (Heyer et al., 2019; Gierse et al., 2020) as well 

as 1D-gel-based and gel-free protein digestion protocols as used for the in vitro experiments 

(Heyer et al., 2019; Gierse et al., 2020) were compared. The best suited options, yielding 

the highest numbers of microbiota-derived proteins, were finally combined to a protocol. An 

overview of the entire workflow is given in Figure 3.1.23 and more detailed information can 

be found in the material and methods section. 
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Figure 3.1.23: Metaproteomics workflow from protein extraction to statistical and community analysis. 
Feces samples were processed and analyzed by LC-MS/MS using a workflow optimized for fiber-rich sample 
material. Details for every step of the workflow are given in the “Protocol” column. For five steps, alternative 
protocols or tools were tested as outlined in the column “Tested alternatives”. 

 

 

 

 

 

Protocol step Final protocol Tested alternatives

Database design

Separation of

bacteria from

fibers

LC-MS/MS 

sample 

preparation

Protein 

extraction

Database search

and post-

processing

Taxonmic and 

functional

analysis

LC-MS/MS 

analysis

• Suspension in PBS with 0.03% DCA (Juste et al., 2014)

• Differential centrifugation (Tanca et al., 2015; Zhang et al., 2016)

• Filtration through stomacher bags (Juste et al., 2014)

• Mechanical disruption (all: Heyer et al., 2019)

• Phenol extraction

• Ammonium acetate precipitation

• Determination of protein concentrations (BCA) 

• 542560 entries

• Protein sequences obtained from Uniprot

• Bacteria: 16S rRNA data

• Host: pig

• Food and parasites

• Viruses: published data (Sachsenröder et al., 2012)

• Trypsin digestion of 50 µg protein (all: Mücke et al., 2020)

• S-trap digestion (3 h, 47  C)

• bRP clean-up and fractionation

• Mascot/X! Tandem Alanine/Scaffold

• 0.5 Da fragment & 10 ppm parent tolerance

• 2 missed cleavages allowed

• min. two peptide rule

• 95% peptide threshold, 99% protein threshold

• Prophane (version 4.2.2)

• NCBI nr (version 2019-09-30)

• eggNOG (version 4.5.1)

• Orbitrap-Velos Pro™ mass spectrometer

• 85 min gradient

• 8 peptide fractions

→ SwissProt (publically

available database

→ No separation

→ No separation

+ homogenization

→ MPA

→ Search GUI 

+ peptide shaker

→ In gel digestion

(10 fractions) +

ZipTip purification

→ TRIzol reagent

instead of phenol

Statistical and 

community

analysis

• R packages

• limma (version 3.46.0)

• vegan (version 2.5-7)

• indicspecies (version 1.7.9)
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3.1.4.3 Inter-individual variability between piglets hampers microbiota analysis 

Analysis of the 36 fecal samples with the final protocol resulted in the identification of 12,012 

unique protein groups (Suppl. table S10). Hierarchical clustering analysis showed that 

clustering was mainly based on individuum. In addition, sibling pairs (Ctrl1/ChA1, 

Ctrl2/ChA2, and Ctrl5/ChA5), and co-housing of animals affected sample clustering (Ctrl3, 

Ctrl4 and Ctrl6 vs. ChA3, ChA4 and ChA6, see Table 3.1.4) (Figure 3.1.24). 

 

 

Figure 3.1.24: Hierarchical clustering of feces samples from untreated and ChA-treated animals. Relative 
intensities were scaled row-wise and subjected to hierarchical clustering. Clustering of all identified protein 
groups indicated high similarity in the metaproteome profiles of samples from the same animal. In addition, 
samples of related animals and co-housed animals clustered together. The color gradient indicates high 

(orange) and low (blue) abundance of a protein in a sample. 

 

On average, 3,500 bacterial/archaeal protein groups were identified per sample (Figure 

3.1.25 A). The number of identified protein groups varied between animals. However, at 

least in the control group numbers were comparable between days for single animals 

(Figure 3.1.25 A). In contrast, the numbers of the identified protein groups dropped in the 

ChA-treated animals with the exception of piglet 5 (Figure 3.1.25 A). Most protein groups 

were annotated as bacterial (80.4%), whereas the remaining protein groups were of host 

(13.1%), food (4.2%), archaeal (0.7%), parasitic (0.14%) or viral (0.02%) origin (Figure 

3.1.25 B). The relative abundance of identified food protein, especially of straw proteins, was 

more variable in the ChA-treated group than in the control group (Figure 3.1.25 B & C). 
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Figure 3.1.25: Taxonomic composition of fecal samples on protein level. (A) The number of identified 
bacterial protein groups varied between piglets (numbered 1 to 6) and were lower for ChA-treated piglets (ChA) 
compared to the control group (Ctrl) on day 2. (B) Most protein groups were of bacterial origin or were annotated 
as food or host proteins. (C) Variation in identified protein groups between days and animals might partly result 
from different food intake of piglets as suggested by variations of the summed NASF for soy (Glycine max), 
maize (Zea mays) and straw (Poaceae). Piglets with the same number are siblings. NSAF: Normalized spectral 
abundance factor. Animals with the same number present siblings. 
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3.1.4.4 Taxonomic stability of the piglet microbiota following ChA treatment 

The drop in identified bacterial protein groups indicated an effect of ChA treatment on the 

microbiota of fecal samples from the ChA-treated piglets. First, the taxonomic composition 

of fecal samples was analyzed to evaluate whether ChA treatment reduced the bacterial 

load in general or diminished the abundance of specific taxa or functional groups. On 

average, the group of bacterial and archaeal proteins was dominated by protein groups 

affiliated to the phyla Firmicutes and Bacteroidetes (Figure 3.1.26 A). On lower levels most 

protein groups were affiliated to the classes Clostridia and Bacteroidia with a predominance 

of Prevotellaceae (Bacteroidia) on the family level followed by the Ruminicoccaceae, the 

Lachnospiraceae and the Clostridiaceae (Clostridia) (Figure 3.1.26 A). Analysis of the 

Shannon diversity of microbial communities from all samples suggested that the diversity 

of the microbial community of some ChA-treated piglets, especially on day 2, was reduced 

compared to day 0, whereas the diversity of the microbial community of piglets from the 

control group did not change over days. In particular, for piglets 2, 5, and 6 the Shannon 

diversity and the numbers of identified genera dropped (Figure 3.1.26 B & C), which is line 

with the results from 16S rRNA gene sequencing-based data reported previously 

(Bublitz et al., in revision). 

  A

  

Figure 3.1.26: Taxonomic profile of the piglet intestinal microbiota and its diversity over during the 
feeding trial with ChA. (A) The bacterial community of feces samples was dominated by the phyla Firmicutes 
and Bacteroidetes, which were in turn dominated by the classes Clostridia and Bacteroidia. (B) Shannon 
diversity indices dropped for some ChA-treated animals and (C) concomitantly decrease the number of genera 
identified by the metaproteomics analysis decreased. Animals with the same number in the two treatment groups 

present siblings. 
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Based on the observed reduction of the Shannon diversity of microbial communities from 

ChA-treated animals, it was hypothesized that community composition of samples from 

ChA-treated piglets following treatment could be different from the community composition 

of samples from day 0. Non-metric multidimensional scaling (NMDS) of all bacterial and 

archaeal protein groups on the taxonomic level, more specifically on family level, indicated 

a clustering of samples by individuum. However, NMDS did not indicate an effect of ChA-

treatment on the microbiota composition as indicated by clustering of samples from all three 

days for ChA-treated and untreated samples (Figure 3.1.27). 

 

Figure 3.1.27: NMDS plot of fecal samples from ChA- and untreated piglets on family level. Non-metric 
multidimensional scaling (NMDS) of all bacterial and archaeal protein groups on family level indicated clustering 
of fecal samples from the same animal and of fecal samples from related and co-housed animals. 

 

Accordingly, individual fecal community profiles were comparable between animals and 

days for the major bacterial phyla Clostridia, Bacteroidia and Proteobacteria (Figure 3.1.28). 

For the ChA-treated piglets 1, 2, 5 and 6 a trend towards slightly reduced relative abundance 

of Clostridia could be observed. However, statistical analysis using the R packages limma 

on class, order and family level to test for significant changes between the two treatment 

groups or between fecal samples from the earlier and the later sample points accordingly 

did not indicate significant changes within the community profiles on taxonomic level. A 

likely reason for this is that microbial community profiles of each piglet were so diverse that 

they obscured treatment-related differences. 
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Figure 3.1.28: Detailed taxonomic profiles of untreated and ChA-treated piglets before and two days 
following treatment. (A) Taxonomic profiles of individual animals before (day 1) and on day 2 and 3 following 
treatment on class level were mostly stable in untreated as well as ChA-treated animals. (B) A slight reduction 
was observed for the class Clostridia and its most prevalent families in some ChA-treated animals. (C) By 
contrast, a slight increase of the class Bacteroidia and its most prevalent families was observed in the same 
animals. (D) The class of the proteobacteria, which often blooms following antibiotic therapy did not respond to 
the ChA-treatment. Animals with the same number present siblings.  
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3.1.4.5 Functional stability of the piglet microbiota after ChA administration 

Given the only minor changes on the taxonomic composition of piglet fecal samples, it was 

speculated that the functional composition of the samples is likewise not affected by ChA 

treatment. Most identified protein groups were assigned to the three main eggNOG 

categories “metabolism”, “information storage and processing” and “cellular processes and 

signaling” (Figure 3.1.29 A). This is as expected given their high abundance in the bacterial 

cell (Turnbaugh et al., 2009; Verberkmoes et al., 2009). In particular, a majority of the 

protein groups were either assigned to energy production and conversion, carbohydrate 

transport and metabolism or amino acid transport and metabolism. In addition, many 

proteins were involved in translation and post-translational modification (translation, 

ribosomal structure and biogenesis; posttranslational modification, protein turnover, 

chaperons). As expected, the functional profiles of the different fecal samples from 

untreated and ChA-treated piglets were stable for all animals and days on the first level 

(Figure 3.1.29 B). 

 

   
Figure 3.1.29: The microbiota profile on functional level. (A) 84.8% of all identified protein groups were 
assigned to the three main eggNOG categories Metabolism, Information storage and processing and Cellular 
processes and signaling and their averaged proportion is displayed in the left panel. An overview on the 
subfunctions of the respective categories is given on the right. (B) Comparative analysis of the functional 
microbiota of all piglet feces samples revealed that the functional assignment is highly conserved among piglets, 

stable over the days and independent of the ChA-treatment. Animals with the same number present siblings. 

 

NMDS of bacterial and archaeal protein groups on the eggNOG sub-category level 

indicated a clustering of samples from the same piglet for the control group with the 

exception of samples from piglets of the first trial (Ctrl_1 & Ctrl_2). In contrast, samples of 

ChA-treated piglets formed less distinct clusters and either samples from day 1 or day 2 or 

both days were found less close to the sample point from day 0 (Figure 3.1.30). 
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Figure 3.1.30: NMDS plot of fecal samples from ChA- and untreated piglets on functional level indicates 
individual profiles of samples derived from the same animal. NMDS of all bacterial and archaeal protein 
groups on eggnog sub-category level indicated clustering of fecal samples from the same animal and more 
dense clusters of fecal samples from untreated piglets compared to ChA-treated piglets. Animal name code: 
“treatment_sibling pair”. 

 

Since the NMDS plot suggested differences in the functional composition of the fecal 

samples from ChA-treated piglets between day 0 and the days following treatment, a 

statistical analysis using the R package limma was conducted to possibly identify changes 

between samples from ChA-treated and untreated animals as well as between days. Since 

no significant differences were identified as before on taxonomic level, it was speculated 

that the observed trends in the NMDS plot were individual for each piglet. Therefore, 

functional profiles were analyzed by comparing individual functional profiles of fecal 

samples from ChA-treated and untreated piglets. Given that disturbed metal homeostasis 

was observed in this thesis in C. difficile following ChA/ChB1-Epo2 stress, and the role of 

selenium metabolism for chlorotonil susceptibility proposed here, a particular attention was 

given to the sub-categories “cell envelope biogenesis”, “inorganic ion transport and 

metabolism” and “coenzyme transport and metabolism” (Figure 3.1.31 A, B & C). Moreover, 

the categories “amino acid transport and metabolism” and “carbohydrate metabolism” were 

analyzed in more detail (Figure 3.1.31 D, E). However, no marked differences were found 

between ChA-treated and untreated animals and between samples from different days for 

any of the functional categories. A likely reason for this could be that, e.g., the categories 

“cell wall/membrane/envelope biogenesis” and “inorganic ion transport and metabolism” 

were dominated by TonB-dependent transporters and OmpA-family proteins affiliated to 

Bacteroidetes families. 
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Figure 3.1.31: Detailed functional profiles of untreated and ChA-treated piglets before and two days 
following treatment for selected functional subcategories. The functional repertoire of feces samples from 
untreated and ChA-treated piglets before and two days following treatment was visually analyzed on eggNOG 
“sub” level. The total abundance of protein groups assigned to selected functions and the relative contribution 
of bacterial families to the respective functions are presented. (A) Cell wall/membrane/envelope biogenesis. (B) 
Inorganic ion transport and metabolism (C) Coenzyme transport and metabolism (D) Amino acid transport and 

metabolism (E) Carbohydrate transport and metabolism. Animals with the same number present siblings. 
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Finally, the metaproteomics dataset was searched for proteins affiliated with the 

selenocompound and cobalamin metabolism, and the proline and glycine reductase 

subunits to specifically test for changes in the abundance of these protein groups. However, 

only two protein groups annotated as selenate reductases, YgfK subunits were identified in 

one and five of 36 samples and a cobalamin synthesis protein was identified in seven of 36 

samples. Similarly, only 15 different protein groups annotated as either D-proline reductase 

(9) or selenoprotein B, glycine betaine sarcosine D-proline reductase family protein (6) were 

identified in one to 30 of 36 samples. Since these protein groups were underrepresented in 

the dataset, they did not allow for reliable statistical analysis. 

 

In conclusion, C. difficile and close relatives are particularly sensitive to chlorotonils, which 

is eventually linked to their dependency on selenium-dependent enzymes and cobalamin 

biosynthesis. Moreover, chlorotonil treatment affected the metabolism of C. difficile 630 and 

T. glycolicus DSM 1288, in particular the metal homeostasis possibly due to the ability of 

chlorotonils to bind divalent metals. In addition, diverse pathways were affected by 

chlorotonil treatment suggesting global disturbance of the cellular homeostasis following 

chlorotonil treatment. In contrast, the highly complex of the piglet microbiota was only 

marginally affected by ChA treatment. 
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3.2 Myxopyronin B as potential novel antibiotic for C. difficile therapy 

The panel of antibiotics recommended for the treatment of C. difficile infections includes two 

RNA polymerase inhibitors. First, fidaxomicin, which targets the RNA polymerase’s “switch 

region”, is considered the current gold standard for therapy of C. difficile infections (Louie 

et al., 2012). In addition, rifaximin, which binds adjacent to the active center of the RNA 

polymerase, is recommended as post-vancomycin chaser for severe cases of C. difficile 

infections (Ng et al., 2019). RNA polymerase inhibitors seem to be well suited for the therapy 

of C. difficile infections, which is amongst others attributed to their selectivity in vivo 

(Ponziani et al., 2017). In this light, it can be speculated that other RNA polymerase 

inhibitors, especially other “switch region inhibitors”, might be valuable alternatives for the 

treatment of C. difficile infections in the case that they do not show cross-resistance with 

fidaxomicin. Therefore, the “switch region” inhibitor myxopyronin B was evaluated as 

potential new lead structure for the design of new antibiotics for the therapy of C. difficile 

infections. 

The results of this study have been published in Gut Pathogens in 2022 and are reviewed 

in more detail in the following section. 

 

Brauer M., Herrmann J., Zühlke D., Müller R., Riedel K., and Sievers S. Myxopyronin B 

inhibits growth of a Fidaxomicin-resistant Clostridioides difficile isolate and interferes with 

toxin synthesis. Gut Pathogens 14, 4 (2022).  

https://doi.org/10.1186/s13099-021-00475-9 

  

https://doi.org/10.1186/s13099-021-00475-9
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3.2.1 Myxopyronin B is active against C. difficile including fidaxomicin-resistant strains but 

spares other intestinal anaerobes 

As a starting point, minimal inhibitory concentrations of myxopyronin A and B as well as 

rifaximin against a selection of C. difficile strains belonging to five different ribotypes were 

determined in serial broth dilution assays to confirm the activity of myxopyronins against 

C. difficile. As expected from previous reports, all strains were susceptible to myxopyronins 

with minimal inhibitory concentrations ranging between 0.125 µg/ml and 16 µg/ml (Table 

3.2.1). However, four of the strains were slightly more susceptible to myxopyronin B and all 

strains were more susceptible to rifaximin (Table 3.2.1). 

 

Table 3.2.1: Minimal inhibitory concentrations of myxopyronin A and B and rifaximin against five different 
C. difficile strains in µg/ml according to serial broth dilution assays after 24 h of growth in BHIS. n ≥ 3. 

 630 1780 R20291 rt126 rt78 

Myxopyronin A 8 0.5 16 1 1 

Myxopyronin B 8 0.125 4 0.25 0.5 

Rifaximin 0.002 0.004 0.004 0.002 0.002 

 

To exclude cross-resistance between fidaxomicin and myxopyronins, which both bind to the 

switch region of the RNA polymerase (Mukhopadhyay et al., 2008), serial broth dilution 

assays were repeated for strain 630 and an additional fidaxomicin-resistant isolate, Goe-91 

(Schwanbeck et al., 2019). This time fidaxomicin was included. As expected, the minimal 

inhibitory concentration of fidaxomicin against strain Goe-91 was substantially higher with 

128 µg/ml compared to 0.0125 µg/ml against strain 630 (Table 3.2.2). Nevertheless, minimal 

inhibitory concentrations of myxopyronin B and rifaximin against both C. difficile strains 

were equal with 8 µg/ml and 0.002 µg/ml, respectively (Table 3.2.2). 

 

Table 3.2.2: Minimal inhibitory concentrations of rifaximin, fidaxomicin and myxopyronin B for C. difficile strains 

630 and Goe-91 in µg/ml according to serial broth dilution assays after 24 h of growth in BHIS. n ≥ 3. 

 630 Goe-91 

Rifaximin 0.002 0.002 

Fidaxomicin 0.015625 128 

Myxopyronin B 8 8 
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Next, the susceptibility of other selected anaerobic bacteria from the gastrointestinal tract 

to myxopyronin B was tested. As a pre-requisite, antibiotics for the therapy of C. difficile 

infections should ideally spare the healthy intestinal microbiota as outlined in the previous 

sections (Jenior et al., 2018). C. scindens was found to be as susceptible as C. difficile and 

Terrisporobacter sp. was inhibited by 16 µg/ml (Table 3.2.3). In contrast, B. longum as well 

as the Gram-negative representative B. fragilis were not inhibited by 16 µg/ml, which was 

the highest concentration that could be tested against all strains. L. casei and 

B. thetaiotaomicron, for which higher concentrations could be tested as well, showed a 

growth inhibition in the presence of 64 µg/ml or were even able to grow with this 

concentration (Table 3.2.3). 

