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Chapter I

Introduction

If for a moment one imaged the world from the perspective of a bacterium, one couldn't avoid 

noticing that the environment can be a harsh place. Threats of all kinds would lurk in the surroundings. 

Predators, scarcity of resources, competition from other organisms and environmental changes 

are just some of the obstacles that bacteria need to confront routinely in order to survive. To be 

able to overcome the challenges that the environment poses, bacteria have evolved many different 

strategies.

The first of these strategies is the production of energy using available resources. As in modern 

human society, where the availability of raw materials determines whether one heats one’s house 

with wood, coal or oil, bacteria have adapted to the energy source that is available. They have 

developed three main methods: fermentation, photosynthesis and respiration. Fermentation is a 

metabolic process that entails the enzymatic conversion of energy from carbohydrate substrates to 

adenosine diphosphate (ADP) through the donation of a pyrophosphate bond. For this process, a 

fermentable substrate, such as glucose, lactose or arginine is required. Oxygen is not necessary for 

this process but the yield of 2 ATP in terms of energy per glucose molecule is much lower compared 

to the yield of 38 ATP per glucose molecule in the respiration process. While fermentation has a 

low energy yield, it allows the bacteria to produce energy in anaerobic conditions. Additionally, if 

we digress for a moment from the bacterial interests and switch to a more human perspective, we 

would also appreciate that an interesting byproduct of fermentation is ethanol, which has delighted 

and “inebriated” humanity for centuries.

An alternative way to obtain energy is through photosynthesis, a process that allows bacteria or 

plants to take advantage of solar energy. Photosynthesis is based on the use of light, water and 

carbon dioxide, which are used to produce energy in the form of carbohydrate molecules, such as 

glucose. A noticeable side effect is the release of oxygen, which is essential for the maintenance of 

human life on earth, as is the case for all aerobic organisms. The final and perhaps most widely used 

energy-generating method is the respiration process. This relies on catabolic reactions that release 

energy by breaking down macromolecules, such as sugars, lipids or proteins, and the subsequent 

transfer of electrons to oxygen in a process that generates transmembrane ion gradients. Such 

electrochemical gradients subsequently drive the generation of ATP from ADP and pyrophosphate. 

This method produces the bulk of the energy for cells that are capable of respiration.

Over the millennia, bacteria have evolved into a myriad of species, each adapted to specific 

environmental conditions. The majority of known bacterial species are heterotrophic, needing 

water, an organic carbon source, nitrogen, phosphorus, sulfur, minerals and other growth factors in 

order to proliferate. Temperature also plays an important role. Bacteria can be divided into different 
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Iclasses based on their optimal environmental temperature. Psychrophilic bacteria grow at low 

temperatures of between  -5° and 10 °C; psychrotrophic bacteria can survive up to 30°C; mesophiles 

have an optimal temperature of between 30°-37°C (~human body temperature); thermophiles 

proliferate at an optimal temperature of 60°C; and lastly, hyperthermophiles tolerate temperatures 

above boiling point. For obvious reason, the psychrotrophes and the mesophiles are the categories 

which are most relevant to humans in daily life.

Another challenge posed by the environment is the hydrogen ion concentration (pH). Three 

categories of bacteria can be distinguished here: the most common are neutrophiles, which thrive 

at a pH of between 6-8, followed by the acidophiles (pH<3) and the alkaliphiles (pH>10.5). The 

availability of oxygen constitutes another determining factor for optimal growth in microorganisms. 

Aerobes require an optimal atmospheric oxygen content of 21%. They can be further divided into 

microaerophilic bacteria, which necessitate a lower oxygen concentration, and facultative aerobes, 

which can grow with or without oxygen. Anaerobic bacteria, on the other hand, cannot utilize 

oxygen. They can be divided into anaerobic aerotolerant bacteria, which tolerate the presence of 

oxygen without utilizing it, and the obligate anaerobes, which cannot survive in the presence of 

oxygen.

Finally, salt concentrations and ionic pressure in the environment influence bacterial growth and 

need to be regulated for survival. The balance between the internal and external pressure is a 

crucial factor for the bacterial cell to control (Bremer and Krämer 2019). Besides the basic energetic 

needs, a successful bacterium needs to be able to thrive in environments with predators and 

competitor species, and must be able to tolerate the presence of toxins or stressors. Those species 

which adapt best to these conditions survive in a sort of equilibrium with the others. 

