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Abstract 
 

 Clostridioides difficile is an urgent threat level enteric pathogen, that can produce 

endospores, toxins and biof ilms. This work focused on understanding the regulatory circuits 

controlling gene expression during biof ilm formation in C. difficile. We characterized the Veg 

protein, a highly conserved protein among Gram-positive bacteria, and that in B. subtilis was 

shown to stimulate biof ilm formation by inducing biof ilm-specific gene expression. Veg, is a 10 

kDa, Sm-like protein. Sm proteins form multimers that bind to RNA. We show that the 

overproduction of  Veg also stimulated biof ilm formation in a C. difficile lab strain. In vitro, the 

oligomeric state of  Veg is pH-dependent and shif ts the protein f rom monomer to dimer, and higher 

order protein complexes. We have no evidence for binding to RNA but we show that Veg binds 

to DNA, specif ically to a TA rich region in the cdeM promotor. cdeM is a late sporulation gene 

involved in assembly of  the spore surface layers and whose expression is dependent on yabG, 

the gene adjacent to veg, coding for a cysteine protease. We propose a model of  repression of  

cdeM by Veg, that could be lif ted by proteolysis of Veg by YabG. 

 

Keywords 

Clostridioides difficile; biof ilm; Veg; Sm-like protein; protein-DNA interaction. 

  



iv 

 

Resumo 
 

 Clostridioides difficile é um patogéneo entérico humano, de grande importância médica 

e económica, com capacidade de produzir endósporos, toxinas e biof ilmes. O presente trabalho 

focou-se na compreensão dos circuitos regulatórios que controlam a expressão genética durante 

a formação de biof ilme em C. difficile. Em particular, procedemos à caracterização de Veg, uma 

proteína conservada em bactérias Gram-positivas, que, em B. subtilis, induz a expressão de 

genes específ icos para a formação de biof ilme e estimula a produção destas estruturas. Veg é 

uma proteína de 10 kDa com um domínio Sm, característico de proteínas que formam olig ómeros 

e ligam a RNA. Neste trabalho demonstramos que a sobreprodução de Veg estimula a produção 

de biof ilme numa estirpe de laboratório de C. difficile. In vitro, Veg existe maioritariamente como 

um monómero a pH igual ou inferir ao pI, e como um dímero e formas de elevado peso molecular 

acima do pI. Apesar de não termos evidência de uma interação com RNA, demonstramos que 

Veg liga a DNA, especif icamente a regiões ricas em AT no promotor cdeM. O gene cdeM é 

transcrito em fases tardias da esporulação, na célula mãe, e é essencial para a montagem da  

superf ície do esporo. A expressão de cdeM é dependente de yabG. Por sua vez, yabG, 

imediatamente a montante de veg, codif ica para uma protéase de cisteína. Propomos um modelo 

de repressão de cdeM por Veg, que pode ser levantada através de proteólise de Veg por YabG.  

 

Palavras-Chave 

Clostridioides difficile; biof ilme; Veg; Proteína Sm-like; interação proteína-DNA. 
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1. Introduction 

1.1 Clostridioides difficile, an urgent threat level pathogen 

 1.1.1 Clostridioides difficile, a brief introduction 

 Clostridioides difficile (formerly known as Clostridium difficile) is an obligatory anaerobic 

endospore-forming gram-positive bacillus, that has the ability to produce toxins and biofilm 

(Deakin et al., 2012a; Theriot et al., 2014). This bacterium is an enteric pathogen that can colonize 

the human gut and causes disease with symptoms ranging f rom mild diarrhoea to abdominal pain, 

fever, and severe diarrhoea. Complicated C. difficile infection (CDI) is characterised by 

inf lammatory lesions, pseudomembranous colitis, toxic megacolon, bowel perforation, sepsis, 

shock and even death (Rupnik, 2007; Rupnik et al., 2009). 

 C. difficile is presently one of  the major causative agents of  nosocomial diseases and is 

categorized by the Centre for Disease Control (CDC) as an urgent threat due to the numerous 

hospitalised cases and deaths every year as well as to the economic cost associated. The CDC 

estimated that in the year 2018 around 295 thousand new cases in hospitalised patients appeared 

and almost 13 thousand deaths, comprehending costs of  a thousand million US dollars 

attributable to healthcare (2018 Annual Report for the Emerging Infections Program 

for Clostridioides difficile Infection). While CDI healthcare-associated cases are decreasing, the 

spread of  community-associated cases are increasing. 

 The burden of  healthcare-associated CDIs in acute care hospitals in the European 

Economic Area was estimated at 123,997 cases annually. In the United States, C. difficile is the 

most common cause of  healthcare–associated infections, accounting for approximately 15% of  

them. According to data f rom 2012, C. difficile caused approximately half  a million infections and 

29,000 deaths in the US. The pooled incidence rate of  CDI in Asia was calculated by meta-

analysis at 5.3/10,000 patient days (95% CI 4.0–6.7) (de Roo et al., 2020; McDonald et al., 2018).  

 One of  the most important risk factors is the antibiotic therapy during a long -term 

hospitalisation, this represents Hospital-Acquired CDI (HA-CDI), where the average age is 72 

years old, but HA-CDI is not the only form of  CDI known. Community Acquired CDI (CA-CDI) is 

now a common form of  CDI. CA-CDI patients are usually younger than the HA-CDI patients, with 

the average age of  50. It is still not clear what increases the risk factors of  CA-CDI, but antibiotic 

therapies combined with the increase of  asymptomatic hosts, as well as the increased risk of  food 

and water contamination, may be contributing (Gupta & Khanna, 2014).  

 CDI is usually associated with extensive antibiotic therapy as treatment for underlying 

conditions (f igure 1.1). Antibiotics can disrupt the intestinal colon, or gut, microbiome, which 

creates a niche opportunity for C. difficile to develop and generate active CDI. Normally, the 

intestinal microbiota mediates colonization resistance against C. difficile, but, an antibiotic 
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treatment disrupts the host microbiota, resulting in C. difficile growth, colonization of  the intestine 

and toxin production. Toxin activity causes epithelial damage and resultant disease symptoms, 

shedding endospores (hereinaf ter spores for simplicity), which promote transmission of  the 

organism. 

 

Figure 1.1 - The effect of antibiotics on the normal gut microbiota and the risk of C. difficile infection 

(CDI). A normal microbiota is present with no antibiotic exposure. Upon antibiotic therapy, there is a 

disruption of the normal microbiota, which leads to dysbiosis, which in turn increases the risk of CDI. After 

the cessation of the antibiotic therapy, the microbiota will eventually recover to a normal state. This recovery 

is slow as the microbiota remains disturbed for a variable period of time, represented by the break in the 

graph. After this period, the risk of CDI decreases. Recurrence occurs within two weeks of the first successful 

treatment. Recurrence is due to persistence of C. difficile in the gut or the host immediate environment, but 

it is not clear if the organism persists as spores, biofilms, or spores within biofilms. Figure adapted from 

Rupnik and co-authors (Gamier & Cole, 1988; Rupnik et al., 2009). 

 

 After a successful treatment, there is still the risk of  recurrence, or a relapse of  CDI within 

2-8 weeks af ter the f irst episode. It is estimate that recurrence occurs in 15-35 % of  CDI patients. 

Recurrence is thought to be due to spores that remain in the o rganism; spores may have an 

intracellular niche (Sarker & Paredes-Sabja, 2012) or may remain in the gut associated with 

biof ilms that may have formed. This combination may be responsible for the persistence of  C. 

difficile in the gut, where it can, if  the conditions for CDI meet again, produce a recurrent infection 

(f igure 1.1, (Rupnik et al., 2009)). 
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 1.1.2 Gut colonization, role of the gut microbiome and infection cycle 

 The human intestine is an example of  an extremely complex ecosystem that can harbour 

multiple species, or microbiota, which plays an important role in protecting the host f rom enteric 

pathogens, in modulating the immune response as well as in nutrition and pathological processes 

(Blaut et al., 2002; Cummings, 2009). This ecosystem contains a large number of  species that 

include benef icial bacteria along with commensal bacteria and pathobionts. Multiple enteric  

pathogens, such as Salmonella enterica, Yersinia, Escherichia coli and C. difficile can modify the 

dynamics of  this complex ecosystem to establish infection. These gut pathogens have highly 

adhesive and invasive properties. Some of  the bacterial virulence factors include adhesins and 

pili, which can promote gut colonization and infection (Calabi et al., 2002; Tasteyre et al., 2001;  

Wright et al., 2008). Infection starts with colonization of  the host which usually occurs through 

ingestion of  the bacteria or spores which may then settle in the infection niche and start infection 

in favourable conditions.  

 For CDI to occur, f irst spores have to be ingested. These spores must then endure several 

challenges until they reach the large intestine, the preferred niche for colonization. When 

favourable conditions are met, the spores will germinate, resulting in growth and infection (K. H. 

Wilson & Perini, 1988). C. difficile may then form microcolonies, which are biof ilm-like structures, 

on the epithelium, which facilitate persistence in the gut. CDI is then considered active if  there is 

production of  the C. difficile toxins which cause damage to the epithelial tissues, potentially 

leading to medical conditions (see 1.1.1).  

 One of  the factors that is thought to have an inf luence in the germination of  spores is the 

gut microbiota. The microbial diversity of  an adult gut microbiota usually includes bacteria of  the 

Bacteroidetes and Firmicutes phyla (Eckburg et al., 2005). The ratio between the abundance of  

these two phyla has been widely discussed and it has been described to be involved in nutrients 

absorption and food fermentation, stimulation of  the host immune system, and barrier ef fects 

against pathogens(Bäckhed et al., 2012; Macpherson, 2006; Mowat, 2003). Within this complex 

ecosystem, Clostridium scidens, produces an enzyme, 7α-dehydroxylase, that converts primary 

bile salts, such as cholate (CA) and chenodeoxycholate (CDCA), into secondary bile salts, like 

deoxycholate (DOC) or lithocholate (LCA). The presence of  DOC and other secondary bile salts 

represent a stress to vegetative cells of  C. difficile, since these af fect the integrity of  bacterial cell 

membrane, damage the DNA and cause protein denaturation(Begley et al., 2005). The primary 

bile salts, either unconjugated or conjugated, CA and Taurocholate (TCA), respectively, induce 

C. difficile spore germination and promote growth, unlike the secondary bile salt DOC which 

induce germination of  the spores but inhibits vegetative growth (Sorg & Sonenshein, 2008). In a 

state of  dysbiosis, the ratio of  bile salts may shif t to an accumulation of  the primary bile salts , CA 

and TCA, and favour germination of  the spores and vegetative growth, and, subsequently, create 

an active CDI (Theriot et al., 2014; Y. Zhao et al., 2013). 
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 Dysbiosis of the gut microbiome is a phenomenon associated with antibiotic therapy for 

extended periods of  time with broad-spectrum drugs. Gut bacteria, that are sensible to the 

antibiotic therapy, are compromised leading to the creation of  opportunities for pathogenic 

colonization and infection since C. difficile is resistant to multiple antibiotics mainly due to the 

presence of  mobile elements in its genome. Besides dysbiosis, the massive use of  antibiotics and 

long antibiotic therapies can also lead to the emergence of  antibiotic resistant strains. A striking 

example was the intense use of  f luoroquinolones in Northern American hospitals during the years 

2000’s, which produced a selective pressure for strains of  C. difficile, to become resistant to these 

antibiotics and their subsequence dissemination worldwide (Brown et al., 2013; Isidro et al., 2017;  

Linder et al., 2005; Sebaihia et al., 2006; Slimings & Riley, 2014) (f igure 1.2). 

 

 

Figure 1.2 – Gut colonization, role of the gut microbiome and infection cycle of C. difficile. Infection 
starts with colonization, which in a scenario of dysbiosis, occurs following the ingestion of  the bacterial 
spores. Spores may germinate in the gut since there is presence of primary bile salts (such as cholate, CA), 
but the presence of  secondary bile salts (such as deoxycholate, DOC) inhibits vegetative growth. Upon 
antibiotic therapy, usually with broad-spectrum drugs, dysbiosis of the gut may occur, compromising the 
group of bacteria that convert primary bile salts into secondary bile salts, causing an accumulation of the 
precursors (CA) in the gut. CA ratio increases in the colon, allowing spores to complete germination. Spore 
germination may further depend on the recognition of a specific receptor in the colonic mucosa. Following 
spore germination, the vegetative cells will grow. Most vegetative cells will then form peritrichous flagella, 
which allow motility and are an important factor in promoting adherence to the gut mucosa. Once the cells 
adhere to the mucosa, micro-colonies or biofilms can be formed, which contribute to the virulence of 
infection. In the biofilm cells are incased in a self -produced matrix composed of protein, exopolysaccharides 
(EPS) and eDNA and they produce toxins as well as spores. In the last phase of biofilm formation, dispersion, 
there is release of spores from the micro-colony. Spores are then released into the environment  and can 
colonize a next host, completing the cycle. Figure adapted from Isidro and colleagues (Isidro et al., 2017).  

 

 Presently, treatment of  CDI usually consist in antibiotic therapy, bacteriotherapy and 

immunological therapies. Antibiotics remain the therapy by default, with vancomycin and 

metronidazole being the primary option. These two antibiotics are also of  broad -spectrum, which 

means they will also af fect the already disturbed microbiota. A novel drug, f idaxomicin, is being 

adopted in new therapies, as it has a narrower-spectrum and also inhibits spore formation 

(Babakhani et al., 2012). Bacteriotherapies include the usage of  pre and probiotics, ingestion of 

spores of  non-pathogenic strains and faecal microbiota transplant (FMT). Of  the three, only FMT 
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is recognized to be a prospective alternative to antibiotic therapy, as it has 90% of  success rates 

in the recovery of  the microbiota f rom a dysbiotic state (Kociolek & Gerding, 2016). There are 

some questions regarding FMT, not only related to the acceptance by the patient, but as well as 

what is considered a “healthy” microbiota and which characteristics to look for in the microbiota 

of  an FMT donor. The third therapy relies in immunologically targeting the C. difficile toxins, TcdA 

and TcdB, preventing binding of  the toxins to the epithelial cell receptor (Isidro et al., 2017). 

 Another challenge in case of  C. difficile that must not be overlooked are the oxygen-

resistant spores. The spores represent the transmission vehicle between hosts and to the 

environment, where due to their resistance proprieties (see 1.1.3.2), they can survive for long 

periods of  time. Since spores are also resistant to antibiotic therapy,  these can persist in the gut 

af ter CDI treatment. The persistence of  the spores may lead to recurrence of  CDI in case of  new 

dysbiosis due to another antibiotic therapy. Another form of  microbial development that may 

facilitate the persistence of  spores in the gut is biof ilms. Biofilms increase the contact of  C. difficile 

cells and the epithelium, while conferring additional protection against aggressors like antibiotics. 

In these structures, spores are formed, and may persist in the gut (Semenyuk et al., 2015). It is 

not clear if  it is solely spores or biof ilms, or a combination of  both, that are responsible for the 

persistence and recurrence of  CDI. According to the Centre for Disease Control (CDC),  

recurrence is def ined as a relapse of  CDI within 2-8 weeks af ter successful treatment of  the f irst 

episode (McDonald et al., 2018). Recurrence is expected to occur in 15-35% of  the patients 

(Marsh et al., 2012). If  a case of  CDI occurs 8 weeks af ter the f irst successful treatment, the CDC 

def ines the case as reinfection (McDonald et al., 2018). 

