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Abstract 

There is increasing evidence that microbial interactions can happen within 

microbial communities resulting in an increase of the pathogen resistance to 

antimicrobial therapies. However, the mechanisms of these interactions remain 

elusive at the present day. Previously, it has been shown that in a polymicrobial 

community, β-lactam resistant bacteria can protect other non-resistant bacteria 

from the action of β-lactam drugs without any gene transfer between the resistant 

and non-resistant bacteria. This phenomenon was named as “sheltering effect” 

and occurs when the resistant bacteria releases proteins that give protection to the 

non-resistant bacteria living in the same environment. 

Klebsiella pneumoniae is one of the world's most dangerous multidrug resistant 

pathogens. Infections from this bacterium are seriously threatening the public 

health due to their great ability to quickly become resistant to every antibiotic 

available today. Even more importantly, K. pneumoniae is found in the blood of 

patients with polymicrobial infections. This doctoral project focused on the 

investigation of the sheltering effect in this pathogen. Studies carried out here were 

designed to elucidate the causes of the variability of this phenomenon observed 

among different clinical isolates of K. pneumoniae. Furthermore, the role of the 

Sec-dependent pathway and of the outer membrane vesicles (OMVs) in the 

sheltering effect was investigated. The present study also examined how the 

sheltering effect changes in response to different concentrations of  β-lactam in the 

medium. Lastly the presence of sheltering effect in presence of drugs different 

from the β-lactams was also investigated, 

The  results obtained by these tests also allowed the development of  methods  for 

the direct quantification of the sheltering effect based on the features observed on 

an agar plate. The causes of the variability in the sheltering effect detected on plate 

were investigated by carrying out Random Amplified Polymorphic DNA (RAPD), 

Polymerase Chain Reaction (PCR) and Whole Genome Sequencing (WGS) on the 

genome of the isolates to find a relationship between their genetic features and 

their potential of sheltering effect. Minimum Inhibitory Concentration (MIC) tests 

were also performed in the attempt to find a relationship between their resistance 

profiles and their sheltering effect potential.  

The results obtained suggest that the sheltering effect is a widespread and 

variable phenomenon in K. pneumoniae. The protective effect is likely due to the 

extracellular release of OMV-associated β-lactamases after Sec-mediated 

translocation of these enzymes from the cytosol to the periplasm. The results also 

suggest that the sheltering effect diminishes in response to increasing 

concentrations of  β-lactam in the medium. Furthermore, the sheltering effect was 

not observed in presence of drugs different from the β-lactams. Lastly, no 

relationship was found between the sheltering effect potential of the isolates and 

their genetic and resistance features analysed in this project. Therefore more 

studies will be necessary to elucidate the causes of this variability.  

 

Key words: sheltering effect, K. pneumoniae, β-lactamases, OMVs, variability, 

polymicrobial infections. 
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1  INTRODUCTION 

1.1  Antimicrobial drugs 

1.1.1  Historical background 

Antibiotics are perceived in nature as an arsenal of the producer microorganisms that 

they use against other cohabiting microorganisms to eliminate competing bacteria for 

the purpose of “empire building” in the microbial community (Davies, 1990; Sengupta 

et al., 2013). Since their discovery antimicrobial drugs have conferred extraordinary 

benefits on human health, thus revolutionizing medicine in the 20th century (Davies 

and Davies, 2010; Adedeji, 2016; Bloom et al., 2018).  Diseases such as tuberculosis 

in the developed world were nearly eradicated thanks to the use of antibiotics 

together with vaccination (Schrager et al., 2018; Voss et al., 2018). However, 

although people were not aware that bacteria were responsible for infections until the 

last century, antibiotics have been used for millennia to treat infections (Levy, 2002; 

Aminov, 2010; Zaman et al., 2017). Indeed, the use of plant extracts and moulds for 

the treatment of infections in the earliest civilisations, like the ancient Egyptians, has 

been well documented (Dias et al, 2012; Petrovska, 2012).  Nevertheless, until the 

20th century, infections caused by bacteria, like pneumonia and diarrhoea, were the 

major cause of human death in the developed world, although now they are currently 

easy to treat (Adedeji, 2016). The first observations of chemicals with antibacterial 

activity dated back on the late 20th century. In 1909 the German physician Paul 

Ehrlich discovered that the Arsphenamine, an organoarsenic compound, could be 

used for the treatment for syphilis (Bosh and Rosich, 2008). Later, in 1928, the 

Scottish scientist Alexander Fleming left accidently a culture plate of Staphylococcus 

aureus uncovered. He noticed that a fungus Penicillium notatum had contaminated 

the culture plate and, more importantly, created bacteria-free zones wherever it grew 

on the plate. After isolating and growing the mould in pure culture, Fleming found that 

the fungus was extremely effective in preventing the Staphylococcus growth 

(Fleming, 1929; Tan and Tatsumura, 2015). Therefore, he hypothesized that 

Penicillium notatum produced a diffusible antibacterial agent that inhibited the growth 

of the bacterium. This agent was named “penicillin” and this discovery shed light on 

the possibility for a microorganism to produce substances that inhibit the growth of 

other microorganisms (Saga and Yamaguchi, 2009). After this discovery Fleming 

performed further studies aimed to determine the activity of penicillin in vitro and 

demonstrated its non-toxicity when injected into mice and rabbits (Bennett and 

Chung, 2001; Lobanovska and Pilla, 2017). Nevertheless, he failed to demonstrate 

the essential property of this substance, that is the ability to overcome bacterial 
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infections (Rolinson 1998).  Subsequent attempts to obtain purified penicillin were 

unsuccessful until 1940, when the scientists Howard Florey and Ernst Chain showed 

that subcutaneous injections of penicillin were highly effective against lethal 

streptococcal infections in mice. This proved the chemotherapeutic activity of 

penicillin and thus triggered the development of other antimicrobial drugs (Chain et 

al., 2005). Indeed, in 1952 the Russian-born biochemist and soil microbiologist 

Selman Abraham Waksman discovered the first antibiotic active against tuberculosis, 

streptomycin, that was produced from soil bacterium Streptomyces griseus 

(Waksman et al., 1948; Kingston, 2004; Woodruff, 2014). Thereafter, many  new 

antimicrobial drugs, like chloramphenicol, macrolide, vancomycin, tetracycline were 

discovered and each class of antibiotics has been improved to achieve a wider 

antimicrobial spectrum, as well as a more effective activity (Wilson and Cockerill, 

1987; Saga and Yamaguchi, 2009).   

1.1.2  Mode of action 

 

Antimicrobials are commonly classified according to the cellular component or system 

they affect (Kapoor et al., 2017). In addition, they can be classified as bactericidal or 

bacteriostatic drugs based on whether they respectively induce cell death or merely 

inhibit cell growth (Kohansky et al., 2010). Indeed different antimicrobials have 

different modes of action depending on their structure and target sites (Figure 

1.1)(Newton, 1965; McDermott et al., 2003; Sahra, 2019).  
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Figure 1.1 Mechanisms of action of antimicrobials. The classes of antimicrobials differ by their 

cellular targets and mechanisms of action. These can involve the inhibition of the synthesis of the cell 

wall (β-lactams, vancomycin, bacitracin), nucleic  acids (rifampin and quinolons that target respectively 

the RNA polymerase and the DNA gyrase), proteins, including the drugs that target the 50S subunit of 

the ribosome (macrolides, clindamycin, linezolid, chloramphenicol and streptogramins) and drugs that 

target the 30S subunit (tetracyclines ad aminoglycosides) and  folate (sulphonamide and trimethoprim). 

They can also act by alterating the structure of the cell membrane (polymyxins). PABA: para-

aminobenzoic acid, DHF A: dihydrofolic acid, THF A: tetrahydrofolate. 

 

One of the mechanisms of antimicrobial action is the inhibition of cell wall synthesis. 

The cell wall is a structural layer that surrounds the plasma membrane of bacteria 

(Silhavy et al., 2010). The inhibition of cell wall synthesis is the mechanism of action 

showed by the majority of the antibiotics (Sarkar et al., 2017). Examples of the 

antibiotics that target the cell wall synthesis are β-lactams (e.g. penicillins and 

carbapenems) and glycopeptides like vancomycin and bacitracin (Jovetic et al., 2010; 

Kapoor et al., 2017). These drugs selectively inhibit the bacterial growth, by blocking 

the synthesis of the peptidoglycan (PG). Some antimicrobials act by altering cell 

membranes. Cell membranes are important barriers that separate and regulate the 

flows of substances from the interior of all cells to the outside environment and vice 

versa (Yang and Hinner, 2016). A damage to the cell membrane leads to a leakage 

of solutes essential for the cell’s survival and metabolism. Some antibiotics can injure 

the microbial cellular membrane, leading to leakage of cell contents and death of the 

microorganism (Bush, 2012; Epand et al., 2016). Examples of these drugs are 
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polymixin B and colistin (Gupta et al., 2009). Both polymyxin B and colistin are 

polycationic peptides and have both hydrophilic and lipophilic moieties. The cationic 

regions interact with the bacterial outer membrane (OM), by displacing magnesium 

and calcium bacterial counter ions in the lipopolysaccharide (LPS). Then, the 

hydrophobic and hydrophilic regions interact with the cytoplasmic membrane just like 

a detergent, solubilizing the membrane in an aqueous environment (Zavascki et al., 

2007). However, the action of these antibiotics is poorly selective, thus resulting in 

increased levels of toxicity in the mammalian host cell. Therefore, their clinical usage 

is often limited to topical applications (Falagas and Kasiakou, 2006; Aggarwal and 

Dewan, 2018).  

Some drugs are inhibitors of protein synthesis. The process of protein synthesis 

occurs through three main sequential phases that are initiation, elongation and 

termination (Schimmel, 2002). All these steps involve the ribosome and cytoplasmic 

accessory factors. In particular, the two ribonucleoprotein subunits of the ribosome, 

50S and 30S, initiate the formation of a translational complex on the ribosome. Drugs 

that inhibit protein synthesis are among the broadest classes of antibiotics and can 

be divided into two subclasses: the 50S inhibitors and 30S inhibitors (Mehta and 

Champney, 2002). The 50S ribosome inhibitors work by physically blocking either 

initiation of protein translation or the peptidyltransferase reaction that elongates the 

nascent peptide chain. The 30S ribosome inhibitors block the translation by binding to 

the 30S subunit of ribosomes and preventing addition of amino acids to the growing 

peptide. 50S ribosome inhibitors include the macrolide (e.g., erythromycin), 

lincosamide (e.g. clindamycin), streptogramin (e.g. dalfopristin/quinupristin), 

amphenicol (e.g., chloramphenicol) and oxazolidinone (e.g. linezolid). 30S ribosome 

inhibitors include the tetracycline and aminocyclitol families of antibiotics (e.g. 

streptomycin, kanamycin and gentamicin) (Kohansky et al., 2010; Champney, 2020). 

Another mechanism of action of antimicrobials is the Inhibition of nucleic acid 

synthesis. DNA and RNA are large biomolecules essential for to the replication of all 

living forms, including bacteria (Tan and Yiap, 2009). Some antimicrobial drugs can 

bind to components involved in the replication of DNA or RNA (van Eijk et al., 2017). 

This results in the interference of the normal cellular processes and in the inhibition of 

bacterial multiplication and survival. Examples of drugs that target the nucleic acid 

synthesis are the quinolons (Aldred et al., 2014). The quinolone class of 

antimicrobials target the DNA gyrase and the topoisomerase IV, enzymes involved in 

the maintenance of chromosomal topology (Levine et al., 1998). Metronidazole is 

another drug that inhibits nucleic acid synthesis by disrupting the DNA of microbial 

cells. However, its action is specific to anaerobic bacteria since it only occurs when it 
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the metronidazole is partially reduced and this reduction usually happens only in 

anaerobic conditons (Löfmark et al., 2010). 

Some antimicrobials show antimetabolite activity. An antimetabolite acts by inhibiting 

a metabolite, a chemical that is part of a metabolic process (Allegra et al., 1988). 

Furthermore, some antibiotics can act on specific cellular processes that are 

necessary for the bacterial survival, for example the synthesis of the folic acid, a 

vitamin essential for bacteria (Fernández-Villa et al., 2019). Drugs like sulfonamides 

interfere with folic acid synthesis by competing for the enzyme dihydropteroate 

synthetase, responsible for the addition of para-aminobenzoic acid into the folic 

molecule. Also, trimethoprim acts by inhibiting the dihydrofolate reductase, an 

enzyme responsible for the synthesis of tetrahydrofolic acid, an essential precursor in 

the thymidine synthesis pathway involved in the DNA synthesis process (Sköld, 

2010). 

 

1.1.3  β-lactam antibiotics: structure and mechanisms of action 

 

β-Lactams are one of the largest classes of antibiotics and have been amongst the 

most successful drugs for the treatment of bacterial infections in the last 60 years 

(Fisher et al., 2005; Coleman, 2011; Worthington and  Melander, 2013; Bush and 

Bradford, 2016). They include four main classes of antibiotics: penicillins, 

cephalosporins, carbapenems and monobactams. All β-lactams share a core 

structure consisting in a beta-lactam ring which is a heteroatomic ring made of three 

carbon  atoms  and  one nitrogen atom (Figure 1.2) (Rúbena et al., 2013). The 

chemical properties of the side chain, known as an R group, differentiates the 

different antibiotics within each class and affect the pharmacokinetic and antibacterial 

properties of β-lactam antibiotics (Chaudhry et al., 2019). 
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Figure 1.2  Basic chemical structure of the β-lactam antibiotics. The four classes of β-lactams differ 

in their ring structure and number of side chains (R). The β-lactam ring is highlighted in red.  Adapted 

from Lee et al. (2016). 

 

The β-lactam ring is fused with a thiazolidine ring in naturally occurring penicilins (for 

example the benzyl penicillin and the phenoxymethyl penicillin), as well as in the 

semisynthetic penicillins (ampicillin, carbenicillin, amozicillin, methicillin) (Miller, 

2002). In cephalosporins, a dihydrothiazine  ring is bound to the  β-lactam  ring.  The 

cephalosporins can be further classified into generations (1st, 2nd, 3rd, 4th, and 5th 

generation) based on the differences in their antibacterial spectrum, structural 

modifications, water solubility, acid tolerability, oral bioavailability, biological half-life 

(Mehta and Sharma, 2016). Carbapenems have the 4:5 fused ring lactam of 

penicillins with a double bond between C-2 and C-3. Unlike the penicillins, in 

carbapenems the sulphur at C-1 position is replaced by a carbon atom. In contrast to 

the other β-lactams, the monobactams have the β-lactam ring is alone and not fused 

to another ring. Given their structural similarities, all the β-lactam antibiotics share the 

same mechanism of action which is the inhibition of the cell wall synthesis (Kong et 

al., 2011). In particular, the β-lactam antibiotics inhibit the synthesis of the 

peptidoglycan layer that is responsible for the cell wall structural integrity (Figure 1.3) 

(Bush and Bradford, 2016). The bacterial cell wall is synthetized by cross-linking of 
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PG units. This reaction is catalyzed by a subgroup of transpeptidases called penicillin 

binding proteins (PBPs), that are responsible for the formation of peptide bonds. This 

results in the removal of a terminal D-alanine residue from one of the PG precursors. 

The formation of covalent bonds between adjacent sugar molecules NAM and NAG is 

catalysed by the glycosyltransferases enzymes and it is responsible for conferring the 

cell wall rigidity and protection from osmotic forces that would lead to cell lysis. The 

structure of the β-lactam antibiotics resembles the natural D-Ala-D-Ala substrate for 

the transpeptidase. Therefore, they bind to the active site of the PBPs and form a 

stable β-lactam-enzyme complex that results in the inhibition of the normal 

transpeptidation reaction and of the cell wall synthesis. As a consequence, growing 

bacteria cells are highly susceptible to lysis and death (Lovering et al., 2012).  

 

 

Figure 1.3 Cell wall synthesis and mechanism of action of β-lactams. The PG is a polymer of 

sugars and amino acids. The sugar component of the PG consists of alternating residues of β-(1,4) 

linked N-acetylglucosamine (NAG) and N-acetylmuramic acid (NAM). In the PG, the carboxyl group is 

replaced by a chain of three to five amino acids. ABX: Antibiotic. Adapted from Zango et al. (2019). 

1.2  The bacterial resistance  

The antimicrobial chemotherapy lead to remarkable benefits for the human health, 

resulting in the optimistic view that infectious diseases would be definitively defeated 

in the near future (Saga and Yamaguchi 2009). Since its discovery in 1928, penicillin 

was successful in controlling bacterial infections among World War II soldiers 
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(Sengupta et al., 2013; Ventola, 2015). However, shortly thereafter, penicillin 

resistance became an important clinical problem and by the 1950s, most of the 

progress of the prior decade was threatened (Spellberg and Gilbert, 2014). In 

response, new β-lactam antibiotics were developed and deployed (Sengupta et al., 

2013; Spellberg and Gilbert, 2014). However, the first case of methicillin-

resistant Staphylococcus aureus was identified during that same decade, in the 

United Kingdom in 1962 and in the United States in 1968 (Sengupta et al., 2013). 

Nowadays the efficacy of antibiotics is highly endangered by the rapid emergence of 

resistant bacteria worldwide (Ventola, 2015). Indeed bacteria have the extraordinary 

ability to adapt, change and develop new features that make them unsusceptible to 

antibiotics (Alekshun and Levy, 2007). For example some Klebsiella pneumoniae 

bacteria produce enzymes called carbapenemases, which break down carbapenem 

drugs and most β-lactam drugs (Psichogiou et al., 2008; Kumarasamy et al., 2010; 

Elshamy et al., 2020). Furthermore some Staphylococcus aureus bacteria can 

bypass the effects of trimethoprim, a drug that binds to dihydrofolate reductase and 

inhibits the reduction of dihydrofolic acid (DHF) to tetrahydrofolic acid (THF), an 

essential precursor in the thymidine synthesis pathway that is involved in the bacterial 

DNA synthesis (Brogden et al., 1982). This occurs by two distinct mechanisms: point 

mutations in the dihydrofolate reductase gene (dfrA), and horizontal acquisition of 

resistance determinants that encode drug-resistant variants of dfrA (Vickers et al., 

2009).  

Resistance to antibiotics occurs naturally over time usually through mutations in the 

genetic sequence.  These genetic changes are spontaneous events that occur 

regardless of whether antibiotic is present. A bacterium carrying such a mutation is at 

a substantial advantage as the susceptible cells are rapidly killed by the antibiotic, 

leaving a resistant subpopulation (Hawkey, 1998).. In addition to these natural 

genetic changes, the overuse and misuse of the antibiotics remarkably accelerated 

the emergence and spread of this phenomenon in the last few decades, resulting in a 

real antibiotic resistance crisis nowadays (Aslam et al., 2018; Alam et al., 2019; 

Mobarki et al., 2019).Indeed global antibiotic consumption in humans increased by 65 

% between 2000 and 2015, whereas consumption in animals is expected to increase 

by 11.5 % between 2017 and 2030. If effective interventions against antimicrobial 

resistance are not made, antibiotic consumption is calculated to increase worldwide 

by 200 % between 2015 and 2030 and cause 10 million deaths each year by 2050 

(Klein et al., 2018; Sriram et al., 2021). With regards to this, the level and the 

complexity of the resistance mechanisms showed by bacterial pathogens rose with 

the increase of antimicrobial usage (Peterson and Kaur, 2018).  



 

9 
 

Antimicrobial resistance mechanisms fall into four main classes: (1) limiting uptake of 

a drug; (2) modifying a drug target; (3) inactivating a drug; (4) active drug efflux. 

Figure 1.4 illustrates these general antimicrobial resistance mechanisms.  

 

 

 

Figure 1.4 General antimicrobial resistance mechanisms. a: Limiting drug uptake. The structure of LPS and 

reduced porin expression can decrease the entry of the antibiotic in the cell. b: Active drug efflux. Efflux pumps 

can actively remove the antibiotic from the cell using energy sources like the ATP hydrolysis or proton gradients.c: 

Modifying a drug target. The target of a drug, like the Penicillin-binding proteins (PBPs) and the replication 

enzymes, may be modified to enable resistance to this drug. d: modifying a drug target. The target of a drug, like 

the PBPs and the replication enzymes, may be modified to enable resistance to this drug. 

 

There are two main types of antibiotic resistance: natural and acquired. Natural 

resistance is the innate ability of a bacterium to resist to a drug or a class of drugs 

through its structural and functional features (Reygaert, 2018). This type of resistance 

is not related to horizontal gene transfer (HGT) and may be intrinsic if the genes for 

the resistance are always expressed regardless of previous antibiotic exposure or 

induced if these genes are only expressed or overexpressed to resistance levels after 

exposure to an antibiotic (Cox and Wright, 2013; Reygaert, 2018). 

The LPS  layer in Gram-negative bacteria provides an example of natural barrier to 

the uptake of certain drugs. The structure and functions of the LPS in Gram-negative 

bacteria provide innate resistance to certain types of molecules including large 

antimicrobial agents (Hayes and Wolf, 1990; Blair et al., 2014; Reygaert, 2018). 
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Bacteria that lack a cell wall, such as Mycoplasma and related species, are therefore 

intrinsically resistant to all drugs that target the cell wall including β-lactams and 

glycopeptides. Another example of intrinsic resistance are the efflux pumps that are 

expressed constitutively (Eichenberger and Thaden, 2019). The efflux pumps 

function primarily to rid the bacterial cell of toxic substances and many of these 

pumps transport a large variety of compounds (multidrug [MD] efflux pumps) (Blair et 

al., 2014; Eichenberger and Thaden, 2019). Most bacteria possess many different 

types of efflux pumps. There are five main families of efflux pumps in bacteria 

classified based on structure and energy source: the ATP-binding cassette (ABC) 

family, the multidrug and toxic compound extrusion (MATE) family, the small 

multidrug resistance (SMR) family, the major facilitator superfamily (MFS), and the 

resistance-nodulation-cell division (RND) family. This latter is found almost 

exclusively in Gram-negative bacteria (Figure 1.5) (Kumar and Schweizer, 2005; 

Piddock, 2006; Poole, 2007; Blair et al., 2014; Reygaert, 2018). 

 

 

 

 

Figure 1.5 General structure of main efflux pump families. The ABC, MFS, SMR and MATE  families 

are all single-component pumps which transport substrates across the cytoplasmic membrane (CM). 

The RND family are multi-component pumps (found almost exclusively in Gram-negative bacteria) that 

function in association with a periplasmic membrane fusion protein and an OM protein to efflux substrate 

across the entire cell envelope. The ABC pumps use the hydrolysis of ATP to ADP to transport the 

substrate, while the pumps of all the other families use proton  gradients (H
+
 for the pumps of the MFS, 

SMR and RND families and Na
+
 for the MATE pumps). 
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MD efflux pumps are also a common mechanism of induced resistance. Indeed 

genes for multidrug resistance (MDR) can be induced at resistance levels under 

certain environmental stimuli or when a suitable substrate is present (Fajardo et al., 

2008; Cox and Wright, 2013; Reygaert, 2018).  

Bacteria can also reduce the expression of specific genes in presence of a drug. The 

most common example is the decrease in the number of porins present on the OM 

(Cornaglia et al.,1996; Reygaert, 2018). The porins are protein channels that allow 

the substances to enter the cell. The porin channels in Gram-negative bacteria 

generally allow access to hydrophilic molecules (Cornaglia et al.,1996; Gill et al., 

1998). In presence of a drug, bacteria can limit drug uptake by reducing the number 

of porins present and sometimes stopping production entirely of certain porins (Chow 

and Shlaes, 1991; Cornaglia et al.,1996; Reygaert, 2018).  

Resistance can also be achieved through mutations in porin-encoding genes. These 

mutations can have different effects, including porin loss, changes in the size or 

conductance of the porin channel, or a lower expression level of a porin. However, all 

these modifications result in a slower diffusion of the drug into the cell and, 

consequently, reduced bacterial killing (Fernández and Hancock, 2013). Furthermore 

polyamines have been found to modulate the activity of different ion channels (Baslé 

and Delcour, 2001; Pagès et al., 2008). For example, spermine has been reported to 

inhibit OmpF channel properties to protect E. coli from colicin action and to decrease 

the diffusion of norfloxacin and cefepime through OmpF (Iyer et al., 2000; Baslé and 

Delcour, 2001; Pagès et al., 2008). 

Acquisition of genetic material that confers resistance is possible through all of the 

main routes by which bacteria acquire any genetic material: transformation, 

transposition, and conjugation (all termed HGT).  The transfer involves resistance 

determinants borne on mobile genetic material, like plasmids, bacteriophages, 

transposons (Poirel et al., 2001a; Cuzon et al., 2011; Poirel et al., 2012a; Poirel et al., 

2012b; Partridge et al., 2018; Peterson, 2018; Kwiecień et al., 2020). Plasmid-

mediated transmission of resistance genes is the most common route for acquisition 

of outside genetic material (Bennett, 2008). The acquired resistance mechanisms 

include plasmid-encoded specific efflux pumps (such as TetK and TetL of 

Staphylococcus aureus) and enzymes that can degrade the antibiotic or modify the 

target of the antibiotic (Bismuth et al., 1990; Guay et al., 1993; van Hoek et al., 2011). 

Examples of degrading enzymes are the β-lactamases that are used by Gram-

negative and Gram-positive bacteria to degrade β-lactam drugs (Tooke et al., 2019). 

Furthermore In Gram-negative bacteria, acquired 16S rRNA methyltransferases 

ArmA and NpmA confer high-level resistance to all clinically useful aminoglycosides 

(van Hoek et al., 2011; Lioy et al., 2014). With regards to this, the  A-site of the 16S 
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rRNA is the target of the aminoglycoside drugs. These bactericidal antibiotics bind to 

the highly conserved A-site of 16S rRNA in the 30S small subunit and interfere with 

the decoding of mRNA. The acquired methyltransferases ArmA and NpmA act by 

methylating two aminoacids in the A-site of the 16S rRNA . This modification leads to 

decrease or loss of affinity of the antibiotic for its target site (Lioy et al., 2014). 

Resistance can also be acquired by the occurrence of spontaneous mutation in 

genes targeted by the antibiotic (van Hoek et al., 2011). If these mutations give the 

bacterium an advantage in the antibiotic environment, this bacterium will grow better 

than its neighbors and can increase numbers thus resulting in a population of mainly 

resistant bacteria (Maki, 2002). There are just as many targets that may be modified 

by the bacteria to enable resistance to those drugs. For example, mutations that 

change the selectivity of certain porin channels are responsible for the occurrence of 

resistance to the drugs targeting those porins (Hedge and Spratt, 1985; Sanbongi et 

al., 2004; van Hoek et al., 2011). 

 

1.3  Resistance mechanisms to β-lactam antibiotics 

 

β-lactam are now considered one of the most important products of biotechnology. 

Semisynthetic penicilins and cephalosporins represent more than 60% of total 

antibiotic sales with estimated annual sales of $15 billion and a production volume of 

37,000 tons per year (Herrera and Flores-Gallegos, 2019). Given the most 

widespread use of β-lactam antibiotics, the bacteria often develop resistance to these 

drugs (Worthington and  Melander, 2013). For example, since the introduction of 

methicillin in the early 1960s, the continued emergence and spread of methicillin-

resistant S. aureus (MRSA) has complicated the antimicrobial treatment of S. aureus 

(Chambers and Deleo, 2009; Chatterjee and Otto, 2013; Diekema et al., 2019). 

MRSA strains are now resistant to nearly all β-lactams as well as to multiple other 

antimicrobial classes and the prevalence of infections caused by MRSA differs 

around the world (Diekema et al., 1998; Hassoun et al., 2017). For example in 2017 7 

of the 29 European Union countries reported 25 % or more of S. aureus isolates as 

MRSA, while in countries of South and East Asia and the Western Pacific the MRSA 

incidence ranged from 2.3 to 69.1% (Hassoun et al., 2017). In 2015  MRSA infections 

in the US occurred at a rate of 31.8% per 100,000 people, while the MRSA 

bacteremia rates reported in Canada ranged from 2.1 to 3.6 per 100,000 people 

(Laupland et al., 2013; Klevens et al., 2015; Hassoun et al., 2017).   

The bacterial resistance to β-lactams can be achieved by four major strategies: 

altered antibiotic targets, the active extrusion of β-lactam molecules from Gram-
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negative cells by efflux pumps, lack or reduced expression of OM proteins (OMPs) 

and production of β-lactam-hydrolyzing β-lactamase enzymes. 

 

1.3.1 Altered antibiotic targets: modifications of penicillin-binding proteins 

(PBPs) 

The penicillin-binding module contains three conserved motifs that form the active 

cavity. They are Ser-X-X-Lys (SXXK), the Ser-X-Asn (SXN), and the Lys-Thr/Ser-Gly 

(KT/SG) (Hakenbeck, 1998) There are different PBP-mediated mechanisms of  

β-lactam resistance. The first mechanism involves point mutations that alter 

aminoacid sequence of the PBPs.  

Studies carried out in Escherichia coli showed that at least three different amino acid 

substitutions within the transpeptidase domain of the PBP3, conferred at least seven-

fold resistance to cephalexin (Hedge and Spratt, 1985). Also, in Streptococcus 

pneumoniae five independent combinations of mutations can result in PBP 2x that 

have low-affinity for the cefotaxime (Laible and Hakenbeck, 1991; Sanbongi et al., 

2004). In addition, mutations in the PBPs 1A and 2B play an important role in the 

development of resistance to ß-lactam antibiotics by S. pneumoniae (Sanbongi et al., 

2004).  

The second mechanism involves the acquisition of foreign PBP resistant to β-lactam 

antibiotics; for example, S. aureus can become resistant to methicillin and other β-

lactam antibiotics through the expression of a foreign PBP, PBP2a (Hackbarth and 

Chambers, 1989; Stapleton and Taylor, 2002; Bæk et al., 2014). 

Recombination between susceptible PBPs and those of less susceptible species is 

another process responsible for conferring β-lactam resistance. This hybrid protein, 

originated in an interspecies homologous recombination, presents lower susceptibility 

to β-lactams (Dougherty, 1986; Rice, 2012). 

Lastly the overexpression of a PBP might result in an increase in the resistance to  

β-lactams. For example, when PBP5 is overexpressed, it is responsible for both 

natural insensitivity and acquired intrinsic resistance to penicillin in enterococci 

(Fontana et al. 1983; Arbeloa et al., 2004).  

 

1.3.2  Efflux systems and permeability-based resistance 

The presence of broad-specificity drug-efflux pumps play a key role in the antibiotic 

resistance by actively expelling a broad range of antibiotics, in particular in Gram-

negative species (Nikaido and Pagès, 2012). The RND efflux pumps are one of the 

most important determinants of MDR in Gram-negative bacteria. Pumps belonging to 

the RND family are responsible for conferring resistance to a number of antibiotics, 
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including β-lactams. For example the AcrAB pump in E. coli is involved in the 

extrusion of β-lactams, chloramphenicol, ethidium bromide, fluoroquinoles, 

macrolides, novobiocin and rifampin (Fernando and Kumar, 2013). β-lactam 

resistance in Gram-negative species has also been increasingly reported as a result 

of the overexpression of MDR pumps (Sun et al., 2014a). One example of this is the 

concomitant overexpression of MexAB-OprM and MexXY occurring in clinical strains 

of Pseudomonas aeruginosa (LIanes et al., 2004). The overexpression of the two 

efflux systems resulted  from mutations affecting multiple regulatory genes. With 

regards to this, P. aeruginosa strains with simultaneous overexpression of the two 

efflux systems were two- to eightfold more resistant to ticarcillin, aztreonam, and 

cefepime than was the wild-type reference strain PAO1. Furthermore, these strains 

appeared  to be more resistant to cefepime than mutants overproducing MexAB-

OprM or MexXY alone. (Schweizer et al., 2003; Llanes et al., 2004;; Sun et al., 

2014).  

The OM of Gram-negative plays a crucial role in serving as a selective permeability 

barrier and protecting bacteria against toxic compounds, including antibiotics. The 

existence of β-lactam resistance in a large number of Gram-negative bacterial 

species is often due to modifications in the protein composition and permeability 

defects in the OM (Nikaido, 2003; Delcour, 2009).The protein part of the OM is 

predominantly made of porins. These proteins form pores, transmembrane water-

filled channels through which molecules can diffuse between cell and environment 

(Novikova and Solovyeva, 2009). An example of bacterial porin is LamB. This protein 

is a trimeric channel on the bacterial OM and is involved in the diffusion of 

maltodextrins across the OM (Figure 1.6) (Schirmer et al., 1995; Vinothkumar and 

Henderson, 2010). 

 

Figure 1.6 Architecture of porins. LamB trimer top view(A) and LamB monomer side view (B). . Each 

monomer is an 18-stranded β-barrel and has an individual transport pathway for the maltodextrin (red 

space filling model). Adapted from Vinothkumar and Henderson, (2010).  
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In E. coli and Salmonella typhimurium the antibiotic resistance has been reported as 

a result of the loss of OmpF and OmpC porins (Nikaido et al., 1983; Delcour, 2009; 

Ziervogel and Roux, 2013, Choi and Lee, 2019). Furthermore, mutations of key 

OmpF residues have been showed to be the cause of alterations in the susceptibility 

to antibiotics (Nikaido, 2003; Ziervogel and Roux, 2013; Igwe et al., 2016; Choi and 

Lee, 2019). In  Klebsiella  species OmpK36, OmpK35 are the homologues of OmpC, 

OmpF (Tsai et al., 2011; Sugawara et al., 2016). In addition to the major porins, 

minor porins have been described including OmpK37 from K. pneumoniae, OmpN 

from E. coli and OmpS2 from S. typhimurium. The percentages of identity and 

similarity of OmpK37 with the OmpS2 and OmpN porins are 80 and 88% and 77% 

and 85%, respectively (Martínez-Martínez, 2008; Doménech-Sánchez, et al., 2009).  

1.3.3  Antibiotic-modifying enzymes: the β-lactamases 

The most important mechanism of defense against β-lactam-based drugs in Gram-

negative bacteria is the presence of β-lactamase enzymes (Tooke et al., 2019). 

These enzymes are especially important in Gram-negative bacteria as they constitute 

the major defence mechanism against the β-lactam drugs (Livermore 1995; Bush, 

2018). In Gram-negative the β-lactamases are secreted into the periplasm or bound 

to the cytoplasmic membrane, while in Gram-positive they are excreted (Wilke, 2005; 

Fisher and Mobashery, 2016). 

The antibiotic resistance is provided by breaking the antibiotics' structure. This occurs 

by the hydrolysis of the amide bond of the four-membered β-lactam ring (Figure 

1.7)(Tooke et al., 2019).  

 

 

Figure 1.7 Example of hydrolysis by β-lactamase. The amide bond that is formed by the carboxyl 

group and the nitrogen atom of the β-lactam ring is cleaved by the β-lactamase. A carbon dioxide 

molecule is released during the process. Adapted from Tooke et al., (2019). 

These enzymes provide resistance to a number of β-lactams, including penicillins, 

cephalosporins and monobactams (Abraham and Chain, 1940; Bush et al., 1982; 
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Jones et al., 1997; Bush, 2018; Palzkill, 2018). Until 20th century carbapenems have 

been considered unique due to their relative resistance to hydrolysis by most  

β-lactamases.  (Papp-Wallace, 2011;  Meletis, 2015). However, the rapid emergence 

of carbapenemases is occurring worldwide and represents an important challenge in 

health-care settings and a globally concern (Yan et al., 2001; Psichogiou et al., 2008; 

Daikos et al., 2009; Kumarasamy et al., 2010; Codjoe,and Donkor, 2018; Sheu et al., 

2019; Elshamy et al., 2020). Indeed the incidence of carbapenemases is increasing 

globally (Hansen, 2021). A scenario that better exemplifies the concerns surrounding 

the spread of carbapenemases is the experience of Greece. This country shows 

some of the highest carbapenem-resistance rates. Prior to 2001, the prevalence of 

carbapenem-resistance was reported to be less than 1% (Yan et al., 2001). However 

in 2008 the Greek System for the Surveillance of Antimicrobial Resistance reported 

an increase of 30% in hospital wards and 60% in  Intensive Care Units (Souli et al., 

2009).  By 2014, the European Centre for Disease Prevention and Control, EARS-

Net reported that 62.3% of all K. pneumoniae isolates tested in Greece were 

carbapenem-resistant (Pèrez-Grajera et al., 2016, Hansen, 2021). Strategies for 

counteracting the β-lactamases have included the development of β-lactamase 

inhibitors. Although these compounds show little antibiotic activity, they can prevent 

bacterial degradation of β-lactams and thus extend the range of bacteria the drugs 

are effective against (Drawz and Bonomo, 2010).   

The spread of β-lactamases has been greatly facilitated by their association with 

mobile genetic elements, like plasmids and transposons, that  are responsible for the 

mobilization and transfer of genetic material between bacteria (El Salabi et al., 2013; 

Partridge et al., 2018). The structure of the transposons Tn125 and Tn4401a  is 

reported in Figure 1.8 as an example of  genes for the β-lactamases blaNDM and 

blaKPC associated with mobile genetic elements (Cuzon et al., 2011; Poirel et al., 

2012b). 
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Furthermore, these are often part of MDR cassettes located within integrons thus 

acquiring resistance to different antibiotic classes such as aminoglycosides and 

macrolides in addition to β-lactams (Bonnet, 2004; Machado et al., 2005). The 

structure of the integron In58  is reported in Figure 1.9 as an example of  gene 

cassette that contains the gene for the β-lactamase VIM-2 in addition to other 

resistance determinants, such as the genes for the aminoglycosides and 

sulphonamide resistance (Poirel et al., 2001a). 

 

 

Figure 1.9 Structure of the integron In58. This integron contains the gene for the β-lactamase VIM-2 

(blaVIM.2) along with the genes for the resistance to aminoglycosides (aacA7and aacC1), a gene for the 

sulfonamide  resistance (sulI) and for the disinfectant resistance (qacED1). The intI1 integrase gene 

encodes the integrase required for the replication of the integron. Orf5 is an open reading frame of 

unknown function (Poirel et al., 2001a). 

1.3.3.1 Classification of β-lactamases 

Today, over 2000 β-lactamases have been identified in naturally occurring bacterial 

isolates (Öztürk et al., 2015; Bush, 2018). The diversity shown by this big family of 

enzymes is due to the evolutionary pressure exerted by the high number of new  

β-lactam type antibiotics and β-lactamase inhibitors used in the treatment of 

infectious diseases (Gaude and Hattiholli, 2013; Bush and Bradford, 2016).   

The Ambler and Bush–Jacoby systems are the two major classification schemes 

used to categorize the β-lactamases. Ambler classification of the β-lactamases is the 

most widely used classification scheme and is based on their amino acid sequences 

and mechanism of action. According to this classification, the β-lactamases are 

organized into 4 classes (A to D). The class A includes the narrow and extended 

spectrum of β-lactamases (ESBL) and the serine carbapenemases. The classes B 

and C are respectively metallo-β-lactamases and cephalosporinases. Lastly the class 

D includes the OXA-type enzymes (Table 1.1). (Ambler, 1997; Hall, and Barlow, 

2005; Bonomo, 2017; Silveira et al., 2018). 
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Table 1.1  Ambler classification of β-lactamases. For each type of β-lactamase the Ambler class, the 

characteristics and examples of enzymes are reported. 

 

The classes A, C, and D are serine-β-lactamases and are all structurally similar 

(Bonomo, 2017) (Figure 1.10). These three classes include enzymes that hydrolyze 

their substrates by forming an acyl enzyme through an active site serine (Palzkill, 

2018). The metallo-β-lactamases (MBLs) of class B use at least one active-site zinc 

ion to facilitate the hydrolysis of the β-lactam drug (Bush and Jacobi, 2010). This 

class is further divided into subclasses B1, B2, and B3, using sequence conservation 

data (Jaurin and Grundstrom, 1981; Ouellette et al., 1987; Ambler, 1997). 

 

Type Class Characteristics Examples  

Narrow-spectrum  
β-lactamases 
(Livermore, 1987; Lacey 
and Kruczenyk, 
1986;Livermore, , 1998) 

A Hydrolyze penicillin; 
produced primarily by 
Enterobacteriaceae 

Staphylococcal 
penicillinase, 
TEM-1, TEM-2, SHV-1 

Extended-spectrum  
β-lactamases  
(Queenan and Bush, 2007) 

A Hydrolyze narrow and  
extended-spectrum 
β-lactam antibiotics 

SHV-2, CTX-M-15,  
PER-1, VEB-1 

Serine 
carbapenemase  
(Queenan and Bush, 2007) 

A Hydrolyze carbapenems KPC-1, IMI-1, SME-1 

Metallo-β-lactamases  
(Tamilselvi and  Mugesh, 
2008; Aoki et al., 2010) 

B Hydrolyze carbapenems VIM-1, IMP-1, NDM-1 

Cephalosporinases 
(Jacoby and Munoz-Price, 
2005; Jacoby, 2009;Jones, 
1998) 

C Hydrolyze cephamycins 
and some oxyimino β-
lactams;  
inducible; chromosomally 
mediated 

AmpC, P99, ACT-1, 
CMY-2, FOX-1, MIR-1 

OXA-type enzymes  
(Ledent et al., 1993; Naas 
et al., 1998; Poirel et al., 
2010) 

D Hydrolyze oxacillin, 
oxyimino β-lactams, and 
carbapenems;  
produced by P. aeruginosa  
and A. baumannii 

OXA enzymes 
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Figure 1.10 Structure of the A, B, C and D classes of the β-Lactamases. For each class the 

structure of a β-Lactamase is reported as an example. These are TEM-1 for the class A (PDB code: 

1BTL), IMP-1 for the class B (PDB code: 1DD6), E. coli AmpC for the class C (PDB code: 6T35) and 

OXA-1 for the class D (PDB code: 1M6K). Each protein is coloured according to the type of secondary 

structure (helical residues in red and beta sheet residues in cyano) and the loop regions are showed in 

green. The classes A, C, and D show similarities in their protein tertiary structure that consists of an 

α/β/α sandwich characteristic of active-site serine β-lactamases, in which a five-stranded β-sheet is 

surrounded by α-helices. Class B adopts an αβ/βα sandwich fold that consists of two domains αβ with 

the active site located at the interface. Zinc ions are showed in purple.  Adapted from Bonomo, (2017). 

 

The Bush – Jacoby system divides the β-lactamases into 4 groups based on their 

substrate hydrolysis profiles (penicillin, cephalosporin, extended spectrum 

cephalosporin, carbapenem) and inhibitor profile (inhibition by β-lactamases inhibitors 

clavulanate and tazobactam) (Table 1.2). 
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Group 
Ambler  
Class 

Distinctive 
substrate(s) 

Defining 
characteristic(s) 

Representative 
enzymes 

1 C Cephalosporins Greater hydrolysis of 
cephalosporins 
than benzylpenicillin; 
hydrolyzes 
cephamycins 

E. coli AmpC, P99, 
ACT-1, CMY-2, 
FOX-1, MIR-1 

1e C Cephalosporins Increased hydrolysis of 
ceftazidime 
and often other 
oxyimino- 
β -lactams 

GC1, CMY-37 

2a A Penicillins Greater hydrolysis of 
benzylpenicillin than 
cephalosporins 

PC1 

2b A Penicillins,  
early 
cephalosporins 

Similar hydrolysis of 
benzylpenicillin 
and cephalosporins 

TEM-1, TEM-2, 
SHV-1 

2be A Extended 
spectrum 
cephalosporins, 
monobactams 

Increased hydrolysis of 
oxyimino- 
 β-lactams (cefotaxime, 
ceftazidime, 
ceftriaxone, cefepime, 
aztreonam) 

TEM-3, SHV-2, 
CTX-M-15, 
PER-1, VEB-1 

2br A Penicillins Resistance to clavulanic 
acid, 
sulbactam, and 
tazobactam 

TEM-30, SHV-10 

2ber A Extended 
spectrum 
cephalosporins, 
monobactams 

Increased hydrolysis of 
oxyimino-  
 β-lactams combined 
with resistance 
to clavulanic acid, 
sulbactam, and 
tazobactam 

TEM-50 

2c A Carbenicillin Increased hydrolysis of 
carbenicillin 

PSE-1, CARB-3 

2ce A Carbenicillin, 
cefepime 

Increased hydrolysis of 
carbenicillin, 
cefepime, and cefpirome 

RTG-4 

Table 1.2 Bush-Jacoby classification of β-lactamases. For each Bush-Jacoby group the molecular (Ambler) 

class is reported 
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Group Ambler  
Class 

Distinctive 
substrate(s) 

Defining 
characteristic(s) 

Representative 
enzymes 

2d D Cloxacillin Increased hydrolysis of 
cloxacillin or 
oxacillin 

OXA-1, OXA-10 

2de D Extended spectrum 
cephalosporins 

Hydrolyzes cloxacillin or 
oxacillin 
and oxyimino-β-lactams 

OXA-11, OXA-15 

2df D Carbapenems Hydrolyzes cloxacillin or 
oxacillin 
and carbapenems 

OXA-23, OXA-48 

2e A Extended spectrum 
cephalosporins 

Hydrolyzes 
cephalosporins. 
Inhibited by clavulanic 
acid but 
not aztreonam 

CepA 

2f A Carbapenems Increased hydrolysis of 
carbapenems, oxyimino- 
β-lactams, 
cephamycins 

KPC-2, IMI-1, 
SME-1 

3a B(B1) 
B(B3) 

Carbapenems Broad-spectrum 
hydrolysis including 
carbapenems but not 
monobactams 

IMP-1, VIM-1, 
CcrA, IND-1 

3b B(B2) Carbapenems Preferential hydrolysis 
of 
carbapenems 

CphA, Sfh-1 
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1.3.3.2  Class A β-lactamases 

Class A β-lactamases are generally plasmid-encoded. However, they can also be 

located on the bacterial chromosome (Bonomo, 2017). These enzymes are normally 

susceptible to inactivation by the clinically available β -lactamase inhibitor that act by 

one of two primary mechanisms. They may work as substrates that bind the  

β-lactamase with high affinity but form sterically unfavorable interactions, such as the 

acyl-enzyme, or may develop “suicide inhibitors,” which permanently inactivate the 

enzyme through secondary chemical reactions in the active site. Avibactam and 

relebactam work by the former mechanism, while sulbactam, tazobactam, and 

clavulanic acid work by the latter mechanism (Drawz and Bonomo, 2010). Class A 

includes the β-lactamases TEM, SHV and CTX-M that are defined as extended-

spectrum β-lactamases (ESBLs), a group of plasmid-mediated, rapidly evolving 

enzymes that represent a major therapeutic challenge today in the treatment of 

hospitalized and community-based patients (Rawat and Nair, 2010). ESBLs are 

pervasive worldwide, with over 1.5 billion people colonized with ESBL-producing 

Enterobacteriaceae by one estimate (Doi et al., 2017; Bezabih et al., 2021). National 

surveillance studies have shown the increase in prevalence of ESBL-producing 

isolates over time. Most European countries, including France, Italy, Spain, Belgium 

and Poland, exemplify these trends (Rodriguez-Villalobos et al., 2005; Livermore et 

al., 2006; Mugnaioli et al., 2006; Luzzaro et al., 2006; Cantón et al., 2008; Bezabih et 

al., 2021). In Spain, a 40-centre study performed during a 4-month period in 2000 

showed ESBL prevalence rates in K. pneumoniae and E. coli of 2.7% and 0.5%, 

respectively. Most of the K. pneumoniae isolates (93%) were found in hospitalised 

patients, whereas 51% of E. coli isolates were associated with community-acquired 

infections (Hernández et al., 2003). Preliminary data from a new surveillance study in 

Spain in 2006 indicated further increases in prevalence, to 8% of K. pneumoniae and 

6% of E. coli isolates (Luzzaro et al., 2006; Cantón et al., 2008). In Italy, the 

prevalence of ESBL producers in 1999 was 6.3 % among isolates from inpatients and 

2.5 % among isolates from outpatients Luzzaro et al., 2006). However in 2003 the 

prevalence of ESBL producers rose to 7.4% among isolates from inpatients and 3.5% 

among isolates from outpatients (Mugnaioli et al., 2008).  