Another aspect that affects colonized environments is the so called, ‘Neo-Europe’ effect, where 

bacteria, similarly to humans, are responsible for an ecological impact on the new environment they 

settle, changing it and adapting it to their needs (Alleway, Gillanders, and Connell 2016). In the case 

of bacteria that inhabit the human body, this has obvious repercussions on the host. These can be 

beneficial, as in the case of bifidobacteria, a group of anaerobic Gram-positive bacteria that act as 

probiotics for the gut and aid in the digestion of food, or harmful, as in the case of some Escherichia 

coli strains which, left unchecked, increase inflammation of the gut, leading to enhanced levels of 

reactive oxygen species (ROS), thereby creating unfavorable conditions for commensals, such as 

bifidobacteria. Ultimately, this may result in diarrhea, IBS and other intestinal problems.
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Antibiotics: history and relevance
The word antibiotic comes from the Greek words, anti- against bios- life. The term refers to a 

broad range of molecules that have certain antimicrobial activity. Antibiotics are a natural means 

of defense of certain organisms to protect themselves against other organisms or competitors. Far 

before the identification of the first antibiotic molecule by Alexander Fleming in 1928, molds such 

as Penicillium rubens naturally secreted molecules to ensure survival in their specific environmental 

niche. One such molecule was penicillin, delivered by a blue-green mold (later identified as 

Penicillium notatum) that contaminated one of Fleming’s bacterial cultures and inhibited its growth 

(Fleming 1929). Although the credit for discovering penicillin is traditionally attributed to Fleming, a 

French student, Ernest Duchesne, had already described the antibiotic properties of penicillin in his 

doctoral thesis in 1894. The achievements of Duchesne were only recognized after Fleming’s Nobel 

prize award. The beginning of the twentieth century saw the discovery of another antibiotic class, 

sulfonamides, by the laureate of the Nobel prize in Physiology and Medicine in 1939, the German 

microbiologist Gerhard Domagk (Domagk 1935). Ironically, such ground breaking discovery, was 

broadly adopted by the National Socialist German regime to treat bacterial infections during WW2, 

but costed its inventor imprisonment for accepting the Nobel prize. Finally, among the original 

antibiotic molecules discovered by mankind, in 1939 René Dubos isolated tyrothricin produced by 

Bacillus brevis, which was actually a mixture of gramicidin and tyrocidine (Dubos 1939). Two years 

later, Gramicidin S was synthesized based on gramicidin, where the novel drug found extensive 

use in the former Soviet Union (Herrell and Heilman 1941; Gause 1946). Gramicidin S was the first 

antibiotic to be manufactured commercially and used for topical wound treatment (Herrell and 

Heilman 1941). 

The discovery of antibiotics was a pivotal moment in human history. Within a few decades, multiple 

antibiotic classes were discovered and added to the arsenal of antimicrobial molecules. Nonetheless, 

the application of natural products with antimicrobial activities to prevent or cure infections is 

ancient, as exemplified by artemisinin, which is a potent anti-malarial agent produced by the plant 

Artemisia annua that was employed for over 2000 years in Chinese traditional medicine. It is even 

well conceivable that the application of natural products with antimicrobial activities dates back to 

the days of our pre-human ancestors (Mascaro et al. 2022).

Antibiotic resistance 
Antibiotics represent an excellent example of highly successful drugs. After the introduction of 

penicillin the number of new antibiotics rose dramatically, allowing for the treatment of a broad 

spectrum of bacterial infections. Unfortunately, as a result of the extensive use of antibiotics 

through the decades, bacteria have adapted and developed resistance (Ventola 2015). The etiology 

of antibiotic resistance relates to multifactorial processes of disparate nature. Among the leading 

contributors to resistance are overuse, incorrect prescribing, extensive use in livestock farming, 
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Iregulatory restrictions which delay the release of novel drugs, and lack of new antibiotics in 

development. 

The complete loss of effectiveness of antibiotics would result in catastrophic repercussions for 

modern medicine in particular and society in general. The most obvious problem would be the 

inability to treat infectious diseases. In turn, this would lead to much higher risks of infection during 

surgery. Additionally, transplant patients, cancer patients and other immunocompromised patients 

would also experience severe negative repercussions (Gudiol and Carratalà 2014). Childbirth would 

also become much riskier, since the administration of antibiotics reduces the risks of mortality 

for both mothers and children (Bonet et al. 2017). Shifting from the medical field, antibiotics also 

play an important role in the food/fishing industries by increasing product yields and preventing 

infections in livestock (Chang et al. 2015; Kirchhelle 2018). 

Another highly effective tool to substantially reduce mortality and morbidity caused by infections 

are vaccines. Since the first vaccine against smallpox was invented by Edward Jenner, it was proven 

how powerful of a tool they are to eradicate previously deadly infections (Riedel 2005). Through 

their history, vaccines have provided protection against countless bacterial infections, such as 

diphtheria, whooping cough, tetanus, pneumococcal pneumonia, meningitis, cholera and anthrax 

(Mendoza et al. 2009). The most recent example of usefulness and efficacy of vaccines has been 

given by the containment of the severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) 

pandemic of 2019-2020 (Chams et al. 2020).

