
JYU DISSERTATIONS 805

Ilmur Jonsdottir

Evolutionary Trajectories of 
Conjugative Resistance Plasmids and 
Their Interplay in the Ecology of 
Clinically Relevant Bacteria



JYU DISSERTATIONS 805

Ilmur Jonsdottir

Evolutionary Trajectories of Conjugative 
Resistance Plasmids and Their Interplay in 
the Ecology of Clinically Relevant Bacteria 

Esitetään Jyväskylän yliopiston matemaattis-luonnontieteellisen tiedekunnan suostumuksella
julkisesti tarkastettavaksi Agoran auditoriossa 2 

elokuun 9. päivänä 2024 kello 12.

Academic dissertation to be publicly discussed, by permission of
the Faculty of Mathematics and Science of the University of Jyväskylä,  

in building Agora, auditorium 2, on August 9, 2024, at 12 o’clock.

JYVÄSKYLÄ 2024



Editors
Matti Jalasvuori
Department of Biological and Environmental Science, University of Jyväskylä
Päivi Vuorio
Open Science Centre, University of Jyväskylä

Copyright © 2024, by the author and University of Jyväskylä

ISBN 978-952-86-0224-8 (PDF)
URN:ISBN:978-952-86-0224-8
ISSN 2489-9003

Permanent link to this publication: http://urn.fi/URN:ISBN:978-952-86-0224-8



ABSTRACT 

Jonsdottir, Ilmur 
Evolutionary trajectories of conjugative resistance plasmids and their interplay 
in the ecology of clinically relevant bacteria 
Jyväskylä: University of Jyväskylä, 2024, 96 p. 
(JYU Dissertations 
ISSN 2489-9003; 805) 
ISBN 978-952-86-0224-8 (PDF) 
Diss. 

Antimicrobial resistance (AMR) has emerged as a pressing global crisis that 
threatens to undermine a century of medical advancements and poses significant 
implications to healthcare worldwide. The complexity of AMR, particularly 
evident in notorious pathogens like those within the Enterobacteriaceae family, 
is exacerbated by the horizontal dissemination of antimicrobial resistance 
encoding genes (ARGs). This propagation within bacterial communities is 
further accelerated by self-replicating and self-transferrable mobile genetic 
elements (MGEs), known as conjugative plasmids. This thesis delves into the 
antimicrobial resistance and plasmid dynamics of Enterobacteriaceae members 
E. coli and K. pneumoniae. The overarching aim of this thesis is to explore
various aspects of microbial dynamics and antibiotic resistance evolution. Firstly,
the investigation aims to delve into the dynamics of plasmids and resistance
following antibiotic therapy (Study I). Secondly, it examines the evolutionary
dynamics of plasmid lineages and their potential for evolutionary rescue (Study
II). Furthermore, it aims to explore the environmental determinants influencing
the development of phage resistance (Study III). Lastly, it aims to investigate the
evolution and persistence of an ESBL plasmid targeted by CRISPR antimicrobial
strategies (Study IV). Findings reveal significant AMR and plasmid content
diversity among multiresistant E. coli and K. pneumoniae gut isolates. Notably,
the research underscores the critical role of ecological factors in shaping the
efficacy of interventions like phage therapy and CRISPR antimicrobials.
Moreover, it highlights the profound influence of evolutionary history on
plasmid dynamics and resistance mechanisms. This thesis expands current
knowledge by shedding light on the adaptability of bacteria to their environment
and emphasizes the need to consider ecological factors in developing effective
strategies against the AMR crisis.

Keywords: Antimicrobial resistance (AMR); bacteriophages; conjugative 
plasmids; CRISPR; evolutionary rescue; phage resistance; phage therapy.  
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TIIVISTELMÄ 
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Konjugatiivisten plasmidien evoluutiokulku ja vuorovaikutukset kliinisesti 
merkittävien bakteerien ekologiassa 
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Mikrobilääkeresistenssi (AMR) on noussut merkittäväksi globaaliksi ongelmaksi, 
sillä se hankaloittaa bakteeri-infektioiden hoitamista. AMR on haastava ongelma 
erityisesti Enterobacteriaceae-heimoon kuuluvien antibiooteille vastustuskykyisten 
patogeenien sekä niiden horisontaalisesti leviävien antibioottiresistenssigeenien 
(ARG) vuoksi. Näiden geenien leviämistä bakteeriyhteisöissä edesauttavat 
erityisesti itsenäisesti replikoituvat ja siirtyvät liikkuvat geneettiset elementit (MGE) 
kuten konjugatiiviset plasmidit. Tämän vuoksi AMR-ongelman ratkaisemiseksi 
tarvitaan uudenlaisia hoitomuotoja. Faagiterapiassa hyödynnetään bakteereja 
infektoivia viruksia. Antimikrobiaaliset CRISPR-pohjaiset työkalut taas voisivat olla 
tulevaisuuden ratkaisu ARG:ien poistamiseksi bakteeriyhteisöistä. Tässä 
väitöskirjassa tutkittiin Enterobacteriaceae-heimoon kuuluvien Escherichia coli- ja 
Klebsiella pneumoniae -bakteerien plasmididynamiikkaa ja antibioottiresistenssiä eri 
näkökulmista. Osatyössä I selvitettiin plasmidien ja antibioottiresistenssin 
dynamiikkaa antibioottihoidon aikana. Toisessa osatyössä (II) tutkittiin 
evoluutiohistorian vaikutusta plasmidien evoluutiodynamiikkaan ja niiden 
potentiaalia pelastaa antibiooteille herkkiä bakteereja konjugatiivisten plasmidien 
avulla. Lisäksi osatyössä III selvitettiin faagiresistenssin kehittymiseen vaikuttavia 
ympäristötekijöitä moniresistenteillä bakteereilla. Tutkimuksen viimeisessä 
osatyössä (IV) tutkittiin antimikrobisen CRISPR-työkalun vaikutusta ESBL- 
(Extended-Spectrum Beta-lactamase)-plasmidien säilyvyyteen ja evoluutioon. 
Tutkimustulokset osoittavat, että ekologiset tekijät vaikuttavat kohdennettujen 
keinojen tehokkuuteen. Lisäksi työn tuloksissa korostuu resistenssiplasmidien kyky 
sopeutua erilaisiin isäntäbakteeriympäristöihin sekä evoluutiohistorian vaikutus 
plasmididynamiikkaan. Tämä väitöskirjatyö laajentaa nykyistä tietämystä siitä, 
miten voimakkaasti sopeutumiskykyiset bakteerit kykenevät adaptoitumaan 
muuttuviin olosuhteisiin, korostaen erityisesti ekologisten tekijöiden merkitystä 
kehitettäessä tehokkaita työkaluja antibioottiresistenssiä vastaan. 
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1 INTRODUCTION 

1.1 Microbial dynamics 

In the landscape of microbial life, bacteria stand as omnipresent representatives. 
These unicellular microbial entities serve an essential role within the biosphere 
and in countless ecological niches, including the human body. Bacteria, 
ubiquitous ancient life forms that have thrived for billions of years, come in 
diverse shapes and sizes. Despite from an anthropocentric standpoint often only 
being thought of as pathogens, these cells fulfill a vital, albeit often invisible, 
function in the intricate web of life. For instance, it facilitates digestion, 
synthesizes crucial vitamins, and contributes to digestive system health in 
virtually all animals (McFall-Ngai et al. 2013). The genomes of bacteria are 
contained within a single chromosome composed of DNA and circular 
extrachromosomal DNA structures referred to as plasmids. These self-replicating 
genetic elements exert significant influence on bacterial evolution and can 
contain genes that confer selective advantages, such as antibiotic resistance. 
Further, plasmids also serve as essential tools in genetic manipulation research 
as versatile vectors for introducing, replicating, and expressing specific genes. 
Research into the symbiotic dance between bacteria and their plasmids allows us 
to discover their story of adaptation, evolution, and scientific innovation, a 
testament to how life works on a microscopic scale.  

1.1.1 Ecology of the human microbiome 

The human microbiome is a complex ecosystem within the human body 
encompassing a diverse repertoire of bacteria, viruses, and other microbial 
entities. These entities reside in various locations across the human body and 
exceed the number of our own cells (Savage 1977, Bianconi et al. 2013, Sender et 
al. 2016a, b). The estimations of the amount and diversity of genes jump 
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significantly by broadening the definition of a human to include its bacterial 
inhabitants, forming a superorganism (Turnbaugh et al. 2007). Bacteria flourish 
in collaborative communities, exemplified by biofilms, structured collaborative 
communities made of (living and dead) bacterial cells and extracellular matrix. 
In the human microbiome, biofilms are crucial for adherence to surfaces within 
the body, playing a significant role in various physiological processes (Costerton 
et al. 1999). These biofilms contribute to the dynamics of the human microbiome 
by increasing the resilience of the microbial community (Percival et al. 2015, 
Greene et al. 2016). Moreover, studies have demonstrated a correlation between 
biofilm formation and increased horizontal gene transfer (HGT) in vitro 
(Burmølle et al. 2006, Madsen et al. 2012). This horizontal exchange of bacterial 
genetic material fosters genetic diversity and adaptability within microbial 
populations and frequently engages mobile genetic elements (MGEs). 

The discovery of antibiotics a century ago represents a pivotal chapter in 
the story of the human microbiome as it transformed human health in miraculous 
yet complex ways (Fleming 1929). With antibiotics came significant positive 
impacts on life expectancy and quality of life. The complexities of antibiotic use 
stem from their overuse and misuse and their effect on the natural human flora. 
Human microbial communities show remarkable diversity among individuals, 
carrying a multitude of significance towards human health (Turnbaugh et al. 
2007, David et al. 2014, Vatanen et al. 2016, Delaroque et al. 2022). Despite 
recognizing this broad diversity, the underlying factors contributing to the 
differences and the mechanisms regulating them remain uncertain. A better 
understanding of these factors is a focal point in microbiome research, and the 
challenges faced in this exploration provide a fertile ground for continued 
exploration and discovery in the field. 

1.1.2 Gut microbiota 

The gut microbiota, an individual-specific and complex commensal and 
symbiotic microbial community within the gut of each person, is essential to the 
health of humans (O’Hara and Shanahan 2006, Clemente et al. 2012). The roles 
that the gut microbiota plays include managing metabolism, preserving the 
mucosal barrier, and modulating the immune system (Weinstein and Cebra 1991, 
Xu and Gordon 2003, Menard 2004, Rakoff-Nahoum et al. 2004, Paone and Cani 
2020). The most critical time in the development of the gut microbiota occurs 
during infancy (Palmer et al. 2007, O’Toole and Claesson 2010, Martin et al. 2010, 
Stewart et al. 2018, Roswall et al. 2021). During early life, there are significant 
influences on the microbiota from various factors like birthing methods, 
breastfeeding, and antibiotic exposure (Azad et al. 2016, Vandenplas et al. 2020, 
Jeong 2022). Following this, the gut microbiota generally maintains stability into 
adulthood (Rinninella et al. 2019). However, just like other human microbial 
communities, the gut microbiota displays individual variations. The reasons for 
these differences remain somewhat unclear but likely stem from the unique mix 
of host genetics, environmental influences, lifestyle decisions, dietary 
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preferences, and other elements (Ley et al. 2005, 2006, Frank et al. 2007, Clarke et 
al. 2014, Monda et al. 2017, Rinninella et al. 2019, Delaroque et al. 2022). 

Significant research efforts have investigated the impact of antibiotic use on 
the gut microbiota composition and function. As mentioned earlier, a person’s 
gut microbiota tends to remain relatively stable during adulthood, 
demonstrating a degree of resilience against external disruptions. Nevertheless, 
this does not eliminate the fact that this ecosystem is static as it undergoes 
sporadic changes, sometimes in as little as a day, resulting from factors such as 
antibiotics (David et al. 2014, Lange et al. 2016). Despite this, the gut’s “stability” 
encompasses a capacity to revert to its previous homeostasis. This refers to the 
balanced and stable state maintained within the gastrointestinal tract, which 
involves the regulation of microbial populations, immune responses, and barrier 
integrity. However, the duration of this regression of the gut varies significantly 
among individuals and is a topic of scientific interest (Lozupone et al. 2012). The 
antibiotic-induced disruption is typically characterized by an overall decrease in 
diversity and even the loss of clinically important taxa (Dethlefsen et al. 2008, 
Heinsen et al. 2015). This disruption can lead to the diminished ability of the 
natural gut community to resist the colonization of invading pathogens, better 
known as colonization resistance (Stecher et al. 2013). The effects of antibiotics on 
the gut microbiota are particularly evident within the first two years of life due 
to the lower resilience (Vangay et al. 2015). Further, post-antibiotic dysbiosis has 
been found to promote horizontal gene transfer, contributing to the evolution of 
drug-resistant pathogens (Stecher et al. 2013). This forms the basis of Study I in 
this thesis, where the microbiome of an individual patient was meticulously 
examined after undergoing intensive antibiotic therapy. 
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FIGURE 1  Visualization of the gut microbiota, featuring epithelial cells, bacteria, 
bacteriophages, and mucin glycoproteins (depicted as Y-shaped structures). 
Bacteriophages are shown attaching to mucin proteins within the gut 
environment, highlighting their interaction with the mucosal surface. 

  



 17 

In the anatomy of animals, the gut lining is notable for its goblet cells, which 
specialize in mucus production. The mucosa provides a physical barrier that 
separates the luminal contents of the gut from the underlying epithelium. This 
allows it to act as a protective shield against pathogens and harmful substances. 
Mucin, a component of the mucus layer in the gut, plays a fundamental role in 
shaping the dynamics and functionality of the gut microbiota (fig. 1) (Thornton 
and Skeehan 2004, Linden et al. 2008, Bakshani et al. 2018). Beyond its function as 
a physical barrier, mucin can serve as a nutrient source for mucin-degrading 
bacteria (Glover et al. 2022). These specialized microbes possess the enzymatic 
machinery necessary to break down and utilize mucin as an energy source, 
influencing the composition and metabolic functions of the gut microbiota 
(Tailford et al. 2015, Hansson 2020, Glover et al. 2022). Further, mucin helps 
maintain a balanced host-microbe interaction by fostering tolerance towards 
commensal bacteria while not disturbing the immune system, still allowing it to 
detect and respond to potential threats (Dharmani et al. 2009, Johansson and 
Hansson 2016). Due to the high bacterial concentration within the human body, 
the mucosal environment is an ideal habitat for the viruses that infect bacteria, 
known as bacteriophages. Some of these phages create a symbiotic niche within 
the eukaryotic host by interacting with the mucin present on mucosal surfaces 
(Barr et al. 2013a, Almeida et al. 2019, Sausset et al. 2020, de Freitas Almeida et al. 
2022). Some phages encode carbohydrate-binding and -degrading proteins that 
target bacteria and archaea, mediating their binding to mucosal components, 
such as mucins (Rothschild-Rodriguez et al. 2023). Studies have shown that 
mucin can affect the outcomes of phage predation within the intestine by altering 
bacterial growth and increasing phage production (Carroll-Portillo et al. 2023). 
Further, the presence of mucin has been linked to changes in phage binding on 
mucus and its impact on phage-bacterium interactions (Almeida et al. 2019). 
Phages with an affinity towards binding to host mucins can form a protective 
antibacterial defense mechanism called BAM (bacteriophage adhesion to mucus, 
fig. 1) (Barr et al. 2013b, Chatterjee and Duerkop 2018). In essence, mucin plays a 
pivotal role as a mediator in nurturing the symbiotic relationship between the 
gut and its resident microbial community. With its multifaceted functions as a 
barrier, adhesion mediator, immune modulator, and metabolic regulator, mucin 
holds profound implications for gut health and disease. This forms the 
foundation of a segment of the thesis work (Study III), focusing on examining the 
impact of mucin and antibiotics on the potential emergence of phage resistance 
in clinical isolates of Escherichia coli and Klebsiella pneumoniae.  

1.1.3 Enterobacteriaceae 

Arguably, no prokaryotic group has exerted more influence on public health and 
research than the Enterobacteriaceae family (Paterson 2006, Pitout 2008). The 
Gram-negative members of the Enterobacteriaceae family, tallying over 50 genera, 
inhabit the human body as both commensals and symbionts. These bacteria are 
found primarily in the gastrointestinal (GI) and respiratory tracts, where they 
play an essential role in numerous physiological functions (Guentzel 1996). 
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However, studies have reported that the proliferation of Enterobacteriaceae 
contributes to the pathogenesis of a broad range of diseases (Lupp et al. 2007, 
Morgan et al. 2012, Gevers et al. 2014, Zuo and Ng 2018, Baldelli et al. 2021). 
Enterobacteriaceae tend to harbor conjugative plasmids containing antimicrobial 
resistance (AMR) genes susceptible to evolution, furthering the challenge they 
pose as opportunistic pathogens (Alonso-del Valle et al. 2023). Within the gut 
microbiota, Enterobacteriaceae are commonly found near the epithelial layer, likely 
due to their high tolerance to oxygen (Zeng et al. 2017). Clinical Enterobacteriaceae 
isolates can be categorized for epidemiological purposes by their sequence type 
(ST). This is determined by the nucleotide sequence of certain multilocus 
sequence typing (MLST) housekeeping genes (Aanensen and Spratt 2005, Pérez-
Losada et al. 2013, Maiden et al. 2013, Jolley and Maiden 2014). 

Escherichia coli, a prominent member of the Enterobacteriaceae family, 
typically exists as a benign resident of the human body. Yet, this versatile 
bacterium stands out as an opportunistic pathogen capable of transitioning from 
commensal to pathogenic behavior (Tenaillon et al. 2010, Crossman et al. 2010, 
Koli et al. 2011, Proença et al. 2017). This species of bacteria has become 
increasingly implicated in a wide array of infections, spanning from intestinal to 
extraintestinal sites (Russo and Johnson 2003, Köhler and Dobrindt 2011). 
Beyond its clinical significance, E. coli is of great interest in microbiological 
research for several reasons, including its consideration as a bacterial model 
system and its amenability to laboratory cultivation. Moreover, the genetic 
flexibility of E. coli and its well-studied molecular biology make it a prime subject 
for investigating microbial physiology and interactions between hosts and 
pathogens (Pontrelli et al. 2018). E. coli is a common pathogen in various 
infections, comprising various described pathotypes. The most notorious of 
which are the extraintestinal pathogenic E. coli (ExPEC), causing infections 
outside the intestinal tract such as urinary tract infections (UTI), sepsis, neonatal 
meningitis, and infections of other extraintestinal organs (Dale and Woodford 
2015). Other pathotypes include Enterotoxigenic E. coli (ETEC) responsible for 
diarrhea through the production of endotoxins, Enteropathogenic E. coli (EPEC) 
forming lesions on intestinal cells, and Enterohemorrhagic E. coli (EHEC) causing 
foodborne illnesses such as hemolytic-uremic syndrome (HUS). Here, mobile 
genetic elements play a role in the evolution and dissemination of virulence 
factors among the different E. coli pathotypes. These elements can carry genes 
encoding toxins, adherence factors, and other virulence determinants 
(Donnenberg and Whittam 2001, Gomes et al. 2016). E. coli is the culprit in 70-90% 
of UTIs and 10-30% of bloodstream infections (Johnson 1991, Ejrnæs 2010, 
Doumith et al. 2015, Kudinha 2017, Daga et al. 2019). It has been widely reported 
that pathogenic E. coli is either majorly or entirely (60-100%) responsible for acute 
appendicitis (Saxen et al. 1996, Chen et al. 2012, Jeon et al. 2014). Acute 
appendicitis can manifest either uncomplicated or complicated, with the 
standard treatment being surgery to remove the appendix. Notable research has 
focused on less invasive therapeutics (antibiotics) as a treatment for computed 
tomography (CT)-proven uncomplicated acute appendicitis, bypassing the 
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inherent risks associated with surgery (Minneci et al. 2014, Salminen et al. 2015, 
2018, Vanhatalo et al. 2019, Podda et al. 2019, Herrod et al. 2022).  

Another ubiquitous constituent of the Enterobacteriaceae family and of much 
relevance to human health is Klebsiella pneumoniae. Although an inherent 
inhabitant of the Gastrointestinal tract (GI) tract and the skin, its clinical 
importance cannot be underestimated, as  K. pneumoniae is one of the dominant 
offenders in nosocomial infections, accounting for approximately one-third of 
these infections (Navon-Venezia et al. 2017). This bacterium exhibits a propensity 
for developing multidrug resistance, posing a considerable challenge from a 
clinical perspective. Of particular concern is its association with a spectrum of 
infections, including intestinal, urinary, respiratory, and blood. 
Immunocompromised individuals are primarily susceptible to K. pneumoniae 
infections (Podschun and Ullmann 1998). This species inclination to develop 
biofilms in vivo can shield the pathogen from host immune responses and 
antibiotics (Jagnow and Clegg 2003, Vuotto et al. 2014, Wang et al. 2020). The 
ability of K. pneumoniae to persist in healthcare environments and its increasing 
antibiotic resistance and spread of resistance urges further understanding of its 
pathogenic mechanisms. 

1.1.4 Bacteriophages 

Bacteriophages, colloquially known as phages, are viruses that exclusively target 
and infect bacteria (Twort 1915, d’Herelle 1917, Ackermann and DuBow 1987). 
Like all viruses, phages are not “alive,” but these microscopic entities assume an 
essential role in biological functions as predators of bacterial cells. The life cycles 
of bacteriophages can be categorized into two groups based on their replication 
mechanism: lytic and temperate (fig. 2) (Ackermann and DuBow 1987). In the 
lytic cycle, the phage infects its host, overtaking its machinery for replication, 
culminating in lysis, and liberating new phages. In contrast, the lysogenic cycle 
does not result in the lysis of the cell. Instead, it entails the integration of the 
phage genetic material into the bacterial genome, establishing a genetic symbiotic 
relationship. Phages capable of replicating via the lysogenic cycle are called 
temperate phages, and they can spontaneously transition their replication 
strategy to the lytic cycle (Barksdale and Arden 1974).  

Phages exhibit a broad range of morphological structures reflecting their 
evolutionary adaptations to selectively target their specific bacterial hosts. The 
morphological characteristics of phages primarily revolve around their capsid, 
additionally on features such as tails, fibers, and spikes (fig. 2) (Ackermann 2007, 
2009). All phages share the common feature of containing their genetic material 
within a proteinaceous structure known as a capsid. Capsid morphology 
encompasses three predominant categories: icosahedral, helical, and complex 
(Louten 2016). Icosahedral phages present a symmetrical and polyhedral capsid 
shape, while helical phages exhibit a spiral structure. In contrast, complex phages 
manifest more elaborate and often asymmetrical morphologies. A paradigmatic 
example of phage morphology is seen with the T4-like bacteriophage, typified by 
an icosahedral capsid and, most notably, a retractable tail (Yap and Rossmann 
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2014). These phages are within the group of Myoviruses and represent the most 
known and described groups of phages (ICTV 2009, Turner et al. 2023). T4-like 
bacteriophages are known to generally carry the hoc gene that encodes for the 
Highly Antigenic Outer Capsid (Hoc) protein (Sathaliyawala et al. 2010). 
Categorizing phage morphotypes systematically enriches our understanding of 
their evolutionary connections and diverse functionalities. Taxonomically, 
phages are classified according to their nucleic acid content (DNA or RNA), 
morphology (utilized by electron microscopy), and replication strategy (lytic or 
lysogenic). This systematic classification and nomenclature of phages falls under 
the responsibility of the International Committee on Taxonomy of Viruses 
(ICTV).  
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FIGURE 2 Representation of the typical morphology of a head-tail phage, as well as an 
illustration of the two replication cycles utilized by phages: (1) the lytic cycle 
and (2) the lysogenic cycle. The lytic cycle involves immediate replication and 
lysis of the host cell, while the lysogenic cycle integrates the phage genome 
into the host's DNA, potentially remaining dormant until triggered to enter 
the lytic cycle. 
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The specificity of the interaction between phages and their bacterial hosts lies in 
the unique correspondence between the phage and a specific set of receptors on 
the bacterial cell surface. This allows the phage to recognize and bind to its target, 
forming the fundamental basis of phage infectivity. A fascinating subset of 
bacteriophages is the plasmid-dependent phages, or plasmid-specific phages, 
which rely on plasmid-encoded features for successful host recognition and 
infection. These phages evolve to target and leverage plasmids specifically, 
creating an additional niche for exploitation. However, the interaction between 
plasmids and phages is not a one-way street, as phages can actively drive 
bacterial communities to become antibiotic-susceptible by targeting specific 
structures like the sex pili (Colom et al. 2019). Because these viruses depend on 
plasmids, researchers can utilize this dependency to isolate the viruses and 
investigate their infectivity patterns. (Ngiam et al. 2022). Furthermore, plasmid-
dependent phages have been identified as a possible player in constraining 
horizontal gene transfer, indicating their significant evolutionary role (Quinones-
Olvera et al. 2023). Research has shown that plasmid-dependent phages can lead 
to the loss of antibiotic-resistance plasmids in bacterial populations (Jalasvuori et 
al. 2011). Additionally, the close association between conjugative plasmids and 
male-specific bacteriophages within biofilm communities hints at using phages 
to regulate biofilm formation (May et al. 2011). This highlights the potential of 
plasmid-dependent phages as tools to combat challenging bacterial pathogens, 
such as by reducing the carriage of AMR plasmids.  

Lately, bacteriophages have become a particular research focus due to their 
potential for therapeutic application, i.e., phage therapy, where their unique 
ability to diminish bacterial populations specifically is harnessed as an 
alternative to antibiotics. Unlike traditional antibiotics that can target a broad 
spectrum of bacteria, including those that are beneficial, bacteriophages exhibit 
a remarkable specificity as they recognize and infect particular bacterial strains. 
This heightened specificity is owed to the discernible molecular interactions 
between the phage and receptors on the bacterial surface. As scientists delve 
deeper into bacteriophages, it opens up exciting possibilities for their potential 
as therapeutic agents.  

The infinite arms race between bacteria and bacteriophages has led to the 
evolution of sophisticated anti-phage defense mechanisms within bacteria. 
Additionally, the lesser-known "anti"-anti-phage systems are designed to 
counteract these defenses. Bacterial defenses against phages are a "hot" research 
topic, with new systems discovered frequently and cumulating into the 
hundreds (Georjon and Bernheim 2023). Among these, the most prominent are 
passive defenses, such as surface modifications, or active defenses, such as 
restriction-modification (RM), CRISPR/Cas, and abortive infection (abi) systems. 
RM systems work by modifying bacterial DNA and restricting foreign DNA, 
preventing the replication of the phage (Tock and Dryden 2005). CRISPR-Cas 
(Clustered Regularly Interspaced Short Palindromic Repeats) systems provide 
adaptive immunity by storing phage DNA sequences or "memorizing" and using 
them to recognize and destroy similar invaders (Mojica et al. 2005, Pourcel et al. 
2005, Bolotin et al. 2005). Abi systems sacrifice the infected bacterial cell to block 
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phage replication and protect neighboring cells (Lopatina et al. 2020). These anti-
phage systems showcase the varying bacterial strategies to fend off viral threats. 
Understanding these defense mechanisms can elucidate the biology of bacteria-
phage interactions and hold the potential for innovative applications in 
biotechnology and therapeutic interventions (Jinek et al. 2012). 

1.1.5 Horizontal gene transfer 

Bacteria are known to exchange genetic material among themselves, and the 
mechanisms behind this are as various as many. This horizontal gene transfer 
(HGT) contributes significantly to bacteria’s ability to adapt and evolve (Juhas et 
al. 2009). The traditional genetic flow is the vertical form, in which the genetic 
material is transferred from parental to daughter cell. However, HGT allows for 
the sharing of genetic material between unrelated individuals, even those of 
different strains and species (Dutta and Pan 2002, Grohmann et al. 2003a). Mobile 
genetic elements, including plasmids, transposons, and bacteriophages, play a 
pivotal role in HGT. Conjugative plasmids, for instance, are essential 
contributors to bacterial conjugation, a process where bacteria transfer genetic 
information through extended structures called pili. These sex pili facilitate the 
physical connection between donor and recipient cells, enabling the transfer of 
genetic material during conjugation. The uptake and incorporation of foreign 
DNA from the environment is known as transformation. This can be replicated 
under certain conditions in the laboratory. Additionally, bacteria possess specific 
cell surface machineries, including some secretion systems and type IV pilus 
structures, that are known to facilitate DNA uptake (Christie et al. 2014). Through 
their infection life cycle, bacteriophages are introduced into different bacterial 
cells and can erroneously transfer the bacterial genetic information to another 
cell. This is called transduction and serves as an additional bacterial HGT 
mechanism. In addition, bacterial “jumping” genes, or transposons, are HGT 
elements that utilize transposition to disseminate genetic material between cells. 
Transposons move with the assistance of enzymes called transposases that 
recognize and cleave the DNA sequence of the transposon, enabling it to be 
excised and inserted elsewhere. Bacterial transposons can be composed of both 
coding and non-coding regions. Bacterial transposons can only contain genes for 
transposition with no extra functions, or complex ones, that carry additional 
genes that can present the host bacteria with specific abilities. Transposable 
elements are categorized into classes based on their transfer method. 
Retrotransposons move via reverse transcription (RT), while DNA transposons 
do not rely on them (Feschotte and Pritham 2007). All types of horizontal gene 
transfers may provide selective advantages to the host bacteria, such as antibiotic 
resistance genes. 
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1.2 Conjugative Plasmids 

Conjugative plasmids, a subset of plasmids, are key bacterial DNA transfer 
agents. These specialized plasmids harbor genetic machinery encoding 
everything necessary to allow for their autonomous transfer from one bacterium 
to another through conjugation. Their relocation can span large taxonomic 
distances, highlighting their impact on bacterial diversity, evolution, and 
dissemination of critical traits, such as antibiotic resistance genes (Norman et al. 
2009). Conjugative plasmids can extend HGT through mobilization to include 
nonconjugative mobilizable plasmids (Smillie et al. 2010). These exciting elements 
can be taxing on their hosts, demanding energy and resources allotted to their 
transfer. The dilemma of explaining the survival of costly plasmids without 
apparent advantages is known as the “plasmid-paradox” (San Millan and 
MacLean 2017, Brockhurst and Harrison 2022). This unresolved puzzle is a 
popular research area due to its enigmatic nature. The extensive research 
focusing on conjugative plasmids has helped determine their functional 
dependencies and networks (Firth et al. 1996, De La Cruz et al. 2010, Guglielmini 
et al. 2013, Johnson and Grossman 2015, Hall et al. 2016, Werisch et al. 2017, 
Botelho and Schulenburg 2021, Ares-Arroyo et al. 2023). Moreover, continuous 
research on conjugative plasmids explores their diverse characteristics, including 
their size, complexity, and their regulatory mechanisms (Bañuelos-Vazquez et al. 
2017, Sysoeva et al. 2020, Virolle et al. 2020, Ni et al. 2021, Neil et al. 2021). Efforts 
to establish a taxonomic classification system for conjugative plasmids are 
ongoing within the field (Shintani et al. 2015, Fernandez-Lopez et al. 2017). The 
classification is based on replication and transfer systems alongside the 
taxonomy of the host. Our knowledge of the genetics of pathogenic bacteria relies 
on a thorough understanding of conjugative plasmids, thus promoting their 
investigation in a clinical light. This will ideally aid in deciphering the spread of 
antibiotic resistance and develop strategies to manage it effectively.  
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FIGURE 3  Illustration demonstrating bacterial conjugation, where conjugative plasmids 
are transferred between bacterial cells. Initially, two adjacent bacterial cells, 
both compatible with the plasmid's host range, connect via sex pili. 
Subsequently, the plasmid transfers and replicates within the recipient cell, 
resulting in both the donor and recipient cells carrying the plasmid. 

1.2.1 Plasmid characteristics 

Conjugative plasmids possess distinctive characteristics that distinguish them 
within bacterial genetics. The hallmark trait of conjugative plasmids is their 
ability to self-transfer from one cell to another. The machinery encoded by 
conjugative plasmids facilitating the transfer is a set of genes, known as the tra 
genes, encoding proteins responsible for the assembly of conjugative pili and the 
transfer of plasmid DNA during conjugation (Frost et al. 1994, Lanka and Wilkins 
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1995, Firth et al. 1996, Zatyka and Thomas 1998, Grohmann et al. 2003b). The 
conjugative pili or sex pili are filamentous structures protruding from the donor 
cell that mediate contact with the recipient (fig. 3). The tra gene core regulates the 
initiation, formation, and termination of the transfer process. Conjugative 
plasmid sequences typically contain oriT (origin of transfer) sites, serving as 
starting points for DNA transfer during conjugation. 

Categorization of the mobility of plasmids based on their ability to move 
between bacterial cells is encompassed in their mobility class. This classification 
entails three main categories: non-mobilizable, mobilizable, and conjugative. 
Non-mobilizable plasmids lack both the transfer machinery and the oriT required 
for autonomous or assisted transfer. Mobilizable plasmids lack the complete 
machinery for transfer but contain an origin of transfer (oriT), allowing them to 
be mobilized in conjunction with a helper (conjugative) plasmid. The third class 
is conjugative plasmids, transfer regions within conjugative plasmids facilitate 
the formation of a mating pair between donor and recipient bacteria and the 
subsequent transfer of plasmid DNA, enabling horizontal gene transfer  
(Norman et al. 2009, Smillie et al. 2010).  

