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ABSTRACT 

Since their discovery in the early 20th century, antibiotics have truly 

revolutionized human medicine. They have allowed us to treat diseases that 

were previously untreatable and have become a staple of modern medicine. 

However, along with the human use of antibiotics pathogens resistant to 

antibiotics emerged. Over the last decades, an arms race between bacteria 

developing resistance and human medicine has been raging. Today, antibiotic 

resistance is a global problem with even the most potent antibiotics losing their 

efficiency.  

Antibiotic resistance occurs when bacteria develop mechanisms to withstand 

the antibacterial effects of antibiotics. It is widely known that, once developed, 

resistance is selected for by the concentrations of antibiotics that are used to 

treat infections. In addition, it is becoming increasingly evident that even very 

low levels, often many times lower than those used in a clinical setting, can 

select for resistance. These low levels of antibiotics are commonly found in the 

environment where they contribute to the global reservoir of resistance by 

maintaining a constant level of resistance. Antibiotic resistance can also spread 

between bacteria through horizontal gene transfer. The major driving force 

behind this is believed to be bacterial conjugation. Despite this, the underlying 

mechanisms of conjugation are not fully understood. 

In this thesis, antibiotic resistance and horizontal gene transfer is explored from 

a genome-wide perspective. The results indicate that the presence of resistance 

genes alone does not give the full picture when it comes to growth at sub-

inhibitory levels of antibiotics. We also discuss how conjugation can be 

inhibited and found both genetic and environmental factors that can impair 

conjugation. Overall, our findings emphasize the importance of understanding 

the emergence, selection, and spread of antibiotic resistance at sub-inhibitory 

concentrations of antibiotics.  

Keywords: antibiotics, antibiotic resistance, Escherichia coli, heavy metals, 

bacterial conjugation, pangenome, sub-inhibitory  



  



SAMMANFATTNING 

Sedan deras upptäckt i början av 1900-talet har antibiotika revolutionerat den 

moderna sjukvården. De har gjort det möjligt för oss att behandla sjukdomar 

som tidigare inte gick att behandla och har därmed blivit en av stöttepelarna 

inom både human och veterinär sjukvård. I samband med att användningen av 

antibiotika inom sjukvården ökat har även antalet sjukdomsframkallande 

bakterier som är resistenta mot antibiotika ökat. Under de senaste årtiondena 

har en kapprustning mellan bakterier och sjukvården rasat. Idag är 

antibiotikaresistens ett globalt problem där även de mest effektiva antibiotika 

börjat tappa sin slagkraft.  

Antibiotikaresistens uppstår genom att bakterier utvecklar mekanismer för att 

oskadliggöra antibiotikans effekt. När resistens har uppstått kan den främjas, 

eller selekteras för, av användning av antibiotika, speciellt av sådana nivåer 

som används för att behandla infektioner. Även mycket låga nivåer av 

antibiotika kan främja förekomsten av antibiotikaresistens. Sådana nivåer är 

vanligtvis många gånger lägre än de som används inom sjukvård och är således 

icke-hämmande för bakterier. Dessa låga nivåer förekommer ofta i miljön där 

de bidrar till den globala reservoaren av resistens genom att bibehålla en 

konstant nivå av resistens. Dessutom kan antibiotikaresistens spridas mellan 

bakterier genom horisontell genöverföring. Den huvudsakliga drivkraften 

bakom detta tros vara bakteriell konjugation. Trots detta är de underliggande 

mekanismerna för konjugation inte helt fastställda.  

I denna avhandling utforskar vi antibiotikaresistens och dess spridning genom 

bakteriell konjugation ur ett genomomfattande perspektiv. Våra resultat visar 

på att förekomsten av antibiotikaresistensgener inte alltid ger hela bilden när 

det gäller tillväxt i närvaro av icke-hämmande nivåer av antibiotika. Vi 

diskuterar även möjligheten att stoppa konjugation och vilka miljö- och 

genetiska faktorer som kan hindra konjugation. Över lag betonar våra resultat 

vikten av att förstå uppkomsten, urvalet och spridningen av antibiotikaresistens 

vid icke-hämmande nivåer av antibiotika.
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AIM OF THE THESIS 

Antibiotic resistance is a major threat to modern medicine and over time, the 

severity of this problem has escalated. One of the major driving forces 

contributing to this is that of horizontal gene transfer, in particular bacterial 

conjugation. 