Unfortunately, the bacteria against which antibiotics or vaccines are used are prone to develop 

resistance. Antibiotic resistance (AMR), in particular, can occur when a bacterial population is 

exposed to an antibiotic. Ideally, the drug should effectively eliminate all the bacteria, but in certain 

cases, resistant or persister cells are left behind, eluding annihilation. The difference between 

resistant bacteria and persistent bacteria lies in the ability of the former to transmit resistance 

genes to all its progeny, thus creating a resistant strain. Persister cells, on the other hand, while 

not possessing specific genetic determinants for resistance, are nonetheless able to survive the 

antibiotic stress due to their dormant metabolic state. The difference between the two classes 

is observable in the progeny where, in one case, the resistant bacterial phenotype will regrow 

homogeneously, while for the persisters the regrown population will be composed of both sensitive 

and persistent progeny (Wood, Knabel, and Kwan 2013). The importance of the persister cells is 

evident with regard to population dynamics, where the majority of cells in an active metabolic 

state contribute to expansion of the population, while the dormant cells constitute a reservoir 

that is highly resistant to external stressors (Lewis 2012). Similarly to memory B cells which, in the 

human immune system produce antibodies in response to previously recognized external threats, 

persister cells perform an auxiliary function that could be activated in case of need to prevent 
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extinction of the bacterial population (Vitetta et al. 1991). Antibiotics apply a selective pressure on 

a bacterial population, which can eventually lead to higher numbers of AMR bacteria. This problem 

is particularly appreciable when considering the timelines that have elapsed between the release 

of a new antibiotic and the detection of the first AMR bacteria, as shown in Figure 1 (Ventola 2015).  

Figure 1. The bars mark the timespan between the introduction to the public (“Commercialization”) of 
antibiotics and the year when the first resistant bacteria were recorded (“Resistance insurgence”). The 
number of years after which resistance was detected varies for each of the antibiotics reported. Figure adapted 
from the work of Ventola et al (Ventola 2015; Sköld 2000).

The devastating effects of increasing AMR have been forecast in the report of O’Neill, published in 

2014, in which the author quantified the economic and human costs. The predictions for 2050 show 

that, without decisive action, the economic costs of AMR for healthcare systems will be in the order 

of 100 trillion USD, with a reduction of 2-3.5% gross domestic product. The numbers in terms of 

loss of human life would be approximately 10 million people per year. By 2050, the mortality rates 

attributable to AMR will then have surpassed the forecast 8.2 million deaths per year caused by 

cancer (O’Neill 2014). 

Resistance mechanisms 
In order to counteract the effect of antibiotics, bacteria are capable of fielding different strategies. 

The chosen mechanism of defense depends both on the specific antibiotic agent and on the cellular 

target of the bacteria (Abushaheen et al. 2020). 
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IThe first mechanism of defense at the disposal of bacteria is to intercept the antibiotic before it 

reaches its target. Prior to entry and interaction with the bacterial cell, antibiotics can be inactivated 

by specialized enzymes that the bacteria can produce. This is a strategy commonly employed 

against aminoglycosides, where specialized aminoglycoside-modifying enzymes (AME)  inactivate 

the aminoglycoside molecule by adding acetyl, adenyl or phosphate groups (Mingeot-Leclercq, 

Glupczynski, and Tulkens 1999). 

When an antibiotic enters in contact with the bacterial cell, the first major level of defense is the 

bacterial cell envelope. The bacterial cell wall constitutes an important barrier that allows the cell to 

preserve its osmotic pressure and shape, while allowing the exchange of ions and macromolecules 

vital for its metabolism. Different in composition for Gram-negative and Gram-positive bacteria, 

this protective layer is divided into different compartments. While both types of bacteria possess 

a cytoplasmic membrane and a peptidoglycan layer, the two cell walls differ in the composition of 

the outer layers. The presence of an extended periplasmic space, an additional outer membrane 

and a lipopolysaccharide (LPS) layer characterizes Gram-negative bacteria. Instead, Gram-

positive  bacterial cell walls  contain lipoteichoic and teichoic acids and, incidentally, an S-layer of 

glycoproteins (Romaniuk and Cegelski 2015). One of the most abundant components present in 

the cell wall, peptidoglycan, constituted by N-acetylglucosamine and N-acetylmuramic acid, is in 

common for both Gram-negative and Gram-positive bacteria. This glycan layer represents an ideal 

target for β-lactams and glycopeptides (Tenover 2006). 

Bacterial membranes also have the ability to regulate the influx and outflow of molecules by means 

of efflux pumps and porins. The possibility to excrete undesired substances is used by bacteria as a 

defense mechanisms against antibiotic toxicity. Efflux pumps are membrane proteins that play an 

important role in the internal homeostasis of microorganisms, by regulating not only the outflow of 

antibiotics, but also the excretion of (toxic) primary and secondary metabolites, heavy metals and 

quorum-sensing molecules from the bacterial cytoplasm to the extracellular environment (Webber 

2003). Efflux pumps are usually structures that span the inner membrane, the peptidoglycan cell 

wall and outer membrane of Gram-negative bacteria. Efflux pumps have important roles in MDR 

resistance and may be expressed by the bacteria, depending on the environmental threat, either 

constitutively or transiently (Fernández and Hancock 2012). 