Another system of plasmid classification is based on their ability to stably 
coexist within the same bacterial cell over generations, known as the Inc 
(incompatibility) group of plasmids. Plasmids belonging to the same Inc group 
are unable to coexist through generations within a single cell line due to their 
similar replication or partitioning systems, resulting in a competitive exclusion 
phenomenon. This dynamic fosters the diversity of plasmid types in bacterial 
communities and has significant ramifications for the dissemination of antibiotic-
resistance genes carried by plasmids, shaping their prevalence and persistence. 
The classification system is fundamental to any plasmid research and is denoted 
by "Inc" followed by a letter or a combination of letters representing different 
incompatibility groups. For instance, IncF, IncI, IncX, and IncN represent 
plasmid incompatibility groups of much clinical relevance (Glenn et al. 2013, 
Mutai et al. 2019, Chen et al. 2024). Within bacterial populations, certain 
incompatibility groups often carry similar resistance genes, an essential factor 
when researching them, mainly in the context of genomic epidemiology. The 
knowledge of Inc types holds the potential for predicting which plasmids might 
spread or persist in bacterial communities and aids in developing strategies to 
manage and control their dissemination, especially in clinical settings 
(Palchaudhuri and Maas 1977, Novick and Hoppensteadt 1978, Bergquist et al. 
1982, Lanka and Wilkins 1995, Grohmann et al. 2003b, Helinski 2022). 

The establishment of an intimate physical contact, the extended sex pili, 
between a plasmid donor and plasmid recipient cell during conjugation is called 
a mating pair formation (Mpf). Plasmid mating pair formation (Mpf) systems are 
widely classified based on the gene and protein complexes involved. 
Additionally, membrane-associated proteins apart of these systems aid in the 
recognition and engagement of the recipient cell, ensuring the efficient transfer 
of plasmid DNA (Zatyka et al. 1997, Li et al. 1998, Schröder and Lanka 2005, 
Zhong et al. 2010). The characteristics of conjugative plasmids provide insights 
into the mechanisms underlying one of the primary modes of genetic exchange 
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among bacteria. This directly contributes to our understanding of clinically 
relevant topics such as AMR as well as microbial evolution and ecology. 

1.2.2 Host-plasmid co-evolution 

In the construction of bacterial evolution, plasmids are architects, indispensable, 
steering the course of adaptation and diversity of their hosts. The evolutionary 
interplay between plasmids and their microbial hosts is versatile and shaped by 
host specificity, fitness consequences, and the acquisition of essential genes. 
Plasmids exhibit greater plasticity than the chromosome and evolve through a 
blend of mutation, horizontal gene transfer, recombination, and selective 
pressure. Plasmids are known to shape the accessory genome of their hosts and 
foster the development of plasmid-encoded traits while also bolstering the 
adaptability of the host chromosome (Rodríguez-Beltrán et al. 2021). Like other 
MGEs, every plasmid has a host range determined by its ability to transfer and 
replicate efficiently within bacterial cells. This range can potentially span across 
different strains and species. Due to MGEs integration within their host, the 
environment of a plasmid extends beyond the confines of its host. With this, 
environmental determinants, abiotic and/or biotic, affecting the microbial 
community as a whole also influence host-plasmid interactions. Several studies 
have highlighted factors contributing to plasmid evolution, including plasticity, 
host-resource competition, temperature, and biofilm formation (Porse et al. 2016, 
Wein et al. 2019, Stalder et al. 2020, Lehtinen et al. 2021, Metzger et al. 2022). 
Nevertheless, knowledge gaps exist concerning the impact of the environment 
on plasmid evolution, mostly revolving around bridging plasmid behavior in 
bacterial consortia between in vitro studies and natural environments. These 
unknowns are understandable given the wide array of environmental factors 
bacterial populations encounter, particularly within the human body. 

Experimental evolution studies unveil the emergence of plasmid stability 
in non-selective conditions, upholding antibiotic resistance and prompting 
compensatory adaptations of both plasmid-based and chromosomal, thus 
sustaining plasmid persistence (Harrison et al. 2015, 2016, Loftie-Eaton et al. 2017, 
Zwanzig et al. 2019, Wein et al. 2019, Hall et al. 2021, Bird et al. 2022, DelaFuente 
et al. 2022). The trajectory of plasmid evolution profoundly influences bacterial 
populations, with migration identified as a pivotal determinant of plasmid 
population dynamics (Harrison et al. 2018). Plasmids can facilitate ecological 
isolation within communities, fostering speciation of host and plasmid via 
continuous horizontal gene transfer. 

The reciprocal evolution of plasmids and their hosts can be a stabilizing 
factor for antibiotic resistance. In vitro experimental evolutionary studies offer 
insights into how antibiotic treatment influences the co-evolution of plasmids 
and hosts, contributing to the persistence of antibiotic-resistant plasmids (Stalder 
et al. 2017). Large conjugative plasmids, such as multidrug resistance plasmids, 
are known to exhibit three strategies to enhance their persistence: mutations in 
their replication genes, altering the transcriptional regulatory system of their 
host, and acquiring toxin-antitoxin (TA) systems (Porse et al. 2016). Toxin-
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antitoxin systems function by deploying a toxic protein (toxin) alongside its 
corresponding inhibitory counterpart (antitoxin); this creates a delicate balance 
that, if disrupted, leads to programmed cell death. When encoded on plasmids, 
it maintains their stability as the cell succumbs to toxicity when the antitoxin is 
no longer produced (Yang and Walsh 2017). This mechanism is one of many that 
reinforces the complexity of the interactions between plasmids and their hosts. 
The evolutionary dance of plasmids with their bacterial hosts bears extensive 
implications for ecological dynamics and the spread of antibiotic resistance. A 
better understanding of host-plasmid evolution is vital for tackling challenges 
associated with antimicrobial resistance and the evolution of bacterial pathogens.  

1.3 Antimicrobial resistance  

Antimicrobial resistance (AMR) casts a persistent shadow on health care 
globally, marked by the adaptation of pathogenic bacteria to resist the impact of 
antimicrobial drugs, rendering these medications ineffective (O’Neill 2016, 
Murray et al. 2022). Antibiotics are categorized into various classes based on their 
chemical structure, mechanism of action, and spectrum of activity. Some of the 
most commonly used antibiotic classes include fluoroquinolones, macrolides, 
tetracyclines, sulfonamides, and beta-lactams such as penicillins, cephalosporins, 
carbapenems, and monobactams. Each class possesses unique properties that 
dictate their efficacy, spectrum of activity, and potential side effects. While this 
bacterial resistance phenomenon happens naturally, it is accelerated by the 
inappropriate use of antibiotics in both humans and animals, insufficient 
infection prevention and control measures, and the scarcity of newly discovered 
antimicrobial agents (Shull 1935, Shlaes et al. 2013, Årdal et al. 2018, Bhavnani et 
al. 2020, Elisabeth et al. 2021, Mancuso et al. 2021, Ruzante et al. 2022). The 
implications of AMR are dire, compromising the efficacy of our most common 
infection treatments and leading to prolonged illnesses, increase in healthcare 
expenses, and higher mortality rates (ECDC/EMEA 2009, Stoll et al. 2010, World 
Health Organization 2012, 2014, Centres for Disease Control and Prevention 
2013, Prestinaci et al. 2015). Effectively addressing this issue necessitates a 
complex and thorough strategy, encompassing solutions to the implications 
mentioned. To mitigate antimicrobial resistance means safeguarding the 
effectiveness of seemingly irreplaceable treatments.  

1.3.1 Resistance genes and dissemination 

Antimicrobial resistance genes (ARGs) represent the genetic components 
responsible for antimicrobial resistance (Harbottle et al. 2006). These genes are 
prevalent in a wide array of pathogenic and commensal bacteria. Typically, 
ARGs encode proteins or enzymes that alter, break down, or expel antibiotics 
from bacterial cells, nullifying the effectiveness of the drug (Christaki et al. 2020). 
The acquisition of ARGs occurs via multiple routes, including horizontal gene 
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transfer facilitated by plasmids, phages, and transposons. These resistance 
mechanisms, alongside mutations within pre-existing genes, are selected for 
under exposure to antibiotics. The extensive diversity and prevalence of ARGs 
across microbial populations pose a challenge in combatting infectious diseases, 
especially in the light of multidrug-resistant strains. The spectrum of ARGs 
culminates in their classification as multidrug-resistant (MDR), extensively drug-
resistant (XDR), or pan-drug-resistant (PDR) based on their resistance scope and 
pattern (Falagas and Karageorgopoulos 2008, Magiorakos et al. 2012). Extensive 
studies have delineated the diversity, mechanisms, and prevalence of ARGs 
within clinical bacterial populations, grouping them according to their genetics 
and virulence (Wendlandt et al. 2013, Pereira et al. 2013, Khan et al. 2019, Almeida 
et al. 2020). Antimicrobial resistance genes that work through enzymatic 
inactivation represent an overwhelming threat to healthcare and include genes 
encoding beta-lactamases, aminoglycoside-modifying enzymes, tetracycline 
resistance, and fluoroquinolone resistance. Other resistance mechanisms 
involving ARGs and even simple point mutations are target modification, efflux 
pumps, enzymatic modification, and transporter and regulatory mutations 
(Munita and Arias 2016). Recognizing the different mechanisms and their genetic 
counterparts directly facilitates antimicrobial resistance surveillance worldwide. 
A better grasp of the mechanisms, transmission pathways, and regulatory 
mechanisms governing ARGs is needed to formulate strategies to alleviate their 
impact and preserve the potency of antimicrobial therapies (Tenover 2006). 

The relentless group of enzymes known as beta-lactamases is at the 
forefront of the global AMR battle. These enzymes, mainly produced by Gram-
negative bacteria within the Enterobacteriaceae family, exhibit remarkable 
proficiency in hydrolyzing (breaking) the beta-lactam rings in their namesake 
antibiotics, including penicillins and cephalosporins (Philippon et al. 1989, 
Turner 2005, Paterson and Bonomo 2005, Livermore 2008, Falagas and 
Karageorgopoulos 2009, Castanheira et al. 2021). Extended-spectrum beta-
lactamases (ESBLs), a subtype of beta-lactamases, confer resistance to a wide 
spectrum of beta-lactam antibiotics. ESBL-producing Enterobacteriaceae, notably 
Klebsiella pneumoniae and Escherichia coli, are extensively studied due to their 
prevalence in healthcare settings, although their incidence in community-
acquired infections is on the rise (Rodriguez-Bano et al. 2009, Khanfar et al. 2009, 
Larramendy et al. 2021). The genes responsible for encoding ESBLs are highly 
receptive to horizontal gene transfer (HGT), facilitating their widespread 
dissemination in turn, complicating treatment options (Hawkey and Jones 2009, 
Cantón et al. 2012, Hartmann et al. 2012, Doi et al. 2012, Woerther et al. 2013, von 
Wintersdorff et al. 2016). 

The dissemination of AMR involves resistant bacteria and ARGs 
proliferating widely, posing a significant challenge throughout various 
ecosystems. This process is driven by multiple mechanisms, including horizontal 
gene transfer, clonal expansion of resistant strains, and the migration of resistant 
organisms within and between communities. Particularly noteworthy is the 
promiscuity of plasmid-mediated HGT, i.e., conjugation, often allowing for the 
exchange of resistance genes among different bacterial species and populations 



 30 
 
(Marí-Almirall et al. 2021, Kessler et al. 2023, Castañeda-Barba et al. 2024). The 
dispersion of ARGs transcends conjugative plasmids and includes transposons, 
integrons, and bacteriophages (Boerlin and Reid-Smith 2008, Baker et al. 2018, 
Vikesland et al. 2019). From an anthropogenetic perspective, AMR extends from 
clinical settings to the food chain. (Cabello and Godfrey 2016, Arnold et al. 2016, 
Ruiz and Alvarez-Ordóñez 2017, Koutsoumanis et al. 2021).  Researching the 
pathways through which AMR pathogens evolve and disseminate is essential for 
making strides in understanding the drivers of AMR transmission. However, 
experimental testing of evolutionary rescue (discussed in more detail in section 
1.3.2) via HGT within microbial communities poses several challenges. These 
mainly revolve around the experimental constraints that come with any 
microbes, as well as their evolutionary rates, community interactions, 
environmental heterogeneity, quantifying fitness effects, and migration.  

1.3.2 Evolutionary rescue  

Evolutionary rescue is a key concept in evolutionary biology involving the 
adaptive change or “rescue” of a population on the brink of extinction due to an 
environmental challenge. This concept in the context of microbiology can occur 
in a bacterial population as a response to stressors or threats such as antibiotics 
(fig. 4). As selective pressures mount from the extensive use of antibiotics, 
bacteria must adapt to survive. In this adaptive landscape, disseminating ARGs 
via promiscuous resistance plasmids can mean an evolutionary rescue. The 
rescue potential of resistance plasmids thus becomes a critical factor in shaping 
the evolutionary trajectories of bacterial populations. Recent studies have shown 
that evolutionary rescue via conjugative plasmids can cause susceptible bacteria 
to become resistant during beta-lactam antimicrobial treatment (Mattila et al. 
2017, Ruotsalainen et al. 2020). With this in mind, conjugative resistance plasmids 
each carry a transfer potential, with findings in this thesis (Study II) showing that 
plasmid-host interactions and other evolutionary influences can impact the 
potential of plasmids to rescue susceptible bacteria from the effects of certain 
antibiotics. Nevertheless, delving into the study of evolutionary rescue in 
microbial communities unveils a labyrinth of challenges, given the complex 
nature of microbial ecology and the dynamics associated with adapting to 
environmental stressors. With the trajectory from genotype to phenotype in 
bacteria being unmistakably non-linear, quantifying the fitness effects of 
adaptive traits within populations proves to be extremely multifaceted (Ruppé et 
al. 2017, Morris et al. 2020, Srivastava and Payne 2022). Further, studying 
evolutionary rescue in bacterial populations would necessitate clearly 
distinguishing between local adaptation and the migration of pre-adapted 
individuals. Additionally, clinical investigation of this phenomenon encounters 
obstacles in the diverse interspecific interactions and navigating the 
environmental heterogeneity within the human body. However, investigating 
the interplay between the spontaneous genetic adaptation to selective pressures 
imposed by antimicrobial agents would clearly allow for a more comprehensive 
scope of AMR. 
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FIGURE 4  Graphic depiction showcasing the concept of evolutionary rescue within 
microbial communities under antibiotic exposure that harbor conjugative 
antimicrobial resistance (AMR) plasmids. As antibiotic selective pressure 
intensifies, specific bacteria harboring advantageous traits, AMR plasmids, 
may undergo evolutionary adaptations, enabling them to share their beneficial 
traits and aid the survival and prosperity of the population. 

1.4 CRISPR/Cas 

Few microbial discoveries have provoked the world as much as the captivating 
bacterial immunity system CRISPR/Cas (The Nobel Foundation 2020). CRISPR, 
alongside the CRISPR-associated (Cas) proteins, constitutes an adaptive bacterial 
immune system defending its host against viruses and foreign DNA such as 
plasmids. Recently, under the recognition of seemingly the entire scientific 
community,  CRISPR/Cas has been repurposed as a revolutionary genome 
editing tool (Jinek et al. 2012). In its natural pathway, the system consists of two 
main components: the guide RNA, targeting specific DNA or RNA sequences, 
and the Cas proteins, acting in various ways, including as molecular scissors (fig. 
5) (Jansen et al. 2002, Tang et al. 2002, Mojica et al. 2005, Pourcel et al. 2005, Bolotin 
et al. 2005). The CRISPR/Cas systems operate through two phases, encompassing 
three key steps. In the initial phase, termed adaptation, bacteria respond to viral 
invasions by incorporating a fragment of the phage genome into its own (CRISPR 
array). This process or step is known as spacer acquisition. Proteins like Cas1, 
Cas2, and occasionally Cas4 are instrumental in this step, demonstrated through 
extensive mutation studies that showed the cessation of spacer acquisition when 
these proteins were removed (Nuñez et al. 2014, 2015, Kieper et al. 2018). The 
subsequent phase, biogenesis or transcription, wherein the CRISPR array is 
transcribed to produce pre-crRNA, later processed into mature crRNA with the 
aid of certain Cas proteins. In the interference phase, the mature crRNA 
combined with Cas proteins form what is known as an effector module, targeting 
and cleaving foreign nucleic acids in a sequence-specific manner. Of much 
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importance to this system is the Protospacer Adjacent Motif (PAM), a short DNA 
sequence immediately following the target sequence (Mojica et al. 2009). Cas 
proteins involved in the cleaving of foreign DNA recognize the PAM. This 
distinguishes the viral genome, sparing the genetic region of the bacteria iteslf 
from being targeted. Approximately half of the sequenced bacterial genomes 
encode CRISPR/Cas immune systems (Ishino et al. 2018). In response, many 
phages have evolved anti-CRISPR (acr) genes encoding for Acr proteins that 
inhibit the CRISPR immune response (Bondy-Denomy et al. 2013, Pawluk et al. 
2017). 

 

FIGURE 5  Diagram depicts the natural mechanism of CRISPR, which is a defense 
mechanism found in bacteria against foreign genetic material, such as 
bacteriophages. The figure illustrates the acquisition of new spacers, facilitated 
by Cas1 and Cas2 proteins, which are inserted into the spacer array and 
flanked by repeats. The spacer array alongside the Cas genes make up the 
CRISPR loci. Transcription and translation processes yield the crRNA from the 
spacer array and the Cas proteins from the Cas genes. When combined, these 
components form the effector module, enabling interference with invading 
foreign genetic material. 
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The extensive interest and research on CRISPR/Cas systems have prompted a 
rapid necessity for a structured classification framework. This categorization has 
proved important in fostering a deeper understanding of the mechanisms and 
complexities inherent in CRISPR/Cas systems. The molecular machinery and 
functional attributes of CRISPR/Cas systems exhibit remarkable diversity across 
their bacterial and archaeal carriers. The classification, primarily anchored in the 
distinction of effector complexes/modules and associated proteins, delineates 
two classes based on the effector module involving one large (class 2) or multiple 
Cas proteins (class 1). Class 1 further branches into Types I, III, and IV, while 
Class 2 encompasses Types II, V, and VI (Makarova and Koonin 2015, Makarova 
et al. 2020). This classification enhances our understanding of the fundamentals 
of CRISPR-based bacterial immunity and guides research and the development 
of innovative applications. 

The presence of the Cas9 endonuclease chiefly characterizes Type II CRISPR 
systems within class 2. The relative structural simplicity of class-1 systems, 
exemplified by Type II, which rely on a crRNA-effector module with a single 
subunit, makes them the primary focus for CRISPR programmability. 
Consequently, they have been extensively studied compared to their seemingly 
limited representation in nature, constituting only approximately 5% of CRISPR 
systems (Chylinski et al. 2014). Type II CRISPR systems have been exclusively 
identified in bacteria, with Streptococcus species being the most commonly 
observed, though notably absent in E. coli and K. pneumoniae (Lier et al. 2015, Le 
Rhun et al. 2019, Mosterd and Moineau 2020, Bauer et al. 2023). CRISPR/Cas9-
based gene editing involves using the Cas9 enzyme, guided by a synthetic RNA 
molecule, to target and modify specific DNA sequences, this allows for the 
alteration, insertion, or deletion of genes (Jinek et al. 2012).  

The Type IV CRISPR/Cas systems represent a subset within the CRISPR 
landscape that has garnered comparably less attention but is of outmost 
importance in plasmid biology. These systems are Class 1 CRISPR systems 
forming multi-subunit effector complexes. They are further subtyped based on 
their host species, with subtype IV-A3 associated exclusively with Klebsiella 
pneumoniae (Pinilla-Redondo et al. 2020, Taylor et al. 2021). Recent studies have 
indicated that what differentiates this type from others is its content of spacers, 
primarily targeting plasmids (Pinilla-Redondo et al. 2020, Newire et al. 2020, 
Moya-Beltrán et al. 2021). Moreover, Type IV systems are encoded mainly on 
plasmids and are thought to be involved in the competition between plasmids. 
Notably, Type IV systems are known to lack modules involved in spacer 
acquisition. Instead, they are believed to utilize nearby adaptation modules 
(Cas1-Cas2) from other systems, such as Type IE in the bacterial genome 
(Kamruzzaman and Iredell 2020, Benz et al. 2023). Because of the largely 
unknown factors involved in their spacer acquisition, the biological functions of 
type IV CRISPR/Cas systems are not entirely understood.   
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1.5 Infection Control   

1.5.1 CRISPR tools 

In the quest to avert a post-antibiotic era, scientists have harnessed a natural 
bacterial defense by manipulating CRISPR/Cas systems to target pathogenic 
bacteria and antimicrobial resistance genes selectively (Bikard et al. 2014, Beisel 
et al. 2014, Bikard and Barrangou 2017, Palacios Araya et al. 2021). CRISPR-based 
antimicrobial tools have emerged as a promising strategy to combat AMR and 
target ARGs. The potential of CRISPR antimicrobials offers an exciting preview 
of future strategies to combat the proliferation of antimicrobial resistance. They 
are gaining increased attention amid the surge of resistance, compounded by the 
stagnation in discovering new antibiotics. While numerous designs of CRISPR 
antimicrobials have been developed, their clinical potential needs to be 
addressed, relying on further investigations into the diverse factors influencing 
their success (Mayorga-Ramos et al. 2023). This sequence-specific antimicrobial 
approach leverages the high specificity and programmability inherent in 
CRISPR/Cas systems to reduce the abundance of resistant cells and ARGs 
(Bikard and Barrangou 2017, Ruotsalainen et al. 2019, Gholizadeh et al. 2020, 
Palacios Araya et al. 2021, Duan et al. 2021). The survival of the targeted bacterial 
cells is contingent upon the location of the antimicrobial resistance gene. 
Targeting a plasmid-encoded ARG results in plasmid loss, while targeting a 
chromosomal-located ARG eliminates the entire cell (Gomaa et al. 2014, Cui and 
Bikard 2016, Dong et al. 2019). Studies have shown the efficacy of CRISPR 
antimicrobials against a spectrum of antibiotic-resistant pathogens, including 
Klebsiella pneumoniae and Escherichia coli (Kiga et al. 2020). However, several areas 
must be addressed to achieve the full potential of CRISPR-based antimicrobial 
tools, such as the efficient delivery of DNA vectors and overcoming cells 
repairing double-stranded breaks induced by CRISPR-based antimicrobials 
(Uribe et al. 2021). In the case of delivery, mobile genetic elements such as 
conjugative plasmids seem to be ideal candidates. However, the effectiveness of 
plasmid-encoded CRISPR/Cas antimicrobials can be influenced by competitive 
factors. The experimental control in this setup involved a targetless CRISPR 
plasmid. Developing a robust delivery system remains a critical challenge in the 
practical application of CRISPR-based antimicrobials. Therefore, there is a 
necessity for studies focused on the limitations and formulation of effective 
delivery systems (Fagen et al. 2017, Pursey et al. 2018). During this doctoral 
research (Study IV), the efficiency and ecological implications of a conjugatively 
delivered CRISPR/Cas9-based antimicrobial tool (CRICON) were tested. This 
approach was applied to specifically target and eliminate the ESBL gene blaCTX-
M-15 from four clinical E. coli isolates within a synthetic multi-species 
community. The CRICON system involved a two-plasmid configuration 
comprising a mobilizable CRISPR plasmid and an accompanying broad host 
range conjugative plasmid (RP4) responsible for facilitating delivery. The 
programmability and specificity of CRISPR-based antimicrobials open avenues 
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for their repurposing as novel antibiotics. Amidst this, ethical considerations and 
potential unintended consequences highlight treading with caution for any 
responsible approach to the expansion of applications of CRISPR/Cas 
technology (Ruotsalainen et al. 2019).  

1.5.2 Phage therapy 

In the ever-intensifying battle against AMR, efforts must extend further than 
halting its dissemination and eradicating AMR bacteria and ARGs. Exploring 
alternatives to antibiotics is needed. Here, bacteriophages, viruses that selectively 
infect and kill bacteria, have emerged as potential agents for combatting bacterial 
infections (Housby and Mann 2009, Loc-Carrillo and Abedon 2011, Chan et al. 
2013, Gordillo Altamirano and Barr 2019). Phage therapy involves using these 
viruses to precisely target pathogenic bacteria, offering a promising alternative 
or complementary approach to antimicrobial treatments. Ongoing research is 
primarily concentrated on the potential of phage therapy as an alternative or 
adjunctive to conventional antibiotic treatments, with a particular emphasis on 
its applicability against multidrug-resistant bacterial infections (Viertel et al. 
2014, Lin et al. 2017, Broncano-Lavado et al. 2021). Recent studies actively 
engaged in enhancing the reliability and efficacy of phage therapy in clinical 
contexts (Letkiewicz et al. 2009, Kutter et al. 2010, Międzybrodzki et al. 2012, 
McCallin et al. 2013, 2018, Petrovic Fabijan et al. 2020, Leitner et al. 2021). The 
influence of the immune response on phage therapy has been studied and 
revealed that certain immunosuppressed patient subgroups may not be eligible 
for this treatment (Reindel and Fiore 2017, Krut and Bekeredjian-Ding 2018, 
Jariah and Hakim 2019, Manohar et al. 2019). This potentially limits its efficacy in 
addressing the need for new antibacterial therapies targeting nosocomial 
infections. Further, understanding phage-host interactions is essential for 
advancing sustainable phage therapy. These interactions influence the 
emergence of phage resistance, which practically determines the effectiveness 
and longevity of phage therapy. 

Phage therapy has gained recognition and support from influential entities 
like the European Union and the US administrations (Naureen et al. 2020, 
Verbeken and Pirnay 2022). Moreover, attention has been directed towards 
regulatory considerations and adopting legal frameworks for phage therapy, 
highlighting the potential of phage therapy as a promising alternative to 
conventional antibiotics. However, a diverse set of challenges must be addressed 
before phage therapy's widespread clinical implementation, especially the long-
term stability and efficacy of phage combinations (Liu et al. 2021).  
  



2 AIMS 

This thesis explores the interconnections between antibiotic therapy, bacterial 
evolution, and the dynamics of resistance mechanisms, thereby informing 
strategies for combating antimicrobial resistance and improving patient 
outcomes. Here, the dynamics and significance of conjugative resistance 
plasmids in antibiotic resistance and bacterial evolution are explored through 
four distinct studies. Each study contributes to understanding the complex 
interactions among bacteria, plasmids, phages, the environment, and 
antimicrobials. Through these investigations, the thesis provides comprehensive 
insights into the intricate relationships between antibiotic resistance, plasmid 
dynamics, and bacterial evolution. The individual aims of each study are 
outlined below: 

i. To understand the evolutionary pathways of the plasmid population and 
antibiotic resistance profile within a single patient that underwent 
antibiotic therapy, through integrating gut metagenomic analysis and the 
study of gut Escherichia coli isolates.

ii. To investigate the potential of conjugative resistance plasmids in rescuing 
antibiotic-susceptible bacteria, aiming to understand the extent to which
these plasmids contribute to bacterial survival during antibiotic therapy.

iii. To ascertain the effects of mucin and antibiotics on the evolution of phage 
resistance in ESBL-producing E. coli and K. pneumoniae, providing insights 
into the dynamic interplay between environmental factors and the 
employment of resistance mechanisms, potentially influencing phage 
therapy.

iv. To assess the efficacy of the CRISPR-antimicrobial (CRICON) delivered 
through conjugation in eradicating ESBL genes from four clinical E. coli
isolates within a synthetic multispecies community. While also 
investigating the dynamics and mechanisms governing the evolution and 
survival of conjugative resistance plasmids.



3 OVERVIEW OF THE METHODS 

An overview of the methods used in this thesis is presented Table 2. A detailed 
description of the materials and methods used can be found in the original 
articles, indicated by Roman numerals.  

TABLE 2. Methods used in the original articles included in the thesis. 

Method Original Article(s) 

Bacterial strains and culturing I, II, III, IV 

Plasmid conjugation in co-culture I, II, IV 

Evolutionary experiments II, III, IV 

Phage lab work II, III 

Growth rate analysis II, III, IV 

DNA extraction I, II, III, IV 

qPCR IV 

DNA sequencing I, II, III, IV 

Bioinformatic analysis I, II, III, IV 

Statistical analysis II, III, IV 



4 RESULTS 

4.1 Unraveling the molecular landscape in clinical drug-resistant 
E. coli and K. pneumoniae gut isolates (I, III)

In the present era, we inhabit a world where the effectiveness of our most 
powerful defenses against bacterial infections, antibiotics, is gradually eroding 
due to their misapplication and excessive use (Llor and Bjerrum 2014). This 
global health crisis presents itself as the accelerated development of antimicrobial 
resistance (AMR) in bacterial pathogens (Prestinaci et al. 2015, World Health 
Organization 2020). A strategic clinical determination of the serious offenders of 
AMR and their genetic context stands at the forefront of this ongoing battle, 
aiming not only to grasp the extent of AMR comprehensively but also to discern 
effective strategies for its mitigation. In Finland, significant efforts have gone into 
the descriptive analysis of clinical drug-resistant gut isolates. One such has been 
spearheaded by Turku University Hospital (TYKS) with participation in their 
multiple clinical studies, including MAPPAC (Microbiology APPendicitis Acuta) 
and APPAC (APPendicitis Acuta) (Salminen et al. 2018, Vanhatalo et al. 2019). In 
the first and third studies of this thesis, genetic characterization of the whole 
genome sequences of sixteen clinical Escherichia coli and four Klebsiella pneumoniae 
gut isolates was conducted (fig. 6). Of the 16 E. coli isolates, 12 came from the 
same MAPPAC patient. The remaining four E. coli isolates and the four K. 
pneumoniae isolates came from an ongoing ESBL study at Turku University 
Hospital. The analysis included examining the sequence types (MLST), the AMR 
profiling, the CRISPR systems, and the plasmid carriage. 
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FIGURE 6  Genetic characterization of the clinical E. coli (12) gut isolates analyzed in 
Study I (upper figure) and the clinical ESBL-producing E. coli (4 strains, left 
side) and K. pneumoniae (4 strains, right side) isolates analyzed in Study III 
(lower figure). The inner most ring represents the sequence type (ST), the 
second ring represent the CRISPR systems, the third ring represent the beta-
lactamase producing genes (bla), the outermost ring represent the plasmid 
markers found. 
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4.1.1 Extensive genetic lineage and resistance profile of E. coli and K. 

pneumoniae gut isolates from Finland 

MLST is a widely acknowledged genotyping technique that has served as the 
benchmark for characterizing many bacterial strains and pathogens. MLST 
encompasses comparing multiple loci, usually highly conserved housekeeping 
genes, to detect sequence differences. This facilitates monitoring the global 
dissemination of drug-resistant variants, thereby advancing clinical diagnostics, 
pathogenicity, and epidemiological surveillance (Maiden et al. 1998, Urwin and 
Maiden 2003, Maiden 2006). The twelve longitudinal E. coli isolates from the 
single MAPPAC patient (Study I) were identified as belonging to four sequence 
types (see full details in Table 3). These included ST69, ST73, ST929, and ST648. 
The most common sequence type in these E. coli isolates was ST648, which was 
found to be the same strain isolated multiple times from this patient. The 
remaining four E. coli isolates from the ESBL study (Study III) were identified as 
ST10, ST38, ST69, and ST1670 (see full details in Table 4). Interestingly, ST69 
displayed the most extensive presence, isolated as two different strains from both 
studies. This lineage (ST69) has been widely reported as resistance-carrying and 
a determinant of community-acquired infections (Riley 2014, Goswami et al. 2018, 
Fox et al. 2020, Mattioni Marchetti et al. 2020). Three E. coli sequence types, 
ST6467, ST929, and ST73, did not carry ARGs. Notably, ST73 is recognized as a 
prevalent antibiotic-susceptible E. coli lineage (Riley 2014, Goswami et al. 2018). 
Examining the four Klebsiella pneumoniae isolates from the ESBL study revealed 
that each isolate belonged to a unique sequence type. The identified sequence 
types for K. pneumoniae were ST273, ST35, ST45, and ST2669. All of these lineages, 
with the notable exclusion of ST2669, are well-recognized as multi-resistant 
pathogens (MARCADE et al. 2013, Ito et al. 2015, Chou et al. 2016, Liu et al. 2018, 
Literacka et al. 2020, Cienfuegos-Gallet et al. 2022, Shi et al. 2022a). 

This investigation explored the prevalence of ESBL-producing isolates, 
recognizing the critical importance of distinguishing between strains carrying 
resistance and elucidating whether this carriage is plasmid or chromosomal-
based. ESBL production is commonly facilitated by conjugative plasmids and is 
closely linked to certain plasmids, such as IncF (Carattoli 2011, Pungpian et al. 
2022). Seven were identified as beta-lactamase-producing isolates of the nine E. 
coli strains collectively analyzed (through Studies I and III). The genes 
responsible for encoding the beta-lactamases included blaCTX-M-15 (carriage 
rate of 56%), blaTEM-1B (carriage rate of 22%), and a variant of blaCMY (carriage 
rate of 11%). The significant prevalence of blaCTX-M-15 gene carriage aligns with 
the ongoing increasing trend of beta-lactamase encoding E. coli, even referred to 
as the CTX-M beta-lactamase pandemic (Cantón and Coque 2006). Additionally, 
in the first study, the plasmid carriage of the bla genes identified AMR plasmids 
carrying the blaTEM-1b and the blaCMY variant genes. Beyond identifying beta-
lactamase encoding genes, the analysis revealed other notable antimicrobial 
resistance genes (ARGs), specifically sul2, qnrS1, and mdfA. 