  

 1.1.3 Virulence factors  

 C. difficile virulence factors allow it to infect and cause disease, and include among 

others, toxin production, sporulation, cell-surface associated proteins, f lagella and biofilm 

formation (Awad et al., 2014). Here we will focus on toxin production, spores, and biofilm 

formation. 

  1.1.3.1 Toxin production 

 Some C. difficile strains have the ability to produce toxins. These toxins are what confer 

the ability to cause disease symptoms and are considered to be the main virulence factor (Burns 

et al., 2010; Carter et al., 2012; Deakin et al., 2012a; Rupnik et al., 2009; Sarker & Paredes -

Sabja, 2012). The spectrum of  diseases caused by C. difficile is thought to depend on the level 

of  toxin production, supporting the hypothesis that regulation of  toxin production is a key factor of 

C. difficile pathogenicity (Åkerlund et al., 2008). Toxin production is associated with a stationary 

phase of  growth (Hundsberger et al., 1997). Many other environmental factors may inf luence toxin 

regulation and production, such as simple sugars, like glucose, or certain aminoacids, like 
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cysteine or proline, which can inhibit toxin production (Dupuy & Sonenshein, 1998; Karlsson et 

al., 2000). 

 There are two main toxins, TcdA, and TcdB, that are thought to be the main caus e of  

extensive epithelial damage and pathology(Carter et al., 2010). Some C. difficile strains produce 

a third toxin, CDT, a binary toxin, whose role is not quite understood although recent data suggest 

an impact of  CDT in host gut inf lammation and immune response during infection (Cowardin et 

al., 2016). The TcdA and TcdB toxins are glucosyltransferases that have a cytotoxic effect on the 

epithelial cells of  the host where they target the Rho family GTPases,  Rho, Rac and Cdc42 

(Oezguen et al., 2012). The TcdA and TcdB toxins are encoded by the tcdA and tcdB genes 

located in a Pathogenicity Locus, or PaLoc, which carries three other genes, tcdR, tcdE and tcdC,  

coding for proteins that have a role in toxin regulation (Hammond & Johnson, 1995). TcdR is an 

RNA polymerase sigma factor that binds to the promoter regions upstream of  the tcdA and tcdB 

genes (Mani & Dupuy, 2001a). TcdE is a holin-like protein, and it is thought to be involved in the 

export of  the toxins (Govind & Dupuy, 2012; Olling et al., 2012). TcdC was considered to be an 

anti-sigma repressor that impairs the interaction between TcdR and the RNA polymerase hence 

negatively regulating toxin production (Matamouros et al., 2007). However, the function and 

relevance of  TcdC remains unclear, since several studies failed to show an association between a 

tcdC genotype and toxin production (Hunt & Ballard, 2013; Janoir, 2016). 

 Other regulators located outside the PaLoc are involved in toxin production, (Dineen et 

al., 2007) such as, Spo0A and σH, regulators that control post-exponential events, (Saujet et al., 

2011; Underwood et al., 2009), σD, the sigma factor that controls f lagellar synthesis and tcdR 

expression (Fimlaid & Shen, 2015; Mani & Dupuy, 2001b), RstA, a transcriptional regulator (Daou 

et al., 2019; Dineen et al., 2007) and CodY and CcpA, that respond to nutritional cues (Antunes 

et al., 2011; Dineen et al., 2007). Direct binding of  RstA, CodY and CcpA to tcdR, tcdA and tcdB 

genes was previously shown (Antunes et al., 2012a; Fimlaid & Shen, 2015).    

 

 1.1.3.2 Sporulation  

 C. difficile spores are considered to be a virulence factor (Awad et al., 2014). As a strict-

anaerobe, the bacteria rely on spores, which are oxygen resistant, to disseminate in aerobic 

environments (Paredes-Sabja et al., 2014a; Sarker & Paredes-Sabja, 2012). This dormant cell 

type confers additional protection against aggressors not only to oxygen, but as well to antibiotics, 

lysozyme, stomach acids, etc., and it is what allows the persistence of  the bacteria in the 

environment and in the host.  

 The developmental process of  sporulation is largely controlled by a cascade of  cell -type 

specif ic RNA polymerase sigma factors. During this process, there is cell to cell signalling 

pathways that ensures that the mechanisms of  gene expression in the mother cell and in the 

forespore are triggered in a coordinated manner (Zhu et al., 2018). At the end of  the sporulation 

process, the mother cell lysis and the spore is released into the environment (f igure 1.3).  
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Figure 1.3 – Morphological stages during sporulation and gene expression in C. difficile. (Upper 
panel) The process begins with the asymmetric division (a), followed with the mother cells membrane 
surrounding the forespore, engulfing it (b). At the end of engulfment, a process coordinated by the sigma 
factors σE and σF, the forespore is a free protoplast inside of the mother cell cytoplasm (c).The sigma factors, 
σG and σK become active after engulfment, initiating the formation of the coat and assembly of the 
exosporium (d). The synthesis of the coat and late phase proteins (e), is coordinated by the late phase 
mother cell-specific σK. Lysis of the mother cell allows the release of the mature spore to the environment. 
A mature  spore remains in this dormant state until conditions that trigger germination are met.  The cell 
where the σF, σE, σG and σK sigma factors are active is indicated; (Lower panel) Legend of the spore layers. 
(Pereira et al., 2013). 

 

 The developmental process of  sporulation starts with the activation, by phosphorylation, 

of  a response regulator, Spo0A, which is conserved among sporeformers (Abecasis et al., 2013; 

Deakin et al., 2012a; Ramos-Silva et al., 2019). Spo0A is an ambivalent transcription factor as it 

acts both as a repressor and an activator, depending on its intracellular concentration and 

position, relative to the promoter, of  its binding sites in the genes it controls (Chastanet et al., 

2010; Ribis et al., 2018). Spo0A is transcribed in the vegetative cell under the control of  two sigma 

factors, σA and σH  (Fimlaid et al., 2015; Fimlaid & Shen, 2015). In C. difficile, Spo0A is activated 

directly by a group of  sensor kinases that respond to external signals by auto -phosphorylating  

and subsequently transfer the phosphoryl group to Spo0A. Spo0A has been shown to control 

approximately 300 genes in C. difficile. Many of  these genes were associated to biof ilm formation, 

motility, toxin production and the genes that code for the f irst two sporulation-specif ic sigma 

factors, σF and σE. Spo0A further controls the expression of  the genes required for asymmetric 

division of  the cell entering sporulation. Following asymmetric division, the sigma factors become 

active in a cell type-specif ic manner: σE becomes active in the mother cell and σF in the forespore, 

which creates a dif ference in gene expression caused by the spatial division. Af ter activation of  

σF in the forespore, it activates σE in the mother cell, which then activates the process of  

engulfment of  the forespore, a phagocytic-like process where the septal membranes migrate 
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towards the proximal cell pole eventually fusing and releasing the forespore as a f ree protoplast 

inside the mother cell cytoplasm. At later times in development, following engulfment completion, 

σF and σE are replaced by σG and σK, respectively, which control the f inal stages of  spore 

formation (Abecasis et al., 2013; Fimlaid et al., 2015; Fimlaid & Shen, 2015; Paredes-Sabja et al., 

2014a; Ribis et al., 2018; Saujet et al., 2011; Wörner et al., 2006). Upon engulfment, the spore is 

involved in two layers of  peptidoglycan, an  inner thinner layer called the primordial cell  wall which 

has a composition similar to the vegetative cell wall, and an outer second thicker layer with 

chemically distinctive peptidoglycan called the spore cortex. The cortex is essential in spore 

morphogenesis since it is responsible for the maintenance of  the dehydrated state of  the spore 

core, hence dormancy and heat resistance (Henriques & Moran, 2007; Sarker & Paredes-Sabja,  

2012). The spore cortex is surrounded by the coat, which is composed  of more than 80 dif ferent 

proteins orderly assembled in a multi-layered structure around the spore. Its assembly is 

coordinated with the end of  cortex assembly (Driks & Eichenberger, 2016a). The coat confers 

protection of  the cortex against the peptidoglycan hydrolytic activity of  enzymes such as 

lysozyme, and it is also required for resistance to UV radiation and chemicals, such as peroxides 

(Driks & Eichenberger, 2016b; Henriques & Moran, 2007; Rodriguez-Palacios & LeJeune, 2011).  

C. difficile spores have an external, more electrodense, layer, termed exosporium, closely 

apposed to the underlying coat (Abecasis et al., 2013; Phetcharaburanin et al., 2014; Pizarro -

Guajardo et al., 2016; Rabi et al., 2017).  The exosporium is permeable to germinants but 

excludes lytic enzymes and antibodies, and it is the f irst line of  contact of  the spore with host cells, 

the immune system, and the environment (Rodriguez-Palacios & LeJeune, 2011). 

 

1.2 Biofilm formation 

 1.2.1 Biofilm are ubiquitous form of bacterial development 

 Many, if  not all, bacterial species have the ability to form biof ilms, which may in fact be 

their normal mode of  growth in natural settings (Flemming & Wuertz, 2019). Bacterial biof ilms are 

def ined as sessile microbial communities formed by cells adhered to a surface or substrate as 

well as to each other (Branda et al., 2005). Biof ilms are usually contained in a self -produced 

matrix composed by a mix of  exopolysaccharides (EPS), proteins and extracellular DNA (eDNA) 

(Arnaouteli et al., 2021b). This matrix facilitates the biof ilm attachment to abiotic or biotic surfaces 

and is one of  the hallmarks of  biof ilm formation (Flemming & Wuertz, 2019). These surfaces or 

environments that promote biof ilm formation often include niches that can be colonized by other 

species of  bacteria (Domínguez-Manzano et al., 2012; Pandit et al., 2020). Biof ilms would 

naturally occur as multi-species assemblies (Kolenbrander et al., 2010; Tan et al., 2017) where 

inter-species interactions can occur. In this state of  microbial development, the bacteria exhibit 

dif ferent patterns of  growth rate and gene expression on the course of  biofilm formation (Donlan, 

2002). The ability to form these structures is considered important for virulence (Stoodley et al., 

2002) since they confer additional protection against environmental aggressors such as 
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antibiotics and the host immune system (Costerton et al., 1995). This form of  bacterial 

development, although ubiquitous, is st ill poorly understood, making a species-to-species 

approach necessary to better comprehend the underlying mechanisms.   

 Biof ilms have great impact in dif ferent sectors of  society. Biofilms of pathogenic bacteria 

can have an impact on food processing environments, such as meat broilers, cheese factories, 

or Ready-to-Eat food manufacturers where these structures can form on stainless steel surfaces 

and become persistent, but also in environments such as healthcare settings, with biof ilms 

associated with prothesis, such as catheters or ventilators, which can lead to further systemic 

infections (Alvarez-Ordóñez et al., 2019; Carpentier & Cerf , 1993; Gominet et al., 2017; Huq et 

al., 2008; Vishwakarma, 2020). These situations can lead to economic loss and epidemiologic 

outbreaks. Comprehending biof ilm formation is of  great importance as it can lead to targets for 

new therapies/treatments that allow the eradication of  pathogenic species to be more 

ef fective(Bonneville et al., 2021; Vishwakarma, 2020). 

 

 1.2.2 Biofilm formation, regulatory pathways, and cellular 

heterogeneity 

 Biof ilm formation is an intricate process regulated by a transcriptional network that is 

triggered by environmental cues. In B. subtilis, a major model for biof ilm formation by 

sporeformers, Spo0A, ComA and DegU are three essential master regulators that control the 

dif ferent stages of  biofilm formation (Mielich-Süss & Lopez, 2015a). When cells become sessile, 

DegU, ComA or Spo0A are activated by phosphorylation (~P). Cells which accumulate ComA~P 

dif ferentiate into two dif ferent cell types, surfactin producers and competent cells (Chen et al., 

2020). Surfactin is a paracrine signal that induces the dif ferentiation of  matrix producers. Motile 

cells have low levels of  DegU~P, which are suf f icient for transcription of  f lagellar genes . In the 

biof ilm, cells with high levels DegU~P are specialized in the secretion of  exoproteases that 

degrade large polymers into smaller peptides that will be used by the population as nutrients.  
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Figure 1.4 – Regulatory pathways involved in biofilm formation in B. subtilis. Arrows represent positive 
regulation or activation, and blunt arrows represent negative regulation or repression. In red, transcriptional 
regulation, in blue, protein-protein regulation. SinI is an anti-repressor which blocks SinR through the 
formation of a  heterodimeric SinI-SinR complex. SinR activity is regulated by Slr, and the transcription of 
slrR is repressed by SinR, creating a double negative feedback loop. Veg acts as an additi onal regulatory 
repressor that contributes to the control of matrix production. Veg is thought to repress SinR activity 
independently of the SinI and SlrR pathways. 

 

High levels of  DegU~P also induces expression of  bslA (Kobayashi & Iwano, 2012), coding for a 

matrix protein localized on the surface of  the biof ilm and required for its integrity  (Arnaouteli et al., 

2021a; Chen et al., 2020; Mielich-Süss & Lopez, 2015b); high levels of  DegU~P in turn, repress 

transcription of  the f lagellar genes. Both Spo0A and Spo0A~P are present in the cell at the same 

time, and it is the relative level of  these two forms that dif ferentiates gene expression (Chastanet 

et al., 2010). While high levels of  Spo0A~P induce sporulation-specif ic gene expression, 

intermediate levels of  the regulator induce biof ilm matrix production (Jiang et al., 2000). Under 

the control of  Spo0A, and involved in biof ilm formation, are a set of  regulatory proteins (f igure 

1.4). These are the DNA-binding proteins SinI, SinR and AbrB (Shaf ikhani et al., 2002). AbrB and 

SinR repress the expression of  the matrix encoding  operons while SinI is an antirepressor that 

acts by blocking SinR through the formation of  an heterodimeric complex SinI-SinR, thereby 

preventing SinR f rom binding to DNA (Bai et al., 1993; Chai et al., 2008; Kearns et al., 2005;  

Mandic-Mulec et al., 1992; Newman et al., 2013). The SinI-SinR heterodimer complex acts as a 

repressor for genes involved in motility (hag gene, f lagellin) and involved in cellular separation 

(lytABC and lytF, autolysins) (Chai et al., 2008; Kearns et al., 2005). Another protein that may 

induce biof ilm formation by inhibiting SinR, is Veg (f igure 1.5). Veg is thought to repress SinR 
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activity independently of  the SinR-SlrR pathways. Veg is an 86 amino acid, highly conserved, 

protein encoded by the veg gene, which is transcribed at very high levels during both exponential 

growth and sporulation (le Grice et al., 1986; Lei et al., 2013a; Ollington et al., 1981). Previous 

studies also reported delayed spore germination in veg mutants (Fukushima et al., 2003).  

 

 1.2.3 Biofilm formation in Clostridioides difficile 

 As the majority of  the bacteria, C. difficile has the ability to form biofilms. After being f irstly 

reported (Donelli et al., 2012), biof ilms of C. difficile with clinical origin were produced on abiotic 

surfaces and quantif ied through crystal violet staining  (Dapa et al., 2013; Dawson et al., 2012). It 

was quickly realized that C. difficile biof ilms are multi-layered structures, encased in a matrix 

composed of  bacterial proteins, extracellular DNA (eDNA), and exopolysaccharides; however, it 

is not clear if  there is an attributable main matrix component , as the composition and morphology 

of  the biof ilm is strain dependent (Dapa et al., 2013; Dawson et al., 2012, 2021; Semenyuk et al., 

2015). C. difficile biof ilm communities are likely critical in recurrent CDI. Although there is some 

understanding of  C. difficile biof ilm formation and regulation in vitro, several questions regarding 

the relevance of  such biof ilm communities in bacterial persistence, and the bacterial and host 

factors regulating their formation in vivo remain unanswered (Frostid et al., 2021). 