A common way of antibiotics reaching their target is to take advantage of the porins present in the 

cell envelope of bacteria (Papp-Wallace et al. 2011). Porins are β-barrel channel proteins which, 

as the name suggests, act as pores in the outer membrane of the bacteria that allow the passage 

of small hydrophilic molecules. Porins allow the bacterial membrane to modulate its permeability 

level towards different solutes, allowing the passage of ions and small hydrophilic molecules (Choi 

and Lee 2019). The presence of porins makes the outer membrane more permeable than the inner 
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membrane. Porins can be both substrate-specific or generic, the former presenting selectivity 

towards chemical species as exemplified by LamB or FuhA, while the latter has no substrate 

specificity as exemplified by the Omp family (Novikova and Solovyeva 2009). The regulatory function 

of porins is particularly useful to gain resistance toward β-lactams that would otherwise permeate 

the cell and kill the bacteria by interfering with peptidoglycan synthesis (Hancock 1997).

Should an antibiotic elude the membrane defenses and invade the cytoplasm of the bacteria, more 

defense mechanisms are encountered. Some antibiotics inhibit protein synthesis performed by 

ribosomes. The two typical targets on the bacterial ribosomes are the 30S and the 50S subunits 

(Tenover 2006). Aminoglycosides, macrolides and tetracyclines attack the A-site of the 30S subunit 

of the ribosome, causing impairment of the mRNA-tRNA pairing, and leading to mistranslation of 

proteins (Dever and Dermody 1991). In contrast, chloramphenicol acts on the 50S subunit rendering 

the elongation of new polypeptides impossible (Weisberger 1969).  

Additional intracellular targets for antibiotics are the bacterial nucleic acids. For instance, 

fluoroquinolones are broad-spectrum antibiotics that act on bacterial topoisomerases, inhibiting 

the synthesis of novel DNA (Hooper and Wolfson 1991). Metabolic pathways are also targeted by 

some antibiotics, such as sulphonamides and trimethoprim. The underlying mechanism of action 

of these two antibiotics is to interfere with the folate biosynthetic pathway, a central pathway 

for bacteria that is crucial for the synthesis of nucleic acids. In particular, the sulphonamides are 

analogues of para-aminobenzoic acid, preventing the incorporation of this intermediate into the 

folic acid biosynthesis pathway, whereas trimethoprim interferes with the reduction of dihydrofolic 

acid by binds to dihydrofolate reductase (Smith and Powell 2000). 

In conclusion, decades of research have identified a range of molecular mechanisms that play 

crucial roles in bacterial functionality. Vital cellular functions, such as the synthesis of nucleic acids, 

proteins, cell wall components, and metabolites are among the most common bacterial targets for 

antibiotics. 
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ICarbapenems
Carbapenems are a class of bactericidal antibiotics that inhibit cell wall synthesis by bacteria. Being 

members of the β-lactam class, carbapenems form bonds with penicillin-binding proteins (PBP’s). 

The core ‘penam’ ring of carbapenems has only a carbon replacing a sulfur in position one and an 

unsaturation that differs from the situation in the classical β-lactam ring (Papp-Wallace et al. 2011). 

Figure 2 presents some molecular structures of the main carbapenems.

Carbapenems rely on the acylation of PBPs on the inner membrane of Gram-negative bacteria, 

impeding them from producing the vital peptidoglycan (Hashizume et al. 1984). The choice of 

the most effective carbapenem depends on the bacterial species. Imipenem, panipenem and 

doripenem are applied to treat infections by Gram-positive bacteria, while meropenem, biapenem, 

ertapenem and doripenem are more effective against infections by Gram-negative bacteria 

(Bassetti et al. 2009). Carbapenems possess a broad spectrum of activity, displaying particular 

effectiveness against the Enterobacteriales order, which have  historically shown a high level of 

susceptibility (Gupta, Gupta, and Shrivastava 2017). However, since in recent decades Klebsiella 

pneumoniae  isolates producing carbapenamases (KPC-producing bacteria) have been observed, 

this antibiotic class has experienced a significant increase in resistance (Bratu et al. 2005). Currently 

carbapenemases are widespread among the Enterobacteriales, and have become the dominant 

population, resulting in high rates of morbidity and mortality (Munoz-Price et al. 2013). The most 

common side effects of carbapenems are nephrotoxicity, neurotoxicity and immunomodulation 

(Alván and Nord 1995).

The Ambler classification aids in the categorization of the different classes of enzymes that 

decompose the β-lactam antibiotics, based on their amino acid similarity (Ambler 1980). Thus, four 

major classes are distinguished, each of which contains different resistance genes. Class A contains 

serine β-lactamases, such as TEM, KPC, CTX. Class B is formed by zinc-dependent β-lactamases, 

represented by NDM. Class C also includes serine β-lactamases, as exemplified by the AmpC family. 

The final group is formed by the Class D serine β-lactamases, including the OXA-type-ESBL and OXA-

type-carbapenamases (Goodlet, Nicolau, and Nailor 2016). 

With regard to resistance towards carbapenems, there are three main mechanisms employed by 

Enterobacteriaceae, the main one relying on the afore-mentioned enzymes that inactivate the 

β-lactam ring before the antibiotic performs its activity. The most commonly encountered enzymes 

are KPC, OXA-48-like enzymes and the metallo-β-lactamases (MBL’s) (Suay-García and Pérez-Gracia 

2019). The other two resistance mechanisms that bacteria could deploy to diminish the efficacy 

of carbapenems are the modulation of efflux pumps or porins as presented in the section above 

(Tzouvelekis et al. 2012).  
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Figure 2. Chemical structures of clinically significant carbapenems. (A) Imipenem. (B) Meropenem. (C) 
Ertapenem. (D) Doripenem. (E) Panipenem. (F) Biapenem.

