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Abstract  
In English 

Title: The CRISPR-Cas system of human pathogen Clostridium difficile: function and 

regulation 

 

Clostridium difficile (the novel name – Clostridioides difficile) is a Gram-positive, 

strictly anaerobic spore forming bacterium, found in soil and aquatic environments as 

well as in mammalian intestinal tracts. C. difficile is one of the major pathogenic 

clostridia. This bacterium has become a key public health issue associated with antibiotic 

therapy in industrialized countries. C. difficile-associated diarrhoea is currently the most 

frequently occurring nosocomial diarrhoea in Europe and worldwide. Since the last 

decade the number of severe infection forms has been rising due to emergence of the 

hypervirulent and epidemic strains as ribotype 027 R20291 strain. C. difficile infection 

causes diarrhoea, colitis and even death. Many aspects of C. difficile pathogenesis remain 

poorly understood. Particularly, the molecular mechanisms of its adaptation to changing 

conditions inside the host are to be scrutinized.  

During the infection cycle C. difficile survives in bacteriophage-rich gut 

communities possibly by relying on some special systems that control the genetic 

exchanges favored within these complex environments. During the last decade, CRISPR 

(clustered regularly interspaced short palindromic repeats)-Cas (CRISPR-associated) 

systems of adaptive prokaryotic immunity against exogenic genetic elements has become 

the center of interest among various anti-invader bacterial defense systems. 

Previous studies revealed the presence of abundant and diverse CRISPR RNAs in 

C. difficile. C. difficile has an original CRISPR system, which is characterized by the 

presence of an unusually large set of CRISPR arrays (12 arrays in the laboratory 630Δerm 

strain and 9 ones in the hypervirulent R20291 strain), of two or three sets of cas genes 

conserved in the majority of sequenced C. difficile genomes and the prophage location of 

several CRISPR arrays. However, the role CRISPR-Cas plays in the physiology and 

infectious cycle of this important pathogen remains obscure. 

 

The general aims of this work run as follows:  

1) to investigate the role and the functionality of C. difficile CRISPR-Cas system in the 

interactions with foreign DNA elements (such as plasmids), 2) to reveal the way C. 
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difficile CRISPR-Cas system expression is regulated and functions in different states of 

bacterial culture, including its response to stresses.  

 

In the present PhD thesis the functionality of C. difficile CRISPR-Cas system was 

investigated (Chapter 2). Through conjugation efficiency assays defensive function 

(CRISPR interference) of C. difficile CRISPR-Cas system was demonstrated. The 

correlation between the previously known levels of expression of CRISPR RNAs and the 

observed levels of interference has also been shown. Moreover, through the series of 

interference experiments the functionality of PAMs (protospacer adjacent motifs) was 

confirmed, which have already been predicted in silico. Additionally, the general 

functional PAM consensus was determined using PAM libraries experiments. 

Furthermore, an adaptive function of C. difficile CRISPR-Cas system was shown for 

laboratory strain. The role of multiple cas operons in C. difficile CRISPR functionality is 

also demonstrated in this Chapter. 

In Chapter 3 the link between C. difficile CRISPR-Cas system and a new type I 

toxin-antitoxin system is demonstrated, as well as a possible co-regulation under biofilm 

and stress conditions of CRISPR-Cas system and these toxin-antitoxin modules. This 

Chapter also defines a possible role of c-di-GMP in regulation of C. difficile CRISPR-Cas 

system.  

Additionally, Chapter 4 describes the utilization of endogenous C. difficile CRISPR-Cas 

system as a novel tool for genome editing in C. difficile.  

 

Altogether, the obtained data highlight the original features of active C. difficile 

CRISPR-Cas system and demonstrate its biotechnological potential. 

 

 

Keywords: Clostridium difficile, CRISPR, CRISPR interference, CRISPR adaptation, I-B 

subtype CRISPR-Cas system, CRISPR regulation, toxin-antitoxin system, genome editing 
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En français 

Titre: La fonction et la régulation du système CRISPR-Cas chez un pathogène humain 

Clostridium difficile 

 

Clostridium difficile (nouveau nom Clostridioides difficile) est une bactérie à Gram-

positif, sporulante, anaérobie stricte, présente dans le sol et les environnements 

aquatiques, ainsi que dans le tractus intestinal des mammifères. C. difficile est l’un des 

principaux clostridies pathogènes. Cette bactérie est devenue un vrai problème de santé 

publique associé à l'antibiothérapie dans les pays industrialisés. La diarrhée associée à C. 

difficile est actuellement la diarrhée nosocomiale la plus fréquente en Europe et dans le 

monde. Depuis la dernière décennie, la proportion de formes d’infections graves a 

augmentée en raison de l’émergence des souches hypervirulantes et épidémiques comme 

la souche R20291 de ribotype 027. L’infection à C. difficile provoque la diarrhée, la colite 

et même la mort. De nombreux aspects de la pathogenèse de C. difficile restent mal 

compris. En particulier, les mécanismes moléculaires de son adaptation aux conditions 

changeantes de l'hôte doivent être examinés. 

Durant le cycle d'infection, C. difficile survit dans des communautés intestinales 

riches en bactériophages, en utilisant des systèmes qui contrôlent les échanges génétiques 

favorisés dans ces environnements complexes. Au cours de la dernière décennie, les 

systèmes CRISPR (clustered regularly interspaced short palindromic repeats)-Cas 

(associés aux CRISPR) d'immunité adaptative chez les procaryotes contre des éléments 

génétiques exogènes sont devenus le centre d'intérêt scientifique parmi les divers 

systèmes de défense bactérienne. 

Des études antérieures ont révélé la présence d'ARN CRISPR abondants chez C. 

difficile. Cette bactérie possède un système CRISPR original, caractérisé par la présence 

d'un grand nombre de cassettes CRISPR (12 dans la souche 630Δerm et 9 dans la souche 

hypervirulante R20291), de deux ou trois opérons cas conservés dans la majorité des 

génomes séquencés de C. difficile et la localisation au sein des prophages de plusieurs 

cassettes CRISPR. Cependant, le rôle de CRISPR-Cas dans la physiologie et le cycle 

infectieux de cet important pathogène reste obscur. 

 

Les objectifs de ce travail sont les suivants: 

1) étudier le rôle et la fonctionnalité du système CRISPR-Cas de C. difficile dans les 

interactions avec des éléments d'ADN étrangers (tels que les plasmides), 2) révéler la 
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manière dont le système CRISPR-Cas de C. difficile est régulé et fonctionne dans des 

conditions de culture bactérienne différentes, incluant la réponse aux stress. 

 

Dans la présente thèse, la fonctionnalité du système CRISPR-Cas de C. difficile a 

été étudiée (chapitre 2). Grâce à des tests d'efficacité de conjugaison, la fonction 

défensive (en interférence) du système CRISPR-Cas a été démontrée. La corrélation entre 

les niveaux d'expression des ARN CRISPR et les niveaux d'interférence observés a 

également été montrée. De plus, grâce à la série d’expériences d’interférence, la 

fonctionnalité des motifs PAM (protospacer adjacent motifs) a été confirmée en accord 

avec des prédictions in silico. Le consensus fonctionnel de PAM a été déterminé 

expérimentalement avec les bibliothèques des plasmides. La fonction adaptative du 

système CRISPR-Cas de C. difficile a été également démontrée pour la souche de 

laboratoire. Le rôle de plusieurs opérons cas dans la fonctionnalité du système CRISPR 

de C. difficile est démontré aussi dans ce chapitre. 

Le chapitre 3 montre le lien entre le système CRISPR-Cas et un nouveau système 

toxine-antitoxine de type I, ainsi que leur possible co-régulation dans des conditions de 

biofilm et de stress. Ce chapitre définit également le rôle possible du c-di-GMP dans la 

régulation du système CRISPR-Cas de C. difficile. De plus, le chapitre 4 décrit 

l'utilisation du système CRISPR-Cas endogène comme nouvel outil pour la rédaction du 

génome de C. difficile. 

 

En conclusion, les données obtenues mettent en évidence les caractéristiques 

originales du système CRISPR-Cas actif de C. difficile et démontrent son potentiel 

biotechnologique. 

 

 

Mots clefs: Clostridium difficile, CRISPR, interférence CRISPR, adaptation CRISPR, 

système CRISPR-Cas de sous-type I-B, régulation de CRISPR, système toxine-

antitoxine, rédaction du génome 
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Chapter 1. Literature review 

 

Several parts of this Chapter are published (Maikova et al., 2018b): 

Maikova A., Severinov K., Soutourina O. New insights into functions and possible 

applications of Clostridium difficile CRISPR-Cas system. Front. Microbiol. Frontiers. 

2018; 9: 1740. 

 

1.1 Human enteropathogen Clostridium difficile  

1.1.1 General characterization of Clostridium difficile   

For the first time, Clostridium difficile (the novel name Clostridioides difficile 

(Oren and Rupnik, 2018)) was identified in 1935 by Hall and O’Toole (Hall and O’Toole, 

1935). The bacterium was found in the normal gut microflora of newborns and named 

Bacillus difficilis as a result of difficulties of its insulation. Clostridium difficile is a 

Gram-positive, strictly anaerobic, motile and spore-forming bacterium. This species is 

ubiquitous and can be found in soil and aquatic environments, and in mammalian 

intestinal tracts. C. difficile is asymptomatically carried by about 3-5% of the human 

population. C. difficile cells are characterized by size from 3 to 15 μm long, and they may 

have a small bulge at the end of the cell, which corresponds to the subterminal spore 

(Figure 1.1A). C. difficile colonies are opaque, non-hemolytic, irregular, or even slightly 

rhizoid (Figure 1.1B). In 1978 Barlett et al. showed the correlation between the presence 

of C. difficile and the emergence of pseudomembranous colitis (acute inflammation of the 

colon (Figure 1.1C)), which is often associated with antibiotic therapy (Bartlett et al., 

1978). 

The complete genome sequence of reference strain C. difficile 630 was obtained in 

2006 (Sebaihia et al., 2006). The chromosome is composed of 4,290,252 base pairs (bp) 

with 29% of G + C content (Sebaihia et al., 2006) and contains 3,897 coding sequences 

(Monot et al., 2011). C. difficile genome is mosaic, where mobile genetic elements 

(MGE) constitute 11% of the chromosome (Sebaihia et al., 2006). These MGE are 

potentially responsible for the acquisition of new genes for a better adaptation to the gut 

environment inside the host, including antimicrobial resistance, virulence, and the 

production of bacterial cell surface structures. In 2009, the comparative genomic analysis 

of C. difficile R20291 ribotype 027 strain provided a basis for the evolution of 

hypervirulence of this epidemic strain (Stabler et al., 2009). In particular, epidemic 
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R20291 strain contains five unique genomic regions, including a prophage region, and a 

significant number of genes, encoding transcriptional regulators and two-component 

systems. Using high throughput sequencing methods allowed to expand C. difficile 

genome databases (approximately 3,000 sequenced strains are currently available) and to 

undertake comparative and scalable genome analyzes. The available C. difficile genomes 

can be found at following databases: https://www.ebi.ac.uk/ena (Cairns et al., 2017; 

Dingle et al., 2014; Eyre et al., 2013; He et al., 2013; Kurka et al., 2014), 

https://www.ncbi.nlm.nih.gov/ (He et al., 2010; Moura et al., 2014; Sebaihia et al., 2006), 

http://www.genoscope.cns.fr/ (Moura et al., 2014). In one of these studies, the core 

genome of C. difficile was defined as about 3,000 genes (Stabler et al., 2009). Thus, the 

first complete sequencing of the C. difficile genome has opened a new genomic era in 

studies of this enteropathogen and enabled the development of new global approaches, 

including transcriptomic analysis. 

 

 

 

Figure 1.1. C. difficile morphology and pseudomembranous colitis caused by CDI. A – a light 

microscopy image of C. difficile cells, B – C. difficile colonies, C – an endoscopy image of the 

colon, affected by pseudomembranous colitis.  

 

 

https://www.ebi.ac.uk/ena
https://www.ncbi.nlm.nih.gov/
http://www.genoscope.cns.fr/
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1.1.2 C. difficile epidemiology and infection cycle 

C. difficile is an opportunistic pathogen that causes antibiotic therapy-associated 

diarrhea and pseudomembranous colitis in adults. This bacterium is found in the intestinal 

tract of 66% of newborns and young children without any symptoms of diarrhea. The 

general distribution of C. difficile carries is 3% in adults, and it increases in case of long-

term hospitalization (Kazanowski et al., 2014). The epidemiology of C. difficile infection 

(CDI) has changed since the early 2000s. C. difficile infection cases have significantly 

increased in North America and Europe, with the emergence of clinical severity forms, 

characterized by septic shock, and megacolon perforation. Moreover, increased incidence 

of C. difficile antibiotic resistance has been recently reported (Banawas, 2018). 

Data, provided by the Agency for Healthcare Research and Quality Healthcare and 

Utilization Project, demonstrates a total number of 336,600 hospitalizations with CDI 

diagnosis in the United States of America in 2009 (Lucado et al., 2006). The rate of 

hospitalization with a diagnosis of CDI increased from 5.6‰ to 12.7‰ between 2001 and 

2011 in this country (Steiner et al., 2012). 93% of deaths associated with CDI occurred in 

patients over 65 years old (Miniño et al., 2010). 

A retrospective study of CDI rates in Canada revealed that between 1991 and 2003, 

the number of pseudomembranous colitis diarrhea cases has increased by four times 

among the general population and by ten times since 1938. This study also showed that 

the appearance of symptoms in hospitalized patients had increased from 3‰ to 12‰ at 

the same period of time, and it was 43‰ in 2004 (Pepin et al., 2004). 

In Europe, the progression of CDI is similar to other industrialized countries. The 

average incidence is 4.1‰ patients per hospital, and the virulence is increasing (Bauer et 

al., 2011). This phenomenon is partly related to the emergence and dissemination of so-

called "hyper-virulent" or "epidemic" and fluoroquinolone-resistant strains such as the 

ribotype 027 strain, appeared in the north of France in 2006 (Coignard et al., 2006). 

CDI is caused by oral transmission of C. difficile spores, which are resistant to heat, 

acids, and antibiotics (Figure 1.2). Spores are present in small quantities in different 

environments and in large amounts inside the health services that causes nosocomial or 

community-based infections. After the germination of spores inside the stomach, C. 

difficile colonizes the intestinal tract. The colonization process depends on the properties 

and the conditions of the colon microbiota. Alteration of microbiota following by the 

antibiotic therapy is a major risk factor for CDI; age and immunodepression are CDI risk 
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factors as well (Rupnik et al., 2009). All antibiotics are associated with an increased risk 

of CDI. However, some broad-spectrum drugs such as clindamycin, some β-lactams 

(cephalosporins, and carbapenem) and quinolones demonstrated a stronger association 

with the infection (Brown et al., 2013; Owens et al., 2008). C. difficile adheres to the 

mucus layer, covering the gut epithelial cells, using multiple adhesins. Then the 

bacterium penetrates this mucus layer using proteases (Denève et al., 2009). After this, C. 

difficile produces two toxins, TcdA and TcdB, which are the major virulence factors of 

this enteropathogen (Carroll and Bartlett, 2011). These two toxins cause lysis of 

enterocytes and a robust inflammatory reaction, which leads to diarrhea, 

pseudomembranous colitis, and even the colon perforation and a patient’s death (Just et 

al., 1995; Vedantam et al., 2012). Additionally, C. difficile forms spores inside the gut, 

which will be released into the environment where they can potentially infect more 

persons. During the infection cycle, C. difficile metabolically adapts to changing 

environments and various stresses inside the host, such as hyperosmolarity, pH variations, 

and exposure to bile acids and antibiotics, or to cationic antimicrobial peptides produced 

by the host and/or by the microbiota (Abt et al., 2016). These adaptations allow this 

pathogen to successfully colonize the colon and survive in unfavorable conditions inside 

the gut. Additionally, this entheropathogen forms biofilms (Dapa et al., 2013; Nale et al., 

2016; Soavelomandroso et al., 2017). C. difficile vegetative cells also interact with phages 

in phage-rich gut communities (Mick et al., 2013; Stern et al., 2012) (Figure 1.2).  
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Figure 1.2. C. difficile infection cycle. The disruption of the colonic microflora by antimicrobial 

therapy allows colonization of the intestinal tract by pre-existing or newly acquired C. difficile 

spores that ultimately leads to infection. After spore germination, vegetative C. difficile cells 

multiply, and major virulence factors (TcdA and TcdB toxins) are produced causing alterations in 

the actin cytoskeleton of intestinal epithelial cells. This results in diarrhea, pseudomembranous 

colitis and megacolon-perforation in severe cases. During its infection cycle C. difficile 

metabolically adapts to changing environments inside the host, responds to various stresses, forms 

biofilms and interacts with bacteriophages.   

 

 

1.1.3 C. difficile virulence factors 

Several factors are involved in C. difficile virulence. They can be divided into 2 

groups: factors, involved in colonization of the host and factors, involved in toxigenic 

stages. During the colonization step C. difficile develops inside colonic environments, and 

it includes avoidance of host immunity defense, multiplication of vegetative cells and 

adherence to epithelium mucosa. These events are often associated with bacterial surface 

components. C. difficile expresses a large number of surface proteins (Wright et al., 2005) 

and some of them play key roles in the interaction with host. 

Pathogenic bacteria often utilize surface proteins, associated with the 

peptidoglycan, to recognize elements of the extracellular matrix of the host cells. In 

Gram-positive bacteria, these structures are designated by the acronym MSCRAMMS 
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(microbial surface components recognizing adhesive matrix molecules). MSCRAMMS 

can bind the host extracellular matrix proteins such as fibronectin, fibrinogen, and 

collagen (Vengadesan and Narayana, 2011). C. difficile genome analysis identified 

several genes encoding extracellular host cell matrix binding proteins. Among them there 

was fbp68 gene (Fibronectin-binding protein 68 kDa, also annotated as fbpA) encoding a 

fibronectin-binding protein, which could play an important role in C. difficile cells 

adhesion (Hennequin et al., 2003; Lin et al., 2011).  

Many bacteria possess a surface layer called "S-layer," composed of glycoproteins, 

which completely covers the cell. S-layers are important for many biological functions 

such as cell adhesion or protection against phagocytosis. All C. difficile strains have an S-

layer composed of two superimposed protein layers, where SlpA is the dominant protein 

(Calabi et al., 2002). SlpA plays a significant role in C. difficile cells adhesion in vitro 

(Calabi et al., 2002). It is also suggested that SlpA is essential for C. difficile growth 

(Dembek et al., 2015). Several other proteins with adhesion properties were also 

characterized in C. difficile: Cwp66 protein (Waligora et al., 2001), GroEL heat shock 

protein (Collignon et al., 2001) and CbpA collagen-binding protein (Tulli et al., 2013). 

Interestingly, cwp66 and slpA genes are variable and contain a 10-kb cassette, which is 

capable of recombinational switching (Dingle et al., 2013). 

To successfully colonize the host and to adapt to the new conditions after the 

colonization pathogenic bacteria usually form biofilms. C. difficile forms biofilms on 

different surfaces during its infection cycle (Dapa et al., 2013; Nale et al., 2016; 

Soavelomandroso et al., 2017). Within biofilms, C. difficile cells are immersed in the 

matrix composed of DNA, polysaccharides, and proteins, including the toxin A 

(Semenyuk et al., 2014; Soavelomandroso et al., 2017). C. difficile biofilms formation 

could play an important role in CDI development and its recurrence since they have been 

shown to promote the persistence for this entheropathogen (Crowther et al., 2014) and 

enhance the resistance of C. difficile to oxygen stress and antibiotics (Dawson et al., 

2012; Semenyuk et al., 2014). C. difficile biofilm formation is controlled by central 

regulators Spo0A (a sporulation initiation regulator) and LuxS (a quorum sensing 

regulator) (Dapa et al., 2013; Dawson et al., 2012). Moreover, the second messenger c-di-

GMP (cyclic di-guanosine monophosphate) has been shown to positively regulate the 

biofilm development in C. difficile 630 strain (Soutourina et al., 2013). c-di-GMP is a 

small signaling molecule with functions in controlling lifestyle changes in bacteria, like 

biofilms formation and switch to the virulence state (Römling, 2012). с-di-GMP is 
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synthesized from two GTP molecules by diguanylate cyclases (Ryjenkov et al., 2005) and 

hydrolyzed into pGpG or two GMP molecules by c-di-GMP phosphodiesterases (Schmidt 

et al., 2005; Tamayo et al., 2005). C. difficile encodes up to 37 c-di-GMP turnover 

enzymes, suggesting an important function of c-di-GMP for this bacterium (Bordeleau et 

al., 2011).  

The main C. difficile virulence factors, involved in the toxigenic stage of the 

infection, are two large toxins A and B (TcdA and TcdB), which are members of a large 

clostridial toxins family. This family is characterized by 250 to 300 kDa toxins, and it 

includes the lethal and hemorrhagic toxins of Clostridium sordelii, the α-toxin of 

Clostridium novyi and the Tpel cytotoxin of Clostridium perfringens (Carter et al., 2012). 

Both toxins have four similar functional domains: the N-terminal domain with the 

glucosyltransferase activity, a highly conserved cysteine protease domain, the central 

domain with a hydrophobic region and the C-terminal domain, which consists of 

repetitive sequences and binds to the surface receptor of the host cells (Pruitt and Lacy, 

2012). The targets of TcdA and TcdB glucosyltransferase activity are Rho and Ras family 

GTPases of the host cells, which are involved in maintenance of the cytoskeleton and 

cell-to-cell adhesion. TcdA and TcdB inactivate these GTPases leading to alteration of 

the actin cytoskeleton and the cell death by apoptosis and necrosis.  

TcdA and TcdB are encoded by tcdA and tcdB genes, localized in the 19.6 kb 

chromosomal region, called pathogenicity locus (PaLoc). PaLoc has been found in only 

toxigenic C. difficile strains (Braun et al., 1996). In addition to tcdA and tcdB, PaLoc 

contains tcdR and tcdC genes, which encode transcriptional regulators of the toxin genes 

(Mani and Dupuy, 2001; Matamouros et al., 2007). TcdR is an alternative RNA 

polymerase sigma factor that induces toxin genes expression (Mani and Dupuy, 2001). 

The role of TcdC remains unclear, though it has been proposed to act as a negative 

regulator of TcdA and TcdB synthesis (Janoir, 2016). PaLoc also contains tcdE gene, 

encoding a putative holin, involved in TcdA and TcdB secretion (Govind and Dupuy, 

2012). Furthermore, the expression of TcdA and TcdB toxins is also regulated by 

environmental conditions and global regulators. A pleiotropic regulator CcpA, which is 

involved in utilization of alternative carbon sources, mediates glucose-dependent 

repression of TcdA and TcdB expression (Antunes et al., 2012). In nutrient-deficient 

conditions, the expression of PaLoc genes is also repressed by the global transcriptional 

regulator CodY, which plays an important role in response to nutrient availability in the 

environment (Dineen et al., 2007). A transcriptional regulator Spo0A, which is necessary 
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for the initiation of sporulation, negatively controls toxin expression in C. difficile 

(Mackin et al., 2013; Pettit et al., 2014). Additionally, the expression of tcdA and tcdB is 

affected indirectly by c-di-GMP being repressed in high c-di-GMP intracellular levels 

through the control of flagellar-specific sigma factor SigD expression (McKee et al., 

2013).  

Some strains of C. difficile produce a binary toxin belonging to the family of 

clostridial ADP-ribosylating toxins. The toxin composed of two subunits: the catalytic 

subunit CDTa with an actin specific ADP ribosyltransferase activity, and the binding 

CDTb part. The binary toxin is encoded by a CdtLoc locus, which includes cdtA and cdtB 

genes and their positive transcriptional regulator cdtR (Carter et al., 2007). C. difficile 

CdtA inhibits the actin polymerization in the cytosol of the target cell by transferring 

ADP-ribose. The CdtB subunit is involved in the reception of the host cell and it allows 

the uptake of CdtA into host cells (Gerding et al., 2014). The role of binary toxin in CDI 

still remains poorly understood. To date, the correlation between the presence of binary 

toxin and severe CDI cases has been supposed, and this toxin might potentiate the toxicity 

of TcdA and TcdB (Gerding et al., 2014).  

1.1.4 Regulatory small noncoding RNAs in C. difficile 

Non-coding RNAs (ncRNAs) are present in all Domains of Life and play various 

roles in living organisms. The first ncRNAs (transfer RNAs (tRNAs) and the rRNA 

ribosomal RNAs) were identified in the 1960s. Since that time a huge amount of different 

ncRNAs and their associated physiological roles have been discovered. In 2000s, new 

sequencing techniques allowed to demonstrate the existence of transgenic intergenic 

regions in all studied species and characterized a great diversity of ncRNAs mechanisms 

of actions and functions. Until recent time, almost all studies of cellular functions had 

been focused mainly on protein regulators. Nevertheless, RNA molecules have been 

shown to have adaptive and physiological functions. Research on regulatory RNAs has 

resulted in the awarding of the Nobel Prize in Physiology and Medicine to Andrew Z. 

Fire and Craig C Mello in 2006 for the discovery of the mechanisms of RNA interference 

(Fire and Mello, 2006). 

In bacteria, ncRNAs play a crucial role in diverse metabolic, physiological, and 

pathogenic processes and adaptive responses (Wagner and Romby, 2015). In particular, 

small ncRNAs have been recently found in many pathogenic bacteria (Gripenland et al., 

2010; Romby and Charpentier, 2010). Regulatory ncRNAs may contribute to several 
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steps during the infection cycle. These small ncRNAs control their targets using various 

mechanisms such as RNA/RNA duplex formation with mRNA targets, binding to 

proteins, interaction with double-stranded DNA or RNA (CRISPR, clustered regularly 

interspaced short palindromic repeats RNAs), and direct binding to low-molecular-weight 

effector molecules for riboswitches (Brantl, 2012a). In a recent study, more than 200 

ncRNAs were identified in C. difficile, by combining in silico analysis, RNAseq and 

genome-wide promoter mapping (Soutourina et al., 2013). They include cis-acting and 

trans-acting riboregulators, i.e. antisense RNAs, CRISPR RNAs and riboswitches. 

The most well-studied type of small regulatory ncRNA acts by modulating the 

translation and/or stability of specific mRNA targets in response to changes in the 

environment (Waters and Storz, 2009). These ncRNAs are divided into cis-encoded 

RNAs and trans-encoded RNAs. Cis-encoded RNAs are thus fully complementary to 

their targets and transcribed from a DNA strand opposite to the one from which the target 

mRNA is transcribed (Brantl, 2007). In contrast, trans-encoded RNAs are transcribed 

from separate loci and are only partially complementary to target mRNAs (Waters and 

Storz, 2009). The RNA-chaperone Hfq protein is frequently required for trans-encoded 

sRNA-mediated control (Vogel and Luisi, 2011). A recent study of Hfq depletion 

suggested the pleiotropic role of this protein in C. difficile physiology, including cell 

morphology, sporulation, biofilm formation and response to stresses, a unique feature in 

Gram-positive bacteria (Boudry et al., 2014). The accumulation of several ncRNA was 

altered under Hfq depletion and Hfq can bind selected ncRNAs supporting its 

involvement in their function (Boudry et al., 2014). 

Protein-binding small ncRNAs directly modify the function of their targets (Pichon 

and Felden, 2007). For instance, the widely distributed 6S RNA imitates an open 

promoter complex and acts as a promoter decoy for RNA polymerase holoenzyme 

containing major sigma 70 factor. In this way, 6S RNA globally regulates transcription 

during adaptation to stationary phase of growth (Wassarman, 2007).  

