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Chapter IX

Nederlandse samevatting

Het promotieonderzoek dat beschreven is in dit proefschrift had tot doel een dieper inzicht te 

verschaffen in de mogelijke toepassing van verschillende alternatieve strategieën die wellicht 

kunnen helpen om infecties, veroorzaakt door antibioticumresistentie ziekteverwekkers, tegen te 

gaan. Antibiotica zijn decennialang met succes ingezet voor de bestrijding van bacteriële infecties. 

Hierdoor is de sterfte ten gevolge van infectieziektes gedaald en onze levenskwaliteit aanzienlijk 

verbeterd. Tegenwoordig staat het succes van antibiotica echter sterk onder druk, aangezien veel 

bacteriën zich hebben aangepast en antimicrobiële resistentie hebben verworven. Dientengevolge 

komen infecties, veroorzaakt door antibioticumresistente bacteriën, steeds vaker voor. De 

beschikbare antibiotica moeten daarom zo effectief en duurzaam mogelijk ingezet worden en 

nieuwe strategieën om resistente bacteriën te bestrijden moeten ontwikkeld worden. Een overzicht 

van de verschillende onderwerpen die in dit proefschrift aan bod komen wordt gegeven in hoofdstuk 

I, waar in een algemene inleiding ook de nodige achtergrondinformatie en relevante literatuur met 

betrekking tot antibioticumresistentie wordt besproken.

Drie verschillende benaderingen om antibioticumresistente micro-organismen terug te dringen 

worden in dit proefschrift beschreven. Allereerst betreft dit de mogelijke inzet van de bacterie 

Bdellovibrio bacteriovorus. Deze bacterie jaagt op andere bacteriën, waaronder notoire 

ziekteverwekkers, dringt in hun cellen en verorbert ze van binnenuit. Deze bacterie kan daarom 

wellicht worden toegepast als een "levend antibioticum" om antibioticumresistente bacteriën uit 

te schakelen. De beschreven resultaten laten zien dat B. bacteriovorus inderdaad een mogelijke 

bondgenoot kan zijn voor de bestrijding van multiresistente veroorzakers van ziektes bij mens 

en dier. Een overzicht van de literatuur betreffende B. bacteriovorus en de beschikbare kennis bij 

aanvang van het beschreven onderzoek wordt gepresenteerd in hoofdstuk II. Hierin wordt met name 

de aandacht gericht op de biologische kenmerken van de predator en zijn levenscyclus, alsmede 

de mechanismen die prooibacteriën gebruiken om predatie door B. bacteriovorus te weerstaan. 

Hoofdstuk II geeft ook een overzicht van de belangrijkste studies die zijn uitgevoerd om de mogelijke 

geschiktheid van B. bacteriovorus voor klinische toepassingen te evalueren. 

In de hoofdstukken III en IV wordt de aandacht gevestigd op de oorzaken van predatieresistentie 

bij de prooi van B. bacteriovorus. Hoofdstuk III behandelt de beschermende rol van het 

buitenmembraan van Escherichia coli tegen predatie. Door gebruik te maken van een collectie 

E. coli mutanten met specifieke defecten in de synthese van het zogenaamde lipopolysaccharide 

(LPS) in de buitenmembraan, werd de relevantie van LPS voor de gevoeligheid van E. coli voor 

predatie door B. bacteriovorus bestudeerd. Hierbij werden verschillende technieken ingezet, 

waaronder het simpelweg tellen van predatie-overlevende E. coli bacteriën, flowcytometrie en 

elektronenmicroscopie. Bovendien werd een nieuw antilichaam ontwikkeld om B. bacteriovorus te 

detecteren en het lot van deze predator in de tijd te volgen. De resultaten van dit onderzoek laten 

zien dat vooral de buitenste oligosaccharidelaag van het LPS van E. coli een barrière vormt voor 
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predatie door B. bacteriovorus en dat blootstelling van de binnenste LPS-lagen E. coli zeer vatbaar 

maakt voor predatie. Al met al tonen de in hoofdstuk III beschreven studies aan dat de predatie van 

E. coli door B. bacteriovorus een zeer dynamisch en prooiafhankelijk proces is.

Verder onderzoek naar mogelijke genetische determinanten voor resistentie tegen predatie 

door B. bacteriovorus wordt beschreven in hoofdstuk IV. In dit geval werd een grote collectie 

antibioticumresistente isolaten van de beruchte ziekteverwekker Klebsiella pneumoniae getest op 

gevoeligheid voor B. bacteriovorus. Vervolgens werden genoomwijde associatieanalyses uitgevoerd 

om de gevoeligheid voor predatie te correleren aan genetische kenmerken van de K. pneumoniae 

bacteriën. Op die manier konden genetische profielen van K. pneumoniae geïdentificeerd 

worden die van invloed lijken te zijn op de gevoeligheid van deze bacterie voor predatie door B. 

bacteriovorus. Een belangrijke bevinding was hierbij dat antibioticumresistentie niet van invloed is 

op de gevoeligheid voor predatie, zelfs niet als de prooibacteriën extreem resistent zijn.

Een tweede benadering voor de bestrijding van antibioticumresistente bacteriën die in dit 

proefschrift beschreven wordt heeft betrekking op de meer "conventionele" antibiotica en 

ontsmettingsmiddelen. Hoewel alternatieve opties voor de bestrijding van antibioticumresistente 

bacteriën zeer wenselijk zijn, wordt het veld tot nu toe gedomineerd door de toepassing van 

chemicaliën met antimicrobiële activiteiten. Aminoglycosiden vormen een belangrijke klasse 

van antibiotica, die op grote schaal toegepast wordt. Helaas hebben bacteriën meerdere 

resistentiemechanismen ontwikkeld om de toxische effecten van dergelijke antibiotica tegen te 

gaan. In hoofdstuk VI is beschreven hoe nieuwe aminoglycoside-derivaten getest werden op een 

collectie van meervoudig antibioticumresistente bacterie-isolaten. Dit onderzoek liet zien dat 

het mogelijk is om, door betrekkelijk eenvoudige chemische modificaties, aminoglycosiden meer 

effectief te maken voor de bestrijding van antibioticumresistente bacteriën.