Aminoglycosides 
Aminoglycosides (AGs) are broad-spectrum bactericidal antibiotics that rely on the inhibition of 

ribosomal activity in aerobic bacteria. The chemical structure of AGs relies on a core of two or more 

amino-modified sugars, linked with different side chains that distinguish the different drugs (Figure 
3). Anaerobes are naturally resistant to AGs due to the necessity of an active electron transport 

chain for uptake of the drug by the bacterial cell (Kislak 1972). AGs were introduced in clinical use 

in 1944 after the isolation of streptomycin from Streptomyces griseus. They are used primarily to 

treat Gram-negative bacterial infections, which include many life-threatening human pathogens, 

such as Klebsiella, Escherichia, Pseudomonas, Salmonella and Serratia species (Mingeot-Leclercq, 

Glupczynski, and Tulkens 1999). The use of AGs for treatment of Gram-positive bacterial infections 

is confined to the streptococcal and mycobacterial species (Vakulenko and Mobashery 2003). The 

main downside of AGs is their high-level of toxicity due to tissue accumulation, particularly reflected 

by nephrotoxicity and ototoxicity. Nephrotoxicity is attributable to excessive accumulation of the 

drug in the kidney, leading to permanent damage and reduced glomerular filtration (Choudhury 

and Ahmed 1997). The ototoxicity of AGs seems to be attributable to the generation of free radicals 

in the inner ear compartment, which may lead to permanent hearing loss and severe damage to 

the vestibular apparatus (Selimoglu 2007). To minimize the toxic side effects of AGs, combination 

therapies with β-lactams are commonly used. The synergistic interaction between AGs and 

β-lactams allows the administration of a lower AG dose, thereby reducing toxicity (Eliopoulos and 
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IEliopoulos 1988). In concomitance with the discovery of other antibiotic classes with milder side 

effects, for example carbapenems, quinolones and macrolides, AGs have experienced a reduction 

in use after the second half of the last century (Krause et al. 2016).

Figure 3. Chemical structures of aminoglycosides. The structures presented show: gentamicin (A), amikacin 
(B), neomycin (C), tobramycin (D), paramycin (E), streptomycin (F).

In terms of AG resistance, there are currently two classification systems (Ramirez and Tolmasky 

2010). The first one relies on the use of a three letter code to specify the type of activity of the 

molecule. The molecule class is then indicated in parenthesis, followed by a roman numeral for the 

resistance that it confers to particular AGs, and finally a low case letter to indicate the particular 

identifier (Shaw et al. 1993). The second nomenclature system advocates a more simplistic 

approach, indicating the gene with a tree letter system, followed by a capital letter to indicate the 

site of modification (Novick et al. 1976).  

AGs have experienced, since their introduction in the clinic, an insurgence of various resistance 

mechanisms that undermine their effectiveness. There are different mechanisms by which bacteria 

neutralize AGs, ranging from a reduction of  drug uptake, to the modification of the cell permeability, 

modification of the ribosomal binding sites, or production of aminoglycoside-modifying enzymes 

(AMEs) (Garneau-Tsodikova and Labby 2016). Bacteria possess the ability to modify the permeability 

of their outer membrane, in order to react to the presence of toxins or unwanted compounds. The 

main entry points are guarded by porins and efflux pumps as discussed in the section above (Sai 

Lakshmi Subramanian and Mankin 2012; Nikaido and Pagès 2012).

If the AG molecules manage to reach their cytosolic target, the bacteria are also able to alter the 
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conformation of the ribosome in order to evade destruction. AGs target the A-site of the bacterial 

ribosome and, thus, a possible resistance strategy is to modify the confirmation of the ribosome 

by methylation. Such a modification of the target confers a loss of affinity for the AG molecule, 

resulting in a resistance gain for the bacteria (Beauclerk and Cundliffe 1987). Relevant examples of 

methyltransferases that confer resistance to AGs are the enzymes encoded by armA and rmtB, which 

are able to modify ribosomes at the levels of the 16S subunit (Yeganeh Sefidan, Mohammadzadeh-

Asl, and Ghotaslou 2019).

In the spirit of ‘the best defense is a good offence’, the final and most common mechanism of 

resistance to AGs is actuated before the drug is able to go into effect. Accordingly, there are three 

main groups of AMEs that inactivate AG molecules through different chemical modifications. The 

first formed by the N-acetyltransferases (AACs) that have the ability to interact with the primary 

amines on AG molecules. These enzymes are acetyl-coenzyme A-dependent. The second group of 

AMEs is formed by the O-nucleotidyltranferases (ANTs), which catalyze ATP-dependent adenylation 

of hydroxyl groups. The third group of ATP-dependent enzymes that inactivate AGs is formed by 

O-phosphotransferases (APH), which employ the phosphorylation of hydroxyl groups (Garneau-

Tsodikova and Labby 2016). Various AMEs belonging to these three groups have emerged in recent 

decades, contributing dramatically to the dissemination of AG resistance (Shaw et al. 1993). 