This thesis compiles a total of five research papers which explore aspects of 

antibiotic resistance and mechanisms behind bacterial conjugation at a 

genome-wide scale. The initial part of the thesis introduces antibiotics and their 

mechanisms of action followed by the various mechanisms of antibiotic 

resistance employed by bacteria. Next, heavy metal toxicity and resistance, and 

the co-selection of heavy metal and antibiotic resistance are discussed. Lastly, 

the various mechanisms of horizontal gene transfer and how they contribute to 

resistance are reviewed. The papers can be divided into two main groups that 

explore different aspects of antibiotic resistance. 

First, we explore the growth in the presence of sub-inhibitory levels of 

antibiotics and heavy metals. 

a) In Paper I, we explore the phenotype-genotype landscape of 

Escherichia coli with regards to growth on sub-inhibitory 

levels of antibiotics and heavy metals.  

b) In Paper II, we employ machine learning to predict growth 

characteristics of E. coli growing in the presence of sub-

inhibitory concentrations of antibiotics. 

Second, we study the spread of antibiotic resistance through conjugation. 

c) In Paper III, we briefly discuss various ways of inhibiting 

conjugation in order to stop the spread of antibiotic resistance.  

d) In Paper IV and Paper V, we set out to investigate how 

genetic and environmental perturbations impact the 

conjugation of an IncF plasmid. 
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ANTIBIOTICS 

The discovery of antibiotics has forever changed all aspects of modern 

medicine, not only because it allowed for the treatment of potentially lethal 

infections, but also because it made it possible to perform medical procedures 

such as organ transplants and cancer treatments. The introduction of antibiotics 

also had a big impact on modern society by indirectly increasing the average 

lifespan over the course of the 20th century (Lederberg, 2000). Most antibiotics 

that are in clinical use today were originally isolated from soil microorganisms. 

Despite this, the role of antibiotics in nature and why microorganisms produce 

them in the first place is still not fully understood. The most straightforward 

answer, due to their antimicrobial properties, would be that they act as 

chemical weapons that microorganisms use to kill or inhibit its neighbors to 

compete for nutrients. Although, the levels of antibiotics produced in a natural 

setting are much lower than what is used in a clinical setting and rarely reach 

inhibitory concentrations for most environmental bacteria (Aminov, 2009). 

These low levels of antibiotics have led some to speculate that the main 

function of antibiotics is not to kill other microorganisms, but rather to 

communicate with them. In fact, low levels of antibiotics have been shown to 

alter gene expression (Fajardo & Martínez, 2008). Regardless of their natural 

function, the discovery and introduction of antibiotics are without a doubt one 

of the most important medical advances of all time. 

A BRIEF HISTORY OF ANTIBIOTIC DISCOVERY 

1900s-1910s, Salvarsan 

The history of antibiotics starts with German physician and scientist Paul 

Ehrlich and his search for a “magic bullet”, a substance that could kill 

infectious agents without harming the human host. In the early 1900s, syphilis 

had a major impact on society. The treatments of syphilis at the time, most 

commonly using mercury, suffered from poor efficacy and severe side effects 

making the disease very difficult to cure. In 1907, Paul Ehrlich and Alfred 

Bertheim synthesized the organoarsenic compound arsphenamine from 

Atoxyl, a compound known to have some inhibitory activity against 
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trypanosomes with severe toxic side effects. Two years later, while performing 

a screen of organic arsenical compounds, Sahachiro Hata discovered that 

arsphenamine was toxic to the bacterium Treponema pallidum, the causative 

agent of syphilis. The compound was also well tolerated by humans and 

became in 1910 the first antimicrobial introduced into clinical use, marketed 

under the name Salvarsan.  

