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Abstract 

Klebsiella pneumoniae is a Gram-negative opportunistic pathogen that 

normally causes nosocomial infections such as urinary tract infections, 

septicaemia, and respiratory tract infections.  K. pneumoniae has become 

progressively resistant to the vast majority of antibiotics, and treatment of 

these particular infections is very challenging.  At present, the emergence of 

antibiotic resistance is a widespread phenomenon that has been established 

as a major global healthcare threat.  The ability of K. pneumoniae to form 

biofilms is known as one of the most important factors that contributes to the 

spread of this antibiotic-resistant bacterium.  Due to that fact, understanding 

the mechanisms behind biofilm formation by K. pneumoniae is of the utmost 

importance. 

Numerous studies have shown that sub-inhibitory concentrations of antibiotics 

could induce biofilm formation by clinically important pathogens, for example, 

Escherichia coli, Pseudomonas aeruginosa, and Staphylococcus aureus.  In 

this study, we report for the first time on the effect of sub-minimum inhibitory 

concentrations (sub-MICs) of gentamicin and ciprofloxacin on biofilm formation 

by K. pneumoniae. 

In addition, by using biofilm inhibition and disruption assays, we have also 

assessed the role of proteins in formation and composition of K. pneumoniae 

biofilms upon cultivation in nutritious and nutrient-poor media.  As well as 

proteins, the role of polysaccharides and extracellular DNA was also 

determined. 
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Furthermore, the role of type 1 fimbriae (T1F) in biofilm formation by  

K. pneumoniae was also determined.  Transcription of fimA (the major subunit 

of T1F) is phase variable, as its promoter is on an invertible DNA element, fim-

switch (fimS).  We investigated the orientation of fimS in all K. pneumoniae 

strains used in this study, in planktonic and as biofilm cells, upon cultivation in 

tryptic soy broth (TSB) and artificial urine medium (AUM).  

Finally, we have also determined the role of outer membrane porins, OmpK35 

and OmpK36 in biofilm formation by K. pneumoniae.  We developed isogenic 

mutants of ∆ompK35 and ∆ompK36 strains.  The capacity to form biofilms by 

the mutant strains compared to parental strains was examined in two different 

models, a microtitre plate model and a model using catheter pieces. 

Currently, we still lack a full understanding on the mechanisms of biofilm 

formation by K. pneumoniae which is important in order to develop new 

treatments to reduce the threat of biofilm-mediated infections by  

K. pneumoniae.  
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Impact statement 

An understanding of the mechanisms of biofilm formation by Klebsiella 

pneumoniae is very important since this pathogen is classified as one of the 

most prevalent bacterial species that cause nosocomial infections.  Having the 

capacity to form biofilms is among the contributing factors that result in 

tolerance to antibiotics by K. pneumoniae.  

The findings in this study have shown that exposure of K. pneumoniae to sub-

minimum inhibitory concentrations (sub-MICs) of commonly used antibiotics: 

gentamicin and ciprofloxacin in three different conditions, did not induce biofilm 

formation by K. pneumoniae.  This contrasts with several studies which have 

shown that antibiotics at sub-inhibitory concentrations could induce biofilm 

formation by other clinically important pathogens such as Escherichia coli and 

Pseudomonas aeruginosa. 

Our data also suggest that proteins could play an important role in the 

composition of extracellular polymeric substances (EPS) and biofilm formation 

by K. pneumoniae.  This data provides important insights on biofilm formation 

by K. pneumoniae since very little is known with regard to the composition of 

biofilms of K. pneumoniae. 

We also investigated the orientation of the fim-switch (fimS) which controls 

expression of type 1 fimbriae (T1F) in biofilm formation by K. pneumoniae.  

The orientation of fimS was determined in planktonic and biofilm cells upon 

cultivation of seven examined K. pneumoniae strains in two different media.  
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This data provide further knowledge on the orientation of fimS which controls 

the expression of T1F in nutritious and nutrient-poor media. 

Due to the fact that K. pneumoniae contributes to a high number of cases of 

biofilm-associated infections such as catheter-associated urinary tract 

infections, we have provided further knowledge on the causing factors to this 

problem.  The data in this study has also shown that OmpK35 and OmpK36 

do not contribute to biofilm formation by K. pneumoniae upon growth on 

clinically relevant surfaces such as silicone catheter surfaces.   

Currently, commonly prescribed antibiotics for antibiotic resistant  

K. pneumoniae infections are not very effective at eradicating these kinds of 

infections.  Thus, new approaches such as targeting the contributing factors 

leading to biofilm formation by K. pneumoniae are important.  This study 

provides insight on biofilm formation by K. pneumoniae that could be useful for 

future investigation. 
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1.0 General introduction 

Antibiotic resistance is a widespread phenomenon that has become one of the 

major healthcare problems faced by the world today.  It is an increasingly 

serious threat to global public health and requires attention from governments, 

healthcare sectors and the public.  Antibiotic resistance arises when bacteria 

are able to grow in inhibitory concentrations of antibiotics.  Resistance is due 

to the modification of the antibiotic target sites by genetic mutations, 

modification of the antibiotic molecules by antibiotic-modifying enzymes, 

decreased membrane permeability to antibiotics, existence of efflux pumps, 

overproduction of the antibiotic target, protection of the ribosome by ribosomal 

protection protein, or acquisition of resistance genes from other resistant 

bacteria that facilitate a population of bacteria to survive in the environment, in 

the presence of antibiotics (Figure 1-1) (Allen, et al. , 2010; Connell, et al. , 

2003; Munita, et al. , 2016; Schmieder, et al. , 2012).   

 

Figure 1-1 Mechanisms of antibiotic resistance in Gram-negative bacteria. 
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Several examples of mechanisms of antibiotic resistance in Gram-negative bacteria 

include a) impermeability barrier (e.g. preventing erythromycin uptake), b) multidrug 

resistance efflux pumps (e.g. for tetracyclines), c) resistance mutations (e.g. 

fluoroquinolones), and d) drug inactivation (e.g. β-lactamases against β-lactams).  

Figure is re-published with permission (Allen, et al., 2010).  

Increasingly outbreaks caused by antibiotic resistant bacteria are attributed to 

misuse of antibiotics (Sandora, et al. , 2012).  Exposure to non-lethal 

concentrations of antibiotics in environments (e.g. rivers, soils and lakes) 

(Alonso, et al. , 2001; Baquero, et al. , 2008; Cabello, 2006) and during 

antibiotherapy (Baquero, et al. , 1998) are also among the contributing factors 

to the selection and evolution of antibiotic resistant microorganisms 

(Andersson, et al. , 2014).  In addition, the ability of bacteria to form a biofilm 

is also established as one of the causative factors contributing to the 

emergence of antibiotic-resistant bacteria (Vuotto, et al. , 2014).  Klebsiella 

pneumoniae is among the most prevalent bacterial species causing biofilm-

associated nosocomial infections, such as catheter-associated urinary tract 

infections (CAUTIs) (Amalaradjou, et al. , 2013; Nicolle, 2014), hence, 

understanding the underlying mechanisms of biofilm formation by  

K. pneumoniae is of the utmost importance to prevent or control biofilms-

associated infections caused by this pathogen. 
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1.1 Klebsiella genus 

Klebsiella is a genus in the Enterobacteriaceae family together with other 

clinically relevant species such as Escherichia coli, Salmonella spp., Yersinia 

pestis, Shigella spp., Proteus spp., Serratia spp., Citrobacter spp. and 

Enterobacter spp..  Bacteria belonging to the Klebsiella genus are ubiquitous, 

frequently colonise humans and animals as commensals, particularly on the 

mucosal surfaces of the gastrointestinal tract (Hennequin, et al. , 2009).  They 

are also abundant in the environment (Struve, et al. , 2004), for instance, in 

sewage, water reservoirs, cultivation and vegetation areas and industrial 

effluent (Bagley, 1985; Brown, et al. , 1973).  The Klebsiella species are 

characterised according to the diseases they cause and their distinct habitats.   

K. pneumoniae itself contains three subspecies, which have been subdivided 

according to the disease they caused: K. pneumoniae subspecies 

pneumoniae, K. pneumoniae subspecies K. ozaenae, and K. pneumoniae 

subspecies K. rhinoscleromatis (Ørskov, 1984).  K. pneumoniae infections 

commonly occur in blood, the urinary tract and within lung tissues, which will 

eventually turn to a thick, bloody-mucoid sputum known as currant jelly 

sputum.  While K. ozaenae causes chronic atrophic rhinitis (ozaenae) and  

K. rhinoscleromatis, causes chronic upper airways infections or rhinoscleroma 

(Botelho-Nevers, et al. , 2007).  Other than those prevalent subspecies, there 

are seven additional Klebsiella species that have been identified (Brisse, et al. 

, 2006): K. granulomatis (Carter, et al. , 1999) K. oxytoca (Lautrop, 1956),  

K. planticola (Bagley, et al. , 1981), K. ornithinolytica (Sakazaki, et al. , 1989), 

K.terrigena (Izard, et al. , 1981), K. mobilis (Bascomb, et al. , 1971), and  

K. variicola (Rosenblueth, et al. , 2004). 
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1.1.1 Klebsiella pneumoniae 

The genus Klebsiella was named after the famous German physician and 

bacteriologist, Edwin Klebs.  Discovered by the German bacteriologist and 

pathologist, Carl Friedlander in 1882 (Brisse, et al., 2006), K. pneumoniae is a 

non-motile, encapsulated, Gram-negative, rod-shaped (Abbott, 2007), and 

facultative anaerobic pathogen.  K. pneumoniae is also lactose positive, and 

its colonies are normally dome-shaped, about 3-4 mm in diameter with mucoid 

and sometimes sticky phenotypes, depending on the medium composition and 

strains (Brisse, et al., 2006).  K. pneumoniae strains which have a distinct 

mucoid appearance (Figure 1-2) also known as hypermucoviscous phenotype 

are frequently associated with hypervirulence (Shon, et al. , 2013).  This 

pathogen also has been identified as a common cause of community-acquired 

bacterial infections, albeit, it is more prominently associated with nosocomial 

infections, and mainly infects those immunocompromised individuals who are 

hospitalised and severely-ill patients (Podschun, et al. , 1998).  

 

Figure 1-2 Hypermucoviscous morphology of K. pneumoniae strain 

Kpneu_110. 

This strain exhibited a viscous string > 5 mm in length when probed by an inoculation 

loop post-cultivation at 37 °C for 16 h on a blood agar. 
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1.2. Antibiotherapy for K. pneumoniae infection 

K. pneumoniae has become progressively resistant to the vast majority of 

antibiotics.  Treatment of these particular infections is very challenging not only 

because this pathogen is intrinsically resistance to ampicillin, but also 

resistance to the majority of the antibiotics (Stahlhut, et al. , 2012) used for 

treating bacterial infections in human.  By harbouring blaSHV-1 (sulphydryl 

variable type 1) on the chromosome, K. pneumoniae is known be intrinsically 

resistant to ampicillin, amoxicillin, piperacillin, and also to early classes of 

cephalosporins, for example, cephalothin (French, et al. , 1996; Haeggman, et 

al. , 1997; Simpson, et al. , 1980).  

Severely ill-patients who are infected by extended spectrum β-lactamase 

(ESBL)-producing isolates are treated with 4th generation cephalosporins (e.g. 

cefepime) (LaBombardi, et al. , 2006), aminoglycosides (e.g. gentamicin), 

fluoroquinolones (e.g. ciprofloxacin) and the antibiotics of last resort, 

carbapenems (e.g. imipenem or meropenem) (Paterson, et al. , 2004).  These 

antimicrobial agents can be prescribed as a monotherapy or a combination 

therapy.  Clinical success rates, however, are much higher when combination 

therapies are used for treatment.  

A previous study by Benenson, et al. (2009) showed that the combination of 

gentamicin and a colistin was effective for carbapenem resistant  

K. pneumoniae endocarditis.  The combination of polymyxin B and rifampicin 

proved to have a synergistic effect against K. pneumoniae carbapenemase-

producing strains in vitro (Bratu, Tolaney, et al. , 2005).  Treatment options for 

Klebsiella pneumoniae carbapenemase (KPC)-producing K. pneumoniae are 
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limited to colistin or tigecycline (Roy, et al. , 2013), and combination of both of 

these antibiotics (Hirsch, et al. , 2010; Humphries, et al. , 2010).  Furthermore, 

studies by Deris, et al. (2012) and Zhang, et al. (2017) showed that the 

combination of colistin or tigecycline with doripenem has a synergistic effect in 

vitro.  Ceftazidime/avibactam has also been proven to have excellent in vitro 

activity, and might be suitable as a treatment to combat KPC infections (van 

Duin, et al. , 2016). 

In addition, bacterial infections that are caused by the non-ESBL producing  

K. pneumoniae isolates are usually treated using 3rd generation 

cephalosporins (e.g. cefotaxime), fluoroquinolones or a combination of a  

β-lactam with a β-lactamase inhibitor, for example, ampicillin/sulbactam,  

piperacillin/tazobactam or ticarcillin/clavulanate (Bhavnani, et al. , 2006). 
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1.3 Clinical manifestation of infections caused by  

K. pneumoniae 

K. pneumoniae is a commensal microorganism ubiquitously found colonising 

human mucosal surfaces, for example, the gastrointestinal tract and 

nasopharynx.  Infections of K. pneumoniae can be divided into two groups: 

community-acquired infections and hospital-acquired infections.  Most 

community-acquired infections cause pneumoniae or urinary tract infections. 

 A distinct K. pneumoniae invasive syndrome that causes pyogenic liver 

abscess is being increasingly reported in Asian countries such as Taiwan in 

the past two decades and have since emerged as a global disease (Ko, et al. 

, 2002).  It is also spreading rapidly as one of the most important causes of 

hospital-acquired infections (nosocomial infections) in hospitals worldwide 

(Onori, et al. , 2015; Podschun, et al., 1998).  Hospital-acquired infections can 

be defined as infections which develop in a patient at least 48 h after admission 

to a hospital, without any symptoms prior to hospitalisation (Ducel, et al. , 

2002).   

As an opportunistic pathogen, K. pneumoniae not only causes urinary tract 

infections (UTIs), respiratory tract infections (RTIs), and  liver abscess (Siu, et 

al. , 2012), but it is also able to cause osteomyelitis (Prokesch, et al. , 2016), 

septicaemia (Fane, et al. , 2005), and wound or surgical site infections (Virgilio, 

et al. , 2016).  K. pneumoniae is the second most prominent pathogen that 

cause bacteraemia after E. coli  (Yinnon, et al. , 1996) and amongst the most 

common uropathogens that cause UTIs (Ronald, 2002).  While invasive liver 

abscess is established to be prevalent in Asian countries, the cause of this 
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predominance in Asian populations is still unknown.  The strains isolated from 

infected Asian people have been found to be more virulent than the strains 

isolated from the patients outside Asia.  Most of the patients with liver abscess 

were observed to be infected exclusively by K1 and K2 capsular type  

K. pneumoniae isolates (Siu, et al., 2012).  These particular hypervirulent 

strains are also known to be carried by healthy adult carriers in their intestines 

and are suggested to be the origin of the infecting isolates (Fung, et al. , 2012). 

Other than this antibiotic resistance attribute, the invasive syndrome that 

causes liver abscess is also alarming since it has been increasingly reported 

in Taiwan during the past few decades and has the highest prevalence of 

cases related to liver abscesses (Siu, et al., 2012).  Due to this fact, one of our 

strains used in this study was isolated from a pyogenic liver abscess patient 

and also was charaterised to have a hypermucoviscous phenotype and K2 

capsular type (see Table 2-1).  

In addition, K. pneumoniae is also known to cause medical device-associated 

infections, for example, infections on urinary catheters (Nicolle, 2014), 

endotracheal tubing (Boddicker, et al. , 2006), prostheses (de Sanctis, et al. , 

2014), central venous catheters (Buckley, et al. , 2007), artificial heart valve 

(Raymond, et al. , 2014), and ventilators (Sbrana, et al. , 2016). 
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1.4 Mechanisms of antibiotic resistance 

Antibiotic resistant bacteria have emerged not only in hospital settings, but also 

in community settings.  This suggests that reservoirs of antibiotic resistance 

are also present outside hospitals, for example, in wastewater systems, 

pharmaceutical and manufacturing effluent, and aquaculture and animal farms 

(Berendonk, et al. , 2015).  The emergence of antibiotic resistant bacteria is a 

growing problem, while development of novel and efficient antibiotics is 

progressing very slowly.  

There are three primary antibiotic resistance categories: intrinsic, acquired and 

adaptive.  Intrinsic also referred to as ‘natural’ resistance of a bacterial species, 

is due to inherent properties and functional characteristic of the cells.  These 

include harbouring of β-lactamases genes, and the capacity to reduce the 

permeability of the bacterial cell membrane by alteration, modification and 

decreased expression of porins (Mallea, et al. , 1998; Nikaido, 2003; Pangon, 

et al. , 1989).  

Numerous bacterial species are known to have intrinsic resistance to  

β-lactams because they harbour β-lactamase genes on their chromosome.  

Among the genes are AmpC β-lactamase gene,  blaCMY-2, which is likely to be 

originated from the chromosome of Citrobacter freundii (Bauernfeind, et al. , 

1996) and β-lactamase resistance genes that encode for CTX-M enzymes 

which are suggested to have originated from the chromosome of Kluyvera 

ascorbata (Humeniuk, et al. , 2002).  In addition, intrinsic β-lactam resistance 

in Stenotrophomonas maltophilia is mediated by two chromosomal-mediated 

inducible β-lactamases resistance genes, blaL1 and/or blaL2 (Lin, et al. , 2009).  
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Other than these examples, intrinsic resistance in K. pneumoniae to penicillin, 

ampicillin, amoxicillin, carbenicillin, oxacillin, and ticarcallin is mediated by 

blaSHV-1, a gene that encodes for SHV-1 enzyme which is prevalently found on 

the chromosome of vast majority of K. pneumoniae isolates (Paterson, et al. , 

2014). 

The existence of an outer membrane in Gram-negative bacteria acts as an 

intrinsic barrier to large antibiotic molecules that are effective against Gram-

positive bacteria (Blair, et al. , 2015; Miller, 2016).  For example, the large 

molecular size of vancomycin precludes it from being efficient to be used 

against E. coli (Zhou, et al. , 2015) and K. pneumoniae (Pultz, et al. , 2005).  

Another example of intrinsic resistance is resistance against erythromycin by 

several Gram-negative bacteria for example K. pneumoniae (Sugawara, et al. 

, 2016).  This is due to the hydrophilic part of LPS at the outer membrane of 

several Gram-negative bacteria, which interrupts the diffusion of erythromycin 

into the cells, and subsequently provides a membrane impermeability to this 

lipophilic antibiotic (Nikaido, 2003).   

The second type is acquired resistance, where mobile genetic elements 

(MGEs) are incorporated into the genome of susceptible bacteria, leading to 

antibiotic resistance (Tenover, 2006).  MGEs can be classified into two 

different groups: elements that can transfer from one bacterial cell to another 

cell, for example, plasmids and transposons, and those elements that can 

translocate from one particular location to another location in the same 

bacterial cell such as integrons and insertion sequences (Bennett, 2008).  The 

incorporation of MGEs into bacterial genomes happens by transferring the 



12 |  

 

genetic elements e.g. conjugative plasmid from one bacterium to another by 

conjugation, translocation of mobile genetic elements e.g. transposons from 

one location to another in the genome of a bacterium, and transducing the 

portion of DNA from one bacterium to another by bacteriophages (van Hoek, 

et al. , 2011).  Conjugation by plasmids and transposons is known as one of 

the most important mechanisms of acquired resistance as it could promote to 

the direct transfer of antibiotic resistance genes from chromosome to 

chromosome (Munita, et al., 2016). 

The capacity to inactivate antibiotics is one of the significant resistance 

mechanisms (Ammor, et al. , 2007), which is caused by acquisition of genes 

encoding for antibiotic-degradation enzymes such as NDM-1 and antibiotic-

modifying enzymes for example, aminoglycosides N-acetyltransferases 

(AAC).  These AAC enzymes can modify aminoglycosides by catalysing 

acetylation on the substrates (e.g. gentamicin), which subsequently leads to 

poor binding of modified aminoglycosides to the 30S ribosomal subunit 

(Ramirez, et al. , 2010) (details in Chapter 3, section 3.1.4.1).   

Acquisition of genes encoding for β-lactamases and/or efflux pumps which can 

be located on plasmids can also contribute to antibiotic resistance (Weinstein, 

et al. , 2005).  For instance, the spread of ESBL and KPC-producing  

K. pneumoniae strains is usually facilitated by the transfer of plasmids 

harbouring β-lactam and carbapenem resistance genes, for example,  

blaCTX-M-15, blaKPC-1 and blaNDM-1. The blaCTX-M-15 gene was first discovered by 

Karim, et al. (2001) on large plasmids with an insertion sequence, IS Ecp1 

located upstream of the 5’ end of blaCTX-M-15 while blaKPC-1 was found to be 
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encoded on an approximately 50-kb non-conjugative plasmid (Yigit, et al. , 

2001).  In addition, blaNDM-1 was discovered on a 180 kb plasmid of  

K. pneumoniae 05-506 in 2008 by Yong, et al. (2009).   

The AcrAB efflux pump, as an example, constitutes a major drug efflux system 

towards large and lipophilic antimicrobial agent e.g. erythromycin and fusidic 

acid (Nikaido, 1996a).  Additionally, the capability to change the specific target 

structure by genetic mutation or post translational modifications are also 

proven to ultimately hinder the binding of the antibiotics to their target site 

(Blair, et al., 2015).  Addition of a chemical group to the target site of antibiotics, 

for example by erythromycin ribosome methyltranferases (erm), which alter 

the nascent 23S rRNA ribosomal binding site can also prevent the binding of 

erythromycin and other antibiotics such as lincosamides and streptogramins B 

(Leclercq, 2002).  Furthermore, protection of the ribosome by ribosomal 

protection proteins (RPPs), for example, by Tet(M) can prevent the binding of 

tetracycline to the ribosome and allow the ribosome to continue the protein 

synthesis (Connell, et al., 2003).   

The third and final resistance category is adaptive resistance, which occurs 

when bacteria obtain a transient resistant phenotype by altering their genes 

expression and/or protein expression (Fernández, et al. , 2012).  This can 

happen when there is exposure to unfavourable environmental factors, such 

as, nutrient starvation, low or high temperature and pH levels, and exposure 

to sub-inhibitory concentrations of particular antibiotics (Poole, 2012).  In 

contrast to intrinsic and acquired resistance which are more stable, adaptive 
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resistance is transitory, and the bacteria normally revert back to their initial 

phenotype after the inducing factor is removed (Fernández, et al., 2012).  

1.4.1 Extended spectrum β-lactamase (ESBL) and 

carbapenemase-producing K. pneumoniae 

Beta-lactam family are a large group of antibiotics that includes penicillins, 

cephalosporins, carbapenems, and monobactams (Danziger, et al. , 2011).  

They are the most widely used antibiotics for bacterial infections particularly 

for K. pneumoniae infections.  There are two major antibiotic resistance 

mechanisms that are common in K. pneumoniae: production of β-lactamases, 

specifically expression of extended spectrum β-lactamases (ESBLs) which 

render resistance to a broad range of β-lactam antibiotics including 3rd 

generation cephalosporins (Paterson, et al., 2004) and production of 

carbapenemases which render resistance to most β-lactam antibiotics 

including carbapenems (Nordmann, et al. , 2009).  These enzymes are 

universally carried on the plasmids and also on chromosomes (Rawat, et al. , 

2010)  They hydrolyse β-lactam by cleaving the β-lactam ring which is located 

on the molecular structure of β-lactam antibiotics (Figure 1-3).  

 

Figure 1-3 Chemical structure of ampicillin.  β- lactam ring is circled in black. 
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Beta-lactamases can be classified into four major classes following the Ambler 

or Jacoby and Bush classifications.  Ambler classification is based on 

conserved and distinguishing amino acid homology and divides β-lactamases 

in four different classes.  Class A, C and D are classified as serine beta-

lactamases, and hydrolyse β-lactams through a serine active site, whilst, class 

B (metallo-β-lactamases) hydrolyse their substrates by utilising a zinc ion at 

their active site (Bush, et al. , 2010; Paterson, 2006).  While Jacoby and Bush 

classification is based on the functional properties of enzymes, for example, 

the substrate and the inhibitor profiles.  The classification are divided into 

group 1, 2, 3 (Bush, et al., 2010)  and 4 (only in Bush-Jacoby Medeiros group 

(Bush, et al. , 1995)) (refer Table 1-1).  
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Table 1-1 Classification schemes for bacterial β-lactamases. 

The table shows classification schemes for bacterial β-lactamases and it is based on 

the publication by Bush, et al. (2010).   
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1.4.2 Evolution of β-lactamases in K. pneumoniae 

To date, antibiotic resistant bacterial infections have spread widely and have 

become one of the most problematic nosocomial infections (Nordmann, et al. 

, 2011).  Rapid emergence of ESBL-producing K. pneumoniae and 

carbapenemase-producing Enterobacteriaceae are occurring worldwide and 

their threat is classified as serious and concerning health issue.  Most ESBLs 

are normally encoded by plasmids or chromosomes and generally are 

derivatives of non-ESBL enzymes, such as, blaTEM-1, blaTEM-2 or blaSHV-1 (Bush, 

et al., 1995).  They underwent simple point mutations which resulted to 

alteration of the amino acid sequence around the enzyme active sites and 

become ESBLs, such as, blaTEM-3 or blaSHV-2.  TEM and SHV-type ESBLs are 

found in E. coli and K. pneumoniae and other genera of Enterobacteriaceae.   

The first plasmid-borne β-lactamase (blaTEM-1) in the Enterobacteriaceae was 

discovered early 1965 in Athens, Greece.  It was originally found in  

E. coli which was isolated from the blood culture of a patient named 

Temoneira, hence, it got its designation, TEM (Datta, et al. , 1965; Medeiros, 

1984).  The first TEM-type enzymes, blaTEM-3, that conferred ESBL phenotype 

was reported in 1988.  This variant was found to have two amino acid 

substitutions in comparison to blaTEM-2 at position E102K and G236S 

(Sougakoff, et al. , 1988).  In addition, the first case of ESBL-producing  

K. pneumoniae was reported at University Hospital in Frankfurt, Germany in 

1983   (Knothe, et al. , 1983).  This enzyme could hydrolyse oxyimino-

cephalosporins and was designated as blaSHV-2, which was derived from 

blaSHV-1.  It differs from blaSHV-1 of E. coli p452 by one amino acid substitution 
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at position G213S (Barthelemy, et al. , 1988) and all blaSHV variants reported 

nowadays are derivation of blaSHV-1.  

In the last few years, a newly discovered family, the CTX-M-family enzymes 

have replaced TEM and SHV-derived enzymes as the most prevalent in 

clinical Enterobacteriaceae isolates.  The first CTX-M-1 was discovered in 

1989 in Munich from E. coli strain GRI, which was isolated from an exudate of 

the ear of a newborn suffering from otitis media (Bauernfeind, et al. , 1990).  In 

addition, CTX-M-15 and CTX-M-14 are by far is the most important  enzymes 

and the most common CTX-M variants identified worldwide (Zhao, et al. , 

2013).  These enzymes were designated as CTX-M (cefotaximase, Munich) 

because of their capacity to hydrolyze cefotaxime more efficiently than 

ceftazidime (Tzouvelekis, et al. , 2000).   

Apart from these enzymes, carbapenemase such as KPC-1 is also identified 

as one of the most important β-lactamases and this resistance mechanism is 

established as a causative factor contributing to the global spread of antibiotic 

resistant bacterial infections.  The first K. pneumoniae carbapenemase (KPC)-

producing K. pneumoniae isolate was discovered in a North Carolina hospital 

in 1996 (Yigit, et al., 2001) and emerged rapidly in the New York City hospitals 

outbreak (Bratu, Landman, et al. , 2005).  A recent case of pan-resistant  

K. pneumoniae was reported in January 2017.  The report on the 70-years-old 

woman in Nevada, United States was deeply worrying since she was infected 

with K. pneumoniae which harboured the New Delhi metallo-β-lactamase 

(blaNDM-1) (Yong, et al., 2009) resistance gene and could not be treated with 

any relevant and available antibiotics in the United States (Chen, et al. , 2017).   
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The ESBL-producing strains of K. pneumoniae are able to hydrolyse  

β-lactams, for instance 3rd generation cephalosporins (e.g. cefotaxime, 

ceftazidime, and ceftriaxone), and monobactams (e.g aztreonam).  

Additionally, they can also possess resistance against different groups of 

antibiotics, as an example, aminoglycosides and fluoroquinolones (Turner, 

2005).  In addition, worse than ESBL-producing strains, bacterial isolates that 

harbouring carbapenemases are resistant to nearly all antibiotics including to 

β-lactams, such as penicillins, 3rd and 4th generation cephalosporins, 

monobactams, fluoroquinolones, aminoglycosides, and carbapenems (Arnold, 

et al. , 2011). 

1.4.3 Epidemiology of multidrug-resistant K. pneumoniae 

The expansion of antibiotic resistance cases involving multidrug-resistant  

K. pneumoniae have been increasingly reported over the past few decades.  

The rapid spread of particular strains harbouring antibiotic resistance genes, 

such as carbapenemase resistance genes across a region and a country is 

also worrying.  

The first isolate of K. pneumoniae harbouring blaKPC on a plasmid was isolated 

in 1996 in North Carolina and it was then observed to spread rapidly across 

New York City in 2003.  By 2007, it was reported that 21 % of Klebsiella strains 

in the city carried this blaKPC gene in comparison to the average of 5 % across 

the rest of the United States (Hidron, et al. , 2008).  This rapid dissemination 

was thought to travel from person to person since Enterobacteriaceae such as  

K. pneumoniae inhabit the human gut and it can be carried away by 

asymptomatic patients.  Bacteria harbouring blaKPC were then moved to Tel 
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Aviv’s Sourasky Medical Centre in 2005 and subsequently to Italy, Colombia, 

the UK and Sweden (McKenna, 2013).  The warning alarm was triggered in 

2008 where doctors discovered a K. pneumoniae strain from a urine culture of 

a 59-year old patient who came back from India and was hospitalised in 

Sweden.  The strain was highly resistant to carbapenems more than KPC-

producing K. pneumoniae (see Figure 1-4).  This particular strain hydrolysed 

most of the antibiotics with a unique enzyme which was encoded by blaNDM-1 

and designated as NDM-1 (Yong, et al., 2009).  

 

Figure 1-4 The resistance movement of carbapenem-resistant 

Enterobacteriaceae.  

 

 

 

Figure is re-published with permission (McKenna, 2013).  
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In addition to the movement of carbapenem-resistant Enterobacteriaceae 

worldwide, the movement of other resistance mechanisms of K. pneumoniae 

has also been reported in Europe for over the last decade.  The antibiotic 

resistance rates in Europe have been observed to increase particularly from 

year 2005 until year 2016 for most of the countries except the UK (Figure 1-

5).  
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Figure 1-5 Surveillance atlas of the increasing number of K. pneumoniae antibiotic resistance cases starting from A) 2005 to B) 2016 

in Europe. 

The percentage (%) of invasive isolates with combined resistance to fluoroquinolones, aminoglycosides, and carbapenems by country, EE/EEA 

countries.  The figures were downloaded from https://ecdc.europa.eu/en/surveillance-atlas-infectious-diseases.
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The largest increase was observed for Italy which was reported to have less 

than 1 % of resistance cases in 2005, which increased to somewhere between 

25 % to < 50 % of cases in 2016.  There was no increase seen for Greece 

which had high number of cases in 2005 until 2016 (25 % to < 50 %).  Italy and 

Greece were also the only countries in the Europe to have highest incidence 

of carbapenemase-producing Enterobacteriaceae infections.  It had been 

reported that both of these countries were having an ‘endemic situation’ for 

these particular bacterial infections in 2013-2014 which hospitalisation cases 

in most of the hospital in both of the countries were from local population and 

sources (Albiger, et al. , 2015). 

There was a slight reduction in the number of cases that were reported in the 

UK in 2016 (1 % to < 5 %) in comparison to 5 % to < 10 % in 2005.  Based on 

the ECDC Surveillance Report of Antimicrobial Resistance in Europe 2016, at 

the European Union/ European Economic Area (EU/EEA) level, 34.5 % of  

K. pneumoniae isolates were reported to The European Antimicrobial 

Resistance Surveillance Network (EARS-Net) in 2016 were resistant to at least 

one of the regular surveillance antibiotics groups, fluoroquinolones, third-

generation cephalosporins, aminoglycosides, and carbapenems.  The highest 

percentage of antibiotic resistance was reported for 3rd generation 

cephalosporins (25.7 %).  This is  followed by fluoroquinolones with 24.6 % 

cases, aminoglycosides with  19.0 % and carbapenems with 6.1 % cases 

(ECDC, 2017).  
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Beside Europe, the spread of multidrug-resistant K. pneumoniae is increasing 

globally including in the Middle East and also in Asian region countries. Egypt 

was found to be one of the countries with the highest rates of ESBL among 

Enterobacteriaceae (38.5 %) (Abdallah, et al. , 2015) according to the report 

of study in 2001 – 2002 by Pan European Antimicrobial Resistance Local 

Surveillance (PEARLS) in 13 European countries, three Middle East countries, 

and also South Africa.  

Owing to high rates of antibiotic resistance cases in Egypt, it is important to 

investigate the prevalence of resistance mechanisms from year to year in this 

country.  Since information about ESBL-producing Enterobacteriaceae (ESBL-

E) in Egypt is still limited (Abdallah, et al., 2015) and to obtain more information 

on this, all of the clinical K. pneumoniae isolates used in this study are the 

strains that were isolated from community or hospital-acquired infections in 

2000, 2003, and 2009 from three different university hospitals in Egypt (see 

Table 2-1).  All of the strains were also confirmed as multidrug resistant strains 

(see Table 2-2).   

Apart from Europe and Middle East countries, the emergence of ESBL-E has 

also been reported in Asian countries.  The Study for Monitoring Antimicrobial 

Resistance Trends (SMART) in 2008 which examined the in vitro antimicrobial 

susceptibility to 2370 unique facultative-aerobic Gram-negative bacilli isolates, 

which associated with intra-abdominal infections to 12 antimicrobial agents, 

high rates of ESBL-producing E. coli and K. pneumoniae isolates were 

observed in China with 59.1 % and 34.4 % respectively, while in India, the 



25 |  

 

rates were 61.2 % and 48.8 % respectively, and in Thailand, they were  

53.0 % and 23.1 % respectively (Hsueh, et al. ).  

In addition, there was also an evidence of increasing number of ESBL-

producing K. pneumoniae isolates from 15 % – 23.4 % in a 7-year study 

starting from 2001 to 2008 at the largest tertiary hospital in Taiwan (Shu, et al. 

, 2009).  The emerging threat of antibiotic resistant bacterial infections in 

Taiwan is shown to be related with nosocomial infections that are caused by 

ESBL-producing K. pneumoniae, however, the data regarding community-

acquired infections are still limited (Lin, et al. , 2016).   

1.5 Mechanisms of K. pneumoniae pathogenicity 

Understanding the mechanisms of virulence are pivotal to determine their 

complex interaction with host cells and could explain the underlying process 

that leads to bacterial pathogenesis.  The most common site for  

K. pneumoniae infection is the urinary tract and K. pneumoniae possesses a 

number of virulence determinants to colonise that particular tract by adhering 

and invading the host cells  (Struve, et al. , 2008), and to escape the natural 

host defense mechanisms, such as protection from phagocytosis (Clegg, et al. 

, 2016; Schembri, et al. , 2005).  Those factors are capsules, 

lipopolysaccharides, siderophores and fimbriae (Figure 1-6).  Even though the 

outer membrane porins (Omps) have not yet been thoroughly characterised 

and have received less attention, some have previously been found to play a 

role in virulence mechanisms of K. pneumoniae (Tsai, et al. , 2011).  
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Figure 1-6 Virulence factors of K. pneumoniae.  

There are four well-studied virulence factors of K. pneumoniae: capsule, LPS, 

siderophores and fimbriae (type 1 and type 3).  Omps (e.g. OmpK35 and OmpK36) 

have received less attention, even though, their role in virulence in murine model has 

been demonstrated (Tsai, et al., 2011).  Figure is re-published with permission 

(Fernández, et al., 2012; Paczosa, et al. , 2016).  

 

OMP 
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1.5.1 The capsule  

The capsule, also known as the K antigen, is a dense and thick 

polysaccharides matrix (~160 nm of capsule thickness) (Amako, et al. , 1988).  

It is known as a major surface-located virulence factor, and encases the whole 

bacterial cell (Schembri, et al., 2005).  There are around 78 different capsular 

types which have been reported up until 2013 (Pan, et al. , 2013).  

Overproduction of the capsule is known as a hypercapsule, or a 

hypermucoviscous phenotype and is associated with hypervirulent strains of 

K. pneumoniae.  Such strains have a mucoviscous polysaccharide which is 

more robust than the typical capsule (refer to Figure 1-2).  The capsule 

protects K. pneumoniae against desiccation and phage attack (Schembri, et 

al. , 2004), and the role of capsule in pathogenicity of K. pneumoniae infections 

is also well understood.  The capsule is well-known to protect  

K. pneumoniae against the host immune response during infection through 

several important mechanisms: evading phagocytosis by immune cells such 

as polymorphonuclear leukocytes (i.e. neutrophils), dendritic cells and 

macrophages (Collins, et al. , 1996), preventing activation of early immune 

responses which leads to a more severe infections, and also escaping cell 

lysis mediated by complement and antimicrobial peptides (Doorduijn, et al. , 

2016).  

Hypervirulent K. pneumoniae strains are also considered to be more resistant 

to phagocytosis because of modified polysaccharides in the capsule structure, 

and indirectly circumvent the binding to phagocytic cells.  As an example, 

Klebsiella strains which produce capsule with certain repeating mannose and 
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rhamnose sequences, for instance, mannose-α2/3-mannose or L-rhamnose-

α2/3- L-rhamnose disaccharide can bind efficiently to a mannose specific lectin 

which is normally found on tissue macrophages.  Whilst, capsule types K1, K2, 

K7, K12, K21a K24, K32, and K55 which do not contain these repeating units 

are not recognised easily by macrophages, and this possibly causes 

resistance to host immune responses (Athamna, et al. , 1991; Collins, et al., 

1996).  As reported previously, K2 serotypes have a modified glycan 

composition to thwart recognition by the lectin pathways (Sahly, et al. , 2009). 

1.5.2 Lipopolysaccharides (LPS) 

K. pneumoniae endotoxin also called lipopolysaccharides (LPS) is a major and 

necessary component of the outer leaflet of the Gram-negative bacteria cell 

membranes, which is important in maintaining the structure and outer 

membrane stability, and also for environmental adaptation.  It is comprised of 

three distinct structural domains: i) the hydrophobic lipid A, ii) the core 

oligosaccharide antigen, which is connected to lipid A and provides the 

attaching side for iii) O- antigen which is the long chain of polysaccharides 

(Clements, et al. , 2008).  

Lipid A, a hydrophobic membrane anchor is a pathogen associated molecular 

pattern (PAMP) which is recognised by a host pattern recognition receptor 

(PRR), for example, toll-like receptor 4 (TLR4) which is present on many cell 

types including macrophages and dendritic cells, and initiates the clearance of 

bacterial infection (Steimle, et al. , 2016).  The capsule is proposed to play a 

synergistic role with lipid A by partially shielding the PAMP from detection by 

PRR.  The core antigen, which connects O antigen to lipid A molecules 
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consists of negatively charged mono, di or oligosaccharides, for instance, two 

to three 3-deoxy-D-manno-oct-ulosonic acid (KDO) residues (Clements, et al., 

2008).  The outmost component of LPS, glycan polymer or O antigen consists 

of a polymer of oligosaccharide repeating units.  There are 11 different  

O-antigen types that have been identified in K. pneumoniae isolates in contrast 

to the large group of capsular serotypes (Vinogradov, et al. , 2002).   

1.5.3 Siderophores 

Siderophores are low molecular weight iron-chelating molecules that maintain 

a higher affinity for iron compared to host iron transport system.  Siderophores 

scavenge iron in the environment and sequester iron from host-iron chelating 

proteins to grow efficiently in that particular host tissue.  Iron is critical for many 

cellular mechanisms of K. pneumoniae, including oxygen metabolism, DNA 

replication and as a cofactor for the electron transport chain (Messenger, et al. 

, 1983).  Because of this, K. pneumoniae needs to acquire iron from the host 

in order to propagate or to survive in low-iron environments.   

There are several siderophores that are produced by K. pneumoniae: 

enterobactin (Ent), yersiniabactin (Ybt), salmochelin (Sal) and aerobactin.  

Enterobactin, a prototypic catecholate siderophore is the primary iron uptake 

system in K. pneumoniae, and is prevalent in respiratory tract isolates of  

K. pneumoniae.  Yersiniabactin is a phenolate siderophore, while salmochelin 

is a c-glucosylated derivative form of enterobactin (Holden, et al. ; Russo, et 

al. , 2015).  Aerobactin, an uncommon citrate hydroxamate iron-chelating 

compound is the dominant siderophore produced by hypermucoviscous  

K. pneumoniae strains (Russo, et al., 2015).  
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1.5.4 Fimbriae  

Bacteria adhere to host cells in order to aid initial colonisation.  Fimbriae 

mediate adhesion of bacterial cells to host cells through interaction of the 

adhesins with receptors on host surfaces.  There are many types of bacterial 

appendages which are important for adhering to host cell surfaces, for 

example, fimbriae, curli and also flagella.  Those surface appendages must be 

sufficiently sturdy and firm, to anchor on the host cell surface to resist forces, 

such as the impact of aqueous flushes or gaseous flushes in the urethra or the 

respiratory tract, respectively (Chen, et al. , 2011).  Fimbriae are among the 

most important surface appendages in K. pneumoniae.  The most common  

K. pneumoniae fimbriae are the type 1 fimbriae (T1F) and type 3 fimbriae (T3F) 

which were initially identified in Klebsiella strains as ‘MS adhesin’ (mannose-

sensitive) and ‘MR adhesin’ (mannose-resistant), respectively (Duguid, 1959).  

Additionally, K. pneumoniae has other types of fimbriae, for example, Kpc 

fimbriae (Wu, et al. , 2010), and E. coli common pilus (EPC) (Alcántar-Curiel, 

et al. , 2013).  The details of T1F and T3F are discussed in Chapter 5. 
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1.5.5 Outer membrane porins (Omps)  

The outer membrane of Gram-negative bacteria consists of a lipid bilayer, 

which is essential as a first line shield against any toxic substances, and it is 

also impermeable to large and charged molecules, such as some antibiotic 

molecules (Pagès, et al. , 2008).   

The influx transport system embedded in bacterial outer membrane is partly 

facilitated by porins (Delcour, 2003; Nikaido, 2003; Pagès, et al., 2008), 

proteins found in the outer membrane layer of Gram-negative bacteria 

(Sutcliffe, et al. , 1983).  Porins are abundant water-filled channels, which 

permit the passive penetration of hydrophilic molecules through the outer 

membrane layer (Figure 1-7) (Galdiero, et al. , 2008; Nikaido, 2003).  Outer 

membrane porins (Omps) are crucial to allow different substances to penetrate 

(e.g. ions, amino acid, nucleosides, iron, and nutrients) the cells and to extrude 

molecules (e.g. toxic and waste products) from the cells across the outer 

membrane barrier, specifically in Gram-negative pathogens (Martínez‐

Martínez, 2008).  
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Figure 1-7 Gram-positive and Gram-negative cell walls. 

A)  The cell wall of Gram-positive bacteria consists of a thick peptidoglycan layer 

located outside of the cytoplasmic membrane.  Teichoic acids are anchored in the 

peptidoglycan layer while the lipoteichoic acids are protruded and extended into the 

cytoplasmic membrane.  B)  The cell wall of Gram-negative bacteria is comprised of 

an outer membrane, cytoplasmic or inner membrane, and peptidoglycan layer which 

is located in the periplasmic space between the outer and inner membrane.  The outer 

membrane structure includes porins and LPS.  Porins act as channels for small 

molecules to pass through the membrane and LPS or endotoxin which is extended 

into extracellular space act as a structural support and physical barrier for Gram-

negative bacteria.  Figure is re-published with permission (Cabeen, et al. , 2005). 
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Generally, porins are divided into two distinct types according to their activity: 

non-specific porins and specific porins.  Nonspecific porins (e.g. OmpC, OmpF 

and PhoE) for example, in E. coli and K. pneumoniae, are responsible for a 

general diffusion of small and polar molecules, by having eyelet (also known 

as L3 structure) within the porins that permit permeating solutes of 

approximately 600 Da (Nikaido, 1994).  While specific porins (e.g. sucrose-

specific porin (ScrY) and maltose-induced maltoporin, (LamB)) aid in diffusion 

of specific substances (Doménech-Sánchez, et al. , 1999; Hardesty, et al. , 

1991).  Most hydrophilic and small antibiotics, for instance, β-lactams (Nikaido, 

1988), tetracycline, fluoroquinolones, and chloramphenicol (Nikaido, 1996a) 

penetrate the outer membrane layer through porin channels.  β-barrel porins 

not only provide exclusion limits of typically 600 Da for many antibiotic 

molecules but they also limit the passive diffusion of large-scaffold antibiotics 

molecules, for example, erythromycin (734 Da), rifampicin (823 Da) and 

vancomycin (1450 Da) into Gram-negative bacterial cells.  These large 

antibiotics are thought to diffuse through LPS instead of porins, but the process 

is inefficient and considered to be ineffective to be used against Gram-negative 

bacteria (Muheim, et al. , 2017).   

Depending on the species and environment, bacteria can have up until 105 

porins per cell (Nikaido, 1988).  Delcour (2003) suggested that OmpF and 

OmpC families allow diffusion of cationic molecules, whereas PhoE favours 

inorganic phosphate and anions (Nikaido, 1996b).  The details of OMP of  

K. pneumoniae are discussed in Chapter 6. 
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1.6 Biofilm formation by K. pneumoniae 

Biofilms are microbial aggregates, which adhere to inert, living or non-living 

surfaces (i.e. metals, plastics, soil particles, indwelling medical devices, and 

host tissues).  They are enclosed in a self-produced matrix of hydrated 

extracellular polymeric substances (EPS).  The biofilms can be made up of 

single and multiple species of microorganisms that adhere to substratum in 

aqueous environment and produce slimy EPS matrix (Flemming, et al. , 2010; 

Mah, et al. , 2001) for protection.  EPS can consist of polysaccharides, 

proteins, extracellular DNA (eDNA) and glycolipids.  These biopolymers are 

responsible for interactions including for cohesion between cells in the biofilms, 

adhesion of cells to surfaces, providing mechanical stability to the biofilms, and 

protection from dehydration and the host immune defense cells (Flemming, 

2011).  EPS is also important in bacterial pathogenesis since it mediates 

resistance of bacteria to antibiotics, protects the biofilms from host immune 

responses, and promotes the development of persister cells (Bales, et al. , 

2013).  The structure of biofilms depends on several factors including the 

environment, nutrients, shear forces, hydrodynamic conditions, intercellular 

communications and metabolic pathways (Flemming, et al., 2010).   