CRISPR RNAs (crRNAs) contain short regions, which are complementarity to 

bacteriophage and other MGE sequences. crRNAs form a complex with Cas (CRISPR-

associated) proteins that interferes with foreign DNA invasion by its recognizing and 

targeting for destruction (Bhaya et al., 2011). The more detailed description of crRNAs 

and CRISPR-Cas systems features and functions is presented in the part 1.2 of this 

Chapter. 
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Riboswitches are cis-acting elements, commonly located in the 5′-untranslated 

region of some mRNAs. Through binding of specific ligands, riboswitches 

conformationally change, which leads to modifications of transcription termination or 

translation (Nudler and Mironov, 2004). These regulatory ncRNAs are often involved in 

the control of vitamin, amino acid, and nucleotide base biosynthesis gene expression in 

bacteria (Soutourina et al., 2013). One of the most abundant riboswitch classes found in 

C. difficile is c-di-GMP-binding ones. There are two types of c-di-GMP-responsive 

riboswitches that differ in structure and the recognition of ligand. Type I c-di-GMP-

dependent riboswitches (c-di-GMP-I) contain a conservative “GEMM” RNA domain and 

positively or negatively control their target gene expression through termination of 

transcription or anti-termination (Sudarsan et al., 2008). The second type of these 

riboswitches (c-di-GMP-II) carry a distinct RNA motif, and they are widespread in the 

Clostridiales family (Lee et al., 2010). c-di-GMP-II riboswitches positively regulate target 

gene expression through antitermination of transcription or modulation of the translation 

in association with the group I self-splicing intron (Bordeleau et al., 2015; Chen et al., 

2011; Lee et al., 2010). To date, active expression of 12 c-di-GMP-I riboswitches and 4 c-

di-GMP-II riboswitches was detected in C. difficile (Soutourina et al., 2013). These 

regulatory ncRNAs are suggested to be involved in coordinated control of motility and 

biofilm formation in C. difficile depending on c-di-GMP levels inside cells (Figure 1.3). 

High с-di-GMP levels repress type I riboswitches, which positively regulate motility 

(Purcell et al., 2012), toxin production (McKee et al., 2013) and proteolysis of adhesins 

(Peltier et al., 2015). Conversely, c-di-GMP-II riboswitches, positively controlling 

adhesion, aggregation, and biofilm formation (Bordeleau et al., 2015), are activated by 

high c-di-GMP levels (Figure 1.3).  
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Figure 1.3. Coordinated control of motility, biofilm formation, and other related processes 

via c-di-GMP-I and di-GMP-II-type riboswitches in C. difficile. High intracellular c-di-GMP 

levels (green color) are associated with non-motile forms within biofilm communities, and low 

intracellular levels (green color) are associated with motile planktonic forms. In the presence of c-

di-GMP (right-hand part), binding of c-di-GMP to c-di-GMP-I riboswitches result in premature 

termination of transcription and the “OFF” state of target gene expression. In contrast, the c-di-

GMP-II target genes switch to the “ON” state through c-di-GMP-binding leading to the synthesis 

of full-length mRNA transcripts by RNA polymerase (RNA pol). Under low levels of c-di-GMP 

conditions (left part), c-di-GMP-I riboswitches transfer the target gene read-through transcription 

to the “ON” mode. Respectively, the expression of c-di-GMP-II targets is turned “OFF”.  

Adapted from (Soutourina, 2017) with permission.  

 

 

 

1.2 CRISPR-Cas systems: functional aspects and diversity  

1.2.1 Discovery and general description of CRISPR-Cas systems 

The CRISPR (clustered regularly interspaced short palindromic repeats)-Cas 

(CRISPR-associated) systems are adaptive prokaryotic immune systems against phages 

and other MGE, such as plasmids and transposons (Sorek et al., 2013). These defensive 

systems are found almost in all sequenced archaeal genomes and in about a half of 

bacterial genomes (Grissa et al., 2007). CRISPR-Cas systems are made up of CRISPR 

arrays and cas gene operons. CRISPR arrays, in their turn, consist of short direct repeat 
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sequences (20-40 bp) separated by variable spacers. Spacers are often complementary to 

viral and other MGE (Shmakov et al., 2017). CRISPR arrays also contain leader regions, 

which dispose transcriptional start sites (TSS) for their expression (Figure 1.4).  

 

 

Figure 1.4. General organization of a CRISPR-Cas locus. CRISPR-Cas systems comprise two 

main components: a cas gene set and a CRISPR array, composed of spacers and repeats. The 

broken arrow indicates a leader region.  

 

 

For the first time, CRISPR arrays were described in E. coli by Japanese scientists in 

1987 (Ishino et al., 1987). They found an unusual set of 29-nucleotide palindromic 

repeats, separated by unique sequences (spacers) of 32 nucleotides in length with an 

unknown function. Further, similar genomic regions were discovered in other bacteria 

and archaea (Groenen et al., 1993; Mojica et al., 1995, 2000). In 2002 these interspaced 

repetitive genomic structures were defined as CRISPR (Jansen et al., 2002b), and cas 

genes were also described in the same year (Jansen et al., 2002a). In 2005, almost after 20 

years after the first detection of CRISPR loci, several studies reported that CRISPR 

spacers derive from bacteriophages and other foreign genetic elements (Bolotin et al., 

2005; Mojica et al., 2005; Pourcel et al., 2005). Additionally, the role of CRISPR loci in 

providing immunity against DNA invaders was suggested (Bolotin et al., 2005; Mojica et 

al., 2005). In 2006, the RNA-interference-based mechanism of CRISPR-Cas systems 

action and classification of CRISPR-Cas systems, based on amino acid sequences of Cas 

proteins, was proposed by Koonin’s laboratory (Makarova et al., 2006). Finally, in 2007, 

an adaptive immunity function through new spacer acquisition was demonstrated for 

CRISPR-Cas systems (Barrangou et al., 2007). 

1.2.2 Classification of CRISPR-Cas systems 

CRISPR-Cas systems are highly diverse; moreover, they are able to undergo rapid 

coevolution with viruses. This peculiarity influences CRISPR loci architectures, 

especially cas gene sets (Takeuchi et al., 2012). The variability of cas gene sets is 
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considered to be the basis of CRISPR-Cas systems classification (Makarova et al., 

2011b). According to the recent classification, all investigated CRISPR-Cas systems are 

divided into two entirely different classes characterized by a certain interference 

(effector) cas gene module structure (Koonin et al., 2017). These classes, in their turn, are 

divided into six types and 33 subtypes (Figure 1.5, only main CRISPR types are 

presented).  

Class 1 includes the most abundant and diverse type I and type III CRISPR-Cas 

systems as well as quite a rare type IV lacking adaptation genes; all these types of 

CRISPR-Cas systems are found in both archaeal and bacterial genomes. Effector 

complexes of type I and type III include Cas5, Cas7, Cas8 (in type I) and Cas10 (in type 

III) proteins (Koonin, 2017) and bind mature crRNA. For crRNA processing Cas6 family 

proteins are necessarily required to be present in the class 1 CRISPR-Cas systems (Figure 

1.5) (Charpentier et al., 2015). Type I systems are also characterized by Cas3 proteins, 

which degrade foreign DNA at the last step of interference (Brouns et al., 2008). Class 2 

includes type II, type V and type VI CRISPR-Cas systems, all of which possess the 

effector modules consisting of only one multi-domain protein (Figure 1.5). Cas9 protein 

of type II is the most characterized one; this protein is widely used in genome editing 

techniques (Wang et al., 2016). This class of CRISPR systems are present in only 10% of 

bacteria and cannot be found in archaea (Makarova et al., 2015).   
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Figure 1.5. Classification of main CRISPR-Cas systems subtypes and the architecture of 

their loci. There are two classes of CRISPR-Cas systems. Class 1 includes systems with multi-

subunit effector modules, Class 2 – with one-protein effector modules. Each Class contains 

several types named with Roman numerals. These types are divided into subtypes named with 

Latin alphabet letters. Typical cas-operon organizations are shown with colored arrows. Genes 

encoding components of the effector complexes are highlighted with a light-red background. 

Adapted from (Koonin et al., 2017) with permission. 

 

 

Type I CRISPR-Cas systems are the most diversified systems that are classified in 7 

subtypes (I-A, I-B, I-C, I-U, I-D, I-E, I-F) (Makarova et al., 2015) (Figure 1.5). 

Interestingly, subtypes I-C, I-D, I-E, I-F are encoded by a single operon in CRISPR loci, 

whereas subtype I-A and I-B are often encoded by several operons. At the same time, I-C, 

I-E and I-F subtypes are largely present in bacterial species, while I-A, I-B and I-D are 

mostly present in archaea (Makarova et al., 2011b). Subtype I-B, characterized by the 

presence of a specific Cas8b protein, has been discovered in methanogenic and halophilic 

archaea and in clostridia species. The studies of I-B CRISPR-Cas systems in haloarchaea 

revealed several highly interesting features, such as the presence of multiple protospacer 

adjacent motifs (PAMs) and including a 9-nucleotide noncontiguous seed region (for the 

detailed description of PAMs and seed regions see 1.2.3 and 1.2.4 parts of this Chapter) 

(Maier et al., 2015). Subtype I-B has been found in clostridia species, but it has not been 

studied thoroughly yet. It is suggested that I-B CRISPR-Cas system could have been 

acquired by clostridia from archaea by a horizontal gene transfer (HGT) and after that 

underwent an independent evolution (Peng et al., 2014). Other CRISPR-Cas systems 

subtypes, including I-A, I-C, III-A, III-B and II-C, are also present in some clostridial 

species (Table 1.1). 
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Table 1.1. Main subtypes of CRISPR-Cas systems and examples of system-harboring 

microorganisms and clostridial species. CRISPR-Cas systems subtypes and the composition of 

cas operons are shown according to the classification by (Koonin et al., 2017). Fused cas genes in 

operons are marked with a dash. 

Adapted from (Maikova et al., 2018b) with permission. 

 
Class  Subtype cas operon composition  Example  Examples of clostridial species 

and strains 

Class 1 

I-A cas6, cas11(csa5), cas7, cas5, cas8a1, cas3', cas3'', cas2, cas4, 
cas1, cas4 

Listeria 
monocytogenes L99 

(Sesto et al., 2014) 

C. stercorarium subsp. 
stercorarium DSM 8532 

(Poehlein et al., 2013); 

C. tetani ATCC 9441 (Cohen et 
al., 2017) 

I-B cas6, cas8b1, cas7, cas5, cas3, cas4, cas1, cas2 Haloferax volcanii 

H119 (Maier et al., 
2013) 

C. difficile 630, C. difficile 

R20291 (Boudry et al., 2015); 
 C. pasteurianum BC1 (Pyne et 

al., 2016);  

C. acetobutylicum GXAS18-1 
(Peng et al., 2014); 

C. tetani ATCC 9441 (Cohen et 

al., 2017)   

I-C cas3, cas5, cas8c, cas7, cas4, cas1, cas2 Desulfovibrio vulgaris 
str. Hildenboroug 

(Hochstrasser et al., 

2016) 

C. cellulolyticum H10 (Brown et 
al., 2014) 

I-U cas3, cas8u2, cas7, cas5-cas6, cas4-cas1, cas2 Geobacter 

sulfurreducens 

(Koonin et al., 2017) 

 

– 

I-D cas3', cas3'', cas10d, cas7(csc2), cas5(csc1), cas6, cas4, cas1, 
cas2  

Cyanothece sp. 8802 
(Koonin et al., 2017) 

– 

I-E cas3, cas8e(cse1), cas11(cse2), cas7, cas5, cas6, cas1, cas2 Escherichia coli K12 

(Koonin et al., 2017) 
– 

I-F cas1, cas2-cas3, cas8f(csy1), cas5(csy2), cas7(csy3), cas6f Pseudomonas 

aeruginosa PA14 

(Wiedenheft et al., 
2011) 

– 

III-A cas6, cas10, cas11(csm2), cas7(csm3), cas5(csm4), cas7(csm5), 

csm6, cas1, cas2 

Staphylococcus 

epidermidis (Koonin 

et al., 2017) 

C. tetani ATCC 453 (Cohen et 

al., 2017) 

III-B cas7(cmr1), cas10, cas5(cmr3), cas7(cmr4), cas11(cmr5), cas6, 

cas7(cmr6) 

Pyrococcus furiosus 

(Koonin et al., 2017) 

C. botulinum ATCC 3502 

(Negahdaripour et al., 2017) 

III-C cas7(cmr1), cas7(cmr6), cas10, cas7(cmr4), cas11(cmr5), 

cas5(cmr3) 

Methanothermobacter 

thermautotrophicus 
(Koonin et al., 2017) 

– 

III-D cas10, cas7(csm3), cas5(csx10), cas11(csm2), cas7(csm7), 

cas7(csm5), all1473, cas7(csm5) 

Synechocystis sp. 

6803 (Makarova et 
al., 2015) 

– 

Class 2 

II-A cas9, cas1, cas2, csn2 Enterococcus faecalis 

OG1RF (Bourgogne 

et al., 2008) 

– 

II-B cas9, cas1, cas2, cas4 Legionella 

pneumophila str. 

Paris (Koonin et al., 
2017) 

– 

II-C cas9, cas1, cas2 Neisseria lactamica 

020-06 (Koonin et al., 

2017) 

C. perfringens JGS1495 

(Pearson et al., 2015) 

V-A cas12a(cpf1), cas4, cas1, cas2 Francisella cf. 

novicida Fx1 (Koonin 

et al., 2017) 

– 

V-B cas12b(c2c1), cas4, cas1, cas2 Alicyclobacillus 

acidoterrestris 

(Koonin et al., 2017) 

– 

V-C cas1, cas12c(c2c3) Oleiphilus sp. 
(Koonin et al., 2017) 

– 

V-D cas1, cas12d(casY) Bacterium 

CG09_39_24 (Koonin 
et al., 2017) 

– 

V-E cas12e(casX), cas4, cas1, cas2 Deltaproteobacteria 

bacterium (Koonin et 

al., 2017) 

– 
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1.2.3 General description of CRISPR-Cas systems defense mechanisms 

CRISPR-based defensive functions include two major processes: immunity 

(interference) and immunization (adaptation) (Marraffini, 2015). CRISPR interference 

itself can be divided into two phases: biogenesis of CRISPR RNAs and the targeting 

phase. During the first phase a CRISPR array is transcribed to a long RNA transcript (pre-

crRNA). Then the pre-crRNA is processed into small CRISPR RNAs (crRNAs), each of 

which consists of one spacer and flanking repeat sequences. Mature crRNAs form a 

nucleoprotein complex with Cas proteins (crRNP complex, effector complex), which is 

necessary for the second targeting phase (Figure 1.6). crRNAs serve as guides for 

recognizing foreign nucleic acids using the complementary base pairing. Through this 

process, crRNAs direct the cleavage of genetic invaders by Cas nucleases during the 

process known as “interference” (Figures 1.6 and 1.7) (Garneau et al., 2010). The 

majority of spacers are incorporated into CRISPR arrays in the process of adaptation. 

During CRISPR adaptation new spacers are generated and acquired from foreign genetic 

elements by the complex of Cas proteins (Marraffini, 2015). Cas1 and Cas2 proteins, 

found in almost all investigated CRISPR-Cas systems, are essential for this process 

(Figures 1.5, 1.6 and 1.8) (Koonin et al., 2017). Cas4 protein is present in some CRISPR-

Cas systems (Koonin et al., 2017) and it is an important part of the adaptation complex 

(Amitai and Sorek, 2016; Kieper et al., 2018; Lee et al., 2018, 2019; Zhang et al., 2019). 

A crucial aspect of the CRISPR-based immunity is the ability to distinguish the host DNA 

from the foreign one. Protospacer-adjacent motifs (PAMs) are short sequences situated at 

the 3' or 5'-end of the protospacer (i.e., the region of foreign DNA corresponding to the 

spacer in the CRISPR array). PAMs are essential for interference and adaptation in the 

majority of CRISPR-Cas systems; at the same time, they are absent in CRISPR arrays. 

Therefore PAMs prevent the autoimmunity, avoiding self-targeting of CRISPR-array in 

the most cases (Sorek et al., 2013). Nevertheless, the autoimmunity cases have been 

reported for all CRISPR-Cas systems types (Heussler and O’Toole, 2016).  

 

In the next parts of this Chapter the processes of interference and adaption in 

CRISPR-Cas type I systems will be reviewed in detail.  
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Figure 1.6. CRISPR-based defensive functions: immunity (interference) and immunization 

(adaptation). During the immunity stage CRISPR-Cas systems recognize foreign genetic 

elements and destruct them. In the first “crRNA biogenesis” phase, mature small crRNAs are 

generated from the long pre-crRNA transcripts. These small crRNAs form effector complexes 

with Cas nucleases and guide them to locate and cleave the target (protospacer), during the 

second, “targeting phase”. In the immunization stage, new spacer sequences are captured from the 

foreign DNA and then integrated into the first position of the CRISPR array. Spacers in the 

CRISPR array are indicated with numbers and colors, “L” designates a leader sequence of the 

array.  

Adapted from (Marraffini, 2015) with permission.  

 

 

1.2.4 Interference in type I CRISPR-Cas systems 

In type I CRISPR-Cas systems, a multi-protein effector complex forms to recognize 

and cleave the target. The CRISPR interference begins with the transcription of the 

CRISPR array into a long pre-crRNA transcript. Subsequently, pre-crRNA is processed 

by Cas6 endoribonuclease to produce mature small crRNAs (Figure 1.7A) (Niewoehner 

et al., 2014). The exception is the I-C subtype systems, where Cas5 protein performs this 

function (Nam et al., 2012). In type I Cas6 is a part of the effector complex, called 

Cascade (CRISPR-associated complex for antiviral defense). A single mature crRNA 

contains a single spacer flanked by a repeat (Brouns et al., 2008). After the processing, 
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crRNAs are loaded onto the Cascade complex, composed mainly of Cas5 and Cas7 

subunits, and a large Cas8 subunit (Jore et al., 2011). Then, complete effector complexes 

use crRNAs as guides to locate a complementary sequence (protospacer) in the target 

DNA (Figure 1.7A) (Wiedenheft et al., 2011). Cas8 protein (also known as CasA or 

Cse1) recognizes a PAM sequence, and this recognition promotes binding of the Cascade 

to the protospacer (Westra et al., 2012). During this process, a DNA-RNA hybrid 

structure, called R-loop, is formed between crRNA and the target double-stranded DNA 

(Figure 1.7A, B) (Rutkauskas et al., 2015). The first 8-10 nucleotides of the 5’-end of the 

crRNA (“seed region”) are important for CRISPR interference, and mutations in this 

region can block the immunity (Semenova et al., 2011). After the R-loop formation, the 

effector complex recruits the Cas3 nuclease, which introduces single-strand breaks into 

virus or plasmid DNA, triggering its degradation (Brouns et al., 2008).   

 

 
 
Figure 1.7. Type I CRISPR-Cas systems molecular mechanism of interference. A – Cas6 

protein within the Cascade complex cleaves at the base of the stem-loop structure of each repeat 

in the pre-crRNA (black arrowheads), generating short crRNAs. Mature c rRNA and Cascade 

forms the complete effector complex, which scans the target DNA for a matching sequence 

(protospacer). The protospacer should be flanked by a protospacer adjacent motif (PAM, in 

green). After the target binding, an R-loop forms between the crRNA and foreign DNA. 

Subsequently, the Cas3 nuclease is recruited and cleaves the target downstream of the PAM (red 

arrowhead) and also degrades the opposite strand. B – the structure of an R-loop. 

Adapted from (Marraffini, 2015) with permission.  
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1.2.5 Adaptation in type I CRISPR-Cas systems 

There are two different mechanisms of adaptation that can occur in type I CRISPR-

Cas systems: naïve adaptation and primed adaptation. During the naïve adaptation, new 

spacers are acquired from bacteriophages and other MGE for the first time, and the 

CRISPR array did not contain spacers against this genetic invader before (Yosef et al., 

2012). Primed adaptation occurs when the CRISPR array already possesses a spacer 

against the invading agent, but the corresponding protospacer or/and PAM is mutated, 

hindering the recognition of the target by the effector complex (Datsenko et al., 2012).  

The process of adaptation includes two steps: production of prespacers, small DNA 

fragments, which will be processed to spacers; and integration of new spacers into the 

CRISPR array (Figure 1.8A). Cas1 and Cas2 proteins play a crucial role at each step of 

the adaptation. These proteins alone are efficient for naïve adaptation in the I-E subtype 

CRISPR-Cas systems (Yosef et al., 2012). Nevertheless, primed adaptation requires the 

presence of the interference machinery components, such as Cas3 and the effector 

complex (Datsenko et al., 2012). Cas4 exonuclease is present in some type I CRISPR-Cas 

systems, and it contains a RecB-like domain (Zhang et al., 2012). This protein forms a 

complex with Cas1 and Cas 2 proteins and has an important role in recognizing the PAM 

sequences and in determining the spacer length and its orientation (Amitai and Sorek, 

2016; Kieper et al., 2018; Lee et al., 2018, 2019; Zhang et al., 2019). 

To date, only one way of prespacer generation has been identified for naïve 

adaptation in E. coli I-E subtype system (Levy et al., 2015). During DNA replication, a 

significant number of double-strand DNA breaks occur. An RecBCD exonuclease 

complex (a DNA repair complex) recognizes ends of these breaks and degrades the DNA 

till a specific Chi site (an 8 bp sequence motif) (Dillingham and Kowalczykowski, 2008), 

and Cas1-Cas2 complex may use the degradation products as a source for new spacers 

(Figure 1.8B). The high density of Chi sites on the bacterial chromosome protects it from 

the spacer acquisition and further autoimmunity (Levy et al., 2015). Moreover, other 

ways of prespacers generation may be related to other cellular machinery. For example, 

fragments produced by restriction-modification systems could be used as a source of 

prespacers during the CRISPR adaptation process (Dupuis et al., 2013).  

Primed adaptation is based on imperfect target binding, and it requires both 

interference and adaptation protein complexes (Figure 1.8C) (Vorontsova et al., 2015). 

The mechanism of this spacer acquisition type is still not clear. The partial pairing 
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between the crRNA and the target initiates primed adaptation, resulting in an alternative 

mode of Cascade binding to the target (Blosser et al., 2015). It is suggested, that this 

mode of binding leads to non-sufficient target cleavage, similar to the DNA breaks, 

occurring at the replication origins (Levy et al., 2015), and it may produce substrates for 

spacer acquisition.  

 

 

 

Figure 1.8. CRISPR adaptation in type I CRISPR-Cas systems. A – general scheme of the 

adaptation process. The Cas1–Cas2 complex, consisting of two Cas1 dimers and a single Cas2 

dimer, acquires a protospacer from the invader DNA and integrates it as a new spacer into the 

CRISPR array. The integration is accompanied by a duplication of the first repeat. B – the source 

material for new spacers is suggested to be derived from the processing of linear double-stranded 

DNA ends, which are found in phage DNA or are formed following a double-strand breaks 

(DSB). The RecBCD nuclease complex processes these ends, creating single-stranded DNA 

intermediates. DNA processing by RecBCD proceeds until the complex reaches a specific Chi 

site. C – imperfect matching between crRNA and the target DNA initiates primed adaptation in 

type I CRISPR-Cas systems.  

Adapted from (Amitai and Sorek, 2016) with permission. 

 

 

The next step of the adaptation process is the spacer integration into the CRISPR 

array. The mechanism is similar to retroviral integration and it has been well studied for 

E. coli I-E CRISPR-Cas system (Marraffini, 2015; Nuñez et al., 2015a, 2016). First, the 

integration host factor (IHF) binds the leader sequence and promotes a sharp DNA bend 
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at its binding site (Figure 1.9). This DNA bent allows the Cas1-Cas2 complex, carrying 

the prespacer, to recognize a leader-repeat bond in the CRISPR-array (Nuñez et al., 

2016). Subsequently, Cas2 produces two 3’OH ends on the prespacer, that is necessary 

for the nucleophilic attack on each strand of the leader-proximal repeat (Figure 1.9) 

(Nuñez et al., 2015a). Then two nucleophilic attacks create the full site integration 

product. When this product is generated, uncharacterized enzymes fill the gaps, 

introducing new repeats (Amitai and Sorek, 2016).  

 

 
 

Figure 1.9. A model for protospacer integration into the CRISPR array. IHF (gray and 

orange) binds to the specific site of the leader sequence, inducing a sharp DNA bend. This 

provides the access to the leader-repeat border for the Cas1-Cas2 complex with loaded 

protospacer. The protospacer 3′-OH group performs a nucleophilic attack on the 5′ end of the first 

repeat. This initiates spacer acquisition by forming a half-site intermediate, in which a single 

strand of the protospacer is connected to a single strand of the CRISPR array. The 3′-OH group of 

another protospacer strand carries out the second nucleophilic attack on the 5′ end of the opposite 

DNA strand of the repeat, adjacent to the leader sequence. This reaction results in an expanded 

CRISPR array with a new spacer and a duplicated repeat. Then intracellular enzymes fill and 

repair the single-strand DNA gaps, formed by these reactions. 

Adapted from (Nuñez et al., 2016) with permission. 
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1.3 C. difficile CRISPR-Cas system 

1.3.1 Characterization of C. difficile CRISPR-Cas system 

Clostridium difficile is an anaerobic spore-forming bacterium, one of the major 

clostridial pathogens and the main causes for nosocomial infections associated with 

antibiotic therapy (Abt et al., 2016). During its infection cycle this enteropathogen has to 

cope with foreign DNA invaders, including bacteriophages; to do so it relies on efficient 

defense systems such as CRISPR-Cas to control genetic exchanges favored within these 

complex environments.  

The first evidence suggesting the presence of active CRISPR-Cas system in C. 

difficile was provided by a deep-sequencing analysis of regulatory RNAs in C. difficile 

(Soutourina et al., 2013). This study revealed the abundance of crRNAs in the pathogen. 

Moreover, the active expression of crRNAs, as well as processing of CRISPR loci, were 

further confirmed by RNA-seq and Northern blotting (Soutourina et al., 2013; Boudry et 

al., 2015). These studies and bioinformatic analysis of up to 217 C. difficile genomes 

(Hargreaves et al., 2014; Andersen et al., 2016) demonstrated that C. difficile CRISPR-

Cas system belongs to the I-B subtype of the system according to the recent classification 

(Figure 1.5, Table 1.1) (Koonin et al., 2017).  

As compared to other class I CRISPR-Cas systems, C. difficile CRISPR-Cas system 

has several original and even unique features. First of all, CRISPR-Cas system of this 

enteropathogen is characterized by an unusually large set of actively expressed arrays. 

Genome sequencing and an RNA-seq analysis of the reference 630 strain and 

hypervirulent R20291 C. difficile strain identified 12 and 9 CRISPR arrays, respectively 

(Figure 1.10) (Soutourina et al., 2013; Boudry et al., 2015). First, in silico analysis of nine 

available C. difficile genomes revealed the presence of 6-12 CRISPR arrays (Boudry et 

al., 2015). Later, a more detailed bioinformatics analysis of 217 C. difficile genomes 

identified 8.5 CRISPR arrays per genome on average (Andersen et al., 2016). 

Interestingly, likewise it is observed for other highly expressed bacterial genes, in a well-

studied reference 630 strain and hypervirulent R20291 strain CRISPR arrays are oriented 

towards chromosome replication to ensure their optimal transcription (Arakawa and 

Tomita, 2007; Boudry et al., 2015) (Figure 1.10). Furthermore, in a large amount of 

sequenced C. difficile strains several CRISPR arrays are located in prophages (Hargreaves 

et al., 2014; Boudry et al., 2015). Prophage-related crRNAs appeared to be the most 

expressed in 630 and R20291 strains. This prophage localization of the actively expressed 
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CRISPR arrays can play an important role in preventing infections caused by other 

phages and may act as an essential element in the horizontal transfer of CRISPR arrays 

between strains. 

Another specific feature of C. difficile CRISPR-Cas system is the presence of two 

or three (in 027 ribotype strains) cas gene sets in the majority of sequenced strains 

(Figure 1.10) (Boudry et al., 2015). The full cas operon encodes all necessary genes for 

CRISPR interference (cas6, cas8b, cas7, cas5, cas3), as well as cas1, cas2, cas4 genes, 

which form an adaptive module essential for a new spacer acquisition (Amitai and Sorek, 

2016; Kieper et al., 2018; Lee et al., 2018, 2019; Zhang et al., 2019). The additional cas 

operons lack the adaptation module of cas1, cas2 and cas4 genes. Interestingly, the full 

cas gene sets were found in 90% of sequenced C. difficile strains, whereas the additional 

partial cas gene sets are conserved in almost all strains (Boudry et al., 2015). This fact 

can indicate that some C. difficile strains may lose their ability to use their CRISPR-Cas 

system to adapt to new genetic invaders. The full cas gene sets are often associated with 

the longest CRISPR arrays suggesting an active acquisition of a new spacer in these 

arrays. The conserved structure of CRISPR array and sequences of all CRISPR repeats in 

C. difficile genome suggests that other CRISPR arrays located in trans to cas operons 

could use the same set of Cas proteins for their functioning. Notably, the occurrence of 

the cas operon turned out to correlate with evolutionary relationships of C. difficile strains 

reflecting their epidemiological context and the intensity of interaction with foreign DNA 

invaders (Boudry et al., 2015).    