 

Table 3.2.3: Minimal inhibitory concentrations of myxopyronin B against six commensal intestinal anaerobes in 
µg/ml according to serial broth dilution assays after 24 h of growth in BHIS. n ≥ 3. Terrisp. = T. glycolicus, 
B. theta = B. thetaiotaomicron. n ≥ 3. 

 L. casei B. longum C. scindens Terrisp. B. fragilis B. theta. 

Myxopyronin B > 64 > 16 2 16 > 16 64 

 

3.2.2 The stress responses of C. difficile 630 to rifaximin, fidaxomicin, and myxopyronin B 

Based on the similar binding sites of myxopyronin B and fidaxomicin it was assumed that 

myxopyronin B might have similar beneficial features as fidaxomicin. For instance, 

fidaxomicin is known to reduce sporulation and toxin production in C. difficile and to kill its 

germinating spores via a hitherto still not fully understood mechanism (Louie et al., 2012; 

Aldape et al., 2017). With the aim to get a global overview on how myxopyronin B affects 

C. difficile’s metabolism, a comparative LC-MS/MS approach was applied to analyze the 

effect of myxopyronin B on C. difficile in direct comparison to fidaxomicin and rifaximin. 

C. difficile cells were exposed to sublethal concentrations of either rifaximin (1.75 ng/ml), 

fidaxomicin (6 ng/ml) or myxopyronin B (500 ng/ml), or were treated with the solvent, 

DMSO, only, in mid-exponential phase and were allowed to grow in the presence of the 

antibiotics for 90 minutes (Suppl. figure S3 D-F). Subsequently, their proteome was 

analyzed by LC-MS/MS as described in section 3.1.3. 

Overall, 1612, 1667, 1613 and 1579 proteins were identified with a minimum of 2 unique 

peptides in at least two out of three biological replicates in the DMSO-, rifaximin-, 

fidaxomicin- and myxopyronin B-sample sets (Suppl. table S11). The vast majority of 

proteins (1474) were shared between all stress conditions. In addition, 12 proteins were 

exclusively identified in the DMSO sample set, 26 proteins were exclusively identified in the 

rifaximin-treated cells, 16 proteins were exclusively identified in the fidaxomicin-treated cells 
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and 8 proteins were exclusively identified in the myxopyronin B-treated cells. Several more 

proteins were shared between two or three cultivation conditions but were not identified in 

all sample conditions (Figure 3.2.1 A). A majority of proteins were assigned to the functional 

categories “protein metabolism”, “energy metabolism” and “DNA and RNA metabolism” 

(Figure 3.2.1 B, left panel). Moreover, about 70% of the identified proteins were of cytosolic 

origin according to PSORTb. In addition, 11% of proteins were membrane proteins, 2% 

were cell wall proteins, 1% were extracellular proteins and 14% proteins could not be 

assigned by PSORTb (Figure 3.2.1 B, right panel). Statistical analysis followed by 

hierarchical cluster analysis revealed significant changes between all stress conditions 

(Figure 3.2.1 C). Overall, similar pathways were affected by all three antibiotics or shared 

between at least two antibiotics, whereas some changes were specific for a respective 

antibiotic (Figure 3.2.1 C). 

 

    

Figure 3.2.1: Comparative proteome analysis of rifaximin-, fidaxomicin- and myxopyronin B-treatment 
in C. difficile. (A) All proteins identified with at least two unique peptides in at least two out of three biological 
replicates in a respective condition are displayed within a Venn diagram. (B) Left panel: Identified proteins were 
visualized as Voronoi treemaps. Every cell represents an identified protein, which were clustered according to 
their functional assignments. Right panel: PSORTb analysis of all identified proteins revealed that a majority of 
proteins belonged to the cytosolic fraction with additional proteins belonging to the cytoplasmic membrane, cell 
wall and extracellular fractions. In addition, 14% of proteins could not be assigned. Cell size correlates with 
overall abundance of the protein inside the cell. (C) All proteins, which were found in significantly altered 
amounts after treatment with at least one antibiotic or which were either exclusively identified in at least one 
treatment condition or exclusively in the DMSO-treated cells are displayed as a heatmap. DMSO: DMSO-treated 
cells; Rif: rifaximin-treated cells; Fid: fidaxomicin-treated cells; MyxB: myxopyronin B-treated cells. Adapted from 

Brauer et al. (2022). 
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Proteins with significantly altered abundance were found in several metabolic pathways 

suggesting substantial remodeling of the cellular metabolism. For instance, proteins from 

various functional categories such as, flagella synthesis and membrane transport were 

found more abundant after treatment with all three antibiotics, whereas proteins for the 

biosynthesis of cysteine as well as some phage proteins were lower abundant after 

treatment with each antibiotic (Figure 3.2.2). In contrast, differences between the three 

signatures were observed for proteins from other functional categories, especially the 

energy metabolism. For example, proteins required for branched chain amino acid 

fermentation were found in lower amounts in myxopyronin B-treated cells compared to all 

other conditions while proteins from the butyrate fermentation pathway were reduced in 

fidaxomicin- and rifaximin-treated cells. Most strikingly, chemotaxis proteins were among 

the proteins that were exclusively identified in rifaximin-treated cells (Figure 3.2.2). As none 

of these effects seem to be directly linked to the antibiotics’ mode-of-action or accountable 

for other important clinical effects of the antibiotics, these findings are not further discussed. 

 

     Overview                               Rifaximin 

 

 

 

 

 

 Fidaxomicin Myxopyronin B 

 

 

 

 

 

Figure 3.2.2: Changes in the proteome signature of C. difficile upon treatment with rifaximin, fidaxomicin 
and myxopyronin B. Proteomics stress signatures C. difficile cells treated with sublethal concentrations of 
rifaximin, fidaxomicin, and myxopyronin B were visualized as Voronoi treemaps. Every cell represents an 
identified protein, which were clustered according to their functional assignments. Cell size correlates with 
overall abundance of the protein inside the cell and color code represents the log2 fold change of treated vs. 

untreated cells. Light colors = low abundance; dark colors = high abundance. 
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3.2.3 Myxopyronin B interferes with toxin synthesis in C. difficile 

In order to further evaluate whether myxopyronin B might be similarly efficient for the cure 

of C. difficile infections as fidaxomicin, the proteome signature data of myxopyronin B-

treated C. difficile cells were screened towards a possible reduction of the pathogen’s 

virulence. Indeed, this analysis revealed that the abundance of toxin A (TcdA) in 

myxopyronin B-treated cells was, similarly to fidaxomicin-treated cells, lower compared to 

the DMSO controls (log2 fold change -1.5 and -1.9). In contrast, toxin A levels were twice 

as high in the rifaximin-treated cells compared to the controls (log2 fold change 1.9) (Figure 

3.2.3 A). To validate this effect and to get additional information on the production levels of 

toxin B, which was not identified by mass spectrometry, protein samples from the stress 

experiment were re-analyzed by Western blot analysis with antibodies directed against 

either toxin A or toxin B, respectively. As observed in the proteomics data set, toxin A levels 

were higher after rifaximin treatment while toxin A levels were lower after fidaxomicin and 

myxopyronin B treatment compared to the controls (Figure 3.2.3 B). This effect was even 

more pronounced for toxin B. Although toxin B levels in fidaxomicin- and myxopyronin B-

treated cells were not much reduced compared to the controls as observed for toxin A, 

toxin B levels were significantly lower in fidaxomicin- and myxopyronin B-treated cells than 

in rifaximin-treated cells (Figure 3.2.3 B). 

 

 

Figure 3.2.3: Both, fidaxomicin- and myxopyronin B suppressed early phase toxin synthesis. (A) LFQ 
protein intensities of toxin A (TcdA) in C. difficile after treatment with rifaximin, fidaxomicin, myxopyronin B or 
DMSO only. (B) Toxin A (TcdA) and B (TcdB) levels in C. difficile after treatment with rifaximin, fidaxomicin, 
myxopyronin B or DMSO only according to Western blot analysis. DMSO: DMSO-treated cells; Rif: rifaximin-
treated cells; Fid: fidaxomicin-treated cells; MyxB: myxopyronin B-treated cells; p values: * ≤ 0.05, ** ≤ 0.01. 
[a.u.]: artificial units. Adapted from Brauer et al. (2022). 
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3.3 The response of C. difficile to dissipation of the membrane potential by 

amidochelocardin  

Chelocardin and its derivative amidochelocardin have broad-spectrum activity against 

several oxygen-tolerant Gram-positive and Gram-negative bacteria, such as 

Enterococcus faecalis, Klebsiella spp. and S. aureus (Lešnik et al., 2015; Hennessen et al., 

2020). While chelocardin was previously shown to target both, the ribosome and the cell 

membrane (Oliva et al., 1992; Stepanek et al., 2016), the bactericidal effect of 

amidochelocardin seems to be restricted to the bacterial cell membrane (Senges et al., 

2020). Despite tremendous efforts to reduce the prescription of broad-spectrum antibiotics 

due to the high number of adverse events, including secondary infections with C. difficile, 

broad-spectrum antibiotic therapy is still required under certain circumstances (L. Evans et 

al., 2021; Rhee et al., 2021). Since not all broad-spectrum antibiotics equally prime patients 

to an infection with C. difficile (Gerding, 2004; Webb et al., 2020), the question should be 

addressed to which extent chelocardin therapy might render patients susceptible to 

C. difficile. Therefore, the susceptibility of C. difficile and other anaerobes to chelocardins 

was assessed. In addition, amidochelocardin was used to study how C. difficile generally 

responds to surface-active antibiotics with respect to the promising role of the membrane 

as antibiotic target (Wu et al., 2013). 

 

The results of this study have been published in mSphere and are reviewed in more detail 

in the following section. 

 

Brauer M., Hotop S.K., Wurster M., Herrmann J., Miethke M., Schlüter R., Zühlke D., 

Brönstrup M., Lalk M., Müller R., Sievers S., Bernhardt, J. Riedel, K. 

Clostridioides difficile Modifies its Aromatic Compound Metabolism in Response to 

Amidochelocardin-Induced Membrane Stress. mSphere, e0030222. doi: 

10.1128/msphere.00302-22 

 

https://journals.asm.org/doi/10.1128/msphere.00302-22 
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3.3.1 Susceptibility of C. difficile and selected anaerobic bacteria to chelocardins 

The susceptibility of several anaerobic bacteria to chelocardin and amidochelocardin was 

evaluated in serial broth dilution assays as done in the previous sections. The obtained 

results revealed that all tested C. difficile strains were similarly susceptible to both 

chelocardin and amidochelocardin with minimal inhibitory concentrations of 2 µg/ml or 

4 µg/ml, respectively (Table 3.3.1). In comparison, minimal inhibitory concentrations of the 

typical tetracycline doxycycline ranged between 0.03125 µg/ml for the more susceptible 

strains and 8 µg/ml for strain 630 known to encode for the tetracycline resistance marker 

tetM (Table 3.3.1). 

 

Table 3.3.1: Minimal inhibitory concentrations of chelocardin (CHD), amidochelocardin (CDCHD) and 
doxycycline against five different C. difficile strains in µg/ml according to serial broth dilution assays after 24 h 
of growth in BHIS. n ≥ 3. 

 630 1780 R20291 rt126 rt78 

CHD 2 2 2 2 4 

CDCHD 2 4 4 2 2 

Doxycycline 8 0.03125 0.03125 4 1 

 

Likewise, all other anaerobic bacteria were similarly susceptible to amidochelocardin (Table 

3.3.2). Minimal inhibitory concentrations were comparable to the minimal inhibitory 

concentrations between 2 µg/ml and 16 µg/ml observed previously for other aerobic 

pathogens such as Enterococcus faecalis, Klebsiella spp. and S. aureus (Lešnik et al., 

2015; Hennessen et al., 2020). 

 

Table 3.3.2: Minimal inhibitory concentrations of amidochelocardin (CDCHD) against seven commensal 
intestinal anaerobes in µg/ml according to serial broth dilution assays after 24 h of growth in BHIS. n ≥ 3. Terrisp. 
= T. glycolicus, B. theta = B. thetaiotaomicron. n ≥ 3. 

 L. casei B. longum C. scindens Terrisp. T. glycolicus B. fragilis B. theta. 

CDCHD 4 0.5 2 2 2 4 4 
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3.3.2 The proteome response of C. difficile to amidochelocardin 

Next, it was analyzed how the pathogen adapts its metabolism to amidochelocardin and the 

concomitant expected membrane stress. With respect to the proposed dual mode-of-action 

of chelocardins, the responses of C. difficile 630 to three different concentrations of 

amidochelocardin were analyzed (Suppl. figure S3 G). The obtained proteome dataset 

comprised more than 1,900 unique proteins, which could be identified with at least two 

unique peptides. The majority of proteins (1,730) were shared between all sample 

conditions while 130 were exclusively identified in one or more stress conditions (Figure 

3.3.1 B, suppl. table S12). As in the previous proteomics experiments, most proteins were 

involved in energy, protein, or DNA and RNA metabolism and were located in the cytosol 

(Figure 3.3.1 B). Hierarchical cluster analysis further revealed sample specific clustering and 

more drastic changes in the proteome of cells treated with 1.0 µg/ml and 1.5 µg/ml 

amidochelocardin (Figure 3.3.1 C). 

 

  

Figure 3.3.1: Comparative proteome analysis of treatment with increasing concentrations of 
amidochelocardin in C. difficile. (A) All proteins identified with at least two unique peptides in at least two out 
of three biological replicates in a respective condition are displayed as Venn diagram. (B) Left panel: Identified 
proteins were visualized as Voronoi treemaps. Every cell represents an identified protein, which were clustered 
according to their functional assignments. Right panel: PSORTb analysis of all identified proteins revealed that 
a majority of proteins belonged to the cytosolic fraction with additional proteins belonging to the cytoplasmic 
membrane, cell wall and extracellular fractions. In addition, 14% of proteins could not be assigned. Cell size 
correlates with overall abundance of the protein inside the cell. (C) All proteins, which were found in significantly 
altered amounts after treatment with at least one amidochelocardin concentration (0.75, 1.0 or 1.5 µg/ml) or 
which were either exclusively identified in at least one treatment condition or exclusively in the controls are 
displayed as a heatmap. 
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A more detailed analysis of the proteome stress signature revealed four major findings 

including 16 proteins, which were higher abundant following amidochelocardin treatment in 

a concentration-dependent manner (Figure 3.3.2). First, a significantly higher abundance of 

ClnR and ClnA from the antimicrobial peptide efflux system ClnAB could be observed. 

Second, all proteins from the operon encoding chorismate biosynthesis enzymes and the 

two enzymes required for biosynthesis of the aromatic amino acids phenylalanine and 

tyrosine were found in increasing amounts upon treatment. Third, two putative phenazine 

biosynthesis proteins, CD630_17610 and CD630_30350, and an additional protein 

encoded adjacent to the respective enzymes, CD630_17590 and CD630_30340, were 

found to be the most significantly enriched proteins. Last, a PadR-type regulator putatively 

involved in mediating a phenol stress response was found in higher amounts upon 

treatment (Figure 3.3.2). 

In addition, a leucine-sodium symporter was one of the two significantly lower abundant 

proteins and 40% of all proteins that were exclusively identified in the control samples but 

not in the samples treated with the highest concentration (OFF) were either membrane or 

membrane transport-associated proteins (Suppl. table S12). 

 

Figure 3.3.2: The proteome response of C. difficile to increasing concentrations of amidochelocardin is 
characterized by increased abundance of 16 proteins. 16 proteins, which were higher abundant upon 
amidochelocardin treatment in a concentration-dependent manner, belonged to four different functional 
categories. Z-transformed abundancies are displayed as a heatmap. CAMP: cationic antimicrobial peptides. 
Adapted from Brauer et al. (re-submitted). 

 

The evenly increased abundance of proteins of predicted operons suggested that the 

observed effects are regulated on transcriptional level. Conseqeuntly, the expression of 

selected genes from the five putative transcriptional units were analyzed by qPCR validating 

the effects observed on proteome level (Figure 3.3.3). 
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Figure 3.3.3: mRNA expression levels of represented genes from the putative operons encoding 
proteins of higher abundance following amidochelocardin stress. One gene of each putative operon was 
selected and ist relative expression following treatment with 1.5 µg/ml amidochelocardin was analyzed by qPCR. 
Adapted from Brauer et al. (re-submitted). 

 

3.3.3 Amidochelocardin accumulates in the membrane of C. difficile but does not cause 

cell deformation 

To validate the membrane-directed activity of amidochelocardin indicated by the higher 

abundance of ClnRAB and lower abundance of many membrane-associated proteins, the 

membrane potential of C. difficile 630 cells in the presence of increasing amidochelocardin 

concentrations was analyzed in five-minute intervals using the cationic fluorescent dye 

DISC5(3). Indeed, a time- and concentration-dependent dissipation of C. difficile’s proton 

motive force could be induced by amidochelocardin treatment (Figure 3.3.3 A). Previous 

studies further reported that the bactericidal effect of chelocardins does not involve pore 

formation although chelocardin was reported to accumulate in the bacterial cell membrane. 

To further proof this hypothesis, the intra- and extracellular ATP levels of amidochelocardin-

treated C. difficile cells were quantified. Indeed, the intracellular levels of ATP were 

comparable between treated and untreated cells (Figure 3.3.4 B). The extracellular levels of 

ATP were found to slightly increase, which might, however, rather be the result of cell lysis 

instead of leakage given that intracellular levels remained constant (Figure 3.3.3 B). 
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Figure 3.3.4: Amidochelocardin dissipates the proton motive force but only marginally permeabilizes 
the cell envelope. (A) Upon treatment with increasing concentrations of amidochelocardin a time- and 
concentration-dependent dissipation of the proton motive force could be observed in C. difficile. (B) Intra- and 
extracellular levels of ATP were quantified in C. difficile samples harvested 90 min after treatment with 
increasing concentrations of amidochelocardin. Adapted from Brauer et al. (re-submitted). 

 

Furthermore, the effect of amidochelocardin treatment on C. difficile was analyzed by 

transmission electron microscopy (TEM) analysis to test for morphological changes, such 

as cell wall thickening, membrane blebbing or cell lysis. However, the cell morphology of 

C. difficile was not affected by amidochelocardin treatment as demonstrated by TEM 

micrographs (Figure 3.3.5). 

 

Figure 3.3.5: Transmission electron microscopy analysis of amidochelocardin-treated C. difficile cells. 
The cell morphology of C. difficile following treatment with three different concentrations of amidochelocardin 
(0.75 µg/ml, 1.0 µg/ml, and 1.5 µg/ml) for 90 min was analyzed by transmission electron microscopy. Adapted 
from Brauer et al. (re-submitted). 

 

The membrane-directed activity of amidochelocardin led to the assumption that 

amidochelocardin might be retained in the cell envelope and might be directly responsible 

for the disturbed membrane integrity. Therefore, the relative concentrations of 

amidochelocardin in the cell envelope and the cytoplasm were quantified by targeted LC-

MS/MS. The analysis revealed that the amount of amidochelocardin detected in the 

cytoplasm was higher compared to the amount detected in the envelope but the ratio of 

envelope-to-cytoplasm (40:60) was higher compared to ratios reported for tetracycline 

(20:80) and erythromycin (1:99) in E. coli (Figure 3.3.6) (Prochnow et al., 2019). 
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Figure 3.3.6: 40% of amidochelocardin is retained within the envelope of C. difficile. Amidochelocardin 
concentrations in C. difficile treated with 10 µg/ml amidochelocardin for 10 min were determined in the 
cytoplasm, envelope and in whole cell extracts. In addition, the sum of cytoplasmic and envelope 
amidochelocardin concentrations are given to account for loss during the experiment. Ctrl: control. Adapted from 
Brauer et al. (re-submitted). 