The identification of the main components of K. pneumoniae biofilm EPS is still 

yet to be established.  However, Flemming, et al. (2010) suggested that 

cellulose might play an important part in the biofilm EPS of K. pneumoniae.  

This is supported by the study by Huertas, et al. (2014), showing that deletion 

of yfiR, increased the expression of yfiN and resulted in increased cellulose 

production.  Increased cellulose production led to robust biofilm formation by 
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the mutant strain, LM21ΔyfiR in comparison to the wild type LM21 strain.  yfiR 

encodes for YfiR, a negative regulator which controls the YfiN diguanylate 

cyclase (DGC) protein activity, while YfiB is a sensor protein.  This yfiRNB 

operon encodes for a set of proteins which are known to be involved in the 

regulation of the second messenger, cyclic di-guanosine monophosphate (c-

di-GMP) synthesis (Wiebe, et al. , 2015).  

Lipopolysaccharides, capsular polysaccharides, type 1 fimbriae (T1F) and 

type 3 fimbriae (T3F) are the important virulence factors that have been shown 

to be associated with biofilm formation by K. pneumoniae.  A surface 

exopolysaccharide, LPS was shown to be involved in biofilm formation by  

K. pneumoniae.  A study by Balestrino, et al. (2008) showed that several 

mutants obtained from the signature-tagged mutagenesis mutant library 

lacked the genes which were involved in LPS and capsule production.  The 

biofilm assay comparing between mutant and parental strains and microscopic 

analyses showed that LPS was involved in the initial adhesion of  

K. pneumoniae to both glass and polyvinyl-chloride, while, capsule was shown 

to play an important role in initial coverage of the substratum and development 

of mature biofilm structure. 

In addition, the involvement of another surface polysaccharide, capsular 

polysaccharides in biofilm formation by K. pneumoniae was also supported by 

a previous study by Boddicker, et al. (2006).  This study showed that mutations 

in several loci including the K12 capsular gene cluster by transposon Tn5 

caused a deficiency in biofilm formation by K. pneumoniae strain 43816.   
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Even though capsular polysaccharide has been shown to play a significant role 

during formation of mature biofilm, Schembri and colleagues (2005) have 

shown that capsulation can also interfere with, but did not abolish, the function 

of T1F, which is known to be predominantly involved in the initial adhesion 

stage of biofilm formation.  Expression of capsule was demonstrated to notably 

affect the FimH adhesin, thereby interfering with adhesion of K. pneumoniae 

to surfaces.  The interference might be due to several reasons: i) the FimH 

adhesins might be coated and masked by the polysaccharide capsular 

material, ii) the molecules of FimH adhesins that penetrate the capsule might 

be coated by polysaccharide capsular material thus impeding the function for 

adhesion and attachment of K. pneumoniae onto the surface, iii) fimbrial 

organelles are proned to breakage due to the presence of capsule that could 

result in structural weak points, and iv) the flexibility of fimbriae that is important 

for optimal adhesion with other receptors on the cell surface could be reduced 

by the expression of capsule (Schembri, et al., 2005).  However, there is still 

conflicting report regarding the role of capsule in biofilm formation by  

K. pneumoniae.  For instance, encapsulated bacteria was also previously been 

reported to adhere weakly to epithelial cells and had reduced capacity for 

invasion compared to non-encapsulated K. pneumoniae strains (Sahly, et al. , 

2000). 
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Table 1-2 Involvement of capsule in biofilm formation by several K. pneumoniae strains. 

Bacterial strains Details of involvement of capsule in biofilm formation References 

MGH 78578 Capsule deletion was shown to perturb biofilm formation since two mutant strains,  

Δwzabc and Δcps that had less capsule, formed higher amounts of biofilm in 

comparison to the wild type strains.  In the Δwzabc mutant strain, overexpression 

of pga alone was suggested to be sufficient for increased biofilm formation by  

K. pneumoniae, while in the Δcps mutant strain, overexpression of pga and T1F 

were thought to play a synergistic role in biofilm formation by  

K. pneumoniae. 

(Huang, et al. , 2014) 

LM21 Capsule was shown to play a role in biofilm formation by K. pneumoniae.  Mutant 

strains which had disruption in genes involved in capsule biosynthesis formed 

less biofilms relative to wild type strain. 

(Balestrino, et al., 2008) 

43816 Capsule was shown to likely to be involved in biofilm formation by  

K. pneumoniae.  A strain with a mutation in ORF12 of the capsule gene cluster 

had decreased capsule production and subsequently formed less biofilm in 

comparison to wild type strain. 

(Boddicker, et al., 2006) 
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Bacterial strains Details of involvement of capsule in biofilm formation References 

C105 Capsule could interfere with biofilm formation by K. pneumoniae.  A non-

encapsulated strain formed more biofilm than the parental strain and this 

observation was also correlated with expression of T1F. 

(Schembri, et al., 2005) 

Kp25, Kp57 and Kp65 wcaG which encodes for WcaG protein that involved in the biosynthesis of fucose 

was found to be associated with K. pneumoniae bacteremia biofilm formation.  

WcaG was speculated to promote biofilm formation of K. pneumoniae by altering 

the composition of capsular polysaccharide 

(Zheng, et al. , 2018) 
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Beside capsule, previous studies have shown that T1F and T3F are 

coordinately controlled in biofilm formation by K. pneumoniae.  A study by 

Murphy, et al. (2013) found both of these fimbriae contributed to bacterial 

adherence in a murine catheter associated urinary tract infection model, and 

Stahlhut, et al. (2012) also showed that T1F and T3F were coordinately 

controlled under a strict co-regulation system and the capacity to form biofilm 

was severely diminished when both of them were absent.   

However, the role of T1F in biofilm formation is shown to be dependent on the 

experimental conditions such as the experimental model, characteristics of the 

substratum, and growth medium used for cultivation of the biofilm.  For 

example, by using well defined isogenic mutants, Schroll, et al. (2010) reported 

that T3F but not T1F promoted biofilm formation by K. pneumoniae C3091 

upon cultivation in a fastidious anaerobic medium in a flow system.  T1F was 

found to be downregulated in the biofilm community upon cultivation under this 

conditions.  While, Stahlhut, et al. (2012) reported that T1F are as important 

as T3F in promoting biofilm formation on catheter upon cultivation in pooled 

human urine in a catheterised bladder model.  This study also clearly showed 

that both fimbrial types are coordinately controlled which means that T1F and 

T3F do not simultaneously express in one individual cells; if T1F is expressed, 

T3F is not expressed and vice versa.  For example, during biofilm formation 

on urinary catheters, each individual cell was observed to express either T1F 

or T3F, but not both.  However, neither of the fimbriae were found to be 

expressed in planktonic cells.   
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To date, the relationship between Omps and biofilm formation by  

K. pneumoniae is still unclear.  However, there is evidence from several 

studies that demonstrated that OmpC of E. coli and OmpC of Salmonella 

enterica serovar Typhi, homologs of OmpK36 of K. pneumoniae could play a 

role in initial adhesion or biofilm formation by E. coli, S. enterica ser. Typhi or 

S. enterica ser. Typhimurium on biotic and abiotic surfaces (Gonzalez-

Escobedo, et al. , 2011; Rolhion, et al. , 2007).  In addition, the ompC of E. coli 

K-12 was observed to be among the upregulated genes in sessile bacteria 

compared to planktonic cells in a high osmolarity environment (Prigent-

Combaret, et al. , 1999).  The OmpC of S. enterica ser. Typhimurium, which is 

identical to the OmpC S. enterica ser. Typhi was also shown to be essential 

for binding and biofilm formation by S. enterica ser. Typhimurium on 

cholesterol surfaces in the presence of bile (Crawford, et al. , 2010).  OmpC is 

thought to be essential for biofilm formation in the presence of bile possibly 

because it mediates the electrostatic interaction between bacterial cells and 

the cholesterol surface, acts as a nutrient channel which is involved in biofilm 

health and also controls cell-cell interactions in the biofilm as it does in biofilms 

of E. coli (Pruss, et al. , 2006).  This finding is also supported by Gonzalez-

Escobedo, et al. (2011), who demonstrated that loss of OmpC negatively 

affected the initial binding of S. enterica ser. Typhi on cholesterol gallstones. 

In the light of these previous findings, the role of OmpK35 and OmpK36 in 

pathogenic K. pneumoniae biofilm formation was investigated in this study.   
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1.7 Mechanisms of antibiotic resistance in bacterial biofilms 

The formation of biofilms is an important resistance mechanism towards 

antibiotics and confers protection against host defense mechanisms.  Bacteria 

have an increased capacity to withstand antibiotic-mediated killing once a 

biofilm is formed.  The ability of biofilms to endure in the environment in the 

presence of high concentrations of antibiotics is defined as recalcitrance 

(Lebeaux, et al. , 2014).  The recalcitrance phenomenon toward antibiotics in 

biofilms is still clinically difficult to manage.  It can lead to failure of treatment, 

recurrence of infection, and mortality.  Tissue-related and device-related 

infections by K. pneumoniae are very problematic and have been associated 

with recurring infections.  There is a lot of evidence showing that biofilm 

communities of K. pneumoniae are more resistant to antimicrobial agents than 

their planktonic counterparts (Davies, 2003; Lewis, 2001).  The resistance 

mechanisms which enable biofilms to be less susceptible to antibiotics than 

planktonic cells have been attributed to several main hypotheses (Mah, et al., 

2001; Stewart, 2002).  

The first hypothesis is the delay or failure of the antibiotic to penetrate through 

biofilms.  The biofilm matrix layer which is complex and dense matrix or EPS 

can consist of polysaccharides, proteins, eDNA, and lipids which interrupts the 

penetration of antibiotics through the thick layer of matrix (Stewart, et al. , 

2001). 

The second hypothesis posits that bacteria grow slower in biofilms.  Bacteria 

which are deep within biofilms are dividing at relatively slower rates than those 

which are closer to the surface.  This is probably due to gradient of nutrients 
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and oxygen, signalling factors, waste products, and other substrates within 

biofilms that leads to metabolically inactive and slow growth of the cells in the 

biofilm community (Wimpenny, et al. , 2000).  Slow growing or non-growing 

bacterial cells are resistant to antimicrobial challenge as most of the antibiotics 

act upon rapidly dividing cells.  Penicillin and ampicillin, for example, only kill 

growing cells instead of non-dividing cells (Lewis, 2001).  
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1.8 Aims and hypothesis of this study  

K. pneumoniae is an opportunistic pathogen that primarily causes urinary tract 

infections, septicaemia, and respiratory tract infections.  The ability to form 

biofilms on a medical device, for example, urinary catheters, is known as one 

of the important causative factors contributing to the nosocomial  

K. pneumoniae infections, and subsequently, the treatment of K. pneumoniae 

infections becomes unmanageable. 

We hypothesised that exposure of K. pneumoniae cultures and mature biofilms 

to sub-minimum inhibitory concentrations (sub-MICs) of antibiotics would 

enhance biofilm formation by K. pneumoniae.  The aims of the first chapter of 

this PhD project were to identify the effect of antibiotic (with different modes of 

actions) exposure on biofilm formation by K. pneumoniae since there are 

studies showing that antibiotic exposure could enhance and stimulate biofilm 

formation in other pathogenic bacteria.   

We also hypothesised that the capacity to form biofilm in different 

environments and the main components of the biofilm matrix of K. pneumoniae 

biofilms are strain dependent.  To test this hypothesis, in the second chapter, 

we determined the capacity of K. pneumoniae to form biofilm in two different 

media, nutrient-rich and nutrient-poor media and identify the EPS produced by 

tested K. pneumoniae strains during biofilm formation in both of the media.  

We conducted enzymatic biofilm inhibition assays and biofilm disruption 

assays upon cultivation of the examined K. pneumoniae strains in nutrient-rich 

medium, tryptic soy broth (TSB), and nutrient-poor medium, artificial urine 

medium (AUM). 
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In the third chapter, we hypothesised that T1F possibly plays a role in biofilm 

formation by K. pneumoniae upon cultivation in TSB and AUM.  The role of 

T1F in biofilm formation was investigated by determining the orientation of fimS 

which controls the expression of fimA, the major subunit of T1F, in planktonic 

and biofilm cells cultivated in TSB and AUM.  To examine this, biofilm mass 

for all of the examined strains was compared upon cultivation in TSB and AUM, 

and the orientation of fimS was then determined.  This knowledge could 

improve the understanding of T1F regulation and their involvement in biofilm 

formation by K. pneumoniae in different environments.  

In addition, based on the findings in Chapter 4, we also hypothesised that outer 

membrane porins (Omps), could possibly be involved in biofilm formation by 

K. pneumoniae since other studies have shown a role for Omps.  For example, 

OmpC was shown to be involved in biofilm formation by S. enterica ser. Typhi 

and was also found to be upregulated in biofilm cells of E. coli.  The role of 

Omps in biofilm formation was investigated by developing ∆ompK35 and 

∆ompK36 mutant strains of K. pneumoniae, and comparing their capacity to 

form biofilm on abiotic surfaces in comparison to the parental wild type strains.  

Kpneu_1 and C3091, and its mutant strains were subsequently tested for their 

capacity to form biofilms on silicone catheter cultivated in TSB and AUM.  To 

examine this, biofilm assays using catheter pieces inoculated with mutant or 

wild type strains cultivated in TSB and AUM were conducted. 
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2.0 Materials and Methods 

This chapter describes the materials and methods that were used throughout 

the study.  The specific materials and methods for each experiment within a 

chapter are outlined at the beginning of that particular chapter. 

2.1 Sources of media, enzymes and reagent 

Tryptic soy broth (TSB), Luria-Bertani (LB), agar bacteriological no 1, Mueller-

Hinton (MH) broth, and brain heart infusion (BHI) were obtained from Sigma 

(Sigma, UK).  All antibiotics were obtained from Sigma-Aldrich (Poole, UK) and 

were used at a concentration of 100 µg/ml ampicillin (amp), 100 µg/ml 

spectinomycin (spc), 50 µg/ml apramycin (apra) and 12.5 µg/ml tetracycline 

(tet).  Erythromycin (erm), gentamicin (gen), and ciprofloxacin (cipro) were 

used at different concentrations depending on the experiments.  All of the 

restriction enzymes were obtained from New England Biolabs (NEB), 

(Hertfordshire, UK). 
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2.2 Bacterial strains and plasmids  

Table 2-1 Bacterial strains used in this study.  

All of the bacterial strains and plasmids used in this study are listed in Table 2-1 and Table 2-6. 

Strain Relevant characteristics Year and place of isolation References/sources 

K. pneumoniae 

Kpneu_1 

O2a:NT 

 
 
 
 
Community-
acquired 
infection 

ST441, NT, O2a 

Clinical blood isolate 

Collected in 2000 from  
Cairo University Hospital, Egypt 

 
 
 
 
 
 
Obtained from  
Dr Enas Newire 
(UCL Eastman Dental Institute, 
and on behalf of US NAMRU-3 
and CDC partnership) 

Kpneu_63  

O3:K14 

ST11, K14, O3 

Clinical blood isolate 

 
 
 
Collected in 2003 from  
Kafr El Shiek General Hospital, 
Egypt 

Kpneu_64  

O3:K14 

ST11, K14, O3 

Clinical blood isolate 

Kpneu_65  

O1:K47 

ST15, K47, O1 

Clinical blood isolate 

Kpneu_110  

O3:K38 

Hospital-
acquired 
infection 

ST37, K38, O3 

Clinical urinary tract infection 
(UTI) isolate 

Hypermucoviscous phenotype  

(Figure 1-2) 

 
 
Collected in 2009 from 
Alexandria University Teaching 
Hospital, Egypt 
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Strain Relevant characteristics Year and place of isolation References/sources 

C3091  

O1:K16 

ST14, K16, O1 

Laboratory strain, originally 
isolated from UTI patient 

Collected in 1997 from  
Walter Reed Army Medical 
Center, Washington 

Obtained from  
Dr Carsten Struve, Statens 
Serum Institute, Denmark 
(Oelschlaeger, et al. , 1997; 
Struve, et al., 2008)  

CG43S3 

O1:K2 

ST86, K2, O1 

Laboratory strain, originally 
isolated from pyogenic liver 
abscess (PLA) 

Collected in 1996 from  
Chang Gung Hospital, Taoyuan, 
Taiwan 

Obtained from  
Dr Wang Zhe Chong, National 
Chiao Tung University, Taiwan 
(Wang, et al. , 2013) 

Kpneu_1∆ompK35 Isogenic ompK35 mutant derived 
from Kpneu_1 

 This study 

Kpneu_1∆ompK36 Isogenic ompK36 mutant derived 
from Kpneu_1 

 This study 

C3091∆ompK35 Isogenic ompK35 mutant derived 
from C3091 

 This study 

C3091∆ompK36 Isogenic ompK36 mutant derived 
from C3091 

 This study 

Kpneu_1/pKD46-apra Kpneu_1 harbouring pKD46-
apra  

 This study 

C3091/pKD46-apra  C3091 harbouring pKD46-apra  This study 
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Strain Relevant characteristics Year and place of isolation References/sources 

E. coli     

α-select silver efficiency  Competent cells  Bioline (London, UK)  

C. difficile    

CD 630  Laboratory strain  

ErmR containing two erm(B) 
genes: erm1(B) 

& erm2(B)  

 Obtained from Dr Haitham 
Hussain, UCL Eastman Dental 
Institute (Mullany, et al. , 1990) 

 

 

* ST – sequence typing based on putative MLST – Multi Locus Sequence Typing as predicted by MLST 1.8 

(https://cge.cbs.dtu.dk/services/MLST/) 

** K – capsular typing is based on wzi gene   

NT- non-typeable (either it is a novel capsule or noncapsulated) (Brisse, et al. , 2013) 

*** O – antigen typing is based on wzm and wzt gene 

Differentiation between O1 and O2a is based on wbbY gene (Fang, et al. , 2016) 
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Table 2-2 Antibiotic susceptibility profile of clinical isolates of K. pneumoniae used in this study. 

The determination of antibiotic susceptibility of these isolates was conducted using Kirby-Bauer agar disc diffusion assays.  The interpretation 

was done according to Clinical & Laboratory Standards Institute (CLSI) Guidelines (CLSI, 2013) .  The assay was based on using 6 mm ampicillin 

(AM), ceftazidime (CAZ), cefotaxime (CTX), imipenem (IPM), aztreonam (ATM), ampicillin with sulbactam (SAM), ticarcillin with clavulanic acid 

(TIM), tetracycline (TE), sulfamethoxazole (SXT), chloramphenicol (C), amikacin (AN), gentamicin (GM), ciprofloxacin (CIP) and nalidixic acid 

(NA) discs (Becton Dickinson BD, Sparks, MD, USA). All disc strengths (disc content of the antibiotic) were either (30 μg), (10μg) or (5 μg), based 

on the CLSI instruction (CLSI, 2013).  
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 Table 2-3 Determination of MIC of antibiotics for K. pneumoniae strains used in this study using E-test. 

 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

  
E-test MIC 

(µg/ml) 

 
Strain 

 
Gentamicin 

 
Tetracycline 

 
Ciprofloxacin 

 
Cefotaxime 

 
Kpneu_1 

 
6 

 
0.5 

 
0.016 

 
>32 

 
Kpneu_63 

 
>256 

 
32 

 
12 

 
>32 

 
Kpneu_64 

 
>256 

 
32 

 
8 

 
>32 

 
Kpneu_65 

 
>256 

 
>256 

 
>32 

 
2 

 
Kpneu_110 

 
>256 

 
>256 

 
>32 

 
>32 

 
C3091 

 
0.38 

 
0.75 

 
0.012 

 
0.047 

 
CG43S3 

 
0.5 

 
0.5 

 
0.012 

 
0.016 
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Table 2-4 Distribution of antibiotic resistance genes in isolates used in this study. 
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Table 2-5 Distribution of virulence clusters in isolates used in this study. 
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Table 2-6 Plasmids used in this study 

 

Plasmids 

 

Characteristics 

 

Resistance marker                  

 

References/sources 

pGEM®-T Easy Cloning vector AmpR Promega (UK) 

pUC19 Cloning vector AmpR (Yanisch-Perron, et al. , 1985) 

pUC19_tet(M) Cloning vector AmpR, TetR Obtained from Dr Supathep Tansirichaiya,  

UCL Eastman Dental Institute 

pKD46 λ-Red-recombinase plasmid AmpR Obtained from Dr Sophie Helaine,  

Imperial College (Datsenko, et al. , 2000)  

pKD46-apra Modified pKD46 by replacing amp with 

aac(3)-IV 

ApraR This study 

pSET152 Shuttle vector ApraR Obtained from Dr Haitham Hussain,  

UCL Eastman Dental Institute 

pLR16T Shuttle vector SpcR Obtained from Dr Haitham Hussain,  

UCL Eastman Dental Institute 

pGEMT::∆ompK35-1_ermB ΔompK35 mutant cassette derived from 

Kpneu_1 cloned into pGEM® T-Easy 

AmpR, ErmR This study 
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Plasmids 

 

Characteristics 

 

Resistance marker                  

 

References/sources 

pGEMT::ΔompK36-63_ermB ΔompK36 mutant cassette derived from 

Kpneu_63 cloned into pGEM® T-Easy 

AmpR, ErmR This study 

pGEMT::ΔompK36-65_ermB ΔompK36 mutant cassette derived from 

Kpneu_65 cloned into pGEM® T-Easy 

AmpR, ErmR This study 

pGEMT::ΔompK36-

C3091_ermB 

ΔompK36 mutant cassette derived from 

C3091 cloned into pGEM® T-Easy 

AmpR, ErmR This study 

pGEMT::ΔompK35-1_spc Modified pGEMT::∆ompK35-1_ermB  

by replacing ermB with aad9 

AmpR, SpcR This study 

pGEMT::ΔompK36-

C3091_spc 

Modified pGEMT::ΔompK36-C3091_ermB 

by replacing ermB with aad9 

AmpR, SpcR This study 
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2.3 Growth condition and storage of bacteria 

The bacterial strains used in this study are listed in Table 2-1.  All the  

K. pneumoniae strains were cultivated on LB agar unless stated otherwise 

(with appropriate concentrations of antibiotics when needed) and incubated 

aerobically at 37 °C for 16 h statically or on a rotary shaker at 200 rpm when 

grown in broth unless stated otherwise.  The C. difficile strain was grown in 

BHI supplemented with C. difficile selective supplement and 5 % horse blood.  

The culture was incubated in a MACS-MG-1000 anaerobic workstation (Don 

Whitley Scientific) containing 10 % H2, 10 % CO2 and 80 % N2 at 37 °C for  

48 h.  All of the bacterial strains were stored at -80 °C in growth medium 

containing 20 % (v/v) sterile glycerol. 

2.4 Molecular biology methods 

2.4.1 Genomic DNA and plasmid extraction 

Genomic DNA of K. pneumoniae strains was extracted using Puregene 

Yeast/Bact Kit for Gram-negative bacteria (Qiagen, UK), and genomic DNA for 

C. difficile 630 was isolated using Puregene Yeast/Bact Kit for Gram-positive 

bacteria (Qiagen, UK).  All the plasmids used in this study were extracted using 

QIAprep Spin Miniprep Kit (Qiagen, UK).  All the methods were conducted 

according to manufacturer’s protocol with some modifications.  The DNA was 

eluted using molecular grade water (Sigma-Aldrich) instead of the elution 

buffer supplied by the manufacturer.
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2.4.2 Oligo synthesis  

The oligonucleotide/primers used in this study are listed in Table 2-7.  The primers were synthesised by Sigma-Aldrich.  

Table 2-7 Primers used throughout this study. 

Primers Sequences References 

OmpK35_FL_F 

OmpK35_FL_R 

5’ CACCAAACTCTCATCAATGG 3’ 

5’ CTCACGAATACAGAAAAGC 3’ 

This study 

OmpK36_FL_F 

OmpK36_FL_R 

5’ AGCCGACTGATTAGAAGG 3’ 

5’ GACAAGAGTATACCAGCGAG 3’ 

This study 

OmpK35_scr_F 

OmpK35_scr_R 

5’ TATTCTGGCAGTGGTGATCCC 3’ 

5’ TGGTTATCTTCTTCCGGAGTCAT 3’ 

This study 

OmpK36_scr_F 

OmpK36_scr_R 

5’ ATCAGGCATGGACTCGTC 3’ 

5’ ACGTCGTCGGTAGAGATAC 3’ 

This study 

ermBF 

ermBR 

5’ GAAAAGGTACTCAACCAAATA 3’ 

5’ AGTAACGGTACTTAAATTGTTTAC 3’ 

(Ojo, et al. , 2003) 
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Primers Sequences References 

35_KO1 5’ TTATGTTACGCACTGTTTCGGTGCAT 3’ This study 

35_KO1_2 5’ TCACAATTATGTTACGC 3’ This study 

35_KO1_3 5’ GATCGCACTTTATGTTCATAACTG 3’ This study 

35_KO2 5’ GAAGTGATTACATCTATAAATATTTATTACCCTCATTAAT 3’ This study 

35_KO3 5’ TTCTATGAGTCGCTTTTTTATCTGCAGTACACCCCTTCGT 3’ This study 

35_KO4 5’ CGGGCGCGTTTATCAGCGATAATC 3’ This study 

35_KO4_2 5’ GCAGCGACCAAATTCAGG 3’ This study 

35_KO4_3 5’ AGCTCGGATTACTTAC 3’ This study 

35_KO5 5’ ATTAATGAGGGTAATAAATATTTATAGATGTAATCACTTC 3’ This study 

35_KO6 5’ ACGAAGGGGTGTACTGCAGATAAAAAAGCGACTCATAGAA 3’ This study 

36_KO1 5’ CAAAAGGGAAGAATCGCACG 3’ This study 

36_KO1_2 5’ TAATTGATTGATTAATAGTCG 3’ This study 

36_KO2 5’ GAAGTGATTACATCTATAAAGTTATTAACCCTCTGTTTGT 3’ This study 
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Primers Sequences References 

36_KO3 5’ TTCTATGAGTCGCTTTTTTAGTTGCAAGCTGCATAACAAA 3’ This study 

36_KO4 5’ GCTGTTTATCCGGGCCAAAGCC 3’ This study 

36_KO4_2 5’ CCACAGGTTGACCAGCGGC 3’ This study 

36_KO4_3 5’ CACGGTAATATCCATCG 3’ This study 

36_KO4_4 5’ GCTATCGCCTCGGCATC 3’ This study 

36_KO5 5’ ACAAACAGAGGGTTAATAACTTTATAGATGTAATCACTTC 3’ This study 

36_KO6 5’ TTTGTTATGCAGCTTGCAACTAAAAAAGCGACTCATAGAA 3’ This study 

35D_BB_HindIII_GC_F 5’ GCGGAAGCTTTCTGCAGTACACCCC 3’ This study 

35U_BB_HindIII_GC_R 5’ GCCGAAGCTTATTTATTACCCTCAT 3’ This study 

36D_BB_HindIII_GC_F 5’ CCGGAAGCTTGTTGCAAGCTGCATA 3’ This study 

36U_BB_HindIII_GC_R 5’ GCGCAAGCTTGTTATTAACCCTCTGTTTG 3’ This study 

Spect_HindIII_GC_F 5’ CGGGAAGCTTGTGAGGAGGATATATTTGAATAC 3’ This study 

Spect_HindIII_GC_R 5’ CGCGAAGCTTGTGTTTCCACCATTTTTTC 3’ This study 
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Primers Sequences References 

Apra_HindIII_GC_F 5’ GCGGAAGCTTCCAACGTCATCTCGT 3’ This study 

Apra_HindIII_GC_R 5’ CCCGAAGCTTGCTATGATCGACTGATG 3’ This study 

pKD46_HindIII_GC_F 5’ GCCCAAGCTTACTCTTCCTTTTTCAATATT 3’ This study 

pKD46_HindIII_GC_R 5’CCGGAAGCTTCTGTCAGACCAAGTTTACTC 3’ This study 

OmpK35_SphI_GC_F_2 5’CGCCGCATGCACATCTTGCAAAGACAGA 3’ This study 

OmpK35_SphI_GC_R_2 5’ GCCAGCATGCAAGTCCTGCTTTGAA 3’ This study 

OmpK36_SphI_GC_F 5’ CGCCGCATGCGACGGTAATAAATAA 3’ This study 

OmpK36_SphI_GC_R 5’ GCCAGCATGCGCCTTTTTGTTATGC 3’ This study 
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2.4.3 Polymerase chain reaction (PCR) amplification 

Polymerase chain reactions were performed in 20 μl reaction volumes 

containing 1 μl of 100 ng/μl of DNA template, 10 μl of 2X BioMix Red (contains 

Taq DNA polymerase) (Bioline, UK) or Q5 High Fidelity 2X Master Mix (NEB, 

UK) (contains Q5® High-Fidelity DNA polymerase for high fidelity 

amplification), 1 μl of 10 μM of each primer and 7 μl of molecular grade water 

(Sigma-Aldrich, UK) using a Biometra T3000 Thermocycler (Biometra, 

Netherlands) with these following programmes: 

A) Standard condition for 2X BioMix Red: initial denaturation at 94 °C for  

2 min, and 30 cycles of denaturation step at 94 °C for 2 min (depending on the 

template size), annealing step at 40 °C – 71.4 °C (depending on -5 °C of the 

melting temperature) for 30 sec, extension step at 72 °C for 2 min to 5 min 

(depending on the expected product sizes) and a final extension step at 72 °C 

for 2 min to 5 min. 

B) Standard condition for Q5 High Fidelity 2X Master Mix: initial 

denaturation at 98 °C for 30 sec, and 35 cycles of denaturation step at 98 °C 

for 10 sec, annealing step at 40 °C – 71.4 °C (depending on -5 °C of the melting 

temperature) for 30 sec, extension step at 72 °C for 45 sec – 2 min (depending 

on the expected product sizes) and a final extension step at 72 °C for 2 min.  

2.4.4 Agarose gel electrophoresis 

DNA was separated using a 1 % (unless stated otherwise) agarose gel by 

electrophoresis.  One percent (w/v) agarose gels were prepared in 1 X Tris 

Acetate EDTA (TAE) buffer, and 0.3 µg/ml of ethidium bromide (EtBr) (Life 

Technologies, UK) was added for visualization purposes.  One microliter of 
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HyperLadderTM 1 kb (Bioline, UK) was loaded as a marker.  The DNA sample 

was mixed with 5 X loading dye (Qiagen, UK) and loaded onto the prepared 

gel.  The gel was electrophoresed in 1 X TAE at 90 V for appropriate times  

(60 - 100 min).  The gels were visualised under UV illumination using an Alpha 

Imager (Alpha InnoTech, UK), and the image was captured by Alpha View 

version 1.0.1.10 (Alpha InnoTech, UK).  The size of the DNA fragments was 

determined by comparing the obtained bands with DNA marker. 

2.4.5 PCR purification and DNA purification from gels 

The separated amplified regions were subjected to gel purification or PCR 

purification using a QIAquick Gel Extraction kit (Qiagen, UK) or a QIAquick 

PCR Purification kit (Qiagen, UK), respectively, according to the manufactures 

recommendations.  The elution step was done using molecular grade water 

(Sigma-Aldrich) instead of the elution buffer supplied by the manufacturer. 

2.4.6 DNA sequencing 

All of the purified DNA samples were sequenced using Sanger sequencing 

method (ABI 3730XL) performed by a DNA sequencing service, GeneWiz 

(formerly known as Beckman Coulter Genomics), UK. Whole genome 

sequencing by Illumina MiSeq platform was provided by MicrobesNG 

(http://www.microbesng.uk), which is supported by the BBSRC (grant number 

BB/L024209/1). 
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2.4.7 In silico sequence analysis and protein structural analysis 

 
Table 2-8 Bioinformatic programmes used in this study. 

Name Functions used for this study References/sources 

Database searches  

BLAST  

BLASTn 

BLASTp 

 

 Search for similar DNA/protein sequences on database 

 Compare two different nucleotide or protein sequences and 

identify the homologous regions 

 

(Altschul, et al. , 1990) 

Sequence analysis 

BioEdit 7.2.0 

GeneDoc 2.7 

Clustal Omega  

SnapGene 3.2.1  

(GSL Biotech LLC, 

Chicago) 

 

 

 Sequence assembly and chromatogram analysis tool 

 Multiple DNA/protein sequences alignment tool 

 Multiple DNA/protein sequences alignment tool 

 Simulates DNA manipulations, visualises open reading 

frames and illustrates DNA/plasmids post manipulations 

 

(Hall, 1999) 

(Nicholas, et al. , 1997) 

(Sievers, et al. , 2011) 
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Name Functions used for this study References/sources 

Protein structural analysis 

EMBOSS-transeq  

RCSB Protein Data Bank 

 

SWISS-MODEL 

 

UCSF Chimera 1.12rc 

 

 Predicts deduced amino acid sequences 

 Retrieves the information regarding the protein sequences 

and crystal structures (https://www.rcsb.org/pdb) 

 Predicts protein structures by comparing the query structure 

with the published structure on database 

 Structural-based alignment software 

 Illustrates and generates 3D protein structure  

 Aligns protein structures using the template-based homology 

modelling 

 

(Rice, et al. , 2000) 

(Berman, et al. , 2000) 

 

(Biasini, et al. , 2014) 

 

(Pettersen, et al. , 2004) 

Others 

BPROM 

ARNold Finding 

Terminators 

Reverse-complement 

 

MLST 1.8 

  

 Predicts promoter sites (Softberry, Inc., NY) 

 Predicts terminator sites 

(http://rna.igmors.u-psud.fr/toolbox/arnold/) 

 Converts a DNA sequence into its reverse form 

(https://www.bioinformatics.org/sms/rev_comp.html) 

 Predicts K. pneumoniae multi-locus sequence typing (MLST) 

(https://cge.cbs.dtu.dk/services/MLST/)   

 

(Solovyev, et al. , 2011) 

(Naville, et al. , 2011) 
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2.4.8 Restriction endonuclease reactions 

Digestion of DNA was conducted using restriction endonucleases (NEB, 

Hertfordshire, UK) according to the manufacturer’s protocols.  The digested 

product was purified using QIAquick PCR Purification Kit prior to ligation steps. 

2.4.9 DNA ligation reaction 

DNA was ligated using T4 DNA ligase (NEB, Hertfordshire, UK) according to 

the manufacturer’s instructions with some modifications.  The amount of vector 

and insert DNA was added according to the molar ratio of 1:3 vector to insert.  

The ligation mixture was incubated at 16 °C for 16 h and the enzyme was heat-

inactivated at 65 °C for 10 min in a Biometra T3000 Thermocycler (Biometra, 

Netherlands). 

2.4.10 Dephosphorylation reactions 

Dephosphorylation of plasmids was carried out to minimise self-ligation of the 

vector during ligation step.  Seven microlitres of linearised vector (~200 ng/µl) 

(to be used for ligation) was incubated with 1 μl (1 U/µl) of Calf Intestine 

Alkaline Phosphatase (CIAP), 2 μl of 10X CIAP Reaction buffer (Promega, UK) 

and 10 µl of molecular grade water and incubated at 37 °C for 30 min in a 

water bath.  After 30 min, 1 μl of CIAP was added to the mixture and re-

incubated for an additional 30 min.  The dephosphorylated vector was purified 

using QIAquick PCR Purification Kit prior to ligation. 
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2.4.11 Transformation of plasmids into E. coli -select silver 

efficiency competent cells 

E. coli transformations were conducted using E. coli α-select silver efficiency 

competent cells (Bioline, London, UK).  Five microlitres of ~100 ng/µl DNA 

(ligation mix) was added to 50 µl of thawed competent cells, and the mixture 

was mixed gently by tapping the bottom of the tube.  The mixture was 

incubated on ice for 30 min and heat shocked in a 42 °C water bath for  

45 sec.  The cells were transferred quickly to an ice bucket and incubated for 

2 min.  Nine hundred microliters of SOC broth (NEB, UK) was added to the 

mixture and incubated at 37 °C for 1 h with shaking at 200 rpm.  Two hundred 

microlitres of cells were spread onto an LB agar supplemented with an 

appropriate antibiotic for selection and LB agar without any supplement as a 

control.  All the plates were then incubated for at 37 °C for 16 h. 

2.4.12 Blue/white screening 

The pGEMT-easy plasmids containing a DNA fragment of interest were 

transformed into E. coli α-select silver efficiency competent cells (Bioline, UK).  

Putative transformants were selected on an LB agar containing 100 µg/ml 

ampicillin, 40 µg/ml 5-bromo-4-chloro-indolyl-β-D-galactopyranoside (X-gal), 

100 mM isopropyl-β-D-thiogalactopyranoside (IPTG), and additional 

antibiotics (if any). Plates were incubated at 37 °C for 16 h.  White colonies 

indicated the presence of recombinant plasmids containing the insert of 

interest, while blue colonies indicated self-ligated plasmids.  White colonies 

were then selected for further confirmation by colony PCR or plasmid 

extraction using QIAprep Spin Miniprep Kit (Qiagen, UK).   
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2.5 Statistical analysis 

All data were presented as mean ± standard deviations (SD).  Nonparametric 

Mann-Whitney test was used to analyse differences between two different 

groups.  Nonparametric Kruskal-Wallis with post-hoc Dunn’s test was used to 

compare differences between more than two groups with one parameter.  Both 

of these analyses were used for non-normally distributed data.  Analysis of 

variance, one-way ANOVA was carried out to compare differences between 

more than two groups with one parameter, and two-way ANOVA was carried 

out to compare differences between more than two groups with more than one 

parameters.  Both of the ANOVAs were corrected using Dunnett’s or 

Bonferroni’s post hoc tests depending on the experiments. Dunnett’s post hoc 

test was conducted to compare one group (control group) with the others, and 

Bonferroni’s post hoc test was chosen for multiple comparison between the 

groups.  A difference was considered significant if p<0.05 (*).  All statistical 

analyses were conducted using GraphPad Prism version 6.0 (GraphPad 

Software, San Diego, CA, USA). 
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3.0 Investigation into the effect of antibiotic exposure 

on K. pneumoniae biofilm formation 

3.1 Introduction 

3.1.1 In vitro biofilm models 

Surface-adhered bacterial communities or biofilms play an important role in 

nosocomial infections.  The ability of bacteria to form a biofilm on medical 

devices leads to biofilm-associated infections, which are recalcitrant toward 

antibiotics (Lebeaux, et al., 2014; Lynch, et al. , 2008).  Hence, it is very 

important to develop experimental models that mimic real environmental 

conditions for a better understanding of the mechanisms of biofilm formation.  

Although these models only approximate real conditions, findings obtained 

from the experimental models, can still provide us with information on the 

phenotypic and genotypic differences between motile and sessile bacterial 

communities.   

There are several models/apparatuses that researchers use to examine 

biofilms.  Among them are the microtitre plate (O'Toole, 2011), the Calgary 

device (Ceri, et al. , 1999), the Biofilm Ring test (Olivares, et al. , 2016), the 

modified Robbins device (McCoy, et al. , 1981), flow chambers (Wolfaardt, et 

al. , 1994), the constant depth film fermenter (CDFF) (Peters, et al. , 1987), the 

drip flow biofilm reactor, the rotary biofilm device (BioSurface Technologies 

Corporation) (Schwartz, et al. , 2010) and microfluidic biochips (Richter, et al. 

, 2007).  Biofilm formation assays using microtitre plates are the most common 

model because this method is cost-effective, easy to handle, reproducible, 

suitable for high-throughput screening, and less complicated in comparison to 
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the other methods (Azeredo, et al. , 2017; Lebeaux, et al. , 2013).  Despite 

these advantages, biofilm formation assays in microtitre plates do have some 

pitfalls.  For example, the biofilm yield obtained from wells of a microtitre plate 

is very limited and it is normally inadequate to be used for gene or protein 

expression studies specifically in 96-well microtitre plates.   

3.1.2 The effects of antibiotic exposure on biofilm formation 

As a rule of thumb, matrix-encased biofilms are more resistant to antibiotics 

than their planktonic counterpart (Davies, 2003).  Exposure to low dose 

antibiotics has been suggested to be a contributing factor to stimulation of 

biofilm formation (Kaplan, 2011) and this phenomenon might have clinical 

relevance.  Several studies have proven that exposure to sub-inhibitory 

concentrations of antibiotics in vitro can affect various bacterial activities 

including: increase in virulence (Geisinger, et al. , 2015), increase in random 

mutagenesis (Foster, 2007),  and stimulation of biofilm formation (Kaplan, 

2011).  Formation of biofilm upon exposure to low-level antibiotics also is 

proposed to be one of the defensive mechanisms and adaptation responses 

to the presence of antibiotics in the environment (Hoffman, et al. , 2005).   

Many studies have investigated the mechanisms of antibiotic-induced biofilm 

formation upon exposure of bacteria in different growth states to sub-MICs of 

antibiotics in several pathogens, for example in Staphylococcus aureus 

(Bisognano, et al. , 1997; Blickwede, et al. , 2004), Staphylococcus epidermidis 

(Rachid, et al. , 2000), Pseudomonas aeruginosa (Bagge, et al. , 2004; 

Hoffman, et al., 2005; Linares, et al. , 2006), Escherichia coli (Hoffman, et al., 

2005), and Acinetobacter baumanni (Nucleo, et al. , 2009).   
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As an example, one-quarter of the MIC of ciprofloxacin was shown to induce 

the expression of fibronectin adhesins such as fibronectin binding proteins 

(FnBPs) in fluoroquinolone resistant S. aureus strains upon growth in Mueller-

Hinton (MH) broth.  This subsequently resulted in increased adhesion of 

fluoroquinolone resistant strains on fibronectin-coated coverslips compared to 

the strains which were grown in antibiotic-free medium (Bisognano, et al., 

1997). 

Rachid, et al. (2000) also showed that exposure of S. epidermidis cultures to 

sub-inhibitory concentrations of tetracycline or streptogramin could also 

promote the production of exopolysaccharides in S. epidermidis.  The 

transcription of the ica operon, which contains genes that encode for proteins 

involved in the synthesis of polysaccharide intercellular adhesin (PIA) was 

observed to be induced after treatment with a very low dosage of tetracycline 

or combination of streptogramin compounds, (quinupristin-dalfopristin) ranging 

from 1/70 to 1/2 X MIC.  This subsequently resulted in an enhancement of 

biofilm formation by S. epidermidis.   

Exposing P. aeruginosa biofilms to no more than 1/10 X MIC of imipenem  

(0.2 µg/ml) was also shown to upregulate the genes that encode for alginate 

biosynthesis.  Enhancing production of alginate stimulated biofilm formation by 

this pathogen (Bagge, et al., 2004).  Besides imipenem, biofilms of  

P. aeruginosa were also found to be induced upon exposure to 1 µg/ml of 

tobramycin which is equal to less than 0.3 X MIC of tobramycin for this strain 

(Hoffman, et al., 2005).  The aminoglycoside response regulator (arr) that was 

predicted to encode an inner-membrane phosphodiesterase that catalysed 
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hydrolysis of c-di-GMP was believed to be involved in the biofilm induction 

upon exposure to tobramycin.  This study proposed that tobramycin either 

directly or indirectly enhanced the enzymatic activity of Arr cytoplasmic EAL 

domain, which resulted in increased biofilm formation by decreasing the c-di-

GMP level in the cytoplasm.   

This finding, however, is in contradiction to other studies which have shown 

that higher levels of c-di-GMP are important in bacterial biofilm formation.  As 

an example, a previous study showed that intracellular levels of c-di-GMP are 

involved in regulation of EPS production by P. aeruginosa.  Increased levels 

of c-di-GMP were shown to correlate with increased biofilm formation and 

decreased levels of c-di-GMP resulted in reduction of biofilm production by 

P. aeruginosa.  Low levels of c-di-GMP were also suggested to prevent the 

initiation step of biofilm formation (Hickman, et al. , 2005). 

Exposure of E. coli to sub-inhibitory concentrations of translation inhibitor 

antibiotics (erythromycin, chloramphenicol, tetracycline, and streptomycin) 

were shown to induce biofilm formation by upregulating poly-β-1, 6-N-acetyl-

glucosamine (PNAG) through two biosynthetic proteins, PgaA and PgaD.  

Enhanced production of PgaA and PgaD leads to increase PNAG and 

enhances the formation of biofilm.  PNAG production is controlled by bacterial 

intracellular signaling molecules guanosine-bis 3’ 5’ diphosphate (ppGpp) 

and c-di-GMP (Boehm, et al. , 2009).  Owing to the fact that K. pneumoniae 

also has high degree of amino acid sequence identity (see Chapter 4, section 

4.3.1.2) and machinery for the synthesis and secretion of PNAG with E. coli, 

(Chen, et al. , 2014), exposure of K. pneumoniae to sub-inhibitory 
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concentrations of protein translation inhibitor, gentamicin was also 

hypothesised to induce biofilm formation by K. pneumoniae.   

3.1.3 Justification of the experimental design  

In this study, two different antibiotics with two different modes of action: a 

protein translation inhibitor and a DNA replication inhibitor, were chosen to be 

tested for possible effects of sub-MICs exposure of these antibiotics on biofilm 

formation by K. pneumoniae.  The antibiotics were gentamicin, and 

ciprofloxacin.  The concentrations of antibiotics used in this study were sub-

MICs and these included the breakpoint and sub-breakpoint concentrations of 

the particular antibiotics, for K. pneumoniae.  These were based on the 

European Committee on Antimicrobial Susceptibility Testing (EUCAST) (2014) 

Guidelines when this study was conducted.   

Gentamicin and ciprofloxacin were selected since they are normally used to 

treat K. pneumoniae infections and are also commonly used as antimicrobial 

prophylaxis.  Gentamicin is commonly used for perioperative antimicrobial 

prophylaxis for urological surgeries such as ureterostomy  and it has also been 

used prior to catheter change (Parkinson, et al. , 2016).  Whilst, ciprofloxacin 

has been one of the most widely used antibiotics as prophylaxis for UTIs 

(Enzler, et al. , 2011; Hickerson, et al. , 2006).   
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3.1.4 Modes of action and mechanisms of resistance of 

antibiotics  

3.1.4.1 Gentamicin 

Gentamicin is an aminoglycoside.  The aminoglycosides family includes 

amikacin, tobramycin, streptomycin, kanamycin, and neomycin.  Gentamicin 

acts by binding irreversibly to the 16S rRNA subunit of the bacterial 30S 

ribosomal unit which results in misreading of the amino acid codons that have 

already been initiated (Shoji, et al. , 2009; Tai, et al. , 1979) and interrupting 

the translocation of peptidyl-tRNA from A-site on the 16S rRNA to the P-site 

(Figure 3-1) (Feldman, et al. , 2010; Kotra, et al. , 2000).  This subsequently 

inhibits protein synthesis (Wilson, 2014). 