Een andere conventionele benadering om micro-organismen te bestrijden is het gebruik van 

desinfectiemiddelen zoals ethanol en waterstofperoxide. Dergelijke chemicaliën kunnen ingezet 

worden om medische hulpmiddelen, die met opportunistische ziekteverwekkers besmet zijn, te 

ontsmetten. Het onderzoek beschreven in hoofdstuk V was met name gericht op de desinfectie 

van vernevelaars die gebruikt worden door patiënten met pulmonaire aandoeningen, zoals cystic 

fibrosis (CF) of andere ziekten met een verhoogd risico op bacteriële kolonisatie van de luchtwegen. 

Dergelijke vernevelaars zijn zeer vatbaar voor verontreiniging door bacteriën. Opportunistische 

ziekteverwekkers, zoals Pseudomonas aeruginosa, kunnen zich bijvoorbeeld ophopen op bepaalde 

onderdelen van de vernevelaars die in contact komen met de gebruikers. Het hergebruik van 

de vernevelaars vereist derhalve een grondige en doeltreffende desinfectie of sterilisatie om 

veilig gebruik door kwetsbare patiënten te garanderen. Met dit doel voor ogen werd een reeks 

experimenten uitgevoerd om de doeltreffendheid van de toegepaste desinfectieprotocollen te 

verifiëren en te vergelijken met de mogelijkheid om bacteriën op onderdelen van een vernevelaar 

te doden met zuurstofrijke gasmengsels. Hierbij is gebleken dat conventionele desinfectiemiddelen, 



258

Chapter IX

zoals ethanol en waterstofperoxide, beter presteerden dan de alternatieve methoden gebaseerd 

op zuurstofrijke gasmengsels. Niettemin blijkt uit de resultaten dat zuurstofrijke gasmengsels de 

hoeveelheid bacteriën op de oppervlakken van een vernevelaar kunnen terugdringen, vooral 

wanneer deze met de bacterie P. aeruginosa besmet zijn.

In het laatste deel van dit proefschrift worden twee studies beschreven die het probleem van 

antibioticumresistentie vanuit een meer moleculair-bacteriologisch perspectief benaderen. De 

studie beschreven in hoofdstuk VII betreft de rol van bacteriocine-coderende plasmides bij het 

verwerven van een selectief groeivoordeel door bacteriën die zo’n plasmide bezitten ten opzichte 

van andere bacteriën die niet zo’n plasmide bezitten. De plasmide-gecodeerde bacteriocines 

hebben namelijk een antibiotisch effect op andere bacteriën. In het beschreven onderzoek werd 

aangetoond, dat de aanwezigheid van plasmides die coderen voor bacteriocines voordelig is 

voor hoog-virulente en antibioticumresistente E. coli isolaten, waardoor deze isolaten beter met 

de overige microbiota kunnen concurreren voor bepaalde niches in het lichaam van de mens. 

Bovendien werd een verhoogd vermogen tot hechting aan en invasie van humane gastheercellen 

waargenomen wanneer de bacteriën bacteriocine-coderende plasmides hadden verworven. Hieruit 

kan geconcludeerd worden dat de aanwezigheid van plasmides die bacteriocine-genen dragen kan 

leiden tot een toename in de bacteriële virulentie en een verhoogd infectierisico voor de mens. 

Bacteriën zijn erg goed in staat om zich aan te passen aan veranderende omgevingsinvloeden, 

hetgeen van bijzonder belang is voor hun overleving in de aanwezigheid van antibiotica. Hoofdstuk 

VIII beschrijft een studie die als doel had om de reacties van een extreem resistent isolaat van de 

bacterie Enterobacter roggenkampii op aanwezigheid van niet-groeiremmende hoeveelheden van 

het carbapenem-antibioticum imipenem in kaart te brengen. Dit antibioticum remt de synthese 

van bacteriële celwanden. De bacteriële reacties op de aanwezigheid van imipenem werden in 

detail geanalyseerd met behulp van kwantitatieve massaspectrometrie. De resultaten laten zien 

dat de aanwezigheid van imipenem leidde tot veranderde niveaus van eiwitten betrokken bij 

de celwandbiogenese, het centrale koolstofmetabolisme, de respiratie, de synthese van ijzer-

zwavelclusters en de metaal-homeostase. Deze waarnemingen impliceren dat zelfs de aanwezighed 

van zeer geringe hoeveelheden imipenem de bacteriën ertoe "dwingt" hun metabolisme af 

te remmen. Hierdoor kunnen de bacteriën zuiniger omgaan met voedingsstoffen, die bij een 

belemmerde celwandsynthese aanleiding zouden kunnen geven tot de vorming van toxische 

hoogreactieve zuurstofmolekulen.

Het laatste hoofdstuk van dit proefschrift, hoofdstuk IX, geeft allereerst een algemene samenvatting 

van de resultaten van het beschreven promotieonderzoek. Tevens omvat dit hoofdstuk een 

uitgebreide discussie over het belang van de beschreven resultaten en de mogelijkheden om 

deze toe te passen, teneinde het fenomeen antibioticumresistentie terug te dringen. Hoofdstuk 

IX beschrijft echter ook de mogelijke beperkingen van de onderzoeksresultaten en het geeft een 

aanzet om nieuwe wegen in te slaan die nodig zijn om beter weerstand te kunnen bieden aan 
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antibioticumresistente micro-organismen en om hun desastreuze effecten op de gezondheid van 

de mens te beperken.
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English Summary

The present PhD research was aimed at providing a deeper understanding of different strategies 

that may be useful to contrast antimicrobial resistance (AMR) in pathogenic micro-organisms. 