ESBLs show increased spectrum of antimicrobial activity against β-lactams, 

especially against the cephalosporins with an oxyimino side chain. These 

cephalosporins include cefotaxime, ceftriaxone, and ceftazidime (Livermore, 2008; 

Rodriguez-Baño et al., 2018).  

Different tests that help confirm ESBLs susceptibility are available. One test involves 

the use of disks containing cefotaxime and ceftazidime alone and disks that contain a 

https://www.sciencedirect.com/topics/medicine-and-dentistry/community-acquired-infection
https://www.sciencedirect.com/topics/medicine-and-dentistry/community-acquired-infection
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combination of these two antibiotics with clavulanic acid. These disks are placed oin 

Mueller-Hinton agar. A positive result is defined as a 5 mm or greater increase in the 

size of the zone diameter for either cefotaxime or ceftazidime tested in combination 

with clavulanic acid versus the zone for either antibiotic tested alone (Qureshi, 2019). 

A further method is the E-test screen, that evaluates third-generation cephalosporins 

with and without a β-lactamase inhibitor (Garrec et al.,. 2011). Finally the Vitek ESBL 

test, an automated broth microdilution test that uses cefotaxime and ceftazidime 

alone and in combination with clavulanic acid. (Garrec et al., 2011; Qureshi, 2019).  

Based on comparisons of their amino acid sequences, ESBLs have been classified 

into nine distinct structural/evolutionary families, including TEM, SHV, CTX-M, PER, 

VEB, GES, TLA, BES and OXA (Gniadkowski, 2001). The largest groups are the 

mutants of TEM and SHV β-lactamases, with over 350 members (Bajpai et al., 2017). 

The mutations affecting a small number of critical amino acids in the enzyme’s active 

site enable it to broaden the spectrum of substrates recognized. Being plasmid and 

transposon mediated, TEM enzymes spread worldwide and are now found in many 

different species of the family Enterobacteriaceae including E. coli, Klebsiella 

species, Citrobacter species, Enterobacter species and Proteus species (de Champs 

et al., 2001; Perilli et al., 2005; Schlesinger et al., 2005; Rawat and Nair, 2010; Jena 

et al., 2017; Girlich et al., 2020). Furthermore, TEM enzymes are found in P. 

aeruginosa, Haemophilus influenzae, and Neisseria gonorrhoeae (Castillo et al., 

1998; Tristram et al., 2007; Bajpai et al., 2017). Similarly, SHV β-lactamases are 

usually encoded by self-transmissible plasmids, like p453, pBP60 and pZMP1, that 

frequently carry resistance genes to other drug classes and have become 

widespread throughout the world in several Enterobacteriaceae and is ubiquitous in 

K. pneumoniae (Barthélémy et al., 1988; Podbielski et al., 1991; Heritage et al., 1999; 

Chang et al., 2001; Liakopoulos et al., 2016). 

The second largest group of ESBLs is that of CTX-M enzymes. This group of ESBLs  

is now the most widely distributed and globally dominant genotypes with more than 

124 variants recognized (Rawat and Nair, 2010; Adamski et al., 2015; Zeynudin et 

al., 2018). For example, a nationwide survey of the United States during 2009–2010 

revealed that 91% of ESBL-producing E. coli strains carried CTX-M-type genes (Doi 

et al., 2013; Zhang et al., 2014). Based on sequence homology this group of 

enzymes is divided into five subgroups: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and 

CTX-M-25 (Mrowiec et al., 2019). Most of these subgroups have evolved from 

chromosomal β-lactamase genes migrated from Kluvera species, an enterobacterial 

genus of little clinical importance, to mobile DNA  (Bevan et al., 2017).  

KPC enzymes are an additional group of class A β-lactamases with carbapenem-

hydrolyzing activity. These enzymes are carried on plasmids and are becoming an 
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increasingly significant problem worldwide due to their exceptional potential for 

dissemination (Arnold et al., 2011; Han et al., 2020). The clinical relevance of these 

enzymes comes from their ability to hydrolyze different groups of β-lactams, including 

carbapenems, cephalosporins and penicillins (Queenan and Bush, 2007). KPC 

enzymes are the most commonly occurring carbapenemases in the United States. 

For example the Consortium on resistance against carbapenems in Klebsiella and 

Enterobacteriaceae reported that the genes for the carbapenem resistance blaKPC-2 

and blaKPC-3 were present in more than 90% of carbapenemases-producing 

Enterobacteriaceae circulating in the hospitals of Ohio, Pennsylvania and Michigan 

during the years 2013 and 2014 (Van Duin and Doi, 2017).  

β-lactamases of class A include enzymes of the GES type. These enzymes confer 

resistance to penicillins, broad-spectrum cephalosporins and carbapenems and have 

been found in P. aeruginosa, Enterobacteriaceae and Acinetobacter baumannii 

(Poirel, et al., 2001b; Bogaerts, et al., 2010; Stewart et al., 2015, Bonnin et al., 2017). 

Nmc-A (non-metallo-carbapenemase-A), IMI and SME-type enzymes are other  

β–lactamases that confer resistance to carbapenems. However, reports of these 

enzymes are infrequent (Bonomo, 2017).  

 

1.3.3.3  Class B: metallo-β–lactamases (MBLs) 

 

The MBLs show a wide substrate spectrum and can catalyze the hydrolysis of 

virtually all β-lactam antibiotics with the exception of monobactams. MBLs usually 

confer resistance to penicillins, cephalosporins, carbapenems and the clinically 

available β-lactamase inhibitors (Mojica et al., 2016). The genes for the MBLs are 

typically located on the chromosome, plasmid, and integrons (Palzkill,  2013: Mano et 

al., 2015). The more geographically widespread MBLs include IMP, VIM, and NDM  

(Mojica et al. 2015). 

 Among the MBLs, the NDM enzyme has experienced the fastest and widest 

geographical dissemination (Bahr et al., 2018). Asian continent serves as the main 

reservoir of NMD producers, with around 58.15% abundance of NDM-1 variant, 

followed by Europe and United States that show respectively 16.8% ad 10.8% 

abundance of NDM-1 of the total carbapenemases producers (Khan et al., 2017), 

NDM is the product of the blaNDM-1 gene and is an enzyme hydrolysing a broad range 

of antibiotics, including the carbapenems (Khan et al., 2017). In the last few years, 17 

new variants of NDM-1 evolved by changing one or two residues at different positions 

(Kaase et al., 2011; Khan and Nordmann, 2012; Khan and Parvez, 2014). BlaNDM-1 is 

generally carried by plasmids and moves to other microorganisms via HGT, thereby 

increasing the probability of emergence of drug resistant strains of pathogenic 
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bacteria (Khan et al., 2017). Plasmids detected in these bacteria are also capable of 

wide rearrangement, suggesting a widespread horizontal transmission and flexibility 

among bacterial populations. Furthermore NDM-1 producers are not easily detected 

due to the lack of a routine standardized phenotypic test for MBLs with consequent 

probable high prevalence of unrecognized asymptomatic carriers (Khan et al., 2017). 

Lastly, there is a lack of available effective antibiotics for the treatment of multidrug 

resistant NDM-1 producers. Therefore, the emergence of bacteria carrying such 

genes represents a big challenge for physicians to treat infected patients (Rolain et 

al., 2010; Khan et al., 2017; Wang et al., 2020).  

Frequently detected MBLs also include IMP-type (imipenem-resistant) and VIM-type 

(Verona integrin encoded MBL) with VIM-2 being the most prevalent. These MBLs 

are associated to  different genetic structures, most commonly integrons. When these 

integrons are associated with transposons or plasmids, they can readily be 

transferred among species (Mojica et al. 2015). 

 

1.3.3.4 Class C Cephalosporinases 

Class C enzymes include the AmpC β-lactamases. These are generally encoded by 

bla genes located on the bacterial chromosome, although they have been detected 

on plasmids as well (Mammeri et al., 2010). Organisms expressing the AmpC  

β-lactamase are typically resistant to penicillins, β-lactamase inhibitors (clavulanate 

and tazobactam) and most cephalosporins including cefoxitin, cefotetan, ceftriaxone, 

and cefotaxime (Bush, 2010). AmpC enzymes poorly hydrolyze cefepime, an 

expanded-spectrum cephalosporin, and are readily inactivated by carbapenems. 

Notably, AmpC cephalosporinases are very susceptible to inactivation by avibactam. 

(Drawz, and Bonomo, 2010; Bush and Bradford, 2016) Members of the 

Enterobacteriaceae family, such as Citrobacter, Salmonella, and Shigella, are 

clinically relevant producers of AmpC enzymes that resist inhibition by clavulanate 

and sulbactam (Bauvois and Wouters, 2007).  

1.3.3.5 Class D Serine Oxacillinases (OXA) 

The OXA-type β-lactamases were so named because of their oxacillin-hydrolyzing 

abilities (Gniadkowski, 2001). These enzymes are the only ESBLs of class D and 

represent another relatively prevalent ESBL family (Papp-Wallace et al., 2019). 

These enzymes are of the utmost clinical importance due to their ability to produce 

resistance to carbapenems, the antibiotics of last resort for the treatment of various 

life-threatening infections (Antunes et al., 2014; Evans and Amyes, 2014). Among the 

OXA-enzymes OXA-48 is referred to as the “phantom menace” or “hidden threat” as 
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clinical isolates producing OXA-48 are often difficult to detect, missed by routine 

diagnostics. In fact, alone, OXA-48 is not a particularly efficient carbapenemase 

(Papp-Wallace et al., 2019). Furthermore, it possesses poor activity against broad-

spectrum cephalosporins (Pfeifer et al., 2012). However, when found in combination 

with other resistance determinants such as loss of porins and the β-lactamase CTX-

M-15, carbapenem resistance is much more pronounced (Poirel et al., 2004; Loucif et 

al., 2016). 

OXA-48 has been detected in a variety of bacterial  species, incuding K. pneumoniae, 

E.coli, Enterobacter cloacae, Serratia marcescens, Citrobacter freundii, Providencia 

rettgeri, Klebsiella oxytoca and Acinetobacter baumannii. In the UK, OXA-48 like 

carbapenemases are frequently reported. A study published in 2017 showed the 

OXA-48 like family were the most frequently reported carbapenemase in the UK, 

accounting for 48.5% of confirmed carbapenemase prodcuing Enterobacteriaceae 

(Sivaramakrishnan et al., 2020). OXA-enzymes responsible for conferring 

carbapenem resistance are now being reported increasingly in isolates of  

A. baumanniii (Poirel et al., 2006; Mathlouthi et al., 2018; Mentasti et al., 2020). For 

example, data from the United States suggest that the percentage of A. baumannii 

isolates resistant to imipenem has increased from an average of approximately 10% 

between 1999 and 2005 to 48% in 2008. Furthermore, meropenem resistance has 

increased from approximately 19% to 57.4% over the same time period (Evans and 

Amyes, 2014).  

The global dissemination of OXA-48 has been mainly attributed to the fact that the 

blaOXA-48 gene is localized on a conjugative IncL/M plasmid of approximately 60 kb in 

size. This plasmid harbors blaOXA-48 within Tn1999 transposon structures (Figure 

1.11) (Poirel et al., 2012a; Carattoli et al.. 2015; Papp-Wallace et al., 2019).   

 

 

  

 

Figure 1.11 Features of  the transposon Tn1999 carrying the blaOXA-48 gene. This transposon is  

inserted within a tir gene (Δtir) and is defined by two copies of IS1999 insertion sequences flanking 

blaOXA-48. Downstream of blaOXA-48, a lysR gene encode a regulatory protein of 304 amino acids. Adapted 

from Poirel et al., (2012a). 

 

Together these elements facilitate the horizontal genetic exchange and therefore 

promote the acquisition and spread of resistance genes (Partridge et al., 2018).  
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Different groups of OXA-enzymes have been identified in this bacterium, namely 

OXA-23, OXA-24, OXA-51 and OXA-58, although OXA-51 and its derivatives may be 

considered to be naturally occurring β-lactamases  in A. baumannii (Héritier et al., 

2005; Graña-Miraglia et al., 2020). Among these acquired families, OXA-23 seems to 

be the most prevalent around the world (Mugnier et al., 2010; Graña-Miraglia et al., 

2020).  

 

1.3.4 Outer membrane vesicles (OMVs) 

 

In addition to the mechanisms of resistance described, bacterial extracellular vesicles 

(EVs) can also confer resistance to antimicrobials (Brown et al., 2015; Qing et al., 

2019). The biogenesis mechanism of Gram-positive EVs was not instantly evident as 

for the outer membrane vesicles (OMVs) produced by Gram-negative bacteria. 

Indeed, unlike the Gram-negative bacteria Gram-positives lack an outer membrane 

(OM) but are surrounded by thick layers of peptidoglycan (Silhavy et al., 2010). 

Therefore, while OMVs are generated by pinching off the OM, the generation and 

release of Gram-positive EVs through the thick cell wall involves the action of cell 

wall-degrading enzymes that weaken the peptidoglycan layer and facilitate the 

release of EVs (Toyofuku et al., 2017;  Liu et al., 2018; Wang et al., 2018). These 

small, spherical nanostructures have a diameter of 20–250 nm and contain the 

phospholipid bilayers that are incorporated with various bacterial proteins, like 

lipoproteins, porins and OM proteins, LPS, and lumens carrying different cargos such 

as periplasmic constituents, nucleic acids (DNA, RNA), ion metabolites, PG and 

enzymes (Figure 1.12).  

 

Figure 1.12 Structure and content of Gram-negative OMVs. OMVs are composed of a phospholipid 

bilayer with an outer layer of LPS, OM proteins, and receptors. Internally, OMVs possesses a thin layer 

of PG and contain periplasmic proteins as well as nucleic acids and enzymes. Adapted from Brown et 

al., (2015) 
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OMVs play diverse biological and pathophysiological functions including adherence 

to the host interface and transfer of contents to host cells, subduing effects of 

bacteriophages and antimicrobial peptides, responses to the stress which involves 

biofilm formation, inter- and intraspecies delivery of molecules, HGT, eliciting and 

modulating the host immune response (Kuehn, 2012; Kulkarni and Jagannadham, 

2014; Jan, 2017; Qing et al., 2019). In a microbial community, there is also the 

potential for OMVs released by one cell to provide a benefit to other bacteria of the 

same or of different species (Caruana and Walper, 2020).  For example, some 

enzymes packaged into OMVs function as “public goods” that benefit the entire 

bacterial community (Rakoff-Nahoum et al., 2014; Caruana and Walper, 2020) 

 

1.3.4.1  Biogenesis of OMVs 

 

For an OMV to form, the OM needs to be liberated from the underlying PG and bulge 

outwards until the budding vesicle membrane undergoes fission and detaches 

(Schwechheimer and Kuehn, 2015; Jan et al., 2017). Previous studies suggested that 

reduction in the cross-linking between PG in the periplasm and Braun’s lipoprotein 

(Lpp) in the OM triggers the biogenesis of OMVs. Therefore OMV biogenesis often 

occurs in areas devoid or depleted of attachments, followed by fission without 

compromising envelope integrity (Figure 1.13A) (Burdett and Murray, 1974; Hoekstra 

et al., 1976; Schwechheimer and Kuehn, 2015).  

However, the biogenesis of OMVs can also occur regardless to the total level of PG-

bound Lpp. For example, studies investigated mutants that hypervesiculate as a 

result of a general stress response to undesirable components like misfolded proteins 

or high concentrations of envelope proteins, PG fragments and/or aberrant LPS. 

These components were found to accumulate in nanoterritories that are relatively free 

of bound Lpp, although the overall level of Lpp–PG crosslinks throughout the 

envelope as a whole remained constant. Following accumulation of this cargo in 

these areas, the OM could bulge outwards and bud off, effectively removing the 

undesirable products from the cell (Figure 1.13B). (Schwechheimer et al., 2014).  

Another important factor that affects the biogenesis of OMV is the lipid composition. 

Indeed, specific OM regions can become enriched with particular types of LPS, 

phospholipids and/or specific LPS-associated molecules. These areas can act as 

lipid microdomains that bulge outwards as a result of their chemical features, thus 

leading to increased OMV production (Figure 1.13C) (Tashiro et al., 2011; Kulkarni et 

al., 2014).  
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1.3.4.2  Role of OMVs in antimicrobial resistance 

 

The OMVs play a key role in antimicrobial resistance. Indeed, OMVs can help 

bacteria to battle antibiotics in ways beyond the spread of antibiotic resistance genes. 

For example, OMVs can act as decoys that bind or absorb antibiotics and toxins, thus 

providing immediate protection before the bacteria can adapt by modifying or 

mutating antibiotic targets (Figure 1.14A) (Manning and Kuehn, 2011). With regards 

to this, studies carried out in E. coli showed that the addition of OMVs or the use of a 

hypervesiculating mutant increased immediate resistance to the antimicrobials 

polymixin B and colistin (Manning and Kuehn, 2011). Similarly, OMVs from 

Pseudomonas syringae reduced the levels of the drugs colistin and melittin in 

solution by sequestering these compounds (Kulkarni et al., 2014). Phages are also a 

type of antimicrobial and research performed in E. coli showed that the viability of this 

bacterium cultured with the lytic T4 phage increased with the addition of OMVs as 

these latter irreversibly bound and inactivated the phage (Manning and Kuehn, 2011). 

Beyond reducing the effective antibiotic concentration in culture by adsorption, OMVs 

can also carry enzymes that mediate antibiotic protection, especially β-lactamases 

(Figure 1.14B) (Manning and Kuehn, 2011; Kulkarni et al., 2014).  
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1.4  Bacterial interactions 

 

1.4.1  Competition and cooperation in microbial communities 

 

Bacteria were considered to be self-contained and self-sufficient individuals until late 

1800s. These organisms were thought to lack the ability of plants and animals to 

organize into multicellular groups. Furthermore, they were assumed to lack the ability 

to communicate, a key function for organizing group activities (Greenberg, 2001). 

However, in 1877 microbiologists including Louis Pasteur reported phenomena 

resulting from interactions of bacteria existing in multispecies communities 

(Stubbendieck and Straight, 2016). From then it became clear that a bacterial species 

was placed within its ecological context including the other members of its 

community. These communities range in scale from small, multicellular aggregates to 

billions or trillions of cells, such as those living in and on plants and in the 

gastrointestinal tract of animals (Ohno, 1997; Dong et al., 2019). In these 

communities microorganisms interact extensively within and between species 

responding to external stimuli from their environments and the fitness of a single cell 

depends on the interactions with other cells in the population (West et al., 2006; 

Stubbendieck et al., 2016). Studies over the past half-century have revealed that 

bacteria can communicate among themselves to carry out a broad range of complex 

social behaviours, including competition and cooperation (Davies, 1998; Whitehead 

et al., 2001).  

Competition often occurs because within the microbial communities vast numbers of 

microbes are present. In these environments, such as a shaking liquid bacterial 

culture the input of new nutrients is often minimal and individuals with similar 

nutritional requirements, such as members of the same population, will compete for 

acquisition of these nutrients as they become depleted by the growing population 

(Hibbing et al., 2010). 

Nicholson classified competition for a limiting resource into two wide groups, 

scramble or exploitation competition and contest or interference competition (Figure 

1.15) (Nicholson, 1954; Hibbing et al., 2010; Stubbendieck and Straight, 2016). The 

first scenario involves rapid utilization of the limiting resource(s) without direct 

interaction between competitors. In particular, exploitation often occurs when one 

bacterial species alters its external environment through various metabolic functions 

and prevents other bacterial species from growing. This exploitation can arise from 

direct consumption of nutrients, build-up of toxic waste products or the activity of 

specialized bioactive metabolites (SMs), molecules produced by bacteria that are not 
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involved in primary metabolism but in other biological processes, like the growth and 

development of competing bacteria.  

The latter scenario involves direct, antagonistic interactions between competitors, 

with the “winner” appropriating the resource(s) (Figure 1.15)(Stubbendieck and 

Straight, 2016).   

 

 

 

 

Figure 1.15 The two major types of competitive interactions seen in microbes. Diagrams illustrating 

the two major types of competitive interactions where the dashed lines indicate indirect interactions and 

the solid lines direct interactions. C1 = Competitor #1, C2 = Competitor #2,  R = Resource. Adapted from 

Stubbendieck and Straight, (2016). 

 

A typical example of interference in competitor development is to derail normal 

signaling processes. For example, some marine bacteria produce SMs that interfere 

with quorum sensing and thus disrupt subsequent downstream processes that rely on 

communication between competitor cells (Margaret et al., 2009). 

Cooperative behaviours include complex social interactions such as division of labour 

and mutualism in providing shelter, foraging, reproduction, and dispersal (Wingreen 

and Levin, 2006).  Cooperative interactions occur when a social behaviour influences 

positively the fitness of the recipient regardless of its fitness effect on the actor (West 

et al., 2002; Özkaya et a., 2017). The presence of cooperative interactions 

dramatically affects the evolutionary dynamics of bacterial communities, represented 

by the change in the frequencies of cells and species that implement different 

physiological strategies (such as production of public goods or not) (Cavaliere et al., 

2017). The products of these microbial cooperative behaviours are generally referred 
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to as public goods (Smith and Schuster, 2019).  In microbial cooperation, public 

goods are compounds produced by certain individuals that can benefit the entire 

population. These molecules are therefore shared among the members of the 

community (Figure 1.16).  

 

Figure 1.16  Interactions based on shared public goods. Cooperators (shown in black edge) produce 

an enzyme that splits a substrate into digestible products. Other cells (cheats, shown in grey), do not 

produce the enzyme but take advantage of the public goods produced by the others, by transporting the 

digested products inside the cell. Adapted from Cavaliere et al., (2017). 

 

The size of the public goods ranges from large proteins to small metabolites 

(Cavaliere et al., 2017). These molecules may be actively secreted or may passively 

diffuse from the producing cell (Smith and Schuster, 2019). A broad variety of 

molecules can be used as public goods.  They can be materials to generate 

protective structures like exopolysaccharides to generate biofilms, toxins to kill 

competitors, molecules to scavenge nutrients, enzymes for the digestion of food, 

biosurfactants that promote group motility over surfaces, proteins to detoxify the 

environment and secreted signalling molecules that coordinate the behaviour of the 

population in a process termed quorum sensing. (West et al., 2007; Rutherford and 

Bassler, 2012; Perchat et al., 2016; Side et al., 2017; Smith and Schuster, 2019; Yan 

and Wu, 2019). Benefit derived from public goods generally increases with population 

density. Antibiotics or secreted enzymes represent a good example of this aspect. 

Antibiotics are effective against competitors only when their concentration is above a 

certain threshold. Therefore they require an appropriately high density of cells 

involved in the antibiotic production. Similarly, as population density increases, 
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secreted enzymes involved in processing nutrients progressively benefit neighbouring 

cells rather than diffuse away (Wu, 2019).  

The cooperation based on public good can be damaged by ‘cheating’ cells that 

benefit from the cooperative interactions but do not contribute to them, thus saving 

the cost of its production and gaining a fitness advantage over producers (Figure 

1.16) (Strassmann and Queller, 2011) Thus, in mixed cultures, cheaters can increase 

in frequency in the population, relative to cooperators. 

In microbial communities, metabolites produced by one species are used as building 

blocks by other species or energy sources (Cavaliere et al., 2017). The first scenario 

can lead to emergence of organisms fully relying on the environmental supply of 

certain compounds required for its growth (auxotrophic organisms). The result of the 

second scenario is that some cells in the community excrete metabolites that can be 

taken up by other cells (Figure 1.17). This mechanism is known as metabolic cross-

feeding and is widespread in natural microbial communities (Smith et al., 2019).  

 

Figure 1.17 Cross-feeding in bacteria. The product of one strain's metabolism may be used in the 

nutrition of another, thus leading to a web of feeding interactions. Adapted from Cavaliere et al., (2017). 

 

Metabolites into the environment can be released by organisms that are not able to 

maintain certain compounds due to leakage issues or by organisms actively secreting 

those compounds due to some functional benefits.  With regards to this, secretion of 

internal metabolites can benefit both the receiving and producing organisms leading 

to a mutually beneficial interaction. Mutualism is the most common form of 

cooperative interactions seen in microbial systems (Figure 1.18A). (Freilich et al., 

2011; Denton and Gokhale, 2019). The production of bacterial siderophores is a very 

popular example of mutually beneficial microbial interactions as these compounds 
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are not constricted to individual usage. Siderophores are iron-chelating compounds 

produced by many microbial taxa, including bacteria and fungi (Hibbing et al., 2009). 

These molecules facilitate the uptake and metabolism of iron in the environment, as it 

normally exists in an insoluble form (Neilands, 1995). In order for bacteria to access 

iron, cells will manufacture these compounds, and then secrete them into the 

environment. Once released, the siderophores will sequester the iron, and form a 

complex, which is recognized by bacterial cell receptors for the siderophore-Fe 

complexes. These complexes are then transported into the cell and reduced, making 

the iron metabolically accessible for the bacteria (West and Buckling, 2003; Seth and 

Taga, 2014).  

A special type of mutualism is the syntrophy. The syntrophic partnerships can allow 

access to substrates that neither microbe involved in this interaction could metabolize 

alone (Seth and Taga, 2014). For example, the presence of a partner that actively 

consumes intermediates such as hydrogen allows the occurrence of an otherwise 

energetically unfavorable reaction, for example the fermentation of propionate to 

acetate to support growth (Figure 1.18B). 

 

 

 

Figure 1.18 Major cooperative Interactions between two bacterial cells (blue and yellow 

rectangles. A. Mutualism. Cells can exchange metabolite (purple trapezium and brown pentagon that 

are required to support each other’s growth in a mutualistic interaction. B. Syntrophic metabolism. The 

consumption of an intermediate or end product such as hydrogen(grey square) by a partner cell allows 

the conversion of propionate (light blue rhombus) to acetate (red circles).  
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1.4.2  Microbial cooperation in clinical settings 

 

Interactions between different bacterial species are extremely important in clinical 

settings (Marjon et al., 2018). However polymicrobial diseases have not been 

recognized before the 20th century.  Indeed several human diseases were previously 

characterized as being caused by just one bacterial species (monomicrobial 

infections) (Smith, 1982; Ingham and Sisson, 1984; Marjon et al., 2018). This was 

likely due to the wide use of culture dependent isolation techniques. However, with 

the advent of culture-independent community analysis methodologies, several 

diseases are becoming increasingly recognized as true polymicrobial infections 

because multiple microbial species are present simultaneously (Peters et al., 2012). 

In animals, foot rot and chronic nonprogressive pneumonia in sheep were among the 

first diseases found to have multiple etiologies (Jones et al., 1982a; Jones et al., 

1982b; Smith et al., 1991). Respiratory disease in cattle was also shown early to 

have multiple etiologies (Frank, 1979; Smith, 1982). More recently, atrophic rhinitis in 

swine and porcine respiratory disease complex have been included (Nakai et al., 

1988; Galina et al., 1994; Done and Paton, 1995; Solano et al., 1997; Thacker et al., 

1999). 

In humans, acute necrotizing ulcerative gingivitis and respiratory disease were 

recognized very early as having polymicrobial etiology (Igham and Sisson, 1984). In 

the 1920s, the polymicrobial etiology of respiratory disease was firmly established, 

and Haemophilus influenzae or Streptococcus pneumoniae were routinely found in 

individuals with viral respiratory disease (Hament et al., 1999). Also, later studies 

confirmed the polymicrobial etiology of otitis media (Nichol and Cherry, 1967; Mills, 

1984; Floret, 1997; Hament et al., 1999).  

Different polymicrobial diseases are commonly associated with the formation of  

complex structures of microbiome having different bacterial colonies or single type of 

cells. These microbial aggregates, known as biofilms, are immobile communities 

which can colonize and grow on a wide variety of surfaces including human mucosal 

tissues, epidermal layers and abiotic surfaces, such as intravenous and urinary 

catheters, cosmetic and cochlear implants,stents, artificial heart valves, and ventilator 

tubes (Peters et al., 2012; Hall and Mah, 2017; Sharma et al., 2019). The cells in the 

biofilm are embedded in extracellular polymeric substances, a matrix which is 

generally composed of DNA, proteins and polysaccharides (Sharma et al., 2019). 

The close proximity of the microorganisms enables a wide range of functions such as 

substrate exchange, distribution of metabolic products and removal of toxic end 

products so that the different species can support each other. Furthermore, the 

structure of biofilm communities can protect the bacteria within them from attack by 
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antimicrobials, shear forces and the immune system (Hall and Mah, 2017; Sharma et 

al., 2019). 

Different polymicrobial diseases are associated with biofilms. One of the most 

commonly known is the dental caries (Petersen et al., 2005; Peters et al., 2012). The 

tooth surface becomes coated with a layer of salivary and host proteins which 

provides a substratum for the attachment and coaggregation of microbial species to 

develop into matrix-producing polymicrobial biofilm communities. These are also 

commonly referred to as dental plaque (Marsh, 2006).  Other diseases associated 

with the formation of polymicrobial biofilms include otitis media, chronic infections of 

diabetic foot wound and Infection of the Cystic Fibrosis Lung (Segal et al., 2005;  

Davies et al., 2007; Farag et al., 2010; Peters et al., 2012).  

The presence of a polymicrobial infection has important implications for management 

of a disease. Indeed interactions between microbes can modify the clinical course of 

the disease by increasing the severity of infections and complicate  medical  

treatments used for the infections (Arndt and Ritts, 1961; Croxall et al., 2014; Short et 

al., 2014; Byrd and Segre, 2016). With regards to this, they can often impact the 

selection of antimicrobial therapy and the anticipated response to treatment, 

especially when it involves pathogens commonly exhibiting antimicrobial resistance 

(Marjon et al., 2018). However, despite the gravity of such infections, up to now poor 

research has been carried out on polymicrobial diseases. In particular it is unknown 

to what extent the isolates interact and whether their interactions alter bacterial 

growth and ecosystem resilience in the presence and absence of antibiotics (Byrd 

and Segre, 2016; Marjon et al., 2018). 

  

1.4.3  The sheltering effect  

 

The antibiotic tolerance has been shown to be significantly affected by the presence 

of more bacterial species during infections (Marjon et al., 2018). Indeed, a number of 

reports showed that a species normally susceptible to an antibiotic can become 

tolerant to this treatment in presence of a resistant species without any transfer of the 

resistant genes or physical contact between the two species (Schaar et al., 2011). 

The susceptible species remained therefore sensitive to the treatment in absence of 

its resistant cohort (Perlin et al., 2009; de Vos et al., 2017). This phenomenon can 

occur when in a polymicrobial community resistant bacteria release enzymes for the 

detoxification of the antibiotic into the extracellular environment thus giving protection 

to neighboring susceptible bacteria (Liao et al., 2015). This phenomenon is 

commonly regarded as sheltering effect and has been reported in a number of 

bacteria, especially in Gram-negative species (Brook et al., 1983; Perlin et al., 2009; 
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Schaar et al., 2011; Liao et al., 2014; Schaar et al., 2014). However, Gram-positive 

bacteria able to shelter other bacterial species have also been reported (Lee et al., 

2013).  

  

1.4.3.1  Examples of sheltering effect in bacteria 

 

All the known examples of sheltering effect in bacteria are summarised in Table 1.3.  

 

 

Table 1.3 Known examples of sheltering effect For each sheltering bacterial species the sheltered 

bacteria (sheltered species) and the antibiotic treatment from which the sheltering species provides 

protection is reported. 

Sheltering  

species 

Sheltered  

Species 

Treatment Reference(s) 

Bacteroides fragilis Streptococcus 

pyogenes 

penicillin Brook  et al., 1983; 

Brook, 2004 

Bacteroides 

melaninogenicus 

S. pyogenes penicillin Brook et al., 1983; 

Brook, 2004 

Bacteroides oralis S. pyogenes penicillin Brook et al., 1983; 

Brook, 2004 

Moraxella catarrhalis S. pneumoniae; 

H. influenzae 

amoxicillin Cees et al., 1994; 

Schaar et al., 2011 

H. influenza S. pyogenes amoxicillin Schaar et al., 2014 

E. coli Salmonella 

enterica 

ampicillin Perlin et al., 2009 

E. coli (resistant 

strain RC85) 

E. coli (sensitive 

strain RC85) 

ampicillin Kim et al., 2018 

A. baumannii A. baumannii imipenem Liao et al., 2014; 

Liao et al., 2015 

S. aureus E. coli;  

S. enterica;  

S. aureus;  

Streptococcus 

epidermidis  

ampicillin Lee et al., 2013 
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Strains belonging to the genus Bacteroides have been among the first organisms to 

be reported for the presence of sheltering effect (Brook et al., 1983). With regards to 

this, studies carried out in the 80s demonstrated that several Bacteroides species 

including strains of B. fragilis, B. melaninogenicus and B. oralis protected susceptible 

streptococci by producing β-lactamase enzymes that inactivated the action of 

penicillin used for the treatment of tonsillitis. (Brook et al., 1981; Brook et al., 1983; 

Brook, 2004).  

The presence of sheltering effect has been reported also in Moraxella catarrhalis. 

This Gram-negative bacterium is a common pathogen found in children with upper 

respiratory tract infections and in patients with chronic obstructive pulmonary disease 

during exacerbations (Schaar et al., 2011). Until 1975 most M. catarrhalis clinical 

strains recovered were susceptible to β-lactam antibiotics. In contrast to  

M. catarrhalis, most S. pneumoniae and H. influenzae isolates are susceptible to  

β-lactam antibiotics. However, M. catarrhalis is often found in polymicrobial infections 

and isolated together with S. pneumoniae and H. influenzae. In presence of these 

coinfections, the two susceptible species were shown to survive the amoxicillin 

treatment as a direct result of the protective effect exerted by M. catarrhalis (Cees et 

al., 1994; Schaar et al., 2011). However strains of β-lactam-resistant H. influenzae 

able to protect group A streptococci, Gram-positive bacteria highly sensitive to 

amoxicillin, have also been reported (Schaar et al., 2014). 

Studies carried out in E. coli showed that β-lactamases-producing strains of this 

species were able to protect β-lactam-sensitive cohorts of other species, particularly 

species that could cause human disease, for example S. enterica (Perlin et al., 2009; 

Kim et al., 2018). Furthermore, the presence of sheltering effect has been reported in 

A. baumannii. Indeed, studies carried out in 2014 and 2015 reported the unexpected 

in vivo isolation of carbapenem-susceptible microorganisms from several patients 

with polymicrobial bacteremia during the course of carbapenem therapy. This was 

due to the fact that in these coinfections carbapenem-resistant A. baumannii 

protected their sensitive counterpart from the lethal action of the carbapenems (Liao 

et al., 2014; Liao et al., 2015).  

In contrast to Gram-negative little is yet known about the sheltering effect provided by 

Gram-positive bacteria. However, strains of β-lactamase-producing S. aureus that 

were able to protect other ampicillin-susceptible Gram-negative and Gram-positive 

bacteria from the action of  ampicillin have been reported (Lee et al., 2013). 
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1.4.3.2  Role of OMVs in sheltering effect 

 

In all the resistant bacteria reported the sheltering effect is the result of the production 

and release of OMVs (Stentz et al., 2015). Periplasmic constituents containing  

β-lactam-inactivating enzymes are incorporated in the OMVs in formation when the 

OM forms buds, thus becoming components of the cargo once the vesicles are 

secreted in the extracellular environment (Liao et al., 2014; Stentz et al., 2015). The 

release of these vesicles triggers the degradation of the antibiotics present in the 

environment, where other different bacterial species live, thus providing protection 

from the drug to the entire bacterial community (Liao et al., 2014; Chattopadhyay and 

Jagannadham, 2015; Liao et al., 2015; Stentz et al., 2015). 

Previous studies used gold-coupled anti-β-lactamase antibodies associated with the 

OMVs to track the trafficking of the chromosomally encoded β-lactamase produced 

and released by P. aeruginosa. The gold particles were found associated with the 

cytoplasm, the OM and emerging OMVs.  This is consistent with the secretion 

pathway of β-lactamase which is synthesized in the cytoplasm and translocated 

across the plasma membrane to its periplasmic location where it is finally packaged 

into OMVs (Figure 1.19) (Ciofu, 2000).  

 

 

 

Figure 1.19 Immunogold detection of β-lactamase on sections of a  P.aeruginosa cell by 

Transmission Electron Microscopy (TEM).  The gold particles (small arrows) are associated with the 

cytoplasm, the OM and emerging OMVs. The large arrow points to a cluster of OMVs. Adapted from 

Ciofu, (2000). 

 

More recent studies carried out in A. baumannii investigated more in detail the 

translocation of the β-lactamase OXA-58 to the periplasm (Liao et al., 2015). This 

research demonstrated that OXA-58 was released via OMVs after translocation to the 
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periplasm via the Sec system (Figure 1.20). This latter, along with the Tat system, is 

the major pathway for export of proteins across the cytoplasmic membrane to the 

bacterial periplasm in Gram-negative bacteria (Beckwith, 2013; Costa et al., 2015; 

Frain et al., 2019). 

 

 

 

Figure 1.20 The Sec-dependent protein transport pathway The Sec pathway translocates cargo 

proteins across the plasma membrane in a loosely folded or unfolded state, here exemplified with the 

precursor of the OM protein A of E. coli (OmpA). Targeting and folding control of the cargo protein is 

supported by the chaperone SecB that interacts with nascent chains of the protein and prevents their 

folding. The Sec machinery itself is composed of the SecYEG channel and the translocation ATPase 

SecA, which converts chemical energy in the form of ATP into a driving force that pushes the cargo 

protein through the membrane. At the trans-side of the membrane, the translocated protein folds into its 

active and protease-resistant final conformation. Adapted from Beckwith, (2013). 

. 

In the SecA pathway, SecB acts as a chaperone, helping protein transport to the 

periplasm after complete synthesis of the peptide chains. SecA is an ATPase motor 

protein and moves the nascent chains to the SecYEG complex using ATP as a 

source of energy. SecA is inhibited in presence of Rose Bengal (Rb). This inhibitor 

acts as competitive inhibitor against ATP and bind to the high affinity ATP binding site 

of the chaperone. This prevents the binding of ATP to SecA, thus blocking its SecA 

ATPase and the translocation of the proteins through SecYEG.  (Huang et al., 2012; 

Hsieh et al., 2014).  

The release of OXA-58-including-OMVs from A. baumannii has been studied in 

presence and in absence of imipenem, a carbapenem antibiotic, in order to 

investigate whether the presence of stressors lead to an increased OMVs formation 

and release. These studies demonstrated that OMV-associated OXA-58 was 
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released in the absence of imipenem, but its release was increased upon 

carbapenem challenge. However,  although it is not still clear whether increase in 

OMV-associated-β-lactamase could also be due to increase in the amount of enzyme 

in each OMV in addition to an increase in OMVs released, these studies showed that 

the antimicrobial treatment enhances OMVs formation (Figure 1.21) (Liao et al., 

2015).  

 

 

 

Figure 1.21 OMVs formation increased after treatment with the imipenem. TEM of an  

A. baumannii strain expressing wild-type OXA-58 without antibiotic treatment (A) and with 8 μg/ml 

imipenem (B). The OMVs are indicated by the arrows. Adapted from Liao et al., (2015). 

 

The phenomenon of the sheltering effect due to the production and release of OMVs  

has not yet been identified in K. pneumoniae. However this bacterium represents a 

major threat to public health. Indeed this opportunistic pathogen causes broad 

spectra of diseases and shows increasingly frequent acquisition of resistance to 

antibiotics (Effah et al., 2020).   

 

 1.5  The genus Klebsiella 

 

1.5.1  General features 

 

The genus Klebsiella consists of aerobic and facultatively anaerobic, non-motile 

(except the species Klebsiella aerogenes, formerly known as Enterobacter 

aerogenes), Gram-negative rods with 0.3-1 μm in diameter and 0.6-6 μm in length 

arranged singly, in pairs or in short chains. (Podschun and Ullmann, 1998; Brisse and 

Duijkeren, 2006; Marković et al., 2013; Merla et al., 2019). Bacteria belonging to this 

genus show a prominent polysaccharide capsule of considerable thickness that 

confers the colonies their characteristic mucoid and shiny appearance on agar plates. 

These colonies appear large, mucoid, and red with diffusing red pigment on 

MacConkey agar as a result of fermentation of glucose and acid production. Figure 
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1.22 shows the aspect of colonies formed by K. pneumoniae, one of the species of 

Klebsiella genus. Klebsiella species are commonly found in the intestinal tract of 

human and animal, soil, water and botanical environment. 

 

 

 

Figure 1.22 Colony morphology of K. pneumoniae isolates on MacConkey agar plate. In this 

medium, the most distinctive colony morphology characteristics of K. pneumoniae colonies are large, 

round, glistering, whitish-grey, mucoid in appearance. Adapted from Marković et al. (2013). 

 

 

1.5.2  Pathogenesis and clinical importance 

 

The genus Klebsiella is a member of the Enterobacteriaceae, a large family of Gram-

negative that comprises other familiar pathogens such as E. coli, Yersinia species, 

Salmonella species and Shigella species (Podschun and Ullmann, 1998; McAdam, 

2020). Because of their ability to spread rapidly in the hospital environment, members 

of the genus Klebsiella tend to cause nosocomial outbreaks (Magill et al., 2014; Guo 

et al., 2016; Yu et al., 2016; David et al., 2019; Li et al., 2019). Klebsiella species may 

colonize gastrointestinal tract, the skin and pharynx. They may also colonize sterile 

wounds, urine and may be regarded as normal flora in different parts of the colon, 

intestinal and biliary tract (Podschun and Ullmann 1998; Brisse et al. 2006; David et 

al., 2019 ). 

The principal pathogenic modality of transmission of Klebsiella from patient to patient 

in hospital setting are the contaminated medical equipment, contaminated hands of 

medical personnel and blood products. The portals of Klebsiella infections are mainly 

surgical wounds, peritoneum, catheter entrance sites, urinary, respiratory, and biliary 

tracts (Goetz et al., 1995; Podschun and Ullmann 1998). 

Nosocomial Klebsiella infections are caused mainly by K. pneumoniae, that is the 

medically most important species of the genus (Merla et al., 2019). The urinary tract 
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is one of the most common site of infection by K. pneumoniae. As with other 

infections, the urinary tract infections caused by K. pneumoniae are often associated 

with diabetes mellitus (Geerlings; 2008; Martin and Bachman, 2018).  K. pneumoniae 

may also cause urinary tract infections associated to the use of catheters. This is 

probably facilitated by the ability of this pathogen to form biofilms and adhere to 

catheters (Schroll et al., 2010). K. pneumoniae is also cause of nosocomial 

septicaemia and is one of only a few Gram-negative rods able to cause pneumonia. 

With regards to this, this pathogen is a leading cause of nosocomial pneumonia. 

Additionally, K. pneumoniae is also cause of infections of wound/surgical sites (Martin 

and Bachman, 2018).  

Currently K. pneumoniae represents an increasing threat to public health and is 

considered one of the most concerning pathogens worldwide (Effah et al., 2020). For 

example, according to the China Antimicrobial Surveillance Network the prevalence 

of carbapenem-resistant K. pneumoniae has increased each year in China, from 

3.0% in 2005 to 25.0% in 2018, with Zhejiang Province reporting one of the highest 

rates of resistance (Carbapenem-resistant K. pneumoniae more than 50%) in China 

in 2018 (Hu et al., 2020). KPC- positive K. pneumoniae  have also been increasingly 

reported in many European countries (Girmenia et al., 2016). In particular, in Italy, the 

first KPC-positive K. pneumoniae strains were isolated in 2008 (Giani et al., 2013). 

Since then several cases and outbreaks by KPC-positive K. pneumoniae strains were 

reported as a consequence of a rapid dissemination in almost all hospitals in the 

north, middle and south regions of the country. KPC-positive K. pneumoniae have 

spread rapidly and extensively in Italy, with a sharp increase reported by the EARS-

Net surveillance system for bacteraemia isolates, from 1–2% carbapenem resistance 

in 2006–09 to 26.7% in 2011 and 32.9% in 2014 (Giani et al., 2013; Girmenia et al., 

2016)   

K. pneumoniae acquired high antimicrobial resistance during the last decades. 

Indeed K. pneumoniae strains are now often resistant to a broad spectrum of drugs. 