 

 

 

Figure 3-1 The modes of action of gentamicin. 

Gentamicin binds to the 30S ribosomal subunit and leads to misreading of codon and 

also interrupts the translation process.   
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There are several aminoglycoside resistance mechanisms including pumping 

out aminoglycosides by active efflux system, alteration of the ribosome target 

sites, (Magnet, et al. , 2005) and inactivation of aminoglycosides by 

aminoglycosides-modifying enzymes (AMEs).  AcrD in E. coli (Rosenberg, et 

al. , 2000) and MexXY-OprM in P. aeruginosa (Hocquet, et al. , 2003) are 

amongst the most effective efflux pumps which are necessary for resistance 

against aminoglycosides.  Alteration of the ribosome target sites can prevent 

the binding of the aminoglycosides to the ribosome.  For example, 

methyltransferases which are known as 16S rRNA methylases can modify 16S 

ribosomal RNA which acts as the aminoglycosides binding site.  These 

methyltransferases include aminoglycoside resistance methyltransferase A 

which encodes by armA (Galimand, et al. , 2003).  AMEs are the most 

important resistance mechanisms found in K. pneumoniae (Ramirez, et al., 

2010) and are typically found on MGEs such as plasmids or transposons.  The 

modifying enzymes that are involved in gentamicin inactivation include 

aminoglycosides acetyltransferases (AAC), aminoglycosides acetylnucleotidyl 

transferases (ANT), and aminoglycosides acetylphosphotransferases (APH) 

(Figure 3-2) (Mingeot-Leclercq, et al. , 1999; Tangy, et al. , 1985).  
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                                                                                         Modifying enzymes and the targets  

           are as labelled. 

 

 

Figure 3-2 Chemical structure of gentamicin.  

 

The gentamicin resistance genes, aac(3)-II and aac(6’)-Ib, aac(6’)-IV,  

ant(2’’)-Ia, and aph(3’)-Ia, are known to be among the most prevalent 

determinants of gentamicin resistance found in K. pneumoniae (Almaghrabi, 

et al. , 2014; Naparstek, et al. , 2014; Ruiz, et al. , 2012).  
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3.1.4.2 Ciprofloxacin 

 

 

Figure 3-3 Chemical structure of ciprofloxacin. 

 

Ciprofloxacin is a bactericidal fluoroquinolone (Figure 3-3).  Quinolones disturb 

DNA replication by inhibiting two essential type II topoisomerases: DNA gyrase 

and topoisomerase IV activities which are essential for bacterial DNA 

replication.  DNA gyrase is a tetrameric enzyme consisting of two A (GyrA) and 

two B (GyrB) subunits (Redgrave, et al. ).  The GyrA subunit plays a role in 

DNA breakage and religation, and GyrB is involved in ATPase binding and 

hydrolysis (Qi, et al. , 2002).  Topoisomerase IV has a similar structure as DNA 

gyrase.  It is made of two A subunits and two B subunits which are encoded 

by parC and parE, respectively (Kato, et al. , 1990).  This enzyme has two 

specific functions: to relax the positively supercoiled strands together with DNA 

gyrase and to unlink newly replicated daughter chromosomes (Fabrega, et al. 

, 2009).   
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Mutations or alterations in specific domains for both gyrA and gyrB, and 

secondary drug targets ParC and ParE, respectively (M. E. Jones, et al. , 

2000), and also, protection of DNA gyrase and topoisomerase IV by Qnr 

protein are among the most common resistance mechanisms to ciprofloxacin 

(Tran, et al. , 2002).   

The first plasmid (pMG252) mediated harbouring quinolone resistance gene, 

qnrA was found in a clinical K. pneumoniae strain isolated in 1994 at the 

University of Alabama at Birmingham Medical Centre, USA (Jacoby, et al. , 

2003; Martinez-Martinez, et al. , 1998).  qnrA encodes for the 218-amino-acid 

protein, QnrA, which belongs to pentapeptide repeat family.  This protein 

protects the quinolone targets, DNA gyrase and topoisomerase IV from 

inhibitory activity of the antibiotics. (Tran, et al. , 2005).  

Another additional quinolone resistance mechanism which is common in 

Enterobacteriaceae and also K. pneumoniae (Ruiz, et al., 2012) is mediated 

by an aminoglycosides-modifying enzyme, AAC(6)-Ib-cr, which can cause 

resistance to aminoglycosides and fluoroquinolones simultaneously.  This 

enzyme is a variant of aminoglycoside acetyltransferase with two amino acid 

differences, Trp102Arg and Asp179Tyr and is thought to be more prevalent 

than the Qnr protein.  The alterations allow it to inactivate ciprofloxacin through 

the acetylation of its piperazinyl substituent (Robicsek, et al. , 2005; 

Strahilevitz, et al. , 2009). 

 

 



79 |  

 

3.1.5 Aims of this chapter 
 

To determine the effect of exposure of: i) cultures during bacterial growth until 

mid-log phase, ii) cultures during biofilm formation, and iii) mature biofilms of 

K. pneumoniae to sub-MICs of antibiotics under shaking condition.  The 

antibiotics, gentamicin and ciprofloxacin were tested at sub-MICs.  The usage 

of these concentrations can be considered clinically relevant since the sub-

MICs specifically breakpoint concentration is correlated to achievable serum 

drug levels using standard dosing for treatment (Levison, et al. , 2009).  

Bacteria are also possibly exposed to low antibiotic concentrations several 

hours at the beginning, between doses and end of antibiotherapy (Craig, 

1998), or after continuous low-dose antibiotics prophylaxis which is normally 

used to treat UTI and surgical wounds (Parkinson, et al., 2016).  In this study, 

we wanted to determine whether exposure of these different condition of 

culture and mature biofilm to these antibiotics would increase biofilm 

formation by K. pneumoniae.  
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3.2 Materials and methods  

3.2.1 Biofilm formation under different growth conditions and 

in different media 

A 16 h old culture of each isolate was adjusted to an optical density at  

600 nm (OD600) of 0.05 by adding 100 µl of the culture into 10 ml of TSB.  

The cultures were incubated at 37 °C with agitation at 200 rpm (SANYO MIR-

22RU, Japan) until they reached mid-log phase (approximately after 2 h).  

Bacteria at mid-log phase (see Chapter 4, section 4.3.2) were diluted to a 

OD600 of ~1.0 (~109 cfu/ml) and 20 μl of the suspension was added into 

wells of a flat-bottom 96-well polystyrene tissue culture treated plate 

(Sarstedt, Germany) containing 180 μl of fresh TSB or TSB + 2 % glucose. 

TSB only (without bacterial culture) was included in each test as a blank 

control.  The cultures were then incubated at 37 °C for 24 h under static 

conditions or with shaking at 200 rpm on an orbital shaker (Luckham, UK).  

The biofilms were then quantified using a crystal violet assays.   

3.2.2 Pre-exposure of cultures to antibiotics prior to biofilm 

formation 

To examine the effect of pre-exposure of cultures to sub-MICs of antibiotics 

on biofilm formation, a 16 h old culture of each isolate was adjusted to OD600 

of 0.05 by adding 100 µl of the culture into 10 ml of TSB.  The antibiotics, 

gentamicin (4 μg/ml, 2 μg/ml or 1 μg/ml) or ciprofloxacin (1 μg/ml, 0.5 μg/ml 

or 0.25 μg/ml) were added into the suspension.  The tube with TSB inoculated 

with culture only (without any antibiotic) acted as a control.  The cultures were 

incubated until the bacteria reached mid-log phase and they were diluted to 

OD600 of ~1.0 (~109 cfu/ml).  Twenty microlitres of the suspension were 
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inoculated into the wells of a flat-bottom 96-well polystyrene tissue culture 

treated plate (Sarstedt, Germany) containing 180 μl of fresh TSB.  The cover 

was replaced with a microtitre plate breathable film cover (Anachem, UK) to 

minimise evaporation and ‘edge effects’.  The breathable film covers were 

used for all subsequent biofilm formation assays in this study.  The plate was 

incubated at 37 °C for 24 h under shaking conditions at 200 rpm on an orbital 

shaker (Luckham, UK) and the biofilms were then quantified using a crystal 

violet assays. 

3.2.3 Exposure of mid-log phase cultures to antibiotics during 

biofilm formation 

To investigate the effect of exposure of mid-log phase cultures to sub-MICs 

of antibiotics during biofilm formation, 180 μl of TSB only or TSB with 

respective concentrations of antibiotics [(4 μg/ml, 2 μg/ml or 1 μg/ml) for 

gentamicin, or (1 μg/ml, 0.5 μg/ml or 0.25 μg/ml) for ciprofloxacin)] were 

added to the wells of microtiter plates.  Twenty microlitres of diluted mid-log 

phase cultures (OD600 of ~1.0 (~109 cfu/ml) were used to inoculate wells 

containing TSB only or TSB with antibiotics.  The TSB only wells were 

labelled as control groups.  The plate was incubated as mentioned before 

and biofilms were then quantified using crystal violet. 
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3.2.4 Exposure of mature biofilms to antibiotics 

Biofilms were grown at 37 °C for 24 h as previously mentioned, and after  

24 h incubation, planktonic cells were removed from the wells containing 24 h 

old biofilms.  The wells were washed three times carefully (to avoid disturbance 

to the biofilm) with sterile phosphate buffer saline (PBS).  Fresh TSB medium 

or TSB with respective concentrations of antibiotics [(4 μg/ml, 2 μg/ml or 1 

μg/ml) for gentamicin, or (1 μg/ml, 0.5 μg/ml or 0.25 μg/ml) for ciprofloxacin)] 

were added into the wells containing 24 h old biofilms.  The TSB only wells 

were labelled as controls.  The 24 h old biofilms in fresh medium were then re-

incubated at 37 °C for 24 h under shaking conditions at 200 rpm.  After  

24 h incubation, the absorbance of planktonic cells (represents the bacterial 

growth) were measured using a microplate reader (Dynex MRX TC II, MTX 

Labsystem, USA) prior to quantification of biofilms using crystal violet.  

3.2.5 Crystal violet quantification of biofilm formation  

Planktonic cells were removed from the incubated plate and the wells were 

washed three times with 200 μl of PBS to remove the non-adherent cells.  The 

plate was then air-dried at 37 °C for 10 min and the biofilms were stained with 

300 μl of 0.005 % of crystal violet (CV) (Pro-Lab Diagnostics, UK) and 

incubated at room temperature for 30 min.  The CV was discarded and the 

plate was washed twice with 300 μl of PBS to remove the unbound CV.  Three 

hundred microlitres of ethanol (90 %) was added into the wells to solubilise the 

stain and the plate was incubated for 15 min. The absorbance (OD590) was 

measured using a microplate reader (Dynex MRX TC II, MTX Labsystem, 

USA).  
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Figure 3-4 Simplified diagram of methodology used in this chapter.  
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3.3 Results 

3.3.1 Optimisation of growth conditions and growth media for 

biofilm formation assays 

The main objective of this chapter was to investigate the effect of antibiotic 

exposure on K. pneumoniae biofilm formation.  To determine the most 

suitable method to be used for the subsequent biofilm formation assays in 

further investigations, several factors were optimised to ensure reproducibility 

of the assays during the study.  Among those factors were the optimal growth 

conditions and a suitable medium to grow biofilms using flat-bottom 96-well 

polystyrene tissue culture treated plates.  To determine the optimum 

conditions that could be used to grow biofilms and whether glucose had an 

effect on biofilm formation of these six K. pneumoniae strains, preliminary 

assays were conducted by inoculating 20 µl of mid-log phase cultures into 

180 µl of TSB or TSB + 2 % glucose in 96-well microtitre plate and incubating 

the plate at 37 °C for 24 h under static and shaking conditions.  Subsequently, 

the capacity to form biofilms in two different conditions and two different 

media was determined and compared.  For the purpose of explanation and 

comparison, the graphs for optimisation of the growth conditions (shaking 

and static) (Figure 3-5) and growth media (TSB or TSB + 2 % glucose) 

(Figure 3-6) were plotted separately, even though, both of these experiments 

were conducted at the same time.  
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Figure 3-5 shows the biofilm formation by K. pneumoniae after incubation at 

37 °C for 24 h under shaking and static conditions in two different media, TSB 

and TSB + 2 % glucose.  Kpneu_1 was observed to form more biofilms in 

TSB under shaking conditions compared to static conditions in TSB.  While 

Kpneu_110 was observed to form more biofilms under shaking conditions in 

both media. However, no significant difference was observed for strains 

Kpneu_63, Kpneu_64, Kpneu_65, and C3091 cultivated in TSB or TSB + 

2 % glucose when incubated under either static and shaking conditions. 
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Figure 3-5 Biofilm formation by K. pneumoniae under different growth 

conditions. 

Biofilms were grown in A) TSB and B) TSB + 2 % glucose at 37 °C for 

24 h in 96-well microtitre plates under static and shaking conditions.  Bars show 

average absorbance readings from three independent experiments.  The data was 

analysed by two-way ANOVA and Bonferroni’s post hoc test.  Error bars indicate the 

standard deviation of nine replicates.  Statistical significance was indicated by  

* represents p < 0.05, *** represents p < 0.001, and **** represents p < 0.0001.   
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Figure 3-6 shows that no significant difference was found between biofilm 

formation in TSB compared to TSB + 2 % glucose under static or shaking 

conditions.  The presence of 2 % glucose in TSB was shown to have no effect 

on biofilm formation by any of the strains.  Given this finding, all of the 

subsequent biofilm assays were carried out under shaking conditions in TSB 

only. 
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Figure 3-6 Biofilm formation by K. pneumoniae in two different media. 

Biofilms were grown under A) static and B) shaking conditions in 96-well microtitre 

plates at 37 °C for 24 h in two different media, TSB and TSB + 2 % glucose.  Bars 

show average absorbance readings for three independent experiments.  The data 

was analysed by two-way ANOVA and Bonferroni’s post hoc test.  Error bars indicate 

the standard deviation of nine replicates.  No significant difference was observed for 

all the strains between the biofilm formation in TSB and TSB + 2 % glucose. 

 

 



89 |  

 

3.3.2 Pre-exposure of cultures to gentamicin or ciprofloxacin 

prior to biofilm formation 

In order to determine the effect of antibiotic pre-exposure on  

biofilm formation by K. pneumoniae, the K. pneumoniae culture was  

pre-exposed to antibiotics: gentamicin or ciprofloxacin during 2 h incubation 

until it reached mid-log phase.  Figure 3-7 shows the result of pre-exposure to 

A) gentamicin and B) ciprofloxacin on biofilm formation by K. pneumoniae. 

Strains Kpneu_1, Kpneu_64, and Kpneu_110 showed a significant reduction 

of biofilm formation upon exposure to 1 µg/ml and 2 µg/ml gentamicin 

compared to the control group.  Whereas, no significant difference was seen 

upon pre-exposure of strains Kpneu_63 and Kpneu_65 to gentamicin.  Strain 

C3091 was not included in this pre-exposure to gentamicin biofilm assays 

since it was susceptible to gentamicin and addition of gentamicin in the 

growth medium for incubation until mid-log phase killed the cells.  Figure 3-7 

shows that strain Kpneu_65 had a significant reduction in biofilm formation 

upon pre-exposure to 0.25 µg/ml, 0.5 µg/ml and 1 µg/ml of ciprofloxacin while 

Kpneu_110 showed a significant reduction upon pre-exposure to 0.5 µg/ml 

and 1 µg/ml of ciprofloxacin compared to controls.  Two susceptible strains: 

strains Kpneu_1 and C3091 were not included in this pre-exposure to 

ciprofloxacin biofilm assays since they were susceptible to ciprofloxacin and 

did not survive during the incubation until mid-log phase with addition of of 

ciprofloxacin in growth medium.  The graph in Figure 3-7 shows that pre-

exposure of K. pneumoniae cultures during 2 h of incubation until they 

reached mid-log to sub-MICs of gentamicin or ciprofloxacin did not increase 

the biofilm mass of all the strains used in this study. 
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Figure 3-7 Effect of pre-exposure of cultures to gentamicin or ciprofloxacin 

prior to biofilm formation by K. pneumoniae. 

The effect of pre-exposure of cultures to A) gentamicin or B) ciprofloxacin during 2 h 

incubation until it reached mid-log phase, on biofilm formation by  

K. pneumoniae.  The biofilms were grown in 96-well microtitre plates at 37 °C for  

24 h in TSB under shaking conditions.  Bars show average absorbance readings from 

three independent experiments.  The data was analysed by one-way ANOVA and 

Dunnett’s post-hoc test. Error bars indicate standard deviation of nine replicates. 

Significant reduction was observed after pre-exposure of strains Kpneu_1, Kpneu_64 

and Kpneu_110 to 2 μg/ml gentamicin compared to controls.  Whilst strain Kpneu_65 

showed significant reduction after pre-exposed to 0.25 μg/ml ciprofloxacin and both 

Kpneu_65 and Kpneu_110 showed reduction upon pre-exposed to 0.5 μg/ml and  

1.0 μg/ml ciprofloxacin compared to controls.  Statistical significance is indicated by  

* represents p < 0.05, ** represents p < 0.01, *** represents p < 0.001 and **** 

represents p < 0.0001.   
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3.3.3 Exposure of mid-log phase cultures to gentamicin or 

ciprofloxacin during 24 h biofilm formation 

The effect of antibiotic exposure during 24 h biofilm formation was examined 

by inoculating 20 µl of mid-log phase cultures into growth medium (with and 

without antibiotics) and incubating at 37 °C for 24 h under shaking conditions.  

The data in Figure 3-8 shows that gentamicin susceptible strain, C3091 (MIC 

0.38 µg/ml) showed a significant reduction in biofilm formation upon exposure 

to 2 µg/ml, 4 µg/ml or 8 µg/ml of gentamicin in comparison to control group.  

Apart from C3091, all strains showed no significant difference in biofilm 

formation compared to controls upon incubation for 24 h with gentamicin.  

Kpneu_1 and C3091 exhibited a highly significant reduction in biofilm 

formation upon exposure to ciprofloxacin compared to controls and this could 

be because both of these strains were susceptible to ciprofloxacin as 

previously mentioned (MIC 0.016 µg/ml and 0.012 µg/ml respectively).  Strain 

Kpneu_64 had a significant reduction in biofilm formation upon exposure to 

0.25 µg/ml and 0.5 µg/ml of ciprofloxacin, while Kpneu_63 had a significant 

reduction in biofilm formation upon exposure to 0.25 µg/ml, 0.5 µg/ml, and  

1 µg/ml of ciprofloxacin compared to controls.  Taken together, exposure of 

mid-log phase culture to sub-MICs of gentamicin or ciprofloxacin during 24 h 

biofilm formation did not increase the biofilm formation by any of the  

K. pneumoniae strains used in this study.   
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Figure 3-8 Effect of antibiotic exposure during 24 h incubation on biofilm 

formation by K. pneumoniae. 

The effect of A) gentamicin or B) ciprofloxacin exposure during 24 h biofilm formation 

on biofilm formation by K. pneumoniae.  The biofilms were grown in 96-well microtitre 

plates at 37 °C for 24 h in TSB under shaking conditions.  Bars show average 

absorbance readings from three independent experiments.  The data was analysed 

by one-way ANOVA and Dunnett’s post-hoc test. Error bars indicate the standard 

deviation of nine replicates.  C3091 showed a significant reduction in biofilm formation 

upon exposure to 1 μg/ml, 2 μg/ml, or 4 μg/ml of gentamicin in comparison to controls.  

Highly significant reduction can be seen after exposure to sub-MICs of ciprofloxacin 

on biofilm of Kpneu_1 and C3091 during 24 h biofilm formation.  Strain Kpneu_63 

showed a significant reduction in biofilm, after exposure to 0.25 μg/ml, 0.5 μg/ml, and 

1 μg/ml of ciprofloxacin whilst strain Kpneu_64 had a significant reduction in biofilm 

formation upon exposure to0.25 μg/ml and 0.5 μg/ml of ciprofloxacin.  Statistical 

significance is indicated by * represents p < 0.05, ** represents p < 0.01,  

*** represents p < 0.001 and **** represents p < 0.0001.   
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3.3.4 Exposure of mature biofilms to antibiotics  

The effects of exposure to antibiotics on the growth of K. pneumoniae are 

shown in Figure 3-9 while the effects of gentamicin or ciprofloxacin exposure 

to mature K. pneumoniae biofilms are presented in Figure 3-10.  To evaluate 

the effect of antibiotics exposure to pre-formed K. pneumoniae biofilms, the 

biofilms were grown as previously mentioned at 37 °C for 24 h under shaking 

conditions.  The 24 h old biofilms were then exposed to sub-MICs of antibiotics. 

Figure 3-10 shows the absorbance of planktonic bacteria upon re-incubation 

of the mature biofilms in a fresh TSB in the presence of gentamicin or 

ciprofloxacin at sub-MICs.  The growth of strain C3091, however, was 

observed to be reduced upon exposure to 2 µg/ml of gentamicin compared to 

control.  Planktonic cells of ciprofloxacin susceptible strains, Kpneu_1 and 

C3091 were also observed to be significantly reduced upon incubation in TSB 

in the presence of 0.25 µg/ml, 0.5 µg/ml and 1 µg/ml of ciprofloxacin compared 

to controls.  Apart from these two strains, a significant reduction in growth was 

also seen for Kpneu_64 upon exposure to 1 µg/ml of ciprofloxacin compared 

to control. 
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Figure 3-9 Effect of antibiotic exposure on growth of K. pneumoniae. 

The effect of A) gentamicin and B) ciprofloxacin exposure on growth of  

K. pneumoniae (derived from the mature biofilm experimental plate) incubated at  

37 °C for 24 h in TSB under shaking conditions.  Bars show average absorbance 

readings from three independent experiments.  The data was analysed by one-way 

ANOVA and Dunnett’s post hoc test.  Error bars indicate the standard deviation of 

nine replicates.  The growth of gentamicin-susceptible strain C3091 showed a 

significant reduction upon exposure to 1 μg/ml, 2 μg/ml and 4 μg/ml of gentamicin in 

comparison to control upon 24 h incubation.  Whilst, the growth of ciprofloxacin-

susceptible strains, strain Kpneu_1 and C3091 also showed a significant reduction 

upon exposure to 0.25 µg/ml, 0.5 µg/ml and 1 µg/ml of ciprofloxacin compared to the 

control groups.  Statistical significance was indicated by ** represents p < 0.01,  

*** represents p < 0.001 and, **** represents p < 0.0001. 
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Figure 3-10 shows the effect of antibiotic exposure on mature biofilms of  

K. pneumoniae.  No significant difference was found after exposure of mature 

biofilm to gentamicin and ciprofloxacin for all of the strains apart from C3091.  

Strain C3091 was a gentamicin and ciprofloxacin-susceptible strain and the 

growth of this strain in TSB was disturbed with addition of these antibiotics 

compared to the control (see Figure 3-9).   

Mature biofilms of C3091 were slightly reduced upon exposure to 2 µg/ml of 

gentamicin and upon exposure to 0.25 µg/ml, 0.5 µg/ml and 1 µg/ml of 

ciprofloxacin compared to controls.  No significant differences in the amount 

of mature biofilm were seen for ciprofloxacin-susceptible strain Kpneu_1, upon 

exposure to ciprofloxacin compared to controls, even though it was clearly 

shown that the growth of this strain was completely inhibited with the addition 

of ciprofloxacin in the growth medium.  No reduction of mature biofilms was 

seen for Kpneu_64 although its growth was significantly reduced upon 

exposure to 1 µg/ml of ciprofloxacin compared to controls.   
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Figure 3-10 Effect of antibiotic exposure on mature biofilms of K. pneumoniae. 

The effect of exposure of mature biofilms of K. pneumoniae to A) gentamicin and B) 

ciprofloxacin upon cultivation in 96-well microtitre plates at 37 °C for 24 h in TSB under 

shaking conditions. Bars show average absorbance readings from three independent 

experiments.  The data was analysed by one-way ANOVA and Dunnett’s post hoc 

test.  Error bars indicate the standard deviation of nine replicates. Strain C3091 

showed a significant reduction upon exposure to 2 μg/ml of gentamicin and also upon 

exposure to 0.25 μg/ml, 0.5 μg/ml and 1.0 μg/ml ciprofloxacin in comparison to 

controls.  No significant difference was seen for all the other strains upon exposure of 

mature biofilm to gentamicin and ciprofloxacin.  Statistical significance was indicated 

by * represents p < 0.05, ** represents p < 0.01 and, *** represents p < 0.001. 
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3.4 Discussion 

The initial part of this chapter described an optimisation of the biofilm 

formation assays that would be used for subsequent experiments involving 

any biofilm mass quantification.  Biofilm formation assays in our study were 

performed on 24 h biofilms.  This was based on our data, that showed the 

absorbance readings of crystal violet that was used for staining of biofilm 

mass post 24 h and 48 h was almost similar (Figure 3-7 and Figure 3-8, and 

Figure 3-10) for all of the strains. Hence, all of the biofilm assays were 

conducted on 24 h old biofilms for all subsequent experiments.   

The first optimisation was cultivation of K. pneumoniae under static and 

shaking conditions.  K. pneumoniae was observed to form biofilms more 

efficiently under shaking conditions compared to static conditions for strains 

Kpneu_1 and strain Kpneu_110.  Shaking conditions provide shear stress 

(Moreira, et al. , 2013); by means of the friction force between liquid in wells 

and wall surfaces  (Liu, et al. , 2002; Saur, et al. , 2017).  Our findings showed 

that formation of biofilm was significantly higher for strain Kpneu_1 and 

Kpneu_110 under shaking conditions (Figure 3-5).   

The ability of bacteria to form more biofilms under shaking conditions in 

microtitre plates might be because of the existence of shear stress they 

experience in the wells.  Also shaking conditions could  bring more bacterial 

cells into contact with the well surfaces (Stoodley, et al. , 1998) and this 

results in increased cell attachment on the wells.  Shaking conditions could 

also result in higher cell density (Paris, et al. , 2007) provided by the higher 
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oxygen and substrate mass transfer from the medium to biofilm cells upon 

incubation under shaking conditions (Moreira, et al., 2013).   

The mechanical force which is caused by the hydrodynamic shear force has 

been shown to enhance the biological adhesive bonds or catch bonds by 

pulling the ligand-receptor complex apart.  Bacterial surface allosteric protein, 

FimH, is known to be involved in the catch bond mechanism of adhesion by 

mediating the shear-enhanced adhesion where the binding is increased 

under high shear stress condition.  In addition, bacterial cells are also proven 

to adhere strongly to the surface in high shear environments compared to low 

shear environments (Sokurenko, et al. , 2008; Thomas, 2008).  A previous 

publication by Liu, et al. (2002) has also shown that higher hydrodynamic 

shear force can lead to stronger biofilms, and biofilms tend to develop a 

relatively fragile structure when the shear force is too weak. 

Shear stress in shaking conditions has also been suggested to provide higher 

chances for adhesion by inducing some conformational changes in the O8-

antigen of E. coli structure (Kumar, et al. , 2015).  However, the role of 

different O-serotype of K. pneumoniae in biofilm formation upon cultivation 

under shaking condition is still unknown and it needs further investigations.   

A highly significant increase in biofilm formation was seen upon cultivation of 

the hypermucoviscous Kpneu_110 (see Figure 1-2, Chapter 1) strain under 

shaking conditions in comparison to static conditions in both of the media with 

and without 2 % glucose.  Our observation was also in line with the study by 

Kong, et al. (2012) who showed that the biofilm formation by 
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hypermucoviscous K. pneumoniae strain hvKP1 was greater upon incubation 

in LB under shaking conditions compared to static conditions. 

A suitable medium to be used for biofilm formation was then determined by 

cultivating biofilms in TSB and TSB + 2 % glucose.  The addition of glucose 

is based on a previous study which mentioned that supplementation of  

1 % glucose to TSB increased the carbon to nitrogen ratio in growth medium, 

which was associated with enhancement of capsule production in  

K. pneumoniae (Domenico, et al. , 1999; Thornton, et al. , 2012).  Addition of 

glucose in LB broth was also shown to restore capsule production in  

a K. pneumoniae trehalose-6-phosphate hydrolase (treC) mutant strain and 

subsequently increased biofilm formation of this strain (Wu, et al. , 2011).  

Capsule production is suggested to be involved in biofilm formation of  

K. pneumoniae, and it is also important for construction of mature biofilm 

architecture (Balestrino, et al., 2008).  Decreased production of capsule is 

thought to be responsible for decreased biofilm formation in K. pneumoniae 

(Boddicker, et al., 2006).  Supplementation of 2 % glucose in growth medium 

such as modified TSB, TSB, and BHI was also shown to enhance biofilm 

formation by other bacterial species, for example, E. faecalis.  Addition of 

glucose was shown to increase the multi-layered biofilm structural and 

cellular viability of E. faecalis (Seneviratne, et al. , 2013).  Our result, 

however, showed no significant difference in biofilm formation by  

K. pneumoniae in microtiter plates upon cultivation in TSB or TSB with 2 % 

of glucose (Figure 3-6).  For that reason, all of the subsequent biofilm assays 

were conducted using TSB without any glucose.   
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Sub-inhibitory concentrations of antibiotics are known to induce stress in 

several bacterial species (Kaplan, 2011).  The aim of this research was to 

determine whether sub-inhibitory concentrations of common antibiotics used 

to treat K. pneumoniae infections may enhance biofilm formation.  We tested 

the hypothesis by exposing the K. pneumoniae strains to two different 

antibiotics which have different modes of action since very few studies have 

been carried out to investigate the effect of antibiotic exposure on biofilm 

formation by K. pneumoniae.  A study by Singla, et al. (2013) which 

specifically tested the susceptibility of different phases of biofilm formation, 

such as planktonic cells at mid-log phase, planktonic cells at stationary 

phase, adherent monolayers and mature biofilms, to three different antibiotics 

from different families (piperacillin, amikacin and ciprofloxacin) were different 

from our study since they investigated the susceptibility of K. pneumoniae 

upon exposure to far higher concentrations of antibiotics, which ranged from 

0.062 µg/ml to 1024 µg/ml.   

A publication by Romero, et al. (2011), suggests that antibiotics are signalling 

molecules.  They have been shown to be involved in quorum-sensing and 

also interfere with global transcriptional responses at sub-inhibitory 

concentrations, for example, in AI-2/LuxS autoinducer signalling.  A study by 

Ahmed, et al. (2009), showed that 0.04 µg/ml ampicillin, 0.1 µg/ml 

ciprofloxacin, and 0.1 µg/ml tetracycline could induce biofilm formation by  

S. intermedius wild type strain but not the biofilm formation by a luxS mutant 

strain.  These antibiotics were shown to increase luxS expression which 

encodes for an autoinducer synthase (LuxS).  LuxS is known to be involved  
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in this AI-2/LuxS signalling system and associated with several bacterial 

global regulatory and genetic networks.   

The relevance of pre-exposure of cultures to antibiotics prior to biofilm 

formation was to investigate if there were any short-term exposure effects of 

antibiotics on gene expression that could affect biofilm formation by  

K. pneumoniae.  Our findings, suggest that there is no significant increase in 

biofilm formation by K. pneumoniae after pre-exposure to sub-MICs of 

gentamicin and ciprofloxacin compared to controls.  We also investigated the 

effect of antibiotic exposure on biofilm formation during 24 h incubation.  Data 

from our study showed that exposure of cultures during 24 h biofilm formation 

to some commonly used antibiotics for treatment of infection and 

antimicrobial prophylaxis of K. pneumoniae also did not induce biofilm 

formation.  In addition, we also conducted experiments to examine the effect 

of antibiotic exposure on mature biofilms of K. pneumoniae and no increase 

in biofilm mass was observed. 

Even though, several studies have demonstrated that exposure of bacterial 

to sub-MICs of antibiotics could induce biofilm formation of other bacterial 

species such as P. aeruginosa (Aka, et al. , 2015), and S. enterica ser. 

Infantis (Tezel, et al. , 2016), our findings, however, showed that gentamicin 

and ciprofloxacin exposure leads to decreased biofilm formation by several 

K. pneumoniae strains, and no increase in biofilm formation was found upon 

exposure of different states of growth to different classes of antibiotics.  

Owing to the fact that the modes of action of antibiotics and their target are 

very specific, it is worth investigating the effect of other antibiotics apart from 
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gentamicin and ciprofloxacin on biofilm formation by K. pneumoniae since 

very little is known about the mechanisms of antibiotic-induced biofilm 

formation in this pathogen. 

3.5 Conclusion 

In summary, exposure of i) cultures during bacterial growth until mid-log 

phase, ii) cultures during biofilm formation, and iii) mature biofilms of  

K. pneumoniae cultivated in TSB to sub-MICs of gentamicin and ciprofloxacin 

in microtitre plates under shaking conditions does not significantly increase 

biofilms of the K. pneumoniae strains used in this study.   
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4.0 Investigation into extracellular polymeric 

substances (EPS) of K. pneumoniae biofilms 

4.1 Introduction 

Based on the data in Chapter 3, we concluded that exposure of K. pneumoniae 

to two different group of antibiotics did not increase the biofilm formation by 

the tested strains.  We were then interested in obtaining some insights into  

K. pneumoniae extracellular polymeric substances (EPS) compositions since 

this pathogen is well-known as one of the species responsible for antibiotic 

resistant and biofilm-associated infections.  Despite the numerous findings 

regarding biofilm-mediated resistance (Bandeira, et al. , 2017; Singla, et al., 

2013; Vuotto, et al., 2014; Vuotto, et al. , 2017) and virulence mechanisms 

(Clegg, et al., 2016) of K. pneumoniae, very little is known about the main 

constituents of K. pneumoniae biofilm EPS.  

4.1.1 The biofilm matrix 

In general, the biofilm matrix also known as EPS is composed of proteins, 

extracellular DNA (eDNA), exopolysaccharides, and lipids (Flemming, et al., 

2010).  Extracellular polysaccharides are regularly identified as the most 

prominent components in biofilms (Limoli, et al. , 2015).  The exact 

composition of EPS differs greatly depending on bacterial species and even 

between isolates.  Other factors that can affect EPS composition include 

growth environments, such as growth media (e.g. nutritious and nutrient-poor 

media) and growth conditions such as temperature and external forces (e.g. 

shear and hydrodynamic forces). 
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4.1.1.1 Proteins 

Proteins are suggested to play a significant role in biofilm formation by 

providing three-dimensional structural integrity such as amyloid in E. coli and 

Pseudomonas spp. (Dueholm, et al. , 2013; Hobley, et al. , 2015; Taglialegna, 

et al. , 2016).  Proteins in biofilm matrix can be classified as secreted 

extracellular proteins and cell surface proteins (Fong, et al. , 2015).  Some 

secreted proteins act as degrading enzymes or dispersion enzymes that can 

enzymatically degrade polysaccharides, proteins, and eDNA (Fong, et al., 

2015).  For instance, the glycosyl hydrolase dispersin B (DspB), a soluble N-

acetylglucosaminidase that has been shown to cause detachment of 

Actinobacillus actinomycetemcomitans biofilms (Kaplan, et al. , 2003).  While, 

cell surface proteins can be categorised as non-fimbrial cell surface adhesins 

such as Ag43 in E. coli (Berne, et al. , 2015; Hasman, et al. , 1999) and fimbrial 

adhesins such as flagella, curli and fimbriae (Latasa, et al. , 2006).  These 

proteinaceous components are known to be involved in cell-surface 

attachment, to interact synergistically with other EPS, such as 

exopolysaccharides and eDNA components for stabilisation of the biofilm 

matrix, and also to contribute in three-dimensional biofilm architecture (Fong, 

et al., 2015). 

4.1.1.2 Extracellular DNA (eDNA) 

Apart from proteins, extracellular DNA (eDNA) also plays an important role in 

the early stage of structural integrity (Das, et al. , 2013) and stability (Song, et 

al. , 2016) of biofilms by binding with other matrix components such as 

polysaccharides and proteins (Das, et al., 2013).  The release of bacterial 
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chromosomal DNA into the environment as eDNA is normally caused by cell 

autolysis (Montanaro, et al. , 2011).  eDNA is also found to be secreted actively 

by bacteria, for example, by Neisseria gonorrhoeae (Zweig, et al. , 2014).  It is 

believed that eDNA could attach to the bacterial surfaces and forms an 

extension loop that facilitates the adhesion of the cells to substratum (Song, et 

al., 2016).  In addition, eDNA also is shown to bind with other biopolymers in 

biofilm EPS, for instance, DNABII, the histone like proteins in E. coli 

(Goodman, et al. , 2011) and N-acetylglucosamine in Listeria monocytogenes 

(Harmsen, et al. , 2010), and these binding mechanisms are important for 

bacterial adhesion and improve biofilm structural stability.  The role of eDNA 

in K. pneumoniae biofilm structure has not been determined, but eDNA is 

established to act as a component of biofilms in some other Gram-negative 

bacterial species, for example, P. aeruginosa (Whitchurch, et al. , 2002). 

4.1.1.3 Polysaccharides 

4.1.1.3.1 Cellulose 

Other than proteins and eDNA, polysaccharides are also known to play an 

important role in biofilm EPS, for example, cellulose and PNAG.  Cellulose is 

a linear polymer of β-(1-4)-D-glucose produced by a variety of Gram-negative 

bacteria as a component of the biofilm matrix, for example, in  

S. enterica ser. Typhimurium and E. coli (Zogaj, et al. , 2001).  As an example, 

cellulose is co-produced with thin aggregative fimbriae by E. coli and 

Salmonella spp. to form inert and hydrophobic EPS that mediates cell-cell 

interconnections (Zogaj, et al., 2001).  Cellulose production in K. pneumoniae 

is directed by two bcs operons, cellulose synthase operon I and cellulose 
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synthase operon II, and one divergently oriented operon, bEFG operon.  The 

existence of two bacterial cellulose synthase (bcs) operons in the  

K. pneumoniae genome potentially provides this bacterial species with higher 

flexibility in term of cellulose production and biofilm formation, and it is 

suggested to be due to the lateral gene transfer with extra bcs genes (Römling, 

et al. , 2015).  The details regarding regulatory mechanisms of biosynthesis of 

cellulose in K. pneumoniae are still unknown.  

4.1.1.3.2 Poly-N-acetylglucosamine (PNAG) 

Poly-N-acetylglucosamine (PNAG: also known as polysaccharide intercellular 

adhesin [PIA] and poly-β-1,6-N-acetyl-D-glucosamine [PGA]) is established as 

one of many polysaccharides that are important in the biofilm architecture.  

This bacterial polysaccharide is known to be involved in the intercellular 

cohesion and cell-surface adhesion.  PNAG is reported to mediate biofilm 

formation by S. epidermidis (Mack, et al. , 1996) and E. coli (Wang, et al. , 

2004), and identified as a major component of B. subtilis biofilm matrix (Roux, 

et al. , 2015).  Additionally, it is also known to play a role in host bacteria-

interactions, for example, it is crucial for protection of S. epidermidis from the 

killing by human innate immunity (Vuong, et al. , 2004) and essential for 

bacterial virulence, for instance, in S. aureus (Kropec, et al. , 2005).  PNAG is 

synthesised by four proteins encoded by a four-gene operon, termed 

pgaABCD (polyglucosamine) in E. coli.  The pga operon of K. pneumoniae has 

a very high similarity with the E. coli pga operon (Chen, et al., 2014) and since 

the pgaABCD locus is conserved amongst most K. pneumoniae strains, it is 

postulated that K. pneumoniae will have PNAG as a component in its biofilms 

(Chen, et al., 2014).  
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4.1.2 Extracellular polymeric substances (EPS) produced by  

K. pneumoniae during biofilm formation 

4.1.2.1 Biofilm EPS of K. pneumoniae upon cultivation in 

nutrient-rich media 

Little is known about the biofilm EPS of K. pneumoniae.  A study by Bandeira, 

et al. (2017) found that EPS composition of three K. pneumoniae strains were 

richer in exopolysaccharides than eDNA upon cultivation in MH broth in  

96-well polystyrene plates.  The protein content, however, differed between 

each strain where one of them showed a particularly high percentage of protein 

content around 65 % in its biofilm in comparison to PNAG and eDNA.   

A publication by Flemming, et al. (2010) suggested that cellulose could be an 

important biofilm EPS of K. pneumoniae  This is supported by Wang, et al. 

(2016) who showed that cellulose was a major biofilm component when  

K. pneumoniae was grown under a simulated microgravity environment (SMG) 

in LB medium compared to controls.  A carbapenem-resistant K. pneumoniae 

strain ATCC BAA-1705 was grown aerobically in LB broth in two different 

conditions.  The test group (SMG) was conducted by growing the bacterial 

cells in high-aspect ratio vessels (HARV) bioreactors and rotating the 

bioreactor with its axis perpendicular to gravity, while, the control (NG) was 

conducted by growing the bacteria in HARV reactors with its axis parallel to 

gravity.  
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4.1.3 Artificial urine medium (AUM) 

Since previous studies have shown that cultivation in different rich media has 

an effect on the composition of EPS of K. pneumoniae biofilm, we wondered 

what the effect of cultivation in a nutrient-poor medium such as human urine 

would be on the composition of EPS.  Since K. pneumoniae is often associated 

with urinary tract infections, the usage of artificial urine medium (AUM) has 

clinical relevance since it is chemically more representative of real human 

urine than nutrient-rich media like MH or LB.  Whilst usage of real human urine 

could be considered to be more relevant than using AUM for cultivation, it does 

have some pitfalls.  The chemical composition of human urine obtained from 

the donors is highly dependent on the donors’ diet, fluid intake, and life style.  

By eating more carbohydrate-rich foods, monosaccharide levels (e.g. glucose) 

will be affected and consumption of more sodium-rich foods will affect the 

sodium level in urine.  The amount of fluid intake will also affect the 

concentrations of nutrients in urine.  These variations could make it very 

difficult to reproduce experiments.  By using an AUM, the composition of the 

nutrients can be kept constant, making experiments more reproducible.  In the 

study described in this chapter, we used an AUM based on that designed by 

Brooks, et al. (1997) with some additions to mimic human urine. 
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4.1.4. Aims of this chapter 

In this chapter, we investigated the capacity of seven K. pneumoniae strains 

to form biofilms in nutritious medium, tryptic soy broth (TSB) and nutrient-poor 

medium, artificial urine medium (AUM).  It is still unclear what EPS are 

produced by K. pneumoniae during biofilm formation, since very few studies 

have been published regarding this matter.  The purpose of the work described 

in this chapter was to determine the components of EPS produced by  

K. pneumoniae that contributed to biofilms using enzymatic treatment 

(proteinase K, DNase I and cellulase) and a mild oxidising agent (sodium 

metaperiodate, NaIO4) upon cultivation in nutrient-rich and nutrient-poor 

medium. 
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4.2 Materials and methods 

4.2.1 Bioinformatic analysis 

Using a bioinformatic approach, the operons involved in the production of 

polysaccharides such as cellulose and PNAG were identified in the draft whole 

genome sequence of the strains used in this study.  Comparative analysis of 

the DNA sequences was conducted to compare the operons amongst the 

strains using BLASTn, BLASTp (Altschul, et al., 1990), EMBOSS-transeq 

(Rice, et al., 2000), Clustal Omega (Sievers, et al., 2011), and Genedoc.  The 

details of the software were described in Chapter 2, Table 2-8. 

4.2.2 Media 

Media used in this study were tryptic soy broth, TSB (Sigma, T8907) and 

artificial urine medium (AUM).  TSB was prepared according to the 

manufacturer’s protocol (Sigma), while AUM was prepared according to the 

method published by Brooks, et al. (1997) with some modifications.  The 

components of the media are described in the table below (Table 4-1).  The 

TSB was autoclaved at 121 °C for 15 min.  The AUM was prepared by 

dissolving all the components in autoclaved ultrapure Milli-Q water (MQ H2O) 

(Millipore, UK).  The final pH for the AUM was adjusted to pH 6.5 and the 

medium was then filter sterilised with a 0.2 µM PES filter (Nalgene, UK) and 

kept at 4 °C. 
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Table 4-1 Media used in this study 

 

Media  

  

 

Tryptic Soy Broth (TSB) (Sigma, T8907) 

 

 

Compositions 

 

Quantity (g/L)  

 

 

Casein (pancreatic digest) 

Soya peptone (papaic digest)  

Sodium chloride 

Dipotassium phosphate 

Dextrose 

 

17 

3 

5  

2.5 

2.5  

 

 

Artificial urine medium (AUM) 

  

 

Compositions 

 

Quantity (g/L)  

  

Molarity (mmol/l) 

 

Peptone L37 (Oxoid, LP0037) 

Yeast extract (Fluka, 70161) 

D-Lactic acid (Sigma, L1893) 

Citric acid (Sigma, C8532) 

Sodium bicarbonate  

(Sigma, S6014) 

Urea (Sigma, 15604)  

Uric acid (Sigma, U0881) 

Creatinine (Sigma, C4255) 

Calcium chloride.2H2O  

(Analar, 1007044)   

Sodium chloride (Sigma, S9625) 

Iron II sulphate.7H2O  

(Sigma, F7002) 

Magnesium sulphate .7H2O 

(Analar, 1015144) 

Sodium sulphate (Analar, 10264) 

 

1  

0.005  

0.1  

0.4  

2.1  

 

10  

0.07  

0.8  

0.37   

 

5.2  

0.0012  

 

0.49 

 

3.2  

 

 

 

1.1 

2 

25 

 

170  

0.4 

7  

2.5 

 

90 

0.005  

 

2 

 

22.5 
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Potassium dihydrogen 

orthophosphate (BDH, 29608)  

Di-potassium hydrogen 

phosphate (Merck, 

AM04300204448/1.05104.1) 

Ammonium chloride   

(Sigma, A5666) 

 

0.95  

 

1.2  

 

 

1.3 

 

7 

 

7 

 

 

25  

 

Modified supplement 

 

Quantity (g/L)  

  

Molarity (mmol/l) 

 

D-Glucose anhydrous  

(Analar, 10117744) 

Sucrose (Sigma, 16104)  

D- Lactose monohydrate  

(Sigma, L1768)  

MEM amino acid solution  

(50X) - (Sigma, M550) 

RPMI-1640 vitamin solution 

(100X) - (Sigma, R7256)  

L- Arginine (Sigma, A5006) 

Glycine (Sigma, G8790)  

L-Histidine (Sigma, H8000) 

Nicotinic acid  (Sigma, N4126) 

Sterile MQ H2O  

 

 

0.02  

 

0.02  

0.02  

 

20 ml/L 

 

10 ml/L  

 

1  

1  

1  

1  

To 1 liter  

 

0.1 

 

0.06 

0.06 

 

 

 

 

 

5.8 

13.3 

6.4 

8.1 

 
Abbreviations: 

* MEM – Minimum essential media 

* RPMI – Roswell Park Memorial Institute  
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4.2.3 Growth kinetics of examined K. pneumoniae strains in 

TSB and AUM 

A single colony of each K. pneumoniae strain was separately inoculated into 

5 ml of TSB or AUM and the culture was incubated at 37 °C for 16 h on a rotary 

shaker at 200 rpm.  The 16 h culture was subsequently diluted to an optical 

density at 600 nm (OD600) of 0.05 and inoculated into a 50 ml tube containing 

10 ml of fresh TSB or AUM.  The culture was further incubated at 37 °C on the 

rotary shaker and the absorbance (OD600) was determined using a WPA 

CO8000 cell density meter (Biochrom Ltd, UK) at hourly time intervals.  