 

3.3.4 C. difficile potentially accumulates aromatic compounds in response to 

amidochelocardin stress 

Next, the dataset was further evaluated with regard to the question how C. difficile 

eventually protects itself against amidochelocardin. As mentioned above, the proteome 

response of C. difficile to amidochelocardin stress comprised higher abundance of the 

enzymes of the chorismate biosynthesis pathway, which provides chorismate for the 

biosynthesis of aromatic amino acids and many other aromatic compounds (Hubrich et al., 

2021) (Figure 3.3.7 A & B). Together with the increased levels of the putative phenazine 

biosynthesis proteins and the PadR-type regulator, these data strongly suggest a role of 

aromatic compounds in mediating amidochelocardin-stress in C. difficile. Since two 

additional enzymes encoded within the chorismate biosynthesis operon, namely the 

phenylalanine and tyrosine biosynthesis enzymes PheA and TyrC, were also higher 

abundant following stress, it was speculated that the increased synthesis of chorismate 

biosynthesis enzymes was required to respond to an increased demand for aromatic amino 

acids (Figure 3.3.7 B). Therefore, the relative cytoplasmic levels of the three aromatic amino 

acids phenylalanine, tyrosine and tryptophan were determined by a comparative GC-MS 

approach. The obtained data revealed that the relative intracellular levels of the two 

aromatic amino acids, tyrosine and phenylalanine, which are produced de novo by 

C. difficile 630, remained constant (Figure 3.3.7 C). In contrast, tryptophan, which cannot be 

synthesized by C. difficile 630, was found to be enriched in the cytoplasm upon 

amidochelocardin stress (Figure 3.3.7 C). Unfortunately, neither chorismate nor any of the 

other intermediates of its biosynthesis pathway could be identified by GC-MS. 
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Figure 3.3.7: Aromatic compound metabolism in C. difficile upon amidochelocardin stress. (A) 
Chorismate, the precursor for aromatic amino acids and various other aromatic compounds, such as quinones 
and phenazines, is produced by C. difficile de novo from phosphoenolpyruvate and erythrose-4-phopshate. (B) 
The enzymes required for chorismate biosynthesis are encoded within one operon together with the enzymes 
required for phenylalanine, pheA, and tyrosine, tyrC, biosynthesis. Distinct two genes encoding putative 
phenazine biosynthesis enzymes are located within a class I SAM-dependent methyltransferase and an 
uncharacterized protein or TrmB transcriptional regulator. With the exception of the uncharacterized gene 
CD630_17600, all gene products of the respective operons were found in significantly increased amounts upon 
amidochelocardin stress (highlighted in blue). (C) Relative intracellular concentrations of phenylalanine (Phe), 
tyrosine (Tyr) and tryptophan (Trp) were determined in C. difficile 90 min after treatment with three different 
amidochelocardin concentrations. a.u.: artificial units. Adapted from Brauer et al. (re-submitted). 

 

In addition, a BLAST search in the genome of C. difficile 630 for other prominent enzymes 

involved in the synthesis of phenazines in other bacteria was not successful. Likewise, a 

detailed analysis of the genes encoded adjacent to the respective phenazine biosynthesis 

proteins did not reveal additional indications on the role of these enzymes or putatively 

produced aromatic compounds. As mentioned above, both phenazine biosynthesis-like 

proteins were accompanied by an additional protein from the same operon. While 

CD630_30350 seemed to be co-transcribed with a TrmB-type transcriptional regulator, 

CD630_30340, CD630_17610 was accompanied by a class I SAM-dependent 

methyltransferase, CD630_17590. The other proteins encoded in proximity to the 

phenazine biosynthesis-like proteins were either not identified by the proteomics approach 

or did not show altered abundance. 
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4. Discussion 

Although still considered a central cornerstone of modern medicine as the most important 

preventive and therapeutic measure against bacterial pathogens (Aminov, 2010), antibiotics 

have lost their sense of superiority being inactive against newly emerging and resistant 

bacterial pathogens (Gould, 2016; Oliveira et al., 2020). In addition, the improved data and 

surveillance situation revealed that especially broad-spectrum antibiotic therapy is 

associated with occasionally high numbers of adverse events, which in some cases even 

counterbalance the benefit of the antibiotic therapy (Gerber et al., 2017; Tandan et al., 

2018). The infection of the intestinal tract with C. difficile preceding antimicrobial therapy is 

probable the best example for both, an adverse event following broad-spectrum 

antimicrobial therapy and an infection that can hitherto only insufficiently be cured with the 

antibiotics on hand (Theriot and Young, 2015; Czepiel et al., 2021; van Werkhoven et al., 

2021). In view of the occasionally high numbers of C. difficile infections, including a high 

percentage of recurrent events, more efficient therapeutic strategies to treat 

C. difficile infections are urgently required (Granata et al., 2021). Screening of a panel of 

natural products provided by the Helmholtz Institute for Pharmaceutical Research (HIPS, 

Saarbrücken, Germany) revealed the antimicrobial activity of chlorotonils, myxopyronins 

and chelocardins against C. difficile and selected other anaerobes. While the activity of 

myxopyronins against C. difficile and other anaerobes had previously been demonstrated 

(Srivastava et al., 2011), chlorotonils and chelocardins had not been tested under anaerobic 

conditions before. Bearing in mind that the direct target of both compound classes is hitherto 

unknown, the proven activity under anaerobic conditions contributes to the increased 

understanding of the modes-of-action of both compounds. For instance, antibiotics that 

target the respiratory chain components do not inhibit the growth of C. difficile and other 

anaerobes, which lack a respiratory chain (Schieferdecker et al., 2014; Boersch et al., 

2018). Starting from this initial screening, the (omics)data presented in this thesis shed light 

on C. difficile’s stress response to all three compounds evaluating the compounds’ value 

for the therapy of C. difficile infections and providing insight into the mechanisms underlying 

their antimicrobial activity. In particular, ChA and its derivatives prove to be interesting 

considering their high activity against C. difficile compared to some less related species 

during exponential growth phase, which is in line with high selectivity of the compound 

in vivo (Bublitz et al., in revision). 

4.1 Omics technologies in the context of antibiotic development 

Omics technologies, including shot-gun proteomics approaches, have been proven to be of 

great value in antimicrobial research, e.g., for mode-of-action studies and to understand 

bacterial tolerance and resistance mechanisms (Khodadadi et al., 2020; O'Rourke et al., 
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2020; Tsakou et al., 2020). For instance, stress response signature libraries have been 

established for selected antibiotics using model organisms, such as B. subtilis and E. coli 

(O'Rourke et al., 2020; Senges et al., 2020). These stress response libraries can 

subsequently be used to map the stress response signature of a model bacterium to a new 

antibiotic onto the previously obtained signatures allowing to draw conclusions concerning 

the mode-of-action or possible tolerance and resistance mechanisms (Stepanek et al., 

2016; Khodadadi et al., 2020; Wüllner et al., 2022). Stress response signatures can be 

obtained by using all kind of omics techniques like transcriptomics and proteomics 

(O'Rourke et al., 2020; Senges et al., 2020). 

Shot gun transcriptomics experiments are often superior to proteomics and metabolomics 

experiments in terms of sequencing depth and identification bias (Kumar et al., 2016). 

Sequencing of messenger RNA (mRNA) is easier than the analysis of metabolites and 

mRNA can, in contrast to certain proteins, completely be extracted from the cytosol despite 

a different cellular location of the gene products. Moreover, third-generation sequencing 

technologies, such as Oxford Nanopore Technology (ONT) and Pacific Biosciences 

(PacBio), support long sequencing reads allowing reliable detection and quantification of 

transcripts (Jenjaroenpun et al., 2018). Nevertheless, proteomics and metabolomics 

datasets better reflect the cellular processes than transcriptomics datasets, which miss 

post-transcriptional regulation events and do not allow conclusions on enzyme activity 

(Kumar et al., 2016). However, metabolomics approaches are rarely performed as 

untargeted approaches due to the high complexity of metabolites and their highly diverse 

nature with varying stability and different requirements depending on the metabolites to be 

detected (Choi and Verpoorte, 2014; Pinu et al., 2019). In this light, proteomics technologies 

eventually come with a good balance by providing the possibility of an untargeted high-

throughput analysis while providing a more reliable overview of the cellular inventory. 

Consequently, a bottom-up, label- and gel-free LC-MS/MS approach was applied here to 

generate antibiotic stress signatures of C. difficile to the selected antibiotics. Bottom-up 

proteomics approaches require the proteolytic digestion of proteins, e.g. with trypsin, 

followed by the analysis of peptides by LC-MS/MS. Although this approach is limited in 

terms of accuracy resulting from peptide ambiguity, it enables the identification of a large 

number of proteins and benefits, e.g., from better ionization rates of peptides over proteins 

(Donnelly et al., 2019; Cupp-Sutton and Wu, 2020). Fractionation of peptides prior to the 

LC-MS/MS analysis or two-dimensional (2D)-LC set ups can further improve identifications 

rates of bottom-up approaches (Washburn et al., 2001; Hinzke et al., 2019). For instance, 

basic reversed-phase fractionation of digested peptides has been used in this study to 

increase identification rates (Yu et al., 2017). 
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A limitation of most shot-gun (meta)proteomics analyses is the detection limit, e.g. excluding 

peptides of lower abundant proteins in highly complex samples and variable detectability of 

peptides due to high hydrophobicity or low ionization rates (Dupree et al., 2020; Kongpracha 

et al., 2022). For example, membrane proteins are often underrepresented in untargeted 

whole cell proteomics experiments, due to their hydrophobic transmembrane domains, even 

if they are not removed from the sample during cell lysis and sample preparation 

(Kongpracha et al., 2022). Consequently, membrane proteins are underrepresented in the 

here presented proteome signatures compared to transcriptome signatures reported 

elsewhere (O'Rourke et al., 2020; Bublitz et al., in revision). The effect of depletion of lower 

abundant proteins was even more pronounced in the metaproteome dataset, which mainly 

comprises protein groups from the most abundant functional categories. 

In addition, all omics-based analyses are hampered by temporal dynamics and noise 

resulting from differential gene expression within subpopulations (Raj and van 

Oudenaarden, 2008; Mitosch et al., 2017). Diversification within bacterial communities by 

responding differently to the same stress is discussed as an important feature of bacterial 

communities to secure survival (Mitosch et al., 2017). Consequently, conventional omics 

techniques provide the sum of the responses of all cells to a certain stress. By contrast, 

single cell omics analyses allow a more differentiated insight into the response of a bacterial 

population but are not yet available for routine use on proteome level (Raj and van 

Oudenaarden, 2008; Ctortecka and Mechtler, 2021; Perkel, 2021). Furthermore, temporal 

dynamics and noise are, amongst others, causative for reported discrepancies between 

different omics datasets (Cai et al., 2006; Newman et al., 2006; Locke et al., 2011). In the 

particular case of omics-based antibiotic research, off-target and post-antibiotic effects 

additionally hamper the analysis of the bacterial stress response (Dwyer et al., 2014; Lobritz 

et al., 2015; zur Abel Wiesch et al., 2015). Although off-target and post-antibiotic effects 

might be specific for an antibiotic and significantly contribute to the antimicrobial effect, they 

are often difficult to differentiate from the original effect and arise, e.g., from reduced growth 

rates, changes in membrane permeability or from interaction of the antibiotic and its solvent 

(Belenky et al., 2015; Lobritz et al., 2015; Stokes et al., 2019). This makes it difficult to 

compare omics stress response signatures derived from different experimental set ups and 

model organisms. For example, the stress response signature of C. difficile 630 to 

amidochelocardin differed from the signatures previously obtained for B. subtilis and 

chelocardin/amidochelocardin (Stepanek et al., 2016; Senges et al., 2020). For instance, 

marker proteins, such as LiaH, PspA and ribosomal proteins, previously found in elevated 

amounts in B. subtilis in response to chelocardins were not observed in C. difficile 630, 

whereas neither Stepanek et al. nor Senges et al. reported an effect on aromatic metabolite 

synthesis. However, Stepanek et al. and Senges et al. applied pulsed-chased metabolic-
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labelling and used a 2D-gel-based MALDI-TOF approach for protein identification to 

analyze the protein synthesis rate in the first ten minutes following stress to study the 

compounds’ mode-of-action (Stepanek et al., 2016; Senges et al., 2020). In contrast, the 

C. difficile 630 signature presented here addressed the question how the pathogen adapts 

its proteome in the presence of the compound within 90 minutes. Likewise, similarities 

between the fidaxomicin stress signature presented in section 3.2 and a fidaxomicin stress 

signature in C. difficile 630∆erm also generated in 2D-gel- and MALDI-TOF-based 

approach were restricted to some findings as discussed in more detail in Brauer et al. 

(2022).  

Despite these limitations, omics have great value for antibiotic research by providing 

valuable insights into the systemic effects of new compounds and providing a starting point 

to draw hypotheses on the mechanisms underlying their antimicrobial activity. Thereby, 

omics substantially contribute to the identification and evaluation of highly specialized and 

selective antibiotics, which are urgently required as explained in detail in the introduction. 

4.2 The complex intestinal community substantially contributes to host’s health 

Many bacteria, including C. difficile, reside inside a complex, competitive environment like 

the soil and the intestinal tract (Thompson et al., 2017; Nayfach et al., 2021). In the 

gastrointestinal tract, C. difficile most likely resides within biofilm-like structures attached to 

the mucus and inside the lumen (Soavelomandroso et al., 2017; Normington et al., 2021). 

A recent report by our lab, further supports the hypothesis that C. difficile forms aggregate-

like biofilms consisting of flagellated cells, which allow various nutrients to access the inner 

part of these biofilms while waste products can diffuse (Brauer et al., 2021). In line with this, 

an increasing number of studies report that C. difficile utilizes numerous metabolic 

pathways during colonization and infection although knowledge of C. difficile’s in vivo 

lifestyle is still mainly based on mono-associated animal and in vitro models (Theriot et al., 

2014; Jenoir et al., 2017; Poquet et al., 2018; Tremblay et al., 2021). However, despite the 

metabolic flexibility, colonization and expansion inside the ecological niche are severely 

dependent on the ability of C. difficile and other enteropathogens to compete with other 

microorganisms for nutrient and trace elements (Bauer et al., 2018). In particular, 

C. difficile’s competitive fitness is correlated with the availability of proline, other amino acids 

and a number of vitamins and trace elements, such as selenium (Battaglioli et al., 2018; 

Jenior et al., 2018; Lopez et al., 2019; Lopez et al., 2020). Consequently, a diverse bacterial 

community and the presence of other amino acid fermenting bacteria in the intestine 

protects against C. difficile, whereas reduction of bacterial diversity by unselective antibiotic 

therapy disrupts colonization resistance (Lopez et al., 2020; Girinathan et al., 2021). By 

using a metaproteomics approach, it could be validated that chlorotonil treatment does not 



Discussion 

92 
 

significantly affect the composition of the intestinal community of piglets although a drop in 

detected bacterial proteins and community diversity, and a trend towards reduction of the 

relative abundance of some Clostridia families, particularly, Lachnoclostridiaceae and 

Clostridiaceae, could be observed. These findings are in line with results from 16S rRNA 

sequencing approaches reported by Bublitz et al. (in revision). More importantly, the 

metaproteomics approach could additionally validate that the functional profile of the 

intestinal community of ChA-treated piglets was mostly stable following treatment. Changes 

on the taxonomic level do not necessarily correlate with functional changes due to the 

redundancy of most functions performed by different members of the microbiota (Turnbaugh 

et al., 2009; Lozupone et al., 2012; Tian et al., 2020). Vice versa, functional changes might 

occur despite taxonomic stability (Heintz-Buschart and Wilmes, 2018). In this light, 

metaproteomics is a well-suited tool to address the functional aspects of intestinal 

microbiota homeostasis (Li and Figeys, 2020). 

As extensively reviewed in the literature, healthy individuals often have an individual and 

comparatively stable intestinal microbiota, which is shaped by diet, hormone status and 

several other factors (Eckburg et al., 2005; Lozupone et al., 2012; Yuan et al., 2020). The 

individuality of the community profiles became clearly visible in the piglet feeding trial. In 

contrast to many other studies using in-breed mice or hamster models, the pig was chosen 

as a model organism due to the similarities between the human and porcine intestinal 

microbiota, physiology and diet (Rose et al., 2022). However, gnotobiotic piglets and in-

breed lines are rarely available and domestic pigs have been used in the piglet feeding trial. 

Consequently, feces community profiles from individual piglets clearly differed in their 

taxonomic composition. For instance, the microbiota of piglet number 1 of the control group 

differed from the other analyzed microbiota by high numbers of Proteobacteria. Community 

profiles of sibling animals and animals housed together during the feeding trial were more 

similar to each other as previously observed in human studies (Turnbaugh et al., 2009). The 

individuality of the communities, however, hampered proper statistical analysis. Moreover, 

fluctuations between the days could be observed for ChA-treated as well as for untreated 

piglets further impeding comparative analysis. The minor fluctuations in the community 

profiles possibly arose from different food intake reflected by the varying numbers of fiber-

derived proteins identified by LC-MS/MS or were caused by the young age of the piglets. In 

the early years, the community profile is subject to changes introduced, for instance, by 

changing diet following weaning (Lozupone et al., 2012). Due to a limited amount of ChA 

and the application of the compound per kilogram body weight, piglets were bought at the 

age of four weeks directly following weaning and were only allowed to acclimatize to their 

new environment and diet for two weeks. 
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More pronounced changes of the intestinal community profile, however, can only be 

introduced by severe events, such as antibiotic therapy, which often severely disturbs the 

community structure, sometimes even in the long-term (Dethlefsen and Relman, 2011; 

Lozupone et al., 2012; Reyman et al., 2022). Depending on the activity spectrum of an 

antibiotic, more or less species are eventually eradicated from the community and might 

provide an ecological niche for other species, including enteropathognes, such as 

Salmonella enterica, E. coli, E. faecalis and C. difficile (Ng et al., 2013; Ferreyra et al., 2014; 

Faber et al., 2016). In addition, a community shift might affect the functional repertoire of 

the gut and thereby additionally affect health of the host. The microbial community not only 

provides protection against enteropathogens but provides the host with nutrient and 

vitamins (Rodionov et al., 2019; Hadadi et al., 2021). For instance, the microbiota degrades 

various polysaccharides, such as xylan, not usable by the host and synthesizes essential 

vitamins, such as vitamin B12, which are taken up by the host (Rodionov et al., 2003; Flint 

et al., 2012; Rodionov et al., 2019). Likewise, the intestinal microbiota significantly 

contributes to host immunity (Zheng et al., 2020; Zhao and Maynard, 2022). In this light, it 

was crucial to show that chlorotonils only marginally affect the taxonomic and functional 

profile of the intestinal community at clinically relevant concentrations. 

Nevertheless, it needs to be mentioned that the metaproteomics analysis had limitations. 