Klebsiella pneumoniae is well recognized for its propensity to harbor ARGs, 
particularly in the context of hospital-acquired infections (Khanfar et al. 2009, 
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Navon-Venezia et al. 2017, Wang et al. 2020). This poses obvious and significant 
challenges in effectively managing antimicrobial resistance in healthcare settings. 
The examination of four K. pneumoniae isolates (Study III) revealed each as 
extensively multi-resistant strains (Table 4). Six distinct beta-lactamase encoding 
genes were found in all four K. pneumoniae isolates, some of the strains carrying 
up to four bla genes. These included blaSHV variants, along with blaCTX-M-15, 
blaOXA-1, and blaTEM-1b, commonly described to be carried within the K. 
pneumoniae species (Babini and Livermore 2000, Park et al. 2015, Dziri et al. 2018, 
Shi et al. 2022b, Meng et al. 2023). However, this sequence type is not strictly beta-
lactam susceptible as ESBL gene blaSHV has been described in this lineage. 
Twenty-five additional resistance genes were discovered within the four 
genomes of K. pneumoniae. Particularly noteworthy were those linked to 
imparting resistance against sulfonamides (sul1, sul2), tetracyclines (tetA), and 
quinolones (qnrS1). 

4.1.2 Pervasive plasmid occurrence characterized by consistent 
incompatibility groups in E. coli and K. pneumoniae 

In light of the well-established role of conjugative plasmids in disseminating 
antimicrobial resistance, exploring plasmid carriage in clinical bacterial strains is 
crucial in addressing this threat. However, this bears significant practical 
complexity, as these genetic elements are intricate, displaying substantial 
variability in both their advantages and associated costs. In certain instances, the 
fitness aspects of these plasmids may seem nearly imperceptible, posing a 
challenge in evaluating their impact when explicit selection markers are absent. 
This is described by the infamous enigma within the field of plasmid biology 
coined the “plasmid-paradox” (Carroll and Wong 2018, Brockhurst and Harrison 
2022). Clinical plasmid biology research lies with the categorization based on 
traits such as compatibility for cohabitation, associated ARGs, and mobility. 
Within the strains of E. coli and K. pneumoniae analyzed in Study I and III, 34 
plasmid Inc types were identified, with only a single E. coli strain lacking any 
markers. These plasmids belonged to 12 plasmid groups, with IncF being the 
most prevalent, notably represented within three subtypes: IncFII, IncFIA, and 
IncFIB. 

The IncF plasmid group is the most extensively studied and recognized and 
is exclusively found within members of the Enterobacteriaceae family (Carattoli 
2009, Mathers et al. 2015). Typically characterized as a low copy number plasmid, 
IncF plasmids are classified under mobility class MOBF. Mobility classes 
characterize plasmid mobility depending on the conjugation machinery used for 
transfer. Notably, IncF plasmids exhibit a unique characteristic by deviating from 
traditional "incompatibility", allowing them to coexist within the same bacterial 
cell over generations. This ability is facilitated by the presence of multiple 
replicons encoded by these plasmids, which serve as the foundation for their 
subtyping (Rozwandowicz et al. 2018). A total of 22 IncF markers were identified 
(Study I, III), constituting 65% of all the identified plasmids. Among the subtypes, 
IncFIA was the least frequently observed, comprising only two strains. 
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Interestingly, it was found in both an E. coli and a K. pneumoniae strain. On the 
other hand, ten plasmids in each of the IncFII and IncFIB groups were identified, 
once again showing overlap across both bacterial species. An intriguing 
discovery was an IncFIB phage-plasmid in one of the E. coli strains (ST38; Study 
III). These genetic elements are unique in that they can transfer horizontally 
between cells as viruses and vertically within cellular lineages as plasmids 
(Pfeifer and Rocha 2024). Notably, the analyzed strains harboring IncF plasmids 
tended to carry multiple IncF plasmids, a phenomenon not surprising given the 
nature of IncF plasmids to harbor numerous replicons. These findings are likely 
attributable to the presence of plasmids harboring multiple replicons rather than 
the existence of multiple individual plasmids. The analysis did not extensively 
explore the plasmid carriage of the ARGs found due to the limitations of short-
read sequencing technologies such as Illumina and DNBSEQ, which do not 
always provide complete plasmid sequences, thereby complicating the assembly 
of entire plasmids. Nonetheless, the presence of blaTEM-1B in ST69 was noted as 
being situated on an IncFIB plasmid. This plasmid also harbored ARGs for 
tetracycline (tetA), streptomycin (aadA1), fluoroquinolones (qnrS1), and 
macrolides (mphA). According to literature, among the most frequently identified 
antimicrobial resistance genes associated with IncF plasmids are ESBL and 
Plasmid-Mediated Quinolone Resistance (PMQR) genes (Matsumura et al. 2013, 
Markovska et al. 2014, Brolund and Sandegren 2016, Agyekum et al. 2016). 
However, it is vital to acknowledge the potential bias in the mass reporting of 
plasmid associated ESBL genes, likely influenced by the attention and research 
efforts directed toward combatting ESBL resistance. 

Two IncB/O/K/Z contigs were identified in two different E. coli strains, 
specifically in ST69 (strain 6.2/12.1 from Study I) and ST10 (strain 18B1 from 
Study III). This plasmid group exhibits a narrow host range, having been 
previously reported in both E. coli and K. pneumoniae, albeit more frequently in 
E. coli. The distinctive feature of this group is the challenge of distinguishing 
between IncB/O, IncK, and IncZ due to their shared membership in the I-plasmid 
complex, whose members share significant morphological and serological 
similarities in their pili (Rozwandowicz 2020). These plasmids are notably 
recognized for their tendency to carry blaCMY genes and sulfonamide resistance 
genes sul1 and sul2 (Tschäpe and Tietze 1983, Dierikx et al. 2010a, 2013, Mnif et 
al. 2012, Hordijk et al. 2013, Guo et al. 2014). Directly pertinent to this, the ST69 E. 
coli strains in Study I harbored an IncB/O/K/Z plasmid carrying both a blaCMY 
variant gene and a sul2 gene. Another constituent of the I-plasmid complex is the 
IncI plasmid group, distinguishable by its expression of a small counter-
transcript RNA, RNAI. Among its subvariants, IncI2 is recognized for its ability 
to migrate between species. In Study I, an IncI plasmid was identified in an E. coli 
strain (ST648). While this plasmid group has been associated with carrying 
ARGs, further long-read sequencing could resolve plasmid carriage. A single K. 
pneumoniae strain (ST2669) was found to harbor an IncH plasmid. This group of 
plasmids is known for its broad host range, and some members can display 
incompatibility with IncF plasmids. The K. pneumoniae strain (ST2669) carrying 
the IncH plasmid also carried IncF plasmids. 
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Within the infrequently identified Inc types, we discovered plasmid 
markers belonging to the IncX (ST69; E. coli Study I) and IncY (ST1670; E. coli 
Study III). IncX is a relatively obscure group of plasmids documented in E. coli 
and Salmonella (Jones and Stanley 1992, Pál et al. 2017, Espinal et al. 2018). 
Interestingly, the IncY group, although rare, represents a collection of prophages 
that replicate autonomously as plasmids (Meyer et al. 1986). IncY is recognized 
for its association with other plasmid groups, particularly IncF, IncI, and IncH 
(Novais et al. 2006, Kang et al. 2008, Dierikx et al. 2010b, Rodrigues et al. 2013, 
Jones-Dias et al. 2013, Dotto et al. 2014, Ben Sallem et al. 2014, Vogt et al. 2014). 
This group has been confirmed to carry the blaSHV gene but not substantiated 
within this thesis (Billard-Pomares et al. 2014). Additionally, a few Colicinogenic 
(Col) plasmids were identified in both species. Col plasmids belong to a family 
of bacteriocins and are known to be produced by certain E. coli. Our results 
revealed the identification of Col-like plasmids Col440II (ST35) and ColRNAI 
(ST45) in K. pneumoniae, comparable to previously described results (Cao et al. 
2002, Zioga et al. 2009). This group is named after the protein colicin, which can 
eliminate surrounding bacteria and serve as a defense mechanism for the host 
bacterium. Certain Col plasmids have been observed to be mobilizable and carry 
multiple ARGs, providing a multi-resistant phenotype (San Millan et al. 2009, 
Hammerl et al. 2010, Pallecchi et al. 2010, Herrera-Leon et al. 2011). 

4.1.3 Convergent CRISPR Systems in E. coli and K. pneumoniae 

On the battlefield of microbial ecosystems, bacteria engage in intricate survival 
strategies, deploying variable mechanisms to defend themselves against foreign 
threats. CRISPR-Cas systems, widespread throughout bacteria, are one such 
defense that targets foreign DNA, including conjugative plasmids and phages. 
In Study I and III, the CRISPR analysis revealed the identification of intersecting 
CRISPR systems across the E. coli and K. pneumoniae isolates. The most prevalent 
system in both species was the class 1 system Type IE, found in 6 of the 9 unique 
strains, while the adjacent Type IF was identified in a single E. coli strain (Table 
3). Notably, two E. coli strains showed no identifiable CRISPR systems. Further, 
the investigation uncovered a relatively unique K. pneumoniae plasmid CRISPR 
system belonging to Type IVA-3. While the same type of CRISPR system (Type 
IE) was identified in both species, the systems themselves often exhibit distinct 
interspecies characteristics. Although not explored in this study, further 
investigation into these differences, particularly regarding the repeat and PAM 
sequences, would be intriguing. 

For context, the most extensively described CRISPR system within 
Enterobacteriaceae is the Type IE system. Currently, no class 2 systems have been 
reported in E. coli or K. pneumoniae (Medina-Aparicio et al. 2018). The unique Type 
IV systems constitute the least understood group of CRISPR systems. However, 
there have been recent expansions in the knowledge, including the subgroup 
Type IVA-3 primarily identified in the K. pneumoniae species (Pinilla-Redondo et 
al. 2020). A few recent studies have made substantial progress in comprehending 
Type IV systems. Notably, research has indicated that the spacers identified in 
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the CRISPR arrays within these systems predominantly target plasmids (Pinilla-
Redondo et al. 2020, 2022). However, this observation may be biased due to the 
limits to phage genomics. The bias stems mainly from the challenges encountered 
when sequencing and analyzing phage genomes. This involves insufficient data 
representation due to the difficulties in isolating phage nucleic acids and the 
presence of temperate phages. Furthermore, even when phage genomes are 
successfully isolated and sequenced, limitations arise in capturing complete 
phage genomes, hindered by their unexplored genetic diversity. Nevertheless, 
these findings suggest the potential for "plasmid warfare", whereas plasmids 
fight for compatibility within a host. Experimental testing in recent years has 
sought to elucidate the functions of Type IV CRISPR systems, given their lack of 
the adaptation module necessary for spacer uptake. Reports indicate that Type 
IV systems rely on other CRISPR systems, such as Type IE, present in the cell to 
acquire new spacers (Kamruzzaman and Iredell 2020). Interestingly, the strain 
(ST2669) harboring the Type IV system in Study III did not carry other CRISPR 
systems, suggesting that this system is incapable of acquiring new spacers in its 
current host (ST2669). Additionally, certain Type IVA systems have been 
exclusively identified on IncFIB and IncHI1B replicons, both found within the 
ST2669 genome (Newire et al. 2020). However, the analysis in Study III did not 
go into the plasmid location of the identified CRISPR system . Further evaluation 
is necessary to determine whether Type IV CRISPR systems possess the 
functionality to carry out CRISPR interference.



TABLE 3 Genetic characterization of the clinical E. coli (12) gut  isolates analyzed in Study I (MAPPAC). 

Study Strain Species ST Plasmid(s) bla genes ARG Mutations CRISPR 
I 0.1 E. coli 6467 None None None gyrA, gyrB, parC, pmrA, folP, rpoB, 

16S-rrsH 
Type IF 

I 0.2 E. coli 648 Col(BS512), IncFII, IncI2(Delta) blaCTX-M-15 sul2 gyrA, gyrB, parC, pmrA, pmrB, 
folP, rpoB, ampC-promoter, 16S-
rrsH 

Type IE 

I 1.1 E. coli 648 Col(BS512), IncFII, IncI2(Delta) blaCTX-M-15 sul2 gyrA, gyrB, parC, pmrA, pmrB, 
folP, rpoB, ampC-promoter, 16S-
rrsH 

Type IE 

I 1.2 E. coli 6467 None None None gyrA, gyrB, parC, pmrA, folP, rpoB Type IF 
I 3.1 E. coli 648 Col(BS512), IncFII,IncI2(Delta) blaCTX-M-15 sul2 gyrA, gyrB, parC, pmrA, pmrB, 

folP, rpoB, ampC-promoter 
Type IE 

I 3.2 E. coli 648 Col(BS512), IncFII, IncI2(Delta) blaCTX-M-15 sul2 gyrA, gyrB, parC, pmrA, pmrB, 
folP, rpoB, ampC-promoter 

Type IE 

I 7.1 E. coli 648 Col(BS512), IncFII, IncI2(Delta), 
Col440I 

blaCTX-M-15 sul2 gyrA, gyrB, parC, pmrA, pmrB, 
folP, rpoB, ampC-promoter, 16S-
rrsH 

Type IE 

I 7.2 E. coli 648 Col(BS512),IncFII,IncI2(Delta) blaCTX-M-15 sul2 gyrA, gyrB, parC, pmrA, pmrB, 
folP, rpoB, ampC-promoter, 16S-
rrsH 

Type IE 

I 6.1 E. coli 929 Col440I None sitABCD gyrA, gyrB, parC, pmrA, pmrB, 
folP, rpoB, ampC-promoter 

None 

I 6.2 E. coli 69 IncB/O/K/Z,IncFIB,IncFII,IncX4 blaTEM-1B*, 
blaCMY-variant* 

qnrS1, mphA, sul2, dfrA1, tetA, 
aadA1, sitABCD, aph6-Id, 
aadA1, aph3’’-Ib, qacE 

gyrA, gyrB, parC, parE, pmrA, 
pmrB, folP, rpoB, ampC-promoter, 
16S-rrsB, 16S-rrsC 

Type IE 

I 12.1 E. coli 69 IncB/O/K/Z,IncX4 blaTEM-1B*, 
blaCMY-variant* 

sul2, sitABCD, aph6-Id, aph3’’-
Ib 

gyrA, gyrB, parC, parE, pmrA, 
pmrB, folP, rpoB, ampC-promoter 

Type IE 

I 12.2 E. coli 73 Col156,IncFIB,IncFII,IncFII(29) None sitABCD gyrA, gyrB, parC, pmrA, pmrB, 
folP, rpoB, ampC-promoter, 16S-
rrsB, 16S-rrsC 

None 

*plasmid-encoded



TABLE 4 Genetic characterization of the clinical ESBL-producing E. coli (4) and K. pneumoniae (4) isolates analyzed in Study III (ESBL). 

Study Strain Species ST Plasmid(s) bla genes ARGs AMR 
Mutations 

CRISPR 

III 18B1 E. coli 10 IncB/O/K/Z, IncFII(pCoo) blaCTX-M-15, blaTEM-1B mdfA None Type IE 
III 26B1 E. coli 69 IncFII blaCTX-M-15 mdfA, qnrS1, sitABCD None Type IE 
III 40B1 E. coli 1670 IncFII(pCoo), IncY blaCTX-M-15 mdfA, sitABCD, parE parE Type IE 
III 53B1 E. coli 38 IncFIA,IncFIB(AP001918), 

IncFIB(H89-PhagePlasmid), 
IncFII(29) 

blaCTX-M-15 aph6-Id, mdfA, sitABCD, gyrA gyrA Type IE 

III 28B1 K. pneumoniae 273 IncFIB(K), IncFII(K) blaSHV-67/blaSHV-11, 
blaCTX-M-15, blaOXA-1, 
blaTEM-1B 

aph6-Id, aph3’’-Ib, aac6’-Ib-cr, aac3-
IIa, sul2, dfrA14, tetA, catB3, fosA, 
oqxB, qnrB1, oqxA, 

acrR, 
ompK36, 
ompK37 

Tynpe IE 

III 48B1 K. pneumoniae 35 Col440II, IncFIB(K), IncFII(K) blaSHV-NN aadA1, dfrA1, sul1, oqxB, oqxA, 
tetA, catA1, fosA, acrR, qacE, 
ompK36, ompK37 

acrR, 
ompK36, 
ompK37 

Type IE 

III 55B1 K. pneumoniae 45 ColRNAI, IncFIB(K), IncFII(K) blaCTX-M-15, blaTEM-1B, 
blaOXA-1, blaSHV-NN 

aph6-Id, aph3’’-Ib, aac6’-Ib-cr, aac3-
IIa, dfrA14, sul2, oqxB, oqxA, tetA, 
catB3, fosA, acrR, ompK36, ompK37 

acrR, 
ompK36, 
ompK37 

Type IE 

III 93B1 K. pneumoniae 2669 IncFIA(pBK30683),IncFIB(K),
IncFIB(K)(pCAV1099-114), 
IncFIB(pNDM-Mar), 
IncHI1B(pNDM-MAR) 

blaSHV-65, blaCTX-M-15, 
blaTEM-1B, blaOXA-1 

aph6-Id, aph3’’-Ib, aac6’-Ib-cr, 
aadA16, sul2, sul1, dfrA27, dfrA14, 
mdfA, gyrA, sitABCD, catB3, fosA, 
oqxB, oqxA, qnrB1, ARR-3 

acrR, 
ompK36, 
ompK37, 
ramR, 
gyrB, rpsL 

Type IV-
A* 
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4.2 The success of targeted solutions against AMR depends on a 
greater ecological understanding of the microbial tools 
available  

In the effort to combat AMR, there has been an ongoing pursuit of targeted 
solutions, including interventions based on viruses and CRISPR technology. The 
efficient development of these approaches relies on more knowledge 
surrounding the ecological and evolutionary aspects of AMR. The complexity of 
the molecular mechanisms behind the evolution of resistances highlights the 
importance of delving deeper. This instigated the impetus behind Studies II and 
III presented in this thesis with the dual investigation into ecological and 
evolutionary factors shaping the efficiency of CRISPR antimicrobials and the 
development of phage resistance. 

4.2.1 The development of resistance to phages is multifaceted across 
environmental and genetic contexts (III and II) 

Phage therapy is the application of bacteriophages to combat infections, 
including clinical ones, caused by bacteria, such as elusive antimicrobial-resistant 
pathogens (Housby and Mann 2009, Kortright et al. 2019, Zalewska-Piątek 2023). 
The significance of phage therapy is rooted in its ability to present a targeted and 
innovative strategy for treating bacterial infections. This avenue offers a 
promising alternative or supplementary option to conventional antibiotic 
treatments. Phage resistance development in bacteria, particularly in pathogens 
like E. coli and K. pneumoniae, poses a major obstacle to the sustainable 
implementation of phage therapy. Nonetheless, the development of phage 
resistance is highly intricate, given the complexity of the co-evolutionary 
dynamics between phages and bacteria. Strategies to address phage resistance 
involve isolating and characterizing novel phages targeting pathogenic strains 
and understanding the development of resistance (Li et al. 2021, Jo et al. 2023). 
Additionally, research has delved into the potential of combining phages with 
antibiotics to surmount multidrug-resistant strains (Qurat-ul-Ain et al. 2021). 

Study III of this thesis examined the potential impact of environmental 
factors on the development of phage resistance in clinical gut isolates of E. coli 
and K. pneumoniae. The motivation for Study III was to investigate the 
development of resistance against potential phage therapy delegates infective 
towards ESBL-producing E. coli and K. pneumoniae. This study incorporated 
environmental variables, mucin and antibiotics, to investigate their influence on 
the emergence of phage resistance. Multiple phages were assessed against 
individual representatives of E. coli (26B1 – ST69) and K. pneumoniae (93B1 – 
ST2669). Resistance emerged against all examined phages, with no notable 
impact by the presence of mucin and/or antibiotics. Research has shown that E. 
coli mutants resistant to a particular phage strain also tend to resist other phages 
with similar adsorption mechanisms or the same receptors (McGee et al. 2023). 
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Mutations responsible for this phage-resistant trait often impact the structure and 
synthesis of lipopolysaccharides. A recent case study into personalized phage 
therapy against multi-resistant K. pneumoniae reported that the development of 
phage resistance was associated with reduced virulence. There, the resistance 
mechanism was associated with a gene deletion altering the lipopolysaccharide 
structure (Li et al. 2023). It has already been established that phage adherence to 
mucin can offer preventative protection against pathogenic bacteria (Almeida et 
al. 2019). Further, the use of mucin in the experimental testing in Study III was 
observed to influence bacterial growth and biofilm formation in some of the 
bacterial strains. This prompts the need for additional experimental testing of the 
effect of mucin on phage resistance, particularly focused on biofilm dynamics. 
This holds clinical significance as bacterial populations within the human body 
commonly exist in biofilm.  

Study II aimed to investigate the concept of evolutionary rescue via HGT 
within biofilms, a setting more akin to the human body, by introducing various 
host-specific lineages of the broad-host-range plasmid RP4 to examine the 
influence of intra- and interspecific host histories on both rescue and transfer 
potential. Plasmid-host pairs were coevolved to evaluate their impact on plasmid 
rescue potential. Unexpected findings emerged from this, revealing induced 
host-specific plasmid lineages associated with phage resistance. Long-term 
exposure (300 generations) to K. pneumoniae prompted the emergence of evolved 
RP4 plasmid lineages, marked by the loss of essential genes within the mating 
pair formation system, Tra2. Notably, phage PRD1 relies on the mating pair 
formation system of the RP4 plasmid for infection (Lessl et al. 1993, Haase et al. 
1995, Grahn et al. 1997, 1999). This underscores the active involvement of 
plasmids in the development of phage resistance. Moreover, it raises questions 
about using plasmid-dependent phages as delegates for phage therapy, 
considering the additional potential for manipulation associated with their 
dependency on plasmids. 

4.2.2 The efficacy of CRISPR antimicrobials against plasmid encoded ARGs 
relies on the evolutionary and ecological factors (IV)  

In Study IV, the effectiveness of the conjugatively delivered CRISPR 
antimicrobial (CRICON system) in targeting and removing the ESBL gene 
blaCTX-M-15 was tested. This was evaluated using four different E. coli isolates 
(carrying the bla gene) introduced into the synthetic multispecies community (E. 
coli, Klebsiella sp., K. pneumoniae, and C. freundii). The experiment ran with a 
migration treatment that included the migration of plasmid-free E. coli strain and 
a non-migration treatment that did not include this. Due to the insignificance 
between these treatments, the results are exclusive to the migration treatment. 
Each of the four clinical E. coli isolates harbored the blaCTX-M-15 gene, 
representing both plasmid (E4 and E8) and chromosomal (E6 and E11) genetic 
contexts. These isolates underwent a 10-day microcosm experiment within the 
synthetic multispecies community, with limited selection pressure for the ESBL 
gene. A single antibiotic pulse (cephalothin) was administered on fifth day of the 
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experiment, and the CRICON system (consisting of a spacer-containing and 
control without spacer) was added with each daily refreshment. Quantitative 
PCR analysis revealed that three of the four setups saw the ESBL gene eliminated 
without the assistance of the CRISPR antimicrobial (E4, E6, E11) (fig. 7). A single 
strain, Klebsiella sp, dominated all communities. A relatively explicit limitation of 
the CRICON system lies in the reliance on two plasmids instead of a single 
plasmid capable of both delivery and CRISPR interference. In one E. coli strain 
(E8 - ST69), the abundance of the ESBL gene decreased successfully with the help 
of the CRICON system (fig. 7). Interestingly, this ESBL gene was plasmid-
encoded and thus perhaps capable of “escaping” the CRICON system. Further 
analysis demonstrated that although the CRISPR antimicrobial effectively 
diminished the gene, the gene was also efficiently transferred to a more 
competitive host, Klebsiella sp., within the community. This was confirmed by 
analyzing the ESBL-harboring clones isolated from the experimental endpoint 
using 16S RNA sequencing. The competitiveness of Klebsiella sp. was assessed 
based on the efficiency of pE8 to transfer to this host and the growth rate of the 
bacterial strain. This plasmid transfer into the dominating strain, Klebsiella sp., 
would allow the community to keep the antibiotic resistance (ESBL gene) while 
the original plasmid host, E. coli, practically disappeared (very low abundance).  
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FIGURE 7  Abundance of blaCTX-M-15 within the synthetic multispecies communities, 
distinguished by the residing ESBL-producing E. coli isolates (E4, E6, E8, E11), 
during the 10-day evolution microcosms experiments. CCM (pink) = CRICON 
control treatment without target, and SM (purple) = CRICON spacer treatment 
with spacer targeting ESBL gene. Both treatments included the migration of 
plasmid-free host cells. The communities containing E. coli isolates E4 and E6 
did not have measurement at the endpoint (C10) since the ESBL gene had 
clearly disappeared.   

4.3 Evolutionary history impacts plasmid dynamics and 
antimicrobial resistance 

In the tapestry of microbial ecological systems woven inside the human body, the 
evolution of opportunistic bacteria holds important implications for the health of 
its host, particularly in terms of antimicrobial resistance. Among the drivers of 
bacterial adaptation are mobile genetic elements (MGEs), notably conjugative 
plasmids, often facilitating the horizontal gene transfer (HGT) of ARGs among 
bacterial populations. The historical interactions between bacteria and their 
environment, including exposure to antibiotics, shape the genetic makeup of 
both the bacteria and their plasmids. This evolutionary and ecological context 
plays a crucial role in determining how plasmids acquire, carry, and transfer 
antimicrobial resistance genes. Understanding the evolutionary history of 
bacterial populations provides valuable insights into the mechanisms driving 
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plasmid dynamics and the emergence of antimicrobial resistance, aiding efforts 
to devise effective strategies. 

4.3.1 Evolutionary trajectory of conjugative resistance plasmids in a 
multispecies community targeted by CRISPR (IV) 

Study IV scrutinized the plasmid evolution of an ESBL (blaCTX-M-15) encoding 
plasmid pE8 (from E. coli strain E8 – ST69) after exposure to a targeted CRISPR 
antimicrobial. Here, the objective was to determine if the selective pressure 
exerted by CRISPR applications drives the evolution of AMR plasmids, as 
previously pointed out (Uribe et al. 2021). The potential impact of this 
experimental environment on the transfer rate of the plasmid was tested. The 
results revealed that the ESBL plasmid underwent evolution, leading to a 
heightened transfer rate when exposed to the multispecies community (fig. 8). 
Reports have shown that plasmid stability can evolve through mechanisms such 
as deleting costly regions from the plasmid backbone, thereby broadening the 
host-range of the plasmid (Porse et al. 2016). Further, the number of plasmids a 
cell harbors also impacts plasmid transfer rates, with strains carrying two or more 
plasmids exhibiting faster transfer rates as well as the environment significantly 
affecting plasmid transfer rates (Darphorn et al. 2022). Bacteria from natural 
populations tend to transfer plasmids predominantly to their kin, indicating a 
level of selectivity in plasmid transfer (Dimitriu et al. 2019). In this study, the 
genetic changes in the plasmids were not determined. This is a limitation, as 
sequencing the evolved clones could help address the plasmid evolution further. 
Interestingly, the evolved plasmid lineage did not exhibit an altered transfer rate 
when specifically targeted by CRISPR. This is evident by the comparable transfer 
rates observed in the plasmid exposed to the targeted CRICON and the one 
exposed to the CRICON control that lacked a specific target. This suggests that 
the CRISPR intervention had no discernible effect on the increased transfer rate 
observed in the evolved plasmid lineage. The evolutionary and ecological 
impacts of CRISPR antimicrobials on microbial communities remain largely 
unknown.  
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FIGURE 8  Conjugation rate of evolved pE8 compared to the original unevolved pE8. 
Evolved variations from the Klebsiella sp. clones were taken from the endpoint 
of the microcosm experiment. The evolved pE8 plasmids are distinguished by 
treatment of CRICON control (CCM; pink) and CRICON spacer (SM; purple). 
The mean conjugation rate of the original E8 ESBL plasmid is represented in 
the dashed line. All the plasmids were conjugated from E. coli HB101 into E. 
coli HMS174 to be able to compare using the same genetic background.  

While it appeared that the CRICON antimicrobial did not impact the transfer rate 
of the evolved pE8, an evaluation of the efficiency of the CRICON system against 
the evolved pE8 was conducted. In this test, the CRICON system was delivered 
to strains harboring the evolved pE8 plasmids, distinguished through the 
previous exposure to CRISPR targeting (CCM and SM). The results revealed a 
difference in the overall pattern between the non-CRISPR targeted evolved pE8-
CCM plasmid (CRICON control; CCM) and the CRISPR targeted evolved pE8-
SM plasmid (CRICON spacer; SM) (fig. 9). It appears evident that the pE8 
plasmid, when exposed to CRICON targeting, evolved to exhibit reduced 
susceptibility to the CRICON system. Limited experimental results have been 
published regarding the impact and sustainability of CRISPR antimicrobial 
approaches. Nonetheless, the overarching objective within the field is evident 
through recent perspectives, and this is to scrutinize the limitations of these 
systems (Bikard and Barrangou 2017, Fagen et al. 2017, Pursey et al. 2018, 
Mayorga-Ramos et al. 2023). This emphasizes the need for further research on the 
adaptive responses of AMR plasmids to ensure the sustained effectiveness of 
such innovative interventions. 
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FIGURE 9  Efficiency of CRICON system against the evolved pE8  Klebsiella sp. 
transconjugant clones. ΔblaCTX-M-15 gene abundance (CRICON Spacer – 
CRICON Control) after delivery of the CRICON system to the Klebsiella sp. 
transconjugant clones. The plots are separated by their CRICON treatment 
during the microcosm experiment, CRICON control (CCM; pink – left panel) 
and CRICON spacer (SM; purple – right panel). 

4.3.2 Host-plasmid coevolution affects the rescue potential of conjugative 
resistance plasmids (II) 

The phenomenon of evolutionary rescue via HGT remains relatively obscure. 
Given the documented higher frequency of interactions among neighbors in 
biofilms compared to planktonic communities, it can be anticipated that an 
increased likelihood of plasmid transfer and evolutionary rescue happens within 
biofilms (Molin and Tolker-Nielsen 2003, Madsen et al. 2012, Stalder and Top 
2016, Stalder et al. 2020). Study II examined the potential of the RP4 plasmid 
within a biofilm to rescue susceptible planktonic cells. The tested RP4 plasmid 
exhibited four distinct lineages, coevoled with E. coli, K. pneumoniae, and 
interspecifically between these species. This coevolution may contribute to a 
potential stabilization effect, possibly resulting in the development of a host 
generalist or a host specialist in terms of plasmid rescue potential (Stalder et al. 
2017). This is evident through experimental findings suggesting that 
compensatory mutations following coevolutionary dynamics can reduce the 
costs of plasmid maintenance, favoring the persistence of resistance genes on 
plasmids (Harrison et al. 2015, 2016, Loftie-Eaton et al. 2017, Zwanzig et al. 2019, 
Hall et al. 2021, Bird et al. 2022). Moreover, individuals in a microbial community 
carrying conjugative resistance plasmids can safeguard susceptible cells in their 
vicinity through HGT, even after exposure to antibiotics (Mattila et al. 2017, 
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Ruotsalainen et al. 2020). The findings from Study II revealed a notable impact of 
the coevolution history, specifically with K. pneumoniae (RP4K and RP4EK), 
compared to the absence of influence from the E. coli plasmid lineage (RP4E). This 
distinction was evident in the overall diminished rescue potential of K. 
pneumoniae evolved plasmids (RP4K and EP4EK) in the E. coli – E. coli (EE) setup 
(fig. 10; EE). Notably, the exclusively K. pneumoniae evolved plasmid (RP4K) 
exhibited host specificity when transferring between K. pneumoniae strains, 
indicating a shift toward host specialists (fig. 10; KK). Our results are consistent 
with existing research, reinforcing K. pneumoniae as a poor interspecific plasmid 
donor, especially with E. coli as the recipient (fig. 10; KE) (Jordt et al. 2020). Earlier 
studies proposed that the absence of essential genes in the Tra2 mating pair 
formation system of the RP4 plasmid would ultimately impede plasmid transfer. 
However, the results from Study II indicate a sustained albeit reduced transfer 
rate even in the absence of these crucial Tra2 genes. The loss of these genes can 
be attributed to the coevolution with K. pneumoniae (RP4K and RP4EK). 
Importantly, this genetic loss seen in the K. pneumoniae RP4 plasmid lineages 
(RP4K and RP4EK) likely contributed to the overall lower potential for 
evolutionary rescue than the E. coli lineage (RP4E). A recent study discovered 
that the loss of conjugal transfer genes enhanced plasmid persistence in 
planktonic communities, while in biofilm communities, these genes were 
retained (Metzger et al. 2022). Deletions in the conjugal transfer region are 
frequent when the plasmid substantially burdens the host. This seems to be 
independent of specific species but depends on the host-plasmid interactions 
(Porse et al. 2016).  
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FIGURE 10  Evolutionary rescue and transfer potential of evolved RP4 plasmids (RP4E; 
green, RP4K; pink, RP4EK; purple) and the unevolved RP4 (RP4C1; blue) from 
biofilm to susceptible planktonic bacteria. In the upper row: E. coli to E. coli 
(EE) and K. pneumoniae to E. coli (KE) rescue setups, and lower row: E. coli to 
K. pneumoniae (EK), and K. pneumoniae to K. pneumoniae (KK) conjugation 
setups. 