4.2.3.1 Determination of relationship between absorbance 

(OD600) and colony forming unit per ml (CFU/ml) 

Three different strains of K. pneumoniae were chosen to determine the 

correlation between absorbance (OD600) and colony forming unit per ml 

(CFU/ml) upon growth in suitable media.  They were Kpneu_1, a clinical strain, 

Kpneu_110, a hypermucoviscous strain, and C3091, a laboratory strain.  The 

correlation was determined by measuring the absorbance (OD600) at hourly 

time intervals, and subsequently making a series of serial dilutions of the 

corresponding suspensions.   

The 16 h culture was diluted to OD600 of 0.05 and inoculated into a 50 ml tube 

containing 10 ml of fresh TSB.  The culture was incubated at 37 °C on the 

rotary shaker and the absorbance (OD600) was determined.  The suspension 

was diluted accordingly once the OD600 reached the range of OD600 ~1.0 

and the exact OD600 was determined by multiplying the absorbance reading 

obtained with the dilution factor.  The series of diluted suspensions were 
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immediately plated on TSA for viable count at hourly time intervals to 

determine the colony forming unit per ml (CFU/ml).  The plates were incubated 

at 37 °C for 16 h and the enumeration was then conducted.  The graph of the 

relationship between absorbance and the CFU/ml was plotted.  

4.2.3.2 Determination of bacterial growth rate 

The growth rate constant (µ) of the strains was determined by calculation from 

the following equation (Hall, et al. , 2014). 

 

ln OD2 – ln OD1 = µ (t- t0) 

 

OD1 – absorbance (OD600 nm) or CFU1/ml at t0   

OD2 – absorbance (OD600 nm) or CFU2/ml at t 

t –time at the late-log phase 

t0 –time at the early-log phase 

 

The above equation was converted as follows: 

log10 (OD2 or CFU2/ml) – log10 (OD1 or CFU1/ml) = (µ/2.303) (t- t0) 

or alternatively is  

µ= (log10 OD2 or CFU2/ml – log10 OD1 or CFU1/ml) x 2.303/ (t- t0) 

and the doubling time (td) can be determined by   

µ= ln 2/ td 
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Example of the calculation for: 

 

Growth rate (µ) and doubling time (td) calculation of Kpneu_1 upon cultivation 

in TSB (using OD600 as an example). 

 

Equation 1 (to calculate the growth rate constant) 

µ = (log10 OD2 – log10 OD1) x 2.303/ (t- t0) 

 = (log10 3.3 – log10 0.3) x 2.303/ (3 – 1) 

 = 0.5186 – (-0.523) x 2.303/ 2 

 = 2.399/2 

 = 1.199 h-1 

 

Equation 2 (to calculate the doubling time) 

td = ln 2/ µ 

 = 0.693/ 1.199 

 = 0.578 

 = 0.578 x 60 min 

 = 34.67  

 = 34.7 min 
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4.2.4 Biofilm assays in TSB and AUM 

The biofilms were grown in TSB and AUM in flat-bottom 96-well polystyrene 

tissue culture treated plates (Sarstedt, Germany) and incubated at 37 °C for 

24 h according to the previously mentioned method in Chapter 3, section 3.2.1. 

4.2.5 Biofilm inhibition and disruption assays  

4.2.5.1 Biofilm inhibition assays 

To determine the composition of EPS within biofilms of K. pneumoniae in TSB 

and AUM, biofilm inhibition and disruption assays in the presence of  

i) proteinase K ([EC 3.4.21.64] [≥30 units/mg] [Sigma, P2308]),   

ii) deoxyribonuclease I from bovine pancreas ([DNase I] [EC 3.1.21.1] [≥400 

KUnitz units/mg] [Sigma, DN25]), or iii) cellulase ([EC 3.2.1.4] [≥700 units/g] 

[Sigma, 2730]) were conducted.  For the inhibition assays, the biofilm-forming 

assays was carried out in the presence of 100 µg/ml proteinase K, 100 µg/ml 

DNase, or 0.1 % cellulase in the medium, and the strains were allowed to form 

biofilms at 37 °C for 24 h under shaking condition at 200 rpm on an orbital 

shaker (Luckham, UK).  No inhibition assays in the presence of NaIO4 was 

conducted since NaIO4 is established to inhibit bacterial growth when added 

into the growth medium.  The biofilms grown in media without any  

proteinase K, DNase, and cellulose acted as controls.  The media without any 

inoculation were used as a sterility control.  The biofilm mass was quantified 

using the CV staining assays detailed in the Chapter 3 section 3.2.5. 
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4.2.5.2 Biofilm disruption assays 

Biofilms were grown at 37 °C for 24 h and the planktonic culture from the wells 

containing 24 h old biofilms were removed, and the wells were washed 

carefully with 200 µl PBS.  The pre-formed biofilms were treated with 

proteinase K, DNase, NaIO4, or cellulase.  Three hundred microlitres of  

i) 100 µg/ml proteinase K in 20 mM Tris-HCl (pH 7.5) and 100 mM NaCl,  

ii) 100 µg/ml DNase in 150 mM NaCl, iii) NaIO4 (Sigma, S1878) in MQ H2O, or 

iv) 0.1 % cellulase (v/v) in 0.05 M citrate buffer (pH 4.8) were added into the 

wells.  The treated biofilms were further incubated at 37 °C for 3 h for 

proteinase K, at 37 °C for 24 h for DNase, at 4 °C for 24 h for NaIO4, and at  

45 °C for 24 h for cellulase.  The biofilms treated with corresponding buffers 

only, acted as controls. The biofilms were then quantified using the CV staining 

assay. 

 

 

 

 

 

 

 

 



119 |  

 

4.3 Results 

4.3.1 Bioinformatic analysis 

Bioinformatic analysis was conducted to determine if operons identified in 

other bacteria as being involved in biofilm formation may be present in  

K. pneumoniae before conducting any further experiments.  Cellulose and 

PNAG operons (Figure 4-1 and Figure 4-6) were chosen to be investigated 

since these polysaccharides were speculated to contribute to biofilm 

composition of K. pneumoniae (Chen, et al., 2014; Huertas, et al., 2014).  The 

bcs and pga operons of the strains were identified in the draft whole genome 

sequences data.  Comparative analysis was conducted between all the strains 

for both bcs and pga operons, and also between Kpneu_1 and E. coli MG1655 

for pga operon only.  These analyses were conducted to identify any 

differences in the genes in these operons.  We also wanted to compare the 

amino acid sequences and identify any amino acid variations between the 

strains. 

4.3.1.1 Comparative analysis of bacterial cellulose 

synthase (bcs) operon 

We performed the comparative analysis to confirm the existence of a complete 

bcs operon and to identify if there were any defects in the genes that could 

result in a truncated protein in the genome of all the strains used in this study. 

Comparative analysis was conducted by comparing the genes in bcs operons 

between all of the strains (Figure 4-1).  Our results revealed differences in 

several genes including bcsO (deletion of 1 bp) in CG43S3 which would result 

in a truncated BcsO (Figure 4-2), bcsQ_I (deletion of 1 bp) in Kpneu_63 and 
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Kpneu_64 which would result in a truncated BcsQ (Figure 4-3), bcsB_I 

(insertion of 5 bp) and bcsC_I (deletion of 52 bp) in Kpneu_1 which would 

result in a truncated BcsB_I and BcsC_I proteins (Figure 4-4 and Figure 4-5) 

compared to the rest of the strains.  Several single nucleotide polymorphisms 

(SNPs) in other genes were also identified among the strains.  The SNPs 

resulted in amino acid variations were shown in Table 4-2. 
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Colour coding labels:  
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Figure 4-1 Schematic presentation of bcs operons of K. pneumoniae. 

The bcs cluster of K. pneumoniae can be divided into three operons, bcsI, bcsII, and the divergent bEFG operon.  The first operon, bcsI consists 

of seven genes encoding for: BcsO, BscQ; four core cellulose synthesis subunits: BcsA, BcsB, BcsC, and BcsD, and also the regulator for 

endoglucanase, CelY.  While operon II is comprised of six genes encoding for: BscR, BcsQ, BcsA, BcsB, BcsZ, and BcsC.  Whereas the divergent 

operon consists of three genes, bcsE, bcsF, and bcsG. A) the bcs cluster of Kpneu_65, Kpneu_110, and C3091 contains three complete bcsI, 

bcsII and bEFG operons, B) the bcs cluster of CG43S3 contains a defective bcsO, C) the bcs cluster of Kpneu_63 and Kpneu_64 contain defective 

bcsQ genes, and D) the bcs cluster of Kpneu_1 contains defective bcsB_I and bcsC_I genes.  The name of the genes is indicated by the small 

colour-coding circles.  The figure is drawn and adapted from Huertas, et al. (2014) and Jahn, et al. (2011). 
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Figure 4-2 Partial multiple sequence alignment of bcsO and BcsO. 

The figure shows A) A partial sequence alignment of bcsO.  Multiple sequence alignment of genes in the bcs operons revealed a single nucleotide 

deletion at location 328 in the bcsO of CG43S3 (boxed in black) that resulted in a frameshift mutation (the starting of the reading frame shift is 

marked with a black line under the AGC sequence which encodes for the amino acid serine, S).  B) A partial sequence alignment of BcsO. This 

reading frame shift leads to the incorrect protein product (starts from S which was shown by hollow arrow) and a premature stop codon that leads 

to the truncation of the predicted protein (showed by filled arrow).  The length of the truncated BcsO protein in CG43S3 is 153 aa and the length 

of the intact BcsO in the other strains is 179 aa.  The amino acid variation for the other strains which resulted from the SNPs is presented in Table 

4-2. 
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Figure 4-3 Partial multiple sequence alignment of bcsQ and BcsQ. 

The figure shows A) A partial sequence alignment of bcsQ.  Multiple sequence alignment of genes in the bcs operons revealed a single nucleotide 

deletion at location 61 in the bcsQ of Kpneu_63 and Kpneu_64 (boxed in black) that resulted in a frameshift mutation (the starting of the reading 

frame shift is marked with a black line under the ATT which encodes for amino acid isoleucine, I.  The adjacent TAG (marked with the black line) 

encodes for the stop codon. B) A partial sequence alignment of BcsQ.  This reading frame shift resulted in a premature stop codon (showed by 

filled arrow) and a truncation of the predicted protein.  The length of the truncated BcsQ protein in Kpneu_63 and Kpneu_64 is 21 aa and the 

length of the intact BcsQ in the other strains is 267 aa.  The amino acid variation for the other strains which resulted from the SNPs is presented 

in Table 4-2. 
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Figure 4-4 Partial multiple sequence alignment of bcsB_I and BcsB_I. 

The figure shows A) A partial sequence alignment of bcsB_I.  Multiple sequence alignment of genes in the bcs operons revealed a 5 bp insertion 

starting at location 189 in bcsB_I of Kpneu_1 (showed by black line and black arrow) that resulted in a frameshift mutation (the starting of the 

reading frame shift is marked with a black line on top of CGC and CCC that encodes for the amino acid proline, P).  B) A partial sequence 

alignment of BcsB_I.  This reading frame shift leads to the incorrect protein product (starts from P which was shown by hollow arrow) and a 

premature stop codon that leads to the truncation of the predicted protein (showed by filled arrow).  The length of the trucated BcsB_I protein in 

Kpneu_1 is 86 aa and the length of the intact BcsB_I in the other strains is 811 aa.  The amino acid variation for the other strains which resulted 

from the SNPs is presented in Table 4-2. 
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Figure 4-5 Partial multiple sequence alignment of bcsC_I and BcsC_I. 

The figure shows A) A partial sequence alignment of bcsC_I.  Multiple sequence alignment of genes in the bcs operons revealed a 52 bp deletion 

starting at location 1125 in bcsC_I of Kpneu_1 (showed by black line and black arrow) that resulted in a frameshift mutation (the starting of the 

reading frame shift is marked with a black line on top of ATG that encodes for the amino acid methionine, M).  B) A partial sequence alignment of 

Bcs_I. This reading frame shift leads to the incorrect protein product (starts from M which was shown by hollow arrow) and a premature stop 

codon that leads to the truncation of the predicted protein (showed by filled arrow).  The length of the truncated BcsC_I protein in Kpneu_1 is 394 

aa and the length of the intact BcsC_I in the other strains is 1350 aa.  The amino acid variation for the other strains which resulted from the SNPs 

is presented in Table 4-2. 
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Table 4-2 Amino acid variation in proteins encoded by the bcs operon. 
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4.3.1.2 Comparative analysis of pga operon 

To verify the existence of a complete pga operon in all of the genomes of the 

examined strains, comparative analyses of amino acid sequences were 

conducted by comparing the deduced amino acids of PgaA, PgaB, PgaC and 

PgaD among the strains.  The amino acid variation between strains are shown 

in Table 4-3.  In addition, a pairwise amino acid sequence alignment of PgaA, 

PgaB, PgaC, and PgaD of E. coli MG1655 and K. pneumoniae strain Kpneu_1 

was also conducted to identify the amino acid sequence identity between  

E. coli and K. pneumoniae. (Figure 4-6).  Comparison between deduced amino 

acid sequences of PgaA, PgaB, PgaC, and PgaD of K. pneumoniae showed 

high level of amino acid identity percentage with Pga proteins of E. coli 

MG1655. 

Figure 4-6 shows the schematic diagram of the pga operon.  Both E. coli and 

K. pneumoniae pga operons consist of four genes encoding for proteins 

associated with the synthesis of PNAG.  PgaA of Kpneu_1 K. pneumoniae 

(829 aa) had 41 % amino acid identity with PgaA of E. coli (807 aa) (Figure 

4.7A); PgaB of Kpneu_1 (671 aa) had 53 % amino acid identity with PgaB of 

E. coli (672 aa) (Figure 4.7B).  While PgaC of Kpneu_1 (442 aa) had about 

 65 % amino acid identity with PgaC of E. coli (441 aa) (Figure 4.7C), and 

PgaD of Kpneu_1 (149 aa) had 25 % amino acid identity with PgaD of E. coli 

(137 aa) (Figure 4.7D).  The pairwise amino acid sequence alignment of Pga 

of E. coli MG1655 and Kpneu_1 is presented in Figure 4-7. 
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Table 4-3 Amino acid variation in proteins encoded by pga operon. 

 

 

 
 
Figure 4-6 Schematic presentation of pgaABCD operon. 

Schematic diagram of the pgaABCD gene cluster of Kpneu_1 and E. coli MG1655 

are shown for comparison.  The percentage amino acid sequence identity of E. coli 

with K. pneumoniae homologs was determined with Clustal Omega.  The figure is 

drawn and adapted from Chen, et al. (2014).  pgaA is indicated as a yellow arrow, 

pgaB as a green arrow, pgaC as a blue arrow, and pgaD as a pink arrow. 
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Figure 4.7A) Pairwise sequence alignment between PgaA of E. coli MG1655 and 

PgaA of Kpneu_1.  PgaA of E. coli consists of 807 aa while PgaA of Kpneu_1 consists 

of 829 aa. 
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Figure 4.7B) Pairwise sequence alignment between PgaB of E. coli MG1655 and 

PgaB of Kpneu_1.  PgaB of E. coli consists of 672 aa and PgaB of Kpneu_1 consists 

of 671 aa. 
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Figure 4.7C) Pairwise sequence alignment between PgaC of E. coli MG1655 and 

PgaC of Kpneu_1.  PgaC of E. coli consists of 441 aa and PgaC of Kpneu_1 consists 

of 442 aa. 
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Figure 4.7D) Pairwise sequence alignment of PgaD of E. coli MG1655 with PgaD of 

Kpneu_1.  PgaD of E. coli consists of 137 aa and PgaD of Kpneu_1 consists of 149 

aa. 

 

Indicators: 

 

Figure 4-7 Pairwise sequence alignment of Pga amino acid. 

The figures show amino acid pairwise sequence alignments of A) PgaA, B) PgaB, 

C) PgaC, and D) PgaD of E. coli MG1655 and Kpneu_1.  The alignments were 

conducted using Clustal Omega (Sievers, et al., 2011).  
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4.3.2 Determination of the relationship between absorbance 

and colony forming unit per ml (CFU/ml) 

The relationship between absorbance and CFU/ml was determined by 

measuring the absorbance at hourly time intervals and immediately plating the 

diluted suspensions on the TSA.  The graphs in Figure 4.8 show the growth 

curve and the CFU/ml of the different isolates, Kpneu_1, Kpneu_110, and 

C3091 upon growth in TSB.  From the calculation based on the equation in 

Chapter 4 section 4.2.3.2, it was found that, the growth rate constant and 

doubling times obtained from the calculation of the two parameters, the 

absorbance and CFU/ml of these three strains were considered no difference 

since no significant difference was found upon statistical analysis.  All the 

strains had approximately 30 min doubling time (Table 4-4).  The growth rate 

(µ) is the number of generations per hour, while the doubling time (td) is the 

average time required for a particular bacterial population to double.  All of the 

graphs obtained in these experiments also showed that OD600 ~1.0 is equal 

to ~109 CFU/ml after 2 h incubation in TSB for all three strains.  Since we could 

relate the absorbance value directly to the number of CFU/ml, absorbance 

readings were used for the determination of the growth rates and doubling 

times of the other strains in the subsequent experiments.  
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Figure 4-8 The relationship between absorbance and CFU/ml of K.pneumoniae 

upon cultivation in TSB. 

The figure shows the growth curve and CFU/ml of A) Kpneu_1, B) Kpneu_110, and  

C) C3091 upon cultivation in TSB.  Data presented are the mean of three replicates 

and error bars indicate the standard deviations.  All of the strains showed almost 

similar growth upon cultivation in TSB.  The OD1/t0 or CFU1/ml/t0 and OD2/t or 

CFU2/ml/t used for calculation of the growth rate constant and doubling time are as 

labelled.  The graph lines indicate as follow: blue: Kpneu_1, orange: Kpneu_110, red: 

C3091 and fuchsia: CFU/ml for all the strains.  The OD1 and OD2 are the absorbance 

values, CFU1/ml and CFU2/ml are the colony forming unit per ml and t0 and t are the 

time, at early and late log phase used for calculation based on the equation in Chapter 

4 section 4.2.3.2. 
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Table 4-4 Growth rate constant (µ) and doubling time (td) of K. pneumoniae strains upon cultivation in TSB using OD600 and CFU/ml 

as parameters 

The data is based on the growth curve in Figure 4.8.  No significant differences were found between the growth rates constant and doubling times 

obtained from the calculation using OD600 and CFU/ml upon statistical analysis using Mann-Whitney non-parametric test.  

 

Strain 

 

Parameters 

Equation 1 

(h-1) 

Equation 2 

(min) 

µ= (log10 OD2 – log10 OD1) 2.303/ (t- t0) or 

µ= (log10 CFU2/ml – log10 CFU1/ml) 2.303/ (t- t0) 

td = ln 2/ µ 

 

Kpneu_1 

OD600 1.41 29.5 

CFU/ml 1.63 25.4 

 

Kpneu_110 

OD600 1.25 33.3 

CFU/ml 1.58 26.3 

 

C3091 

OD600 1.4 29.8 

CFU/ml 1.85 22.4 
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4.3.3 Growth kinetics of K. pneumoniae strains in TSB and 

AUM 

From the data obtained in the previous sub-chapter, the growth kinetics of  

K. pneumoniae was then determined in TSB and AUM.  Growth curves were 

performed in TSB and AUM for all examined strains and showed that all the 

strains grew faster in TSB compared to AUM.  This can be seen by the duration 

for the strains to reach mid-log phase and mean generation time or doubling 

time.  The growth rate (µ) is the number of generations per hour while the 

doubling time (td) is the average time required for those particular bacterial 

population to double.  The growth constant rate and the doubling time were 

determined by the calculations (Equation 1 and Equation 2) explained in 

section 4.3.2.  All strains reached mid-log phase after 2 h upon cultivation in 

TSB (Figure 4-9Ai) while they approached the mid-log phase approximately 

after 4 h upon cultivation in AUM (Figure 4-9Bi).   
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Figure 4.9A) Growth curves of K. pneumoniae in TSB in two different scales: i) linear 

scale and ii) logarithmic scale.  The linear scale graph was plotted to determine the 

early log phase and late log phase for calculation of the growth rate constant and 

doubling time, while the logarithmic scale was plotted to visualise the exponential 

phase clearly (that might not be very obvious on the linear scale graph).  Mid-log 

phase (indicated by the red arrow) of all the strains was observed after 2 h upon 

cultivation in TSB. 
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Figure 4.9B) Growth curves of K. pneumoniae in AUM in two different scales: i) linear 

scale and ii) logarithmic scale.  The linear scale graph was plotted to determine the 

early log phase and late log phase for calculation of the growth rate constant and 

doubling time, while the logarithmic scale was plotted to visualise the exponential 

phase clearly (that might not be very obvious on the linear scale graph).  A different 

pattern of growth curve can be seen upon cultivation of tested K. pneumoniae strains 

in AUM.  Mid-log phase (indicated by the red arrow) of all the strains was observed 

after 4 h upon cultivation in AUM. 



141 |  

 

Figure 4-9 Growth of K. pneumoniae in two different growth media. 

The figures show growth kinetics of K. pneumoniae upon cultivation in A) TSB and B) 

AUM.  Data presented are the mean of two independent experiments and error bars 

indicate the standard deviation.  The graph lines are indicated as follow: blue: 

Kpneu_1, light green: Kpneu_63, black: Kpneu_64, magenta: Kpneu_65, orange: 

Kpneu_110, red: C3091 and light blue: CG43S3.    

 

An example of the calculation is shown in section 4.2.3.1, and the growth rate 

constant (µ) and doubling time (td) of all the strains tested in this study are 

presented in Table 4-5.  Based on the calculations, C3091 had longer doubling 

time (41 min) compared to the rest of the strains, which was about 34-39 min 

upon cultivation in TSB (Figure 4-9A).  Whilst, strain Kpneu_1, and C3091 had 

the longest doubling time, which was about 114 min (113 -115 min) upon 

cultivation in AUM (Figure 4-9B).  This was followed by strain Kpneu_64 and 

Kpneu_110 which was about 101 min (100 – 102 min) and strain Kpneu_63 

which was 92 min.  Strain CG43S3 had a shortest doubling time upon growth 

in AUM which was about 71 min.   
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Table 4-5 Growth rate constant (µ) and doubling time (td) of K. pneumoniae strains upon cultivation in TSB and AUM. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Strain 

 

Media 

Equation 1 

(h-1) 

Equation 2 

(min) 

µ= (log10 OD2 – log10 OD1) 2.303/ (t- t0) td = ln 2/ µ 

Kpneu_1 TSB 1.19 35 

AUM 0.36 115 

Kpneu_63 TSB 1.22 34 

AUM 0.45 92 

Kpneu_64 TSB 1.07 39 

AUM 0.41 102 

Kpneu_65 TSB 1.17 36 

AUM 0.49 85 

Kpneu_110 TSB 1.07 38.5 

AUM 0.42 100 

C3091 TSB 1.00 41 

AUM 0.37 113 

G43S3 TSB 1.11 38 

AUM 0.58 71 
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4.3.4 Quantification of K. pneumoniae biofilm upon cultivation 

in TSB and AUM 

An early objective of this study was to devise the assays to quantify the biofilms 

mass (bacterial cell and EPS) of K. pneumoniae upon cultivation in two 

different media, highly nutritious medium, TSB, and a nutrient-poor medium, 

AUM.  Figure 4-10 shows that significant increases were observed for biofilm 

formation by Kpneu_1, Kpneu_64, and Kpneu_110 cultivated in TSB 

compared to biofilm formation in AUM.  Kpneu_110 was observed to have a 

very low capacity to form biofilm in AUM.  While strain Kpneu_65, C3091, and 

CG43S3 were observed to form more biofilm in AUM compared to TSB.   
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Figure 4-10 Biofilm formation by K. pneumoniae in TSB and AUM. 

The figure shows biofilm formation by K. pneumoniae in TSB and AUM upon 

incubation at 37 °C for 24 h under shaking conditions.  Bars show the average 

absorbance obtained using the CV staining assays from three independent 

experiments.  The data was analysed by a Mann-Whitney non-parametric test.  Error 

bars indicate standard deviation of n = 15.  Significant increases were observed for 

biofilm formation by strain Kpneu_1, Kpneu_64, and Kpneu_110, cultivated in TSB 

compared to AUM, while strain Kpneu_65, C3091, and CG43S3 were observed to 

form more biofilms in AUM compared to TSB.  There was no significant difference 

found for strain Kpneu_63 upon cultivation in both media.  Statistical significance is 

indicated by * represents p < 0.05, ** represents p < 0.01, *** represents p < 0.001 

and **** represents p < 0.0001. 
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4.3.5 Biofilm inhibition and disruption assays 

In order to study the components of K. pneumoniae biofilm EPS upon 

cultivation in two different media, biofilm inhibition and biofilm disruption 

assays were conducted.  Proteinase K, DNase, and cellulase were used in 

both of the assays, while NaIO4 was only used in the disruption assays.  

Proteinase K catalyses the hydrolysis of peptide bonds in peptide or protein 

substrates (Saenger, 2013).  Cellulase catalyses the breakdown of cellulose 

into glucose by endohydrolysis of the β-(1-4)-D glucosidic linkages in cellulose 

(Liao, et al. , 2011).  While, DNase I catalyses the endonucleolytic cleavage of 

substrate to yield 5’-phosphodinucleotide and 5’-phosphooligonucleotide end 

products (Kishi, et al. , 2001). 

The biofilm inhibition assays were conducted by incubating the culture in 

control medium (without any enzymes) or in medium with these particular 

enzymes in 96-well microtitre plates.  The culture was then incubated at 37 °C 

for 24 h.  The biofilm disruption assays were conducted by treating the 24 h 

pre-formed biofilms with proteinase K, DNase, cellulase or NaIO4.  The treated 

biofilms were then incubated at 37 °C for 3 h or 1 h for proteinase K and DNase, 

respectively, at 48 °C for 24 h for cellulase, and at 4 °C for 24 h for NaIO4.  

Pre-formed biofilms incubated in buffer only (without any enzymes or NaIO4) 

acted as controls. 
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4.3.5.1 Effect of 100 µg/ml proteinase K on biofilm 

formation and on 24 h pre-formed biofilms 

The biofilm inhibition assays (Figure 4-11A and Figure 4-11B) in the presence 

of 100 µg/ml of proteinase K showed that biofilm formation by Kpneu_1 

cultivated in TSB and biofilm formation by Kpneu_63, Kpneu_65, C3091, and 

CG43S3 cultivated in AUM was significantly lower in the presence of 

proteinase K (100 µg/ml) compared to controls.  Whilst, biofilm formation by 

Kpneu_110 was significantly increased upon cultivation in TSB in the presence 

of proteinase K (100 µg/ml).  The biofilm disruption assays (Figure 4-11C and 

Figure 4-11D) showed that apart from Kpneu_110 and CG43S3, pre-formed 

biofilms of Kpneu_1, Kpneu_63, Kpneu_64, Kpneu_65, and C3091 in TSB 

were significantly disturbed upon treatment with proteinase K (100 µg/ml).  

While upon cultivation in AUM, pre-formed biofilms of Kpneu_65 and 

Kpneu_110 were observed to be disrupted by proteinase K.  
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Figure 4-11 Biofilm inhibition and disruption assays in the presence of 100 µg/ml proteinase K. 

The graph shows biofilm inhibition assays of K. pneumoniae cultivated in A) TSB and B) AUM in the presence of proteinase K (100 g/ml) 

incubated at 37 °C for 24 h, and disruption of pre-formed biofilms cultivated in C) TSB and D) AUM upon treatment with proteinase K (100 g/ml) 

at 37 °C for 3 h.  Bars show average absorbance readings using the CV assays from three independent experiments.  The data was analysed by 

a Mann-Whitney non-parametric test.  Error bars indicate standard deviation of nine replicates.  Kpneu_1 was observed to have significantly lower 

biofilm formation and Kpneu_110 showed significantly higher biofilm formation upon cultivation in TSB in the presence of proteinase K (100 g/ml) 

compared to control.  While Kpneu_63, Kpneu_65, C3091 and CG43S3 had significantly lower biofilms upon cultivation in AUM in the presence 

of proteinase K (100 g/ml) in comparison to controls.  The biofilm disruption assays demonstrated that pre-formed biofilms of Kpneu_1, 

Kpneu_63, Kpneu_64, Kpneu_65, and C3091 in TSB were significantly reduced as well as pre-formed biofilm of Kpneu_65 and Kpneu_110 in 

AUM upon treatment with proteinase K (100 g/ml) compared to controls.  Statistical significance is indicated by * represents p < 0.05,  

** represents p < 0.01, *** represents p < 0.001 and **** represents p < 0.0001. 

  



149 |  

 

4.3.5.2 Effect of 100 µg/ml of DNase on biofilm formation 

and on 24 h pre-formed biofilms 

Since it is established that eDNA has an important role in stabilising the biofilm 

structure in other bacterial species, e.g. P. aeruginosa (Whitchurch, et al., 

2002), we also investigated its role in biofilm formation and on pre-formed 

biofilms of K. pneumoniae.  Biofilm formation by Kpneu_63 and C3091 was 

significantly increased upon cultivation in TSB in the presence of  

100 µg/ml of DNase (Figure 4-12A), while biofilm formation by Kpneu_65 was 

significantly reduced upon cultivation in AUM in the presence of 100 µg/ml of 

DNase compared to controls (Figure 4-12B).  The treatment of pre-formed 

Kpneu_110 biofilms with 100 µg/ml of DNase resulted in a significantly higher 

CV absorbance readings compared to controls, whereas, treatment of pre-

formed C3091 biofilms with 100 µg/ml of DNase exhibited a significant 

reduction of the pre-formed biofilm in comparison to the control group (Figure 

4-12C and Figure 4-12D).  Our result suggested that eDNA possibly play a 

significant role in biofilm formation by Kpneu_65 upon cultivation in AUM and 

it is also suggested that eDNA possibly acts as a major composition in pre-

formed biofilms of C3091 upon cultivation in AUM.   
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Figure 4-12 Biofilm inhibition and disruption assays in the presence of 100 µg/ml DNase. 

The graph shows biofilm inhibition assays of K. pneumoniae cultivated in A) TSB and B) AUM in the presence of DNase (100 µg/ml) incubated at 

37 °C for 24 h, and disruption of pre-formed biofilms cultivated in C) TSB and D) AUM upon treatment with DNase (100 µg/ml) at 37 °C for 24 h.  

Bars show average absorbance readings using the CV assays from three independent experiments.  The data was analysed by a Mann-Whitney 

non-parametric test.  Error bars indicate standard deviation of nine replicates. A significant difference can be seen for biofilm formation of 

Kpneu_63 and C3091 upon cultivation in TSB in the presence of 100 µg/ml of DNase and additionally, biofilms of Kpneu_65 was shown to have 

a significant reduction upon cultivation in AUM in the presence of 100 µg/ml of DNase compared to controls.  The biofilm disruption assays 

demonstrated that CV absorbance readings of pre-formed biofilms of Kpneu_110 in TSB was significantly higher and pre-formed biofilms of C3091 

in AUM was significantly disrupted upon treatment with 100 µg/ml of DNase compared to controls.  Statistical significance is indicated by  

* represents p < 0.05 and ** represents p < 0.01. 
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4.3.5.3 Effect of NaIO4 on 24 h pre-formed biofilms 

We then assayed the sensitivity of pre-formed biofilms produced by the  

K. pneumoniae strains to NaIO4, which is known to cause disruption of 

polysaccharides in biofilm by oxidising the carbon to carbon bond at vicinal 

diols in carbohydrate rings (Meile, et al. , 2014).  The results showed that the 

CV absorbance of the pre-formed biofilms of all seven strains cultivated in TSB 

were significantly higher upon treatment with NaIO4 (Figure 4-13A) compared 

to controls.  Whereas, only five of the seven strains, CV absorbance of the pre-

formed biofilm was significantly higher upon treatment of pre-formed biofilm 

cultivated in AUM with NaIO4 (Figure 4-13B).  Our result shows that treatment 

of pre-formed biofilm with NaIO4 upon cultivation in TSB and AUM could 

possibly effect the polysaccharides in the biofilms of K. pneumoniae, even 

though, no reduction of pre-formed biofilm was observed upon the treatment.  

This is clearly shown by the highly significant higher CV absorbance value 

post-treatment of pre-formed biofilm with NaIO4 for all the strains upon 

cultivation in TSB as well as upon cultivation in AUM except for strain Kpneu_1 

and Kpneu_110.  Further explanation is discussed in the discussion. 
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Figure 4-13 Biofilm disruption assays in the presence of 10 mM NaIO4. 

The graph shows biofilm disruption assays of pre-formed biofilms cultivated in A) TSB and B) AUM and treated with 10 mM NaIO4 at 4 °C for  

24 h.  Bars show average absorbance readings using the CV assays from three independent experiments.  The data was analysed by a Mann-

Whitney non-parametric test.  Error bars indicate standard deviation of nine replicates.  A highly significant increase of CV absorbance readings 

can be seen upon treatment of pre-formed biofilm of all the strains cultivated in TSB with 10 mM NaIO4 in comparison to controls.  Upon cultivation 

in AUM, the CV absorbance readings of pre-formed biofilms of Kpneu_63, Kpneu_64, Kpneu_65, C3091, and CG43S3 was found to be 

significantly increased compared to controls.  Statistical significance is indicated by * represents p < 0.05, ** represents p < 0.01, *** represents 

p < 0.001 and **** represents p < 0.0001. 
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4.3.5.4 Effect of cellulase on biofilm formation and on 24 h 

pre-formed biofilms 

Since our data shows that NaIO4 could possibly affect polysaccharides in 

biofilms of K. pneumoniae, we then tried to identify the polysaccharides.  

Cellulase was tested to determine the effect on biofilm formation by  

K. pneumoniae and on pre-formed biofilms.  Biofilm inhibition assays in the 

presence of 0.1 % cellulase and treatment of pre-formed biofilms with  

0.1 % cellulase were conducted.  The biofilm inhibition assays in the presence 

of 0.1 % cellulase (Figure 4-14A and Figure 4-14B) showed that biofilm 

formation by C3091 upon cultivation in TSB and biofilm formation by Kpneu_63 

and Kpneu_110 upon cultivation in AUM were significantly increased in the 

presence of 0.1 % cellulase compared to controls.  No significant reduction in 

biofilm formation was observed upon growth in both media in the presence of 

0.1 % cellulase.  The treatment of pre-formed biofilms with 0.1 % cellulase was 

observed to significantly disrupt the pre-formed biofilm of Kpneu_64 and 

Kpneu_65 upon cultivation in TSB, and pre-formed biofilm of Kpneu_63 and 

Kpneu_64 upon cultivation in AUM in comparison to the controls (Figure 4-14C 

and Figure 4-14D). 
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Figure 4-14 Biofilm inhibition and disruption assays in the presence of 0.1 % cellulase. 

The graph shows biofilm inhibition assays of K. pneumoniae cultivated in A) TSB and B) AUM in the presence of 0.1 % cellulase incubated at  

37 °C for 24 h, and disruption of pre-formed biofilms cultivated in C) TSB and D) AUM upon treatment with 0.1 % cellulase at 45 °C for 24 h.  Bars 

show average absorbance readings using the CV assays from three independent experiments.  The data was analysed by a Mann-Whitney non-

parametric test.  Error bars indicate standard deviation of nine replicates.  Biofilm formation of C3091 upon cultivation in TSB and biofilm formation 

of Kpneu_63 and Kpneu_110 upon cultivation in AUM were observed to be significantly increased in the presence of 0.1 % cellulase compared 

to controls.  The biofilm disruption assays demonstrated that pre-formed biofilms of Kpneu_64 and Kpneu_65 in TSB were significantly disrupted 

as well as pre-formed biofilm of Kpneu_63 and Kpneu_64 in AUM upon treatment with 0.1 % cellulase in comparison to the controls.  Statistical 

significance is indicated by * represents p < 0.05, ** represents p < 0.01 and *** represents p < 0.001. 
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4.4 Discussion  

In the study described in this chapter, the components of K. pneumoniae 

biofilms EPS were investigated upon cultivation in two different media, TSB 

and AUM in 96-well microtitre plates.  The planktonic growth kinetics of all the 

strains were determined prior to biofilm assays.  The mid-log phase in TSB 

was observed about 2 h into growth and was equal to ~109 CFU/ml.  Our data 

is in accordance with several previous findings that measure the growth rate 

of K. pneumoniae upon cultivation in TSB.  For example, studies by Dulek, et 

al. (2014) and Tsao, et al. (2015) mentioned that K. pneumoniae reached mid-

log phase after 2 h incubation at 37 °C in TSB and that an OD600 of 1 was 

equal to 109 CFU/ml, respectively.  In addition, less growth of the  

K. pneumoniae strains was observed upon cultivation in AUM compared to 

TSB and the duration for the bacteria to reach the mid-log phase was longer 

in AUM than in TSB.   

The AUM was developed by Brooks, et al. (1997).  This AUM was designed to 

correspond to the median values for electrolytes found in diluted human urine.  

We did a modification by supplementing a very low concentration of glucose 

and other sugar components such as sucrose and lactose, some additional 

amino acids, and vitamins. 

Since K. pneumoniae is a urease-producing species, growth limitation also 

could probably be due to the catabolism of urea that causes a rise in pH and 

slows down the growth of the K. pneumoniae strains used in this study (Tsuji, 

et al. , 1982).  Since all of the tested strains harbour a ure operon (data not 
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shown), they were predicted to catalyse the hydrolysis of urea (H2NCONH2) to 

ammonia (NH3)2 by producing urease.  Further production of ammonium 

(NH4)2 ions would increase the pH of the AUM.  At alkaline pH, trivalent 

phosphate ions (PO4)3- are formed in urine, which then combine with water 

(H2O), ammonium ions (NH4)+, and magnesium ions (Mg+) to form magnesium 

ammonium phosphate (MgNH4PO4.H2O) or struvite.  The trivalent phosphate 

ions (PO4)3- could also combine with calcium ions (Ca2+) and CO3
2- to produce 

carbonate apatite (Ca10(PO4)6CO3.  Both of these compounds result in the 

formation of calculi in catheters (Thomas, et al. , 2008).   

In this study, we hypothesised that cellulose and PNAG might be amongst the 

polysaccharides that play a role in K. pneumoniae biofilms (Chen, et al., 2014; 

Wang, et al., 2016).  In order to confirm the existence of the genes that encode 

for the proteins that are involved in the synthesis of these polysaccharides in 

the genome of all tested strains, we analysed and conducted a comparative 

analysis of these polysaccharide biosynthetic gene clusters.  The operons 

examined were the bcs cluster which contains three operons and the pga 

operon.  The proteins encoded by the genes in bcs operon are established to 

contribute to cellulose biosynthesis (Römling, et al., 2015) while the proteins 

encoded by the genes in pga operon are known to be involved in synthesis of 

PNAG.  Cellulose biosynthetic gene clusters consist of three operons, bcsI, 

bcsII and bEFG, while the PNAG biosynthetic gene cluster consists of one 

pgaABCD operon.  Apart from K. pneumoniae, cellulose was also shown to be 

involved in biofilm formation of other bacterial species, e.g. E. coli.  A previous 

study showed that an E. coli 1094bcsC mutant lost its capacity to form biofilm 

in microfermentors (Da Re, et al. , 2006). 
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K. pneumoniae has two distinct bcs operons (Römling, et al., 2015) and one 

divergent operon that are important for cellulose biosynthesis.  BcsO which is 

encoded by bcsO is a proline-rich protein with unknown function.  bcsQ 

encodes for BcsQ protein which is involved in cellular localisation and might 

play an important role in cellulose biosynthesis (Le Quéré, et al. , 2009).  The 

first two genes of bcs operons, bcsA and bcsB encode for BcsA (cellulose 

synthase catalytic subunit A [located in the inner membrane]) and BcsB 

(cellulose synthase subunit B [spanning the periplasm and a part of inner 

membrane]) (Morgan, et al. , 2014).  These proteins were shown to play an 

important role for Bcs machinery and exist in all of the other bacterial bcs 

operons (Solano, et al. , 2002).  BcsA is an inner membrane protein, which 

binds to the UDP-glucose.  The other two proteins, BcsC (cellulose synthase 

subunit C [located in the outer membrane and apart of inner membrane]) and 

BcsD (cellulose synthase subunit D [located in the periplasm]) are involved in 

exporting glucan molecules and arrangement of the Bcs complex prior to 

exportation.  In addition, bcsZ encodes for endo-β-1,4-glucanase (located in 

periplasmic), which participates in the hydrolysis of β-D-glucan rather than 

synthesis and its role in this cellulose biosynthesis is still speculative.  Apart 

from its role in hydrolysis, a study by Ahmad, et al. (2016) also showed that 

BcsZ, could block cellulose production and subsequently reduce biofilm 

formation and increased virulence of S. enterica ser. Typhimirium.  The 

divergent operon, bcsEFG is also postulated to be involved in the production 

of cellulose.  bcsE encodes for BcsE that was shown to bind to c-di-GMP and 

contribute to the increased level of cellulase production (Fang, et al. , 2014) 

and bcsG encodes for putative endoglucanase (Feng, et al. , 2013).  While, 
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the function of the protein encoded by bcsF is still unknown (Ahmad, et al., 

2016).   

Bioinformatic analysis revealed that one of the weak biofilm formers, Kpneu_1 

had defects in bcsB_I and bcsC_I.  These defects were caused by a 5 bp 

insertion and a deletion of 52 bp in bcsB_I and bcsC_I respectively  

(Figure 4-4 and Figure 4-5).  These would result in a truncated BcsB_I and 

BcsC_I proteins.  Due to the fact that BcsB and BcsC proteins play an 

important role in cellulose synthesis, the differences in the bcs operon I of 

Kpneu_1 compared to the other strains could be why it formed less biofilms. 

Other than a truncated BcsO in CG43S3, and truncated BcsB_I and BcsC_I in 

Kpneu_1, we also identified truncated BcsQ in Kpneu_63 and Kpneu_64.  We, 

however, were unable to confirm the relationship between truncated BcsQ and 

cellulose biosynthesis in K. pneumoniae since very little information is known 

regarding mechanisms of cellulose synthesis in K. pneumoniae and this needs 

further experiment to confirm its function.   

Since Kpneu_110 is a UTI isolate, it is unclear why Kpneu_110 had less 

capacity to form biofilm but could grow very well, at about the same rate as 

Kpneu_64 upon cultivation in AUM (Figure 4-9).  Another isolate, C3091, which 

was originally isolated from a UTI patient, however, was seen to have more 

biofilm upon cultivation in AUM compared to TSB.  We hypothesised that AUM 

might not be suitable for Kpneu_110 to form biofilms compared to in human 

urine.  Human urine is known to have some natural constituents including 

hormones, iron chelators, pyrophosphates (Ipe, et al. , 2016) and proteins 

which could promote the growth of K. pneumoniae and facilitate biofilm 
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formation by this pathogen in the urinary tract, which are lacking in AUM.  As 

human urine has its own natural proteins that do not exist in AUM, this could 

be one of the reasons that resulted in less capacity of several strains such as 

Kpneu_1 and Kpneu_110 to form biofilms under laboratory conditions in this 

artificial environment.  For example, Tamm-Horsfall protein (THP) also known 

as uromodulin, is the most abundant protein in urine.  THP is involved in natural 

resistance of humans to uropathogenic bacteria.  THP has been shown to bind 

to > 90 % of E. coli isolates from UTI patients (Wu, et al. , 1996), and it can 

bind specifically to type 1 fimbriated E. coli (Pak, et al. , 2001).  THP is a 

polymeric glycoprotein which is produced in the thick ascending limb of the 

Loop of Henle in renal tissue (Serafini-Cessi, et al. , 2003).  Uropathogenic 

bacteria have been shown to bind to THP and as a result are flushed from the 

human urinary tract by urination (Dou, et al. , 2005).  A previous study has also 

shown that THP enhances the adherence of E. coli on silicone and latex 

catheters (Raffi, et al. , 2012).    Lack of THP in AUM could be the reason why 

the biofilm formation by Kpneu_1 and Kpneu_110 was found to be low in AUM.  

Furthermore, since UTIs cases are not always associated with biofilms and 

catheters, it is not necessarily for this strain to have a high capacity to form 

biofilms in AUM.  This could be another reason why the biofilm formation by 

Kpneu_110 was found to be very low in AUM, even though it was isolated from 

UTI patient. 

Little is known regarding the biofilm matrix composition of K. pneumoniae in 

different media.  We investigated some of the components of K. pneumoniae 

biofilms upon cultivation in TSB and AUM by conducting a biofilm inhibition 

and disruption assays.  Our data showed that 100 µg/ml of proteinase K 
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inhibited biofilm formation by Kpneu_1 upon cultivation in TSB and biofilm 

formation by Kpneu_63, Kpneu_65, C3091, and CG43S4 upon cultivation in 

AUM.  Intriguingly, biofilm formation by Kpneu_110 was significantly increased 

after cultivation in TSB in the presence of proteinase K.  The supportive effect 

of proteinase K on Kpneu_110 biofilms was very significant and to the best of 

our knowledge, no publications have shown such an effect with  

K. pneumoniae.  Why this occurred is unknown but we speculate that it could 

be that the proteinase K possibly cleaves self-secreted extracellular dispersion 

enzyme or signalling molecules resulting in increased biofilm formation by 

Kpneu_110.  Several previous publications have described a number of self-

secreted extracellular dispersion enzymes by various pathogens, for example, 

β-N-acetylglucosaminidase or dispersin B (DspB) that is produced by  

A. actinomycetemcomitans.  This enzyme was shown to degrade PNAG 

structure that facilitates the cell-cell cohesion in biofilms (Kaplan, et al., 2003).  