As a consequence of this antibiotic resistance, infections such as urinary tract 

infections have become recalcitrant to treatment, and more serious infections such as 

pneumonias and bacteremias have become increasingly life-threatening (Boucher et 

al., 2009;  Paczosa and Mecsas, 2018). Two major types of antibiotic resistance have 

been commonly observed in K. pneumoniae. One mechanism involves the 

expression of ESBLs that confer K. pneumoniae resistance towards penicillins, first-, 

second- and third-generation cephalosporins as well as aztreonam (Jesus et al., 

2015). The other mechanism of resistance, which is even more troubling, is the 

expression of carbapenemases by K. pneumoniae, which renders bacteria resistant 

to almost all available β-lactams, including the carbapenems  This resistance is 
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resulting in an increasing worldwide problem regarding the choice of effective 

antibiotic treatment for hospital-acquired infections (Davies and Davies 2010; Ferreira 

2019).   

K. pneumoniae is considered as the most common pathogen in bacterial endogenous 

endophthalmitis associated with liver abscesses in Asia (Han 1995; Wong et al., 

2000; Seale et al., 2007; Chen et al., 2010; Fujita et al., 2019). The disease also has 

been reported in countries of non- Asian origin (Scott et al., 2004; Lederman and 

Crum 2005). In addition, the K. pneumoniae serotype K1 is capable of causing 

catastrophic septic ocular or central nervous system as complications from pyogenic 

liver abscess especially in underlying patients (Fang et al. 2007; Wells, 2019). This 

serotype has been observed worldwide and is the most prevalent type in invasive 

infections among all the 78 K. pneumoniae serotypes (Lin et al., 2014).   

 K. pneumoniae has been implicated in the development of ankylosing spondylitis 

because of the high incidence of Klebsiella in the bowel flora of patients whose 

disease is in an active state (Ogasawara et al. 1986; Sahly and Podschun 1997; 

Fujita, 2019). Also, K. pneumoniae was associated with chronic diarrhoea in HIV-

infected persons (Nguyen Thi et al. 2003). 

K. pneumoniae subspecies rhinoscleromatis is associated with rhinoscleroma, a 

disease characterized by a chronic inflammatory process of the nasopharynx. This 

infection is distributed around the world and become an endemic in certain areas in 

Eastern Europe, Latin America, central Africa, and southern Asia (Sahly and 

Podschun 1997; Corelli et al., 2018). 

Ozena, a chronic atrophic rhinitis caused by K. pneumoniae subspecies ozaenae, is 

characterized by necrosis of the mucosa and mucopurulent nasal discharge 

(Strampfer et al. 1987). K. pneumoniae subspecies ozaenae may cause invasive 

infections, especially in immunosuppressed hosts such as bacteraemia with or 

without meningitis, otitis, mastoiditis, urinary tract infections, wound infections, 

corneal ulcers, pneumonia, or brain abscess (Brisse et al. 2006; Kumar et al., 2013). 

Due to a lack of available effective treatments, K. pneumoniae infections caused by 

ESBL-producing and carbapenem-resistant bacteria have significantly higher rates of 

morbidity and mortality than infections with nonresistant bacteria (Liu et al., 2019) 

In addition to causing hospital-acquired diseases, K. pneumoniae is also responsible 

of community-acquired diseases. These are infections contracted outside of a 

hospital or are diagnosed within 48 hours of admission without any previous health 

care encounter (Martin and Bachman, 2018). Among these infections, community-

acquired pneumonia is a very severe fatal illness with a rapid onset, high fever, and 

haemoptysis (currant jelly sputum), bulging interlobar fissure and cavitary abscesses 

observed by chest radiographic (Spellberg et al., 2014). The observed mortality rates 
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range from about 25 to 50%  but can approach 100% in hospitalized, 

immunocompromised patient with underlying diseases such as diabetes mellitus 

(Waterer, 2017). The Klebsiella species are second to E. coli causing bacteraemia 

representing 3-8% of all nosocomial bacterial infection (Podschun and Ullmann 1998; 

Waterer, 2017). Community-acquired bacteraemia are usually caused by urinary tract 

infection, vascular catheter infection, and cholangitis (Ko, 2002).  

A distinctive syndrome of community-acquired K. pneumoniae septicaemia with liver 

abscess has been reported in Taiwan and Korea since 1981 (Jun, 2018). This 

syndrome is characterized by high mortality (10 to 40%), and some cases have been 

complicated by meningitis or endophthalmitis (Fang et al., 2007; Jun, 2018). The 

disease has also been reported elsewhere in Asia, North America, Europe, and 

Australia (Chung et al., 2007; Keynan and Rubinstein 2007; Siu et al., 2012). The 

symptoms of the disease is characterized by fatigue, anorexia, nausea, diffuse 

abdominal discomfort, pleuritic chest pain, jaundice and fever (Lederman and Crum, 

2005).  

K. pneumoniae is also a common cause of community acquired bacterial meningitis 

in adults in Taiwan (Lee et al., 2018). Outside Taiwan, cases of  

K. pneumoniae meningitis have occurred, predominantly in other parts of Asia, 

Europe and North America (Yanagawa et al.,1989; Ohmori et al., 2002; Giobbia et al. 

2003; Braiteh and Golden 2007; Chung, 2019). The rarity of these cases outside Asia 

raises the possibility of ethnicity or country of origin predisposing individuals to 

invasive disease (Ko et al. 2002). 

The emergence of community-acquired infections has been often attributed to the 

recent occurrence and spread of hypervirulent strains of K. pneumoniae (Cheng et 

al., 1991; Liu et al., 2014).  Indeed, hypervirulent strains are not only able to cause 

nosocomial infections in hospitalized patients but can also cause serious infections in 

a number of healthy and immunosufficient people (Liu et al., 2014). This variant 

differs from the classic strain by the aspect of colonies that appear hypermucoviscous 

on agar plate (Choby et al., 2020). The ‘string test’ was developed as a phenotypic 

test for hypermucoviscosity; when a colony can be stretched at least five millimetres 

with an inoculation loop, the isolate is considered hypermucoviscous and therefore 

hypervirulent (Fang et al., 2004; Sánchez-López et al., 2019; Choby et al., 2020). The 

hypervirulent strains show the ability to spread from the primary site of infection to 

other distant parts of the body, including eye, lung and central nervous system that is 

an unusual feature for enteric Gram-negative bacilli in immunocompromised patients 

(Choby et al., 2020). The genetic determinants of hypervirulence are often found on 

large virulence plasmids as well as chromosomal mobile genetic elements which can 

be used as biomarkers to distinguish hypervirulent from classic clinical isolates (Liu et 
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al., 2014). These distinct virulence determinants of hypervirulence include up to four 

siderophore systems for iron acquisition, increased capsule production, K1 and K2 

capsule types and the colibactin toxin (Choby et al., 2020). 

 

1.5.3  Virulence factors 

 

K. pneumoniae employs many strategies to grow and protect itself from the host 

immune response. Importantly, many K. pneumoniae mutants are cleared from the 

lungs of mice more rapidly than wild-type K. pneumoniae strains, suggesting that 

wild-type K. pneumoniae employs various factors to circumvent early host responses 

(Cortes et al., 2002; Paczosa and Mecsas, 2018). To date, there are four major 

classes of virulence factors that have been well characterized in  

K. pneumoniae. These virulence factors consist of capsule, including the production 

of hypercapsule in hypervirulent strains; LPS; siderophores; and fimbriae, also known 

as pili (Paczosa and Mecsas, 2018). 

 

1.5.3.1  Capsule 

 

The capsule is the polysaccharide matrix that coats the cell. The capsule is 

recognized as one of the most important virulence factors of Klebsiella species 

(Podschun and Ullmann 1998; Lawlor et al., 2006). The capsular material forms thick 

bundles of fibrillous structures covering the bacterial surface in extensive layers to 

protect the bacterium from phagocytosis by macrophage, and prevents killing of the 

bacteria by bactericidal serum factors (Figure 1.23) (Simoons-Smit et al. 1986;  

Cortes, et al. 2002; Lin et al. 2004; Brisse et al. 2006; Paczosa and Macsas, 2018). 

 

  

 



 

50 
 

 

 

Figure 1.23 Role of capsule in K. pneumoniae virulence. A number of different functions for capsule 

have been characterised for K. pneumoniae virulence. First, capsule can prevent phagocytosis of the 

bacteria by immune cells. Second, it hinders the bactericidal action of antimicrobial peptides such as 

human beta defensins and lactoferrin by binding these molecules distal from the OM. Third, it inhibits 

complement components from interacting with the membrane, thus preventing complement-mediated 

lysis and opsonization. Finally, it averts the fulminant activation of the immune response, as measured 

by decreased reactive oxygen species (ROS), IL-8, IL-6, and TNFα production, by assisting in the 

activation of a NOD-dependent pathway and shielding LPS from recognition by immune cell receptors. 

Adapted from Paczosa and Macsas, (2018).  

 

Furthermore, hypervirulent. K. pneumoniae strains produce a hypercapsule, 

responsible for the hypermucoviscous aspect of these strains. The hypercapsule 

consists of a mucoviscous exopolysaccharide bacterial coating that is more robust 

than that of the typical capsule thus contributing significantly to the pathogenicity of 

hypervirulent K. pneumoniae (Fang et al., 2004;Sánchez-López et al., 2019; Choby et 

al., 2020). Both classical capsule and hypercapsule are made up of strain-specific 

capsular polysaccharides named K antigens (i.e., K1 and K2, up through K78) (Kuo-

Ming Yeh et al., 2007; Choby et al., 2020). The genes needed for the production of 

capsule in both classical and hypervirulent K. pneumoniae strains are located on a 

chromosomal operon, cps, where both the organization and the sequence of the 

genes are conserved compared to E. coli (Arakawa et al., 1991; Shu et al., 2009; 

Paczosa and Macsas, 2018). The cps gene cluster harbors a number of genes 

involved in capsule production (wzi, wza, wzb, wzc, gnd, wca, cpsB, cpsG, and galF), 

capsule attachment to the OM (wzi) in the polymerization of capsular polysaccharides 

(wzy, also known as orf4) and surface assembly (wza, wzc, orf5, and orf6).  

K. pneumoniae produces a variety of capsule types (Arakawa et al., 1991; Shu et al., 

2009). This diversity in capsule types arises from the glycosyltransferase activities of 
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the additional genes wbaP, wbaZ, wcaN, wcaJ, and wcaO (Rahn et al., 1999; Shu et 

al., 2009). Furthermore, comparative analysis of clinical isolates of K. pneumoniae 

has shown a large amount of diversity in the cps gene cluster sequence between 

strains and even within strain types (Shu et al., 2009; Chen et al., 2014; Chiang et al., 

2015) 

Based on the most frequently isolated serotypes collected from patients and results 

from mouse experiments, K1 and K2 strains are normally more virulent than strains of 

other serotypes (Lin et al., 2010; Choby et al., 2020). 

During K. pneumoniae infection, the capsule protects against the host immune 

response through multiple mechanisms, including inhibiting phagocytosis by immune 

cells, preventing activation of the early immune response, and abrogating lysis by 

complement and antimicrobial peptides (Podschun and Ullmann 1998; Paczosa and 

Macsas, 2018). Capsule-mediated prevention of bacterial binding and 

internationalization by immune cells helps limit early inflammatory signals, resulting in 

a less robust induction of the immune response (Kabha et al., 1995; Lin et al., 2004). 

Furthermore, in vitro studies have shown that the presence of capsule inhibits the 

deposition of the complement component C3 onto the bacterium, and reduces 

adhesion and phagocytosis of the bacterium by macrophages and epithelial cells 

(Alvarez et al. 2000; Cortes et al. 2002 Doorduijn et al., 2016). In general, the 

hypercapsule phenotype enhances resistance to a variety of humoral defenses, 

including complement killing, and other antimicrobial peptides such as human 

neutrophil protein 1 and lactoferrin (Fang et al., 2004).  Hypervirulent  

K. pneumoniae strains were shown to be less sensitive to complement killing than 

classical strains (Pomakova et al., 2012). Furthermore, the hypercapsule has been 

correlated with increased resistance to phagocytosis by human neutrophils and 

macrophages compared to a number of classical strains (Fang et al., 2004; 

Pomakova et al., 2012).  

 

1.5.3.2  Adhesion 

 

Fimbriae, also known as pili, are nonflagellar, filamentous projections located on the 

bacterial surface. They represent another important class of K. pneumoniae virulence 

factors and are important mediators of K. pneumoniae adhesion to mucosal and 

epithelial cell surfaces. This is often the first step in the development of colonization 

and infection (Podschun and Sahly, 1991; Podschun and Ullmann 1998). Strains of  

K. pneumoniae commonly express three types of pili known as types 1 (common pili), 

3 and 6. Pili. However, In K. pneumoniae, type 1 and 3 fimbriae are the major 
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adhesive structures that have been characterized as pathogenicity factors (Figure 

1.24) (Paczosa and Mecsas, 2018).  

 

 

Figure 1.24 Functions of type 1 and type 3 fimbriae during K. pneumoniae infection and biofilm 

formation. Type 1 fimbriae are filamentous, membrane-bound, adhesive structures composed primarily 

of FimA subunits, with the FimH subunit on the tip. These fimbriae have a role in bladder cell invasion by 

K. pneumoniae as well as biofilm formation in the bladder and on abiotic surfaces. However, type 1 

fimbriae may be a negative influence on K. pneumoniae virulence in vivo in a few ways. First, type 1 

fimbriae amplify lectinophagocytosis of K. pneumoniae by macrophages and neutrophils. Second, the 

FimH subunit increases binding to immune cells such as mast cells, leading to increased immune cell 

activation and subsequent recruitment of neutrophils, which likely increases K. pneumoniae clearance. 

Functions of type 3 fimbriae during K. pneumoniae infection and biofilm formation. Type 3 fimbriae are 

helix-like, membrane-bound, adhesive structures on the surface of K. pneumoniae. They are composed 

primarily of MrkA subunits, with the MrkD subunit on the tip. Type 3 fimbriae have been found to be 

necessary for K. pneumoniae biofilm production and binding to medical devices. MrkD has specifically 

been found to bind extracellular matrix, such as that exposed on damaged tissues and coating 

indwelling devices, while MrkA binds abiotic surfaces, such as medical devices both prior to insertion 

into patients and after insertion when coated with host matrix. Type 3 fimbriae have been shown to have 

a possibly detrimental role, as their presence on K. pneumoniae increases reactive oxygen species 

(ROS) production by neutrophils. Adapted from Paczosa and Mecsas, (2018). 

 
 

Type 1 fimbriae are expressed in more than 80% of clinical isolates of  

K. pneumoniae and a number of studies have shown these fimbriae are an important 

virulence factor in K. pneumoniae urinary tract infection (Podschun and Sahly 1991; 

Podschun and Ullmann 1998; Brisse et al. 2006; Struve et al. 2009). K. pneumoniae 

type 1 fimbriae bind D-mannosylated glycoproteins, and therefore, binding by type 1 

fimbriae is commonly termed “mannose-sensitive” binding (Schroll et al., 2010). They 

mediate adhesion to mannose containing structures present on host cells or in the 

extracellular matrix and cause agglutination of guinea pig erythrocytes (Struve et al., 
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2009). A Type 3 fimbriae are helix-like filaments and are characterized by their ability 

to agglutinate erythrocytes treated with tannic acid. In contrast to type 1 fimbriae, type 

3 fimbriae are “mannose insensitive” and therefore do not bind mannose (Paczosa 

and Mecsas, 2018). In vitro studies have revealed that type 3 fimbriae mediate 

binding to different structures in human; human endothelial cells, epithelia of the 

respiratory tract, uroepithelial cells, and type V collagen structures (Brisse et al. 2006; 

Struve et al., 2009). Furthermore, type 3 fimbriae are also believed to contribute to 

the formation of biofilms (Schroll et al., 2010). 

 

1.5.3.3  LPS 

 

LPS, also known as endotoxin, is a major component of the outer leaflet of the cell 

membrane of all Gram-negative bacteria. The LPS molecule typically comprises the 

lipid A, a core polysaccharide and a side chain O-antigen (O-Ag) polysaccharide 

(Figure 1.25). Nine O-antigen types are distinguished in  

K. pneumoniae with O1 being the most frequent. The lipid A anchors the LPS 

molecule into the OM and is a potentially potent activator of inflammation.  

K. pneumoniae may modify its lipid A to make it less inflammatory during infection, 

and lipid A may also protect against the bactericidal action of cationic antimicrobial 

peptides. O antigen is the outermost subunit of LPS. It has important roles in 

protecting against complement, including preventing C1q binding to bacteria, which 

inhibits subsequent activation of the complement pathway, as well as binding C3b 

away from the OM and, thus, abrogating bacterial lysis by the complement 

membrane attack complex (Paczosa and Mecsas, 2018).  
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Figure 1.25 Role of LPS in K. pneumoniae virulence. LPS is composed of three major subunits: lipid 

A, an oligosaccharide core, and O antigen. Lipid A inserts into the bacterial membrane and is a 

potentially potent activator of inflammation. K. pneumoniae may modify its lipid A to make it less 

inflammatory during infection, and lipid A may also protect against the bactericidal action of cationic 

antimicrobial peptides. O antigen is the outermost subunit of LPS. It has important roles in protecting 

against complement, including preventing C1q binding to bacteria, which inhibits subsequent activation 

of the complement pathway, as well as binding C3b away from the outer bacterial membrane and, thus, 

abrogating bacterial lysis by the complement membrane attack complex. Adapted from Paczosa and 

Macsas, (2018). 

 

1.5.3.4  Siderophores 

 

Iron is a limited resource and must be acquired from the environment for  

K. pneumoniae to thrive during infection. This metal is not readily available in the host 

during infection. Indeed, the host sequesters it to restrict the growth of a number of 

possible pathogens as part of the nonspecific immune response (Bullen et al., 1972; 

Carniel, 2001). Therefore, K. pneumoniae, like many other bacterial pathogens, must 

employ tactics to acquire iron from the host in order to survive and propagate during 

mammalian infection (Bachman et al., 2012; Russo et al., 2015). K. pneumoniae 

strains encode several siderophores, including enterobactin, yersiniabactin, 
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salmochelin, and aerobactin (Figure 1.26). The production of more than one 

siderophore by K. pneumoniae is thought to be a means of optimizing successful 

colonization of different tissues and/or avoiding neutralization of one siderophore by 

the host (Brock et al., 1991; Perry et al., 1999; Paczosa and Mecsas, 2018).  

 

 

 

Figure 1.26 Siderophore production and roles in virulence in K. pneumoniae. The ability to acquire 

iron in an iron-poor environment during infection is necessary for K. pneumoniae pathogenesis. 

Therefore, bacteria secrete proteins with a high affinity for iron, called siderophores. K. pneumoniae 

strains have been found to produce one or more of the following siderophores: enterobactin, 

salmochelin, yersiniabactin, and aerobactin. Enterobactin is the primary siderophore used by  

K. pneumoniae, although it is inhibited by the host molecule lipocalin-2. Salmochelin is a c-glucosylated 

form of enterobactin that can no longer be inhibited by lipocalin-2. Yersiniabactin and aerobactin are 

structurally distinct from enterobactin and salmochelin. Neither siderophore can be inhibited by lipocalin-

2, but yersiniabactin functionality is reduced in the presence of the host molecule transferrin. The 

production of a number of different siderophores may allow K. pneumoniae to colonize and disseminate 

to a number of different sites within the host, with niche-specific roles for each siderophore. FepA, IroN, 

YbtQ, and IutA serve as transporters specific to their corresponding siderophores of enterobactin, 

salmochelin, yersiniabactin, and aerobactin, respectively. Adapted from Paczosa and Macsas, (2018). 

 

1.5.3.5 Other virulence factors 

 

Several other factors were recently identified as having roles in  

K. pneumoniae virulence. These virulence factors include OMPs, porins, efflux 

pumps, iron transport systems, and genes involved in allantoin metabolism (Paczosa 

and Mecsas, 2018). OMVs have been more recently included among the  

K. pneumoniae virulence factors following studies showing that OMVs induce the 

innate immune response in the host (Cano et al., 2009; Lee et al., 2012). However, 
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these factors are not yet thoroughly characterized in K. pneumoniae and much work 

remains to be done to fully understand their mechanisms of action and clinical 

significance (Paczosa and Mecsas, 2018). 

 

1.5.4  K. pneumoniae in polymicrobial infections 

K. pneumoniae has also been isolated in polymicrobial infections in addition to 

monomicrobial infections. With regards to this a recent study showed that patients 

with complicated intra-abdominal infections were at high risk for polymicrobial 

bacteremia involving K. pneumoniae and several other  microorganisms including 

Gram-positive and Gram-negative organisms (Arahata et al., 2018; Liu et al., 2019). 

Although these studies showed no substantial difference in bacteremia-related 

mortality in patients with monomicrobial infection by K. pneumoniae and those with 

polymicrobial infection, the outcomes for the patients with polymicrobial infection 

were substantially worse outcomes than those with monomicrobial infection (Liu et 

al., 2019). Additionally, the appropriateness of the antimicrobial therapy was 

substantially lower among the patients in the polymicrobial group than among those 

in the monomicrobial group. Another study described an aggressive case of 

polymicrobial bacteremia in a patient undergoing chemotherapy (Arahata et al., 

2018). The blood culture isolates included K. pneumoniae, E. coli, S. pneumoniae, 

M.catarrhalis. This patient died in spite of several treatments including fluid 

resuscitation, mechanical ventilation and antibiotic treatments (Arahata et al., 2018). 

Moreover, in Southern Taiwan K. pneumoniae is one of the most common pathogens 

involved in polymicrobial peritoneal dialysis-related peritonitis that cause severe and 

mortality in patients affected by this disease (Lin et al., 2018).  

 

 1.6  Summary and aims 

 

In conclusion K. pneumoniae is a pathogen with a great biomedical interest since it 

represents an increasing threat to public health. Although this pathogen has been 

identified in patients with polymicrobial antibiotic-resistant infections, the sheltering 

effect has not yet been investigated in K. pneumoniae. The present work focus on 

investigating this phenomenon in K. pneumoniae.    

The specific aims of this project are: 

 To Investigate whether β-lactam resistant K. pneumoniae species are able to 

shelter susceptible species from the action of β-lactam-drugs. 

 To develop different methods for the quantification of the sheltering effect. 
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 To characterise the phenotypic variability in the sheltering effect across a 

panel of K. pneumoniae strains 

 To investigate the genetic determinants of the phenotypic variability in the 

sheltering effect 

 To investigate whether the OMVs are responsible for the sheltering effect 

exerted by K. pneumoniae similarly to the other pathogenic bacteria. 

 To investigate new features of this phenomenon, including how the sheltering 

effect changes with time and the presence of non-β-lactam antibiotics in the 

medium. 
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2  MATERIALS AND METHODS 

2.1  Growth media 

The recipe of all the bacterial growth media used in this study is described in Table 

2.1. All the media were sterilized by autoclaving for 15 min at 121ºC and cooled prior 

to bacterial inoculation. 

 

Table 2.1  Recipe for the preparation of the growth media used. DIH2O: deionised water. 

Media Recipe 

solid 2x Yeast Extract 
Tryptone (2x YT) 

3.1 % powder (OXOID)+  1.5 % molecular agar (Fisher 
Scientific) dissolved in DIH2O water (g/ml) 

liquid 2x YT 3.1 % powder (OXOID) dissolved in DIH2O water (g/ml) 

solid Iso-Sensitest 3.1 % powder (OXOID) dissolved in DIH2O water (g/ml) 

liquid Iso-Sensitest 2.34 % powder (OXOID) dissolved in DIH2O water (g/ml) 

solid MacConkey 5.2 % powder (OXOID) dissolved in DIH2O water (g/ml) 

solid Mannitol Salt 
Agar (MSA) 11 % powder (OXOID) dissolved in DIH2O water (g/ml) 

 

 

2.2  Bacterial strains 

 

A total of 33 clinical isolates of K. pneumoniae were collected as part of routine care 

in a Kuwait hospital in 2013-2014. These isolates were kindly provided by Dr. 

Benjamin Evans (personal correspondance) and were all carbapenem resistant.  

The details of the bacterial strains used as reference controls for the MIC 

experiments (paragraph 2.4.2) as well as the bacterial strains used for the cloning 

experiments and confocal microscopy (paragraphs 2.15 and 2.16) are reported in 

Table 2.2. 
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Table 2.2  MIC control strains and cloning strains used in this study 

Name/ID  Species Purpose Reference or Source 

NCTC 10418 E. coli Reference strain for MIC Public Health England 

NCTC 6571 S. aureus Reference strain for MIC Public Health England 

ATCC 25922 E. coli Reference strain for MIC Public Health England 

NCTC 10662 P. aeruginosa Reference strain for MIC Public Health England 

DH5α E. coli Cloning  Invitrogen 

CIP70-10 A. baumannii Cloning  

Bouvet and Grimont, 
1986; 
Coyne et al., 2010; 
kindly supplied by 
Laurent Poirel 

BL21 DE3 E. coli 
Cloning for protein 
expression studies 

 
ThermoFisher 
Scientific 

 
AbCIP70.10(pyOXA-
58-GFP) A. baumannii Confocal microscopy 

 
This study 

AbCIP70.10(py) A. baumannii Confocal microscopy 
 
This study 

 

 

2.3  Storage of isolates 

 

K. pneumoniae isolates were inoculated onto 2x YT agar with 100 μg/ml ampicillin 

(Amp, Sigma-Aldrich). The strains E. coli NCTC 10418, E. coli ATCC 25922 and  

P. aeruginosa NCTC 10662 were inoculated onto McConkey agar. Both  

A. baumannii CIP70-10 and E. coli DH5α were inoculated onto plain 2x YT agar.  

S. aureus NCTC 6571 was inoculated onto MSA. The strains AbCIP70.10 (pyOXA-

58-GFP) and AbCIP70.10(pyOXA-58-GFP) were grown onto 2x YT agar with 50 

μg/ml kanamycin (Kan, Sigma-Aldrich). All the plates were then incubated overnight 

at 37°C. The freezer stocks were prepared by picking a single bacterial colony from 

the plate and inoculating it in 5 ml of 2x YT broth (with the appropriate antimicrobial 

wherever applicable). The bacteria were then grown overnight at 37°C with shaking 

at 220 rpm. 600 μl of each overnight culture were mixed with 400 μl of a sterile 50 % 

v/v glycerol solution in a cryovial. The tubes were then placed at -80°C for long-term 

storage. 

 

 

 

 

 



 

60 
 

  

2.4  Antimicrobial sensitivity testing 

2.4.1  Antimicrobial agents 

 

Antimicrobial agents used in this study are listed as follows: meropenem (Mer, 

Melford) ertapenem (Ert, Melford), ciprofloxacin (Cipr, Sigma), ceftazidime (Ceft, 

Fisher Scientific), cefotaxime (Cefo, Fisher Scientific), cefepime (Cefe, Fisher 

Scientific) and chloramphenicol (Chlor, Sigma).  For each of these drugs, a stock 

solution was prepared by dissolving 10 mg of antimicrobial powder in the appropriate 

solvent as described in Table 2.3. The stock solutions were sterilized by filtration with 

sterile PVDF syringe filters with a 0.22 µm pore size (Millipore).  

 

 

Table 2.3  List of antimicrobials used in this study, the solvent used to dissolve each of them and 

the range of antimicrobial concentrations tested. DMSO: Dimethyl sulfoxide. 

Antimicrobial 
 
Solvent 

Antimicrobial 
concentrations (μg/ml) 

Chlor 
 
Ethanol 100% 0.25-128 

Ceft 

 
Saturated solution 
NaHCO3 0.004-128 

Cefo 
 
DIH2O 0.004-128 

Cefe 
 
DIH2O 0.004-128 

Cipr 
 
DIH2O 0.004-128 

Mer 
 
DMSO 0.015-128 

Ert 
 
DIH2O 0.015-128 

 

2.4.2  Minimum Inhibitory Concentration (MIC) 

 

The antimicrobial susceptibilities of the 33 K. pneumoniae isolates were determined 

by MIC, a method that identifies the lowest concentration of drug that inhibits the 

visible growth of a microorganism (Andrews, 2001). The tests were conducted with 

the agar dilution method following the BSAC guidelines (British Society for 

Antimicrobial Chemoterapy, 1991; Andrews, 2001).  

For each antimicrobial, a specific range of 2-fold dilutions was prepared (Table 2.3) 

from the stock solutions. Each of these dilutions was prepared by mixing the 
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calculated volume of the stock solution with 20 ml of Iso-Sensitest liquid agar in a 

tube and pouring it into the respective plates. 

The K. pneumoniae isolates were grown overnight in 5 ml of Iso-Sensitest broth. The 

bacterial cultures were diluted 1:10 with sterile distilled water and the absorbance at 

600 nm (OD600) was measured with a Biophotometer Plus (Eppendorf) after 

calibrating the instrument with sterile Iso-Sensitest broth. The absorbance of the 

bacterial culture was adjusted to be 0.08 to 0.1 that corresponds to 0.5 McFarland 

standard (Cockerill et al., 2012) by diluting the culture with sterile distilled water. The 

suspensions were further 1:10 diluted with sterile DIH2O before inoculation on Iso-

Sensitest agar plates. The inoculation was carried out using a multipoint inoculator to 

deliver 1 μl of each bacterial suspension (106 cfu/spot) to the surface of Iso-Sensitest 

agar plates. Inoculated plates were incubated overnight at 37ºC.  

The MIC of the isolates was the lowest concentration of drug that inhibited the visible 

growth of the bacteria on the plates. 

The standard strains S. aureus NCTC 6571, E. coli NCTC 10418,  

P. aeruginosa NCTC 10662 and E. coli ATCC 25922 were used to monitor test 

performance since the MIC for a number of antimicrobials is known for these strains. 

This MIC for these control strains should be within plus or minus one two-fold dilution 

of the expected MIC to validate the results of the test (Andrews, 2001). The MICs of 

the different antimicrobials were interpreted according to the new EUCAST 

breakpoints (http://www.eucast.org/clinical_breakpoints/) valid from 2015. The 

EUCAST breakpoints are MIC values taken as a reference to determine if a strain 

shows sensitivity, intermediate resistance or high resistance to a given antimicrobial 

drug (Table 2.4).  

 

Table 2.4 EUCAST breakpoints values for K. pneumoniae (μg/ml) for Chlor, Ceft, Cefo, Cefe, Cipr, 

Mer and Ert. S: sensitive; I: intermediate; R: resistant. 

Antimicrobial S ≤ I  R> 

Chlor 8 - 8 

Ceft 1 2-4 4 

Cefo 1 2 2 

Cefe 1 2-4 4 

Cipr 0.5 1 1 

Mer 2 4-8 8 

Ert 0.5 1 1 
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2.5  Genomic DNA purification 

 

DNA extraction of the 33 K. pneumoniae isolates was prepared with a Cetyl 

trimethylammonium bromide (CTAB) genomic DNA extraction protocol (Wilson, 

2001). All centrifugation steps were carried out at 13,000 rpm in a table-top 

microcentrifuge (Eppendorf) at room temperature. The bacterial culture of all the  

K. pneumoniae isolates was grown in 5 ml 2x YT broth with 100 µg/ml Amp and then 

1.5 ml of the culture was centrifuged at 13,000 rpm for 2 min. The pellet was re-

suspended in 630 µl of TE buffer (appendix 8.2). The bacterial cells were then lysed 

with 20 µl of 10 mg/ml chicken egg white lysozyme (Sigma-Aldrich) and the lipid 

structures in the cell membrane were disrupted with 40 µl of 10% sodium dodecyl 

sulphate (SDS) (Sigma-Aldrich). Furthermore, the samples were treated with 20 µl of 

10 mg/ml ribonuclease A from bovine pancreas (Sigma-Aldrich) and 5 µl of 10 mg/ml 

proteinase K (PK) from Tritirachium album in order to degrade RNA and proteins 

respectively. The samples were incubated for 1 hour at 37°C and then for 1 hour at 

50°C. 100 µl of 10% cetyl trimethylammonium bromide (CTAB) (Sigma-Aldrich) and 

200 µl of 5 M NaCl were added and the samples were then incubated at 65°C for 10 

min. The proteins and polysaccharides were separated from DNA by the addition of 

500 µl of chloroform:isoamyl alcohol (24:1) (Sigma-Aldrich). Following incubation on 

ice for 30 mins, the samples were centrifuged for 10 min and the aqueous phase was 

recovered and treated with 500 µl phenol:chloroform:isoamyl alcohol  (25:24:1) 

(Sigma-Aldrich). After centrifuging the samples for 5 min, 540 µl of isopropanol were 

added to precipitate the DNA. The samples were again centrifuged for 10 min, and 

the pellet was washed with 500 µl of 70% ethanol. Following a last step of 

centrifugation for 5 min, the ethanol was discarded and the DNA pellet was air-dried 

overnight. Lastly the pellets were resuspended in 30 µl TE buffer (appendix 8.2). After 

determination of DNA concentration (paragraph 2.6) the DNA samples were placed at 

-20°C for long-term storage. 

 

2.6. Determination of DNA concentration 

 

The quality of the DNA extracted was assessed with a nanodropTM 1000 

spectrophotometer (Thermo Fisher Scientific). The instrument was cleaned with 

DIH2O and calibrated with TE buffer. The concentration of the DNA extracted (ng/μl) 

was determined by measuring the UV absorbance at 260 nm and applying the Beer-

Lambert Law. The purity of the DNA was determined by calculating the ratio of 

absorbance at 260 and 280 nm. A ratio of circa 1.8 was considered as pure for DNA.  
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2.7  Polymerase Chain Reaction (PCR) 

  

The PCR was used for different purposes, described as follows: 

1. Identification of the β-lactamases. 

Primers for the amplification of parts of the genes known to cause resistance 

to β-lactams in Enterobacteriaceae were used. These genes were: blaIMP, 

blaVIM, blaOXA-48, blaKPC, blaBIC, blaNDM, the blaCTX-M-1 group, the blaCTX-M-2 group 

and the blaCTX-M-9 group, blaTEM, blaSHV and blaCMY. Respective primers are 

reported in Table 2.5 

 

2. Determination of the genetic relatedness between the isolates.  

The genetic relatedness of the 33 bacterial isolates was tested with Random 

Amplified Polymorphic DNA (RAPD), a type of PCR for the random 

amplification of segments of DNA. This technique generates a specific band 

pattern for a given isolate, thus allowing differentiation between genetically 

distinct isolates. The primers AP4, RAPD-7, Primer640 and ER1C (Table 2.5) 

were used in the RAPD reactions carried out on the purified genomic DNA of 

the isolates.  

 

3. Confirmation of the identity of the satellite colonies in the sheltering effect 

experiments. 

The satellite colonies of E. coli NCTC 10418 and S. aureus NCTC 6571, as 

well as the colony of the K. pneumoniae isolate K17 were tested for the 

presence of blaOXA-48 and 16s rDNA. 

 

4. Amplification of blaOXA-58 and GFP genes for the cloning in the pYMAb2 vector.  
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2.7.1  Primer design 

 

All the primer sequences used in this study were taken from previously published 

work with the exception of the primers for the cloning of blaOXA-58 and gfp, named 

respectively OXA-58 (MGext)F and OXA-58 BamH1 R (Table 2.5). For these primers 

the sequences were manually designed without using softwares. Sites for restriction 

enzymes were added to the sequence of these primers. In particular, the primers for 

blaOXA-58 were designed to add sites for respectively NcoI 8 base pairs upstream the 

start codon ATG and BamH1 24 base pairs before the stop codon TGA of blaOXA58. 

The primers for gfp were designed to add restriction sites for respectively BamH1 and 

XhoI by replacing respectively the start codon ATG and the stop codon TGA with the 

sequence recognized by these two enzymes (Figure 2.1).  

 

 

 

Figure 2.1 Primer design for the cloning of blaOXA-58 and gfp. The sequence for the restriction sites 

added to the primers forward and reverse for each gene amplified is coloured in red. The start codon 

TAC and the stop codon TGA are reported in the sequence complementary to the primers and are 

coloured respectively in green and purple. The codons TAC and TGA that are replaced by the addition 

of the restriction sites  are shown in oblique. 

 

The primers used for the sequencing of the fusion gene blaOXA58-GFP (paragraph 

2.15) were respectively upstream_GFP_R and T7 terminator primer (T7t) (Table 2.5).  

With the exception of T7t that was provided by the Sequencing Facility of the 

University of Cambridge, all the other primers were synthetized by Eurofins MWG 

Operon, UK and re-suspended in ultra-pure water (Molecular Biology Reagent, 

Sigma-Aldrich) to reach a concentration of 100 μM. The primers were then 1: 10 

diluted in ultra-pure water for a final working concentration of 10 μM. The stock and 

working primer solutions were stored at -20˚C.   
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2.7.2  PCR reaction set up 

 

Different polymerases were used according to the purposes of the PCR reaction 

carried out (paragraph 2.7). These polymerases were MyTaqTM Red Mix (Bioline), 

Green Hot Start PCR  Mix (Thermo Fisher Scientific) and Kod DNA Hot Start 

polymerase (Merck) respectively for the amplification of the β-lactam genes and 

confirmation of satellite colonies identity, RAPD and amplification of the genes 

blaOXA58 and GFP for cloning (paragraph 2.15). The Green Hot Start PCR Mix was 

used for RAPD because the use of the Hot Start PCR allows to reduce the presence 

of undesired products  and primer dimers due to non-specific DNA amplification at 

room temperatures (Birch et al., 1996). Therefore this approach is particularly 

suitable to RAPD applications that generate several specific PCR products (Lebedev 

et al., 2008). Kod DNA Hot Start polymerase is a high fidelity thermostable DNA 

polymerase (Kuwahara et al., 2010). Being much less subject to errors during the 

amplification process, KOD was used for cloning studies carried out in this project 

with the aim to minimize the error rate in the sequence of the genes to be cloned 

(Kuwahara et al., 2010). Ultra-pure water was used to complete the volume of the 

reaction mixture. The DNA was used at 25 ng per 25 μl reaction with MyTaqTM Red 

Mix and Green Hot Start PCR  Mix and 25 ng per 50 μl reaction with Kod DNA Hot 

Start polymerase (Table 2.6) .  

 

 

Table 2.6 PCR mixtures used. In each mixture the Polymerase Mixture is provided by the supplier with 

all the reagents, including the polymerase enzyme,  deoxynucleoside triphosphates (dNTPs), 

Magnesium ion (Mg2+) and reaction buffer, necessary for trouble-free PCR reaction set up. Mixture A: 

reaction mix used for the amplification of the β-lactam genes, confirmation of satellite colonies identity 

and RAPD. Mixture B: reaction mix used for the amplification of the genes blaOXA58 and GFP for cloning. 

 

Mixture A  Mixture B 

12.5 µl Polymerase Mixture 25 µl Polymerase Mixture 

0.4 µmol/L Forward primer 0.4 µmol/L Forward primer 

0.4 µmol/L Reverse primer 0.4 µmol/L Reverse primer 

25 ng Template DNA 25 ng Template DNA 

Ultra-pure water to 25 µl Ultra-pure water to 50 µl 

 

 

All amplification experiments included a negative control which contained all reagents 

with the exception of target DNA that was replaced by 1 μl ultra-pure water. For the 

amplification of the β-lactam genes and confirmation of the identity of satellite 

colonies PCR reactions were set-up for the amplification of the 16s rDNA as a 
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positive control for the presence of DNA and its amplification (primers named 27F 

and 1492R, Table 2.5). 

2.7.3  Amplification reaction 

 

The PCR reactions were carried out in a 3Prime Thermal Cycler (Techne) by setting 

up four different protocols according to the purpose of the PCR. These protocols are 

described in Table 2.7. 

 

Table 2.7 The four PCR protocols used in this study. For each protocol, a number (protocol No), the 

purpose of the PCR, the primers and the PCR reaction conditions used are reported. 

 

Protocol 
No 

Purpose Primers Protocol description 

1 RAPD ER1C 94 ˚C for 2 min; 
35 cycles at 94 ˚C for 2 min, 
25 ˚C for 30 s, 72 ˚C for 4 min 

2 RAPD RAPD-7, Primer640, AP4 94 ˚C for 2 min; 
35 cycles at 94 ˚C for 2 min, 
25 ˚C for 30 s, 72 ˚C for 4 min; 
72 ˚C for 9 min 

3 β-lactam 
gene 
amplification; 
confirmation 
of satellite 
colony 
identity 

blaIMP, blaVIM, blaOXA-48, 
 blaKPC, blaBIC, blaNDM, 
 blaCTX-M-1 group, 
 blaCTX-M-2 group 
 blaCTX-M-9 group, 
 variants of blaTEM, blaSHV 

and blaCMY genes 
16S ribosomal RNA 

95 ˚C for 5 min; 
30 cycles at 95 ˚C for 20 s, 
52 ˚C for 20 s, 72 ˚C for 40 s; 
72 ˚C for 1 min 

4 blaOXA-58 and 
GFP genes 

OXA-58 (MGext) F 
OXA-58 BamH1 R 
GFP BamH1 F 
GFP XhoI R 
 

95 ˚C for 2 min; 
30 cycles at 95 ˚C for 1 min, 
55 ˚C for 1 min, 70 ˚C for 2 
min; 
70 ˚C for 5 min 

 

 

2.8  Agarose gel electrophoresis 

 

The working solution of 1x TAE buffer was made by diluting a 50x TAE stock solution 

prepared as described in appendix 8.2. 

Agarose gels were prepared by adding agarose powder (Bioline) to 1X TAE buffer 

according to the percentage of agarose needed and heating the solution in 

microwave until complete dissolution of the agarose powder in the buffer. 10,000X 

GelRed (Biotium) was added to the hot solution for a final 1X concentration. The 

solution was then poured into an agarose gel plate and left to cool at room 
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temperature. 5 μl of each of the PCR product samples were applied to the gel. The 

gel was then run in an electrophoresis cell (BIO-RAD) at 100 V for 1 hour in 1X TAE 

buffer. The gel was taken out from the cell and examined with an imaging UV 

transilluminator (UVITEC Cambridge). 

 

2.9  Purification of the PCR products 

  

The PCR products were purified with the QIAquick PCR Purification Kit according to 

the manufacturer’s instructions (Qiagen). All centrifugation steps were carried out at 

13,000 rpm in a table-top microcentrifuge at room temperature. 5 volumes of PB 

Buffer were added to 1 volume of the PCR sample and mixed. This mixture was 

applied to a QIAquick spin column and centrifuged for 1 min. The flow-through was 

discarded and 750 µl PE wash were added and the column was centrifuged for 1 min. 

After discarding the flow-through, the column was centrifuged again for 1 min to dry 

the membrane.  The column was placed in a clean 1.5 ml microcentrifuge tube. 30 µl 

of ultra-pure water were added to the column. The DNA was eluted by incubating the 

column at room temperature for 2 min and centrifuging it for 1 min. The concentration 

of the purified product was assessed using nanodrop (paragraph 2.6) 

 

2.10  Screening of the sheltering effect  

To confirm the presence of the sheltering effect provided by the 33  

K. pneumoniae isolates, E. coli NCTC 10418, S. aureus NCTC 6571 and all the 33  

K. pneumoniae isolates were grown overnight with shaking in 5 ml of 2x YT broth to 

allow the bacterial cultures to reach similar cell density and growth stage. The 2x YT 

broth  included 100 µg/ml Amp for the growth of the 33  

K. pneumoniae isolates. The OD600 of all these overnight cultures was measured by 

placing 100 μl of culture in a 96 well polystyrene plate (ThermoFisher) and measuring 

the OD600 with a Multimode Plate Reader (Perkin Elmer). 

A sterile swab was dipped into the overnight cultures of E. coli NCTC 10418 or  

S. aureus NCTC 6571 (that are both susceptible to Amp) and evenly applied onto the 

surface of 33 2x YT agar plates containing 100 µg/ml Amp and allowed to dry. 1 µl of 

an overnight culture of each of the K. pneumoniae isolates grown overnight in 2x YT 

broth with 100 μg/ml Amp was then spotted on one of the 33 plates, and allowed to 

dry. The appearance of colonies growing around the K.  pneumoniae inoculation area 

was monitored after 24 hours, 48 and 72 hours of incubation at 37˚C overnight.  
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As a control of the susceptibility of E. coli NCTC 10418 and S. aureus NCTC 6571 to 

Amp, the same procedure was carried out without applying the resistant  

K. pneumoniae on the lawn of susceptible strains.  

The bacterial colonies of E. coli NCTC 10418 and S. aureus NCTC 6571 grown in the 

area surrounding the inoculation point of the K. pneumoniae isolate K17 were 

retrieved and streaked on a new 2x YT agar plate with 100 µg/ml Amp to confirm the 

susceptibility of the colonies to the antimicrobial. 

The procedure described above was carried out for the preparation of the inoculum in 

different conditions. The isolate K17 was chosen to carry out these experiments since 

it showed a high potential of sheltering effect after 24 hours of incubation. 

Consequently reductions in the degree of this phenomenon might be easily 

detectable as a result of the experiments aimed to detect changes in the degree of 

the sheltering effect in different conditions. These latter are listed and described as 

follows: 

1. Presence of Rose Bengal (Rb) in the 2x YT agar 

The effect of Rb on the sheltering effect was studied by dissolving Rb powder (BDH) 

in water. This solution was used to prepare 5 2x YT agar plates at respectively 12.5, 

25, 50, 100, and 200 μg/ml. All these plates also contained 100 μg/ml Amp.  

As a control of the vitality of the bacteria on the media enriched with these 

components all the K. pneumoniae strains, E. coli NCTC 10418 and S. aureus NCTC 

6571 were streaked on unselective 2x YT agar plates containing the Rb 

concentrations used.  

 

2. Presence of Amp at different concentrations  

The effect of different concentrations of Amp on the appearance of colonies of E. coli 

NCTC 10418 and S. aureus NCTC 6571 was assessed by repeating the same 

procedure for the inoculum preparation on 2x YT plates containing 25, 50 and 200 

µg/ml Amp.  

3. Presence of antimicrobials different from Amp 

The screening of the sheltering effect was also carried out by using K17 and  

E. coli NCTC 10418 on different 2x YT agar plates containing respectively the 

antimicrobials Ert, Cefo, Ceft, Chlor and Cipr at respectively 1, 4, 4, 8 and 1 μg/ml.  
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2.11  Supernatant preparation for the screening of vesicles including β-

lactamases 

 

5 ml of an overnight culture of K17 grown in presence of 100 μg/ml Amp were 

centrifuged for 1 min at 13,000 rpm. The supernatant fraction (Sf) was retrieved and 

filtered twice by using sterile PVDF syringe filters with a 0.22 µm pore size. This 

fraction was then used for the set-up of the reaction mixtures described in Table 2.8.  