The CRISPR-Cas system, functioning as a bacterial immune system, aims to 

provide defense against viruses and other MGE. The recent bioinformatic analysis of C. 

difficile CRISPR spacer targeting in different strains has shown that most spacers target 

Clostridium phages and prophage regions within the chromosome (Hargreaves et al., 

2014; Boudry et al., 2015). It proposes the idea that this entheropathogen actively 

interacts with phages, so that functional CRISPR-Cas appears to be necessary for C. 

difficile survival in the phage-rich environment. PAM sequences were also determined in 

the course of the studies. Using spacer homology analysis and the method of alignment of 

the regions adjacent to the protospacer, PAMs were detected to take place mostly as 3-

nucleotide 5'-motifs CCA or CCT, though alternative sequences CCC, CCG and TCA 

also appeared to be found frequently. This situation with multiple PAMs was also 

observed in other type I-B systems (Shah et al., 2013). Moreover, experimental evidence 

for the defensive function of C. difficile CRISPR-Cas was provided by (Boudry et al., 
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2015). Conjugation efficiency experiments with plasmid vectors containing CCA and 

CCT PAMs and protospacers corresponding to the first spacers from actively expressed 

C. difficile 630 CRISPR arrays showed active CRISPR interference to C. difficile cells. 

Phage infection assays in 630 and R20291 strains revealed the correlation between the 

presence of CRISPR spacer-targeting phage sequences and the corresponding phage 

susceptibility phenotype. Moreover, experiments in the heterologous E. coli system 

detected a defensive function typical of both cas operons of C. difficile 630 strain and 

confirmed the functionality of CRISPR interference in this strain.  

C. difficile CRISPR-Cas system actively provides the defense against genetic 

invaders such as prophages, which are regarded as important elements providing 

adaptation inside bacteriophage-rich gut community of the host. C. difficile is 

characterized by a highly mobile and mosaic genome (Sebaihia et al., 2006). The unique 

properties of this CRISPR-Cas system reflect the evolutionary balance between the 

acquisition of new genetic advances through a HGT and efficient defense against foreign 

genetic elements.  
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Figure 1.10. Schematic view of the chromosomal location of CRISPR arrays and the 

organization of cas operons in C. difficile strains 630 (A) and R20291 (B). CRISPR arrays 

(CR) are numbered according to the CRISPRdb database (Grissa et al., 2007). Arrow heads 

signify arrays' position and transcriptional orientation. The locations of associated cas operons, 

prophage regions, and replication origin (ori) are indicated. The organization of the cas operons in 

strain 630 (left) and R20291 (right) are indicated with Roman numerals, where “i” stands for full 

operons; “ii” – partial operons, “iii” – an additional operon. Functional modules are marked off 

with braces. The same color was used for homologous cas genes (Boudry et al., 2015). 

Adapted from (Maikova et al., 2018b) with permission. 

 

 

1.3.2 Regulation and potential alternative functions of C. difficile CRISPR-Cas 

system 

During its infection cycle C. difficile faces different stress conditions and changing 

environments inside the host. The phage-rich gut community implies an active interaction 

with phages and other mobile genetic elements. To survive under such changing and 

stressful conditions C. difficile most possibly relies on the CRISPR-Cas system, which 

should be regulated in response to different environmental signals. The recent study 

(Boudry et al., 2015) revealed that all CRISPR arrays and cas genes are constantly 
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expressed under standard laboratory conditions, which may indicate, that C. difficile cells 

are under a continuous pressure of phage infection and other stress factors.  

Bacterial pathogens often form biofilms, which help them to resist different threats 

inside the host. It was shown that during its infection cycle C. difficile actively multiplies 

and forms biofilms (Dapa et al., 2013; Nale et al., 2016; Soavelomandroso et al., 2017). 

Biofilm conditions are characterized by a high cell density, which increases the 

possibility of getting phage infection and being subjected to a HGT (Babic et al., 2011; 

Abedon, 2012). Bacteria have different mechanisms to react to the changes in population 

density. Quorum sensing is a special chemical signal system for ensuring the 

communication between bacterial cells; it regulates gene expression depending on the 

density of population (Miller and Bassler, 2001). Recent studies in the field have shown 

that cas gene expression is induced by quorum sensing signals in Serratia sp. (I-E, I-F 

and III-A subtypes) (Patterson et al., 2016) and in Pseudomonas aeruginosa (I-F subtype) 

(Høyland-Kroghsbo et al., 2016). Moreover, CRISPR-Cas systems may have a significant 

role in biofilm formation and colonization of the host. For instance, CRISPR-Cas (II-A 

subtype) harboring Enteroccocus faecalis strain has shown increased biofilm formation 

(Bourgogne et al., 2008). Furthermore, CRISPR-Cas-mediated gene regulation of the 

ability to swarm and form biofilms was revealed in P. aeruginosa (Zegans et al., 2009).  

Bacteria often have to cope with different stressful conditions of the environment, 

which may lead to the changes in the expression and functioning of CRISPR-Cas system. 

One of the most stressful conditions is infecting CRISPR-Cas system by phages. It is 

often accompanied by the envelope stress response occurring when phages attach to the 

cell surface (Ratner et al., 2015). Inducing the CRISPR-Cas system expression in 

response to this type of stress has been found in different bacterial species (Westra et al., 

2014). Bacterial pathogens and commensals always combat with the host's immune 

response, which results in a wide range of stress effects. Several studies report on the 

changes of cas gene transcription in Desulfovibrio vulgaris (Mukhopadhyay et al., 2007), 

Streptococcus sanguinis (Rodriguez et al., 2011), Pasteurella multocida (Melnikow et al., 

2008) and Lactobacillus rhamnosis (Koskenniemi et al., 2011) occurring in response to 

different kinds of stresses, such as changes in growth rate, bile stress, oxidative stress, 

nitrosative stress and exposure to antibiotics. Virulence is a specific response of 

pathogens to different stress factors inside the host (Louwen et al., 2014) and the 

detectable regulation of CRISPR-Cas systems may indicate an important role of CRISPR-

Cas systems in the infection cycle. Recently, the role of the alternative Sigma B factor in 
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response to different stresses has been investigated in C. difficile (Kint et al., 2017). 

Interestingly, Sigma-B-dependent promoters were found upstream the full and partial cas 

operons in C. difficile strain 630 (Maikova et al., 2018a). This presupposes the regulation 

of C. difficile CRISPR-Cas system through stress-related signals and a potential role of 

this system in the adaptation to changing environments inside the host.   

Apart from the adaptive immunity, many works revealed other alternative functions 

of CRISPR-Cas systems (Louwen et al., 2014; Westra et al., 2014) The putative gene 

regulation of bacterial genes by partial or full CRISPR targeting could be one of them. 

For instance, Listeria monocytogenes (I-A type) possesses a specific long CRISPR-array 

transcript rliB, which cannot be processed in mature crRNA by Cas proteins and controls 

the expression of feoAB genes, which are important for virulence (Mandin et al., 2007). 

This study also revealed that rliB mutant colonizes its host more effectively than a wild 

type strain. Bioinformatic analysis of C. difficile CRISPR spacers has shown that all 

investigated strains include genome-targeting spacers (Boudry et al., 2015). It may be 

suggested that C. difficile CRISPR-Cas system might take place in regulating the 

endogenous gene expression. Furthermore, a role of CRISPR-Cas systems in the genome 

evolution via self-targeting is actively discussed nowadays (Westra et al., 2014). 

Although, self-targeting is generally cytotoxic, bacterial cells avoid this negative effect by 

acquiring mutations in CRISPR-Cas system components, thus inactivating self-targeting. 

In some cases, these mutations can involve large-scale genome rearrangements 

presumably by the recombinational DNA repair following CRISPR–Cas-mediated 

genome cleavage (Vercoe et al., 2013). CRISPR-Cas system components encoded by 

prophages and other mobile genetic elements can participate in the competition between 

them (Minot et al., 2013). Most likely, C. difficile prophage-located CRISPR-arrays 

perform the same function (Boudry et al., 2015).  

Thus, C. difficile possesses an unusual, vividly expressed CRISPR-Cas system that 

may indicate some alternative functions. Further investigations on the subject are needed 

to shed light on these aspects.  

 

1.3.3 Potential applications of C. difficile CRISPR-Cas system 

During the last decade the major discoveries concerning CRISPR machinery have 

led to rapid development of revolutionary biotechnological applications, especially in 

genome editing with the help of CRISPR-Cas9 technology (Hsu et al., 2014). Different 
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CRISPR-based tools have proved to be effective both in prokaryotes and eukaryotes (Hsu 

et al., 2014; Barrangou and Horvath, 2017).   

In CRISPR loci, spacers are acquired according to the time course, i.e., the newer 

the spacer is the closer it is located to the leader sequence in the array (Jackson et al., 

2017). This time-depending order of spacers reflects phage invasions to different 

populations of the same bacterial species that can reveal phylogenetic relations between 

the strains. Therefore, this interesting feature of CRISPR arrays allows us to use them in 

genotyping techniques ( Louwen et al., 2014; Andersen et al., 2016). CRISPR-typing has 

been already applied to the outbreak tracking of Yersinia pestis (Cui et al., 2008; Barros 

et al., 2014) and Salmonella enterica  (Timme et al., 2013; Pettengill et al., 2014). 

Moreover, CRISPR-Cas typing is able to reveal antibiotic-resistant phenotypes (Palmer 

and Gilmore, 2010) or prophages (Nozawa et al., 2011) associated with certain CRISPR-

Cas system components. These correlations can account for the influence of active 

CRISPR-Cas systems on HGT, which plays one of the key roles in acquiring new genes 

and operons, essential for bacterial pathogenesis and adaptation (Louwen et al., 2014). 

The study into CRISPR-Cas diversity in C. difficile has shown that CRISPR-typing 

approach can be successfully applied to this entheropathogen (Andersen et al., 2016). 

Since C. difficile CRISPR-Cas system possesses a great diversity of arrays and spacers, 

widely conserved and unique variable arrays were found in almost all the analyzed 

strains; they can be applied to PCR-amplification, sequencing and typing. Interestingly, a 

correlation between CRISPR-groups and toxin groups has also been reported in this 

study.  

It is worth mentioning that CRISPR-Cas arrays often contain the spacers targeting 

bacterial chromosome. Such self-targeting spacers can probably be acquired by mistake. 

Bacterial cells utilize mutations in cas genes, PAMs or seed sequences to prevent the 

autoimmunity (Horvath et al., 2008; Semenova et al., 2011). At the same time, auto-

targeting spacers may have alternative functions in the bacterial cells (Westra et al., 

2014). Despite this fact, CRISPR-auto-targeting almost always leads to cell death (Gomaa 

et al., 2014). Moreover, both Class 1 and 2 CRISPR-Cas systems are efficient to cure 

plasmids carrying virulence and antibiotic resistance genes (Bikard et al., 2012). Thus, 

these aspects of CRISPR-Cas systems can be applied to devising new antimicrobial 

agents, which can be done through several strategies. The most general way among them 

is harnessing the phage particles and phagemids as vectors to deliver all necessary auto-

targeting CRISPR-Cas components inside the pathogen’s cell (Bikard and Barrangou, 
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2017). Many pathogens possess the endogenous active CRISPR-Cas systems and their 

Cas-machineries can be used for self-targeting. Since C. difficile contains an active 

CRISPR-Cas system (Boudry et al., 2015), this approach seems to be promising when 

applied to CDI treatment, in particular in the context of the recent emergence of 

antibiotic-resistant C. difficile strains all over the world (Banawas, 2018). Phage therapy 

of CDI has been proved to be a promising alternative, though it faces certain difficulties 

(Hargreaves and Clokie, 2014), including anti-phage CRISPR-Cas immunity and the 

current possibility to identify temperate C. difficile phages exclusively (Sekulovic et al., 

2014). Thus, CRISPR-based antimicrobials using endogenous Cas machinery may be 

regarded as an alternative to antibiotic treatment of the CDI.  

The most recognized biotechnological application of CRISPR-Cas systems is 

genome editing. Despite the fact that the majority of works are concentrated on using 

CRISPR-Cas systems for gene engineering in eukaryotes, CRISPR-Cas-based genome 

editing in prokaryotes has revealed itself as a useful tool (Barrangou and Horvath, 2017). 

The most interesting application is, perhaps, using endogenous CRISPR-Cas system in 

genome editing and engineering, since it simplifies the construction of necessary vectors 

and the process of editing. During the last three years, several works brought to the 

limelight the use of endogenous I-B subtype systems. One of them (Pyne et al., 2016) 

describes the application of the approach to Clostridium pasteurianum. In this study, a 

plasmid vector containing an artificial CRISPR array with a protospacer targeting the 

gene of interest and arms for homologous recombination was used to delete cpaAIR gene 

encoding a restriction enzyme. This approach allows for the fast and markless deletion or 

modification of the genes of interest in bacteria. Later, other studies confirmed the 

efficiency of this method when applied it to other I-B subtype-carrying organisms: 

archaeon Haloarcula hispanica (Cheng et al., 2017) and solventogenic clostridia, 

Clostridium tyrobutyricum (Zhang et al., 2018) and Clostridium 

saccharoperbutylacetonicum (Atmadjaja et al., 2019). Furthermore, a recent study 

revealed that Haloferax volcanii CRISPR-Cas system with deletions of cas3 and cas6 

genes can be used in gene repression in this archaeon (Stachler and Marchfelder, 2016). 

To date many efficient approaches to C. difficile genome manipulation exist and are put 

into practice. ClosTron is a method based on the alteration of type II intron, which is able 

to be inserted in almost every region of the chromosome (Kuehne et al., 2011). Another 

method is CodA allele exchange technique based on using a semisuicidal plasmid vector 

carrying E. coli codA gene as a counter selective marker (Cartman et al., 2012). Recently 



Chapter 1. Literature review. 

47 

 

the successful application of CRISPR-Cas9 and Cpf1 (Cas12) systems to genome editing 

in C. difficile was reported (Hong et al., 2018; Inés et al., 2019; Ingle et al., 2019; 

McAllister et al., 2017; Wang et al., 2018). Despite of the efficiency of the described 

methods, utilizing endogenous CRISPR-Cas system in genome editing in C. difficile can 

enhance the possibilities of genetic manipulations within this entheropathogen.  

 

In conclusion, recent insights into the subject have demonstrated that C. difficile 

CRISPR-Cas system provides not only a large number of opportunities for basic research 

of its function in the C. difficile infection cycle but also opens up a way for various kinds 

of highly promising medical and biotechnological applications. 
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Chapter 2. Functionality of C. difficile CRISPR-Cas 

system 
 

The work, presented in this Chapter, is still ongoing. The results will be complemented by 

further studies. 

 

 

2.1 Introduction 

The defensive function of CRISPR-Cas systems is based on two related 

mechanisms: interference and adaptation (Marraffini, 2015). During the interference 

process, maturation of crRNAs, followed by a formation of a crRNP complex with Cas 

proteins, occurs. Then this complex recognizes and destructs the foreign DNA target. 

Adaptation mechanism provides new spacer acquisition into existing CRISPR array, thus 

allowing prokaryotic cells to cope with new genetic invaders.  

C. difficile CRISPR-Cas system is characterized by several unusual aspects, such as 

a high number of CRISPR arrays and multiple sets of cas genes belonging to the same 

subtype (I-B). Previous works (Boudry et al., 2015; Soutourina et al., 2013) demonstrated 

that individual crRNAs corresponding to different CRISPR arrays are expressed at very 

different levels, raising the question of differential contribution of various CRISPR arrays 

to the CRISPR-Cas mediated defense. Moreover, the relative role of multiple interference 

genes in CRISPR-Cas defense is not known. C. difficile CRISPR-Cas system should 

actively take part in the pathogen’s adaptation to the complex community inside the host 

and can contribute to C. difficile infection cycle regulation. Therefore, it is important to 

investigate the functional aspects of this defensive system.  

This Chapter describes the functionality of C. difficile CRISPR-Cas in interference 

and adaptation. Additionally, all possible PAM sequences were identified, and the role of 

the partial cas operon in interference was revealed. These results correspond to the first 

objective of this Thesis: the investigation of the role and the functionality of C. difficile 

CRISPR-Cas system in the interactions with plasmids. 
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2.2 Materials and methods 

2.2.1 Bacterial strains and growth conditions 

All bacterial strains used in this study are listed in Table S2.1 in Supplementary 

materials. C. difficile strains were grown in brain heart infusion (BHI) (Difco) medium at 

37°C under anaerobic conditions (5% H2, 5% CO2, and 90% N2), within an anaerobic 

chamber (Jacomex). When needed, thiamphenicol (Tm) at the final concentration of 15 

µg/ml was added to C. difficile cultures. E. coli strains were grown in LB medium 

(Bertani, 1951), supplemented with ampicillin (Amp) (100 μg/ml) and chloramphenicol 

(Cm) (15 µg/ml) when it was necessary. The non-antibiotic analog anhydrotetracycline 

(ATc) was used for induction of the inducible Ptet promoter of pRPF185 vector 

derivatives in C. difficile (Fagan and Fairweather, 2011). Growth curves were obtained 

using a GloMax plate reader (Promega). 

2.2.2 Construction of plasmids and conjugation into C. difficile 

All plasmids used in this work are presented in Table S2.1 in Supplementary 

materials. To construct plasmid PAM libraries, single-stranded synthetic 

oligonucleotides, containing four random nucleotides on the 5'-end, selected protospacer 

sequence, and regions, overlapping with pRPF185Δgus, were synthesized. Subsequently, 

single-stranded synthetic oligonucleotides were amplified by PCR to generate the double-

stranded fragments. Double-stranded libraries fragments were cloned into SacI and 

BamHI sites of pRPF185Δgus using Gibson assembly reaction (Gibson et al., 2009). 

Synthetic complementary (5'-3' and 3'-5') single-stranded oligonucleotides, 

containing SacI and BamHI restriction sites, different PAM and protospacer sequences 

were used to construct PAM-protospacer carrying conjugative plasmid vectors. The 

single-stranded oligonucleotides were annealed to each other and resulting double-

stranded fragments were ligated into SacI and BamHI sites of the pRPF185Δgus vector. 

To create plasmids overexpressing Cas proteins, C. difficile 630Δerm cas1-cas2 and 

cas4-cas1-cas2 gene regions including ribosome-binding sites (-21 to +1252 relative to 

translational start site of cas2 gene and -37 to +1773 relative to translational start site of 

cas4 gene, respectively) were amplified by PCR and introduced into SacI and BamHI 

sites of pRPF185Δgus under the control of ATc-inducible Ptet  promoter resulting in 

pCas1-2 and pCas1-2-4 plasmids. 
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To construct a plasmid for deletion of the full cas operon in C. difficile 630Δerm, 

approximately 1200-bp long regions flanking CD2975-2982 genes were amplified by 

PCR and cloned into PmeI restriction site of pMTL-SC7315 using Gibson assembly 

reaction giving pDIA6495. 

DNA sequencing was conducted to confirm the plasmid construction. All resulting 

plasmids were transformed into E. coli HB101 (RP4) strain. Obtained E. coli 

transformants were subsequently mated with C. difficile cells on BHI agar plates for 24 h 

at 37°C. C. difficile transconjugants were selected on BHI agar containing Tm (15 μg/ml), 

D-cycloserine (Cs) (25 μg/ml) and cefoxitin (Cfx) (8 μg/ml).  

2.2.3 PAM libraries high throughput sequencing and data analysis 

Experimentally obtained “PAM libraries before the conjugation” and “PAM 

libraries after the conjugation” (see 2.3.1.1 in Results) were sequenced using Illumina 

NextSeq500 system with 2 million reads coverage. At the initial step of the sequencing 

data analysis, all obtained reads were aligned with reference sequences (synthetic 

oligonucleotides, see 2.2.2 in Methods) using BWA software (Li and Durbin, 2009). 

Reads mapped to the reference sequence were selected by the SAMtools software (Li et 

al., 2009). Randomized PAM regions in selected reads were determined by the specially 

developed Python scripts (version 3.4). After this, PAM sequences were tested for the 

quality and selected for the further depletion analysis (see 2.3.1.2 in Results). Each PAM 

nucleotide quality was greater than or equal to 20 (Q20).  

Selected PAM sequences were analyzed using the Pearson chi-square test. PAM 

sequences depleted with a p-value less than 10-12 were selected as statistically significant. 

Their consensus sequence was then visualized using the WebLogo tool (Crooks et al., 

2004). For the additional PAM sequences visualization, PAM wheels were constructed 

using the previously described approach, adapted for the depletion test (Leenay et al., 

2016). For PAM wheels construction KronaExcelTemplate software was used 

(https://github.com/marbl/Krona/wiki/Downloads) (Leenay et al., 2016).  

2.2.4 Plasmid conjugation efficiency assays 

To evaluate conjugation efficiency, PAM-protospacer carrying conjugative 

plasmids were transformed into the E. coli HB101 (RP4) strain and transferred to C. 

difficile 630Δerm or C. difficile R202091 strains by conjugation. The ratio of C. difficile 

transconjugants was counted by subculturing conjugation mixtures on BHI agar 

https://github.com/marbl/Krona/wiki/Downloads
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supplemented with Tm, Cs, and Cfx and comparing the number of CFU obtained after 

plating serial dilutions on BHI agar plates containing Cfx only. 

2.2.5 High throughput sequencing and data analysis of newly acquired spacers 

Newly acquired spacers detected using CRISPR adaptation assays (see 2.3.3.1 

and 2.3.3.1 in Results) were sequenced using the Illumina NextSeq500 system with 2 

million reads coverage. Obtained reads were analyzed in R using ShortRead and 

Biostrings packages (Morgan et al., 2009). Reads were filtered for Phred quality scores of 

≥20 and spacer sequences were extracted from the reads containing two or more CRISPR 

repeats (CRISPR repeats were searched with two mismatches allowed). Spacers of 10-79 

bp in length were mapped to the reference genome of Clostridium difficile 630 (NCBI 

Reference Sequence: NC_009089.1) and plasmids pCD630 (NCBI Reference Sequence: 

NC_008226.2) and pCas1-2-4 to identify "protospacer" sequences with one mismatch 

allowed. Three nucleotides-motif upstream of the first position of a protospacer was 

considered as a PAM sequence. Graphical representation of the distribution of 

protospacers along the genome and all the histograms were generated using ggplot2 

package (Wickham, 2009) and the EasyVisio tool, developed by E. Rubtsova. 

2.2.5 Construction of the C. difficile 630ΔermΔCD2975-2982 mutant and its 

verification by qRT-PCR 

To delete full cas operon (CD2975-2982) in C. difficile 630Δerm, the codA allele 

exchange method (Cartman et al., 2012) was used. Editing plasmid pDIA6495 was 

transferred to C. difficile 630Δerm via conjugation. Subsequently, selected 

transconjugants were twice restreaked onto BHI agar plates, containing Tm, Cs, and Cfx 

to detect faster growing single-crossover integrants. Then selected colonies were plated 

onto C. difficile minimal media agar (CDMM) supplemented with fluorocytosine (50 

μg/ml) to identify second cross-over events. Subsequently, fluorocytosine-resistant clones 

were analyzed by PCR. The resulting PCR fragments have been sequenced to confirm the 

gene deletion. 

Total RNA was isolated from C. difficile strains after 7.5 h of growth in BHI 

medium as previously described (André et al., 2008). The cDNA synthesis by reverse 

transcription and quantitative real-time PCR analysis was performed as previously 

described (Saujet et al., 2011). 
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2.3 Results 

2.3.1 Determining of PAM-sequences in C. difficile 

2.3.1.1 Experimental model and construction of PAM libraries  

To determine all possible PAM sequences in C. difficile 630Δerm and R20291 

strains, plasmid PAM libraries depletion assays were performed (Figure. 2.1). Plasmid 

PAM libraries were constructed using pRPF185Δgus as a vector backbone and were 

based on effective for interference CRISPR16 array of 630Δerm strain and CRISPR13 

array of R20291 strain. Synthetic oligonucleotides, containing four random nucleotides 

(NNNN) on the 5'-end and chosen spacers sequences were cloned into pRPF185Δgus 

plasmid vector giving PAM libraries (Figure. 2.1). According to the previous in silico 

analysis, 3-nucleotide 5'-motifs CCA, CCT, CCC, CCG, and TCA were determined as 

PAMs for C. difficile CRISPR-Cas system (Boudry et al., 2015). We have chosen a 4-

nucleotide 5'-PAM motif for the libraries depletion assays to verify whether an additional 

nucleotide at the -4 position relative to the first nucleotide of the protospacer could be 

important for CRISPR-Cas system functioning. Four randomized nucleotide positions 

give 256 variants of the PAM. Therefore, a pool of ~ 3000 transformed cells would 

provide 10-fold library coverage. After the transformation of the plasmid libraries into E. 

coli NEB10 beta cells ~ 7880 clones for 630Δerm plasmid library and ~ 9400 clones for 

R20291 library were obtained. This provided more than 10-fold library coverage. Further, 

all the colonies were used for plasmid PAM-libraries extraction. Then a PCR with the 

extracted plasmid libraries and primers with Illumina adaptors was performed giving 

“PAM libraries before the conjugation” (Figure. 2.1).  

Plasmid PAM libraries were transformed into E. coli HB101 RP4 cells for further 

conjugation into C. difficile cells (approximately 4.9·1010 plasmid copies for the 630Δerm 

library and 2.8·1010 plasmid copies for the R20291 library). After the conjugation, ~ 4000 

transconjugants and ~ 2000 transconjugants were obtained for 630Δerm and R20291 

strains, respectively. All the transconjugants were then transferred to liquid BHI medium 

supplemented with antibiotics thiamphenicol, cefoxitin and cycloserin (Tm, Cfx, and Cs) 

to eliminate remaining E. coli cells. Tm was used to maintain plasmids within C. difficile 

cells, while Cfx and Cs were used to remove E. coli cells, since they do not possess 

resistance to these antibiotics. Subsequently, cells from obtained liquid cultures were 

collected and PCR, using their InstaGene (BioRad) extracts and primers with Illumina 

adaptors, was performed, giving “PAM libraries after the conjugation” (Figure 2.1).   



Chapter 2. Functionality of C. difficile CRISPR-Cas system. 

53 

 

Obtained “PAM libraries before the conjugation” and “PAM libraries after the 

conjugation” were used for further high-throughput sequencing, data analysis, and PAM 

sequences determination.  

 

 

 

Figure 2.1. PAM libraries experimental strategy for C. difficile. 

 

 

2.3.1.2 PAM sequences determination 

After high throughput sequencing, a set of reads was collected for each PAM 

library and data analysis to identify depleted motifs as PAMs was performed (depletion 

analysis). The depletion analysis is based on a comparison between the library possessing 

all PAM sequences (“before the conjugation”) and the library possessing PAM sequences, 

which were not recognized by C. difficile CRISPR-Cas system (“after the conjugation”). 

Thus, the depletion analysis allows determining all functional PAMs. Using Pearson chi-

square test with a p-value less than 10-12 statistically significantly depleted PAM 

sequences were selected. The consensus sequences of selected PAMs were then 

visualized by the WebLogo tool (Crooks et al., 2004). This analysis suggested that the -4 

position of the PAM could not be relevant for C. difficile CRISPR-Cas system 

functioning (data not shown). This is in accordance with previous data obtained in silico 

and during experimental work (Boudry et al., 2015) of functional three-nucleotide PAMs. 
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WebLogo-based visualization revealed the YCN PAM consensus for both C. difficile 

630Δerm and R20291 strains (Figure 2.2A, B).  

For the additional visualization of the results, PAM wheels were constructed for 

each strain (Figure 2.3A, B). For each individual PAM sequence, a depletion score was 

counted as the ratio of normalized read count in cleavage reaction and normalized read 

count in control. The depletion scores were then used as the input for the Krona plot 

(Leenay et al., 2016). PAM wheels confirmed the general YCN PAM consensus. Minor 

PAMs were represented as NNN motif that could be due to possible remaining of E. coli 

cells with the plasmids of “before libraries” in “after samples” or due to sequencing 

errors. These results are in agreement with previously obtained in silico PAM prediction 

and plasmid efficiency assays (Boudry et al., 2015). 