A study by Gilan, et al. (2013) also showed the supportive effect of  

proteinase K on biofilm formation.  1 mg/ml of proteinase K was shown to 

enhance biofilm formation by Rhodococcus ruber upon growth in minimal salts 

medium, increased multi-layered structure of R. ruber biofilms. 

We also treated the 24 h pre-formed biofilm with proteinase K to determine 

whether protein is a major constituent of K. pneumoniae biofilms. Apart from 

Kpneu_110 and CG43S3, treatment of pre-formed biofilm with  

100 µg/ml of proteinase K was found to disrupt the pre-formed biofilms of the 

rest of the strains upon cultivation in TSB, and also strain Kpneu_65 and 

Kpneu_110 upon cultivation in AUM.  Our findings are in agreement with a 

previous finding which suggested that protein content in EPS of  
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K. pneumoniae strain Kp703 biofilms was shown to be relatively high at about 

65 %, in comparison to the other EPS components such as eDNA and PNAG 

upon cultivation in MH broth (Bandeira, et al., 2017).   

Based on these results, proteins could possibly play a role in initial adhesion 

or biofilm structure of K. pneumoniae in both media.  The biofilms formation 

was shown to be inhibited and the mature biofilms of most strains were 

disrupted upon treatment with proteinase K.  We hypothesised that 100 µg/ml 

of proteinase K might degrade the proteinaceous appendages on  

K. pneumoniae surface or other matrix components that act as adhesins to 

attach on the surfaces. 

Besides proteins, extracellular DNA (eDNA) has also been established to be 

structural components of the biofilm matrix of many Gram-negative and Gram-

positive bacteria (Okshevsky, et al. , 2014).  A study by Whitchurch, et al. 

(2002), for example, demonstrated that addition of DNase I in M63 medium 

supplemented with 1 mM MgCl2 and 0.5 % casamino acid prevented biofilm 

formation by P. aeruginosa in microtiter plates.  The results presented in this 

chapter show that eDNA involvement in biofilm formation by K. pneumoniae is 

strain dependent.  On one hand, DNase treatment resulted in increased biofilm 

formation by Kpneu_63 and C3091 upon cultivation in TSB.  On the other 

hand, DNase was shown to inhibit biofilm formation by Kpneu_65 upon 

cultivation in AUM.   

We also investigated the effect of DNase on 24 h old biofilms of  

K. pneumoniae.  The data showed that eDNA involvement in biofilm EPS of  
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K. pneumoniae is also strain dependent.  Pre-formed biofilms of C3091 were 

disrupted upon treatment with DNase compared to the untreated groups.  This 

observation is in line with a previous publication by Tetz, et al. (2009) that 

showed that treatment of 24 h pre-formed biofilm of K. pneumoniae with  

5 µg/ml of DNase I disrupted the biofilm structure and increased the 

penetration of antibiotics to the cells.  Strain Kpneu_110 biofilms, however, 

showed a slightly higher but statistically significant biofilm level upon CV 

staining compared to untreated controls upon cultivation in TSB and the 

reason for this is unclear.  

Other than proteins and eDNA, we also investigated the role of 

polysaccharides in K. pneumoniae biofilms.  Upon treatment of pre-formed 

biofilms grown in TSB with NaIO4, a highly significant increase of CV 

absorbance readings was observed in comparison to the controls for all the 

strains used in this study.  Apart from Kpneu_1 and Kpneu_110, a highly 

significant increase was also observed upon treatment of pre-formed biofilms 

by NaIO4 for the rest of strains compared to controls upon cultivation in AUM.  

We speculated the reason for the higher readings of CV absorbance for the 

treated group could possibly be because of the chemical reaction of cleaved 

polysaccharide complexes with CV.  NaIO4 reacts by oxidising the carbons 

bearing vicinal OH group.  For examples, NaIO4 cleaves the C3-C4 bonds of 

N-acetyl-glucosamine (Chaignon, et al. , 2007) and C2-C3 bonds of cellulose 

structure (Figure 4-15) (D. Chen, et al. , 2016).  This reaction results in a 

modified chain and open ring with two aldehyde groups in the polysaccharides.  

The details for the mechanism of periodate oxidation is shown in Appendix 1. 
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Figure 4-15 Periodate oxidation of cellulose monomer. 

The figure shows an example of the periodate oxidation reaction of cellulose by NaIO4 

on its glucose monomer.  The dialdehyde groups are hypothesised to react with CV 

and presumably there was increased binding of CV to the dialdehyde groups because 

of this reaction.  The figure was drawn using ChemDraw Professional 16.0.1.   

CV molecules could possibly react with the aldehydes groups increasing CV 

binding compared to non-oxidised polysaccharides.  The possible reaction 

mechanism between CV molecules and the aldehyde groups of the oxidised 

polysaccharides is shown in Appendix 2.  Since Kpneu_1 and Kpneu_110 

were shown to have a very low capacity to form biofilms in AUM, they were not 

affected as much as other strains.  This is possibly because less 

polysaccharides were produced by these two strains in AUM and there was 

less substrate for NaIO4 to cleave, resulting in less chemical reaction between 

the open rings of polysaccharides with CV.  We also speculated that both of 

these strains produced less polysaccharides in AUM compared to in TSB, 

since we observed a very significant difference of the treated group in 

comparison with the control group upon cultivation in TSB.  However, no 

differences could be seen between those groups upon cultivation in AUM.  In 

general, our findings showed that polysaccharides possibly play a role in  

pre-formed biofilms of examined K. pneumoniae strains. 
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Since we could observe an increased in the CV absorbance value upon 

treatment of pre-formed biofilms with NaIO4, we speculated that NaIO4 could 

possibly oxidise the polysaccharides in biofilms of K. pneumoniae.  To test the 

hypothesis that polysaccharide could play a role in pre-formed biofilms by  

K. pneumoniae, we investigated a possible role for one of the polysaccharides 

that is suggested to be involved in biofilm formation by K. pneumoniae 

(Huertas, et al., 2014).  Cellulose was chosen as one of the potential 

polysaccharides that could be produced by K. pneumoniae since four of our 

strains were shown to have the complete bcs operons (Figure 4-1).  

Cultivating the tested strains in TSB in the presence of 0.1 % cellulase showed 

that cellulase induced biofilm formation by C3091. Two of the strains 

(Kpneu_63 and Kpneu_110) also showed a significantly higher biofilm 

formation upon the cultivation in AUM in the presence of 0.1 % cellulase.  Even 

though the rest of the five strains did not show any significant differences, but 

the biofilm formation of these five strains was found to be relatively higher upon 

cultivation in AUM in the presence of 0.1 % cellulase compared to control 

groups.  In addition, the growth of all of the strains used in this study was also 

increased upon cultivation in AUM in the presence of 0.1 % cellulase upon 

incubation for 24 h (data not shown). 

We speculated that small amount of sorbitol which acted as preservative in the 

cellulase solution could act as an extra carbon source (Bren, et al. , 2016) in 

the AUM other than small amount of glucose, sucrose and lactose in AUM 

itself.  This hypothesis was made due to the fact that K. pneumoniae could 

metabolise D-sorbitol (Brisse, et al., 2006).  Furthermore, all of our  
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K. pneumoniae strains were shown to have a complete gutAEBDMRQ operon 

which is important for D-sorbitol metabolism, upon analysis using Rapid 

Annotation using Subsystem Technology (RAST) software (Aziz, et al. , 2008). 

Figure 4-7 revealed that all of the strains had a complete predicted pga operon 

which consists of four genes, pgaA, pgaB, pgaB, and pgaD.  The pga operon 

of the K. pneumoniae strains used in this study had similarity with the pga 

operon of E. coli MG1655 (Chen, et al., 2014) and the genes in pga operon of 

E. coli are known to contribute to biofilm formation by E. coli  (Wang, et al., 

2004).  Although we investigated the role of proteins, eDNA, and 

polysaccharides such as cellulose in biofilm formation by K. pneumoniae, we, 

however, have not confirmed the role of PNAG as one of the components of 

K. pneumoniae biofilm EPS.  Having the data that all the strains have the 

complete pgaABCD operon, it suggested that K. pneumoniae could possibly 

produce PNAG.  Since PNAG has been shown to be involved in biofilm 

formation by K. pneumoniae in the presence of bile salts (Chen, et al., 2014), 

it would be beneficial to determine if PNAG has a role in biofilms in the 

nutritious and nutrient-poor media.  The role of PNAG in biofilm formation and 

pre-formed biofilms can be tested by using the enzyme  

β-acetylglucosaminidase, also known as dispersin B, and this should be 

considered as a future direction for this research.  This enzyme cleaves β-1, 

6-glycosidic bond in N-acetylglucosamine polymer (Ramasubbu, et al. , 2005). 

It should be noted that the findings presented in this chapter are based on 

experiments, which were conducted in 96-well microtitre plates, and it is 

possible that the EPS composition of the biofilm varies in different 
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environments.  Taken together, although there were some common EPS 

components produced by multiple strains of K. pneumoniae, our data 

suggested that EPS composition and K. pneumoniae biofilms are strain 

dependent.  It not only varies between the bacterial strains but is also 

dependent on the growth media.    

4.5 Conclusion 

All of the strains used in this study had a complete pga operon but several 

strains were shown to have defects in genes in the bcsI operon.  All of the 

examined strains had the capacity to form biofilms in TSB.  Apart from strain 

Kpneu_110, all the strains were also found to have the capacity to form 

biofilms in AUM.  However, the amount of biofilm formed was strain specific 

and Kpneu_110 had the lowest capacity to form biofilms in AUM.  Proteins 

were found to play a role in biofilm formation and were a component of pre-

formed biofilms of most of the strains used in this study.  The role of eDNA in 

biofilm formation and pre-formed biofilms was found to be strain dependent.  

Treatment of pre-formed biofilms with NaIO4 may have oxidised some of the 

polysaccharides in the biofilm matrix of K. pneumoniae but the specific 

polysaccharides involved in biofilms of K. pneumoniae are still undetermined. 

We also showed that cellulase in a liquid form with sorbitol as a preservative 

is not suitable for biofilm inhibition assays in AUM.      
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5.0 Investigation into the orientation of the  

K. pneumoniae fim-switch which controls 

expression of type 1 fimbriae  

5.1 Introduction  

In earlier work described in this thesis in Chapter 4, proteins were identified as 

one of the components of K. pneumoniae biofilm EPS.  There are quite a 

number of proteins, which are speculated to be involved in biofilm formation 

by K. pneumoniae and among them are fimbriae.  Type 1 fimbriae (T1F) and 

type 3 fimbriae (T3F) are known as the major fimbriae of K. pneumoniae.  We 

decided to investigate the role of T1F in biofilm formation by K. pneumoniae 

since a role for T3F in biofilm formation by K. pneumoniae has already been 

determined (Jagnow, et al. , 2003; Johnson, et al. , 2011).  We hypothesised 

that T1F could also be involved in biofilm formation by K. pneumoniae upon 

cultivation in TSB and AUM.  Cleavage of these surface-exposed proteins by 

proteinase K would probably contribute to the disruption of pre-formed biofilm 

of K. pneumoniae as described in chapter 4. 

5.1.1 Major fimbriae of K. pneumoniae 

T1F and T3F belong to the chaperone-usher class fimbriae family (Stahlhut, 

et al., 2012).  The chaperon-usher (CU) pathway of pilus biogenesis involves 

the membrane-embedded assembly and secretion of the adhesive tips.  This 

CU secretion system is commonly clustered into an operon containing a 

minimum of three genes encoding for essential proteins: a major fimbrial 

subunit, a chaperone, and an usher protein.  These operons also regularly 
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consist of additional genes for structural (i.e. minor fimbrial subunits), 

assembly and regulatory proteins (Nuccio, et al. , 2007).  

Figure 5-1 shows the biogenesis of T1F as an example.  During CU fimbriae 

assembly, fimbria subunit (FimA, FimF, FimG, and FimH) enter the periplasm 

in an unfolded conformation.  They subsequently form 1:1 complexes with 

FimC which assists the proteins to fold and prevents premature assembly of 

subunits.  The chaperone-subunit complexes dissociate upon interaction with 

the outer membrane anchored-FimD usher protein which serves as a scaffold 

by forming a pore allowing the passage of individual FimA subunits (Figure 

5-1).  These subunits cross the OM and become incorporated to produce fully 

functional fimbriae.  The three-dimensional right handed helical structure of the 

fimbrial backbones are then made of ~1000 copies of FimA with a short flexible 

fibrillum on top, consisting of single copies of FimF, FimG, and FimH adhesin 

(Figure 5-1 and Figure 5-2) subunits, which mediates attachment to the host 

cells (Busch, et al. , 2012; Vetsch, et al. , 2004).  
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Figure 5-1 The chaperon-usher (CU) pathway of T1F biogenesis. 

A schematic drawing of the T1F chaperone usher pathway as an example. IM: inner 

membrane, OM: outer membrane.  The figure is drawn and adapted from Vetsch, et 

al. (2004) and Korea, et al. (2011). 
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5.1.1.1 Type 1 fimbriae (T1F) 

Type 1 fimbriae (T1F) are thin, rigid and thread-like protrusions on the cell 

surface, they are approximately 7 nm in diameter and 1 to 2 µm in length 

(Korea, et al., 2011) (see Figure 5-1).  T1F are suggested to be one of the 

important virulence factors of K. pneumoniae UTIs and they are wide spread 

among the members of Enterobacteriaceae (Struve, et al., 2008).  These 

mannose-sensitive surface organelles are the major adhesive fimbriae 

structures in K. pneumoniae and mediate binding of this pathogen to  

D-mannosylated containing receptors (Murphy, et al., 2013), for example, on 

bladder urothelial cells (Jorgensen, et al. , 2012) and Tamm-Horsfall 

glycoproteins via the T1F adhesin, FimH (Rosen, Pinkner, Walker, et al. , 

2008).  The expression of these surface appendages has been shown to 

mediate the initial adhesion of K. pneumoniae, allowing it to colonise the 

uroepithelium and eventually cause UTIs (Stahlhut, et al., 2012; Struve, et al., 

2008).  T1F has been shown to play a pivotal role in the pathogenesis of UTIs 

and it has been experimentally demonstrated in a murine bladder infection 

model (Struve, et al., 2008).    
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Figure 5-2 The structure of T1F mannose-sensitive fimbriae. 

FimA is the major subunit, and FimH is the adhesin that binds to mannosylated 

glycoprotein receptors (Paczosa, et al., 2016).  The figure is re-published with 

permission. 
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The T1F operon (fim operon) consists of genes encoding for FimB and FimE 

recombinases, FimA; the major fimbrial component, FimI; pilus biogenesis 

protein, FimC; chaperone protein, FimD; a fimbrial usher protein, and other 

genes encoding for accessory and structural FimF and FimG subunits, and for 

the minor subunit FimH adhesin.  This operon also includes fimK which is 

located downstream of the fimH in the K. pneumoniae genome.  It is predicted 

to encode a protein with a DNA binding motif, and conserved EAL domain 

which is associated with cyclic dimeric guanosine monophosphate (c-di-GMP) 

putative phosphodiesterase (Struve, et al., 2008; Wang, et al., 2013).  The T1F 

gene cluster of K. pneumoniae is homologous to that of E. coli with regard to 

genetic composition and regulation (Struve, et al., 2008), apart from the 

existence of a unique gene, fimK. T1F are regulated in the same manner as 

T1F of E. coli which is by a phase variation mechanism (Rosen, Pinkner, 

Jones, et al. , 2008).  This mechanism is controlled by inversion of an invertible 

fim-switch (fimS), which controls the major subunit of T1F, fimA expression 

(Schembri, et al., 2005; Struve, et al., 2008). 
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Figure 5-3 Schematic diagram of T1F operon. 

The T1F operon consists of two genes that encode recombinases FimE and FimB, which control the orientation of fim-switch (fimS), seven genes 

(fimA, fimI, fimC, fimD, fimF, fimG, and fimH) that encode proteins involved in assembly and secretion of T1F, fimK which encodes the regulatory 

protein, FimK.  FimK is composed of a putative DNA binding domain and a phosphodiesterase domain at the N-terminal and C-terminal, 

respectively (Figure 5-7).  The putative promoter is indicated by the angled arrows.  The inverted repeat is labelled as IR. 
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5.1.1.1.1 Fim-switch (fimS) orientation  

The regulation of T1F in K. pneumoniae is similar to that in E. coli.  It is 

controlled by a phase variation mechanism via inversion of an invertible DNA 

element, the fim-switch (fimS).  fimS is flanked by 9 bp inverted repeats (IR).  

The inversion of fimS is mediated by the site-specific tyrosine-integrases, FimE 

and FimB (McCusker, et al. , 2008).  FimE catalyses the inversion of fimS from 

the ‘ON-to-OFF’ orientation and FimB catalyse the switch of fimS to both of the 

‘ON-to-OFF’ and ‘OFF-to-ON’ orientations.  Inversion of the switch results in a 

fimbriated cell state when it is in the ‘ON’ orientation and an afimbriated cell 

state when it is in the ‘OFF’ orientation (Dorman, et al. , 2009). 

The invertible DNA element, fimS contains a promoter for fimA, the major 

subunit of T1F.  The orientation of fimS can be determined by amplifying the 

switch region using the forward and reverse primers (Figure 5-4), and digesting 

the amplified PCR product with HinfI.  Due to the asymmetric location of HinfI 

restriction sites within fimS, it will result in different digestion patterns 

depending on the orientation of fimS.  The length of amplified/undigested fimS 

is 817 bp.  The ‘ON’ orientation of fimS results in 212 bp and 605 bp fragments 

on digestion of the PCR product, while the ‘OFF’ orientation of fimS results in 

496 bp and 321 bp fragments (Figure 5-4).   
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Figure 5-4 Schematic diagram of fimE, fimS and fimA.  

Figure shows the invertible DNA element of fimS located in between fimE and fimA in 

the T1F operon.  The inverted repeat is labelled as IR.  The promoter is indicated by 

the angled arrow.  The direction of the primers is as labelled.  The figure is adapted 

from Struve, et al. (2008).   
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5.1.1.2 Type 3 fimbriae (T3F) 

Type 3 fimbriae (T3F) are mannose-resistant fimbriae (Alcántar-Curiel, et al., 

2013), and they are thinner than T1F, being 2 to 4 nm wide and 0.5 to 2 uM 

long (Figure 5-5) (Allen, et al. , 1991; Gerlach, et al. , 1988).  T3F have been 

shown to play an important role in initial adhesion of K. pneumoniae to 

extracellular matrix and collagen-coated surfaces (Jagnow, et al., 2003).  They 

attach to the basolateral surfaces of tracheal epithelial cells, human-derived 

extracellular matrix proteins (ECMPs) (Jagnow, et al., 2003), and human lung 

tissue membranes, and this subsequently leads to respiratory tract infections. 

The T3F appear to be highly conserved in K. pneumoniae since a study by 

Old, et al. (1985) showed that antisera raised against T3F from a single  

K. pneumoniae isolate recognised most of the fimbriated Klebsiella.   

T3F are encoded by the mrkABCDF gene cluster (Johnson, et al., 2011).  mrkA 

encodes the MrkA major fimbrial subunit, mrkD encodes the adhesive unit on 

the tip, mrkB encodes the chaperon protein, mrkC encodes the usher protein, 

and mrkF encodes the scaffolding protein.  MrkB, MrkC, and MrkF proteins are 

important in fimbrial assembly, structuring and stabilising the fimbriae on the 

cell surfaces respectively.  The expression of mrk is regulated by a complex 

regulatory system, which involves a combination of a phosphodiesterase 

encoded by mrkJ and a PilZ domain protein encoded by mrkH, together with 

a DNA binding protein encoded by mrkI located downstream and adjacent to 

the mrk operon  (Murphy, et al. , 2012).  
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Figure 5-5 The structure of T3F mannose-resistant fimbriae. 

MrkA is the major fimbrial subunit and MrkD is the mannose-resistant adhesin 

(Paczosa, et al., 2016).  The figure is re-published with permission. 
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5.1.2 Role of type 1 fimbriae (T1F) in biofilm formation by 

K. pneumoniae 

The T1F gene cluster of K. pneumoniae has an overall high degree of 

structural resemblance with the well-studied T1F gene cluster of E. coli 

(Struve, et al., 2008).  As previously mentioned, there is only one difference 

that can be identified between these two T1F operons; the existence of a gene 

that encodes for regulatory protein, fimK, which is exclusive to K. pneumoniae 

(Struve, et al., 2008) located downstream of the fimH.  T1F are known to be 

involved in biofilm formation of uropathogenic E. coli (UPEC) strains.  As 

previously mentioned, the T1F operon of E. coli has a high similarity in terms 

of genetic organisation with T1F operon of K. pneumoniae except for fimK.   

Since the role of T3F in biofilm formation by K. pneumoniae is well established 

and T1F also was reported to play a key role as crucial as T3F in biofilm 

formation by K. pneumoniae upon cultivation in human pooled urine (Stahlhut, 

et al., 2012), we postulated that T1F of K. pneumoniae could also be involved 

in biofilm formation by K. pneumoniae in our experimental settings.   

Some studies have revealed that T1F are involved in biofilm formation by  

K. pneumoniae but at the same time, several studies have proven that T1F do 

not contribute to the biofilm formation by K. pneumoniae (Paczosa, et al., 

2016).  For instance, T1F were shown to play a complementary role with T3F 

in biofilm formation by K. pneumoniae TOP52, an acute cystitis clinical isolate 

(Johnson, et al. , 2014), and contribute to bacterial adherence in a murine 

catheter-associated urinary tract infection model (Murphy, et al., 2013).  A 

study by Stahlhut, et al. (2012) also concluded that K. pneumoniae requires 
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either T1F or T3F to form biofilms on urinary catheters.  Absence both of the 

fimbriae significantly reduced the colonisation and biofilm formation by  

K. pneumoniae C3091 on catheter surfaces and complementation of the T1F 

or T3F mutant strains with either one fimbrial type restores the phenotype of 

the wild type.  Both of the fimbriae also independently promote biofilm 

formation on urinary catheters compared to nonfimbriated E. coli upon 

transformation and expression of T1F or T3F gene cluster.  In contrast, 

isogenic mutants of K. pneumoniae C3091 (∆fim), which was developed by 

Schroll, et al. (2010) suggested that T1F did not have a significant role in the 

biofilm formation by K. pneumoniae upon growth in modified fastidious 

anaerobe broth in flow chambers.  

These observations could be because all of the experiments were conducted 

in different experimental settings, models and media which could contribute to 

these differences.  Therefore, the exact contribution of T1F to biofilm formation 

by K. pneumoniae is still unclear.  In the study described in this chapter, we 

investigated further, the role of T1F in biofilm formation by determining the 

orientation of fimS in two different growth states, planktonic and biofilm cells 

upon cultivation in two different media, highly nutritious medium, TSB and 

nutrient-poor medium, AUM in 96-well microtitre plates.   
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Table 5-1 Involvement of fimbriae in biofilm formation by Enterobacteriaceae. 

Bacterial 

species 

Contribution to biofilm 

formation 

Description Model/system Media References 

 

E. coli 2K1056 

 

T1F are proposed to 

establish stable attachment 

on abiotic surfaces, such as 

polyvinyl chloride (PVC) 

possibly via the interaction 

between FimH and surfaces 

 

T1F has been shown to be 

essential for the initial 

attachment of E. coli. 

Microscopic analysis showed 

that a fimH mutant strain was 

dramatically defective in initial 

attachment and had no cells 

attached to PVC surfaces in 

comparison to wild type strain, 

and this subsequently 

hampered biofilm formation.    

 

PVC microtiter 

plate and a tab of 

PVC plastic 

 

LB 

 

(Pratt, et al. , 

1998) 

 

E. coli MG1655 

 

T1F are not essential for 

initial adhesion on glass 

surfaces, however, they are 

 

The fimA mutant strain showed 

less capacity to form biofilms 

in both of the media tested in 

 

96-well microtitre 

plate 

 

M63 and LB 

media 

supplemented 

with different 

 

(Rodrigues, et al. , 

2009) 
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Bacterial 

species 

Contribution to biofilm 

formation 

Description Model/system Media References 

crucial for development of 

mature biofilm 

comparison the wild type and 

complementation strains. 

concentration 

of mannose 

 

E. coli UTI89 

 

The UTI89 cells harvested 

from a 20 h old biofilm grown 

on silicone surfaces were 

found to positively expressed 

T1F.  Expression of T1F led 

to increase initial adhesion 

and essential for early biofilm 

stage 

 

The bacteria were inoculated 

onto silicone surfaces and 

cultivated in a flow of pooled 

human urine 

 

Flow chamber 

mounted with 

silicone sheets  

 

Pooled human 

urine 

 

(Staerk, et al. , 

2016) 

 

E. coli 

MG1655 

 

Absence of T1F attenuated 

the colonisation of E. coli on 

catheters during cultivation in 

a catheterised bladder model 

to mimic CAUTI in vitro. This 

showed that T1F are required 

 

The wild type and fim mutant 

strains were inoculated in 

separate catheterised bladder 

models.  The model system 

inoculated with the mutant 

strain had less cell numbers 

 

Catheterised 

bladder model 

 

Pooled human  

urine 

 

(Reisner, et al. , 

2014) 
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Bacterial 

species 

Contribution to biofilm 

formation 

Description Model/system Media References 

for catheter colonisation in 

vitro. 

 

In addition, biofilm cells of  

E. coli isolated from the 

catheterised patient 

predominantly had cells with 

fimS in the ‘ON’ orientation. 

recovered from the catheter tip 

and internal catheter surface 

compared to the model system 

that was inoculated with the 

wild type strain. 

 

 

K. pneumoniae 

C3091 

 

T1F and T3F were shown to 

be coordinately controlled 

during the biofilm formation of 

K. pneumoniae on catheter 

pieces. 

 

Biofilm cells on catheter were 

shown to have fimS in the ‘ON 

and OFF’ orientation 

compared to fimS in planktonic 

cells which was in the ‘OFF’ 

orientation  

 

Catheterised 

bladder model 

 

Pooled human 

urine 

 

(Stahlhut, et al., 

2012) 

 

K. pneumoniae 

C3091 

 

T3F but not T1F were shown 

to be involved in the biofilm  

 

The biofilm of wild type strain 

were found to have cells with  

 

Flow chamber 

 

Fastidious 

anaerobe broth 

 

(Schroll, et al., 

2010) 
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Bacterial 

species 

Contribution to biofilm 

formation 

Description Model/system Media References 

formation on flow chamber fimS in the ‘OFF’ orientation 

demonstrating that T1F are 

down-regulated in biofilm cells.  

T1F mutant also formed as 

much biofilms as wild type 

strain 

with glucose 

and IPTG 

 

K. pneumoniae  

TOP52 

 

Defined T1F and T3F 

mutants were constructed 

and were then tested on the 

capacity to form biofilm in a 

murine CAUTI model.  

 

Both T1F and T3F are 

experimentally proven to be 

involved in biofilm formation by 

K. pneumoniae and bacterial 

adherence in a murine CAUTI 

model.  

 

Murine 

  

(Murphy, et al., 

2013) 
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5.2 Materials and Methods 

5.2.1 DNA isolation from planktonic and biofilm cells 

Biofilms were grown in microtitre plates according to the protocol in 

Chapter 3, section 3.2.1.  After 24 h incubation at 37 °C under shaking 

conditions, planktonic cells were removed from 96-well microtitre plates 

and transferred into a microcentrifuge tube.  The cells were centrifuged at  

15700 x g (Eppendorf 5415D) for 15 min and the supernatant was 

decanted.  The pellet was resuspended in 100 µl of molecular grade water.  

These samples were labelled as planktonic cells.  For the isolation of DNA 

from biofilm cells, the wells (without planktonic cells) were washed 

carefully with molecular grade water to remove the non-adherent cells.  

Biofilm cells were scraped from the bottom and wall of the 96-well 

microtitre plates using pipette tips and resuspended in 50 µl molecular 

grade water in a microcentrifuge tube.  The suspension was then 

centrifuged at 15 700 x g (Eppendorf 5415D) for 15 min and the 

supernatant was decanted and resuspended in 30 µl molecular grade 

water.  These samples were labelled as biofilm cells.  The resuspended 

pellets of planktonic cells and biofilm cells were boiled for 5 min in a 

heating block, and quickly transferred into ice.  The suspension was 

centrifuged at 15 700 x g (Eppendorf 5415D) for 5 min.  The supernatant 

was then used as a DNA template for amplification of the fimS region.   
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5.2.2 Determination of the invertible element (fimS) orientation 

The orientation of the K. pneumoniae invertible DNA element containing the 

fimA promoter was determined using PCR-based assays.  Extracted DNA was 

used as a template following a previously described method by  

Struve, et al. (2008) with some modifications. Primer fimF 

(GGGACAGATACGCGTTTGAT) and fimR (GGCCTAACTGAACGGTTTGA) 

were used to amplify 817 bp of the fimS region. PCR was performed according 

to the protocol mentioned in Chapter 2, section 2.4.3.  The PCR product was 

separated on a 1 % agarose gel by electrophoresis.  The orientation of fimS 

was determined by digesting the PCR product using HinfI (NEB, UK) at 37 °C 

in a heating block for one hour and deactivated at 80 °C for 20 min.  The 

digested product was then separated on a 1.2 % agarose gel by 

electrophoresis.  

5.2.3 Bioinformatic analysis of the T1F operon 

The DNA sequences of the genes in the T1F operon for all isolates were 

obtained from their corresponding draft genome sequences.  The fim operon 

alignment was done using GeneDoc version 2.7 (Pittsburgh, USA) and Clustal 

Omega.  Deduced amino acid sequences for all the T1F genes were obtained 

using EMBOSS-Transeq (Rice, et al., 2000). 
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5.3 Results 

5.3.1 Determination of fimS orientation  

To investigate the influence of growth state and growth environment on T1F 

phase switching, the orientation of the invertible DNA element containing the 

promoter of fimA, was compared between the cells harvested from planktonic 

and biofilm cells upon cultivation in TSB and AUM under shaking conditions.  

Digestion of the PCR amplified fimS region, using HinfI, harvested from the 

planktonic cells of strain Kpneu_1, Kpneu_63, Kpneu_64, Kpneu_65, 

Kpneu_110, C3091, and CG43S3 grown in TSB resulted in two fragments that 

were of expected sizes corresponding to the fimS being in the ‘OFF’ position.  

The orientation of the fimS obtained from the biofilm cells of strain Kpneu_1, 

Kpneu_65, C3091, and CG43S3 was in the ‘ON and OFF’ orientation in TSB.  

The biofilms of the other three strains, Kpneu_63, Kpneu_64, and Kpneu_110, 

however, showed the ‘OFF’ orientation for fimS when cultured in TSB (Table 

5-2).   

We also determined the orientation of fimS by digestion of the PCR amplified 

fimS region obtained from planktonic and biofilm cells of K. pneumoniae 

cultivated in AUM.  The orientation of fimS in all strains was in the ‘OFF’ 

orientation in both planktonic and biofilm cells (Table 5-2). The differences of 

HinfI digestion pattern of amplified fimS region in biofilm cells cultivated in TSB 

and AUM can be seen in Figure 5-6. 
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Table 5-2 Orientation of fimS in planktonic and biofilm cells of K. pneumoniae. 

The orientation of fimS in planktonic cells of all strains used in this study was in the 

‘OFF’ orientation upon cultivation in both of TSB and AUM.  Upon cultivation in TSB, 

the orientation of fimS in biofilm cells of Kpneu_1, Kpneu_65, C3091, and CG43S3 

was in the ‘ON and OFF’ orientation, while the orientation of fimS in biofilm cells of 

Kpneu_63, Kpneu_64, and Kpneu_110 was in the ‘OFF’ orientation.  However, all of 

the strains were found to have biofilm cells with fimS being in the ‘OFF’ orientation 

upon growth in AUM.  The orientation of fimS in biofilm cells is boxed in red. 

Strain  Upon cultivation in TSB Upon cultivation in AUM 

 Planktonic 

cells 

Biofilm cells Planktonic 

cells 

Biofilm cells 

Kpneu_1 OFF ON and OFF OFF OFF 

Kpneu_63  OFF OFF OFF OFF 

Kpneu_64 OFF OFF OFF OFF 

Kpneu_65 OFF ON and OFF OFF OFF 

Kpneu_110 OFF OFF OFF OFF 

C3091 OFF ON and OFF OFF OFF 

CG43S3 OFF ON and OFF OFF OFF 
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Figure 5-6 Determination of fimS orientation in biofilm cells. 

Detection of fimS orientation in biofilm cells upon cultivation in A) TSB and B) AUM 

was conducted by digestion of fimS amplified region by HinfI.  Kpneu_1, Kpneu_65, 

C3091, and CG43S3 showed four different digestion bands that corresponding to 

fimS being in the ‘ON and OFF’ orientation upon cultivation in TSB.  While, Kpneu_63, 

Kpneu_64, and Kpneu_110 showed a different digestion pattern which corresponded 

to fimS being in the ‘OFF’ orientation upon cultivation in TSB (Figure 5-6A).  The 

biofilms of all strains were observed to have a digestion pattern that corresponded to 

fimS being in the ‘OFF’ orientation (Figure 5-6B) upon cultivation in AUM.   

M: HyperLadder I (Bioline, UK), U: undigested fimS amplified regions and D: digested 

fimS amplified region by HinfI.  The strains with ‘ON and OFF’ orientation of fimS in 

their biofilm cells are indicated with red boxes.  The fimS region is indicated with 

yellow arrows, the ‘OFF’ orientation is labelled with red arrows, and the ‘ON’ 

orientation is labelled with blue arrows.   

A) 

B) 
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5.3.2 Analysis of the T1F operon sequences 

Since the orientation of the fimS was in the ‘ON and OFF’ orientation in biofilm 

cells of strains Kpneu_1, Kpneu_65, C3091, and CG43S3 and in the ‘OFF’ 

orientation in biofilm cells of strains Kpneu_63, Kpneu_64, and Kpneu_110, 

we hypothesised that a difference in the T1F operons between strains may 

account for this finding.  For the purpose of explanation, Kpneu_1, Kpneu_65, 

C3091, and CG43S3 will be mentioned as the ‘ON and OFF’ group while 

Kpneu_63, Kpneu_64, and Kpneu_110 will be mentioned as the ‘OFF’ group 

in the further description and discussion. 

The sequences of the T1F operon of all strains were obtained from their 

corresponding draft whole genome sequences.  The length of this operon was 

about 10,255 bp.  Sequences were analysed using GeneDoc to obtain multiple 

sequence alignments and EMBOSS-Transeq for amino acid translation. 

Based on the multiple sequence alignments, various SNPs were identified in 

several genes of the fim operon, and they resulted in amino acid variations 

(Appendix 3).  Among all of these amino acid variations, some of them were 

specific for the ‘ON’ and OFF’ group (Kpneu_1, Kpneu_65, C3091, and 

CG43S3), and some for the ‘OFF’ group (Kpneu_64, Kpneu_64, and 

Kpneu_110).  These specific SNPs were located in fimF, fimI and fimK and 

these SNPs resulted in the amino acid substitutions of FimF, FimI and FimK. 

(Table 5-3).  The SNPs in fimF resulted in the amino acid substitutions at 

position A38T and A106T (Appendix 10).  This substitution is a conservative 

substitution.  Other than fimF, three SNPs were identified in fimI (Appendix 

11).  This SNPs resulted in two conservative amino acid substitutions at 
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position R44H and A136T, and one non-conservative amino acid substitution 

at position P146R.  The most remarkable SNP between the ‘ON and OFF’ 

group (Kpneu_1, Kpneu_65, C3091, CG43S3) and the ‘OFF’ group 

(Kpneu_63, Kpneu_64, and Kpneu_110) was in fimK which resulted in a 

premature termination codon at position 441 (Q441*) in the ‘OFF’ group 

(Figure 5-7).  This substitution was conserved in the ‘OFF’ group, Kpneu_63, 

Kpneu_64, and Kpneu_110. Several SNPs were also identified in the 

intergenic regions between fimB and fimE (Appendix 4, Appendix 5, and 

Appendix 6) and fimS (Appendix 7, Appendix 8, and Appendix 9) between 

these two groups.  Six SNPs were identified in the intergenic region between 

fimB and fimE at position T-61C, A-63T, A-204G, G-247A, A-257G, and  

T-265G for the ‘OFF’ group.  These positions are based on the start codon of 

fimE, ATG (Appendix 6).  While two SNPs were identified in the fimS region at 

position of A-321C, and A-204C in the upstream of fimA for the ‘OFF’ group. 

The position is based on the fimA start codon GTG (Appendix 9).  Analysis of 

the intergenic regions indicates that the intergenic SNPs probably do not affect 

any putative promoter or rho-independent terminator sites in these regions. 
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Table 5-3 Amino acid substitutions identified in FimF, FimI, and FimK.  

The amino acid substitutions were caused by SNPs identified in the ‘ON and OFF’ (Kpneu_1, Kpneu_65, C3091, and CG43S3) and the ‘OFF’ 

(Kpneu_63, Kpneu_64, and Kpneu_110) groups. 

 

 

Indicators: 

Alanine to threonine (A→T): Neutral substitution, aliphatic non-polar to polar residue 

Arginine to histidine (R→H): No changes in terms of charge.  Both are positively charge residues. 

Proline to arginine (P→R): Aliphatic non-polar residue to positively charged residue 

Glutamine to STOP (Q→*): Polar residue to stop codon 

 
Amino acid 

change 

 

Kpneu_1 

 

Kpneu_63 

 

Kpneu_64 

 

Kpneu_65 

 

Kpneu_110 

 

C3091 

 

CG43S3 

FimF A38T A T T A T A A 

 A106T A T T A T A A 

FimI R44H R H H R H R R 
 

A136T A T T A T A A 
 

P146R P R R P R P P 

FimK Q441* Q * * Q * Q Q 
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Figure 5-7 Multiple sequence alignment of FimK. 

The multiple amino acid sequence alignment of FimK was conducted using GeneDoc.  The amino acid substitutions resulted from the SNPs are 

boxed in red.  The predicted helix-turn-helix (HTH) DNA-binding domain is boxed in blue.  The HTH domain region was predicted using an HTH 

prediction software (https://npsa-prabi.ibcp.fr) (Combet, et al. , 2000).  The predicted EIL/EAL domain, which is underlined with purple.  This 

domain is proposed to act as a diguanylate phosphodiesterase.  The domain is predicted using PROSITE (http://prosite.expasy.org).  The ‘ON 

and OFF’ and ‘OFF’ groups are as indicated. 

 

 

 

 

 

 

 

 

 

 

 

https://npsa-prabi.ibcp.fr/
http://prosite.expasy.org/
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5.4 Discussion 

Initial adhesion and biofilm formation of K. pneumoniae on host cell surfaces,   

for example, on urothelial cells are commonly associated with two major 

fimbrial adhesins, the mannose-sensitive T1F and mannose-resistant T3F 

(Alcántar-Curiel, et al., 2013).  Besides these two major surface appendages, 

Kpc fimbriae (Wu, et al., 2010) and a homolog of the E. coli common pilus 

(Ecp) (Saldaña, et al. , 2014)  are also present in K. pneumoniae. Besides 

these fimbriae, there is also a less investigated fimbrial adhesin of  

K. pneumoniae called KPF-28 and an afimbrial adhesin named CF29K that is 

encoded by genes on the R-plasmid of K. pneumoniae strain CF914-1 (Brisse, 

et al. , 2009; Di Martino, et al. , 1995; Di Martino, et al. , 1996).  The vast 

majority of K. pneumoniae strains, specifically clinical isolates have the 

capacity to produce T1F and T3F fimbriae suggesting that they are important 

surface appendages in K. pneumoniae (Podschun, et al., 1998; Schroll, et al., 

2010).  The interaction between T1F and terminally exposed mannose 

residues in N-linked oligosaccharides that are normally located on cell 

surfaces is facilitated by the FimH, adhesin subunit of T1F (Figure 5-1 and 

Figure 5-2) (Stahlhut, et al. , 2009). 

Our findings reveal that regardless of the growth media used for cultivation, all 

the examined strains had planktonic cells with fimS being in the ‘OFF’ 

orientation, which is normally associated with no expression of T1F.  The 

observation of fimS being in the ‘OFF’ orientation in planktonic cells upon 

cultivation in AUM is in line with the previous study by Stahlhut, et al. (2012).  

Stahlhut, et al. (2012) also showed that orientation of fimS in planktonic cells 
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of strain C3091 was also in the ‘OFF’ orientation upon cultivation in pooled 

human urine under hydrodynamic conditions.  Moreover, our results showed 

that four of the strains used in this study, had biofilm cells with fimS in the ‘ON 

and OFF’ orientation and three strains had biofilm cells with fimS in the ‘OFF’ 

orientation upon cultivation in TSB.  Surprisingly, all the strains had the biofilm 

cells with fimS in the ‘OFF’ orientation upon cultivation in AUM. 

Our observation suggested the existence of a mixed population of fimbriated 

and nonfimbriated cells in the biofilm community upon cultivation in TSB.  This 

subsequently resulted in the detection of fimS being in the ‘ON and OFF’ 

orientation of biofilm cells of strain Kpneu_1, Kpneu_65, C3091, and CG43S3.  

The biofilms community might consist of i) adherent cells on the polystyrene 

surface which are most likely to have cells with fimS being in the ‘ON’ 

orientation and ii) cells with fimS being in the ‘OFF’ orientation that are just 

about to disperse from the adhered community. 

Our investigation of the DNA sequences of the genes in the T1F operon in the 

examined strains revealed various SNPs at multiple locations.  SNPs that 

specifically related to the ‘ON and OFF’ group (Kpneu_1, Kpneu_65, C3091, 

and CG43S3) or the ‘OFF’ group (Kpneu_63, Kpneu_64, and Kpneu_110) 

were identified in fimI, fimF and fimK (Table 5-3).  All of these SNPs resulted 

in amino acid substitutions in FimI (Appendix 10), FimF (Appendix 11) and 

FimK (Figure 5-7).  There were also a number of SNPs in the intergenic region 

of fimB and fimE (Appendix 4, 5, and 6) and also in the fimS located in the 

intergenic region of fimE or fimA (Appendix 7, 8, and 9).  Intergenic regions 

may carry various important elements such as promoter sites, terminator sites, 
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transcription factors binding sites, integrase binding sites, regulatory protein 

binding sites, pseudogenes, and inverted repeats (Sharples, et al. , 1990).  

However, the effect of these SNPs on the orientation of fimS in K. pneumoniae 

is still unknown.  Because of this, it is worth analysing the effect of these 

intergenic SNPs on the orientation of fimS in future studies as this may lead to 

a better understanding of their impact on the expression of T1F in  

K. pneumoniae. 

Both SNPs in fimF and two SNPs in fimI resulted in conservative substitutions.  

These substitutions are known to have no or smaller effects on protein function  

than non-conservative substitutions (Prakash, 2008).  In addition, one SNPs 

in fimI resulted in non-conservative substitution.  The effect of the non-

conservative substitution on fimS orientation, however, is still unknown.  We 

hypothesised the SNP in fimK, could probably has a significant effect since it 

results in a premature termination codon which would result in a truncated 

FimK for strains Kpneu_63, Kpneu_64, and Kpneu_110.  Since T1F are 

secreted through the chaperone-usher pathway, defects in one of the proteins 

may influence the biogenesis of T1F (Figure 5-1).  We speculate that the 

truncated FimK protein could possibly account for fimS being in the ‘OFF’ 

orientation in Kpneu_63, Kpneu_64, and Kpneu_110.  

Given the importance of fimK as a gene that encodes for a regulatory protein, 

it might affect the orientation of fimS and interrupt the expression of fimA and 

T1F.  FimK consists of helix-turn-helix (HTH) putative DNA-binding domain at 

the N-terminus  and putative EAL/EIL domain, at C-terminus  (Wang, et al., 

2013).  The EAL/EIL domain is associated with phosphodiesterases which 
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have been implicated in hydrolysis of c-di-GMP (Schmidt, et al. , 2005).  Wang, 

et al. (2013) also previously demonstrated that expression of T1F in 

CG43S3∆mrk∆fimK was reduced and the putative DNA-binding region at the 

N-terminus of FimK was proposed to positively affect the transcription of fimA, 

but not the C-terminal domain.  Our findings showed a premature termination 

codon was located in the C-terminal region which we speculate could affect 

the orientation of fimS.  The length of the intact FimK protein is predicted to be 

470 aa while the length of truncated protein caused by the premature 

termination codon is predicted to be 430 aa (Figure 5-7).  Whilst, the mutant 

strain with a deleted EIL domain (CG43S3∆mrkA∆EILfimK) in the 

aforementioned study by Wang, et al. (2013) had a different length of truncated 

FimK (275 aa) compared to the truncated FimK identified in our study (430 aa).  

These differences in size of truncated proteins could possibly act differently on 

the orientation of fimS.   

Previous work by Rosen, et al. (2008) was also not in line with our hypothesis.  

FimK was shown to reduce the expression of T1F in  

K. pneumoniae cystitis isolate, strain TOP52 and also suggested to act as an 

inhibitory factor for biofilm formation of this strain.  The isogenic mutant of 

TOP52, TOP52∆fimK was observed to predominantly have fimS being in the 

‘ON’ orientation and higher expression levels of T1F, in comparison to its wild 

type, which generally had cells with fimS being in the ‘OFF’ orientation.  The 

TOP52∆fimK also had the capacity to form biofilm after 48 h incubation at room 

temperature but its wild type strain failed to form biofilm in such conditions.  

They concluded that loss of FimK increased the c-di-GMP signalling, which 

has been correlated with formation of biofilms by regulating the transition 
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between the sessile and motile bacterial states (Römling, 2012; Song, et al., 

2016).  Since the C-terminal of FimK contains the EIL/EAL domain, which is 

normally implicated with phosphodiesterases that cleave c-di-GMP, this would 

be an important point to study in future. 

Our findings show that all of the strains had biofilm cells with fimS being in the 

‘OFF’ orientation upon cultivation in AUM.  We speculated that the ‘OFF’ 

orientation for ‘Kpneu_63, Kpneu_64, and Kpneu_110 could be because of the 

SNP that resulted in the truncated FimK.  This could be the reason why 

Kpneu_63, Kpneu_64, and Kpneu_110 had the biofilm cells in the ‘OFF’ 

orientation upon cultivation in both of the media.  Thus, further discussion on 

the orientation of fimS is focused on strains Kpneu_1, Kpneu_65, C3091, and 

CG43S3 only.   