 Biof ilm formation usually undergoes four stages: adherence, proliferation, maturation,  

and dispersion. These four stages are characterized with dif ferent regulatory processes that allow 

the development of  the biof ilm. Af ter germination in the gut, the vegetative cell is thought to be 

f ree until environmental triggers induce biof ilm formation. Sessile bacteria display a dif ferent 

pattern of  gene expression than their planktonic counteracts. It is not clear whether the interaction 

of  the vegetative cell and the gut epithelium acts as a switch for biof ilm formation; nonetheless, 

some stimuli that may act as signals to start biof ilm formation have been identif ied (Dubois et al., 

2019a; Girinathan et al., 2018a; Mani & Dupuy, 2001a; Meza-Torres et al., 2021; Tremblay et al., 

2021). One of  them has been mentioned previously, DOC, a secondary bile salt, that in sub-lethal 

concentrations has the ability to induce biof ilm formation in vitro (Dubois et al., 2019a; Girinathan 

et al., 2018b). A second signal that appears to promote biof ilm formation, is the presence of  

extracellular pyruvate. Extracellular pyruvate in the presence of  DOC shows to increase the 

biomass of  the biof ilm but is dependent of  pyruvate uptake by the membrane protein CstA  

(Tremblay et al., 2021). Cyclic-di-GMP (c-di-GMP) plays a role in the switch f rom motile to sessile 

biof ilm state through the repression of  the f lagellar synthesis and induction of  pilli and adhesins  

(Purcell et al., 2016). Several adhesins have been identif ied in C. difficile. The surface layer 

protein SlpA belongs to the S-layer class of  proteins that are secreted and present in many 

bacterial species (Calabi et al., 2002). Additional to the role in cell structure, S-layer proteins have 

also been implicated in immune invasion, blocking the complemented -mediated lysis, and 

adhesion (Sára & Sleytr, 2000). Another family of  proteins involved in adhesion is the Cell wall 

proteins (Cwp) family, such as the Cwp84 and Cwp66 (Wright et al., 2008). Other adhesins that 
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have been identif ied in C. difficile include the f lagellin FliC and the f lagellar cap protein FliD  

(Tasteyre et al., 2001), the heat-shock protein GroEL (Hennequin et al., 2001) and f ibronectin-

binding protein Fbp68 (Hennequin et al., 2003).  

 Af ter adhesion, the now sessile cells may proliferate, attached to each other, and encased 

in the self -produced matrix, which, as described above, does not have an attributable key 

component in C. difficile. It is thought that, with biof ilm maturation, the eDNA that is released with 

cell lysis is an important component of  the matrix  (Tremblay et al., 2021). Spores and toxins A 

and B are present in the mature biof ilm (Semenyuk et al., 2015), suggesting that the biof ilm may 

take a role in C. difficile virulence. C. difficile biof ilm formation is characterized by a metabolic shift 

f rom glycolysis and the pentose phosphate pathway to the Stickland fermentation pathways and 

the Wood-Ljungdhal pathway, which are less ef f icient at producing energy (Neumann-Schaal et 

al., 2019). 

 When mature, the biof ilm starts to disperse. In dispersion, it is thought to occur release 

of  parts of  the biof ilm, as well as spores. The release of  spores into the environment is what allows 

the colonization of  new hosts. Even af ter successful treatment, recurrence may occur as 

explained in section 1.1.1. What is not understood if  it is attributable to spores that persist in the 

gut, to the biof ilm microcolonies that are encased in the protecting matrix, or both.  

 Several transcriptional regulation pathways are in place during C. difficile biof ilm 

formation, involving the transcriptional regulators CcpA, CodY and Spo0A (Antunes et al., 2012b; 

Daou et al., 2019). CcpA and CodY are global regulators of  the metabolism and support the idea 

that biof ilm formation is dependent on a metabolic shif t in planktonic cells ((Antunes et al., 2012b; 

Daou et al., 2019; Dubois et al., 2019b); see 1.2.3). Furthermore, the transition phase sigma factor 

σH and the master regulator of  the sporulation Spo0A are also important for biof ilm formation 

independent of  the sporulation process ((Dawson et al., 2012; Deakin et al., 2012a); see 1.1.3.2). 

Additionally, σH and Spo0A are also associated with the metabolism of  C. difficile (Dawson et al., 

2012; Deakin et al., 2012b). sinR is also present in C. difficile genome and the members of  its 

regulon were previously identif ied (Girinathan et al., 2018a). The sin locus is essential to establish 

a successful infection as it can regulate the transcription of  key factors in the sporulation, toxin 

production and motility pathways. In contrast, some conserved proteins such as ComA, DegU, 

AbrB and Veg, coded for by the comA (CD1269), degU (CD1269), abrB (CD1859 and CD3120) 

and veg genes are present in the C. difficile genome, but no functional characterization of  these 

genes has been reported; yet they are strong candidates for genes with roles in biof ilm formation.  

The Veg protein in particular, is thought to act as a repressor of  SinR, based in the B. subtilis 

model (Lei et al., 2013a; f igure 1.4). Although it shares a high degree of  sequence similarity to 

the Veg protein of  B. subtilis Veg, some dif ferences are present that may be pivotal for a dif ferent 

regulatory role or modus operandi. 
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1.2.4 Veg protein in Clostridioides difficile 

 In B. subtilis, the overproduction of  Veg stimulated biof ilm formation via inducing 

transcription of  the genes that encode the matrix (Lei et al., 2013a). Deletion of  veg strongly 

impaired the biof ilm formation and reduced the transcription of  the same genes (Lei et al., 2013a).  

In sinR mutants the overproduction or deletion of  veg made no signif icant dif ference in biofilm 

formation, whereas in sinI mutant, the overexpression of  veg restored the impairment of  biofilm 

formation, suggesting that Veg negatively regulates SinR activity independently of  any known 

antirepressors (Lei et al., 2013a). veg is constitutively transcribed, at high levels, in both the 

exponential and stationary phase. Veg is highly unstable in the exponential phase, which makes 

it undetectable through Western Blot. Increasing Veg accumulation to a detectable level leads to 

induction of  biofilm matrix genes. Since the protein is unstable, this suggests that rather than the 

transcriptional induction of  the expression of  veg, stabilization of  Veg protein in the stationary 

phase, leads to the activation of  genes that promote biof ilm development. It is still unclear what 

signal stabilizes Veg protein to stimulate biof ilm formation. (le Grice et al., 1986; Lei et al., 2013a; 

Ollington et al., 1981). 

 
Figure 1.5 – Veg is conserved among Gram-positives. (A) Genomic map of the region surrounding the 
veg gene in the C. difficile genome (upper panel) and in B. subtilis (lower panel). The position of veg can be 
seen relative to its neighboring genes; the positioning of veg downstream of yabG which encodes for a 

cysteine protease is conserved across sporeformers. (B) Clustal W (https://www.genome.jp/tools-
bin/clustalw) alignment of the Veg proteins from C. difficile and B. subtilis. The red background highlight 
identical residues. Residues are shadowed in orange or yellow according to the degree of conservation. (C) 
Plot represents the output of the PONDR server used to analyze the Veg sequence for order/disorder. 
Regions above a score of 0.5 are predicted to be disordered (Li et al., n.d.) Two arginine residues that flank 
a short-disordered region in Veg are highlighted in red. Adapted from  (Ramalhete, 2021). 
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 C. difficile Veg is a small basic protein, with 88 residues, with signif icant similarity to B. 

subtilis Veg (f igure 1.5). To date no functional characterization of  the veg gene has been reported  

in this gut pathogen. The veg gene is downstream of  yabG, a gene that is part of  a genomic 

signature for sporulation. yabG codes for a cysteine protease, that in C. difficile has a role in the 

assembly of  the spore surface layers and in regulation of  gene expression late during sporulation 

((Kevorkian et al., 2016; Shrestha et al., 2019); f igure 1.5). As mentioned above, B. subtilis Veg 

is unstable in some growth conditions. It was previously suggested that a protease, yet to be 

identif ied, would be involved in proteolysis of  Veg (Ramalhete, 2021). The synteny of  veg and 

yabG genes (f igure 1.5) prompt us to hypothesize that the specif ic protease contributing to Veg 

instability may be YabG  (Fukushima et al., 2003). 

 Veg contains an Sm-like domain. Sm-like domains are present in nucleic acid binding 

proteins involved in various roles regarding the translation, procession, either protecting or 

promoting degradation of  mRNA (Bandyra et al., 2013; Mura et al., 2013). This family of  proteins 

include regulator proteins like the Hfq protein, and usually behave in a ring-shape homo-oligomer 

of  6 or 7 units, that would bind the nucleic acid (Achsel et al., 1999, 2001a) (f igure 1.6). 

  

Figure 1.6 – The structure of C. difficile Veg. (A) Structural organization of Veg. Veg contains an Sm -
domain, an ancient RNA-binding motif with oligo(U) specificity. (B) Homology model generated for Veg using 
as template a protein with unknown function from S. pneumoniae TIGR4 (PDB code: 3FB9). This structural 
model show that the Veg protein may form an heptamer with a central channel, an arrangement that is 
characteristic of Sm-like proteins. (C) Different views of the electrostatic surface map of the ring formed by 
the Veg heptamer. Red denotes negatives and blue positive charges.  

 When a Prediction of  Natural Disordered Regions of  Veg protein, or a PONDR model, 

(f igure 1.5) is performed, Veg shows a major disordered region that is delimited by two Arginine 

residues, which are positively charged. This may suggest that this disordered region is capable 

to interact with negatively-charged nucleic-acid strands (Kambach et al., 1999; Urlaub et al., 
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2001). Ordered regions suggest a form of  secondary fold, such as an alpha-helix or a beta-sheet 

(f igure 1.5). 

 Previously, a homology model of  the Veg was produced to assess the overall 

conformation, fold, and position of  the conserved amino acids. The structure of  the protein with 

unknown function f rom Streptococcus pneumoniae TIGR4 (protein data bank accession code: 

3FB9) was used to build the model. The homology model of  Veg shows the characteristic 

heptameric fold of  the Sm-like domain (Achsel et al., 2001b; Bandyra et al., 2013; Mura et al., 

2013; Urlaub et al., 2001) (f igure 1.6). The model shows the presence of  several surface-exposed 

positively charged arginine residues (f igure 1.6). A surface electrostatic potential map 

representation of  Veg shows that some parts of  the surface of the oligomer are positively charged 

as is the inside of  the ring (f igure 1.6). These are features that could facilitate the interaction with 

the negative charged single stranded nucleic acids (Boudry et al., 2014, 2021; Sauer et al., n.d.). 

The oligomeric form of  Veg still needs clarif ication outside of the in silico model. (f igure 1.6). 

 

 1.3 Aim of this work 

 The characterization of  regulatory proteins in model organisms is an essential element to 

understand cellular mechanisms. In other bacteria, such as C. difficile, essential processes may 

need to be re-examined since they may dif fer signif icantly f rom the model organisms. This poses 

a challenge by itself , since some techniques may be inef fective in other species, which represents 

a limitation to the insight in some of  the processes. It is still unclear the role of  the Veg protein in 

C. difficile, as few studies have tried to characterize this protein and its role of  development. 

Understanding these processes is essential to better choose drug -target for therapy. 

 In order to investigate the biological signif icance of  Veg, a structural characterization, to 

assess the stability, conformation, and oligomeric state of  this protein, as well as a functional 

characterization of  the protein in its role in physiological developmental processes, such as biofilm 

formation and sporulation were performed.  
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2. Materials and Methods 

2.1 Microbiological techniques 

 2.1.1 Bacterial strains and growth conditions  

 The C. difficile and E. coli strains used in this study are listed in table 1 and 2, respectively. 

C. difficile strains were stored at - 80 °C in Brain Heart Infusion broth (BHI; table 5) (Biokar 

Diagnostics, Beauvais, France) containing 20 % (v/v) glycerol. C. difficile was routinely grown in 

BHI at 37 °C under anaerobic conditions (5 % H2, 10 % CO2, 85 % N2). When necessary, cefoxitin 

(25 µg/mL) and/or thiamphenicol (15 µg/mL) was added to the cultures.  

 E. coli strain DH5α was used as a host for molecular cloning and for plasmid propag ation. 

E. coli strain HB101 (RP4) was used for conjugation of  plasmids into C. difficile. E. coli strain 

BL21 (DE3) was used for protein overproduction. Luria Bertani medium (LB; table 5) was routinely 

used for growth and maintenance of  E. coli strains. When necessary, bacteriological agar was 

added to a f inal concentration of  1.6 % and when appropriate, chloramphenicol (20 µg/mL) and/or 

ampicillin (100 µg/mL) was added to the culture medium. 

  

 2.1.2 Biofilm formation assays 

 The method used to form biof ilms was adapted f rom the work previously developed by 

Dubois et al., 2019b. Brief ly, a 24-well tissue culture-treated microplate (Greiner bio-one, Austria) 

with 1 mL of  BHI medium supplemented with L-cystein hydrochloride, D-glucose, and sodium 

deoxycholate (BHISG-DOC; table 5) per well, was inoculated with 10 µL of  a BHI overnight 

culture. Two negative controls were added, with no inocula, to ensure sterility. The microplates 

were incubated at 37 ºC in anaerobic conditions for 24 h and 48 h. 

 

 2.1.3 Biofilm quantification 

. Af ter incubation for 24 or 48 hours, the media was removed by inversion of  the microplate. 

The wells were washed twice with Phosphate-Buf fered Saline solution (PBS; table 6) and air dried 

for ten minutes between each wash. The biof ilms were then stained with Cristal Violet (CV; 0.2 % 

v/v in milliQH2O) for a minimum of  30 minutes. The CV was removed by inversion and the wells 

were air dried for 15 min. The wells were washed twice with PBS to remove all the CV that was 

not bound to biof ilm. Dye bound biofilm mass was solubilized by adding 1 mL of  a 50:50 ethanol -

acetone solution and incubated for a maximum of  four minutes. The absorbance of  the CV 

solution, corresponding to the biof ilm biomass, was then measured at a 600 nm with a 

spectrophotometer (Ultraspec2100 pro). When needed (OD > 1.0), the solubilized CV was diluted 

1:100 in the same 50:50 ethanol-acetone solution and measured again. Data obtained was 

checked for agreement to the normal distribution and for homogeneity of  variance (Anderson-

Darling test and Levene’s test, respectively) by using the MiniTab17 sof tware (Minitab, Inc., 

Pennsylvania, United States). When normality and homogeneity of  variance were conf irmed, one-

way ANOVA with Tukey’s test was performed to calculate statistical differences between average 

values. When the data did not comply with ANOVA assumptions, the non-parametric Kruskal–
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Wallis median test was used. The sof tware used was Statistica version 7.0 (Statsof t Inc., Tulsa,  

United States). For all tests, a probability greater than 95 % (p < 0.05) was considered as 

signif icant. 