4.3.3 Longitudinal plasmid population dynamics following antibiotic 
therapy (I)  

Understanding temporal patterns and evolution within human microbial 
communities is particularly important in the context of understanding the role of 
AMR plasmids. In Study I of this thesis, an in-depth examination of the plasmid 
population within the gut of a single patient was conducted using metagenomic 
analysis. This investigation spanned a temporal landscape, encompassing the 
entire antibiotic treatment and subsequent follow-up time points. Studies have 
shown that antibiotic exposure induces changes in the gut microbiota 
composition, which can persist for years (Gough et al. 2014). The disturbance 
caused by antibiotics can result in a decrease in microbiota diversity and an 
increase in antibiotic resistance. As mentioned, previous studies have reported 
on experimental plasmid persistence and stability throughout various selective 
pressures, such as antibiotics and evolution (Ridenhour et al. 2017, Carroll and 
Wong 2018, Top et al. 2020, Wang and You 2020, Bottery 2022). Obtaining a 
comprehensive "moving picture" of the plasmid population within the 
microbiota of an individual before, during, and after antibiotic therapy has not 
been done before and could provide insights into the dynamic changes in 
response to treatment. In Study I, a patient was treated with antibiotic therapy 



 56 

(ertapenem followed by levofloxacin and metronidazole) for uncomplicated 
acute appendicitis. This treatment option, instead of surgery, is being considered 
for uncomplicated forms of appendicitis as it would offer a less invasive option 
and saving on reasources and costs. By following the relative abundance of the 
plasmid contigs, we found that the antibiotic treatment exerted a profound 
impact on the plasmid dynamics, particularly evident by day 7, coinciding with 
the treatment of the second antibiotic regimen (levofloxacin and metronidazole) 
(fig. 11). At this juncture, the plasmid diversity experienced a significant 
reduction, with only six plasmid contigs identified. Here, the plasmid population 
changes seen on day 7 reflected those of the hosts, with the microbial composition 
showing an E. coli dominance. Day 3 also exhibited discernible changes, albeit 
less drastic. However, as subsequent follow-up time points were analyzed, it 
became evident that the plasmid diversity had, at least partially, recovered. 
However, plasmid population similarity, in turn, did not recover 
correspondingly. Dynamic changes persisted even between the two follow-up 
timepoints (6 and 12 months), underscoring the resilience of the plasmid 
population within the gut microbial community. However, it needs to be 
addressed that additional antibiotic treatment was administered to the patient at 
month 10. Future exploration into this approach could offer a more nuanced 
understanding of how AMR plasmids evolve and adapt over time, enhancing our 
ability to develop targeted interventions and strategies for mitigating the spread 
of antibiotic resistance in clinical settings.  
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FIGURE 11  Temporal plasmid population dynamics within a single patient that 
underwent antibiotic treatment. Relative sequence coverage of plasmid 
contigs throughout the sampling timepoints, day 0; prior to treatment, day 3; 
third day of treatment and day of antibiotic cycling, day 7; last day of 
treatment, day 180; 6-month follow-up, day 365; 1-year follow-up. 

In the analysis of Study I, the antimicrobial resistance profile of the patient was 
investigated, revealing intriguing patterns. The ESBL gene blaCTX-M-15 
exhibited an exponential increase during the antibiotic treatment, peaking by day 
7. Notably, this gene was not plasmid-encoded and was found in one of the E. 
coli strains (ST648) isolated from the patient involved in Study I. Additionally, 
the plasmid-encoded sulfonamide resistance gene sul2 mirrored the exact trend 
of the ESBL gene, reaching its peak at day 7. Both these genes (sul2 and blaCTX-
M-15) represented the predominant ARGs shaping the AMR profile during the 
treatment period. Interestingly, ARGs ermG, mefA, and msrD, encoded by the 
same plasmid contig, initially declined during treatment but reasserted 
dominance within the overall AMR landscape during the follow-up time points. 
A similar trend was observed with the beta-lactamase resistance gene cfxA6, 
present on both plasmid and chromosome. However, it displayed a slightly 
different pattern than the aforementioned plasmid-encoded ARGs. Once again, 
it is pertinent to note the antibiotic cycling regimen administered to the patient. 
The more pronounced effect observed on day 7 stemmed from administering 
levofloxacin, a fluoroquinolone, and metronidazole treatments. However, the 
impact of the initial antibiotic ertapenem, a beta-lactam, appears to have been 
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less pronounced. Different classes of antibiotics can lead to varying alterations in 
the composition and function of the gut (Knecht et al. 2014). Beta-lactams and 
fluoroquinolones have been reported to disrupt the gut microbiota, reducing 
microbial diversity (Gu et al. 2020). Further, each can potentially contribute to the 
development of resistance, with beta-lactam usage being found to increase the 
prevalence of beta-lactam resistance genes, and fluoroquinolone treatments 
increased the rate of gut carriage of fluoroquinolone-resistance (de Lastours and 
Fantin 2015, Loo et al. 2020, Tchesnokova et al. 2022). Studies have shown that the 
mode of action of antibiotics plays a crucial role in modulating the gut microbiota 
composition and increasing the gut resistome (MacPherson et al. 2018). However, 
the impact of antibiotics on the gut microbiota depends on the class of antibiotics 
and factors such as dosage and duration of treatment (Holman and Chénier 
2014). This emphasizes the complex interplay of antibiotic usage and the 
emergence and dissemination of resistance elements within microbial 
communities. 

  



5 CONCLUSIONS 

Throughout this work, I embarked on an eclectic exploration of antimicrobial 
resistance and the role of conjugative plasmids in its propagation. This journey 
began with examining the reality of AMR and evaluating its implications within 
a single patient. Subsequently, I explored the interplay of ecological and 
environmental factors shaping the two primary modes of targeted solutions 
against AMR, phage therapy and CRISPR antimicrobials. Finally, with the 
primary objective of this thesis, I ventured into the evolutionary trajectory of 
AMR plasmids when faced with environmental changes and selective pressures. 

The findings shed light on various facets of antibiotic therapy, bacterial and 
plasmid evolution, and resistance mechanisms, revealing their interconnected 
dynamics. Integrating gut metagenomic analysis and bacterial isolates elucidated 
the evolutionary pathways of plasmid populations and antibiotic resistance 
profiles in treated patients. The transient alteration observed in microbial 
composition, AMR profile, and plasmid population during treatment 
underscores the temporary impact of antibiotic therapy on the gut microbiome 
(Study I). Furthermore, the investigation into the potential of conjugative 
resistance plasmids in rescuing antibiotic-susceptible bacteria has revealed the 
influence of evolutionary history on host-specific plasmid lineages and their role 
in bacterial survival during therapy (Study II). Additionally, examining mucin 
and antibiotic effects on phage resistance has demonstrated the complex 
interplay between environmental factors and resistance mechanisms (Study III). 
Lastly, assessing CRISPR-antimicrobial efficacy in targeting ESBL genes within a 
multispecies community uncovered unexpected survival strategies of ESBL-
plasmids and the development of evading the CRISPR-based antimicrobials.  

The findings in this thesis underscore the complex and dynamic nature of 
the genetic landscape within Enterobacteriaceae, exhibiting both broad inter and 
intraspecific variability while also sharing intersecting components. This 
emphasizes the necessity for adjoining research within this family. Furthermore, 
individual Enterobacteriaceae members may contribute more significantly to 
antimicrobial resistance. Still, the presence of AMR-containing conjugative 
plasmids mandates the evaluation of the entire community as collectively AMR-
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containing. There is an imperative need for ecological research when assessing 
the efficacy and sustainability of targeted solutions like CRISPR antimicrobials 
and phage therapy. While these approaches may seem straightforward in theory, 
their success hinges on an articulate understanding of ecological and 
evolutionary influences. Lastly, exploring plasmids supports the general theory 
of them being highly adaptable and dynamic entities, responding extensively to 
environmental changes. This context provides a foundation for comprehending 
the evolution and persistence of AMR plasmids, which is vital for informing 
strategies in the ongoing battle. 
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RESUME (SUMMARY FOR A GENERAL AUDIENCE) 

Bacteria, tiny, invisible (to us humans) organisms, are unicellular 
microorganisms that often live in communities and come in diverse shapes and 
cell structures. Notably, bacteria are prokaryotes, meaning they are a different 
kind of cell than those that makeup humans and other eukaryotic (multicellular) 
beings. Bacteria are everywhere around us, even inside our own bodies. The 
bacteria residing in our bodies, known as the human microbiota, play essential 
roles in maintaining our health. While many bacteria in our bodies are beneficial, 
there are also harmful bacteria that can cause infections and diseases. The 
difference between good and bad bacteria lies in their interactions with our 
bodies. Good bacteria, often called probiotics, typically coexist with us 
peacefully, providing various benefits such as aiding digestion and supporting 
our immune system. In contrast, harmful bacteria, known as pathogens, can 
disrupt this balance and cause illness by producing toxins, invading tissues, or 
triggering immune responses. Antibiotics are medications used to treat bacterial 
infections. They work by targeting specific components of bacterial cells, such as 
their cell walls, proteins, or DNA, to either kill the bacteria or inhibit their growth. 
By disrupting essential bacterial processes, antibiotics help our immune system 
fight off the infection more effectively. However, it's important to note that 
antibiotics are only effective against bacterial infections and are not effective 
against viral infections like the common cold or flu. Overuse or misuse of 
antibiotics can lead to antibiotic resistance, where bacteria develop the ability to 
survive and grow despite the presence of antibiotics, making infections more 
complicated to treat. As bacteria evolve and become increasingly resistant to 
antibiotics, a phenomenon known as antimicrobial resistance (AMR) has become 
a growing threat to public health. Both antibiotic resistance and AMR make 
infections harder to treat, leading to longer illness, increased mortality rates, and 
higher healthcare costs. Therefore, finding innovative solutions to tackle both 
phenomena is becoming more urgent than ever.   

Like other biological entities, bacteria carry their own genetic material, 
DNA, both in their chromosome and in smaller molecules known as plasmids. 
These plasmids can contain genes that provide bacteria with various abilities, 
including antibiotic resistance. Among these plasmids are conjugative plasmids, 
which have a remarkable ability to transfer themselves from one bacterial cell to 
another, spreading traits such as antibiotic resistance throughout bacterial 
populations. An important aspect of conjugative plasmids is their host range. 
Host range refers to the range of bacterial species or strains to which a particular 
conjugative plasmid can transfer genetic material. A broad host range means that 
the plasmid can transfer itself and its genes to many different bacterial species, 
while a narrow host range indicates that it can only interact with a limited 
number of bacterial species. Another facet of bacterial life is bacteriophages, or 
simply phages, which are viruses that infect only bacteria, hence their name. 
These viruses work by injecting their genetic material into the bacterial cell, 
hijacking them to produce more of themselves until the cells are completely full 
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and burst open. This allows for releasing new phages with a single mission: to 
find and infect more bacteria. Interestingly, researchers are exploring the 
potential of phages as an alternative to antibiotics in combating bacterial 
infections, especially those resistant to antibiotics. Phages, with their ability to 
target specific bacteria and their potential to be customized to combat antibiotic-
resistant strains, offer hope in the ongoing battle against drug-resistant 
infections. Similar to plasmids, phages have a host range that can be broad or 
narrow, depending on the amount of different bacteria they can infect. 

In this thesis, divided into four studies, we explore various aspects of 
antimicrobial resistance. In the first study, we delve into the effects of antibiotic 
treatment on the gut microbiome of a single patient that received antibiotics for 
appendicitis instead of the typical surgical appendectomy. Rectal swabs and stool 
samples were collected before and throughout the 7-day treatment, and at the 6 
month and one year follow-up. By analyzing the microbiome and isolated 
bacterial strains, we observed significant changes following the administration 
of antibiotics. The antibiotics reduced the diversity of the bacteria and plasmid 
population and altered their resistance pattern. Fortunately partial recovery of 
these aspects was observed during the extended follow up period, although it 
did not return to pre-treatment levels. In the second study, we conducted 
experiments to test whether bacteria carrying conjugative resistance plasmids 
could rescue bacteria that harbour no antibiotic resistance. The bacterial 
population was exposed to lethal antibiotics and was close to extinction. In the 
next step bacteria carrying resistance plasmids, which could transfer resistance 
to and rescue previously sensitive bacterial strain were introduced to the 
bacterial medium. For further exploration of this concept, we evolved the 
plasmids with different bacteria (of different species) before the rescue in an 
attempt to see if the previous exposure affected their rescue potential. Our 
findings revealed that the coevolution of bacteria and plasmids is highly dynamic 
and can vary significantly between bacterial species. In other words, some 
bacteria led to changes in the plasmids by being exposed to each other for 
prolonged periods of time, while others did not. In the third study, we explored 
resistance to phages instead of focusing on resistance to antibiotics. To recap, 
phages are viruses that can potentially be used as alternatives to antibiotics. In 
this experiment, we wanted to see if certain factors, like antibiotics and mucin 
(component in the gut lining), might affect the development of resistance to 
phages. Certain phages attach to mucin, and the hypothesis was that the mucin 
might influence phage resistance. However, the results suggested that neither 
mucin nor antibiotics seemed to affect the development of phage resistance. 
Instead, resistance to phages was highly specific to particular combinations of 
bacteria and phages. In the final study, we tested the effectiveness of a CRISPR 
antimicrobial tool to remove genes that cause antimicrobial resistance. CRISPR is 
a fascinating defense mechanism bacteria use to protect themselves against 
phage infections. Scientists have manipulated this mechanism to edit genes and 
genomes. Essentially, CRISPR acts like a precise pair of scissors that memorize 
DNA sequences and can target and cut the specific DNA sequences they 
memorize. In our study, we gave the CRISPR system a code that matched a 
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resistance gene to see if it could successfully remove the gene. Interestingly, we 
discovered that bacteria often got rid of the host, carrying the AMR gene, 
independently without the help of CRISPR. However, in one instance, CRISPR 
successfully removed the AMR gene, which was located on a plasmid. Yet, as 
bacteria are incredibly adaptive, we did observe that the gene was finding ways 
to evade the CRISPR mechanism in cases where CRISPR succeeded. 

The research in this thesis shows that bacteria have a diverse and ever-
changing genetic makeup, which helps them learn to thrive in any situation. 
Understanding that bacteria are diverse and come with a diverse arsenal to help 
them survive is crucial in studying how bacteria develop antibiotic resistance. 
Even though some types of bacteria may contribute more to antibiotic resistance 
than others, it is essential to consider the whole bacterial community, as antibiotic 
resistance can spread between different types of bacteria via conjugative 
plasmids. To effectively combat antibiotic resistance, we must study how these 
bacteria interact with each other and their environment. This includes exploring 
new treatments like CRISPR antimicrobials and phage therapy, but ultimately, 
the success of this depends on understanding how bacteria evolve and adapt. All 
of this surmounts to knowledge essential for developing strategies to fight 
antimicrobial resistance and protect public health. 
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RESUME (ICELANDIC) 

Bakteríur eru agnarsmáar lífverur, ósýnilegar mannlegu auga. Þær eru örverur 
af gerð einfrumunga, búa gjarnan í samfélögum og geta verið margskonar að 
lögun og byggingu. Geta má þess að bakteríur eru dreifkjörnungar og ólíkar þeim 
frumum sem byggja upp mannverur og fleiri heilkjörnunga. Bakteríur eru alls 
staðar í umhverfinu og meira að segja inni í mannslíkamanum. Þær bakteríur 
sem þar búa hafa mikilvægu hlutverki að gegna í því sambandi að viðhalda 
heilbrigði manna og kallast örverumengi mannsins. Þótt margar bakteríur í 
líkamanum láti gott af sér leiða þá er þar líka að finna bakteríur sem geta valdið 
ígerðum og sjúkdómum. Munurinn á góðum og slæmum bakteríum liggur í því 
hvernig samspil þeirra við líkamann er. Það er dæmigert fyrir góða bakteríu, sem 
oft er kölluð bætibaktería, að hún lifir með manninum í sátt og samlyndi og 
leggur sitt af mörkum til að auðvelda meltingu og styrkja ónæmiskerfi hans. Á 
hinn bóginn getur skaðleg baktería, svokallaður sýkill, riðlað slíku jafnvægi og 
valdið veikindum með því að framleiða eiturefni, ráðast inn í vefi eða koma af 
stað viðbrögðum frá ónæmiskerfinu. Sýklalyf eru notuð til að vinna á 
bakteríusýkingum. Það gera þau með því að ráðast á tiltekna þætti bakteríu-
frumanna, svo sem frumuveggi, prótín þeirra eða DNA til að drepa bakteríurnar 
eða stöðva vöxt þeirra. Með því að rjúfa mikilvæga þróunarferla baktería leggja 
sýklalyf ónæmiskerfi mannsins lið við að vinna á sýkingum á skilvirkari hátt. En 
það er mikilvægt að gefa því gaum að sýklalyf gagnast einungis gegn 
bakteríusýkingum en eru haldlaus gegn veirusýkingum eins og kvefi og flensu. 
Ofnotkun eða misnotkun á sýklalyfjum getur leitt til ónæmis fyrir þeim, en það 
gerist þegar bakteríur þróa með sér þann eiginleika að geta lifað af og vaxið þrátt 
fyrir návist lyfjanna, og þar með verður flóknara að meðhöndla sýkingar. Eftir 
því sem bakteríur hafa þróast og myndað sífellt aukið þol gegn sýklalyfjum hefur 
ónæmi fyrir örverueyðandi lyfjum, oft kallað AMR (antimicrobial resistance), 
orðið síaukin ógn við lýðheilsu. Bæði sýklalyfjaónæmi og AMR valda því að 
erfiðara er að lækna sýkingar, veikindi vara lengur, dánartíðni eykst sem og 
kostnaður heilbrigðisþjónustunnar. Það er því brýnna en nokkru sinni fyrr að 
finna skapandi lausnir til að ráðast gegn báðum þessum fyrirbrigðum.  

Líkt og gildir um aðrar líffræðilegar einingar þá er erðaefni baktería, DNA, 
að finna í litningum þeirra og enn minni mólekúlum sem kallast plasmíð. Þessi 
plasmíð geta innihaldið gen sem sjá bakteríum fyrir ýmsum eiginleikum, þeirra 
á meðal ónæmi fyrir sýklalyfjum. Sum þessara plasmíða eru svokölluð 
samtengjandi plasmíð sem búa yfir þeim undraverða hæfileika að geta flutt sig 
sjálf frá einni bakteríufrumu til annarrar og á þann hátt dreift eiginleikum á borð 
við sýklalyfjaónæmi um gjörvallt bakteríuþýði. Mikilvægt atriði varðandi 
samtengjandi plasmíð er hýsilsvið þeirra. Með hýsilsviði samtengjandi plasmíðs 
er átt við þá flokka eða ættleggi af bakteríum sem plasmíðið getur flutt erfðaefni 
til. Breitt hýsilsvið þýðir að plasmíðið getur flutt sig og sín gen í margar ólíkar 
bakteríutegundir, þröngt hýsilsvið þýðir hinsvegar að þær eru fáar. Annar flötur 
á lífi baktería snýr að svokölluðum bakteríuveirum sem eru veirur sem sýkja 
einungis bakteríur og draga nafn sitt af því. Þessar veirur vinna þannig að þær 
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dæla erfðaefni sínu inn í bakteríufrumu og valda niðurbroti frumunnar með því 
að þvinga hana til að framleiða sífellt meira af efninu uns fruman springur. Þá 
hefur losnað um nýjar bakteríuveirur sem stefna að því einu að finna og sýkja 
fleiri bakteríur. Það áhugaverða við þetta er að vísindamenn vinna nú að 
rannsóknum á því hve miklir möguleikar felist í að nota bakteríuveirur sem 
valkost við sýklalyf í baráttunni við bakteríusýkingar, einkum þegar um ónæmi 
bakteríunnar fyrir lyfjunum er að ræða. Bakteríuveirur, með þeim hæfileika 
sínum að ráðast gegn tilteknum bakteríum og þeim eiginleika að þær megi 
sérhæfa til að herja á sýklalyfjaónæma bakteríustofna, vekja von í hinni 
linnulausu baráttu við sýkingar sem eru ónæmar fyrir lyfjum. Líkt og gildir um 
plasmíð þá er hýsilsvið bakteríuveira ýmist breitt eða þröngt og fer það eftir því 
hve margar ólíkar bakteríutegundir þær geta smitað.  

Í þessari ritgerð sem samanstendur af fjórum rannsóknarverkefnum 
könnum við ýmsa fleti á þoli gegn örverueyðandi lyfjum. Í fyrstu rannsókninni 
eru brotin til mergjar áhrifin af sýklalyfjameðferð á örverulífbelti í görn sjúklings 
sem fékk sýklalyf við botnlangabólgu í stað hefðbundins botnlangaskurðar. Strok 
frá endaþarmi og hægðasýni voru tekin meðan á sjö daga sýklalyfjameðferð stóð 
og við 6 mánaða og eins árs eftirfylgni. Með því að rannsaka bæði örverulífbelti 
sjúklingsins og einstaka bakteríustofna mátti sjá greinilegar breytingar sem 
sýklalyfin höfðu í för með sér. Þau drógu úr fjölbreytileika bæði bakteríu- og 
plasmíðstofnanna og breyttu þoli þeirra. Sem betur fer mátti sjá, við eftirfylgnina, 
að ástand þessara þátta var að hluta til komið í fyrra horf, þótt ekki næðist sama 
ástand og var fyrir meðferð. Í annarri rannsókninni voru gerðar prófanir á því 
hvort bakteríur með samtengjandi lyfjaónæm plasmíð geti bjargað bakteríum 
sem búa yfir engu sýklalyfjaþoli. Beitt var sýklalyfi gegn óþolnum bakteríum uns 
þær voru deyjandi. Þá var bakteríum með lyfjaónæm samtengjandi plasmíð bætt 
út í ætið þeim til bjargar. Til að kanna hugmyndina frekar þá voru plasmíðin 
þróuð með öðrum bakteríum (af ólíkum tegundum) áður en til björgunarinnar 
kom til að sjá hvort slíkt hefði áhrif á björgunarmátt plasmíðanna. Niðurstaðan 
var sú að samþróun baktería og plasmíða sé mjög lífleg en miklu geti munað milli 
baktería af ólíkum tegundum. Sumar bakteríurnar breyttu plasmíðunum ef 
návígi þeirra varði lengi, en aðrar gerðu það ekki. Í þriðju rannsókninni var 
kannað þol gegn bakteríuveirum í stað þess að beina sjónum að þoli gegn 
sýklalyfjum. Eins og komið hefur fram þá eru bakteríuveirur veirur sem 
hugsanlega má nota í stað sýklalyfja. Í þessari tilraun lék okkur grunur á að vita 
hvort tilteknir þættir eins og sýklalyf eða músín (prótín innan á garnavegg) 
kynnu að hafa áhrif á þróun þols gegn bakteríuveirum. Það er þekkt að sumar 
bakteríuveirur loða við músín svo ætla mætti að efnið hefði áhrif á ónæmi fyrir 
bakteríuveirum. Hinsvegar sýndu niðurstöðurnar að hvorki músín né sýklalyf 
virtust hafa áhrif á þróun slíks ónæmis. Í síðustu rannsókninni könnuðum við 
hve skilvirk CRISPR-tækni er til að fjarlægja gen sem valda ónæmi fyrir 
örverueyðandi lyfjum. CRISPR táknar afar áhugaverða varnarhætti sem 
bakteríur nota til að verjast sýkingum af völdum bakteríuveiru. Vísindamenn 
hafa hagrætt þessu gangvirki í því skyni að meðhöndla gen og genamengi. Í raun 
þá vinnur CRISPR eins og um nákvæm skæri væri að ræða sem muna DNA-raðir, 
geta fundið þær og klippt burt. Í rannsókninni létum við CRISPR-tólið fá kóða 
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sem passaði við ónæmt gen til að sjá hvort það réði við að fjarlægja genið. Það 
var áhugavert að komast að því að bakteríuþýðið gat oft losað sig við hýsilinn 
sem bar AMR genið upp á eigin spýtur og án aðstoðar CRISPR. Að vísu fjarlægði 
CRISPR genið farsællega í einu tifelli. Bakteríur hafa ótrúlega aðlögunarhæfni og 
við tókum eftir að genið fann leiðir til að komast undan CRISPR-tólinu í þeim 
tilfellum þar sem CRISPR skilaði árangri. 

Rannsóknirnar sem þessi ritgerð fjallar um sýna að bakteríur hafa 
fjölbreytta og síbreytilega erfðafræðilega uppbyggingu sem kemur sér vel við að 
læra að þrífast í hvaða aðstæðum sem er. Það skiptir öllu máli þegar rannsaka á 
hvernig bakteríur þróa með sér sýklalyfjaónæmi að skilja að bakteríur eru 
fjölbreyttar og búa yfir fjölbreyttum aðferðum til að lifa af. Jafnvel þótt sumar 
tegundir baktería búi yfir meira sýklalyfjaþoli en aðrar þá er mikilvægt að líta á 
alla bakteríuflóruna því þol gegn sýklalyfjum getur flust milli ólíkra tegunda 
baktería með samtengjandi plasmíðum. Ef baráttan gegn sýklalyfjaónæmi 
baktería á að bera árangur er nauðsynlegt að rannsaka hvernig þær bakteríur sem 
hér um ræðir eiga í samskiptum hver við aðra sem og við umhverfi sitt. Þetta 
felur í sér að rannsaka nýjar gerðir af meðferðum eins og CRISPR-tækni og 
meðferð með bakteríuveirum, en þegar öllu er á botninn hvolft þá mun 
árangurinn verða kominn undir skilningnum á því hvernig bakteríur þróast og 
aðlagast. Allt þetta krefst þess að byggð sé upp nægileg þekking til að þróa megi 
aðferðir til að berjast gegn sýklalyfjaónæmi og standa vörð um heilbrigði 
almennings. 
 

 
  



 

 

67 

Acknowledgements 

The work presented here took place between 2021-2024 at the Department of 
Biological and Environmental Sciences and at the Nanoscience Center at the 
University of Jyväskylä. The research was funded by grants from the Academy 
of Finland (322204, 354982, 347531, 336518, 346772), the Jane and Aatos Erkko 
Foundation, and the University of Jyväskylä Graduate School for Doctoral 
Studies (Department of Biological and Environmental Science). 

I extend my utmost gratitude to my helpful examiners, Alvaro San-Millan 
and Tommi Vatanen, and to my brilliant opponent, Ellie Harrison, for their 
thoughtful evaluation and insightful contributions to my dissertation. 

I want to express my sincere gratitude to my supervisor, Reetta Penttinen. 
I found myself constantly surprised at my own scientific development and for 
that I owe you a debt of gratitude. I can confidently say I preceded my own goals 
for this PhD, and never once did I doubt my capabilities to finish, despite some 
bumps in the road. So, Reetta, thank you for everything.  

Fortunately, I have had the privilege of adding Lotta-Riina Sundberg to my 
supervision. Lotta-Riina thank you for all your help and kindness. I would like 
to also thank Matti Jalasvuori for his part in my PhD journey. 

I want to thank the JYU doctoral school for supporting me during this PhD 
work. As well as my follow-up group members, Gudmundur Oli Hreggvidsson 
and Varpu Marjomäki. I would further like to thank Varpu for all her help and 
guidance throughout my PhD journey as well as the good experience of sharing 
time with her on the doctoral steering board.  

To Cindy, I am so very thankful to have had you as a group member, 
colleague, and most importantly friend from my very first workday at JYU. I am 
so happy I can keep you as a confidant no matter the time and distance that 
separates us. Same goes to Ericka, who despite only a short time together, I got 
such good support from. To my fellow group members, thank you for all your 
help, guidance, and good times. I look forward to seeing what the future beholds. 
I would also like to extend my gratitude to my collaborators at Turku University, 
University of Helsinki, University of Exeter, and University of York.  

To my wonderful community in Jyväskylä, thank you for keeping me sane 
during the cold winters and gathering for the greatest of summer funs. Here it 
goes without saying there are three special ladies I will keep with me forever. 
Chloe, you wonderful human being, I will forever be grateful I was able to orbit 
in your solar system. Justine, thank you for being such a wonderful woman and 
friend, and for providing me with the absolute best support a girl could ever ask 
for. Skylar, I am eternally happy we somehow both ended up in Jyväskylä to 
spend the peak of our 20’s. You three are everything I could’ve hoped for when 
moving here, I absolutely love our friendship. Thank you to my colleagues from 
the department that I am lucky enough to have as friends and sauna boat 
buddies. To my JKL friends, thank you for integrating me into Finnish culture, 
introducing me to iskelmä, sitsfests, Vappu, Juhannus, and etc. Special thanks to 



 68 

Emmi and Nelli for being such good friends and understanding what it’s like 
being a gal in your twenties.  

Thank you to my friends back home in Iceland and Florida. To my crazy 
Boricuas, Carolina and Mama loca, thank you for always being there and making 
me never doubt your support, no matter the distance. Thank you to my best 
friend since first-grade when you lived 3 houses down, Thelma. Nothing 
compares to having a friend that has gone through everything with you, elska 
þig svo. 

Thank you to my family. To my grandparents, elsku amma Þórunn, afi 
Sæmundur, amma Stína, og afi Siggi, ég skrifa ekki bara þakkarorð til ykkar fyrir 
alla þá skylirðislausa ást, umhyggju, og stuðning sem ég hef fengið frá ykkur, 
heldur þakka ég ykkur líka fyrir allt það sem þið hafið kennt mér. Thank you to 
my cousin Kristín, who is like a sister to me, and funnily enough was the reason 
I considered applying for a PhD in Finland after a funny trip to Helsinki in 2019 
where we ended up at a party hosted by the President. 

Thank you to my wonderful and loving siblings. Tindur, thank you for 
showing me what its like to succeed despite life‘s ups and downs. Thank you to 
my older sister Gunnhildur, for doing what you love, it meant the world to me. 
Urður, thank you for being someone I can look up to and most importantly thank 
you for giving me, Ösp, Valur, and Salvör. Thank you to Thor, my little 
„bigger“ sister, for  never doubting that you have my back. To my little brother 
Siggi, thank you for being my companion in all my favorite conversations. To my 
baby brother Sæmi, thank you for your unconditional kindness and keeping me 
responsible. And to my baby sister Elfur, thank you for allowing me to be your 
sidekick, I don‘t remember my first years but I remember everyone of yours, me 
before you seems unimagineble. And of course thank you to my bonus siblings 
Steinar, Erin, and Ísabella. 

Lastly but most importantly, to the people I owe everything to, my parents, 
Laufey Ýr Sigurðardóttir and Jón Sæmundsson, to whom I am forever grateful 
and can never fully thank. Takk mamma og pabbi, þið styðjið mig í einu og öllu 
og fyrir það er ég ævinlega þakklát. Ég finn það meira með hverjum degi hve 
heppin ég er með fólkið í kringum mig.  

Finally, I would just like to acknowledge the community effort that 
accompanies a person achieving a goal such as this. I genuinely believe I can do 
anything I set my mind to. This is not due to efforts made solely by myself but 
from the lifelong support of an irreplaceble community. Thank you. 
  



 

 

69 

REFERENCES 

Aanensen D.M. & Spratt B.G. 2005. The multilocus sequence typing network: 
mlst.net. Nucleic Acids Research 33: W728–W733. 

Ackermann H.-W. 2007. 5500 Phages examined in the electron microscope. 
Archives of Virology 152: 227–243. 

Ackermann H.-W. 2009. Phage Classification and Characterization. In: 
Bacteriophages, pp. 127–140. 

Ackermann H.-W. & DuBow M.S. 1987. General Properties of Bacteriophages. 
In: Viruses of Prokaryotes, CRC Press, Boca Raton, p. 202. 

Agyekum A., Fajardo-Lubián A., Ansong D., Partridge S.R., Agbenyega T. & 
Iredell J.R. 2016. blaCTX-M-15 carried by IncF-type plasmids is the 
dominant ESBL gene in Escherichia coli and Klebsiella pneumoniae at a 
hospital in Ghana. Diagnostic Microbiology and Infectious Disease 84: 328–
333. 

Almeida V. de S.M., Azevedo J., Leal H.F., Queiroz A.T.L. de, Silva Filho H.P. 
da & Reis J.N. 2020. Bacterial diversity and prevalence of antibiotic 
resistance genes in the oral microbiome. PLOS ONE 15: e0239664. 

Almeida G.M.F., Laanto E., Ashrafi R. & Sundberg L.-R. 2019. Bacteriophage 
Adherence to Mucus Mediates Preventive Protection against Pathogenic 
Bacteria. mBio 10. 

Alonso-del Valle A., Toribio-Celestino L., Quirant A., Pi C.T., DelaFuente J., 
Canton R., Rocha E.P.C., Ubeda C., Peña-Miller R. & San Millan A. 2023. 
Antimicrobial resistance level and conjugation permissiveness shape 
plasmid distribution in clinical enterobacteria. Proceedings of the National 
Academy of Sciences 120. 

Årdal C., Findlay D., Savic M., Carmeli Y., Gyssens I., Laxminarayan R., 
Outterson K. & Rex J.H. 2018. Revitalizing the antibiotic pipeline. Stimulating 
innovation while driving sustainable use and global access. 

Ares-Arroyo M., Coluzzi C. & Rocha E.P.C. 2023. Origins of transfer establish 
networks of functional dependencies for plasmid transfer by conjugation. 
Nucleic Acids Research 51: 3001–3016. 

Arnold K.E., Williams N.J. & Bennett M. 2016. ‘Disperse abroad in the land’: the 
role of wildlife in the dissemination of antimicrobial resistance. Biology 
Letters 12: 20160137. 

Azad M., Konya T., Persaud R., Guttman D., Chari R., Field C., Sears M., 
Mandhane P., Turvey S., Subbarao P., Becker A., Scott J. & Kozyrskyj A. 
2016. Impact of maternal intrapartum antibiotics, method of birth and 
breastfeeding on gut microbiota during the first year of life: a prospective 
cohort study. BJOG: An International Journal of Obstetrics & Gynaecology 123: 
983–993. 

Babini G.S. & Livermore D.M. 2000. Are SHV β-Lactamases Universal in 
Klebsiella pneumoniae ? . Antimicrobial Agents and Chemotherapy 44: 2230–
2230. 



 70 

Baker S., Thomson N., Weill F.-X. & Holt K.E. 2018. Genomic insights into the 
emergence and spread of antimicrobial-resistant bacterial pathogens. 
Science 360: 733–738. 