 

Table 2.8 Treatments of the Sf of K17 (A, B and C). PK: Proteinase K from Tritirachium album (Sigma-

Aldrich); TR:  Triton X-100 (Sigma-Aldrich) 

Reaction mixtures 

A B C 
 
• 8 μl 10mg/ml PK •  80 μl 5% TR • 8 μl 10mg/ml PK 

• K17 Sf  to 800 μl  • K17 Sf  to 800 μl  • 80 μl 5% TR 

  
• K17 Sf  to 800 μl  

 

These mixtures and the untreated K17 Sf were incubated at 37ºC for 1 hour and spun 

down for 1 min at 13,000 rpm. The supernatant was filtered once more. Then a 2x YT 

agar plate containing 100 µg/ml Amp and evenly spread with an overnight culture of 

E. coli NCTC 10418 was divided into four quadrants. One hole of approximately 6 

mm of diameter was made in the agar of each quadrant and 100 µl of each reaction 

mixture A, B, C and the untreated K17 Sf were then dispensed in one of the 4 

quadrants. This plate was then incubated at 37ºC for 24 hours. 

2.12  Quantification of the sheltering effect 

The two methods used for the quantification of the sheltering effect consisted of 

taking measurements of respectively the furthest distance from the resistant isolate at 

which a colony of the susceptible strain was detected (distance-based method) and 

the growth area occupied by the susceptible strain (area-based method). These 

measurements were calculated from the images of the plates captured on an imaging 

white light transilluminator after 24 hours incubation at 37ºC. Preliminary distance 

measurements were carried out to determine the furthest colony to consider for the 

distance-based analysis. 4 variants of this method were developed, described as 

follows: 
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 Maximum distance (variant 1). This variation consisted in measuring the linear 

distance between the centre of the furthest colony appearing on plate and the 

edge of the resistant isolate. 

 Average distance of the 20 (variant 2), 10 (variant 3) or 5 (variant 4) furthest 

colonies. The average of the linear distance measurements between the 

centre of respectively the 20, 10 and 5 furthest colonies and the edge of the 

resistant isolate was calculated. 

 

The area-based method consisted of measuring the growth area occupied by all the 

colonies and the bacterial lawn growing around the susceptible strain by using the 

software ImageJ (Schneider, 2012). This was computed by subtracting the area 

occupied only by the K. pneumoniae isolate (sheltering area) from the total area of 

the resistant isolate and the sheltered strain (sheltered area).  

 

2.13 Crude DNA extraction 

 

The DNA of K17 and of the  colonies of E. coli NCTC 10418 and S. aureus NCTC 

6571 was extracted by retrieving some of the bacterial culture of K17 and three 

colonies of E. coli NCTC 10418 and S. aureus NCTC 6571 with a loop and 

suspending it in 50 μl of ultra-pure water. The samples were then placed into a 

heating block at 100˚C for 10 min and spun for 10 s at 13,000 rpm. 1 μl of the 

supernatant fraction was then used for the PCR according to the instructions reported 

in paragraph 2.7.2. 

 

2.14  Determination of growth curves  

 

The 33 K. pneumoniae isolates were grown overnight in 2x YT broth containing 100 

µg/ml Amp. The bacterial cultures were then 1:100 diluted in 5 ml of 2x YT broth with 

100 µg/ml Amp. Immediately after the dilutions, 100 µl of each of these bacterial 

mixtures were dispensed in a 96 well polystyrene plate to measure their OD600 with 

the Multimode Plate Reader. Then the tubes were incubated at 37ºC with shaking 

and the OD600 was measured every 30 min for 4 hours, then once after 5 hours and 

lastly after 7 hours from the initial measurement. 

At the same time intervals the OD600 was also taken for 100 µl of a 5 ml of 2x YT 

broth including 100 μg/ml Amp. This was also incubated at 37ºC with shaking like all 

the other tubes. The broth came from the same stock used to dilute all the bacterial 

cultures of the K. pneumoniae isolates. For each time point, the normalized OD600 
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values of the bacterial cultures were obtained by subtracting the OD600 values from 

the OD600 values of the bacterial cultures. The growth doubling times were 

determined with Excel by isolating the part of the growth curve corresponding to the 

logarithmic phase. The equation of this part of the curve was in the form “A = eBx” and 

the doubling time was calculated by dividing the value of ln2 (0.0693) by the value of 

B. This experiment was run in triplicate. 

 

2.15  Cloning experiments 

2.15.1 Plasmids 

 

The  shuttle vector pYMAb2, kindly provided as a gift by Dr Te-Li Chen, National 

Defense Medical Center, Taiwan (Chen et al., 2010; Kuo et al., 2013; Liao et al., 

2014; Kuo et al., 2015), is derived from E.coli plasmid pET-28a (Novagen, 

Madison, WI). This plasmid contains a Kan-resistant gene and a replicon of a 

plasmid from A. baumannii reference strain ATCC 19606 (Public Health England) 

(Figure 2.2).  

 

Figure 2.2 Partial sequence of pYMAb2. The figure shows the replicon region (pyMAB-Rep) including 

the Origin of replication (Ori) and the gene for the replication protein (RepA),  a promoter for OXA genes 

(OXApro), a multiple cloning site (MCS) and a N-terminal Histidine tag (6Xhis-Tag). Diagram was 

provided by Dr Te-Li Chen (personal correspondence). 

 

2.15.2 Small-scale plasmid preparation 

 

Small-scale plasmid DNA extraction (“Minipreps”) was carried out with the QIAprep 

Spin Miniprep Kit (Qiagen) according to manufacturer’s protocol. All centrifugation 

steps were carried out at 13,000 rpm in a table-top microcentrifuge at room 

temperature. Bacteria containing the positive plasmid were cultured overnight in 5 ml 
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of 2x YT broth with 50 μg/ml Kan. 2 ml of this overnight culture were then centrifuged 

for 3 min. The pellet was re-suspended in 250 μl of P1 buffer and transferred to a 1.5 

ml microcentrifuge tube. After the addition of the 250 μl of P2 buffer, the solution was 

mixed by inverting the tube 4–6 times and incubated at room temperature for 5 min. 

350 μl of N3 buffer were then added to neutralize the lysate and digest any RNA 

present. After centrifuging the tube for 10 min, the supernatant was applied to the 

QIAprep Spin Miniprep column and centrifuged for 1 min.  The column was then 

washed by adding 750 μl PE wash buffer and centrifuging it for 1 min. After 

discarding the flow-through, the residual PE buffer was removed by centrifuging 

again for 1 min. The column was placed in a clean 1.5 ml microcentrifuge tube. 50 µl 

of ultra-pure water were added to the column. The DNA was eluted by incubating the 

column at room temperature for 2 min and centrifuging it for 1 min.  

 

2.15.3  Restriction digestion 

 

All the restriction enzymes used were a fast line of enzymes offering a fast and 

complete digestion of DNA in a single universal buffer (FastDigest enzymes) and 

were supplied by ThermoFisher Scientific. The PCR products coming from the 

amplification for blaOXA-58 and GFP gene from pET-6XHis-(-30)GFP were purified 

according to the protocol described in paragraph 2.9. The PCR product of the A. 

baumannii blaOXA-58 was digested following manufacturer’s protocol with the enzymes 

NcoI and BamHI, while the PCR product of the GFP gene was digested with the 

enzymes BamHI and XhoI. The plasmid pYMAb2 was digested with NcoI and XhoI. 

The restriction digestion reaction included 1 μg plasmid or PCR product, 4 μl of 10X 

FastDigest buffer, 1 μl (10 units) of each of the two restriction enzymes (NcoI and 

BamHI for blaOXA-58 gene; BamHI and XhoI for GFP; NcoI and XhoI for pYMAb2)  and 

ultra-pure water up to 40 μl. The mixtures were then incubated at 37ºC for 4 hours 

and the restriction products were then run on agarose gel (paragraph 2.8). 

 

2.15.4  Purification of the DNA bands from agarose gel  

 

The DNA bands corresponding to the digested fragments of pYMAb2 and the PCR 

products of blaOXA-58 and GFP gene were excised from the gel using a scalpel blade 

on a UV transilluminator. The DNA was purified using a commercial gel extraction kit 

(QIAquick Gel Extraction Kit - QIAGEN) according to manufacturer’s instructions. 

Briefly, the gel was dissolved with 500 μl QG buffer by heating to 55°C on a heating 

block and vortexing the sample every 2 min until complete dissolution. The melted gel 

solution was then placed into a binding column with 100 μl of isopropanol. The 



 

75 
 

column was centrifuged for 30 s at 13,000 rpm and the spin was repeated by placing 

the flow-through back to the top of the column. After discarding the flow-through, 750 

μl PE buffer were added to the column and centrifuged for 1 min. This centrifugation 

step was repeated to completely dry the column. Finally, the DNA was eluted by 

incubation for 2 min at 65°C with 50 μl ultra-pure water, followed by centrifugation at 

14,000 rpm for 1 min. Concentration of the eluate was then measured using 

NanoDrop (paragraph 2.6) and DNA quality assessed by running 5 μl of the eluted 

DNA solution on an agarose gel (paragraph 2.8). 

 

2.15.5  DNA ligation  

 

The enzyme T4 DNA ligase and the supplied T4 ligase buffer (ThermoFisher 

Scientific) was used in the ligations reactions carried out in this study. The mixture 

included 30 ng of each insert (purified digested fragments of blaOXA-58 and GFP), 10 

ng of purified digested pYMAb2, 2 μl T4 ligase buffer, 2 μl T4 DNA ligase enzyme 

and ultra-pure water to 20 μl (the ratio insert:vector was 3:1). A mixture containing all 

the components minus the inserts was also prepared to assess the self-ligation of 

pYMAb2. The mixtures were then incubated overnight at 16˚C in a 3Prime Thermal 

Cycler. 

 

2.15.6  Making chemically competent cells of E. coli DH5α 

 

Frozen E. coli DH5α cells (Invitrogen) were streaked on a plain 2x YT agar plate. 

After overnight incubation at 37ºC, a single colony was inoculated into 5 ml 2x YT 

media and grown at 37°C overnight with shaking. Then, 1 mL of DH5α overnight 

culture was inoculated in 100 ml of 2x YT broth. The cells were grown for 2 hours, 

chilled on ice for 15 min and centrifuged in 2 x 50 ml sterile tubes for 5 min at 4000 

rpm at 4ºC with a benchtop centrifuge (Fisher Scientific AccuSpin 1). The 

supernatant was removed and the pellet of one tube was re-suspended in 50 ml ice-

cold Transformation buffer 1 (TfbI)  (appendix 8.2) and combined with the pellet from 

the second tube. After incubation of the cells on ice for 15 min and centrifugation for 5 

min at 4000 rpm, the pellet was gently re-suspended in 4 ml of ice-cold 

Transformation buffer 2 (TfbII) (appendix 8.2). 100 µl of cells were then aliquoted into 

ice-cold 1.5 mL Eppendorf tubes, flash frozen in liquid nitrogen and stored at -80ºC. 
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2.15.7  Bacterial Transformation with heat-shock 

 

10 μl of the ligation reaction were added to 100 μl competent DH5α E. coli and mixed 

by gently swirling. The mixture was incubated on ice for 30 min. The heat-shock 

procedure was carried out by placing the mixture in a heating block set up at 42ºC for 

45 s and then quickly cooling it on ice for 2 min. After the addition of 900 μl of 2x YT 

broth, the mixture was incubated for 1 hour at 37ºC with shaking. 10 μl and 100 μl of 

the bacterial culture were spread onto a 2x YT agar plate with 50 μg/ml Kan. The rest 

of the bacterial culture was centrifuged at 13,000 rpm for 1 min. The pellet was then 

re-suspended in approximately 100 μl supernatant and spread to the selective agar 

plate. The plates were incubated overnight at 37°C.  

 

2.15.8  Positive clone selection 

 

After overnight incubation, 6 colonies were picked up from the plate with a loop and 

grown in 5 ml 2x YT broth with 50 μg/ml Kan overnight at 37°C with shaking. The 

plasmids were extracted as described in 2.15.2. The plasmids were then subjected to 

DNA digestion as described in 2.15.3 and DNA electrophoresis (paragraph 2.8) with  

two bands expected, one as the backbone pYMAb2 vector (approximately 5.4 Mb), 

another one as the insert fragment that was the fusion product between blaOXA-58 and 

the gfp gene (blaOXA-58-gfp, approximately 1.6 Mb). The concentration of the plasmid 

preparation was assessed using nanodrop (paragraph 2.6).  

 

2.15.9  Making electrocompetent cells of A. baumannii 

 

Frozen A. baumannii CIP70-10 was streaked on plain 2x YT agar plate. After 

overnight incubation, 1 colony was inoculated in 5 ml 2X YT broth and grown 

overnight at 37ºC with shaking. 2 ml of this overnight bacterial culture were 

inoculated in 100 ml of 2x YT broth and grown for 2 hours with shaking at 37˚C. The 

resultant culture was split into 2 falcon tubes of 50 ml each and centrifuged for 10 min 

at 4000 rpm at 4ºC. The supernatant was discarded from both tubes. The pellet from 

one tube was then re-suspended in 50 ml of chilled 10% glycerol and combined with 

the pellet in of the second tube. The tube was centrifuged for 10 min at 4000 rpm at 

4ºC. This procedure, including the re-suspension of the pellet in 10% glycerol and 

centrifugation was repeated three times. The final wash step was performed by re-

suspending the pellet in 2 ml of 10% glycerol. 100 µl of cells were then aliquoted into 

pre-chilled 1.5 ml microcentrifuge tubes that were flash frozen in liquid nitrogen and 

stored at -80ºC. 
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2.15.10  Electroporation 

 

1 µl of pYMAb2 containing the insert OXA-58-GFP was mixed with 100 µl 

electrocompetent cells of A. baumannii CIP70.10. The same procedure was carried 

out by using pYMAb2 including no insert. The mixtures were then transferred to 2 mm 

gap polycarbonate electroporation cuvettes (Thermo Fisher Scientific) chilled on ice. 

The mixtures were electroporated at 2.5 kV in an electroporator chamber (Bio-Rad). 1 

ml of 2x YT broth was immediately added to the electroporated cells that were grown 

for 1 hour at 37ºC with shaking. The resultant bacterial culture was then spread on 2x 

YT agar plates with 50 μg/ml Kan following the same procedure described in 2.15.7. 

The plates were incubated overnight at 37ºC. One transformant colony was then 

grown in 2x YT broth with 50 µg/ml Kan overnight at 37ºC with shaking.  A freezer 

stock of the resultant bacterial culture was prepared as described in 2.3. 

 

2.16  Confocal microscopy 

 

A. baumannii CIP70-10 producing pyMAb2 with the insert blaOXA-58-gfp 

(AbCIP70.10(pyOXA-58-GFP)) was grown in 4 tubes with 2x YT broth including 50 

μg/ml Kan. Three of these tubes additionally contained respectively 0.5, 1 and 2 

μg/ml meropenem (Mer) to stimulate the production and release of OMVs from the 

cells. All these tubes were incubated at 37ºC overnight with shaking.  

A. baumannii CIP70-10 producing pYMAb2 with no insert (AbCIP70.10(py)) was also 

grown in 2x YT broth with 50 μg/ml Kan at 37ºC overnight with shaking. As a positive 

control for the detection of GFP, 100 μl of chemically competent cells of BL21 E. coli 

were transformed with 5 μl of a His6-tagged GFP expression vector by following the 

procedure described in 2.15.7 (Sullivan et al., 2007). The selection of the 

transformants was carried out on 2x YT plates including 50 μg/ml Kan and 50 μg/ml 

Chlor. After overnight incubation at 37˚C, a colony was picked up and grown in 2x YT 

broth including 50 μg/ml Kan, 50 μg/ml Chlor, and 100 μM IPTG (ThermoScientific) 

overnight at 37˚C with shaking. 

Multispot slides (Thermo Scientific) were prepared by loading 5 μl of 1 mg/ml 

Concanavalin A from Canavalia ensiformis (ConA) (Sigma Aldrich) onto the slide 

wells to allow the bacterial cells to adhere to the slide. These were then let them dry 

out for 20 min. 50 μl of all the bacterial cultures were then loaded onto the wells with 

ConA and let to adhere for 30 min. The excess of bacterial culture was then removed 

with a pipette. A coverslip was placed on the slide and sealed with nail varnish.  

The slides were inspected at x100 magnification with an inverted LSM510 laser 

scanning microscopy (Zeiss) by using an Argon laser at 488 nm and the emission 



 

78 
 

filter BP 505-530.  A drop of microscope oil was placed on the objective before 

inspecting. 

 

2.17  Protein extraction 

 

AbCIP70.10(pyOXA-58-GFP) and AbCIP70.10(py) were cultured overnight in 2x YT 

broth with 50 μg/ml Kan at 37ºC overnight with shaking. 1.5 ml of overnight culture 

were centrifuged at 13,000 rpm for 30 s and the supernatant removed. After 

discarding the supernatant, the pellet was re-suspended in 500 l of lysis buffer 

(appendix 8.2) and the sample placed on ice for 10 min. The proteins were 

precipitated by adding 100 l of 30% w/v thrichloroacetic acid (TCA, Sigma-Aldrich). 

The samples were vortexed and then placed on ice for 10 min. Following a 

centrifugation step at 13,000 rpm for 5 min, the supernatant was removed, and the 

pellet was neutralized by re-suspension in 20 l of 1M Tris base and solubilized in 80 

l of SDS sample buffer (Sigma-Aldrich).  

 

2.18  Making polyacrylamide gels 

 

The mixtures for the resolving and stacking gels were prepared in 2X 50 ml Falcon 

tubes and the polymerizing agents Ammonium Persulfate (APS, Sigma Aldrich) and 

TEMED (ThermoFisher Scientific) were added as last components. The resolving gel 

contained 3.75 ml (25%) of 40% Acrylamide (ThermoFisher Scientific), 7.5 ml (50%) 

buffer A (appendix 8.2), 3.75 ml (25%) sterile DIH2O, 150 μl (1%) APS and 15 μl 

(0.1%) TEMED. The mixture was then gently poured in an empty Bolt gel cassette 

(ThermoFisher Scientific). DIH2O was poured on the surface of the resolving gel to 

get even surface and the gel was left to polymerise for approximately 15 min. The 

stacking gel contained 625 μl (12%) of 40% 37:1 acrylamide:bis-acrylamide 

(ThermoFisher Scientific), 2.5 ml (49%) buffer B (appendix 8.2), 1.87 ml (37%) sterile 

DIH2O, 50 μl (0.9%) APS and 5 μl (0.09% )TEMED.  The water layer was discarded 

from the gel cassette and the stacking gel was poured into it followed by the insertion 

of 12-well combs. The stacking gel was left to polymerise for 15 min at room 

temperature. Once set, the combs were removed, and the wells were rinsed with 

DIH2O. The gels were placed in a plastic bag with Buffer C (appendix 8.2) and stored 

at 4˚C until use.   
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2.19  Polyacrylamide gel electrophoresis 

 

The protein samples were heated at 95ºC for 5 min before loading onto the gel. 3 μl 

of prestained protein molecular marker (ThermoScientific) were added to the first 

well. 20 μl volumes of each sample were loaded into the other wells. The 

electrophoresis was run in buffer C at 120 V for approximately 60 min or until the dye 

had reached the end of the gel. 

 

2.20  Western Blot 

 

A sheet of polyvinylidene fluoride (PVDF) transfer membrane (Immobilon-P) was cut 

8.5 x 7 mm, pre-wet in methanol then soaked in Western transfer buffer (appendix 

8.2) for 10 min. 6 pieces of 3 mm chromatography blotting paper (Whatman) were cut 

10 x 9 mm and pre-wet in transfer buffer. The gel was retrieved from the 

electrophoresis apparatus. The stacking gel was removed with a scalpel blade and 

the resolving gel was wet in transfer buffer for 5 min. The transfer sandwich was then 

assembled on the lower electrode of the Western blotting apparatus (Thermo Fisher 

Scientific) as follows: 3 sheets of blotting paper, PVDF membrane, gel and 3 sheets 

of blotting paper. The top electrode was inserted and secured. The transfer blot was 

carried out at 125 mA and 100 V for 3 hours. Once the transfer was complete, the 

PVDF membrane was blocked in 15 ml blocking solution (5% w/v milk powder in Tris-

buffered saline (TBS buffer, Appendix 8.2) and incubated for 1 hour with slow shaking 

at room temperature. After this time, the membrane was placed in a solution 

containing a 1:1000 dilution of Anti-GFP monoclonal antibody from mouse (Abcam) in 

incubation solution (blocking solution 1:3 diluted in TBS buffer) and then incubated 

with slow shaking at room temperature overnight. After discarding the incubation 

solution, the membrane was washed four times for 1 min with 50 ml TBS buffer. 

Finally, the membrane was incubated with shaking for 3 hours in TBS buffer that 

contained a 1:5000 dilution of a goat polyclonal anti-mouse secondary antibody 

(Sigma Aldrich). This antibody was conjugated to the green fluorescent dye CF488A. 

The membrane was then washed five times for 5 min with 50 ml of TBS buffer. The 

membrane was visualized with a G-box imager (Syngene) with a blue module lighting 

source and an emission filter for the wavelengths between 525-510 (Filt525). 
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2.21  Sanger sequencing  

 

100 ng/μl of plasmid preparations was sent off for Sanger sequencing at the DNA 

sequencing facility of the University of Cambridge (Sanger et al., 1977), using the 

primers for the sequencing of the fusion gene blaOXA58–GFP (Table 2.5). The samples 

were sequenced on the Applied Biosystems 3730XL Genetic Analyzer with a 96 

capillary 50 cm array (ThermoFisher Scientific). The DNA samples were prepared 

with the BigDye™ Terminator v3.1 reagents (ThermoFisher Scientific). 

Unincorporated BigDye® terminators and salts were removed with BigDye 

XTerminator™ Purification Kit (ThermoFisher Scientific) prior to sequencing. 

 

2.22  Illumina sequencing 

2.22.1  Library preparation and sequencing 

 

A single colony of the strains K3 and K9 was mixed with 1XPBS (appendix 8.2). All 

the mixture was then streaked on 2x YT agar plate and incubated overnight at 37°C. 

All the bacterial culture was then retrieved with a loop and mixed into a barcoded 

bead tube supplied by MicrobesNG.  The sequencing was performed with the 

Illumina MiSeq platform provided by MicrobesNG (https://microbesng.uk/). The tube 

was vortexed and the liquid removed. The tubes were sent off to MicrobesNG for 

whole genome sequencing. Genomic DNA libraries were prepared using Nextera XT 

Library Prep kit (Illumina, San Diego, USA) and paired-end sequenced with 250 bp 

read lengths.  

The sequencing of the DNA samples of all the other K. pneumoniae isolates was 

carried out at the Norwich Medical School of the University of East Anglia (UEA). 

Purified DNA samples were diluted to a concentration of 0.2 ng/μl in ultra-pure water. 

The DNA libraries were constructed by fragmenting the DNA and barcoding them 

with Nextera XT index kits (Illumina). Each library was adjusted to a concentration of 

4 nM before being pooled together for sequencing. Paired end Sequencing was 

performed on an Illumina NextSeq using a NextSeq 500/550 High Output v2 kit 

sequencing kit (Illumina).  

 

2.22.2  Assembly of reads and annotation 

 

The assembly of reads, annotation and quality check were carried out directly by 

MicrobesNG by using respectively Spades, Prokka and Quast (Bankevich et al., 

2012; Seeman, 2014; Gurevich et al., 2013). For all the other isolates whose genome 
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was sequenced at UEA, a virtual machine provided by the Cloud Infrastructure for 

Microbial Bioinformatics (CLIMB) (https://www.climb.ac.uk/) was used to run Spades 

with single and paired-end reads and the contigs were annotated with Prokka. The 

virtual machine was accessed by the terminal emulator Putty 

(https://www.chiark.greenend.org.uk/~sgtatham/putty/).  

  

2.23  Softwares 

2.23.1  Analysis of RAPD patterns 

 

The RAPD patterns which resulted from the gel electrophoresis were analysed with 

the software PyElph (Pavel and Vasile, 2012). This program uses the information 

extracted from the analyzed gel image to compare DNA patterns and generates 

phylogenetic trees thus providing information about the similarity between samples of 

DNA sequences. 

 

2.23.2  Analyses of DNA sequences 

 

The software BioEdit (Hall, 1999) was used to visualize the sequences produced by 

the Sanger methodology. The software Artemis (Carver et al., 2012) was used to 

visualize the sequences produced by the Illumina sequencing. 

DNA sequences were compared to sequences in the National Center for 

Biotechnology Information (NCBI) database using the basic local alignment search 

tool (BLAST). BLAST was used on both the sequences coming from the Sanger and 

the Illumina sequencing to search for the homologies with the known sequences 

already deposited in the NCBI database (Altschul et al., 1997).The translation of the 

nucleotide sequences to amino acid sequences was carried out with the tool 

Translator (Gasteiger et al., 2003). In particular, this program was used in cases 

where a homology lower than 100% at the DNA level with known genes was found.  

The software ResFinder (Zankari et al., 2012) was used to detect antibiotic resistance 

genes in the sequence of the entire genome of the isolates sequenced. The 

assembled genome was uploaded on the ResFinder webpage by using a 90% 

identity threshold and at least 60% of the total gene length matched to the assembled 

sequence to identify the resistance genes in the database. 

 

 

https://www.climb.ac.uk/
https://www.chiark.greenend.org.uk/~sgtatham/putty/
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2.23.3  Analysis of the agar plates 

 

The images captured from the plates were analysed with the software ImageJ 

(Schneider, 2012).  The spatial calibration of each single image was carried out by 

setting a known distance value in mm on the ruler placed next to the plate while 

capturing the image. The surface areas values were computed by using the “Analyze 

particles” function of ImageJ.  

 

 2.23.4  Statistical analyses  

The statistical analyses were performed using the statistical packages SPSS (version 

24, IBM Corp.), R and R studio (R Core Team, 2013) and GraphPad Prism 7.00 for 

Windows (GraphPad, USA). P-values less than 0.05 were considered statistically 

significant. The P-values are denoted symbolically as follows: 0.01 to 0.05 (*) = 

significant; 0.001 to 0.01 (**) = highly significant; 0.0001-0.001(***) = very highly 

significant and < 0.0001 (****) = extremely significant. Analyses of differences in the 

sheltering provided by the K. pneumonaie isolates, changes of sheltering depending 

on different conditions, and growth curves were carried out with one-way Analysis of 

Variance (ANOVA) with Dunett or Tukey’s multiple comparison test in GraphPad 

Prism. The R-squared (R2) values were used to evaluate the closeness of the data to 

the fitted regression line in the scatter plots (Moore et al., 2013). The R2 values were 

interpreted as follows: between 0 and 0.3 = weak positive or negative linear 

relationship; between 0.3 and 0.7 = moderate positive or negative linear relationship; 

between 0.7 and 1.0 = strong positive or negative linear relationship. 
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3  RESULTS I: METHODS FOR THE DETECTION AND 

QUANTIFICATION OF THE SHELTERING EFFECT IN  

K. PNEUMONIAE 

 

3.1  Introduction 

 

Different bacterial species can form small ecosystems in polymicrobial infections. 

Interactions between microbes in these ecosystems can result in an increase of the 

severity of infections (Arndt et al., 1967; Byrd and Segre, 2016; Marjon et al., 2018) 

and complications in treatments (Brodge et al., 2005; Peters et al., 2012; Short et al., 

2014). However, the nature of these interactions in polymicrobial infections remain 

largely obscure since infective bacteria are commonly investigated in isolation 

(Marjon et al., 2018).  

Bacteria can affect each other’s proliferation or survival in several ways including 

excretion of metabolites (Fredrickson and Stephanopoulos, 1981), competition for the 

same nutrient (Silver and Wintermute 2010), or release in the extracellular 

environment of molecules that can harm or help other species living in the bacterial 

community (Riley and Wertz, 2002; Abrudan et al., 2015; Andersen et al., 2015).   

Resistance to β-lactam drugs can arise as a result of cooperative behavior between 

resistant and sensitive bacteria (Dugatkin et al., 2005; Yurtsev et al., 2013). This 

phenomenon has been investigated in different pathogenic bacteria by using different 

methods. In a study carried out on Bacteroides species, a single infection of penicillin-

susceptible streptococci, and a mixed infection of a β-lactamase-producing strain of 

either Bacteroides melaninogenicus or Bacteroides fragilis and penicillin-susceptible 

streptococci, were induced respectively in two groups of mice. The penicillin 

treatment prevented the formation of abscesses in animals inoculated with 

streptococci alone, but not in those inoculated with streptococci and Bacteroides 

species, thus suggesting that a mixed infection was responsible for the resistance to 

the penicillin therapy (Brook et al., 1983; Stentz et al., 2015). 

This protective effect has also been reported in β-lactam-resistant non-typeable  

H. influenzae, M. catarrhalis, and A. baumannii by examining the release of  

β-lactamase-containing OMVs that protect β-lactam-susceptible bacterial strains 

present in the same extracellular environment as the resistant strains (Ciofu et al., 

2000; Shaar et al., 2011; Shaar et al., 2014; Chattopadhyay and Jaganandham, 

2015; Liao et al., 2015). Furthermore, studies carried out on A. baumannii and E. coli 

confirmed the presence of this “sheltering effect” by co-culturing the β-lactam-

resistant and susceptible strains in broth containing β-lactams and then differentiating 
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the co-cultured bacteria on appropriate agar plates after overnight culture (Perlin et 

al., 2009; Liao et al., 2014). However, the use of this method is subject to the 

availability in research laboratories of resistant and susceptible species that can be 

discriminated by the colony characteristics of each species on the plates. Also, the 

analysis of β-lactamase-containing OMVs might be time-consuming and costly due to 

the number of methods involved, such as isolation of OMVs, Western Blot analyses, 

microscopy and quantification of activity of the β-lactamases enclosed in OMVs. 

Lastly, the investigation of the sheltering effect by inducing mixed infections of β-

lactam resistant and sensitive strains requires in vivo studies on animals. 

K. pneumoniae accounts for a number of hospital-acquired infections including 

septicemia, pneumonia, urinary tract infection, meningitis, and purulent abscesses at 

different sites (Lin et al., 2013; Kamal et al., 2017).  Although this pathogen has been 

identified in the blood of patients with polymicrobial infections, the sheltering effect 

has not yet been investigated in K. pneumoniae (Rahim et al., 2018). In this project, 

the sheltering effect provided by K. pneumoniae has been investigated by using K17, 

a β-lactam-resistant K. pneumoniae isolated from a Kuwait hospital in 2014. 

The aims of this study were: 

1. To determine whether the sheltering effect is present in K. pneumoniae 

2. To develop methods for the quantification of the sheltering effect 

3.  Compare the methods developed and determine the most robust for future 

quantification analyses. 

 

3.2  Results 

 

3.2.1 The sheltering effect of K. pneumoniae K17 on β-lactam susceptible 

strains 

 

The sheltering potential of K. pneumoniae was investigated by carrying out point 

inoculations of K. pneumoniae strain K17 on two agar plates enriched with Amp and 

evenly spread with respectively E. coli NCTC 10418 and S. aureus NCTC 6571, 

two strains sensitive to Amp. The purpose of analyzing the sheltering effect on 

these two strains was to investigate if the protective effect provided by the resistant 

isolate was subject to differences in the species and/or the Gram group of the two 

susceptible strains. Colonies of these two strains were expected to grow around the 

inoculation area of K17 only in cases where the resistant isolate was able to shelter 

the susceptible strains from the antimicrobial action of Amp present in the medium. 

Furthermore, the appearance of colonies of E. coli NCTC 10418 and S. aureus 
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NCTC 6571 was assumed to be subject to the presence of both the resistant and 

either susceptible strain on the plate.  

The results suggested the presence of the sheltering effect from K17 on both the 

susceptible strains, as showed by the growth of E. coli NCTC 10418 and S. aureus 

NCTC 6571 exclusively around K17 (Figure 3.1, A and B). For both the susceptible 

strains the bacterial growth in the area closest to the inoculation area of  

K. pneumoniae resulted in the formation of a continuous cover of bacteria (Figure 3.1, 

A and B, S+). However, the growth of E. coli NCTC 10418 in the form of satellite 

colonies was also detectable in the area around K17 (Figure 3.1, A, S+). 

No growth in the area around K17 was detectable in absence of the susceptible 

strains (Figure 3.1 A and B, S-). Furthermore, no bacterial growth was present on 

plates lacking the inoculation of K17 (Figure A and B, NB). The distinction between 

the area occupied by the susceptible strains and the area of the resistant isolate is 

showed in Figure 3.1, C and D. 

 

Figure 3.1 Sheltering effect of K17 on two β-lactam susceptible strains. The growth of E. coli NCTC 

10418 and S. aureus NCTC 6571 around K17 was monitored after a point inoculation of a bacterial 

culture of K17 on two 100 µg/ml Amp plates evenly spread with a bacterial culture of respectively E. coli 

NCTC 10418 and S. aureus NCTC 6571 and incubation at 37 ˚C for 24 hours. A and B. The left side of 

the panel shows the growth of respectively E. coli NCTC 10418 or S. aureus NCTC 6571 around K17 on 

plates inoculated with this resistant isolate (S+). The middle picture shows the Amp plate inoculated with 

no susceptible strain (S-). The right side shows the appearance of two Amp plates lacking the 

inoculation of K17 (NB).  C and D. The left pictures of A and B are modified to show the distinction 

between the area occupied by the susceptible strains and the area of the resistant isolate. The profile of 

the area of E. coli NCTC 10418 (E) and S. aureus NCTC 6571 (S) is coloured in green, while the outline 

of the area of K17 is coloured in red (R). 
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To confirm that the growth of the two susceptible strains was exclusively due to the 

sheltering effect provided by K17, a bacterial culture derived from the growth of 

respectively E. coli NCTC 10418 and S. aureus NCTC 6571 around K17 was 

streaked on 2 clean agar plates containing Amp.  This test aimed to exclude the 

possibility that the ability of the susceptible strains to grow on a medium enriched with 

Amp was the result of spontaneous genetic mutations. Indeed, these mutations were 

expected to enable the sensitive strains to resist the action of Amp regardless of the 

presence of K17. The results showed that no visible bacterial growth was detected on 

Amp plates streaked with the bacterial culture of respectively E. coli NCTC 10418 

and S. aureus NCTC 6571 growing around K17 (Figure 3.2).  

 

 

 

Figure 3.2 Amp plates after 24 hours from the streaking of the bacterial culture of the susceptible 

strains. Some bacterial culture of E. coli NCTC 10418  (A) and S. aureus NCTC 6571 (B) growing 

around K17 was retrieved with a loop and streaked on respectively two agar plates enriched with 100 

µg/ml Amp. Bacterial growth was monitored on these plates after 24 hours of incubation at 37˚C.  

 

 

Furthermore, to exclude that the growth of E. coli NCTC 10418 and S. aureus NCTC 

6571 around K17 was the result of the transfer of plasmid-encoded β-lactamases 

such as the gene for OXA-48 might have been transferred, the presence of blaOXA-48  

was investigated in the cells of E. coli NCTC 10418 and S. aureus NCTC 6571 grown 

around K17. With regards to this, PCR reactions for blaOXA-48 were carried out on the 

DNA isolated from K17 and a colony of respectively E. coli NCTC 10418 and  

S. aureus NCTC 6571 isolated from three different sites of their growth area. This 

aimed to confirm that the area occupied by the susceptible strains was not a mixture 

of bacteria sheltered by K17 and bacteria that acquired a β-lactamase gene from 
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K17. Indeed, it was expected that the whole area of susceptible strains comprised 

bacteria that were resistant to the action of Amp exclusively in presence of the 

sheltering effect provided by K17. Furthermore, a PCR for the amplification of the 

16S rDNA gene was carried out on the same DNA preparations to confirm the 

presence and the amplification of bacterial DNA in all samples. A PCR containing all 

the components needed for the amplification of the 16S rDNA gene except for the 

DNA (negative control) was also prepared last to verify that no contaminating DNA 

was introduced into the PCR mixtures during sample processing.  

The results of this analysis showed that an amplicon of the size expected for the 

fragment of blaOXA-48 (743 bp) was present in the DNA samples of K17 but not in the 

DNA of the colonies of E. coli NCTC 10418 and S. aureus NCTC 6571 (Figure 3.3, A 

and B). However, the presence of an amplicon for the fragment of the 16S rDNA 

gene (1465 bp) in all samples confirmed the presence and amplification of the DNA 

(Figure 3.3, A and B). The negative control did not produce any amplicon, thus 

indicating no DNA contamination in any PCR mixture prepared (Figure 3.3, B).   

 

 



 

88 
 

 

 

Figure 3.3.  Agarose gel showing the amplification of blaOXA-48 and 16S rDNA in the DNA of K17 

and in three colonies of E. coli NCTC 10418 (A) and of S. aureus NCTC 6571 (B). The amplification 

of the fragments of blaOXA-48 and 16S rDNA is confirmed by the presence of black bands of the size 

expected for these fragments. The size in base pairs (bp) of the ladder (L) fragments is used as a 

reference to confirm the size of the amplicons. R, E and S stand for the PCR product from the DNA 

respectively of K17, E. coli NCTC 10418 and of S. aureus NCTC 6571. Neg: negative control. The 

differences in the intensity of the 16S band between S. aureus and K17 could be the result of a different 

number of DNA copies at the end of the amplification step of the PCR process. 
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3.2.2 The sheltering effect in multiple β-lactam resistant isolates of  

K. pneumoniae 

To confirm that the sheltering effect detected in K17 was not a phenomenon 

restricted to a single isolate, 14 additional K. pneumoniae isolates were randomly 

chosen among all the 33 β-lactam-resistant isolates of this bacterium isolated form 

Kuwaiti clinical samples in 2014. These isolates were tested for their sheltering 

potential on E. coli NCTC 10418 and S. aureus 6571 and were K1, K2, K3, K7, K10, 

K11, K13, K18, K19, K20, K21, K23, K25 and K30. These analyses aimed to verify 

that the sheltering effect towards different species of susceptible bacteria was a 

phenomenon common within the  K. pneumoniae species.  

The screening for the sheltering effect in the 14 K. pneumoniae isolates was carried 

out with the same methods described for K17 in paragraph 3.2.1.  

The results showed that all the 14 isolates were able to shelter both E. coli NCTC 

10418 and S. aureus NCTC 6571, similarly to K17. No growth in the area surrounding 

the isolates was detected in absence of susceptible species. (Figures 3.4 and 3.5).  
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However, these K. pneumoniae isolates exhibited apparent variability in sheltering 

effect provided to the susceptible strains as shown by the differences in the distance 

of satellite colonies from the resistant isolate and in the diameter of the continuous 

cover of bacteria around the K. pneumoniae isolates (Figures 3.4 and 3.5).  This 

observation suggested that the K. pneumoniae isolates might differ in the distance 

that the protective effect could reach from the resistant isolate, as well as by the total 

number of cells protected represented by the total growth area of the susceptible 

strain on the plate.  

3.2.3  Comparison of two methods for the quantification of the sheltering effect 

 

In order to investigate whether the apparent variations visually observed in the 

sheltering K.  pneumoniae isolates corresponded to statistically significant 

differences, two methods for the quantification of the magnitude of the sheltering 

effect detected on plates were developed. The quantification of the sheltering effect in 

K. pneumoniae aimed to determine the degree of variability that this phenomenon 

shown among isolates belonging to the same bacterial species. Ultimately the 

differences in the sheltering strength might provide insight into the ability of  

K. pneumoniae in a mixed infection to protect other bacterial species from the action 

of antibiotics. Indeed, a more powerful sheltering effect might be associated with a 

higher degree of resistance to antimicrobial treatment during polymicrobial infections 

and vice versa. 

The two methods were developed with the aim of quantifying the sheltering effect 

based on two features observed on plate. The first feature was the furthest distance 

from the resistant isolate at which a colony of the susceptible strain was detected 

(distance-based method). The second feature was the total growth area occupied by 

the susceptible strain (area-based method). Therefore, these two methods gave 

information about respectively the distance of the protective effect exerted by the 

resistant isolate and the proportion of susceptible cells the resistant isolate was able 

to shelter from the action of the β-lactam. The analyses for the quantification of the 

sheltering effect with these two methods were carried out on the plates where the 

sheltering effect of the 15 K. pneumoniae isolates on E. coli NCTC 10418 was 

detected. 

The hypothesis behind the distance-based method was that the survival and growth 

of the susceptible strains inoculated on plate was affected by the protective effect 

exerted by the resistant bacteria growing just at the edges of the inoculation point. In 

addition, the more distant a colony of the susceptible strain grew from the resistant 
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isolate, the further the sheltering effect extended from the edge of the resistant 

isolate.  

Therefore, in the distance-based method the linear distance between the centre of 

the furthest colony detected on plate and the edge of the colony of the resistant 

isolate was measured and the furthest distance detected was named “maximum 

distance”. The choice of the furthest colony to consider for the analysis was based on 

preliminary distance measurements aimed to determine which colony was the 

furthest from the resistant isolate.  

This analysis was carried out on three different plates for each of the 15 resistant 

isolates inoculated and the three maximum distance values calculated were averaged 

out. The data relevant to this analysis are shown in Figure 3.6 and Table 8.1 in 

appendix 8.3.  

 

 

Figure 3.6. Maximum distance detected on the plates inoculated with the 15 resistant isolates. 

The bar chart shows the mean of the three maximum distance values of the furthest colony detected on 

the three different plates inoculated with the same resistant isolate. The error bars represent the 

standard deviation of the mean. 

 

However taking into account only one value of maximum distance per plate might 

have limitations. Indeed, this procedure might be theoretically subject to the 

generation of skewed data due to the appearance of sporadic antimicrobial resistant 

mutant colonies in the sheltered species or contamination with unrelated resistant 
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bacteria. These random colonies might skew the analyses if they are mistaken for a 

sheltered colony some distance from the resistant isolate. In order to reduce the 

misleading effect of potential outliers on the calculation of the maximum distance 

value, the average of a number of maximum distance values measured on the same 

plate was calculated.  In particular the distance values of different numbers of the 

furthest colonies, respectively 5, 10 and 20, on the same plate were progressively 

averaged out to test the effect of the increase of the sample size on the results. Also, 

the choice to average specific numbers of furthest colonies, respectively 20, 10 and 

5, was based on a first rough visual inspection of the plates. Indeed, the number of 

colonies appearing on the plates was approximately in the range between 5 and 20. 

These observations were complicated by the observation that there was variability in 

the number of colonies available with some resistant isolates producing only 2 or 3 

sheltered colonies while others appeared to produce around 15-25 colonies. 

However, the smallest sample size took into account not less than 5 colonies to 

calculate the average. The choice of the 20, 10 and 5 furthest colonies to consider in 

the analysis was based on preliminary tests aimed to determinate the colonies 

appearing furthest from the resistant isolate. 

The average maximum distance values calculated by 20, 10 and 5 colonies 

calculated on the three different plates are reported respectively in Figures 3.7, 3.8 

and 3.9. Furthermore, the descriptive statistics of these data is reported respectively 

in Tables 8.2, 8.3 and 8.4 in appendix 8.3.  
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These data showed that significant differences between the means of the 20 distance 

values calculated on the three plates were detectable for the isolates K1, K2, K3, 

K17, K18 and K20. Indeed, for these isolates the P-values calculated were less than 

0.05 (Figure 3.7). Furthermore, the differences were significant for the means of the 

10 distance values measured on the three plates for the isolates K1, K2, K3, K7, K10, 

K11, K17, K18, K25 and K30 (Figure 3.8). Lastly, no isolate showed significant 

differences between the mean values of the 5 distance values calculated with the 

exception of K25. Here the P-value was less than 0.05 (Figure 3.9). 

However, these data also showed that a number of distance values were missing 

from the analyses, although the number of the missing values was variable 

depending on the number of colonies counted (Tables 8.2, 8.3 and 8.4, appendix 

8.3). This was mainly due to the fact that the number of countable colonies detected 

on the plates inoculated with some of the isolates was less than respectively 20, 10 

and 5. Furthermore, on a few plates the growth of colonies in a cover of bacteria did 

not allow the calculation of the distance between the centre of single colonies and the 

edge of the resistant isolate. In particular, with the exception of the 20 colonies 

growing in all the three plates inoculated with two resistant isolates (K3 and K17), the 

number of countable colonies was less than 20 on at least one plate inoculated with 

all the other 13 resistant isolates (Table 8.2 appendix 8.3). The number of the furthest 

colonies was also less than 10 on at least one plate inoculated with 11 resistant 

isolates (K1, K2, K7, K10, K13, K18, K20, K21, K23, K25, K30) (Table 8.3, appendix 

8.3).  Lastly, the number of countable colonies was less than 5 on at least one plate 

inoculated with 8 resistant isolates (K1, K2, K7, K13, K18, K21, K25 and K30). 

However, 5 colonies were countable on all the plates inoculated with 7 resistant 

isolates (K3, K10, K11, K17, K19, K20 and K23) (Table 8.4, appendix 8.3). 
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To determine if the calculation of the maximum distance from one furthest colony and 

the average maximum distance of the 20, 10 and 5 furthest colonies produced similar 

results the four variants of the distance-based method were compared. In particular, 

this aimed to investigate if the increase of the sample size affected significantly the 

results obtained. The data relevant to this analysis are reported in Figure 3.10. 
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These data showed that no significant differences between the mean values of the 

distance values calculated with the four different variants for each sheltering isolate 

was detectable. Indeed all the P-values calculated were higher than 0.05 (Figure 

3.10, and Table 8.5, appendix 8.3).  

In the area-based method the entire area occupied by sheltered E. coli NCTC 10418 

on a plate was determined. Unlike the distance-based procedure this method allowed 

to include both individual satellite colonies and the continuous cover of bacteria 

surrounding the resistant species in the analysis by subtracting the area occupied by 

the resistant isolate (sheltering area) from the total area occupied by both the 

resistant isolate and the sheltered strain (sheltered area). Therefore, unlike all the 

variants of the distance-based method, the area-based method allowed to take into 

account the continuous cover of bacteria around the resistant isolate and the area 

occupied by each single colony of the susceptible species. This method was 

assumed to reduce most the skewing effect of potential outliers since the major 

contribution to the calculation of the sheltered area was given from the area forming 

the susceptible lawn around the resistant isolate. The data relevant to this analysis 

are shown in Figure 3.11 and Table 8.6 in appendix 8.3. 