 

 2.1.4 Growth rate of Clostridioides difficile strains 

 Growth rates are calculated with based on the slope of  the curve correspondent to the 

exponential phase of  growth f rom the strains. Growth curves were performed by measuring the 

OD at 600 nm (OD600) hourly for 14 hours af ter inoculation. For inoculation, a pre-inocula was 

performed, so that all strains start at an equal OD600 of  0.05. Antibiotics were supplied to the 

media of  growth when necessary. Generation time was determined according to the following 

equation: generation time = ln(2)/growth rate. Data obtained was checked for agreement and 

statistical dif ference use GraphPad Prism (GraphPad Sof tware, San Diego, USA). A Dunn’s 

multiple comparison test was performed to calculate statistical dif ferences between each strain 

and it’s control. For all tests, a probability greater than 95 % (p < 0.05) was considered as 

signif icant. 

 

 2.1.5 Sporulation Efficiency of Clostridioides difficile strains 

 Sporulation assays were performed as described previously  (Putnam et al., 2013; 

Serrano et al., 2016). 150 μL of  a BHI overnight culture was inoculated in a plate of  70:30 medium 

(table 5). Af ter 24 h, serial dilutions were performed (up to 10-5) and three spots (20 μL) of  each 

of  the dilution performed were spotted onto BHI plates supplemented with 0.1 % of  sodium 

taurocholate (TA; Roth, Karlsruhe, Germany) to induce spore germination. Af ter platting, the 

dilutions were removed f rom the anaerobic chamber and incubated 30 min at 70 ºC.  This step is 

performed to assure that all CFUs platted af ter the heat shock are originated f rom spores and not 

viable vegetative cells. Af ter the heat shock, they were reintroduced in the chamber where the 

platting of  the three spots per dilution was repeated. Af ter 24 h of  incubation the colonies were 

counted, and the assessment of  sporulation ef f iciency was calculated according to the formula:  

Sporulation efficiency (%) =
CFU/ mL of heat − treated cells

CFU/mL of non − treated cells + CFU/mL of heat − treated cells
× 100 

 Data obtained was checked for agreement to the normal distribution and for homogeneity 

of  variance (Anderson-Darling test and Levene’s test, respectively) by using the MiniTab17 

sof tware (Minitab, Inc., Pennsylvania, United States). When normality and homogeneity of  

variance were conf irmed, one-way ANOVA with Tukey’s test was performed to calculate statistical 

dif ferences between average values. When the data did not comply with ANOVA assumptions, 

the non-parametric Kruskal–Wallis median test was used. The sof tware used was Statistica 

version 7.0 (Statsof t Inc., Tulsa, United States). For all tests, a probability greater than 95 % (p < 

0.05) was considered as signif icant. 
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2.2 Genetic and molecular biology techniques 

 2.2.1 Molecular cloning 

 DNA f ragments for cloning were generated by the polymerase chain reaction (PCR) using 

the high f idelity Phusion DNA polymerase (Thermo scientif ic, Rockford, USA). All oligonucleotide 

primers used in this work are listed in the table 3. PCR products were purif ied and concentrated 

using the DNA Clean and ConcentratorTM – 5 kit (Zymo research, Irvine, USA.). All other general 

cloning methodologies were as previously described (Sambroock and Green, 2012). All DNA 

restriction and modif ication enzymes were obtained f rom Thermo Fisher Scientif ic and used 

according to the manufacturer’s guidelines. All the plasmids used and constructed during this 

work are listed in table 4. All newly constructed plasmids were verif ied by DNA sequencing.  

 

 2.2.2 Colony PCR  

 Genomic DNA was extracted using the Chelex (Sigma-Aldrich) resin that binds cellular 

polar components while the RNA and DNA remain in water solution. A single colony was 

resuspended in 100 µL of  5 % Chelex resin. Then, cells were subjected to heat at 95 ⁰C for ten 

minutes followed by a centrifugation at 10000 x g for one minute. Finally, 50 µL of  the supernatant  

were collected and one µL was directly used for PCR with target primers using the DreamTaq  

DNA polymerase (Thermo Scientif ic, Rockford, USA) according to the manufacturer guidelines. 

 

 2.2.3 Extraction of plasmid DNA 

 To identify the transformants carrying the desired construct, plasmid DNA was extracted 

and analysed by digestion with the appropriate restriction endonucleases. Single colonies f rom 

E. coli strain DH5α were incubated overnight in f ive mL of  LB medium with the appropriate 

antibiotic at 37 °C with orbital shaking. Af terwards, two mL of  this culture was centrifuged for f ive 

minutes at 13000 x g and the sediment was suspended in 360 μL of  STET buf fer (table 6), 24 μL 

of  lysozyme (10 mg/mL) and 10 μL of  RNAse (10 mg/mL). The mix was incubated at 37 °C for 30 

minutes and then boiled at 100 °C for one minute. The tubes were then centrifuged at 13000 x  g 

for ten minutes and the sediment was removed with a loop. Isopropanol was added to the 

remaining content to a f inal concentration of  70 % (v/v) and the mix was then centrifuged at 13000 

x g for 45 minutes at 4 °C. Finally, the supernatant was carefully decanted, and the sediment was 

air dried. The sediment was then resuspended in 20 µL of  MilliQ H2O. To verify the presence of  

the insert, digestion with restriction enzymes was performed. The digested product was then 

verif ied through gel electrophoresis (see 2.2.4).  

 To obtain the ideal purity, quality, and concentration of  the DNA for genetic transformation 

experiments, cloning and DNA sequencing, the isolation of  the plasmid DNA f rom E. coli was 

performed using the “NZYMiniprep” extraction kit (NZYTech, Lisbon, Portugal) according to the 
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protocol provided by the manufacturer. “NZYMiniprep” extraction kit is based on the alkaline lysis 

of  the cells and the adsorption of  DNA to a silica matrix immobilized in a column.  

 

  

 

 2.2.4 DNA gel electrophoresis 

 DNA samples were subjected to gel electrophoretical analysis to verify the presence, size 

(bp) and integrity of  specif ic DNA f ragments  Agarose gels (1% agarose) were prepared in TAE 

buf fer 1x (table 6) with ethidium bromide (0.001 % (v/v)). Orange G loading buf fer (table 6) was 

added to the DNA samples prior to loading into the agarose gel. The gel electrophoresis was 

conducted at a constant voltage of  100 V and DNA was visualized under UV light (205 nm). The 

size of  the f ragments was estimated by comparison with a commercial molecular weight marker, 

1 Kbp plus DNA Ladder (Invitrogen, Carlsbad, California, USA.).  

 

 2.2.5 Competence development in E. coli and transformation 

 Competent E. coli cells were prepared as follows, LB medium (100 mL) was inoculated 

with 200 µL of  an overnight culture and incubated at 37 °C with orbital shaking until an OD600 

between 0.3-0.4 was reached. The culture was then incubated in ice for 15 minutes and 

centrifuged at 900 x g for 15 minutes at 4 °C. The resultant supernatant was then decanted, and 

the sediment suspended in 30 mL of  ice-cold RF1 buf fer (table 6). The resuspended sediment 

was then incubated in ice for 15 minutes and centrifuged at 900 x  g for 15 minutes at 4 °C and 

the supernatant decanted. The resulting sediment was then resuspended in eight mL of  ice-cold 

RF2 buf fer (table 6). 

 For transformation, 10 µL of  the ligation mixture or 1 µL of  plasmid DNA were added to 

200 µL of  competent E. coli cells and incubated for 30 minutes on ice. A thermal shock was 

performed, at 42 °C for 90 seconds followed by two minutes in ice. One mL of  LB medium was 

then added, and the culture incubated for two hours at 37 °C with orbital shaking. Af ter the 

incubation period, the culture was then centrifuged for two minutes at 6000 x g. 900 µL of  the 

resultant supernatant was discarded and the sediment was resuspended in the remaining volume. 

The E. coli cells were then plated in LA medium with appropriate selective antibio tic and incubated 

overnight at 37 °C. 

 

 2.2.6 Conjugation of plasmids into Clostridioides difficile 

 The conjugation process is a DNA transference method that requires direct cell -to-cell 

contact and a bridge-like connection between a donor and receiver cell. Using E. coli strain HB101 

(RP4) as a donor, the plasmid DNA was transferred by conjugation into the C. difficile receiver 

strain as previously described (Bhattacharjee & Sorg, 2020). Brief ly, the receiver C. difficile strain 

was streaked onto a BHI agar plate supplemented with cefoxitin (25 µg/mL) and incubated at 37 

°C for 48 hours in anaerobic conditions (5 % H2, 10 % CO2, 85 % N2). The next day, the E. coli 
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HB101 (RP4)  containing the plasmid of  interest, was streaked onto LB agar media plate 

supplemented with the appropriate antibiotics and incubated overnight at 37 °C.  A inocula of  each 

strain was performed until an OD600 of  about 1 was reached. Af ter, 1 mL of  the E. coli (donor) 

strain was centrifuged, and the sediment resuspended in new LB media. The cells were then 

centrifuged a second time and the supernatant removed. The cellular sediment of  the donor strain 

was then resuspended in 300 µL of  the C. difficile receiver strain, and the resulting mixture was 

spot-plated onto non-selective BHI agar and incubated anaerobically at 37 °C overnight. The 

resulting spots were then retrieved with a loop and resuspended in one mL of  BHI. The 

suspension was plated in triplicate in BHI supplemented with cefoxitin (25 µg/mL) and 

thiamphenicol (15 µg/mL) to counter-select for E. coli cells. The plates were then incubated 

anaerobically for 48 hours at 37 °C. Isolated colonies were streaked a second time in BHI plates 

with cefoxitin and thiamphenicol to unsure the selection of  conjugated C. difficile cells. Conjugated 

strains were then kept at - 80 °C with glycerol for further use. 

 

 2.2.7 Clostridioides difficile mutant construction through Allele 

Couple Exchange (ACE) 

 In ACE mutagenesis, a specif ic plasmid originated f rom pMTL-YN3 (table 4) containing a 

truncated version of  the target gene and its f lanking regions (to allow recombination), is expected 

to integrate into the chromosome and replace the wild type gene by the truncated version of  itself  

(Ng et al., 2013). Plasmid pSR86  (table 4) was introduced into E. coli HB101 (RP4) and then 

transferred to strain 630ΔermΔpyrE by conjugation. Following two passages on BHI agar 

supplemented with 25 µg/mL cefoxitin and 15 µg/mL thiamphenicol, colonies that were noticeably 

larger (indicative of  plasmid integration) were streaked onto C. difficile minimal medium (CDMM; 

Karasawa et al., 1995; table 5) supplemented with 5 µg/mL uracil and 2 mg/mL 5-f luoroorotic acid 

(FOA) to select for plasmid excision. The isolated FOA-resistant colonies were screened by 

colony PCR using primers Veg-vef-fw and Veg-vef -Rv (table 3). Double-crossover mutants, in 

which the mutant allele was successfully integrated yielded products smaller than those seen in 

WT revertants (931 bp instead of  1091 bp). 

 

2.2 Biochemical techniques 

 2.3.1 Protein production by auto-induction in E. coli  

 E. coli BL21 (DE3) (table 2) transformed with the recombinant plasmid pBG1 (table 4) 

was grown in 100 mL of  autoinduction medium (Studier, 2005, table 5) supplement with ampicillin 

(100 µg/mL) at 37 °C, with orbital shaking for 18 hours. Af ter incubation, the cells were collected 

by centrifugation at 7000 x g for 30 min at 4 °C and the resultant sediment was resuspended in 

Start buf fer (table 6) and stored at -20 °C until needed. 
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 2.3.2 Protein purification by affinity chromatography 

 The cells resulting f rom the auto-induction growth were thawed, 0.1 µL of  benzonase ® 

nuclease was added per ten mL of  bacterial suspension and incubated for four minutes in ice 

before proceeding with cell disruption. The cell suspension was passed through a French press 

cell at 63.276 kg.cm-2.  Af ter clearing cell debris by centrifugation at 18 000 x g for one hour at 4 

°C, the soluble f raction was then kept in ice until it  was used for protein purif ication through af f inity 

chromatography. The resultant sediment was resuspended in ten mL of  Start buf fer. The f ractions 

collected through the cell disruption process (total cell extract, sediment, soluble f raction) were 

analysed through 15 % SDS-PAGE (see 2.3.3). 

 The His6-Tag fusion protein was purif ied over a 5 mL Nickel His -Trap column (GE 

Healthcare Bio-Sciences AB, Uppsala, Sweden) in a ÄKTA purif ier 10 (GE Healthcare Bio-

Sciences AB, Uppsala, Sweden) system. All the reagents used during the purif ication procedure 

were f iltered before loaded into the system. All method programmes used in the ÄKTA system 

took in account the maximum internal system pressure. The maximum column pressure and the 

f low (mL/min) of  injection into the column was set accordingly. All absorbance measurements in 

the ÄKTA system were performed with a wavelength of  280 nm. The column was f irst washed  

with f ive volumes of  column (VC) of  MilliQ water, followed by equilibration with f ive VC of  Start 

buf fer. The soluble f raction was then loaded into the column and the f low-through was collected. 

The column was washed with f ive VC of  Start buf fer, and the protein was eluted with a continuous 

gradient of  imidazole f rom 20 mM to 500 mM of  imidazole (Start buf fer and Elution buf fer, 

respectively; table 6) in an 80 mL range with a 0,8 mL/min f low. The elution f ractions were 

collected using a Fractioner 900 with 2 mL per f raction. The f raction collected were then 

electrophoretic resolved into a 15 % SDS-PAGE (see 2.3.3).  

 The purif ied protein was dialysed overnight at 4 °C in SnakeSkin™ Dialysis tubing (3.5 

KDa MWCO, 16 mm; Thermo scientif ic, Rockford, USA) for buffer exchange to CHES buf fer (500 

mM NaCl; table 6). The samples were then concentrated in a Vivaspin column (MWCO 3,000.  

GE Healthcare Bio-Sciences AB, Uppsala, Sweden) until a concentration of  450 µM (~ 4 mg/mL) 

was reached. Concentration measurements were made in a Nanodrop ND -2000-C (Thermo  

scientif ic, Rockford, USA) at a wavelength (λ) of  280 and 190 nm. The concentrated purif ied 

protein was stored in -80 °C until usage. 

 

  

 2.3.3 SDS-PAGE 

 Purif ied proteins and products of  the cross-linking reactions were analysed by SDS-

PAGE. Samples were loaded on 15 %, SDS-PAGE gels (resolving and stacking: table 6) af ter 

boiling for f ive min at 100 °C in loading buf fer (table 6) . The Precision Plus Protein™ All Blue 

Ladder (BioRad, Hercules, USA) was used as a molecular weight marker. To stain, the gel was 

incubated for one hour in the coomassie solution (table 6) and then, in destaining solution (table 

6) until the background was clear. Stained gels were imaged using an iBright system (Thermo  

scientif ic, Rockford, USA), using the universal tool with the Coomassie channel.  
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 2.3.4 Western Blot 

 Proteins were electrophoretically transferred f rom SDS-PAGE gel to nitrocellulose 

membranes (Supported Nitrocellulose, 0.45 µm; BioRad, Hercules, USA) at 100 V for 90 minutes 

using transfer buf fer (table 6). The membrane was then incubated in ten mL of  5 % milk in PBS-

T (table 6) for one hour with agitation at room temperature. The blocking solution was then 

removed, and the antibody anti-his-tag (Merck, Darmstadt, Germany) was added at a dilution of  

1:1000 in ten mL of  PBS-T with 0.5 % milk. The membrane was incubated overnight with the 

antibody solution at 4 °C without agitation. The antibody solution was then discarded, and the 

membrane washed 3 times with PBS-T for ten min, each wash. A mouse peroxidase-conjugated 

secondary antibody (Sigma, Darmstadt, Germany) was added, at a 1:2000 dilution in 10 mL PBS-

T with 0.5 % milk. The membrane was incubated for 30 min at room temperature with agitation. 