 

 

Figure 2.2. PAM-consensus WebLogos for C. difficile 630Δerm (A) and R202091 (B) strains. 
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Figure 2.3. PAM wheels for C. difficile 630Δerm (A) and R202091 (B) strains. Arrows 

indicate the direction (5' → 3') from the 1st nucleotide to the 3d nucleotide of PAMs. Red sectors 

correspond to the CCN PAM consensus, and green sectors correspond to the TCN PAM 

consensus. Different patterns of CCN and TCN PAMs distribution in 630Δerm and R202091 

strains could be a consequence of the different amount of good-quality selected reads in the 

libraries “after”.  
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2.3.2 The functionality of CRISPR interference in C. difficile 

2.3.2.1 Plasmid interference assays in C. difficile 630Δerm strain 

To study the functionality of CRISPR-Cas system for interference in C. difficile 

630Δerm strain, a set of plasmids was constructed on the basis of the pRPF185Δgus 

vector. These plasmids contained protospacers corresponding to a selected spacer of C. 

difficile 630Δerm CRISPR array, flanked by functional CCA PAM on the 5'-end. The 

PAM sequence was chosen in accordance with analysis from the previous study (Boudry 

et al., 2015) and PAM libraries results (see 2.3.1). The set of PAM-protospacer carrying 

plasmids was conjugated into C. difficile 630Δerm cells, and conjugation efficiency levels 

were determined. An empty pRPF185Δgus vector was used as a conjugation control. The 

presence of a protospacer with a correct PAM sequence matching a spacer from one of 

the CRISPR arrays inhibits conjugation efficiency by several orders of magnitude. Hence, 

higher conjugation efficiencies correspond to lower CRISPR interference levels (Figure 

2.4). Conjugation efficiency results are presented in Figure 2.5A. Plasmids carrying 

protospacers, corresponding to spacers of CRISPR3, 4, 8, and gave no transconjugants. 

Therefore, CRISPR interference was effective against these plasmids. In contrast, 

plasmids carrying protospacers, corresponding to spacers of CRISPR6, 7, 9, 10, 11, 12 

and 17 arrays, gave transconjugates, and the conjugation efficiency levels in these cases 

were lower or almost the same as the control. It may mean that these CRISPR-arrays 

provide lower defense levels and are less active for CRISPR-interference.  

Overall, interference levels of C. difficile 630Δerm CRISPR arrays correlate with 

their expression levels (Figure 2.5B, C), detected by RNA-seq in the previous work 

(Boudry et al., 2015). The exceptions are CRISPR10 and 11 arrays, which showed low 

interference activity (Figure 2.5A). These results demonstrate that almost all CRISPR-

arrays of C. difficile 630Δerm strain are functional for interference.  
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Figure 2.4. Experimental strategy for plasmid interference assays. Conjugative vectors, 

carrying 5'-PAM-protospacers, corresponding to a selected spacer of C. difficile CRISPR arrays 

were conjugated into C. difficile cells, and subsequently, the efficiency of conjugation was 

determined. Higher conjugation efficiency corresponds to lower interference levels.  
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Figure 2.5. Plasmid conjugation efficiency in C. difficile 630Δerm strain (A) and expression 

levels of 630Δerm strain CRISPR arrays detected by RNAseq (B, C). Expression of CRISPR 

arrays is presented in their transcriptional order, B – from the + DNA strand, C – from the - DNA 

strand. Red broken arrows marked with “+1” designate TSS of the arrays and correspond to the 
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(Figure 2.5. Continue) leader sequences, black diamonds point the beginnings of the first spacers 

in the arrays. RNAseq figures are adapted from (Boudry et al., 2015) with permission.  

 

 

2.3.2.2 Plasmid interference assays in C. difficile R20291 strain 

To investigate the functionality of CRISPR-Cas system for interference in 

hypervirulent C. difficile R20291 strain, a set of conjugative plasmids was created. To 

construct this set, a protospacer, corresponding to the first spacer of the actively 

expressed R20291 CRISPR13 array (Figure 2.6B), flanked with several PAM sequences 

on the 5'-end, was introduced into the pRPF185Δgus vector. CCA, CCT, CCC, CCG, 

GAG and AAT trinucleotides were chosen as PAM sequences for these assays. For one 

plasmid the protospacer contained a mutation of the first nucleotide position, 

corresponding to the first position of the seed region (the first eight nucleotides of the 

protospacer, necessary for CRISPR targeting (Semenova et al., 2011), was used. No 

transconjugants were obtained after the conjugation of CCA, CCT, CCC, and CCG PAM-

containing plasmids, which meant a high efficiency of interference (Figure 2.6A). These 

results confirm in silico data, obtained in the previous study (Boudry et al., 2015), and 

PAM libraries results (see 2.3.1). Plasmids, carrying non-functional GAG and AAT 

PAMs demonstrated the same conjugation efficiency levels as an empty pRPF185Δgus 

vector (Figure 2.6A). The plasmid containing CCA PAM and a mutation in seed region 

showed significantly lower interference level then non-mutated CCA PAM-protospacer 

carrying plasmid (Figure 2.6A). This result confirmed the important role of the seed 

region in protospacer targeting by the CRISPR-Cas system (Semenova et al., 2011).  

Altogether, these results indicate that the CRISPR-Cas system of hypervirulent C. 

difficile R20291 is functional for interference and CCA, CCT, CCC, CCG PAM 

sequences are experimentally confirmed for this strain.  
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Figure 2.6. Plasmid conjugation efficiency in C. difficile R20291 strain (A) and expression 

level of R20291 strain CRISPR13 array, detected by RNAseq (B). Expression of the CRISPR 

arrays is presented in its transcriptional order. The red broken arrow, marked with “+1” designates 

TSS of the array and corresponds to the leader sequences, the black diamond points the beginning 

of the first spacer in the arrays. The RNAseq figure is adapted from (Boudry et al., 2015) with 

permission. 

 

2.3.3 The functionality of CRISPR-Cas system for adaptation in C. difficile 

2.3.3.1 Experimental model of naïve adaptation assays in C. difficile 630Δerm 

Primed adaptation experiments with plasmids, contained PAM(CCA)-protospacers, 

corresponding to the first spacers of C. difficile 630Δerm CRISPR12 and 16 arrays and 

carrying mutations in the seed regions, were unsuccessful. Thus, CRISPR adaptation in 

native endogenous expression levels of Cas proteins could be non-sufficient for the 

experimental detection. Therefore, we constructed two variants of plasmids containing 

cas1, cas2, and cas4 genes under the control of the inducible Ptet promoter (Table S2.1 in 
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Supplementary materials) and firstly tested them for naïve adaptation events. The first 

plasmid variant (pCas1-2) carried cas1 and cas2 genes, whereas the second plasmid 

variant carried the full adaptation module cas1, cas2, cas4 (pCas1-2-4). Subsequently, 

pCas1-2 and pCas1-2-4 were transferred into C. difficile 630Δerm cells by conjugation 

(Figure 2.7A, B). Transconjugants were then cultivated in BHI medium supplemented 

with Tm and ATc to maintain plasmids and produce a sufficient amount of Cas proteins. 

We observed no growth of C. difficile cells carrying pCas1-2 caused by a possible toxic 

effect of overexpression of Cas1 and Cas2 proteins (Figure 2.7A). In contrast, pCas1-2-4 

did not give such effect. Therefore, this plasmid was used for further adaptation assays. 

After overnight growth in BHI medium supplemented with Tm and ATc, pCas1-2-4-

containing cells were twice transferred to BHI medium supplemented with ATc without 

Tm (I and II reseeding) (Figure 2.7B). These additional steps were necessary to gain more 

bacterial cells with possibly newly acquired spacers. After each reseeding, two rounds of 

PCR were performed to detect new spacer acquisition. For the PCR amplification, a 

following set of primers was used: forward primers, which annealed to leader regions of 

arrays and reverse primers, which annealed to the first or the second spacer (CRISPR10 

array) of a native array (Figure 2.8A). C. difficile 630Δerm strain carrying an empty 

pRPF185Δgus was used as a control in all naïve adaptation assays.  
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Figure 2.7. Experimental plan of naïve adaptation assays in C. difficile 630Δerm. A – an 

adaptation assay using pCas1-2, overexpressing Cas1, and Cas2 proteins. No growth was 

observed after inoculation of transconjugants into BHI+Tm+ATc medium. B – an adaptation 

assay using pCas1-2-4, overexpressing Cas1, Cas2, and Cas4 proteins. Two reseeding steps after 

cultivation of transconjugants in BHI+Tm+ATc medium and following two PCR rounds were 

performed.   

 

 

2.3.3.2 Detection of new spacer acquisition  

All twelve C. difficile 630Δerm CRISPR arrays were tested for new spacer 

acquisition with oligonucleotide primers complementary to the leader region and first 

spacer of each CRISPR array (Figure 2.8A). After the 1st reseeding and two rounds of 

PCR, no adaptation events were detected (data not shown). New spacer acquisition was 

observed only in CRISPR8 and CRISPR9 arrays after the 2nd PCR round of the sample 
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from the second reseeding (Figure 2.8B). These results could indicate that C. difficile 

630Δerm CRISPR-Cas system is not highly active for naïve adaptation. Subsequently, 

DNA bands corresponding to newly acquired spacers were extracted from the gel and 

used for nested PCR with primers containing Illumina adapters for further high-

throughput sequencing and bioinformatic analysis.  

 

 

Figure 2.8. PCR analysis of naïve adaptation in C. difficile 630Δerm. A – Principal scheme of 

PCR analysis. PCR amplification was performed using pairs of primers for each CRISPR array of 

C. difficile 630Δerm. Forward primers annealed to leader regions of arrays and reverse primers 

annealed to the first or the second spacer (CRISPR10 array) of a native array. B – PCR results 

after the II reseeding step. Numbers bellow PCR bands denote C. difficile 630Δerm CRISPR 

arrays (CRISPR3/4, CRISPR6, etc.) 89 bp PCR bands correspond to native arrays (155 bp for 

CRISPR10 array); 155 bp PCR bands correspond to one acquired spacer (221 bp for CRISPR10 

array).  
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2.3.3.3 General analysis of newly acquired spacers  

High-throughput sequencing data was analyzed in R using ShortRead and 

Biostrings packages (Morgan et al., 2009). Spacers of length 10-79 bp were extracted 

from reads. Then spacers corresponding to the native first spacer and spacers with less 

than 12 bp were removed from the analysis. Remaining spacers were mapped to the all 

DNA molecules of C. difficile 630Δerm which could serve as a source for new spacers 

(chromosome, pCas1-2-4 and native endogenous pCD630 plasmid (Sebaihia et al., 2006)) 

to identify "protospacer" sequences. Additionally, spacers that aligned to multiple 

positions within the same molecule were removed from the analysis. Spacers, aligned to 

one DNA molecule were identified as “unique,” and spacers, aligned to several molecules 

(but one position within each molecule) were identified as “non-unique” and analyzed 

separately (Table 2.1). Some spacers deriving from regions containing a PAM consensus 

by 1-3 nucleotide upstream of the “protospacer” (“shifters”) and spacer, which were 

inserted into CRISPR arrays in the opposite orientation (“flippers”) were removed from 

the analysis (Shmakov et al., 2014).  

General analysis of spacers revealed that 99.77% of all acquired spacers were 

unique, and 98% of them derived from pCas1-2-4 plasmid (Table 2.1). Only 1.69% of 

spacers were acquired from the chromosome and 0.07% of spacers derived from pCD630 

(Table 2.1). Non-unique spacers constituted 0.23% and were derived from both pCas1-2-

4 plasmid and chromosome.  
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Table 2.1 Statistics of spacers acquired into CRISPR8 (CR8) and CRISPR9 (CR9) arrays.  

The table demonstrates the number of aligned spacers and the number of spacers mapped to 

different DNA molecules (chromosome, pCas1-2-4, and pCD630). All values are shown 

including or excluding shifters and flippers. Spacers that have multiple alignments but on 

different molecules (non-unique alignment) were further separately. Percentages of spacers, used 

in further analysis, are shown in red. 

 

 

 

2.3.3.4 Analysis of the distribution of spacer lengths and frequencies 

Next, the detailed analysis of spacer lengths distribution (Figure 2.9A) and 

adaptation “hot spots” was performed (Figure 2.10A, B). Among unique protospacers on 

the chromosome, there were several positions highly enriched with spacers. Analysis of 

the distribution of spacer frequencies showed that the sum of values above the 99th 

percentile gave 24-34% of all spacers mapped to the chromosome. Presumably, these 

were PCR artifacts or spacers acquired by bacteria at the early time point and spread 

among later generations. Therefore, outliers above the 99th percentile were removed from 

further analysis of total percent of spacers in different regions of the chromosome as well 

as analysis of the distribution of spacer length and frequencies of different PAM 

sequences.  

Analysis of the distribution of spacer lengths showed that almost all newly acquired 

spacers had 36-37 bp length on average. This agrees with length distribution of native 

spacers in CRISPR8, CRISPR9 arrays and all CRISPR arrays of C. difficile 630Δerm 

(Fig. 2.9A, B). 
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Figure 2.9. The distribution of spacer lengths. A – lengths of spacers, acquired into CRISPR8 

and CRISPR9 arrays during the adaptation; B – lengths of native spacers in C. difficile 630Δerm 

CRISPR arrays.  

 

Analysis of the distribution of unique spacer frequencies derived from the 

chromosome revealed several adaptation “hot spots”. Spacers were the most actively 

acquired from the chromosome in terC (replication termination site) region and regions, 

containing Tn1549-like genes (Figure 2.10A). 

As it was mentioned above, the most abundant number of new spacers derived from 

the pCas1-2-4 plasmid. The most frequent unique spacers were acquired from traJ (a 

regulator for conjugative genes expression), oriT (origin of transfer) and ori (origin of 

replication) regions (Figure 2.10B). In contrast, significantly less spacers were acquired 

from the native pCD630 plasmid (Figure 2.10C). The adaptation “hot spots” for pCD630 

were localized at p70 gene region and close to the p80 gene region.  

Analysis of non-unique spacers distribution revealed that they originated from 

regions, corresponding to cas1, cas2, and cas4 both in chromosome and pCas1-2-4 

plasmid (Figure 2.10 A, B). 
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Figure 2.10. The distribution of spacers, aligned to the chromosome (A), pCas1-2-4 plasmid 

(B) and pCD630 plasmid (C). The height of black bars indicates the percentage of spacers 

aligned to certain positions on DNA molecules. Bars localized above and below chromosome line 

(A) and inside and outside of plasmid circles designate spacers derived from different strands of 

DNA. Red bars indicate non-uniquely aligned spacers. 

 

2.3.3.5 Definition of PAM sequences, corresponding to acquired spacers 

PAM sequences were defined as three nucleotides upstream of the first position of a 

protospacer, which was mapped on DNA molecules during the analysis. For uniquely 

aligned spacers on the pCas1-2-4 plasmid, the abundant PAMs were CCA, CCG, CCT, 

and CCC (Figure 2.11). Additionally, CCA motif had the highest percentage in pCD630 

case (Figure 2.11). These results confirm the functionality of the CCN PAM consensus 

for adaptation. In contrast, there were no clear PAM distribution peaks for uniquely 

aligned spacers on the chromosome (Figure 2.11). For the genome, CCN and TCN 

consensus PAMs corresponded to less than 10% of spacers.  
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Moreover, analysis of PAM sequences, corresponding to non-unique aligned 

spacers revealed that CCT and CCA motifs were the most presented both on pCas1-2-4 

and chromosome (Figure 2.11). 

 

 

Figure 2.11. The distribution of PAM sequences, corresponding to acquired spacers. NU – 

non-uniquely aligned spacers; U – uniquely aligned spacers. Functional PAM sequences are 

indicated in boldface.   

 

 

2.3.4 Role of multiple cas operons  

2.3.4.1 Construction of the C. difficile 630Δerm full cas operon deletion mutant  

As it was mentioned in Chapter 1, the majority of C. difficile sequenced strains are 

characterized by two or three (in 027 ribotype) I-B subtype cas gene sets (Boudry et al., 

2015). Reference C. difficile 630 strain possesses two cas operons (full CD2975-2982 and 

partial CD2451-2455) and hypervirulent C. difficile R20291 strain possesses three cas 

operons (full CDR20291_2810-2817, partial CDR20291_2344-2348 and additional 

CDR20291_2994-2998). To study the role of each cas operon in C. difficile life and 

infection cycles and in CRISPR-Cas system functionality, we attempted to construct cas 

operon deletion mutants in both 630 and R20291 strains using codA allele exchange 

strategy (Cartman et al., 2012). To date, we have successfully obtained only one full cas 

operon deletion mutant in C. difficile 630Δerm strain (C. difficile 630ΔermΔCD2975-

2982). The absence of full cas operon was confirmed by PCR (Figure 2.12) as well as by 

qRT-PCR (data not shown). For the qRT-PCR, the first gene of the full cas operon 

(CD2982) was used as a target gene. No expression of CD2982 gene was observed in C. 

difficile 630ΔermΔCD2975-2982 mutant. 
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Figure 2.12. PCR analysis of obtained clones after the codA allele exchange genome editing 

to verify C. difficile 630ΔermΔCD2975-2982 mutants. 1738 bp PCR bands correspond to the 

mutant genotypes; wild-type genotypes did not give PCR bands due to the too large size of the 

possible PCR products. The 6th clone (in boldface) lost the plasmid after the editing, and it was 

used for further experiments. L and R – left and right regions, flanking the cas operon, which 

were used as arms for the allele exchange. 

 

 

2.3.4.2 Growth of the C. difficile 630ΔermΔCD2975-2982 mutant 

To investigate the possible role of the full cas operon in C. difficile 630Δerm 

growth in standard culture conditions, we performed growth experiments in liquid BHI 

medium at 37°C using plate reader (Promega). No growth differences between the wild 

type the mutant was observed after the 24h of growth (Figure 2.13). 

 

 

Figure 2.13. Growth curves of C. difficile 630Δerm (wt) (A) and C. difficile 

630ΔermΔCD2975-2982 (B) strains in BHI medium at 37°C. 
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2.3.4.3 Plasmid interference assays in C. difficile 630ΔermΔCD2975-2982 mutant 

To compare interference activity of the wild-type strain and the mutant lacking the 

full cas operon, plasmid interference experiments were performed. For these assays, we 

used plasmids containing protospacers corresponding to spacers from C. difficile 

630Δerm CRISPR3, 11, 12 and 17 arrays, and flanked by functional CCA PAM on their 

5'-end (see 2.3.2 in Results). An empty pRPF185Δgus vector was used as a control. 

Conjugation efficiency results are presented in Figure 2.14. The full cas operon mutant 

showed lower interference levels than the wild-type strain after conjugation with 

plasmids, carrying CRISPR12 spacer6 and CRISPR17 spacer1. According to RNA-seq 

results, these spacers are not actively expressed (Figure 2.5C). Thus, these results 

demonstrate that C. difficile 630ΔermΔCD2975-2982 mutant is less effective for plasmid 

interference than the wild type, although this effect is observed only in non-actively 

expressed spacers case.  

 

 
 

Figure 2.14. Plasmid conjugation efficiency in C. difficile 630Δerm strain (wt) and C. difficile 

630ΔermΔCD2975-2982 mutant.  
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2.4 Discussion  

Defensive CRISPR-Cas systems provide adaptive immunity in prokaryotes. They 

recognize and eliminate foreign DNA agents, such as viruses and plasmids. CRISPR-Cas 

systems functions may play an important role in the prokaryotic cell physiology. In this 

Chapter, we present a study of functional aspects of C. difficile CRISPR-Cas system.  

PAM library experiments allowed us to determine a general PAM consensus 

sequence (YCN) for C. difficile 630Δerm and R20291 CRISPR-Cas systems. These 

results confirm previous PAM identification data, obtained in silico by the alignment of 

existing spacers and matching protospacers (Boudry et al., 2015). Interestingly, multiple 

PAM sequences were found in other type I-B systems (Shah et al., 2013). Moreover, the 

definition of all possible functional PAMs is necessary for C. difficile CRISPR-Cas 

system biotechnological applications, particularly for genome editing in this pathogen and 

for developing of new drug types against CDI (see Chapter 4).   

CRISPR-Cas systems affect their targets by the interference process. Plasmid 

interference assays showed the functionality of C. difficile CRISPR-Cas system. 

Experiments with C. difficile 630Δerm strain demonstrated that defense levels of different 

arrays generally correspond to their expression rates, identified previously (Boudry et al., 

2015). Therefore, various CRISPR arrays may differentially contribute to CRISPR-based 

immunity in 630Δerm strain. However, an additional detailed quantitative analysis of 

630Δerm CRISPR arrays expression is required for deeper understanding of this 

correlation. Interference assays, performed in R20291 strain, showed the active defensive 

function of its CRISPR-Cas system for the first time. Additionally, we experimentally 

confirmed the functionality of CCA, CCT, CCC, and CCG PAMs in these experiments. 

Furthermore, obtained results proved the role of the 1st nucleotide of the seed region for 

protospacer recognition by the effector complex (Semenova et al., 2011). The mutation of 

this nucleotide decreases the interference efficiency, possibly by reducing the frequency 

of the target recognition and binding by the effector complex, but at the same time, it does 

not completely inhibit interference.  

In the present Chapter, the functionality of C. difficile 630Δerm CRISPR-Cas 

system in naïve adaptation was also revealed. We did not detect a new spacer acquisition 

under the native conditions of Cas proteins expression. Hence, plasmid vectors, 

overexpressing Cas1, Cas2, and Cas4 proteins were used in the experiments. During 

overexpressing essential for adaptation Cas1 and Cas2 proteins, we detected no growth of 
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C. difficile cells. In contrast, overexpression of the full adaptation module (Cas, Cas2, and 

Cas4) did not give such effect. It could be due to the possible toxic effect of Cas1-Cas2 

complex hyperproduction. Several studies showed that Cas2 protein is a derivative of the 

VapD toxin family (Makarova et al., 2006, 2011a). While Cas1 is the main exonuclease 

in the Cas1-Cas2 adaptation complex (Nuñez et al., 2015b), nuclease activity of the Cas2 

protein is not required for new spacer acquisition (Nuñez et al., 2014). It is suggested that 

in some CRISPR-Cas systems, Cas2 may have an additional function of an RNase or a 

toxin (Koonin and Zhang, 2016). Another possible reason for Cas1-Cas2 overexpression 

toxicity in C. difficile cells is the absence of corresponding overexpression of Cas4 

protein. Cas4 is a part of the adaptation protein complex of the CRISPR-Cas systems, in 

which it is present (Lee et al., 2019). This protein participates in the selection and 

processing of the prespacers, defines the correct PAM and provides correct orientation of 

new spacers during their integration into the CRISPR array (Amitai and Sorek, 2016; 

Kieper et al., 2018; Lee et al., 2018, 2019; Zhang et al., 2019). The relatively low amount 

of Cas4, imbalanced with the hyperproduction of Cas1 and Cas2, might lead to the 

formation of incomplete adaptation complexes, which had some toxic effects on C. 

difficile cells. Further research is needed to better understand the role of Cas4 protein in 

the C. difficile CRISPR adaptation process. 

The new spacer acquisition was detected only in C. difficile 630Δerm CRISPR8 and 

CRISPR9 arrays, which are also active in interference. The majority of new spacers 

derived from the pCas1-2-4 plasmid, although other spacers were also mapped to the 

chromosome and the native pCD630 plasmid. In the case of chromosomal loci, the 

spacers were the most frequently acquired from the terC (replication termination site) 

regions and Tn1549-like regions. Tn1549 is a conjugative transposon, which provides 

resistance to vancomycin in Enterococcus faecalis (Garnier et al., 2000). Subsequently, a 

significant number of chromosome-derived spacers were obtained from a MGE part of C. 

difficile 630Δerm genome. The protospacer “hot spots” inside chromosomal transposon 

regions were also observed in archaea species Pyrococcus furiosus (Shiimori et al., 2017). 

The suggested source for the spacer selection is DNA double-strand breaks (Levy et al., 

2015). Therefore, the adaptation “hot spots” are often localized in the regions with the 

high possibility of the replication-associated DNA double-strand breaks, such as terC. 

Furthermore, the terC region of E. coli chromosome was shown to be the most active spot 

for the spacer acquisition (Levy et al., 2015). In the case of acquisition from the pCas1-2-

4 plasmid, the largest number of new spacers derived from oriT (origin of transfer) and 
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ori (origin of replication) regions, which the most likely co-localized with double-strand 

breaks, occurring on the plasmid DNA.  

In addition, alignment of newly acquired spacers and C. difficile 630Δerm DNA 

molecules allowed us to determine PAM sequences of the corresponding protospacers, 

and it confirmed the functionality of the CCN motif. Notably, the functional PAMs were 

rather rare in chromosome and pCD630 plasmid cases. The poor distribution of functional 

PAMs and the small number of the chromosome-deriving spacers could be due to the 

lethal effect of the acquisition of functional spacers matching the chromosome. 

Additionally, non-efficient spacer acquisition from the pCD630 suggests, that this 

plasmid carries crucial genes for C. difficile 630Δerm physiology. 

Overall, adaptation assays results demonstrate that C. difficile 630Δerm CRISPR-

Cas system is not highly active for naïve adaptation with plasmids since the new spacer 

acquisition was detected only after overexpression of the adaptation cas-module and two 

rounds of the PCR analysis. 

C. difficile CRISPR-Cas system is characterized by two or three I-B subtype cas 

operons, while other prokaryotes usually possess multiple cas gene sets, belonging to 

different types of CRISPR-Cas systems (Li et al., 2015; Patterson et al., 2016; Shiimori et 

al., 2017; Silas et al., 2017). In this Chapter, a C. difficile 630Δerm full cas operon 

deletion mutant, i.e. containing only partial cas operon, was investigated. We observed no 

differences in growth between the mutant and the wild type strain. Nevertheless, plasmid 

interference assays revealed that the mutant was less effective for interference than the 

wild type strain, but only when less-actively expressed spacers were assessed. Possibly, 

the observed effect could be due to decreased levels of the Cas proteins in the mutant, 

which influenced the interference levels.  