1930s-1940s, Prontosil and sulfa drugs 

Inspired by Ehrlich’s work and success with Salvarsan, the Friedrich Bayer 

company in Germany set out to find new potential antibacterial compounds. In 

1932, the chemists Joseph Klarer and Fritz Mietzsch, synthesized several 

hundred compounds for bacteriologist Gerhard Domagk to test. The basis for 

many of these compounds were azo dyes. Among the compounds that were 

synthesized was KL-695, an azo dye to which a sulfonamide group had been 

added, which showed a weak antibacterial activity against streptococci in mice. 

Following the promising results with KL-695, Klarer and Mietzsch performed 

some further synthetic work to improve the activity of KL-695. This yielded 

KL-730, later named Prontosil, that had a more consistent and effective 

antibacterial activity against streptococci in mice (Bentley, 2009). Over the 

following years, Prontosil started being used in treatment of streptococcal 

infections in humans. However, the medical community was initially 

somewhat skeptical about its overall effectiveness. It was not until 1936 that 

Prontosil was accepted by the broader medical community after Colebrook 

used it to treat puerperal (postpartum) infections (Colebrook & Kenny, 1936) 

and several success stories, including the treatment of U.S. President Franklin 

D. Roosevelt’s son (TIME Magazine, 1936), were published.  The success of 

Prontosil prompted several medicinal chemistry labs to investigate and 

improve Prontosil further. One such group was that of Ernest Fourneau at the 

Pasteur Institute in Paris. Fourneau’s group could show that the azo link of 

Prontosil could be broken within tissues to yield sulfanilamide and later also 

showed that sulfanilamide was the sole cause of Prontosil’s antibacterial 

properties (Tréfouël et al., 1935; Wainwright & Kristiansen, 2011). This 

discovery sparked an increase into the synthesis and investigation of 

sulfonamides. Between 1935 and 1945 hundreds of new sulfonamide 
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compounds were produced and introduced to treat infections, in part thanks to 

the ease with which sulfanilamide could be modified. Thus, the first class of 

antibiotics was born.  

1940s, penicillin 

In 1928, prior to the introduction of sulfa drugs, Alexander Fleming made a 

peculiar find when he returned to his lab at St. Mary’s Hospital in London from 

a holiday. He had noticed that an agar plate with Staphylococcus aureus had 

been contaminated by mold and that the area around the mold had been free of 

bacteria. He hypothesized that the mold secreted some compound that killed 

the surrounding bacteria. Seeing the potential of his finding, Fleming went on 

to isolate the mold and identified it as a member of the Penicillium genus (later 

shown to be Penicillium rubens). He obtained an extract from the mold and 

confirmed his hypothesis by testing the extract on staphylococci and other 

gram-positive bacteria. He named the active agent of the extract penicillin, 

after Penicillium (Fleming, 1929). However, Fleming and his co-workers were 

unable to purify penicillin due to its unstable nature. It would not be until 1939 

when Ernst Boris Chain and Howard Florey of Oxford University revisited 

Fleming’s findings, as part of an initiative to find other agents with 

antibacterial properties, that penicillin would finally be purified (Chain et al., 

1940). When, large-scale production of penicillin started in 1944, it quickly 

became one of the most used drugs and was hailed as a “miracle drug”.  

1940s-1960s, the “golden age” of antibiotic discovery 

Shortly after the first clinical use of penicillin, in 1943, a new compound was 

isolated from Streptomyces griseus by Albert Schatz that showed potential as 

an antibiotic. This compound, named streptomycin, showed antibacterial 

activity against Escherichia coli and the tuberculosis bacterium 

Mycobacterium tuberculosis, for which streptomycin was the first effective 

treatment. The discovery and introduction of penicillin and streptomycin paved 

the way for a golden age of antibiotic discovery where many new antibiotic 

classes were discovered, many of which are still in clinical use today. During 

these years, the focus shifted from trying to synthesize new compounds to 

instead find natural products that have antibacterial properties. Some examples 
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of the antibiotics discovered and introduced during this era are the 