Finally, the membrane was washed 3 more times in PBS- T for ten min each wash. Proteins were 

detected using the “SuperSignal West Pico Chemiluminescent” reagents (Thermo Scientif ic, 

Rockford, USA) and imaged in the iBright system (Thermo Scientif ic, Rockford, USA) with the 

“Chemi Blot” tool. Images were adjusted, cropped, and quantif ied using the iBright system image 

analysis (Thermo Scientif ic, Rockford, USA).  

 

  2.3.5 Thermofluor assay for buffer screening 

 Thermof luor assays allows to determine the stability of  the protein in solution through the 

melting temperature (Tm). Protein melting temperature determination was performed through 

monitorization of  the protein unfold using a f luoroprobe SYPRO Orange dye (Molecular Probes), 

which upon binding to hydrophobic protein regions emits f luorescence that can be measured as 

a function of  temperature. The thermal shif t assay was performed on an iCycle iQ5 Real Time 

PCR Detection System (Bio-Rad), equipped with a charge-coupled device (CCD) camera and a 

CY3 f ilter with excitation and emission wavelengths of  548 and 595 nm, respectively. Optimization 

of  the protein and dye concentration in the f ixed assay reaction volume were performed in a 

primary assay to assess signal strength. Using a f ixed protein concentration of  0.05 mg/ mL, 

increasing dye concentrations were tested (f rom 1- to 10-fold, diluted f rom the initial 5000-fold 

stock in HEPES buf fer (table 6). The 96-well plates were sealed with Optical Quality Sealing Tape 

(Bio-Rad) and centrifuged at 2500 xg for 2 min immediately before the assay to remove possible 

air bubbles. For the thermal denaturation the plates were heated f rom 10 to 100 °C with stepwise 

increments of  1 °C per minute and a ten second hold step for every point, followed by the 

f luorescence reading. The best signal-to-noise ratio was obtained using 7.5 µg of  protein per well 

and ten- fold dye as f inal assay concentrations, and subsequently these conditions were used for 

the remaining of  this work. Buf fer formulation screening was prepared based on the Solubility kit 

f rom Jena Biosciences (100 mM buf fer concentration and pH range 3–10) with the addition of  

increasing NaCl concentrations (0, 150 and 500 mM). The assay was prepared by adding 2.5 µL 

of  protein–dye mixture solution previously prepared in HEPES buf fer with 22.5 µL of  the dif ferent 
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screening buf fers. The reference experiment was prepared using the protein purif ication buf fer 

(Start Buf fer, table 6). This protocol was adapted f rom Santos et al., 2012. 

 

  

 2.3.6 Size Exclusion Chromatography  

 Size Exclusion Chromatography (SEC) assays allow to better comprehend the oligomeric 

equilibrium of  a protein. Purif ied Veg was taken for buf fer exchange by dialysis to CHES buf fer 

with two concentrations of  NaCl (500 mM NaCl and 100 mM NaCl; table 6), Tris -HCl (table 6) and 

CAPS (table 6). Each sample was load in a a SuperDex75 10/300 increase column (GE 

Healthcare Bio-Sciences AB, Uppsala, Sweden) previously equilibrated with two VC of  the 

respective buf fer. For the study of  the oligomeric state of  the Veg protein in the presence of  nucleic 

acids, a 10 poly-U sequence or a 10 poly-T sequence (Metabion, Planegg, Germany; table3) was 

added to Veg in solution in a 7:1 proportion (Veg:nucleic acid) and incubated for ten minutes at 

room temperature before injection into the SuperDex75 10/300 increase column. The method 

used was adapted f rom the work previously described by (Kilic et al., 2006; G. M. Wilson et al., 

1999). 

 The column was calibrated with the gel f iltration molecular marker Gel Filtration Standard 

(BioRad, Hercules, USA; Thyroglobulin (bovine) 670 kDa;  -globulin (bovine) 158 kDa; 

Ovalbumin (chicken) 44 kDa; Myoglobulin (horse) 17 kDa; Vitamin B12 1.35 kDa), which was 

prepared in the same buf fer used for equilibration of  the column. Af ter each run, f ractions 

containing protein and the nucleic acids were subjected to SDS-PAGE and immunoblot analysis. 

 

 2.3.7 Electric Mobility Shift Assay (EMSA) 

 Electric Mobility Shif t Assay (EMSA) takes base in the electrophoretic mobility shif t of the 

interaction complex between protein and nucleic acid. The DNA f ragments were PCR amplif ied 

with primers labelled with CY3 f luorophore at the 5’-terminal (table 3). Dif ferent concentrations of  

Veg (500-1000 nM) were incubated with 3 ng/µL of  each PCR product in EMSA buf fer (table 6) 

for 30 minutes in the dark. Af ter the incubation, samples were resolved by 6 % polyacrylamide 

gel (in TAE buf fer) for two hours at 100 V, 4 °C. The gels were scanned in the iBright system 

(Thermo Scientif ic, Rockford, USA), with the “Fluorescent blots” tool. Images were adjusted, 

cropped, and quantif ied using the iBright image analysis package (Thermo Scientif ic, Rockford, 

USA).  

 

 2.3.8 Crosslinking assays with Glutaraldehyde 

 Crosslinking assays were performed as described previously by Fadouloglou et al., 2008. 

Glutaraldehyde (GA) was added to a mix of  Veg (at 210 µM) and RNA in a 7:1 ratio (Veg:RNA),  

to a f inal concentration of  0.05 % (v/v). Time points were then retrieved f rom the reaction point 

just af ter addition (time 0) and at 15 s, 30 s, 1 min, 5 min, 10 min, 20 min and 30 min thereaf ter.  

Quenching buf fer was added to the samples (table 6). Af ter quenching, the samples were boiled 



24 
 

for f ive minutes at 100 ºC and loaded into an SDS-PAGE gel followed by Western Blot that were 

performed as previously described (2.3.3 and 2.3.4, respectively).  
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3. Results 
 

 3.1 Role of veg in Clostridioides difficile 
 

 A phenotypical analysis of  the veg mutant could provide further insights into the function 

of  Veg during growth, sporulation, and biof ilm formation in C. difficile. Previous studies in B. 

subtilis have shown that Veg inf luences both biof ilm formation and spore assembly (see 1.2.4; 

(Lei et al., 2013)).  

  3.1.1 Construction of a multicopy allele of veg 

 A classical approach to understand the function of  a gene is to perform a deletion (knock-

out mutant) and evaluate the resulting phenotype. Af ter deletion of  the gene of  interest, a 

complementation strain would be constructed to verify if  the wild -type (wt) phenotype would be 

restored. In the impossibility of the deletion of  a gene, i.e., an essential gene, other approaches, 

such as propagating the gene in a multicopy vector (knock-in mutant), may be taken. 

 Multiple attempts to construct a strain carrying a veg in f rame deletion using allelic-

coupled exchange (ACE) methodology (Ng et al., 2013) were performed (see 2.2.7). This system 

allows the construction of  in-f rame deletion mutants in any location in the genome using a 

heterologous pyrE gene, as a negative selection marker. More importantly, the mutant can be 

complemented concomitantly with restoration of  the pyrE gene. 630erm transconjugants 

obtained with pSR86 (table 4), were re-streaked two times onto BHIS plates with thiamphenicol 

and cefoxitin to select for the single crossover. Subsequently, single colonies were re-streaked 

onto minimal medium supplemented with FOA and uracil to select for cells in which the integrated 

plasmid had excised. Depending on which homology arm undergoes recombination, plasmid 

excision can result in either the desired double crossover mutant, or a wildtype cell. All the FOA 

resistant colonies yielded a 1091 bp DNA f ragment, consistent with the presence of  a wild -type 

copy of  the gene. The dif f iculty in deleting the veg gene may be an indication that veg could be 

essential for growth.  

 In the impossibility to perform a knock-out of  veg, a dif ferent tactic was taken, and the 

construction of  a knock-in mutant was attempted. We were unable to clone the intact veg gene 

with its own promoter in E. coli. Dif ferent approaches were thought, such as the use of  a promotor 

inducible with anhydro-tetracycline (Ptet), but the use of  this compound strongly impaired biofilm 

formation. A form to curve this challenge was to couple veg to a promotor constitutively expressed 

in C. difficile. With this purpose, the promotor of  spo0A was chosen since it is expressed at all 

stages of  growth in C. difficile and in most cells in the population (Deakin et al., 2012b). To do 

this, we used genomic DNA f rom strain 630erm of  C. difficile to PCR-amplify the veg open 

reading f rame (275 bp) using the oligonucleotide primers Veg-EcoRI-Fw and Rw-Veg-XhoI and 

Pspo0A (490 bp) using primers PspoA-EcoRI and SOE Pspo0A-Veg. The two resulting DNA 

f ragments were fused by SOE-PCR (splicing by overlap extension PCR) using Pspo0A-Veg and 
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Rw-Veg-XhoI as the forward and reverse primers, respectively. The amplif ied fused product (795 

bp), named Pspo0A-veg was digested with EcoRI and XhoI and inserted between the same sites 

of  the multicopy plasmid pMTL84121 (Heap et al., 2009)  to yield pLB2 (vegMC; table 4; f igure 

3.1A).  Af ter conf irmation through agarose gel electrophoresis of  the digested products (f igure 

3.1B) and sequencing, pLB2 was transferred into C. difficile by conjugation. The recipient strains 

were 630erm, a lab control strain, and a clinical isolate, strain 1800 (RT126), a strong biofilm 

producer. This yielded strains AHCD1648 and AHCD1649, respectively. Two additional 

derivatives of  the same strains were constructed for control purposes, AHCD543 and AHCD1650,  

respectively, harbouring pMTL84121 (empty plasmid, ep). 

 

Figure 3.1 – Construction of veg under the control of the spo0A promotor in a multicopy vector, 
pLB2. For the functional characterization of Veg we started with construction of a plasmid in which veg is 
under the control of the spo0A promoter. pLB2 was inserted in the lab strain 630Δerm and in the epidemic 
strain 1800. (A) Map of pLB2, the multicopy vector for veg multicopy (vegMC). The inserted fragment is 
represented in blue and red, blue representing the spo0A promotor and red the veg coding region. Dotted 
lines represent the cleavage site of the endonucleases. (B) An agarose gel (1%) of the undigested plasmid, 
lane 1 and of the digested plasmid; digestion was performed with EcoRI and XhoI endonucleases, lanes 2.  

 

  3.1.2 Characterization of the veg multicopy strains 

 This multicopy alleles may act as gain of  function mutations and if  so, these alleles can 

provide insight into gene function. To characterize the strains carrying the vegMC allele, assays 

for growth rates, biof ilm production and sporulation were carried out.  

  3.1.2.1 Growth rate  

 Biof ilm production and sporulation are stationary phase processes. To rule out that the 

dif ferences in sporulation and biof ilm formation between strains resulted f rom dif ferences during 

vegetative growth, growth rates were calculated  as described in 2.1.4. Brief ly, a starter culture 

with a f ixed OD600 were incubated and the OD600 was measured at hourly intervals for 14 hours. 
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In the 630erm background, no significant differences were observed between the strain carrying 

the empty plasmid or the vegMC allele (0.462 h-1 and 0.526 h-1, respectively; f igure 3.2A). However 

signif icant dif ferences (p < 0.05) were observed in the 1800 background b etween the two strains 

(f igure 3.2A). The presence of  vegMC increased the growth rate to 0.634 compared to 0.559 h-1 

for the strain carrying the empty plasmid. These results indicate that veg may also have a role 

during growth, at least in some genomic backgrounds. 

  

  3.1.2.2 Biofilm production 

 As explained in section 1.2.4, in B. subtilis, Veg has an impact on biof ilm formation by 

repressing SinR which in turn represses the matrix operon genes (Lei et al., 2013a). To analyse 

a possible role of  Veg on biofilm formation in C. difficile we tested the ability of  the strains bearing 

a vegMC allele to form a biof ilm in the presence of  glucose and deoxycholate (DOC), using the 

crystal violet assay, as described in sections 2.1.2 and 2.1.3.  

 As expected, at 48 hours strains f rom the 1800 background produced around f ive times 

more biof ilm than the 630erm strains (Louro, 2020). Strain 630erm and its vegMC and empty 

plasmid derivatives showed no signif icant dif ferences in biof ilm formation (p > 0.05) at 48 hours 

of  incubation; this was not the case for biof ilm fo rmation of  strain 630erm upon 24 hours of  

incubation, where the strain bearing the vegMC allele produces signif icantly more biof ilm than the 

one with the empty plasmid (p < 0.05). (f igure 3.2B). The 1800 strains showed no signif icant 

dif ferences in biof ilm formation in the two incubation periods (p > 0.05) (f igure 3.2B). These results 

suggest that the veg gene may positively af fect the onset of  biof ilm formation in the lab strain 

(630erm) but has no impact on the already strong biof ilm producer 1800.  

 

  3.1.2.3 Sporulation 

 For an obligate anaerobe like C. difficile, spores are essential to survive in the aerobic 

environment. These dormant cells, resistant to oxygen and antibiotics, are a vehicle for 

transmission and dissemination as well as a way to persist inside the host (Paredes-Sabja et al., 

2014b). Since spores are a key component of  CDI, we analysed the ability of  the various strains 

to sporulate (f igure 3.2C). For that, we analysed their ability to form heat resistant spores af ter 24 

h of  incubation, as described in section 2.1.5. 

 Strains f rom the 1800 background produced more spores than the 630erm strains 

(f igure 3.2C). The 630erm strains showed a normal and homogenous distribution between the 

strain with the empty plasmid and the vegMC strain, and no signif icant dif ferences were detected 

(p > 0.05), with an average sporulation ef f iciency of 45 % (f igure 3.2C). In the 1800 strains, even 

though no signif icant dif ferences are evident between sporulation ef f iciency of  the two strains (p 

> 0.05), the distribution of  the measurements for both samples is non-homogenous (p < 0.05), 
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but the statistical precision is higher in the vegMC strain that in the control strain (σC > σVeg). Thus, 

concerning sporulation ef f iciency the vegMC alelle in the 1800 background reduces variance when 

compared to the other strains tested (f igure 3.2C).  

 

 

Figure 3.2 – Characterization of veg multicopy strains. The following assays were conducted: growth 
curves (A), biofilm formation (B) and sporulation efficiency (C). (A) Growth curves upon Veg 
overproduction (OD600). Blue lines represent strain 630Δerm and orange lines strain 1800. Darker bars 
represent strains containing vegMC and brighter bars represent control strains carrying the empty plasmid. 
The * symbol represents significant differences between conditions (p < 0.05). (B) Biofilm formation of 
strains bearing vegMC (OD600). Biofilm formation was assessed as previously described (see the Material 
and Methods section), after 24 and 48 hours of incubation. Blue bars represent strain 630Δerm and orange 
bars strain 1800. Darker bars represent strains containing vegMC and brighter bars represent control strains 
containing the empty plasmid. Error bars represent standard deviation. Statistical analysis was performed 
using a one-way ANOVA test when the samples were normal and homogeneous, if this was not verified, a 
non-parametric test, Kruskal-Wallis, was performed. The * symbol represents significant differences 
between conditions (p < 0.05). (C) Efficiency of sporulation of strains bearing vegMC (%). Blue bars 
represent strain 630Δerm and orange bars strain 1800. Darker bars represent strains containing vegMC and 
brighter bars represent control strains containing the empty plasmid. Error bars represent standard deviation. 
Statistical analysis was performed using a one-way ANOVA test when the samples were normal and 
homogeneous, if this was not verified, a non-parametric test, Kruskal-Wallis, was performed.  The * symbol 
represents significant differences between conditions (p < 0.05). 
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 3.2 In vitro characterization of Veg  
 

  3.2.1 Overproduction and purification of Veg  

 To gain a deeper understanding into the mechanism of  action of  Veg we overproduced 

Veg-His6 in E. coli (DE3), and purif ied the protein through af f inity chromatography (see 2.3.2). 