In conclusion, our results reveal the functionality of C. difficile CRISPR-Cas system 

that could protect this bacterium against foreign DNA invaders.  
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2.5 Supplementary materials 

 
Table S2.1. Bacterial strains and plasmids used in Chapter 2 

Strain Genotype Source 

E. coli   

NEB-10 beta Δ(ara-leu) 7697 araD139 fhuA ΔlacX74 galK16 galE15 

e14- ϕ80dlacZΔM15 recA1 relA1 endA1 nupG rpsL (StrR) 

rph spoT1 Δ(mrrhsdRMS-mcrBC) 

New England Biolabs 

HB101 (RP4) supE44 aa14 galK2 lacY1 Δ(gpt-proA) 62 rpsL20 

(StrR)xyl-5 mtl-1 recA13 Δ(mcrC-mrr) hsdSB (rB-mB-) 

RP4 (Tra+ IncP ApR KmR TcR) 

Laboratory stock 

C. difficile   

630Δerm Sequenced reference strain ΔermB Laboratory stock 

(Hussain et al., 2005) 

R20291 PCR-ribotype 027 epidemic strain Laboratory stock 

CNRS_CD059 630Δerm carrying pRPFΔgus  This work 

CNRS_CD001 630Δerm carrying pCas1-2 plasmid This work 

CNRS_CD002 630Δerm carrying pCas1-2-4 plasmid This work 

CDIP741 630∆erm ∆CD2975-2982 (full cas operon) This work 

Plasmid Description Reference 

pRPF185Δgus  pRPF185Δgus vector derivative (Fagan and 

Fairweather, 2011; 

Soutourina et al., 

2013) 

pDIA6435 pRPF185Δgus with the 5' CCA-PAM protospacer, 

corresponding to the spacer1 from 630∆erm CRISPR3 

array  

This work 

pDIA6436 pRPF185Δgus with the 5' CCA-PAM protospacer, 

corresponding to the spacer1 from 630∆erm CRISPR4 

array 

This work 

pDIA6437 pRPF185Δgus with the 5' CCA-PAM protospacer, 

corresponding to the spacer1 from 630∆erm CRISPR6 

array 

This work 

pDIA6438 pRPF185Δgus with the 5' CCA-PAM protospacer, 

corresponding to the spacer1 from 630∆erm CRISPR7 

array 

This work 

pDIA6439 pRPF185Δgus with the 5' CCA-PAM protospacer, 

corresponding to the spacer1 from 630∆erm CRISPR8 

array 

This work 

pDIA6440 pRPF185Δgus with the 5' CCA-PAM protospacer, 

corresponding to the spacer1 from 630∆erm CRISPR9 

array 

This work 
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Table S2.1. Continue. 

pDIA6441 pRPF185Δgus with the 5' CCA-PAM protospacer, 

corresponding to the spacer1 from 630∆erm CRISPR10 

array 

This work 

pDIA6442 pRPF185Δgus with the 5' CCA-PAM protospacer, 

corresponding to the spacer1 from 630∆erm CRISPR11 

array 

This work 

pDIA6443 pRPF185Δgus with the 5' CCA-PAM protospacer, 

corresponding to the spacer1 from 630∆erm CRISPR12 

array 

This work 

pDIA6444 pRPF185Δgus with the 5' CCA-PAM protospacer, 

corresponding to the spacer1 from 630∆erm CRISPR17 

array 

This work 

pDIA6445 pRPF185Δgus with the 5' CCA-PAM protospacer, 

corresponding to the spacer3 from 630∆erm CRISPR3 

array 

This work 

pDIA6446 pRPF185Δgus with the 5' CCA-PAM protospacer, 

corresponding to the spacer6 from 630∆erm CRISPR3 

array 

This work 

pDIA6447 pRPF185Δgus with the 5' CCA-PAM protospacer, 

corresponding to the spacer3 from 630∆erm CRISPR12 

array 

This work 

pDIA6448 pRPF185Δgus with the 5' CCA-PAM protospacer, 

corresponding to the spacer6 from 630∆erm CRISPR12 

array 

This work 

pDIA6475 pRPF185Δgus with the 5' CCC-PAM protospacer, 

corresponding to the spacer1 from R20291 CRISPR13 

array 

This work 

pDIA6476 pRPF185Δgus with the 5' GAG-PAM protospacer, 

corresponding to the spacer1 from R20291 CRISPR13 

array 

This work 

pDIA6477 pRPF185Δgus with the 5' CCT-PAM protospacer, 

corresponding to the spacer1 from R20291 CRISPR13 

array 

This work 

pDIA6478 pRPF185Δgus with the 5' AAT-PAM protospacer, 

corresponding to the spacer1 from R20291 CRISPR13 

array 

This work 

pDIA6479 pRPF185Δgus with the 5' CCA-PAM protospacer with a 

mutation in the 1st position, corresponding to the spacer1 

from R20291 CRISPR13 array 

This work 

pDIA6480 pRPF185Δgus with the 5' CCA-PAM protospacer, 

corresponding to the spacer1 from R20291 CRISPR13 

array 

This work 

pDIA6493 pRPF185Δgus with the 5' CCG-PAM protospacer, 

corresponding to the spacer1 from R20291 CRISPR13 

array 

This work 

pCas1-2 pRPF185Δgus carrying 630Δerm cas1 and cas2 genes 

under the control of Ptet promoter 

This work 
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Table S2.1. Continue. 

pCas1-2-4 pRPF185Δgus carrying 630Δerm cas1, cas2 and cas4 

genes under the control of Ptet promoter 

This work 

pMTL-SC7315 Semi-suicidal vector carrying codA  (Cartman et al., 2012) 

pDIA6495 pMTL-SC7315 carrying arms for the recombination in 

630Δerm strain to delete full cas operon (CD2975-2982) 

This work 
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Chapter 3. Regulation of C. difficile CRISPR-Cas 

system  
 

Several parts of this chapter are published (Maikova et al., 2018a):  

Maikova A., Peltier J., Boudry P., Hajnsdorf E., Kint N., Monot M., Poquet I., Martin-

Verstraete I., Dupuy B., Soutourina O. Discovery of new type I toxin–antitoxin systems 

adjacent to CRISPR arrays in Clostridium difficile. Nucleic Acids Res. Oxford University 

Press. 2018; 46: 4733-4751.  

 

 

3.1 Introduction 

During the infection cycle, C. difficile must cope with changing conditions and 

various stresses inside the complex colon environment. Additionally, this bacterium 

interacts with phages and other MGE. The CRISPR-Cas system could play an important 

role in C. difficile adaptation inside the host. Therefore, its functions and activity can be 

regulated in the response to signals of changing environments.   

To survive in different unfavorable and stress conditions inside the host, pathogenic 

bacteria commonly form biofilms. Biofilms are bacterial communities, developed on 

surfaces, and they are a “protected mode” of bacterial growth (Hall-Stoodley et al., 2004). 

Several studies demonstrated that C. difficile forms biofilms during its infection cycle 

(Dapa et al., 2013; Nale et al., 2016; Soavelomandroso et al., 2017). In biofilm 

conditions, cell populations are highly dense, which favor possible phage infection and 

HGT (Babic et al., 2011; Abedon, 2012). Thereby, bacterial defense systems (such as 

CRISPR-Cas) should be regulated by biofilm-related and often stress-associated factors.  

c-di-GMP is a bacterial secondary messenger controlling diverse processes in 

bacterial cells, and it is mostly known to be an important signal molecule for the 

transition from the planktonic, motile lifestyle to the biofilm lifestyle (Bordeleau et al., 

2011). It was shown that C. difficile possesses several c-di-GMP-dependent riboswitches, 

involved in the control of motility and biofilm formation (Soutourina et al., 2013) (see 

1.1.3 in Chapter 1). This Chapter demonstrates a possible role of high c-di-GMP levels in 

C. difficile CRISPR-Cas system regulation and the potential link between one c-di-GMP-I 

riboswitch and CRISPR-Cas system functioning.   

TA modules are two-component genomic systems, encoding a stable “toxin” and an 

unstable “antitoxin” (Page and Peti, 2016). The overexpression of toxin either kills cells 
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or confers growth stasis. TA systems have been initially discovered on plasmids where 

they confer stability of maintenance through post-segregation killing (Hayes, 2003). TA 

systems have also been found on bacterial and archaeal chromosomes, sometimes in great 

numbers but their function remains largely unclear. Among suggested functions are 

prophage maintenance, chromosomal region stabilization, prevention of phage infection, 

stress response and persister formation (Gerdes et al., 2005; Gerdes and Maisonneuve, 

2012; Maisonneuve et al., 2013; Page and Peti, 2016; Wang and Wood, 2011; Wen et al., 

2014; Yamaguchi and Inouye, 2011). Interestingly, persister cells are often associated 

with biofilm mode of bacterial growth (Wang and Wood, 2011). TA systems are 

classified into six types depending on the nature and action of the antitoxin that can be 

either a protein or a small antisense RNA (Page and Peti, 2016). In type I systems, the 

antitoxin is a small antisense RNA that forms RNA duplex with the toxin-encoding 

mRNA (Brantl, 2012b; Brantl and Jahn, 2015). Most studies are devoted to type II TA 

systems, in which the protein antitoxin sequestering the toxin is more easily defined than 

the RNA antitoxin of type I TA (Coray et al., 2017). RNA antitoxins belong to the largest 

and most extensively studied set of small ncRNA regulators that act by modulating the 

translation and/or stability of their mRNA targets. Most of type I toxins are small 

hydrophobic proteins of less than 60 amino acids containing a potential transmembrane 

domain and charged amino acids at the C-terminus (Fozo et al., 2010). In many cases, 

they seem to act like phage holins by inducing pores into cell membranes and thus 

impairing ATP synthesis (Brantl and Jahn, 2015). Replication, transcription and 

translation are consequently inhibited, which leads to cell death. This Chapter describes 

the identification of new type I TA modules, associated with C. difficile CRISPR arrays. 

The functionality of discovered TA modules and their possible co-regulation with C. 

difficile CRISPR-Cas system by the general stress response Sigma B and biofilm-related 

factors are also shown. 

Results, obtained in this Chapter correspond to the second general objective of the 

Thesis: to reveal the way C. difficile CRISPR-Cas system expression is regulated and 

functions in different states of bacterial culture, including its response to stresses. 
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3.2 Materials and methods 

3.2.1 Plasmid and bacterial strain construction and growth conditions 

C. difficile and E. coli strains and plasmids used in this study are presented in Table 

S3.1 (Supplementary materials). C. difficile strains were grown anaerobically (5 % H2, 5 

% CO2, and 90 % N2) in tryptone-yeast extract (TY) (Dupuy and Sonenshein, 1998) or 

BHI (Difco) media in an anaerobic chamber (Jacomex). When necessary, Cfx (25 μg/ml) 

and thiamphenicol Tm (15 μg/ml) were added to C. difficile cultures. E. coli strains were 

grown in LB broth (Bertani, 1951), and when needed, Amp (100 μg/ml) or Cm (15 

μg/ml) was added to the culture medium. The non-antibiotic analog ATc was used for 

induction of the Ptet promoter of pRPF185 vector derivatives in the C. difficile (Fagan and 

Fairweather, 2011). Strains carrying pRPF185 derivatives were generally grown in TY 

medium in the presence of ATc (250 ng/ml) and Tm (7.5 µg/ml) for 7.5 h. Growth curves 

were obtained using a GloMax plate reader (Promega). 

All routine plasmid constructions were carried out using standard procedures 

(Sambrook, J., Fritsch, E.F. and Maniatis, 1989). For inducible expression of C. difficile 

genes, we used the pRPF185Δgus vector expression system (Fagan and Fairweather, 

2011; Soutourina et al., 2013). The CD2517.1 gene (-89 to +178 relative to the 

translational start site), the CD2907.1 gene (-84 to +223 relative to the translational start 

site), CD2517.1-RCd8 TA region with RCd8 promoter (-306 to +504 relative to the 

translational start site of CD2517.1) and CD2907.1-RCd9 TA region with RCd9 promoter 

(-294 to +456 relative to the translational start site of CD2907.1) were amplified by PCR 

and cloned into StuI and BamHI sites of pRPF185Δgus vector under the control of the 

ATc-inducible Ptet promoter giving pDIA6319, pDIA6195, pDIA6202 and pDIA6196, 

respectively.  

For subcellular localization of toxins we used reverse PCR approach to construct 

CD2517.1-HA and CD2907.1-HA-expressing plasmids on the basis of corresponding 

pRPF185Δgus-derivatives with primers designed to introduce the HA-tag sequence at the 

C-terminal part of coding toxin regions, directly upstream the stop codon. DNA 

sequencing was performed to verify plasmid constructs. The resulting derivative 

pRPF185 plasmids were transformed into the E. coli HB101 (RP4) and subsequently 

mated with C. difficile 630∆erm (O’Connor et al., 2006) (Table S3.1). C. difficile 

transconjugants were selected by sub-culturing on BHI agar containing Tm (15 µg/ml), 

Cs (25 μg/ml) and Cfx (8 μg/ml). 
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3.2.3 Light microscopy 

For light microscopy, bacterial cells were observed at 100x magnification on an 

Axioskop Zeiss Light Microscope. Cell length was estimated for more than 100 cells for 

each strain using ImageJ software (Collins, 2007). 

3.2.4 RNA extraction, quantitative real-time PCR, and 5'/3'RACE 

Total RNA was isolated from C. difficile strains grown 7.5 h in TY medium 

containing Tm (7.5 µg/ml) and ATc (250 ng/ml) as previously described (André et al., 

2008). For biofilm samples C. difficile 630∆erm strain was grown for 72 h in TY medium 

using continuous-flow microfermentor culture system (Ghigo, 2001). 24-h planktonic 

culture in TY medium was used for comparative analysis. To analyze CRISPR-Cas 

system expression in high c-di-GMP levels conditions, total RNA was isolated from C. 

difficile 630Δerm and CDIP634 strains, grown 24 h in BHI medium, supplemented with 

ATc (250 ng/ml). The cDNA synthesis by reverse transcription and quantitative real-time 

PCR analysis was performed as previously described (Saujet et al., 2011). In each sample, 

the relative expression for a gene was calculated relatively to the 16S rRNA gene or dnaF 

gene (CD1305) encoding DNA polymerase III or ccpA gene encoding catabolite control 

protein. The relative change in gene expression was recorded as the ratio of normalized 

target concentrations (∆∆Ct) (Livak and Schmittgen, 2001). 5'/3'RACE experiments were 

performed as previously described (Soutourina et al., 2013). 

3.2.5 Subcellular localization of HA-tagged toxins by cell fractionation and Western 

blotting 

The C. difficile cultures were inoculated from overnight grown cells in 10 ml of TY 

medium at OD 600 nm of 0.05, allowed to grow for 3 hours before addition of 250 ng/ml 

ATc and incubation for 90 min followed by centrifugation and protein extraction. Cell 

lysis, fractionation, and protein analysis were performed as previously described (Peltier 

et al., 2015). Coomassie staining was performed for loading and fractionation control. 

Western blotting was performed as previously described (Boudry et al., 2014) with anti-

HA antibodies. 
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3.2.6 In silico screening for potential new TA genes and CRISPR arrays co-

localization  

The raw sequencing read data of 2,584 C. difficile strains were downloaded for this 

genomic analysis (Boudry et al., 2015; Cairns et al., 2017). For each strain, we realized an 

assembly with Spades (Bankevich et al., 2012) and an automatic annotation using 

PROKKA (Seemann, 2014). Then we selected small proteins from 40 to 60 amino acids 

in length, adjacent to CRISPR arrays and performed an orthology analysis using 

proteinortho5 (Lechner et al., 2011). Multiple alignment was done using ClustalW 

(Larkin et al., 2007). 

3.2.7 Construction of the C. difficile CDIP634 strain, overexpressing dccA gene  

To insert Ptet element upstream the dccA (CD1420) gene in C. difficile 630Δerm, the 

codA allele exchange method (Cartman et al., 2012) was used. Editing plasmid pDIA6404 

was transferred to C. difficile 630Δerm via conjugation. Subsequently, selected 

transconjugants were twice restreaked onto BHI agar plates, containing Tm, Cs, and Cfx 

to detect faster growing single-crossover integrants. Then selected colonies were plated 

onto C. difficile CDMM agar supplemented with fluorocytosine (50 μg/ml) to identify 

second cross-over events. Subsequently, fluorocytosine-resistant clones were analyzed by 

PCR. The resulting PCR fragments have been sequenced to confirm the Ptet element 

insertion. 

3.2.8 Plasmid conjugation efficiency assays 

To evaluate conjugation efficiency, PAM-protospacer carrying conjugative 

plasmids were transformed into the E. coli HB101 (RP4) strain and transferred to C. 

difficile 630Δerm and CDIP634 strains by conjugation. Subsequently, conjugation 

mixtures were plated on BHI agar, containing ATc (250 ng/ml). The ratio of C. difficile 

transconjugants was counted by subculturing conjugation mixture on BHI agar 

supplemented with Tm, Cs, and Cfx and comparing the number of CFU obtained after 

plating serial dilutions on BHI agar plates containing Cfx only. 
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3.3 Results 

3.3.1 Co-regulation of C. difficile CRISPR-Cas system and type I toxin-antitoxin 

systems adjacent to CRISPR arrays  

3.3.1.1 Identification of toxin-antitoxin system candidates in C. difficile genome 

We have revisited the previously reported deep sequencing data (Soutourina et al., 

2013) and observed an unusual transcriptional unit organization in the close proximity of 

CRISPR loci in the genome of C. difficile strain 630Δerm (Figure S3.1 in Supplementary 

materials). The presence of several overlapping transcripts was detected by comparison of 

Tobacco Acid Pyrophosphatase treated (TAP+) and non-treated (TAP-) samples for 

transcriptional start site (TSS) mapping. This analysis combined with the RNA-seq data 

for whole transcript coverage revealed that the majority of crRNA loci are associated with 

potential antisense RNAs of genes encoding small proteins of unknown function (Figure 

3.1). A more detailed analysis of the nature of the overlapping convergent transcripts 

allowed to identify candidates for six type I TA systems that co-localized with CRISPR 

3/4, CRISPR 6, CRISPR 7, CRISPR 11, CRISPR 12 and CRISPR 16/15 arrays in C. 

difficile (Figure 3.1) (Fozo et al., 2010). An additional pair of antisense RNA and small 

protein gene near CRISPR 9 array had divergent sequence without common type I TA 

features.  

Interestingly, three potential TA modules together with associated CRISPR arrays 

are located within prophage regions (in red in Figure 3.1). The pathogenicity-island 

location of type I TA modules has been reported in Staphylococcus aureus (Pinel-Marie 

et al., 2014; Sayed et al., 2012a). The CRISPR 3/4 array, the associated potential toxin 

gene CD0956.2 and the antitoxin gene are located within the phiCD630-1 prophage 

region while the identical CRISPR 16/15 array and the potential TA module containing 

CD2907.1 toxin and antitoxin genes are located within the phiCD630-2 prophage region 

(Figure 3.1). Similar to the txpA/RatA type I TA module in Bacillus subtilis (Silvaggi et 

al., 2005), the CD1233.1/SQ808 pair is located within the skin element of C. difficile 

strain 630 (Serrano et al., 2016), yet there is no sequence homology between the two loci. 

This CD1233.1/SQ808 pair is located near the CRISPR 6 array in the C. difficile skin 

element.  

We have chosen three representative type I TA modules for further detailed 

analysis. The RCd8-CD2517.1 module is located near the CRISPR 12 array, which is 

associated with a partial cas operon. The RCd9-CD2907.1 and RCd10-CD0956.2 
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modules are located near the CRISPR 16/15 and CRISPR 3/4 arrays. They lie 

respectively within the phiCD630-1 and phiCD630-2 prophage regions, which have 

identical sequences and are thus indistinguishable from each other through gene 

expression analysis. These two highly similar prophages phiCD630-1 (1088001-1143874) 

and phiCD630-2 (3377033-3434358) of 55.9 and 57.3 kb in length, respectively, are 

located in an inverted orientation on different replichores of the C. difficile chromosome. 

The regions encoding TA modules and CRISPR arrays are identical. We assigned the 

names RCd8 (previously named SQ1781), RCd9 (previously named CD630_n01000) and 

RCd10 (previously named CD630_n00370) to the putative antitoxin RNAs (Figure 3.1).  

We first mapped by 5'/3'RACE analysis the transcriptional start and termination 

sites of the genes corresponding to the potential toxin and the antitoxin RNAs for selected 

loci. Figure 3.2 shows the chromosomal organization of these genes and the position of 

5'- and 3'-ends of overlapping transcripts identified by 5'/3'RACE (Figure S3.2 in 

Supplementary materials). The alignment of the TA genomic regions revealed the 

presence of conserved sequences upstream of the TSS for both the putative toxin and 

antitoxin genes and allowed to identify the consensus elements for Sigma A-dependent 

promoters upstream of their TSS (indicated in blue and red in Figure S4.2 in 

Supplementary materials). Moreover, the consensus sequence promoters recognized by 

the alternative Sigma factor of the general stress response, Sigma B, could be identified 

upstream of the TSS of both the potential antitoxin and toxin genes (indicated in green in 

Figure S3.2 Supplementary materials).   
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Figure 3.1. Genomic map of potential type I TA loci in association withCRISPR arrays in 

Clostridium difficile strain 630Δerm. Schematic view of the genomic location of expressed 

CRISPR arrays in strain 630Δerm. CRISPR arrays are numbered according to CRISPRdb 

database (Grissa et al., 2007). Arrowheads indicate the array position and the transcriptional 

orientation. The location of the associated TA modules, the cas operons, the prophage regions and 

the replication origin (ori) are indicated. The right and left replichores are shown by arrows. The 

n00610 antisense RNA overlaps the CD1663.2 gene, which encodes a small protein with a 

divergent sequence associated with CRISPR 9 array. The CRISPR-associated TA modules within 

prophage regions are RCd9-CD2907.1, RCd10-CD0956.2 and SQ808-CD1233.1. “*” indicates 

the three TA modules that were selected for detailed analysis. 

Adapted from (Maikova et al., 2018a) with permission. 
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Figure 3.2. Schematic representation of potential type I TA locus in C. difficile chromosome. 

A – CRISPR16/15 (CRISPR3/4) regions, B – CRISPR12 region. The transcriptional start sites 

“+1” for sense and antisense transcripts identified by 5'/3'RACE and deep sequencing are 

indicated by broken arrows. The position of transcriptional terminators is indicated by loops. 

Overlapping transcripts are drawn in red, green and blue for toxin, antitoxin and crRNAs and the 

direction of transcription is indicated by arrowheads. 

 

 

3.3.1.2 Functionality of toxin-antitoxin systems in C. difficile 

Type I toxins are generally small hydrophobic proteins of less than 60 amino acids 

containing a potential transmembrane domain and charged amino acids at the C-terminus 

(Fozo et al., 2010). The alignment of proteins from the potential TA modules encoded in 

the proximity of CRISPR arrays revealed that these small proteins have all characteristic 

features of type I toxins. Indeed, as shown in Figure 3.3A, the potential toxic proteins are 

from 50 to 53 amino acids in length, carry a conserved hydrophobic region at their N-

terminal part and a lysine-rich, positively charged region at their C-terminal part in 

agreement with the hydrophobicity profile predictions by Kyte and Doolittle algorithm 

(data not shown). Transmembrane domain location in N-terminal moiety was predicted 

by TMHMM program (data not shown). To experimentally identify the expression and 

localization of these small proteins in C. difficile we constructed plasmids expressing 
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under inducible Ptet promoter either CD2517.1 or CD2907.1/CD0956.2 fused with a HA 

tag at the C-terminus (Table S3.1 Supplementary materials). By Western blotting with 

anti-HA antibodies, no signal was detected for whole cell extracts from control strains 

expressing untagged proteins while a specific signal was detected for strains expressing 

HA-tagged proteins (Figure 3.3B). To precise the subcellular localization of these 

proteins we then performed cell fractionation and examined supernatant, cell wall, 

membrane and cytosolic fractions by Western blotting. As shown in Figure 3.3B, HA-

tagged CD2517.1 and CD2907.1 (CD0956.2) were only detected in the membrane 

fractions of C. difficile cell extracts suggesting the association of these small proteins with 

the cell membrane in C. difficile.  

To show the toxic nature of these small proteins, we analyzed the effect of their 

overexpression on the growth of C. difficile cells in liquid and solid media. HA-tagged 

proteins CD2517.1 and CD2907.1/CD0956.2 conserved their toxic activity on cell growth 

when overexpressed from plasmids used for determination of their subcellular 

localization by Western blotting (Figure S3.3 in Supplementary materials, Figure 3.3B). 

This result suggests that despite the presence of HA-tag these small proteins remain 

active for cell growth inhibition.  

We then generated plasmids allowing either inducible overexpression of an 

untagged version of one of the small, potentially toxic proteins or simultaneous 

expression of both the potential toxin and the antisense RNA for the TA modules near the 

CRISPR 12 and CRISPR 16/15 (CRISPR 3/4) arrays. For this purpose, we cloned either 

the small protein-coding region with its ribosome-binding site (RBS) (CD2517.1 or 

CD2907.1/CD0956.2) under the control of the inducible Ptet promoter (pT) or the entire 

potential TA module (pTA). pTA constructs allow both the inducible overexpression of 

the putative toxin under the control of the Ptet promoter and the expression of the 

antisense RNA from its own strong promoter (Figure 3.4A). C. difficile strain 630Δerm 

carrying an empty vector (p) was used as a control. No growth difference was observed 

for any of the three strains on BHI plates in the absence of ATc inducer for both potential 

TA modules (Figure 3.4A, 3.5A). By contrast, a dramatic growth defect was observed on 

BHI plates in the presence of ATc inducer for the strain overexpressing the genes 

CD2517.1 or CD2907.1/CD0956.2 (Figure 3.4 A, 3.5A). Co-expression of these potential 

toxins with the associated RNA antitoxins led to the full or partial reversion of the growth 

defect for both TA modules (Figure 3.4A, 3.5A).  
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The overexpression of toxins from selected TA modules also induced rapid growth 

arrest in liquid culture. As shown in Figure 3.4B for CD2517.1-RCd8 TA module, the 

addition of ATc inducer after 3h of exponential growth led to rapid growth arrest for the 

strain carrying the pT plasmid but allowed near normal growth of the C. difficile 630Δerm 

strain carrying pTA. Similar deleterious growth effects were observed for the strain 

carrying the pT plasmid when strains pre-grown overnight in the absence of inducer and 

then diluted in an ATc-containing medium were allowed to grow for 24 h in an automatic 

plate reader (Figure 3.4C). For the CD2907.1-RCd9/CD0956.2-RCd10 TA module, we 

observed only a partial reversion of the growth defect in liquid culture associated with the 

toxin gene expression when both toxin and antitoxin were co-expressed on pTA plasmid 

(Figure 3.5B). This partial restoration of growth could be due to an unbalance in the 

relative level of toxin and antitoxin expression.  

Toxins from TA modules in B. subtilis and Enterococcus faecalis have been 

reported to affect cell envelope biosynthesis, nucleoid condensation, cell division and 

chromosome segregation (Jahn et al., 2015; Patel and Weaver, 2006). To assess whether 

the changes in cell morphology could be induced by toxin overexpression in C. difficile, 

we analyzed by light microscopy liquid cultures of strain 630Δerm carrying the vector, 

pT or pTA 1 h after ATc addition. For both TA modules (CD2517.1 and 

CD2907.1/CD0956.2), the overexpression of the toxins in strain 630/pT led to a 

significant increase in cell length for about 9% and 5.4% of the cells, respectively. The 

length of these cells was above the value of 630/p mean length with 2 standard deviations 

(10.5 µm) (Figure 3.5D and Figures S3.4 and S3.6 in Supplementary materials). For 

control strain 630/p the length of only 1.7% of cells exceeded this value. Co-expression of 

the entire TA module (pTA) led to a partial reversion of this phenotype to the control 

culture morphology. 

Altogether this data demonstrate that functional type I TA modules are present in 

the proximity of CRISPR arrays in C. difficile.  
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Figure 3.3. Potential type I toxin proteins alignment and analysis. A – Proteins alignment 

using ClustalW. “*” on the right indicates toxins from three TA modules selected for detailed 

analysis. “*” at the bottom indicates conserved residues. B – Western-blot detection and 

localization of HA-tagged small proteins in the membrane fraction of C. difficile cell extracts. 

WCL: whole cell lysate; SN: supernatant; CW: cell wall; Mb: membrane; Cy: cytosolic fraction. 

Immunoblotting with anti-HA antibodies detected a major polypeptide of∼10 kDa in whole cell 

lysates of the strain carrying Ptet-T (CD2517.1 or CD2907.1/CD0956.2)-HA (pT-HA) construct 

grown in the presence of the 250 ng/ml ATc inducer but not in extracts of strains expressing non-

tagged toxins (pT) (left panel). The culture of strains carrying Ptet-T-HA plasmids induced with 

250 ng/ml ATc was fractionated into cell wall (CW), membrane (Mb) and cytosolic (Cy) 

compartments and immunoblotted with anti-HA antibodies (middle and right panels). Proteins 

were separated on 12% Bis-Tris polyacrylamide gels in MES buffer. 

Adapted from (Maikova et al., 2018a) with permission. 
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Figure 3.4. Effect of inducible toxin and TA overexpression for CD2517.1-RCd8 TA module 

near CRISPR 12 on growth in solid (A) and liquid medium (B–C). A – growth phenotype of 

C. difficile strains CDIP369 (630/p), CDIP357 (630/pT) and CDIP332 (630/pTA) on BHI agar 

plates supplemented with Tm alone (on the left) or with the addition of 500 ng/ml of ATc inducer 

(on the right) after 24 h of incubation at 37°C. Schematic representations of pT and pTA 

constructs are shown. The 630Δerm strain carrying an empty vector (p) is used as a control. B – 

growth of 630/p strain (triangles), 630/pT strain (diamond) and 630/pTA strain (circle) in TY 

medium at 37°C in the presence (open symbols) or absence (closed symbols) of 250 ng/ml ATc. 

The time point of ATc addition is indicated by an arrow. C – growth curves for 630/p strain, 

630/pT strain and 630/pTA strain in TY medium at 37°C in the presence of 250 ng/ml ATc using 

a GloMax plate reader (Promega). The mean values and standard deviations are shown for three 

independent experiments. 