aminoglycoside kanamycin, the amphenicol chloramphenicol, the 

glycopeptide vancomycin, tetracycline and many more. While most of the 

antibiotics discovered during the 1950s and 1960s were natural products and 

most of which were derived from members of the Streptomyces genus, there 

were also some semi-synthetic and synthetic antibiotics introduced such as the 

cephalosporin, cefacetrile, and the nitrofuran, nitrofurantoin (Hutchings et al., 

2019). The introduction of all these antibiotics forever changed not only human 

medicine but also that of veterinary medicine. During the 1950s it had been 

discovered that giving low doses of penicillin or the newly discovered 

tetracycline to poultry via their feed could increase the growth rate of the birds 

(Heth & Bird, 1962).  This opened a whole new market for the pharmaceutical 

industry and the use of penicillin used in livestock quickly rose and, in 1964, 

matched the use in humans (Hewitt, 1967).  

Mid-1960s-today, post-golden age and the “discovery void” 

In the late 1960s it was generally believed that the time had come to “close the 

book on infectious disease” (Cohen, 2000), because of all the antibiotics that 

were discovered in the previous decades. However, this positive outlook was 

not going to last as antibiotic resistance was on the rise. Clinical resistance to 

penicillin had been detected in staphylococci as early as 1947 (Barber, 1947). 

The response to the rising levels of resistance from researchers and 

pharmaceutical companies was to modify the existing antibiotics such that 

resistant bacteria were susceptible once more. One such antibiotic was 

methicillin, meant to treat penicillin resistant staphylococci. However, 

resistance to methicillin was soon detected as well. This quickly became a 

pattern and soon resistance to most of the antibiotics in clinical use was 

spreading to the point where all the progress made in the previous decades was 

threatened. New classes of antibiotics were desperately needed. Unfortunately, 

starting in the 1980s and lasting until the early 2000s there has been a 

“discovery void” where no new antibiotic classes were discovered and 

introduced. The reasons for this are complex but two contributing factors are 

1) the pharmaceutical industry was focusing on producing analogues to 

existing antibiotics to combat rising resistance and 2) the “low-hanging fruit” 
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of antibiotic classes had already been found. In the early 2000s the discovery 

void ended when two new classes were introduced: the oxazolidinone linezolid 

and the cyclic lipopeptide daptomycin (Coates et al., 2011). Resistance to these 

new classes is still at a relatively low level but it is expected to rise in a similar 

way to resistance to previous antibiotics. As a result, in 2022, more than a 

century after the discovery of salvarsan, bacterial infections are still a very 

current threat to human health. 

MECHANISMS OF ACTION 

Antibiotics exert their antibacterial properties by blocking or disrupting 

important parts of the bacterial cell or its metabolism. Many of the structures 

targeted by antibiotics only exist in bacteria, such as the cell wall or some 

metabolic enzymes. The targets that do also exist in humans, such as the 

ribosome, are in most cases sufficiently distinct from each other such that 

selective toxicity is possible. Generally, antibiotics fall into two major 

categories based on their mechanism of action: bactericidal or bacteriostatic. 

Bactericidal antibiotics work by killing the bacteria either through lysis, by 

interfering with the cell wall or membrane, or by inhibiting DNA synthesis. 

Bacteriostatic antibiotics work by inhibiting the growth of the bacteria. This is 

generally achieved by preventing the bacteria from producing new proteins.  