The plasmid for overproduction of Veg-His6 (pBG1) was described previously (Gonçalves, 2020). 

 Veg-His6 production was auto-induced in 1 L cultures of  E. coli (DE3) harbouring the 

pBG1 plasmid (table 4), in auto-induction media. Af ter collected by centrifugation and 

resuspended in Start Buf fer, whole cell lysates were prepared through mechanical disruption in a 

French Press. The soluble f raction was then loaded  into a Superdex75 100/300 column pre-

equilibrated with Start buf fer, coupled to an ÄKTA system. Before an increasing gradient of  

imidazole was applied (Elution buf fer), the chromatogram shows a f irst peak of  absorbance at an 

elution volume of  about f ive mL that corresponds to remaining unspecif ic binding to the column’s 

matrix (f igure 3.3A). When the imidazole gradient was applied, a single peak is observed, at an 

elution volume of  approximately 47 mL with a maximum absorbance of  667 mAU. The maximum 

absorbance of  the peak corresponds to a concentration of  approximately  210 mM of  imidazole 

(f igure 3.3A). Veg elutes at 210 mM of  imidazole and is partially purif ied, with the peak 

corresponding to the elution f ractions 15-17. 

 Samples f rom each step of  the purif ication was analysed by 15 %  SDS-PAGE (f igure 

3.3B). Brief ly, Veg-His6 is produced as a single species of  about 11 kDa, close to the expected 

mass of  the protein (10.9 kDa) (f igure 3.3B; red arrow). Veg is present in the soluble f raction (S) 

as well as in the insoluble f raction (P). Veg is still present in the Flow-Through of  the column (FT) 

probably due to saturation of  the column’s matrix or insuf f icient contact with the matrix. Veg elutes 

partially purif ied in the peak f ractions, 15, 16 and 17 (f igure 3.3B). 

 The concentration of  Veg was determined using a Nanodrop system with the estimated 

MW and Molar extinction (5960 M-1 cm-1) coef f icient of  Veg. Veg elutes at a concentration of  83 

µM (0.9 mg/mL). Veg was then dialysed into the desired buf fer, usually CHES buf fer (table 6), 

concentrated to 450 µM, and kept at - 80 °C until needed for further assays. 
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Figure 3.3 – Purification of Veg by affinity chromatography in a Ni2+-His-trap column. (A) 
Chromatogram of elution of a Ni2+-His-trap 5 mL column after application of the soluble cellular fraction. 
Black line represents the absorbance from the elution of the column at a wavelength of 280 nm and the 
green line represents the percentage of imidazole in the elution buffer. Red lines count the collected fractions 
of the elution. Fractions associated with a peak were resolved by SDS-PAGE. (B) SDS-PAGE gel 
representative of the process of Veg purification: Ext- total cellular extract from cell disruption; P- Insoluble 
fraction of the extract; S- Soluble fraction of the extract; FL-T- Flow through of the column after sample 
application; fractions, 15, 16 and 17 correspond to the collected elution fractions marked in the 
chromatogram. Samples were resolved by 15 % SDS-PAGE. 

 

  3.2.2 Buffer screen using a Thermofluor reveals increased stability of 

Veg in high salt molarity and pH. 

 The Thermof luor assay has the ability to screen in parallel a multiplicity of  buf fer 

conditions and requires only microgram amounts of  protein. The Thermof luor assay determines 

the protein melting temperature (Tm) and is based on the interaction between a dye and the 

hydrophobic regions of  the protein, which are exposed upon protein thermal denaturation. The 

assay consists initially, on the non-interaction between the dye and the native folded protein. As 

the temperature increases the protein undergoes thermal denaturation, exposing its hydrophobic 

patches and thus causing a drastic increase in the f luorescence signal due to the strong 

interaction of  the dye with those regions. Thermof luor has been shown to be quite ef fective in 

identifying the best buf fer formulation to be used for protein purif ication and storage (Santos et 

al., 2012). 

  The data derived f rom Thermof luor assays were analysed  taking into account two main 

factors: the midpoint temperature of  the protein-unfolding transition (Tm – melting temperature) 

and the transition slope. The ideal buf fer formulation is that where only one transition (folded-

unfolded state) is observed with a Tm increase relative to the initial purif ication buf fer. This  

increase means the protein is more stable and therefore more energy (heat) is required to unfold 

it. Since protein unfolding is a cooperative process, the unfolding of a small protein region should 

induce the immediate unfolding of  the remaining protein core; thus, an optimal protein stabilization 

buf fer should present a sharp and fast thermal denaturation transition between the folded and 

unfolded states, detected through high transition slopes, in parallel with a higher Tm. A preliminary  

screen was performed in order to choose the best signal-to-noise ratio, where dif ferent solutions 
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of  dye were diluted into 50 mM HEPES pH 8.0 (1, 2, 5 and 10-fold) and using a protein 

concentration of  0.05 mg/mL.  

 The dif ferent Veg denaturation curves were analysed and the f irst derivative was 

calculated in order to determine the protein melting temperature for each assay. Based on these 

assay conditions, a buf fer screen was carried out, consisting of  96 dif ferent b uf fers, each with a 

concentration of  10 mM and a pH range f rom 3 to 10. Each buf fer was prepared with dif ferent salt 

(NaCl) concentrations: 0, 150 and 500 mM. The Tm values determined f rom each condition were 

then compared with the Tm value f rom the control experiment. From the 96 conditions tested, the 

lower pHs, 3-4, gave no measurable transitions, probably due to the very low pH induce protein 

destabilization, which was independent of  the concentration of  salt in the buf fer (data not shown). 

Figure 3.4 shows the curves f rom the f luorescence data comparing the three buf fers used in this 

study in combination with dif ferent salt concentrations. For the establishment of  the optimal pH, 

three buf fers were chosen with a pH lower than, around as, and higher than the isoelectric point 

(pI) of  Veg (9.2): 10 mM Tris-HCl, pH 7.5, 10 mM CHES, pH 9.5, and 10 mM CAPS, pH 10, 

respectively. The three buf fers have the same NaCl concentration (500 mM) (f igure 3.4A). The 

lower pH shows no thermal transition, indicative of  protein instability in the buf fer. The higher pHs 

tested, 9.5 and 10, showed the generation of  a melting transition starting around the 50 °C. From 

this, we can conclude that the protein is more stable in a pH closer or higher than the proteins pI. 

From here, we carried the remaining assays for stability with CHES buf fer since it showed the 

narrowest melting transition. For the establishment of  the NaCl concentration, the buf fer and pH 

were f ixed, 10 mM CHES, pH 9.5 (f igure 3.4B). The same buf fer was tested with dif ferent NaCl 

concentrations, 0 mM, 150 mM, and 500 mM. 0 mM showed a high absorbance at low 

temperatures, indicative that Veg was already unfolded and unstable. The same was not 

observed in the 150 mM concentration, were there was a clear melting transition, with a def ined 

curve. However, the highest salt concentration had the best def ined melting transition, with the 

highest Tm, indicative of  the better stability of  the three concentrations tested. A third comparison 

was performed, between the buf fers further used in this study (see below; f igure 3.4C). All three 

buf fers had a concentration of  NaCl of  150 mM NaCl. In CHES and CAPS a melting transition 

curve is observed, indicative of  protein stability. On the contrary, in Tris -HCl buf fer, the 

chromatogram did not show a melting curve, indicative of  protein instability.  

 Considering the melting temperature and protein-unfolding transient slope of  Veg, we 

conclude that Veg is better stabilized by a 10 mM CHES, pH 9.5 buf fer with addition of  150-500 

mM NaCl (f igure 3.4 B;C).  
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Figure 3.4 – Buffer screen for protein stability using a Thermofluor assay. pH and NaCl concentrations 
were the parameters varied. (A) The three buffers have fixed NaCl concentration (500 mM), a pH lower than, 
closer to, and higher than, Veg isoelectric point (pI ~ 9,2) were tested. 10 mM Tris-HCl, 500 mM NaCl, pH 
7,5;  10 mM CHES, 500 mM NaCl, pH 9,5;  and 10 mM CAPS, 500 mM NaCl, pH 10, we re tested, 
respectively. (B) Three concentrations of salt were tested in the same buffer, 10 mM CHES, X mM NaCl, pH 
9,5. C: Stability of the protein in the three buffers used for Gel Filtration Assays.  

 

  3.2.3 Veg behaves as a monomer by Size Exclusion Chromatography 

 Veg contains an Sm-like domain (Lei et al., 2013a), which are known to form multimers  

with one another and bind, as heteromeric complexes to various RNAs, recognizing primarily 

short U-rich stretches. This family of  proteins include regulatory proteins that form a ring -shape 

homo-oligomer of  6 or 7 units, which bind to nucleic acids (Achsel et al., 2001b; Sauer et al., 

2002). In some cases, it was shown that the oligomeric behaviour was dependent on pH and on 

the presence of  a nucleic acid ligand (Kilic et al., 2006). As explained in section 1.2.4, the 

homology model constructed for Veg shows the characteristics of  the Sm-like domain and a 

possible heptameric oligomer (Bandyra et al., 2013; Mura et al., 2013) 

 To better understand the oligomeric state of  Veg-His6 in solution, size exclusion 

chromatography assays, hereinaf ter termed SEC, were performed. Dif ferent conditions were 

used to test for oligomer formation: protein concentration, pH, and the presence of  a short oligo-

U ssRNA or a short oligo-T dsDNA (f igures 3.5 and 3.6). 

 We f irst determine that Veg-His6 was more stable in high ionic force (500 mM NaCl) (see 

above, section 3.2.2). Nonetheless, increasing the ionic force decreases ionic interactions (Curtis 

& Lue, 2006; Deller et al., 2016; Ibragimova & Wade, 1998); therefore, af ter assessing the 

inf luence of  Veg concentration and the presence of  each nucleic acid, we repeated, the assays 

at a lower ionic force (100 mM NaCl). At a f irst approach, the ef fect of  Veg concentration at 

dif ferent pH on its oligomeric state was tested (f igure 3.5 A-C). A range of  Veg concentrations 

(between 50 and 250 µM) at dif ferent pH values (7.5, 10 and 11.5) were injected into a 

superdex75 increase 100/300 column. Higher concentrations were not tested due to  protein 

aggregation and precipitation. Dextran blue (DB; MW ~ 670 kDa) was also injected for column 

internal control. Dextran blue elutes f rom the column at an elution volume of  8 mL. At pH 7.5 and 
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10 only one major SEC peak is observed with the approximate molecular weight of  9.4 kDa and 

10.6 kDa, respectively. This peak contains the protein as shown by immunoblotting of  the peak 

f ractions (f igure 3.5 D-F). We conclude that in these conditions, Veg-His6 behaves as a monomer 

(MW= 10.5 kDa; 88 amino acids). At pH 7.5, peaks corresponding to low molecular weight 

species, in which the protein was not detected by immunoblot,  may result f rom proteolysis of  Veg-

His6. Tris-HCL pH 7.5 was the buf fer in which the protein was less stable (see above). At pH 11.5 

SEC of  purif ied Veg-His6  shows two main peaks (f igure 3.5C). The larger peak corresponds to a 

species of  18.3 kDa closer to that of  a Veg dimer. The smaller peak has a calculated size of  7.9 

kDa closer to that of  monomeric Veg-His6. These values, close to the expected sizes of  the dimer 

and monomer, represent a 2:1 ratio, respectively. In these conditions, with a pH above the pI, the 

protein has a global negative surface charge, which is in agreement with the homology model. 

These f indings suggest that Veg may change its oligomeric state in a concentration-independent 

but pH-dependent manner. Interestingly, immunoblot of  the purif ied Veg -His6 shows four species 

that exhibited molecular weights compatible with a monomer (the most represented species), a 

dimer, traces of  a possible trimer and also a high molecular form (f igure 3.5D).  

 

Figure 3.5 – Analysis of the oligomeric state of Veg by gel filtration. (A) A Superdex75 column was 
used to analyse the behaviour of Veg at different concentrations. Veg in 10 mM Tris-HCl, 500 mM NaCl, pH 
7,5 (B). Veg in 10 mM CHES, 100 mM NaCl, pH 9,5 (C) Veg in 10 mM CAPS, 100 mM NaCl, pH 10. mAU 
corresponds to milli-units of absorbance at 280 nm and MW to Molecular Weight in kDa. Each peak was 
analysed through SDS-PAGE and Western Blot, (D-F): Western blot analysis of the peaks of each 
chromatogram (a-e). P lane represents the total sample injected into the gel filtration system and each letter 
(a-e) a different peak. mAU corresponds to milli-units of absorbance at 280 nm and MW refers to molecular 
weight in kDa. Presence of Veg in the peak was indicated in red. 

 

 We next examined the oligomeric state of  Veg-His6 in the presence of  a short oligo-U 

ssRNA or a short oligo-T dsDNA (f igure 3.6). These assays were performed in the same 

conditions as the previous (f igure 3.5 A-B). Veg-His6 at pH10 and 7.5 was incubated with each 
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nucleic acid for 10 minutes before injection into the column and each nucleic acid was injected in 

separate as a control. SEC of  purif ied Veg-His6  incubated with either nucleic acid at both pH 

shows one main peak (f igure 3.6). This single peak is localized at the same elution volume as the 

protein alone (monomer) and also corresponds to the nucleic acid when injected in the absence 

of  Veg. This major peak contains the protein as shown by immunoblotting of  the peak f ractions 

(f igure 3.6C).  Taken together, our results suggest that at pH lower or similar to the pI, Veg-His6 

behaves as a monomer. Moreover, the presence of  short DNA or RNA oligos does not influences 

its oligomeric state. Unfortunately, due to time constrains we were not able to perform these 

assays at pH 11.5.  

 

 

Figure 3.6 – Analysis of the oligomeric state of Veg through gel filtration in the presence of nucleic 
acids. For these studies, a Superdex75 column was used. (A) In the presence of nucleic acids (T10 and u10), 
at high (10 mM CHES, 500 mM NaCl, pH 9,5) (B) and low ionic force (10 mM CHES, 100 mM NaCl, pH 9,5 
and 10 mM Tris-HCl, 100 mM NaCl, pH 7.5). (C) Each peak was analysed through SDS-PAGE and Western 
Blot analysis of chromatogram A (a-d). P lane represents the total sample injected into the gel filtration 
system. mAU corresponds to milli-units of absorbance at 280 nm and MW refers to molecular weight in kDa. 
The position of Veg in the peak is indicated in red. 

 

  3.2.4 Veg oligomerization  

 As an independent test of  oligomer formation by Veg, we used glutaraldehyde 

crosslinking assays. Purif ied Veg-His6  was subject to in vitro crosslinker experiments with 

glutaraldehyde (GA) and analysed by immunoblotting with an anti -Histag antibody. GA is a 
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crosslinker with a short arm that covalently binds two proteins that are close to each other and 

presumably interacting with each other. Crosslinkers with short arms are indicative of  a close 

proximity between two elements, making the covalent bonds formed more specif ic.  