Bacteriocins 
Some bacterial species are able to synthesize bacteriocins, which are antimicrobial peptides (AMPs) 

(Soltani et al. 2021), usually smaller than 10 kDa and positively charged. Bacteria are vulnerable to 

these particular molecules since bacteriocins attack the cell membrane and the cell surface, forming 

pores that kill bacterial cells (Moll, Konings, and Driessen 1999). Bacteriocins have both hydrophobic 

and hydrophilic sides that enable these molecules to be soluble in aqueous environments, while 

also being able to enter the lipid-rich membrane environment (Izadpanah and Gallo 2005).

Bacteriocins have been grouped into three major classes, with various associated subclasses 

(Kumariya et al. 2019). Class I contains molecules that are constituted by small chains of 19-50 

amino acids, which experience post-translational modifications. This class includes the so-called 

lantibiotics (Ia), labyrinthopeptins (Ib) and sanctibiotics (Ic) (Cuozzo et al. 2001). Class II contains 

non-modified peptides that are heat-stable. In this case there are four subcategories, namely the 

pediocin-like bacteriocins (IIa), two-peptide unmodified bacteriocins (IIb), circular bacteriocins (IIc), 

and non-pediocin-like, unmodified peptides (IId) (Oppegård et al. 2007). Finally, Class III contains 

large heat-unstable bacteriocins (Götz et al. 2018). 

Bacteriocins are generally encoded by operons that reside either in the genomes or mobile genetic 

elements of the producing bacteria. Bacteria susceptible to such bacteriocins do not possess the 
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Inecessary genes to neutralize their toxic effects (Oppegård et al. 2007). Furthermore, bacteriocins 

necessitate the presence of auto inducer peptides for their induction (Uzelac et al. 2015), as well as 

immunity genes to protect their producers (Denham et al. 2019). 

Predatory bacteria
Predation is a common ecological phenomenon, where a predator feeds to the detriment of a prey. 

Predation plays an import role in population dynamics, removing vulnerable prey, controlling the 

size of populations and eliminating the vulnerable and less fit. Consequently, predation contributes 

to the sustainability and longevity of the entire ecosystem.

An environment where prey go unchecked leads to indiscriminate population expansion, exerting 

unsustainable stress on the habitat. Predators play a major role in evolution, contributing to 

the Darwinian ‘survival of the fittest’, where only the strong survive. Another interesting role of 

predators in marine environments was explicated by Bond et al., where the capability of sharks to 

modulate the prey’s behavior and habitat shift was observed (Bond et al. 2019). The role of the so-

called ‘top-predators’ has become more apparent in recent years, coincidentally with their decline. 

Human activity appears to have a role in both prey and predator displacement, but with greater 

impact on the predator population, which appear to be more sensitive than their prey counterparts 

(Muhly et al. 2011).

Predation occurs in nature not only at a macroscale, but also in the bacterial realm. Bacterial 

predators are able to feed or leech upon other bacteria. The nomenclature used to refer to this 

group is ‘bdellovibrio and like organisms’ (BALO’s), stemming from the ‘patriarch’ of this group, 

Bdellovibrio bacteriovorus. From a genetic perspective, a first attempt to describe the common 

features that BALOs present was done by Pasternack et al., who identified a so-called common 

‘predatome’ that spanned across different predatory species (Pasternak et al. 2013). The predatome 

was characterized by deficiencies in riboflavin and amino acid biosynthesis, while genes that code 

for adhesines, proteases and proteins used for metabolism were found to be over-represented 

(Pasternak et al. 2013). 

The role of BALOs could be of particular importance in the complex regulation of bacterial 

populations. This is particularly observable in the marine environment, with studies estimating 

that the quantity of potential prey in the estuarine systems is as high as 70% of the total bacterial 

population (Rice, Williams, and Turng 1998). Further proof was provided by Pineiro et al., who 

showed that B. bacterivorous preferentially preys on bacteria that share the same environment 

(Pineiro et al. 2004). 

Among the predatory bacteria, a distinction should be made between predators and parasites, 
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with the former consuming the macromolecules of their prey until its death, while the latter take 

advantage of the prey’s resources without killing it. An overview of the main bacterial predatory 

classes is presented in Figure 4.