Cell wall synthesis inhibitors 

The cell wall is an essential part of the bacterial cell that makes up the 

bacterium’s first line of defense against its surrounding environment and gives 

the cell its structural integrity. It also allows for the intake of nutrients from the 

outside and the disposal of waste molecules from the inside via various 

channels and porins integrated into the cell wall. The structural strength of the 

cell wall comes from a layer of peptidoglycan which is a matrix of 

polysaccharide strands that are cross-linked by short peptides. The process to 

synthesize this peptidoglycan layer is complex and is a very common target for 

antibiotics (Figure 1).  
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Figure 1. Cell wall synthesis inhibitors. The last steps of peptidoglycan synthesis involve the 

cross-linking of peptidoglycan strands. This is catalyzed through the action of penicillin-

binding proteins (PBPs). PBPs bind to the D-Ala-D-Ala moiety found at the end of the 

peptidoglycan to cross-link two peptidoglycan strands together. β-lactam antibiotics inhibit cell 

wall synthesis by binding to and inhibiting PBPs, which leads to a structurally weakened cell 

wall that is unable to withstand the increasing pressure as the cell grows, leading to cell death. 

Similarly, glycopeptide antibiotics also prevent the function of PBPs. However, rather than 

binding directly to the enzyme itself, it binds to and blocks access to the D-Ala-D-Ala moiety. 

Figure created with BioRender.com. 

 

β-lactams 

The β-lactams are a class of bactericidal antibiotics and are the most widely 

used group of antibiotics. They are characterized by the presence of a β-lactam 

ring in their chemical structure. This rather unique structure allows them to 

covalently bind to and inhibit a group of proteins called penicillin-binding 

proteins (PBPs) in the cell wall. PBPs are involved in the later stages of 

peptidoglycan synthesis, in which the polysaccharide strands are cross-linked. 

PBPs bind to a D-Ala-D-Ala moiety at the end of the peptidoglycan and 

perform the cross-linking reaction with another peptidoglycan strand (Figure 

1). The structure of the β-lactam antibiotics is similar to that of the D-Ala-D-

Ala moiety, allowing them to bind irreversibly to the active site of the PBPs 

(Tipper & Strominger, 1965; Spratt & Cromie, 1988). By inhibiting these 
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proteins, the peptidoglycan layer and the cell wall as a whole is structurally 

weakened. This weakened cell wall is unable to withstand the increasing 

pressure that is generated as the cell grows bigger and the cell bursts, like that 

of a balloon that is inflated too far. 

The β-lactam class is typically divided into subgroups. These subgroups are 

penicillins, cephalosporins, monobactams and carbapenems. Cephalosporins 

are commonly used as chemical scaffolds which led to a continuous 

development of new and improved versions. There are currently five 

generations of cephalosporins and the most recent ones, such as ceftaroline, 

are used in the treatment of several important pathogens (T. E. Long & 

Williams, 2014). Monobactams are, in contrast to the other β-lactams, 

exclusively used against Gram-negative bacteria as they have a low affinity for 

the PBPs of Gram-positive bacteria (Brewer & Hellinger, 1991). Carbapenems 

have the broadest spectrum of activity among the β-lactams. They are typically 

reserved for the use of multidrug resistant (MDR) bacteria as they are generally 

less susceptible to β-lactamases than other β-lactams and are thus often used 

as “last resort antibiotics” (Livermore, 1998).  

Glycopeptides 

Glycopeptides are bactericidal antibiotics that kill bacteria by, like β-lactams, 

inhibiting peptidoglycan synthesis, albeit in a slightly different way. Rather 

than binding to PBPs to inhibit their function, glycopeptides bind to the D-Ala-

D-Ala moiety itself to block the PBPs from accessing the peptidoglycan 

precursor (Figure 1). This ultimately prevents the PBPs from cross-linking the 

peptidoglycan and the cell wall is weakened. Glycopeptides are, in general, 

only active against Gram-positive bacteria. This is because of the size of the 

glycopeptide molecule which prevents it from passing the outer membrane of 

Gram-negative bacteria. There are, however, some findings that indicate that 

this can be circumvented by modifying the glycopeptide (Yarlagadda et al., 

2016). Many glycopeptide antibiotics, such as vancomycin, teicoplanin and 

telavancin, are used to treat infections that are resistant to β-lactams (Zeng et 

al., 2016).  
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Protein synthesis inhibitors 

Bacterial 70S ribosomes are large macromolecular complexes consisting of a 

small 30S and a large 50S subunit, that translate the information stored in 

mRNA into a polypeptide chain that is folded into a functioning protein. 