Bakshani C.R., Morales-Garcia A.L., Althaus M., Wilcox M.D., Pearson J.P., 
Bythell J.C. & Burgess J.G. 2018. Evolutionary conservation of the 
antimicrobial function of mucus: a first defence against infection. npj 
Biofilms and Microbiomes 4: 14. 

Baldelli V., Scaldaferri F., Putignani L. & Chierico F. Del. 2021. The Role of 
Enterobacteriaceae in Gut Microbiota Dysbiosis in Inflammatory Bowel 
Diseases. Microorganisms 9: 697. 

Bañuelos-Vazquez L.A., Torres Tejerizo G. & Brom S. 2017. Regulation of 
conjugative transfer of plasmids and integrative conjugative elements. 
Plasmid 91: 82–89. 

Barksdale L. & Arden S.B. 1974. Persisting Bacteriophage Infections, Lysogeny, 
and Phage Conversions. Annual Review of Microbiology 28: 265–300. 

Barr J.J., Auro R., Furlan M., Whiteson K.L., Erb M.L., Pogliano J., Stotland A., 
Wolkowicz R., Cutting A.S., Doran K.S., Salamon P., Youle M. & Rohwer 
F. 2013a. Bacteriophage adhering to mucus provide a non–host-derived 
immunity. Proceedings of the National Academy of Sciences 110: 10771–10776. 

Barr J.J., Auro R., Furlan M., Whiteson K.L., Erb M.L., Pogliano J., Stotland A., 
Wolkowicz R., Cutting A.S., Doran K.S., Salamon P., Youle M. & Rohwer 
F. 2013b. Bacteriophage adhering to mucus provide a non–host-derived 
immunity. Proceedings of the National Academy of Sciences 110: 10771–10776. 

Bauer R., Haider D., Grempels A., Roscher R., Mauerer S. & Spellerberg B. 2023. 
Diversity of CRISPR-Cas type II-A systems in Streptococcus anginosus. 
Frontiers in Microbiology 14. 

Beisel C.L., Gomaa A.A. & Barrangou R. 2014. A CRISPR design for next-
generation antimicrobials. Genome Biology 15: 516. 

Benz F., Camara-Wilpert S., Russel J., Wandera K.G., Čepaitė R., Ares-Arroyo 
M., Gomes-Filho J.V., Englert F., Kuehn J., Gloor S., Cuénod A., Aguilà-
Sans M., Maccario L., Egli A., Randau L., Pausch P., Rocha E., Beisel C.L., 
Madsen J.S., Bikard D., Hall A.R., Sørensen S.J. & Pinilla-Redondo R. 2023. 
Type IV-A3 CRISPR-Cas systems drive inter-plasmid conflicts by 
acquiring spacers &lt;em&gt;in trans&lt;/em&gt; bioRxiv: 
2023.06.23.546257. 

Bergquist P.L., Lane H.E.D., Malcolm L. & Downard R.A. 1982. Molecular 
Homology and Incompatibility in the IncFI Plasmid Group. Microbiology 
128: 223–238. 

Bhavnani S.M., Krause K.M. & Ambrose P.G. 2020. A Broken Antibiotic Market: 
Review of Strategies to Incentivize Drug Development. Open Forum 
Infectious Diseases 7. 

Bianconi E., Piovesan A., Facchin F., Beraudi A., Casadei R., Frabetti F., Vitale 
L., Pelleri M.C., Tassani S., Piva F., Perez-Amodio S., Strippoli P. & 
Canaider S. 2013. An estimation of the number of cells in the human body. 
Annals of Human Biology 40: 463–471. 



 

 

71 

Bikard D. & Barrangou R. 2017. Using CRISPR-Cas systems as antimicrobials. 
Current Opinion in Microbiology 37: 155–160. 

Bikard D., Euler C.W., Jiang W., Nussenzweig P.M., Goldberg G.W., Duportet 
X., Fischetti V.A. & Marraffini L.A. 2014. Exploiting CRISPR-Cas nucleases 
to produce sequence-specific antimicrobials. Nature Biotechnology 32: 1146–
1150. 

Billard-Pomares T., Fouteau S., Jacquet M.E., Roche D., Barbe V., Castellanos 
M., Bouet J.Y., Cruveiller S., Médigue C., Blanco J., Clermont O., Denamur 
E. & Branger C. 2014. Characterization of a P1-Like Bacteriophage 
Carrying an SHV-2 Extended-Spectrum β-Lactamase from an Escherichia 
coli Strain. Antimicrobial Agents and Chemotherapy 58: 6550–6557. 

Bird S.M., Ford S., Thompson C.M.A., Little R., Hall J.P.J., Jackson R.W., Malone 
J., Harrison E. & Brockhurst M.A. 2022. Compensatory mutations reducing 
the fitness cost of plasmid carriage occur in plant rhizosphere 
communities. bioRxiv. 

Boerlin P. & Reid-Smith R.J. 2008. Antimicrobial resistance: its emergence and 
transmission. Animal Health Research Reviews 9: 115–126. 

Bolotin A., Quinquis B., Sorokin A. & Ehrlich S.D. 2005. Clustered regularly 
interspaced short palindrome repeats (CRISPRs) have spacers of 
extrachromosomal origin. Microbiology 151: 2551–2561. 

Bondy-Denomy J., Pawluk A., Maxwell K.L. & Davidson A.R. 2013. 
Bacteriophage genes that inactivate the CRISPR/Cas bacterial immune 
system. Nature 493: 429–432. 

Botelho J. & Schulenburg H. 2021. The Role of Integrative and Conjugative 
Elements in Antibiotic Resistance Evolution. Trends in Microbiology 29: 8–
18. 

Bottery M.J. 2022. Ecological dynamics of plasmid transfer and persistence in 
microbial communities. Current Opinion in Microbiology 68: 102152. 

Brockhurst M.A. & Harrison E. 2022. Ecological and evolutionary solutions to 
the plasmid paradox. Trends in Microbiology 30: 534–543. 

Brolund A. & Sandegren L. 2016. Characterization of ESBL disseminating 
plasmids. Infectious Diseases 48: 18–25. 

Broncano-Lavado A., Santamaría-Corral G., Esteban J. & García-Quintanilla M. 
2021. Advances in Bacteriophage Therapy against Relevant MultiDrug-
Resistant Pathogens. Antibiotics 10: 672. 

Burmølle M., Webb J.S., Rao D., Hansen L.H., Sørensen S.J. & Kjelleberg S. 2006. 
Enhanced Biofilm Formation and Increased Resistance to Antimicrobial 
Agents and Bacterial Invasion Are Caused by Synergistic Interactions in 
Multispecies Biofilms. Applied and Environmental Microbiology 72: 3916–
3923. 

Cabello F.C. & Godfrey H.P. 2016. Even therapeutic antimicrobial use in animal 
husbandry may generate environmental hazards to human health. 
Environmental Microbiology 18: 311–313. 

Cantón R. & Coque T.M. 2006. The CTX-M β-lactamase pandemic. Current 
Opinion in Microbiology 9: 466–475. 



 72 

Cantón R., González-Alba J.M. & Galán J.C. 2012. CTX-M Enzymes: Origin and 
Diffusion. Frontiers in Microbiology 3. 

Cao V., Lambert T. & Courvalin P. 2002. ColE1-Like Plasmid pIP843 of Klebsiella 
pneumoniae Encoding Extended-Spectrum β-Lactamase CTX-M-17. 
Antimicrobial Agents and Chemotherapy 46: 1212–1217. 

Carattoli A. 2009. Resistance Plasmid Families in Enterobacteriaceae. Antimicrobial 
Agents and Chemotherapy 53: 2227–2238. 

Carattoli A. 2011. Plasmids in Gram negatives: Molecular typing of resistance 
plasmids. International Journal of Medical Microbiology 301: 654–658. 

Carroll A.C. & Wong A. 2018. Plasmid persistence: costs, benefits, and the 
plasmid paradox. Canadian Journal of Microbiology 64: 293–304. 

Carroll-Portillo A., Rumsey K.N., Braun C.A., Lin D.M., Coffman C.N., Alcock 
J.A., Singh S.B. & Lin H.C. 2023. Mucin and Agitation Shape Predation of 
Escherichia coli by Lytic Coliphage. Microorganisms 11: 508. 

Castañeda-Barba S., Top E.M. & Stalder T. 2024. Plasmids, a molecular 
cornerstone of antimicrobial resistance in the One Health era. Nature 
Reviews Microbiology 22: 18–32. 

Castanheira M., Simner P.J. & Bradford P.A. 2021. Extended-spectrum β -
lactamases: an update on their characteristics, epidemiology and 
detection. JAC-Antimicrobial Resistance 3. 

Centres for Disease Control and Prevention U.D. of H. and H.S. 2013. Antibiotic 
resistance threats in the United States. Atlanta. 

Chan B.K., Abedon S.T. & Loc-Carrillo C. 2013. Phage cocktails and the future 
of phage therapy. Future Microbiology 8: 769–783. 

Chatterjee A. & Duerkop B.A. 2018. Beyond Bacteria: Bacteriophage-Eukaryotic 
Host Interactions Reveal Emerging Paradigms of Health and Disease. 
Frontiers in Microbiology 9. 

Chen C.-Y., Chen Y.-C., Pu H.-N., Tsai C.-H., Chen W.-T. & Lin C.-H. 2012. 
Bacteriology of Acute Appendicitis and Its Implication for the Use of 
Prophylactic Antibiotics. Surgical Infections 13: 383–390. 

Chen R., Li C., Ge H., Qiao J., Fang L., Liu C., Gou J. & Guo X. 2024. Difference 
analysis and characteristics of incompatibility group plasmid replicons in 
gram-negative bacteria with different antimicrobial phenotypes in Henan, 
China. BMC Microbiology 24: 64. 

Chou A., Roa M., Evangelista M.A., Sulit A.K., Lagamayo E., Torres B.C., 
Klinzing D.C., Daroy M.L.G., Navoa-Ng J., Sucgang R. & Zechiedrich L. 
2016. Emergence of Klebsiella pneumoniae ST273 Carrying bla NDM-7 and 
ST656 Carrying bla NDM-1 in Manila, Philippines. Microbial Drug Resistance 
22: 585–588. 

Christaki E., Marcou M. & Tofarides A. 2020. Antimicrobial Resistance in 
Bacteria: Mechanisms, Evolution, and Persistence. Journal of Molecular 
Evolution 88: 26–40. 

Christie P.J., Whitaker N. & González-Rivera C. 2014. Mechanism and structure 
of the bacterial type IV secretion systems. Biochimica et Biophysica Acta 
(BBA) - Molecular Cell Research 1843: 1578–1591. 



 

 

73 

Chylinski K., Makarova K.S., Charpentier E. & Koonin E. V. 2014. Classification 
and evolution of type II CRISPR-Cas systems. Nucleic Acids Research 42: 
6091–6105. 

Cienfuegos-Gallet A. V., Zhou Y., Ai W., Kreiswirth B.N., Yu F. & Chen L. 2022. 
Multicenter Genomic Analysis of Carbapenem-Resistant Klebsiella 
pneumoniae from Bacteremia in China. Microbiology Spectrum 10. 

Clarke S.F., Murphy E.F., O’Sullivan O., Lucey A.J., Humphreys M., Hogan A., 
Hayes P., O’Reilly M., Jeffery I.B., Wood-Martin R., Kerins D.M., Quigley 
E., Ross R.P., O’Toole P.W., Molloy M.G., Falvey E., Shanahan F. & Cotter 
P.D. 2014. Exercise and associated dietary extremes impact on gut 
microbial diversity. Gut 63: 1913–1920. 

Clemente J.C., Ursell L.K., Parfrey L.W. & Knight R. 2012. The Impact of the Gut 
Microbiota on Human Health: An Integrative View. Cell 148: 1258–1270. 

Colom J., Batista D., Baig A., Tang Y., Liu S., Yuan F., Belkhiri A., Marcelino L., 
Barbosa F., Rubio M., Atterbury R., Berchieri A. & Barrow P. 2019. Sex 
pilus specific bacteriophage to drive bacterial population towards 
antibiotic sensitivity. Scientific Reports 9: 12616. 

Costerton J.W., Stewart P.S. & Greenberg E.P. 1999. Bacterial Biofilms: A 
Common Cause of Persistent Infections. Science 284: 1318–1322. 

Crossman L.C., Chaudhuri R.R., Beatson S.A., Wells T.J., Desvaux M., 
Cunningham A.F., Petty N.K., Mahon V., Brinkley C., Hobman J.L., 
Savarino S.J., Turner S.M., Pallen M.J., Penn C.W., Parkhill J., Turner A.K., 
Johnson T.J., Thomson N.R., Smith S.G.J. & Henderson I.R. 2010. A 
Commensal Gone Bad: Complete Genome Sequence of the Prototypical 
Enterotoxigenic Escherichia coli Strain H10407. Journal of Bacteriology 192: 
5822–5831. 

Cui L. & Bikard D. 2016. Consequences of Cas9 cleavage in the chromosome of 
Escherichia coli. Nucleic Acids Research 44: 4243–4251. 

Daga A.P., Koga V.L., Soncini J.G.M., Matos C.M. de, Perugini M.R.E., Pelisson 
M., Kobayashi R.K.T. & Vespero E.C. 2019. Escherichia coli Bloodstream 
Infections in Patients at a University Hospital: Virulence Factors and 
Clinical Characteristics. Frontiers in Cellular and Infection Microbiology 9. 

Dale A.P. & Woodford N. 2015. Extra-intestinal pathogenic Escherichia coli 
(ExPEC): Disease, carriage and clones. Journal of Infection 71: 615–626. 

Darphorn T.S., Koenders-van Sintanneland B.B., Grootemaat A.E., Wel N.N. 
van der, Brul S. & Kuile B.H. ter. 2022. Transfer dynamics of multi-
resistance plasmids in Escherichia coli isolated from meat. PLOS ONE 17: 
e0270205. 

David L.A., Maurice C.F., Carmody R.N., Gootenberg D.B., Button J.E., Wolfe 
B.E., Ling A. V., Devlin A.S., Varma Y., Fischbach M.A., Biddinger S.B., 
Dutton R.J. & Turnbaugh P.J. 2014. Diet rapidly and reproducibly alters 
the human gut microbiome. Nature 505: 559–563. 

DelaFuente J., Toribio-Celestino L., Santos-Lopez A., Alonso-del Valle A., 
Costas C., Hernandez- M., Cui L., Rodriguez-Beltran J., Bikard D., Canton 
R., San Millan A. & affiliations A. 2022. Within-patient evolution of 
plasmid-mediated antimicrobial resistance 1. bioRxiv. 



 74 

Delaroque C., Wu G.D., Compher C., Ni J., Albenberg L., Liu Q., Tian Y., 
Patterson A.D., Lewis J.D., Gewirtz A.T. & Chassaing B. 2022. Diet 
standardization reduces intra-individual microbiome variation. Gut 
Microbes 14. 

Dethlefsen L., Huse S., Sogin M.L. & Relman D.A. 2008. The Pervasive Effects of 
an Antibiotic on the Human Gut Microbiota, as Revealed by Deep 16S 
rRNA Sequencing. PLoS Biology 6: e280. 

Dharmani P., Srivastava V., Kissoon-Singh V. & Chadee K. 2009. Role of 
Intestinal Mucins in Innate Host Defense Mechanisms against Pathogens. 
Journal of Innate Immunity 1: 123–135. 

d’Herelle F. 1917. An invisible microbe that is antagonistic to the dysentery 
bacillus. Comptes Rendus Academie Sciences Paris 165: 373–375. 

Dierikx C., Essen-Zandbergen A. van, Veldman K., Smith H. & Mevius D. 
2010a. Increased detection of extended spectrum beta-lactamase 
producing Salmonella enterica and Escherichia coli isolates from poultry. 
Veterinary Microbiology 145: 273–278. 

Dierikx C., Essen-Zandbergen A. van, Veldman K., Smith H. & Mevius D. 
2010b. Increased detection of extended spectrum beta-lactamase 
producing Salmonella enterica and Escherichia coli isolates from poultry. 
Veterinary Microbiology 145: 273–278. 

Dierikx C., Goot J. van der, Fabri T., Essen-Zandbergen A. van, Smith H. & 
Mevius D. 2013. Extended-spectrum- -lactamase- and AmpC- -lactamase-
producing Escherichia coli in Dutch broilers and broiler farmers. Journal of 
Antimicrobial Chemotherapy 68: 60–67. 

Dimitriu T., Marchant L., Buckling A. & Raymond B. 2019. Bacteria from 
natural populations transfer plasmids mostly towards their kin. 
Proceedings of the Royal Society B: Biological Sciences 286: 20191110. 

Doi Y., Adams-Haduch J.M., Peleg A.Y. & D’Agata E.M.C. 2012. The role of 
horizontal gene transfer in the dissemination of extended-spectrum beta-
lactamase–producing Escherichia coli and Klebsiella pneumoniae isolates 
in an endemic setting. Diagnostic Microbiology and Infectious Disease 74: 34–
38. 

Dong H., Xiang H., Mu D., Wang D. & Wang T. 2019. Exploiting a conjugative 
CRISPR/Cas9 system to eliminate plasmid harbouring the mcr-1 gene 
from Escherichia coli. International Journal of Antimicrobial Agents 53: 1–8. 

Donnenberg M.S. & Whittam T.S. 2001. Pathogenesis and evolution of virulence 
in enteropathogenic and enterohemorrhagic Escherichia coli. Journal of 
Clinical Investigation 107: 539–548. 

Dotto G., Giacomelli M., Grilli G., Ferrazzi V., Carattoli A., Fortini D. & 
Piccirillo A. 2014. High Prevalence of oqx AB in Escherichia coli Isolates 
from Domestic and Wild Lagomorphs in Italy. Microbial Drug Resistance 
20: 118–123. 

Doumith M., Day M., Ciesielczuk H., Hope R., Underwood A., Reynolds R., 
Wain J., Livermore D.M. & Woodford N. 2015. Rapid Identification of 
Major Escherichia coli Sequence Types Causing Urinary Tract and 
Bloodstream Infections. Journal of Clinical Microbiology 53: 160–166. 



 

 

75 

Duan C., Cao H., Zhang L.-H. & Xu Z. 2021. Harnessing the CRISPR-Cas 
Systems to Combat Antimicrobial Resistance. Frontiers in Microbiology 12. 

Dutta C. & Pan A. 2002. Horizontal gene transfer and bacterial diversity. Journal 
of Biosciences 27: 27–33. 

Dziri O., Dziri R., Maraoub A. & Chouchani C. 2018. First Report of SHV-148-
Type ESBL and CMY-42-Type AmpC β-Lactamase in Klebsiella pneumoniae 
Clinical Isolates in Tunisia. Microbial Drug Resistance 24: 1483–1488. 

ECDC/EMEA. 2009. The bacterial challenge: time to react. Stockholm. 
Ejrnæs K. 2010. Bacterial Characteristics of Importance for Recurrent Urinary 

Tract Infections Caused by Escherichia coli . 
Elisabeth M., Maneesh P.-S., Katarina S.F., Slobodan Z. & Michael S. 2021. 

Antimicrobial Resistance &amp; Migrants in Sweden: Poor Living 
Conditions Enforced by Migration Control Policies as a Risk Factor for 
Optimal Public Health Management. Frontiers in Public Health 9. 

Espinal P., Miró E., Segura C., Gómez L., Plasencia V., Coll P. & Navarro F. 
2018. First Description of bla NDM-7 Carried on an IncX4 Plasmid in 
Escherichia coli ST679 Isolated in Spain. Microbial Drug Resistance 24: 113–
119. 

Fagen J.R., Collias D., Singh A.K. & Beisel C.L. 2017. Advancing the design and 
delivery of CRISPR antimicrobials. Current Opinion in Biomedical 
Engineering 4: 57–64. 

Falagas M.E. & Karageorgopoulos D.E. 2008. Pandrug Resistance (PDR), 
Extensive Drug Resistance (XDR), and Multidrug Resistance (MDR) 
among Gram‐Negative Bacilli: Need for International Harmonization in 
Terminology. Clinical Infectious Diseases 46: 1121–1122. 

Falagas M.E. & Karageorgopoulos D.E. 2009. Extended-spectrum β-lactamase-
producing organisms. Journal of Hospital Infection 73: 345–354. 

Fernandez-Lopez R., Redondo S., Garcillan-Barcia M.P. & la Cruz F. de. 2017. 
Towards a taxonomy of conjugative plasmids. Current Opinion in 
Microbiology 38: 106–113. 

Feschotte C. & Pritham E.J. 2007. DNA Transposons and the Evolution of 
Eukaryotic Genomes. Annual Review of Genetics 41: 331–368. 

Firth N., Ippen-ihler K. & Skurray R. 1996. Structure and function of the F factor 
and mechanism of conjugation. In: Escherichia coli and Salmonella: cellular 
and molecular biology, ASM Press, Washington, DC, pp. 2377–2401. 

Fleming A. 1929. On the Antibacterial Action of Cultures of a Penicillium, with 
Special Reference to their Use in the Isolation of B. influenzæ. Br J Exp 
Pathol 10: 226–236. 

Fox S., Goswami C., Holden M., Connolly J.P.R., Mordue J., O’Boyle N., Roe A., 
Connor M., Leanord A. & Evans T.J. 2020. A highly conserved complete 
accessory Escherichia coli type III secretion system 2 is widespread in 
bloodstream isolates of the ST69 lineage. Scientific Reports 10: 4135. 

Frank D.N., Amand A.L. St., Feldman R.A., Boedeker E.C., Harpaz N. & Pace 
N.R. 2007. Molecular-phylogenetic characterization of microbial 
community imbalances in human inflammatory bowel diseases. 
Proceedings of the National Academy of Sciences 104: 13780–13785. 



 76 

Freitas Almeida G.M. de, Hoikkala V., Ravantti J., Rantanen N. & Sundberg L.-
R. 2022. Mucin induces CRISPR-Cas defense in an opportunistic pathogen. 
Nature Communications 13: 3653. 

Frost L.S., Ippen-Ihler K. & Skurray R.A. 1994. Analysis of the sequence and 
gene products of the transfer region of the F sex factor. Microbiological 
Reviews 58: 162–210. 

Georjon H. & Bernheim A. 2023. The highly diverse antiphage defence systems 
of bacteria. Nature Reviews Microbiology 21: 686–700. 

Gevers D., Kugathasan S., Denson L.A., Vázquez-Baeza Y., Van Treuren W., 
Ren B., Schwager E., Knights D., Song S.J., Yassour M., Morgan X.C., 
Kostic A.D., Luo C., González A., McDonald D., Haberman Y., Walters T., 
Baker S., Rosh J., Stephens M., Heyman M., Markowitz J., Baldassano R., 
Griffiths A., Sylvester F., Mack D., Kim S., Crandall W., Hyams J., 
Huttenhower C., Knight R. & Xavier R.J. 2014. The Treatment-Naive 
Microbiome in New-Onset Crohn’s Disease. Cell Host & Microbe 15: 382–
392. 

Gholizadeh P., Köse Ş., Dao S., Ganbarov K., Tanomand A., Dal T., Aghazadeh 
M., Ghotaslou R., Ahangarzadeh Rezaee M., Yousefi B. & Samadi Kafil H. 
2020. <p>How CRISPR-Cas System Could Be Used to Combat 
Antimicrobial Resistance</p>. Infection and Drug Resistance Volume 13: 
1111–1121. 

Glenn L.M., Lindsey R.L., Folster J.P., Pecic G., Boerlin P., Gilmour M.W., 
Harbottle H., Zhao S., McDermott P.F., Fedorka-Cray P.J. & Frye J.G. 2013. 
Antimicrobial Resistance Genes in Multidrug-Resistant Salmonella enterica 
Isolated from Animals, Retail Meats, and Humans in the United States and 
Canada. Microbial Drug Resistance 19: 175–184. 

Glover J.S., Ticer T.D. & Engevik M.A. 2022. Characterizing the mucin-
degrading capacity of the human gut microbiota. Scientific Reports 12: 8456. 

Gomaa A.A., Klumpe H.E., Luo M.L., Selle K., Barrangou R. & Beisel C.L. 2014. 
Programmable Removal of Bacterial Strains by Use of Genome-Targeting 
CRISPR-Cas Systems. mBio 5. 

Gomes T.A.T., Elias W.P., Scaletsky I.C.A., Guth B.E.C., Rodrigues J.F., Piazza 
R.M.F., Ferreira L.C.S. & Martinez M.B. 2016. Diarrheagenic Escherichia 
coli. Brazilian Journal of Microbiology 47: 3–30. 

Gordillo Altamirano F.L. & Barr J.J. 2019. Phage Therapy in the Postantibiotic 
Era. Clinical Microbiology Reviews 32. 

Goswami C., Fox S., Holden M., Connor M., Leanord A. & Evans T.J. 2018. 
Genetic analysis of invasive Escherichia coli in Scotland reveals 
determinants of healthcare-associated versus community-acquired 
infections. Microbial Genomics 4. 

Gough E.K., Moodie E.E.M., Prendergast A.J., Johnson S.M.A., Humphrey J.H., 
Stoltzfus R.J., Walker A.S., Trehan I., Gibb D.M., Goto R., Tahan S., Morais 
M.B. de & Manges A.R. 2014. The impact of antibiotics on growth in 
children in low and middle income countries: systematic review and meta-
analysis of randomised controlled trials. BMJ 348: g2267–g2267. 



 

 

77 

Grahn A.M., Caldentey J., Bamford J.K.H. & Bamford D.H. 1999. Stable 
Packaging of Phage PRD1 DNA Requires Adsorption Protein P2, Which 
Binds to the IncP Plasmid-Encoded Conjugative Transfer Complex. 
JOURNAL OF BACTERIOLOGY 181: 6689–6696. 

Grahn A.M., Haase J., Lanka E. & Bamford D.H. 1997. Assembly of a Functional 
Phage PRD1 Receptor Depends on 11 Genes of the IncP Plasmid Mating 
Pair Formation Complex. JOURNAL OF BACTERIOLOGY 179: 4733–4740. 

Greene C., Vadlamudi G., Newton D., Foxman B. & Xi C. 2016. The influence of 
biofilm formation and multidrug resistance on environmental survival of 
clinical and environmental isolates of Acinetobacter baumannii. American 
Journal of Infection Control 44: e65–e71. 

Grohmann E., Muth G. & Espinosa M. 2003a. Conjugative Plasmid Transfer in 
Gram-Positive Bacteria. Microbiology and Molecular Biology Reviews 67: 277–
301. 

Grohmann E., Muth G. & Espinosa M. 2003b. Conjugative Plasmid Transfer in 
Gram-Positive Bacteria. Microbiology and Molecular Biology Reviews 67: 277–
301. 

Gu S.-L., Gong Y., Zhang J., Chen Y., Wu Z., Xu Q., Fang Y., Wang J. & Tang L.-
L. 2020. <p>Effect of the Short-Term Use of Fluoroquinolone and β-
Lactam Antibiotics on Mouse Gut Microbiota</p>. Infection and Drug 
Resistance Volume 13: 4547–4558. 

Guentzel M. 1996. Escherichia, Klebsiella, Enterobacter, Serratia, Citrobacter, 
and Proteus. In: Baron S. (ed.), Medical Microbiology, University of Texas 
Medical Branch at Galveston. 

Guglielmini J., la Cruz F. de & Rocha E.P.C. 2013. Evolution of Conjugation and 
Type IV Secretion Systems. Molecular Biology and Evolution 30: 315–331. 

Guo Y.-F., Zhang W.-H., Ren S.-Q., Yang L., Lü D.-H., Zeng Z.-L., Liu Y.-H. & 
Jiang H.-X. 2014. IncA/C Plasmid-Mediated Spread of CMY-2 in 
Multidrug-Resistant Escherichia coli from Food Animals in China. PLoS 
ONE 9: e96738. 

Haase J., Lurz R., Grahn A.M., Bamford D.H. & Lanka E. 1995. Bacterial 
Conjugation Mediated by Plasmid RP4: RSF1010 Mobilization, Donor-
Specific Phage Propagation, and Pilus Production Require the Same Tra2 
Core Components of a Proposed DNA Transport Complex. JOURNAL OF 
BACTERIOLOGY 177: 4779–4791. 

Hall J.P.J., Wood A.J., Harrison E. & Brockhurst M.A. 2016. Source–sink plasmid 
transfer dynamics maintain gene mobility in soil bacterial communities. 
Proceedings of the National Academy of Sciences 113: 8260–8265. 

Hall J.P.J., Wright R.C.T., Harrison E., Muddiman K.J., Wood A.J., Paterson S. & 
Brockhurst M.A. 2021. Plasmid fitness costs are caused by specific genetic 
conflicts enabling resolution by compensatory mutation. PLoS Biology. 

Hammerl J.A., Beutlich J., Hertwig S., Mevius D., Threlfall E.J., Helmuth R. & 
Guerra B. 2010. pSGI15, a small ColE-like qnrB19 plasmid of a Salmonella 
enterica serovar Typhimurium strain carrying Salmonella genomic island 
1 (SGI1). Journal of Antimicrobial Chemotherapy 65: 173–175. 



 78 

Hansson G.C. 2020. Mucins and the Microbiome. Annual Review of Biochemistry 
89: 769–793. 

Harbottle H., Thakur S., Zhao S. & White D.G. 2006. Genetics of Antimicrobial 
Resistance. Animal Biotechnology 17: 111–124. 

Harrison E., Dytham C., Hall J.P.J., Guymer D., Spiers A.J., Paterson S. & 
Brockhurst M.A. 2016. Rapid compensatory evolution promotes the 
survival of conjugative plasmids. Mobile Genetic Elements 6. 

Harrison E., Guymer D., Spiers A.J., Paterson S. & Brockhurst M.A. 2015. 
Parallel Compensatory Evolution Stabilizes Plasmids across the 
Parasitism-Mutualism Continuum. Current Biology 25: 2034–2039. 

Harrison E., Hall J.P.J. & Brockhurst M.A. 2018. Migration promotes plasmid 
stability under spatially heterogeneous positive selection. Proceedings of the 
Royal Society B: Biological Sciences 285: 20180324. 

Hartmann A., Locatelli A., Amoureux L., Depret G., Jolivet C., Gueneau E. & 
Neuwirth C. 2012. Occurrence of CTX-M Producing Escherichia coli in 
Soils, Cattle, and Farm Environment in France (Burgundy Region). 
Frontiers in Microbiology 3. 

Hawkey P.M. & Jones A.M. 2009. The changing epidemiology of resistance. 
Journal of Antimicrobial Chemotherapy 64: i3–i10. 

Heinsen F.-A., Knecht H., Neulinger S.C., Schmitz R.A., Knecht C., Kühbacher 
T., Rosenstiel P.C., Schreiber S., Friedrichs A.K. & Ott S.J. 2015. Dynamic 
changes of the luminal and mucosa-associated gut microbiota during and 
after antibiotic therapy with paromomycin. Gut Microbes 6: 243–254. 

Helinski D.R. 2022. A Brief History of Plasmids. EcoSal Plus 10. 
Herrera-Leon S., Gonzalez-Sanz R., Herrera-Leon L. & Echeita M.A. 2011. 

Characterization of multidrug-resistant Enterobacteriaceae carrying 
plasmid-mediated quinolone resistance mechanisms in Spain. Journal of 
Antimicrobial Chemotherapy 66: 287–290. 

Herrod P.J.J., Kwok A.T. & Lobo D.N. 2022. Randomized clinical trials 
comparing antibiotic therapy with appendicectomy for uncomplicated 
acute appendicitis: meta-analysis. BJS Open 6. 

Holman D.B. & Chénier M.R. 2014. Temporal changes and the effect of 
subtherapeutic concentrations of antibiotics in the gut microbiota of swine. 
FEMS Microbiology Ecology 90: 599–608. 

Hordijk J., Wagenaar J.A., Kant A., Essen-Zandbergen A. van, Dierikx C., 
Veldman K., Wit B. & Mevius D. 2013. Cross-Sectional Study on 
Prevalence and Molecular Characteristics of Plasmid Mediated 
ESBL/AmpC-Producing Escherichia coli Isolated from Veal Calves at 
Slaughter. PLoS ONE 8: e65681. 

Housby J.N. & Mann N.H. 2009. Phage therapy. Drug Discovery Today 14: 536–
540. 

ICTV. 2009. ICTV 9th Report. 
Ishino Y., Krupovic M. & Forterre P. 2018. History of CRISPR-Cas from 

Encounter with a Mysterious Repeated Sequence to Genome Editing 
Technology. Journal of Bacteriology 200. 



 

 

79 

Ito R., Shindo Y., Kobayashi D., Ando M., Jin W., Wachino J., Yamada K., 
Kimura K., Yagi T., Hasegawa Y. & Arakawa Y. 2015. Molecular 
Epidemiological Characteristics of Klebsiella pneumoniae Associated with 
Bacteremia among Patients with Pneumonia. Journal of Clinical 
Microbiology 53: 879–886. 

Jagnow J. & Clegg S. 2003. Klebsiella pneumoniae MrkD-mediated biofilm 
formation on extracellular matrix- and collagen-coated surfaces. 
Microbiology 149: 2397–2405. 

Jalasvuori M., Friman V.P., Nieminen A., Bamford J.K.H. & Buckling A. 2011. 
Bacteriophage selection against a plasmid-encoded sex apparatus leads to 
the loss of antibioticresistance plasmids. Biology Letters 7: 902–905. 

Jansen Ruud., Embden Jan.D.A. van, Gaastra Wim. & Schouls Leo.M. 2002. 
Identification of genes that are associated with DNA repeats in 
prokaryotes. Molecular Microbiology 43: 1565–1575. 

Jariah R.O.A. & Hakim M.S. 2019. Interaction of phages, bacteria, and the 
human immune system: Evolutionary changes in phage therapy. Reviews 
in Medical Virology 29. 