Figure 4. The three main types of predation strategies. (A) Endobiotic bacteria search for suitable prey to attach 
to, and once detected, a strong bond on the outer surface is established. While the predator sheds its flagellum, 
enzymes are secreted to pierce the prey’s outer membrane. The prey’s periplasm is invaded and the predator 
settles in this confined niche. While consuming the prey’s macromolecules, the predator starts septation. Lastly, 
the predators' progeny is produced and the remnants of the prey cell is lysed. (B) Epibiotic predators detect and 
attach to the prey’s outer membrane. Type IV pili are used to penetrate the outer membrane and start injecting 
lytic enzymes. Then the predator progressively consumes the internal content of the prey cell until its death. 
Binary fission is then performed to produce new progeny of predators. (C) Wolf pack predation starts with 
vegetative predator cells in search of a suitable prey. Once a prey is encountered, the predators swarm upon it 
as a group. More predators are attracted on the site, and fruiting aggregates form. Upon complete consumption 
of the prey’s nutrients, the predator mass will form a fruiting body structure, made up of predators and spores. 
The final stage is the dissolution of the fruiting structure, with release of both predators and spores.

Predatory bacteria rely on the presence of a prey to thrive and reproduce. Although the objective is 

to acquire nutrients from an external source, the mechanisms used to acquire said macromolecules 

can differ. Among predatory bacteria there are three main strategies of predation, generally referred 

to as endobiotic, epibiotic and ‘wolf pack’ strategies (Pérez et al. 2016). 

The archetypical strategy that bacteria use to predate is by directly invading the periplasm or 

cytoplasm of a prey. The best-documented bacterium of this kind is Bdellovibrio bacteriovorus, 

which is able to penetrate its prey’s outer membrane and to settle in the periplasm of the prey 

(Stolp and Starr 1963). B. bacteriovorus was discovered fortuitously by Hans Stolp in 1963 during 
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Ian attempt to isolate bacteriophages (Stolp and Starr 1963). Similar to bacterial predators, 

bacteriophages are viruses that exploit the bacterial assets to reproduce themselves. Due to their 

high target specificity, bacteriophages have been used in therapy as an alternative for conventional 

antibiotic treatment (Lin, Koskella, and Lin 2017). Currently only the descendants of the old ‘Soviet 

bloc’ ( Russia, Georgia and Poland) are among the few countries that have adopted the use phage 

therapy for human treatment (Myelnikov 2018; Parfitt 2005). Phage therapy presents advantages 

over chemical antibiotics, such as specific bactericidal properties, capability to increasing in number 

in relation to the host number, low toxicity, biofilm permeability, low levels of resistance and 

minimal disruption of the gut flora. Some of the disadvantages of phages, which have prevented 

their broader implementation are  the selection of appropriate phages, the lack of trust by the 

general public, and the relatively narrow host-range (Loc-Carrillo and Abedon 2011). In addition, 

phages contribute to horizontal gene transfer, thereby contributing to the spread of AMR, and 

they often carry genes for virulence factors (Colavecchio et al. 2017). By observing the cell cycle 

of B. bacteriovorus, it is evident why this small delta-proteobacteria that preys upon other Gram-

negative bacteria, could have been confounded with a bacteriophage. The life cycle of this predator 

entails, firstly, the recognition and attachment to a prey, followed by a periplasmic invasion, and 

then, subsequent to the plundering of the nutrients of the prey, the predator undergoes septation 

to create new predators and lyses the prey cell (Cavallo et al. 2021).

Epibiotic bacteria, on the other hand, employ a different strategy. They do not enter the host cell but 

remain attached to the outer cell membrane, drawing out nutrients. Examples of these obligatory 

‘leech-like’ bacteria are Micavibrio aeruginosavorus (Wang, Kadouri, and Wu 2011), or bacteria of 

the genus of Vampirococcus (Guerrero et al. 1986). 

The strategies discussed so far require a single predator cell that preys upon an individual prey 

cell. The last predation strategy is a social one, called ‘wolf-pack’ predation or group predation. 

Myxococcus xanthus is a social eubacterial predator, which implements  wolf pack predation by 

swarming prey bacteria and attacking them (Keane and Berleman 2016). One of the most striking 

characteristics of this predator is the secretion of vesicles loaded with enzymes that start the 

digestion of prey cells (Berleman et al. 2014). The effectiveness of cooperating to swarm a common 

prey is enhanced by the release of antimicrobial substances, which initiate the dissolution of the 

prey and allow the assimilation of their macromolecules. Interestingly, M. xanthus possesses the 

ability to ‘sense’ its surrounding environment and react to a scarcity of nutrients by aggregating 

into fruiting bodies to produce spores. Starvation triggers the sporulation process until more prey is 

available (Marshall and Whitworth 2019). 



26

Chapter I

Oxidative stress 
The ‘great oxidation event’ was a pivotal moment in the history of planet Earth, which took place 

some 2.4 billion years ago (Lyons, Reinhard, and Planavsky 2014). Prior to such event, earth's 

atmosphere was anaerobic. With the advent of photosynthetic plants, Earth's atmospheric levels 

of oxygen increased greatly. The presence of oxygen in the atmosphere allowed the genesis of 

more complex eukaryotic life, which utilized oxygen to more effectively produce energy (Nursall 