During translation, the 30S subunit will bind to an mRNA after which the 50S 

subunit and other accessory components assemble to initiate translation. The 

70S ribosome has three sites for binding of tRNA: the A, P and E sites. The A 

site is where an aminoacyl-tRNA, a tRNA carrying a specific amino acid, binds 

to the ribosome. Before binding, a decoding center located on the 30S subunit 

ensures that the interaction between the anticodon of the incoming tRNA and 

the codon of the mRNA matches to ensure that the correct amino acid is added 

to the polypeptide. Once bound to the ribosome, the forming polypeptide chain 

is transferred to the aminoacyl-tRNA in the A site by the formation of a peptide 

bond between the polypeptide chain and the amino acid. This reaction is 

catalyzed by a peptidyl transferase center on the 50S subunit and as it takes 

place, the ribosome shifts along the mRNA and the tRNA in the A site, now a 

peptidyl-tRNA, moves to the P site. At the same time, the tRNA that occupied 

the P site passes to the E site where it exits the ribosome, allowing a new 

aminoacyl-tRNA to bind to the A site. This process repeats until the entire 

mRNA has been translated after which the 70S ribosome is split into its 

subunits that are recycled for the next round of translation. Protein synthesis, 

the ribosome in particular, is the target of a wide variety of antibiotics, most of 

which are bacteriostatic (Figure 2). 

Aminoglycosides 

Aminoglycosides are a group of antibiotics that bind to sites on the ribosome. 

Most aminoglycosides, such as kanamycin and gentamicin, have a bactericidal 

effect. These antibiotics kill the cell by binding to and inhibiting the decoding 

center of the 30S ribosomal subunit (Figure 2). This will not stop the translation 

process but rather induce misreading of the mRNA, causing the ribosome to 

produce non-functional and sometimes toxic proteins (Krause et al., 2016). 

These proteins are subsequently released into the cell where they will cause 

damage to various cellular components, such as the cell membrane, leading to 

cell death (Davis et al., 1986). Some aminoglycosides, such as spectinomycin, 
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have a bacteriostatic activity. These antibiotics bind to the A site of the 

ribosome and prevent translocation of the tRNA from the A site to the P site 

(Burns & Cundliffe, 1973). This will cause the ribosome to stall, and protein 

synthesis will be interrupted leading to bacteriostasis. 

Figure 2. Protein synthesis inhibitors. The ribosome is the target of a large number of 

antibiotics and inhibiting any of these steps leads to either cell death or growth inhibition. 

Oxazolidinones bind to the 30S subunit and prevent ribosome assembly. Tetracyclines binds to 

the A site of the 30S subunit and prevent the binding of incoming tRNA molecules. 

Aminoglycosides inhibit the decoding function of the 30S subunit, leading to the production of 

non-functional proteins. Amphenicols interfere with the peptidyl transferase activity of the 50S 

subunit, preventing the formation of a peptide bond between the polypeptide and the incoming 

tRNA. Similarly, some macrolides also inhibit peptidyl transferase activity while others bind to 

and block the tunnel through which polypeptide chain exits the ribosome, leading to the 

premature dissociation of the peptidyl-tRNA from the ribosome. Figure created with 

BioRender.com. 

Amphenicols 

Amphenicols is a class of broad-spectrum antibiotics that have a bacteriostatic 

activity against Gram-positive and Gram-negative bacteria. They stop bacterial 

growth by inhibiting the elongation of the polypeptide chain during translation 

by binding to and inhibiting the peptidyl transferase activity of the 50S 
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ribosomal subunit (Figure 2). This prevents the ribosome from forming a 

peptide bond between the incoming amino acid and the nascent polypeptide 

chain, leading to a disruption of protein synthesis and growth ceases. 