Solving the AMR challenge constitutes a matter of paramount importance in order to preserve the 

current benefits that antibiotics provide to human health and our health care systems at large. An 

overview of the various topics addressed throughout this thesis is provided in Chapter I, where a 

general introduction also presents the necessary background information and relevant literature 

regarding antibiotic resistance.

Throughout this thesis, three main approaches have been addressed to tackle the current antibiotic 

resistance crisis. The first approach presented an alternative method to contrast antibiotic resistance, 

namely the use of the predatory bacterium Bdellovibrio bacteriovorus. This bacterium could be 

applied as a ‘living antibiotic’ to eliminate antibiotic resistant Gram-negative bacteria. Through the 

exploitation of the peculiar predatory capabilities of this bacterium, B. bacteriovorus can become 

a potential candidate to fight multidrug-resistant human and animal pathogens. An overview of 

the research that had been performed on this predator prior to the present PhD research is given 

in Chapter II. The main topics discussed throughout this review concern fundamental traits of the 

predator and its life cycle, as well as the mechanisms that prey bacteria employ to resist predation 

when growing in a planktonic state or in biofilms. The review also provides an overview of the major 

studies that have been carried out in vitro and in vivo in an effort to evaluate the suitability of B. 

bacteriovorus for clinical applications. 

After providing an introduction on the background and capabilities of B. bacteriovorus, the main 

objective of the research presented in the two following chapters was to investigate the causes 

of resistance to predation, with particular focus on Enterobacteriaceae. Chapter III addresses the 

protective roles conferred by the outer membrane of Escherichia coli against predation. Through 

the use of a library of E. coli knockout mutants, each lacking a single gene involved in the synthesis 

of the inner or outer core oligosaccharide regions of the lipopolysaccharide (LPS), the relevance of 

LPS for the susceptibility of E. coli to B. bacteriovorus predation was studied. A range of assays based 

on the counting of colony-forming units of the prey, flow cytometry and electron microscopy was 

chosen to characterize the susceptibility of the different mutants. Additionally, a novel polyclonal 

antibody was created to label B. bacteriovorus HD100 and to track this predator’s destiny over time. 

The results of these investigations show that the outer core oligosaccharide region of E. coli LPS sets 

a limit to B. bacteriovorus predation, and that exposure of the inner core oligosaccharide region 

makes E. coli highly susceptible to predation. Altogether, the studies described in Chapter III show 

that the predation process is highly dynamic and prey-dependent.
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Further investigations into possible genetic determinants for resistance against predation by 

B. bacteriovorus are presented in Chapter IV. In this study, a broad selection of sequenced 

clinical isolates of the notoriously drug resistant pathogen Klebsiella pneumoniae was tested 

for susceptibility to B. bacteriovorus. Subsequently, genome-wide association analyses were 

performed to characterize the prey library and to correlate predation susceptibility to genetic traits. 

This resulted in the identification of genetic profiles of K. pneumoniae strains that impact on their 

susceptibility to B. bacteriovorus predation. 

The second approach investigated throughout the present PhD research regards more ‘conventional’ 

antibiotics and disinfectants. While alternative options to contrast antibiotic resistant bacteria 

are necessary, the current landscape is still dominated by chemicals with antimicrobial activities. 

Aminoglycosides form an important antibiotic class that has experienced extensive use since its 

inception. Nonetheless, bacteria have developed extensive resistance mechanisms to counter the 

toxic effects of representatives of this class of antibiotics. As documented in Chapter VI, novel 

aminoglycoside derivatives obtained from parent molecules that had been chemically modified 

were tested on a library of selected AMR isolates, using a variety of different assays. 

An alternative conventional approach involves the use of ethanol and hydrogen peroxide to disinfect 

medical devices contaminated with opportunistic pathogens. Chapter V focuses on the disinfection 

of nebulizers, which are very prone to contamination by bacteria. Opportunistic pathogens, such as 

Pseudomonas aeruginosa, will almost inevitably contaminate nebulizers used by patients suffering 

from cystic fibrosis or other pulmonary diseases with increased risk for bacterial colonization of 

the airways. Re-usability of nebulizers requires thorough and effective disinfection or sterilization 

protocols in order to ensure safety for patients. A series of experiments was performed to verify the 

efficacy of disinfection protocols applied, demonstrating the superior performance of conventional 

disinfectants, such as ethanol or hydrogen peroxide, over alternative methods based on oxygen-

enrich gas mixtures. Nonetheless, the results highlight the capability of oxygen-rich gas mixtures 

to curb the bacterial load on the nebulizer surfaces, especially when they are contaminated with 

P. aeruginosa.

The final section of this thesis presents two investigations that approach the antibiotic resistance 

problem from a more molecular perspective. The first study demonstrates the role of bacteriocin-

encoding plasmids in gaining an advantage over competitors in a specific environment, while the 

other investigation represents an in-depth dissection of the bacterial responses to an antibiotic 

challenge. Chapter VII highlights the role of bacteriocins and how they contribute to the thriving 

of bacteria in an environment populated by different species. Specifically, the presence of plasmids 

encoding bacteriocins confers advantages to highly virulent and antibiotic resistant E. coli, improving 

the ability of the respective isolates to compete with other microbiota for particular niches. 
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Additionally, an enhanced ability to adhere to and invade surfaces was observed in concomitance 

with the presence of the bacteriocin-encoding plasmids. Altogether, the presence of plasmids that 

carry bacteriocin genes was shown to contribute to higher virulence and infection risk for humans. 