Jeon H.G., Ju H.U., Kim G.Y., Jeong J., Kim M.-H. & Jun J.-B. 2014. Bacteriology 
and Changes in Antibiotic Susceptibility in Adults with Community-
Acquired Perforated Appendicitis. PLoS ONE 9: e111144. 

Jeong S. 2022. Factors influencing development of the infant microbiota: from 
prenatal period to early infancy. Clinical and Experimental Pediatrics 65: 
438–447. 

Jinek M., Chylinski K., Fonfara I., Hauer M., Doudna J.A. & Charpentier E. 2012. 
A Programmable Dual-RNA–Guided DNA Endonuclease in Adaptive 
Bacterial Immunity. Science 337: 816–821. 

Jo D., Kim H., Lee Y., Kim J. & Ryu S. 2023. Characterization and genomic study 
of EJP2, a novel jumbo phage targeting antimicrobial resistant Escherichia 
coli. Frontiers in Microbiology 14. 

Johansson M.E. V. & Hansson G.C. 2016. Immunological aspects of intestinal 
mucus and mucins. Nature Reviews Immunology 16: 639–649. 

Johnson J.R. 1991. Virulence factors in Escherichia coli urinary tract infection. 
Clinical Microbiology Reviews 4: 80–128. 

Johnson C.M. & Grossman A.D. 2015. Integrative and Conjugative Elements 
(ICEs): What They Do and How They Work. Annual Review of Genetics 49: 
577–601. 

Jolley K.A. & Maiden M.C. 2014. Using MLST to study bacterial variation: 
prospects in the genomic era. Future Microbiology 9: 623–630. 

Jones C. & Stanley J. 1992. Salmonella plasmids of the pre-antibiotic era. Journal 
of General Microbiology 138: 189–197. 

Jones-Dias D., Manageiro V., Francisco A.P., Martins A.P., Domingues G., 
Louro D., Ferreira E. & Caniça M. 2013. Assessing the molecular basis of 
transferable quinolone resistance in Escherichia coli and Salmonella spp. 
from food-producing animals and food products. Veterinary Microbiology 
167: 523–531. 



 80 

Jordt H., Stalder T., Kosterlitz O., Ponciano J.M., Top E.M. & Kerr B. 2020. 
Coevolution of host–plasmid pairs facilitates the emergence of novel 
multidrug resistance. Nature Ecology and Evolution 4: 863–869. 

Juhas M., Meer J.R. van der, Gaillard M., Harding R.M., Hood D.W. & Crook 
D.W. 2009. Genomic islands: tools of bacterial horizontal gene transfer and 
evolution. FEMS Microbiology Reviews 33: 376–393. 

Kamruzzaman M. & Iredell J.R. 2020. CRISPR-Cas System in Antibiotic 
Resistance Plasmids in Klebsiella pneumoniae. Frontiers in Microbiology 10. 

Kang H.Y., Kim K.Y., Kim J., Lee J.C., Lee Y.C., Cho D.T. & Seol S.Y. 2008. 
Distribution of Conjugative-Plasmid-Mediated 16S rRNA Methylase 
Genes among Amikacin-Resistant Enterobacteriaceae Isolates Collected in 
1995 to 1998 and 2001 to 2006 at a University Hospital in South Korea and 
Identification of Conjugative Plasmids Mediating Dissemination of 16S 
rRNA Methylase. Journal of Clinical Microbiology 46: 700–706. 

Kessler C., Hou J., Neo O. & Buckner M.M.C. 2023. In situ, in vivo , and in vitro 
approaches for studying AMR plasmid conjugation in the gut microbiome. 
FEMS Microbiology Reviews 47. 

Khan F.A., Söderquist B. & Jass J. 2019. Prevalence and Diversity of Antibiotic 
Resistance Genes in Swedish Aquatic Environments Impacted by 
Household and Hospital Wastewater. Frontiers in Microbiology 10. 

Khanfar H.S., Bindayna K.M., Senok A.C. & Botta G.A. 2009. Extended 
spectrum beta-lactamases (ESBL) in Escherichia coli and Klebsiella 
pneumoniae: trends in the hospital and community settings. The Journal of 
Infection in Developing Countries 3. 

Kieper S.N., Almendros C., Behler J., McKenzie R.E., Nobrega F.L., Haagsma 
A.C., Vink J.N.A., Hess W.R. & Brouns S.J.J. 2018. Cas4 Facilitates PAM-
Compatible Spacer Selection during CRISPR Adaptation. Cell Reports 22: 
3377–3384. 

Kiga K., Tan X.-E., Ibarra-Chávez R., Watanabe S., Aiba Y., Sato’o Y., Li F.-Y., 
Sasahara T., Cui B., Kawauchi M., Boonsiri T., Thitiananpakorn K., Taki Y., 
Azam A.H., Suzuki M., Penadés J.R. & Cui L. 2020. Development of 
CRISPR-Cas13a-based antimicrobials capable of sequence-specific killing 
of target bacteria. Nature Communications 11: 2934. 

Knecht H., Neulinger S.C., Heinsen F.A., Knecht C., Schilhabel A., Schmitz R.A., 
Zimmermann A., Santos V.M. dos, Ferrer M., Rosenstiel P.C., Schreiber S., 
Friedrichs A.K. & Ott S.J. 2014. Effects of β-Lactam Antibiotics and 
Fluoroquinolones on Human Gut Microbiota in Relation to Clostridium 
difficile Associated Diarrhea. PLoS ONE 9: e89417. 

Köhler C.-D. & Dobrindt U. 2011. What defines extraintestinal pathogenic 
Escherichia coli? International Journal of Medical Microbiology 301: 642–647. 

Koli P., Sudan S., Fitzgerald D., Adhya S. & Kar S. 2011. Conversion of 
Commensal Escherichia coli K-12 to an Invasive Form via Expression of a 
Mutant Histone-Like Protein. mBio 2. 

Kortright K.E., Chan B.K., Koff J.L. & Turner P.E. 2019. Phage Therapy: A 
Renewed Approach to Combat Antibiotic-Resistant Bacteria. Cell Host & 
Microbe 25: 219–232. 



 

 

81 

Koutsoumanis K., Allende A., Álvarez‐Ordóñez A., Bolton D., Bover‐Cid S., 
Chemaly M., Davies R., Cesare A. De, Herman L., Hilbert F., Lindqvist R., 
Nauta M., Ru G., Simmons M., Skandamis P., Suffredini E., Argüello H., 
Berendonk T., Cavaco L.M., Gaze W., Schmitt H., Topp E., Guerra B., 
Liébana E., Stella P. & Peixe L. 2021. Role played by the environment in 
the emergence and spread of antimicrobial resistance (AMR) through the 
food chain. EFSA Journal 19. 

Krut O. & Bekeredjian-Ding I. 2018. Contribution of the Immune Response to 
Phage Therapy. The Journal of Immunology 200: 3037–3044. 

Kudinha T. 2017. The Pathogenesis of Escherichia coli Urinary Tract Infection. 
In: Escherichia coli - Recent Advances on Physiology, Pathogenesis and 
Biotechnological Applications, InTech. 

Kutter E., Vos D. De, Gvasalia G., Alavidze Z., Gogokhia L., Kuhl S. & Abedon 
S. 2010. Phage Therapy in Clinical Practice: Treatment of Human 
Infections. Current Pharmaceutical Biotechnology 11: 69–86. 

La Cruz F. De, Frost L.S., Meyer R.J. & Zechner E.L. 2010. Conjugative DNA 
metabolism in Gram-negative bacteria. FEMS Microbiology Reviews 34: 18–
40. 

Lange K., Buerger M., Stallmach A. & Bruns T. 2016. Effects of Antibiotics on 
Gut Microbiota. Digestive Diseases 34: 260–268. 

Lanka E. & Wilkins B.M. 1995. DNA PROCESSING REACTIONS IN 
BACTERIAL CONJUGATION. Annual Review of Biochemistry 64: 141–169. 

Larramendy S., Gaultier A., Fournier J.-P., Caillon J., Moret L. & Beaudeau F. 
2021. Local characteristics associated with higher prevalence of ESBL-
producing Escherichia coli in community-acquired urinary tract infections: 
an observational, cross-sectional study. Journal of Antimicrobial 
Chemotherapy 76: 789–795. 

Lastours V. de & Fantin B. 2015. Impact of fluoroquinolones on human 
microbiota. Focus on the emergence of antibiotic resistance. Future 
Microbiology 10: 1241–1255. 

Lehtinen S., Igler C., Huisman J.S., Siedentop B. & Bonhoeffer S. 2021. Plasmid 
co-infection: linking biological mechanisms to ecological and evolutionary 
dynamics. Philosophical Transactions of the Royal Society B 377. 

Leitner L., Ujmajuridze A., Chanishvili N., Goderdzishvili M., Chkonia I., 
Rigvava S., Chkhotua A., Changashvili G., McCallin S., Schneider M.P., 
Liechti M.D., Mehnert U., Bachmann L.M., Sybesma W. & Kessler T.M. 
2021. Intravesical bacteriophages for treating urinary tract infections in 
patients undergoing transurethral resection of the prostate: a randomised, 
placebo-controlled, double-blind clinical trial. The Lancet Infectious Diseases 
21: 427–436. 

Lessl M., Balzer D., Weyrauch K. & Lanka E. 1993. The Mating Pair Formation 
System of Plasmid RP4 Defined by RSF1010 Mobilization and Donor-
Specific Phage Propagation. 175: 6415–6425. 

Letkiewicz S., Międzybrodzki R., Fortuna W., Weber-Dąbrowska B. & Górski A. 
2009. Eradication of Enterococcus faecalis by phage therapy in chronic 
bacterial prostatitis — case report. Folia Microbiologica 54: 457–461. 



 82 

Ley R.E., Bäckhed F., Turnbaugh P., Lozupone C.A., Knight R.D. & Gordon J.I. 
2005. Obesity alters gut microbial ecology. Proceedings of the National 
Academy of Sciences 102: 11070–11075. 

Ley R.E., Turnbaugh P.J., Klein S. & Gordon J.I. 2006. Human gut microbes 
associated with obesity. Nature 444: 1022–1023. 

Li P.-L., Everhart D.M. & Farrand S.K. 1998. Genetic and Sequence Analysis of 
the pTiC58 trb Locus, Encoding a Mating-Pair Formation System Related 
to Members of the Type IV Secretion Family. Journal of Bacteriology 180: 
6164–6172. 

Li J., Yan B., He B., Li L., Zhou X., Wu N., Wang Q., Guo X., Zhu T. & Qin J. 
2023. Development of phage resistance in multidrug-resistant Klebsiella 
pneumoniae is associated with reduced virulence: a case report of a 
personalised phage therapy. Clinical Microbiology and Infection 29: 1601.e1-
1601.e7. 

Li N., Zeng Y., Bao R., Zhu T., Tan D. & Hu B. 2021. Isolation and 
Characterization of Novel Phages Targeting Pathogenic Klebsiella 
pneumoniae. Frontiers in Cellular and Infection Microbiology 11. 

Lier C., Baticle E., Horvath P., Haguenoer E., Valentin A.-S., Glaser P., 
Mereghetti L. & Lanotte P. 2015. Analysis of the type II-A CRISPR-Cas 
system of Streptococcus agalactiae reveals distinctive features according to 
genetic lineages. Frontiers in Genetics 6. 

Lin D.M., Koskella B. & Lin H.C. 2017. Phage therapy: An alternative to 
antibiotics in the age of multi-drug resistance. World Journal of 
Gastrointestinal Pharmacology and Therapeutics 8: 162. 

Linden S.K., Sutton P., Karlsson N.G., Korolik V. & McGuckin M.A. 2008. 
Mucins in the mucosal barrier to infection. Mucosal Immunology 1: 183–197. 

Literacka E., Izdebski R., Urbanowicz P., Żabicka D., Klepacka J., Sowa-Sierant 
I., Żak I., Garus-Jakubowska A., Hryniewicz W. & Gniadkowski M. 2020. 
Spread of Klebsiella pneumoniae ST45 Producing GES-5 Carbapenemase 
or GES-1 Extended-Spectrum β-Lactamase in Newborns and Infants. 
Antimicrobial Agents and Chemotherapy 64. 

Liu D., Belleghem J.D. Van, Vries C.R. de, Burgener E., Chen Q., Manasherob R., 
Aronson J.R., Amanatullah D.F., Tamma P.D. & Suh G.A. 2021. The Safety 
and Toxicity of Phage Therapy: A Review of Animal and Clinical Studies. 
Viruses 13: 1268. 

Liu L., Feng Y., Long H., McNally A. & Zong Z. 2018. Sequence Type 273 
Carbapenem-Resistant Klebsiella pneumoniae Carrying bla NDM-1 and bla 
IMP-4. Antimicrobial Agents and Chemotherapy 62. 

Livermore D.M. 2008. Defining an extended-spectrum β-lactamase. Clinical 
Microbiology and Infection 14: 3–10. 

Llor C. & Bjerrum L. 2014. Antimicrobial resistance: risk associated with 
antibiotic overuse and initiatives to reduce the problem. Therapeutic 
Advances in Drug Safety 5: 229–241. 

Loc-Carrillo C. & Abedon S.T. 2011. Pros and cons of phage therapy. 
Bacteriophage 1: 111–114. 



 

 

83 

Loftie-Eaton W., Bashford K., Quinn H., Dong K., Millstein J., Hunter S., 
Thomason M.K., Merrikh H., Ponciano J.M. & Top E.M. 2017. 
Compensatory mutations improve general permissiveness to antibiotic 
resistance plasmids. Nature Ecology and Evolution 1: 1354–1363. 

Loo E.X.L., Zain A., Yap G.C., Purbojati R.W., Drautz-Moses D.I., Koh Y.Q., 
Chong Y.S., Tan K.H., Gluckman P.D., Yap F., Eriksson J.G., Tham E., Shek 
L.P., Kjelleberg S., Schuster S.C., Banerjee R. & Lee B.W. 2020. 
Longitudinal assessment of antibiotic resistance gene profiles in gut 
microbiomes of infants at risk of eczema. BMC Infectious Diseases 20: 312. 

Lopatina A., Tal N. & Sorek R. 2020. Abortive Infection: Bacterial Suicide as an 
Antiviral Immune Strategy. Annual Review of Virology 7: 371–384. 

Louten J. 2016. Virus Structure and Classification. In: Essential Human Virology, 
Elsevier, pp. 19–29. 

Lozupone C.A., Stombaugh J.I., Gordon J.I., Jansson J.K. & Knight R. 2012. 
Diversity, stability and resilience of the human gut microbiota. Nature 489: 
220–230. 

Lupp C., Robertson M.L., Wickham M.E., Sekirov I., Champion O.L., Gaynor 
E.C. & Finlay B.B. 2007. Host-Mediated Inflammation Disrupts the 
Intestinal Microbiota and Promotes the Overgrowth of Enterobacteriaceae. 
Cell Host & Microbe 2: 119–129. 

MacPherson C.W., Mathieu O., Tremblay J., Champagne J., Nantel A., Girard S.-
A. & Tompkins T.A. 2018. Gut Bacterial Microbiota and its Resistome 
Rapidly Recover to Basal State Levels after Short-term Amoxicillin-
Clavulanic Acid Treatment in Healthy Adults. Scientific Reports 8: 11192. 

Madsen J.S., Burmølle M., Hansen L.H. & Sørensen S.J. 2012. The 
interconnection between biofilm formation and horizontal gene transfer. 
FEMS Immunology & Medical Microbiology 65: 183–195. 

Magiorakos A.-P., Srinivasan A., Carey R.B., Carmeli Y., Falagas M.E., Giske 
C.G., Harbarth S., Hindler J.F., Kahlmeter G., Olsson-Liljequist B., 
Paterson D.L., Rice L.B., Stelling J., Struelens M.J., Vatopoulos A., Weber 
J.T. & Monnet D.L. 2012. Multidrug-resistant, extensively drug-resistant 
and pandrug-resistant bacteria: an international expert proposal for 
interim standard definitions for acquired resistance. Clinical Microbiology 
and Infection 18: 268–281. 

Maiden M.C.J. 2006. Multilocus Sequence Typing of Bacteria. Annual Review of 
Microbiology 60: 561–588. 

Maiden M.C.J., Bygraves J.A., Feil E., Morelli G., Russell J.E., Urwin R., Zhang 
Q., Zhou J., Zurth K., Caugant D.A., Feavers I.M., Achtman M. & Spratt 
B.G. 1998. Multilocus sequence typing: A portable approach to the 
identification of clones within populations of pathogenic microorganisms. 
Proceedings of the National Academy of Sciences 95: 3140–3145. 

Maiden M.C.J., Rensburg M.J.J. van, Bray J.E., Earle S.G., Ford S.A., Jolley K.A. 
& McCarthy N.D. 2013. MLST revisited: the gene-by-gene approach to 
bacterial genomics. Nature Reviews Microbiology 11: 728–736. 

Makarova K.S. & Koonin E. V. 2015. Annotation and Classification of CRISPR-
Cas Systems. In: pp. 47–75. 



 84 

Makarova K.S., Wolf Y.I., Iranzo J., Shmakov S.A., Alkhnbashi O.S., Brouns 
S.J.J., Charpentier E., Cheng D., Haft D.H., Horvath P., Moineau S., Mojica 
F.J.M., Scott D., Shah S.A., Siksnys V., Terns M.P., Venclovas Č., White 
M.F., Yakunin A.F., Yan W., Zhang F., Garrett R.A., Backofen R., Oost J. 
van der, Barrangou R. & Koonin E. V. 2020. Evolutionary classification of 
CRISPR–Cas systems: a burst of class 2 and derived variants. Nature 
Reviews Microbiology 18: 67–83. 

Mancuso G., Midiri A., Gerace E. & Biondo C. 2021. Bacterial Antibiotic 
Resistance: The Most Critical Pathogens. Pathogens 10: 1310. 

Manohar P., Tamhankar Ashok.J., Leptihn S. & Ramesh N. 2019. 
Pharmacological and Immunological Aspects of Phage Therapy. Infectious 
Microbes and Diseases 1: 34–42. 

MARCADE G., BRISSE S., BIALEK S., MARCON E., LEFLON-GUIBOUT V., 
PASSET V., MOREAU R. & NICOLAS-CHANOINE M.-H. 2013. The 
emergence of multidrug-resistant Klebsiella pneumoniae of international 
clones ST13, ST16, ST35, ST48 and ST101 in a teaching hospital in the Paris 
region. Epidemiology and Infection 141: 1705–1712. 

Marí-Almirall M., Ferrando N., Fernández M.J., Cosgaya C., Viñes J., Rubio E., 
Cuscó A., Muñoz L., Pellice M., Vergara A., Campo I., Rodríguez-Serna L., 
Santana G., Río A. Del, Francino O., Ciruela P., Ballester F., Marco F., 
Martínez J.A., Soriano Á., Pitart C., Vila J. & Roca I. 2021. Clonal Spread 
and Intra- and Inter-Species Plasmid Dissemination Associated With 
Klebsiella pneumoniae Carbapenemase-Producing Enterobacterales 
During a Hospital Outbreak in Barcelona, Spain. Frontiers in Microbiology 
12. 

Markovska R., Schneider I., Ivanova D., Mitov I. & Bauernfeind A. 2014. 
Predominance of IncL/M and IncF plasmid types among CTX-M-ESBL-
producing Escherichia coli and Klebsiella pneumoniae in Bulgarian hospitals. 
APMIS 122: 608–615. 

Martin R., Nauta A., Amor K. Ben, Knippels L., Knol J. & Garssen J. 2010. Early 
life: gut microbiota and immune development in infancy. Beneficial 
Microbes 1: 367–382. 

Mathers A.J., Peirano G. & Pitout J.D.D. 2015. The Role of Epidemic Resistance 
Plasmids and International High-Risk Clones in the Spread of Multidrug-
Resistant Enterobacteriaceae. Clinical Microbiology Reviews 28: 565–591. 

Matsumura Y., Yamamoto M., Nagao M., Ito Y., Takakura S. & Ichiyama S. 
2013. Association of Fluoroquinolone Resistance, Virulence Genes, and 
IncF Plasmids with Extended-Spectrum-β-Lactamase-Producing 
Escherichia coli Sequence Type 131 (ST131) and ST405 Clonal Groups. 
Antimicrobial Agents and Chemotherapy 57: 4736–4742. 

Mattila S., Ruotsalainen P., Ojala V., Tuononen T., Hiltunen T. & Jalasvuori M. 
2017. Conjugative ESBL plasmids differ in their potential to rescue 
susceptible bacteria via horizontal gene transfer in lethal antibiotic 
concentrations. Nature Publishing Group 70: 805–808. 



 

 

85 

Mattioni Marchetti V., Bitar I., Piazza A., Mercato A., Fogato E., Hrabak J. & 
Migliavacca R. 2020. Genomic Insight of VIM-harboring IncA Plasmid 
from a Clinical ST69 Escherichia coli Strain in Italy. Microorganisms 8: 1232. 

May T., Tsuruta K. & Okabe S. 2011. Exposure of conjugative plasmid carrying 
Escherichia coli biofilms to male-specific bacteriophages. The ISME Journal 
5: 771–775. 

Mayorga-Ramos A., Zúñiga-Miranda J., Carrera-Pacheco S.E., Barba-Ostria C. & 
Guamán L.P. 2023. CRISPR-Cas-Based Antimicrobials: Design, Challenges, 
and Bacterial Mechanisms of Resistance. ACS Infectious Diseases 9: 1283–
1302. 

McCallin S., Alam Sarker S., Barretto C., Sultana S., Berger B., Huq S., Krause L., 
Bibiloni R., Schmitt B., Reuteler G. & Brüssow H. 2013. Safety analysis of a 
Russian phage cocktail: From MetaGenomic analysis to oral application in 
healthy human subjects. Virology 443: 187–196. 

McCallin S., Sarker S.A., Sultana S., Oechslin F. & Brüssow H. 2018. 
Metagenome analysis of Russian and Georgian Pyophage cocktails and a 
placebo‐controlled safety trial of single phage versus phage cocktail in 
healthy Staphylococcus aureus carriers. Environmental Microbiology 20: 3278–
3293. 

McFall-Ngai M., Hadfield M.G., Bosch T.C.G., Carey H. V., Domazet-Lošo T., 
Douglas A.E., Dubilier N., Eberl G., Fukami T., Gilbert S.F., Hentschel U., 
King N., Kjelleberg S., Knoll A.H., Kremer N., Mazmanian S.K., Metcalf 
J.L., Nealson K., Pierce N.E., Rawls J.F., Reid A., Ruby E.G., Rumpho M., 
Sanders J.G., Tautz D. & Wernegreen J.J. 2013. Animals in a bacterial 
world, a new imperative for the life sciences. Proceedings of the National 
Academy of Sciences 110: 3229–3236. 

McGee L.W., Barhoush Y., Shima R. & Hennessy M. 2023. Phage‐resistant 
mutations impact bacteria susceptibility to future phage infections and 
antibiotic response. Ecology and Evolution 13. 

Medina-Aparicio L., Dávila S., Rebollar-Flores J.E., Calva E. & Hernández-Lucas 
I. 2018. The CRISPR-Cas system in Enterobacteriaceae. Pathogens and 
Disease 76. 

Menard S. 2004. Lactic acid bacteria secrete metabolites retaining anti-
inflammatory properties after intestinal transport. Gut 53: 821–828. 

Meng L., Liu Z., Liu C., Li C., Shen H. & Cao X. 2023. The distribution 
characteristics of global blaOXA-carrying Klebsiella pneumoniae. BMC 
Infectious Diseases 23: 182. 

Metzger G.A., Ridenhour B.J., France M., Gliniewicz K., Millstein J., Settles 
M.L., Forney L.J., Stalder T. & Top E.M. 2022. Biofilms preserve the 
transmissibility of a multi-drug resistance plasmid. npj Biofilms and 
Microbiomes 8: 95. 

Meyer J., Stålhammar-Carlemalm M., Streiff M., Iida S. & Arber W. 1986. 
Sequence relations among the IncY plasmid p15B, P1, and P7 prophages. 
Plasmid 16: 81–89. 



 86 

Międzybrodzki R., Borysowski J., Weber-Dąbrowska B., Fortuna W., Letkiewicz 
S., Szufnarowski K., Pawełczyk Z., Rogóż P., Kłak M., Wojtasik E. & 
Górski A. 2012. Clinical Aspects of Phage Therapy. In: pp. 73–121. 

Minneci P.C., Sulkowski J.P., Nacion K.M., Mahida J.B., Cooper J.N., Moss L.R. 
& Deans K.J. 2014. Feasibility of a Nonoperative Management Strategy for 
Uncomplicated Acute Appendicitis in Children. Journal of the American 
College of Surgeons 219: 272–279. 

Mnif B., Ktari S., Rhimi F.M. & Hammami A. 2012. Extensive dissemination of 
CTX-M-1- and CMY-2-producing Escherichia coli in poultry farms in 
Tunisia. Letters in Applied Microbiology 55: 407–413. 

Mojica F.J.M., Díez-Villaseñor C., García-Martínez J. & Almendros C. 2009. 
Short motif sequences determine the targets of the prokaryotic CRISPR 
defence system. Microbiology 155: 733–740. 

Mojica F.J.M., Díez-Villaseñor C., García-Martínez J. & Soria E. 2005. Intervening 
Sequences of Regularly Spaced Prokaryotic Repeats Derive from Foreign 
Genetic Elements. Journal of Molecular Evolution 60: 174–182. 

Molin S. & Tolker-Nielsen T. 2003. Gene transfer occurs with enhanced 
efficiency in biofilms and induces enhanced stabilisation of the biofilm 
structure. Current Opinion in Biotechnology 14: 255–261. 

Monda V., Villano I., Messina A., Valenzano A., Esposito T., Moscatelli F., 
Viggiano A., Cibelli G., Chieffi S., Monda M. & Messina G. 2017. Exercise 
Modifies the Gut Microbiota with Positive Health Effects. Oxidative 
Medicine and Cellular Longevity 2017: 1–8. 

Morgan X.C., Tickle T.L., Sokol H., Gevers D., Devaney K.L., Ward D. V, Reyes 
J.A., Shah S.A., LeLeiko N., Snapper S.B., Bousvaros A., Korzenik J., Sands 
B.E., Xavier R.J. & Huttenhower C. 2012. Dysfunction of the intestinal 
microbiome in inflammatory bowel disease and treatment. Genome Biology 
13: R79. 

Morris A., Meyer K. & Bohannan B. 2020. Linking microbial communities to 
ecosystem functions: what we can learn from genotype–phenotype 
mapping in organisms. Philosophical Transactions of the Royal Society B: 
Biological Sciences 375: 20190244. 

Mosterd C. & Moineau S. 2020. Characterization of a Type II-A CRISPR-Cas 
System in Streptococcus mutans. mSphere 5. 

Moya-Beltrán A., Makarova K.S., Acuña L.G., Wolf Y.I., Covarrubias P.C., 
Shmakov S.A., Silva C., Tolstoy I., Johnson D.B., Koonin E. V. & Quatrini 
R. 2021. Evolution of Type IV CRISPR-Cas Systems: Insights from CRISPR 
Loci in Integrative Conjugative Elements of Acidithiobacillia. The CRISPR 
Journal 4: 656–672. 

Munita J.M. & Arias C.A. 2016. Mechanisms of Antibiotic Resistance. 
Microbiology Spectrum 4. 

Murray C.J.L., Ikuta K.S., Sharara F., Swetschinski L., Robles Aguilar G., Gray 
A., Han C., Bisignano C., Rao P., Wool E., Johnson S.C., Browne A.J., 
Chipeta M.G., Fell F., Hackett S., Haines-Woodhouse G., Kashef 
Hamadani B.H., Kumaran E.A.P., McManigal B., Achalapong S., Agarwal 



 

 

87 

R., Akech S., Albertson S., Amuasi J., Andrews J., Aravkin A., Ashley E., 
Babin F.-X., Bailey F., Baker S., Basnyat B., Bekker A., Bender R., Berkley 
J.A., Bethou A., Bielicki J., Boonkasidecha S., Bukosia J., Carvalheiro C., 
Castañeda-Orjuela C., Chansamouth V., Chaurasia S., Chiurchiù S., 
Chowdhury F., Clotaire Donatien R., Cook A.J., Cooper B., Cressey T.R., 
Criollo-Mora E., Cunningham M., Darboe S., Day N.P.J., Luca M. De, 
Dokova K., Dramowski A., Dunachie S.J., Duong Bich T., Eckmanns T., 
Eibach D., Emami A., Feasey N., Fisher-Pearson N., Forrest K., Garcia C., 
Garrett D., Gastmeier P., Giref A.Z., Greer R.C., Gupta V., Haller S., 
Haselbeck A., Hay S.I., Holm M., Hopkins S., Hsia Y., Iregbu K.C., Jacobs 
J., Jarovsky D., Javanmardi F., Jenney A.W.J., Khorana M., Khusuwan S., 
Kissoon N., Kobeissi E., Kostyanev T., Krapp F., Krumkamp R., Kumar A., 
Kyu H.H., Lim C., Lim K., Limmathurotsakul D., Loftus M.J., Lunn M., Ma 
J., Manoharan A., Marks F., May J., et al. 2022. Global burden of bacterial 
antimicrobial resistance in 2019: a systematic analysis. The Lancet 399: 629–
655. 

Mutai W.C., Waiyaki P.G., Kariuki S. & Muigai A.W.T. 2019. Plasmid profiling 
and incompatibility grouping of multidrug resistant Salmonella enterica 
serovar Typhi isolates in Nairobi, Kenya. BMC Research Notes 12: 422. 

Naureen Z., Malacarne D., Anpilogov K., Dautaj A., Camilleri G., Cecchin S., 
Bressan S., Casadei A., Albion E., Sorrentino E., Beccari T., Dundar M. & 
Bertelli M. 2020. Comparison between American and European legislation 
in the therapeutical and alimentary bacteriophage usage. Acta Biomed 91. 

Navon-Venezia S., Kondratyeva K. & Carattoli A. 2017. Klebsiella pneumoniae: 
a major worldwide source and shuttle for antibiotic resistance. FEMS 
Microbiology Reviews 41: 252–275. 

Neil K., Allard N. & Rodrigue S. 2021. Molecular Mechanisms Influencing 
Bacterial Conjugation in the Intestinal Microbiota. Frontiers in Microbiology 
12. 

Newire E., Aydin A., Juma S., Enne V.I. & Roberts A.P. 2020. Identification of a 
Type IV-A CRISPR-Cas System Located Exclusively on IncHI1B/IncFIB 
Plasmids in Enterobacteriaceae. Frontiers in Microbiology 11. 

Ngiam L., Weynberg K.D. & Guo J. 2022. The presence of plasmids in bacterial 
hosts alters phage isolation and infectivity. ISME Communications 2. 

Ni S., Li B., Tang K., Yao J., Wood T.K., Wang P. & Wang X. 2021. Conjugative 
plasmid-encoded toxin–antitoxin system PrpT/PrpA directly controls 
plasmid copy number. Proceedings of the National Academy of Sciences 118. 

Norman A., Hansen L.H. & Sørensen S.J. 2009. Conjugative plasmids: vessels of 
the communal gene pool. Philosophical Transactions of the Royal Society B: 
Biological Sciences 364: 2275–2289. 

Novais A., Cantón R., Valverde A., Machado E., Galán J.-C., Peixe L., Carattoli 
A., Baquero F. & Coque T.M. 2006. Dissemination and Persistence of bla 
CTX-M-9 Are Linked to Class 1 Integrons Containing CR1 Associated with 
Defective Transposon Derivatives from Tn 402 Located in Early Antibiotic 
Resistance Plasmids of IncHI2, IncP1-α, and IncFI Groups. Antimicrobial 
Agents and Chemotherapy 50: 2741–2750. 



 88 

Novick R.P. & Hoppensteadt F.C. 1978. On plasmid incompatibility. Plasmid 1: 
421–434. 

Nuñez J.K., Kranzusch P.J., Noeske J., Wright A. V, Davies C.W. & Doudna J.A. 
2014. Cas1–Cas2 complex formation mediates spacer acquisition during 
CRISPR–Cas adaptive immunity. Nature Structural & Molecular Biology 21: 
528–534. 

Nuñez J.K., Lee A.S.Y., Engelman A. & Doudna J.A. 2015. Integrase-mediated 
spacer acquisition during CRISPR–Cas adaptive immunity. Nature 519: 
193–198. 

O’Hara A.M. & Shanahan F. 2006. The gut flora as a forgotten organ. EMBO 
reports 7: 688–693. 

O’Neill J. 2016. Tackling drug-resistant infections globally: final report and 
recommendations. 

O’Toole P.W. & Claesson M.J. 2010. Gut microbiota: Changes throughout the 
lifespan from infancy to elderly. International Dairy Journal 20: 281–291. 

Pál T., Ghazawi A., Darwish D., Villa L., Carattoli A., Hashmey R., Aldeesi Z., 
Jamal W., Rotimi V., Al-Jardani A., Al-Abri S.S. & Sonnevend Á. 2017. 
Characterization of NDM-7 Carbapenemase-Producing Escherichia coli 
Isolates in the Arabian Peninsula. Microbial Drug Resistance 23: 871–878. 

Palacios Araya D., Palmer K.L. & Duerkop B.A. 2021. CRISPR-based 
antimicrobials to obstruct antibiotic-resistant and pathogenic bacteria. 
PLOS Pathogens 17: e1009672. 

Palchaudhuri S. & Maas W.K. 1977. Physical mapping of a DNA sequence 
common to plasmids of incompatibility group F I. Proceedings of the 
National Academy of Sciences 74: 1190–1194. 