Adapted from (Maikova et al., 2018a) with permission. 
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Figure 3.5. Effect of inducible toxin and TA overexpression for CD2907.1-RCd9/CD0956.2-

RCd10 TA module near CRISPR 16/15 (CRISPR 3/4) on growth in solid (A) and liquid (B–

D) medium. A – growth of C. difficile strains CDIP369 (630/p), CDIP317 (630/pT) and CDIP319 

(630/pTA) on BHI agar plates supplemented with Tm alone (on the left) or with the addition of 

500 ng/ml of ATc inducer (on the right) after 24 h of incubation at 37°C. Under inducing 

conditions 630/pT strain overexpresses CD2907.1 toxin and 630/pTA strain overexpresses entire 

TA module. The 630 strain carrying an empty vector (p) is used as a control. B – growth of 630/p 

strain, 630/pT strain and 630/pTA strain in TY medium at 37°C in the presence of 250 ng/ml ATc 

using a GloMax plate reader (Promega). The mean values and standard deviations are shown for 

three independent experiments. С – selected images from light microscopy observation of 630/p, 

630/pT and 630/pTA strains grown in TY medium at 37°C after 1 h of 250 ng/ml ATc addition. 

Adapted from (Maikova et al., 2018a) with permission. 
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3.3.1.3 Expression analysis of TA and CRISPR-Cas systems 

We wondered whether the chromosomal co-localisation of CRISPR arrays and TA 

modules would imply the possible connection between these systems. As mentioned 

above, the alignment of CRISPR-associated TA module sequences strongly suggested the 

presence of both Sigma-A-dependent and Sigma-B-dependent promoters upstream of the 

TSS of the toxin and antitoxin genes for the 6 TA modules (Figure S3.2 in Supplementary 

materials). The crucial role of the alternative Sigma B factor has been recently 

demonstrated for the adaptive strategies of C. difficile inside the host (Kint et al., 2017). 

We re-examined the transcriptome data for the sigB mutant as compared to the parental 

strain and observed up to 5-fold decrease in the expression of the entire gene sets for both 

the partial and complete cas operons (CD2455 and CD2982) of type I-B C. difficile 

CRISPR-Cas system (Table 3.1). qRT-PCR analysis validated these transcriptome data 

(Table 3.1). In accordance, the search for Sigma-B-dependent promoter sequences 

revealed the presence of consensus elements GTTTTTA-N12-GGGATTT and TTATAA-

N12-GGGTTAA upstream of TSS for cas gene operons CD2455 and CD2982, 

respectively. These promoter sequences are characterized by the presence of a conserved 

-10 promoter element associated and a less conserved -35 promoter element. Such a 

promoter structure suggests the possible implication of other regulatory components 

controlling these operons together with the Sigma B factor. The high sequence 

conservation among direct repeats within multiple CRISPR arrays suggests that the same 

set of Cas proteins processes all expressed pre-crRNA in C. difficile strains (Boudry et al., 

2015). Thus, the induction of cas genes under stress conditions would allow the overall 

activation of CRISPR-Cas defense mechanisms. Transcriptome analysis of the sigB 

mutant also revealed differential expression of several newly identified TA genes and 

associated CRISPR arrays (Table 3.1). To confirm these data, we performed qRT-PCR 

analysis for selected TA gene pairs and CRISPR arrays (Table 3.1). In accordance with 

transcriptome data, we confirmed by qRT-PCR the down-regulation of several CRISPR-

associated TA genes in the sigB mutant strain as compared to the parental strain even 

without stress exposure (Table 3.1). 

The induction of CRISPR-Cas mediated defense capacities within biofilm 

community or more generally within the gut microbiota, which includes phages, could be 

important for bacterial survival under conditions promoting gene transfer. In E. coli, type 

I toxin ralR gene expression is induced during growth in biofilms (Domka et al., 2007). 
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We thus compared the expression of selected CRISPR-associated TA modules and 

CRISPR-Cas systems within biofilm and planktonic cultures and observed a strong, up to 

20-fold, induction of expression of selected genes (Table 3.1). Overall these results 

suggest that the cas operons and the CRISPR arrays could be co-regulated with associated 

type I TA systems by stress- and biofilm-related factors.  

 

Table 3.1. Differential expression of TA and CRISPR-Cas systems revealed by 

transcriptome and/or qRT-PCR analysis. Gene names and functions correspond to those 

indicated in the MaGe database Clostriscope (https://www.genoscope.cns.fr).  

 

Gene ID Function Ratio 

sigB/630Δerm 

Microarraya 

Ratio 

sigB/630Δerm 

qRT-PCR 

Ratio 

biofilm/plankton 

qRT-PCR 

CD2982b CRISPR-associated Cas6 family protein 0.19 0.22 14.7 

CD2981 CRISPR-associated protein, CXXC-CXXC 0.21   

CD2980 CRISPR-associated autoregulator DevR 

family protein 

0.26   

CD2979 CRISPR-associated Cas5 family protein 0.25   

CD2978 CRISPR-associated Cas3 family helicase 0.30   

CD2977 CRISPR-associated Cas4 family protein 0.33   

CD2976 CRISPR-associated Cas1 family protein 0.37   

CD2975 CRISPR-associated Cas2 family protein 0.37   

CD2455c CRISPR-associated protein 0.55 0.61 9.4 

CD2454 Conserved hypothetical protein 0.55   

CD2453 CRISPR-associated negative autoregulator 0.47   

CD2452 CRISPR-associated protein 0.53   

CD1233.1 Toxin of TA associated with CRISPR 6 0.51   

CD2517.1 Toxin of TA associated with CRISPR 12 0.25 0.42 26.0 

RCd8 Antitoxin of TA associated with CRISPR 12  0.67 7.3 

CD630_n00860 CRISPR12   7.7 

CD2907.1 Toxin of TA associated with CRISPR 16/15   1.8 

RCd9/RCd10 Antitoxin of TA associated with CRISPR 

16/15/CRISPR 3/4 

0.5 0.42 2.3 

CD630_n00990 CRISPR 16/15  0.54 9.8 

aA gene was considered as differentially expressed between the strain 630Δerm and the sigB 

mutant when the P-value is<0.05. 
bFirst gene of the complete cas operon CD2982-CD2975. 
cFirst gene of the partial cas operon CD2455-CD2452. SQ1781 corresponds to RCd8, 

CD630_n01000 to RCd9 and CD630_n00370 to RCd10. 

Adapted from (Maikova et al., 2018a) with permission. 

https://www.genoscope.cns.fr/
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3.3.1.4 Genomic analysis of TA and CRISPR arrays co-localization  

We analyzed the extent of co-localization of potential type I TA with CRISPR 

arrays in available C. difficile sequences. From more than 2,500 C. difficile genome 

sequences assembled and automatically annotated, we first found that 98% contain 

CRISPR arrays (from 1 to 30). In these CRISPR-containing strains, we then searched for 

the presence, immediately adjacent to CRISPR loci, of open reading frames from 40 to 60 

amino acids, as one of the characteristic features of type I toxins is their small size. This 

search resulted in about 7,000 hits. The CRISPR-associated small proteins were only 

absent in 67 genomes of which 58 lacked cas gene homologs. Then, an orthology analysis 

identified 16 proteins present each in more than 25 strains. Figure 3.6 shows an alignment 

of these 16 representative small proteins adjacent to CRISPR arrays combined in 5 major 

groups (A-E) according to their homology.  

The three small proteins characterized in this study (CD2907.1, CD0956.2 and 

CD2517.1) belong to group A. This group is largely distributed in C. difficile as it is 

present in two-third of the analyzed strains (Figure 3.6). CRISPR 16/15 and CRISPR 3/4 

associated toxins belong to the most represented subgroup, A1, found in 63% of strains, 

CRISPR 12 associated toxin belongs to subgroup A2, that is present in 20% of the 

analyzed strains. Other CRISPR-associated toxins of strain 630 are represented in less 

extent within the same group. Finally, as two of the characterized toxins are located 

within prophage regions in strain 630, we wondered whether prophage localization could 

be a common feature of CRISPR-associated small proteins. In 13 from 22 known C. 

difficile phages, we found potential toxins all belonging to the group A that could be part 

of TA modules. However, the co-localization with CRISPR arrays is detected only in the 

phi027 prophage of the R20291 strain.  

To provide an experimental confirmation of potential TA and CRISPR arrays co-

expression in another C. difficile strain, we have looked at the RNA-seq data of the 

epidemic strain R20291 (Maldarelli et al., 2016). In this strain, we detected three co-

localized CRISPR and TA pairs (Figure S3.5A in Supplementary materials). One pair was 

intact (TA and CRISPR), while the two others have a mutation in the toxin genes and 

only antitoxin was detected (A and CRISPR). We confirmed their co-expression in the 

published R20291 RNA-seq data using the COV2HTML software for visualization 

(Monot et al., 2014) (Figure S3.5B in Supplementary materials).  
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In summary, we found that i) CRISPR-associated small proteins are present in the 

vast majority of C. difficile strains and ii) their primary orthology group is homologous to 

newly identified type I TA toxins. 

 

 

Figure 3.6. Alignment of small proteins at the near proximity of CRISPR arrays in C. 

difficile strains. The representative proteins of five major groups are shown and their occurrence 

within analyzed C. difficile strains is indicated. The multiple alignment was done using ClustalW. 

Adapted from (Maikova et al., 2018a) with permission. 

 

 

3.3.2 Regulation of C. difficile CRISPR-Cas system by c-di-GMP  

3.3.2.1 Identification of the c-di-GMP-I riboswitch adjacent to C. difficile 630Δerm 

CRISPR12 array 

The genome-wide study of ncRNAs in C. difficile 630Δerm using RNAseq 

(Soutourina et al., 2013) has demonstrated active expression of 12 c-di-GMP-I 

riboswitches in this enteropathogen (for more information see 1.1.3 in Chapter 1). 

Further, we more thoroughly analyzed RNAseq data and observed that one of these c-di-

GMP-I riboswitches (cdi1_7) is localized at the 3'-end of CRISPR12 array. Moreover, 

cdi1_7 is additionally associated with a cis-antisense RNA, which overlaps with the 3'-

region of the CRISPR12 array (Figure 3.7A). This cis-antisense RNA could negatively 

control of CRISPR12 array pre-crRNA transcription. In the presence of high c-di-GMP 

levels, the cdi1_7 may cause the premature termination of the cis-antisense RNA 

transcription that could decrease its repression effect on the pre-crRNA transcription 

(Figure 3.7B). Therefore, cdi1_7 c-di-GMP-I riboswitch could regulate CRISPR12 array 

expression depending on c-di-GMP intracellular levels. 
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Figure 3.7. c-di-GMP-I riboswitch and a cis-antisense RNA adjacent to C. difficile 630Δerm 

CRISPR12 array. A – RNAseq of the CRISPR12 and cdi1_7 riboswitch region, B – general 

scheme of possible CRISPR12 array, the cis-antisense RNA, and cdi1_7 riboswitch interaction. 

“P” indicates the CRISPR12 array promoter, “+1” points designate transcriptional start sites, “t1” 

and “t2” – transcription termination sites of the cis-antisense RNA. 

 

3.3.2.2 Role of high c-di-GMP intracellular levels on C. difficile 630Δerm CRISPR12 

array functionality  

A signal molecule c-di-GMP is synthesized from two GTP molecules by 

diguanylate cyclases (Schmidt et al., 2005). To study the possible role of c-di-GMP levels 

in C. difficile 630Δerm CRISPR-Cas system regulation, we constructed a CDIP634 strain 

with a chromosomal dccA (CD1420) gene, encoding a C. difficile diguanylate cyclase 

(Purcell et al., 2012), under control of the inducible Ptet  promoter (Figure 3.8). The codA 

allele exchange strategy was used to construct this strain (Cartman et al., 2012). When the 

CDIP634 strain grows in medium supplemented with ATc to induce the Ptet, intracellular 

c-di-GMP levels significantly increase due to the abundance of active diguanylate cyclase 

inside the cells. After the ATc induction the expression of dccA gene, detected by qRT-

PCR, increased in about 200 times CDIP634 compering to the wild type strain.  
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Figure 3.8. C. difficile CDIP634 strain, carrying dccA gene under the control of the inducible 

Ptet promoter. 

 

 

To investigate the role of c-di-GMP on the C. difficile 630Δerm CRISPR12 array 

functionality, we performed plasmid interference assays with CDIP634 and 630Δerm 

strains. Accordingly, for these experiments, plasmids containing protospacers 

corresponding to spacers from C. difficile 630Δerm CRISPR 12 array and flanked by 

functional CCA PAM on their 5'-end (see 2.3.2 in Results) were used. All plasmid 

interference assays were carried out using medium supplemented with ATc for the Ptet 

induction. An empty pRPF185Δgus vector was used as a control. Conjugation efficiency 

results are presented in Figure 3.9. The difference between CDIP634 and 630Δerm strains 

was clear only in the case of the plasmid, carrying protospacer, corresponding to 

CRISPR12 spacer1. According to the previous work, this spacer is the most actively 

expressed in this array (Boudry et al., 2015).  

Obtained results indicate that the cdi1_7 c-di-GMP-I riboswitch could regulate C. 

difficile 630Δerm CRISPR12 array function in the presence of high c-di-GMP 

intracellular levels.  
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Figure 3.9. Plasmid conjugation efficiency in C. difficile 630Δerm and C. difficile CDIP634 

strains after their growth in ATc-containing medium. The mean values and standard 

deviations are shown for two independent experiments. 

 

 

3.3.2.3 C. difficile 630Δerm CRISPR-Cas system expression under high c-di-GMP 

intracellular levels 

To study the possible effect of high c-di-GMP intracellular levels on C. difficile 

630Δerm expression, we compared levels of CRISPR-Cas system components RNAs in 

C. difficile 630Δerm and CDIP634 strains after their growth in ATc-containing medium. 

The qRT-PCR analysis revealed that expression of both cas-operons and CRISPR6, 12 

and 16/15 arrays increased in high c-di-GMP level conditions (Figure 3.10).   

Altogether, these results demonstrate the possible positive regulation of C. difficile 

630Δerm CRISPR-Cas system by high c-di-GMP levels.  
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Figure 3.10. qRT-PCR analysis of the C. difficile 630Δerm CRISPR-Cas system expression 

in high c-di-GMP levels conditions. The expression levels of arrays and operons (in CDIP634 

strain) are shown compared to the control expression levels (630Δerm strain). 

 

 

3.4 Discussion  

3.4.1 Discovery of new type I TA modules, associated and co-regulated with C. 

difficile CRISPR-Cas system 

In this Chapter we report the first identification of functional type I TA modules in 

C. difficile 630 chromosome. Deep-sequencing and 5'/3'RACE revealed the presence of 

overlapping transcripts for type I toxin gene and associated RNA antitoxin in several 

chromosomal loci. Comparison of the newly identified type I TA systems in C. difficile 

with previously studied TA systems in other bacteria revealed no sequence homology for 

small toxin proteins. However, we observed a conservation of their membrane association 

and the presence of charged amino acids in the C-terminal part (Fozo et al., 2010; Jahn et 

al., 2015; Sayed et al., 2012b). The inducible overexpression of toxin genes strongly 

impaired the C. difficile growth while co-expression of associated antitoxin RNA 

prevented this growth defect.  

The present study demonstrates the unique co-localization of the type I TA modules 

with CRISPR arrays in the bacterial chromosome. Our large genome analysis revealed 

that this physical genomic link between TA pairs and CRISPR arrays can be extended to 
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the majority of sequenced C. difficile strains. Initially, TA systems were shown to be 

important for maintenance of plasmids through a post-segregation killing mechanism 

(Hayes, 2003; Page and Peti, 2016; Shen et al., 2016). The role of numerous 

chromosomal TA systems remains largely enigmatic, even though their possible 

implication in the stabilization of chromosomal regions has been emphasized. For 

example, a TA module has been shown to promote the maintenance of an integrative 

conjugative element STX in V. cholerae (Wozniak et al., 2009). 

The co-localization of functional type I TA systems with CRISPR arrays that we 

observed on C. difficile chromosome has never been reported for any other bacterial 

genome. Nevertheless, several type I TA systems are located within prophage or 

prophage-like regions both in C. difficile and B. subtilis (Brantl and Jahn, 2015; Durand et 

al., 2012b, 2012a; Jahn et al., 2012; Müller et al., 2016; Silvaggi et al., 2005), even 

though B. subtilis genome lacks CRISPR arrays (Barrangou et al., 2007). The type I TA 

modules are present within the skin element, which is excised from the chromosome 

during sporulation, in B. subtilis and C. difficile. Similarly to B. subtilis systems, a role in 

stabilization of these chromosomal regions can be hypothesized for TA systems in C. 

difficile, which carries a high proportion of stable MGE in its genome (Sebaihia et al., 

2006).   

Based on the observations that prophage-located CRISPR arrays are often 

associated with type I TA modules in C. difficile, an interesting evolutionary aspect of the 

C. difficile CRISPR-Cas system can be underlined. Indeed, the TA systems could 

contribute to the stabilization of the chromosomal regions carrying CRISPR-Cas systems 

after acquisition of large defense capacities associated with CRISPR arrays. We can 

hypothesize that TA modules are implicated in maintaining of CRISPR regions, but also 

in stress response, prophage stability, sporulation control, biofilm formation and other 

community-associated processes important for this pathogen. 

Possible connections between CRISPR and TA systems were highlighted by several 

recent studies focusing on type II TA (Koonin and Zhang, 2016). Bioinformatics search 

identified the so-called “defense islands” in bacteria associating immunity and cell death 

or dormancy functions including CRISPR and type II TA systems (Makarova et al., 

2011c, 2013). The original features of C. difficile are that type I toxins were not found in 

“defense islands”. The role of this functional coupling might be the induction of 

dormancy state in infected or stressed cells to allow the activation of adaptive immunity 

or specific stress responses. Dormancy was suggested to be a strategy of the last resort 
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when the defense strategies fail face of invaders. Thus, our findings are in line with a 

recently emerged concept on a functional coupling between distinct defense strategies 

provided by immunity and cell dormancy systems in prokaryotes (Koonin and Zhang, 

2016).  

The co-regulation of CRISPR-Cas and newly described type I TA systems by the 

stress-specific factor, Sigma B and the biofilm-related stimuli further suggests the 

possible connections between these systems in C. difficile. Our findings emphasize 

additional original features of the recently characterized C. difficile CRISPR-Cas system 

including the link with community-behavior control, stress response and type I TA 

systems. Such control of CRISPR-Cas expression in response to stress-related factors 

could be relevant for the C. difficile infection cycle. 

Together with alternative roles of CRISPR-Cas in the control of bacterial 

physiology and pathogenesis beyond the role in defense against foreign invaders (Richter 

et al., 2012; Sampson and Weiss, 2013), stimuli and mechanisms controlling CRISPR-

Cas system expression just start to be uncovered. However, multiple connections between 

TA systems in bacteria and stress response have been reported (Gerdes et al., 2005; Wang 

and Wood, 2011). This Chapter provides new data on the co-regulation of type I TA and 

CRISPR-Cas systems by the general stress response Sigma B factor in C. difficile. Sigma 

B likely plays a crucial role in the responses to stresses encountered by this pathogen 

inside the host. Interestingly, the MazEF type II TA module is encoded within the sigB 

operon in S. aureus with possible regulatory connections (Donegan and Cheung, 2009). 

Various environmental stimuli including metabolic and genotoxic stresses induce toxin-

antitoxin gene expression of type I TA systems in B. subtilis, E. coli and S. aureus (Brantl 

and Jahn, 2015, 2016; Jahn et al., 2012; Kawano, 2012; Kawano et al., 2007; Sayed et al., 

2012b). In a multistress responsive type I TA system bsrE/SR5 from B. subtilis, the 

control of antitoxin RNA SR5 by iron limitation stress has been reported to be dependent 

on the alternative Sigma B factor (Müller et al., 2016). 

Key roles of both type II and type I TA systems have been suggested in bacterial 

pathogens where they can contribute to virulence, fitness inside the host, persistence, 

intracellular lifestyle, stress response and biofilm formation (Georgiades and Raoult, 

2011; Lobato-Márquez et al., 2015; Wen et al., 2014; Yamaguchi and Inouye, 2011). 

More generally, biofilm formation process has been associated in previous studies with 

bacterial TA systems (Wen et al., 2014). Recent data suggest that the TxpA type I toxin 

from the skin element acts to eliminate defective cells and preserve symmetry in B. 
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subtilis biofilms (Bloom-Ackermann et al., 2016). We show here that both the expression 

of the CRISPR-Cas and the associated TA systems are induced in biofilm conditions in C. 

difficile. In general, TA systems including well-documented type II TA exist in 

surprisingly high numbers in all prokaryotes but clostridial TA modules have been only 

poorly characterized so far. Before this study, no data were available on TA modules in 

C. difficile with the exception of the recently identified MazEF, a type II TA system 

member (Rothenbacher et al., 2012). Possible implications of type II TA modules in 

recurrent C. difficile infection, sporulation and biofilm formation were recently discussed 

(Gil et al., 2015). Among the most challenging aspects of C. difficile-associated disease 

remain the high incidence of recurrent infections and the ability of transition from inert 

colonization to active infection (Shields et al., 2015; Smits et al., 2016). A comparative 

genomic study showed that the genomes of most dangerous epidemic bacteria are 

characterized by the accumulation of TA modules (Georgiades and Raoult, 2011). 

Promising perspectives for the applications of TA and CRISPR as a basis for the 

development of new antibacterial strategies could be examined in the future (Lee and Lee, 

2016; Yamaguchi and Inouye, 2011). 

In conclusion, this study provides the first characterization of type I TA modules in 

the emergent enteropathogen C. difficile. Intriguingly, these chromosomal TA pairs are 

co-localized with CRISPR array components of bacterial adaptive immunity defense 

system CRISPR-Cas in the majority of sequenced C. difficile strains. Further 

investigations will help to precise the biological functions of these widespread 

chromosomal TA loci for C. difficile physiology and its successful development inside 

the host, to uncover the molecular mechanisms involved in their regulation and the 

possible crosstalk between homologous systems, as well as to evaluate their potential for 

future therapeutic and biotechnological applications in pathogenic bacteria.  

3.4.2 Role of c-di-GMP in C. difficile CRISPR-Cas system regulation  

The second messenger c-di-GMP is one of the key components in the regulation of 

phenotypic shifts in bacteria (Romling et al., 2013). This small molecule often controls 

the target genes expression through binding with special c-di-GMP riboswitches (Lee et 

al., 2010; Sudarsan et al., 2008). In this Chapter, we re-examined previously obtained 

data on C. difficile 630Δerm c-di-GMP-dependent riboswitches (Soutourina et al., 2013) 

and found, that one of them (cdi1_7) is closely related to the CRISPR12 array. Moreover, 

cdi1_7 is linked to a cis-antisense RNA, overlapping CRISPR12 array on its 3'-end. 
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Plasmid efficiency assays with the C. difficile CDIP634 strain, overexpressing 

diguanylate cyclase dccA, showed a slight positive effect of high c-di-GMP on 

CRISPR12 array functionality. Hence, the module cdi1_7-cis-antisense RNA may have a 

moderate impact on the CRISPR12 array expression. Interestingly, this CRISPR array-

riboswitch association was identified only in C. difficile 630Δerm CRISPR12 array case. 

Furthermore, this array is also adjacent to the type I TA module (see above). Apparently, 

there is a complex genetic system of CRISPR12 array regulation. Further studies would 

provide more information about the possible role of this genetic system in C. difficile 

CRISPR-Cas regulation.   

Changes of intracellular c-di-GMP levels widely affect bacterial physiology and 

gene expression (Romling et al., 2013). Using quantitative PCR, we analyzed expression 

of all C. difficile 630Δerm CRISPR-Cas system components and revealed the induction of 

several CRISPR arrays and both cas operons in the presence of high c-di-GMP levels. 

High intracellular concentrations of c-di-GMP are related to switching from the 

planktonic to the biofilm lifestyle (Bordeleau et al., 2011). Biofilm mode of bacterial 

growth is characterized by a high density of the cells and the high possibility of phage 

infection (Babic et al., 2011; Abedon, 2012). Consequently, the positive regulation of the 

CRISPR-Cas system expression could be an adaptive strategy of C. difficile to increased 

chances of phage infection and HGT. In addition to changing in c-di-GMP levels, transfer 

to the biofilm state involved great number of different additional factors. Further 

investigation of C. difficile CRISPR-Cas system regulation by biofilm-related signals will 

lead to a better understanding of this enteropathogenic adaptation to changing 

environments inside the host. 
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Figure S3.1. RNA-seq and TSS mapping profiles for the TA loci in C. difficile strain 

630Δerm.The TAP-/TAP+ profile comparison for 5'-end RNA-seq data is aligned with RNA-seq 

data for TA genomic regions. The TSS identified by 5'-end sequencing are indicated by red 

broken arrows in accordance with the positions of 5'-transcript ends shown by vertical green lines 

on the sequence read graphs corresponding either to TSS (broken arrows) or to processing sites 

(vertical arrows). TSS correspond to positions with a significantly greater number of reads in 

TAP+ sample, potential cleavage sites correspond to positions with a large number of reads in 

both TAP- and TAP+ samples. 5'-end sequencing data show 51-bp reads matching to the 5'-

transcript ends, while RNA-seq data show reads covering the whole transcript. Coding sequences 

are indicated by blue arrows and the regulatory RNA are indicated by grey arrows. 

Adapted from (Maikova et al., 2018a) with permission. 
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Figure S3.2. Alignment of genomic TA regions. The sequences of six TA regions associated 

with CRISPR arrays (the RCd9 TA region sequence near CRISPR 16 array is identical to the 

RCd8 TA region near CRISPR 3 array) were aligned using the CLUSTALW program. “*” 

Indicates TA modules selected for detailed analysis. The positions of TSS “+1”, Sigma A-

dependent promoter -10 and -35 elements and 3’-end of antitoxin (AT) are shown in red. The 

positions of TSS “+1”, Sigma A-dependent promoter -10 and -35 elements, ribosome binding site 

(RBS), translation initiation codon (Start) and 3’-end of toxin (T) mRNA are shown in blue. The 

positions of Sigma B-dependent promoter elements are shown in green for both TA genes. 

Adapted from (Maikova et al., 2018a) with permission. 
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Figure S3.3. Effect of inducible HA-tagged proteins CD2517.1 and CD2907.1/CD0956.2 

overexpression on growth in liquid medium.  

Growth curves for CDIP369 (630/p) control strain (blue) and 630/p-T-HA strains expressing the 

HA-tagged CD2517.1 (orange) and CD2907.1/CD0956.2 (red) proteins in TY medium at 37°C in 

the presence of 250 ng/ml ATc using a GloMax plate reader (Promega). The mean values and 

standard deviations are shown for three experiments. 

Adapted from (Maikova et al., 2018a) with permission. 

 

 

Figure S3.4. Light microscopy analysis of morphology changes induced by toxin 

overexpression for CD2517.1 TA module. 

Selected images from light microscopy observation of 630/p, 630/pT and 630/pTA strains grown 

in TY medium at 37°C after 1 h of 250 ng/mL ATc addition. 

Adapted from (Maikova et al., 2018a) with permission. 
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Figure S3.5. RNA-seq profiles for the TA loci in C. difficile strain R20291. A – potential 

homologous TA pairs and associated CRISPR arrays are indicated for strains 630Δerm and 

R20291. B – R20291 RNAseq data (Maldarelli et al., 2016) for corresponding regions were 

visualized using the COV2HTML software (Monot et al., 2014). Coding sequences are indicated 

by blue arrows and the regulatory RNA are indicated by grey arrows. 

Adapted from (Maikova et al., 2018a) with permission. 

 

 

 

Figure S3.6. Number of the cells with lengths above the value of 630/p mean length with 2 

standard deviations (10.5 μm) in strains, overexpressing CD2907.1 and CD2517.1 TA 

modules. Cell length was estimated for more than 100 cells for each strain. 

 

 

 



112 

 

Table S3.1. Bacterial strains and plasmids used in Chapter 3. 

Adapted from (Maikova et al., 2018a) with permission. 