As mentioned above, the piglet microbiotas were highly different from each other impairing 

proper statistical analysis. Moreover, the depth of the analysis was limited to the most 

central functions performed by the microbiota, such as energy metabolism, translation and 

DNA and RNA metabolism as discussed in the previous section. Unfortunately, lower 

abundant taxa and functional features are overlooked by the analyses. For instance, the 

family Peptostreptococcacea was rarely and only insufficiently detected. Similarly, many 

pathways involved in vitamin and cofactor metabolism, including selenium and cobalamin 

metabolism, are not detected and no conclusion on the abundance of proteins from these 

pathways could be drawn. This is also true for the multi-enzyme complexes of the glycine 

and proline reductase, which were found enriched in species with higher susceptibility to 

chlorotonils. Despite their high abundance in species utilizing these enzymes, their overall 

abundance in the intestine is too low to draw reliable conclusions. 

Moreover, fecal samples were used instead of intestinal samples. The community 

composition inside the gastrointestinal tract highly differs along the longitudinal as well as 

the transversal axis due to nutrient, oxygen and pH gradients (Eckburg et al., 2005; Pereira 

and Berry, 2017). While the upper intestinal tract shows lower diversity, the lower intestinal 

tract reveals higher diversity and is dominated by Bacteroidetes and Firmicutes (Yuan et 

al., 2020). The luminal microbiota is dominated by Firmicutes and Bacteroidetes, whereas 
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the crypts reveal higher abundance of Alphaproteobacteria and lower abundance of 

Firmicutes (Chen et al., 2012; Saffarian et al., 2019). With this respect, fecal samples can 

only be used as a proxy for the study of the “intestinal community”. Nevertheless, it has 

multiple times been demonstrated that the community profile of fecal samples resembles 

the community profile found inside in the colon and can be used to study community 

changes in the large intestine (Looft et al., 2014; Gierse et al., 2020).  

In conclusion, the metaproteomics support previous findings, which showed that 

chlorotonils only marginally affect the intestinal community structure and function. However, 

more sensitive approaches have to be chosen to analyze lower abundant features of such 

complex samples as discussed in more detail in section 4.1 and machine-learning-based 

statistical analysis might detect hitherto overlooked effects. 

4.3 Transient metal toxicity and metal homeostasis as antibiotic target 

In contrast, analyses of the systemic effects of chlorotonil treatment on C. difficile 630 and 

T. glycolicus DSM 1288 in vitro revealed that ChA and ChB1-Epo2 substantially affect the 

metal homeostasis of bacteria but apart induce a rather unspecific response. 

Interestingly, a similar stress response as observed in C. difficile in the presence of ChA 

and ChB1-Epo2 has previously been observed in S. aureus following treatment with 

VU0026291, an antibiotic affecting metal homeostasis (Juttukonda et al., 2020). Juttukonda 

et al. reported metal-mediated killing of S. aureus by VU0026291 via increasing the 

intracellular levels of copper and zinc with a concomitant slight decrease in manganese 

concentrations as well as production of reactive oxygen species (ROS). Increased 

extracellular copper concentrations further exacerbated the antibacterial activity of 

VU0026921, whereas cobalt had a protective effect. Furthermore, the authors observed a 

pleiotropic transcriptional response including an induction of genes encoding for proteins 

with putative metal-buffering function and ROS detoxifying enzymes (Juttukonda et al., 

2020). Similarly, the chlorotonil omics stress responses presented here and elsewhere 

(Bublitz et al., in revision) indicated an effect on multiple metabolic features, and indicated 

osmotic stress, redirection of the energy metabolism, and glyoxal stress. More importantly, 

it seems likely that the increased abundance of some of the proteins with predicted metal 

binding capacity elevated in response to ChB1-Epo2, such as some ribosomal proteins, is 

required by C. difficile 630 to buffer excess of copper, cadmium and zinc in the cytoplasm 

as observed for S. aureus (Juttukonda et al., 2020). Several ribosomal proteins, such as 

RpmE and RpmF, detected in increased amounts following stress, were previously shown 

to bind zinc and were found in increased amounts following copper stress in S. aureus 

(Panina et al., 2003; Tarrant et al., 2019). 
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Metals, such as magnesium, calcium, zinc, and manganese, are important cofactors for 

several metalloproteins and are involved in DNA maintenance (Waldron and Robinson, 

2009). Calcium is further required as germinant by C. difficile (Kochan et al., 2017). In 

contrast, transient metals, like copper, zinc and cadmium, are severely toxic if present in 

excess (Waldron and Robinson, 2009; Chandrangsu et al., 2017). Although the 

mechanisms of metal toxicity are still discussed, their destructive effect on the metabolism 

is based on mismetallation of metalloenzymes and cofactors, damage of vulnerable 

cysteine residues, the production of ROS via Fenton-like reactions and the depletion of 

other transient metals whenever one metal is present in excess (Begg et al., 2015; 

Barwinska-Sendra and Waldron, 2017; Hassan et al., 2017; Tan et al., 2017). Most 

importantly, metal toxicity has very often been linked to damage of iron-sulfur cluster-

dependent enzymes as well as damage of the enzymes for the biosynthesis of iron-sulfur 

clusters and tetrapyrroles, such as cobalamins (Xu and Imlay, 2012; Azzouzi et al., 2013; 

Tan et al., 2017; Wang et al., 2019; Steunou et al., 2020). In this light, it seems likely that 

high numbers of SAM- and [4Fe4S]-dependent enzymes affected by ChA/ChB1-Epo2 

treatment reflect disruption of the iron-sulfur clusters and/or their depletion. Anaerobes, 

such as C. difficile, are particularly prone to metal toxicity due to their high amounts of 

enzymes containing labile [4Fe4S]-clusters, including SAM-dependent enzymes, as well as 

enzymes with sensitive cysteine catalytic residues (Azzouzi et al., 2013; Bird et al., 2013; 

Chandrangsu et al., 2017; Tan et al., 2017). Of note, the intracellular iron levels were not 

significantly affected as reported previously for cadmium, zinc and copper stress (Hassan 

et al., 2017; Alquethamy et al., 2021), excluding iron limitation as reason for the 

accumulation of [4Fe4S]- and metal-dependent enzymes. 

Furthermore, several studies reported that exposure of various bacteria to silver, copper or 

cadmium disrupts energy metabolism and disturbs membrane biogenesis (Ong et al., 2015; 

Tarrant et al., 2019; Wang et al., 2019; Neville et al., 2020; Wang et al., 2021). Disruption 

of the membrane barrier function following metal stress is assumed to be an indirect effect 

of the disturbed central metabolism, such as the depletion of acetyl-CoA required for 

membrane lipid biosynthesis (Neville et al., 2020). Other prominent targets of transient 

metal toxicity include the glycolysis enzymes GapA, and phosphofructokinase Pfk due to 

their conserved cysteine residues in the catalytic center (Ong et al., 2015; Tarrant et al., 

2019). Assuming that copper affected glycolysis in C. difficile could explain the strikingly but 

non-significantly increased abundance of the gluconeogenesis enzymes GapB, GlgC and 

GlgD, in C. difficile upon adaptation to ChB1-Epo2 on proteome level and following stress 

on transcriptome level reported by Bublitz et al. (in revision). Gluconeogenesis might 

present a way for C. difficile to sequester glucose and avoid accumulation of glycolytic 

intermediates upon inactivation of GapA by copper and zinc. Similarly, potassium efflux, 
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which allows intracellular accumulation of protons and a concomitant reduction of the 

intracellular pH, is known as a bacterial response to detoxify negatively charged glycolytic 

intermediates (Chandrangsu et al., 2014; Healy et al., 2014). In this light, the observed 

reduction of intracellular potassium in response to ChB1-Epo2 might likewise indicate 

glycolytic stress. Alternatively, the decreased potassium and increased sodium levels in 

ChB1-Epo2-treated cells could be directly or indirectly caused by chlorotonil treatment or 

the disturbed transient metal pool. The increased abundance of the osmostress proteins 

OpuCA and OpuCC in C. difficile following ChA treatment similarly indicate osmostress in 

response to ChA. 

Due to their essential but toxic role, transient metals have recently gained attention for 

antimicrobial therapy (Weekley and He, 2017; Murdoch and Skaar, 2022). In addition to 

Juttukonda et al., several other studies describe the pleiotropic effects of antimicrobial 

substances that modulate metal homeostasis (Chan et al., 2017; Harbison-Price et al., 

2020; Juttukonda et al., 2020; van Zuylen et al., 2021). Interestingly, Juttukonda et al. 

further reported that it was not possible to generate VU0026291-resistant strains and 

concluded that the inability of S. aureus to adapt to VU0026291 is the result of the multiple 

cellular targets (Juttukonda et al., 2020). Similarly, Chan et al. reported an inability of E. coli 

to adapt to the dithiolopyrrolone, which also disturbs metal homeostasis (Chan et al., 2017). 

Likewise, bacteria often fail to adequately adapt to excess of silver, copper or cadmium 

(Randall et al., 2013; Wang et al., 2021). 

It was interesting to see that the metal-buffering effect was more pronounced in the ChB1-

Epo2 stress signature in C. difficile 630. However, also the ChA stress signature indicated 

a disturbed cell homeostasis, including dysregulation of, e.g., [4Fe4S]-dependent proteins, 

and disturbed osmoregulation. Since C. difficile as well as other Clostridia are devoid of 

cuprous enzymes and cadmium is not used as metal cofactor (Argüello et al., 2013), the 

increased levels of these metals in C. difficile upon ChB1-Epo2 treatment are unlikely a 

desirable event. Consequently, it can be concluded that the disturbed metal homeostasis 

contributed to the antimicrobial effect of the chlorotonils in C. difficile. 

4.4 Susceptibility to chlorotonils is correlated with tetrapyrrole biosynthesis and 

selenometabolism 

However, metal toxicity is severely problematic for all anaerobic bacteria. Therefore, it was 

speculated that species with higher susceptibility, such as C. difficile, must have a feature, 

such as a cellular structure, metabolic pathway, enzyme complex, or altered nutrient or 

cofactor requirements, that is causative for the increased sensitivity. Interestingly, it was 

possible to correlate the higher susceptibility to chlorotonils with the presence of the 

enzymatic repertoire for de novo selenocompound and cobalamin biosynthesis as well as 
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increased numbers of cobalamin-dependent and selenoenzymes when comparing the 

theoretical protein repertoire of selected species tested elsewhere (Arne Bublitz, HZI 

Braunschweig). With respect to the deleterious effect of transient metals on tetrapyrrole 

synthesis, which includes the synthesis of cobalamins, and the frequently observed 

depletion of essential metals when copper or zinc are present in excess, this correlation 

appears to be highly interesting. The hypothesis that the ability of de novo selenocompound 

and cobalamin biosynthesis eventually increases chlorotonil-sensitivity is further supported 

by the observation that representatives of the Bifidobacteria, devoid of selenium- and 

cobalamin-dependent enzymes and devoid of glycolysis, are the least sensitive species in 

the in vitro strain panels addressing the differential sensitivity of anaerobes to chlorotonils 

(Suppl. figure S2). 

Although selenocysteine-containing enzymes are ubiquitously found in all domains of life, 

Clostridia and Deltaproteobacteria comprise an above average number of species equipped 

with enzymes involved in synthesis of selenocompounds (Peng et al., 2016). Selenium is 

incorporated into selenoenzymes as selenocysteine and provides unique catalytic 

properties for certain enzymes involved, for example, in catabolic reactions under anaerobic 

conditions (R.M. Evans et al., 2021). For the synthesis of selenocysteine a specific tRNA is 

charged with serine first. Subsequently, selenophosphate provided by the selenophosphate 

synthase SelD is used as selenium donor by the Sec synthase SelA to convert the serine 

to selenocysteine (Turanov et al., 2011). In addition, some other enzymes are required for 

the synthesis of other selenocompounds, namely YqeB and YqeC for the synthesis of the 

selenocofactor (Se cofactor) and YbbB for the synthesis of the rare tRNA base 5-

methylaminomethyl-2-selenouridine (SeU) (Zhang et al., 2008; Sierant et al., 2018). 

Additionally, an above average number of selenoenzymes, such as formate 

dehydrogenase, glycine reductase, and heterodisulfide reductase, can be found in the 

genome of the species equipped with enzymes required for selenocysteine synthesis (Peng 

et al., 2016). Interestingly, families affected by chlorotonil treatment, such as 

Peptostreptococcaceae, Lachnospiraceaea and some Ruminococcaceae are often 

equipped with selenocompound synthesis and selenoenzymes, whereas the phyla 

Bacteroidetes and Verrucomicrobiota, and the family Bifidobacteriaceae, which were found 

in increased abundance following chlorotonil treatment, often lack selenoenzymes (Zhang 

et al., 2006; Peng et al., 2016; Bublitz et al., in revision). 

Similarly, despite the vast distribution of cobalamin-dependent enzymes, only one third of 

bacterial species is able to synthesize cobalamins de novo, particularly Actinobacteria, 

Proteobacteria and Firmicutes (Shelton et al., 2019). The term “cobalamin” summarizes a 

group of cobalt-containing cyclic tetrapyrrolidines with the lower ligand 5,6-
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dimethylbenzimidazole (DMB) attached in the α-position and an upper ligand in the β-

position (Balabanova et al., 2021). Depending on the upper ligand, 5′-

deoxyadenosylcobalamin (AdoCbl), also known as vitamin B12, methyl-cobalamin (MeCbl), 

hydroxocobalamin (OHCbl) or cyanocobalamin (CNCbl) is produced (Balabanova et al., 

2021). Cobalamins, especially vitamin B12, are important cofactors for enzymes, such as 

the B12-dependent ribonucleotide reductase, the B12-dependent methionine synthase, the 

epoxyqueuosine reductase, and the methyl-malonyl-CoA mutase (Shelton et al., 2019). 

Peptostreptococcaceae, including the genus Terrisporobacter, Lachnospiracceae, and the 

genus Clostridium sensu stricto 1 are classified as (very) likely corrinoid producer and 

tetrapyrrole precursor salvagers (Shelton et al., 2019) and were diminished in chlorotonil-

treated animals (Bublitz et al, in revision). In contrast, not affected taxa, such as more than 

90% of all Bacteroidetes, most Enterococcus and Lactobacillus and all Prevotellaceae, 

Verrucomicrobiacaea and Bifidobacterium species, were either classified as non-producers 

or Cbi salvagers, which require Cbi as precursors due to the lack of the enzymes for 

tetrapyrrole precursor biosynthesis (Shelton et al., 2019). 

4.5 Copper stress eventually limits selenium availability 

The assumption that cobalamin metabolism is disturbed by chlorotonil treatment is 

substantially supported by the finding that cobalt transport proteins were repeatedly 

identified among the ON/OFF proteins in the chlorotonil-stress and the ChB1-Epo2 

adaptation proteome signature of C. difficile 630 as well as in the T. glycolicus stress 

signature indicating cobalt limitation. It can be speculated that the proposed cobalt limitation 

is caused by the ability of chlorotonils to bind transient metals, such as zinc and eventually 

cobalt under physiological conditions, as shown by ICP-MS measurements. However, the 

intracellular cobalt levels were not significantly affected following stress with ChB1-Epo2. 

The cobalt limitation indicated by the proteomics data can eventually be explained by the 

higher copper-affinity of the required cobalt-chaperons providing cobalt during cobalamin 

synthesis. According to the Irving-Williams series, enzyme complexes with copper are the 

most stable protein-metal complexes followed by zinc, nickel, cobalt, iron and manganese 

complexes (Irving and Williams, 1948; Foster et al., 2014; Osman et al., 2021). Excess of 

copper is therefore expected to limit cobalt availability even if intracellular levels are not 

affected. 

Similarly, excess of zinc has been shown to limit selenium availability for C. difficile (Lopez 

et al., 2019). It can be expected that copper has a similar effect, which is supported by the 

finding that the most pronounced intracellular selenium peak was reduced in ChB1-Epo2-

treated cells compared to DMSO controls. This way, the disturbed metal pool and/or the 

demonstrated affinity of chlorotonils to the selenium isotope Se82 eventually explain why 
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selenium metabolism is correlated with increased sensitivity to chlorotonils. Worth 

mentioning, one of C. difficile’s key enzymes, the proline reductase, is a selenoenzyme 

(Jackson et al., 2006). The proline reductase is rarely found in the bacterial world and its 

presence is mainly limited to Clostridia (Jackson et al., 2006; Christgen and Becker, 2019). 

Only 271 homologous proteins of the selenocysteine-containing subunit PrdB of C. difficile’s 

proline reductase belonging to 192 bacterial species, comprising mainly Clostridia (116) 

and Bacilli (37) species, have been submitted to the Uniprot database until today 

(Suppl. table S3) (data obtained from InterPro 09.05.2022 (Blum et al., 2021)). Inside the 

competitive environment of the intestinal tract, which is rich of collagen-derived proline, the 

proline reductase is an advantageous enzyme (Huang et al., 2018; Jenior et al., 2018). In 

particularly for C. difficile, the selenium-dependent enzyme is a key metabolic trait required 

by the pathogen to compete inside the intestine (Reed and Theriot, 2021). For instance, 

several studies showed preferentially utilization of proline by C. difficile in vitro and in vivo 

(Neumann-Schaal et al., 2015; Jenior et al., 2017; Battaglioli et al., 2018; Fletcher et al., 

2018; Jenior et al., 2018). Competition experiments further revealed that C. difficile is 

outcompeted by other amino acid fermenting bacteria, while growth is alleviated in the 

presence of saccharolytic bacteria (Lopez et al., 2020; Girinathan et al., 2021; Reed et al., 

2022). Similarly, proline reductase deletion mutants were shown to be outcompeted in vitro 

and to be attenuated in mice infection models (Lopez et al., 2019; Lopez et al., 2020). 

Likewise, auranofin- or zinc-induced selenium limitation significantly reduced C. difficile’s 

fitness by inhibiting selenium-dependent proline fermentation in C. difficile (Jackson-

Rosario et al., 2009; Lopez et al., 2019).  

In this light, it can be speculated that a disturbed selenium metabolism contributes to the 

antimicrobial effect of chlorotonils in C. difficile and close relatives and the observed 

selectivity of the compounds in vivo (Bublitz et al., in revision). This hypothesis is further 

supported by the finding that one of the few proteins found in higher amounts in ChB1-

Epo2-treated T. glycolicus cultures is the putatively selenium-dependent formate 

dehydrogenase H alpha subunit. The gene set enrichment analyses of both C. difficile 

stress signatures further revealed, although non-significantly, higher amounts of the proline 

and/or glycine reductase subunits. Interestingly, disruption of the selenium metabolism has 

further been shown to cause a switch towards mannitol fermentation in C. difficile R20291 

to compensate for the lack of energy (McAllister et al., 2021). In line with this, both the 

adaptation proteome signature presented above as well as the stress transcriptome 

signature reported by Bublitz et al. (in revision) indicate increased mannitol acquisition and 

utilization in C. difficile 630 in the presence of ChB1-Epo2. 
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In concert, these data support the idea that C. difficile’s increased susceptibility to 

chlorotonils is partly caused by C. difficile’s dependency for selenium and its 

selenoenzymes. In this context, it was interesting to find that homologous proteins of 

C. difficile’s proline reductase, which are almost exclusively found in Clostridia, can be 

found in the genomes of S. cellulosum ce1525 (personal communication, HIPS 

Saarbrücken) and So0157-2 (Suppl. table S3), the producing strain of ChA and another 

representative of the genus. Assuming that the producing strain is dependent on selenium, 

it might be beneficial for the strain to sequester selenium from the environment using 

chlorotonils. 