Pallecchi L., Riccobono E., Sennati S., Mantella A., Bartalesi F., Trigoso C., 
Gotuzzo E., Bartoloni A. & Rossolini G.M. 2010. Characterization of Small 
ColE-Like Plasmids Mediating Widespread Dissemination of the qnrB19 
Gene in Commensal Enterobacteria. Antimicrobial Agents and Chemotherapy 
54: 678–682. 

Palmer C., Bik E.M., DiGiulio D.B., Relman D.A. & Brown P.O. 2007. 
Development of the Human Infant Intestinal Microbiota. PLoS Biology 5: 
e177. 

Paone P. & Cani P.D. 2020. Mucus barrier, mucins and gut microbiota: the 
expected slimy partners? Gut 69: 2232–2243. 

Park D.J., Yu J.K., Park K.G. & Park Y.-J. 2015. Genotypes of Ciprofloxacin-
Resistant Klebsiella pneumoniae in Korea and Their Characteristics 
According to the Genetic Lineages. Microbial Drug Resistance 21: 622–630. 

Paterson D.L. 2006. Resistance in gram-negative bacteria: Enterobacteriaceae. 
American Journal of Infection Control 34: S20–S28. 

Paterson D.L. & Bonomo R.A. 2005. Extended-Spectrum β-Lactamases: a 
Clinical Update. Clinical Microbiology Reviews 18: 657–686. 

Pawluk A., Shah M., Mejdani M., Calmettes C., Moraes T.F., Davidson A.R. & 
Maxwell K.L. 2017. Disabling a Type I-E CRISPR-Cas Nuclease with a 
Bacteriophage-Encoded Anti-CRISPR Protein. mBio 8. 



 

 

89 

Percival S.L., Suleman L., Vuotto C. & Donelli G. 2015. Healthcare-associated 
infections, medical devices and biofilms: risk, tolerance and control. 
Journal of Medical Microbiology 64: 323–334. 

Pereira A., Santos A., Tacão M., Alves A., Henriques I. & Correia A. 2013. 
Genetic diversity and antimicrobial resistance of Escherichia coli from 
Tagus estuary (Portugal). Science of The Total Environment 461–462: 65–71. 

Pérez-Losada M., Cabezas P., Castro-Nallar E. & Crandall K.A. 2013. Pathogen 
typing in the genomics era: MLST and the future of molecular 
epidemiology. Infection, Genetics and Evolution 16: 38–53. 

Petrovic Fabijan A., Lin R.C.Y., Ho J., Maddocks S., Zakour N.L. Ben, Iredell 
J.R., Khalid A., Venturini C., Chard R., Morales S., Sandaradura I. & 
Gilbey T. 2020. Safety of bacteriophage therapy in severe Staphylococcus 
aureus infection. Nature Microbiology 5: 465–472. 

Pfeifer E. & Rocha E.P.C. 2024. Phage-plasmids promote recombination and 
emergence of phages and plasmids. Nature Communications 15: 1545. 

Philippon A., Labia R. & Jacoby G. 1989. Extended-Spectrum Beta-Lactamases. 
Antimicrobial Agents and Chemotherapy 33: 1131–1136. 

Pinilla-Redondo R., Mayo-Muñoz D., Russel J., Garrett R.A., Randau L., 
Sørensen S.J. & Shah S.A. 2020. Type IV CRISPR–Cas systems are highly 
diverse and involved in competition between plasmids. Nucleic Acids 
Research 48: 2000–2012. 

Pinilla-Redondo R., Russel J., Mayo-Muñoz D., Shah S.A., Garrett R.A., Nesme 
J., Madsen J.S., Fineran P.C. & Sørensen S.J. 2022. CRISPR-Cas systems are 
widespread accessory elements across bacterial and archaeal plasmids. 
Nucleic Acids Research 50: 4315–4328. 

Pitout J.D. 2008. Multiresistant Enterobacteriaceae: new threat of an old 
problem. Expert Review of Anti-infective Therapy 6: 657–669. 

Podda M., Gerardi C., Cillara N., Fearnhead N., Gomes C.A., Birindelli A., 
Mulliri A., Davies R.J. & Saverio S. Di. 2019. Antibiotic Treatment and 
Appendectomy for Uncomplicated Acute Appendicitis in Adults and 
Children. Annals of Surgery 270: 1028–1040. 

Podschun R. & Ullmann U. 1998. Klebsiella spp. as Nosocomial Pathogens: 
Epidemiology, Taxonomy, Typing Methods, and Pathogenicity Factors. 
Clinical Microbiology Reviews 11: 589–603. 

Pontrelli S., Chiu T.-Y., Lan E.I., Chen F.Y.-H., Chang P. & Liao J.C. 2018. 
Escherichia coli as a host for metabolic engineering. Metabolic Engineering 
50: 16–46. 

Porse A., Schønning K., Munck C. & Sommer M.O.A. 2016. Survival and 
Evolution of a Large Multidrug Resistance Plasmid in New Clinical 
Bacterial Hosts. Molecular Biology and Evolution 33: 2860–2873. 

Pourcel C., Salvignol G. & Vergnaud G. 2005. CRISPR elements in Yersinia 
pestis acquire new repeats by preferential uptake of bacteriophage DNA, 
and provide additional tools for evolutionary studies. Microbiology 151: 
653–663. 

Prestinaci F., Pezzotti P. & Pantosti A. 2015. Antimicrobial resistance: a global 
multifaceted phenomenon. Pathogens and Global Health 109: 309–318. 



 90 

Proença J.T., Barral D.C. & Gordo I. 2017. Commensal-to-pathogen transition: 
One-single transposon insertion results in two pathoadaptive traits in 
Escherichia coli -macrophage interaction. Scientific Reports 7: 4504. 

Pungpian C., Angkititrakul S. & Chuanchuen R. 2022. Genomic characterization 
of antimicrobial resistance in mcr-carrying ESBL-producing Escherichia 
coli from pigs and humans. Microbiology 168. 

Pursey E., Sünderhauf D., Gaze W.H., Westra E.R. & Houte S. van. 2018. 
CRISPR-Cas antimicrobials: Challenges and future prospects. PLOS 
Pathogens 14: e1006990. 

Quinones-Olvera N., Owen S., McCully L., Marin M., Rand E., Fan A., Martins 
Dosumu O., Paul K., Sanchez Castaño C., Petherbridge R., Paull J. & Baym 
M. 2023. Diverse and abundant phages exploit conjugative plasmids. 
bioRxiv. 

Qurat-ul-Ain H., Ijaz M., Siddique A.B., Muzammil S., Shafique M., Rasool 
M.H., Almatroudi A., Khurshid M., Chaudhry T.H. & Aslam B. 2021. 
Efficacy of Phage-Antibiotic Combinations Against Multidrug-Resistant 
Klebsiella pneumoniae Clinical Isolates. Jundishapur Journal of Microbiology 
14. 

Rakoff-Nahoum S., Paglino J., Eslami-Varzaneh F., Edberg S. & Medzhitov R. 
2004. Recognition of Commensal Microflora by Toll-Like Receptors Is 
Required for Intestinal Homeostasis. Cell 118: 229–241. 

Reindel R. & Fiore C.R. 2017. Phage Therapy: Considerations and Challenges 
for Development. Clinical Infectious Diseases 64: 1589–1590. 

Rhun A. Le, Escalera-Maurer A., Bratovič M. & Charpentier E. 2019. CRISPR-
Cas in Streptococcus pyogenes. RNA Biology 16: 380–389. 

Ridenhour B.J., Metzger G.A., France M., Gliniewicz K., Millstein J., Forney L.J. 
& Top E.M. 2017. Persistence of antibiotic resistance plasmids in bacterial 
biofilms. Evolutionary Applications 10: 640–647. 

Riley L.W. 2014. Pandemic lineages of extraintestinal pathogenic Escherichia 
coli. Clinical Microbiology and Infection 20: 380–390. 

Rinninella E., Raoul P., Cintoni M., Franceschi F., Miggiano G., Gasbarrini A. & 
Mele M. 2019. What is the Healthy Gut Microbiota Composition? A 
Changing Ecosystem across Age, Environment, Diet, and Diseases. 
Microorganisms 7: 14. 

Rodrigues C., Machado E., Peixe L. & Novais A. 2013. IncI1/ST3 and IncN/ST1 
plasmids drive the spread of blaTEM-52 and blaCTX-M-1/-32 in diverse 
Escherichia coli clones from different piggeries. Journal of Antimicrobial 
Chemotherapy. 

Rodriguez-Bano J., Alcala J., Cisneros J.M., Grill F., Oliver A., Horcajada J.P., 
Tortola T., Mirelis B., Navarro G., Cuenca M., Esteve M., Pena C., Llanos 
A.C., Canton R. & Pascual A. 2009. Escherichia coli producing SHV-type 
extended-spectrum  -lactamase is a significant cause of community-
acquired infection. Journal of Antimicrobial Chemotherapy 63: 781–784. 

Rodríguez-Beltrán J., DelaFuente J., León-Sampedro R., MacLean R.C. & San 
Millán Á. 2021. Beyond horizontal gene transfer: the role of plasmids in 
bacterial evolution. Nature Reviews Microbiology 19: 347–359. 



 

 

91 

Roswall J., Olsson L.M., Kovatcheva-Datchary P., Nilsson S., Tremaroli V., 
Simon M.-C., Kiilerich P., Akrami R., Krämer M., Uhlén M., Gummesson 
A., Kristiansen K., Dahlgren J. & Bäckhed F. 2021. Developmental 
trajectory of the healthy human gut microbiota during the first 5 years of 
life. Cell Host & Microbe 29: 765-776.e3. 

Rothschild-Rodriguez D., Hedges M., Kaplan M., Karav S. & Nobrega F.L. 2023. 
Phage-encoded carbohydrate-interacting proteins in the human gut. 
Frontiers in Microbiology 13. 

Rozwandowicz M. 2020. I-complex plasmids – a story about incompatibility 
and host adaptation. 

Rozwandowicz M., Brouwer M.S.M., Fischer J., Wagenaar J.A., Gonzalez-Zorn 
B., Guerra B., Mevius D.J. & Hordijk J. 2018. Plasmids carrying 
antimicrobial resistance genes in Enterobacteriaceae. Journal of 
Antimicrobial Chemotherapy 73: 1121–1137. 

Ruiz L. & Alvarez-Ordóñez A. 2017. The Role of the Food Chain in the Spread 
of Antimicrobial Resistance (AMR). In: Functionalized Nanomaterials for the 
Management of Microbial Infection, Elsevier, pp. 23–47. 

Ruotsalainen P., Given C., Penttinen R. & Jalasvuori M. 2020. Beta-Lactam 
Sensitive Bacteria Can Acquire ESBL-Resistance via Conjugation after 
Long-Term Exposure to Lethal Antibiotic Concentration. Antibiotics 9. 

Ruotsalainen P., Penttinen R., Mattila S. & Jalasvuori M. 2019. Midbiotics: 
conjugative plasmids for genetic engineering of natural gut flora. Gut 
Microbes 10: 643–653. 

Ruppé E., Cherkaoui A., Lazarevic V., Emonet S. & Schrenzel J. 2017. 
Establishing Genotype-to-Phenotype Relationships in Bacteria Causing 
Hospital-Acquired Pneumonia: A Prelude to the Application of Clinical 
Metagenomics. Antibiotics 6: 30. 

Russo T.A. & Johnson J.R. 2003. Medical and economic impact of extraintestinal 
infections due to Escherichia coli: focus on an increasingly important 
endemic problem. Microbes and Infection 5: 449–456. 

Ruzante J.M., Harris B., Plummer P., Raineri R.R., Loy J.D., Jacob M., Sahin O. & 
Kreuder A.J. 2022. Surveillance of antimicrobial resistance in veterinary 
medicine in the United States: Current efforts, challenges, and 
opportunities. Frontiers in Veterinary Science 9. 

Sallem R. Ben, Slama K. Ben, Rojo-Bezares B., Porres-Osante N., Jouini A., Klibi 
N., Boudabous A., Sáenz Y. & Torres C. 2014. IncI1 Plasmids Carrying bla 
CTX-M-1 or bla CMY-2 Genes in Escherichia coli from Healthy Humans and 
Animals in Tunisia. Microbial Drug Resistance 20: 495–500. 

Salminen P., Paajanen H., Rautio T., Nordström P., Aarnio M., Rantanen T., 
Tuominen R., Hurme S., Virtanen J., Mecklin J.-P., Sand J., Jartti A., Rinta-
Kiikka I. & Grönroos J.M. 2015. Antibiotic Therapy vs Appendectomy for 
Treatment of Uncomplicated Acute Appendicitis. JAMA 313: 2340. 

Salminen P., Tuominen R., Paajanen H., Rautio T., Nordström P., Aarnio M., 
Rantanen T., Hurme S., Mecklin J.-P., Sand J., Virtanen J., Jartti A. & 
Grönroos J.M. 2018. Five-Year Follow-up of Antibiotic Therapy for 



 92 

Uncomplicated Acute Appendicitis in the APPAC Randomized Clinical 
Trial. JAMA 320: 1259. 

San Millan A., Escudero J.A., Gutierrez B., Hidalgo L., Garcia N., Llagostera M., 
Dominguez L. & Gonzalez-Zorn B. 2009. Multiresistance in Pasteurella 
multocida Is Mediated by Coexistence of Small Plasmids. Antimicrobial 
Agents and Chemotherapy 53: 3399–3404. 

San Millan A. & MacLean R.C. 2017. Fitness Costs of Plasmids: a Limit to 
Plasmid Transmission. Microbiology Spectrum 5. 

Sathaliyawala T., Islam M.Z., Li Q., Fokine A., Rossmann M.G. & Rao V.B. 2010. 
Functional analysis of the highly antigenic outer capsid protein, Hoc, a 
virus decoration protein from T4‐like bacteriophages. Molecular 
Microbiology 77: 444–455. 

Sausset R., Petit M.A., Gaboriau-Routhiau V. & Paepe M. De. 2020. New 
insights into intestinal phages. Mucosal Immunology 13: 205–215. 

Savage D.C. 1977. Microbial Ecology Of The Gastrointestinal Tract. Annual 
Review of Microbiology 31: 107–133. 

Saxen H., Tarkka E., Hannikainen P., Nikku R., Rautio M. & Siitonen A. 1996. 
Escherichia coli and Appendicitis: Phenotypic Characteristics of E. coli 
Isolates from Inflamed and Noninflamed Appendices. Clinical Infectious 
Disease 23: 1038–1042. 

Schröder G. & Lanka E. 2005. The mating pair formation system of conjugative 
plasmids—A versatile secretion machinery for transfer of proteins and 
DNA. Plasmid 54: 1–25. 

Sender R., Fuchs S. & Milo R. 2016a. Are We Really Vastly Outnumbered? 
Revisiting the Ratio of Bacterial to Host Cells in Humans. Cell 164: 337–
340. 

Sender R., Fuchs S. & Milo R. 2016b. Revised Estimates for the Number of 
Human and Bacteria Cells in the Body. PLOS Biology 14: e1002533. 

Shi Q., Zhao J., Wei L., Zhu F., Ji J., Meng Y., Wu Z., Jiang Z., Han X., Jiang Y., 
Yu Y., Chen Y., Yuan Y. & Du X. 2022a. Transmission of ST45 and ST2407 
extended-spectrum β-lactamase-producing Klebsiella pneumoniae in 
neonatal intensive care units, associated with contaminated environments. 
Journal of Global Antimicrobial Resistance 31: 309–315. 

Shi Q., Zhao J., Wei L., Zhu F., Ji J., Meng Y., Wu Z., Jiang Z., Han X., Jiang Y., 
Yu Y., Chen Y., Yuan Y. & Du X. 2022b. Transmission of ST45 and ST2407 
extended-spectrum β-lactamase-producing Klebsiella pneumoniae in 
neonatal intensive care units, associated with contaminated environments. 
Journal of Global Antimicrobial Resistance 31: 309–315. 

Shintani M., Sanchez Z.K. & Kimbara K. 2015. Genomics of microbial plasmids: 
classification and identification based on replication and transfer systems 
and host taxonomy. Frontiers in Microbiology 6. 

Shlaes D.M., Sahm D., Opiela C. & Spellberg B. 2013. The FDA Reboot of 
Antibiotic Development. Antimicrobial Agents and Chemotherapy 57: 4605–
4607. 



 

 

93 

Shull C.A. 1935. Praktikum der Zell- und Gewebephysiologie der Pflanze. Siegfried 
Strugger Laboratory Plant Physiology. B. S. Meyer , D. B. Anderson. Botanical 
Gazette 97: 430–430. 

Smillie C., Garcillán-Barcia M.P., Francia M.V., Rocha E.P.C. & la Cruz F. de. 
2010. Mobility of Plasmids. Microbiology and Molecular Biology Reviews 74: 
434–452. 

Srivastava M. & Payne J.L. 2022. On the incongruence of genotype-phenotype 
and fitness landscapes. PLOS Computational Biology 18: e1010524. 

Stalder T., Cornwell B., Lacroix J., Kohler B., Dixon S., Yano H., Kerr B., Forney 
L.J. & Top E.M. 2020. Evolving Populations in Biofilms Contain More 
Persistent Plasmids. Molecular Biology and Evolution 37: 1563–1576. 

Stalder T., Rogers L.M., Renfrow C., Yano H., Smith Z. & Top E.M. 2017. 
Emerging patterns of plasmid-host coevolution that stabilize antibiotic 
resistance. Scientific Reports 7. 

Stalder T. & Top E. 2016. Plasmid transfer in biofilms: a perspective on 
limitations and opportunities. npj Biofilms and Microbiomes 2: 16022. 

Stecher B., Maier L. & Hardt W.-D. 2013. ‘Blooming’ in the gut: how dysbiosis 
might contribute to pathogen evolution. Nature Reviews Microbiology 11: 
277–284. 

Stewart C.J., Ajami N.J., O’Brien J.L., Hutchinson D.S., Smith D.P., Wong M.C., 
Ross M.C., Lloyd R.E., Doddapaneni H., Metcalf G.A., Muzny D., Gibbs 
R.A., Vatanen T., Huttenhower C., Xavier R.J., Rewers M., Hagopian W., 
Toppari J., Ziegler A.-G., She J.-X., Akolkar B., Lernmark A., Hyoty H., 
Vehik K., Krischer J.P. & Petrosino J.F. 2018. Temporal development of the 
gut microbiome in early childhood from the TEDDY study. Nature 562: 
583–588. 

Stoll B.J., Hansen N.I., Bell E.F., Shankaran S., Laptook A.R., Walsh M.C., Hale 
E.C., Newman N.S., Schibler K., Carlo W.A., Kennedy K.A., Poindexter 
B.B., Finer N.N., Ehrenkranz R.A., Duara S., Sánchez P.J., O’Shea T.M., 
Goldberg R.N., Meurs K.P. Van, Faix R.G., Phelps D.L., Frantz I.D., 
Watterberg K.L., Saha S., Das A. & Higgins R.D. 2010. Neonatal Outcomes 
of Extremely Preterm Infants From the NICHD Neonatal Research 
Network. Pediatrics 126: 443–456. 

Sysoeva T.A., Kim Y., Rodriguez J., Lopatkin A.J. & You L. 2020. Growth‐stage‐
dependent regulation of conjugation. AIChE Journal 66. 

Tailford L.E., Crost E.H., Kavanaugh D. & Juge N. 2015. Mucin glycan foraging 
in the human gut microbiome. Frontiers in Genetics 6. 

Tang T.-H., Bachellerie J.-P., Rozhdestvensky T., Bortolin M.-L., Huber H., 
Drungowski M., Elge T., Brosius J. & Hüttenhofer A. 2002. Identification of 
86 candidates for small non-messenger RNAs from the archaeon 
Archaeoglobus fulgidus. Proceedings of the National Academy of Sciences 99: 
7536–7541. 

Taylor H.N., Laderman E., Armbrust M., Hallmark T., Keiser D., Bondy-
Denomy J. & Jackson R.N. 2021. Positioning Diverse Type IV Structures 
and Functions Within Class 1 CRISPR-Cas Systems. Frontiers in 
Microbiology 12. 



 94 

Tchesnokova V., Larson L., Basova I., Sledneva Y., Choudhury D., Heng J., 
Solyanik T., Bonilla T., Pham S., Schartz E., Madziwa L., Holden E., 
Weissman S., Ralston J. & Sokurenko E. 2022. Increase in the Rate of Gut 
Carriage of Fluoroquinolone-Resistant Escherichia coli despite a 
Reduction in Antibiotic Prescriptions. medRxiv. 

Tenaillon O., Skurnik D., Picard B. & Denamur E. 2010. The population genetics 
of commensal Escherichia coli. Nature Reviews Microbiology 8: 207–217. 

Tenover F.C. 2006. Mechanisms of Antimicrobial Resistance in Bacteria. The 
American Journal of Medicine 119: S3–S10. 

The Nobel Foundation. 2020. Genetic scissors: a tool for rewriting the code of 
life. The Nobel Prize. 

Thornton D.J. & Skeehan J.K. 2004. From Mucins to Mucus: Toward a More 
Coherent Understanding of This Essential Barrier. Proceedings of the 
American Thoracic Society 1: 54–61. 

Top E.M., San Millan A., Baltrus D., Alves Gama J., Dionisio F. & Zilhão R. 2020. 
Plasmid Interactions Can Improve Plasmid Persistence in Bacterial 
Populations. Front. Microbiol 11: 2033. 

Tschäpe H. & Tietze E. 1983. Characterization of conjugative plasmids 
belonging to a new incompatibility group (IncZ). Zeitschrift für allgemeine 
Mikrobiologie 23: 393–401. 

Turnbaugh P.J., Ley R.E., Hamady M., Fraser-Liggett C.M., Knight R. & Gordon 
J.I. 2007. The Human Microbiome Project. Nature 449: 804–810. 

Turner P.J. 2005. Extended‐Spectrum β‐Lactamases. Clinical Infectious Diseases 
41: S273–S275. 

Turner D., Shkoporov A.N., Lood C., Millard A.D., Dutilh B.E., Alfenas-Zerbini 
P., Zyl L.J. van, Aziz R.K., Oksanen H.M., Poranen M.M., Kropinski A.M., 
Barylski J., Brister J.R., Chanisvili N., Edwards R.A., Enault F., Gillis A., 
Knezevic P., Krupovic M., Kurtböke I., Kushkina A., Lavigne R., Lehman 
S., Lobocka M., Moraru C., Moreno Switt A., Morozova V., Nakavuma J., 
Reyes Muñoz A., Rūmnieks J., Sarkar B., Sullivan M.B., Uchiyama J., 
Wittmann J., Yigang T. & Adriaenssens E.M. 2023. Abolishment of 
morphology-based taxa and change to binomial species names: 2022 
taxonomy update of the ICTV bacterial viruses subcommittee. Archives of 
Virology 168: 74. 

Twort F.W. 1915. AN INVESTIGATION ON THE NATURE OF ULTRA-
MICROSCOPIC VIRUSES. The Lancet 186: 1241–1243. 

Uribe R. V., Rathmer C., Jahn L.J., Ellabaan M.M.H., Li S.S. & Sommer M.O.A. 
2021. Bacterial resistance to CRISPR-Cas antimicrobials. Scientific Reports 
11: 17267. 

Urwin R. & Maiden M.C.J. 2003. Multi-locus sequence typing: a tool for global 
epidemiology. Trends in Microbiology 11: 479–487. 

Vandenplas Y., Carnielli V.P., Ksiazyk J., Luna M.S., Migacheva N., 
Mosselmans J.M., Picaud J.C., Possner M., Singhal A. & Wabitsch M. 2020. 
Factors affecting early-life intestinal microbiota development. Nutrition 78: 
110812. 



 

 

95 

Vangay P., Ward T., Gerber J.S. & Knights D. 2015. Antibiotics, Pediatric 
Dysbiosis, and Disease. Cell Host & Microbe 17: 553–564. 

Vanhatalo S., Munukka E., Sippola S., Jalkanen S., Grönroos J., Marttila H., 
Eerola E., Hurme S., Hakanen A.J. & Salminen P. 2019. Prospective 
multicentre cohort trial on acute appendicitis and microbiota, aetiology 
and effects of antimicrobial treatment: study protocol for the MAPPAC 
(Microbiology APPendicitis ACuta) trial. BMJ Open 9: e031137. 

Vatanen T., Kostic A.D., d’Hennezel E., Siljander H., Franzosa E.A., Yassour M., 
Kolde R., Vlamakis H., Arthur T.D., Hämäläinen A.-M., Peet A., Tillmann 
V., Uibo R., Mokurov S., Dorshakova N., Ilonen J., Virtanen S.M., Szabo 
S.J., Porter J.A., Lähdesmäki H., Huttenhower C., Gevers D., Cullen T.W., 
Knip M. & Xavier R.J. 2016. Variation in Microbiome LPS Immunogenicity 
Contributes to Autoimmunity in Humans. Cell 165: 842–853. 

Verbeken G. & Pirnay J.-P. 2022. European regulatory aspects of phage therapy: 
magistral phage preparations. Current Opinion in Virology 52: 24–29. 

Viertel T.M., Ritter K. & Horz H.-P. 2014. Viruses versus bacteria--novel 
approaches to phage therapy as a tool against multidrug-resistant 
pathogens. Journal of Antimicrobial Chemotherapy 69: 2326–2336. 

Vikesland P., Garner E., Gupta S., Kang S., Maile-Moskowitz A. & Zhu N. 2019. 
Differential Drivers of Antimicrobial Resistance across the World. 
Accounts of Chemical Research 52: 916–924. 

Virolle C., Goldlust K., Djermoun S., Bigot S. & Lesterlin C. 2020. Plasmid 
Transfer by Conjugation in Gram-Negative Bacteria: From the Cellular to 
the Community Level. Genes 11: 1239. 

Vogt D., Overesch G., Endimiani A., Collaud A., Thomann A. & Perreten V. 
2014. Occurrence and Genetic Characteristics of Third-Generation 
Cephalosporin-Resistant Escherichia coli in Swiss Retail Meat. Microbial 
Drug Resistance 20: 485–494. 

Vuotto C., Longo F., Balice M., Donelli G. & Varaldo P. 2014. Antibiotic 
Resistance Related to Biofilm Formation in Klebsiella pneumoniae. 
Pathogens 3: 743–758. 

Wang T. & You L. 2020. The persistence potential of transferable plasmids. Nat 
Commun 11. 

Wang G., Zhao G., Chao X., Xie L. & Wang H. 2020. The Characteristic of 
Virulence, Biofilm and Antibiotic Resistance of Klebsiella pneumoniae. 
International Journal of Environmental Research and Public Health 17: 6278. 

Wein T., Hülter N.F., Mizrahi I. & Dagan T. 2019. Emergence of plasmid 
stability under non-selective conditions maintains antibiotic resistance. 
Nature Communications 10: 2595. 

Weinstein P.D. & Cebra J.J. 1991. The preference for switching to IgA expression 
by Peyer’s patch germinal center B cells is likely due to the intrinsic 
influence of their microenvironment. The Journal of Immunology 147: 4126–
4135. 

Wendlandt S., Feßler A.T., Monecke S., Ehricht R., Schwarz S. & Kadlec K. 2013. 
The diversity of antimicrobial resistance genes among staphylococci of 
animal origin. International Journal of Medical Microbiology 303: 338–349. 



 96 

Werisch M., Berger U. & Berendonk T.U. 2017. Conjugative plasmids enable the 
maintenance of low cost non-transmissible plasmids. Plasmid 91: 96–104. 

Wintersdorff C.J.H. von, Penders J., Niekerk J.M. van, Mills N.D., Majumder S., 
Alphen L.B. van, Savelkoul P.H.M. & Wolffs P.F.G. 2016. Dissemination of 
Antimicrobial Resistance in Microbial Ecosystems through Horizontal 
Gene Transfer. Frontiers in Microbiology 7. 

Woerther P.-L., Burdet C., Chachaty E. & Andremont A. 2013. Trends in Human 
Fecal Carriage of Extended-Spectrum β-Lactamases in the Community: 
Toward the Globalization of CTX-M. Clinical Microbiology Reviews 26: 744–
758. 

World Health Organization. 2012. The evolving threat of antimicrobial resistance. 
Options for action. Geneva. 

World Health Organization. 2014. Antimicrobial resistance: global report on 
surveillance. Geneva. 

World Health Organization. 2020. Antibiotic resistance. WHO. 
Xu J. & Gordon J.I. 2003. Honor thy symbionts. Proceedings of the National 

Academy of Sciences 100: 10452–10459. 
Yang Q.E. & Walsh T.R. 2017. Toxin–antitoxin systems and their role in 

disseminating and maintaining antimicrobial resistance. FEMS 
Microbiology Reviews 41: 343–353. 

Yap M.L. & Rossmann M.G. 2014. Structure and function of bacteriophage T4. 
Future Microbiology 9: 1319–1327. 

Zalewska-Piątek B. 2023. Phage Therapy—Challenges, Opportunities and 
Future Prospects. Pharmaceuticals 16: 1638. 

Zatyka M., Jagura-Burdzy G. & Thomas C.M. 1997. Transcriptional and 
translational control of the genes for the mating pair formation apparatus 
of promiscuous IncP plasmids. Journal of Bacteriology 179: 7201–7209. 

Zatyka M. & Thomas C.M. 1998. Control of genes for conjugative transfer of 
plasmids and other mobile elements. FEMS Microbiology Reviews 21: 291–
319. 

Zeng M.Y., Inohara N. & Nuñez G. 2017. Mechanisms of inflammation-driven 
bacterial dysbiosis in the gut. Mucosal Immunology 10: 18–26. 

Zhong X., Kro˙l , JarosŁaw E., Top E.M. & Krone S.M. 2010. Accounting for 
mating pair formation in plasmid population dynamics. Journal of 
Theoretical Biology 262: 711–719. 

Zioga A., Whichard J.M., Kotsakis S.D., Tzouvelekis L.S., Tzelepi E. & Miriagou 
V. 2009. CMY-31 and CMY-36 Cephalosporinases Encoded by ColE1-Like 
Plasmids. Antimicrobial Agents and Chemotherapy 53: 1256–1259. 

Zuo T. & Ng S.C. 2018. The Gut Microbiota in the Pathogenesis and 
Therapeutics of Inflammatory Bowel Disease. Frontiers in Microbiology 9. 

Zwanzig M., Harrison E., Brockhurst M.A., Hall J.P.J., Berendonk T.U. & Berger 
U. 2019. Mobile Compensatory Mutations Promote Plasmid Survival. 
mSystems 4. 

 
  



ORIGINAL PAPERS 

I

LONGITUDINAL EVOLUTIONARY DYNAMICS OF 
PLASMIDOME AND ANTIBIOTIC RESISTANCE WITHIN A 
GUT MICROBIOME SUBSEQUENT ANTIBIOTIC THERAPY: 

A CASE STUDY 

by 

Ilmur Jonsdottir, Sean Meaden, Paulina Salminen, Teemu Kallonen, Janne 
Ravantti, Annaleena Pajander, Sanja Vanhatalo, Matti Jalasvuori, Lotta-
Riina Sundberg, Edze Westra, Stineke van Houte, Antti J. Hakanen & 

Reetta Penttinen 2024 

Manuscript 

Request a copy from the author.



 

 
 
 

II   
 
 

PRECEDING HOST HISTORY OF CONJUGATIVE 
RESISTANCE PLASMIDS AFFECTS INTRA- AND 

INTERSPECIFIC TRANSFER POTENTIAL FROM BIOFILM 
 
 
 
 

by 
 

Ilmur Jonsdottir, Cindy J. Given, Reetta Penttinen & Matti Jalasvuori 2023 
 

mSphere volume:8 e00107-23. 
 

https://doi.org/10.1128/msphere.00107-23 
 
 

Reprinted with kind permission of  
©ASM 

 

https://doi.org/10.1128/msphere.00107-23


Preceding Host History of Conjugative Resistance Plasmids
Affects Intra- and Interspecific Transfer Potential from Biofilm

Ilmur Jonsdottir,a Cindy Given,a Reetta Penttinen,a,b Matti Jalasvuoria

aDepartment of Biological and Environmental Science, Nanoscience Center, University of Jyväskylä, Jyväskylä, Finland
bDepartment of Biology, University of Turku, Turku, Finland

ABSTRACT Conjugative plasmids can confer antimicrobial resistance (AMR) to their
host bacterium. The plasmids disperse even between distantly related host species,
rescuing the host from otherwise detrimental effects of antibiotics. Little is known
about the role of these plasmids in the spread of AMR during antibiotic treatment.
One unstudied question is whether the past evolutionary history of a plasmid in a par-
ticular species creates host specificity in its rescue potential or if interspecific coevolu-
tion can improve interspecific rescues. To study this, we coevolved the plasmid RP4
under three different host settings; solely Escherichia coli or Klebsiella pneumoniae, or
alternating between both of them. The ability of evolved plasmids in bacterial biofilm
to rescue susceptible planktonic host bacteria of either the same or different species
during beta-lactam treatment was tested. The interspecific coevolution seemed to
decrease rescue potential for the RP4 plasmid, while the K. pneumoniae evolved plas-
mid became more host specific. Large deletion in the region encoding the mating
pair formation (Tra2) apparatus was detected in the plasmids evolved with K. pneu-
moniae. This adaptation resulted in the exapted evolution of resistance against a
plasmid-dependent bacteriophage PRD1. Further, previous studies have suggested
that mutations in this region completely abolish the plasmid’s ability to conjugate;
however, our study shows it is not essential for conjugation but rather affects the
host-specific conjugation efficiency. Overall, the results suggest that previous evolu-
tionary history can result in the separation of host-specific plasmid lineages that may
be further amplified by unselected exaptations such as phage resistance.