Amphenicols, such as chloramphenicol, are rarely used systemically in humans 

due to severe side effects but are still used to treat topical and eye infections 

(Lam et al., 2002).   

Macrolides 

Macrolides is a class of bacteriostatic antibiotics mainly used against Gram-

positive bacteria. Macrolides exert their bacteriostatic mechanisms through 

two general mechanisms depending on their chemical structures. First, some 

macrolides such as spiramycin stop bacterial growth by preventing polypeptide 

chain elongation by inhibiting the peptidyl transferase activity of the 50S 

subunit, similar to amphenicols (Poulsen et al., 2000).  Second, macrolides 

such as erythromycin bind to and block the entrance to the tunnel through 

which the nascent polypeptide chain exits the ribosome (Figure 2). This 

blockage will cause the peptidyl-tRNA to prematurely dissociate from the 

ribosome shortly after translation initiation, leading to the formation of short 

and non-functional peptide chains (Menninger & Otto, 1982). 

Oxazolidinones 

Oxazolidinones is a recently discovered class of bacteriostatic antibiotics that 

have a rather unique mechanism of action. Oxazolidinones, such as linezolid, 

inhibit protein synthesis by preventing the assembly of the translation initiation 

complex (Swaney et al., 1998).  The translation initiation complex consists of 

the 70S ribosome, a tRNA charged with N-formylmethionine and the mRNA 

to be translated. Linezolid binds to the 50S subunit near the interface with the 

30S subunit, causing a distortion of the site. This distortion has been suggested 

to prevent the translation initiation complex from properly forming, leading to 

the inhibition of translation initiation (Figure 2) (A. H. Lin et al., 1997).  

Tetracyclines 

Tetracyclines are a class of antibiotics that can be divided into two subgroups, 

typical and atypical. Typical tetracyclines, such as tetracycline and tigecycline, 
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are bacteriostatic antibiotics that target the binding of the charged tRNA to the 

translation complex. They bind to the A site of the 30S ribosomal subunit and 

prevent the binding of incoming charged tRNAs (Figure 2) (Wurmbach & 

Nierhaus, 1983). This leads to a stop in the translation process as the ribosome 

will be unable to receive and incorporate new amino acids. Atypical 

tetracyclines, such as anhydrotetracycline, are derivatives of tetracyclines that 

exhibit a bactericidal activity. Rather than targeting the ribosome and protein 

synthesis, they have been suggested to target the cytoplasmic membrane (Oliva 

et al., 1992). However, atypical tetracyclines are not used clinically due to their 

side effects.  

Folate synthesis inhibitors 

Tetrahydrofolic acid (THFA) is a cofactor that is involved in many different 

biosynthetic reactions in the cell. It is especially important in nucleic acid 

biosynthesis where it is an essential precursor for the biosynthesis of thymine, 

one of the bases of DNA. While THFA is essential in both humans and 

bacteria, they acquire it in different ways. Humans, and other mammals, have 

active folate transporters in the membrane that transport folate into the cell 

while in bacteria it needs to be synthesized through folate biosynthetic 

pathways (Henderson & Huennekens, 1986). The process to synthesize THFA 

involves many different enzymes. The two final steps of the process are the 

conversion of p-aminobenzoic acid (PABA) and dihydropteroate diphosphate 

into dihydrofolic acid, and the reduction of dihydrofolic acid into THFA. These 

steps are catalyzed by dihydropteroate synthase (DHPS) and dihydrofolate 

reductase (DHFR) respectively (Figure 3). These two steps are also the target 

of antibiotics. DHPS is inhibited by sulfonamides and DHFR is inhibited by 

trimethoprim (Burman, 1986). The inhibition of either of these steps leads to 

the depletion of THFA which in turn will lead to thymine deprivation and 

bacteriostasis. Trimethoprim and sulfamethoxazole, a sulfonamide, are 

commonly combined to achieve a synergistic effect to further shut down the 

synthesis of THFA. When used on their own, trimethoprim and 

sulfamethoxazole have a bacteriostatic effect on bacteria. When combined, 
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typically referred to as co-trimoxazole, they exert a bactericidal effect (Garrod 

& Waterworth, 1968). 