 

 

Strain Genotype Origin 

E. coli   

NEB-10 beta Δ(ara-leu) 7697 araD139  fhuA ΔlacX74 galK16 galE15 

e14-  ϕ80dlacZΔM15  recA1 relA1 endA1 nupG  rpsL 

(StrR) rph spoT1 Δ(mrr-hsdRMS-mcrBC) 

New England Biolabs 

DH5α F- Φ80lacZΔM15 Δ(lacZYA-argF) U169 recA1 endA1 

hsdR17 (rK-, mK+) phoA supE44 λ- thi-1 gyrA96 relA1 

Invitrogen 

HB101 (RP4) supE44 aa14 galK2 lacY1 Δ(gpt-proA) 62 rpsL20 

(StrR)xyl-5 mtl-1 recA13  Δ(mcrC-mrr) hsdSB (rB-mB-) 

RP4 (Tra+ IncP ApR KmR TcR)  

Laboratory stock 

C. difficile   

630Δerm 630ΔermB Laboratory stock (Hussain et 

al., 2005) 

CDIP51 630Δerm strain carrying pRPF185 vector (Boudry et al., 2014) 

CDIP369 

(630/p) 

630Δerm strain carrying pRPF185ΔgusA vector This work 

CDIP317 

(630/pT 

CD2907.1) 

630Δerm strain carrying pDIA6195 plasmid for 

inducible expression of CD2907.1/CD0956.2  

This work 

CDIP319 

(630/pTA 

CD2907.1-

RCd9) 

630Δerm strain carrying pDIA6196 plasmid for 

inducible expression of CD2907.1/CD0956.2 and co-

expression of RCd9/RCd10 from its own promoter 

This work 

CDIP357 

(630/pT 

CD2517.1) 

630Δerm strain carrying pDIA6319 plasmid for 

inducible expression of CD2517.1 

This work 

CDIP332 

(630/pTA 

CD2517.1-

RCd8) 

630Δerm strain carrying pDIA6202 plasmid for 

inducible expression of CD2517.1 and co-expression of 

RCd8 from its own promoter  

This work 

CDIP998 630Δerm strain carrying pDIA6623 plasmid for 

inducible expression of HA-tagged CD2517.1 

This work 

CDIP999 630Δerm strain carrying pDIA6624 plasmid for 

inducible expression of HA-tagged CD2907.1/CD0956.2 

This work 

CDIP229 630∆erm sigB::erm (Kint et al., 2017) 

CDIP634 630∆erm Ptet-dccA (CD1420) This work 

   

Plasmid   

pRPF185 Ptet-gusA TmR expression and cloning vector (Fagan and Fairweather, 

2011) 

pDIA6103 pRPF185 Δgus vector derivative (Soutourina et al., 2013) 

pGEM-T easy TA cloning vector Promega 

pDIA6195 pRPF185 derivative carrying Ptet-CD2907.1 for 

inducible CD2907.1/CD0956.2 toxin expression  

This work 

pDIA6196 pRPF185 derivative carrying Ptet-CD2907.1-RCd9-P 

region for inducible CD2907.1/CD0956.2 toxin 

expression and co-expression of RCd9/RCD10  

This work 

pDIA6319 pRPF185 derivative carrying Ptet-CD2517.1 for 

inducible CD2517.1 toxin expression 

This work 

pDIA6202 pRPF185 derivative carrying Ptet-CD2517.1-RCd8-P for 

inducible CD2517.1 toxin expression and co-expression 

of RCd8 

This work 

pDIA6623 pRPF185 derivative carrying Ptet-CD2517.1 for 

inducible CD2517.1-HA-tag toxin expression  

This work 

pDIA6624 pRPF185 derivative carrying Ptet-CD2907.1/CD0956.2 

for inducible CD2907.1/CD0956.2-HA-tag toxin 

expression  

This work 

pMTL-SC7315 Semi-suicidal vector carrying codA (Cartman et al., 2012) 

pDIA6404 pMTL-SC7315 carrying arms for the recombination in 

630Δerm strain to insert Ptet element upstream CD1420 

This work 
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Chapter 4. Using endogenous CRISPR-Cas system for 

genome editing in the human pathogen C. difficile 
 

Results from this chapter are in press in Applied and Environmental Microbiology 

journal (Maikova et al., 2019): 

Maikova A., Kreis V., Boutserin A., Severinov K., Soutourina O. Using an endogenous 

CRISPR-Cas system for genome editing in the human pathogen Clostridium difficile. 

2019. 

 

4.1 Introduction 

C. difficile represents today a real danger for human and animal health. It is the 

leading cause of diarrhea associated with healthcare in adults in industrialized countries. 

The incidence of these infections continues to increase, and this trend is accentuated by 

the general aging of the population. Many questions remain unanswered on the 

mechanisms contributing to C. difficile success inside the host. Therefore, it is important 

to develop new genome editing approaches for further investigations of this emerging 

human pathogen. 

During the last years, substantial efforts were concentrated on the development of 

various CRISPR-based biotechnological tools (Barrangou and Horvath, 2017). In 

particular, the type II Cas9 and type V Cpf1 (Cas12a) technologies are popular and 

widespread class 2 systems-based tools are applied for the genome editing in different 

organisms (Hsu et al., 2014; Safari et al., 2019). Nevertheless, the application of other 

types of CRISPR-Cas system has also attracted the attention of the scientific community. 

Harnessing of endogenous CRISPR-Cas systems for genome editing in bacteria and 

archaea appears to be a particularly attractive strategy (Barrangou and Horvath, 2017; Li 

et al., 2015). This approach is based on the use of a plasmid vector containing artificial 

CRISPR mini-array with a spacer, targeting a chromosomal gene (Li et al., 2015). 

crRNAs expressed from plasmid-borne mini-array utilize the endogenous Cas machinery 

to form a ribonucleoprotein complex, which recognizes the protospacer of choice leading 

to its cleavage. Destruction of chromosomal DNA leads to killing of wild type cells 

(Figure 4.1A). Providing the homologous arms in the editing plasmid triggers 

homologous recombination and allelic exchange with a targeted chromosomal region 

(Figure 4.1B). This will lead then to the elimination of the resulting plasmid carrying a 

wild type allele by CRISPR-Cas and the preservation of the chromosomal mutants since 
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they do not possess the targeted protospacer anymore (Figure 4.1B). Compared to 

CRISPR-Cas9 and Cpf1 (Cas12a) technologies, this endogenous CRISPR-based method 

could be easier to set up for editing in prokaryotes. Another advantage of this approach is 

that there is no need to express heterologous Cas proteins inside bacterial or archaeal cells 

that may have toxic effects. Until now, the genome editing approach based on 

endogenous CRISPR-Cas system was successfully applied in several prokaryotic 

organisms with the examples reported for CRISPR-Cas subtype I-A and III-B or subtype 

I-B in archaea: Sulfolobus islandicus (Li et al., 2015) and Haloarcula hispanica (Cheng et 

al., 2017), respectively; and for subtype I-B in several clostridial species: C. 

pasteurianum (Pyne et al., 2016), C. tyrobutyricum (Zhang et al., 2018), C. 

saccharoperbutylacetonicum (Atmadjaja et al., 2019).  

In C. difficile, various genetic tools for genome manipulation have been established. 

One of most widely used methods is the ClosTron technology, based on mobile altered 

type II introns and utilization of retrotransposable activated markers (RAM) (Heap et al., 

2010; Kuehne et al., 2011). Though this genome editing technique allows targeting of 

almost any chromosomal region and RAM markers enable one to easily identify potential 

mutants, the method has some disadvantages. Most importantly, ClosTron generates 

insertion mutations that may cause polar effects on downstream genes. The additional 

limitation comes from difficulties in finding an efficient insertion site within a gene of 

small size. Another popular C. difficile genome editing approach is allelic-coupled 

exchange technique based on a semi-suicidal plasmid vector carrying Escherichia coli 

cytosine deaminase codA gene or C. difficile orotate phosphoribosyltransferase pyrE gene 

as counter-selection markers (Cartman et al., 2012; Ng et al., 2013). This method includes 

a two-step recombination event between the editing plasmid and the genome and the 

selection of double crossing-over clones that lost the plasmid on nutrient-poor medium 

supplemented with 5-fluorocytosine (for codA-based plasmids) or fluoroorotic acid (for 

the pyrE allelic exchange system). The counter-selection procedure is based on the 

generation of highly toxic compounds from these substrates. Despite the fact that this 

approach allows creating C. difficile mutants carrying point mutations, deletions, and 

insertions, it can be difficult to apply in some cases. First, mutations that result in growth 

deficiency phenotype or inactivation of metabolic genes may affect growth on nutrient-

poor medium. Secondly, there are some difficulties with losing the editing plasmids in 

mutant strains after editing, which could lead to spontaneous creation of revertant strains. 



Chapter 4. Using endogenous CRISPR-Cas system for genome editing in the 

human pathogen C. difficile. 

115 

 

Recently, the method based on the DNA double-strand breaks in C. difficile has been 

reported (Theophilou et al., 2019). This technology uses the site-specific cleavage by the 

yeast homing endonuclease I-SceI whose recognition site is introduced to the editing 

plasmid vector. After the integration of the editing vector into the chromosome, another 

vector containing the I-SceI endonuclease gene under a control of constitutive promoter is 

transferred to the single crossing-over integrants to induce double-strand breaks and 

genome editing via homologous recombination. The advantage of this method is the 

possibility to create markerless deletions and the fast loss of the vector. Nevertheless, this 

method includes time-consuming two-step conjugations, and expression of I-SceI 

endonuclease that could induce side effects. During last years, successful application of 

CRISPR-Cas9 and CRISPR-Cpf1 (Cas12a) for genome editing in C. difficile was reported 

(Hong et al., 2018; Inés et al., 2019; Ingle et al., 2019; McAllister et al., 2017). These 

approaches enhanced the possibilities of genetic manipulation in C. difficile and have 

proven to be efficient. However, Cas9 and Cpf1 technologies require the design of 

specific single guide RNAs (sgRNAs) plasmids and the editing plasmid is not cured 

automatically after the editing is complete.  

The use of endogenous CRISPR-Cas system can enhance the possibilities of genetic 

manipulation of C. difficile. This Chapter describes the utilization of native C. difficile 

subtype I-B CRISPR-Cas system to generate deletion mutants of the hfq gene encoding 

the RNA chaperone protein Hfq in 630Δerm and R20291 strains. 
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Figure 4.1. General scheme of using endogenous CRISPR-Cas systems for genome editing in 

bacteria and archaea. A – the crRNA is expressed from a vector-borne mini CRISPR array 

under the control of native or inducible promoters. The crRNA forms ribonucleoprotein (crRNP) 

complex with endogenous Cas proteins, which recognizes and directs the cleavage of the PAM-

associated protospacer, localized at the target chromosome region. This leads to chromosome 

disruption and cell death. B – an editing plasmid, additionally carrying homologous arms (LA and 

RA), allows the recombination between the plasmid and the chromosome to occur before the 

CRISPR interference. The crRNP targets the PAM-protospacer on the plasmid, which leads to the 

elimination of plasmid and preservation of the chromosomal mutants. 

LA – left arm, RA – right arm. 

 

 

4.2 Materials and methods 

4.2.1 Bacterial strains, plasmids and growth conditions 

All the plasmids and bacterial strains used in this study are listed in Table 4.1. C. 

difficile strains were grown BHI (Difco) or TY (Dupuy and Sonenshein, 1998) medium at 

37°C under anaerobic conditions (5% H2, 5% CO2, and 90% N2), within an anaerobic 

chamber (Jacomex). BHI medium supplemented with yeast extract (5 mg/ml), and L-

cysteine (0.1%) (BHIS) was used in sporulation experiments. When needed, Tm at final 
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concentration of 15 µg/ml was added to C. difficile cultures. E. coli strains (Table 4.1) 

were grown in LB medium (Bertani, 1951), supplemented with Amp (100 μg/ml) and Cm 

(15 µg/ml) when it was suitable. The non-antibiotic analog ATc was used for induction of 

the Ptet promoter of pRPF185 vector derivatives in C. difficile (Fagan and Fairweather, 

2011). 

4.2.2 Plasmid construction and conjugation into C. difficile 

To create artificial CRISPR mini-arrays targeting C. difficile hfq gene, the full (-403 

to -1 relative to the first nucleotide of the first repeat in the array) and partial (-154 to -1 

relative to the first nucleotide of the first repeat in the array) leader sequences of C. 

difficile 630Δerm CRISPR16 array were amplified by PCR on genomic DNA (Figure. 

S4.1A, B in Supplementary materials). The artificial repeat-spacer-repeat motif was 

amplified by PCR from synthetic oligonucleotides to generate the double-stranded 

fragment. Full or partial leader sequences and repeat-spacer-repeat motif were assembled 

and cloned into BamHI and XhoI sites of pRPF185Δgus plasmid vector (Soutourina et 

al., 2013) using Gibson assembly reaction (Gibson et al., 2009) giving pECrF_hfq and 

pECrP_hfq mini-array plasmids (Figure 4.2B).  

To construct editing plasmids, approximately 1200-bp long regions flanking the hfq 

gene of the 630Δerm and R20291 strains were amplified by PCR and introduced into 

SmaI restriction site of pECrF_hfq or pECrP_hfq using Gibson assembly reaction 

resulting in pECrFA_hfq630, pECrPA_hfq630 and pECrPA_hfqR20291 plasmids (Figure 

4.2C). 

To construct a plasmid for complementation of hfq deletion, the hfq gene sequence 

including the ribosome-binding site (-50 to +397 relative to translational start site) was 

amplified by PCR and cloned into StuI and BamHI sites of pRPF185Δgus under the 

control of ATc-inducible Ptet promoter giving the p-hfq plasmid. 

The DNA sequencing was performed to verify plasmid constructs. All resulting 

plasmids were transformed into E. coli HB101 (RP4) strain and further transferred to C. 

difficile cells by conjugation. Heat shock method with incubation for 15 min at 50°C was 

used to get the highest conjugation efficiency (Kirk and Fagan, 2016). C. difficile 

transconjugants were selected on BHI agar containing Tm (15 μg/ml), Cs (25 μg/ml) and 

Cfx (8 μg/ml).  
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4.2.3 Deletion of the hfq gene and validation of Δhfq mutants 

To induce the expression of the CRISPR mini-arrays under the control of Ptet 

promoter, C. difficile transconjugants containing pECrP_hfq, pECrPA_hfq630 or 

pECrPA_hfqR20291 plasmids were subsequently restreaked onto BHI agar supplemented 

with ATc (500 ng/ml). The resulting C. difficile colonies were then restreaked in parallel 

onto BHI agar supplemented or not with Tm (15 μg/ml) to check for the plasmid loss. 

Subsequently, selected clones without plasmids were analyzed by PCR to detect the 

chromosomal deletion of the hfq gene. The resulting PCR fragments have been sequenced 

to confirm the gene deletion. 

4.2.4 RNA extraction and qRT-PCR 

For the total RNA extraction, C. difficile 630Δerm- and R20291-derived 

pRPF185Δgus and p-hfq carrying strains were grown for 6 h or 8 h in TY medium 

supplemented with Tm (7.5 μg/ml) and ATc (250 ng/ml). The total RNA isolation was 

performed as previously described (André et al., 2008). The cDNA synthesis by reverse 

transcription and real-time quantitative PCR (qRT-PCR) was performed as previously 

described (Saujet et al., 2011) using BioRad CFX Connect Real-Time system. The 

expression level of the hfq gene was calculated relative to that of the 16S RNA gene 

(Metcalf et al., 2010).  

4.2.5 Protein extract preparation and Western blotting 

To extract total proteins, C. difficile 630Δerm- and R20291-derived pRPF185Δgus 

and p-hfq carrying strains were grown for 6 h or 16 h in TY medium supplemented with 

Tm (7.5 μg/ml) and ATc (250 ng/ml). Cell lysis and protein extraction were performed as 

previously described (Boudry et al., 2014).  

For each sample, 30 µg of protein extract was loaded on two 15% SDS 

polyacrylamide gels in parallel. After the electrophoresis, proteins from the 1st gel were 

transferred to a polyvinylidene fluoride membrane. The membrane hybridization with 

primary and secondary antibodies was then performed as described before (Boudry et al., 

2014). The bioluminescent signal from the secondary antibodies was detected using the 

SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific) and the Fusion 

FX (Vilber Lourmat) digital camera. The 2nd gel was stained with the InstantBlue dye 

(Expedeon) and used as a loading control (Figure S4.2 in Supplementary materials).  
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4.2.6 Sporulation assay 

C. difficile strains harboring pRPF185Δgus and p-hfq plasmids were grown 

overnight in TY medium containing Tm (15 μg/ml). Overnight cultures were used to 

inoculate at OD600 of 0.1 fresh TY medium supplemented with taurocholate (0.1%), D-

fructose (0.5 %), Tm (7.5 μg/ml) and ATc (10 ng/ml) to get only vegetative cells. When 

the cultures had reached OD600 of 1.0 – 1.5, they were diluted to OD600 of 0.01 in BHIS 

medium containing Tm (7.5 μg/ml) and ATc (10 ng/ml) and grown at 37°C. After 24 h 

and 48 h of growth, 1 ml of each culture was divided into two samples. To determine the 

total amount of bacteria in CFUs, the first sample was serially diluted and spotted (10 µl 

per spot) onto BHI agar containing 0.1 % of taurocholate. The second sample was 

incubated at 65°C for 30 min to eliminate vegetative cells. Subsequently, the sample was 

serially diluted and spotted (10 µl per spot) onto BHI agar containing 0.1 % of 

taurocholate to estimate the number of spores. 
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Table 4.1. Bacterial strains and plasmids used in Chapter 4. 

Strain Genotype Source 

E. coli   

NEB-10 beta Δ(ara-leu) 7697 araD139 fhuA ΔlacX74 galK16 

galE15 e14- ϕ80dlacZΔM15 recA1 relA1 endA1 

nupG rpsL (StrR) rph spoT1 Δ(mrrhsdRMS-mcrBC) 

New England 

Biolabs 

HB101 (RP4) supE44 aa14 galK2 lacY1 Δ(gpt-proA) 62 rpsL20 

(StrR)xyl-5 mtl-1 recA13 Δ(mcrC-mrr) hsdSB (rB-

mB-) RP4 (Tra+ IncP ApR KmR TcR) 

Laboratory stock 

C. difficile   

630Δerm Sequenced reference strain ΔermB Laboratory stock 

(Hussain et al., 

2005) 

R20291 PCR-ribotype 027 epidemic strain Laboratory stock 

wt/p 630Δerm or R20291 carrying pRPFΔgus plasmid This work 

Δhfq/p 630ΔermΔhfq or R20291Δhfq carrying pRPFΔgus 

plasmid 

This work 

Δhfq/p-hfq 630ΔermΔhfq or R20291Δhfq carrying p-hfq 

plasmid 

This work 

   

Plasmid Description Reference 

pRPF185Δgus  pRPF185Δgus vector derivative (Fagan and 

Fairweather, 2011; 

Soutourina et al., 

2013) 

pECrF_hfq pRPF185Δgus carrying the hfq gene targeting 

CRISPR mini-array with the full leader sequence 

This work 

pECrP_hfq pRPF185Δgus carrying the hfq gene targeting 

CRISPR mini-array with the partial leader sequence 

under the control of Ptet promoter 

This work 

pECrFA_hfq630 pECrF_hfq carrying arms for the recombination in 

630Δerm strain 

This work 

pECrPA_hfq630 pECrP_hfq carrying arms for the recombination in 

630Δerm strain 

This work 

pECrPA_hfqR20291 pECrP_hfq carrying arms for the recombination in 

R20291 strain 

This work 

p-hfq pRPF185Δgus carrying hfq gene under the control of 

Ptet promoter 

This work 
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4.3 Results 

4.3.1 Construction of targeting mini-array plasmids and verification of their 

functionality 

To evaluate the possibility of using endogenous C. difficile CRISPR-Cas system for 

targeting of specific sequences on bacterial chromosome, we have chosen the hfq gene. 

Hfq is a bacterial RNA-binding protein that plays major roles in RNA metabolism and 

global posttranscriptional network, in particular in Gram-negative bacteria (Sobrero and 

Valverde, 2012). The study of Hfq depletion in C. difficile 630Δerm (Boudry et al., 2014) 

suggested a pleiotropic role of this protein in C. difficile physiology with the most 

pronounced effect on sporulation. The availability of an hfq deletion mutant would open 

new perspectives for further characterization of its role in RNA-based regulation in C. 

difficile. The previous attempts to inactivate the hfq gene using ClosTron gene knockout 

system were unsuccessful (Boudry et al., 2014). We have also tried to delete hfq using the 

codA allelic exchange approach (Cartman et al., 2012; Ng et al., 2013), but also without 

success (data not shown).  

The general strategy for the construction of functional editing plasmids 

pECrFA_hfq630 and pECrPA_hfqR20291 for use in the 630Δerm and R20291 strains, 

respectively, is shown in Figure 4.2. We first constructed two CRISPR mini-array 

plasmids targeting the hfq gene (pECrF_hfq and pECrP_hfq). The mini-array was based 

on C. difficile 630Δerm CRISPR 16 array, which is highly expressed and capable of 

interference (Boudry et al., 2015). Two variants of the leader sequence upstream of the 

mini-array were used (Figure S4.1A, B in Supplementary materials): the full leader (403 

bp sequence upstream of the first direct repeat of CRISPR 16 array) containing all native 

promoters that should allow autonomous expression of the mini-array and a partial leader 

(a 154 bp region upstream of the first direct repeat of CRISPR 16 array), which lacked 

native promoters but should allow inducible expression of the mini-array from the vector-

borne ATc-inducible promoter (Ptet). The repeat-spacer-repeat motif of the synthetic mini-

array was also based on 29-bp repeat sequences of C. difficile 630Δerm CRISPR 16 array 

(Figure 4.2A and Figure 4.S1A, B in Supplementary materials). For successful 

recognition of the protospacer by C. difficile CRISPR-Cas system, the functional PAM 

flanking protospacer at the 5'-end is necessary (Boudry et al., 2015). Two functional 

trinucleotide 5' CCA and CCT PAMs of C. difficile CRISPR-Cas system have been 

experimentally validated and additional alternative motifs such as CCC, CCG and TCA 
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have been predicted (Boudry et al., 2015) and also confirmed (see Chapter 2). The coding 

region of the hfq gene possesses at least three functional CCW motifs and two alternative 

TCA motifs. The mean length of C. difficile spacers is 37 bp. A 37-bp sequence 

associated with the 5' CCT PAM was chosen inside the hfq gene sequence (Figure 4.2A). 

The pECrF_hfq and pECrP_hfq plasmids (Figure 4.2B) were conjugated to C. difficile 

630Δerm cells using the heat shock method to ensure the highest conjugation efficiency 

(Kirk and Fagan, 2016). No transconjugants were obtained after conjugation of the 

pECrF_hfq plasmid in C. difficile 630Δerm suggesting CRISPR autoimmunity due to 

self-targeting (Figure 4.3A). Conjugation efficiency of 380 transconjugants/ml was 

observed after conjugation with pECrP_hfq. In contrast, control conjugation with the 

pRPF185Δgus vector revealed 5480 transconjugants/ml. The smaller number of 

transconjugants in pECrF_hfq conjugation reaction could be due to possible Ptet promoter 

leakage leading to partial self-cleavage. To check for the efficiency of self-targeting by 

crRNA expressed from the pECrP_hfq plasmid, eight transconjugants were restreaked on 

BHI agar plates supplemented with 500 ng/ml ATc to fully induce the expression of the 

mini-array. No growth was observed on these plates indicating highly efficient self-

targeting by the induced mini-array (Figure 4.3B). The same effects were observed after 

conjugation of pECrF_hfq and pECrP_hfq plasmids in C. difficile R20291 cells 

suggesting that the synthetic array based on the C. difficile 630Δerm CRISPR 16 leader 

and repeat sequences mimic well native subtype I-B CRISPR arrays in C. difficile for at 

least both 630 and R20291 strains. Therefore, C. difficile endogenous CRISPR-Cas 

system can recognize and target protospacers on the bacterial chromosome using crRNAs 

expressed from plasmid-borne artificial mini-array and this feature can be utilized for 

genome editing. 
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Figure 4.2. Strategy for the design of the editing plasmids to delete the hfq gene in C. difficile 

630Δerm and R20291 strains. A – the coding sequence of C. difficile 630 and R20291 hfq gene 

and a 37-bp sequence associated with the 5' CCT PAM, selected as a protospacer for the mini-

array. B – construction of the pECrF_hfq and pECrP_hfq mini-array plasmids on the basis of 

pRPF185Δgus vector. The mini-arrays sequences were cloned into BamHI and XhoI restriction 

sites. C – construction of the pECrFA_hfq630, pECrPA_ hfq630 and pECrPA_hfqR20291 editing 

plasmids on the basis of pECrF_hfq and pECrP_hfq. The homologous arms (LA and RA) were 

cloned into SmaI restriction site. 
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(Figure 4.2. Continue) The “F” in the plasmid names states for the full-length leader region for 

autonomous expression of mini-array under the control of native promoters while “P” points out 

the presence of partial leader region without native promoters for mini-array expression under the 

control of inducible Ptet promoter. The presence of homologous arms for recombination within 

630Δerm or R20291 strains is indicated by “A” and a strain name. pECrFA_hfq630 plasmid 

carrying the mini-array with the full-length leader region was not efficient for gene deletion in 

630Δerm strain, by contrast, pECrPA_hfq630 and pECrPA_hfqR20291 were efficiently used for 

the hfq gene deletion in 630Δerm and R20291 strains, respectively. 

 

 

4.3.2 Construction of the genome editing plasmid and deletion of the hfq gene of C. 

difficile 630Δerm and R20291 

We first assessed which mini-array plasmid, pECrF_hfq or pECrP_hfq, is best for 

C. difficile genome manipulation. 1200 bp-long regions flanking the hfq gene of the 

630Δerm strain (Figure S4.1C in Supplementary materials) were amplified by PCR and 

introduced into the SmaI restriction sites of pECrF_hfq or pECrP_hfq using Gibson 

assembly (Figure 4.2C). No transconjugants were obtained after conjugation of C. 

difficile 630Δerm with pECrFA_hfq630 carrying the mini-array with the full-length 

leader region (Figure 4.3C). Presumably, this means that the CRISPR-induced 

autoimmunity/degradation of DNA around the targeted protospacer is more efficient than 

homologous recombination between the chromosome and the homologous region of 

pECrFA_hfq630. Be that as it may, the plasmid with the full-length CRISPR array leader 

sequence is clearly not suitable for genome editing. After conjugation with 

pECrPA_hfq630 plasmid carrying the mini-array under the control of inducible Ptet 

promoter, about 460 transconjugants/ml were obtained. To induce expression of the hfq 

targeting mini-array, ten transconjugants were restreaked on BHI agar supplemented with 

500 ng/ml ATc. We observed the growth of each transconjugant tested suggesting that 

homologous recombination between chromosome and plasmid had occurred (Figure 

4.3D) or that CRISPR interference was not efficient. One clone from each plate was then 

restreaked on BHI plates with or without Tm to check for plasmid loss. Three out of ten 

clones lost the plasmid. When analyzed by PCR, these clones turned out to be Δhfq 

mutants (Figure 4.4A). Thus, a plasmid containing an inducibly transcribed mini CRISPR 

array and arms for homologous recombination at the targeted protospacer allows efficient 

genome editing in C. difficile.  
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The coding region of the hfq gene of C. difficile R20291 strain is identical to that of 

the 630Δerm strain, but the flanking sequences are different. Therefore, to delete the 

R20291 hfq gene, we constructed on the basis of pECrP_hfq mini-array plasmid the 

pECrPA_hfqR20291 plasmid with R20291 variants of homologous arms of hfq flanking 

sequences (Figure 4.2C and Figure S4.1D in Supplementary materials). Nine out of ten 

selected transconjugants had lost the plasmid and PCR analysis showed that seven out of 

nine clones without the plasmid were Δhfq mutants (Figure 4.4.A). 

 

 

 

Figure 4.3. Different effects of the conjugation of mini-array and editing plasmids into C. 

difficile cells. A – pECrF_hfq: CRISPR self-cleavage induced by an immediate expression of the 

mini-array from the plasmid after conjugation. B – pECrP_hfq: CRISPR self-cleavage resulted 

from the ATc-induced expression of the mini-array from the plasmid after second plating of 

transconjugants. C – pECrFA_hfq: CRISPR self-cleavage induced by an immediate expression of 

the mini-array from pECrFA_hfq plasmid after conjugation. D – pECrPA_hfq: homologous 

recombination between the chromosome and the plasmid and cleavage of the plasmid resulted 

from the ATc-induced expression of the mini-array from the plasmid after second plating of 

transconjugants.  
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4.3.3 Validation and complementation of hfq deletion strains 

To validate the hfq deletion, we have assessed the hfq mRNA expression in the wild 

type (wt/p) and Δhfq mutant strains carrying an empty pRPF185Δgus vector (Δhfq/p) as 

well as in the complemented Δhfq C. difficile strains Δhfq/p-hfq expressing plasmid-borne 

hfq. Quantitative reverse transcription-PCR (qRT-PCR) analysis confirmed the absence of 

hfq expression in C. difficile 630ΔermΔhfq and R20291Δhfq strains and the presence of 

the transcript in wild-type strains (Figure 4.4B). Furthermore, 400-500-fold increase in 

hfq mRNA abundance was detected in complemented strains after Ptet induction in the 

presence of ATc (Figure 4.4B). Western blotting with polyclonal anti-Hfq antibodies 

confirmed the lack of the Hfq protein in Δhfq/p strains (Figure 4.4C). InstantBlue stained 

protein gels used as loading controls are shown in Figure S4.2 (Supplementary materials). 