Bacteria are capable of adaptation to environmental insults, which is of particular importance 

for their survival in the presence of antibiotics. Chapter VIII presents a study with the objective 

of characterizing the responses of a multidrug resistant isolate of Enterobacter roggenkampii 

challenged with the carbapenem imipenem. The bacterial responses to this challenge were 

analyzed in detail through quantitative mass spectrometry. The results show that the presence 

of imipenem leads to altered levels of proteins involved in cell wall biogenesis, central carbon 

metabolism, respiration, iron-sulphur cluster synthesis and metal homeostasis. These observations 

imply that the imipenem challenge ‘coerces’ the bacteria to enter a reduced metabolic state. In 

doing so, they would save resources otherwise used for cell wall biogenesis. In turn, this would 

limit the detrimental formation of reactive oxygen species at the cytoplasmic membrane due to 

respiration and Fenton chemistry.

The final Chapter IX provides a general summary of the results presented in this thesis, followed 

by a discussion on how the main findings integrate with the current state-of-art in the fields of 

antimicrobial research and AMR. Some additional considerations on the findings and limitations of 

the presented approaches are also given. The final part of this chapter addresses possible future 

perspectives and developments to counteract the devastating effects and implications of AMR.  

Discussion

The relentless transition from prevalently antimicrobial susceptible bacterial populations to 

increasingly resistant ones has given rise to a landscape of clinical pathogens that creates serious 

issues for the sustainability and effectiveness of modern antibiotics. What appears evident is the 

lack of long-lasting solutions for the AMR crisis. It might seem trivial to state, but bacteria are alive, 

which subjects them to certain evolutionary rules that govern all living beings. Charles Darwin in 

the 19th century described the transient nature of living organisms, subject to a constant stress 

caused by their environment. Failure to adjust and evolve to new conditions will result in extinction. 

Bacteria are masters in the art of surviving. Among the most ancient and adaptable forms of life, 

they have successfully colonized most of the niches available on Earth. The bacterial ability to 

adjust to even the harshest of environments and to the most disparate sources of nutrients has 

granted them broad evolutionary success. Since Carl Linnaeus first devised his famous classification 

system in the 18th century, numerous amendments have been made, culminating in the present 

classification system by Cavalier-Smith, which is based on two empires and seven kingdoms of living 

organisms (Cavalier-Smith 1987; Ruggiero et al. 2015). Within this scheme, the sheer number of 
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bacterial species is appreciable by the more than 30,000 species attributed to this group (Dykhuizen 

2005). Unfortunately for mankind, the impressive capability of bacteria to adapt to different niches 

also means that the human body is seen as fertile ground for colonization. Antibiotic resistance is an 

uncomfortable consequence of the bacterial capabilities to adapt, which happens to affect human 

wellbeing in the process. The present thesis addressed the issue of AMR, proposing conventional 

and less conventional strategies to mitigate the problem and presenting some fundamental 

responses of bacteria to stressors.   

For decades Paul Ehrlich’s idea of a ‘magic’ or ‘silver bullet’, has driven the dreams and progression 

of research for new antibiotics. The successful discovery of specific chemical molecules that could 

target and eliminate bacteria, while leaving other essential eukaryotic components untouched, 

has been the ultimate goal of any successful antibiotic. This doctrine has proven highly successful 

and has benefited humanity. However, in the long term, this static approach is doomed to failure 

because of the mutable nature of the living bacteria.

This concept is appreciable by the auxilium of an old paradox, proposed by Zeno of Elea in the 

middle of the fourth century B.C. Zeno hypothesized that the hero Achilles could never surpass 

a tortoise in a race, given that the tortoise had a 100 m head start on the athlete, and that both 

moved at a constant speed. Achilles (the antibiotic) will need some time to reach the 100 m mark 

of the tortoise (bacteria), but by that time the latter will have moved slightly ahead, creating an 

unbridgeable distance between the two. This asymptotic relationship would imply that the distance 

between the two will shorten yet never quite converge. This ancient paradox is applicable to the 

case of the antibiotic-bacterial dynamics, with the former chasing and the latter developing ways 

to evade. 

Chapter V of this thesis gives an excellent example of an ‘Achilles’. The novel aminoglycoside 

compounds tested were designed to avoid the main enzyme-driven resistance mechanisms against 

aminoglycosides, involving adenylyltransferases (ANT), aminoglycoside N-acetyltransferases 

(AAC), and aminoglycoside phosphotransferases (APH) (Dever and Dermody 1991). The resulting 

effectiveness of the novel molecules was outstanding, compensating for the flaws and struggles 

encountered with their parental compounds. Nonetheless, even within the range of aminoglycoside 

tests, there were differences in effectiveness towards the same bacterial isolates. This information is 

an index of a broader problem which is hardly addressable in full by a single molecule. A preliminary 

assessment of an antibiotic resistance phenotype is usually the ideal path to consciously choose 

the best antibiotic. Unfortunately, resistance profile characterization requires time and equipment, 

resulting in delays which are not always acceptable in critical acute infections. Using synergistic 

compounds that are able to complement each other’s weaknesses would result in a more effective 

way to confront diverse bacteria. 
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Chemical antibiotics are excellent at targeting crucial components of prokaryotic cells. Given a 

homogeneous population and a suitable target, antibiotics could effectively eliminate a whole 

population of bacteria. However, natural environmental conditions are far from homogenous 

and predictable. This aspect is touched upon in Chapter VIII of this thesis, where a sub-inhibitory 

concentration of imipenem is shown to trigger significant physiological responses in highly 

carbapenem resistant bacteria. These bacteria are evidently able to modify their metabolism, cell 

permeability, intake of substances and reproductive cycle in the presence of imipenem. In essence, 

the observed responses reflect the bacterial ‘attempts’ to deviate from their usual equilibrium 

state. Of course the capability of a bacterium to adapt to antibiotic levels just below the minimal 

inhibitory concentration (MIC) is also a crucial component in developing resistance. From this point 

of view, antibiotics can also be seen as a driver of evolution, forcing bacteria to mutate and change 

their more vulnerable targets to survive. Furthermore, the elimination of the susceptible portions 

of a population will leave more resources for the resistant fraction to thrive on. These surviving or 

persisting bacteria will unfortunately propagate, rendering antibiotics progressively less effective. 