4.6 The pros and cons of old and new drugs 

Most antibiotics that could be added to the pool of clinically relevant antibiotics in the last 

decade were derivatives of approved antibiotics modified to improve their activity, extend 

the activity spectrum, modulate their bioavailability and/or overcome antibiotic resistance 

mechanisms (Hutchings et al., 2019; Butler et al., 2022). This approach can comparatively 

fast and easily provide new compounds. However, these new antibiotics have limited added 

value, e.g., due to the risk of cross-resistance and the limited possibilities to use them 

simultaneously or alternately with other antibiotics in form of synergistic drug combinations 

(Karakonstantis et al., 2020; Scudeller et al., 2021). Therefore, antibiotics with new target 

sites are preferred. 

In this light, it might be counterintuitive to consider an RNA polymerase switch region 

inhibitor, such as myxopyronin B, for C. difficile infection therapy. One of the first-line drugs 

for the treatment of C. difficile infections, fidaxomicin, also targets the RNA polymerase 

switch region (Artsimovitch et al., 2012). However, structural binding site analyses 

suggested that the binding sites of fidaxomicin and other switch region inhibitors, such as 

myxopyronin B and corralopyronin, do not overlap (Artsimovitch et al., 2012). Indeed, serial 

broth dilution assays demonstrated that at least a point mutation in rpoB conferring 

fidaxomicin resistance does not protect C. difficile Goe-91 against myxopyronin B. Although 

it cannot be excluded that other mutations confer cross-resistance, this is rather unlikely 

with respect to the different binding sites in the switch region. 

The RNA polymerase seems to be well a suited antibiotic target in C. difficile. In addition to 

fidaxomicin, the classical RNA polymerase inhibitor rifaximin is additionally on the list of 

antibiotics recommended for C. difficile infections (Chaar and Feuerstadt, 2021). Rifaximin, 

which is also in use for the treatment of other gastrointestinal infections, such as traveller’s 

disease and irritable bowel syndrome, shows high bioavailability in the gut lumen with only 

minimal absorption (Koo et al., 2009; Chey et al., 2020). In addition, several clinical trials 
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already proved the usefulness of rifaximin as an antibiotic for C. difficile infections (Basu et 

al., 2010; Garey et al., 2011; Major et al., 2019; Ng et al., 2019). Although the reasons for 

the selectivity are not completely understood, both, fidaxomicin and rifaximin, are 

comparatively selective for C. difficile (Finegold et al., 2009; Louie et al., 2012; Ponziani et 

al., 2017). The initial data presented here give reason to hope that myxopyronin B is likewise 

more potent against C. difficile compared to other anaerobic commensals, such as 

Actinobacteria and Lactobacillales. Furthermore, myxopyronin B prevented early toxin 

synthesis in C. difficile 630 in vitro to a similar degree as fidaxomicin. In contrast, rifaximin 

elevated early toxin synthesis similar to other antibiotics analyzed previously (Aldape et al., 

2013; Aldape et al., 2018). It is assumed that toxin synthesis is induced by the bacterial 

SOS response, which is triggered by antibiotic-mediated transcription arrest (Walter et al., 

2014; Willing et al., 2015). Although the mechanisms underlying fidaxomicin’s ability to 

reduce toxin synthesis in C. difficile are hitherto not fully understood, it is assumed that the 

early interruption of the transcriptional process by fidaxomicin, and presumably 

myxopyronin B, circumvents induction of toxin synthesis (Aldape et al., 2017). Hitherto this 

effect was supposed to be exclusive for fidaxomicin what is now questioned by the data 

presented here. Possibly, prevention of toxin synthesis is a more general feature of RNA 

polymerase switch region inhibitors. Further studies with myxopyronin B and other switch 

region inhibitors will be necessary to proof this hypothesis. In addition, it would be interesting 

to test whether myxopyronin B is able to reduce sporulation as observed for fidaxomicin 

(Louie et al., 2012). 

Furthermore, resistance rates to RNA polymerase switch region inhibitors seem to be 

considerably low. Although fidaxomicin is used in the clinical context since 2011 almost no 

fidaxomicin-resistant isolates were observed until now (Sholeh et al., 2020). In contrast, 

mutations conferring resistance to rifamycins are frequently observed (Sholeh et al., 2020). 

Therefore, rifaximin is still only used as a “chaser antibiotic” in combination with other 

antibiotics because of varying levels of rifaximin resistance in C. difficile that dim the hopes 

associated with rifaximin therapy (Garey et al., 2011; Major et al., 2019; Ng et al., 2019; 

Sholeh et al., 2020). An important reason for the high resistance rates to rifaximin are the 

low fitness costs associated with mutations in rpoB conferring rifaximin resistance (Dang et 

al., 2016). In contrast, mutations conferring resistance against myxopyronins were shown 

to have significantly higher fitness costs in S. aureus (Srivastava et al., 2012). Therefore, 

the development and dissemination of resistances to myxopyronins are considered as 

substantially less likely. 

Taken together, RNA polymerase inhibitors seem to be well suited for the therapy of 

C. difficile infections due to their selectivity for C. difficile. Furthermore, it can be speculated 



Discussion 

102 
 

that RNA polymerase switch region inhibitors, such as fidaxomicin and myxopyronin B, 

might in general be potent anti-C. difficile antibiotics due to their proposed negative impact 

on toxin synthesis. Eventually, myxopyronin B might then become a promising lead 

structure for the targeted design of an antibiotic optimized for the therapy of C. difficile 

infections. Indeed, the biosynthetic gene cluster of myxopyronins is well characterized and 

efforts have been made to obtain more active, soluble and stable compounds (Sucipto et 

al., 2017). In vivo studies will be necessary, e.g., to proof myxopyronin B’s potential 

selectivity for C. difficile although it could already be shown that up to 100 mg/kg body 

weight myxopyronin B were well tolerated by mice when applied subcutaneous (Irschik et 

al., 1983). 

4.7 The current role of membrane-active and broad-spectrum antibiotics 

Interestingly, already minor chemical modifications of an antibiotic, such as addition or 

replacement of single moieties, can change the activity, activity spectrum or bioavailability 

of a compound (Cyphert et al., 2017; Mitcheltree et al., 2021; Zhang et al., 2021). For 

instance, minor differences in the biosynthetic gene clusters for oxytetracycline and 

chelocardin biosynthesis are responsible for a bifurcation point in the biosynthetic route and 

slightly different molecule structures having different modes-of-action (Lukežič et al., 2020). 

While oxytetracycline is a typical protein biosynthesis inhibitor binding to the 30S subunit of 

the ribosome, chelocardin first and foremost targets the cell membrane potential. Only at 

higher concentrations chelocardin is assumed to additionally target protein biosynthesis 

(Stepanek et al., 2016). The membrane-directed action of chelocardin is in line with 

observations made for other atypical tetracyclines before (Oliva and Chopra, 1992; Chopra, 

1994). Moreover, membrane-associated lesions in B. subtilis cells treated with tetracycline 

and anhydrotetracycline, a tetracycline supposed to lack antibiotic activity, have been 

observed before by using transmission electron microscopy analysis. These results provide 

evidence that the lesions were not the result of the protein synthesis inhibition but a direct 

effect of the tetracycline derivative (Wenzel et al., 2021). Based on this report, it can be 

speculated that all tetracyclines in general have two cellular targets but primarily target the 

membrane or the ribosome depending on their chemical structure. As validated as part of 

this thesis, the chelocardin derivative amidochelocardin primarily targets the cell membrane 

and is retained inside the membrane in comparatively high amounts compared to other 

antibiotics analyzed previously (Prochnow et al., 2019). 

Structurally, chelocardin and its derivative amidochelocardin only differ by an amide moiety 

replacing a methyl group in amidochelocardin. Nevertheless, amidochelocardin is not only 

assumed to solely affect the cell membrane, but is further able to efficiently escape multi-

drug efflux and to overcome antibiotic resistance in several important nosocomial 
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pathogens (Hennessen et al., 2020). Due to this broad-spectrum activity, amidochelocardin 

might eventually be a promising candidate for broad-spectrum antimicrobial therapy, which 

is still inevitable in severe cases, such as the treatment of septic shock patients (Strich et 

al., 2020; L. Evans et al., 2021; Rhee et al., 2021). Since C. difficile infections rank among 

the most prevalent forms of adverse events following broad-spectrum antibiotic therapy, 

broad-spectrum antibiotics with limited or no bioavailability and/or activity in the intestinal 

tract would be desirable (Gerding, 2004). In this light, is was unfavorable that all members 

of the small panel of anaerobic bacteria tested for their susceptibility towards 

amidochelocardin were found to be susceptible and showed similar minimal inhibitory 

concentrations as aerobic species tested previously (Hennessen et al., 2020). However, the 

risk for C. difficile infections is especially high after therapy with antibiotics that spare 

C. difficile, such as carbapenems and cephalosporins (Gerding, 2004; Sholeh et al., 2020). 

The substantial susceptibility of C. difficile to chelocardins might give reason to hope that 

the risk for C. difficile is not as high as for other broad-spectrum antibiotics. C. difficile was 

previously shown to be substantially sensitive to membrane-directed antibiotics (Wu et al., 

2013). 

Analysis of the systemic effects of amidochelocardin stress in C. difficile 630 suggests that 

the compound dissipates the membrane potential as observed previously for chelocardin/ 

amidochelocardin stress in B. subtilis (Stepanek et al., 2016; Senges et al., 2020). In 

concert, the observed effects in C. difficile 630 in response to the dissipation of the 

membrane potential, such as the increased synthesis of proteins of the chorismate 

biosynthesis operon and of two putative phenazine biosynthesis proteins, suggests the 

increased synthesis and accumulation of aromatic metabolites, including chorismate, a 

common precursor for most aromatic metabolites, such as aromatic amino acids, quinones, 

and phenazines (Hubrich et al., 2021). Since the intracellular concentrations of 

phenylalanine and tyrosine, the two aromatic amino acids synthesized by C. difficile 630 

de novo, remained constant, it was speculated that the chorismate biosynthesis pathway 

potentially provided chorismate as a precursor for reactions catalyzed by the two identified 

putative phenazine biosynthesis proteins. However, despite the similarity of the two putative 

phenazine biosynthesis enzymes with phenazine biosynthesis proteins of other bacterial 

species, no other proteins from the respective pathways of other phenazine producers, such 

as P. aeruginosa, could be identified in the genome of C. difficile 630 (Blankenfeldt and 

Parsons, 2014). Likewise, a detailed analysis of the respective operons in C. difficile 630 

did not provide additional hints and no unknown aromatic metabolites could be identified 

eventually produced by the enzymes. 



Discussion 

104 
 

In contrast, the increase of the relative intracellular tryptophan levels, an amino acid not 

produced de novo by C. difficile 630 due to the absence of the respective enzymes 

(Karasawa et al., 1995; Sebaihia et al., 2006), supports the idea that aromatic metabolites 

are required by C. difficile to overcome amidochelocardin stress. Although it can only be 

speculated why it is beneficial for the pathogen to accumulate aromatic metabolites, 

aromatic compounds are, due to their aromatic nature, able to transport electrons, for 

instance as part of respiratory chains and other electron shuttling systems (Simon et al., 

2008; Shipps et al., 2021). Likewise, phenazine production has been observed in 

P. aeruginosa biofilms under nutrient limitations, where phenazines were proposed to assist 

in rescuing the membrane potential (Schiessl et al., 2019). Alternatively, tryptophan is also 

well known for its important role in anchoring of transmembrane proteins and stabilizartion 

of membranes. The amino acid is incorporated in many membrane proteins and is involved 

in dipolar or hydrophobic interactions (Jesus and Allen, 2013; Khemaissa et al., 2021)). 

Accumulation of tryptophan might consequently be advantegous in membrane stress to 

provide tryptopthan to stabilize the membrane. Of note, accumulation of tryptophan has 

similarly been observed in Saccharomyces cerevisiae upon SDS exposure which likewise 

disturbs membrane barrier function (Schroeder and Ikui, 2019). 

Although longtime neglected due to their assumed cytotoxic potential, membrane-active 

antibiotics are now considered highly promising due to the pleiotropic function of the 

membrane, such as its central role in energy metabolism (Uppu et al., 2017; Belete, 2019; 

Dias and Rauter, 2019). In particular, the proton motive force that is established across the 

membrane via a selective influx and efflux of ions is of great importance as antibiotic target 

(Lopez and Koch, 2017; Benarroch and Asally, 2020). Moreover, antibiotics affecting the 

membrane potential have great potential in combination with other drugs as shown for the 

combinations of, e.g., doxycycline and carprofen or doxycycline and metformin (Brochmann 

et al., 2016; Liu et al., 2020). Furthermore, the membrane is not only the target of some 

antibiotics but is also the target of many antimicrobial peptides produced by the immune 

system as a first line of defense against all invading pathogens at the host-pathogen 

interface (Mookherjee et al., 2020). Interestingly, the proteome signature of 

amidochelocardin stress in C. difficile 630 revealed elevated levels of ClnA and ClnR from 

the ClnRAB operon, which is supposed to specifically respond to CAMPs, such as LL-37 

(Woods et al., 2018). Although LL-37 and similar CAMPs kill bacteria via pore formation, 

which has been excluded for amidochelocardin, there is obviously some kind of similarity 

between CAMP and amidochelocardin stress in C. difficile 630. In this light, the presented 

data might also contribute to an increased understanding of CAMP stress in C. difficile. 
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5. Conclusion and outlook 

In summary, the data discussed in the previous sections provided not only valuable insights 

into C. difficile’s stress response architecture, but also evidence that the compound classes 

of chlorotonils and myxopyronins are interesting lead structures for the design of new 

antibiotics against C. difficile. Both compound classes are at least in part able to address 

the demands for an antibiotic directed against C. difficile by being relatively selective for 

C. difficile while severely affecting C. difficile’s central metabolism. In addition, both 

compound classes are able to reduce toxin levels in vitro in case of myxopyronin B (section 

3.2.3) or in vivo in case of chlorotonils (Bublitz et al., in revision). Moreover, the presented 

data indicate that C. difficile is essentially sensitive to antibiotics that either disturb metal 

homeostasis or dissipate the membrane potential. Especially, disturbance of metal 

homeostasis is a promising feature for an antibiotic directed against C. difficile due to the 

high sensitivity of strict anaerobes to transient metal toxicity, including vulnerability of 

C. difficile’s various [4Fe4S]-dependent enzymes like the TCA cycle enzyme fumarate 

hydratase as already outlined in the introduction (section 1.3.2). Future experiments 

addressing the efficiency and safety as well as the mode-of-action of chlorotonils are 

required to promote the compound class as new promising therapeutic against C. difficile. 

Despite low resistance rates of C. difficile against fidaxomicin and vancomycin, new 

antibiotics are urgently required. The reduction of antibiotic prescription and more 

sophisticated treatment guidelines successfully stopped the rise in C. difficile infections per 

year (Dingle et al., 2017; Guh et al., 2020). Also a decline of healthcare-associated 

C. difficile infections in the US becomes visible when data are curated for improved testing 

strategies. However, the same study reported increasing numbers in community-acquired 

infections resulting in an overall constant level of infections (Guh et al., 2020). Since the 

recent decline in healthcare-associated infections is drawn back to the reduced prescription 

of fluoroquinolone antibiotics (Dingle et al., 2017; Guh et al., 2020), reduction of 

carbapenem and third- and fourth-generation cephalosporin therapy is expected to further 

reduce the numbers of C. difficile infections (Slimings and Riley, 2021). Nevertheless, the 

therapy of the infection remains challenging. By the introduction of fidaxomicin in 2011, a 

selective RNA polymerase inhibitor with the ability to reduce toxin synthesis and sporulation 

rates, recurrence events were only slightly reduced (Louie et al., 2012; Aldape et al., 2017). 

In addition, emerging fidaxomicin-resistant strains give further cause for concerns (Leeds 

et al., 2014; Schwanbeck et al., 2019). 

At this point, alternative strategies, such as pre- and probiotic and FMT therapies, have 

been discussed and are further developed in order to directly address the restoration of 

colonization resistance provided by the complex intestinal community (Laffin et al., 2017; 



Conclusion and outlook 

106 
 

Shen et al., 2017; Hui et al., 2019). Indeed, clinical trials successfully proved the suitability 

of FMT and probiotics and have likewise been shown to valuably contribute to infection 

management in C. difficile patients (Quraishi et al., 2017; Shen et al., 2017; Hui et al., 2019). 

Moreover, monoclonal antibodies inhibiting toxin-mediated cell damage or stimulating the 

immune system have recently gained attention as modulators of disease severity (Wilcox 

et al., 2017; Monaghan et al., 2021). Nevertheless, neither monoclonal antibodies nor pre- 

and probiotic therapy are suited as stand-alone therapy. Furthermore, FMT is still critically 

discussed due to the risk of transplanting pathogenic species and the still scare knowledge 

on the critical factors underlying successful FMT therapy (Moss et al., 2017; Yadav and 

Khanna, 2021). 

Therefore, antibiotics are still inevitable for the therapy of C. difficile infections. However, 

only a few candidate antibiotics have made it into clinical testing until now, of which none 

has reached non-inferiority compared to fidaxomicin by now (Boix et al., 2017; Petrosillo et 

al., 2018; Gerding et al., 2019; Monaghan et al., 2021). In this light, chlorotonils and 

myxopyronins can eventually promote the therapy of C. difficile infections in the future. 
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6. Materials and methods 

6.1 Antibiotics 

6.1.1 Natural products 

Natural products were provided as lyophilized powder by the department of Microbial 

Natural Products at the Helmholtz Institute for Pharmaceutical Research in Saarbrücken, 

Germany. 

Chlorotonil A 

Chlorotonils were first dissolved at a concentration of 1 mg/ml (w/v) in DMSO (Sigma 

Aldrich, St. Louis, MO, USA) in an ultrasonic bath. Subsequently, the compounds were 

serially diluted in DMSO to obtain working stocks with 0.1 or 0.01 mg/ml, which were kept 

in aliquots at -20 °C until use. Aliquots were preferentially used as single-use stocks or were 

not defrosted more than three times to avoid degradation of the compound. Additional 

information on the purification and synthesis of chlorotonils can be obtained from (Hofer et 

al., 2022). 

Myxopyronin B 

Myxopyronin A and B were first dissolved at a concentration of 10 mg/ml (w/v) in DMSO 

(Sigma Aldrich, St. Louis, MO, USA). Subsequently, the compounds were serially diluted in 

DMSO to obtain working stocks with 0.1 mg/ml, which were kept in aliquots at -20 °C until 

use. Aliquots were only used once and were discarded after use. Additional information on 

the purification and synthesis of chlorotonils can be obtained from Brauer et al. (2022). 

Amidochelocardin 

Chelocardin (CHD) and amidochelocardin (CDCHD) were provided in complex with citrate 

in a ratio of 2:1. CHD/citrate and CDCHD/citrate were dissolved in MS-pure water at a 

concentration of 1.5 mg/ml to obtain stock solutions containing 1 mg/ml chelocardin/ 

amidochelocardin. Aliquots of the solved compounds were kept in aliquots at -20 °C until 

use. Aliquots were only used once and were discarded after use. Additional information on 

the purification and synthesis of chelocardin and amidochelocardin can be obtained from 

Lesnik et al. (2015) and Brauer et al. (in preparation for re-submission). 