 

 

Figure 3.11 Sheltered areas of E. coli NCTC 10418 calculated for each resistant isolates. The bar 

chart shows the mean of the sheltered areas calculated on the three different plates inoculated with the 

same resistant isolate. The error bars represent the standard deviation of the mean. 
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The sheltered area values were plotted against the average maximum distance 

values of the furthest 20, 10 and 5 colonies and the values of maximum distance. A 

strong relationship was detected (R2 > 0.8) between the results obtained with the 

area-based method and each of the distance-based variants when these two 

variables were analysed with the linear regression on a scatter plot (Figure 3.12). 

 

 

 

Figure 3.12 Relationship between the sheltered areas and the distance values. Each point in the 

scatter plot represents the sheltered area and the value of the average maximum distance of the furthest 

20 (A), 10 (B) and 5 (C) colonies and the value of maximum distance (D) calculated on one of the three 

plates inoculated with the 15 resistant isolates. The line estimated by the linear regression is depicted as 

the solid line and the blue shaded area represents the 95% confidence interval around the line. The R
2
 

value is reported in each graph to express the closeness of the data to the fitted regression line. 

 

The positive trend exhibited by the values plotted suggested that the distance from 

the resistant isolate at which a susceptible colony could grow was linearly related to 

the extension of the growth area of the sheltered strain. Indeed, higher distances 

were associated to bigger growth areas. Similarly, smaller distances also 

corresponded to reduce growth areas. This suggested that the distance-based 

method with its variants and the area-based method produced comparable results. 
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This suggests that any of these procedures might be used for future analyses aimed 

to quantify the sheltering effect on plate. However, the area-based method would be 

the preferred procedure in case of random mutants present on the plate since the 

quantification of the sheltering effect would likely be marginally affected by these 

colonies. In the next chapters the degree of sheltering variability between the different 

isolates will be investigated by taking into account a larger sample of clinical isolates 

of K. pneumoniae. 

 

3.3  Discussion 

 

The sheltering effect has been investigated in different pathogenic bacteria by using 

different methods, including the induction of mixed infections in animals (Brook et al., 

1983) and investigation of OMVs carrying β-lactamases (Ciofu et al., 2000; Schaar et 

al., 2011; Schaar et al., 2014; Chattopadhyay and Jaganandham, 2015; Liao et al., 

2015). However, the use of these methods requires respectively the availability of 

laboratory animals to carry in vivo bacterial infections and the use of time-consuming 

techniques and expensive equipment. Co-culturing resistant and susceptible species 

in selective liquid medium followed by the discrimination of each species by the 

colony characteristics on agar plates (Perlin et al., 2009; Liao et al., 2014) is a much 

cheaper and time-saving technique to confirm the presence of the sheltering effect.  

However, the use of this procedure requires the availability of resistant and sensitive 

strains forming colonies that can be visually differentiated on agar plates.  

The presence of the sheltering effect has here been investigated in the pathogen  

K. pneumoniae. In this project, a straightforward and time-saving protocol was 

developed to detect the sheltering effect provided by K. pneumoniae. The method 

developed in this project involved the direct spreading of a bacterial culture of a  

β-lactam-susceptible strain on a selective agar plate followed by the point inoculation 

of a bacterial culture of a β-lactam resistant isolate. This method was tested by using  

E. coli NCTC 10418 and S. aureus NCTC 6571 as β-lactam-susceptible strains and 

K17, one of the K. pneumoniae β-lactam-resistant isolates available in the laboratory.   

The bacterial growth of both the susceptible strains was detected only around K17 

after overnight incubation and appeared in the form of single colonies and a 

continuous lawn of bacteria in the area immediately surrounding the inoculation area 

of K17. This suggested that K17 was able to protect both the susceptible strains from 

the action of the drug. This effect was not species-specific since the two susceptible 

strains belonged to different species. Furthermore, it was restricted neither to Gram-

positive nor Gram-negative species since the two strains belonged to different Gram 

groups. The effect was detectable only if both the resistant and the susceptible 
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strains were inoculated on the same plate, thus confirming that the susceptible 

strains were able to grow only in presence of the resistant isolate (Figure 3.1).  

No bacterial growth on clean selective plates was detected after the streaking of the 

bacterial culture of both the susceptible strains growing around K17 (Figure 3.2). This 

confirmed that the ability of the E. coli NCTC 10418 and S. aureus NCTC 6571 to 

grow on a medium enriched with Amp was unlikely the result of spontaneous genetic 

mutations. Indeed, these mutations were expected to enable the sensitive strains to 

resist the action of Amp regardless of the presence of K17. Moreover, the results of 

the PCR analyses confirmed that the ability of the susceptible strains to grow in 

presence of Amp was not the result of the transfer of the β-lactam resistance gene 

blaOXA-48 from K17 to E. coli NCTC 10418 and S. aureus NCTC 6571 (Figure 3.3). 

However, the genome of K17 carries genes for the β-lactamases TEM, SHV, CTX-M, 

OXA-1 and AmpH in addition to OXA-48. Therefore, any of these genes might be 

transferred by bacterial conjugation thus conferring resistance to the susceptible 

strain. Although the presence of these additional genes in the bacterial culture 

retrieved from the susceptible strains was not tested by PCR, the complete lack of 

bacterial growth on the clean selective plates suggested no β-lactam resistance 

genes were transferred from K17. All these observations indicated that the bacterial 

growth of E. coli NCTC 10418 and S. aureus NCTC 6571 was due to the sheltering 

effect provided by the resistant isolate that enabled the susceptible strains to grow 

despite the presence of the β-lactam in the medium.  

15 β-lactam resistant K. pneumoniae isolates, including K17, were able to shelter  

E. coli NCTC 10418 and S. aureus 6571 from Amp present in the agar (Figures 3.4 

and 3.5). Similarly to K17, all the other 14 resistant isolates showed no specificity for 

the bacterial species and Gram group they sheltered. This observation suggested 

that the sheltering effect detected for K17 was not a phenomenon found randomly in 

one of the β-lactam resistant isolates. Instead, the sheltering effect could be found in 

multiple β-lactam resistant strains of K. pneumoniae.  

Although all the resistant isolates were able to shelter both the susceptible strains, 

they showed variability in the degree of sheltering effect they provided. This variability 

reflected the difference among the isolates in the distance that the protective effect 

could reach from the resistant species, as well as by the area of growth of the 

susceptible strain represented by the diameter of the continuous cover of bacteria 

growing around the K. pneumoniae isolates. Therefore, quantifying the sheltering 

effect by measuring the distance reached by the sheltering effect and the growth area 

of the susceptible strain protected might represent a new method to type bacterial 

strains.  
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The MIC is a method routinely used to determine the resistance degree of a 

microorganism to an antimicrobial (Andrews, 2001). The use of the MIC allows the 

quantification of the antimicrobial resistance of a strain or isolate by determining the 

lowest concentration of a drug that inhibits the visible growth of the organism after 

overnight incubation. However, the MIC takes into account no cooperative 

interactions that might occur between different bacteria during polymicrobial 

infections. Indeed, the MIC determines only the antimicrobial resistance profile of the 

specific strain or isolate responsible for the resistance. The quantification of the 

sheltering effect might represent a method to type bacterial strains based on the 

antimicrobial resistance detected in the presence of both resistant and susceptible 

bacteria. Therefore, it might be used to predict the degree of antimicrobial resistance 

during polymicrobial infections of resistant and susceptible bacterial strains, thus 

giving information about the level of resistance to the drug therapy that a 

polymicrobial infection might cause.  

The sheltering effect has been previously quantified by counting the bacterial 

colonies of the susceptible strains that could survive only in β-lactam-containing broth 

in the presence of different concentrations of the resistant strain (Liao et al., 2014). 

Furthermore, Western Blot analyses and chromogenic substrates were used to 

respectively determine the amount and the activity of the β-lactamases inside the 

OMVs that degraded the β-lactam in the medium and consequently protected the 

susceptible strains (Ciofu et al., 2000; Schaar et al., 2011; Liao et al., 2015). 

In this project two different methods for the quantification of the sheltering effect 

detected on plate were developed with the aim to study the variability detected in the 

sheltering within the resistant isolates of K. pneumoniae. The purpose of these two 

methods was measuring respectively how far the protective effect could extend from 

the resistant isolate and the area of the susceptible strain that benefited from the 

protection from the β-lactam. The quantification of the sheltering effect with these 

methods was carried out by using a software-based calculation of respectively the 

distance and area values directly from the image of the plate.  

Four variants of the distance-based method were tested. In the maximum distance 

variant, the distance of the furthest satellite colony from the resistant species was 

measured and the mean and standard deviation of the single distance values taken 

from three different plates was calculated (Figure 3.6). However, this method took 

into account only 1 distance per plate. Therefore, it might be susceptible to the 

presence of colonies of the susceptible strain that might grow on the plate because of 

genetic mutations conferring the ability to resist to the antimicrobial in the medium. 

These colonies would represent outliers and grow at a distance greater than those 

expected for the sheltered colonies that are close to the resistant species. Indeed, 
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they might skew the mean value calculated from the single distance values on each 

single plate used as a replicate for the experiments, thus producing misleading 

results. The skewing effect of a potential outlier might be reduced by increasing the 

number of plates to use as replicates.  However, using a high number of plates is 

costly and time-consuming.  

The variants based on the average of the maximum distance involved the calculation 

of the average distance of the furthest 20, 10 and 5 satellite colonies detected on the 

single plates. Unlike the maximum distance these variants took into account a larger 

sample size per plate, thus diminishing the need to use several single plates as 

replicates to increase the sample size. Indeed, the use of these variants of the 

distance-base method was envisaged to diminish the misleading effect of potential 

outliers per plate since different single distance values were averaged out. 

Furthermore, taking a number of distance values on the same plate was expected to 

be more accurate than measuring just one distance value. Indeed the increase in the 

sample size might better represent the behavior of the whole group of the satellite 

colonies. However significant variations between the replicates were detectable for a 

number of isolates, especially when the average distance was calculated for the 

furthest 20 and 10 satellite colonies. Furthermore all the variants based on the 

average distance produced missing values due to the lack of a sufficient number of 

satellite colonies that could be measured on plate (Figures 3.7, 3.8 and 3.9 and 

Tables 8.2, 8.3, and 8.4 in appendix 8.3). In addition, the aggregation of satellite 

colonies in a cover of bacteria did not allow the identification of single countable 

colonies. This resulted in the calculation of the mean from a sample size smaller than 

that expected. However the confluent growth of satellite colonies might be reduced   

by carrying out dilutions of the overnight culture of the susceptible species used for 

the experiments on plate. Indeed, this would allow to reduce the bacterial 

concentration and consequently increase the possibility to obtain single countable 

colonies on plate. These observations suggest that the use of the average distance-

based variants could represent an advantage on the maximum distance variant only 

on plates where a selected number of single colonies is clearly visible.   

However, all the four distance-based variants tested including the measurement of 

the maximum distance and the calculation of the average of the furthest 20, 10 and 5 

colonies produced comparable results. Indeed, no significant differences were 

detectable when these methods were compared with one-way ANOVA (Figure 3.10 

and Table 8.5 in appendix 8.3). This suggested that any of these variants of the 

distance-based method could be used for the quantification of the sheltering effect. 

The last method tested consisted of the calculation of the whole area occupied by the 

sheltered strain, including the compact cover of bacteria around the resistant isolate 
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and the areas occupied by all the single colonies of the susceptible strain (Figure 

3.11 and Table 8.6 in appendix 8.3). Linear regression analyses showed that the 

calculation of the sheltered area gave results comparable to those produced with the 

distance-based method, thus suggesting that either the distance-based and the area-

based method could be used for the quantification of the sheltering effect (Figure 

3.12).  

However, the calculation of the susceptible area might be the preferred method to 

quantify the sheltering effect in case of outliers present on the plate. Indeed, the 

contribution of each single colony is assumed to be much smaller than the 

contribution given by the lawn of bacteria around the resistant isolate to the 

calculation of the sheltered area. Therefore, the presence of a contaminating outlier is 

expected to have much less misleading effect in the quantification of the sheltering 

with the area-based method than the distance-based one. 
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4  RESULTS II: THE VARIABILITY IN THE SHELTERING 

EFFECT 

4.1  Introduction 

The increasing development of tolerance or resistance to an antimicrobial is seriously 

compromising the successful use of this therapeutic in the treatment of the bacterial 

infections (Davies and Davies, 2010; Ventola, 2015). Resistance of the 

Enterobacteriaceae to antimicrobials, especially of the β lactam type, is mostly due to 

plasmids that carry β-lactamase genes (Carattoli, 2009; Iredell et al., 2016; Partridge 

et al., 2018; Rozwandowicz et al., 2018).  

Among the β-lactamases, the ESBLs of TEM-type and SHV-type have been reported 

worldwide and most frequently in Enterobacteriaceae (Bradford, 2001; Paterson et 

al.,2005; Dallenne et al., 2010; Liakopoulos et al., 2016; McDanel et al., 2017). 

However, during the past decade, the rate of dissemination of the ESBLs of CTX-M-

type belonging to phylogenetic group 1 and 9 has increased dramatically worldwide 

(Bonnet et al., 2004; Dallenne et al., 2010; Cai et al., 2017, Shen et al., 2017; Bush, 

2018). Other less prevalent ESBLs have been described as minor enzymes, including 

the GES, PER and VEB types (Poirel et al., 2000; Dallenne et al., 2010; Esragul and 

Haluk, 2010; Bontron et al., 2015; Bush, 2018). Carbapenemases represent another 

group of β-lactamases of special interest. Their ability to catabolise almost all the 

hydrolyzable β-lactams including penicillins, cephalosporins, monobactams, and 

carbapenems renders the bacteria that carry them highly resilient against treatment 

with nearly all commercially viable β-lactam antimicrobials (Queenan and Bush, 

2007). Among the carbapenemases the metallo-β-lactamases IMP and VIM are 

particularly relevant because they have been identified in several geographical areas 

among many different enterobacterial species (Poirel et al., 2011). Also, the  

β-lactamases of NDM type have become the most prevalent metallo-β-lactamases 

circulating worldwide (Patel and Bonomo, 2013; Lagan and Bonomo, 2016). In 

addition, the emergence of the KPC carbapenemase has been witnessed mostly in 

K.  pneumoniae (Nordmann et al., 2009; Poirel et al., 2010; Bathoorn et al., 2016). 

The carbapenemases of type OXA-48 are currently receiving particular interest. 

Since their first discovery in 2001, these carbapenemases have been increasingly 

reported worldwide. They now represent a global threat to public health due to their 

ability to hydrolyse carbapenems (Poirel et al., 2004; Nordmann et al., 2011; Poirel et 

al., 2012a;; Mathers et al., 2013; Albiger et al., 2015; Findlay et al., 2017).  

One of the paths responsible for the development and evolution of resistance in 

bacteria is the occurrence of genetic mutations in the resistance genes that enhance 
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and/or change the antibiotic tolerance (Andersson and Hughes, 2010; Tobrak et al., 

2012; Levin-Reisman et al., 2017). The effect of such mutations is measured by the 

MIC, the lowest concentration of an antimicrobial which prevents the visible growth of 

the bacterium (Andrews, 2001; Knopp and Andersson, 2018). MIC values of clinical 

isolates belonging to the same bacterial species might significantly differ due to key 

mutations occurring in the genes responsible for the antimicrobial resistance. Indeed, 

these mutations might be responsible for changes in the biochemical profile of the 

antimicrobial resistance enzymes thus leading to increased resistance to a specific 

compound or catalytic activity against new compounds (Walkiewicz et al., 2012; 

Suzuki et al., 2014; Kambli et al., 2015; Li et al., 2018). TEM-type beta-lactamases 

represent a good example of this process. Indeed, it therefore appears that mutations 

in these enzymes contribute to resistance to new-generation cephalosporins (Sirot et 

al., 1987; Sougakoff et al., 1988; Paterson and Bonomo, 2005; Munita and Arias, 

2016). Genetic mutations can now be easily identified by sequencing the DNA of 

interest (Paareck et al., 2011; Hawkins, 2017) and potential changes in the protein 

function can be quickly found by using bioinformatics methods for predicting the 

amino acid sequence starting from the corresponding DNA sequence (Gasteiger et 

al., 2003). 

As reported in the Introduction and Chapter 3, the sheltering effect has been reported 

in a number of bacterial species (Brook et al., 1983; Ciofu et al., 2000; Perlin et al., 

2009; Shaar et al., 2011; Shaar et al., 2014; Chattopadhyay and Jaganandham, 

2015; Liao et al., 2014; Stentz et al., 2015). These studies investigated the 

mechanisms of this protective effect in one specific resistant strain that was used for 

the experimental analyses. However, the study of the sheltering effect in a number of 

strains or clinical isolates might highlight differences in this phenomenon among 

several strains belonging to the same bacterial species. As described in Chapter 3, 

variability in the potential of sheltering was detected among 15 clinical isolates of  

K. pneumoniae.  

The purpose of this part of the project was to investigate whether the sheltering effect 

was a widespread phenomenon within the K. pneumoniae species. In addition, this 

study aimed to determine if the sheltering effect occurred with different degrees of 

strength in different isolates of K. pneumoniae. Therefore, a larger sample of clinical 

isolates of K.  pneumoniae was taken into account for the screening of the sheltering 

effect. In particular all the β-lactam resistant K. pneumoniae isolates available in 

laboratory were analyzed. There were 33 isolates and these were retrieved from 

immunocompromised patients with β-lactam resistant infections from a Kuwait 

hospital in 2014.  
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The aims of this study were: 

 To confirm the presence of sheltering effect in all the 33 β-lactam resistant 

isolates of K. pneumoniae available in the laboratory. 

 To quantify their sheltering strength by using the area-based method 

(described in Chapter 3) 

 To investigate the relation between the variability in the sheltering potential 

and respectively: 

1. the growth rates of the K. pneumoniae isolates 

2. their resistance levels to β-lactams 

3. differences in their Random Amplified Polymorphic DNA (RAPD) 

genetic profile 

4. the presence or absence of genes for β-lactamases 

5. the amino acid sequence of the β-lactam-resistance genes 

 

4.2  Results 

4.2.1  Variability in the sheltering effect among the K. pneumoniae isolates 

All the 33 K. pneumoniae β-lactam resistant isolates available in laboratory were 

tested for their sheltering potential on E. coli NCTC 10418 and S. aureus 6571. In 

addition to the 15 K. pneumoniae isolates already tested and described in Chapter 3 

(K1, K2, K3, K7, K10, K11, K13, K17, K18, K19, K20, K21, K23, K25 and K30) the 

remaining 18 K. pneumoniae isolates K4, K5, K8, K9, K12, K15, K16, K22, K24, K26, 

K27, K28, K29, K41, K47, K48, K51 and K56 were screened for the presence of 

sheltering effect. As described in Chapter 3, the sheltering potential of the 

K. pneumoniae isolates was investigated by carrying out point inoculations of each of 

the resistant isolates on two agar plates enriched with Amp and evenly spread with 

respectively E. coli NCTC 10418 and S. aureus NCTC 6571. This analysis was 

carried out in triplicate.  

Although the sheltering potential of 15 isolates had already been investigated as 

described in Chapter 3, the screening for these isolates was repeated in a single 

experiment involving the remaining 18 isolates as well. All the 33 isolates were 

inoculated on the same sample of overnight bacterial culture of the susceptible strain 

as this removed potential inter-experimental variability due to differences in culture 

density of the susceptible strains.  

The optical density of all the overnight cultures of the 33 K.pneumoniae isolates, 

E. coli NCTC10418 and S. aureus NCTC6571 used were also measured at a 

wavelength of 600 nm (OD600) and compared. This aimed to determine potential 
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differences between these two species in the concentration of bacteria used for the 

spread on plate. 

The results showed that out of the 33 K.pneumoniae isolates tested, 22 (66%) 

showed sheltering effect on E. coli NCTC 10418 (K1, K2, K3, K7, K8, K10, K11, K12, 

K13, K15, K16,K17, K18, K19, K20, K21, K23, K24, K25, K27, K30 and K51) since at 

least 1 bacterial colony appeared after 24 hours around the inoculation area of these 

resistant isolates. Interestingly, no growth of E. coli NCTC 10418 appeared around 11 

(33%) resistant isolates (K4, K5, K9, K22, K26, K28, K29, K41, K47, K48 and 

K56)(Figure 4.1). 25 isolates (75%) showed sheltering effect on S.aureus NCTC 6571 

(K1, K2, K3, K4, K5, K7, K8, K10, K11, K12, K13, K15, K16, K17, K18, K19, K20, 

K21, K23, K24, K25, K26, K27, K30 and K51) while no bacterial growth or colonies 

were visually detected around the 8 isolates (24%) K9, K22, K28, K29, K41, K47, K48 

and K56 (Figure 4.2). No growth in the area surrounding the isolates was detected in 

the absence of susceptible species (Figures. 4.1. and 4.2).  
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Figure 4.1 Sheltering effect of all the K. pneumoniae isolates on E. coli NCTC 10418. The picture 

shows the bacterial growth on two 100 µg/ml Amp plates for all the K. pneumoniae isolates tested in this 

project. These include the 15 K. pneumoniae isolates described in chapter 3 and 18 additional isolates. 

These two plates were prepared by inoculating each K.  pneumoniae isolate respectively in presence (+) 

and absence of E. coli NCTC 10418 (-) followed by incubation at 37°C for 24 hours. This experiment 

was performed in triplicate for each K. pneumoniae isolate (n =  3)and the image of one of the three 

plates used as replicates is showed in the picture as an example.                                                
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Figure 4.2 Sheltering effect of all the K. pneumoniae isolates on S. aureus NCTC 6571. The picture 

shows the bacterial growth on two 100 µg/ml Amp plates for all the 33 K. pneumoniae isolates tested in 

this project. These include the 15 K. pneumoniae isolates described in Chapter 3 and 18 additional 

isolates. These two plates were prepared by inoculating each K. pneumoniae isolate respectively in 

presence (+) and absence of S. aureus NCTC 6571 (-) followed by incubation at 37°C for 24 hours. This 

experiment was performed in triplicate for each K. pneumoniae isolate (n =  3) and the image of one of 

the three plates used as replicates is showed in the picture as an example.                                                

 

The sheltering potential in the two groups of isolates producing no bacterial growth 

after 24 hours of incubation on plates spread with respectively E. coli NCTC 10418 

and S. aureus NCTC 6571 was also monitored after 24 additional hours of 

incubation. This analysis aimed to confirm the presence of sheltering effect in these 

isolates. Indeed, these isolates might shelter the susceptible species at a slower rate 

of speed thus resulting in a delayed appearance of susceptible bacterial growth.  

The results showed that out of 11 isolates 9 K. pneumoniae (81%) where no 

sheltering was observed after 24 hours produced at least one colony of E.coli NCTC 

10418 after 48 hours. However, no susceptible colonies were detectable on the 

plates inoculated with K5 and K47 (Figure 4.3). Bacterial growth of S. aureus NCTC 
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6571 was detectable after 48 hours on the plates inoculated with all the 8 K. 

pneumoniae isolates (Figure 4.4) where no sheltering was initially observed. Again, 

no growth in the area surrounding the isolates was detected in absence of E. coli 

NCTC 10418 or S. aureus NCTC 6571 after 48 hours (Figures.4.3 and 4.4). 

 

 

 

Figure 4.3 Sheltering effect of K4, K5, K9, K22, K26, K28, K29, K41, K47, K48 and K56 on E. coli 

NCTC 10418 after 48 total hours of incubation. The picture shows the aspect of the two 100 µg/ml 

Amp plates inoculated with the 11 isolates respectively in presence (+) and absence of E. coli NCTC 

10418 (-) after 24 additional hours of incubation at 37°C. This experiment was performed in triplicate for 

each K. pneumoniae isolate (n =  3) and the image of one of the three plates used as replicates is 

showed in the picture as an example.                                                

 

 

Figure 4.4 Sheltering effect of K9, K22, K28, K29, K41, K47, K48 and K56 on S. aureus NCTC 6571 

after 48 totall hours of incubation. The picture shows the aspect of the two 100 µg/ml Amp plates 

inoculated with the 8 isolates respectively in presence (+) and absence of S. aureus NCTC 6571 (- ) 

after 24 additional hours of incubation at 37°C. This experiment was performed in triplicate for each  

K. pneumoniae isolate (n =  3) and the image of one of the three plates used as replicates is showed in 

the picture as an example.                                                
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Overall, these results showed that all the K. pneumoniae isolates had sheltering 

potential although the time of appearance of the sheltering effect was different 

depending on the susceptible strain and the isolate used.   

It is interesting to note the differences in sheltering pattern morphology between the 

different sheltered strains. For example, with E. coli NCTC 10418 there was a mixture 

of confluent sheltered colonies adjacent to the resistant colony and distinct individual 

colonies at some distance from the inoculation point. In contrast, with S. aureus 

NCTC 6571 only confluent colonies directly adjacent to the resistant colony were 

observed. However, the area occupied by the confluent colonies of S. aureus NCTC 

6571 appeared visually larger than occupied by the confluent colonies of E. coli 

NCTC 10418 (Figures. 4.1 and 4.2). One possibility to explain this observation was 

differences in the cellular density in the bacterial culture samples of E. coli NCTC 

10418 and S. aureus NCTC 6571 used. To test this hypothesis, the OD600 of the liquid 

overnight culture of E. coli NCTC 10418 and S. aureus NCTC6571 were measured. 

These results showed that the OD600 values of the overnight bacterial culture of 

S.  aureus NCTC 6571 were higher than those of E. coli NCTC10418 in all the three 

samples used as replicates (Table 4.1). This observation might suggest that the 

bacterial concentration of S. aureus NCTC 6571 was higher than that of E. coli NCTC 

10418 in the samples used directly for the spread on plate. This might account for a 

major cellular density of susceptible colonies of S. aureus NCTC 6571 and 

consequently a larger area of confluent colonies directly adjacent to the resistant 

colony. 

 

Table 4.1 OD600 values of the three samples of overnight bacterial culture of E. coli NCTC 10418 

and S.  aureus NCTC 6571. 

Sample N˚ E. coli NCTC 10418 S. aureus NCTC 6571 

1 0.416 0.58 

2 0.122 0.47 

3 0.375 0.51 

 

 

Variability in the sheltering effect was detectable among the K. pneumoniae isolates 

inoculated on the same susceptible strain as shown in Figures 4.1 and 4.2. The 

variability in the sheltering effect provided by different isolates inoculated on the same 

susceptible strain was quantified by measuring the area occupied by the sheltered 

strain after the first 24 hours of incubation. The choice of a 24 hour time point was 

based on a clearer visual distinction between the sheltered strain and the resistant 

isolate. Indeed, after 48 hours of incubation the area of the continuous cover of 
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bacteria surrounding the resistant isolates incubated on E. coli NCTC 10418 was not 

visible on the plates (Figure 4.3).  

Significant variability in the extent of the sheltering effect on E. coli NCTC 10418 and 

S. aureus NCTC 6571 was present among respectively the 22 and 25 K. pneumoniae 

isolates sheltering within 24 hours after incubation at 37ºC. Indeed, the sheltered 

areas of both E. coli NCTC 10418 and S. aureus NCTC 6571 were significantly 

different (P value < 0.001) when one-way ANOVA was carried out to compare the 

sheltered areas of all the isolates (Figures 4.5 A and B). This variability ranged from 

approximately 5 to 57 mm2 for the areas of E.  coli NCTC 10416 (Figure. 4.5, A) and 

from 1 to 95 mm2 for the areas of S.  aureus NCTC 6571 (Figure. 4.5, B). This was 

the result of a post hoc test for the pairwise comparison of the sheltered areas 

obtained for each K. pneumoniae isolate used (Tables 8.7 and 8.8, appendix 8.3). 
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Figure 4.5 Variability of the sheltering effect provided by the K. pneumoniae isolates. The bar 

plots show the sheltered areas of E. coli NCTC10418 (A) and S. aureus NCTC6571 (B) appearing 

around each K.pneumoniae isolate after 24 hours of incubation at 37ºC. The error bars represent the 

standard error of the mean. The P-value (P) obtained with one-way ANOVA for the comparison of all the 

areas is also reported in each plot. 

 

A moderate positive linear association (R2= 0.51) was detected when the sheltered 

areas of E. coli NCTC 10418 and S. aureus NCTC 6571 growing around each  

K. pneumoniae isolate were analysed on a scatter plot, thus suggesting that the level 

of variability detected on E. coli NCTC 10418 followed the same trend as that with 

S.  aureus NCTC 6571 (Figure 4.6).  
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Figure 4.6. Relationship between the sheltered areas of E. coli NCTC 10418 and S. aureus NCTC 

6571. The data points (represented as closed circles) are the values of the sheltered areas of E. coli 

NCTC 10418 and S. aureus NCTC 6571 for each single K. pneumoniae isolate. The line estimated by 

the linear regression is depicted as the solid line and the grey shaded area represents the 95% 

confidence interval around the line. The R
2
 value is reported in each graph to express the closeness of 

the data to the fitted regression line. 

 

4.2.2 Relationship between the variability and the growth rates of the 

K. pneumoniae isolates  

 

One possibility to explain the variability in the sheltering effect showed by the different 

K. pneumoniae isolates could be different bacterial density in the initial  

K. pneumoniae inocula used for the experiments. In this case, higher densities of 

resistant bacteria could protect more susceptible cells, thus resulting in the 

appearance of larger sheltered areas. Therefore, in order to test whether the 

variability was due to a different bacterial density of the liquid overnight bacterial 

cultures used for the experiments, the OD600 of these cultures was measured and 

compared with one-way ANOVA. However, this analysis showed no significant 

difference among the bacterial densities of the isolates (P value > 0.05) (Figure 4.7) 

suggesting that the sheltering differences observed were not simply down to 

differences in cell density. 
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Figure 4.7 Comparison of the OD600 values of the bacterial cultures of all the K. pneumoniae 

isolates used. The error bars represent the standard error of the mean for each isolate. The P value 

calculated with the one-way ANOVA analysis is also reported in the graph. 

 

Another further consideration is that the differences detected in the sheltering effect 

might be due to different growth rates of the K. pneumoniae isolates. In this model, 

isolates that grew faster could provide protection to the susceptible strain in a shorter 

time than the isolates growing slower. This might result in the different time of 

appearance of the bacterial growth around different K. pneumoniae isolates. 

Therefore, the growth curves of these isolates were determined by measuring the 

OD600 of the respective bacterial cultures just after dilution of the overnight culture in 

fresh broth. Then the measurements were taken every 30 minutes for 4 hours from 

the incubation at 37 ºC with shaking, then after 1 hour and after 2 hours from the last 

measurement. The last measurement was taken after overnight incubation (Figure 

4.8). The determination of the growth curves for all the isolates was carried out in 

triplicate. 
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Figure 4.8 Semi-log plot of OD600 vs. time (in min) for the determination of the growth of the 33 

K.  pneumoniae isolates.. The figure shows the growth curves of the 33 isolates for 1 of the 3 

replicates run in this experiment. The OD600 of all the 33 bacterial cultures was measured just after 

dilution of the overnight culture in fresh broth containing Amp (0 minutes), and then at 30, 60, 90, 120, 

150, 180, 210, 240, 300, 360, 460 and 1440 min from the incubation at 37ºC with shaking. These time 

intervals were also used for the measurements of the OD600 of liquid broth containing Amp (blank, “neg”). 

For each time point, the normalized OD600 values of the bacterial cultures were obtained by subtracting 

the OD600 values of the blank from the OD600 values of the bacterial cultures. All the standard deviations 

calculated for the 3 replicates for each timepoint were within 5% of the mean value.   

 

In order to determine whether the growth rates of all the isolates showed significant 

differences, the doubling times obtained for the respective growth curves of all 

isolates were compared. However, this analysis showed that the growth rates were 

not significantly different since the P value for this comparison was > 0.05. (Figure 

4.9).   
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Figure 4.9 Comparison of the doubling times (D. t.) in min obtained from the growth curves of all 

the K. pneumoniae isolates used. The doubling time was determined by calculating the equation of 

the logarithmic phase of each growth curve. This equation was in the form “A = e
Bx

”. Then the doubling 

time was calculated by dividing the value of ln2 (0.0693) by the value of B. The mean of the doubling 

times obtained for the three growth curves used as replicates for the same isolate was calculated and 

the means for all the isolates were compared with one-way ANOVA. The error bars represent the 

standard error of the mean for each isolate. The P-value calculated for the comparison is reported. 

 

This analysis suggested that the variability in the sheltering effect observed among 

the different K. pneumoniae isolates was due to neither differences in initial inoculum 

density nor to differences in the growth rates of the strains.  

 

4.2.3 Relationship between the variability in the sheltering effect and the  

β-lactam resistance profiles of the K.  pneumoniae isolates. 

 

The variability in the extent of the sheltering effect might be related to different 

degrees of resistance to β-lactams. In this case, a higher degree of resistance to the 

β-lactams might be responsible for a stronger sheltering effect and vice versa. In 

order to investigate the relation between the variability and the β-lactam resistance 

profiles of the isolates, the MIC profiles for the β-lactam antibiotics, including the 

carbapenems Mer and Ert and the cephalosporins Cefo, Ceft and Cefe, were 

determined for all the K. pneumoniae isolates. The resistance to Amp was tested as 

well but the MIC was not determinable since all the isolates were steadily resistant to 
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concentrations by far above the recommended range for MIC determination for 

Enterobacteriaceae (0.25-128 μg/ml) (Andrews, 2001). With regards to this the 

highest Amp concentration tested was 2,048 μg/ml. This high resistance to Amp 

shown by all the isolates might be due to the fact that K. pneumoniae is naturally 

resistant to Amp and Amoxicillin, usually by the production of the SHV-1 β-lactamase 

encoded on the chromosome or a transferable plasmid (Nugent et al., 1979; Simpson 

et al., 1980; Bush et al., 1995; Arakawa et al., 1996; French et al., 1996; Chaves et 

al., 2001; Hæggman et al., 2004). Since all the isolates were constantly resistant to 

Amp, differences based on their resistance level to Amp would not have been 

detected. This experiment was carried out in triplicate and the mode of the three MIC 

values for each isolate was calculated. These results are reported in Table 4.2. 
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Table 4.2 Heat-map for the MIC values (µg/ml) showed by each isolate to the β-lactam 

antimicrobials tested in this study. The values reported represent the mode calculated from the three 

MIC values obtained for each antimicrobial tested for each isolate. Ceft, Cefo, Cefe, Mer, Ert. The colour 

gradient key displays a scale of the MIC values reported in the table. 

Isolates Ceft Cefo Cefe Mer Ert 

K51 128 128 128 512 128 

K7 128 128 128 512 128 

K22 128 128 128 512 128 

K9 128 128 128 256 128 

K48 128 128 64 512 128 

K41 128 128 64 512 64 

K16 128 128 32 512 64 

K10 128 128 64 256 64 

K47 128 128 32 512 32 

K56 128 128 32 512 32 

K27 128 128 32 512 32 

K30 64 128 128 256 128 

K23 64 128 128 128 128 

K25 32 128 64 128 128 

K21 32 128 128 64 128 

K17 32 128 128 64 128 

K19 32 128 128 64 128 

K15 32 128 128 64 64 

K3 32 128 128 16 128 

K20 16 128 128 64 128 

K11 8 128 128 64 128 

K12 32 128 16 0.5 1 

K13 32 128 16 2 2 

K1 32 64 8 2 4 

K2 16 64 64 1 4 

K24 32 128 16 2 2 

K8 16 128 8 4 8 

K18 32 64 8 4 4 

K5 64 16 0.5 8 8 

K4 1 4 2 8 64 

K26 0.25 1 0.25 16 4 

K28 0.25 1 1 128 16 

K29 0.125 1 1 128 16 

 

 

 

 
0.125 8 1 64 512 
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To test the potential relationship between MICs and sheltering the sheltered areas for 

E.coli NCTC10418 were plotted against the MIC values of each of these 

antimicrobials. In all cases, no linear trend was detected between these two 

variables. Indeed, the observed data did not appear to fit a linear model, as showed 

in all the scatter plots in Figures 4.10, 4.11, 4.12, 4.13 and 4.14. Also the R2 value 

was calculated in order to estimate how close the data were to the fitted regression 

line. However, this value was close to zero in all the scatter plots, thus suggesting 

lack of linear relationship between the MIC profiles and the sheltered areas. 

 

 

 

 

Figure 4.10 Relationship between sheltering effect and the MIC profiles for Cefe of all the 

isolates. The areas of the sheltered E. coli NCTC10418 growing around each K. pneumoniae isolate is 

plotted against the MIC value of each isolate for Cefe. The line estimated by the linear regression is 

depicted as the solid line. However, the data points are randomly scattered on the coordinate plane and 

appear not to concentrate near the straight line predicted for the linear relationship. The calculated R
2
 

value is also reported. 
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Figure 4.11 Relationship between sheltering effect and the MIC profiles for Cefo of all the 

isolates. The areas of the sheltered E. coli NCTC10418 growing around each K. pneumoniae isolate is 

plotted against the MIC value of each isolate for Cefo. The line estimated by the linear regression is 

depicted as the solid line. However, the data points are randomly scattered on the coordinate plane and 

appear not to concentrate near the straight line predicted for the linear relationship. The calculated R
2
 

value is also reported. 

 

 

Figure 4.12 Relationship between sheltering effect and the MIC profiles for Ceft of all the isolates. 

The areas of the sheltered E. coli NCTC10418 growing around each K. pneumoniae isolate is plotted 

against the MIC value of each isolate for Ceft. The line estimated by the linear regression is depicted as 

the solid line. However, the data points are randomly scattered on the coordinate plane and appear not 

to concentrate near the straight line predicted for the linear relationship. The calculated R
2
 value is also 

reported. 
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Figure 4.13 Relationship between sheltering effect and the MIC profiles for Ert of all the isolates. 

The areas of the sheltered E. coli NCTC10418 growing around each K. pneumoniae isolate is plotted 

against the MIC value of each isolate for Ertapenem. The line estimated by the linear regression is 

depicted as the solid line. However, the data points are randomly scattered on the coordinate plane and 

appear not to concentrate near the straight line predicted for the linear relationship. The calculated R
2
 

value is also reported. 

 

 

Figure 4.14 Relationship between sheltering effect and the MIC profiles for Mer of all the isolates. 

The areas of the sheltered E. coli NCTC10418 growing around each K. pneumoniae isolate is plotted 

against the MIC value of each isolate for Mer. The line estimated by the linear regression is depicted as 

the solid line. However, the data points are randomly scattered on the coordinate plane and appear not 

to concentrate near the straight line predicted for the linear relationship. The calculated R
2
 value is also 

reported. 
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4.2.4 Relationship between the variability and the genetic features of the 

K.  pneumoniae isolates. 

 

Although no relationship between the sheltering potential and the level of resistance 

to the β-lactams was found, the differences in the sheltering potential might be the 

result of differences in the genetic features among the K. pneumoniae isolates. 

Therefore, a set of genotyping analyses were carried out in order to investigate this 

potential relationship.  

 

4.2.4.1  Relationship between sheltering variability and RAPD profiles of the 

isolates 

 

A first genotypic analysis involved the investigation of the whole genomic DNA for the 

determination of the genetic profiles of the K. pneumoniae isolates with RAPD 

analysis. This is an inexpensive and quick method to differentiate between genetically 

distinct individuals based on the pattern of amplified products of different molecular 

weight that is characteristic of the isolates (SaadatianFarivaret al., 2018). The RAPD 

reactions were performed with different primers. This aimed to test their 

discriminatory capacity based on the number of bands in the pattern produced by 

each isolate. However, among all these primers, ER1C generated patterns with the 

highest number of bands on an agarose gel (Figure 4.15). Furthermore for most 

isolates a pattern was not visually detectable with the RAPD carried out with the 

primers ER1C (Voget et al., 1999) AP4 (Gori et al., 1996; Panah et al., 2012), RAPD-

7 (Gniadkowski et al., 1998; Panah et al., 2012), Primer640  (Haryani et al., 2007; 

Panah et al., 2012)(Figures 8.1, 8.2, 8.3, appendix 8.4). 
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Figure 4.15 RAPD results obtained with ER1C primer on the DNA of the isolates. The amplification 

of the DNA with RAPD produced a pattern of bands of different sizes on agarose gel. This pattern was 

specific for each isolate. L: ladder 

 

 

PyElph software was used to analyse and compare the DNA patterns of the different 

K.  pneumoniae isolates generated with ER1C primer. The similarity level between 

two DNA patterns is expressed by using the Dice coefficient (Dice, 1945; Pavel and 

Vasile, 2012) and is calculated as follows: 

 

 

Then, the distance matrix is computed as 100 times matrix of ones minus the 

similarity matrix (Pavel and Vasile, 2012). This matrix is used for generating 

phylogenetic trees by five clustering methods including Neighbor Joining, Single 

linkage, Complete linkage,Unweighted Pair Group Method with Arithmetic Mean 

(UPGMA) and Weighted Pair Group Method with Arithmetic Mean (WPGMA). All the 

dendrograms produced comparable results. Indeed, they showed that strong genetic 

relatedness was found among the isolates K23, K21, K19, K17, K15, K13, K12, K3, 

K29, K28, K25, K24. These were grouped in one large cluster at the distance value of 

“0” in all the trees. Additionally, the following clusters of multiple isolates at distance 



 

- 129 - 
 

of “0” were detected: K1, K2 and K8; K20 and K11; K22 and K9; K26 and K4; K51 

and K48. All the other clusters were made of single isolates (Figure 4.16). 

 

 

 

Figure 4.16 Phylogenetic trees generated from the analysis of the pattern of bands produced by 

each isolate. The dendrograms were generated respectively with A) Neighbor Joining, B) Single 

linkage, C) Complete linkage, D) UPGMA and E) WPGMA.The genetic distances are shown above the 

branches. The isolates that are clustered in the same group (represented as a vertical line) at the value 

of “0” have no genetic distance. The K. pneumoniae isolates are indicated with their isolate code in the 

trees. 
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RAPD types were therefore assigned based on the analysis of the clusters generated 

with UPGMA. This method was randomly chosen among the algorithms used to 

produce the dendrograms since all of them produced the same grouping of clusters 

(Figure 4.17). Isolates with the same RAPD profile were therefore expected to be 

genetically similar. 

 

 

 

Figure 4.17 RAPD types of K. pneumoniae isolates. The UPGMA dendrogram is shown with the 

RAPD profile for each isolate.The analysis of the RAPD results revealed 16 different profiles (designed 

P1 to P16) for the K. pneumoniae isolates. Among these, some isolates shared the same RAPD profile 

and they were assigned the same RAPD number (P1, P3, P8, P9, P12 and P13). 

 

In order to determine whether isolates with similar genetic features showed 

similarities in the potential of sheltering effect as well, the K. pneumoniae isolates 

were divided into 9 sheltering groups and 1 non-sheltering group (Group 1) based on 

the interval of values measured for the sheltered areas of E. coli NCTC 10418 

described in paragraph 4.2.1. This interval ranged from 3.40 mm2, which was the 

minimum value at which the sheltering effect was visually detectable, to a maximum 

value of 57.20 mm2. The non-sheltering group included all the isolates with no 

sheltering effect detectable after 24 hours of incubation (K4, K5, K9, K22, K26, K41, 

K47 and K56). To classify the sheltering isolates the interval calculated between the 

maximum and minimum value (53.8 mm2) was divided into 9 sheltering groups 

(Groups 2-10). Each of these groups covered a range unit of 5.97 mm2. The choice to 
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group the isolates by ranges of sheltered area values was based on the possibility of 

finding a correspondence between the grouping of the isolates with similar genetic 

features and the grouping of isolates with similar sheltering potential. The non-

sheltering group and the sheltering groups are listed in Table 4.3. 

 

Table 4.3 Ranges of E. coli NCTC 10418 sheltered areas. The groups of K.  pneumoniae isolates 

producing sheltered areas having values within each of the ranges listed are reported. 