The same phenomenon is also a serious issue in the treatment of cancers, where chemotherapeutic 

agents may become less and less potent with each cycle of treatment (Mansoori et al. 2017). 

The study presented in Chapter V also falls within the context of adaptation to stressors. The premises 

for gas resistance are that oxygen is tolerated by bacteria to different degrees. The induction of 

reactive oxygen species is an existential problem for bacteria that are constantly attempting to 

limit and contain the damage caused by byproducts of their cellular respiration. Nevertheless, the 

use of oxygen as a disinfectant has various advantages over chemical molecules. Firstly, gases have 

an unmatched ability to permeate and diffuse in broad environments, not needing a medium to 

travel. Additionally, molecular oxygen is a relatively safe molecule that is easy to produce and widely 

available. Although when used alone, oxygen is less effective than chemical disinfectants like ethanol 

and hydrogen peroxide, the gaseous treatment greatly benefits from a combination approach. The 

ability of classical disinfectants and gaseous approaches to contain bacterial infections is potent, 

but not absolute. 

The aspect of bacterial competition for an ecological niche is addressed in Chapter VII, where it is 

shown that bacteriocins give the producing bacteria a substantial advantage over bacteria that do 

not produce such molecules. By eliminating potential competitors for environmental resources, the 

bacteriocin producers will gain exclusive access to the available niches. Bacteria continuously strive 

for survival and are, thus, capable of adapting to novel stressors. Although there is no universal 

solution applicable in all cases, an alternative approach in contraposition to the ‘canonical’ options 

to treat bacterial infections is the use of ‘living antibiotics’. A prime example of a potential biological 

antibiotic is the predatory bacterium Bdellovibrio bacteriovorus. Interestingly, despite the fact that 

multiple investigations have proven the absence of toxicity and demonstrated the effectiveness and 
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usability of B. bacteriovorus in animal models, acceptance of such a living antibiotic still encounters 

skepticism (Bonfiglio et al. 2020; Negus et al. 2017; Gupta et al. 2016). The main objection is the 

same regarding phage therapy, i.e., the scientific community and the public have difficulty accepting 

an agent that is able to mutate and evolve. Chapter II of this thesis presents of a comprehensive 

literature review, providing an overview of the major published studies on B. bacteriovorus in both 

in vivo and clinically oriented settings. While further fundamental investigations are necessary to 

assess the capabilities and safety of the predator B. bacteriovorus, applied studies are a necessary 

milestone that could allow this predator to be considered as a clinically viable alternative to classical 

antibiotic treatments. Here it should be noted that B. bacteriovorus has shown promising results 

especially in topical applications against pathogens and in animal models (Romanowski et al. 2021; 

Shatzkes et al. 2016).

An aspect that is often overlooked in B. bacteriovorus research concerns the reasons behind a prey’s 

resistance to predation. While the vast majority of studies in literature aim to unveil fundamental 

aspects of the biology of the predator, little attention was thus far given to the prey perspective. 

The ubiquitous capabilities of the predator to attach to a vast range of Gram-negative bacteria 

is only theoretically applicable. Reality portrays a wide gradient of susceptibility and differences 

even within the same species of prey. The perspective of B. bacteriovorus prey was the focus of 

the fundamental investigations described in Chapters III and IV. The investigations presented in 

these two chapters highlight the different genetic makeups that determine predation susceptibility. 

An interesting characteristic of the predator is that it never achieves a complete annihilation of 

its prey; even the most susceptible prey always presents a small population of persisters. The 

complete eradication of the predator would, after all, lead to the so-called ‘tragedy of the common’ 

phenomenon, which would ultimately lead to extinction of predator and prey alike. Furthermore, 

it also appears that the fitness of the prey and its ability to produce macromolecules have a role in 

the susceptibility to predation, leading to the notion that ‘quality’ of the prey, in terms of fitness and 

ability to use energy, could be a parameter that B. bacteriovorus employs in the choice of its prey.

The life cycle of B. bacteriovorus is characterized by phases of prey recognition, invasion, growth 

and septation/lysis. This biological cycle hints at the crucial initial recognition step, a fundamental 

requirement for successful predation. Targeting the outer membrane compartment of its prey 

appears to be a logical solution for B. bacteriovorus to keep a high degree of a-specificity among 

vastly different Gram-negative bacterial prey species. Some indications of the crucial role of the 

membrane area have already been proposed, using a model based on two ‘cues’ (Rotem et al. 2015). 

Chapter III highlights the crucial role of the outer membrane in predation, as well as the necessary 

makeup of the outer membrane in terms of LPS biogenesis. In addition, the potential ability of the 

prey to produce amino acids, carbohydrates and macromolecules appears to have a role in the 

identification of an appropriate prey by the predator, as well as the fitness of the particular isolate. 