6.1.2 Commercial antibiotics 

Rifaximin and fidaxomicin were obtained from Sigma Aldrich (St. Louis, MO, USA) and 

Selleck Chemicals (Houston, Texas, TX, USA) and were dissolved in DMSO (Sigma 

Aldrich, St. Louis, MO, USA). Stock solutions of 1 mg/ml were serially diluted to appropriate 

working stocks and aliquots were kept at -20 °C until use. Aliquots were not used more than 

three times. 
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6.2 In vitro experiments 

The following section provides information about the experimental procedures of all in vitro 

experiments done with C. difficile and commensal bacteria, comprising cultivation 

experiments and downstream omics analyses. 

6.2.1 Bacterial strains and handling 

6.2.1.1 Routine growth conditions 

For all in vitro experiments, bacteria were routinely grown in an anaerobic workstation 

(Whitley DG250 anaerobic work station; 98% N2, 2% H2) at 37 °C with the exception of 

E. faecalis and L. casei. E. faecalis was cultivated at 37 °C and 180 rpm under aerobic 

condition. L. casei was cultivated at 37 °C under micro-aerophilic conditions without 

shaking. All bacteria were routinely grown in Brain Heart Infusion (BHI) broth (Oxoid, Wesel, 

Germany), which was prepared according to the manufacturer’s recommendations. After 

autoclaving, medium flasks were closed with rubber plugs and oxygen was removed from 

the medium by gasing with pure nitrogen for at least 15 minutes. In addition, remaining 

oxygen was allowed to diffuse from the medium when medium flasks were left loosely 

closed in the anaerobic chamber overnight.  

Bacterial strains used in this thesis are listed in Table 6.1. 

6.2.1.2 Maintenance of strains 

For long term conservation, all strains were maintained as glycerol stocks at -70 °C in 30% 

glycerol. 

For preparation of spore suspensions, C. difficile was allowed to grow for 24 h at 37 °C and 

for additional 48 h at room temperature (RT) in BHI medium to allow sporulation. 

Subsequently, spores, vegetative cells and cell debris were collected by centrifugation for 

10 min at 10,000 g. Supernatants were discarded and pellets were suspended in half of the 

initial volume aerobe BHI to concentrate spore suspensions. Suspensions were kept in 

200 µl aliquots at 4 °C for a couple of months. 

6.2.1.3 Preparation of overnight cultures 

Prior to all experiments performed with C. difficile, spores of the respective strains were 

allowed to germinate in BHI supplemented with 5% yeast extract and 0.1% taurocholic acid 

at 37 °C for 24 h and vegetative cells were subsequently used to inoculate overnight 

cultures. Overnight cultures for all other species were inoculated directly from glycerol 

stocks. Overnight cultures were grown for 12 h and used to inoculate main cultures. 
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Table 6.1: Bacterial strains 
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6.2.1.4 Chemical defined medium for routine growth of C. difficile 

If indicated, C. difficile was grown in a chemical defined medium composed of an amino 

acid mix, glucose, vitamins, trace elements and a phosphate buffer, described by Cartman 

and Minton et al. (2010) and modified by Neumann-Schaal et al. (2015) (Cartman and 

Minton, 2010; Neumann-Schaal et al., 2015) (Table 6.2). 

 

Table 6.2: Chemical defined medium (CDMM). All components were obtained from Carl Roth 
(Karlsruhe, Germany) with the exception of cobalt dichloride hexahydrate and sodium selenite 
pentahydrate, which was obtained from Sigma Aldrich (St. Louis, MO, USA). 1 Concentrations of 
stock solutions. 

Component Concentration1 Sterilization 

10 x CDMM buffer  Autoclaved 

     di-Sodium hydrogen phosphate 50 g/l  

     Sodium dihydrogen phosphate dihydrate 20 g/l  

     Potassium dihydrogen phosphate 9 g/l  

     Sodium chloride 9 g/l  

5 x Casamino acid mix  Sterilized by filtration 

     Casamino acids 50 g/l  

     L-Cysteine 2.5 g/l  

     L-Tryptophan 0.5 g/l  

100 x Trace salt mix  Sterilized by filtration 

     di-Ammonium sulfate 4 g/l  

     Calcium dichloride dihydrate 2.6 g/l  

     Magnesium dichloride hexahydrate 2 g/l  

     Mangan dichloride tetrahydrate 1 g/l  

     Cobalt dichloride hexahydrate 0.1 g/l  

     Sodium selenite pentahydrate 0.015 g/l  

500 x Iron solution  Sterilized by filtration 

     Iron(II)sulfate heptahydrate 2 g/l  

200 x Vitamin solution  Sterilized by filtration 

     D-Biotin 0.06 g/l  

     Calcium-D-panthotenate 0.2 g/l  

     Pyridoxine hydrochloride 0.2 g/l  

100 x Glucose solution  Sterilized by filtration 

     D-Glucose monohydrate 200 g/l  

A. dest Ad 1000 ml Autoclaved 
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6.2.1.5 Cell disruption 

If required, cells were disrupted in screw cap tubes with 1 ml of Tris-EDTA, pH 7.5 buffer 

(Table 6.3) and 500 µl of glass beads (0.1 to 0.11 mm, Satorius Stedim Biotech, Göttingen, 

Germany) by three cycles of bead beating at 6.5 m/s for 30 s in FastPrep-24™5G 

homogenizer (M.P. Biomedicals, Santa Ana, CA, USA). Subsequently, glass beads and cell 

debris were removed by three centrifugation steps at 20,000 x g at 4 °C. 

Optionally, the volume of Tris-EDTA buffer and glass beads was adjusted depending on the 

cell pellet size. 

 

Table 6.3: Tris-EDTA buffer, pH 7.5 

Component Concentration 

Tris, pH 7.5 10 mM 

EDTA, pH 8.0 1 mM 
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6.2.2 Physiological assays 

6.2.2.1 Growth experiments 

For analysis of growth rates, a respective volume of either BHI or CDMM was inoculated 

from an overnight culture to an OD600nm of 0.05. In the following, growth was monitored in 

adequate intervals by optical density measurements at OD600nm. 

6.2.2.2 Antibiotic susceptibility assays 

Serial broth dilution assays 

Minimal inhibitory concentrations were determined in serial broth dilution assays. Briefly, 

antibiotics were diluted in two-fold serial dilutions in adequate concentration ranges in 

supplemented BHI (BHIS) medium (Table 6.4) and 100 µl of the respective dilutions were 

transferred to 96-well plates (Brand™, cellGrade, F-bottom; Thermo Scientific, Rockford, 

IL, USA). Each well was subsequently inoculated with 100 µl of a bacterial suspension 

prepared by diluting overnight cultures of each individual strain 1:100 in BHIS medium. 

Plates were incubated at 37 °C and minimal inhibitory concentrations, the lowest 

concentrations where no growth could be observed, were determined after 24 h. All 

experiments were conducted in technical duplicates and biological triplicates at least. 

 

Table 6.4: Supplemented Brain infusion broth for minimal inhibitory concentration assays. 

Component Final concentration 

Brain Heart Infusion Broth® 37 g/l 

Yeast extract 5 g/l 

L-Cysteine 1 g/l 

Vitamin K1 0.1% 

Hemin(chloride) 0.5% 

A. dest Ad 1 l 

 

Stress experiments 

For antibiotic stress experiments a batch culture of each bacterial strain was inoculated to 

an OD600nm of 0.05 and was grown to mid-exponential phase in BHI medium. At an OD600nm 

of approximately 0.5, the batch cultures were split to subcultures of 30 ml and treated with 

serial dilutions of the antibiotics of interests. Subsequently, the optical densities of all 

subcultures were monitored for several hours. If required, colony forming units were 

determined at selected timepoints by plating serial dilutions onto BHIS agar plates, which 

were incubated for 24 h until colony forming units could be counted. Experiments were 

conducted in at least three biological replicates. 
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6.2.2.3 Toxin western blots 

Toxins of C. difficile were detected and quantified either within cytosolic or extracellular 

protein extracts of C. difficile. Cytosolic proteins were extracted as described in section 

6.2.1.5. For precipitation of extracellular proteins, 10 ml culture supernatants were 

separated from bacterial cells by filtering through a 0.2 µm filter followed by precipitation of 

proteins with 10% trichloroacetic acid (Carl Roth, Karlsruhe, Germany) overnight at 4 °C. 

Precipitated proteins were collected by centrifugation for 1 h at 10,000 x g at 4 °C. 

Subsequently, protein pellets were washed twice with 70% ethanol and once with 100% 

ethanol. Protein pellets were dried and dissolved in 500 µl 3x SDS sample buffer (Tab. 6.5). 

Either 50 µg of cytosolic protein samples mixed with an appropriate volume of 3x SDS 

sample buffer or 30 µl of precipitated extracellular protein extracts were separated by SDS 

PAGE on 8% SDS gels ( 

Table 6.6, Table 6.7) for 3 h at 80 V in running buffer (Table 6.8). Separated proteins were 

either stained with colloidal Coomassie (Table 6.9) or blotted on PVDF membranes (Merck 

Millipore, Burlington, VT, USA) for 1.5 h at 100 V (Table 6.10). Blotted membranes were 

blocked in 5% skim milk in 1x TBS (Table 6.11) prior to incubation with primary antibodies 

against toxin A (tgcBiomics, Bingen, Germany) or toxin B (provided by Ralf Gerhardt, 

Hannover Medical School, Hannover, Germany) in volume-to-volume ratio of 1:5000 in 5% 

skim milk at 4 °C overnight. Unbound antibodies were washed off by three washing steps 

in TBST for 5 min (TBS, 0.1% Tween 20). Depending on the primary antibody used, 

membranes were incubated with an alkaline phosphatase-coupled anti-mouse (toxin A) or 

anti-rabbit (toxin B) secondary antibody (both Sigma Aldrich, St. Louis, MO, USA) in 

volume-to-volume ratio of 1:30,000 for 1 h at RT. Unbound secondary antibodies were 

washed off by three wash steps with dH2O. Prior to detection, membranes were incubated 

for 30 min in AP buffer (Table 6.12). Finally, toxin signals were detected with a NBT/BCIP 

reaction solution (Carl Roth, Karlsruhe, Germany) in AP buffer (Table 6.13). For 

quantification of toxin signals, blots were scanned and signals were quantified using ImageJ 

(Schneider et al., 2012). Statistical testing was performed with the R package “ggpubr” 

using multiple pairwise comparisons (t-test) (version: 0.4.0) (Kassambara, 2020). 
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Table 6.5: 3x SDS sample buffer for SDS PAGE 

Component Final concentration 

Tris, pH 6.8 300 mM 

EDTA 6 mM 

SDS 3% 

β-mercaptoethanol 3% 

Glycerol 30% 

Bromphenol blue  

 

Table 6.6: Stacking gel for SDS PAGE 

Component Final concentration 

Tris, pH 6.8 250 mM 

Bis-acrylamide 4% 

SDS 0.1% 

Ammoniumpersulfat 0.1% 

TEMED 0.1% 

 

Table 6.7: Separation gel for SDS PAGE 

Component Final concentration 

Tris, pH 7.5 250 mM 

Bis-acrylamide 8% 

SDS 0.1% 

Ammoniumpersulfat 0.1% 

TEMED 0.1% 

 

Table 6.8: Running buffer for SDS PAGE 

Component Final concentration 

Tris 250 mM 

Glycine 2 M 

SDS 35 mM 
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Table 6.9: Collodial Coomassie blue silver staining buffer (Candiano et al., 2004) 

Component Final concentration 

Ammonium sulfate 600 mM 

Methanol 20% 

Phosphoric acid 8% 

Coomassie G250 C47 1 mM 

 

Table 6.10: Transfer buffer for western blot analysis 

Component Final concentration 

Tris 25 mM 

Glycine 100 mM 

Methanol 15% 

 

Table 6.11: 10x TBS (Tris-buffered saline) 

Component Final concentration 

Tris, pH 7.6 500 mM 

Sodium chloride 1.5 M 

 

Table 6.12: Alkaline phosphatase (AP) buffer 

Component Final concentration 

Tris 100 mM 

Sodium chloride 100 mM 

Magnesium chloride 10 mM 

 

Table 6.13: NBT/BCIP solution for detection of alkaline phosphatase signals 

Component Final concentration 

NBT (5% w/v in 70% dimethylformamide) 3% 

BCIP (5% w/v in 100% dimethylformamide) 1.5% 

AP buffer 99.5% 
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6.2.2.4 Fluorescence-based determination of the membrane potential 

To analyze changes in the proton motive force across C. difficile’s membrane, a CDMM 

C. difficile culture was grown to mid-exponential phase. Subsequently, cells were treated 

with 0.5 µM of the fluorescent dye DISC3(5) solved in DMSO (Sigma Aldrich, St. Louis, MO, 

USA). The dye was allowed to accumulate within the cell membrane for several minutes 

until the total quenching of the fluorescent signal. Subsequently, cells were treated with the 

antibiotic of interest and immediately transferred to black 96-well plates. Fluorescence 

signals were recorded at an excitation of 500 nm and an emission at 675 nm in a SynergyMx 

Microplate reader (BioTek Instruments, Winooski, VT, USA) for 30 min with measurements 

taken every minute. Experiments were conducted in at least three biological replicates. 

Statistical testing was performed with the R package “rstatix” using multiple pairwise 

comparisons (t-test) against the controls as reference group (version: 0.7.0) (Kassambara, 

2021). 

 

6.2.2.5 Luminescence-based quantification of intra- and extracellular ATP levels 

Intracellular and extracellular ATP levels of C. difficile were determined using the CellTiter-

Glo® 2.0 Assay according to the manufacturer’s recommendations (Promega, Madison, WI, 

USA). As before, a C. difficile culture in CDMM was grown to mid-exponential phase and 

split to subcultures of 30 ml that were immediately treated with respective antibiotics. Prior 

and 30, 60 and 90 minutes after stress, 1 ml samples of each culture were collected by 

centrifugation. Subsequently, 100 µl of supernatants or 100 µl of cell suspension obtained 

by re-suspending cell pellets in 1 ml CDMM were mixed with 100 µl of the CellTiter-Glo® 

2.0 Assay reagent in opaque 96-well plates. After luminescence signals were stable, the 

luminescence signals were recorded in a SynergyMx Microplate reader (BioTek 

Instruments, Winooski, VT, USA). Experiments were conducted in at least three biological 

replicates. Statistical testing was performed with the R package “rstatix” using multiple 

pairwise comparisons (t-test) against the controls as reference group (version: 0.7.0) 

(Kassambara, 2021). 

 

 

 

 

 



Materials and methods 

117 
 

6.2.3 Proteomics experiments 

6.2.3.1 Cultivation and cell harvest 

For proteomics experiments, C. difficile 630 was grown in CDMM to mid-exponential phase 

and stressed with a sublethal concentration of the respective antibiotics of interest or an 

equal volume of DMSO (Sigma Aldrich, St. Louis, MO, USA) (Suppl. figure S3). After 90 min 

of growth in the presence of the antibiotics, treated and untreated cells were collected by 

centrifugation for 5 min at 10,000 x g at 4 °C and cell pellets were washed once with Tris-

EDTA buffer (Table 6.3). Cell pellets were lyzed as described in section 6.2.1.5 and protein 

concentrations were determined with Roti® NanoQuant (Carl Roth, Karlsruhe, Germany) 

according to manufacturer’s instructions. Protein extracts were stored at -70 °C until further 

analysis. 

6.2.3.2 S-trap digestion 

Protein samples were prepared for LC-MS/MS measurements by S-traps® digestion 

according to the manufacturer’s recommendations (ProtiFi, Huntington, NY, USA). Briefly, 

50 µg of each extract were filled up to 25 µl with 100 mM tetraethylammonium bicarbonate 

(TEAB, Sigma Aldrich, St. Louis, MO, USA) and mixed with 25 µl of 10% SDS, 100 mM 

TEAB. Proteins were first reduced with 10 mM dithiothreitol (Sigma Aldrich, St. Louis, MO, 

USA) for 10 min at 95 °C followed by alkylation with 20 mM iodoacetamide (Sigma Aldrich, 

St. Louis, MO, USA) for 20 min at RT in the dark. Alkylated samples were acidified with 

12% phosphoric acid (Carl Roth, Karlsruhe, Germany) in a relation of 1:6 and mixed with 

seven volumes of S-trap buffer composed of 90% methanol, 100 mM TEAB. Diluted 

samples were applied onto S-trap columns in several centrifugation steps at 4,000 x g. 

Subsequently, columns were washed four times with S-trap buffer. Sequencing grade 

trypsin (Promega, Madison, WI, USA) was activated in 100 µl of the provided activation 

buffer for 15 min at 37 °C and diluted 1:5 in 100 mM TEAB. 25 µl of diluted trypsin was 

applied to each column and columns were incubated for 3 h at 47 °C. Tryptic peptides were 

eluted from the columns in three steps by centrifugation for 1 min at 4,000 g starting with 

40 µl of 100 mM TEAB for elution of hydrophilic peptides, followed by 40 µl of 0.1% acetic 

acid for elution of median hydrophilic peptides and 35 µl of 60% acetonitrile, 0.1% acetic 

acid to allow elution of hydrophobic peptides. All elution fractions were pooled and dried by 

vacuum centrifugation. Dried peptides were stored at -20 °C. 
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6.2.3.3 High pH reversed-phase fractionation 

Trypsinized peptides were desalted and fractionated by high pH reversed-phase 

fractionation according to (Mücke et al., 2020). Briefly, Pierce™ micro-spin columns 

(Thermo Scientific, Rockford, IL, USA) were packed with 18 mg of Reprosil Gold C18 

material (Dr. Maisch GmbH, Ammerbuch-Entringen, Germany) followed by activation and 

washing of C18 with 300 µl acetonitrile for four times for 2 min at 3,000 x g. Subsequently, 

columns were equilibrated with 300 µl of 0.1% trifluoracetic acid (Sigma Aldrich, St. Louis, 

MO, USA) for 2 min at 3,000 x g. Peptides from S-trap digestion were suspended in 300 µl 

of 0.1% trifluoroacetic acid and applied to the columns by centrifugation for 4 min at 3,000 g. 

Columns were then washed once with MS-pure H2O for 4 min at 3,000 g. Afterwards 

peptides were eluted from the columns in eight centrifugation steps with increasing 

concentrations of acetonitrile in 0.1% triethylamine (Carl Roth, Karlsruhe, Germany) starting 

with 5% acetonitrile and step-wise increase to 20% acetonitrile followed by a last elution 

step with 50% acetonitrile. To reduce sample numbers, fractions 1 and 5, 2 and 6, 3 and 7, 

and 4 and 8 were pooled and all samples were dried in MS vials by vacuum centrifugation. 

Prior to LC-MS/MS analysis samples were suspended in 20 µl of 0.1 acetic acid (Carl Roth, 

Karlsruhe, Germany). 

6.2.3.4 LC-MS/MS measurements 

Mass spectrometry samples were analyzed on a Q Exactive™ HF Hybrid Quadrupole-

Orbitrap™ Mass Spectrometer coupled to an EASY nLC 1200 HPLC (Thermo Fisher 

Scientific, Waltham, MA, USA). Prior to LC-MS/MS analysis, peptides were loaded onto 

self-packed C18 reverse phase analytical columns (3 µm, Dr. Maisch GmbH, Ammerbuch-

Entringen, Germany) with an integrated emitter (100 µm x 20 cm). For injection into the 

mass spectrometer, peptides were eluted from the HPLC column using a 85 min gradient 

from 5 to 50% of acetonitrile, 0.1% acetic acid with a constant flow rate set to 300 nl/min. 