 Crosslinking was performed with purif ied Veg-His6 at two dif ferent pH values, 9.5 and 

11.5. GA was added in a f inal concentration of  0.05 % (v/v) and incubated for 30 minutes with 

samples taken at the indicated time points (f igure 3.7). Each time point was then quenched using 

a f inal concentration of  Tris-HCl 1 M and analysed in a 15 % SDS-PAGE followed by 

immunoblotting. At pH 9.5  (f igure 3.7A), a fast disappearance of  the band corresponding to the 

monomer (predominant at time 0) is observable with the concomitant detection of  bands that may 

correspond to dimers and trimers (f igure 3.7A). Aggregation of  Veg in the microtube was observed 

during the experiment, forming a cloud with a cottage cheese-like texture and appearance. In 

later time points, 10’-30’, absence of  protein in the gel could be due to the large aggregates unable 

to enter the gel. Consistent with the SEC experiments (see 3.2.3), at pH 11 the predominant form 

of  Veg is a dimer (f igure 3.7B). However, three higher order protein complexes became apparent 

during crosslinking, which includes a trimer, a tetramer and a pentamer (f igure 3.7B). Additionally, 

the aggregation visible in the microtube at pH 9.5, was not observed in these conditions, possible 

due to an increased stability of  the protein at this pH as a result of  the global negative surface 

charge. In any case the pattern of  bands detected in both conditions  is similar possibly 

corresponding to complexes already present in solution. Although is not known whether Veg 

forms higher order complexed in vivo, these results indicates that Veg is capable of  forming a 

series of  higher order oligomers. 

 

Figure 3.7 – Glutaraldehyde crosslinking of Veg. Crosslinking of Veg was performed with glutaraldehyde 
(0.05 %) along the time to evaluate the formation of oligomeric forms in different conditions. (A) Crosslinking 
in 10 mM CHES, 100 mM NaCl, pH 9.5. (B) Crosslinking in 10 mM CAPS, 100 mM NaCl, pH 11.5. Each 
time point was then resolved through SDS-PAGE and subject to immunoblot analysis with anti-Histag 
antibodies. P represents the purified protein (without crosslinker). The position of molecular weight (MW, in 
kDa) markers is shown. 
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  3.2.5 Veg binds to DNA 

 As mentioned previously,  B. subtilis Veg is unstable in some culturing conditions. It was 

previously suggested that a protease, yet to be identif ied, would be involved in proteolysis of Veg 

(Ramalhete, 2021). The synteny of  veg and yabG (f igure 1.5A) suggest that the specif ic protease 

contributing to Veg instability could be YabG. YabG is a cysteine protease required in C. difficile 

for processing of  several spore surface proteins (Shrestha et al., 2019). YabG is also essential 

for the transcription of  at least two genes, cdeM and cotA (Marini, 2020). CdeM and CotA are key 

determinant of  the spore surface layers assembly (Pizarro-Guajardo et al., 2016, 2020). One 

hypothesis is that YabG removes by proteolysis a repressor of  cotA and cdeM expression. We 

postulate that Veg could be the putative repressor. Although Sm domains, as the one present in 

Veg, have been showed to bind RNA (Achsel et al., 2001b), we decided to test direct binding of  

Veg to DNA, specif ically to the promoter region of  cdeM (f igure 3.8). 

 To assess if  Veg interacts with the promoter region of  cdeM, a Electrophoretic Mobility 

Shif t Assay (EMSA) was performed. In this assay, a DNA f ragment marked with a f luorophore 

(CY3), is incubated with increasing concentrations of  Veg-His6, and the mix is resolved through a 

nondenaturating polyacrylamide gel (see 2.3.7).  

 

Figure 3.8 – cdeM locus and interaction with Veg. (A) Genomic region surrounding the cdeM gene in the 
C. difficile genome. (B) Sequence of the promotor region of cdeM. Sigma K binding region is represented in 
red (-35 to -10). Ribosome Binding Site (RBS) is represented in green. R1 and R2 are two regions AT rich, 
where is though that Veg would interact, and are represented in blue. (C) Map of the three fragments tested 
in EMSA assays. The first fragment is the full length, containing both the σK consensus binding site and the 
two AT repeats regions (-215 to +92) (a). The second fragment only includes the σK consensus binding site 
(-215 to +1) (b). The third fragment only includes the two AT repeat regions (R1 and R2) (-3 to +145) (c). (D) 
Electrophoretic mobility shift assay (EMSA) of Veg with the cdeM promotor region. EMSA assays were 
performed in increased concentrations of Veg ranging from 500 nM up to 1000 nM. All nucleic acid had a 5’ -
CY3 fluorophore and were added at 3 ng/well. Promotor fragments of the cdeM region were used. The 
regions of the cdeM promotor were the indicated in panel C (a, b, and c). 0 represents the control where no 
protein was added. 
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 A 301 bp DNA f ragment containing the promotor region of  cdeM (-215 to + 92, relative to 

the start codon was PCR-amplif ied using genomic DNA f rom strain 630∆erm and primer pairs 

PCdeM-CY3-Fw/PCdeM-CY3-Rv (f igure 4.1; f ragment a). The DNA f ragment was incubated 

without protein or with increasing concentrations of  Veg-His6 f rom 500-1000 nM. No DNA shift 

was detected at Veg-His6 concentrations ranging f rom 500 to 700 nM. At 800 nM and higher 

concentrations the DNA shif ted and was now retained in the well of  the gel (f igure 4.1Da). This 

result shows that Veg directly binds to the promoter region of  cdeM. A threshold concentration of  

Veg may be needed for binding to occur, but once this concentration is reached, other Veg 

molecules bind, possibly spreading along the DNA, f rom one or more nucleation sites, a through 

protein-protein interactions, which may lead to the promoter being almost completely covered by 

Veg. 

 In an ef fort to characterize the binding sites of  Veg more closely in the promoter of  cdeM, 

we did EMSA with two shorter DNA f ragments: one including the core K consensus binding site 

(-215 to -35, relative to the star codon, f ragment b) and a second one including two AT-rich direct 

repeats (-3 to + 145, relative to the star codon; f igure 4.1; R1 and R2, f ragment c). The 175 bp 

and 148 bp DNA f ragments were PCR-amplif ied using genomic DNA f rom strain 630∆erm and 

primer pairs PCdeM-CY3-Fw/PCdeM-Reg-HindIII-Rv and PCdeM-Reg-EcoRI-Fw/PCdeM-Reg -

HindIII-Rv , respectively (f igure 4.1B; f ragment b and c). No binding of  Veg-His6 to the f ragment 

bearing the core K promoter was detected (f igure 4.1Db). In contrast, a DNA shif t was detected 

in the f ragment containing the repeat regions at 1000 nM concentration of  Veg -His6 (f igure 4.1Dc). 

Together these results suggest that Veg directly binds to the cdeM promoter at the AT-rich R1 

and/or R2 direct repeats.  
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 4. Discussion 
 

 In C. difficile little is known about the regulatory network of  interactions among diverse 

types of  cell and molecules including DNA, RNA, proteins, and metabolites (Antunes et al., 2012a; 

Malabirade et al., 2018; Mani & Dupuy, 2001b; Müh et al., 2019; Pereira et al., 2013) that controls 

cell dif ferentiation during biof ilm formation. In this study we focused on the characteri zation of  

Veg, a small basic Sm-like protein of  C. difficile previously implicated in sporulation and biofilm 

formation. 

  4.1 In vivo characterization of Veg 
 

 We were unable to construct a veg deletion mutant in the lab strain 630erm and one 

possibility is that the gene is essential. A previous screen, using random transposon mutagenesis 

of  the epidemic strain C. difficile R20291, however, did not identify the veg gene 

(CDR20291_3405) as essential (Dembek et al., 2015). These results may indicate dif ferent 

requirements for veg during growth, between strains. In future work, to test if  veg is an essential 

gene, at least in 630erm, we consider silencing this gene using a xylose-inducible CRISPR-

interference vector (Müh et al., 2019). In this approach, fusion of  antisense nucleotides to the 

guide RNA of  Cas9 blocks gene transcription in a xylose depended on manner, enabling the 

function of  essential genes to be studied. 

 In the impossibility to perform a knock-out of veg, a different approach was taken, and we  

constructed a knock-in mutant. Repeated attempts to create a construct that would allow 

expression of  veg f rom its native promoter in a multicopy plasmid failed, likely due to the toxicity 

of  Veg in E. coli when expressed f rom its own promoter (cloning intermediate). This may indicate 

that the veg promoter is recognized by the A for RNA polymerase f rom E. coli, leading to Veg 

accumulation and toxicity. Thus, we decided to fuse the veg gene to a dif ferent promoter, that of  

the spo0A gene (Deakin et al., 2012b). The multicopy plasmid was inserted in the lab strain 

630erm and in a clinical isolate, strain 1800. Strain 1800 is a strong biof ilm-producing strain 

belonging to the livestock-associated ribotype RT126 (Louro, 2020). 

 As observed in previous studies of  the lab, the clinical isolate produced more bio f ilm and 

spores than the control stain 630erm that that is used in many laboratory as a standard 

laboratory strain ((Louro, 2020), f igure 3.2). It was suggested that the 630erm strain has become 

“domesticated,” losing its ability to carry out many behaviours’ characteristic of  its wild ancestors, 

including biof ilm formation. This has been proven for other pathogenic bacteria like Escherichia 

coli, Salmonella, and S. aureus (Liu et al., 2017). Interestingly, introduction of  a veg multicopy 

allele increased early biof ilm formation only in the strain 630erm (f igure 3.2). This result suggests 

that overexpression of  Veg may compensate for some lost genetic traits during domestication in 

the lab strain. A possible explanation might derive f rom the repression of  SinR by Veg as it occurs 

in B. subtilis (Mandic-Mulec et al., 1992). In fact, in a 630erm background, a sinR mutant was 
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shown to produce a denser biof ilm (Poquet et al., 2018). The direct interaction between Veg and 

SinR and its inhibitory ef fect on SinR binding to DNA should be checked in order to test this 

hypothesis. 

 In sporulation assays, no signif icant dif ferences were found between the vegMC strains 

and its control strains (f igure 3.2). However, in strain 1800, overproduction of  Veg decrease the 

heterogeneity found between sporulation assays (f igure 3.2). At the moment, we cannot 

distinguish if  heterogeneity between dif ferent replicate populations results f rom the number of  

cells entering sporulation or the number of  sporulating cells able to form heat resistant spores. To 

discriminate between these two possibilities, the dif ferent populations should be fo llowed during 

sporulation by optical microscopy. These experiments would also give us a clue about the stage 

at which Veg is acting, at least in terms of  reducing heterogeneity of  sporulation. In any case, 

overexpression of  Veg seems to decrease the noise in the formation of  a heat resistant spores in 

the clinical isolate 1800. The decision to form spores is a major commitment of  time and 

resources. Heterogeneity of  cell fate can be thought of  as a strategy to prevent the entire 

population of  cells f rom entering into sporulation in response to conditions that may be transient.  

  

 4.2 In vitro characterization of Veg 
 

 The presence of  an Sm-like domain may give a hint about Veg behaviour in vitro and in 

vivo. Other proteins where this ancient RNA-binding motif  is present include Hfq f rom B. subtilis, 

which forms a homo-hexamer around an RNA motif ; and AF-Sm1 and AF-Sm2 f rom 

Archaeoglobus fulgidus, which are small ribonuclearproteins, shown to form an homo-heptamer 

ring structure similar to those found in other archaeal Sm1-type proteins (Törö et al., 2002). These 

proteins have an RNA-binding motif  and show preferential binding to U-rich oligonucleotides (Törö 

et al., 2002) whose oligomerisation is dependent on the presence of  small nucleic acids. Because 

of  the similarity of  Veg to these proteins, assays were conducted to understand if  Veg would follow 

the same behaviour.  

 We found that in solution Veg is present as a monomer at pH below or similar to the pI 

(9.2) and as dimer at a pH above the pI (f igure 3.5). Unlike other Sm-like proteins, the oligomeric 

state of  Veg does not change in the presence of  short oligomeric nucleic acids (f igure 3.6). 

However, crosslinking assays show that Veg is also capable of  forming a series of  higher order 

oligomers that dif fer between each other by one monomer (f igure 3.7). The reason why these 

oligomeric forms are not detected by SEC is not presently understood .  

 Interestingly, the pI of  Veg is higher than the pI of  other Sm-like protein (Kilic et al., 2006) 

and even f rom B. subtilis Veg, which has a calculated pI of  4.8. The fact that C. difficile Veg is a 

small basic protein, rich in positively charged residues, able to form long oligomers prompted as 

to hypothesize that Veg may behave as a nucleoid -associated protein (NAP). NAPs were shown 

to have a role in chromosomal organization and transcriptional regulation (Dahlke & Sing, 2018). 
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Transcriptional silencing can be achieved by DNA bridging, in which NAP binds two sites that are 

further apart and causes the DNA between them to form a loop or binding to two sites close 

together results in DNA coating blocking the RNA polymerase (Dahlke & Sing, 2018; Dorman, 

1991; Fang et al., 2020; Malabirade et al., 2018). 

 In all sporeformers the veg gene is just downstream of  the yabG gene, which encodes for 

a cysteine protease required in C. difficile for processing of  several spore surface proteins 

(Shrestha et al., 2019) (f igure 1.5). YabG is also essential for the transcription of  at least two 

genes, cdeM and cotA (Marini, 2020). CdeM and CotA are key determinants for the assembly of  

the spore surface layers (Pizarro-Guajardo et al., 2016, 2020). One possibility is that YabG 

proteolytically removes a repressor of  cotA and cdeM expression. Consistent with this model, 

work f rom the lab have shown that the presence of  the cdeM promoter region in a multicopy 

plasmid bypasses the need for YabG for cdeM expression, most likely by titrating the repressor 

(Olivença, 2021). We thus considered the possibility that Veg could be the putative repressor of  

cdeM transcription. Using EMSA we show that Veg binds to DNA, specif ically to a region 

containing two direct AT-rich direct repeats in the cdeM promoter (f igure 3.8). A particular 

behaviour is observed in the EMSA gels, in that the shif t is not gradual but rather rapid, and a 

low-mobility complex is formed that remains in the well, which suggests a large complex. There 

are descriptions of  similar behaviours in other proteins, for instance the histone-like nucleoid 

Structuring protein (H-NS), which is a negative regulator of  the lateral f lagellar system in a 

Shewanella piezotolerans (Jian et al., 2016; Jiang et al., 2000; Zhao et al., 2021). Veg may bind 

to  DNA, presumably to the repeats in the cdeM promoter, and this f irst binding may serve to 

nucleate Veg polymerization leading to ef f icient gene silencing through transcriptional repression 

(f igure 4.1).  

 If  so, it is unclear what form of  Veg binds to DNA. A monomer could bind to DNA and 

spread laterally through Veg-Veg interactions, or the binding unit could be a dimer. Although our 

model of  Veg suggests the possibility that it may, like other Sm-like proteins, form an hexamer or 

heptamer, we feel it is unlikely that Veg binds to the DNA as such, because in no condition were 

we able to observe species larger than the dimer. 
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Figure 4.1 – Interaction model of Veg and YabG with the cdeM locus. Veg is thought to interact with R1 
and R2 (see figure 3.2) which are AT rich. After binding to these regions, Veg is thought to be recruited to 
form a long oligomer along cdeM locus. In late sporulation (see figure 3.2), after Veg cleavage by YabG, 
cdeM transcription would occur. 