These genetic characteristics could be useful in defining a ‘preyome’ specific for B. bacteriovorus 
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prey, complementary to what was defined by Pasternack et al., as the ‘predatome’ of the predator 

(Pasternak et al. 2013). Once the preyome has been defined, it should be possible to predict, starting 

from the genome sequence, whether a particular bacterium is a potentially suitable prey for B. 

bacteriovorus. In turn, this could aid in determining possible clinical uses. A particularly interesting 

observation (Chapter IV) was that predation always occurs after the logarithmic growth of the prey. 

Even when the predator is already present, the initial growth and expansion of the prey appears to 

be a necessary signal for the predator to start predation. Allowing its prey to reproduce and expand 

before beginning predation would allow the predator to benefit from a greater number of ‘healthy’ 

prey during the stationary phase. From a more ecological perspective, the predator could also play 

a role in prey population control, only intervening when a sufficient quorum is reached.

To date, no mechanisms of quorum sensing have been described specifically for B. bacteriovorus, 

but it is known that diffusible signal factors (DSF) are able to delay predation, while signaling 

molecules like acyl homoserine lactones (AHLs) lack this capability (Dwidar et al. 2021). Evidence 

of this process is the existence of persisters in susceptible prey populations. The so-called plastic 

resistance has been indicated as a possible culprit for the existence of persisters. Population 

heterogeneity is another phenomenon that could contribute to the existence of persister cells, 

similar to the antibiotic resistance dynamics described above. The presence of persisters could 

boost the regrowth of the bacterial population once the brunt of predation or antibiotic stress has 

been overcome.

The concept of regrowth is recurrent in multiple chapters of this thesis, as exemplified in Chapter 
VI, which notes the presence of intermediate responses to different antibiotic concentrations. 

The novel aminoglycoside compounds used were able to effectively eliminate the majority of a 

bacterial population, but proved ineffective towards a small percentage of the total population. 

The phenomenon of regrowth is further present in the chapters regarding B. bacteriovorus, 

where reservoirs of prey are able to coexist with the satiated predators. The results presented 

in Chapter III highlight the importance of measuring growth at regular time intervals, since 

regrowth is undetectable without multiple intermediate measurements. This deviates from the 

standard approach, which relies on one final CFU count after 18-24 h. Following the fluctuations 

of predated populations over time gives additional information regarding the interactions between 

the prey and predator, compared to the traditional double plaque method used to quantify the 

predator population. Furthermore, as already shown by other investigations, it would appear that 

the antibiotic resistance profile of a prey bacterium is irrelevant in terms of its susceptibility to B. 

bacteriovorus (Matan and Jurkevitch 2022).

 

Variability among bacterial populations is a complex phenomenon. Chapter VII gives an overview 

of one of the possible manifestations of bacterial variability. Plasmids are essentially messengers 



267

Nederlandse samenvatting, English summary, discussion and future perspectives, conclusions

IX

that enable a bacterium to use and transmit desirable traits to others. Although usually coming 

at a fitness cost for the host, plasmids could give a lifeline advantage in cases of disruption of 

homeostatic conditions. An example is the ability/possibility to deploy bacteriocins, which provide 

a crucial edge in cases where there is a shortage of nutrients and a high competitive pressure 

in the environment. It is interesting to note how these ‘accessory’ functions, which are carried 

by mobile genetic elements only in portions of a bacterial population and usually not strictly 

required for survival of the individual bacteria, can play such a vital role in cases of crisis. Clearly, 

such minoritarian components of a population allow a bacterial population to adapt to shifts of 

conditions in their environment by giving their owners a competitive advantage. Thus, the ability 

of individual bacteria to promptly adjust to change determines the longevity of the population 

at large, making it an evolutionary imperative to conserve diversity. This basic principle of nature 

highlights the pitfalls of static ‘solutions’ for an ever-changing problem, such as the antibiotic 

resistance in bacteria. Clearly, a chemical compound with a fixed chemical structure is unable 

to adapt to mutating targets. With such a nihilistic perspective, the antibiotic regimen that has 

been effectively saving human lives for decades would be completely futile. Nevertheless, even 

short-term solutions are undoubtedly preferable to none. With the current status quo of the 

antibiotics industry, what appears evident is the necessity to keep innovating and developing 

specific solutions to confront the current AMR crisis. This calls for new strategies that concurrently 

satisfy the needs of patients and the economic interests of the manufacturers of antibiotics. The 

necessity to align the interests of the manufacturers with those of the public is also a factor that 

could lead to development of better options and products to treat infections. To this end, public 

investment and research will be essential, since often the initial intellectual capital is provided by 

research institutions, and then further developed and commercialized by industry. 

A fundamental silver lining throughout the course of the PhD research described in this thesis 

was the necessity to implement a more holistic approach to such a complex challenge as the 

development of sustainable antibiotics to push back AMR. What becomes evident from the results 

is that one is nearly always dealing with a network of interactions that contribute to a certain 

phenomenon or response. This holistic view translates into a broader overview of complex systems 

and interactions, particularly evident in Chapters IV and VIII, where systems biology approaches 

to tackle AMR are presented. The common aspect between these two chapters is the presence 

of a stressor (predator or antibiotic) and an observed reaction by the receiving bacteria. Although 

different in nature, genes and proteins both could be used to paint a picture of the organism they 

compose. Genomes and proteomes are, in theory, complementary aspects that contribute to the 

makeup of a living organism. In the case of B. bacteriovorus, addressing the genetic makeup of 

the prey was considered to be a better approach for comparing a vast number of prey bacteria 

belonging to the same species, namely K. pneumoniae. This is due to the fact that bacteria have 

little time to react to the potential attack of a predator, and absence of a pregress (genetic) defense 
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mechanism against it constitutes certain doom. Furthermore, the creation of a preyome through 

the comparison of genomes from multiple more or less susceptible prey bacteria would be more 

easily achieved by considering the genetic makeup of different bacterial isolates. In contrast, the 

ability to modulate the expression of proteins, like porins or specific enzymes, in response to a 

sub-inhibitory antibiotic exposure was considered to be more relevant in the case of Chapter VIII. 
An aspect that is shared by the genetic and proteomic approaches is their ‘probabilistic’ nature, 

meaning that both approaches are based on predictions and rely on online databases with partial 

coverage of known genes and proteins, which makes it challenging to fully appreciate the different 

findings. The problem of partial annotations was most clearly evident for the studies described in 

Chapter IV, where the interpretation of the results was limited to the genes annotated in online 

databases, necessarily leaving out the remainder of genes with unknown functions from the analysis. 