First, full survey scans were performed with a resolution of 60,000 in the range of 333 – 

1650 m/z followed by MS/MS scans for the fifteen most abundant precursor ions per scan 

cycle. Unassigned charge states and singly charged ions were excluded. In addition, 

repeated measures of the same peptide were permitted by enabling dynamic exclusion for 

30 s. The internal lock mass calibration was set to a lock mass of 445.12003. 

6.2.3.5 Data base search and data preparation 

MS raw files were searched against strain specific databases obtained from NCBI or Uniprot 

(Table 6.14) with the Andromeda-based search engine MaxQuant (Tyanova et al., 2016) 

applying the search parameters listed in Table 6.15. To increase protein identification, 

“match-between-runs” was enabled between biological replicates of each specific stress 



Materials and methods 

119 
 

conditions. Obtained search results were filtered for proteins identified with at least 2 unique 

peptides. Proteins were considered as identified if iBAQ values are provided for at least two 

out of three (ChB1-Epo2, MyxB dataset) or three out of four (ChA, CDCHD dataset) 

biological replicates. Finally, fold changes between treated and untreated sample sets were 

calculated using the LFQ intensities if LFQ intensities were provided for at least two out of 

three (ChB1-Epo2, MyxB dataset) or three out of four (ChA, CDCHD dataset) biological 

replicates. Fold changes were further subjected to log2 transformation. Furthermore, 

proteins were considered as exclusively present in stress samples (“ON”), if proteins were 

identified in at least three vs. zero biological replicates, or absent (“OFF”) if proteins were 

identified in zero vs. at least three biological replicates. 

Table 6.14: Databases used for MaxQuant dataset searches. 

Database Source/date # entries 

20210803_Cdiff_NC_009089 NCBI, 03.08.2021 3560 

20210315_Cdiff_630_uniprot_RefProteome_UP000001978 UniProt, 15.03.2021 3762 

20210604_Tglycolicus_uniprot_proteome_UP000183495 UniProt, 04.06.2021 3774 

 

Table 6.15: Parameter sets used for MaxQuant dataset searches. 
* Parameter used for ChA/ChtB1-Epo2 stress and adaptation experiments; ** Parameters used for 
amidochelocardin and rifaximin/fidaxomicin/myxopyronin B experiments. 

Parameter Value 

Version 2.0.1.0 * / 1.6.17.0 ** 

PSM FDR 0.01 

Minimal peptide Length 7 

Minimal peptide length for unspecific search 8 

Maxima peptide length for unspecific search 25 

Minimal unique peptides 0 

Minimal peptides 1 

Maximum missed cleavages 2 

Fixed modifications Carbamidomethylation of cysteine 

Variable modifications Oxidation of methionine 

Peptides used for protein quantification Razor 

Decoy mode Revert 

Include contaminants True 

 

6.2.3.6 Statistical analysis 

Statistical analysis of MaxQuant derived MS data was done with the R package “DEqMS” 

(version: 1.8.0) (Zhu et al., 2020). Analyses were done pairwise based on MaxQuant 

derived LFQ intensities and respective peptide counts. Changes in protein intensities were 

considered to be significant if the DEqMS derived adjusted p values were below the 

threshold of 0.05. 
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6.2.3.7 Bioinformatic analyses 

For further data analysis, additional information on the function and subcellular localization 

of a respective protein as well as information on functional domains, required cofactors or 

operon associations were obtained from various open-source platforms listed in Table 6.16. 

 

Table 6.16: Databases, online repositories and tools used for annotations. 

Source Annotation 

type 

Reference Link 

UniProt Gene name 

Protein name 

Locus tag 

PATRIC ID 

STRING ID 

Gene ontology 

Required cofactors 

Domains 

(UniProt Consortium, 

2021) 

www.uniprot.org 

PSORTb Subcellular 

localization 

(Yu et al., 2010) www.psortb.org 

PATRIC DB Role ID 

Role name 

Superclass 

Class 

Subclass 

Subsystem name 

(Davis et al., 2020) www.patricbrc.org 

MicrobesOnline Operon predictions 

Strand information 

Start and stop sites 

(Dehal et al., 2010) www.microbesonline.org 

ProOpDB Operon predictions (Taboada et al., 2012) www.operons.ibt.unam.mx 

DOOR2 Operon predictions (Mao et al., 2014) www.csbl.bmb.uga.edu/DOOR 

RegPrecise Regulon predictions (Novichkov et al., 2013) www.regprecise.lbl.gov 

 

TransportDB 2.0 Membrane transport 

substrates 

(Elbourne et al., 2017) www.membranetransport.org 

InterPro Domains (Jones et al., 2014) https://www.ebi.ac.uk/interpro/ 

 

6.2.3.8 Gene set enrichment analysis 

Predicted metabolic pathways, operons and enzyme functions were used to define gene 

sets of at least four proteins. For the gene set enrichment analysis, all identified proteins 

were ranked according to their log2 fold changes and mean rank sums for every gene set 

were calculated. Gene sets can be found in the supplementary material (Suppl. table S13). 
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6.2.4 qPCR analysis 

6.2.4.1 Cell harvest and RNA extraction 

C. difficile 630 was cultivated as done for the proteomics experiment described in section 

6.2.3.1. When reaching an OD600 nm of 0.5 cells were treated with 1.5 µg/ml 

amidochelocardin and were allowed to grow in the presence of the antibiotic for additional 

10 minutes. Subsequently, cells were cooled down in liquid nitrogen and collected by 

centrifugation for 3 min at 10,000 x g and 4 °C. RNA was extracted using TRIzol reagent 

(Invitrogen, Waltham, MA, USA) according to the manufacturer’s recommendations. 

Purified RNA was solubilized in diethyl pyrocarbonate (DEPC)-treated water followed by 

treatment with DNase I (Roche, Basel, Switzerland). 

6.2.4.2 cDNA synthesis and qPCR analysis 

500 ng of the RNA samples were used for cDNA synthesis using the RevertAid RT kit 

(Thermo Fisher Scientific Baltics, Vilnius, Lithuania). The mRNA expression of five genes 

from each of the five predicted/putative operons of interest were analyzed by quantitative 

PCR using the Luna Universal qPCR Master Mix (New England Biolabs, Ipswich, MA, USA) 

and a qTOWER 3 quantitative PCR thermocycler (Analytik Jena, Jena, Germany) according 

to the manufacturer’s recommendations. Primers were designed for an annealing 

temperature of 60 °C and are listed in Table 6.17. Expression of codY was used as internal 

reference and relative expression was calculated according to the Pfaffl method. Finally, 

statistical testing was performed using the R package “rstatix” using t-testing (version: 0.7.0) 

(Kassambara, 2021). 

Table 6.17: Primers for qPCR analysis.  

Gene Orientation Primer 

aroF1 
forward TGGCTGGAGGAAATGAAAATG 

reverse AGTCAACCATCCATGATTTACC 

clnR 
forward GAAACAGTGAGAGCACTAGC 

reverse TCTCCACATTAGCTATTTCC 

CD630_0310 
forward AGCCTTACACCAGAAAAACAG 

reverse CCAGGTTTCCAATGCTTGTG 

CD630_17590 
forward GCAAACTCTTGTAATAACCG 

reverse CCCATAGTCATACTATCGTC 

CD630_30350 
forward ATACCTTTTGGTGGAAATCCTG 

reverse ATCAACTTCTAAACCTGGTGTG 

codY 
forward TCAAATTCATTCAATGATGATGATTTAG 

reverse TCTTCTAATTCTTCACCTATTGCTC 
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6.2.5 Inductively-coupled plasma-mass spectrometry analysis (ICP-MS) 

6.2.5.1 Cultivation and cell harvest 

C. difficile was cultivated and treated with 4.69 ng/ml ChB1-Epo2 as done for the 

proteomics experiment described in section 6.2.3.1. Subsequently, cells were collected by 

centrifugation for 5 min at 10,000 x g at 4 °C. Cells were washed once in 10 mM Tris-HCl, 

pH 7.4 and after an additional centrifugation step, cells were suspended in 1 ml 10 mM Tris-

HCl, pH 7.4 and lysed as described in section 6.2.1.5. Finally, the cytoplasmic fractions of 

cell lysates were transferred to low-binding tubes (Sorenson™ BioScience, Murray, UT, 

USA). 

6.2.5.2 ICP-MS analysis 

20 µl cellular extract or 9.37 µl dissolved compound were used to determine intracellular 

levels of elements. First, the extract was separated on a Superose 6 Increase 3.2x300 gel-

filtration column (Cytiva Lifescience, Freiburg, Germany) by isocratic elution with 10 mM 

Tris-HCl, pH 7.4 at a flow rate of 100 µl min-1 coupled to an Agilent 7500c ICP-MS 

instrument (Agilent, Waldbrunn, Germany), equipped with a Scott type spray chamber and 

a perfluoroalkoxy µ-flow nebulizer, to monitor the intensity for several elemental isotopes 

over a period of 100 min. The plasma was operated at 1600 W and all other parameters 

were daily optimized in order to obtain stable signals for the elements of a tuning solution 

(10 ppb of: 6Li – ~8.0e4 cps, 89Y - ~1.3e5 cps, 140Ce - ~1.3e5 cps, 205Tl - ~ 9.6e4 cps), 

and stable background signals for 13C, 23Na, 39K when infusing the eluent from the gel-

filtration column. 

Finally, the obtained chromatograms for each isotope were corrected for the natural isotope 

abundance as provided by the instrument manufacturer and for sensitivity drifts by a 

smoothed 13C baseline using R scripts. To enable comparison between the ChB1-Epo2-

treated and DMSO-control samples, protein concentrations were determined by Bradford 

assay with bovine serum albumin as external calibrant for each sample. The 

chromatograms were rescaled according to the injected protein amount. The peak fitting 

program Fityk 1.3.1 was finally used to integrate peak areas above the baseline for each 

isotope (Wojdyr, 2010). Total elemental content was calculated as the summary of peak 

areas. Statistical testing was performed with the R package “rstatix” using paired t-testing 

(version: 0.7.0) (Kassambara, 2021). 
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6.2.6 Metabolomics analysis 

Metabolomics experiments were performed as described by Dörries et al. (2014) and 

Liebeke et al. (2008). 

6.2.6.1 Cultivation of cells 

C. difficile cultures were cultivated and stressed as done for the proteomics experiment 

described in section 6.2.3.1. After 90 minutes of growth in the presence of the antibiotics, 

treated and untreated cells were immediately cooled down in liquid nitrogen and collected 

by centrifugation for 3 min at 10,000 x g at 4 °C. Supernatants were collected in separate 

50 ml tubes and supernatant-free pellets were frozen in liquid nitrogen. 1.2 ml of each 

supernatant were filtered through a 0.2 µm cutoff filter and were likewise frozen in liquid 

nitrogen. 1 ml aliquots of the pure medium were co-frozen as blank. 

 

6.2.6.2 Extraction of cytosolic metabolites 

For extraction of the intracellular metabolites, cell pellets were suspended in 800 µl of 60% 

ice-cold ethanol and transferred to screw cap tubes. Two additional screw cap tubes were 

filled with either 500 µl of CDMM or 500 µl of MS-pure water and 800 µl of 60% ethanol as 

medium or empty control. 200 µl of an internal GC-MS standard (GC4; 20 nM each of N,N-

dimethyl-phenylalanine, p-chloro-phenylalanine hydroxide, norvaline, ribitol; Sigma Aldrich, 

St. Louis, MO, USA) were added to every tube. Cells were disrupted by three rounds of 

bead beating as described in section 6.2.1.5 with the exception that 60% ethanol were used 

instead of TE buffer. The cytosolic fraction was separated from the cell debris by 

centrifugation for 5 min at 20,000 x g at 4 °C. Supernatants were transferred to 50 ml tubes 

and stored on ice. Glass beads and cell debris were washed with 800 µl of MS-pure water 

by an additional round of bead beating followed by centrifugation for 5 min at 20,000 x g at 

4 °C. Supernatants of both centrifugation steps were pooled and 5 ml of MS-pure water 

were added to every sample to lower the percentage of ethanol within the samples. Samples 

were transferred to -80 °C and were allowed to completely freeze for several hours. Frozen 

samples were lyophilized in a freeze dryer (Alpha 1-2 LDplus, Christ, Osterode am Harz, 

Germany) overnight. Lyophilized cytosolic extracts were suspended in 500 µl of MS-pure 

water and transferred to 1.7 ml low binding tubes. Samples were allowed to freeze again at 

-80 °C before and subjected to an additional lyophilization step. 
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6.2.6.3 GC-MS/MS analysis 

Subsequently, lyophilized samples were derivatized with 40 μl methoxyamine hydrochloride 

for 90 min at 37 °C. Next, 80 µl of N-methyl-N-trimethylsilyltrifluoroacetamide were added 

and samples were incubated for 30 min at 37 °C. 2 µl of the derivatized samples were 

analyzed on an Agilent®5973 Network MSD mass selective detector (Agilent Technologies, 

Santa Clara, Ca, USA) coupled to an Agilent 6890N GC system with SSl-injector [Split 1:25 

at 250 °C; inlet split flow: 20 ml/min; carrier gas: helium 1 ml/min (60 kPa) at 110 °C; 

pressure rise: 6 kPa/min]. First, samples were separated on a 30-m DB-5MS column (30 m 

x 0,25 mm x 0,25 µm; Agilent Technologies, Santa Clara, Ca, USA) using an four-step oven 

program ((1) initial temperature hold at 70 °C for 1 min, (2) stepwise heating with 1.5 °C/min 

up to 76 °C (3) stepwise heating with 5 °C/min up to 220 °C, (3) stepwise heating with 

20 °C/min up to 320 °C, (4) hold at 320 °C for 5 min). Subsequently, analytes were 

transferred to the mass selective detector via the transfer line at 280 °C. Operating in 

electron ionization mode with an ionization energy of 70 eV, full scans were performed from 

50 to 550 m/z at a scan rate of 2.74 scans per second with a 6 min solvent delay. Statistical 

testing was performed with the R package “rstatix” using multiple pairwise comparisons (t-

test) against the controls as reference group (version: 0.7.0) (Kassambara, 2021). 
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6.2.7 Subcellular localization analysis 

Subcellular fractionation and localization experiments were performed by modifying a 

previously established protocol (Prochnow et al., 2019). 

6.2.7.1 Cultivation and harvest 

C. difficile were grown in CDMM to an OD600nm of 0.8 and were exposed to 10 µg/ml 

amidochelocardin for 10 min. Treated cells and untreated controls were harvested by 

centrifugation for 5 min at 10,000 x g at 4 °C. Cell pellets were suspended in 2 ml 50 mM 

Tris, pH 7.6, 150 mM NaCl and were split to two equal subsamples. Cells were collected by 

centrifugation for 5 min at 4,500 x g at 4 °C and were washed once with 1 ml of 25 mM Tris, 

pH 7.4. After an additional centrifugation step, supernatants were discarded. 

 

6.2.7.2 Subcellular fractionation 

Cells were suspended in 190 µl 10 mM Tris, pH 7.4 and were subjected to five cycles of 

ultrasonication of 30 s at an amplitude of 60% with pulse ratio 0.1/0.5 s (Sonopuls Ultrasonic 

Homogenizer, Bandelin electronic GmbH & Co. KG, Berlin, Germany). To remove DNA from 

the samples, each sample was treated with 2.8 ng/ml DNase I (Roche, Basel, Switzerland) 

for 15 min at 37 °C and 1,000 rpm. One subsample of both conditions was transferred to 

ultracentrifuge tubes (Thermo Scientific, Rockford, IL, USA) and the cytosol fraction was 

separated from the envelope fraction by ultracentrifugation for 1 h at 100,000 x g at 4 °C 

(Sorvall Discovery M150 SE, Thermo Fisher Scientific, Waltham, MA, USA). The 

supernatants were collected as cytoplasmic fraction. Cell envelope pellets were carefully 

washed with 200 µl 10 mM Tris, pH 7.4 without disrupting the pellet followed by an 

additional centrifugation step for 1 min at 16,000 x g at 4 °C. Supernatants were discarded 

and the envelope pellets were suspended in 200 µl 0.5 M MgSO4 in an ultrasonic bath. 
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6.2.7.3 LC-MS analysis 

The amount of amidochelocardin taken up by C. difficile was quantified on an Absciex 

QTrap6500 Linear Ion Trap Quadropole LC-MS/MS Mass Spectrometer (AB Sciex 

Germany GmbH, Darmstadt, Germany) coupled to an Agilent 1290 Infinity II (Agilent 

Technologies, Santa Clara, CA, USA) in negative ion mode. Briefly, proteins were 

precipitated using 80 µl of sample mixed with 80 µl H2O, 120 µl of acetonitrile and 120 µl of 

methanol followed by centrifugation at 2250 x g for 60 min at 4 °C. Subsequently, 320 µl of 

supernatant were dried overnight in a CentriVap equipped with a -50 °C cold trap 

(Labconco, Kansas, MO, USA). Prior to injection into the LC, dried samples were 

reconstituted in 40 µl MS-Buffer (40% H2O, 30% acetonitrile and 30% methanol), containing 

100 ng/ml Glipizide as internal standard. Liquid chromatography separation was done using 

a reversed-phase column (Phenomenex Gemini® 3µm NX-C18 110A; 50 x 2 mm) equipped 

with respective guard column (5 x 2 mm) (Phenomenex, Torrance, CA, USA) at a flow rate 

of 700 µl/min applying a linear gradient starting at 1 min 5% B, which steadily increased up 

to 95% B in 5 min plus an additional 1 min 95% B (A: 0.1% formic acid; B: acetonitrile, 0.1% 

formic acid). Targeted analyses in negative mode were done using multiple reaction 

monitoring with the following MRM settings for detection: the internal standard was 

measured as m/z: 443.9, with fragments: m/z: 319.1 (Declustering Potential -66; Colision 

Energy: -26; Cell Exit Potential: -21) and m/z: 170.1 (Declustering Potential -66; Colision 

Energy: -40; Cell Exit Potential: -7). For detection of amidochelocardin (m/z: 411.1), its 

fragments m/z: 269.1 (Declustering Potential -5.0; Colision Energy: -20; Cell Exit Potential: 

-13) and m/z: 141.0 (Declustering Potential -5.0; Colision Energy: -20; Cell Exit Potential: -

9) were quantified using the software Analyst 1.6.3 and Multiquant 3.0 (AB Sciex Germany 

GmbH, Darmstadt, Germany). 
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6.2.8 Transmission electron microscopy 

Sample preparation for transmission electron microscopy was done as described previously 

in Metzendorf et al. (2022). 

6.2.8.1 Cultivation of cells and cell harvest 

Cells were grown in CDMM to mid-exponential phase and were stressed with a sublethal 

concentration as done for the proteomics experiments described in section 6.2.3.1. 

Subsequently, 15 ml of stressed and unstressed cells were harvested by centrifugation for 

10 min at 2,250 x g at 4 °C for 10 min. Cells were washed once in 1 ml 1x PBS (Table 6.18), 

transferred to low-binding tubes (Sorenson™ BioScience, Murray, UT, USA) and collected 

again by centrifugation 3,500 x g at 4 °C for 10 min. Supernatants were discarded and cells 

were suspended in 200 µl 1x PBS (Table 6.18). 