Groups 
Sheltered 
areas (mm2) 

 
Isolates 

1 

0-3.39 K4, K5, K9, K22, K26, 
K28, K29, K41, K47, 
K56  

2 
3.40-9.37 K12, K13, K24, K25, 

K27, K48 

3 
9.38-15.35 K1, K2, K8, K18, K23,  

K51 

4 
15.36-21.33 K7, K15, K16, K30 

5 
21.34-27.31 K10 

6 
27.32-33.27 K11, K20 

7 
33.28-39.25   

8 
39.26-45.23   

9 
45.24-51.21   

10 
51.22-57.20 K3, K17, K19 

 

However, no correspondence between these groups of isolates and the RAPD 

profiles was identified. Indeed, isolates with the same RAPD profile were classified in 

different sheltering groups. As an example the isolates K28, K29, K3, K17, K19, K15, 

K12, K13, K24 and K25 having RAPD profile P1 were split in different sheltering 

groups including group 1, 10, 4 and 2. Vice versa, sheltering groups included isolates 

having different RAPD profiles. As an example, the non-sheltering group 1 included 

the isolates K4, K5, K9, K22, K26, K28, K29, K41, K47 and K56 having RAPD 

profiles respectively of P12, P6, P9, P9, P12, P1, P1, P5, P14 and P7. The only 

exception was for the isolates K11 and K20. Indeed, they had the same profile (P8) 

and belonged to the same sheltering group (Group 6). 
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4.2.4.2 Relationship between sheltering variability and β-lactamases of the 

isolates 

 

Variations in the content of specific genes might not be detectable with the RAPD 

technique since the amplification of segments of DNA is completely random. In 

particular, the isolates could have variations in the content of the major genes for the 

β-lactamases that are responsible for providing the sheltering effect to susceptible 

species by degrading the β-lactams and therefore providing the protective effect 

towards susceptible species (Liao et al., 2014; Liao et al., 2015). Therefore, in an 

attempt to find a relationship between the genetic features of the isolates and their 

sheltering potential the presence or absence of the major genes for the β-lactamases 

in the isolates was investigated. This analysis aimed to determine whether isolates 

with the same sheltering potential shared the same β-lactam resistance genotype 

despite the overall genetic features in their genome. Therefore, a PCR-based 

screening of the most commonly found ß-lactamase families (blaTEM, blaSHV, blaCTX-M, 

group 1, 2 and 9, blaVEB, blaPER), including carbapenemases genes (blaKPC, blaOXA-48, 

blaIMP, blaVIM, blaNDM and blaGES) was carried out. The results of this analysis are 

reported in Table 4.4 and in the Figures 8.4, 8.5, 8.6, 8.7, 8.8 and 8.9 (appendix 8.4). 
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Table 4.4 Analysis of the presence of the ß-lactamase genes in the K.  pneumoniae isolates. +: 

presence of the gene; -: absence of the gene 

 

  
blaOXA-48 blaTEM blaSHV blaIMP blaVIM blaBIC-1 blaKPC-2 blaNDM-1 

blaCTX-M  
group 1 

blaCTX-M 
group 2 

blaCTX-M 
group 9 

blaCMY blaGES blaPER 

K1 + + + - - - - - + - - - - - 

K2 + + + - - - - - + - - - - - 

K3 + + + - - - - - + - - - - - 

K4 + - + - - - - - - - - - - - 

K5 + + + - - - - - - - - + - - 

K7 - + + - - - - + + - - - - - 

K8 + + + - - - - - + - - - - - 

K9 - + + - - - - + - - - - - - 

K10 - + + - - - - + + - - - - - 

K11 + + + - - - - - - + + - - - 

K12 + + + - - - - - + - - - - - 

K13 + + + - - - - - + - - - - - 

K15 + + + - - - - - + - - - - - 

K16 - + + - - - - + + - - - - - 

K17 + + + - - - - - + - - - - - 

K18 + + + - - - - - + - - - - - 

K19 + + + - - - - - + - - - - - 

K20 + + + - - - - - - + + - - - 

K21 + + + - - - - - + - - - - - 

K22 - + + - - - - + - - - - - - 

K23 + + + - - - - - + - - - - - 

K24 + + + - - - - - + - - - - - 

K25 + + + - - - - - + - - - - - 

K26 + - + - - - - - - - - - - - 

K27 - + + - - - - + + - - - - - 

K28 + - + - - - - - - - - - - - 

K29 + - + - - - - - - - - - - - 

K30 + + + - - - - - + - - - - - 

K41 - + + - - - - + + - - - - - 

K47 - + + - - - - + + - - - - - 

K48 - + + - - - - + + - - - - - 

K51 - + + - - - - + + - - - - - 

K56 - + + - - - - + + - - - - - 

                

According to this analysis, the K. pneumoniae isolates could be divided in 7 groups 

based on the presence of specific genes (Table 4.5). 
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Table 4.5 Groups of isolates classified by their content of β-lactamase genes 

Group Set of resistance genes Isolates 

1 blaOXA-48, blaTEM, blaSHV, blaCTX-M group 1 

K1, K2, K3, K8, K12, K13, K15, 
K17, K18, K19 
K21, K23, K24, K25, K30 

2 blaOXA-48, blaSHV K4, K26, K29 

3 blaOXA-48, blaTEM, blaSHV, blaCYM K5 

4 blaTEM, blaSHV, blaNDM, blaCTX-M group 1 
K7, K10, K16, K27, K41, K47,K48, 
K51, K56 

5 blaTEM, blaSHV,  blaNDM K9, K22 

6 blaOXA-48,  blaTEM, blaSHV, blaCTX-M group 9 K11, K20 
 

These results showed that most isolates with the same set of resistance genes 

shared the same RAPD profile. This was the case of the isolates K3, K12, K13, K15, 

K17, K19, K21, K23, K24, K25 having both the same resistance genotype and RAPD 

profile. Also, the 3 groups of isolates K4 and K26, K48 and K51, K9 and K22, K11 

and K20 having respectively the RAPD profiles P12, P13, P9 and P8 shared the 

same groups of resistance genes that were respectively 2, 5 and 6. Additionally K5 

was the only isolate with RAPD profile P6 and the set of genes including blaOXA-48, 

blaTEM, blaSHV, blaCYM (group 3). However, some isolates with the same set of genes did 

not share the same RAPD profile. Indeed, although the isolates K1, K2, K8 and K30 

showed the resistance genotype of the group 1, did not have the same RAPD profile 

as the other isolates included in this group. Also, despite having the same set of 

resistance genes, the isolates K7, K10, K16, K27, K41, K47, K56 showed different 

RAPD profiles. This suggested that despite the differences in the chromosome 

highlighted by the RAPD analysis, some isolates carried plasmids with the same 

resistance genes.  However, no correspondence between the non-sheltering and 

sheltering groups and the set of resistance genes was found. Indeed, similarly to the 

RAPD profiles, isolates with the same set of genes, showed different degrees of 

sheltering potential. As an example, the isolates K7, K10, K16, K27, K41, K47, K48, 

K51, K56 having the set of genes of group 4 were split in several sheltering groups, 

including 1, 2, 4 and 5. Similarly to the RAPD analysis, K11 and K20 were the only 

isolates that shared the same set of resistance genes (Group 6) and sheltering group 

(Group 6).  
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4.2.4.3  Relationship between sheltering variability and the amino acid 

sequence of the β-lactam-resistance genes 

The variability in the sheltering strength shown by the isolates might be the result of 

point mutations within the sequence of the β-lactamase genes. Indeed, the presence 

of genetic mutations might lead to amino acid changes in the final protein product that 

could affect the enzymatic activity of the β-lactamases and ultimately be responsible 

for the variability in the sheltering potential. Therefore, the DNA sequence of the  

β-lactamase genes of the isolates was translated in protein sequence and compared 

with the aim to find amino acid changes. In order to identify the genes blaOXA-48, blaTEM, 

blaSHV, blaCTX-M group 1 and blaCTX-M group 9, the DNA of all the resistant isolates was wholly 

sequenced. However, the Illumina Sequencing Technology failed in the sequencing 

of the genome and plasmid DNA of the isolates K13, K23, K27. This might be due to 

a possible contamination in the DNA samples of these isolates or to an inadequate 

DNA template concentration used in the DNA sequencer. The DNA sequences of all 

the other isolates were submitted to ResFinder (Zankari et al., 2012) to identify the 

genes for the β-lactamases and their position in the genomic sequence of the isolates 

and calculate the percentage of identity and the query coverage with known genes 

deposited in the non-redundant database. The specific variant of each of these genes 

was also identified by ResFinder. The results of this analysis are reported in Table 

8.9, appendix 8.3. However, ResFinder failed to identity the β-lactamase genes 

expected according to the PCR analyses. In particular no blaSHV, gene was found in 

K1, K5 and K30 and none of the genes expected were found in K5, K7, K10 and K28. 

This might be due to a fragmentation of the gene sequence in different contigs as a 

result of a failure during assembly process. Since the genes of interest could not be 

identified by the sequencing data, the next analyses were carried out by leaving out 

these genes belonging to the isolates mentioned. The sequences of these genes 

were then retrieved from the isolates and translated in amino acid sequences by 

using the tool Expasy Translate (Gasteiger et al., 2003). Lastly for each gene the 

resultant amino acid sequences were then aligned and compared with ClustalOmega 

(Sievers et al., 2014).  

The multiple sequence alignment of the amino acid sequences of the OXA-48-type 

carbapenemases revealed that with the exception of K30 all the isolates shared the 

same sequence. K30 differed by some amino acid substitutions. In particular the 

threonine (T) at residue 104, the asparagine (N) at residue 110, the glutamic acid (E) 

at residue 168, the serine (S) at residue 171 in all the isolates, were respectively 

substituted with alanine (A), aspartic acid (D), glutamine (Q) and alanine in K30 

(Figure 4.18).  



 

- 136 - 
 

 

 

 

  

 

 

 

 

The amino acid sequence of the OXA-48-type carbapenemase belonging 

respectively to K30 and to one of all the other isolates was then used to run a protein 

BLAST search against the entire database of known amino acid sequences and 

therefore identify the specific variant of the OXA-48-type carbapenemases present in 

K30 and in all the other isolates. This analysis revealed that the amino acid sequence 

present in K30 shared 100 % identity with OXA-181, while the sequence belonging to 

all the other isolates shared 100 % identity with OXA-48. Both these enzymes were 

variants of the OXA-48-like carbapenemases (Queslati et al., 2015; Dortet and Naas, 

2017; Findlay et al., 2017). The multiple sequence alignment of the TEM amino acid 

sequences revealed that K5 and K1 differed from the other isolates. In particular, K5 

showed a deletion in position 221 and showed 100 % identity with the variant TEM-

10, belonging to the TEM family (Baraniak et al., 2015). K1 showed a serine at residue 

91 instead of an arginine (R) and showed 100 % identity with the variant TEM-13 

(Figure 4.19). A 100% identity with TEM-1 was found when one of the sequences of 

all the other isolates was submitted to Protein BLAST.  

 

Figure 4.18 Multiple alignment of the OXA-48 amino acid sequences of the K. pneumoniae isolates. 

 For clarity only the aligned regions including the different amino acids are reported. The different amino acids are 

distinguished by different colours. The length of the sequence (from the first to the last amino acid) is reported for 

each isolate in the alignment. 
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The alignment of the sequences for CTX-M showed that K11 and K20 differed from 

the other isolates by several amino acid substitutions reported in Figure 4.20.  . 

Furthermore, the R at residue 167 was changed in S in K1. The sequence of both 

K11 and K20 shared 100% identity with CTXM-14, while the sequence of K1 had 

100% identity with CTX-M-27. Additionally, the sequence belonging to all the other 

isolates share 100% identity with the enzyme CTX-M-15. 
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With regards to the alignment of the NDM sequences, the valine (V) at residue 88 

and the methionine (M) at residue 154 in the isolates were both replaced by leucine 

(L) in K48 and K51. The sequence of both K48 and K51 shared 100% identity with 

NDM-5. The sequence of all the other isolates showed 100% identity with NDM-1 

(Fgure 4.21). 
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Lastly the alignment of the sequences for SHV revealed that in K8, K2, K18, K11, 

K20, K48, K51, K26 and K4, an L at residue 31 replaced a Q present in all the other 

isolates. The sequence of K11, K20, K48, K51, K26 and K4 showed 99.65 % identity 

with the enzyme SHV-27. In addition, A valine (V) replaced the glycine at position 143 

in all the other isolates. In the isolates K2, K8 and K18 a D replaced the G at residue 

152. These isolates shared 100% identity with SHV-27. Lastly in K16, a S and a 

Lysine (K) in position 234 and 235 respectively replaced G and E (Figure 4.22). This 

sequence showed 100 % identity with SHV-12. 
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However, the variations observed in the amino acid sequence of each enzyme 

among the isolates did not reflect the variability level in the sheltering effect observed 

for the K. pneumoniae isolates. Indeed, the number of sheltering and non-sheltering 

groups was much higher than the number of different amino acid sequences found 

for each enzyme. With regards to this, 2 different amino acid sequences were found 

for the OXA-48 group, 3 for TEM, 3 for CTX-M, 4 for SHV and 2 for NDM. On the 

other side, the isolates were grouped in 9 sheltering groups and 1 non-sheltering 

group based on their sheltering potential features. Therefore, no apparent 

relationship between the grouping of the isolates in the sheltering groups and in the 

non-sheltering group and the different variants of each β-lactamase was observed. 

 

4.3  Discussion 

The diversity among bacterial isolates can be assessed using different methods, 

including phenotyping and genotyping. Different bacterial phenotypes can be 

identified by the morphology of colonies produced on different culture media, 

biochemical or serology tests, pathogenicity, and antimicrobial susceptibility (Jean 

and MacFaddin, 2000; Rafiq et al., 2000; Andrews, 2001; Narisara et al., 2008; Li et 

al., 2009; Huang et al., 2016; Knopp and Andersson, 2018). However, differences 

among bacterial isolates can also be determined by genotyping-based techniques. 

Genotyping has now become largely used for bacterial strain typing. Indeed, due to 

its high-resolution power, genotyping allows the discrimination of bacterial strains 

based on their genetic content (Li et al., 2009). Current methods for bacterial 

genotyping include DNA banding pattern-, DNA sequencing-, and DNA hybridization-

based methods (Schwartz and Cantor, 1984; Blakesley, 1987; Thibodeau, 1987; 

Todd, 2001; Franca et al., 2002; Lo et al., 2006; Herschleb et al.2007; Zhang et al., 

2007; Ibarz Pavón and Maiden, 2009). In this chapter the sheltering effect was 

investigated in all the K. pneumoniae β-lactam resistant clinical isolates available in 

our laboratory, including the 15 isolates already described in Chapter 3. The increase 

in the number of clinical isolates tested aimed to confirm that the sheltering effect was 

a phenomenon occurring throughout the K.  pneumoniae species. 

 Furthermore, this analysis aimed to investigate whether different isolates significantly 

differed by the potential of the sheltering effect they provided to the susceptible strain. 

Although the K. pneumoniae isolates were able to shelter susceptible bacterial strains 

the results obtained showed that the time of detection of the sheltering effect was 

different depending on the resistant isolate and the susceptible strain used. Indeed, 
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the lawn of susceptible bacteria growing around the resistant isolate was overall more 

extensive for S. aureus NCTC 6571 than E. coli NCTC 10418 (Figures 4.1 and 4.2). 

The latter also grew as single separate colonies in the area furthest from the resistant 

isolate. With regards to this, the higher OD600 detected for S.  aureus NCTC 6571 

might suggest a higher number of cells suspended in the sample used for the 

experiments on plate. This would account for a higher number of protected 

susceptible cells of S. aureus NCTC 6571 than E.coli NCTC 10418 and consequently 

a greater and faster sheltering effect on plates streaked with S.  aureus NCTC 6571 

than on E. coli NCTC 10418. 

However, the potential of the sheltering effect was significantly different among the 

isolates inoculated on the same susceptible strain after the first 24 hours of 

incubation and the trend in the level of variability showed by the resistant isolates was 

the largely same in both the susceptible strains (Figures 4.5 and 4.6).  

The determination of the growth rates of clinical isolates has previously been used to 

characterise and discriminate between clinical isolates from the same species (Anes 

et al., 2017). However, the K. pneumoniae isolates did not show significant 

differences either in the cellular density of the samples used directly for the 

experiments on plate or in their growth curves. Indeed, isolates producing an 

extensive sheltered area grew at a rate similar to those producing smaller areas 

(Figures. 4.8 and 4.9). Therefore, the variations in the sheltering potential among the 

isolates were not apparently due to differences in their growth rates.  

The determination of the MIC is a method routinely used to discriminate between 

bacterial isolates from the same species based on their antimicrobial resistance 

profiles (Harada et al., 2016; Saveedra et al., 2017). Previous studies showed that 

surviving patients infected with microorganisms for which MICs were elevated had a 

significantly longer duration of hospitalisation than patients infected with 

microorganisms with lower MICs for the same drugs (DeFife et al., 2009). In this 

Chapter the relationship between the MIC profiles for selected β-lactams, including 

carbapenems and cephalosporins, and the strength of the sheltering effect of each  

K. pneumoniae isolate was investigated. Indeed, a stronger protective effect showed 

by some isolates might be the result of their higher resistance levels to β-lactams and 

vice versa.  However, there was lack of a linear relationship between the sheltered 

areas produced by the isolates and their corresponding MIC values for each β-lactam 

tested (Figures 4.10, 4.11, 4.12, 4.13 and 4.14). Indeed, the assumption that guided 

the search for a relationship between the MIC and sheltering potential was that the 

sheltering potential was a direct result of the amount of OMVs released from each 

resistance isolate. Therefore, according to this assumption, a higher sheltering 

potential is the result of a higher number of OMVs released. Nevertheless, the lack of 
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correlation between the MIC and the sheltering potential might be due to the fact that 

the MIC is often the result of multiple resistance mechanisms. Indeed, the profile of 

resistance to a specific drug might vary if various resistance processes, including 

impermeability of the OM and increased efflux, act independently or conjointly 

(Aubert et al., 2001). For example, in addition to the β-lactamases packed in OMVs, 

the resistance profile of a bacterial strain or isolate can be determined by the activity 

of efflux pumps. With regards to this, K. pneumoniae is a good producer of MDR 

pumps. The efflux of the drugs in combination with the activity of β-lactamases 

contribute to increase the resistance to antibiotics in this bacterium (Padilla et al., 

2009; Srinivasan et al., 2014; Szabo et al., 2018; Maurya et al., 2019; Ni et al., 2020).   

The presence of different combinations of resistance mechanisms could also explain 

the different patterns in the scatter plots of the different antibiotics showed in Figures 

4.10, 4.11, 4.12, 4.13 and 4.14. Indeed, different β-lactams might activate different 

combinations of resistance mechanisms. For example, high resistance to 

carbapenems can sometimes be the result of the combination of efflux pump, 

reduced permeability, altered transpeptidases, and inactivation by β-lactamases 

(Sawa et al., 2020). Moreover, the ß-lactamase production alone or in conjunction 

with the overexpression of efflux pumps can be responsible for the difference in the 

resistance profiles to cephalosporins (Peña et al., 2009). Additionally, the 

upregulation of different porins in K. pneumoniae strains was found to impact the 

sensitivity to different drugs (Rocker et al., 2020).  

In the attempt to gain insight on the source of this variability, the genotypic features 

among the K. pneumoniae isolates were determined. With regards to this, 

characterisation with genotype-based methods, such as RAPD and PCR, represents 

one of the most useful epidemiological methods for discriminating different bacterial 

isolates within same species, which in turn provide data to manage therapeutic 

treatment and the control of rapid expansion of clinically important bacteria (Li et al., 

2009; Halaby et al., 2017; Al-Obaidi et al., 2018; Lomonaco et al., 2018). However, 

among the genotype-based methods for the bacterial discrimination, whole-genome 

sequencing (WGS) has become an increasingly accessible means for tracking 

disease outbreaks. This powerful tool can theoretically distinguish strains that differ at 

only a single nucleotide, thus providing a discrimination power greater than the other 

genotyping methods (Snitkin et al., 2012; Walker et al., 2013; Salipante et al., 2015). 

Indeed, WGS can theoretically distinguish strains that differ at only a single 

nucleotide (Pendleton et al., 2013; Pimlapas et al., 2014). With this in mind, 

differences in the genetic features among the K. pneumoniae isolates might be 

responsible for the differences in the sheltering potential detected among the isolates. 

Therefore, in this work a set of genetic analyses were carried out in the attempt to 
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find the source of the sheltering variability. The first test to be carried out was based 

on the analysis of total genomic DNA by RAPD to rapidly determine the genetic 

profiles of the isolates. The pattern of amplified products of different molecular weight 

was characteristic of the isolates and allowed to differentiate between genetically 

distinct individuals. Some isolates were grouped in the same cluster of the 

dendrogram generated based on the RAPD profiles, thus highlighting that these 

isolates were genetically related. The remaining isolates formed separate clusters 

since they did not show any genetic similarity to any other isolate (Figure 4.17). 

However, the groups of the isolates sharing the same genetic similarities did not 

correspond to the groups of the isolates sharing similar sheltering potential (Table 

4.3). Therefore, the analysis of the variations found in the entire genome by RAPD 

did not account for the differences in the sheltering potential. With this in mind, the 

aim of the second analysis was to focus on the collection of resistance genes to  

β-lactams of the isolates, regardless of the rest of the genome. Indeed, the segments 

of DNA amplified with RAPD were random and therefore variations in the content of 

specific genes might not be detected. However, differences in the set of β-lactams 

resistance genes among the isolates might be responsible for variations in the 

sheltering since the protective effect is known to be triggered by β-lactamases 

released in the extracellular environment of resistant species (Liao et al., 2014; Liao 

et al., 2015). Nevertheless, the results obtained suggest that no relationship between 

the content of the β-lactams resistance genes and the sheltering groups was present. 

Consequently, the aim of the last analysis was to investigate the DNA sequence of 

the β-lactams resistance genes in the isolates. This analysis was expected to 

produce the most accurate results since variations in the β-lactams resistance genes 

were investigated at nucleotide level. Potential changes at DNA level in these genes 

among the isolates might alter the amino acid sequence of the corresponding 

proteins and possibly their enzymatic activity. This might ultimately be responsible for 

variations in the activity of the β-lactamases of the isolates, thus leading to 

differences in the sheltering effect. Again, the variations in the amino acid sequence 

of each β-lactamase among the isolates did not reflect the variability in the sheltering 

potential observed.   

In conclusion, these data suggest that the variability of the sheltering effect was not 

the result of the different resistance profiles and the genetic features tested so far. 

Therefore, further analyses will be necessary to elucidate the causes of the variability 

observed among the K.pneumoniae isolates. For example, the extent of sheltering 

effect might be determined by differences in the expression of genes involved in their 

extracellular release of OMVs. Indeed, it is known that variations in these genes can 

alter the OMV properties, including their stability, size and cargo selection 
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(Nevermann et al., 2019). In the next Chapter, the differences in the genes involved 

in the OMVs biogenesis were investigated in the attempt to gain insight on the 

variability of the K. pneumoniae isolates.  

 

RESULTS III: THE ROLE OF OMVs IN THE SHELTERING 

EFFECT OF K. PNEUMONIAE 

5.1 Introduction 

OMVs are released by many Gram-negative bacteria and play important roles 

including the long-distance dissemination of bacterial products into the environment 

and the interaction with other cells, thus eliminating the need for physical contact 

(Roier et al., 2016). In particular, the release of OMVs is involved in the maintenance 

of the biofilm structure, HGT, predation, inter-kingdom communication and nutrient 

acquisition  (Kulp and Kuehn, 2010; Perez-Cruz et al., 2015; Kim et al., 2018). The 

OMV’s content includes LPS, cell wall components, PG, phospholipids, OM proteins 

(OMPs), proteins (periplasmic, cytoplasmic, and membrane-bound), ion metabolites, 

signaling molecules and nucleic acids (both DNA and RNA) (Lindmark et al., 2009; 

Bai et al., 2014;  Koeppen et al., 2016; Vanaja et al., 2016; Jan, 2017; Malabirade et 

al., 2018).  
OMVs can protect bacteria against a number of antibiotics by exerting effects that go 

beyond the degradation of antibiotics or the transfer of antibiotic resistance genes. 

Indeed, OMVs can act as decoys by binding or absorbing antibiotics (Schwechheimer 

and Kuehn, 2015; Kim et al., 2018). For example, E. coli  was found to release OMVs 

involved in the binding of the antibiotic colistin and in the degradation of the 

antimicrobial peptide, melittin (Kulkarni et al., 2015). Also, active OMVs derived from 

M. catarrhalis and S. aureus were found to improve the survival of β-lactam-sensitive 

bacteria in the presence of β-lactam antibiotics (Shaar et al., 2011; Lee et al., 2013). 

Furthermore, studies carried out in  A. baumannii showed that OMVs released from 

carbapenem-resistant strains could transfer a carbapenem resistance-related gene to 

carbapenem-susceptible A. baumannii (Rumbo et al., 2011). 

The biogenesis of the OMVs relies on three major mechanisms. These include the 

dissociation of the OM in specific regions, the presence of misfolded proteins in 

zones devoid of crosslinks between PG and other components and changes in LPS 

that might generate a differential fluidity, curvature, and charge in the OM  (Yeh et al., 

2010; Park et al., 2012; Schwechheimer and Kuehn, 2015; Elhenawy et al., 2016; 

Nevermann et al., 2019). Therefore, the identification of genes involved in these 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Schwechheimer%20C%5BAuthor%5D&cauthor=true&cauthor_uid=26373371
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kuehn%20MJ%5BAuthor%5D&cauthor=true&cauthor_uid=26373371
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mechanisms has been increasingly gaining attention (Liechti and Goldberg, 2012; 

Konovalova and Kahne, 2017; Nevermann et al., 2019). 

Studies carried out in S. enterica showed that 9 genes are involved in OMV 

biogenesis and encode functions related to envelope stability, accumulation of 

misfolded proteins, or to LPS composition (Nevermann et al., 2019). Variations of 

these genes are responsible for modulating OMV properties, such as size distribution 

and protein cargo selection. In S. enterica serovar Typhi these genes correspond to 

ompA, nlpI, tolR, rfaE, waaC, yipP (also known as envC), mrcB, degS and hns 

(Nevermann et al., 2019).  

Bacterial OMVs are routinely observed by transmission electron microscopy (TEM) 

(Perez-Cruz et al., 2015; Bitto et al., 2017; Buzás et al., 2018; Gill et al., 2019). 

Nevertheless, the analysis of OMVs by TEM is time and cost consuming due to the 

number of methods involved and the cost of the materials used (Winey et al., 2014). 

Therefore, it is desirable to find a cheaper and time saving methodology to observe 

bacterial OMVs. An alternative to TEM might be the use of laser-scanning confocal 

fluorescence microscopy for determining the localization of fluorescently tagged 

proteins within and outside bacterial cells (Mullineaux, 2007). 

Previous studies carried out in A. baumannii showed that the majority of the 

extracellular release of the carbapenem-hydrolyzing beta-lactamase OXA-58 was 

released via OMVs in the absence of a carbapenem. However, in the presence 

of carbapenems OMV formation and the OMV-associated extracellular release of  

OXA-58 increased (Liao et al., 2015). The release of OMVs was associated with Sec-

dependent periplasmic translocation (Liao et al., 2015; Weber et al., 2017), a type II 

secretion system for export of proteins across the cytoplasmic membrane to the 

bacterial periplasm and OM (Beckwith, 2013). With regards to this, the addition of Rb, 

a SecA inhibitor, reduced the extracellular release of  OXA-58 (Liao et al., 2015).  

The purpose of this project was to investigate whether the features of the sheltering 

effect exerted by K. pneumoniae were similar to those observed for the bacterium  

A. baumannii. These features included the release of OMVs associated with Sec-

dependent periplasmic translocation and the increase of the protective effect with the 

concentration of the drug in the medium. However, this study also aimed to 

investigate new features of this phenomenon, including the variations of the 

sheltering effect with time and the presence of non-β-lactam antibiotics in the 

medium. Ultimately, the focus of the present project was to test whether differences 

in the sequence of the proteins responsible for the OMVs biogenesis could account 

for the variability in the sheltering effect described in Chapter 4. Furthermore, 

differences in the sequence of the promoters of the genes coding for these proteins 

were also analysed to investigate if changes in gene expression might explain the 
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differences in sheltering effect observed. Indeed, genetic variations in these regions 

might be responsible for different expression levels by altering the copy number of 

these proteins. This aspect might additionally account for the differences in the 

sheltering effect detected among the isolates.  

The aims of this study were: 

 to determine whether the sheltering effect  in K. pneumoniae involves i) OMVs 

and ii) the Sec-dependent pathway. 

 To determine how variations in Amp, time and non-β-lactam antibiotic 

treatments affect the sheltering effect.  

 To identify homologs of he OMVs biogenesis genes and their promoters and 

determine whether variation in their sequences could influence sheltering. 

 

5.2  Results 

5.2.1  Investigation into the presence of β-lactamases in OMVs released in the 

extracellular environment of K. pneumoniae 

The purpose of this experiment was to confirm that the sheltering effect was due to  

β-lactamases included in OMVs released in the extracellular environment. With this in 

mind, the supernatant fraction (Sf) was retrieved after centrifugation of an overnight 

culture of K17 and filtration. This fraction was then used for the preparation of three 

different reaction mixtures. In the first mixture Sf was treated with Proteinase K (PK) 

with the aim of degrading any naked β-lactamases not protected in OMVs (McCaig et 

al., 2013). In the second reaction mixture the protease treatment with PK was 

combined with the use of Triton X (TR), a detergent which should solubilize vesicular 

proteins and make them susceptible to PK. In the third mixture Sf was treated with 

TR alone. After incubation, centrifugation and filtering each reaction mixture, along 

with the untreated Sf,  was dispensed in a hole made on the agar of a plate 

containing 100 µg/ml Amp and evenly spread with an overnight culture of E. coli 

NCTC 10418. The growth of the susceptible strain around each hole  was measured 

with the area-based method. If the sheltering is largely due to β-lactamases within 

OMVs then detergent-treatment would be expected to reduce significantly the 

sheltering effect. The results shown in Figure 5.1 support the hypothesis that  

β-lactamases are released within OMVs. Furthermore the sheltering effect was not 

affected by the addition of TR alone. However, there was a significant reduction 

(approximately 50%) in sheltering following protease treatment suggesting a role for 

naked enzyme but an even greater reduction was observed when detergent and 
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protease treatments were combined. This result suggests that approximately half of 

the sheltering effect observed was due to naked β-lactamases and half to the  

β-lactamases included in OMVs.  

 

Figure 5.1 Sheltering effect on E coli NCTC 10418 provided by K17 Sf untreated (C) and treated 

respectively with 5% TR, 10 mg/ml PK and a combination of 5% TR and 10 mg/ml PK (PK+TR). 

Following the incubation at 37ºC and filtration of C, TR, PK and TR+PK , a 2x YT agar plate containing 

100 µg/ml Amp was evenly spread with an overnight culture of E.coli NCTC 10418 and divided into four 

quadrants. 100 µl of respectively TR, TR+PK, PK and C were then dispensed in one of the 4 holes made 

in the quadrants. A. Appearance of the 2x YT plate after incubation of C, TR, TR+PK, PK at 37ºC 

overnight. B. Bar plot of the area occupied by the sheltered E. coli NCTC10418 against the different 

supernatant treatments incubated on the plate. The  P-values were calculated by comparing the mean of 

each column with the mean of the C column taken as the control column. P-values  than 0.05 were 

considered statistically not significant (ns). The P-values are denoted symbolically as follows; 0.001 to 

0.01 (**) = highly significant  and < 0.0001 (****) = extremely significant. 

 

5.2.2  Effect of Rb  on the sheltering effect on E.coli NCTC 10418 

As described in the introduction, the sheltering effect in A. baumanni was inhibited by 

Rb, an inhibitor of the SecA-dependent periplasmic translocation (Liao et al., 2015). 

The aim of the analysis described here was to investigate the effect of Rb on the 

sheltering effect provided by K. pneumoniae. With regards to this, an inhibition of the 

phenomenon might suggest that the sheltering effect in K. pneumoniae occurred by a 

release of OMVs mediated by a Sec-dependent pathway similarly to A. baumannii. 

To confirm this hypothesis, K17 was inoculated on 6  2x YT plates enriched with 100 

µg/ml Amp and evenly spread with E. coli NCTC 10418. These 6 plates contained Rb 

at the following concentrations: 0, 12.5, 25, 50, 100 and 200 µg/ml. This experiment 

was carried out in triplicate. As a control of the viability of the bacteria on a medium 
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including Rb, K17 and E. coli NCTC 10418 were streaked onto plates containing Rb 

at all the concentrations tested in this analysis.  

The appearance of the satellite colonies of E. coli NCTC10418 around K17 was 

monitored after 24 hours from the incubation of the plates at 37ºC. The overnight 

cultures of K17 and E. coli NCTC 10418 grew on plates without Amp containing all 

the Rb concentrations used thus confirming that Rb was not lethal for these two 

bacterial species at any of the Rb concentrations used. Furthermore there was no 

observable effect on bacterial growth (Figure 5.2).  

 

 

Figure 5.2. Aspect of plates containing increasing concentrations of Rb and the inocula of K17 

(R) and E. coli NCTC 10418 (S). Six 2xYT plates were prepared with respectively 0,12.5, 25, 50, 100 

and 200 µg/ml Rb. An overnight culture of S was evenly streaked on all the plates. 1 μl of a bacterial 

culture of K17 was then co-inoculated on all these plates and the growth was observed after 24 hours of 

incubation at 37ºC. No visible difference in the growth of S and R was detectable among all the plates. 

 

 

When increasing concentrations of Rb were added to the 2x YT agar plate including 

100 µg/ml Amp a large decrease in the area of the sheltered E.coli NCTC 10418 was 

detected compared to the plate with 0 µg/ml Rb (Figure 5.3, A). This reduction was 

not  significant at 12.5 µg/ml Rb. However the increase of Rb concentration to 50, 

100 and 200 µg/ml resulted in a significant decrease of the surface area (Figure 5.3, 

B). 
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Figure 5.3 Effect of increasing concentrations of Rb on the sheltering effect of K17 on E. coli 

NCTC 10418. A.  Appearance of satellite colonies of E.coli NCTC 10418 on 2xYT plates enriched with 

100 µg/ml Amp and increasing concentrations of Rb (0, 12.5, 25, 50, 100 and 200 µg/ml) after 24 hours 

of incubation at 37ºC from the inoculation on plate. The images were taken at different magnifications. A 

scale bar (in cm) is reported for each image.  B. The surface area of the sheltered E.coli NCTC 10418 is 

plotted against the different Rb concentrations. P-values were calculated by comparing the mean of 

each column with the mean of the 0 μg/ml column taken as the control column. P-values  than 0.05 

were considered statistically not significant (ns). The P-values are denoted symbolically as follows: 0.01 

to 0.05 (*) = significant; 0.001 to 0.01 (**) = highly significant; 0.0001-0.001(***) = very highly significant 

and < 0.0001 (****) = extremely significant.  

 

These results suggest that, as has been previously reported with other species, the 

Sec-dependent pathway is a mechanism by which the β-lactamases produced by  

K. pneumoniae are exported to the bacterial periplasm and OM.   

5.2.3  Microscopic visualization of the periplasm and OMVs including the 

carbapenem-hydrolyzing beta-lactamase OXA-58 released by A. baumannii. 

Previous studies showed the presence and release of OMVs that contained the 

carbapenem-hydrolyzing beta-lactamase OXA-58 from the bacterium A. baumannii. 

The treatment with carbapenems increased OMVs formation, resulting in an increase 

in the OMV-associated and OMV-independent release of extracellular OXA-58 (Liao 
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et al., 2015). This release occurred after translocation of this enzyme to the periplasm 

via the Sec system (Liao et al., 2014; Liao et al., 2015). 

Since the presence of OMVs containing carbapenem-hydrolyzing β-lactamases was 

confirmed in A. baumannii, this bacterium was used to set-up an experimental 

protocol for the microscopic visualization of the OMVs in the extracellular 

environment. Furthermore, the choice to work with A. baumannii was due to the 

availability in the laboratory of the reference strain  ATCC 19606 that could be used 

for the cloning experiments. This experimental procedure would then have been used 

to confirm the presence and the release of OMVs including carbapenem-hydrolyzing 

β-lactamases by carbapenem-resistant K. pneumoniae. The protocol set-up for  

A. baumannii was based on cloning experiments aimed to generate a plasmid 

construct including the gene for the β-lactamase OXA-58 (blaOXA-58) fused with the 

gene for the Green Fluorescent Protein (gfp). This construct was generated by 

ligating the two genes to the plasmid pYMAb2 (Chen et al., 2010). This latter contains 

a replicon region for the replication in A. baumannii and a gene for the resistance to 

Kan for the selection of the bacteria successfully transformed (Chen et al., 2010; Kuo 

et al., 2013; Liao et al., 2014; Kuo et al., 2015). The fusion construct was validated by 

transfer of the ligation product to E. coli DH5α cells (Invitrogen), extraction of the 

plasmid from the colonies growing on 2xYT agar plates containing Kan and DNA 

digestion. This latter step aimed to verify that the plasmid contained the fusion gene. 

Furthermore the plasmid extracted was sequenced to check that the fusion gene had 

the desired sequence and no mutations or deletions were introduced during the PCR 

and cloning procedure. Following this validation process, the plasmid containing the 

fusion gene was transferred to electrocompetent A. baumannii CIP70-10 

(AbCIP70.10(pyOXA-58-GFP)). The resultant fusion protein (OXA-58-GFP) was 

expected to be translocated to the periplasmic space, packed in OMVs and released 

in the medium. Cells of A.baumannii CIP70-10 transformed with pYMAb2 including 

no insert (AbCIP70.10(py)) were also visualised microscopically. The visualization of 

AbCIP70.10(pyOXA-58-GFP) and AbCIP70.10(py) with the confocal microscope was 

carried out after growth of  these cells in 2x YT liquid broth. This included Kan for the 

maintenance of the plasmid in the cells and Mer at increasing concentrations (0, 0.25, 

0.5 and 0.75 μg/ml) to stimulate the formation and the release of OMVs including 

OXA-58-GFP. These concentrations of Mer were not lethal for either strain Indeed, 

the OD600 of both AbCIP70.10(pyOXA-58-GFP) and AbCIP70.10(py) after growth in 

all the different conditions described was around 0.5 and a bacterial lawn was 

detected when these overnight cultures were plated on 2x YT agar, thus indicating 

that the overnight cultures used for the microscopy were made of living cells. As a 

positive control for the detection of GFP, cells of E. coli BL21 expressing GFP were 
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observed at the confocal microscope as well after overnight growth in 2x YT including 

50 μg/ml Kan and 50 μg/ml Chlor.5 μl. 

Only sporadic green cells were detected on the slides loaded with 

AbCIP70.10(pyOXA-58-GFP)  grown in 2x YT including Mer at all the concentrations 

used (Figure 5.4). The green colour might be due to the presence of OXA-58-GFP in 

the periplasm of AbCIP70.10(pyOXA-58-GFP) cells. In contrast, no green color was 

detected when cells of  AbCIP70.10(py) were visualized at the confocal microscope 

after growth of the cells in 2x YT including all the Mer concentrations used in the 

experiment. However, no extracellular green spot in the extracellular environment of 

AbCIP70.10(pyOXA-58-GFP) was observed. Moreover, a much higher density of 

green cells was detected when E. coli BL21 expressing GFP was visualized at the 

confocal microscope. The low number of green AbCIP70.10(pyOXA-58-GFP) 

detected suggested that OXA-58-GFP was expressed at very low levels and the 

addition of increasing concentrations of Mer didn’t result in an increase in the protein 

expression.  

  

Figure 5.4 Confocal microscopy images of AbCIP70.10(pyOXA-58-GFP) (A), AbCIP70.10(py) (B) 

and BL21 E. coli cells expressing the GFP (C). AbCIP70.10(pyOXA-58-GFP), AbCIP70.10(py) and 

BL21 E. coli cells expressing the GFP were inspected with a LSM510 laser scanning microscopy (Zeiss) 

by using an Argon laser at 488 nm and the emission filter BP 505-530 and x100 magnification.   

 

In order to confirm that AbCIP70.10(pyOXA-58-GFP) expressed the fusion protein at 

low levels, a Western Blot was carried out with the protein extracts of 

AbCIP70.10(pyOXA-58-GFP) and AbCIP70.10(py) grown overnight at the same 

concentrations of Mer used for the confocal microscopy experiment. The protein 

extract from an overnight culture of E. coli BL21 expressing the GFP was also tested 

as a positive control for the detection of the GFP with the Western Blot. A band of 

approximately 58 KDa was expected to appear after visualization of the membrane 

by transillumination as a result of the expression of OXA-58-GFP, while the GFP 

alone was expected to give a band of approximately 35 KDa.  However, no band 
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corresponding to the fusion product was detected on the membrane when the protein 

extracts of AbCIP70.10(pyOXA-58-GFP)  were run on the polyacrylamide gel and the 

protein bands transferred on the membrane by Western blot (Figure 5.5). 

Furthermore, a band of approximately 35 KDa was not detected for the protein 

extracts of AbCIP70.10(py). A band of approximately 80 KDa was detected on the 

blot for the protein extracts of both AbCIP70.10(pyOXA-58-GFP) and AbCIP70.10(py) 

grown at 0 (A), 0.5 (B), 1 (C) and 2 μg/ml of Mer. This might be the result of non-

specific binding of the antibodies to proteins other than the fusion protein. Lastly, a 

band of approximately 35 KDa corresponding to the GFP was detected with the 

protein extract from E. coli BL21, thus indicating that the Western Blot procedure was 

carried out correctly. The absence of a band corresponding to the fusion product 

suggested that the fusion protein was not expressed or expressed at very low level, 

as already suggested by the results obtained by confocal microscopy. Therefore 

apparently this protocol in its current status was not applicable to the visualization of 

carbapenem-hydrolyzing β-lactamases-including-OMVs in K.pneumoniae. This 

indicated that the procedure set-up for the visualization of OMVs in A. baumannii 

needed to be modified and optimized to produce high levels of fusion protein. This 

might contribute to make the OMVs visible by confocal microscopy.  
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Figure 5.5 Western blot detection of OXA-58-GFP in protein extracts from AbCIP70.10(pyOXA-58-

GFP), AbCIP70.10(py) and E. coli BL21 expressing the GFP. The proteins from overnight cultures of 

AbCIP70.10(pyOXA-58-GFP) (1)  and AbCIP70.10(py) (2) grown in 2x YT with Kan and Mer at  0 (a), 

0.5 (b), 1 (c) and 2 μg/ml (d) 0 were extracted and run on a polyacrylamide gel. The proteins were then 

transferred to a PVDF membrane by running a transfer at 125 mA and 100 V for 3 hours. This latter was 

incubated with Anti-GFP monoclonal antibody from mouse, washed in 1XTBS and incubated with goat 

polyclonal anti-mouse secondary antibody conjugated to the green fluorescent dye CF488A. After 

washing in 1XTBS, the membrane was visualized with a blue module lighting source and an emission 

filter for the wavelengths between 525-510. M:prestained protein molecular marker. The band indicated 

with the red arrowhead represents the GFP detected with the protein extract. 

 

5.2.4  Effect of the Amp concentration on the sheltering effect on E. coli NCTC 

10418 

As described in the previous paragraph the protocol set up to visualize the OMVs 

failed in the detection of OMVs released in presence of increasing concentrations of 

β-lactams in the medium. Therefore the purpose of the present study was to 

investigate whether the sheltering effect exerted by K. pneumoniae on E. coli was 

affected by the concentration of β-lactam in the medium, by using the area-based 

method in alternative to the microscopy visualisation. Therefore the sheltered area of 

E. coli NCTC 10418 was measured in the presence of increasing concentrations of 

Amp in the medium. With this in mind, K17 was inoculated on 2x YT plates enriched 
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with increasing concentrations of Amp (25, 50, 100 and 200 µg/ml) and evenly spread 

with E. coli NCTC 10418. This experiment was carried out in triplicate. The 

appearance of satellite colonies of E. coli NCTC 10418 was monitored after 24 hours 

of incubation at 37ºC after the inoculation of E. coli NCTC 10418 on plates containing 

increasing concentrations of Amp (25, 50, 100 and 200 µg/ml). This analysis showed 

that the area of the sheltered E.coli NCTC 10418 gradually reduced with the increase 

of Amp from 25 to 200 µg/ml. This decrease was not statistically significant between 

the sheltered areas on  25 and 50 µg/ml Amp plates. However, this reduction was 

significant between the sheltered areas detected on 25 and 100 µg/ml Amp plates 

and highly significant between 25 and 200 µg/ml Amp plates (Figure 5.6). 

 

Figure 5.6 Sheltering effect of K17 on E.coli NCTC 10418 on 2x YT plates enriched with 25, 50, 100 and 

200 μg/ml Amp after 24 hours of incubation at 37ºC from the inoculation on plate. A. Appearance of 

sheltered E.coli NCTC 10418 surrounding the resistant K17 after 24 hours on plates enriched with 25, 

50, 100 and 200 μg/ml Amp. The images were taken at different magnifications. A scale bar (in cm) is 

reported for each image. B. Bar plots of the surface area (in mm
2
) occupied by the sheltered E.coli 

against the different Amp concentrations. The P-values were calculated by comparing the mean of each 

column with the mean of the 25 μg/ml column taken as the control column. P-values  than 0.05 were 

considered statistically not significant (ns). The P-values are denoted symbolically as follows: 0.01 to 

0.05 (*) = significant; 0.001 to 0.01 (**) = highly significant. 

These results suggest that the increase of Amp in the medium slowed the growth of 

the susceptible species. With regards to this, increasing concentrations of Amp might 

have no effect or the OMV production and/or β-lactamase expression. Indeed, 

provided that the OMV production and/or β-lactamase expression remained constant 
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with the increase in Amp concentrations, the sheltering zone diminishes as the Amp 

concentration increases. This could be due to the fact that the area closest to the 

OMV-producing strain is probably the zone with the highest OMVs concentration, 

being this the region where the OMVs are produced and released. Instead, the OMVs 

are expected to diffuse in the agar medium as the distance from the resistance strain 

increases. Therefore, with the increase in Amp in the medium, the concentration of 

OMV-associated β-lactamases in the more distant areas might not be sufficient to 

allow appreciable growth of the E. coli colonies.  

 

5.2.5  Effect of the time on the sheltering effect on E.coli NCTC 10418 

The purpose of this analysis was to investigate whether the resistant strain provided 

a long-lasting protective effect on the susceptible strain. To confirm this hypothesis 

K17 was inoculated on a 2x YT plate enriched with 100 µg/ml Amp and evenly spread 

with E. coli NCTC 10418. Unlike from the experiments described in the previous 

paragraph, the concentration of Amp was kept constant on all the plates used in this 

analysis. Therefore differences in the growth of the susceptible species detected over 

time would not have been the result of variations in the antibiotic gradient.  The 

appearance of the satellite colonies of E. coli NCTC 10418 around K17 was 

monitored after 24, 48 and 72 hours from the first incubation of the plates at 37ºC. 

The plate was not monitored after this time since at 37˚C in culture Amp was stable 

up to 3 days as specified in the information sheet provided by the manufacturer 

(Sigma Aldrich). This experiment was carried out in triplicate. This analysis showed a 

significant increase in the surface area occupied by the sheltered E. coli NCTC 10418  

between 24 and 48 hours. This suggested that the resistant strain sheltered the 

susceptible strain in a continuous way. The surface area also increased between 48 

and 72 hours although this change resulted not statistically significant (Figure 5.7).  
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Figure 5.7 Sheltering effect of K17 on E.coli NCTC 10418 monitored at 24, 48 and 72 hours of 

incubation at 37ºC. A. Appearance of satellite colonies of E.coli NCTC 10418 around K17 at  the 

different time points. B. Bar plots of the surface area (in mm
2
) occupied by the sheltered E.coli NCTC 

10418 against the time.The two P-values were calculated by comparing the means between respectively 

the 24 and 48 hours and the 48 and 72 hours. P-values  than 0.05 were considered statistically not 

significant (ns). The P-value reported for the comparison between 24 and 48 hours is significant since it 

assumes a value between 0.01 to 0.05. This significance is denoted symbolically with “*” in the graph. 