1959). Nonetheless, the transition from an oxygen-less atmosphere to one that contained 

oxygen represented a serious challenge for lifeforms to adapt to. The by-products derived from 

the metabolism of oxygen represent a serious threat to cells. Reactive oxygen species (ROS), 

are unleashed when single electrons are associated with oxygen. ROS have the capability of 

damaging all fundamental macromolecules essential for life, such as nucleic acids, proteins and 

lipids (Burton and Jauniaux 2011). Examples of ROS are superoxide anions, hydrogen peroxide and 

hydroxyl radicals, which are endogenous byproducts derived from bacterial respiration (Ezraty et 

al. 2017). Aerobic bacteria have evolved effective countermeasures against the toxic effects of ROS 

by producing specialized enzymes that are able to minimize or nullify the oxidative damage by 

converting the lethal radicals into harmless products. The most relevant antioxidant enzymes are 

superoxide dismutases, catalases and peroxidases (Imlay 2008). The role that antioxidant enzymes 

play in the neutralization of ROS provides a significant advantage that allows aerobic bacteria to 

neutralize the toxic effects of free radicals and, hence, to thrive in oxygenated environments.
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IScope of the thesis

The present PhD thesis presents different approaches to tackling the challenges posed by antibiotic 

resistant bacteria, an ever-growing problem that poses a serious threat to the effectiveness of 

current clinically applied antibiotics. The three fundamental approaches outlined in this thesis for 

the fight against multi-drug resistant pathogens include their elimination through the use of B. 

bacteriovorus, through the exposure to gaseous oxygen and, finally, through the development of 

novel aminoglycosides. In addition, studies on the contributions of bacteriocins to bacterial fitness 

and mechanisms of carbapenem resistance are addressed. 

Chapter I, serves as a general introduction on the subject of antibiotic resistance and on possible 

approaches to confront it. This chapter describes the main topics that will be the focus of the 

following chapters of the thesis, starting from an overview on antibiotics and continuing with 

underlying concepts on which the proposed strategies, chosen to address the antibiotic resistance 

problem, rely. The first strategy presented for the containment of pathogenic bacteria is the use of 

B. bacteriovorus, a Gram-negative deltaproteobacterium that has the capability to feed on other 

bacteria, regardless of their antibiotic resistance profile. 

Chapter II presents a review on B. bacteriovorus, outlining the many different aspects regarding 

the biology of this predator. Its mechanism of replication, its toxicity toward the human host, its 

effectiveness against other species of bacteria as well as the possible resistance of the prey are 

the main topics discussed. The intrinsic resistance of E. coli towards B. bacteriovorus predation, is 

the aspect addressed in Chapter III. The hypothesis underlying the presented investigations was 

that the LPS layer of the prey could serve as a universal target of Gram-negative bacteria and a 

determinant for susceptibility to B. bacteriovorus predation. The investigation was carried out using 

a collection of E. coli deletion mutants with deficiencies in different stages of LPS biogenesis. Thus, 

the LPS structure was segmented up to the level of the core polysaccharide level, which uncovered 

major differences in the susceptibility of different mutant strains to predation kinetics and efficacy. 

Chapter IV further details on the topic of predation susceptibility in a group sequenced clinical 

isolates of Klebsiella pneumonia. The investigation aim was to identify genetic components that 

contribute to predation susceptibility by grouping the isolates into B. bacterivorous susceptible 

versus resistant cohorts and subsequently comparing their genetic makeup. Striving to add clarity 

on the genetic determinants that contribute to the susceptibility to predation in K. pneumoniae. 

The second part of the thesis presents applied approaches on how to eliminate bacteria, using 

the conventional route of aminoglycoside modification and an alternative gas exposure-based 

approach. 
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Disinfection of medical device surfaces through oxygen-based gaseous mixtures is the topic of 

Chapter V. As a model for the investigation, a commercially available nebulizer was chosen to be 

treated with different disinfection methods, aiming to remove contamination by human-relevant 

pathogens. 

Chapter VI presents screening and testing studies regarding novel aminoglycoside compounds 

provided by the company AgileBiotics A.G. The aim of the documented investigations was to verify 

the effectiveness of promising novel compounds against a library of bacteria collected at the 

University Medical Center Groningen. Further afield, the time-to-kill that characterizes these novel 

compounds and possible synergistic interactions between these aminoglycosides and β-lactams 

were investigated. 

The last part of the thesis focuses on the effects that bacteriocins and carbapenems have on 

bacteria. The use of bacteriocins is a strategy that some bacteria are capable of fielding with the 

aim of gaining an advantage in the environmental niche they populate. An E. coli plasmid encoding 

the bacteriocin colicin was investigated in the studies described in Chapter VII with focus on its role 

in the fitness of the host bacteria. The effect that imipenem has on Enterobacter spp. is the focus 

of Chapter VIII. In this study the responses to a carbapenem challenge were used to investigate 

the bacterial adaptations that could lead to high-level antibiotic resistance. The results show that 

such responses are not limited to the exclusion and degradation of the antibiotic, but that they also 

entail metabolic adaptations and oxidative stress responses.

Altogether, the research presented in this thesis strives to add knowledge to the antagonistic 

relationships between antibiotics and resistance, with particular emphasis on alternative tools to 

face the challenge imposed by antibiotic resistance. Chapter IX contains the conclusions and future 

perspectives of the thematics presented throughout the thesis.
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