On average, only about a third of the K. pneumoniae genome was available for study, leaving ~70% 

unexplored. Future developments will certainly bridge this gap, but at the moment the incomplete 

functional genomic annotation is a limiting factor in fully understanding the observed differences in 

the susceptibility of different K. pneumoniae isolates to predation by B. bacteriovorus.

Having a mosaic of information also provides a benefit, namely the removal of researcher bias. With 

more than one area of specialization it is more likely that researchers will consider biological systems 

as a whole, which could prove particularly advantageous when dealing with complex systems. On 

the other hand, the strengths of a systems approach are counterbalanced by the need for detailed 

knowledge when specific subsystems are investigated, as exemplified in Chapter III. Here, to fully 

appreciate the observed differences in predation susceptibility, knowledge of the composition and 

biogenesis of a prey’s LPS is crucial.

Scientists like Leonardo da Vinci, Alexander von Humboldt, Charles Darwin and Nikola Tesla were all 

polymaths who were able to achieve greatness not only for their remarkable skills and knowledge, 

but also for their ability to visualize nature as a whole and to connect different aspects of it within 

their studies. This contrasts with the more modern tendency to favor a more specialized approach. 

As an unfortunate product of modern society, most fields of knowledge have experienced such a 

considerable expansion in terms of details and layers, that achieving mastery in more than one 

field has become seriously challenging. Yet, approaching the study of natural phenomena like AMR 

through a top-down approach, as opposed to a bottom-up approach may result in more meaningful 

and comprehensive conclusions and a deep understanding of the underlying principles. 
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Future perspectives

The shift in trend from mostly antibiotic susceptible to increasingly resistant bacterial populations 

is a direct consequence of the extensive use of antibiotics, which have been heavily overused in the 

past century. The key issues entail the selective pressure that the use of antibiotics causes in favor 

of more resistant bacteria. Furthermore, novel antibiotics struggle to be approved for the market 

due to stringent regulations and extensive research and development times. The current standard 

protocol to treat bacterial infections relies on the use of chemical antibiotics that target various 

vital components of the prokaryotic cell. This approach, undoubtedly effective, is however prone 

to encourage development of resistance, ultimately leading to the ineffectiveness of the molecules 

used. To overcome this problem, chemical antibiotics require constant updates. Published research 

continuously provides invaluable information on new mechanisms of resistance, furnishing a wealth 

of data for use in novel antibiotics research and for updating existing molecules. Giving established 

molecules chemical modifications to overcome new resistance can indeed help to increase the 

longevity of an antibiotic. However, this approach requires amendments in the current procedures 

to approve a molecule as safe for human or veterinary use. Perhaps relaxing patent laws in order 

to allow cooperative research, while still ensuring the protection of financial interests, would be a 

way to share intellectual property and speed up the search for new antibiotic alternatives. Another 

improvement would be the implementation of artificial intelligence approaches to predict novel 

effective modifications to current antibiotics, reducing animal and human testing requirements. 

Additionally, the formulation of mixtures of antibiotics, coupled with clinical characterization of 

the infection would be beneficial in terms of effectiveness and in reducing the AMR insurgence 

rates. There are also less-scientific considerations that affect progress in the prevention of AMR, 

for instance that regulations and prescriptions are not uniform throughout the world. To this end, 

international health organizations should do more than just provide indications on dosage and 

antibiotics to be used against specific pathogens. Institutions like the European Committee on 

Antimicrobial Susceptibility Testing (EUCAST) and Clinical and Laboratory Standards Institute (CLSI) 

already provide such information; unfortunately, however, as long as this remains merely limited 

to suggestions there will always be differential usage of antibiotics in different countries. Another 

distinction that drives the insurgence of antibiotic resistance is the overuse of antibiotics in certain 

parts of the world. The reasons could be different, ranging from cultural and political to economic. 

Tightly regulating the prescription regimens would probably encounter resistance in its application 

for the afore-mentioned reasons, but AMR is a problem that must be addressed in order to come 

to a sustainable solution.  

Another crucial component for sustainable maintenance of the benefits of antibiotics is the 

development of novel alternatives. Considering the current struggle that conventional antibiotics 

are undergoing, this might be a favorable time to propose and implement alternatives. One of 
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the main alternatives available are phages, which are in principle useful viruses that specifically 

attack bacteria. This technology is not new, since it was discovered essentially in concomitance 

with the rise of chemical antibiotics during the first half of the 20th century. In the specific case 

of phage therapy, general acceptance was never achieved among clinicians and the public in most 

societies. Nonetheless, countries like Georgia have a long tradition of effective therapies based 

on the use of phage mixtures (Myelnikov 2018). Phage therapy could thus be implemented as an 

alternative to chemical chemotherapy, or be used as a drug of last resort. Broadening the options 

available for physicians would also alleviate the burden on antibiotics that are still currently in use. 

Avoiding prolonged and heavy use of a specific antibiotics would concurrently reduce the chances 

of spawning resistant bacteria and increase the half-life of today’s antibiotics.