 

 

Figure 4.4. Validation of hfq deletion mutants. A – PCR analysis of the C. difficile clones, 

which have lost the plasmid after the genome editing. 2151 bp PCR bands correspond to the wild 

type genotype; 1893 bp PCR bands correspond to the mutant genotype. For R20291 strain, both 

wt and mutant copy has been detected with clone 4 (lane 4), this clone was discarded from further 

analysis. B – qRT-PCR analysis of the wild type (wt/p) and Δhfq mutant strains (Δhfq/p) carrying 

an empty pRPF185Δgus, and complemented Δhfq C. difficile strains (Δhfq/p-hfq). C – Western 

blot analysis of wt/p Δhfq-p, and Δhfq/p-hfq C. difficile strains. As loading controls, InstantBlue 

stained protein gels were used (Figure S4.2 in Supplementary materials). 
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4.3.4 Sporulation assay of C. difficile 630ΔermΔhfq mutants 

Sporulation represents one of the crucial features of C. difficile as a successful 

pathogen. The previous work revealed that the Hfq protein is likely to control sporulation 

rates in C. difficile 630Δerm-derived strains (Boudry et al., 2014). The Hfq-depleted 

strain demonstrated higher levels of sporulation than the control strain. To analyze the 

effect of the hfq gene deletion on this phenotype, we compared sporulation rates in 630 

wt/p, Δhfq/p, and Δhfq/p-hfq strains. After 24 h and 48 h in BHIS medium supplemented 

with Tm and ATc, the mutant strain (Δhfq/p) demonstrated a higher level of sporulation 

than the wild type (wt/p) (Figure 4.5). In addition, the complemented strain (Δhfq/p-hfq) 

showed the reversion of sporulation efficiency to the level close to the wild type (Figure 

4.5). Thus, these results are consistent with previously obtained data and confirm the 

potential involvement of Hfq protein in the control of the sporulation process in C. 

difficile (Boudry et al., 2014). 

 

 

 

Figure 4.5. Sporulation levels in C. difficile 630Δerm wt/p, Δhfq/p, and Δhfq/p-hfq strains 

(spores) and the total amount of bacteria in CFUs (control). A – After 24 h of growth in BHIS 

supplemented with Tm and ATc. B – After 48 h of growth in BHIS supplemented with Tm and 

ATc. The serial dilutions of the cultures spotted on BHI+tautocholate plates are indicated (ND – 

not diluted). "Spores" samples have been heated to kill all cells other than spores, while the 

“control” samples have not been heated to estimate the total amount of bacteria. 
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4.4 Discussion 

Over the last decade, the rapid development of various biotechnological tools based 

on prokaryotic adaptive immune CRISPR-Cas systems has occurred (Barrangou and 

Horvath, 2017). In addition to the most popular CRISPR tools based on class 2 Cas9 and 

Cpf1 (Cas12a) proteins (Hsu et al., 2014; Safari et al., 2019), other CRISPR-Cas systems 

are also being actively explored for the genetic manipulation purposes. One of the most 

promising applications is the use of endogenous CRISPR-Cas system for genome editing 

and engineering in bacteria and archaea (Barrangou and Horvath, 2017; Li et al., 2015). 

In contrast to Cas9- and Cpf1 (Cas12a)-based approaches, this method does not require 

the expression of heterologous proteins in bacterial or archaeal cells. 

In this Chapter we utilized the endogenous CRISPR-Cas system for genome editing 

of enteropathogenic C. difficile. Although other techniques for genome manipulation in 

this bacterium are available (Cartman et al., 2012; Heap et al., 2010; Hong et al., 2018; 

Kuehne et al., 2011; McAllister et al., 2017; Ng et al., 2013; Theophilou et al., 2019), 

they could present some limitations in their applications. Harnessing the native subtype I-

B CRISPR-Cas system for genome editing in C. difficile allowed us to create deletion 

mutants of the hfq gene encoding RNA chaperone Hfq. Attempts to inactivate this gene 

using other approaches including ClosTron technology (Boudry et al., 2014) and codA 

allelic exchange were not successful (data not shown). Though a strain depleted for Hfq 

by expression of antisense RNA was available, construction of an hfq deletion mutant 

would have interesting possibilities for future studies of the regulatory role of Hfq and its 

RNA network in C. difficile. 

The general workflow for application of native CRISPR-Cas genome editing 

method in C. difficile is presented in Figure 4.6. To repurpose the endogenous CRISPR-

Cas system for deletion of the hfq gene, we designed plasmid vectors carrying targeting 

mini-array and full editing plasmids (Figure 4.2B, C). The C. difficile 630Δerm CRISPR 

16 array was chosen as a basis for the synthetic mini-array since it was functional for 

interference (Boudry et al., 2015), (see Chapter 2). Full leader for the autonomous 

expression of the mini-array and the partial leader sequence completed with a plasmid-

borne Ptet promoter for the inducible expression were used to construct two versions of 

mini-array plasmids (Figure S4.1A, B). The repeat-spacer-repeat motif for the artificial 

mini-array was composed of 29-bp repeat sequences and a 37-bp spacer sequence, 

associated with the functional 5' CCT PAM inside the hfq gene coding region. 
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Conjugation experiments with pECrF_hfq and pECrP_hfq suggested that both variants of 

the synthetic array constructions are suitable for genome targeting and efficiently induced 

genome cleavage in C. difficile 630Δerm strain (Figure 4.3A, B).  

The editing plasmid carrying homologous arms flanking the hfq gene and the full 

leader sequence with native promoters (pECrFA_hfq630) had the same autoimmune 

effect as pECrF_hfq (Figure 4.3C). To facilitate the genome editing procedure, we, 

therefore, used pECrPA_hfq630 plasmid containing the mini-array under inducible Ptet 

promoter. This strategy allowed us to successfully generate hfq deletion mutants in both 

C. difficile 630Δerm and epidemic C. difficile R20291 strains. The previous work showed 

that CRISPR repeats in 630 and R20291 strains have similar consensus sequences 

(Boudry et al., 2015). Moreover, both strains possess homologous complete and partial 

subtype I-B cas operons conserved in the majority of sequenced C. difficile strains 

(Boudry et al., 2015). Thus, the Cas machineries of the R20291 strain can successfully 

recognize and utilize crRNAs expressed from a 630-based mini-array. These results 

demonstrate that the artificial mini-array designed from the C. difficile 630Δerm CRISPR 

16 leader and repeat sequences is suitable for targeting specific protospacer sequences on 

the bacterial chromosome and can be used for genome editing in at least two C. difficile 

strains. This may help to save time in the design of mini-array constructions. The general 

conservation of subtype I-B cas operons in C. difficile could suggest even more large 

application of the same targeting arrays suitable for the majority of C. difficile strains. 

The deletion of the hfq gene was confirmed on mRNA and protein levels in both C. 

difficile 630Δerm and R20291 strains (Figure. 4.4B, C). Moreover, sporulation assay of 

the C. difficile 630ΔermΔhfq strain revealed higher sporulation level than the wild type 

(Figure 4.5) that could be complemented by expressing hfq from the plasmid. These 

results are consistent with the previous observations for the Hfq-depleted strain (Boudry 

et al., 2014) and indicate that the harnessing of the endogenous CRISPR-Cas system can 

be effectively used to create deletion mutants in C. difficile. 

Repurposing of native CRISPR-Cas systems for genome editing in C. difficile has 

considerable advantages over other techniques applied to this bacterium. First of all, this 

method does not need to express heterologous proteins inside C. difficile cells that may 

have toxic or other unpredictable effects. Localized on an editing plasmid, a mini-array 

mimics natural C. difficile CRISPR array and should not have undesirable impacts during 

genome manipulation. Secondly, this approach includes only one conjugation round and 

less plating steps saving significantly the time needed for the procedure completion 
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(Figure 4.6). In contrast, the codA allelic exchange method needs at least three more 

colony plating steps that result in three extra days for the experiment. Finally, the plasmid 

is readily lost after the editing process, preventing the spontaneous emergence of 

revertant strains.  

Among the possible challenges for the application of the method could be the 

choice of the best protospacer on the target genome region. The presence of a functional 

PAM upstream of the protospacer is imperative for successful targeting. For this reason, 

the choice of the genome sequence for editing should be guided by the availability of 

PAMs. In the study of Boudry et al., two PAMs (CCA and CCT) were experimentally 

confirmed for C. difficile CRISPR-Cas target recognition (Boudry et al., 2015). At the 

same time, general in silico analysis of CRISPR spacer homology to phage protospacers 

revealed a rather unconstrained PAM consensus YCN for C. difficile CRISPR-Cas system 

(Boudry et al., 2015), which was later confirmed by PAM libraries experiments (see 

Chapter 2). These data increase the possibilities of target sequence selection. In addition, 

type I CRISPR-Cas systems can recognize protospacers on both strands of the target 

DNA, that expands opportunities of finding functional PAM in the target region (Li et al., 

2015).  

The applications of endogenous CRISPR-Cas system for genome editing in C. 

difficile could be potentially larger than the generation of deletion mutants. This 

technique could be readily applied for introducing other types of mutations, i.e. point 

mutations and insertions (Li et al., 2015). For a point mutation, the homologous arms on 

the editing plasmid should be designed to introduce changes of functional PAM at the 

editing region to a non-functional motif. Alternatively, substitutions should be introduced 

into a seed region, the first eight nucleotides of the protospacer, crucial for CRISPR 

targeting (Semenova et al., 2011). As a priority choice, a point mutation design could be 

achieved by introducing changes at the first or second positions of PAM. Combining the 

changes within PAM and seed region could even increase the efficiency of editing as 

reported for other endogenous CRISPR-editing tools (Atmadjaja et al., 2019; Li et al., 

2015). The previous work showed, that the non-functional PAM and mutation in the first 

position of protospacer within seed region abolished or considerably impaired the 

CRISPR interference (Boudry et al., 2015) (see Chapter 2). Genome insertions can be 

introduced by the homologous arms, designed to make a break in the integrity of chosen 

protospacer or/and PAM of the targeted genome sequence (Li et al., 2015) or insert a 

mutation to “knockout” the PAM (Atmadjaja et al., 2019).  
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The role of essential genes cannot be easily investigated since no deletion mutant 

could be generated. Therefore, a CRISPRi (CRISPR interference), which allows 

repressing the expression of target genes has been recently developed (Gross et al., 2016). 

This technology is primarily based on CRISPR-Cas9 systems with the mutated catalytic 

site of Cas9 protein (“catalytically dead Cas9”, dCas9) (Qi et al., 2013). The dCas9-based 

method has been already used in C. difficile (Müh et al., 2019). In addition, it was shown, 

that E. coli native subtype I-E CRISPR-Cas system lacking cas3 could be repurposed for 

programmable transcriptional repression (Luo et al., 2015). Furthermore, a recent study 

showed that subtype I-B CRISPR-Cas system of Haloferax volcanii lacking cas3 and 

cas6 genes could be used for gene repression in this archaeon (Stachler and Marchfelder, 

2016). Altogether, this data suggests that C. difficile native CRISPR-Cas system may be 

used for this goal too in a particular context. However, about 90% of sequenced C. 

difficile strains possess two subtype I-B cas operons each carrying cas3 nuclease gene. 

An additional partial cas operon with cas3 gene is present in the majority of MLST 3 

group of C. difficile strains including the PCR ribotype 027 strains (Boudry et al., 2015). 

Thus, depending on the strain, the creation of double or triple cas3 mutant background 

would be necessary to consider this CRISPRi method application. 

CRISPR self-targeting could lead to bacterial cell death. This feature of CRISPR-

Cas system can be applied for the development of new antimicrobial agents (Bikard and 

Barrangou, 2017). Among suggested strategies reside the use of phage particles and 

phagemids as vectors to deliver all the necessary auto-targeting CRISPR-Cas components 

inside the cell of a targeted pathogen (Bikard and Barrangou, 2017). In the present study, 

we showed an active killing of C. difficile cells by CRISPR self-targeting via expression 

of the mini-array from a plasmid vector. Therefore, in perspective, this approach could be 

promising for future developments of alternative strategies for C. difficile infection 

treatment.  

In conclusion, the repurposing of the endogenous CRISPR-Cas system for genome 

editing in C. difficile extends the range of biotechnological techniques available in this 

enteropathogenic bacterium and can be valuable for further studies. 
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Figure 4.6. The general workflow for application of endogenous CRISPR-Cas-based genome 

editing method in C. difficile.  

wt – wild type. 
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4.5 Supplementary materials 

 

 

Figure S4.1. Sequences used to construct mini-array and editing plasmids to delete hfq gene 

in C. difficile. A – the sequence of the mini-array containing the full leader sequence with all the 

native promoters. B – the sequence of the mini-array containing the partial leader sequence. C – 

sequences of 1200-bp long regions flanking hfq gene of the C. difficile 630Δerm used as  
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(Figure S4.1. Continue) homologous arms. D – sequences of 1200-bp long regions flanking hfq 

gene of the C. difficile R202091 used as homologous arms.  

Repeat sequences in the mini-arrays are marked with green color and spacer sequence is marked 

with blue color. Promotors and transcriptional start sites (+1) are marked with dark red color. 

 

 

 

 

 
 

Figure S4.2. Protein gels stained with the InstantBlue and used as a loading control for the 

Western blot analysis of wt/p, Δhfq-p, and Δhfq/p-hfq C. difficile strains. 
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Chapter 5. Conclusions and perspectives 

Clostridium difficile is an opportunistic enteropathogen and the main cause of 

nosocomial diarrhea in adults. During its infection cycle, the bacterium survives inside 

the complex colon communities possibly by using defense mechanisms of bacterial 

immune systems. CRISPR-Cas systems are prokaryotic adaptive defense systems against 

phages and other foreign genetic agents. C. difficile possesses I-B subtype CRISPR-Cas 

system with several unusual features: a large set of actively expressed arrays, some of 

them are localized inside prophage regions, and multiple cas operons (Boudry et al., 

2015). This original CRISPR-Cas system may play a crucial role in C. difficile adaptation 

inside the host.   

 

In this work, we have investigated all general functional aspects of C. difficile 

CRISPR-Cas system, and the main conclusions of this part of the research are as follows: 

1.  Enlarged PAM (YCN) sequences were identified for C. difficile 630Δerm and 

R20291 strains; 

2. Active interference and different contribution to the defense of all 12 CRISPR 

arrays in 630 strain were demonstrated; 

3. Active interference and enlarged PAMs (CCC/CCG, CCA/CCT) were 

experimentally confirmed for the R20291 strain; 

4. The deletion of full cas operon did not completely abolish interference in the 

630Δerm strain;  

5. New spacer acquisition was demonstrated for 2 CRISPR arrays in 630Δerm 

strain, and the naïve adaptation seems not to be as active as interference in C. 

difficile. 

Despite this, many characteristics of C. difficile CRISPR-Cas system still remain to 

be investigated. In particular, we identified the enlarged PAM (YCN) sequences, but an 

additional experimental verification of all the PAM nucleotide positions (especially TCN 

motifs) is still required. Additionally, the functionality of remaining C. difficile R20291 

CRISPR arrays and the role of all the cas operons of both 630Δerm and R20291 strains in 

interference and C. difficile infection are yet to be assessed. Moreover, further detailed 

quantitative analysis of the CRISPR arrays expression is required for both strains for 

better understanding the link between CRISPR arrays transcriptional levels and their 
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different contribution to the defense. Interestingly, for at least three CRISPR arrays from 

C. difficile 630Δerm strain (CRISPR12, CRISPR15/16 and CRISPR17), the interference 

efficiency could be correlated with their expression level estimated by RNAseq, Northern 

blotting and qRT-PCR analysis. The general function of C. difficile CRISPR-Cas system 

during CDI is needed to be explored by additional experiments. In particular, the 

complete inactivation of the system by deletion of all cas operons will allow investigating 

the fitness of mutant strain inside the host using available animal models. Our results also 

revealed only the naïve type of CRISPR adaptation. Further experiments with phages and 

primed adaptation assays will enrich our knowledge about CRISPR immunization 

mechanisms in C. difficile. This work also raised a question about the function of the 

Cas4 protein in the process of new spacer acquisition and overall C. difficile physiology. 

Finally, it is not clear why C. difficile CRISPR-Cas system is not highly active in 

adaptation. It could be hypothesized, that uncharacterized anti-CRISPR proteins (Pawluk 

et al., 2018), potentially encoded inside the chromosomal prophage regions, may inhibit 

adaptation process. These interesting points should be explored in future studies.  

 

Another goal of the present Ph.D. thesis was to study the mechanisms of C. difficile 

CRISPR-Cas system regulation, in particular, in biofilm conditions and in response to 

various stresses. During this work, we discovered a unique feature of this 

enteropathogenic CRISPR-Cas system – an association of type I toxin-antitoxin systems 

with CRISPR arrays in the majority of sequenced C. difficile strains. We chose two of 

these TA modules and investigated their functionality and a possible link with the 

CRISPR-Cas system regulation. The general outcomes of this study are as follows: 

1. The functionality of type I TA systems was demonstrated with the growth 

arrest induced by toxin overexpression and the neutralization of toxins by 

antitoxins; 

2. Co-regulation of CRISPR arrays and adjacent type I TA systems was 

suggested in biofilms and under stress conditions, potentially associated with 

the presence of sigB promoters.  

However, the direct link between type I TA modules and CRISPR-Cas system 

function has not been shown. This aspect and other unanswered questions about the role 

of the TA modules in stress response, prophage stability, and stabilization of 

chromosomal regions carrying CRISPR arrays need to be explored by future studies.   
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We also investigated the role of the bacterial second messenger c-di-GMP in C. 

difficile CRISPR-Cas regulation. We found a c-di-GMP-dependent riboswitch associated 

with the CRISPR12 array in 630Δerm strain, which can indicate the direct impact of c-di-

GMP-dependent regulation on this array function. In general, the global effect of c-di-

GMP on the expression of other CRISPR-Cas system components has been explored. 

These experiments showed: 

 

1. a slight induction of interference in C. difficile 630Δerm CRISPR12 by high 

levels of c-di-GMP; 

2. induction of expression of both cas operons and several CRISPR arrays in C. 

difficile 630Δerm by high levels of c-di-GMP.  

More detailed analysis of C. difficile CRISPR-Cas system regulation needs to be 

performed in the future, in particular, the regulation by other biofilm-related stimuli and 

stresses and the molecular mechanisms of these regulatory processes. 

 

Study of C. difficile CRISPR-Cas system functionality allowed us to explore its 

biotechnological potential. In this Thesis, we described the application of native C. 

difficile CRISPR-Cas system as a novel tool for genome editing in this bacterium. Thus, 

Chapter 4 describes the utilization of endogenous C. difficile CRISPR-Cas system as a 

novel technique for genome editing in C. difficile. Conclusions of this part of the research 

are as follows: 

1. The same CRISPR mini-array can be used in both 630Δerm and R20291 

strains and could be probably extended to other C. difficile strains; 

2. An efficient editing plasmid loss was demonstrated; 

3. An efficient CRISPR autoimmunity was observed; 

4. Δhfq mutants in 630Δerm and R20291 strains were created, which could not 

be obtained using other genome editing methods before. 

This new genome editing approach enlarges the set of genome editing tools 

available for C. difficile, and the method can be used in developing new antimicrobials 

against CDI.  

 

The present Ph.D. Thesis extends our knowledge about C. difficile physiology and 

its genetic features, and also opens new perspectives in biotechnological applications of 
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C. difficile CRISPR-Cas system. The summary of this study conclusions and future 

research perspectives is presented in Figure 5.1.  

 

 

 

 

Figure 5.1. Conclusions and perspectives of C. difficile CRISPR-Cas system research. Dark 

green color designates results, obtained in this PhD Thesis, dark red color designates further 

perspectives of C. difficile CRISPR-Cas system study, and purple color designates possible 

applications of C. difficile CRISPR-Cas system. 
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Résumé 

Introduction 

Clostridium difficile est un entéropathogène opportuniste et la principale cause de diarrhée 

nosocomiale chez l'adulte. Au cours de son cycle d'infection, la bactérie survit dans les 

communautés complexes du côlon, éventuellement en utilisant les mécanismes de défense des 

systèmes immunitaires bactériens. Les systèmes CRISPR-Cas sont des systèmes de défense 

adaptatifs procaryotes contre les phages et d'autres agents génétiques étrangers. Le C. difficile 

possède un système CRISPR-Cas de sous-type I-B avec plusieurs caractéristiques inhabituelles: un 

grand nombre de cassettes CRISPR activement exprimées, dont certaines sont localisées à 

l'intérieur de régions de prophage, et de multiples opérons cas (Boudry et al., 2015). Ce système 

CRISPR-Cas original peut jouer un rôle crucial dans l'adaptation de C. difficile à l'intérieur de 

l'hôte. 

 

Buts de la recherche 

1. Etudier le rôle et la fonctionnalité du système CRISPR-Cas de C. difficile dans les 

interactions avec des éléments d'ADN étrangers (tels que les plasmides) ; 

2. Révéler la manière dont le système CRISPR-Cas de C. difficile est régulé et fonctionne 

dans des conditions de culture bactérienne différentes, incluant la réponse aux stress. 

 

Résultats 

Dans ce travail, nous avons étudié tous les aspects fonctionnels généraux du système 

CRISPR-Cas de C. difficile et les principales conclusions de cette partie de la recherche sont les 

suivantes: 

1. Des séquences consensus de motifs PAM élargies (CCN / TCN) ont été identifiées pour 

les souches de C. difficile 630 Δerm et R20291 ; 

2. L'interférence active et la contribution différente à la défense des 12 cassettes CRISPR 

dans la souche du laboratoire 630Δerm ont été démontrées ; 

3. Le processus d’interférence actif et des motifs PAM élargies (CCC / CCG, CCA / CCT) 

ont été confirmés expérimentalement pour la souche epidemique R20291; 

4. La délétion de l'opéron cas complet n'a pas complètement supprimé les capacités 

d’interférence dans la souche 630 Δerm Δerm; 
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5. Une nouvelle acquisition de séquence « spacer » a été démontrée pour 2 cassettes 

CRISPR de la souche 630Δerm, et l'adaptation naïve ne semble pas être aussi active que 

l'interférence chez C. difficile. 

Malgré cela, de nombreuses caractéristiques du système CRISPR-Cas de C. difficile restent 

à étudier. En particulier, la fonctionnalité des cassettes CRISPR restants de C. difficile R20291 et le 

rôle de tous les opérons cas des souches 630Δerm et R20291 dans les processus d’interférence et 

les infections à C. difficile n'ont pas encore été évalués. De plus, la fonction générale du système 

CRISPR-Cas de C. difficile au cours de l’infection à C. difficile doit être explorée par des 

expériences supplémentaires. En particulier, l'inactivation complète du système par la délétion de 

tous les opérons cas permettra d'étudier la « fitness » de la souche mutante à l'intérieur de l'hôte à 

l'aide de modèles animaux disponibles. Nos résultats ont également révélé que le type naïf 

d’adaptation CRISPR. D'autres expériences avec des tests sur des phages et des essais d'adaptation 

enrichiront nos connaissances sur les mécanismes d'adaptation du système CRISPR chez C. 

difficile. Ce travail a également soulevé une question sur la fonction de la protéine Cas4 dans le 

processus d'acquisition des nouvelles séquences « spacer » et la physiologie globale de C. difficile. 

Enfin, on ne comprend pas pourquoi le système CRISPR-Cas de C. difficile n’est pas très actif en 

matière d’adaptation. On pourrait émettre l'hypothèse que des protéines anti-CRISPR non 

caractérisées (Pawluk et al., 2018), potentiellement codées à l'intérieur des régions du prophage 

chromosomique, pourraient inhiber le processus d'adaptation. Ces points intéressants devraient être 

explorés dans les études futures. 

 

Un autre objectif de cette thèse de doctorat visait à étudier les mécanismes de régulation du 

système CRISPR-Cas de C. difficile, en particulier dans des conditions de biofilm et en réponse à 

divers stress. Au cours de ce travail, nous avons découvert une caractéristique unique de ce 

système CRISPR-Cas chez une bactérie entéropathogène - une association de systèmes toxine-

antitoxine (TA) de type I avec des cassettes CRISPR dans la majorité des souches de C. difficile 

séquencées (Maikova et al., 2018). Nous avons choisi deux de ces modules TA et avons étudié leur 

fonctionnalité et un lien possible avec la régulation du système CRISPR-Cas. Les principaux 

résultats de cette étude sont les suivants : 

1. La fonctionnalité des systèmes TA de type I a été démontrée avec l'arrêt de la croissance 

induit par la surexpression de la toxine et la neutralisation des toxines par les antitoxines ; 

2. La co-régulation des cassettes CRISPR et des systèmes TA adjacents de type I a été 

suggérée dans les biofilms et dans des conditions de stress, potentiellement associées à la présence 

de promoteurs dépendant du facteur sigma de stress général, SigB. 
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Cependant, le lien direct entre les modules TA de type I et la fonction du système CRISPR-

Cas n’a pas été démontré. Cet aspect et d'autres questions sans réponse sur le rôle des modules TA 

dans la réponse au stress, la stabilité du prophage et la stabilisation des régions chromosomiques 

portant des cassettes CRISPR doivent être explorés lors d'études ultérieures. 

Nous avons également étudié le rôle d’un messager secondaire bactérien c-di-GMP dans la 

régulation CRISPR-Cas de C. difficile. Nous avons trouvé un riboswitch dépendant de c-di-GMP 

associé à la cassette CRISPR12 dans la souche 630Δerm, ce qui peut indiquer l'impact direct de la 

régulation dépendant de c-di-GMP sur l’expression de cassette CRISPR. En général, l'effet global 

de c-di-GMP sur l'expression d'autres composants du système CRISPR-Cas a été étudié. Ces 

expériences ont montré : 

1. une légère induction d'efficacité d’interférence dans la souche 630Δerm de C. difficile 

pour la cassette CRISPR12 par des niveaux élevés de c-di-GMP ; 

2. induction de l'expression des deux opérons cas et de plusieurs cassettes CRISPR chez la 

souche 630Δerm de C. difficile par des taux élevés de c-di-GMP. 

Une analyse plus détaillée de la régulation du système CRISPR-Cas de C. difficile doit être 

effectuée à l'avenir, en particulier de la régulation par d'autres stimuli et stress liés au biofilm et des 

mécanismes moléculaires de ces processus de régulation. 

 

L'étude de la fonctionnalité du système CRISPR-Cas pour C. difficile nous a permis 

d'explorer son potentiel biotechnologique. Dans cette thèse, nous avons décrit l’application du 

système CRISPR-Cas natif de C. difficile comme nouvel outil de la rédaction du génome de cette 

bactérie. Ainsi, le chapitre 4 décrit l’utilisation du système CRISPR-Cas endogène de C. difficile 

comme nouvelle technique de la rédaction du génome chez C. difficile (Maikova et al., 2019). Les 

conclusions de cette partie de la recherche sont les suivantes: 

1. La même mini-cassette CRISPR peut être utilisée dans les souches 630Δerm et R20291 

et pourrait probablement être étendu à d'autres souches de C. difficile ; 

2. Une perte du plasmide d'édition efficace a été démontrée ; 

3. Une auto-immunité CRISPR efficace a été observée ; 

4. Des mutants Δhfq ont été créés dans les souches 630Δerm et R20291, qui ne pouvaient 

être obtenus auparavant à l'aide d'autres méthodes de manipulation du génome. 

Cette nouvelle approche de la rédaction du génome élargit l'ensemble des outils génétiques 

disponibles pour C. difficile, et cette méthode peut être utilisée pour développer de nouveaux 

agents antimicrobiens contre l’infection à C. difficile. 
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Cette thèse de doctorat élargit nos connaissances sur la physiologie de C. difficile et ses 

caractéristiques génétiques, et ouvre de nouvelles perspectives pour les applications 

biotechnologiques du système CRISPR-Cas de C. difficile. 
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