IMPORTANCE Antimicrobial resistance (AMR) is a major global public health threat
which can rapidly spread in microbial communities via conjugative plasmids. Here, we
advance with evolutionary rescue via conjugation in a more natural setting, namely,
biofilm, and incorporate a broad-host range plasmid RP4 to test whether intra- and
interspecific host histories affect its transfer potential. Escherichia coli and Klebsiella
pneumoniae hosts were seen to elicit different evolutionary influences on the RP4 plas-
mid, leading to clear differences in the rescue potential and underlining the significant
role of the plasmid-host interactions in the spread of AMR. We also contradicted previ-
ous reports that established certain conjugal transfer genes of RP4 as essential. This
work enhances the understanding of how plasmid host range evolve in different host
settings and further, the potential effects it may have on the horizontal spread of
AMR in complex environments such as biofilms.

KEYWORDS antibiotic resistance, biofilms, evolutionary rescue, experimental
evolution, horizontal gene transfer (HGT), host-plasmid interactions, plasmids

P lasmids are self-replicating extrachromosomal genetic elements of bacteria.
Conjugative plasmids are able to encode a bridge between their current host and

suitable neighboring bacteria, allowing for horizontal gene transfer (HGT) via conjuga-
tion (1, 2). These plasmids are part of the antimicrobial resistance (AMR) global health
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problem as they can harbor and confer AMR genes (3–11). Plasmids and bacteria are
intrinsically linked through their shared environment (12–15). Through conjugation
certain plasmids can spread intra- and interspecifically depending on their host-range
(16, 17). However, plasmids carry a fitness-cost that is often associated with their main-
tenance in the host cell. Compensatory mutations within the host chromosome and
the plasmid can alleviate the plasmid fitness cost to help promote their persistence in
the community (18–27). Nevertheless, the long-term survival of plasmids in commun-
ities remains puzzling due to their costs to the host (sometimes referred as “the plas-
mid-paradox”) (28).

Biofilms are one microbial formation where plasmids are maintained (29, 30). The
individuals of these connected ecosystems interact more frequently with their neigh-
bors, allowing for better mating pair formation and ultimately higher chance of plas-
mid transfer (31–34). Recently, biofilms were shown to improve the persistence of AMR
plasmids (25, 35). Worryingly, plasmid-carrying resistant bacteria can save susceptible
cells in their vicinity via HGT even after exposure to antibiotics (36, 37). However, this
so-called evolutionary rescue via HGT has not been studied for biofilm associated bac-
teria despite the ubiquity of biofilms in nature.

The overall survival and success of all plasmids are influenced by “built-in” evolu-
tionary trade-offs in a multihost environment (38, 39). Namely, natural selection within
a single host strain allows plasmids to coevolve with their hosts and compensate any
detrimental plasmid fitness effects (23, 26, 40). However, a long-term adaptation to a
specific host can increase the fitness cost of the plasmid in less similar hosts as these
changes are only continuously checked against that particular within-host environ-
ment (41). The adaptive changes in one host may cause conflicts (on a molecular level)
in others, similar to speciation in sexually reproducing organisms (38, 42).

Alternatively, plasmids that regularly change host species are likely to maintain lower
fitness effects in all their regularly “evaluated” hosts, as well as more likely to be devoid
of specific adaptations that help in one host but cause conflicts in others (38, 43).
Therefore, initially homogenous plasmid population could diverge to “host-generalists”
and “host-specialists.” To what extent this occurs, is still unclear. Without strong selec-
tion for any particular host species, the existence of such plasmid groups in a community
may be negligible. However, in specific situations the preceding host history may
become relevant. For example, sudden change in environmental conditions (such as
administration of antibiotics) can favor different subpopulations of plasmids that may
have adapted to their current host species, to multiple species, or to a specific alterna-
tive species. Further, the plasmid donor species may play a vital role as conjugation
intra- and interspecifically may affect the transfer rate of the plasmid to sensitive hosts.

We aimed to better understand the potential of plasmids on rescuing susceptible bacte-
ria from the effects of lethal antibiotics. To determine the factors that affect the rescue
potential, we utilized plasmids with different characteristics and different evolutionary his-
tories (Fig. 1). We hypothesized that a plasmid that was coevolved intraspecifically with its
host (E. coli or K. pneumoniae) would exhibit host specificity in its rescue and a plasmid with
a history of interspecific coevolution (between E. coli and K. pneumoniae) would broaden its
rescue prospects. We observed a clear difference in the plasmid adaptation with a stronger
evolutionary response linked to K. pneumoniae, which resulted in a major deletion of RP4’s
mating pair formation gene core (Tra2). Without the transfer genes the rescue potential of
the plasmid decreased but did not dissipate entirely and conferred plasmid-dependent
phage (PRD1) resistance.

RESULTS
Rescue potential differs between plasmids of different characteristics.We sought

out to investigate if different genotypic characteristics of plasmids effected their rescue
potential by testing the rescue potential of six plasmids harboring separate features in
the same rescue setup (E. coli to E. coli; EE). The density of rescued cells varied across 4
orders of magnitude (Fig. 2). Plasmid pEC15 was unable to rescue any sensitive hosts
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and was therefore omitted from the subsequent analysis. Each plasmid in the evolu-
tionary rescue experiment showed statistically significant differences in their rescue
potential (ANOVA; Tukey-HSD, P, 0.001). The plasmid pEC14 carried the lowest rescue
potential aside from pEC15, with two of the replicates for pEC14 omitted as they did
not rescue any planktonic cells. RP4 plasmid showed the highest rescue potential.

Past evolutionary history with K. pneumoniae significantly affects the rescue
potential of RP4 plasmid. In the E. coli to E. coli (EE) evolutionary rescue setup, the E.
coli plasmid (RP4E) had the same rescue potential as the unevolved plasmid (RP4C1)
(Fig. 3A). However, the rescue potential significantly decreased with the K. pneumoniae
evolved plasmid (RP4K) and the interspecific evolved plasmid (RP4EK), with both
evolved plasmids having similar mean rescue potentials. This suggests that evolution-
ary history involving K. pneumoniae decreased RP4 rescue potential between biofilm-
associated and planktonic E. coli (Kruskal-Wallis; Dunn, P , 0.01). Further, K. pneumo-
niae as a plasmid donor had significantly less potential in rescuing planktonic E. coli
regardless of the past host-history. This is seen clearly in the K. pneumoniae to E. coli
(KE) evolutionary rescue setup, in which all plasmids (RP4C1, RP4E, RP4K, RP4EK) give
similar mean rescue potential with no statistical difference (Kruskal-Wallis; Dunn,
P = 0.174) (Fig. 3B).

Intraspecific coevolution with K. pneumoniae caused significant host specificity
of RP4 plasmid. We studied the effects of past host-history on the conjugation rates
from biofilm to planktonic K. pneumoniae in a similar setup as above except the antibi-
otic concentration was not lethal for the recipient. The E. coli evolved plasmid (RP4E)

FIG 1 Schematic design of this study. The key concepts in this experimental design were host history and evolutionary rescue via HGT. The rescue
occurred from biofilm, rescuing planktonic antibiotic-susceptible bacteria after 1-h antibiotic exposure. The plasmids used in the rescue were RP4 and
variants of RP4 after 300 generations of coevolution with E. coli (RP4E), K. pneumoniae (RP4K) or alternating between them both (RP4EK). Two rescue setups
were performed; intraspecific: E. coli rescuing E. coli (EE) and interspecific: K. pneumoniae rescuing E. coli (KE), with the results measuring the rescue
potential of each plasmid.
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had a higher mean conjugation rate from E. coli to K. pneumoniae (EK) in comparison
to plasmids that evolved entirely or partly with K. pneumoniae (RP4K, RP4EK) (Kruskal-
Wallis; Dunn, P = 0.015) (Fig. 4A). In the interspecific conjugation setup from E. coli to K.
pneumoniae (EK), the interspecifically evolved plasmid (RP4EK) had the lowest conjuga-
tion rate. In the intraspecific K. pneumoniae to K. pneumoniae (KK) conjugation setup,
the K. pneumoniae evolved plasmid (RP4K) had the highest conjugation rate (Fig. 4B).
This indicates that evolution solely in K. pneumoniae improved the within-species hori-
zontal transfer of the plasmid. Interestingly, however, the lowest conjugation rate was
seen with the interspecifically evolved plasmid (RP4EK) (Kruskal-Wallis; Dunn, P = 0.033)
(Fig. 4B). In the KK setup, the RP4C1 and RP4E plasmids had decreased conjugation rate
compared to the EK setup, supporting host specificity of the RP4K plasmid. In both of
these setups (KK and EK), the K. pneumoniae evolved plasmid (RP4K) confers a higher
mean conjugation rate compared to the interspecifically evolved plasmid (RP4EK).
However, this was not seen in the evolutionary rescue setups, where RP4K and RP4EK
plasmids showed similar results.

Significant evolution in K. pneumoniae coevolved plasmids generates pheno-
typic effects. We sequenced the evolved RP4 plasmids to determine the genetic
changes that may confer the phenotypic properties that were observed in plasmids
with different host history. We found a major 2,232 bp deletion (with zero coverage in
plasmid location 18,827-21,058) located in the Tra2 conjugal transfer region in RP4K
and RP4EK plasmids, that were coevolved within setups involving K. pneumoniae
(Fig. 5). This deletion affected four genes of the Tra2 complex, trbB (960 bp), trbC
(438 bp), trbD (312 bp), and trbE (2,559 bp). Almost complete deletion (3-960 bp) was
seen for gene trbB, complete deletions of trbC and trbD, and trbE, the largest gene of
the complex, had a partial deletion of the first 514 bp. Through previous studies, the
Tra2 region of RP4 is well established in its role of PRD1 phage propagation (44–49). To
test whether the deletion in this region in the RP4K and RP4EK plasmids affects the
infectivity of PRD1, we performed spot tests. Bacteria carrying the evolved RP4 plas-
mids (RP4E, RP4K, and RP4EK) or the unevolved RP4 (RP4C1) as a control were all tested

FIG 2 Evolutionary rescue potential of pEC(3,13,14,and 16) (gray) and RP4 plasmid (blue) in E. coli from biofilm to
susceptible planktonic bacteria. Rescue potential was measured as the conjugation rate (CFU/mL) of each plasmid
(N = 4). Two replicates for pEC14 did not produce any transconjugants and were omitted from this figure. The
mean and bootstrap confidence interval of each plasmid are represented by point ranges. A one-way ANOVA with
Tukey-HSD post hoc was performed between all plasmid-carrying strains. The P-value is shown, and the Tukey’s
HSD letters (a-e) next to each point range indicate whether there is a statistical difference.
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for the susceptibility to PRD1 phage. We observed that while PRD1 was highly infective
against bacteria carrying RP4C1 and RP4E plasmids, the bacteria harboring RP4K and
RP4EK, that had the partial deletion of the Tra2 transfer region, were found to be
immune to this plasmid-dependent phage (Table S2).

DISCUSSION

The usage of antibiotics along with its resistance is on the rise (50). This is because
through consumption of antibiotics, resistance is selected for if it is present in the com-
munity. Through numerous studies on HGT, in particular via conjugative plasmids, and
how it plays in the spread of AMR, its role is well established (3, 51–55). In our study,
we investigated a phenomenon known as evolutionary rescue via HGT, which in this
case would rely on AMR plasmids being present in the community and spreading dur-
ing antibiotic treatment to save susceptible bacteria from extinction. This process is
associated with certain antibiotics such as beta-lactams and resistance genes that
encode degrading enzymes like beta-lactamases or even extended-spectrum beta-lac-
tamases (ESBLs). This is due to the mechanism of the antibiotics which continues to
allow for conjugation while the cell is still viable, as well as the resistance mechanism
in the case of resistant individuals being present in the community as they lower the
antibiotic concentration in their proximity through degradation (36, 37). The evolution-
ary rescue and conjugation setups performed in this study involved coevolved plas-
mids and biofilms, which are common bacterial habitats found in the human body.
However, we acknowledge that the in vitro conditions of this work (LB media, labora-
tory strains and plasmids) possess limitations on the clinical relevancy of our findings.

In the initial biofilm evolutionary rescue experiment, we investigated the effects of
different plasmid characteristics on the rescue potential of the plasmids. There was a
significant distinction in the higher rescue potential of the RP4 plasmid compared to
the other pEC plasmids. Certain pEC plasmids, pEC15 and pEC14, had little to no rescue

FIG 3 Evolutionary rescue potential of evolved RP4 plasmids (RP4E; green, RP4EK; purple, RP4K; orange) and
the unevolved RP4 (RP4C1; blue) from biofilm to susceptible planktonic bacteria in: (A) E. coli to E. coli (EE), and
(B) K. pneumoniae to E. coli (KE) rescue setups. Rescue potential was measured as the conjugation rate (CFU/
mL) of each plasmid (N = 4) in the rescue setup. The mean and bootstrap confidence interval of each plasmid
can be seen represented by point ranges. A Kruskal-Wallis with Dunn test for post hoc was performed between
all plasmid-carrying strains. The P-value is shown, and the letters (a-e) next to each point range indicate
whether there was a statistical difference between the plasmids found in the Dunn test. The mean of the entire
data can be seen represented in the dashed line.
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potential, which is consistent with the previous studies using these plasmids (36, 56).
Little correlation could be drawn between the rescue potential and certain plasmid
characteristics such as Inc type, mobility class, and mating pair formation systems. All
of these plasmid characteristics were seen to be shared between RP4 and at least one
of the pEC plasmids. In natural environments, plasmids are likely to come into contact
with each other and interact within cells. The future studies on evolutionary rescue
could benefit from involving setups with multiple plasmids which would allow within-
host plasmid interactions and might bring differing results than what was presented
here. Further, given the different AMR genes encoding various beta-lactamases for
each plasmid in this experiment, it is pertinent to investigate whether the rescue
potential is affected by the enzyme efficiency.

The different evolutionary histories we created in the RP4 plasmid were tested in
the biofilm to planktonic rescue and conjugation setups. It was anticipated that the
intraspecifically evolved plasmids (RP4E and RP4K) would have host specificity inferring
increased rescue potential or conjugation rate in the intraspecific setup involving their
host. Additionally, we were interested in examining the rescue potential or conjugation
rate of the interspecifically evolved plasmid (RP4EK) in the interspecific setups.
Previous research showed that intraspecific evolutionary history led to host-specialist
while interspecific host-plasmid coevolution could lead to host-generalist (57). The
interspecific KE rescue setup clearly showed poor plasmid transfer from K. pneumoniae
to E. coli. This is consistent with previous results in planktonic setups (23). Throughout
our biofilm setups, the E. coli evolved plasmid (RP4E) gave consistent results with the
unevolved plasmid (RP4C1). Therefore, it appears reasonable to expect that there was
little to no evolutionary influence from the E. coli host during the coevolution. Overall,
the K. pneumoniae evolved plasmid (RP4K) and the interspecifically evolved plasmid
(RP4EK) grouped together in their relatively low rescue potential and conjugation rate.
This grouping seems to indicate a strong evolutionary influence of K. pneumoniae dur-
ing the coevolution. However, this does not demonstrate RP4EK as a host-generalist

FIG 4 Conjugation rate of evolved RP4 plasmids (RP4E; green, RP4EK; purple, RP4K; orange) and the
unevolved RP4 (RP4C1; blue) from biofilm to susceptible planktonic bacteria in: (A). E. coli to K.
pneumoniae (EK), and (B). K. pneumoniae to K. pneumoniae (KK) setups. Transfer potential was
measured as the conjugation rate (CFU/mL) of each plasmid (N = 4) in the setup. The mean and
bootstrap confidence interval of each plasmid can be seen represented by point ranges. A Kruskal-
Wallis with Dunn test for post hoc was performed between all plasmid-carrying strains. The P-value is
shown, and the letters (a-e) next to each point range indicate whether there is a statistical difference
between the plasmids found in the Dunn test. The mean of the entire data can be seen represented
in the dashed line.
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with increased rescue potential toward a broader spectrum of hosts. Based on earlier
studies involving host switching lineages which might promote adaptation to a new
unfavorable host, RP4EK should be tested further on its potential to rescue with an
unfamiliar host (43).

Analyzing the growth curves, growth rate, and maximum yield of each evolved
plasmid with their coevolved host clearly shows the similarities of RP4K and RP4EK and
the distinction of RP4E (Fig. S1, Fig. S2, and Fig. S3). Following this trajectory, the
change in rescue potential of the RP4K and RP4EK plasmids was observed in compari-
son to the unevolved plasmid RP4C1 in the EE setup. Additionally, when examining
the significant differences in the rescue potential of RP4EK and the E. coli evolved plas-
mid RP4E, in the EE rescue, provided that RP4EK was coevolved equally with E. coli and
K. pneumoniae. The results seen in the EE rescue setup, indicating clear evolutionary
variance distinguishing RP4E and RP4C1 to RP4K and RP4EK was supported by the con-
ventional planktonic conjugation assay (Table S1).

FIG 5 Comparison of the evolved RP4 plasmid sequences. (A) Sequences of RP4 evolved intraspecifically with E. coli (RP4E; green) or K. pneumoniae (RP4K;
orange), or interspecifically with them both (RP4EK; purple) were compared with unevolved plasmid (RP4C1; blue). The Tra2 transfer region responsible for
the mating-pair formation is highlighted. (B) The genetic organization of Tra2 region with the deletion detected in evolved plasmids RP4K and RP4EK
shown in gray.
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A reasonable explanation for the close results of RP4K and RP4EK is the identical de-
letion found in both of their sequences, localized in the Tra2 core complex, responsible
for mating pair formation in the RP4 plasmid. This deletion was not seen with the RP4E
plasmid, indicating less adaptation involving E. coli host lineage. This is contrary to pre-
vious research where E. coli host lineage caused major deletions in a plasmid, including
the conjugative machinery, while evolutionary history with K. pneumoniae brought no
major genetic changes (58). Three genes were practically completely deleted, trbB,
trbC, and trbD and a fourth gene trbE had a partial deletion. Previous studies have
reported that these genes are both essential for the conjugal transfer as well as phage
propagation for the plasmid-dependent phage PRD1 (44–49, 59). This study clearly
shows continued conjugal transfer in all setups although decreased for RP4K and
RP4EK plasmids presumably due to the lack of mating pair formation genes that were
previously noted to be essential (45, 59). This may suggest that biofilms better preserve
the transfer of the RP4 plasmid even in the absence of seemingly essential conjugal
transfer genes as the previous studies tested conjugation in liquid planktonic conjuga-
tion setups (45, 59). In this study, the host-plasmid coevolution was performed in liquid
planktonic cultures. Although there was a constant antibiotic selection for the plasmid,
the host-plasmid coevolution could have provided alternative results had they been
performed in biofilm, as it may support the preservation of the conjugal transfer genes
that were lost in RP4K and RP4EK. This is also supported by a recent study that found
that plasmid persistence in planktonic communities was improved by loss of conjugal
transfer genes, compared to biofilm communities in which the genes were retained
(60). It seems that deletions of the conjugal transfer region are common when the plas-
mid confers a high cost to the host. This does not seem to be linked to a specific spe-
cies, but rather how favorable the host-plasmid pairings are (58). In our study, K. pneu-
moniae could have selective pressure for alleviating the cost of the plasmid and confer
fitness advantages through the deletion of the costly genes.

Interestingly, one difference from the grouping pattern of RP4K and RP4EK was
observed. In the KK conjugation setup, the RP4K plasmid clearly inferred a higher res-
cue potential compared to the other plasmids, suggesting increased host specificity.
This host specificity seemingly due to the intraspecific coevolution is what we had
anticipated. However, this strays away from the genotypic-to-phenotypic patterns for
the RP4K and RP4EK plasmids, as they have identical sequences and highly similar
results in the other setups. The RP4K plasmid in the KK conjugation setup provides a
better conjugation rate that cannot be explained by the plasmid sequence. This could
be due to an unknown interaction between the evolved plasmid and host, perhaps
epigenetic modifications. As we mentioned above, the deleted genes in RP4K and
RP4EK had previously been described as essential in conjugal transfer and for plasmid-
dependent-phage PRD1 propagation. Through a simple spot test assay, it was clear
that strains carrying the evolved plasmids RP4K and RP4EK inferred immunity to the
PRD1 phage. This supports the previous research on the Tra2 core and its essential role
in the phage propagation for PRD1 (44). Along with the conceivable fitness advantages
in the coevolved planktonic community, the loss of the conjugal transfer genes of
RP4K and RP4EK could serve as an exaptation that provide significant advantage in the
presence of a phage.

Our findings demonstrate that evolutionary rescue via conjugative plasmids is pos-
sible in a biofilm to planktonic setup, even with the lack of conjugal transfer genes. We
show here that even relatively short periods of history in specific host can have a sig-
nificant effect on plasmid’s rescue potential and conjugation rate. The hosts used in
this study, E. coli and K. pneumoniae, clearly exhibit different evolutionary influence on
the RP4 plasmid, although the hosts are relatively similar. As such, it is possible that
plasmid populations are continuously balancing between the benefits and costs of
intra- and interspecific adaptations. These adaptations may determine the plasmid’s
survival in highly adverse conditions (for their hosts) such as in the sudden presence of
lethal antibiotic doses and lytic bacteriophages.
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MATERIALS ANDMETHODS
Bacterial strains and plasmids. The bacterial plasmid hosts used in this study were strains of two

species of Enterobacteriaceae, Escherichia coli and Klebsiella pneumoniae. The plasmids used in this study
were RP4, a broad-host-range conjugative plasmid that has a high conjugation rate (61–64), and five
ESBL-plasmids isolated from clinical E. coli strains (pEC plasmids; [36]) (Table 1). Lysogeny broth (LB) (65),
supplemented with 1% agar and/or antibiotics as indicated, were used for bacterial cultivation. Bacterial
cultures were grown at 37°C with 200 rpm agitation unless otherwise specified and on agar plates incu-
bated at 37°C.

Host-plasmid coevolution experiments. The purpose of the experiments was to evolve the RP4
plasmids to intra- and interspecific host systems involving E. coli and/or K. pneumoniae. The naming of
each treatment was the RP4 plasmid indicated by the first letter of the genus name of the host strains
used (RP4E, RP4K, RP4EK). The host-plasmid coevolution treatments were initiated in 5 mL LB broth with
host bacterial strains containing the RP4 plasmid and carried out for 30 cycles. The bacterial hosts were
JM109(pSU19) harboring plasmid pSU19 encoding chloramphenicol resistance (camR) and DSM681 with
chromosomal mutations encoding rifampicin resistance (rifR) (66, 67). For each cycle, the culture trans-
fers were done at 1:1000 dilution with appropriate antibiotic selection to select for host and plasmid.
For treatment RP4E, the medium was supplemented with 25 mg/mL chloramphenicol and 25 mg/mL
kanamycin, and for treatment RP4K with 150 mg/mL rifampicin and 25 mg/mL kanamycin. For treatment
RP4EK, each host was resistant to a separate antibiotic, this allowed host antibiotics to be swapped
sequentially to encourage plasmid transfer between the two host species, allowing one host strain to
maintain the plasmid at once. The antibiotic selection for treatment RP4EK involved the following five
cycle supplementation that was repeated six times for a total of 30 cycles: (I) 25 mg/mL kanamycin, (II)
15mg/mL rifampicin and 2.5 mg/mL kanamycin, (III) 150 mg/mL rifampicin and 25mg/mL kanamycin, (IV)
2.5 mg/mL chloramphenicol and 2.5 mg/mL kanamycin, (V) 25 mg/mL chloramphenicol and 25 mg/mL
kanamycin. This experiment was run with four biological replicates per population. Growth analysis was
done to compare the starting point (cycle 1) to the endpoint (cycle 30) of each population, as well as
with the plasmid-free host. Overnight cultures were initiated in LB broth (with 25 mg/mL kanamycin for
RP4 plasmid carrying strains) before 1:100 dilution was performed into fresh LB medium and mixed thor-
oughly. The growth of the bacterial strains was determined with a Bioscreen C MBR machine (Bioscreen,
Oy Growth Curves Ab Ltd.) for 24 h as described previously (56). The growth curves, growth rate (r), and
maximum yield (K) were calculated from the data using RStudio (R version 4.2.1), with R source code
based on a previously described MATLAB code (68).

Biofilm experiments: rescue potential and conjugation efficiency. The evolutionary rescue poten-
tial of the plasmids was studied by the capacity of plasmid-carrying biofilm to rescue the planktonic anti-
biotic-susceptible bacteria. The setup involved the evolved RP4 plasmids (RP4E, RP4K, and RP4EK) and
unevolved RP4C1, from cycle 1, tested under two rescue setups through a combination of two donor
strains, E. coli HMS174rifR and K. pneumoniae DSM681rifR, and the susceptible recipient strain E. coli JM109
(pSU19)camR. The setups were given abbreviations indicating the donor and recipient strains, respectively
(EE and KE; E for E. coli and K for K. pneumoniae). Additionally, five previously characterized ESBL-confer-
ring plasmids (pEC3, pEC13-16) were tested in the EE rescue setup. The conjugation efficiency of the
evolved RP4 plasmids from biofilm to planktonic cells was tested in setups EK and KK, with the same do-
nor strains as the rescue setups and the nonsusceptible K. pneumoniae DSM681strepR as the recipient
strain.

The biofilm experiments were started by inoculating 25 mL of the overnight donor cultures, grown
in LB supplemented with 150 mg/mL ampicillin, into fresh 5 mL LB with 150 mg/mL ampicillin and 180 mL
were aliquoted into wells of a 96-well plate (Nunc MicroWell, Thermo Scientific) in 4 replicates/culture.
Plasmid-free strains (E. coli HMS174rifR, K. pneumoniae DSM681rifR) were used as a control. The plate was
closed with a 96-pin lid (Nunc Immuno TSP Lid, Thermo Scientific), sealed with parafilm, to allow biofilm to
grow onto the pins for 5 days at 37°C without shaking. After the 5-day incubation, the lid with the biofilm-
covered pins was washed two times with 1� PBS before being introduced to a new 96-well plate contain-
ing 180 mL planktonic recipient strain. The recipient strain had been grown overnight, before being trans-
ferred at 1:1000 dilution into fresh media supplemented with 150 mg/mL ampicillin for 1 h. The length of
antibiotic exposure before rescue and type of antibiotics used were based on previous research (36, 37).
The plate was sealed with parafilm and grown overnight without shaking. Dilutions of the product of each
well were plated on LB agar plates with appropriate antibiotics selecting for only the recipient and plasmid
to determine the density of the formed transconjugants as CFU (CFU). Rescue setup EE selected for trans-
conjugants with 25 mg/mL chloramphenicol and 150 mg/mL ampicillin, while setup KE selected with
25 mg/mL chloramphenicol and 25 mg/mL kanamycin. Conjugation setups EK and KK selected for trans-
conjugants with 25mg/mL streptomycin and 25mg/mL kanamycin.

Conjugation assay. Conventional planktonic conjugation assay with the evolved and unevolved
RP4 plasmids were performed alongside the biofilm experiments with the same donors and recipients.
This was done to measure the mean conjugation frequency (CFU/mL) per donor cell and compare with
the biofilm experiments as they were unable to determine the donor cell density. The conjugation was
done by adding 5 mL of the plasmid-carrying donor overnight culture and 500 mL of the recipient over-
night culture in 5 mL LB for 2 h at 37°C, 200 rpm. The product of the conjugation was then plated on LB
agar with appropriate antibiotics to determine the cell density (CFU/mL) of the formed transconjugants.
Transconjugants for conjugation assays EE and KE were selected for with 25 mg/mL chloramphenicol
and 25 mg/mL kanamycin, and for conjugation assays EK and KK, transconjugants were selected with
25 mg/mL streptomycin and 25 mg/mL kanamycin. The donor strains were plated on LB agar
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TABLE 1 The bacterial strains and plasmids used in this study

Strain Plasmid(s) Plasmid size (bp) Inc type MPFd type MOBd class
b-lactamase
identified

Other resistance
genes

E. coli JM109 (pSU19)CamR pSU19a 2340 - - - - cat
E. coli HMS174 (plasmid-free)RifR - - - - - - -
E. coli HMS174 (pEC3)RifR,AmpR pEC3pl1

pEC3pl2
91,885
59,192 (59,192)c

IncB/ O/ K/ Z
IncI2

MPFI
MPFT

MOBP
MOBP

blaTEM-1C
-

strA, strB, sul2
-

E. coli HMS174 (pEC13)RifR,AmpR pEC13 71,656 IncFII MPFF MOBF blaCTX-M-14 -
E. coli HMS174 (pEC14)RifR,AmpR pEC14pl1

pEC14pl2
143,590
87,848
(87,666)c

IncFII, IncQ1, IncP,
IncFIB
IncI1

MPFF
MPFI

MOBF
MOBP

blaTEM-1B
-

strA,strB, aadA1, mph(B),
sul1, sul2, tet(A), dfrA1

-
E. coli HMS174 (pEC15)RifR,AmpR pEC15pl1

pEC15pl2
87,811
(87,767)c

38,611

IncI1
IncX1

MPFI
MPFT

MOBP
MOBQ

-
blaTEM-52B

-
-

E. coli HMS174 (pEC16)RifR,AmpR pEC16pl1
pEC16pl2b

94,325
(95,380)c

7,939

IncI1
ColRNAI

MPFF
-

MOBP
MOBP

blaSHV-12
-

-
-

E. coli JM109(pSU19) (RP4)CamR, AmpR, KanR, TetR pSU19a

RP4
60,095 IncP-1a MPFT MOBP blaTEM22 cat

tet(A), aph(39)-lb
E. coli HMS174(RP4)RifR, AmpR, KanR, TetR RP4 60,095 IncP-1a MPFT MOBP blaTEM-2 tet(A), aph(39)-lb
K. pneumoniae DSM681 (plasmid-free)RifR, AmpR - - - - - blaSHV-28 -
K. pneumoniae DSM681 (plasmid-free)StrepR, AmpR - - - - - blaSHV-28 -
K. pneumoniae DSM681(RP4)RifR, AmpR, KanR, TetR RP4 60,095 IncP-1a MPFT MOBP blaTEM-2, blaSHV-28 tet(A), aph(39)-lb
K. pneumoniae DSM681(RP4)StrepR, AmpR, KanR, TetR RP4 60,095 IncP-1a MPFT MOBP blaTEM-2, blaSHV-28 tet(A), aph(39)-lb
aNonconjugative plasmid.
bNonconjugative mobilizable plasmid.
cAlterations to plasmid size due to the shufflon area are indicated in parentheses.
dMPF = mating pair formation; MOB = mobility.
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supplemented with 150 mg/mL rifampicin to determine their cell number (CFU). The mean conjugation
frequency was given as the transconjugant cell density divided by donor cell number.

Plaque assay. To determine the infectivity of the PRD1 phage, which is dependent on the RP4 mat-
ing pair formation complex, spot test plaque assays were performed (69). The plaque assays were initi-
ated by combining 3 mL of melted LB soft-agar (0.7%) with 100 mL of overnight grown plasmid-carrying
host and then poured onto LB agar plates. PRD1 viral lysate (6.9 � 1010 PFU/mL; plaque forming units)
was then spotted (10 mL) onto the plates. The plates were grown overnight at 37°C.

Plasmid sequencing and bioinformatic analyses. To explore the possible mutations in the evolved
RP4 plasmids, the total DNA from clonal populations of the E. coli HMS174rifR strain carrying RP4E, RP4K,
RP4EK, and RP4C1 (as reference) was isolated using Wizard genomic DNA purification kit (Promega) accord-
ing to themanufacturer’s instructions. The DNA concentration was determined with a Qubit 3.0 fluorometer
using the dsDNA HS kit (Invitrogen, ThermoFisher Scientific). The sequencing library preparation was done
with NEB Next Ultra DNA Library Prep kit and 2 � 150 bp paired-end (PE150) DNA sequencing was per-
formed on Illumina NovaSeq 6000 platform with S4 flowcell for the strains carrying the evolved plasmids.
The illumina reads were trimmedwith trimmomatic (0.39) (70). Trimmomatic was run as paired endmode to
trim for illumina adapters (ILLUMINACLIP with the following settings: 2 for seed mismatches; 30 for palin-
drome clip threshold; 10 for simple clip threshold; and 2 as minimum adapter length in palindromemode in
keepBothReads setting) and for quality (SLIDINGWINDOWwith 3 for window size and 21 for average quality
threshold). Reads with length under 100 bp after trimmingwere discarded from the analysis.

RP4C1 served as an unevolved control and was used for short-insert library preparation and sequenced
with DNBSEQ platform (PE150). The reads were quality- and adapter-trimmed with SOAPnuke (71) by the
sequencing service; reads containing more than 1% of N, more than 40% of the bases in a read have quality
value under 20, or reads with length under 150 bp were removed. The corrected reads were mapped to
reference RP4 sequence (BN000925.1) to detect possible genetic changes using the mutation prediction
pipeline breseq (0.37.0) with consensus mode to detect mutations that exist in the clonal samples at 100%
frequency (72). The mutations detected in RP4C1 were filtered out from the evolved plasmid mutations
manually. The overall coverages were 435 (RP4C1), 1127 (RP4E), 471 (RP4K) and 522 (RP4EK). The sequencing
coverage of the deletion site was 477 for RP4K and 547 for RP4EK. The Geneious Prime software version
2022.2.2 (Geneious) was used to further visualize specific mutations in themapped plasmid sequences.

Statistical analysis. All statistical analysis was carried out in RStudio (R version 4.2.1) (see code in sup-
plemental material, Supplemental Text File S1). The dependent variable (CFU/mL) was transformed on a log
scale. The possible statistical significance of each plasmid in each rescue and conjugation setup was deter-
mined through either a one-way ANOVA with Tukey-HSD as post hoc comparisons or a Kruskal-Wallis with
Dunn test as post hoc comparisons. The statistical significance between plasmids found with the Tukey and
Dunn tests was indicated through a compact letter display on the figures.
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