 

Table 6.18: Phosphate-buffered saline (PBS) 

Component Final concentration 

Sodium chloride 137 mM 

Di-sodium hydrogen phosphate 10 mM 

Potassium chloride 2.7 mM 

Potassium dihydrogen phosphate 1.8 mM 

 

6.2.8.2 Fixation of cells 

For fixation, 1 ml of fixation buffer (Table 6.19) was added to the cells and samples were first 

incubated with slow agitation at RT for 10 min and subsequently at 4 °C overnight. Fixed 

cells were washed three times in 100 mM cacodylate, pH 7.4 and were pelleted after each 

wash step at 6,000 x g at 4 °C for 3 min. Finally, fixed cells were suspended in 200 µl 

100 mM cacodylate, pH 7.4 followed by a final centrifugation step at 6,000 x g at 4 °C for 

3 min. 

 

Table 6.19: Fixation buffer, pH 7.4 

Component Final concentration 

Cacodylate 100 mM 

Sodium azide 50 mM 

Magnesium chloride 10 mM 

Calcium chloride 5 mM 

Glutaraldehyde 2% 

Paraformaldehyde 2% 
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6.2.8.3 Preparation for transmission electron microscopy and image acquisition 

Fixed cells were embedded in low gelling agarose and were prepared for transmission 

electron microcopy as described in Metzendorf et al. (2022). The morphology of cells was 

then analyzed with a transmission electron microscope LEO 906 (Carl Zeiss Microscopy 

GmbH, Oberkochen, Germany) and images were acquired with a wide-angle dual speed 

CCD camera Sharpeye (Tröndle, Moorenweis, Germany), which was operated by the 

ImageSP software. Finally, all micrographs were edited by using Adobe Photoshop CS6. 
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6.3 In vivo experiments: Metaproteomics analyses 

The following section provides information about the experimental procedures applied for 

the analyses of piglet fecal samples obtained during a piglet feeding trial conducted at the 

Friedrich-Loeffler-Institute (FLI, Jena, Germany). 

6.3.1 Extraction of proteins 

6.3.1.1 Differential centrifugation and filtration of samples 

Approximately 400 mg of each fecal sample, which had been homogenized directly after 

sampling prior freezing, were suspended in 5 ml ice-cold 1x PBS (Table 6.18), 0.03% sodium 

deoxycholate (Sigma Aldrich, St. Louis, MO, USA) with brief vortexing. Samples were 

incubated on a tube rotator for 10 min at full speed at 4 °C followed by vigorous vortexing. 

Fiber material was separated from the supernatant by low-speed centrifugation for 5 min at 

200 x g at 4 °C. Supernatants were collected in a new tube and the fiber pellets were 

washed again in 5 ml 1x PBS (Table 6.18), 0.03% sodium deoxycholate by vortexing two 

times for 30 s. Fiber material was pelleted once again for 5 min at 200 x g at 4 °C. The wash 

step was repeated two times and the supernatants were pooled. Subsequently, 

supernatants were filtered through stomacher strainer bags (stomacher® 400 Circulating 

strainer bags, Seward Ltd., Worthing, UK) and bacterial cells were pelleted for 20 min at 

10,000 x g at 4 °C. Obtained cell pellets were stored at -70 °C. 

6.3.1.2 Phenol-based extraction of proteins 

Proteins were extracted from fecal material according to the protocol of Heyer et al. (2019) 

with minor modifications. Frozen cell pellets were suspended in 800 µl Tris-HCl, pH 7.5, 1% 

SDS and transferred to 2 ml screw cap tubes containing 500 µl glass beads (0.1 to 

0.11 mm, Satorius Stedim Biotech, Göttingen, Germany). Subsequently, cells were lysed 

by mechanical disruption in a FastPrep homogenizer at 6.5 m/s in three cycles à 30 s 

(FastPrep-24™5G homogenizer; M.P. Biomedicals, Santa Ana, CA, USA). In between runs, 

samples were cooled down on ice for 1 min. To remove glass beads, cell debris and 

aggregates samples were centrifuged for 5 min at 15,000 x g at 4 °C. The supernatants 

were transferred to a 15 ml falcon tube and the glass beads/debris pellets were washed 

once with 400 µl of Tris-HCl, pH 7.5, 1% SDS. Samples were centrifuged again for 5 min at 

15,000 x g at 4 °C and supernatants of both cycles were pooled. 2 ml phenol solution 

equilibrated with 10 mM Tris-HCl, pH 8.0, 1 mM EDTA and 1 ml dH2O were added to each 

sample and samples were incubated on a tube rotator for 1 h at highest speed at 4 °C. 

Phase separation was achieved by centrifugation for 30 min at 10,000 x g and RT. The 

lower phenol phase was transferred to a new 15 ml falcon tube and mixed with an equal 

volume of dH2O. Samples were again incubated on a tube rotator for 30 min at highest 
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speed at 4 °C followed by centrifugation for 30 min at 10,000 x g and RT. The lower phenol 

phase was transferred to a new 50 ml falcon tube and proteins were precipitated with 

five volumes of 0.1 M ammonium acetate in methanol overnight at -20 °C. Precipitated 

proteins were collected for 30 min at 10,000 x g at 4 °C and washed twice with 1 ml of 0.1 M 

ammonium acetate in methanol for 15 min at -20 °C in 1.5 ml microcentrifuge tubes followed 

by centrifugation for 10 min at 15,000 x g at 4 °C. Obtained protein pellets were dried and 

suspended in an appropriate volume of 1% SDS at 50 °C and 900 rpm until pellets were 

fully dissolved. Protein extracts were stored at -20 °C. 

6.3.2 LC-MS/MS sample preparation and analysis 

6.3.2.1 Determination of protein concentrations 

Protein contents of extracts were determined using Pierce™ BCA Protein Assay Kit 

(Thermo Scientific, Rockford, IL, USA) according to the manufacturer’s recommendations. 

Briefly, 100 µl of a 1:10 dilution of each protein extract was mixed with 2 ml working reagent 

prepared from 50 parts of reagent A and 1 part of reagent B. Samples were incubated for 

30 min at 37 °C and the optical density was read at 562 nm blanked against dH2O. Protein 

contents of samples were calculated based on a respective standard curve. 

6.3.2.2 S-trap digestion of fecal proteins and high pH reversed phase purification and 

fractionation 

Fecal protein samples were prepared for LC-MS/MS measurements at described in 

sections 6.2.3.2 and 6.2.3.3 with the exception that final peptide fractions were not pooled 

and each fraction was suspended in 40 µl of 0.1 acetic acid prior to the LC-MS/MS 

measurements. 

6.3.2.3 LC-MS/MS measurements 

For separation of peptide mixtures, peptides were loaded onto self-packed analytical 

columns with integrated emitter (100 µm x 20 cm) containing C18 reverse phase material 

(3 µm, Dr. Maisch GmbH, Ammerbuch-Entringen, Germany) of an EASY nLC 1000 coupled 

to an Orbitrap-Velos Pro™ mass spectrometer (Thermo Fisher Scientific, Waltham, MA, 

USA). Peptides were eluted using a 85 min gradient from 5 to 50% of acetonitrile, 0.1% 

acetic acid at a constant flow rate of 300 nl/min. First, full survey scans were performed with 

a resolution of 30,000 in the range of 300 – 2000 m/z. Subsequently, the twenty most 

abundant precursor ions per scan cycle were subjected to collision-induced dissociation 

(CID) with a normalized collision energy of 35 and MS/MS scans were performed in the 

LTQ-part of the instrument. Unassigned charge states and singly charged ions were 

excluded from the analysis with a dynamic exclusion enabled for 20 s. Internal lock mass 

calibration was applied (lock mass 445.120025). 
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6.3.3 Database search and analysis 

6.3.3.1 Database search and post-processing 

Raw files were converted to mgf format using the ProteoWizard tool MSConvert and a 

threshold peak filter for the 500 most intense peaks (Chambers et al., 2012). The 

commercial search engine Mascot (Matrix Science Inc., Boston, MA, USA; version 2.6.2) 

was used to search raw files against a sample specific database created on the basis of 

16S rRNA (5,425,260 entries) processed and clustered with the FASTA TOOLKIT and cd-

hit (Fuchs; Li and Godzik, 2006; Fu et al., 2012). For the search, carbamidomethylation of 

cysteine was set as fixed modification and oxidation of methionine was set as variable 

modification. In addition, fragment tolerance was set to 0.5 Da and parent tolerance was 

set to 10 ppm and up to two missed cleavages were allowed. Mascot generic files were 

subjected to a second round of database search using the search algorithm X! Tandem 

Alanine (version 2017.2.1.4) implemented in Scaffold (Proteome Software, Inc., Portland, 

OR, USA; version 4.11.1). Subsequently, Scaffold was used for post-processing and 

validation selecting the experiment-wide grouping algorithm. Finally, the dataset was filtered 

for protein groups identified by at least two peptides and a peptide threshold of 95% and a 

protein threshold of 99% were applied. 

6.3.3.2 Metaproteomics data analysis 

Taxonomic and functional annotations for the identified protein groups were obtained from 

NCBI (taxonomy) and eggNOG (function) by subjecting the Scaffold protein report to 

Prophane analysis (version 4.2.2) (Schiebenhoefer et al., 2020). Data were further analyzed 

using RStudio Desktop (version: 1.4.1103; RStudio, Boston, MS, USA) and the R packages 

listed in Table 6.20. 

 

Table 6.20: R packages used for metaproteomics data analysis. 

R Package Version Type of analysis Reference 

Indicspecies 1.7.9 Indicator species analysis (Cáceres and Legendre, 

2009) 

Limma 3.46.0 Differential expression analysis (Ritchie et al., 2015) 

Vegan 2.5-7 Diversity analysis (Oksanen et al., 2020) 

zCompositions 1.4.0 multivariate imputation of left-

censored data under a 

compositional approach 

(Palarea-Albaladejo and 

Martín-Fernández, 2015) 
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6.3 Comparative BLASTp analysis 

To comparatively analyze the theoretical protein repertoire of species with higher or lower 

susceptibility to chlorotonils, the theoretical proteome of 17 strains selected bacterial 

species was downloaded from Uniprot (Table 6.21). Strains were selected based on 

susceptibility screening dataset provided by Arne Bublitz (Helmholtz Centre for Infection 

Research, Braunschweig, see Suppl. figure S2). 

 

Table 6.21: Reference proteomes for comparative BLASTp analysis. 

Species Proteome Download date 

Akkermansia muciniphila UP000001031 23.11.2021 

Bacteroides caecimuris UP000092631 25.10.2021 

Bacteroides fragilis UP000006731 18.03.2021 

Bacteroides thetaiotaomicron UP000001414 18.03.2021 

Bifidobacterium longum subsp. infantis UP000001360 07.12.2020 

Clostridioides difficile UP000001978 23.11.2020 

Clostridium clostridioforme UP000013180 25.10.2021 

Clostridium scindens UP000003459 25.01.2021 

Enterococcus faecalis UP000001415 25.01.2021 

Extibactermuris muris UP000295710 24.11.2021 

Flavonifractor plautii UP000004459 25.10.2021 

Limosilactobacillus reuteri UP000001991 23.11.2021 

Muribaculum intestinale UP000186351 25.10.2021 

Paeniclostridium sordellii UP000036161 26.01.2021 

Paraclostridium bifermentans UP000015688 25.02.2021 

Peptostreptococcus anaerobius UP000004206 25.02.2021 

Terrisporobacter glycolicus UP000183495 07.12.2020 

 

All theoretical proteomes were searched against the proteome of C. difficile 630, which was 

used as reference dataset, using BLASTp (version: 2.11.0, downloaded Oct.  6, 2020) 

applying an e value threshold of 1 x 10-5 (Camacho et al., 2009). 
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6.4 Data visualization 

Data were visualized using RStudio Desktop (version: 1.4.1103; RStudio, Boston, MS, 

USA) and the various R packages (Table 6.22). Voronoi treemaps were further created using 

the treemap builder “Paver” (Decodon GmbH, Greifswald, Germany). Figures and images 

were created and/or adjusted using Microsoft PowerPoint 2019 (Microsoft, Albuquerque, 

NM, USA). 

 

Table 6.22: R packages used to analyze and visualize metaproteomics data. 

R Package Version Type of analysis Reference 

Broom 0.7.12 Data organization (Wickham, 2022) 

ComplexHeatmap 2.6.2 Creation of heatmaps (Gu et al., 2016) 

dplyr 1.0.8 Data organization (Wickham et al., 2021) 

ggplot2 3.3.5 Visualization (Wickham, 2016) 

ggpubr 0.4.0 Data organization (Kassambra, 2020) 

ggvenn 0.1.9 Venn diagrams (Yan, 2021) 

Pheatmap 1.0.12 Heatmaps (Kolde, 2019) 

RColorBrewer 1.1-2 Colors (Neuwirth, 2014) 

Stringr 1.4.0 Data organization (Wickham, 2019) 

Tidyr 1.2.0 Data organization (Wickham, 2021) 

 

6.5 Data availability 

Proteomics data sets are available at the ProteomeXchange Consortium via the PRIDE 

partner repository (http://proteomecentral.proteomexchange.org). Individual data sets were 

deposited separately and were assigned individual identifiers (Table 6.23). 

Table 6.23: Proteomics data depository. 

Data set Identifier Username Password 

ChA stress experiment PXD033805 reviewer_pxd033805@ebi.ac.uk h0mX74ST 

ChB1-Epo2 stress experiment PXD029243 reviewer_pxd029243@ebi.ac.uk 7s5wLD0u 

ChB1-Epo2 long-term stress experiment PXD029251 reviewer_pxd029251@ebi.ac.uk NVTpzqdf 

T. glycolicus stress experiment  PXD033806 reviewer_pxd033806@ebi.ac.uk h4GyAZ7e 

MyxB stress experiment PXD027366 publicly available  

CDCHD stress experiment PXD029250 reviewer_pxd029250@ebi.ac.uk aTWlUiMM 

Metaproteomics experiment PXD033822 reviewer_pxd033822@ebi.ac.uk UVyPm0Jj 
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8. Appendix 

8.1 Supplementeray figures 

 

Supplementary figure S1: Growth of C. difficile in BHI broth is inhibited by low concentrations of 
chlorotonils to similar extent as in CDMM medium. Exemplarily, a selected growth curve representing 
n ≥ 3 biological replicates is shown. 

 

 

© Arne Bublitz, Helmholtz Centre for Infection Research, Braunschweig, Germany 

Supplementary figure S2: Differential susceptibility of members from the intestinal community to 
ChA and ChB1-Epo2. Strains from ten different bacterial families were grown in BHIS in the presence of 
different concentrations of ChA or ChB1-Epo2. The time until cells reached an OD600nm of 0.2 was measured 
and the growth delay is displayed in hours using a color gradient from white (no growth delay) to red (highest 
delay). Data and figure provided by Arne Bublitz, Helmholtz Institute for Infection Research, Braunschweig, 
Germany. 
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Supplementary figure S3: Exemplarily growth curves for the omics stress experiment. (A, B, D-G) 
C. difficile 630 was grown in CDMM to mid-exponetial phase and was treated with (A) 4.69 ng/ml ChA, (B) 
4.69 ng/ml ChB1-Epo2, (D) 1.75 ng/ml rifaximin (Rif), (E) 6 ng/ml fidaxomicin, (F) 500 ng/ml myxopyronin 
B or (G) three different concentrations of amidochelocardin (0.75 µg/ml; 1.0 µg/ml; 1.5 µg/ml). (C) 
T. glycolicus DSM 1288 was grown in BHI to mid-exponetial phase and was treated with 6.25 ng/ml ChB1-

Epo2. Harvest points 90 minutes following stress are indicated by a triangle. 

0

0,5

1

1,5

2

0 5 10 15

O
D

 [
6

0
0

 n
m

]

h

ChA [4.69 ng/ml] DMSO

0

0,2

0,4

0,6

0,8

1

1,2

1,4

0 5 10 15

O
D

 [
6

0
0

 n
m

]

h

ChB1-Epo2 [4.69 ng/ml] DMSO

0

0,5

1

1,5

2

2,5

0 1 2 3 4 5

O
D

 [
6

0
0

 n
m

]

h

ChB1-Epo2 [6.25 ng/ml] DMSO

0

0,5

1

1,5

2

0 5 10 15

O
D

 [
6

0
0

 n
m

]
h

Rif [1.75 ng/ml] DMSO

0

0,5

1

1,5

0 5 10 15

O
D

 [
6

0
0

 n
m

]

h

Fid [6 ng/ml] DMSO

0

0,5

1

1,5

2

0 5 10 15

O
D

 [
6

0
0

 n
m

]

h

MyxB [500 ng/ml] DMSO

0

0,5

1

1,5

2

0 5 10 15

O
D

 [
6

0
0

 n
m

]

h

1.5 µg/ml 1 µg/ml 0.75 µg/ml Ctrl

Harvest

Harvest

Harvest
Harvest

Harvest
Harvest

Harvest

A

G

FE

DC

B



Appendix 

163 
 

 

Supplementary figure S4: Adaptation of C. difficile to ChA. (A + B) C. difficile 630 was cultivated in the 
presence of serial dilutions of ChA in BHI broth. (C + D) C. difficile 630 is able to recover following ChA stress 
in CDMM medium. 
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8.2 CD Rom content 

 

The supplementary material included on the attached CD-ROM comprises: 

 

Supplementray_tables.xlsx 

   Tab. S1:   Minimal inhibitory concentrations of ChA in different media in µg/ml. 

   Tab. S2:   Overview table of comparative BLASTp analysis. 

   Tab. S3:   Overview table of PrdB and GrdB homologous proteins submitted to the  
                    InterPro/Uniprot database. Downloaded May 9, 2022. 

   Tab. S4:   Table of all proteins identified in the ChA stress proteomics experiment  
          with C. difficile. 

   Tab. S5:   Table of all proteins identified in the ChB1-Epo2 stress proteomics  
                    experiment with C. difficile. 

   Tab. S6:   Table of all proteins identified in the ChB1-Epo2 long-term stress proteomics  
            experiment with C. difficile. 

   Tab. S7:   Table of all proteins identified in the chlorotonil proteomics experiment with  
            T. glycolicus. 

Tab. S8:   Table of quantitative ICP-MS data determined in the ChB1-Epo2 stress  
          experiment with C. difficile. 

Tab. S9:   Table of isotopes identified in complex with ChA and ChB1-Epo2. 

   Tab. S10: Table of protein groups identified in the metaproteomics analysis. 

   Tab. S11: Table of all proteins identified in the myxopyronin B proteomics experiment. 

   Tab. S12: Table of all proteins identified in the amidochelocardin proteomics  
                    experiment. 

   Tab. S13: Table of gene sets used for the gene set enrichment analysis. 

   Tab. S14: Table of consumables and devices with specifications and  
                    manufacturers. 
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8.4 Conference contribution 
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Poster: A multi-omics approach to evaluate natural products for 
Clostridioides difficile therapy 

08.2019 ClostPath 2019 (Leiden, Netherlands) 

Poster: Chlorotonil A & B as new therapeutic options for 
Clostridioides difficile therapy 

09.2019 Joint meeting of the VAAM special group “Qualitätssicherung und 
Diagnostik” and the DGHM special group “Diagnostische and Klinische 
Mikrobiologie” (Erlangen, Germany) 
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therapy (cancelled due to the Corona pandemic) 
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motive force 
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