Our results showed that fimS orientation in biofilm cells of strain C3091 upon 

cultivation in TSB in 96-well microtitre plates agree with the findings by 

Stahlhut, et al. (2012) which showed that the same strain, C3091 had biofilm 

cells with fimS being in the ‘ON and OFF’ upon cultivation of this strain in 

pooled human urine and on catheter pieces under hydrodynamic conditions.  

This suggests that the findings conducted in TSB used in the study described 

in this thesis mimic the experimental results which obtained in pooled human 

urine (Stahlhut, et al., 2012) rather than AUM even though the experimental 

environments were different in both of the studies.   

The discrepancy observed between the results conducted in AUM and pooled 

human urine from the previous study by Stahlhut, et al. (2012) could be due to 
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differences in the experimental models that we used.  We harvested the biofilm 

cells from 96-well microtitre plates, while Stahlhut, et al. (2012) harvested the 

cells from biofilms in the in vitro bladder model.  Their model would probably 

provide hydrodynamic conditions that mimic the real conditions in UTI patients.  

In addition, their model also would supply more fresh-medium to bacteria by 

providing constant flow rate of urine medium to the culture.  Since phase 

variable expression is highly dependent on the physical environment, 

(Khandige, et al. , 2016) this could be another reason on the different 

observation from our study. 
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5.5 Conclusion 

Our results demonstrated that fimS in biofilm cells of Kpneu_1, Kpneu_65, 

C3091, and CG43S3 was in the ‘ON’ and ‘OFF’ orientation upon cultivation in 

TSB. However, the orientation of fimS in the biofilm cell of these four strains 

was in the ‘OFF’ orientation upon cultivation in AUM.  This suggests that T1F 

possibly plays a role in biofilm formation of Kpneu_1, Kpneu_65, C3091, and 

CG43S3 upon cultivation in TSB, but the role of T1F in biofilm formation 

conducted in AUM is still call into question in our experimental settings.  Our 

data also shows that fimS is in the ‘OFF’ orientation in biofilm cells of strain 

Kpneu_63, Kpneu_64, and Kpneu_110 regardless of the medium that we used 

to grow them.  This suggests that transcription of fimA and expression of T1F 

might not be involved in the biofilm formation by those strains, but expression 

studies are warranted to confirm this observation.  Our data show that there 

was no direct correlation between the orientation of fimS, which controls the 

expression of fimA, and the capacity to form biofilms by K. pneumoniae upon 

cultivation in AUM.  The most remarkable SNP identified upon our analysis is 

Q441* which resulted in a truncation in FimK.  This substitution is conserved 

in the OFF group (Kpneu_63, Kpneu_64, and Kpneu_110).  This is hypothesed 

to be a possible reason for fimS being in the ‘OFF’ orientation upon cultivation 

in TSB for these three strains.   
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Chapter 6.0 

Role of OmpK35 and OmpK36 

porins in biofilm formation by 

Klebsiella pneumoniae  
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6.0 Role of OmpK35 and OmpK36 porins in biofilm 

formation by K. pneumoniae  

6.1 Introduction 

Gram-negative bacteria have distinct outer membrane porin (Omp) structures, 

located at the outer membrane layer of Gram-negative cell wall (Nikaido, 

1994).  They are important for transportation of small hydrophilic solutes (600 

Da) (Nikaido, 2003).  It is notable that trimeric unique water channel-forming 

Omps play an important role in uptake of nutrients to the periplasmic space 

through the outer membrane layer, and secretion of toxic and waste molecules 

from the cytoplasm (Schulz, 2004).  These porins can be divided into three 

different groups: i) general porins or porins for general diffusion e.g. OmpK35, 

OmpK36, and PhoE, ii) specific porins or porins with an exclusive binding site 

for specific solute, for example, maltodextrins which bind to the LamB 

maltoporin (Klebba, 2002) and sucrose which binds to the ScrY porins (Sun, 

et al. , 2016), and iii) porins that actively transport and consume energy such 

as  porins which are involved in the uptake of ferric-siderophore  (Danelon, et 

al. , 2004).  These ferric-siderophore complexes require specific porins or 

receptors to penetrate the outer membrane layer since these large complexes 

exceed the molecular weight cut-off of general porins, for example, ferric 

enterobactin receptor (FepA) (Buchanan, et al. , 1999; Krewulak, et al. , 2008).  

There are two major non-specific porins in K. pneumoniae, which are known 

as OmpK35 and OmpK36.  These porins are homologs to OmpF and OmpC 

of E. coli and S. enterica ser. Typhi with the percentage of amino acid identity 

about 60 % and 80 % respectively (Balasubramaniam, et al. , 2012; 
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Hernández-Allés, et al. , 1999; Sugawara, et al., 2016).  They have been 

identified to play an important role in antibiotic resistance (Doménech-

Sánchez, et al. , 2003; Landman, et al. , 2009; Shakib, et al. , 2012), and 

virulence (Chen, et al. , 2010) of K. pneumoniae (specifically for OmpK36).  In 

addition, OmpK35 has ~ 60 % amino acid homology to OmpK36 and ~ 58 % 

amino acid identity to PhoE according to SWISS-MODEL prediction.   

6.1.1 K. pneumoniae outer membrane porins (Omps)  

K. pneumoniae expresses a variety of general porins, for example, OmpK35 

and OmpK36.  In addition, K. pneumoniae also might express several 

additional porins.  Beside these two major non-specific porins, some studies 

have reported on another three porins, which are also important in  

K. pneumoniae: OmpK26, OmpK34, and OmpK37 (Table 6-1).   

A previous study by Doménech-Sánchez, et al. (1999) showed that expression 

of K. pneumoniae OmpK37 porin, resulted in less susceptibility to β- lactam 

antibiotics.  However, more recent research by the other researchers, 

demonstrated that OmpK37 played an insignificant role in antibiotic resistance 

(Kaczmarek, et al. , 2006).  Nevertheless, the functions of the other two porins, 

OmpK26 and OmpK34, are currently not understood.  As OmpK35 and 

OmpK36 have been described to be involved in the penetration of antibiotics 

into bacterial cells and virulence mechanisms of K. pneumoniae, we focused 

on these two particular porins in this study. 
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Table 6-1 K. pneumoniae porins  

Omp Description References 

 

OmpK26 

 

 Oligogalacturonate-specific 

porin 

 Confers resistance to 

carbapenems when expressed 
 

(García-Sureda, et al. , 2011) 

OmpK34 

 

 Analogous to E. coli OmpA 

 Important in immune evasion in 

vivo 
 

(Hernández-Allés, et al. , 2000) 

(Llobet, et al. , 2009) 

OmpK35 

 

 Major nonspecific porin 

 Homologous to E. coli OmpF and 

S. enterica ser. Typhi OmpF 

(Chen, et al., 2010) 

 

OmpK36 

 

 Major nonspecific porin 

 Homologous to E. coli OmpC and 

S. enterica ser. Typhi  OmpC 

(Chen, et al., 2010) 

 OmpK37  Quiescent porin 

 Important for cellular functions in 

OmpK35/36-deficient strains 

(Doménech-Sánchez, et al., 

1999) 

 

6.1.2  Major non-specific porins of K. pneumoniae 

6.1.2.1  OmpK35 

OmpK35 is a major trimeric porin (~40 kDa) which belongs to OmpF porin 

group and possesses a large pore size compared to OmpK36 which belongs 

to OmpC group (Pagès, et al., 2008).  It has been reported that the diameter 

of OmpF porin is 1.16 nm while the diameter of OmpC porin is 1.08 nm 

(Seltmann, et al. , 2002).  OmpK35 is upregulated in low-osmolarity 

environments (Hernández-Allés, et al., 1999).  The majority of the ESBL and 

non-ESBL producing strains are suggested to express both OmpK35 and 

OmpK36 (Hashemi, et al. , 2014).  Many studies have also shown that loss of 
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OmpK35 and/or OmpK36 contribute to increased resistance of K. pneumoniae 

to antibiotics specifically for ESBL-producing strains.  For example, loss of 

OmpK35 porin may result in antibiotic resistance in K. pneumoniae 

(Kaczmarek, et al., 2006), since several studies have shown that absence of 

OmpK35 is quite prominent in most ESBL-producing strains with increased 

resistance to cephalosporins and carbapenems (Doménech-Sánchez, et al., 

2003; Jacoby, et al. , 2004).  However, other studies have shown that OmpK35 

and/or OmpK36 deficiency appeared to serve as a minor factor and does not 

significantly alter the MICs of carbapenems to K. pneumoniae (Hernández-

Allés, et al., 2000; Jiang, et al. , 2009). 

6.1.2.2 OmpK36 

OmpK36 is a ~38 kDa trimeric porin which belongs to the OmpC porin group. 

It has a smaller channel size in comparison to OmpK35, (Schembri, et al., 

2004), owing to  the existence of two bulkier side chains (Trp80 and Tyr123) 

(Albertí, et al. , 1995) at the pore constriction site (Dutzler, et al. , 1999).  

OmpK36 is among the most abundant Omps in K. pneumoniae as well as 

OmpA (Hernández-Allés, et al., 1999).  This osmoporin is upregulated in high 

osmolarity medium specifically in high salt or high sugar concentration 

environments (Lugtenberg, et al. , 1983).   

As suggested by Tsai, et al. (2011), OmpK36 might play a role in  virulence of 

K. pneumoniae.  An ompK36 mutant of K. pneumoniae strain NVT2001 was 

shown to have decreased virulence and bacterial survival, compared to wild 

type strain and OmpK35 mutant in a murine model.  This was possibly due to 

the increase susceptibility of OmpK36 mutant to phagocytic clearance by 
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neutrophils (Tsai, et al., 2011).  The reduced virulence has also speculated to 

be due to the build up of internal toxic substances, and subsequently blocking 

of the channels that are used for import of nutrients, even though, no 

observable effect on OmpK36 mutant growth was noted (Chen, et al., 2010).  

In addition, Omps are also suggested to be involved in host-pathogen 

interactions (Alcántar-Curiel, et al., 2013; Galdiero, et al., 2008).  As 

demonstrated by Albertí, et al. (1995), OmpK36 might be involved in C1q 

interaction since a binding site for C1q (Lys279 and Lys281 from β strand 13 

and Asp282 of L7) (Dutzler, et al., 1999) was found in the crystal structure of 

OmpK36.  Further studies by this group also confirmed that C1q binds to 

OmpK36 porin at its globular domain (Albertí, et al. , 1996) to activate the 

complement classical pathway.   

Tsai, et al. (2011) and Wang, et al. (2009) also showed that loss of both or one 

of the porins may reduce susceptibility to cephalosporins and carbapenems 

respectively.  Synergistic mechanisms between loss of porins and production 

of β-lactams is also suggested to contribute to the emergence of antibiotic 

resistant K. pneumoniae strains.  A study by Kaczmarek, et al. (2006) showed 

that carbapenem-resistance is mediated by ESBL or AmpC β-lactamases in 

combination with the loss of OmpK35 or/and OmpK36 or by carbapenemases 

alone.  Findings by Wang, et al. (2009) also showed that OmpK36 might play 

a significant role in the reduced susceptibility to carbapenems in  

K. pneumoniae producing AmpC and β-lactamases.  However, there are no 

in-depth studies regarding the specific functions of these particular porins in  

K. pneumoniae adhesion and biofilm formation to abiotic surfaces.  
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6.1.2.3  Structure of non-specific porins 

In general, the structure of non-specific porins, for example, OmpK36 consists 

of three water-filled functional units making up a trimer.  In each monomer, 

there are 16 antiparallel strands which form a β-barrel to transverse the cell 

membrane with short turns at the periplasmic side and large loops at the 

outside of the cells (Schulz, 2004).  The strands are tilted by 30 ° to 60 ° in 

reference to the β-barrel axis and the diameter increases depending on the 

degree of tilting.  The third loop, L3, however, extends into the barrel (often 

called ‘the eyelet’) and is not exposed at a cell surface, forming a constricted 

region to determine the permeability properties towards certain substances 

(Figure 6-1) (Danelon, et al., 2004; Nikaido, 2003).  The specific porins are 

thought to have a similar structure to non-specific porins, even though they 

have 18-strands in their β-barrel structures, in contrast to the non-specific 

porins which just have 16-strands (Schulz, 2004).   
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Figure 6-1 The structure of nonspecific porin. 

The crystal structure is derived from OmpK36 of K. pneumoniae (PDB ID: 1OSM).   

A) Top view of the trimeric structure.  Loop 3 (known as ‘the eyelet’) which folds into 

the barrel causes the pore restriction and narrowing the channel. L3 is coloured in 

orange and as labelled.  B) Side view of trimeric structure.  The short turns and large 

loops are as labelled (Dutzler, et al., 1999).  The crystal structure was viewed using 

NGL viewer (Rose, et al. , 2016; Rose, et al. , 2015). 
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6.1.3 Role of outer membrane porins (Omps) in biofilm 

formation 

Based on the results in Chapter 4, we found that proteins are likely to play an 

important role in biofilm architecture and biofilm formation by K. pneumoniae.  

We tested our hypothesis by investigating the role of type 1 fimbriae (T1F) in 

biofilm formation by K. pneumoniae (Chapter 5), however, we could not really 

establish a role for T1F in biofilm formation upon cultivation in both TSB and 

AUM.  We further hypothesised that another protein, outer membrane porins 

(Omps), OmpK35 and OmpK36 could possibly have role in biofilm formation 

by K. pneumoniae.  This hypothesis was based on several previous 

publications which have shown that ompC gene of E. coli, a  homolog of 

ompK36, has been found to be upregulated in cells growing within a biofilm of 

E. coli  (Prigent-Combaret, et al., 1999).  In addition, OmpC also was 

suggested to be involved in the first step of biofilm formation: initial adhesion 

and also invasion of adherent-invasive E. coli (AIEC) to intestinal epithelial 

cells, intestine-407 cells, under high osmolarity conditions (Rolhion, et al., 

2007).   

Besides, the regulation of ompC is also shown to affect curli fimbriae 

production (Prigent-Combaret, et al., 1999; Smith, et al. , 2017).  Curli fimbriae 

are essential surface components which are known to be involved in biofilm 

formation by E. coli. The regulation of ompC and ompF is controlled under the 

two-component EnvZ/OmpR system (detail is in section 6.14).  This two-

component system is also implicated in the regulation of curli fimbriae 

expression (Barnhart, et al. , 2006).  Curli formation in E. coli are encoded by 

two adjacent divergently transcribed csgBA and csgDEFG.  csgB and csgA 
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encode for CsgB, the major structural subunit or curlin and CsgA, the nucleator 

protein, respectively.  While, csgD encodes for CsgD, a positive transcriptional 

regulator for csgBA operon and also for csgEFG operon which encodes for 

assembly components and transport factors (Barnhart, et al., 2006). 

Increased phosphorylated outer membrane regulator (OmpR) is known to be 

involved in increased transcriptional activation of ompC (Feng, et al. , 2003).  

This subsequently affects the production of curli fimbriae since OmpR is known 

to positively regulate curli fimbriae expression by activating csgD expression 

(Prigent-Combaret, et al. , 2001).  Since curli fimbrae assembly occurs at the 

cell surfaces, genes involved in cell envelope and outer membrane biogenesis 

are also thought to affect the production of curli fimbriae including ompC, 

waaC, lpcA, and waaE (Smith, et al., 2017).   

Although the correlation between regulation of ompC and curli fimbriae 

expression in E. coli has been reported previously, there is still no evidence 

regarding this kind of regulation in K. pneumoniae.  Thus, it is important to 

evaluate the contribution of Omps in biofilm formation by K. pneumoniae and 

identify either the regulation of these porins would affect other surface proteins 

(if any), such as fimbriae in K. pneumoniae that could eventually affect the 

biofilm formation. 

In addition, knowing the role of OmpC in the initial adhesion of E. coli on biotic 

surfaces and also due to the fact that ompC is upregulated in E. coli biofilms, 

we decided to explore the role of OmpK36 in biofilm formation by  

K. pneumoniae on abiotic surfaces such as a silicone urinary catheter, as 
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almost 70-80 % of UTI (Nicolle, 2014) cases are attributed to the usage of 

indwelling urinary catheters.  In addition, it is clinically relevant since  

K. pneumoniae is known as one of the most prevalent species causing 

catheter-associated urinary tract infection (CAUTI) (Nicolle, 2014).  Indwelling 

devices also constitute a more attractive surface for bacterial adhesion and 

biofilm formation since they do not have the protective mechanisms of mucosal 

surfaces to bacterial infection, for example, exfoliation of bladder epithelial 

cells (Ferrieres, et al. , 2007).  Based on the previous observation, it is 

suggested that exfoliation of epithelial cells and clearance of infected and 

damaged bladder cells act as host defense mechanisms (Ferrieres, et al., 

2007; Mulvey, et al. , 2000). 

Even though very few studies have looked for a relationship between Omps 

and biofilm formation, there is still intriguing evidence from several studies, 

which suggest that Omps might be involved in the formation of biofilms. OmpC 

of S. enterica ser. Typhimurium was proposed to be involved in biofilm 

formation of S. enterica ser. Typhimurium on cholesterol-coated surface 

(Crawford, et al., 2010).  In addion, a study by Prigent-Combaret, et al. (1999) 

also suggested that ompC was upregulated in biofilm cells of E. coli. However, 

to the best of our knowledge, there are no studies showing the relationship of 

OmpK36, the homolog of these OmpC on biofilm formation by K. pneumoniae.  
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Table 6-2 Involvement of Omps in initial adhesion or biofilm formation on abiotic surfaces by Enterobacteriaceae. 

Bacterial 

species 

Contribution to biofilm 

formation 

Description Model/system Media References 

 

S. enterica ser. 

Typhimurium 

 

OmpC is suggested to 

play an important role in 

binding and biofilm 

formation of S. enterica 

ser. Typhimurium on 

cholesterol-coated 

surfaces in the presence 

of bile. 

 

Random transposons mutant 

strains of S. enterica ser. 

Typhimurium were screened 

for the lack of an ability to form 

biofilms by tube biofilm assay.   

 

49 mutants were found to have 

impaired adherence to and 

biofilm formation on 

cholesterol-coated tubes but 

not on glass or plastic surfaces 

and the transposon Tn10d was 

identified in ompC and several 

other genes in these mutants.   

 

 

Cholesterol-coated 

Eppendorf tubes or 

24-well plastic 

plates containing 

Chromerge-

cleaned glass, 

plastic, and 

cholesterol-coated 

coverslips 

 

LB (with or 

without 3% 

crude ox bile) 

 

(Crawford, et al., 

2010) 
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Bacterial 

species 

Contribution to biofilm 

formation 

Description Model/system Media References 

 

E. coli K-12 

 

ompC, the homolog of 

ompK36 was found to be 

upregulated in cells 

growing within biofilm 

communities.  

 

 

Expression of four genes 

known to be osmoregulated 

was compared in attached 

(biofilms) and free-living 

(planktonic) bacteria in petri 

dishes.  ompC was among the 

genes that were found to be 

upregulated in biofilm cells 

upon incubation in a high 

osmolarity environment.  This 

was determined upon 

observation on the kinetics of 

osmoregulated lacZ fusion 

expression by β-galactosidase 

assay. 

 

24-well microtitre 

plates, petri dishes 

or glass tubes 

containing 

Plexiglas strips  

 

Minimal M63  

 

(Prigent-Combaret, 

et al., 1999) 
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6.1.4   Regulation of OmpK35 and OmpK36 expression 

6.1.4.1 EnvZ-OmpR two-component system 

The expression of OmpK35-OmpK36 (or OmpC-OmpF) is controlled by an 

EnvZ-OmpR two-component system.  This EnvZ-OmpR system is involved in 

osmoregulation and responds to osmolarity changes in the environment 

(Walthers, et al. , 2004).  Expression of OmpK35 and OmpK36 is constitutive, 

however, the expression levels of these porins individually is dependent on 

the medium osmolarity.  In low-osmolarity medium, OmpF (homolog of 

OmpK35) is abundantly expressed, while in high-osmolarity medium, 

expression of OmpF/OmpK35 is downregulated and expression of OmpC 

(homolog of OmpK36) is upregulated (Feng, et al., 2003). 

EnvZ is an osmosensor histidine kinase homodimer molecule, which 

comprises of sensory histidine kinase domain (Feng, et al., 2003).  This inner 

membrane protein is comprised of short N-terminus tail in the cytoplasm, two 

transmembrane regions, a periplasmic loop, and a large cytoplasmic domain 

which contains histidine for EnvZ autophosphorylation (Wang, et al. , 2012).  

OmpR is a cognate response regulator molecule; it consists of a receiver 

domain and a DNA binding domains which binds to the OmpK35 or OmpK36 

promoter and initiates the differential expression of these two porins 

depending on the osmolality of the environment (Walthers, et al., 2004) 

(Figure 6-2).  The signaling cascade of this osmoregulation system can be 

elucidated as i) the osmotic signal is detected by EnvZ and the sensor of this 

histidine kinase is activated.  Conformational changes in EnvZ are triggered 

by variation of osmolarity in the environment, ii) EnvZ undergoes 
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autophosphorylation at histidine (His243) in the catalytic domain, iii) the 

phosphate is transferred to OmpR on an aspartic acid (Asp50) residue and 

designated as OmpR-P, iv) the OmpR-P binds to the ompF/ompK35 or 

ompC/ompK36 promoters to regulate the expression of these two porins 

depending on the osmolarity, v) ompF/ompK35 is expressed at low 

osmolarity, while ompC/ompK36 is expressed and ompF/ompK35 is 

suppressed under high osmolarity conditions and vi) the Omp-R is then 

desphosphorylated by EnvZ which acts as a phosphatase. 

 

Figure 6-2 Regulation of the porin genes by EnvZ/OmpR system. 

EnvZ is an inner membrane sensor kinase.  It is phosphorylated on a conserved His243 

residue by cytoplasmic ATP.  The phosphate group is then transferred to OmpR on a 

conserved Asp50.  OmpR-P complex subsequently binds to the promoter of porin 

genes to regulate their expression.  Figure is re-published with permission  

(Feng, et al., 2003). 
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6.1.5 K. pneumoniae and urinary tract infections 

Urinary tract infections (UTIs) are the most common bacterial infections that 

can affect the upper urinary tract, which comprised of the kidneys 

(pyelonephritis), and the lower urinary tract, which includes the ureter, bladder 

(cystitis), and urethra (urethritis) (Amalaradjou, et al. , 2011).  UTIs normally 

start as a cystitis (bladder infection) but can spread by infecting the kidneys 

(pyelonephritis) which can result in renal failure.  The infection can spread to 

the circulatory system if the pathogens which caused the UTIs cross the 

tubular epithelial barrier in the kidneys (Flores-Mireles, et al. , 2015). 

UTIs can be categorised into two classes: uncomplicated and complicated.  

Uncomplicated UTIs normally affect healthy individuals who have no structural 

or functional urinary tract abnormalities, are not pregnant and who have not 

been fitted with indwelling devices such as urinary catheters (Foxman, 2010).  

While complicated UTIs are defined as infections, which are associated with 

several factors that may compromise the urinary tract or host defense such as 

immunosuppression, renal failure, pregnancy, presence of foreign bodies such 

as indwelling catheters and calculi.  In addition, medical or surgical 

comorbidities are also frequently associated with complicated UTIs (Flores-

Mireles, et al., 2015; Neal, 2008).  UTIs can be caused by Gram-negative and 

Gram-positive bacteria.  The most prevalent species that causes UTIs is 

uropathogenic E. coli (UPEC), and these are followed by K. pneumoniae,  

E. faecalis, P. mirabilis, and S. saprophyticus (Flores-Mireles, et al., 2015).  
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6.1.5.1 Catheter-associated urinary tract infections 

(CAUTIs) 

Catheter-associated urinary tract infections (CAUTIs) are the most common 

nosocomial infections prevalent in US hospitals and nursing homes.  They are 

associated with over than 1 million cases each year (Tambyah, et al. , 2000).  

In England, 19.7 % of nosocomial infections are related with UTIs, and 

between 43 % and 56 % of these cases are reported to be associated with 

urinary catheter (Hopkins, et al. , 2012; Loveday, et al. , 2014; Smyth, et al. , 

2008).  Urinary tract catheters are prescribed as soon as an individual has 

impaired bladder function and reduced capacity to permit urinary drainage.  

Other than this reason, there are several factors that contribute to prescription 

of urinary catheters, for example, urinary retention, urinary incontinence, 

bladder irrigation, and post-operative patients  (Feneley, et al. , 2015).  The 

usage of indwelling urinary catheters is classified as short term if the catheters 

are in situ for less than a month and long term when in situ for more than 30 

days  (Tambyah, et al., 2000).  

6.1.5.2 Biofilms on catheters 

Biofilm formation in catheters is a serious problem related to nosocomial 

infections and it is noted that eradication of biofilms is very difficult.   

K. pneumoniae is established as one of the important causes of CAUTIs right 

after E. coli (Wilson, et al. , 2004).  This is partly because of the capacity of  

K. pneumoniae to produce urease (Nicolle, 2014), which catalyses the 

hydrolysis of urea to carbon dioxide and ammonia.  The production of urease 

may facilitate the formation of a crystalline biofilm and this subsequently will 

cause biofilm-associated infections.  Biofilms in a catheter normally form in 
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the eyehole, in the catheter itself (Stickler, et al. , 2003), or in the drainage 

bag (Nicolle, 2014).   

6.1.6 Aims of this chapter 

In our study, we generated ompK35 and ompK36 mutants in two different 

strains of K. pneumoniae: Kpneu_1, a clinical strain isolated from blood and 

C3091, a laboratory strain, which was originally isolated from UTI patient.  The 

molecular techniques used for mutant construction of ompK35 and ompK36 

will be discussed in this chapter.  The phenotypic assays comparing the MIC 

of antibiotics and antiseptic for Kpneu_1 and C3091 parental strains and their 

isogenic mutant strains will also be presented.  Subsequently, the capacity of 

these mutant strains to form biofilm on abiotic surfaces will be described.  
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6.2 Materials and methods 

6.2.1 Bacterial strains and plasmid  

E. coli -select (silver efficiency) was used for cloning of pGEM-T Easy 

(Promega, UK) mutant constructs harbouring mutant cassettes (containing 

flanking regions of the gene of interest with erm1(B) or aad9 selective marker 

genes inserted in between of the flanking regions) or pUC19-tet(M) 

harbouring putative complementation cassettes (containing ompK35 or 

ompK36 with their putative promoters).  Six strains: Kpneu_1, Kpneu_63, 

Kpneu_64, Kpneu_65, Kpneu_110, and C3091 were used for ompK35 and 

ompK36 screening.  The mutant cassettes were constructed using the 

ompK35 sequences from Kpneu_1 and ompK36 sequences from Kpneu_63, 

Kpneu_65, and C3091. Strain Kpneu_1 and C3091 were used as the hosts 

for development of ompK35 or ompK36 mutant strains.  All strains were grown 

on LB agar at 37 C for 16 h or with shaking at 200 rpm if cultivated in broth 

with appropriate concentrations of antibiotic(s).  All the constructs and strains 

used in this study are summarised in Table 2-1 and Table 2-6 in Chapter 2. 

6.2.2 Determination of genetic context of ompK35 and 

ompK36 of K. pneumoniae  

The genetic context of ompK35 and ompK36 was determined by first, 

amplifying ~500 bp upstream and downstream regions of ompK35 and 

ompK36 of K. pneumoniae.  The upstream and downstream regions of 

ompK35 and ompK36 were amplified using 35_KO1_2 and 35_KO4_3 or 

36_KO1 and 36_KO4_4 primer sets, respectively. The PCR product was then 

purified and sequenced.  Multiple sequence alignment of upstream and 



223 | 

 

downstream regions of ompK35 and ompK36 were then conducted using 

BioEdit and GeneDoc. The promoter and terminator sites for ompK35 and 

ompK36, and also for the genes located upstream and downstream of ompK35 

and ompK36 were predicted using BPROM (Softberry, Inc., NY) and ARNold 

Finding Terminators (Naville, et al., 2011).  The promoter site of rscD was 

predicted based on the sequence obtained from Genbank (Accession no: 

CP006648.1) since the amplified upstream region of ompK36 derived from the 

strains used in this study could not cover the region with predicted promoter 

site for rcsD. 

6.2.3 Analysis of protein structure 

We previously hypothesised that OmpK36 could possibly have an effect on 

biofilm formation by K. pneumoniae since its homolog, OmpC was established 

to be involved in the first step of biofilm formation, initial adhesion of E. coli on 

epithelial cells.  Before we further investigated the role of OmpK36 in biofilm 

formation by K. pneumoniae, we firstly compared the protein structure of 

OmpC (as a template) and OmpK36 (as a target).  In addition, we also 

compared the protein structure of OmpK36 (as a template) with predicted 

structure of OmpK35 (as a target).  Comparative protein structural analysis 

was conducted by comparing the amino acid sequences and structural 

alignment of the templates with the target sequence or structure.  The 

purposes of this protein structural analysis were; i) to align three-dimensional 

(3D) structures of OmpC and OmpK36 and to obtain an idea regarding their 

structural similarity and ii) to predict OmpK35 protein structure using homology 

modelling using OmpK36 as a template.  The dataset used for the templates 
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were obtained from Protein Data Bank (PDB).  It included the amino acid 

sequences and 3D structures of OmpC (PDB ID: 2J1N) and OmpK36 (PDB 

ID: 1OSM) of E. coli and K. pneumoniae respectively.  The 3D structures were 

then generated using USCF Chimera 1.12rc (Pettersen, et al., 2004) 

software.   

The deduced amino acid sequence of OmpK35 derived from Kpneu_1 was 

obtained by translating the nucleotide sequence using EMBOSS-Transeq 

(Rice, et al., 2000).  The in silico 3D structure prediction of OmpK35 was 

conducted using template-based homology modelling.  It was carried out by 

searching the PDB for known protein structures using OmpK35 amino acid 

sequences as the query, and the structure was then predicted using SWISS-

MODEL (Biasini, et al., 2014).  The template structure was chosen based on 

the highest sequence similarity to the query sequence. OmpK36 (PDB ID: 

1OSM) was selected as a template for OmpK35 structure prediction and the 

prediction was conducted by SWISS-MODEL (Biasini, et al., 2014).  The 

predicted model was illustrated using Chimera 1.12rc (Pettersen, et al., 

2004).  The target-template alignment for comparative modelling was 

established by superimposing the 3D structural alignment or superimposition 

of OmpC and OmpK36, and also between OmpK36 and OmpK35.  The 

percentage of amino acid sequence identity and root-mean-square distance 

(RMSD) between both structures were recorded.  RMSD is the average 

distance of atoms pairs in two macromolecules.  This RMSD value is 

calculated to determine the structural similarity between two 3D protein 

structures, the reference protein structure and the superimpose protein 

structure (Carugo, et al. , 2001).  Two identical protein structures will have 
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RMSD value of 0 Å and the higher the RMSD the more dissimilar the protein 

structures. 

6.2.4 Development of ompK35 and ompK36 mutant strains 

6.2.4.1 Screening of ompK35 and ompK36 

All of the six strains were screened for ompK35 and ompK36 prior to mutant 

development.  The PCR was conducted using the following method mentioned 

in Chapter 2 and list of primers are listed in Table 2-7 in Chapter 2. 

6.2.4.2 Construction of mutant constructs using SOE PCR  

Mutant constructs of ompK35 or ompK36 were generated by conducting 

splicing by overlap and extension (SOE) PCR that amplifying a region 

upstream (~500 bp) (5’) and a region downstream (~500 bp) (3’) from a 

targeted gene, with an erythromycin resistance gene (erm1(B)). The erm1(B) 

gene was chosen as a selective marker since none of the six K. pneumoniae 

strains harboured the erm1(B) gene (data not shown).  Two DNA fragments 

(~500 bp for each upstream or downstream region) that flanked the regions 

to be deleted (ompK35 or ompK36) were amplified using specific primers, 

listed in Table 2-7 (in Chapter 2, section 2.4.2), from genomic DNA of 

Kpneu_1, Kpneu_63, Kpneu_65, and C3091 strains.  For ompK35 mutant 

construction, the primer sets of 35_KO1 and 35_KO2 (to amplify Fragment 

1_35 – the upstream region of ompK35) and 35_KO3 and 35_KO4 (to amplify 

Fragment 2_35 – the downstream region of ompK35) were used.  While the 

flanking regions of ompK36 were amplified using primer sets of 36_KO1 and 

36_KO2 (to amplify Fragment 1_36 – the upstream region of ompK36) and 

36_KO3 and 36_KO4 for Kpneu_1, Kpneu_63, and Kpneu_65 or combination 
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between 36_KO3 and 36_KO4_2 for Kpneu_64, Kpneu_110, and C3091) (to 

amplify Fragment 2_36 – the downstream region of ompK36) primer sets.  

The upstream 40 bp primers of 35_KO2 and 36_KO2 (the reverse primers to 

amplify Fragment_1) contained 20 bp with complementary to the upstream 

region of the gene to be replaced and 20 bp of nucleotide sequence that was 

homology to the first 20 bp of erm1(B) including the ribosome binding site 

(RBS).  Whilst, the downstream 40 bp primers of 35_KO3 and 36_KO3 (the 

forward primers to amplify Fragment 2) contained 20 bp of nucleotide 

sequence that complementary to the last 20 bp of erm1(B) gene and 20 bp 

homology to the downstream region of the gene to be replaced. The erm1(B) 

gene cassette was amplified from C. difficile 630 genomic DNA using 35_KO5 

and 35_KO6 (to amplify the Fragment 3 with the 20 bp complementary to the 

upstream and homology to downstream regions of ompK35) or 36_KO5 and 

36_KO6 (to amplify the Fragment 3 with the 20 bp complementary to the 

upstream and homology to the downstream regions of ompK36) primer sets.  

The 40 bp primers of 35_KO5 and 35_KO6, and 36_KO5 and 36_KO6 primer 

sets contained first 20 bp complementary and last 20 bp homology of the 

erm1(B) gene and extension of 20 bp with complementary to the upstream 

and homology to downstream region of ompK35 or ompK36.  

These three purified PCR products (Fragment 1, Fragment 2, and Fragment 

3) obtained from individual PCR were mixed at equimolar concentrations. This 

was followed by an overlap and extension PCR using the 35_KO1_3 and 

35_KO4_2 or the 36_KO1_2 and 36_KO4_3 primer sets to generate a mutant 

cassette consisting of erm1(B), flanked by ~500 bp of the upstream and 

downstream regions of the target gene to be replaced.  The simplified method 
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is shown in Figure 6-3.  The resulted ~1.8 kbp PCR product was purified by 

gel extraction and ligated into the pGEMT-Easy vector (Promega, UK).   
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Figure 6-3 Schematic diagram of development of mutant constructs using 

ompK35 as an example.  

The blue rectangles represent upstream and downstream regions and red rectangle 

or red arrow indicate the antibiotic selective marker.  Primer position and direction are 

as labelled. 
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Transformation by heat shock was conducted as described in Chapter 2, 

section 2.4.11.  The cells were subsequently plated onto LB agar plates 

containing 100 µg/ml ampicillin (amp), 200 µg/ml erythromycin (erm),  

50 µg/ml X-gal and 100 µM IPTG, and incubated at 37 °C for 48 h.  The white 

colonies were selected and grown at 37 °C for 16 h in LB broth containing 

100 µg/ml amp and 200 µg/ml erm under 200 rpm shaking conditions. The 

plasmid was then extracted and digested with EcoRI (NEB, UK). The digested 

product was separated on a 1.0 % agarose gel by electrophoresis to 

determine the size of the constructs and plasmids with the correct insert size 

were sent for sequencing.  A plasmid with correct insert and sequence was 

designated as pGEMT_erm_∆ompK35 and pGEMT_erm_∆ompK36.  The 

plasmid was then used as a template for PCR to amplify the mutant cassettes 

using high fidelity (HF) polymerase, Q5 polymerase (Chapter 2 section 2.4.3).  

The amplified HF-PCR product was then purified by gel extraction and the 

DNA was concentrated (SPD1010 Integrated SpeedVac, Thermo Scientific, 

UK) prior to electroporation into electrocompetent K. pneumoniae cells.  

Uncountable colonies were observed after incubation at 37 C for 16 h on  

LB-erm 400 µg/ml.  The colonies were then selected and screened for allelic 

exchange using: 1) 35_KO1_2 and 35_KO4_3 primers for confirmation of 

ompK35 deletion and 36_KO1 and 36_KO4_4 primers for confirmation of 

ompK36 deletion, 2) specific target genes primer, OmpK35_scr_F and 

OmpK35_scr_R, or OmpK36_scr_F and OmpK36_scr_R for ompK35 and 

ompK36 respectively, and 3) selectable marker gene primer, ermBF and 

ermBR to amplify erm1(B) region.  However, no mutants were successfully 

obtained.  Suspecting that erm1(B) was not a suitable marker to be used for 
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mutant construct development, the mutant constructs were then re-developed 

by replacing erm1(B) with a different selective marker, spectinomycin 

resistance gene (aad9). 

6.2.4.3 Construction of new mutant cassettes using aad9 

as a selective marker 

Since the development of mutant strains using erm1(B) as a selective marker 

was unsuccessful, construction of new mutant cassettes was carried out by 

replacing erm1(B) with add9 (Figure 6-4).  aad9 was amplified using primer 

Spect_HindIII_GC_F and Spect_HindIII_GC_R primer set and plasmid 

pLR16T as a template.  The pGEMT backbone together with upstream and 

downstream regions of ompK35 or ompK36 was amplified using 35D_BB 

_HindIII_GC_F and 35U_BB_HindIII_GC_R primer set for plasmid backbone 

including ompK35 flanking regions and 36D_BB_HindIII_GC_F and 

36U_BB_HindIII_GC_R primer set for plasmid backbone including ompK36 

flanking regions, and pGEMT_erm_∆ompK35 and pGEMT_erm_∆ompK36 

as template.  The amplified PCR products, including the plasmid backbone 

and aad9 were purified and digested using HindIII at 37 °C for 1 h.  The 

plasmid backbone was dephosphorylated and further purified together with 

the digested aad9 fragment.  Purified insert (aad9) and plasmid backbone 

were ligated using T4 DNA ligase at 16 C for 16 h.  The ligated product was 

transformed into E. coli -select competent cells using the heat shock 

method.  Transformants were selected on LB agar plates containing  

100 µg/ml amp, 100 µg/ml spectinomycin (spc), 50 µg/ml X-gal and 100 µM 

IPTG.  After 16 h incubation at 37 C, colonies were picked and grown in LB 

broth containing 100 µg/ml amp and 100 µg/ml spc and incubated at 37 °C 
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for 16 h under 200 rpm shaking condition for plasmid extraction.  The 

extracted plasmids were digested with HindIII to confirm the correct size of 

the insert.  The plasmids were also used as a template for colony PCR 

screening using insert primer, Spect_HindIII_F_GC and Spect_HindIII_R_GC 

and mutant cassette primer sets, 35_KO1_3 and 35_KO4_2 or 36_KO1_2 

and 36_KO4_3.  The amplicons were separated on a 1.0 % agarose gel by 

electrophoresis.  The plasmids with the correct insert size were sent for 

sequencing to confirm the correct insert.  Plasmids with the correct insert and 

sequences were designated as pGEMT_spc_∆ompK35 and 

pGEMT_spc_∆ompK36.  The plasmids obtained from this experiment were 

listed in Table 2-6 in Chapter 2. 
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Figure 6-4 Schematic diagram of erm1(B) replacement with aad9 in ompK35 

cassette as an example.  

The replacement of erm1(B) with aad9 was conducted by amplifying plasmid 

backbone (excluding the erm1(B)) by inverse PCR and the add9 by PCR.  The 

plasmid backbone and amplified aad9 product were then digested by HindIII.  The 

plasmid backbone was dephosporylated prior to ligation.  The digested products 

were purified and ligated with T4 DNA ligase.  Plasmid backbone primer and insert 

primer are denoted by green arrow. 
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6.2.4.4 Modification of the pKD46 helper plasmid by 

replacing bla with aac(3)-IV  

An attempt was taken to use a recombineering (homologous recombination-

mediated genetic engineering) method based on the  Red recombinase 

system (Wei, et al. , 2012) since previous attemps without pKD46 as a helper 

plasmid did not result in any K. pneumoniae mutant strains.  Temperature 

sensitive pKD46 was used in this recombineering approach (provided 

generously by Dr Sophie Halen, Imperial College) (Datsenko, et al., 2000).  

This plasmid harbours exo, beta, and gam, which encode for Exo, Bet and 

Gam proteins.  Exo (red α), is an exonuclease (5’-3’) that digests the double-

stranded DNA and generates 3’ single-stranded DNA tails.  While Bet (red β) 

is a single strand DNA annealing protein that binds to the complementary 

ssDNA strand, and Gam (red γ) protein protects linear extraneous DNA from 

being degraded by host nucleases, RecBCD (Wei, et al. , 2013; Wei, et al., 

2012).  The ampicillin resistance marker in pKD46, bla was replaced with 

aac(3)-IV, apramycin resistance gene (the same approach as mentioned in 

Figure 6-4) since all of the examined K. pneumoniae strains were resistant to 

ampicillin.  The aac(3)-IV gene was amplified using apra_HindIII_GC_F and 

apra_HindIII_GC_R primer set and plasmid pSET152 as a template.  Whilst, 

the backbone of plasmid pKD46 (without the bla) was amplified using primer 

pKD46_HindIII_GC_F and pKD46_HindIII_GC_R primer set and plasmid 

pKD46 as a template.  The amplified PCR products (pKD46 backbone and 

aac(3)-IV insert) were purified, digested using HindIII, ligated (see Figure 6-

5) and transformed into E. coli -select competent cells as previously 

mentioned.  LB agar plates containing 50 µg/ml apramycin (apra) were used 
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as selective media.  After incubation at 30 C for 24 h, colonies were picked 

and grown in LB broth containing 100 µg/ml amp and 50 µg/ml apra, and 

incubated at 30 °C for 16 h for plasmid extraction.  Since pKD46 has a 

temperature sensitive origin of replication, oriR101/repA101ts, cells 

harbouring the plasmid must be grown at 30 C.  The extracted plasmid was 

digested with HindIII to confirm the insert.  The plasmid was also used as a 

template for PCR screening using apra_HindIII_GC_F and 

apra_HindIII_GC_R primer set. The purified insert from the putative plasmids 

were then sequenced and the confirmed plasmid was designated as pKD46-

apra.  The plasmid obtained from this experiment was listed in Table 2-6 in 

Chapter 2. 
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Figure 6-5 Schematic diagram of the replacement of bla with aac(3)-IV in 

pKD46.  

The replacement of bla with aac(3)-IV was conducted by amplifying the pKD46 

plasmid backbone (excluding the bla) by inverse PCR and the aac(3)-IV by PCR.  

The plasmid backbone and amplified aac(3)-IV product were then digested by 

HindIII.  The plasmid backbone was dephosporylated prior to ligation.  The digested 

products were purified and ligated with T4 DNA ligase.  Plasmid backbone primer 

and insert primer are denoted by purple arrow. 
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6.2.4.5 Preparation of electrocompetent K. pneumoniae 

cells 

A single colony of K. pneumoniae was grown in 5 ml of LB broth at 37 C for 

16 h with 200 rpm shaking prior to preparation of electrocompetent cells.  The 

100 µl of 16 h culture was then used as a starter culture and inoculated in  

10 ml LB broth (with the starting OD600 of 0.05) and incubated at 37 C with 

200 rpm shaking until OD600 of 1.5.  The mid-log phase culture was 

centrifuged at 11952 x g for 30 min at 4 C (Sorvall RC5B plus, SS-34 Sorvall 

rotor).  The supernatant was decanted and the pellet was re-suspended with 

1 ml of ice-cold molecular grade water.  The suspension was then centrifuged 

at 17950 x g for 15 min at 4 °C (Eppendorf 5417R).  The supernatant was 

discarded and the pellet was re-suspended in 1 ml of ice-cold molecular grade 

water.  This washing step was repeated three times.  All the procedures were 

carried out on ice.  The electrocompetent cells were re-suspended in 1 ml 

molecular grade water with 20 % glycerol and kept at -80 C until needed. 
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6.2.4.6 Electroporation of pKD46-apra into 

electrocompetent K. pneumoniae cells  

The electroporation was carried out using the method by Fournet-Fayard, et 

al. (1995) with some modifications.  The electrocompetent cells were thawed 

on ice together with pKD46-apra plasmid DNA.  Five microlitres of 200 ng/µl 

plasmid DNA was added to 50 µl of thawed electrocompetent cells.  The 

mixture was mixed by flicking the bottom of the tube.  The mixture was 

incubated on ice for 5 min and transferred into a pre-chilled 1 mm 

electrocuvette (Bio-Rad, US) using a pipette.  The plasmid was electroporated 

into the electrocompetent cells using a Gene Pulser II (Bio-Rad, UK) 

apparatus set at 1.8 kV, 50 µF capacitance, 200  resistance.  Following the 

pulse, 950 µl of sterile BHI was added to the mixture and incubated at 30 C 

for 2 h with 200 rpm shaking.  After incubation, 200 µl of the culture was plated 

onto LB agar supplemented with apra 50 µg/ml and incubated at 30 C for  

24 h.  Transformants obtained from the electroporation were then screened 

for the aac(3)-IV insert and pKD46 plasmid backbone by PCR using 

apra_HindIII_GC_F and apra_HindIII_GC_R, and pKD46_HindIII_GC_F and 

pKD46_HindIII_GC_R primer set.  The purified PCR product was 

subsequently sent for sequencing.  The confirmed strains were designated as 

Kpneu_1/pKD46-apra or C3091/pKD46-apra.  The strains obtained from this 

experiment were listed in Table 2-1 in Chapter 2. 
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6.2.4.7 Preparation of electrocompetent K. pneumoniae 

harbouring pKD46-apra cells  

The preparation of electrocompetent Kpneu_1/pKD46-apra and 

C3091/pKD46-apra cells was conducted according to the previous method 

mentioned in 6.2.4.6 with some modifications.  Single colony of 

Kpneu_1/pKD46-apra or C3091/pKD46-apra was inoculated into 5 ml of LB 

broth with 50 µg/ml of apramycin and incubated at 30 °C for 16 h with  

200 rpm shaking.  One hundred microlitres of 16 h culture was used as a 

starter culture (with an OD600 of 0.05) and inoculated in 10 ml LB broth with 

50 µg/ml of apramycin.  The culture was grown until it reached OD600 of 0.1 

and 100 mM of L-arabinose (Sigma) was added (to induce the PBAD promoter 

of the araBAD (arabinose) operon) into the culture and further incubated at 

30 °C until it reached OD600 of 0.4.  The culture was chilled on ice for 5 min 

and centrifuged at 4500 x g for 15 min at 4° C (Eppendorf 5804R).  The 

supernatant was discarded and the pellet was washed with 2 ml of ice-cold 

molecular grade water.  The suspension was aliquoted into microcentrifuge 

tubes (1 ml for each tube) and centrifuge at 17950 x g for 15 min at 4° C 

(Eppendorf 5417R).  The supernatant was discarded and the pellet was 

washed with 1 ml of ice-cold molecular grade water.  This washing step was 

repeated for three times.  All the procedures were carried out on ice.  The 

electrocompetent cells were subsequently re-suspended in 1 ml molecular 

grade water with 20 % glycerol and kept at -80 C until needed. 
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6.2.4.8 Electroporation of ompK35 and ompK36 mutant 

cassettes into electrocompetent K. pneumoniae harbouring 

pKD46-apra cells 

The amplification of mutant cassettes was conducted by high-fidelity PCR 

(HF-PCR) using pGEMT_spc_∆ompK35 or pGEMT_spc_∆ompK36 as a 

template.  The PCR product was separated on a 1 % agarose gel by 

electrophoresis and the expected bands were excised and purified.  Five 

microlitres of the gel purified mutant cassettes DNA (100 ng/µl) was 

subsequently electroporated into 50 µl of thawed electrocompetent 

Kpneu_1/pKD46-apra or C3091/pKD46-apra cells as previously mentioned 

with some modifications.  The outgrowth incubation was conducted at 37 °C   

for 1 h and 30 min instead of 30 °C for 2 h to cure the thermosensitive pKD46-

apra plasmid.  The culture was plated on LB-spc 100 µg/ml and incubated at 

37 C for 16 h.  Several colonies were obtained upon incubation.  The 

occurrence of allelic exchange was confirmed by PCR using the 1) 35_KO1_2 

and 35_KO4_3 primer for confirmation of ompK35 deletion and 36_KO1 and 

36_KO4_4 primer for confirmation of ompK36 deletion, 2) specific target 

genes primer, OmpK35_scr_R and OmpK35_scr_F or OmpK36_scr_F and 

OmpK36_scr_R for ompK35 and ompK36 respectively, and 3) selectable 

marker gene primer, Spect_HindIII_GC_F and Spect_HindIII_GC_R to 

amplify the aad9 instead of the primers to amplify erm1(B).  The purified PCR 

product was then sent for sequencing for validation.  The sequencing results 

of the PCR products of the mutant strains were analysed by multiple 

sequence alignments using BioEdit and GeneDoc. 
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Figure 6-6 Flow diagram of the gene replacement by double cross over 

homologous recombination in K. pneumoniae.   