These results suggest  that the protection to the susceptible strain was the result of a 

constant release of β-lactamases over time and that the appreciable growth of the 

colonies was dependent on the diffusion of the β-lactamases-carrying OMVs in the 

medium. Indeed, at 24 hours, the concentration of β-lactamases-carrying OMVs 

closer to the producing strain might be sufficient to allow appreciable growth of the E. 

coli colonies in this area. Further away from the producing strain, the concentration of 

β-lactamases-carrying OMVs might be sufficient to prevent the E. coli strain from 

being killed, but not for them to grow enough to appear as colonies visible to the 

naked eye. However, after more time these more distant bacteria might have been 

able to grow enough and form visible colonies (Figure 5.7).  
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5.2.6  Investigation of the sheltering effect in presence of non-β-lactams and β-

lactams 

The purpose of this experiment was to investigate whether K. pneumoniae was able 

to shelter E.coli from the action of drugs other than the β-lactams. Therefore, the 

sheltering effect on plates was investigated in the presence of different β-lactams and 

non β-lactams. The isolate chosen to carry out these experiments was K3 as it was 

one of the isolates producing the largest area of sheltered E. coli NCTC 10418 after 

24 hours of incubation (Table 4.3, paragraph 4.2.4.1). As seen in Chapter 4, K3 was 

resistant to all the β-lactams tested by MIC, including Ceft, Cefe, Cefo, Mer and Ert 

(Table 4.2, paragraph 4.2.3) with MIC values of 32, 128, 128, 16 and 128 μg/ml, 

respectively.  Furthermore, additional MIC tests were performed to determine the 

resistance profile of K3 to some non β-lactams that could be used in the experiments 

described in this paragraph. These non β-lactams included amikacin (Amk), 

gentamycin (Gent), chloramphenicol (Chlor) and ciprofloxacin (Cipr). These drugs 

have a mode of action different from the β-lactams, which inhibit synthesis of the 

bacterial cell wall. In particular, Amk, Gent and Chlor inhibit protein synthesis, while 

Cipr inhibits DNA synthesis (Krause et al., 2016; Kumar, 2017). The MIC tests were 

carried out in triplicate and the mode of the three values was calculated (Table 5.1). 

Table 5.1 MIC values (µg/ml) showed by E. coli NCTC 10418 and K3 to the antimicrobials tested in 

this study 

Strain Amk Gent Chlor Cipr Ert Mer Ceft Cefo Cefe 

E. coli NCTC 10418 0.5 0.25 2 0.015 0.008 0.015 0.06 0.03 0.03 

K3 2 0.5 32 8 128 16 32 128 128 

 

Based on the MIC values of K3 and E. coli NCTC 10418, Cefe, Cefo and Ert and the 

non β-lactams Chlor and Cipr were selected to test the sheltering effect in presence 

of β-lactam and non β-lactam drugs. Furthermore, the difference of several folds in 

the MIC value between K3 and E. coli NCTC 10418 for each of these drugs allowed a 

clear distinction to be made between sheltered and sheltering bacteria. With this in 

mind, the concentrations of Cefo, Cefe, Ert, Chlor and Cipr used for the sheltering 

effect experiments were respectively  4, 4, 1, 8 and 1 μg/ml. The volume of the drug 

solution corresponding to each of these concentrations was added to the liquid agar 

2x YT during the preparation of the plates. The sheltering effect was also tested on 

2x YT plates including 100 μg/ml of Amp. This was used as a positive control in these 

experiments since previous experiments described in Chapter 3 and 4 showed that 

K3 was able to shelter E.coli NCTC 10418. This experiment was carried out in 
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triplicate. The results showed that in all the three replicates K3 was able to shelter 

E.coli NCTC 10418 after 24 hours of incubation only in presence of β-lactams. 

Indeed, satellite colonies were detected on the plates containing respectively Cefo, 

Cefe, Ert and Amp but not on the plates containing Chlor and Cipr (Figure 5.8). To 

confirm that no satellite colonies on plates containing Chlor and Cipr appeared after a 

period of time longer than 24 hours, these plates were also monitored after 48 hours 

of incubation. Again, no growth in the area surrounding the isolates was detected at 

this time point (Figure 5.8).  

 

 

Figure 5.8 Sheltering effect in presence of β-lactams and non β-lactams. The picture shows the 

bacterial growth on 2x YT agar plates containing respectively 4 μg/ml Cefo, 4 μg/ml Cefe, 1 μg/ml Ert, 

100 μg/ml Amp, 8 μg/ml Chlor and 1 μg/ml Cipr. All the plates were prepared by inoculating K3 in 

presence of E. coli NCTC 10418 followed by incubation at 37°C for 24 hours. Also the appearance of 

satellite colonies on the plates containing  Chlor and Cipr was monitored after 48 hours of incubation at 

37°C. The images were taken at different magnifications. A scale bar (in cm) is reported for each image. 

 

These results suggested that the sheltering effect was specifically due to the action of 

β-lactamases produced and released in the extracellular environment by the resistant 

strain. These enzymes were able to degrade only β-lactam drugs in case these were 

present in the extracellular environment. 
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5.2.7  Studies of variability due to differences in genes involved in the OMVs 

biogenesis and their promoters 

 

As already described in Chapter 4, the K. pneumoniae isolates were divided into 9 

sheltering groups and 1 non-sheltering group. These groups are listed in Table 5.2.  

 

Table 5.2 Non-Sheltering and sheltering groups. The groups of K. pneumoniae isolates producing 

sheltered areas having values within each of the ranges listed are  reported.  

 

Sheltering 
groups 

Isolates 

1 

K4, K5, K9, K22, K26, 
K28, K29, K41, K47, 
K56  

2 
K12, K13, K24, K25, 
K27, K48 

3 
K1, K2, K8, K18, K23,  
K51 

4 
K7, K15, K16,  K30 

5 
K10 

6 
K11, K20 

7 
  

8 
  

9 
  

10 
K3, K17, K19 

 

 

However the analyses carried out so far showed that the variations in the sheltering 

potential detected among the isolates were due neither to the differences in growth 

rates of the K. pneumoniae isolates nor to their genetic features including the RAPD 

profile and the presence of the genes for the resistance to the β-lactams. 

Furthermore, the variations in the amino acid sequence of the genes for the  

β-lactamases were not responsible for the differences in the sheltering effect among 

the isolates. However, the variations observed might be due to differences in genes 

that are not directly responsible for the resistance to the β-lactamases. Since the 

sheltering effect is due to the extracellular release of β-lactamases in OMVs, 

variations in the OMV biogenesis affecting the OMVs properties including OMVs size, 

stability and protein cargo might be responsible for the differences in sheltering 

potential observed among the isolates (Park et al., 2012; Schwechheimer and Kuehn, 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Schwechheimer%20C%5BAuthor%5D&cauthor=true&cauthor_uid=26373371
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kuehn%20MJ%5BAuthor%5D&cauthor=true&cauthor_uid=26373371
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2015; Elhenawy et al., 2016). The aim of the present project was to compare the 

amino acid sequence of the genes involved in the biogenesis of the OMVs produced 

by the K. pneumoniae isolates. Indeed, the variability in the sheltering effect might be 

due to differences in the sequence of these proteins that altered the properties of the 

OMVs. 

With regards to this, the DNA sequence of the OMVs biogenesis genes identified in 

S. enterica was retrieved from the NCBI database. These genes were ompA, nlpI, 

tolR, rfaE, waaC, yipP, mrcB, degS and hns. With this in mind BLAST was used on 

each of these sequences to search for the homologies with the corresponding genes 

in the entire genome of the K. pneumoniae isolates sequenced. The DNA sequence 

of the corresponding genes was translated into protein sequence with the tool 

Translator  (Gasteiger et al., 2003). Lastly the amino acid sequences were compared 

with the aim to find amino acid changes. However no corresponding gene was found  

in the genome of the isolates when the search was carried out with the sequence of 

the nlpl and hns genes. However these resuts don’t necessarily excude the presence 

of these genes in K. pneumoniae. Indeed,  the sequence of these genes in 

Salmonella might be quite different from Klebsiella ones that the BLAST search failed 

in finding significant similarity between the two species. Furthermore none of the 

genes analysed were found in K5, K7 and K28. Also, tolR  was not found in K12, 

K21, K24, K25, K47 and K51 and waaC was not found in K21 and K30. Furthermore 

BLAST failed to identity the degS gene in K10 and K30. However this  might be due 

to a fragmentation in the sequence of these genes in different contigs as a result of a 

failure during assembly process.  

The multiple sequence alignment of the amino acid sequences of the OmpA, MrcB, 

RfaE, YipP and DegS proteins revealed  that all the isolates shared the same primary 

sequence. The alignment of the sequences for WaaC showed that the amino acid in 

position 49 was either a glutamic acid (E) or a lysine (K) (Figure 5.9). The isolates 

K11, K20, K47, K1, K2 and K8 differed from the other isolates by a serine (S) instead 

of a threonine (T) in position 118. The isolate K20 had a leucine (L) in place of a 

arginine (R) in position 2. Furthermore the isolate K11 showed a histidine (H) in 

position 29 instead of a proline (P). Both K11 and K22  differed from the other 

isolates by the presence of a tryptophan (W) in position 95 instead of a glycine. The 

isolate K47 showed an alanine (A) in position 36 instead of a valine (V) and a T 

instead of an A in position 77. The position 106 was occupied by a methionine (M) in 

place of a L in the isolate K1.  
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The multiple sequence alignment of the TolR amino acid sequences revealed K10 

differed from all the other isolates by several amino acid substitutions reported in 

Figure 5.10. 
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However, the variations observed in the amino acid sequence of each of these 

proteins among the isolates did not reflect the variability level in the sheltering effect 

observed for the K. pneumoniae isolates. With regards to this the number of 

sheltering and non-sheltering groups was much higher than the number of different 

amino acid sequences found for each protein. Indeed isolates with the same 

sequence were classified in different sheltering groups. As an example the isolates 

carrying E in the position 118 of the amino acid sequence of WaaC (K11, K20, K4, 

K5, K7, K9, K10, K26, K41, K48, K51, K56 and K22), were split in different sheltering 

groups (Table 5.2) including group 1, 2, 3, 4, 5 and 6. Vice versa, the sheltering 

groups included isolates having differences in their amino acid sequence. As an 

example the sheltering group 3 included the isolates K1, K2, K8, K18, K23 and K51 

having differences in the amino acid sequence of WaaC.  

However, variations in the promoter regions of the genes for the proteins involved in 

OMVs biogenesis might lead to differences in the expression levels of these proteins. 

This might ultimately affect the sheltering potential of the isolates. Since promoter 

regions are generally found upstream of the regulated genes and their length can 

vary from 100 to 1000 base pairs (Sharan, 2007), the 1000 base pairs region 

upstream of respectively ompA, waaC, mrcB, rfaE, yipP, degS and tolR was retrieved 

for each isolate. Then for each upstream region the DNA sequences all the isolates 

were aligned with ClustalOmega (Sievers et al., 2014). The multiple sequence 

alignment of the promoters of the  ompA, rfaE, yipP revealed  that all the isolates 

shared the same sequence. With regards to the promoters of the genes waaC, mrcB, 

degS and TolR a phylogenetic tree was built based on the alignment of the promoters 

of each gene with Jalview by using the Neighbor Joining method (Waterhouse et al., 

2009). The phylogenetic trees for these promoters are reported respectively in 

Figures 5.11, 5.12, 5.13 and 5.14. 
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Figure 5.11 Phylogenetic tree generated from the alignment of the promoters for waaC. The 

genetic distances are shown above the branches. The isolates that are clustered in the same group 

(represented as a vertical line) have no genetic distance.  
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Figure 5.12 Phylogenetic tree generated from the alignment of the promoters for mrcB. The 

genetic distances are shown above the branches. The isolates that are clustered in the same group 

(represented as a vertical line) have no genetic distance. 
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Figure 5.13 Phylogenetic tree generated from the alignment of the promoters for tolR. The genetic 

distances are shown above the branches. The isolates that are clustered in the same group 

(represented as a vertical line) have no genetic distance. 
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Figure 5.14 Phylogenetic tree generated from the alignment of the promoters for degS. The 

genetic distances are shown above the branches. The isolates that are clustered in the same group 

(represented as a vertical line) have no genetic distance.  

 

However, no correspondence was identified between the different clusters of isolates 

for each promoter and the different sheltering groups. Indeed the results showed that 

in all the trees generated the clusters having no genetic distance included isolates 

belonging to different sheltering groups.  As an example the cluster of the isolates 

including K18, K3, K11, K4, K26, K47, K41, K29, K15, K48, K25 and K2 shared the 

same upstream sequence for waaC  but they were split in the sheltering groups 1 2 3 

4 6 and 10 (Figure 5.11 and Table 5.2). Also the cluster including K19, K3, K16, K4, 

K9, K1, K29, K15 and K17 shared the same upstream sequence for tolR. 

Nevertheless these isolates were split in different sheltering groups that were 10, 4, 1 

and 3 (Figure 5.13 and Table 5.2).  

5.3  Discussion 

The OMVs produced by Gram-negative bacteria are known to protect the producer 

bacterium and others thus forming a common defense for the bacterial community 

against specific antibiotics (Lee et al., 2012; Kulkarni et al., 2015).  

Previous studies showed that K. pneumoniae  produces OMVs that contain 

numerous proteins originating from OM and periplasmic space in addition to the inner 
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membrane and cytoplasm. Furthermore, these OMVs play a role in the pathogenesis 

by absorbing complement proteins, and thus inducing the innate immune response 

(Lee et al., 2012; Doorduijn et al., 2016). However to date, knowledge on their role in 

the sheltering effect has not yet been determined. 

The results obtained in this project suggested that K. pneumoniae produced  

β-lactamases-containing OMVs.  Indeed, the treatment of the Sf of K17 with PK, TR 

and PK and TR together suggested that the sheltering effect was due partly to  

β-lactamases included in OMVs. With regards to this both the β-lactamases included 

in OMVs and naked β-lactamases appeared to contribute equally to the sheltering 

effect in the experiments carried out here. To date, the active extracellular release of 

naked β-lactamases has not been reported in literature. It is therefore possible that 

the naked enzymes found in the extracellular environment of  

K. pneumoniae might also be β-lactamases located in the periplasmic space that 

were released in the medium following the rupture of the bacterial cells during the 

experimental procedure (Kelly and Kenneth, 2008; Shehadul Islam, et al., 2017). This 

observation suggested that the sheltering effect detected in K. pneumoniae occurred 

similarly to A. baumanii. Indeed in this bacterium the protective effect towards other 

susceptible species was the result of naked β-lactamases in addition to enzymes 

associated to OMVs (Liao et al., 2015). 

The addition of increasing concentrations of Rb significantly reduced the extent of the 

sheltered areas of E.coli NCTC 10418. This suggests that the Sec-dependent 

pathway was responsible for the transfer of the β-lactamases produced by  

K. pneumoniae to the periplasm and OM, similarly to A. baumannii (Liao et al., 2015). 

However, a protocol for the microscopic detection of the β-lactamases responsible for 

the sheltering effect in K. pneumoniae was tested in A. baumannii since the 

production and extracellular release of carabapenemases-producing OMVs was 

confirmed in this bacterium (Liao et al., 2014; Liao et al., 2015). The protocol tested 

was based on the generation of the fusion product OXA-58-GFP, cloning in the 

plasmid vector pyMAb2 and transformation in electrocompetent cells of A. baumannii 

ATCC 19606. These cells were then visualised by confocal microscopy in order to 

detect the construct OXA-58-GFP in the periplasm and in the OMVs. However, the 

data obtained with confocal microscopy suggested that the transformed A. baumannii 

ATCC 19606 cells expressed the fusion product at a very low level. This result was 

also confirmed by the Western blot analyses. Therefore, this protocol set-up for the 

visualization of OMVs in A. baumannii needed to be modified and optimized to 

produce high levels of fusion protein in A. baumannii. A possibility could be the use of 

Red Fluorescent Protein (RFP) in place of GFP.  Indeed, previous studies showed 

that the investigation of the subcellular localization of envelope proteins could be 
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hindered by problems with the export of GFP to the periplasm. This is due to the fact 

that GFP is exported to the periplasm in an unfolded conformation through the Sec 

system (Feilmeier  et al., 2000; Dinh and Bernhardt, 2011). Therefore the variants of 

GFP commonly used  in subcellular localization studies of periplasmic proteins do not 

fold properly and do not fluoresce. Instead, RFP derivatives can be effectively 

transported to the periplasm through the Sec system (Chen et al., 2005; Lewenza et 

al., 2006; Dinh and Bernhardt, 2011). 

The results obtained showed that the areas formed by the susceptible strain were 

smaller in presence of higher antibiotic concentrations. This suggested that the 

increase in Amp concentrations had no effect on the OMV production and/or β-

lactamase expression. However, in absence of information on the specifics of 

concentration gradients and diffusion rates of the OMVs. it can’t be ruled out that the 

reduction in sheltering effect could also be explained by a reduction in OMV 

production or a reduction in β-lactamase expression. However, a reduction of  

β-lactamase expression in presence of increasing antibiotic concentrations is highly 

unlikely . Indeed bacteria that reduce β-lactamase expression when they need it most 

would not survive and be eliminated by natural selection (Shaikh et al., 2015). 

Furthermore, to this knowledge, no reduction in OMVs production in presence of 

environmental stress has been reported. Instead, the presence of stressors, including 

the presence of antibiotics in the medium, is known to stimulate the production of 

OMVs (MacDonald and Kuehn, 2013; Jan, 2017). Future research might explore 

whether the packaging and release of OMVs is a direct consequence of gene 

expression or a response to the antibiotic itself. With regards to this an inducible 

promoter might be used to regulate the gene expression of the β-lactamases. Then a 

possible study could involve the increase of antibiotic concentration while the 

expression of the β-lactamases is kept constant. An increased sheltering might 

indicate that the packaging and/or release of β-lactamases-including OMVs is directly 

affected by the antibiotic. A second test might involve the increase of gene 

expression in presence of a constant antibiotic concentration. In this case an 

increased OMVs packaging and release might indicate that the sheltering effect is a 

direct consequence of more enzyme activity rather than having more antibiotic in the 

extracellular environment of the bacterium.   

The results obtained in this study also suggest that K. pneumoniae provided a 

constant protective effect to the susceptible strain over time. Indeed, the growth of 

colonies in sites more and more distant from the resistant strain at different times 

suggested that the OMVs were produced in a continuous way and diffused as they 

were released from the resistant strain. 



 

- 176 - 
 

The results obtained suggested that K. pneumoniae did not shelter E.coli from the 

action of 4 drugs different from the β-lactams, including Gent, Amk, Chlor and Cipr. 

However, a higher number of non β-lactams drugs should be tested in order to 

investigate whether the sheltering effect is exclusively due to the β-lactamases. 

Indeed, it is known that OMVs act as carriage of proteases and endopeptidases in 

addition to β-lactamases (Beveridge et al., 1997; Jan, 2017). The non β-lactams 

drugs tested might include antimicrobials with an mechanism of action different from 

that adopted by the antimicrobials already tested. A possibility could be the use of 

sulfonamides and trimethoprim that inhibit folic acid metabolism  (Kapoor et al., 

2017). Indeed, it is known that K. pneumoniae isolates can develop resistance to 

sulfonamides and trimethoprim as a result of the expression of dihydrofolate 

reductase and sulfonamide-resistant dihydropteroate synthases (Kumar et al., 2011; 

Ferreira et al., 2019). Therefore future research might focus on the presence of these 

enzymes in the K. pneumoniae OMVs provided that the sheltering effect is detected 

in presence of sulfonamides and trimethoprim.  

The results obtained suggest that the variations in the amino acid sequence of the 

proteins involved in the biogenesis of the OMVs produced by the K. pneumoniae 

isolates did not reflect the variability in the sheltering potential observed. This 

suggests that extent of sheltering effect is determined by other proteins and/or by a 

more complex network of proteins. A possibility might be the study of the variations in 

the proteins involved in the Sec-dependent pathway (Beckwith, 2013). Differences 

among the amino acid sequence of these proteins might be responsible for changes 

in the amount of β-lactamases exported to the bacterial periplasm and OM. Also, 

although genetic differences in the promoters of waaC, mrcB, tolR and degS were 

found among the isolates, these variations did not appear to reflect the variability 

level in the sheltering effect. Furthermore variations in the promoter regions might not 

be sufficient to determine differences in the expression levels. Indeed, genetic 

elements that are at a distance from the gene might also be involved in the regulation 

of the  expression level. With regards to this, in bacteria distal regulatory regions 

called ‘bacterial enhancers” have been found and DNA looping has been shown 

directly to be involved in promoter expression (Amit et al., 2011; Brunwasser-Meirom 

et al., 2016). Therefore genetic variations in these regions might lead to differences in 

the expression level of the genes involved in the OMVs biogenesis. With this in mind, 

future research might involve the study of the expression levels of the proteins 

involved in the OMVs biogenesis with experimental approaches. These could include 

the use of Western blot for verification of protein production in each isolate. 

Furthermore, experimental techniques might be used to investigate  the amount of 

RNA produced for each gene. For example real-time reverse transcription PCR (real-
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time RT-PCR)  might be used to quantify gene expression (Wong and Medrano, 

2005). Indeed, this technique is now considered a gold-standard methodology to 

study bacterial gene expression through relative quantitation of target RNAs (Rivera 

et al., 2015; Smith et al., 2018; Bai et al., 2020; Rocha et al., 2020). 

 

6  GENERAL DISCUSSION 

 

Microbial interactions happening within bacterial communities can result in an 

increase of evolutionary development and adaptation in each microorganism. 

Bacterial Interactions in polymicrobial infections have been found to promote the 

protection of other isolates from antibiotics, with the most sensitive strains 

experiencing the greatest benefit (Marjon et al., 2018). However, the nature of these 

interactions remain largely obscure since infective bacteria are commonly 

investigated in isolation (Dhamgaye et al., 2016; Marjon et al., 2018).  

Studies carried out on a number of β-lactam resistant bacterial species show that in 

some cases bacteria do not need to transfer genes for resistance but instead release 

OMVs containing β-lactam-inactivating enzymes into their surrounding area (Liao et 

al., 2015). The release of these OMVs triggers the degradation of the antibiotics 

present in the environment, where other different bacterial species live. Therefore, 

this provides protection from the drug to the entire bacterial community, including 

resistant and non-resistant species (Liao et al., 2014; Liao et al., 2015).  

The present work focused on investigating this phenomenon in K. pneumoniae.  

Here, future prospective based on the findings reported in this thesis will also be 

discussed. 

 

6.1 Detection of the sheltering effect in K. pneumoniae 

 

K. pneumoniae is regarded as one of the most important MDR pathogens affecting 

humans and a major source for hospital infections associated with high morbidity and 

mortality due to limited treatment options (Merla et al., 2019). Although this pathogen 

has been identified in the blood of patients with polymicrobial infections resistant the 

sheltering effect has not yet been investigated in this species (Rahim et al., 2018; Lin 

et al., 2013). 

In this project the sheltering effect provided by K. pneumoniae was detected by 

observing satellite colonies and/or a continuous bacterial lawn formed by species 

susceptible to β-lactams in presence of resistant K. pneumoniae on  Amp medium. 

To date, most studies used protocols based on the incubation of β-lactams-
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susceptible bacterial strains with preparations of β-lactamase-carrying OMVs derived 

from resistant strains to detect the sheltering effect (Ciofu et al., 2000; Shaar et al., 

2011; Khanna et al., 2013; Shaar et al., 2014; Chattopadhyay and Jaganandham, 

2015; Liao et al., 2015). Compared to these protocols, the method developed here 

appears to be more time and equipment efficient. Therefore, it might be suitable for 

the implementation of a high throughput screening for large-scale studies aimed to 

quickly test the sheltering effect provided from hundreds or thousands of bacterial 

strains. High quality pictures of these plates would be then captured by using a scale 

bar, thus allowing to spatially calibrate each single image and consequently calculate 

the actual measurements on the plates. Moreover, the development of an automatic 

image analysis of the sheltering effect detected on plate might replace the more 

manual method used in this project for the quantification of the sheltering effect. The 

analysis of the sheltering effect detected on plate could involve the creation and use 

of a script that, by taking an image as an input, allows the quantification of the 

sheltering effect, i.e. the calculation of the distance at which the satellite colonies 

appear on the plates and the area formed by the susceptible species. This high-

throughput screening could be used in the study of the sheltering effect in large 

numbers of clinical isolates that show β-lactam-resistance like Klebsiella species,  

E. coli, A. baumannii, Enterobacter species, Salmonella species, Proteus species, 

Serratia marcescens, Shigella dysenteriae, Pseudomonas aeruginosa, and 

Burkholderia cepacia (Podschun and Ullmann, 1998; Su and Chiu, 2007; Jones et al., 

2001; Ferreira et al., 2011; Khanna et al., 2013; Liao et al., 2015; Sahl et al., 2015; 

Drzewiecka, 2016; Bassetti et al., 2018; Davin-Regli et al., 2019).   

 

6.2. Variability in the sheltering effect  

 

The sheltering effect was investigated in all the 33 K. pneumonie β-lactam resistant 

isolates available in laboratory. The results of this study showed that the sheltering 

effect was a widespread phenomenon in K.  pneumoniae. However, the resistant 

isolates showed variability in the degree of sheltering effect they were able to provide 

to the susceptible species (Figures 3.4 and 3.5, paragraph 3.2.2).  This variability was 

not the result of differences in the rate of diffusion of the protective entity through the 

agar. Indeed, all the plates were prepared by using the same medium preparation 

that contained a fixed concentration of agar. Furthermore, the variations observed 

were not due to differences in the inoculum density of either the resistant or the 

sensitive strain since the amounts of bacterium inoculated were the same for all the 

plates used. This suggested that the differences observed were the result of inherent 

variations in the protective entity. 
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6.2.1  Analyses for the study of the variability  

 

In this project a number of different analyses were carried out to investigate the 

causes of sheltering variability, including the determination of the growth rates, MIC 

and RAPD profiles, the presence or absence of genes for β-lactamases and the 

determination of the amino acid sequence of the β-lactam-resistance genes. 

However, the differences among the isolates detected with each of these analyses 

were not related to the variations in the sheltering effect. Moreover, the variations 

found were not the result of differences in the genes involved in the OMVs biogenesis 

and their immediate 5’ upstream promotors. Therefore, more studies are needed to 

elucidate the causes of variability of the sheltering effect in K. pneumoniae. With 

regards to this, future analyses might involve studies of mutagenesis aimed to detect 

the genes responsible for the sheltering effect. This analysis would require the 

selection of K. pneumoniae isolates  whose sheltering potential is intermediate 

between the potential of high and low sheltering producers. For example, the isolates 

belonging to the 5th and 6th sheltering groups produce a range of sheltered areas 

halfway between the minimum and maximum value of sheltered areas detected for all 

the isolates (Table 4.3, paragraph 4.2.4.1). The mutagenesis of these isolates would 

allow to create mutants with a higher sheltering potential, mutants with a lower 

sheltering potential, and mutants that are no longer able to shelter. Moreover the 

high-throughput methodology described in section 6.1 above would allow rapid 

screening for mutants to identify those that have a sheltering effect different from the 

original strain. WGS might then be used to determine the sequence of the whole 

genome of these mutants. Indeed during the past two decades the WGS 

technologies has had a great impact in the identification and characterization of 

bacterial genetic determinants, granting the access to potential virulence 

determinants, known and new antibiotic resistance determinants, candidate drug 

compounds, mechanisms of pathogenicity, drug resistance and spread and their 

evolution in pathogens (Punina et al., 2015). Due to the obtained WGS data, over the 

last few years, a number of novel genetic targets have been identified and suggested 

for routine diagnostics of several pathogenic bacteria, for example tetM that encodes 

at tetracycline resistance protein and  the genes for the  β-lactamases OXA-51 and 

VIM-2 (blaOXA-51 and blaVIM-2) (Alex et al., 2012; Witney et al., 2014; Wright et al., 

2014; Punina et al., 2015). Complementation tests should then be conducted to 

determine which mutations among all the genetic changes in the genome of the 

mutants are responsible for the altered sheltering effect phenotype. For example, 

changes found in genes involved in the OMVs biogenesis and/or packaging of the β-

lactamases in OMVs might be responsible for differences in OMVs stability, OMVs 
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size and/or amount of enzyme packed in each OMV. Then these differences might 

account for the variability detected among the different isolates. In this project a 

relationship between the sheltering variability and the differences in the genes 

involved in OMVs biogenesis in K. pneumoniae was not found. However, the genes 

analysed were those retrieved by using the homolog genes in S. Typhimurium. 

Indeed in this bacterium the OMVs biogenesis has been well described (Bai et al., 

2014). Therefore, it is possible that in K. pneumoniae additional genetic determinants 

are involved in this process and a mutagenesis approach could help in the 

identification of these genes.  

A further approach could involve the use of differential proteomics to identify which 

proteins are increased or decreased relatively in two or more different  

K. pneumoniae isolates (Cordwell et al., 2001; Boysen et al., 2015; Soares et al., 

2016). For example, the protein composition might be tested in two isolates, 

respectively with the highest and lowest sheltering potential (for example one isolate 

of the 1st sheltering group and one isolate of the 10th group, Table 4.3, paragraph 

4.2.4.1) in order to investigate changes of proteome in the two isolates depending on 

the presence and absence of β-lactam drugs. This analysis might therefore help to 

identify target proteins and consequently genes that control the sheltering effect. The 

identification of potential targets could ultimately be used for the development of new 

compounds that inhibit these targets. Indeed once bacterial targets are identified , 

they can be incorporated into in vitro biochemical assays that permit high throughput 

screening of chemical libraries for the identification of inhibitory compounds and their 

antibacterial activity (Payne et al., 2006; Fields et al., 2017).  

 

6.2.2 Methods for the quantification of the sheltering effect and their 

applications 

 

Previous studies quantified the sheltering effect by measuring inhibitory growth zones 

of β-lactam-susceptible bacteria in presence of increasing concentrations of  

β-lactamase-containing OMVs (Schaar et al., 2011).  In the present project two 

different methods for the direct quantification of the sheltering effect detected on plate 

were developed. Although these methods differed by the feature of the sheltering 

effect analysed (respectively the distance that the protective effect could reach from 

the resistant species and the area formed by the continuous cover of susceptible 

bacteria), both produced statistically similar results. This suggests that either 

quantification method could be in future used in studies of sheltering effect.  

As frequently discussed in this thesis, a number of studies report that the sheltering 

effect is the result of the production and extracellular release of β-lactamases-
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including-OMVs (Stentz et al., 2015). With regards to this, one of the causes of 

variability in the protective effect might be differences in the diffusion capacity of the 

OMVs released by the strains. For example, some strains might produce lots of large 

vesicles but these will not diffuse far resulting in the formation of a continuous cover 

of susceptible colonies growing close to the resistant strain. Instead, other strains 

might produce fewer but much smaller vesicles which would diffuse much further, 

thus leading to the appearance of isolated satellite colonies at a longer distance from 

the resistant strain. To date, different sizes for the OMVs have been observed in 

Gram-negative bacteria, ranging from 20 to 250 nm in diameter (Schwechheimer and 

Kuehn, 2015).  Moreover, a heterogeneous population of OMVs can be produced by 

the same organisms (Kulp and Kuehn, 2010; Schwechheimer and Kuehn, 2015; 

Turner et al., 2018). However, the hypothesis that differences in the diffusion capacity 

of OMVs are responsible for the variability observed among the strains might be more 

supported if the difference between the distance-based and the area-based method 

in the analysis of the same event of sheltering effect was significant. Indeed, the 

analysis of sheltering effect provided by a producer of several large vesicles travelling 

a short distance should result in a high area value and a small distance value. 

Similarly, the sheltering effect provided by a producer of fewer and small vesicles 

travelling a longer distance would result in low area and high distance values. 

However, differences due to variations in the diffusion capacity of vesicles were not 

clearly evident from the analyses carried out in this study. Indeed, the different 

methods produced statistically similar results thus suggesting that either method 

could be used for the quantitative analyses. Nevertheless, the analyses for the 

comparison of the two methods were carried out on 15 strains of K. pneumoniae. 

Therefore, future studies might involve the use of both the distance-based and the 

area-based methods on a larger sample of isolates. Analysing the sheltering effect 

provided by a larger number of resistant K. pneumoniae and other species of 

sheltering bacteria, like E. coli, A. baumannii,  might increase the possibility to find 

more variations in the protective entity. These could include producers of large areas 

(LA) and short-distance (SD) sheltering and producers of small areas (SA) and long-

distance (LD) sheltering. Additionally, producers of LA and LD sheltering and 

producers of SA and SD sheltering might also be found (Figure 6.1). With regards to 

this, the analyses carried out in this study suggested that the 15 resistant strains 

analysed belonged to one of LA/LD or SA/SD categories since both the methods 

developed produced similar results for all the strains. 
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Figure 6.1 Simplified representation of 4 possible appearances of the sheltering effect detected 

on plate. A. The resistant strain (R) is responsible for a sheltering effect that produces  small areas (SA) 

of the susceptible species (S) and at a long-distance (LD). B. The sheltering effect produced by R 

appears as a compact area of S in the immediate closeness of R. C. R produces a sheltering effect 

appearing as a large area (LA) that covers long distances (LD) from R. D. The sheltering effect produced 

by R takes the form of small areas of S growing close to R.  

 

 

However, the analysis of sheltering effect on large scale might be facilitated by the 

use of the high throughput approach described in section 6.1. Indeed, the design of a 

script for the automatic calculation of the distance and area formed by the susceptible 

species would allow to quickly screen a large number of isolates.  
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6.3  OMVs in the sheltering effect 

 

6.3.1  Protection of the susceptible species mediated by OMVs 

 

Generally, OMVs represent a physical barrier for drugs and toxins, by acting as 

decoys for these molecules and therefore providing immediate protection before the 

bacteria can adapt by modifying or mutating antibiotic targets in the extracellular 

environment (Manning and Kuehn, 2011). However beyond reducing the effective 

antibiotic concentration in culture by adsorption, OMVs can also carry enzymes that 

mediate antibiotic protection, like β-lactamases. These would be responsible for an 

active degradation of the drugs in the extracellular environment of bacteria (Figure 

1.14B, Chapter 1.3.5.2 ) (Manning and Kuehn, 2011; Kulkarni et al., 2014). Although 

previous studies reported the production of OMVs  in K. pneumoniae, their role as 

transporters of β-lactamases to the extracellular environment has not yet been 

investigated (Lee et al., 2012; Doorduijn et al., 2016). The data collected here 

suggest that β-lactam-resistant K. pneumoniae produce β-lactamases-containing 

OMVs, as showed by the occurrence of sheltering effect in presence of protease 

treatment for the degradation of naked enzymes. However, the presence of  

β-lactamase activity in the extracellular environment was not tested in this project. 

Therefore, further studies might involve the detection of this activity in the agar 

medium where the resistant strain is inoculated with the same procedure used to test 

the presence of sheltering effect. This experiment would contribute to show that the 

sheltering effect is the result of OMVs-included β-lactamases that work actively 

detoxifying the extracellular environment from the drug. This study might be carried 

out by using a chromogenic β-lactam substrate, such as nitrocefin, that allows the 

rapid β-lactamase detection by changing color from yellow to red when hydrolyzed by 

a β-lactamase (Dai et al., 2012).  The addition of nitrocefin in the agar medium used 

for the preparation of the plates might allow the detection of the β-lactamase activity 

in the extracellular environment of a K. pneumoniae resistant isolate inoculated on 

the plate. This experiment might be especially useful in the localization of the  

β-lactamases-including-OMVs and therefore of the distance reached from the OMVs 

released in the medium. However, this would require the development of an imaging 

system to monitor changes that are not visible to the naked eye, for example single 

OMVs that travel far from the resistant strain.  For this purpose a magnification of at 

least x15,000 is desirable to visualize microscopically the OMVs (Valguarnera et al., 

2018). 

In addition to the detoxification of the environment from the drug, the OMVs could be 

responsible for the sheltering effect by entering the susceptible species and releasing 
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its enzymatic content. With regards to this, a number of studies reported the 

internalization of OMVs by host cells and release of the content inside these cells 

(Donoghue and Krachler, 2016; Jones et al., 2020, Cai et al., 2018). Nevertheless, to 

date, no study investigated the internalization of β-lactamases-including OMVs in 

susceptible bacterial cells in the context of the sheltering effect. Therefore, future 

studies might aim to test the internalization of K. pneumoniae β-lactamases-including 

OMVs in susceptible bacterial cells. A possibility might be the development of an 

assay based on Fluorescence Resonance Energy Microscopy (FRET), a process by 

which energy is transferred from an excited donor fluorophore to an acceptor when in 

close proximity (Mo et al., 2020). The occurrence of FRET is monitored using 

fluorescence microscopy by exciting the donor and measuring the emission of the 

acceptor and is generally used to demonstrate the close interaction of two proteins 

tagged with respectively two fluorescent tags, for example GFP and RFP (Mo et al., 

2020). In the context of sheltering effect this assay might be used to detect the 

interaction between two proteins, respectively a β-lactamase tagged with GFP 

expressed and released in OMVs from a bacterial strain and a RFP expressed in the 

periplasm of a sensitive strain. The occurrence of FRET might suggest that the β-

lactamase included In the OMVs are released inside the sensitive strain (Figure 6.2).  
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Figure 6.2 Schematic representation of the FRET assay for the detection of the internalization of 

β-lactamases-including OMVs into a susceptible bacterium. Top. OMVs are released by the OM a 

strain expressing a β-lactamases fused with the GFP (R) . A susceptible bacterial strain expressing the 

RFP in its periplasm (S) is in the surrounding of the R strain. Bottom. The internalization of the OMVs in 

S releases the β-lactamases fused with the GFP in the periplasm. The GFP transfers energy to the RFP 

when these two proteins are in proximity (1-10 nm) , thus allowing the RFP to emit red light (FRET). 
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6.4  The packaging of β-lactamases in OMVs as a benefit for the 

producer 

 

Due to the high energy requirement for the bacterium to produce OMVs, it is 

reasonable to assume that the inclusion of the β-lactamases in OMVs represents a 

benefit for the producer. The first benefit is that the OMVs provide a mechanism to 

deliver the cargo in a concentrated form over longer distances. In fact, it was 

previously reported that by using OMVs, bacteria can deliver β-lactamases at high 

concentrations, thus allowing an efficient detoxification of the environment from the 

drug (Kulp and Kuehn, 2010; Schaar et al., 2011; Lee et al., 2013). A further benefit 

is the protection of these enzymes within OMVs. Indeed, a characteristic unique to 

OMV secretion is that the cargo can be released in a complex that provide protection 

from the extracellular proteases that often degrade secreted proteins (Kesty and 

Kuehn, 2004; Kulp and Kuehn, 2010). Future studies might involve the study of the 

half-life of naked β-lactamases and of the β-lactamases included in the OMVs 

released by K. pneumoniae with the aim to test the stability of these two groups of 

enzymes. Indeed, provided that the OMVs released by this bacterium protect the β-

lactamases from degrading enzymes, the β-lactamases included in OMVs are 

expected to be more stable to degradation than their naked cohort.  

 

6.5 Role of the Sec-dependent pathway in the sheltering effect 

 

The results obtained showed that the sheltering effect was significantly reduced in 

presence of Rb, an inhibitor of the Sec-dependent pathway. Previous studies showed 

that the Sec-dependent pathway is responsible for the transfer of several proteins, 

including β-lactamases, from the cytosol to the periplasm (Liao et al., 2015). The 

system itself comprises two cytoplasmic proteins, respectively a chaperone 

protein (SecB) , an ATPase (SecA) and an integral membrane complex, also termed 

“holotranslocon”, that includes  the SecYEG in complex with SecDFYajC and YidC.  

Protein domains of this transmembrane complex protrude on the periplasmic space 

of the cellular envelope. Previous studies that lead to the identification of the genes 

responsible for the OMVs biogenesis did not report involvement of the Sec genes in 

this process (Kulkarni and Jagannadham,  2014; Schwechheimer and Kuehn, 2015; 

Nevermann et al., 2019). However, to date, no study has been performed to 

investigate the involvement of the Sec machinery in the packaging of these proteins 

in OMVs. Consequently, it is not yet known whether members of the Sec-dependent 

https://en.wikipedia.org/wiki/Chaperone_protein
https://en.wikipedia.org/wiki/Chaperone_protein
https://en.wikipedia.org/wiki/Biological_membrane
https://en.wikipedia.org/wiki/Complex_(chemistry)
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pathway play an active role in the packaging of the proteins in OMVs or whether this 

process occurs regardless of the machinery that transfers the proteins to the bacterial 

periplasm (Figure 6.3).  

 

 

 

Figure 6.3 The two hypotheses on the role of the Sec machinery in the packaging of  

β-lactamases in OMVs. A. Following the translocation to the periplasm, the packaging of the β-

lactamases in OMVs is assisted by periplasmic components of the Sec translocon. The involvement of 

these protein domains in the packaging of the β-lactamases in OMVs is represented by the green arrow. 

The resultant β-lactamases-including OMVs are released in the medium that contains the β-lactam drug. 

B. The Sec-dependent pathway is only required for the translocation of the enzyme in the periplasm and 

no Sec component has a role in the packaging. sp: signal peptide. 

 

Therefore, more work needs to be done in order to investigate the role of this 

translocation pathway in the sheltering effect. In respect to this, the focus of future 

studies might be the use of a genetic construct carrying a β-lactamase gene fused 

with a twin-arginine translocation (Tat) signal peptide to investigate whether the use 

of a translocation system different from Sec might restore the sheltering effect in 

presence and inhibitor of Sec-dependent translocation such as Rose Bengal (Rb). 

The Tat peptide is responsible for the transfer of proteins to a membrane transporter 

(Tat translocon) different from the Sec complex. However, similarly to the Sec 

translocon, the Tat system transports proteins from the cytosol to the periplasm 

(Beckwith, 2013; Costa et al., 2015; Frain et al., 2019).  

The involvement of the Sec-dependent pathway in the packaging of β-lactamases in 

OMVs might be confirmed by the inhibition of the sheltering effect produced by a 

resistant strain expressing a β-lactamase fused with a Tat signal peptide in presence 

of Rb and the β-lactam drug in the medium. Indeed, although the fusion protein is 

translocated to the periplasm by the Tat translocon, the lack of the periplasmic 
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members of the Sec machinery prevents the enzyme from being internalized in 

OMVs. On the contrary, the occurrence of sheltering effect might indicate that β-

lactamases are packaged in OMVs regardless of the intervention of the Sec 

machinery in this process (Figure 6.4).  

 

 

 

Figure 6.4 Possible sceneries in response to the addition of Rb following the use of a   

β-lactamase fused with a Tat signal peptide (Tat sp). A. The addition of Rb to the medium inhibits the 

Sec machinery thus blocking the translocation of β-lactamases in the periplasm and consequently the 

packaging of the enzymes in OMVs. A β-lactamase fused with a Tat sp is translocated to the periplasm 

by a Tat machinery but no packaging in OMVs occurs because of  the lack of interaction with the protein 

members of Sec machinery involved in the transfer of the enzymes in OMVs.This transfer is represented 

by a green arrow. B. Following the translocation to the periplasm, β-lactamases are packaged in OMVs 

despite the lack of the Sec machinery, thus allowing the occurrence of sheltering effect in a medium 

containing Rb in addition to the drug.  

 

6.6  Role of β-lactam concentration and time and in the sheltering effect   

 

In this project a protocol for the confocal microscopic detection of the OMVs released 

by A. baumannii was developed with the aim to use the same procedure for the 

microscopic visualization of K. pneumoniae. The method was based on the 

production of a protein construct carrying the β-lactamase fused with the GFP, 

cloning in a plasmid vector and transformation in cells of A. baumannii ATCC 19606. 

The visualization of the construct OXA-58-GFP in the periplasm and in the OMVs 

was then carried out by confocal microscopy. However, this protocol needs to be 

modified to allow the visualization of the OMVs in the extracellular environment. A 

possibility might be the replacement of the GFP with the RFP that is not subject to 
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folding issues during the export to the periplasm (Chen et al., 2005; Lewenza et al., 

2006; Dinh and Bernhardt, 2011).  

Experiments testing the presence of sheltering effect on plate were used to assess 

variations of this phenomenon with antibiotic concentration and the time. According to 

these observations increasing concentrations of Amp seemed to have no effect or the 

OMV production and/or β-lactamase expression (Figure 5.6). However, since the 

production and release of β-lactamases-carrying OMVs requires an energetic cost to 

the bacterium, more analyses could be carried out to investigate whether the 

secretion of OMV-associated β-lactamases in K. pneumoniae is a constitutive 

process or whether it occurs only in presence of β-lactams. The focus of these 

analyses could therefore be the quantification of the OMVs released by K. 

pneumoniae in absence and in presence of Amp in the medium. A common 

methodology used for the quantification of OMVs released by bacteria in the medium 

involves the extraction of the supernatant from cultures of bacteria followed by 

pelleting of the OMVs by centrifugation and their resuspension in a buffer solution. 

The quantification of the OMVs is then generally performed by using a fluorescent 

lipophilic dye that binds the OMVs and allows the OMVs to emit fluorescence. The 

quantity of fluorescence is then used to determine the quantity of OMVs present in 

the sample (MacDonald and Kuehn, 2013; Donoghue and Krachler, 2016; Roier et 

al., 2016; Eberlein et al., 2019). Therefore, this procedure could be used with 

supernatants of resistant K. pneumoniae grown in presence and absence of Amp to 

determine changes in the amount of OMVs. The same method could be used to 

assay changes in the number of OMVs with the time of incubation. The use of the 

chromogenic β-lactam substrate nitrocefin could also be used to quantify the  

β-lactamase activity in the intracellular and extracellular fractions separated after 

growth of the resistant strain in presence and absence of Amp. Moreover, the 

extracellular fraction would be treated with protease to degrade naked  β-lactamase 

and quantify only the enzyme present in OMVs. This would allow the comparison of 

the content of β-lactamases  present in the bacterial cell and in the OMVs and 

determine changes in these amounts according to the presence of the drug. 