 

 Although we cannot exclude that Veg binds to SinR regulating gene expression by directly 

antagonizing the function of  the latter, in the light of  the in vitro results with the cdeM promoter we 

prefer a model in which Veg does not exerts its function through interaction with other proteins 

but rather by interaction to DNA, leading to changes on gene expression that could impact on 

growth, sporulation and biof ilm formation. The construction of  an interference mutant (see above) 

would be pivotal to test the role of  Veg as a repressor in vivo. In case of  success RNAseq analysis 

of  the mutant could reveal other genes under Veg control. To identify other DNA binding sites of  

Veg we could perform chromatin immunoprecipitation assays coupled with sequencing analysis 

(CIP-seq). 

 A way to regulate the NAP is proteolytic cleavage (Dole et al., 2004; Fang et al., 2020; 

Malabirade et al., 2018; Zhang et al., 2014). This irreversible mode of  regulation is made possible 

by an abundance of  lysine and arginine residues in these proteins, which are also involved in 

DNA binding (Dahlke & Sing, 2018; Wang et al., 2011). YabG was shown to cleave at arginine 

residues and during sporulation in the mother cell it is likely a regulator of  Veg by proteolysis 
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(Olivença, C. 2021; f igure 4.1).  C. difficile Veg has 5 arginine residues, two at the borders of  a 

disorder region (f igure 1.5). Single substitutions of  each arginine to alanines and/or to lysine (also 

positively charged) would allow to identify the residues important for DNA binding and for 

cleavage by YabG. Under dif ferent growth conditions, Veg may be regulated by other 

mechanisms; for instance, binding of  other proteins to the DNA could change its topology leading 

to the release of  Veg (Dorman, 1991; Fang et al., 2020; Malabirade et al., 2018).  

 

5. Concluding remarks 
 

 Veg shows structural similarity to Sm-like proteins but did not show the typical behaviour 

of  Sm proteins. It did not form an oligomer in the presence of  the short, rich(U)-RNA, at least 

under the conditions tested. Veg formed a monomer and a dimer in solution, but has a set of  

dif ferent inherent characteristics, such as its isoelectric point (pI), which can explain why no higher 

order oligomers were detected.  

 We propose that Veg may produce a polymer-like oligomer, instead of  a ring-shaped 

complex, and therefore may require a longer nucleic acid f ragment to do so. Structural studies 

would permit to gain a deeper understanding into the mechanism of  action of  Veg. We show that 

Veg binds to the regulatory region of  the cdeM gene, most likely at two direct AT-rich repeats, 

and this is, to our knowledge, the f irst evidence for a Sm-like protein binding DNA.  

 veg might be an essential gene that represses late-phase genes that may be lethal if  

expressed in early developmental stages. If  this is  the case Veg would be a potential target for 

new therapeutic treatments of  CDI. 
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Table 1 – C. difficile strains used in this work. 

 

  

Strain Ribotype Genotype; Phenotype Reference 

630erm 12 Strain 630Δerm (Hussain et al., 2005) 

1800 126 Human isolate. tcdA (+), tcdB (+), tcdD 
(-). 

INSA 

AHCD543 12 Strain 630Δerm containing an empty 
pMTL-84121 for negative control; 
ThiaR 

This work 

AHCD772 12 Strain 630ΔermΔpyrE (Heap et al., 2012) 

AHCD1217 12 strain 630Δerm containing a derived 
plasmid f rom pMTL84121 with the 
gene gusA under the control of  the 

promotor PTcda(A) (with ccpa box); 
ThiaR 

This work 

AHCD1218 12 Strain 630Δerm containing a derived 

plasmid f rom pMTL84121 with the 
gene gusA under the control of  the 
promotor PfliC; ThiaR 

“ 

AHCD1234 12 Strain 630Δerm containing a derived 
plasmid f rom pMTL84121 with the 
gene gusA under the control of  the 

promotor PTcda(B) (without ccpa 
box); ThiaR 

“ 

AHCD1235 12 Strain 630Δerm containing a derived 

plasmid f rom pMTL84121 with the 
gene gusA under the control of  the 
promotor Psspa; ThiaR 

“ 

AHCD1648 12 Strain 630Δerm containing the pLB2 
plasmid for Veg overproduction; ThiaR 

“ 

AHCD1649 126 Strain 1800 containing the pLB2 
plasmid for Veg overproduction; ThiaR 

“ 

AHCD1650 126 Strain 1800 containing an empty 
pMTL-84121 for negative control; 
ThiaR 

“ 

AHCD1651 12 Strain 630Δerm containing a derived 
plasmid f rom pMTL84121 with the 
gene gusA without a promoter region; 

ThiaR 

“ 
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Table 2 – E. coli strains used in this work. 

 

  

Strain Genotype; Phenotype Reference 

DH5α F– Φ80lacZΔM15 Δ(lacZYAargF) 
U169 recA1 endA1 hsdR17 

Bethesda Research laboratories 

BL21 
(DE3) 

F- ompT gal dcm lon hsdSB(rB–mB–) 
λ(DE3 [lacI lacUV5-T7p07 ind1 sam7 
nin5]) [malB+]K-12(λS) 

Novagen 

HB101 supE44 aa14 galK2 lacY1 D(gpt-proA) 
62 rpsL20 (StrR) xyl-5 mtl-1 recA13 
D(mcrC-mrr) hsdSB(rB-mB-) RP4 

(el Meouche et al., 2013) 

AHEC203 HB101 (pRP4) (pMTL-YN1) (Ng et al., 2013) 

AHEC204 HB101 (pRP4) (pMTL-YN1C) “ 

AHEC205 HB101 (pRP4) (pMTL-YN3) “ 

AHEC1100 BL21 (DE3) carrying pBG1, a plasmid 
derived f rom pET16b, carrying the veg 
gene (f rom Clostridioides difficile) with 

the His-tag, for overproduction of Veg; 
AmpR 

This work 

AHEC1296 HB101 (pRP4) carrying pLB2, a 

plasmid derived f rom pMTL24121, 
containig the veg gene (f rom 
Clostridioides difficile) under the 

control of  the spo0A promotor; AmpR; 
CmR 

“ 

AHEC1126 HB101 (pRP4) carrying pSR86, a 

plasmid derived f rom pYN1, 
containing a truncated version of  the 
veg gene (f rom Clostridioides difficile); 

AmpR; CmR 

" 

AHEC738 HB101 (pRP4) containing a derived 
plasmid f rom pMTL84121 with the 

gene gusA under control of  the 
promotor tcda(A) (with ccpa box) ; 
CmR 

" 

AHEC739 HB101 (pRP4) containing a derived 
plasmid f rom pMTL84121 with the 
gene gusA under the control of  the 

tcda(B) promotor (without ccpa box); 
CmR 

" 

AHEC741 HB101 (pRP4) containing a derived 

plasmid f rom pMTL84121 with the 
gene gusA under the control of  the 
sspa promotor; CmR 

" 

AHEC1298 HB101 (pRP4) containing a derived 
plasmid f rom pMTL84121 with the 
gene gusA without a promoter region; 

CmR 

" 
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 Table 3 – Oligonucleotide sequence used in this work 

Note – Restriction sites are underlined   

 

  

Primer Oligonucleotide sequence (5’ → 3’) 

Veg600Fwd CATGCCATGGCCGTGGCTACTGTTCAAACTC 

Veg764Rv CCGCTCGAGTTAGTGATGATGATGATGATGACTTATTTGTAATTTATCTTG  

Veg-EcoRI-Fw CCGGAATTCGATGTAGTAGTTCCTATTGATG 

PcdeC-Veg-XhoI-Ver GGCTCGAGTTAACTTATTTGTAATTTATCTTG 

Veg-Veg-Fw GTGCAGGAGCAAACTATGCAAG 

Veg-Veg-Rv GCTCCTACTTTAATCTTTCTC 

YN3-vef-Fw CATCAAGAAGAGCGACTTCG 

YN3-vef-Rev TTCTTTCTATTCAGCACTGTTATGC 

PspoA-EcoRI CGGAATTCAATGACAGCAATTTAATGGGTAATTTC 

Pspo0A-Veg GAGTTTGAACAGTAGCCATTAAAAAACATCTTCTTATTAC 

SOE Pspo0A-Veg GAGTTTGAACAGTAGCCATTAAAAAACATCTTCTTATTAC 

Fw Veg ATGGCTACTGTTCAAACTCTAGATAAG 

Rw Veg XhoI GGCTCGAGTTAACTTATTTGTAATTTATCTTG 

PCdeM-CY3-Fw GCTGATTCTGAATATGAAATAAAC 

PCdeM-CY3-Rv CTTTCATATTCTTCTCTATCATTTTGGA 

PCdeM-Reg-EcoRI-Fw  GGGGAATTCGAGATGAAACAAAACATCTC 

PCdeM-Reg-HindIII-Rv CCCAAGCTTGAGATGTTTTGTTTCATCTC 

u10 uuuuuuuuuu 

T10 TTTTTTTTTT 
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 Table 4 – Plasmids used in this work  

Plasmid Relevant properties Reference 

pBG1 Plasmid derived f rom pET16b carrying the veg 

gene (f rom Clostridioides difficile) with the 
His6-tag, for overproduction of Veg-6-His-Tag 
N-terminal ; AmpR 

(Gonçalves, 2020) 

pET16b Protein expression vector; AmpR Novagen 

pLB2 Plasmid for protein overproduction derived 
f rom pMTL84121 carrying the veg gene (f rom 
Clostridioides difficile) under the control of  the 

spo0A promotor. CmR;ThiaR. 

This work 

pMTL84121 Clostridium modular plasmid containing catP 
CmR;ThiaR 

(Heap et al., 
2009) 

pSR86 Plasmid derived f rom pMTL-YN3 for Allele 
Coupled Exchange for veg truncation 
containing the pyrE allele; CmR;ThiaR 

(Ramalhete, 
2021) 

pMS35 Plasmid derived f rom pMTL84121 containing 
the gene gusA under the control of  no 
promotor for negative control;  CmR;ThiaR. 

This work 

pMS537 Plasmid derived f rom pMTL84121 for over 
expression of  the transcriptional fusion of  gusA 
under the control of  the tcdA with the ccpa box 

promotor;  CmR;ThiaR. 

“ 

pMS538 Plasmid derived f rom pMTL84121 for over 
expression of  the transcriptional fusion of  gusA 

under the control of  the tcdA without the ccpa 
box promotor;  CmR;ThiaR. 

“ 

pMS539 Plasmid derived f rom pMTL84121 for over 

expression of  the transcriptional fusion of  gusA 
under the control of  the sspa promotor;  
CmR;ThiaR. 

“ 

pMS540 Plasmid derived f rom pMTL84121 for over 
expression of  the transcriptional fusion of  gusA 
under the control of  the fliC promotor;  

CmR;ThiaR. 

“ 
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Table 5 – Culture media used in this work.  

   

Media 
 

Composition (for 100 mL) 

Luria-Bertani Broth 
 

1 g tryptone, 0.5 g yeast extract, 0.05 g NaCl. 

Auto-induction medium 1 mM MgSO4, 1 X 5052, 1 X NPS, LB medium 
92.9% (v/v) (Studier, 2005). 

BHI 
 

3.7 g BHI. 

BHISG-DOC 

 

3.7 g BHI; 300 μL L-cystein hydrochloride (1.27 
M); 10 mL of  D-glucose (1 M); 240 μL sodium 
deoxycholate (100 mM). 

BHISG-DOC-RUG 

 

BHISG-DOC with Thiamphenicol 15 µg/µL and 
Rug 10 µg/µL. 

CDMM 

 

10 mg/mL casamino acids, 0.5 mg/mL L-
tryptophan, 0.5 mg/mL L-cystein, 5 mg/mL 
Na2HPO4, 5 mg/mL NaHCO3, 0.9 mg/mL KH2PO4, 

0.9 mg/mL NaCl, 10 mg/mL D-Glucose, 0.4 mg/mL 
(NH4)2SO4, 0.026 mg/mL CaCl2•2H2O, 0.02 
mg/mL  MgCl2•6H2O, 0.01 mg/mL MnCl2•4H2O, 

0.001 mg/mL CoCl2•6H2O, 0.004 mg/mL 
FeSO4•7H2O, 0.001 mg/mL D-biotin, 0.001 mg/mL 
Calcium-D-panthothenate, 0.001 mg/mL 

Pyridoxine. 
 
 

70:30 

 

6.3 g bactopeptone, 0.35 g proteose-peptone, 1.11 
g BHI, 0.15 g yeast extract, 0.07 g (NH4)2SO4, 0.11 
g tris-base, 0.1 g of  L-cystein hydrochloride. 
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Table 6 – Solutions used in this work  

Solution Composition 

Comassie solution 0.5 g/mL Coomassie Brilliant Blue R-250; 80 % absolute 

ethanol; 20% acetic acid. 

Destaining solution 30% absolute ethanol; 10% acetic acid. 

HEPES buf fer 10 mM HEPES, 500 NaCl, pH 8. 

Loading buf fer 10x 50 mL Tris-HCl; 7 mL β-mercaptoethanol; 20 g SDS; 0.2 g 

bromophenol blue; remaining volume made up of  glycerol 
86%. 

Orange G Loading buf fer 0.2 % orange G, 0.37 % EDTA, 50 % glycerol. 

PBS 137 mM NaCl; 2.7 mM KCl; 4.3 mM Na2HPO4; 1.4 mM 

KH2PO4. 

PBS-Tween PBS 1x with 0,1% Tween-20. 

RF1 Buf fer 12 mg/mL RbCl, 9.9 mg/mL MnCl2, 1.5 mg/mL CaCl2, 11 

% glycerol, 3 % KAc 1 M pH 7.46. 

RF2 Buf fer 1.2 mg/mL RbCl, 8.3 mg/mL CaCl2, 10 % glycerol, 2 %, 

MOPS 0.5 M, pH 6.8. 

SDS-PAGE Resolving gel 
15% 

35% distilled water;25% 4x lower Tris buf fer; 37.67% bis-
acrylamide; 0.1% SDS; 0.1% APS; 0.005% TEMED. 

SDS-PAGE Stacking gel 61.2 % distilled water; 25.5 % 4x upper Tris buf fer; 10.2 % 
bis-acrylamide; 0.1 % SDS; 0.1 % APS; 0.1 % TEMED. 

Transfer buf fer 14.4 g/L glycine; 3.02 g/L Tris base; 10 % EtOH. 

TAE-Buf fer 40 mM Tris, 20 mM acetic acid, 1 mM EDTA. 
  

Start Buf fer 20 mM Phosphate, 500 mM NaCl, 20 mM Imidazole pH 
7.4. 

STET buf fer 8 % sucrose, 0.5 % Triton X-100 (v/v), 50 mM of  EDTA, 10 
mM of  Tris HCl, pH 8.0. 

EMSA buf fer  10 mM Tris-HCl pH 7.4, 50 mM NaCl, 5 mM EDTA pH 8, 1 
mM DTT, 50 % glycerol, 50 μg/ mL Bovine serum albumin. 

Elution buf fer 20 mM Phosphate, 500 mM NaCl, 500 mM Imidazole pH 
7.4. 

CHES buf fer 10 mM CHES, 150 mM NaCl, pH 9.5. 

CAPS buf fer 10 mM CAPS, 150 mM NaCl, pH 11.5. 

Tris-HCl buf fer 10 mM Tris-HCl, 150 mM NaCl, pH 7.5. 

Quenching buf fer  2 M Tris-HCl, 150 mM NaCl, pH 8. 
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