The blue rectangles represent the flanking regions of ompK35 or ompK36.  The 

dashed line represents the chromosome of K. pneumoniae.  Primer position and 

direction are denoted by purple arrows. 
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6.2.5 Complementation of ompK35 and ompK36 strains  

6.2.5.1 Preparation of ompK35 and ompK36 

complementation constructs 

pUC19-tet(M) (courtesy from Dr Supathep Tansirichaiya) was used to 

develop complementation constructs.  The ompK35 and ompK36 genes with 

their predicted promoters were amplified using genomic DNA from Kpneu_1 

and C3091 wild type strains as a template and acted as an insert.  The purified 

insert and pUC19-tet(M) plasmid were digested with SphI at 37 °C for 1 h.  

Digested pUC19-tet(M) was dephosphorylated and purified together with the 

digested insert.  Both of the purified digested products were then ligated using 

T4 DNA ligase.  The ligated product was transformed into E. coli α-select 

competent cells and plated on LB agar plates containing 15 µg/ml tetracycline 

(tet), 50 µg/ml X-gal and 100 µM IPTG.  The putative transformants were 

screened using blue-white colony screening.  The white colonies were grown 

in LB broth containing 15 µg/ml tet at 37 °C for 16 h and the plasmid was then 

extracted.  The extracted plasmid was digested with SphI to determine the 

insert size.  The plasmid with correct insert size was then sent for sequencing 

using M13F and M13R universal primers.   
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Figure 6-7 Construction of pUC19-tet(M)_ompK35 complementation construct. 

The ompK35 was amplified and digested with restriction enzyme SphI.  The digested 

fragment was ligated to digested-dephosporylated pUC19-tet(M) vector backbone 

prior to transformation into E. coli α-select competent cells.  The ompK36 

complementation construct was developed using the same method.  The SphI sites 

are boxed in red. 
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6.2.6 Epsilometer test (E-test) method 

The wild type and their isogenic mutant bacterial stocks were streaked onto 

LB or their selective medium and incubated at 37 °C for 16 h.  A single colony 

was grown in 5 ml MH broth at 37 °C for 16 h on a 200 rpm rotary shaker.  

One hundred microlitres of a 16 h culture was adjusted to OD600 of 0.05 in 

fresh MH medium and grown until it reached mid-log phase (data not shown). 

The mid-log phase culture was diluted in saline solution (0.85 % NaCl) to 

achieve a suspension turbidity equivalent to 0.5 McFarland Standard (OD600 

of 0.08-0.1).  The suspension was swabbed evenly on MH agar plates using 

a cotton swab and allowed to dry for 10 min before applying an E-test strip.  

E-test strips (gentamicin, ciprofloxacin, cefotaxime or tetracycline 

(Biomerieux, UK)) were then placed carefully on agar plates with the MIC 

scale facing upward with the maximum concentration nearest to the plate rim 

using sterile forceps and incubated at 37 °C for 16 h.  The zone of inhibition 

(ellipse) was then observed and recorded. 

6.2.7 Determination of MIC using agar and broth dilution 

methods 

Determination of MIC using agar and broth dilution method was conducted 

following method by Wiegand, et al. (2008).  Agar dilution method was used 

for MIC determination of spectinomycin and apramycin for mutagenesis 

purposes.  Mid-log phase bacterial suspensions were adjusted to OD600 of 

0.01.  One microlitre of the diluted suspension was dropped on the MH agar 

with different concentrations (12.5 µg/ml – 200 µg/ml for spectinomycin and  

2 µg/ml – 256 µg/ml for apramycin) of antibiotics and incubated at 37 °C for  
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16 h.  The MIC was then recorded based on the lowest concentration of 

antibiotics that completely inhibited the growth of bacteria on plates.  

The broth dilution method was used for MIC determination of cetylpyridinium 

chloride (CPC) and cetyltrimethylammonium bromide (CTAB).  Mid-log phase 

bacterial suspensions were adjusted to OD600 of 0.01.  Hundred microlitres 

of MH broth with different dilutions of antiseptics (obtained by serial dilution 

of the highest concentration of antiseptics) was added into wells of a 96-well 

flat-bottom polystyrene non-treated microtitre plate (Falcon, BD), and 

inoculated with 100 µl of diluted suspension in each well.  The microtitre plate 

was incubated at 37 °C for 16 h with gentle agitation (100 rpm) on a rotary 

shaker (IKA ® Vibrax-VXR, Germany).  The plate was observed for any 

cloudiness and turbidity after incubation.  The MIC of the antiseptics was 

determined as the lowest concentration that inhibited visible growth. 

6.2.8 Growth kinetics of wild type and mutant strains in TSB 

and AUM 

The growth curves were performed using the method described in Chapter 4, 

section 4.2.3. 

6.2.9 Biofilm formation assays in microtitre plate 

The biofilm assays were performed using the method described in Chapter 3, 

section 3.2.1. 
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6.2.10 Biofilm formation assays on catheter pieces  

The capacity of K. pneumoniae to form biofilms on catheter pieces was 

determined using strain Kpneu_1 and C3091, and their isogenic mutants.  The 

biofilm formation on catheter pieces for Kpneu_1 and its isogenic mutants was 

conducted in TSB since our data in Chapter 4 showing that Kpneu_1 formed 

more biofilm in TSB and had less capacity to form biofilms in AUM.  In addition, 

the fimS orientation assays in biofilm cells cultivated in TSB mirrored the 

findings obtained by Stahlhut, et al. (2012).  While, biofilm formation by C3091 

and its isogenic mutants was conducted in AUM because this strain was 

observed to form more biofilm upon cultivation in AUM compared to TSB (see 

Figure 4-10).   

Biofilm formation by strain Kpneu_1, C3091 and their isogenic mutants was 

tested on sterile all-silicone Foley catheter pieces (Bard, UK, 165814UK) and 

incubated under gentle agitation.  Pieces of catheter, 5 cm in length were cut 

and slit in half aseptically to facilitate accessibility to bacterial cells, and they 

were pre-equilibrated in 15 ml of TSB or AUM at 37 °C for half an hour.  A 1:10 

dilution of mid-log phase bacterial culture (1.5 ml) was inoculated into the TSB 

or AUM containing the catheter piece and the culture was incubated 

horizontally at 37 °C for 24 h under gentle agitation at 60 rpm (R100, Luckham, 

UK).  The catheter pieces without any bacteria were labelled as blank group.  

The experiment was conducted in triplicate for three independent biological 

repeats.  

 



246 | 

 

 

Figure 6-8 Biofilm formation assay on catheter pieces 
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6.2.10.1 Staining and enumeration of biofilm cells on 

catheter pieces  

Cells attached to catheter pieces were stained using CV staining and the 

viability of adhered bacteria was determined by serial dilution, plating and 

counting viable bacteria.  After the incubation, the catheter pieces were cut 

into 3 cm section for CV staining and 1 cm fragment for viable-cell counting.  

Three centimetres catheter pieces were washed in a new tube with 15 ml of 

PBS (the tubes were inverted three times carefully to avoid disturbance to 

biofilms).  The PBS was discarded and the catheter pieces were subsequently 

dried for 16 h before staining.  The dried catheter pieces were transferred into 

a new Bijou tube and stained with 5 ml of 0.1 % CV for 30 min (the tubes were 

placed horizontally to ensure even distribution of CV).  The stained catheter 

pieces were transferred into new Bijou tubes and washed twice with 5 ml of 

PBS.  The washed catheter pieces were then placed on absorbent paper to 

reduce any excessive CV residues, and placed in new Bijou tubes filled with  

1 ml of 90 % ethanol.  The catheter pieces were destained for 15 min 

horizontally and vortexed vigorously to completely solubilize the CV.  The CV 

was measured spectrophotometrically at 590 nm. 

The enumeration of biofilm cells was conducted by washing the catheter 

pieces carefully for three times in 1 ml saline (0.85 % NaCl) to completely 

remove the non-adherent cells.  The washed catheter pieces were transferred 

into a new microcentrifuge tube containing 1 ml saline (0.85 % NaCl) and the 

adhered bacteria were detached by sonication using water-bath sonicator 

(FB15046, Thermo Scientific) for 10 min and vortexed vigorously for additional 
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2 min.  The suspension was serial diluted and plated on TSA.  Based on the 

colony counts, the CFU/cm2 were then calculated. 
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6.3 Results 

6.3.1 Determination of genetic context of ompK35 and 

ompK36  

The genetic context of the ompK35 and ompK36 in K. pneumoniae strains 

used in this study is shown in Figure 6-9.  The ompK35 is flanked by 

asparaginyl-tRNA synthetase (asnS) and tyrosine aminotransferase (tyrB) 

genes.  While the ompK36 is flanked by a gene coding for a putative phosphate 

transfer intermediate protein (rcsD) and a gene coding for a thiamine 

biosynthesis lipoprotein (apbE).  The details of the upstream and downstream 

regions of ompK35 and ompK36 is shown in Figure 6-9 respectively. 

 

Figure 6-9 Genetic context of ompK35 and ompK36. 

The figure shows the genetic context of the upstream and downstream regions of  

A) ompK35 and B) ompK36.  The predicted promoters are denoted by the arrows and 

the predicted terminator is indicated by the hairpin loop structure.  Promoters were 

predicted by BPROM programme (Softberry, Inc., NY) and terminator site was 

predicted by ARNold Finding Terminators software (Naville, et al., 2011).  
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Figure 6-10 and Figure 6-12 show the multiple sequence alignment of 

upstream and downstream regions of ompK35 and ompK36 for all strains used 

in this study.  The sequences were obtained from the amplification of the 

upstream and downstream regions of both of the genes using 35_KO1_2 and 

35_KO4_3 or 36_KO1 and 36_KO4_4 primer sets.  The DNA sequences of 

the amplified product, however, could not cover the intergenic region with a 

putative promoter site of rcsD in OmpK36.  Thus, the putative promoter sites 

of rcsD was predicted using the genome sequence of Klebsiella pneumoniae 

CG43 (Accession no: CP006648.1) available in the GenBank (Figure 6-11). 
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Figure 6-10A) Multiple sequence alignment of upstream region of ompK35.  

 



252 |  

 

 

 Figure 6-10B) Multiple sequence alignments of downstream region of ompK35.  
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Figure 6-10 Multiple sequence alignment of upstream and downstream regions of ompK35.  

The figures show the multiple sequence alignments of A) upstream and B) downstream regions of ompK35. The start codon of ompK35 is 

labelled with ATG and red arrow while the stop codon of ompK35 is labelled with TAA and asterisk.  The putative start codon for tyrB is signposted 

by thick red arrow.  The predicted -35 and -10 sequences of putative promoters for A) ompK35 and B) tyrB are denoted by red boxes.  The 

putative terminator site is indicated by yellow line.  The primers sites used for the development of mutant constructs are as labelled and the 

direction of the primers are showed by red arrows.  The nucleotide changes are indicated by blue box.  The deduced amino acid sequences 

encoded by tyrB are written in blue.  The promoters sites were predicted by BPROM (Softberry, Inc., NY) and terminator site was predicted by 

ARNold Finding Terminators software (Naville, et al., 2011).  The multiple sequence alignments were conducted using GeneDoc.  
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Figure 6-11 The upstream region of ompK36 with a putative promoter site of rcsD. 

The figure shows the upstream region of ompK36 with a putative promoter site of rcsD.  The predicted -35 and -10 sequences of putative promoter 

of rcsD is denoted by red box.  The primer site is labelled and the direction of the primer is showed by red arrow.  The putative start codon for 

rcsD is signposted by thick red arrow.  Promoter site was predicted by BPROM (Softberry, Inc., NY).  
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Figure 6-12A) Multiple sequence alignment of upstream region of ompK36  

 



256 |  

 

 
Figure 6-12 B) Multiple sequence alignment of downstream region of ompK36  
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Figure 6-12 Multiple sequence alignment of upstream and downstream regions of ompK36. 

The figures show the multiple sequence alignments of A) upstream and B) downstream region of ompK36.  The start codon of ompK36 is labelled 

with ATG and red arrow while the stop codon of ompK36 is labelled with TAA and asterisk.  The putative start codon for apbE is signposted by 

thick red arrow. The predicted -35 and -10 sequences of putative promoters for A) ompK36 and B) apbE are denoted by red boxes.  The putative 

terminator site is indicated by the yellow line.  The primers sites used for the development of mutant constructs are as labelled and the direction 

of the primers are showed by red arrows.  The nucleotide changes are indicated by blue box.  The deduced amino acid sequences encoded by 

apbE are written in blue.  Promoter sites were predicted by BPROM (Softberry, Inc., NY) and terminator site was predicted by ARNold Finding 

Terminators software (Naville, et al., 2011).  The multiple sequence alignments were conducted using GeneDoc. 
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6.3.2 Analysis of OmpC, OmpK35 and OmpK36 protein 

structure  

In order to approximate a structural characterisation of these three porins 

which could allow us to understand possible function of OmpK35 and 

OmpK36, we performed a comparative analysis of 3D structures of OmpC of 

E. coli and OmpK36 of K. pneumoniae, and between OmpK36 and putative 

3D structure of OmpK35.  It was previously reported that OmpC showed  

~ 80 % identity to OmpK36 but there is no study comparing the 3D protein 

structures.   

The multiple sequence alignment of OmpC, OmpK36 and OmpK35 derived 

from Kpneu_1 is presented in Figure 6-13. The multiple sequence alignments 

were conducted using Clustal Omega and GeneDoc.  The secondary 

structures such as β-strands, loops, and short turns of these OmpC, OmpK36 

and OmpK35 are as labelled in Figure 6-13.  Based on the analysis, the 

percentage of amino acid identity between OmpC and OmpK36 is 80.12 %, 

while the percentage of amino acid identity between OmpK36 and OmpK35 is 

59.35 %.  We generated the image of 3D structures of OmpC, OmpK36 and 

OmpK35 using Chimera 1.12rc.  The 3D structures of templates, OmpC and 

OmpK36 are shown in Appendix 14 and Appendix 15, respectively.  While the 

predicted structure of OmpK35 is shown in Appendix 16.  Using Chimera 

1.12rc, we analysed and compared the amino acid sequences and also 

conducted the structural superimposition between these two porins, OmpC 

and OmpK36.  Based on the high percentage of amino acid identity, 80.12 %, 

we hypothesised that these 3D structures would be highly similar.  It is thought 

that when the overall sequence identity is above 40 %, almost 90 % of the 
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main-chain atoms are likely to be modeled with a root-mean-square error 

(RMSE) around 1 Å (Fiser, 2010; Sánchez, et al. , 1998). 

The structural alignment results showed that the 3D structures of OmpC and 

OmpK36 monomers were highly similar with a structural alignment RMSD 

value of 0.894 Å as shown in Appendix 17.  Besides, our analysis data 

suggested that structural alignment of OmpK35 using OmpK36 as a template 

also showed the integrity of the conserved domain since both of these porins 

had a low RMSD value, 0.488 Å which means that the 3D structures were 

highly similar Appendix 18. 

Even though, OmpC and OmpK36 do have similar 3D structures, and high 

percentage in amino acid sequence identity, we, however, cannot confirm that 

both of these porins will have exactly the same functions.  Similarity in 3D 

structures and amino acid sequences does not necessarily lead to the same 

function.  The protein conformation and protein folding might be different and 

to confirm the exact protein function between these two porins, it needs a 

further investigation and qualification. 
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Figure 6-13 Amino acid multiple sequence alignment of OmpC, OmpK36 and OmpK35.  

The figure shows the amino acid multiple sequence alignment of OmpC of E. coli, OmpK36 of K. pneumoniae, and OmpK35 derived from 

Kpneu_1.  2J1N is a PDB ID for OmpC of E. coli, 1OSM is a PDB ID for OmpK36 of K. pneumoniae, and P_OmpK35 are deduced amino acid 

sequences of OmpK35 derived from Kpneu_1.  The analysis and alignment were done using Clustal Omega and GeneDoc.  The secondary 

structures were determined using Kabsch-Sander algorithm available in the dictionary of protein secondary structure (DSSP) (Kabsch, et al. , 

1983) in the Research Collaboratory for Structural Bioinformatics- Protein Data Bank (RCSB PDB [https://www.rcsb.org/pdb/]), and they were 

also adapted from the study by Doménech-Sánchez, et al. (2003).  The putative OmpK35 secondary structure was predicted based on the 1OSM 

template using SWISS-MODEL and Chimera 1.12rc.  The primary conserved region is highlighted in black and the secondary conserved 

substitutions are highlighted in yellow.  The black line indicates the β-strand, white boxes indicate the loop structure, orange boxes indicate short 

turns and pink arrow indicates the β-strand 8.  
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6.3.3 Amplification of ompK35 and ompK36  

As described in the General introduction, the aim of this study was to develop 

the ompK35 or ompK36 mutant strains and compare their capacity to form 

biofilm with their wild type strains.  In order to knock out ompK35 or ompK36 

in K. pneumoniae, all the strains were initially confirmed to harbour both genes 

by PCR amplification.  The ompK35 and ompK36 genes were amplified using 

genomic DNA from those six strains of K. pneumoniae as a template.  Primers 

were designed to amplify the ompK35 and ompK36 with ~70 bp of flanking 

regions.  Figure 6-14 shows a PCR amplification of ompK35 and ompK36 for 

all the strains.  The amplicon size predicted for ompK35 was 1244 bp (Figure 

6-14A, lane 1-6) and the amplicon size for ompK36 was 1276 bp for Kpneu_1, 

1256 bp for Kpneu_63, Kpneu_64, and Kpneu_65, 1262 bp for Kpneu_110 

and 1250 bp for C3091 (Figure 6-14B, lane 1-6).  The amplicons were 

subsequently purified and sequenced for confirmation.   
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Figure 6-14 Screening for ompK35 and ompK36. 

The screening for ompK35 and ompK36 genes was conducted by PCR using 

genomic DNA from six K. pneumoniae strains.  Lanes 1-6 are the amplicons of the 

ompK35 or ompK36 genes obtained from genomic DNA of Kpneu_1, Kpneu_63, 

Kpneu_64, Kpneu_65, Kpneu_110, and C3091 respectively.  Lane M is a DNA 

marker, HyperLadder I (Bioline, UK), and lane 7 is the negative control (no template 

control) for both of the amplifications.  A) The ompK35 gene was amplified using the 

OmpK35_FL_F and OmpK35_FL_R primer set and the amplicons were observed at 

1244 bp.  Nonspecific ~500 bp amplicons were seen faintly for all the strains and an 

additional ~300 bp amplicon for strain Kpneu_1.  This could be due to the nonspecific 

binding of the primer to the DNA template.  B) The ompK36 gene was amplified using 

OmpK36_FL_F and OmpK36_FL_R primer set and the expected amplicons at  

1276 bp for Kpneu_1, 1256 bp for Kpneu_63, Kpneu_64, Kpneu_65, 1262 bp for 

Kpneu_110 and 1250 bp for C3091 were observed for all of the samples (Lanes 1-

6).  Expected size for ompK35 and ompK36 amplicons is indicated by arrows. 
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6.3.4 Development of mutant constructs 

Upon confirmation of ompK35 and ompK36 in all the strains used in this 

chapter, we then continued to develop the mutant constructs for deletion of 

ompK35 and ompK36 by a homologous recombination approach.  The mutant 

constructs were developed using SOE PCR method.  The genomic DNA of 

K. pneumoniae and C. difficile were extracted and used as template to amplify 

individual ~ 500 bp upstream region and ~ 500 bp downstream region from 

the gene to be deleted, and erm1(B) (790 bp) gene respectively.  The 

individual PCR fragments were ligated by SOE PCR.  The SOE PCR of 

ompK35 and ompK36 mutant cassettes with erm1(B) as a selective marker 

was conducted using 35_KO1_3 and 35_KO4_2 or the 36_KO1_2 and 

36_KO4_3 primer sets.  The expected amplicon for the ompK35 mutant 

cassette was 1654 bp.  While the expected amplicon for the ompK36 mutant 

cassettes were 1760 bp for Kpneu_63, 1762 bp for Kpneu_65 and 1761 bp 

for C3091 (Figure 6-15).    

Based on the multiple sequence alignments of the ompK35 and ompK36 

flanking regions between the six strains, ten nucleotide differences in the 

upstream and one nucleotide difference in the downstream region of ompK35 

were identified and all of them were located in non-coding regions (see Figure 

6-10).  The mutant construct for ompK35 was then developed based on the 

flanking regions, which was derived from Kpneu_1 strain since the nucleotide 

differences did not result in any amino acid substitution and they were not 

located on any regulatory sites such as predicted promoter.  In addition, eight 

nucleotide differences in the upstream region and three nucleotide differences 
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in the downstream region of ompK36 were identified from the multiple 

sequence alignments of ompK36 flanking region of six strains (Figure 6-12).  

All of the other differences were located in non-coding regions apart from the 

nucleotide differences at position 173 (A→T).  The nucleotide differences at 

position 173 resulted in modification of protein sequence (Q58L) of apbE (see 

Figure 6.12).  For that reason, the mutant constructs of ompK36 for strain 

Kpneu_1, Kpneu_65, and C3091 which had glutamine could be used 

interchangeably between respective strains since they encoded the same 

amino acid at position 56, as well as the constructs for Kpneu_63, Kpneu_64, 

and Kpneu_110 which had the same amino acid, leucine at position 56 (see 

Figure 6-12).  

 

Figure 6-15 Amplification of ompK35 and ompK36 mutant cassettes.  

The figure shows the amplification product of the mutant cassettes by PCR. The 

pGEMT_ erm_ΔompK35 and pGEMT_erm_ΔompK36 constructs were used as a 

template for amplification of mutant cassettes comprising erm1(B) and ~500 bp of 
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upstream and ~500 bp downstream regions of ompK35 or ompK36.  Lane 1 and lane 

6 are the negative controls (no template control).  Lane 2 is the ΔompK35-1 cassette, 

which was derived from Kpneu_1 genomic DNA.  Lane M is a DNA marker, 

HyperLadder I (Bioline, UK).  Lane 3 is the ΔompK36-63 cassette, Lane 4 is the 

ΔompK36-65 cassette and Lane 5 is the ΔompK36-C3091 cassette, which were 

obtained from the Kpneu_63, Kpneu_65, and C3091 genomic DNA respectively. 

6.3.5 Development of ΔompK35 or ΔompK36 strains  

After construction of pGEMT_erm_ΔompK35 and pGEMT_erm_ΔompK36, 

the mutant cassettes were amplified using HF-PCR, and the gel purified PCR 

product was electroporated into the electocompetent K. pneumoniae strains. 

After 16 h of incubation, uncountable colonies were obtained on LB agar 

supplemented with erm (~ 400 µg/ml).  However, no expected bands were 

observed after PCR screening using 35_KO1_2 and 35_KO4_3 or 36_KO1 

and 36_KO4_4 primer sets (Figure 6-16).  The unsuccessful homologous 

recombination was possibly because of the existence of RecBCD pathway in 

K. pneumoniae, and the unsuitable selectable marker (erm1(B) that was used 

in the mutant construct (this issue will be discussed later in the discussion).  

Because of this reason, new mutant constructs were developed and a 

recombineering method using modified helper plasmid pKD46-apra was 

adapted in order to obtain the mutant strains (section 6.2.4.3 and 6.2.4.4). 

The MIC of spectinomycin and apramycin for all tested strains were 

determined to identify a selectable marker for reconstruction of the mutant 

constructs and modification of the helper plasmid.  Of six strains, only three 

strains had MICs for spectinomycin which would allow for mutant 

development: Kpneu_1, Kpneu_110, and C3091.  Growth of these three 

strains was inhibited at 100 µg/ml of spectinomycin (the concentration used 
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for selection) compared to the other three strains which could tolerate higher 

concentration of spectinomycin (> 300 µg/ml). Kpneu_1, Kpneu_110, and 

C3091 were therefore selected for mutant development.  In addition, all of the 

strains showed MICs of apramycin at 16 µg/ml, which was lower than the 

concentration for selection (50 µg/ml).   

 

Table 6-3 The MIC value of spectinomycin and apramycin against  

K. pneumoniae. 

 Antibiotic MIC (µg/ml) 

Strain Spectinomycin  Apramycin 

 

Kpneu_1 

 

12.5 

 

16 

 

Kpneu_63 

 

>300 

 

16 

 

Kpneu_64 

 

>300 

 

16 

 

Kpneu_65 

 

>300 

 

16 

 

Kpneu_110 

 

12.5 

 

16 

 

C3091 

 

12.5 

 

16 

 

Based on the MIC value, the spectinomycin resistance gene, aad9 was then 

chosen to replace erm1(B) in pGEMT_erm_ΔompK35 or pGEMT_erm_ 

ΔompK36 mutant constructs, whilst, apramycin resistance gene, aac(3)-IV 

was selected to replace bla in pKD46 helper plasmid (section 6.2.4.4) since 

all the strains used in this study are resistant to ampicillin, and using bla as a 

selective marker would result in no selection.  
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The pGEMT_spc_ΔompK35 or pGEMT_spc_ΔompK36 constructs were 

developed by amplifying the aad9 and pGEMT backbone with the flanking 

region by inverse PCR (see Figure 6-4).  The insert and the backbone were 

then digested and ligated before transforming into E. coli α-select competent 

cells.  The confirmed mutant constructs with aad9 as a selective marker were 

used as a template for HF-PCR to amplify the mutant cassettes using primer 

pairs 35_KO1_3 and 35_KO4_2 for ΔompK35 cassette and 36_KO1_2 and 

36_KO4_3 for ΔompK36 cassette.  The amplified PCR products were purified 

using gel extraction kit prior to electroporation into electrocompetent  

K. pneumoniae harbouring pKD46 cells.   

Prior to electroporation of purified PCR product into electrocompetent cells 

harbouring pKD46-apra cells, the helper plasmid was first modified.  The 

pKD46 plasmid was modified by replacing the bla in pKD46 with aac(3)-IV by 

the same method as previously mentioned (Figure 6-4) and designated as 

pKD46-apra.  Next, pKD46-apra was electroporated into electrocompetent 

Kpneu_1, Kpneu_110, and C3091 cells and designated as Kpneu_1/pKD46-

apra, Kpneu_110/pKD46-apra and C3091/pKD46-apra.  Electrocompetent 

Kpneu_1/pKD46-apra cells were then prepared using the method explained in 

4.2.  The gel extracted HF mutant cassettes were electroporated into 

electrocompetent Kpneu_1/pKD46-apra cells and grown on LB-spc 100 µg/ml 

at 37 C for 16 h.  The colonies obtained from electroporation were screened 

for the correct bands to confirm that allelic exchanged had occur by PCR.  The 

PCR was conducted using the primer sets that were designed based on the 

chromosomal regions which are adjacent to the mutant cassettes (for the 

purpose of explanation, these primers will be referred as an external primer 
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(see Figure 6-16), the specific aad9 primer set and the target gene ompK35 or 

ompK36 primer sets. 

 

Figure 6-16 Location of the external primers for confirmation of mutant 

strains. 

The figure shows the location of the external primers that are located at the 

chromosomal regions adjacent to the mutant cassettes.  The external primers were 

used to distinguish between the mutant strains and wild type strains.  These primers 

were used to confirm occurrence of gene replacement by amplifying the mutant 

cassettes including flanking regions of the gene of interest, aad9 selectable marker 

gene (for mutant strains) or ompK35/ompK36 (for wild type strains) and a 

chromosomal region adjacent to the cassettes.  The expected amplicon size for each 

strain is as shown.  Flanking region is indicated by blue boxes and K. pneumoniae 

chromosomal region adjacent to the mutant cassettes is denoted by dashed line.  
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The expected band for the Kpneu_1 wild type strain was 2142 bp and  

2224 bp for ompK35 and ompK36, respectively.  While, the expected band 

for its isogenic mutant strains, ΔompK35 and ΔompK36 were 1839 bp and 

1883 bp, respectively.  A detectable reduction in the size of wild type strain 

and mutant strain was observed on a 1.0 % agarose gel by electrophoresis.  

Using the same protocol of electroporation, ΔompK35 and ΔompK36 isogenic 

mutant strains of C3091 were also successfully obtained (Figure 6-17).  The 

expected band for the C3091 wild type strain was 2142 bp and 2242 bp for 

ompK35 and ompK36, respectively.  While the expected band for its isogenic 

mutant strains, ΔompK35 and ΔompK36 were 1839 bp and 1894 bp, 

respectively.  Strain Kpneu_110, however could not be genetically modified. 

Kpneu_110 was notable because it had a hypermucoviscous morphology 

(discussed in the discussion below).   
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Figure 6-17 Confirmation of mutant strains by PCR. 

The amplification of the chromosomal regions adjacent to mutant cassettes of  

A) ompK35 and B) ompK36 of Kpneu_1, and C) ompK35 and D) ompK36 of C3091.  

Confirmation of the gene replacement can be observed by the differences in the 

amplicon size amplified by the external primers between wild type and mutant 

strains.  Expected size for ompK35 and ompK36 of wild type strain can be seen at 

2142 bp or 2224 bp for Kpneu_1, and 2142 bp and 2242 bp for C3091, respectively.  

The expected size for Kpneu_1∆ompK35 and C3091∆ompK35 is 1839 bp.  While, 

the expected size for Kpneu_1∆ompK36 and C3091∆ompK36 is 1883 bp and 1894, 

respectively.  M: HyperLadder I (Bioline, UK). Lane 1A and 1B: Genomic DNA from 

Kpneu_1; Lane 1C and 1D: Genomic DNA from C3091; Lane 2A: Genomic DNA 

from Kpneu_1∆ompK35; Lane 2B: Genomic DNA from Kpneu_1∆ompK36; Lane 2C 

and 3C: Genomic DNA from C3091∆ompK35; Lane 2D and 3D: Genomic DNA from 

C3091∆ompK36; Lane 3A, 3B, 4C and 4D: negative control (no template control). 
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6.3.6  Development of complemented strains  

6.3.6.1 Construction of ompK35 complementation 

construct harbouring tet(M) 

Complementation constructs were developed by cloning ompK35 or ompK36 

with their putative promoters into pUC19-tet(M).  The tet(M) resistance gene 

was cloned in pUC19 plasmid vector by Dr Supathep Tansirichaiya (Eastman 

Dental Institute, UCL).  For the purpose of explanation, only the results of the 

ompK35 complementation construct of Kpneu_1 and C3091 will be described 

in detail since no complementation construct was successfully obtained for 

ompK36.  The ompK35 fragments were amplified using primer sets of 

OmpK35_SphI_GC_F_2 and OmpK35_SphI_GC_R_2 from Kpneu_1 and 

C3091 genomic DNA as template.  A 1506 bp PCR product was purified, and 

the purified PCR product and pUC19-tet(M) were digested with SphI.  The 

digested pUC19-tet(M) was then dephosphorylated and ligated with the 

purified digested ompK35 fragment.  Figure 6-18 below shows all the 

expected fragments.  The amplicons of ompK35 is 1506 bp.  The digested 

bands of pUC19-tet(M) and target genes were expected at 5276 bp and 1506 

bp, respectively.  While the ligation of pUC19-tet(M) and the targeted genes 

was confirmed by existence of multiple faint bands at ~ 8000 bp (ligation 

product of 5276 bp of pUC19-tet(M) back bone and 1506 bp of ompK35).   
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Figure 6-18 Construction of ompK35 complementation constructs. 

The figure shows A) Simulation of the SphI digestion pattern of pUC19-tet(M) and 

ompK35 amplified fragment on a 1 % agarose gel.  The pUC19-tet(M) backbone is 

observed at 5276 bp  while digested ompK35 fragment is at 1506 bp .  Simulation 

was run using Snap Gene (GSL Biotech LLC, US), B) The agarose gel shows 

plasmid DNA, amplified PCR product, digested product and ligation product of 

complementation construct.  Lane 1: pUC19-tet(M) plasmid DNA.  Lane 2: ompK35 

with promoter amplicon derived from Kpneu_1.  Lane 3: ompK35 with promoter 

amplicon derived from C3091.  Lane 4: purified digested plasmid.  Lane 5: purified 

SphI digested fragment of Kpneu_1.  Lane 6: purified SphI digested fragment of 

C3091.  Lane 7: Ligated product of pUC19-tet(M) and ompK35 of Kpneu_1.  Lane 8: 

Unligated control of pUC19-tet(M) and ompK35 from Kpneu_1.  Lane 9: Ligated 

product of pUC19-tet(M) and ompK35 of C3091.  Lane 10: Unligated control of 

pUC19-tet(M) and ompK35 from C3091.  M: HyperLadder I, (Bioline UK).  All of the 

expected bands were denoted by red arrow.  Expected bands can be seen for 

plasmid DNA, and amplified product upon amplification.  The 5276 bp band for 

pUC19-tet(M) backbone and 1506 bp of ompK35 fragments were also observed from 

the gel.  The ligation was suspected to occur successfully since multiple bands were 

observed upon ligation in comparison to the unligated control (without T4 DNA 

ligase) which showed only two bands; 5276 bp plasmid backbone and 1506 bp 

ompK35 fragments.  Our obtained gel also showed the same bands as predicted by 

Snap Gene (GSL Biotech LLC, US).  The plasmid backbone and insert are indicated 

by red arrows. 

A)  B)  
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After transformation of the ligated product into E. coli competent cells, the 

colonies were selected and grown for plasmid extraction in LB-tet 12.5 µg/ml 

broth.  The plasmids were digested and the plasmids with the expected insert 

(Figure 6-19) were sent for sequencing.   

 

 

Figure 6-19 Confirmation of the complementation constructs by digestion. 

The figure shows the electrophoresis gel of the restriction digest to confirm the 

plasmid constructs.  M: HyperLadder I (Bioline, UK).  Lane 1-8: Digested product for 

putative Kpneu_1ompK35ompK35 constructs.  Lane 9-16: Digested product for 

putative C3091ompK35ompK35 constructs. Lane 1, 3, 5, 7, 9, 11, 13 and 15: 

Undigested plasmid. Lane 2, 4, 6, 8, 10, 12, 14, and 16: SphI digested plasmid.  No 

expected bands were seen for putative Kpneu_1ompK35ompK35 construct upon 

digestion.  However, three C3091ompK35ompK35 constructs were seen to 

harbour a correct construct by showing ~5500 bp of pUC19-tet(M) backbone and 

~1500 of ompK35 with promoter fragment. Constructs 10, 12, and 16 were then sent 

for sequencing.  The plasmid backbone and insert are indicated by red arrows.  

 

Unfortunately, upon sequence analysis, the constructs did not harbour any of 

the expected insert, ompK35 with putative promoter.   
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6.3.7 Antimicrobial susceptibility testing 

It is very important to determine the factors contributing to the emergence of 

antimicrobial resistant K. pneumoniae as it is one of the significant growing 

concerns in healthcare settings (O'Neill, 2016).  Other than acquisition of 

antimicrobial resistance genes, impermeability of the outer membrane layer 

(Nikaido, 2003), loss or modification of porin(s) (Pagès, et al., 2008) are also 

known to contribute to these factors.  

To investigate the role of OmpK35 and OmpK36 in antibiotic and antiseptic 

resistance, the antimicrobial susceptibility testing was conducted on the wild 

type strains and their isogenic mutant strains.  The antibiotics tested in this 

study were from different families and had different modes of action.  They 

were -lactam (cefotaxime), fluoroquinolone (ciprofloxacin), tetracycline 

(tetracycline) and the aminoglycoside (gentamicin).  While the quaternary 

ammonium compound (QAC) antiseptics were cetylpyridinium chloride (CPC) 

and cetyltrimethylammonium bromide (CTAB).  Due to growing number of 

hospital-acquired K. pneumoniae infection cases, it has become important to 

investigate the resistance mechanism of QACs in K. pneumoniae as QACs 

are among the main components for detergents and antiseptics used in 

hospitals.  
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Table 6-4 summarises the median MIC (µg/ml) and the range of cefotaxime, 

ciprofloxacin, tetracycline, gentamicin, CPC, and CTAB tested for Kpneu_1 

and C3091, and their isogenic mutants: Kpneu_1ompK35, 

Kpneu_1ompK36, C3091ompK35, and C3091ompK36.  The clinical 

strain, Kpneu_1 was, in general resistant to more antibiotics compared to the 

laboratory strain, C3091 (based on the EUCAST breakpoint).  Deletion of 

ompK35 and ompK36 was observed to cause increased resistance to several 

antibiotics especially to cefotaxime and tetracycline.  The increased 

resistance to cefotaxime was observed in C3091ompK36 which was  

2.5 times higher compared to its wild type and C3091ompK35 counterpart.   

However, the increased resistance in strain Kpneu_1 and its isogenic mutants 

could not be identified since the median MIC of cefotaxime for all the strains 

was > 32 µg/ml and this value is out of the E- test range for cefotaxime.   

Moreover, increased resistance to tetracycline was also observed in 

Kpneu_1ompK35 and C3091ompK35 compared to their wild type and 

ompK36 mutant counterparts.  The median MIC of tetracycline for 

Kpneu_1ompK35 was 0.75 µg/ml, which was 1.5 times higher than the 

median MICs of tetracycline for Kpneu_1 and Kpneu_1ompK36, which were 

at 0.5 µg/ml.  While the median MIC of tetracycline for C3091ompK35  

(1.5 µg/ml) was 1.5 times higher than the median MIC of C3091 (0.75 µg/ml) 

and 3 times higher than the median MIC of C3091ompK36 which was only 

0.5 µg/ml. 
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Table 6-4 Median MIC of antibiotics and antiseptics for Kpneu_1, C3091, and their isogenic mutants. 

Strain Kpneu_1  Kpneu_1∆ompK35 Kpneu_1∆ompK36 C3091  C3091∆ompK35 C3091∆ompK36 

 Median 
MIC 
(µg/ml) 

Range 

(µg/ml) 

Median 
MIC 
(µg/ml) 

Range 

(µg/ml) 

Median 
MIC 
(µg/ml) 

Range 

(µg/ml) 

Median 
MIC 
(µg/ml) 

Range 

(µg/ml) 

Median 
MIC 
(µg/ml) 

Range 

(µg/ml) 

Median 
MIC 
(µg/ml) 

Range 

(µg/ml) 

E-test MIC 

Cefotaxime >32 >32 >32 >32 >32 >32 

 

0.047 (0.032-
0.047) 

0.047 0.047 0.125 (0.094-
0.125) 

Ciprofloxacin 0.016 0.016 0.016 

 

(0.016-
0.032) 

0.016 (0.016-
0.032) 

0.012 (0.012-
0.016) 

0.016 

 

0.016 

 

0.012 

 

(0.012-
0.016) 

Tetracycline 0.5 

 

(0.38-
0.5) 

0.75 (0.75-
1.5) 

0.5 0.5 0.75 (0.38-
0.75) 

1.5 1.5 0.5 0.5 

Gentamicin 6.0 6.0 6.0 6.0 4.0 

 

(4.0-
6.0) 

0.38 0.38 0.25 0.25 0.25 0.25 

 

Broth microdilution 

CPC 64 64 64 64 64 64 

 

64 64 64 64 64 64 

 

CTAB 128 128 128 (64-
128) 

128 (64-
128) 

128 128 128 128 128 128 

 

 

*median is from three independent experiments  

  



277 |  

 

6.3.8 Growth kinetics of wild type and mutant strains upon 

cultivation in TSB and AUM 

Growth curves performed in TSB and AUM for Kpneu_1, C3091, and their 

isogenic mutant strains showed that all the strains grew faster in TSB 

compared to AUM.  The difference can be seen from the growth curve which 

showed that all the strains reached mid-log phase quicker in TSB in 

comparison to AUM (Figure 6-20 and Figure 6-21), and also by the growth rate 

constant (µ) and doubling time (td) which are presented in Table 6-5. The 

growth rate constant and doubling time was determined using the calculation 

mentioned in Chapter 4 section 4.2.3.1.  The growth curves of Kpneu_1 and 

C3091 wild type strains were almost similar with their isogenic mutants upon 

cultivation in TSB and AUM.  All strains reached mid-log phase after 2 h 

cultivation in TSB (Figure 6-20) while they approached mid-log phase after  

4 h cultivation in AUM (Figure 6-21).   
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Figure 6-20 Growth curve of Kpneu_1, C3091, and isogenic mutants in TSB. 

The figure shows growth curve of A) Kpneu_1 and its isogenic mutant strains and B) C3091 and its isogenic mutant strains in TBS plotted in two 

different scales: i) linear scale and ii) logarithmic scale.  Data presented are the mean of two independent experiments and error bars indicates 

the standard deviations. All of the strains showed almost similar growth rate upon cultivation in TSB especially when reaching the exponential 

phase.  Mid-log phase (indicated by the red arrow) of all the strains was observed after 2 h.  The OD1/t0 and OD2/t for growth rate constant and 

doubling time determination are as labelled.  The graph lines are indicated as follow: blue: Kpneu_1, turquoise: Kpneu_1∆ompK35, light orange:  

Kpneu_1∆ompK36, red: C3091, dark green: C3091∆ompK35 and purple: C3091∆ompK36.  The OD1 and OD2 are the absorbance value and t0 

and t are the time, at late and early log phase used for calculation based on the equation in Chapter 4 section 4.2.3.1 
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Figure 6-21 Growth curve of Kpneu_1, C3091, and isogenic mutants in AUM. 

The figure shows growth curve of A) Kpneu_1 and its isogenic mutant strains and B) C3091 and its isogenic mutant strains in AUM plotted in 

two different scales: i) linear scale and ii) logarithmic scale.  Data presented are the mean of two independent experiments and error bars 

indicates the standard deviations. All of the strains showed almost similar growth rate upon cultivation in AUM especially when reaching the 

exponential phase.  Mid-log phase (indicated by the red arrow) of all the strains was observed after 4 h. The OD1/t0 and OD2/t for growth rate 

constant and doubling time determination are as labelled. The graph lines are indicated as follow: blue: Kpneu_1, turquoise: Kpneu_1∆ompK35, 

light orange:  Kpneu_1∆ompK36, red: C3091, dark green: C3091∆ompK35 and purple: C3091∆ompK36. The OD1 and OD2 are the absorbance 

value and t0 and t, are the time at late and early log phase used for calculation based on the equation in Chapter 4 section 4.2.3.1 

 
 
 
 
 
 
 
  



282 |  

 

The growth rate constant (µ) and doubling time (td) of Kpneu_1 and C3091, 

and their isogenic mutant strains were determined according to the calculation 

showed in Chapter 4, section 4.2.3.1.  Doubling time for strain Kpneu_1 and 

C3091 and their isogenic ∆ompK35 strains, Kpneu_1∆ompK35 and 

C3091∆ompK35 was 35 min in TSB.  While their isogenic mutants, 

Kpneu_1∆ompK36 and C3091∆ompK36 had doubling time of 29 min.  The 

doubling time for all the wild type and mutant strains upon cultivation in AUM 

(Figure 6-21) was longer compared to TSB.  The doubling times of strain 

Kpneu_1 and C3091 upon cultivation in AUM were 103 min and 100 min, 

respectively.  Their mutant strains showed slightly shorter doubling times 

although no obvious differences could be seen from the growth curve. The 

doubling times of Kpneu_1∆ompK35 and Kpneu_1∆ompK36 upon cultivation 

in AUM were 100 min and 97 min, respectively.  While the doubling times of 

C3091∆ompK35 and C3091∆ompK36 upon cultivation in AUM were 96 min 

and 99 min, respectively (Table 6-5). 
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Table 6-5 Growth rate constant (µ) and doubling time (td) of Kpneu_1 and C3091, and their isogenic mutant strains upon cultivation 

in TSB and AUM. 