 

6.7  Sheltering effect with non-β-lactam drugs 

 

The main focus of the present project was the investigation of the sheltering effect in 

K. pneumoniae in presence of β-lactams, more specifically the Amp. Nevertheless, 

preliminary tests of the sheltering effect in presence of few non β-lactams drugs were 

also carried out. The results obtained suggested that the sheltering effect occurred 

only in presence of β-lactam  antibiotics. In respect to this, several studies 
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investigated the sheltering effect that β-lactam-resistant strains provide to susceptible 

bacteria due to the β-lactamases included in OMVs (Shaar et al., 2011; Lee et al., 

2013, Liao et al., 2015). In contrast, less work has been done to detect the sheltering 

effect as a result of non β-lactam enzymes present in OMVs. However, the sheltering 

effect was found to occur also in presence of non β-lactam drugs. For example, E. 

coli  was found to release OMVs including proteases  involved in the degradation of 

the antibiotic colistin and the antimicrobial peptide, melittin, thus protecting the 

producer bacterium and other bacterial species from the action of these drugs 

(Kulkarni et al., 2015).   This observation suggests that more work needs to be done 

in order to understand whether K. peumoniae protects susceptible species from the 

action of drugs different from non-β-lactams. In respect to this, as mentioned in 

paragraph 5.3, Chapter 5, future studies might focus on testing the sheltering effect in 

presence of non-β-lactams drugs different from those used in this study. This would 

also require to work with K. pneumoniae strains that are resistant to the drugs to be 

tested. Provided that the sheltering effect is found with any of the drugs to be tested, 

studies for the identification and characterization of the protein content of the K. 

pneumoniae OMVs might be carried out to determine the enzymes responsible for 

this phenomenon. Previous studies characterized the protein content in OMVs 

produced by K. pneumoniae (Lee et al, 2012; You et al., 2017; Martora et al., 2019). 

Nevertheless, to this knowledge, no proteins for the resistance to antibiotics have 

been reported in OMVs produced by K. pneumoniae. However, the protein content 

and composition has been reported to vary widely between OMV preparations 

derived under different growth conditions (McBroom and Kuehn, 2007; Lee et al, 

2012; Donoghue and Krachler, 2016). Consequently, it is reasonable to assume that 

enzymes for the resistance to antibiotics, including β-lactamases, might be found in 

the OMVs when the bacterial cells are grown under antibiotic stress. Therefore, it 

might be worth  determining  the protein content of the K. pneumoniae OMVs in 

presence of different antibiotics. A possibility might be the purification of OMVs 

followed by liquid chromatography-mass spectrometry (LC-MS/MS) and data 

analysed using softwares, for example MASCOT, that use mass spectrometry data to 

identify proteins from peptide sequence databases (Chen et al., 2009; Pitt, 2009). 

 

6.8 The role of sheltering effect in the microbial interactions 

 

The results obtained so far show that the sheltering effect is a widespread 

phenomenon in K. pneumoniae. Indeed  β-lactam-resistant K. pneumoniae were able 

to protect β-lactam-susceptible bacterial species from the action of  

β-lactams.  The data also suggest that this effect occurs regardless of the species of 
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the bacterium protected since K. pneumoniae was able to shelter both Gram-negative 

and Gram-positive species. In the context of microbial interactions the sheltering 

effect might be regarded as an extreme form of cooperation, i.e. altruism, as  the 

sheltered species is apparently the only organism to receive the benefit (Refardt et 

al., 2013; Lewin-Epstein et al., 2017).  With regards to this, forms of bacterial altruism 

have been reported in microbial populations under antibiotic stress. In particular, Lee 

et al. showed that norfloxacin-resistant E.coli shielded less resistant isolates from 

antibiotic insult by producing and sharing among the population the metabolite indole, 

a signaling molecule implicated in stress tolerance in E. coli (Hirakawa et al., 2004; 

Lee et al., 2010a; Lee et al., 2010b). The production of this molecule has been 

therefore regarded as an act of altruism as it provides protection to more vulnerable 

bacteria while it comes at a fitness cost to the highly resistant isolates (Lee et al., 

2010a).  

Nevertheless, the sheltering effect might also be simply regarded as a side effect of 

the extracellular release of β-lactamases from the resistant species. Indeed, the 

extrusion of these enzymes is a process occurring regardless of the presence of 

other susceptible species in the medium. With regards to this, analyses carried out in 

M. catarrhalis showed that a suspension of OMVs isolated from amoxicillin-resistant 

strains of this bacterium protect sensitive S. pneumoniae and H. influenzae by 

inactivating Amoxicillin (Schaar et al., 2011) This suggests that the resistant species 

produces and releases β-lactamases-included OMVs irrespective of the presence of 

other species in the medium.  

However, the survival and growth of the susceptible species might lead to a mutually 

beneficial relationship between the sheltering and the sheltered species. In respect to 

this, the presence of benefits for the sheltering species was not investigated.   

Nevertheless, this was the result of the purpose of the methodology developed that 

was based exclusively on the detection of the benefit to the susceptible species 

without regard to any potential advantage to the resistant species. In the context of 

the microbial cooperations, the sheltered species might be involved in the production 

and release of public goods that can benefit the resistant species. In respect to this, 

cocultures made up of two or more different populations of cells were found to 

improve the cultivation success for certain populations (Goers et al., 2014). This has 

been well documented for the growth of unculturable bacteria. For example, the 

growth of isolates of the marine bacterial genus Prochlorococcus in pure culture is 

dependent on growth-promoting factors produced by heterotrophic bacteria (Stewart, 

2012). Similarly, a number of anaerobic thermophiles in the family Clostridiaceae 

were found to be dependent on cell extract from Geobacillus toebii (Kim et al., 2008; 

Goers et al., 2014). Additionally growth promotion of strains of E.coli was also 
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observed when these organisms were cultured in presence of supernatants from 

cultures of bacteria belonging to the phyla Bacteroidetes and Firmicutes (Geesink e 

al., 2018). Future analyses could focus on the investigation of the existence of mutual 

beneficial interactions as a result of the sheltering effect. A possible experiment could 

involve the cultivation of resistant K. pneumoniae  in presence of supernatants from 

cultures of the two susceptible strains used in this project, i.e. E. coli NCTC 10418 

and S. aureus NCTC 6571. This might help to see if the supernatants of these 

susceptible species can exert growth-promoting effects on the resistant species, thus 

suggesting the presence of growth-promoting factors released in the medium by the 

satellite colonies of susceptible species. 

An interesting study carried out in P. aeruginosa showed that OMVs were released 

after explosive bacterial cell lysis of a subpopulation of P. aeruginosa cells in the 

bacterial community. This process is thought to serve as a release of public goods in 

P.aeruginosa biofilms, thus providing benefits for the whole population (Turnbull et 

al., 2016). The lysis is mainly due to the upregulated expression of a prophage 

endolysin-encoding gene (lys) after exposure to exogenous stresses, like the 

antibiotic ciprofloxacin. Future studies might involve the investigation of this 

phenomenon in K. pneumoniae in order to test whether the explosive cell lysis of 

resistant β-lactam K. pneumoniae is a mechanism for the production of β-

lactamases-including-OMVs. For example, similarly to the study carried out in  

P. aeruginosa, live-cell super-resolution microscopy might be used to detect changes 

in the morphology of the cells like the transition of rod-shaped cells to round cells that 

subsequently explode resulting in the annihilation of the cell (Turnbull et al., 

2016).The formation of the OMVs might then monitored by culturing the cells in the 

presence of a fluorescent membrane stain that allows to visualize fluorescent 

particles compatible with the OMVs.  

 

6.9  Clinical significance of the sheltering effect 

 

Clinically, the role of polymicrobial infections on patient outcomes remains poorly 

studied. Although the seriousness of these infections has been recognized globally, 

poor research has been so far carried out to understand how the microorganisms 

interact and whether their interactions alter bacterial growth and ecosystem resilience 

in the presence and absence of antibiotics (Dhamgaye et al., 2016; Rupp et al., 

2020).  

The analysis of the sheltering effect carried out in this project might have clinical 

relevance. For this purpose the protocol developed here for the study of the 

sheltering effect might be used to quickly detect and quantify the sheltering effect in 
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presence of polymicrobial infections in clinical setting. The studies of variability might 

be used to investigate if the clinical outcome in a patient with polymicrobial infection 

is affected by the potential of sheltering effect the resistant strain is able to provide. 

For example, a strain that shows a high sheltering effect potential could be 

associated to severe illness and a high resistance to the antibiotic treatment. Vice 

versa a strain with a low potential of sheltering effect might cause milder symptoms 

and lower antibiotic resistance. Ultimately the identification of potential targets with 

the mutagenesis approach described above might allow to uncover new insights for 

novel therapeutic and consequently help clinic staff to treat antibiotic resistant 

polymicrobial infections or adopt preventative strategies. 

 

6.10  Concluding remarks 

 

In summary, the work presented here shows that K. pneumoniae is able to shelter 

susceptible species from the action of β-lactam drugs. The amount of this 

phenomenon varies within this bacterial species. The data obtained also suggest a 

role of the OMVs in the sheltering effect provided by this bacterium and additional 

analyses need to be carried out to elucidate the details of the mechanism of 

protection provided by the OMVs to the susceptible species. Furthermore, more work 

needs to be carried out to elucidate the causes of variability in the sheltering effect, 

for example differences in the number, size, and/or stability of the OMVs released or 

differences in the concentration of β-lactamases inside the OMVs.  Lastly, future 

studies might investigate whether the sheltering effect benefits the producer strain in 

addition to the sheltered species, thus taking the form of a synergic interaction in the 

context of a poymicrobial community. 
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8  Appendices 

8.1  Abbreviations 

Amp   Ampicillin 

APS    Ammonium persulfate  

Cefe   Cefepime 

Cefo   Cefotaxime 

Ceft   Ceftazidime 

Cfu   Colony forming unit 

Chlor   Chloramphenicol 

Cipr   Ciprofloxacin 

ConA   ConcanavalinA 

CTAB   Cetyl Trimethylammonium Bromide 

DdH2O   Double distilled water 

DIH2O   Deionised water 

DMSO   Dimethyl sulfoxide 

DNA    Deoxyribonucleic acid 

EDTA   Ethylenediaminetetraacetic acid 

Ert   Ertapenem 

ESBLs   extended-spectrum β-lactamases 

GFP   Green fluorescent protein 

HGT   Horizontal gene transfer 
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IPTG   Isopropyl-Beta-D-Thiogalactoside 

Kan   Kanamycin 

Lpp   Braun’s lipoprotein 

LPS   Lypopolisaccharide 

MATE   Multidrug and toxic compound extrusion 

MBLs   Metallo-β-lactamases 

Mer   Meropenem 

MFS   major facilitator superfamily 

MIC   Minimul inhibitory concentration 

MOPS   3-(N-morpholino)propanesulfonic acid 

MD   Multidrug 

MDR    Multidrug resistance 

MSA   Mannitol Salt Agar 

OM    Outer membrane 

OMP    Outer membrane protein 

OMV   Outer membrane vesicle 

OXA    Oxacillinase 

PBS   Phosphate Buffered Saline  

PCR    Polymerase Chain reaction 

PG    Peptidoglycan 

PK    Proteinase Kinase 

PVDF   Polyvinylidene Fluoride 

RAPD   Random Amplified Polymorphic DNA 
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Rb   Rose bengal 

RND   Resistance-nodulation-cell division 

Rpm   Revolutions for minute 

SDS    Sodium Dodecyl Sulphate 

Sf    Supernatant fraction 

SM   Specialized bioactive metabolite 

T7t   T7 terminator 

TAE   Tris-Acetate-EDTA 

TBS    Tris-Buffered saline 

TCA   Trichloroacetic acid 

TE   Tris EDTA  

TEM   Transmission Electron Microscopy 

TEMED  Tetramethylethylenediamine 

TfbI   Transformation Buffer I 

TfbII   Transformation Buffer II 

TR   Triton X-100 

w/v   weight/volume 
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8.2  Buffer recipes 

TE buffer: 1 L 

10 mM Tris base pH 7.5  

1 mM EDTA pH 8.0 

TAE buffer preparation: 50X 

2 M Tris base  

57.1 ml of Glacial acetic acid 

50 mM EDTA, pH 8.0 

PBS:1X 

1 tablet (OXOID) dissolved in 100 ml ddH2O 

Transformation Buffer I (TfbI) 

30 mM Potassium Acetate 

50 mM MnCl2 *4H20 

100 mM KCl 

10 mM CaCl *2H2O    

15 ml glycerol   

Filtered through 0.22 μm filters   

Transformation Buffer II (TfbII) 

10 mM MOPS 

75 mM CaCl2 * 2H2O 

10 mM KCl 
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15 mL glycerol 

Buffer A: 1 L 

700 mM TRIS 

7 mM 

pH 8.8  

Buffer B: 1 L 

300 mM Tris  

7 Mm SDS 

pH 8.8  

Buffer C: 1 L 

300 mM 

2 M 

35 mM SDS                                                                                                       

Western Transfer buffer: 1 L 

50 mM Tris pH 7.5  

400  mM Glycine 

20% v/v methanol 

0.1% w/v SDS 

TBS: 1 L: 10X 

1.5 M NaCl 

100 mM Tris base 

pH 8 

Lysis buffer 
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50 mM sodium hydroxide 

100 μl β-mercaptoethanol 

8. 3 Tables 

Table 8.1 Descriptive statistics of the maximum distance values of a single furthest colony. 

For each of the 15 resistant isolates inoculated the maximum distance value of the furthest colony 

detected on three different plates, the mean of these three values and the Standard deviation (Std 

deviation) are reported. 

 
Resistant isolate Plate 1 Plate 2 Plate 3 Mean Std Deviation 

K1 0.42 1.47 0.25 0.71 0.66 

K2 0.40 1.02 1.56 0.99 0.58 

K3 3.56 3.63 2.72 3.31 0.51 

K7 0.52 1.50 0.85 0.96 0.50 

K10 1.51 2.25 1.12 1.63 0.58 

K11 3.56 2.38 1.79 2.58 0.90 

K13 0.30 0.88 0.56 0.58 0.29 

K17 3.08 3.72 2.72 3.17 0.50 

K18 0.75 0.91 1.50 1.05 0.39 

K19 3.11 3.56 3.22 3.30 0.24 

K20 1.58 3.30 2.92 2.60 0.90 

K21 0.88 1.06 0.86 0.93 0.11 

K23 0.85 0.93 0.95 0.91 0.05 

K25 0.85 0.80 0.97 0.87 0.09 

K30 1.37 0.99 1.16 1.17 0.19 
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Table 8.2 Descriptive statistics of the average maximum distance values of 20 furthest 

colonies. The average maximum distance values (mean) and the Std deviation of the 20 furthest 

colonies detected on three different plates was calculated. The number of colonies (N colonies) 

detected for each plate and the number of missing colonies (N missing values) are also reported for 

each plate. With the exception of 12 plates where 20 colonies were countable, in all the other cases 

the number of countable colonies was less than 20, thus resulting in a number of missing values.  

 

Resistant isolate Plate Mean Std Deviation N colonies N missing values 

K1 1 0.30 0.17 2 18 

2 0.78 0.33 14 6 

3 0.23 0.02 2 18 

K2 1 0.37 0.03 2 18 

2 0.60 0.16 10 10 

3 0.89 0.48 8 12 

K3 1 0.25 0.5 20 0 

2 0.28 0.36 20 0 

3 0.17 0.42 20 0 

K7 1 0.48 0.05 2 18 

2 0.97 0.31 15 5 

3 0.82 0.04 2 18 

K10 1 0.94 0.32 13 7 

2 1.54 0.32 20 0 

3 0.82 0.29 5 15 

K11 1 1.83 1.01 20 0 

2 1.69 0.32 20 0 

3 1.29 0.28 12 8 

K13 1 0.23 0.10 2 18 

2 0.8 0.09 5 15 

3 0.52 0.06 2 18 

K17 1 2.06 0.43 20 0 

2 2.64 0.45 20 0 

3 2.04 0.41 20 0 

K18 1 0.55 0.22 4 16 

2 0.69 0.15 13 7 

3 1.28 0.3 2 18 

K19 1 2.22 0.48 17 3 

2 2.85 0.35 20 0 

3 2.42 0.4 20 0 

K20 1 1.14 0.3 14 6 

2 1.94 0.69 20 0 

3 2.46 0.32 14 6 

K21 1 0.66 0.23 6 14 

2 0.75 0.17 8 12 

3 0.54 0.44 2 18 

K23 1 0.45 0.25 5 15 

2 0.8 0.13 5 15 

3 0.59 0.31 5 15 

K25 1 0.8 0.06 2 18 

2 0.7 0.14 2 18 

3 0.64 0.45 2 18 

K30 1 0.7 0.4 11 9 

2 0.76 0.18 5 15 

3 0.84 0.27 3 17 

 
 
 
 
 
 



 

- 254 - 
 

 
 
 

Table 8.3 Descriptive statistics of the average maximum distance values of the 10 furthest 

colonies. The average maximum distance values (mean) and the Std deviation of the 10 furthest 

colonies detected on three different plates was calculated. The number of colonies (N colonies) 

detected for each plate and the number of missing colonies (N missing values) are also reported for 

each plate. With the exception of 22 plates where 10 colonies were countable, in all the other cases 

the number of countable colonies was less than 10, thus resulting in a number of missing values.  

 

Resistant isolate Plate Mean Std Deviation N colonies N missing values 

K1 1 0.29 0.17 2 8 

2 0.91 0.29 10 0 

3 0.23 0.28 2 8 

K2 1 0.37 0.03 2 8 

2 0.59 0.16 10 0 

3 0.89 0.48 8 2 

K3 1 2.85 0.45 10 0 

2 3.07 0.24 10 0 

3 2.01 0.35 10 0 

K7 1 0.48 0.048 2 8 

2 1.13 0.2 10 0 

3 0.82 0.036 2 8 

K10 1 1.04 0.28 10 0 

2 1.79 0.25 10 0 

3 0.81 0.29 5 5 

K11 1 2.65 0.66 10 0 

2 1.92 0.23 10 0 

3 1.37 0.22 10 0 

K13 1 0.23 0.09 2 8 

2 0.8 0.09 5 5 

3 0.51 0.06 2 8 

K17 1 2.38 0.34 10 0 

2 2.96 0.38 10 0 

3 2.38 0.23 10 0 

K18 1 0.55 0.22 4 6 

2 0.75 0.11 10 0 

3 1.28 0.3 2 8 

K19 1 2.53 0.26 10 0 

2 3.13 0.29 10 0 

3 2.77 0.23 10 0 

K20 1 1.28 0.18 10 0 

2 2.48 0.42 10 0 

3 2.61 0.2 10 0 

K21 1 0.66 0.23 6 4 

2 0.75 0.17 8 2 

3 0.55 0.44 2 8 

K23 1 0.45 0.22 5 5 

2 0.8 0.25 5 5 

3 0.59 0.13 5 5 

K25 1 0.8 0.62 2 8 

2 0.7 0.14 2 8 

3 0.64 0.46 2 8 

K30 1 0.73 0.4 10 0 

2 0.76 0.17 5 5 

3 0.85 0.27 3 7 
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Table 8.4 Descriptive statistics of the average maximum distance values of 5 furthest colonies. 

The average maximum distance values (mean) and the Std deviation of the 5 furthest colonies 

detected on three different plates was calculated. The number of colonies (N colonies) detected for 

each plate and the number of missing colonies (N missing values) are also reported for each plate. 

With the exception of 31 plates where 5 colonies were countable, in all the other cases the number of 

countable colonies was less than 5, thus resulting in a number of missing values. 

 

Resistant isolate Plate Mean Std Deviation N colonies N missing values 

K1 1 0.29 0.18 2 3 

2 1.15 0.19 5 0 

3 0.23 0.03 2 3 

K2 1 0.37 0.04 2 3 

2 0.7 0.18 5 0 

3 1.14 0.4 5 0 

K3 1 3.23 0.33 5 0 

2 3.25 0.23 5 0 

3 2.28 0.3 5 0 

K7 1 0.48 0.05 2 3 

2 1.29 0.13 5 0 

3 0.82 0.03 2 3 

K10 1 1.26 0.2 5 0 

2 1.2 0.19 5 0 

3 0.81 0.3 5 0 

K11 1 3.19 0.38 5 0 

2 2.1 0.19 5 0 

3 1.53 0.18 5 0 

K13 1 0.23 0.95 2 3 

2 0.8 0.93 5 0 

3 0.51 0.62 2 3 

K17 1 2.66 2.64 5 0 

2 3.28 2.75 5 0 

3 2.57 0.14 5 0 

K18 1 0.55 0.22 4 1 

2 0.84 0.71 5 0 

3 1.28 0.3 2 3 

K19 1 2.72 0.26 5 0 

2 3.4 0.16 5 0 

3 2.93 0.2 5 0 

K20 1 1.43 0.14 5 0 

2 2.8 0.32 5 0 

3 2.77 0.14 5 0 

K21 1 0.72 0.21 5 0 

2 0.83 0.17 5 0 

3 0.54 0.44 2 3 

K23 1 0.45 0.25 5 0 

2 0.8 0.13 5 0 

3 0.6 0.27 5 0 

K25 1 0.8 0.06 2 3 

2 0.7 0.14 2 3 

3 0.64 0.46 2 3 

K30 1 1.1 0.18 5 0 

2 0.76 0.17 5 0 

3 0.85 0.27 3 2 

 

 

 

 

 

 



 

- 256 - 
 

 
Table 8.5 Comparison of the results obtained with the four variants of the distance-based method. 

For each resistant isolate the mean values of the distances calculated with the different variants (V1: 

average maximum distance of the 20 furthest colonies; V2: average maximum distance of the 10 furthest 

colonies; V3:  average maximum distance of the 5 furthest colonies; V4: maximum distance of one furthest 

colony) and the corresponding standard errors are reported. For each resistant isolate the P-value (P) 

obtained with one-way ANOVA for the comparison of the four variants is also reported. 

 

Resistant 
 isolate 

V1 V2 V3              V4 P 

Mean Std. error Mean Std. error Mean Std. error Mean Std. error 

K1 0.44 0.17 0.48 0.22 0.56 0.30 0.71 0.38 0.90 

K2 0.62 0.15 0.62 0.15 0.74 0.22 0.99 0.33 0.64 

K3 2.33 0.32 2.65 0.32 2.92 0.32 3.31 0.29 0.23 

K7 2.33 0.32 2.65 0.32 2.92 0.32 3.31 0.29 0.93 

K10 1.10 0.23 1.22 0.29 1.36 0.34 1.63 0.33 0.66 

K11 1.61 0.16 1.99 0.37 2.28 0.85 2.58 0.52 0.43 

K13 0.52 0.16 0.52 0.16 0.52 0.16 0.58 0.17 0.99 

K17 2.25 0.20 2.58 0.19 2.84 0.22 3.17 0.29 0.10 

K18 0.84 0.22 0.86 0.22 0.89 0.21 1.05 0.23 0.90 

K19 2.50 0.19 2.81 0.17 3.01 0.20 3.30 0.14 0.052 

K20 1.85 0.39 2.13 0.42 2.34 0.45 2.43 0.43 0.78 

K21 0.65 0.06 0.65 0.06 0.70 0.08 0.93 0.06 0.06 

K23 0.62 0.10 0.62 0.10 0.62 0.10 0.91 0.03 0.11 

K25 0.72 0.05 0.72 0.05 0.72 0.05 0.87 0.05 0.12 

K30 0.77 0.04 0.78 0.03 0.90 0.10 1.03 0.19 0.37 
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Table 8.6. Descriptive statistics of data obtained by using the area-based method. For 

each resistant isolate inoculated, the total area, the sheltering area and the sheltered area are 

reported for three plates inoculated with the same resistant isolate. The mean of the three 

values of the sheltered areas and the Standard deviation (Std deviation) are also reported. 

Resistant 
 isolate 

Plate Total area Sheltering area Sheltered area Mean St dev 

K1 1 48.728 40.123 8.605 

9.6 6.018779 

2 43.802 27.723 16.079 

3 26.891 22.721 4.17 

K2 1 54.465 48.48 5.985 

9.45 3.255092 

2 43.419 31 12.419 

3 56.046 45.984 10.062 

K3 1 73.828 23.557 50.271 

47 15.90845 

2 86.355 24.665 61.69 

3 49.767 19.505 30.262 

K7 1 46.254 34.422 11.832 

15 8.745598 

2 63.065 37.966 25.099 

3 35.485 26.891 8.594 

K10 1 48.968 31.182 17.786 

20.8 14.98272 

2 58.671 21.676 36.995 

3 50.969 43.496 7.473 

K11 1 54.365 20.834 33.531 

31.8 1.501014 

2 51.72 20.75 30.97 

3 52.586 21.692 30.894 

K13 1 39.739 34.845 4.894 

6.4 1.930462 

2 57.589 49.017 8.572 

3 34.63 28.914 5.716 

K17 1 64.377 18.877 45.5 

52 15.37743 

2 94.918 25.487 69.431 

3 53.924 13.188 40.736 

K18 1 38.117 29.504 8.613 

9.5 4.988305 

2 51.411 36.582 14.829 

3 32.79 27.827 4.963 

K19 1 52.257 19.098 33.159 

45.7 18.0206 

2 84.165 17.845 66.32 

3 50.814 13.301 37.513 

K20 1 61.215 33.913 27.302 

38 10.31099 

2 80.666 32.838 47.828 

3 58.58 19.294 39.286 

K21 1 42.699 33.455 9.244 

13.5 5.31753 

2 50.892 31.408 19.484 

3 34.557 22.68 11.877 

K23 1 45.761 36.031 9.73 

11.3 1.452767 

2 41.291 29.749 11.542 

3 40.254 27.651 12.603 

K25 1 42.413 32.425 9.988 

9.01 1.153243 

2 40.984 33.247 7.737 

3 34.396 25.098 9.298 

K30 1 48.584 33.666 14.918 

15 1.543802 

2 70.923 53.291 17.632 

3 40.032 25.345 15.087 
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Table 8.7 Results of the Tukey’s test for the pairwise comparison of the E. coli NCTC 10418 

sheltered areas obtained with the incubation of all the K. pneumoniae isolates. The significance  

level (S. level)and the P Value obtained for each pairwise comparison (Pair compared) are reported. For 

convenience, only the pairwise comparisons that generated significant P value (≤ 0.05) are reported. 

Pair compared S. level P Value Pair compared S. level P Value 

  K1 vs. K3 **** <0.0001   K12 vs. K17 **** <0.0001 

  K1 vs. K17 *** 0.0001   K12 vs. K19 *** 0.0008 

  K1 vs. K19 ** 0.0061   K13 vs. K17 **** <0.0001 

  K2 vs. K3 *** 0.0002   K13 vs. K19 ** 0.0037 

  K2 vs. K17 *** 0.0005   K15 vs. K17 ** 0.0019 

  K2 vs. K19 * 0.0218   K16 vs. K17 ** 0.0027 

  K3 vs. K4 **** <0.0001   K17 vs. K18 **** <0.0001 

  K3 vs. K5 **** <0.0001   K17 vs. K21 *** 0.0004 

  K3 vs. K7 *** 0.0009   K17 vs. K22 **** <0.0001 

  K3 vs. K8 **** <0.0001   K17 vs. K23 *** 0.0004 

  K3 vs. K9 **** <0.0001   K17 vs. K24 **** <0.0001 

  K3 vs. K10 * 0.0362   K17 vs. K25 **** <0.0001 

  K3 vs. K12 **** <0.0001   K17 vs. K26 **** <0.0001 

  K3 vs. K13 **** <0.0001   K17 vs. K27 **** <0.0001 

  K3 vs. K15 *** 0.0009   K17 vs. K28 **** <0.0001 

  K3 vs. K16 ** 0.0013   K17 vs. K29 **** <0.0001 

  K3 vs. K18 **** <0.0001   K17 vs. K30 ** 0.003 

  K3 vs. K21 *** 0.0002   K17 vs. K41 **** <0.0001 

  K3 vs. K22 **** <0.0001   K17 vs. K47 **** <0.0001 

  K3 vs. K23 *** 0.0002   K17 vs. K48 **** <0.0001 

  K3 vs. K24 **** <0.0001   K17 vs. K51 *** 0.0001 

  K3 vs. K25 **** <0.0001   K17 vs. K56 **** <0.0001 

  K3 vs. K26 **** <0.0001   K18 vs. K19 ** 0.0052 

  K3 vs. K27 **** <0.0001   K19 vs. K21 * 0.0192 

  K3 vs. K28 **** <0.0001   K19 vs. K22 **** <0.0001 

  K3 vs. K29 **** <0.0001   K19 vs. K23 * 0.0205 

  K3 vs. K30 ** 0.0014   K19 vs. K24 ** 0.0018 

  K3 vs. K41 **** <0.0001   K19 vs. K25 ** 0.0019 

  K3 vs. K47 **** <0.0001   K19 vs. K26 **** <0.0001 

  K3 vs. K48 **** <0.0001   K19 vs. K27 *** 0.0004 

  K3 vs. K51 **** <0.0001   K19 vs. K28 **** <0.0001 

  K3 vs. K56 **** <0.0001   K19 vs. K29 **** <0.0001 

  K4 vs. K17 **** <0.0001   K19 vs. K41 **** <0.0001 

  K4 vs. K19 **** <0.0001   K19 vs. K47 **** <0.0001 

  K4 vs. K20 * 0.0269   K19 vs. K48 **** <0.0001 

  K5 vs. K17 **** <0.0001   K19 vs. K51 ** 0.0067 

  K5 vs. K19 **** <0.0001   K19 vs. K56 **** <0.0001 

  K5 vs. K20 * 0.0269   K20 vs. K22 * 0.0269 

  K7 vs. K17 ** 0.0018   K20 vs. K26 * 0.0269 

  K8 vs. K17 *** 0.0002   K20 vs. K28 * 0.0269 

  K8 vs. K19 * 0.0118   K20 vs. K29 * 0.0269 

  K9 vs. K17 **** <0.0001   K20 vs. K41 * 0.0269 

  K9 vs. K19 **** <0.0001   K20 vs. K47 * 0.0269 

  K9 vs. K20 * 0.0269   K20 vs. K48 * 0.0269 

   
  K20 vs. K56 * 0.0269 
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Table 8.8 Results of the Tukey’s test for the pairwise comparison of the S. aureus NCTC 6571 sheltered areas 

obtained with the incubation of all the K. pneumoniae isolates. The significance  level (S. level) and the P Value obtained 

for each pairwise comparison (Pair compared) are reported. For convenience, only the pairwise comparisons that generated 

significant P value (≤ 0.05) are reported. 

Pair compared Summary P Value Pair compared Summary P Value Pair compared Summary P Value 

  K1 vs. K3 **** <0.0001   K9 vs. K10 **** <0.0001   K17 vs. K26 **** <0.0001 
  K1 vs. K11 ** 0.0071   K9 vs. K11 **** <0.0001   K17 vs. K27 **** <0.0001 
  K1 vs. K17 **** <0.0001   K9 vs. K15 ** 0.0063   K17 vs. K28 **** <0.0001 
  K1 vs. K19 **** <0.0001   K9 vs. K17 **** <0.0001   K17 vs. K29 **** <0.0001 
  K1 vs. K20 * 0.0156   K9 vs. K19 **** <0.0001   K17 vs. K41 **** <0.0001 
  K1 vs. K30 * 0.0367   K9 vs. K20 **** <0.0001   K17 vs. K47 **** <0.0001 
  K2 vs. K3 **** <0.0001   K9 vs. K21 * 0.0415   K17 vs. K48 **** <0.0001 
  K3 vs. K4 **** <0.0001   K9 vs. K25 ** 0.0035   K17 vs. K51 **** <0.0001 
  K3 vs. K5 **** <0.0001   K9 vs. K30 **** <0.0001   K17 vs. K56 **** <0.0001 
  K3 vs. K7 **** <0.0001   K10 vs. K12 * 0.0133   K18 vs. K19 ** 0.0013 
  K3 vs. K8 **** <0.0001   K10 vs. K16 * 0.0112   K19 vs. K21 ** 0.005 
  K3 vs. K9 **** <0.0001   K10 vs. K22 **** <0.0001   K19 vs. K22 **** <0.0001 
  K3 vs. K10 **** <0.0001   K10 vs. K26 **** <0.0001   K19 vs. K23 ** 0.0017 
  K3 vs. K11 * 0.0145   K10 vs. K28 **** <0.0001   K19 vs. K24 **** <0.0001 
  K3 vs. K12 **** <0.0001   K10 vs. K29 **** <0.0001   K19 vs. K26 **** <0.0001 
  K3 vs. K13 **** <0.0001   K10 vs. K41 **** <0.0001   K19 vs. K27 **** <0.0001 
  K3 vs. K15 **** <0.0001   K10 vs. K47 **** <0.0001   K19 vs. K28 **** <0.0001 
  K3 vs. K16 **** <0.0001   K10 vs. K48 **** <0.0001   K19 vs. K29 **** <0.0001 
  K3 vs. K18 **** <0.0001   K10 vs. K56 **** <0.0001   K19 vs. K41 **** <0.0001 
  K3 vs. K20 ** 0.0066   K11 vs. K12 **** <0.0001   K19 vs. K47 **** <0.0001 
  K3 vs. K21 **** <0.0001   K11 vs. K13 *** 0.0003   K19 vs. K48 **** <0.0001 
  K3 vs. K22 **** <0.0001   K11 vs. K16 **** <0.0001   K19 vs. K51 **** <0.0001 
  K3 vs. K23 **** <0.0001   K11 vs. K22 **** <0.0001   K19 vs. K56 **** <0.0001 
  K3 vs. K24 **** <0.0001   K11 vs. K24 *** 0.0002   K20 vs. K22 **** <0.0001 
  K3 vs. K25 **** <0.0001   K11 vs. K26 **** <0.0001   K20 vs. K24 *** 0.0005 
  K3 vs. K26 **** <0.0001   K11 vs. K27 *** 0.0006   K20 vs. K26 **** <0.0001 
  K3 vs. K27 **** <0.0001   K11 vs. K28 **** <0.0001   K20 vs. K27 ** 0.0014 
  K3 vs. K28 **** <0.0001   K11 vs. K29 **** <0.0001   K20 vs. K28 **** <0.0001 
  K3 vs. K29 **** <0.0001   K11 vs. K41 **** <0.0001   K20 vs. K29 **** <0.0001 
  K3 vs. K30 ** 0.0025   K11 vs. K47 **** <0.0001   K20 vs. K41 **** <0.0001 
  K3 vs. K41 **** <0.0001   K11 vs. K48 **** <0.0001   K20 vs. K47 **** <0.0001 
  K3 vs. K47 **** <0.0001   K11 vs. K51 *** 0.0002   K20 vs. K48 **** <0.0001 
  K3 vs. K48 **** <0.0001   K11 vs. K56 **** <0.0001   K20 vs. K51 *** 0.0005 
  K3 vs. K51 **** <0.0001   K12 vs. K17 **** <0.0001   K20 vs. K56 **** <0.0001 
  K3 vs. K56 **** <0.0001   K12 vs. K19 **** <0.0001   K21 vs. K22 * 0.0415 
  K4 vs. K11 ** 0.0014   K12 vs. K20 **** <0.0001   K21 vs. K26 * 0.0415 
  K4 vs. K17 **** <0.0001   K12 vs. K30 *** 0.0002   K21 vs. K28 * 0.0415 
  K4 vs. K19 **** <0.0001   K13 vs. K17 **** <0.0001   K21 vs. K29 * 0.0415 
  K4 vs. K20 ** 0.0033   K13 vs. K19 **** <0.0001   K21 vs. K41 * 0.0415 
  K4 vs. K30 ** 0.0085   K13 vs. K20 *** 0.0008   K21 vs. K47 * 0.0415 
  K5 vs. K9 * 0.0172   K13 vs. K30 ** 0.0023   K21 vs. K48 * 0.0415 
  K5 vs. K17 ** 0.0014   K15 vs. K17 ** 0.0042   K21 vs. K56 * 0.0415 
  K5 vs. K19 * 0.0131   K15 vs. K19 * 0.0341   K22 vs. K25 ** 0.0035 
  K5 vs. K22 * 0.0172   K15 vs. K22 ** 0.0063   K22 vs. K30 **** <0.0001 
  K5 vs. K26 * 0.0172   K15 vs. K26 ** 0.0063   K24 vs. K30 ** 0.0014 
  K5 vs. K28 * 0.0172   K15 vs. K28 ** 0.0063   K25 vs. K26 ** 0.0035 
  K5 vs. K29 * 0.0172   K15 vs. K29 ** 0.0063   K25 vs. K28 ** 0.0035 
  K5 vs. K41 * 0.0172   K15 vs. K41 ** 0.0063   K25 vs. K29 ** 0.0035 
  K5 vs. K47 * 0.0172   K15 vs. K47 ** 0.0063   K25 vs. K41 ** 0.0035 
  K5 vs. K48 * 0.0172   K15 vs. K48 ** 0.0063   K25 vs. K47 ** 0.0035 
  K5 vs. K56 * 0.0172   K15 vs. K56 ** 0.0063   K25 vs. K48 ** 0.0035 
  K7 vs. K11 * 0.0444   K16 vs. K17 **** <0.0001   K25 vs. K56 ** 0.0035 
  K7 vs. K17 **** <0.0001   K16 vs. K19 **** <0.0001   K26 vs. K30 **** <0.0001 
  K7 vs. K19 *** 0.0007   K16 vs. K20 **** <0.0001   K27 vs. K30 ** 0.0037 
  K8 vs. K11 ** 0.004   K16 vs. K30 *** 0.0002   K28 vs. K30 **** <0.0001 
  K8 vs. K17 **** <0.0001   K17 vs. K18 *** 0.0001   K29 vs. K30 **** <0.0001 
  K8 vs. K19 **** <0.0001   K17 vs. K21 *** 0.0005   K30 vs. K41 **** <0.0001 
  K8 vs. K20 ** 0.0089   K17 vs. K22 **** <0.0001   K30 vs. K47 **** <0.0001 
  K8 vs. K30 * 0.0218   K17 vs. K23 *** 0.0001   K30 vs. K48 **** <0.0001 

   
  K17 vs. K24 **** <0.0001   K30 vs. K51 ** 0.0013 

   
  K17 vs. K25 ** 0.0075   K30 vs. K56 **** <0.0001 
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Table 8.9 Identification of the β-lactamase genes by ResFinder. For each isolate the β-lactamase 

genes found are reported, as well as the percentage of identity (% Id) and the Query coverage (%) with 

the corresponding known genes and their variant. The expected β-lactamase genes that were not found 

by ResFinder are indicated with “NF”. 

Isolates Genes found % Id Query Coverage (%) 

K1 

blaOXA-48 100 100 

blaTEM-1B 99.84 100 

blaSHV NF NF 

blaCTX-M-15 99.66 100 

K2 

blaOXA-48 100 100 

blaSHV-27 99.88 100 

blaTEM-1B 100 100 

blaCTX-M-15 100 100 

K3 

blaOXA-48 100 100 

blaSHV-1 100 100 

blaTEM-1B 100 100 

blaCTX-M-15 100 100 

K4 

blaOXA-48 100 100 

blaSHV-1 99.88 100 

K5 

blaOXA-48 100 100 

blaTEM-1B 99.88 100 

blaSHV NF NF 

K7 

blaNDM NF NF 

blaSHV NF NF 

blaTEM NF NF 

blaCTX-M NF NF 

K8 

blaOXA-48 100 100 

blaSHV-27 99.88 100 

blaTEM-1B 100 100 

blaCTX-M-15 100 100 

K9 

blaTEM-1B 100 100 

blaSHV-1 99.88 100 

blaNDM-1 100 100 

K10 

blaNDM NF NF 

blaSHV NF NF 

blaTEM NF NF 

blaCTX-M NF NF 

K11 

blaOXA-48 99.62 100 

blaSHV-1 100 100 

blaTEM-1B 99.88 100 

blaCTX-M-14 88.89 100 
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Isolates Genes found % Id Query cov (%) 

K12 

blaOXA-48 100 100 

blaSHV-1 99.65 100 

blaTEM-1B 100 100 

blaCTX-M-15 99.89 100 

K15 

blaOXA-48 100 100 

blaSHV-1 99.65 100 

blaTEM-1B 100 100 

blaCTX-M-15 100 100 

K16 

blaOXA-48 100 100 

blaSHV-1 99.65 100 

blaTEM-1B 100 100 

blaCTX-M-15 100 100 

K17 

blaOXA-48 100 100 

blaSHV-1 99.65 100 

blaTEM-1B 100 100 

blaCTX-M-15 100 100 

K18 

blaOXA-48 100 100 

blaSHV-1 100 100 

blaTEM-1B 100 100 

blaCTX-M-15 100 100 

K19 

blaOXA-48 100 100 

blaSHV-1 99.65 100 

blaTEM-1B 100 100 

blaCTX-M-15 100 100 

K20 

blaOXA-48 99.65 100 

blaSHV-1 100 100 

blaTEM-1B 99.88 100 

blaCTX-M-14 100 100 

K21 

blaOXA-48 100 100 

blaSHV-1 99.65 100 

blaTEM-1B 100 100 

blaCTX-M-15 100 100 

K22 

blaTEM-1B 100 100 

blaSHV-1 100 100 

blaNDM-1 100 100 

K24 

blaOXA-48 100 100 

blaSHV-1 99.65 100 

blaTEM-1B 100 100 

blaCTX-M-15 100 100 
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Isolates Genes found % Id Query cov (%) 

K25 

blaOXA-48 100 100 

blaSHV-1 99.65 100 

blaTEM-1B 100 100 

blaCTX-M-15 100 100 

K26 

blaOXA-48 99.87 100 

blaSHV-1 99.88 100 

K28 

blaOXA-48 NF NF 

blaSHV NF NF 

blaTEM NF NF 

blaCTX-M NF NF 

K29 

blaOXA-48 100 100 

blaSHV-1 99.65 100 

K30 

blaOXA-181 100 100 

blaSHV NF NF 

blaTEM-1B 99.88 100 

blaCTX-M-15 100 100 

K41 

blaTEM-1B 100 100 

blaSHV-1 100 100 

blaNDM-1 100 100 

blaCTX-M-15 100 100 

K47 

blaTEM-1B 100 100 

blaSHV-1 100 100 

blaNDM-1-1 100 100 

blaCTX-M-15 100 100 

K48 

blaTEM-1B 100 100 

blaSHV-1 99.88 100 

blaNDM-5 100 100 

blaCTX-M-15 100 100 

K51 

blaTEM-1B 100 100 

blaSHV-1 100 100 

blaNDM-5 100 100 

blaCTX-M-15 100 100 

K56 

blaTEM-1B 100 100 

blaSHV-1 100 100 

blaNDM-1 100 100 

blaCTX-M-15 100 100 
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8.4 Agarose gel images 

 

Figure 8.1 RAPD results obtained with AP4 primer on the DNA of the isolates. L: ladder 

The amplification of the DNA with AP4 was expected to produce a pattern of bands of different sizes 

specific for each isolate when the DNA is run on agarose gel. However, with the exception of  K4 and 

K10 , a pattern of bands specific for each of the other isolates was not detectable.  L: ladder 
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Figure 8.2 RAPD results obtained with RAPD-7 primer on the DNA of the isolates. 

The amplification of the DNA with RAPD-7 was expected to produce a pattern of bands of different sizes 

specific for each isolate when the DNA is run on agarose gel. However, a RAPD profile characteristic for 

each isolate was not detectable due to the lack of a patterns of bands specific for each isolate.  L: ladder 
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Figure 8.3 RAPD results obtained with Primer 640 on the DNA of the isolates. 

The amplification of the DNA with Primer 640 was expected to produce a pattern of bands of different 

sizes specific for each isolate when the DNA is run on agarose gel. However, a RAPD profile 

characteristic for each isolate was not detectable due to the lack of a patterns of bands specific for each 

isolate.  L: ladder 
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Figure 8.4 Agarose gel electrophoresis for the separation of PCR products coming from the 

amplification of  blaOXA-48 in the K. pneumoniae isolates The size of the reference ladder bands used 

to identify the bands corresponding to the amplification of  blaOXA-48 are reported on the left side of the 

DNA ladder (L).    The presence of a band of 438 bp indicates the amplification of  this gene in the 

K  .pneumoniae isolates.  
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Figure 8.5 Agarose gel electrophoresis for the separation of PCR products coming from the 

amplification of  blaTEM in the K. pneumoniae isolates The size of the reference ladder bands used to 

identify the bands corresponding to the amplification of  blaTEM are reported on the left side of the DNA 

ladder (L).    The presence of a band of approximately 800 bp indicates the amplification of  this gene in 

the K .pneumoniae isolates.  
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Figure 8.6 Agarose gel electrophoresis for the separation of PCR products coming from the 

amplification of  blaSHV in the K. pneumoniae isolates The size of the reference ladder bands used to 

identify the bands corresponding to the amplification of  blaSHV are reported on the left side of the DNA 

ladder (L).    The presence of a band of  713 bp indicates the amplification of  this gene in the  

K .pneumoniae isolates.  
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Figure 8.7 Agarose gel electrophoresis for the separation of PCR products coming from the 

amplification of  blaCTXM group 1 in the K. pneumoniae isolates The size of the reference ladder 

bands used to identify the bands corresponding to the amplification of  blaCTXM group 1 are reported on the 

left side of the DNA ladder (L).    The presence of a band of  688 bp indicates the amplification of  this 

gene in the K .pneumoniae isolates.  
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Figure 8.8. Agarose gel electrophoresis for the separation of PCR products coming from the 

amplification of  blaCTXM group 9 in the K. pneumoniae isolates The size of the reference ladder 

bands used to identify the bands corresponding to the amplification of  blaCTXM group 9 are reported on the 

left side of the DNA ladder (L).    The presence of a band of  561 bp indicates the amplification of  this 

gene in the K .pneumoniae isolates.  
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Figure 8.9 Agarose gel electrophoresis for the separation of PCR products coming from the 

amplification of  blaNDM in the K. pneumoniae isolates The size of the reference ladder bands used to 

identify the bands corresponding to the amplification of  blaNDM are reported on the left side of the DNA 

ladder (L).    The presence of a band of 621 bp indicates the amplification of  this gene in the 

K  .pneumoniae isolates. 
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8.5 Protein alignments 
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