The recent global pandemic, due to the rampage causes by the insurgence of the SARS-CoV-2 virus, 

has starkly reminded mankind of the importance of another tool to fight infections, namely vaccines 

(Atzrodt et al. 2020). Vaccines constitute a potent weapon that can provide multiple benefits, 

namely, slashing considerably the mortality and morbidity rates and preventing the insurgence and 

development of acute infections (Vetter et al. 2018). Vaccines have a track record of effectiveness, 

having brought under control serious illnesses such as: smallpox, diphtheria, tetanus, yellow fever, 

pertussis, Haemophilus influenzae type b disease, poliomyelitis, measles, mumps, rubella, typhoid, 

rabies, rotavirus, hepatitis B. pneumococcal, and meningococcal diseases (Rappuoli et al. 2014). 

The aspect of prevention is particularly important when considering the AMR crisis, denying the 

ability to pathogens to perpetuate their resistance genes is another benefit of vaccines (Rosini et 

al. 2020). Nonetheless, the effectiveness of vaccines is tainted by the insurgence of so called ‘sero-

shifts’, where the dominant population of the bacteria targeted is replaced to avoid recognition by 

the human immune health systems, similarly to the antibiotic resistance that antibiotics incur into 

(Pizza, Bekkat-Berkani, and Rappuoli 2020). 

Another biological antibiotic that could benefit from a less streamlined approach would be using 

predatory bacteria for therapy. As for phages, suspicion and skepticism regarding the safe use of 

predatory bacteria are among the main obstacles for clinical applications. On the one hand, the 

idea that only a chemical compound could be regarded as ‘safe’, is promptly disproven when taking 

into consideration the huge numbers of commensal viruses/bacteria that populate the human gut, 

or the harmless colonization of the respiratory system. Microorganisms are, de facto, already an 

integral part of human physiology. On the other hand, like the prey they devour, predators are also 

capable of mutation, so there is a certain degree of uncertainty involved for the future. Yet, this 

applies also to chemical antibiotics, which may display profound side effects, including ototoxicity, 

nephrotoxicity and allergic reactions (Yılmaz and Özcengiz 2017; Jospe-Kaufman, Siomin, and 

Fridman 2020; Mingeot-Leclercq and Tulkens 1999).
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Bdellovibrio and like organisms (BALOs) are particularly interesting not only for their natural ability 

to eliminate other bacteria, but also for the huge potential that they hold within their genomes. 

Predation requires a range of specific enzymes that are specialized in lysing and digesting the 

prey cell. Exploitation of such molecules could provide novel biological molecules that could be 

applied as antibiotics (Bratanis et al. 2020). Bacterial predators also hold an additional advantage 

over chemical agents, i.e., the capability to adapt and evolve with the prey they hunt. In some 

ways using a biological agent like a BALO could be equated to what machine learning represents 

for data science. Having the ability to interact and learn from the surrounding environment is a 

characteristic that could greatly benefit treatments, creating a novel class of “dynamic” agents that 

could self-regulate to better eliminate pathogenic bacteria.

The future of antibiotic therapy currently remains uncertain. Novel investments, research 

and alternatives are mandatory requisites for the continuation of the high standards in human 

health and healthcare achieved by humanity in the last century. Confronting the AMR crisis while 

the current antibiotics are still effective is an opportunity that should not be wasted. Failure to 

conquer the apathy and complacency of society and policy makers would result in the senseless 

loss of innumerable human lives before a new equilibrium is reached. While the problem of AMR 

is currently clearly recognized, immediate actions are required to ensure that the potentially 

catastrophic scenario of medicine without antibiotics does not turn into a reality in the future. 
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Conclusions 

Antibiotic resistance is a global problem that puts at risk a century of conquests obtained by 

modern medicine regarding human health and healthcare. The discovery of antibiotics was a 

pivotal moment in human history, allowing to greatly increase the quality of life of humans. This 

thesis presents different approaches to face the AMR problem and current and potential options to 

confront it. While the conventional chemical-based option for the development of antimicrobials is 

still the majoritarian approach, there are also other alternatives. In light of the loss of effectiveness 

and the insurgence of widespread resistance to conventional antibiotics, the pursuit of alternative 

options becomes crucial. Conventional chemical molecules have the advantages of having proven 

effectiveness, validated by years of usage, trusted by the public, and having low manufacturing costs 

and widespread availability. The main problem of chemical antibiotics is their static formulation and 

their inability to adapt in any way to the resistance that a living bacterium could and does develop 

to counter their effectiveness. Dethroning chemical antibiotics from their current predominant 

position would be governed by essentially two factors: a loss of effectiveness of conventional 

antibiotics or a creation of novel alternatives. The first requirement has already come to be, while 

the second will follow. 

Two main strategies have been investigated to contain bacteria: chemical and biological antibiotics. 

Bacteria are able to adapt and defend themselves against antibiotic stress, applying different 

strategies in the process, including scaling down their metabolism, changing their membrane 

permeability, modifying their targets or simply degrading the applied antibiotics. In addition, they 

can withdraw and hide inside biofilms or host cells, keeping them out of reach from the currently 

available antimicrobials. The chemical path is undoubtedly the current weapon of choice against 

pathogens, but the progressive increase in resistance has weakened their effectiveness. Thus, 

alternatives are needed that can keep pace with the ever-growing development of resistance. 

Biological alternatives, such as phages or bacterial predators, could be developed as viable 

alternatives to conventional antibiotic treatment. Regardless of the tool chosen to contrast drug 

resistant bacteria, the constant need for innovation and research is a common postulate for 

successful elimination of life-threatening pathogens. Antibiotic resistance is currently a critical issue, 

but the future could be brighter as long as new research continues to strengthen the currently 

existing antibiotic classes while undauntedly exploring and pioneering the development of novel 

alternatives. 
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