 

Strain 

 

Media 

Equation 1 

(h-1) 

Equation 2 

(min) 

µ= (log10 OD2 – log10 OD1) 2.303/ (t- t0) td = ln 2 / µ 

Kpneu_1 TSB 1.20 35 

AUM 0.40 103 

Kpneu_1∆ompK35 TSB 1.17 35 

AUM 0.42 100 

Kpneu_1∆ompK36 TSB 1.40 29 

AUM 0.43 97 

C3091 TSB 1.20 35 

AUM 0.41 100 

C3091∆ompK35 TSB 1.18 35 

AUM 0.43 96 

C3091∆ompK36 TSB 1.31 32 

AUM 0.42 99 
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6.3.9 Role of OmpK35 and OmpK36 in biofilm formation by  

K. pneumoniae in 96-well polystyrene tissue culture treated 

plates 

In order to determine a role of OmpK35 and OmpK36 in biofilm formation by 

K. pneumoniae, both of the strains, Kpneu_1 and C3091 and their isogenic 

mutants were used in this experiment.  No significant difference was seen 

between Kpneu_1 and its isogenic mutant strains upon cultivation in either 

medium.  In addition, no significant difference in biofilm formation by strain 

C3091 and C3091∆ompK35 could be seen upon cultivation in TSB.  However, 

strain C3091 was found to form slightly lower biofilm  

(p < 0.05) in AUM compared to strain C3091∆ompK36 (Figure 6-22).   
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Figure 6-22 Biofilm formation of Kpneu_1, C3091, and their isogenic mutants 

in TSB and AUM. 

The graphs show biofilm formation by A) Kpneu_1 and its isogenic mutant and  

B) C3091 and its isogenic mutant upon cultivation in i) TSB and ii) AUM.  Bars show 

average reading obtained using CV assays from three independent experiments.  The 

data was analysed by a Kruskal-wallis with Dunn’s multiple comparison.  The error 

bars indicate standard deviation of n=15.  No significant difference can be seen 

between the Kpneu_1 wild type strain and its isogenic mutant strains upon cultivation 

in either of the medium.  No significant difference was seen between C3091 and 

C3091∆ompK35 upon cultivation in TSB, while a significant higher of biofilm formation 

was seen between C3091∆ompK36 compared to C3091 upon cultivation in AUM.  

Statistical significance is indicated by * represents p < 0.05. 
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6.3.10 Role of OmpK35 and OmpK36 in biofilm formation 

by K. pneumoniae on catheter pieces 

The role of OmpK36 and OmpK35 in biofilm formation were next determined 

in a more clinically relevant assay.  The capacity of strain Kpneu_1 and its 

isogenic mutant to form biofilms on catheter pieces was evaluated by 

cultivating these strains in TSB.  While the capacity of the other, strain C3091 

and its isogenic mutants, were evaluated by growing these strains in AUM.  

The media was chosen based on our previous data in Chapter 4 (Figure 4-10), 

which showed that strain Kpneu_1 formed more biofilm in TSB while strain 

C3091 formed more biofilm upon cultivation in AUM. 

The capacity of Kpneu_1, C3091 and their isogenic mutants to adhere on 

silicone catheter surfaces and eventually form a biofilm was evaluated by CV 

staining, and enumeration of the cells harvested from the surface of the 

catheter was also conducted.  No significant difference was seen between the 

wild type and mutant strains upon CV staining and enumeration of the cells.  

No significant difference of biofilm formation of Kpneu_1 wild type, 

Kpneu_1∆ompK35, and Kpneu_1∆ompK36 was observed upon cultivation of 

these strains on catheter surfaces in TSB under shaking conditions.  The 

C3091 wild type, C3091∆ompK35, and C3091∆ompK36 were also shown to 

have similar capacity to form biofilms on catheter surfaces upon cultivation in 

AUM under the same condition as Kpneu_1 and its mutants. 
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Figure 6-23 Biofilm formation and cell viability of Kpneu_1 and its isogenic 

mutants on silicone catheter surfaces. 

The graph shows biofilm formation by Kpneu_1 and its isogenic mutants on silicone 

catheter surfaces upon cultivation in TSB at 37 °C for 24 h.  A) The biofilm was 

quantified by CV staining.  The error bars indicate standard deviation from three 

independent experiments with data points for each strain as represented.   B) Box 

and whiskers plot shows the CFU/cm2 on catheter surfaces of Kpneu_1 and its 

isogenic mutants post 24 h cultivation in TSB.  Bars show A) average absorbance 

reading obtained using CV staining assay and B) median value of CFU/cm2 from three 

independent experiments (average value is signposted by +).  The data was analysed 

by a Kruskal-Wallis with Dunn’s multiple comparison test.  The blank was TSB without 

any inoculated bacteria.  The error bars indicate standard deviation of nine replicates.  

No significant difference could be seen between Kpneu_1 and its isogenic mutant 

strains upon cultivation in TSB in terms of biofilm formation on silicone catheter pieces 

and cell viability harvested from the silicone catheter pieces. 
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Figure 6-24 Biofilm formation and cell viability of C3091 and its isogenic 

mutants on silicone catheter surfaces. 

The graph shows biofilm formation by C3091 and its isogenic mutants on silicone 

catheter surfaces upon cultivation in AUM at 37 °C for 24 h.  A) The biofilm was 

quantified by CV staining.  The error bars indicate standard deviation from three 

independent experiments with data points for each strain as represented.  B) Box and 

whiskers plot shows the CFU/cm2 on catheter surfaces of C3091 and its isogenic 

mutants post 24 h cultivation in AUM.  Bars show A) average absorbance reading 

obtained using CV staining assay and B) median value of CFU/cm2 from three 

independent experiments (average value is signposted by +).  The data was analysed 

by a Kruskal-Wallis with Dunn’s multiple comparison test. The blank was AUM without 

any inoculated bacteria.  The error bars indicate standard deviation of nine replicates.  

No significant difference could be seen between C3091 and its isogenic mutant 

strains upon cultivation in AUM in terms of biofilm formation on silicone catheter 

pieces and cell viability harvested from the silicone catheter pieces. 
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6.4 Discussion 

In the initial part of this study, the University of California, San Francisco, 

UCSF Chimera 1.12rc programme (Pettersen, et al., 2004); an open access 

molecular modelling software for visualisation, and analysis of protein 

structure and functional modelling was used to illustrate and superimpose the 

3D structures of OmpC, OmpK36, and predicted structure of OmpK35. 

Structure-based alignment is known to be more reliable than sequence-based 

alignment since protein structure is thought to be more conserved than 

sequence (Chothia, et al. , 1986).   

This software was chosen since it provides access to many analysis tools that 

were important in our study such as sequence alignment, structure alignment 

or superimposition.  Protein structures can be visualised automatically with 

their amino acid sequences.  In addition, this programme can superimpose two 

different structures without the existence of pre-existing sequence alignment, 

and it can match the sequences and secondary structures of two proteins, 

even if they have very low sequence identity.  Our protein structural analysis 

data demonstrated that OmpC of E. coli and OmpK36 of K. pneumoniae, and 

also OmpK36 and OmpK35 have a high degree of structural similarity and a 

high percentage of amino acid sequence identity.  We then hypothesised that 

OmpC, OmpK36 and OmpK35 could possibly play similar functions since they 

were shown to have a high degree of structural similarity.  Our hypothesis was 

also based on the concept that orthologs, possibly play the same or similar 

functions in different species (Lee, et al. , 2007).  This concept, however, is not 

applicable for all orthologs since the specific protein conformation or protein 
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fold adopted by any particular protein does not necessarily lead to the same 

function (Lee, et al., 2007).   

We then developed our ompK35 and ∆ompK36 mutant strains of Kpneu_1 

and C3091 by site-directed mutagenesis by homologous recombination using 

λ-red recombinase system.  Our result showed that a single deletion of 

ompK35 and ompK36 occurred by replacement of these genes in the genome 

of wild type strains with aad9 from the mutant cassettes.  Unfortunately, no 

complemented strains were obtained and this will be discussed later.   

At the beginning of this study, ompK35 and ompK36 mutant constructs were 

designed with erm1(B) as a selective marker.  Unfortunately, we had 

difficulties with the screening for putative mutant colonies.  Uncountable  

K. pneumoniae colonies were found to grow on LB plates even with a very 

high concentration of erythromycin (~ 400 µg/ml).  The background growth of 

non-recombinant negative control colonies was also observed on this 

selective medium.  Hence, the mutant constructs were then re-developed 

using a different selective marker to eliminate the appearance of false positive 

colonies.  The growth of false positive colonies could be due to an intrinsic 

resistance of K. pneumoniae to erythromycin.  

We concluded that erm1(B) was not a suitable marker to be used for  

K. pneumoniae mutagenesis, even though all the strains used in this study 

did not harbour erm1(B).  This is probably because the outer membrane (OM) 

layer of K. pneumoniae is composed of asymmetric bilayer of LPS and 

phospholipids.  It is proven that intrinsic resistance against erythromycin could 



291 |  

 

be due to intact hydrophilic LPS at the OM layer of several Gram-negative 

bacteria, which results in slow passive diffusion of erythromycin and 

eventually provides a permeability barrier to this lipophilic drug (Nikaido, 

2003).  The erythromycin resistance also might be due to the existence of an 

active efflux pump, which pumps the antibiotics out of the cells through the 

membrane that leads to less concentrated antibiotics in the cytoplasm 

(Webber, et al. , 2003).  Small hydrophilic porin channels that are located in 

the OM layer also inhibit the entrance of large hydrophobic molecules such 

as erythromycin (Delcour, 2003; Pagès, et al., 2008).  This is due to the 

existence of an eyelet structure (see Figure 6-1) in porins that provides size 

exclusion limits to the entrance of those big molecules (Delcour, 2009). 

Since most of the strains used in this study were resistant to almost all 

available antibiotics including those antibiotics that are commonly used as 

selective markers (see Table 2-3) during cloning, we encountered another 

problem to choose a suitable selective marker for the mutagenesis.  The initial 

mutant constructs were modified by replacing the erm1(B) with aad9.  aad9 

which encodes for spectinomycin adenyltransferase was first identified in  

E. faecalis LDR55 plasmid, pDL412 (LeBlanc, et al. , 1991).  This gene was 

chosen but with a limitation that only three strains were subjected to be 

manipulated, Kpneu_1, Kpneu_110, and C3091, since they had a lower MIC 

of spectinomycin (12.5 µg/ml) than the MIC could be used for selection  

(100 µg/ml).  These strains were also confirmed to not carry aad9 by PCR.  

The second reason of the failure to obtain mutant strains was thought to be 

due to a host native RecBCD exonuclease pathway in K. pneumoniae  
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(C. Chen, et al. , 2016).  This pathway is comprised of heterotrimer RecBCD 

enzyme, consisting of three distinctly different polypeptides, RecB, RecC and 

RecD.  This RecBCD complex binds to the end of double-stranded DNA.  

Operating from a 3’-5’ translocation polarity at the end of the double stranded 

DNA, RecBCD unwinds the duplex by its fast and weak helicases, RecD and 

RecB, respectively.  Upon recognition of a cross-over hotspot instigator (Chi) 

(5’ GCTGGTGG 3’) site on one strand by RecC, the enzyme complex cleaves 

the other complementary strand, and exposes the new 3’ single strands end 

with the Chi site.  The recombinase protein (RecA) is then nucleated onto the 

ssDNA to form a nucleoprotein filament.  The RecA nucleoprotein filament 

scavenges for a homologous strand from the host genome and catalyses the 

DNA strand invasion by pairing the invading ssDNA with the host 

complementary strand, and displacing the non-complementary strand by 

formation of a Holliday junction (Amundsen, et al. , 2007; Chen, et al., 2016; 

Dillingham, et al. , 2008).  After this process, the RecBCD complex is then 

dissembled.   

Apart from recombinase, this potent exonuclease is also responsible for rapid 

degradation of invading linear DNA (Wilkinson, et al. , 2016).  This RecBCD 

system directly targets foreign DNA elements that invade into host cells, and 

without Chi site, degradation would possibly occur continuously until the whole 

duplex DNA strand is digested.  This might be happening in our  

K. pneumoniae strains resulting in no mutant strains being obtained at first.  

An alternative approach was then taken to overcome the RecBCD pathway in  

K. pneumoniae strains, which was to increase the recombination efficiency of 

linear foreign DNA into the bacterial chromosome.  



293 |  

 

Taken together, these approaches allowed us to obtain the ompK35 and 

∆ompK36 mutant strains derived from Kpneu_1 and C3091 by reconstructing 

new mutant constructs and adapting the recombineering method by λ-red 

recombinase using a helper plasmid, pKD46.  Exo, Bet and Gam, which are 

encoded by exo, bet and gam derived from the red operon of λ-bacteriophage, 

also play a significant role in hindering the degradation of our mutant cassettes 

by RecBCD pathway upon electroporation and indirectly mediates the 

homologous recombination to occur.   

In this study, we could not manage to develop a mutant strain for Kpneu_110.  

Upon visualization, colonies of this strain had a very distinct 

hypermucoviscous phenotype (see Figure 1-2 in Chapter 1) compared to the 

other two strains.  During preparation of electrocompetent cells of 

Kpneu_110, centrifugation and washing step were slightly inefficient since the 

cells were difficult to be pelleted down.  Our observation similar with a 

previous study by Pan, et al. (2011) which mentioned the constraints of using 

hypermucoviscous K. pneumoniae strains.  This strain, however, was able to 

take up the pKD46-apra helper plasmid since it was shown to harbour the 

pKD46-apra by amplification of the apramycin resistance gene, aac(3)-IV and 

pKD46-apra plasmid backbone (data not shown), but, no homologous 

recombination between the target gene, ompK35 or ompK36 with selectable 

marker aad9 was observed upon electroporation.  The decreased efficiency 

of homologous recombination in this strain might be because of the 

physicochemical hindrance conferred by thick capsule structure and this 

remains to be explored.  
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No complemented strains were obtained in this study.  Our result might 

suggest that usage of a high copy number plasmid such as pUC19 was 

unsuitable for development of ompK35 or ompK36 complemented strains 

since this may result in high levels of OmpK35 or OmpK36 that might 

destabilise the outer membrane.  Also, we hypothesised that the host cells 

could not survive since abundant production of porins can be detrimental to 

the growth of cells (K. L. Jones, et al. , 2000) and lead to porous cells.  

Therefore, to develop complemented strains of ompK35 or ompK36, these 

genes should be expressed in a low or single copy number plasmid.  A low 

copy number plasmid could be used instead of high copy number plasmid 

(Sugawara, et al., 2016).   

In addition, we also could not manage to obtain the complementation 

constructs.  As shown in Figure 6-18 and Figure 6-19, we managed to get the 

putative mutant constructs with the expected size, however, they did not 

harbour the complementation cassettes after confirmation by sequencing.  

This could be because of a high degree similarity of ompK35 or ompK36 of  

K. pneumoniae with ompF and ompC of E. coli which leads to homologous 

recombination that could possibly occur.  The fact that most of E. coli cloning 

hosts are recA deficient to minimise any unexpected homologous 

recombination, this homologous recombination is very unlikely to occur but it 

is also important to consider this factor since there is still a chance it will 

happen.  Using a different cloning host as an example, Bacillus subtilis and a 

low copy number plasmid, pHCMC05 or a copy control plasmid as in 

pCC1BAC would possibly increase the efficiency, but further study is needed 

to confirm this hypothesis.   
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The effect of OmpK35 and OmpK36 porin loss on antibiotic and antiseptic 

resistance was determined using E-test and broth microdilution assays, 

respectively.  Loss of OmpK36 was shown to have an effect on median MIC 

of cefotaxime for strain C3091.  This can be seen from our data, which 

showed that C3091ompK36, the mutant strain derived from laboratory 

strain, had 2.5 times higher median MIC of cefotaxime than for C3091 and 

C3091ompK35.  The reason is possible due to the lack of channels that can 

be used to transport the cefotaxime into the bacterial cell, however, this 

hypothesis needs to be confirmed together with the complementation strains.  

This data is in contrast to the previous findings by Tsai, et al. (2011) which 

showed that loss of one or both of OmpK35 or OmpK36 porin did not affect 

the susceptibility of K. pneumoniae strain NVT2001 to cefotaxime.  The 

median MIC of Kpneu_1 and its isogenic mutant strains, however, could not 

be confirmed since it was higher than the detection limit of cefotaxime E-test 

strip.  

Another prominent difference that could be seen was the increased median 

MIC of tetracycline for C3091ompK35 in comparison to its parental strain 

and C3091ompK36.  The data shows that Kpneu_1ompK35 also had a 

higher median MIC of tetracycline than Kpneu_1 and Kpneu_1ompK36.  

This suggested that OmpK35 might play a role for tetracycline transportation 

across the membrane for both of these strains.  Our data is in accordance 

with the previous finding by Thanassi, et al. (1995) who also proved that 

uptake of tetracycline was reduced in an E. coli ompF mutant,  and increased 

resistance in mutants with decreased expression of ompF.  These finding 



296 |  

 

together with our finding clearly suggesting that tetracycline might use 

OmpK35 or its homolog, OmpF as a channel to cross the outer membrane 

layer of E. coli and K. pneumoniae.  Since we did not have the complemented 

strains, further study is warranted to confirm this hypothesis. 

No large differences could be seen between Kpneu_1 and C3091 and their 

isogenic mutants for the median MIC of ciprofloxacin and gentamicin.  The 

median MIC of ciprofloxacin was the same for Kpneu_1 and its isogenic 

mutants, while C3091ompK35 had just only one dilution step of higher of 

median MIC of ciprofloxacin (from 0.012 µg/ml to 0.016 µg/ml) compared to 

its parental strain, C3091 and C3091ompK36.  This is in agreement with the 

finding by Hernández-Allés, et al. (2000) who found that deficiency in either 

OmpK35 or OmpK36 porin expression did not result in increased MICs of 

fluoroquinolones including the hydrophilic compounds, ciprofloxacin, and 

gentamicin.  A previous study also showed decreased MIC of ciprofloxacin 

caused by the expression of OmpK35, was just one dilution step lower  

(0.25 µg/ml) than the strain that expressed only OmpK36, and strain that 

expressed both of the porins which the MIC was at 0.5 µg/ml (Doménech-

Sánchez, et al., 2003).  

We, however, observed that C3091∆ompK35 and C3091∆ompK36 had 

increased susceptibility to gentamicin compared to C3091 strain. The median 

MIC of both of the mutant strains was found to be 1.5 times lower than their 

wild type.  In addition, Kpneu_1∆ompK36 was also found to have lower 

median MIC to gentamicin compared to its wild type and Kpneu_1∆ompK35.  

This observation is not in line with the previous study by  Doménech-Sánchez, 
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et al. (2003) which showed that lack of OmpK35 or OmpK36 did not result in 

any difference in MIC of gentamicin (4 µg/ml) in comparison to the strain that 

expressed both of the porins.   

Hernández-Allés, et al. (2000) also concluded that loss of expression of a 

single porin either OmpK35 or OmpK36 or both porins did not alter the MICs 

of aminoglycosides, fluoroquinolones, tetracycline, and chloramphenicol but 

the MICs of β-lactams including cefotaxime were observed to increase for 

ompK35/ompK36 porin-deficient mutants.  Nonetheless, this is not the case 

in our study since we found that absence of OmpK35 porin had a difference 

in median MIC of tetracycline and loss of OmpK36 porin of C3091 showed 

about 2.5 times higher median MIC of cefotaxime compared to its parental 

strain and C3091ompK36.  The role of porins in antibiotic susceptibility is 

well-established.  However, the variance of antibiotic susceptibility between 

strains could also be due to the existence of other mechanisms of resistance 

as an example, having efflux pumps or harbouring any resistance genes 

against several classes of antibiotics in the same bacterial cells. 

Due to the fact that OmpF and OmpC are charge preference, which prefer 

neutral or cationic molecules over anionic molecules, we then hypothesised 

that loss of OmpK35 and OmpK36, the homologs of OmpF and OmpC, might 

affect MIC of CTAB and CPC against K. pneumoniae (Nikaido, 1994).  QACs 

are monocationic surfactants, which reduce the surface tension (interfacial 

tension) of liquid, or between liquid and solid and form micelles.  These 

micelles can be easily dispersed in liquid.  The following steps of the QACs 

mechanisms against bacteria were proposed by McDonnell (2007):  
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i) absorption of QACs via the cell wall ii) interaction of  QACs with the bacterial 

cytoplasmic membrane (phospholipid and LPS) followed by disorientation of 

the bacterial membrane iii) released of intracellular lower-weight compounds 

iv) degradation of the proteins and DNA v) induction of cell autolysis by 

autolytic enzymes (Denyer, et al. , 1998; Gerba, 2015; Maillard, 2002; 

McDonnell, et al. , 1999).  Data from our investigation, however, showed that 

lack of porins, OmpK35 and OmpK36 did not affect the median MIC of CTAB 

and CPC.  This suggests that OmpK35 and OmpK36 may not be involved in 

the entrance of these antiseptics into K. pneumoniae.  

Since there was an effect on growth of the ΔompK35 and ΔompK36 (Figure 

6-20 and Figure 6-21) mutants compared to wild types in TSB and AUM, it is 

suggested that porins could possibly play a role in growth of  

K. pneumoniae under high-osmolarity environment.  Our observation, 

however, is not in agreement with a previous study by Tsai, et al. (2011).  This 

study showed that wild type strain of NVT2001S had similar growth rate with 

its ompK35 and ompK36 mutant strains which were grown in LB and their 

generation time was 27 min for each strain.  Our data showed similar growth 

rates were observed between Kpneu_1 and C3091 and their ∆ompK35 mutant 

strains upon growth in TSB with a doubling time of 35 min.  Kpneu_1∆ompK36 

and C3091∆ompK36 were observed to grow faster in TSB with doubling times 

of   29 min and 32 min respectively.  All the mutant strains also were observed 

to have shorter doubling time upon cultivation in AUM in comparison to their 

wild type strains.  Thus, our data suggests that loss of OmpK35 does not alter 

growth of K. pneumoniae, but loss of OmpK36 may have a very small effect 

on the generation time upon growth in TSB.  Whilst, loss of OmpK35 and 
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OmpK36 could possibly have an effect in generation time upon cultivation in 

the nutrient-poor medium, AUM.   

No significant difference was observed for biofilm formation by Kpneu_1 

compared to its isogenic mutant strains in either of the media tested.  In 

addition, the same observation was obtained for biofilm formation by C3091 

compared to C3091∆ompK35 upon cultivation in 96-well microtitre plates in 

TSB.  However, a small but significant increase could be seen for biofilm 

formation by C3091∆ompK36 compared to C3091.  Given the proposed role 

of OmpC in biofilm formation by E. coli, we were quite surprised to observe 

that loss of OmpK36 slightly increased the biofilm formation by 

C3091∆ompK36.  Our data suggests that OmpK36 possibly has a small but 

significant effect on biofilm formation by K. pneumoniae upon cultivation in 

AUM in 96-well microtitre plate.  

We then performed another biofilm formation assays to investigate the role of 

OmpK35 and OmpK36 in biofilm formation by Kpneu_1, C3091 and its 

isogenic mutants in more clinically relevant assay.  No significant difference 

could be seen for cells number and also biofilm mass produced by Kpneu_1, 

C3091 and their isogenic mutants upon cultivation in TSB and AUM, 

respectively.  This assay suggested that OmpK35 and OmpK36 do not 

contribute to the biofilm formation by the tested K. pneumoniae strains upon 

growth in TSB and AUM on catheter pieces.   
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6.5 Conclusion  

In this chapter, we have shown that the amino acid sequences and protein 

structure of OmpK36 are highly similar with OmpC of E. coli.  In addition, 

comparative structural alignment of OmpK36 and a putative structure of 

OmpK35 shows high degree of similarity, despite sharing 60 % identity at the 

amino acid sequence level.   

Our data also shows that erm1(B) is not a suitable selective marker for  

K. pneumoniae and the genetic manipulation in K. pneumoniae requires a 

helper plasmid, pKD46 since it is likely that the RecBCD machinery would 

affect the occurrence of allelic exchange.  This is because this helper plasmid 

harbours exo, beta, and gam which encode for the protein that facilitate the 

occurrence of homologous recombination of the foreign DNA with  

K. pneumoniae genome. 

In addition, our findings have suggested that OmpK35 might possibly play a 

role for transportation of tetracycline in strains Kpneu_1 and C3091, while 

OmpK36 was shown to be involved in increased MIC of cefotaxime for  

strain C3091ompK36.  We have also demonstrated that both of these porins 

do not affect the susceptibility of Kpneu_1 and C3091 to QACs such as CTAB 

and CPC.   

The biofilm formation assays in 96-well microtitre plates have shown that 

OmpK35 and OmpK36 do not play a role in biofilm formation by Kpneu_1 

upon cultivation in TSB and AUM in 96-well microtitre plates with the 

exception of a slight increase in biofilm formation can be seen for 

C3091∆ompK36 compared to C3091.  Another clinically relevant biofilm 
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formation assays on silicone catheter pieces has also shown that OmpK35 

and OmpK36 are not involved in the biofilm formation by Kpneu_1 and C3091 

on catheter pieces upon growth in TSB and AUM, respectively.  
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7.0 General discussion and future directions 

7.1 General discussion 

The rapid emergence of antibiotic resistant bacteria has become a serious 

threat to global public health.  It is estimated that by 2050, there will be almost 

10 million individuals who will die due to antibiotic resistant bacterial infections 

(O'Neill, 2016).  K. pneumoniae is known as one of the most prevalent species 

that causes antibiotic resistant nosocomial infections, and as reported by 

O'Neill (2016), K. pneumoniae has been observed to increase in resistance 

rapidly.  Apart from the acquisition of antibiotic resistance genes, the 

emergence of antibiotic resistant K. pneumoniae strains, that could resist 

most of the antibiotics available in clinical settings, is probably due to the 

capacity of this pathogen to form biofilms on medical devices, for example, 

urinary catheters.  This phenomenon is known as biofilm-mediated antibiotic 

resistance (Vuotto, et al., 2014). 

Despite the large amount of research on mechanisms of antibiotic resistance 

by K. pneumoniae, very little information exists about the detailed mechanisms 

of biofilm formation by this pathogen.  Taking this challenge as our research 

theme, this study aimed to investigate the mechanisms of biofilm formation by 

K. pneumoniae as this information could aid the development of therapeutic 

agents against K. pneumoniae infection, and subsequently could provide 

further understanding on the contributing factors of biofilm-mediated antibiotic 

resistance by K. pneumoniae.  Five multidrug resistant clinical isolates and two 

laboratory strains, which acted as biofilm producer controls, were used in this 

study.  The studies presented in this thesis mainly focused on: i) the effect of 
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exposure of sub-inhibitory concentrations of antibiotics on biofilm formation by 

K. pneumoniae ii) the composition of biofilm EPS of K. pneumoniae upon 

cultivation in two different media, TSB and AUM iii) the role of type 1 fimbriae 

(T1F) in biofilm formation by K. pneumoniae, and iv) the role of OmpK35 and 

OmpK36 in biofilm formation by K. pneumoniae.  

The use of antibiotics (both appropriate and inappropriate) will expose bacteria 

to low concentrations of antibiotics. This study was conducted as several 

previous studies have shown that exposure of bacterial culture to sub-

inhibitory concentrations of antibiotics increased the biofilm formation by 

clinically relevant pathogen, for example, P. aeruginosa.  A study by Bagge, et 

al. (2004) showed that exposure of P. aeruginosa biofilms to sub-inhibitory 

concentrations of antibiotics, for example, 0.2 µg/ml of imipenem, increased 

the biofilm formation by P. aeruginosa by upregulating the genes which encode 

for alginate biosynthesis. 

As previously discussed, the capacity to form biofilms by K. pneumoniae is 

established as one of the causative factors contributing to the emergence of 

antibiotics resistant K. pneumoniae strains.  Thus, the aim of the study 

reported in Chapter 3 was to investigate the effect of exposure to sub-MICs of 

antibiotics, gentamicin and ciprofloxacin, on biofilm formation by  

K. pneumoniae.  We found that the biofilm formation by all the  

K. pneumoniae strains used in this study was not affected by the sub-MICs of 

commonly found antibiotics, gentamicin, and ciprofloxacin in clinical settings.   
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To our knowledge, we have provided for the first time data on the effect of 

antibiotic exposure on biofilm formation by K. pneumoniae.  These results have 

ruled out the risk factors for the antibiotic-induced biofilm formation by  

K. pneumoniae particularly on the multidrug resistant strains in clinical settings.  

The findings are clinically relevant since K. pneumoniae is also amongst the 

prevalent species that causes nosocomial infections, and the antibiotics used 

in this study are amongst the most common antibiotics prescribed for infections 

with this bacterium, particularly gentamicin and ciprofloxacin (Enzler, et al., 

2011; Hickerson, et al., 2006; Parkinson, et al., 2016). 

In the Chapter 4, we investigated the composition of K. pneumoniae biofilm 

EPS since it is not very well understood.  Our findings show a positive effect 

of proteinase K on biofilm formation by Kpneu_110.  Biofilm of Kpneu_110 

was found to increase upon treatment with 100 µg/ml of proteinase K in TSB.  

Since Kpneu_110 has very distinct morphological characteristics compared 

to the rest of the strains (see Figure 1-2), it would be worthwhile to investigate 

this observation in the future as this kind of information may be very important 

in identifying the contributing factors that could enhance the biofilm formation 

by hypermucoviscous K. pneumoniae strains instead of disrupting their 

biofilms.  Further work is needed to determine if there is any link between the 

increased biofilms formation of hypermucoviscous of K. pneumoniae strains 

upon treatment with proteinase K. 
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We also report for the first time on the analysis of the orientation of fim-switch; 

fimS, in multiple antibiotic resistant strain of K. pneumoniae upon cultivation in 

two different media in Chapter 5.  fimS is an invertible DNA element that 

controls the expression of major subunit of type 1 fimbriae (T1F), fimA and 

subsequently leads to the expression of T1F.  We also showed four of the 

strains used in this study had biofilm cells with fimS being in the ‘ON and OFF’ 

orientation (Kpneu_1, Kpneu_65, C3091, and CG43S3) and three strains 

(Kpneu_63, Kpneu_64, and Kpneu_110) had biofilm cells with fimS being in 

the ‘OFF’ orientation upon cultivation in TSB.  All the strains, however, had 

biofilm cells with fimS in the ‘OFF’ orientation upon cultivation in AUM.  This 

suggested that T1F could be involved in biofilm formation of four of the 

examined K. pneumoniae strains used in this study upon cultivation in TSB, 

however, the role of T1F in biofilm formation upon cultivation in AUM is still 

unclear.   

Our investigation on the gene sequences in T1F operon revealed multiple 

SNPs that were specific for both of the ‘ON and OFF’ and ‘OFF’ groups.  

Interestingly, one of the SNPs resulted in truncated FimK and it is conserved 

in all strains which had the fimS being in the ‘OFF’ orientation.  We 

hypothesised that the truncated FimK could influence the orientation of fimS 

since it was only present in strains where the fimS was always in the ‘OFF’ 

orientation, but further study is warranted to confirm this hypothesis.  Upon 

analysis of DNA sequences of genes in the T1F operon of all available  

K. pneumoniae strains on GenBank (up until August 2016), it revealed out of 

56 strains, 22 strains were shown to have this particular SNP that resulted in 

a truncated FimK.  Most of the strains were identified as clinical isolates from 
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different samples such as blood, urine, perirectal swabs and sputum.  

However, not all of the genome sequences of clinical K. pneumoniae strains 

used in this analysis were identified to have this particular SNP.     

We then investigated other proteins that might be involved in biofilm formation 

by K. pneumoniae, which were OmpK35 and OmpK36.  In the final results 

chapter (Chapter 6), defined isogenic mutants of strain Kpneu_1 and C3091, 

were constructed by deleting ompK35, and ompK36 and replacing these 

genes with spectinomycin resistance gene, aad9.  We also tested the capacity 

of ompK35 and ompK36 mutant strains to form biofilm in 96-well microtitre 

plates and on catheter surfaces together with their wild type strains.  Our study 

suggested that OmpK35 contributes to increase resistance to tetracycline, 

while OmpK36 plays a role in increased resistance to cefotaxime for strains 

C3091∆ompK35 and C3091∆ompK36, respectively.  This, however, could not 

be confirmed since we do not have complemented strains.  Due to the fact that 

both of these antibiotics, tetracycline and cefotaxime, at sub-inhibitory 

concentrations could induce biofilm formation by other Gram-negative bacteria 

such as S. enterica ser. Infantis (Tezel, et al., 2016) and S. enterica ser. 

Typhimurium (Majtan, et al. , 2008),  we hypothesised that, by loss of  OmpK35 

or OmpK36, K. pneumoniae could possibly form more biofilm upon exposure 

to the sub-inhibitory concentration of tetracycline and cefotaxime and this 

particular phenomenon is quite difficult to manage.  However, further study is 

warranted to confirm this hypothesis.    
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OmpK35 and OmpK36 were shown to play no role in biofilm formation by  

K. pneumoniae in our experimental model, apart from the slight increase of 

biofilm formation in C3091∆ompK36 in comparison to control upon cultivation 

in 96-well microtitre plates.  Due to the fact that K. pneumoniae could adhere 

and invade human bladder in pathogenesis of UTIs (Oelschlaeger, et al., 1997; 

Sahly, et al. , 2008), it is worth investigating the role of OmpK35 and OmpK36 

in mechanisms of adhesion and invasion of K. pneumoniae to human epithelial 

cells such as T24 human bladder carcinoma cells. 

To conclude, this study extends the current knowledge about mechanisms of 

biofilm formation by K. pneumoniae.  Exposure to sub-MICs of gentamicin, and 

ciprofloxacin do not increase biofilm formation by  

K. pneumoniae.  We have shown that proteins might play a role in biofilm 

formation by K. pneumoniae.  Further investigation on the role of one of the 

surface proteins, T1F, suggested that role of T1F in biofilm formation by  

K. pneumoniae is still speculative, since it has a different role upon cultivation 

in different environments.  Our study also suggested that OmpK35 and 

OmpK36 contributed to increased resistance to tetracycline and cefotaxime 

but this needs to be confirmed with the complemented strains.  In addition, 

OmpK35 and OmpK36 do not play a role in biofilm formation by K. pneumoniae 

upon cultivation on clinically relevant surfaces, on catheter surfaces.   

It is hoped that this research, which expands the current knowledge and 

understanding of mechanisms of biofilm formation by K. pneumoniae could 

contribute to future development of effective treatments for biofilm-associated 

infection caused by K. pneumoniae. 



309 |  

 

7.2 Future directions 

Exposure to sub-inhibitory concentrations of gentamicin and ciprofloxacin was 

shown to have no effect on biofilm formation by  

K. pneumoniae.  Since sub-inhibitory concentrations of antibiotics are 

suggested to stimulate or repress a large number of gene expressions in target 

bacteria at transcription level, (Goh, et al. , 2002), it is worth investigating the 

effect of other antibiotics on biofilm formation by K. pneumoniae.  This 

investigation could possibly provide us more information on risk factors that 

could contribute to the antibiotic-induced biofilm formation by K. pneumoniae. 

Since the resistance of K. pneumoniae to antibiotics is established to arise 

rapidly, and one of the known causes is the capacity to form biofilm by this  

pathogen, these data would be very beneficial in highlighting the underlying 

effect of the antibiotic exposure on biofilm formation by  

K. pneumoniae.  If we could identify the antibiotics that could induce biofilm 

formation by K. pneumoniae, it is useful to test the clinical isolates from the 

patients for biofilm inducibility against the antibiotics before a prescription of 

antibiotics in order to control the antibiotic-induced biofilm formation by this 

pathogen.   

We also found that Kpneu_110 had a very low capacity to form biofilms in 

AUM.  Knowing this hypermucosviscous strain was isolated from UTI, this is 

something worth further investigation.  As hypermucoviscous K. pneumoniae 

strains are normally associated with hypervirulence, it could be very beneficial 

if we could obtain more information about the gene regulation in biofilm 

formation by this hypermucosviscous strain (Shon, et al., 2013).  Gene 
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expression study by comparing between planktonic cells and biofilms of 

Kpneu_110 upon cultivation in AUM could be a very good stepping stone for 

us to understand the differential gene expression of this particular strain in a 

different growth state cultivated in a clinically relevant medium.  In addition, it 

is also worth comparing the differential gene expression of biofilm cells of 

Kpneu_110 and biofilm cells of Kpneu_65 for example, since Kpneu_65 was 

observed to form more biofilm in AUM compared to the rest of the strains.  By 

having this comparison, we could obtain an important information on what 

genes are involved in biofilm formation by K. pneumoniae in nutrient-poor 

medium.  The study on differential gene expressions of biofilm cells upon 

growth in clinically relevant medium is utmost important in order for us to 

identify the drug targets that could be useful for future development for 

treatment of the biofilm-associated infections caused by  

K. pneumoniae particularly by hypermucoviscous strains. 

Moreover, since biofilm formation of Kpneu_110 was found to be induced by 

proteinase K, further investigation into this observation could also be 

advantageous.  The positive effect on biofilm formation by proteinase K could 

provide us some interesting data regarding a putative self-secretion dispersion 

enzyme produces by strain Kpneu_110 that could be useful in controlling the 

biofilm formation by other bacterial.  This putative enzyme might be further 

developed to be used as a potential candidate agent to treat biofilm-associated 

infections.  One of the classic example of this kind of enzyme was previously 

identified.  Dispersin B, or DspB that produced by A. actinomycetemcomitans 

is established to degrade the glycosidic bonds of β-1, 6-N-acetylglucosamine 

or PNAG (Ramasubbu, et al., 2005). 
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In addition, the SNPs found upon analysis of the gene sequences in T1F 

operon could also be further investigated.  Particularly the effect of truncation 

of FimK on the orientation of fimS in Kpneu_63, Kpneu_64, and Kpneu_110, 

since FimK is suggested to play a role in the orientation of fimS. If we could 

confirm the role of FimK in the orientation of fimS which controls the expression 

of T1F in K. pneumoniae, it could provide us a better understanding on the 

regulation of T1F and subsequently determine the role of T1F in biofilm cells 

of K. pneumoniae.  The exploration of this particular virulence factor could lead 

us to a better way to counteract the biofilm-associated K. pneumoniae 

infections by using T1F as a drug target. 
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Appendix 1: Periodate oxidation of PNAG monomer.  Figure shows a periodate cleavage of a 2,3-diol on PNAG monomer to give a dicarbonyl 

compound.  Figure is drawn with ChemDraw Professional 16.0.1 (with the assistance of Hanim Salami Mohd Saupi, Imperial College London.) 
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Appendix 2: Possible reaction mechanism between crystal violet compound and oxidised PNAG monomer that could result to the high CV 

absorbance reading upon CV staining of the treated pre-formed biofilm with NaIO4.  Figure is drawn with ChemDraw Professional 16.0.1 (with 

the assistance of Dr Shikh Mohd Shahrul Nizan Shikh Zahari, USIM, Malaysia).  
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Appendix 3: Amino acid variations identified in FimB, FimA, FimD and FimF. 

Several amino acid variations were identified upon multiple sequence alignment of 

amino acid sequences of the strains used in this study. The amino acid variations 

were found in FimB at position Q15P for Kpneu_1 and FimA at position T32A for 

Kpneu_65.  Several amino acid variations were also identified in FimD at position 

T131A for Kpneu_65 and C3091, H160Q and V392A for CG43S3, and also P830A 

for Kpneu_1, Kpneu_65, and C3091.  In addition, two amino acid variations were 

identified in FimF at position A10T for Kpneu_65 and C3091, and T169I for Kpneu_1.   
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Appendix 4: Intergenic region sequence of fimB and fimE. 

Figure shows the sequence obtained from the multiple sequence alignments of the intergenic region of fimB and fimE of all of the strains used in 

this study.  Several SNPs were identified in the intergenic region of the ‘ON’ and OFF’ group (Kpneu_1, Kpneu_65, C3091, and CG43S3), and 

the ‘OFF’ group (Kpneu_64, Kpneu_64, and Kpneu_110).  The SNPs are boxed in blue and coloured in red.  The start codon of fimE (GTG) is 

underlined.  The location of the SNPs is based on the fimE start codon and is presented in the table below.   
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Appendix 5: Multiple sequence alignment of an intergenic region of fimB and fimE.  

The SNPs specific for ‘ON and OFF’ (Kpneu_1, Kpneu_65, C3091, and CG43S3) and ‘OFF’ (Kpneu_63, Kpneu_64, and Kpneu_110) groups are 

boxed.  The start codon of fimE (GTG) and the predicted promoter by BPROM are underlined and labelled. The ‘ON and OFF’ and ‘OFF’ groups 

are as indicated. 
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Appendix 6: SNPs identified in the intergenic region of fimB and fimE. 

 

 

 

Intergenic region between fimB and fimE 

The  location of SNPs 

upstream from the start 

codon of fimE 

 

Kpneu_1 

 

Kpneu_63 

 

Kpneu_64 

 

Kpneu_65 

 

Kpneu_110 

 

C3091 

 

CG43S3 

-61 T C C T C T T 

-63 A T T A T A A 

-204 A G G A G A A 

-247 G A A G A G G 

-257 A G G A G A A 

-265 T G G T G T T 
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Appendix 7: Intergenic region sequence of fimE and fimA. 

Figure shows the sequence obtained from the multiple sequence alignments of fimS of all of the strains used in this study.  Several SNPs were 

identified in the intergenic region of the ‘ON’ and OFF’ group (Kpneu_1, Kpneu_65, C3091, and CG43S3), and the ‘OFF’ group (Kpneu_64, 

Kpneu_64, and Kpneu_110). The SNPs in the fimS are boxed in blue and coloured in purple.  The start codon (ATG) of fimA is underlined.  The 

location of the SNPs is based on the fimA start codon and is presented in the table below.   
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Appendix 8: Multiple sequence alignments of fimS. 

The SNPs specific for ‘ON and OFF’ (Kpneu_1, Kpneu_65, C3091, and CG43S3) and ‘OFF’ (Kpneu_63, Kpneu_64, and Kpneu_110) groups are 

boxed.  The start codon of fimA (ATG), the inverted repeat (IR), the HinfI site and the predicted promoter by BPROM are underlined and labelled. 

The ‘ON and OFF’ and ‘OFF’ groups are as indicated. 



378 |  

 

Appendix 9: SNPs identified in the intergenic region of fimE and fimA. 

 

 

 

 

 

*There was a 1 bp deletion identified for strain Kpneu_63 and Kpneu_64 at -140 nucleotide site resulted in 1 bp different of SNPs location in 

comparison to the rest of the strains. 
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Appendix 10: Multiple sequence alignment of FimF.  

The multiple amino acid sequence alignment of FimF was conducted using GeneDoc.  The amino acid substitutions resulted from the SNPs are 

boxed in red.  The ‘ON and OFF’ and ‘OFF’ groups are as indicated. 
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Appendix 11: Multiple sequence alignment of FimI. 

The multiple amino acid sequence alignment of FimI was conducted using GeneDoc.  The amino acid substitutions resulted from the SNPs are 

boxed in red.   The ‘ON and OFF’ and ‘OFF’ groups are as indicated. 
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Appendix 12: An ompK35 replacement with add9 in Kpneu_1.   

Schematic diagram of homologous recombination is shown between the Kpneu_1 wild type and its isogenic mutant, Kpneu_1∆ompK35. 

Verification of ompK35 mutants can be seen by the allelic exchange occurred between targeted gene, ompK35 and aad9 gene.  The upper 

diagram indicated the downstream region of wild type and its mutant while the bottom diagram indicated the upstream region of wild type and its 

mutant.  The HindIII sites and RBS are lined in blue and stop and start codons of ompK35 and aad9 are lined in red. 
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Appendix 13: An ompK36 replacement with aad9 in Kpneu_1.   

Schematic diagram of homologous recombination is shown between the Kpneu_1 wild type and its isogenic mutant, Kpneu_1∆ompK36. 

Verification of ompK36 mutants can be seen by the allelic exchange occurred between targeted gene, ompK36 and aad9 gene.  The upper 

diagram indicated the downstream region of wild type and its mutant while the bottom diagram indicated the upstream region of wild type and its 

mutant. The HindIII sites and RBS are lined in blue and stop and start codons of ompK35 and aad9 are lined in red. 
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Appendix 14: 3D structures of OmpC of E. coli.  

The figures show the 3D structures of OmpC of E. coli (PDB ID 2J1N).  A) Top view of trimeric structure, B) Top view of monomeric structure  

C) Side view of trimeric structure, and D) Side view of monomeric structure. The top and side view of the trimeric and monomeric structures were 

diagrammed using Chimera 1.12rc. The β-barrel structures are coloured in light blue, the α-helices are denoted in blue, the L3 restriction loop is 

coloured in red, and the ligands (dodecane, magnesium and chloride) are coloured in yellow. 
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Appendix 15: 3D structures of OmpK36 of K. pneumoniae. 

The figures show the 3D structures of OmpK36 of K. pneumoniae (PDB ID 1OSM).  A) Top view of trimeric structure, B) Top view of monomeric 

structure, C) Side view of trimeric structure, and D) Side view of monomeric structure. The top and side view of the trimeric and monomeric 

structures were diagrammed using Chimera 1.12rc. The β-barrel structures are coloured in light blue, the α-helices are denoted in blue, the L3 

restriction loop is coloured in red, and the ligands (dodecane) are coloured in yellow.  
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Appendix 16: Predicted 3D structures of OmpK35 of K. pneumoniae.  

The figure shows the predicted 3D structure of OmpK35. A) Top view of trimeric structure, B) Top view of monomeric structure, C) Side view of 

trimeric structure, and D) Side view of monomeric structure.  The 3D structure was predicted using 1OSM as a template by SWISS-MODEL.  The 

top and side view of the trimeric and monomeric structures were diagrammed using Chimera 1.12rc. The predicted β-barrel structures are coloured 

in pink, the predicted α-helices are denoted in blue, and the predicted L3 restriction loop is coloured in red. 
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Appendix 17: Structural alignment of OmpC and OmpK36. 

The figure shows the structural alignment obtained from the superimposition of the 

3D models of OmpC of E. coli as a reference/template and OmpK36 of K. pneumoniae 

as a target. The non-superimposable regions are highlighted in green.  Secondary 

structures elements are denoted in blue (α-helices).  The L3 restriction loops are 

coloured in red.  The structural alignment was carried out using UCSF Chimera 

1.12rc.  The amino acid identity is 80.12 % and the RMSD is 0.841 Å. The differences 

between OmpK36 and OmpC structure conformations are found in L2, L4, L5, L7 and 

B8 (the details of the amino acid sequence can be seen in Figure 6-13).  
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Appendix 18: Structural alignment of OmpK36 and predicted OmpK35. 

The figure shows the structural alignment obtained from the superimposition of the 

3D models of OmpK36 of K. pneumoniae as a reference/template and putative 3D 

structure of OmpK35 as a target. The non-superimposable regions are highlighted in 

green.  Secondary structures elements are denoted in blue (α-helices).  The L3 

restriction loops are coloured in red.  The structural alignment was carried out using 

UCSF Chimera 1.12rc.  The amino acid identity is 59.35 % and the RMSD is 0.433 Å. 

The differences between OmpK36 and putative OmpK35 structure conformations are 

found in L1, L2, L3, L4, L5 and L6 (the details of the amino acid sequence can be 

seen in Figure 6-13). 

 

 

 