Figure 3. Folate synthesis inhibitors. Tetrahydrofolic acid (THFA) is an important precursor 

for the synthesis of thymine. The last steps in the synthesis of THFA involves the conversion 

of PABA to dihydrofolic acid, catalyzed by dihydropteroate synthase (DHPS), and the 

reduction of dihydrofolic acid into THFA, catalyzed by dihydrofolate reductase (DHFR). These 

enzymes are the targets of sulfonamide antibiotics and trimethoprim respectively. Inhibiting 

either of these steps lead to the depletion of thymine and stalled bacterial growth. Figure created 

with BioRender.com. 

 

RNA polymerase inhibitors 

RNA polymerase is an essential component of the cell as it is responsible for 

the transcription of DNA to mRNA, the first step to produce proteins. The 

bacterial RNA polymerase core enzyme consists of five subunits: α (two 

copies), β, β´ and ω. These subunits all serve different functions. The α subunits 

act as a scaffold for assembly by forming a dimer and interacting with the β 

and β’ subunits. The β and β’ subunits make up the bulk of the RNA 

polymerase enzyme (Figure 4). Once assembled, the β and β’ subunits form 

the cleft though which DNA enters and can reach the active site where the 

elongation reaction takes place. They also make up a secondary channel that 

allows for the entry of nucleotides and an exit channel where the nascent 

mRNA leaves the RNA polymerase (Sutherland & Murakami, 2018). The role 

of the ω subunit is still not fully understood but it is speculated that it plays a 

structural and functional role (Mathew & Chatterji, 2006). RNA polymerase is 

the target of the rifamycin class of antibiotics. Rifamycins are bactericidal 

antibiotics that bind to the β subunit in the main channel of the enzyme, near 
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the active site (Campbell et al., 2001). By binding here, it sterically blocks the 

elongation of the mRNA and the RNA polymerase, and thus transcription, 

stalls. The most used rifamycin is rifampicin which is commonly used to treat 

infections caused by mycobacteria such as M. tuberculosis. 

Figure 4. RNA polymerase inhibitors. The core bacterial RNA polymerase is made up of five 

subunits: α (two copies), β, β´ and ω. Rifamycin antibiotics, such as rifampicin, bind close to 

the active site of the β subunit where it blocks mRNA elongation and transcription stops. Figure 

created with BioRender.com. 

 

DNA synthesis inhibitors 

As cells grow, they often need to separate the two strands of its DNA for 

various processes, such as DNA replication and transcription, to allow 

enzymes access to the DNA bases. Opening the DNA is, however, not a 

straightforward process and various problems can be encountered. For 

example, during DNA replication, the two DNA strands are separated by 

helicases, and the DNA is replicated by DNA polymerase. However, this 

separation of the DNA strands will eventually lead to the formation of positive 

supercoiling in front of the replication fork. This supercoiling can cause the 

replication complex to stall as it is unable to move forward along the DNA. 

For DNA replication to proceed this supercoiling needs to be resolved. In 

bacteria, this is resolved by the topoisomerases, topoisomerase IV and DNA 

gyrase (Figure 5). They do this by introducing a double-strand break in the 

DNA after which the enzyme unwinds the supercoiled DNA. Once the 

supercoiling has been resolved, the topoisomerase repairs the double-strand 

break through ligation. Both topoisomerase IV and DNA gyrase are targets of 

antibiotics. The major class of antibiotics that targets this process is the 
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quinolones. Quinolones are bactericidal antibiotics that will inhibit 

topoisomerase IV and DNA gyrase by binding to the site responsible for the 

re-ligation of the DNA. By doing so the topoisomerases will introduce a 

double-strand break, unwind the DNA but will be unable to repair the double-

strand break, leading to cell death (Aldred et al., 2014). Quinolones, such as 

nalidixic acid, were initially used to urinary tract infections. The second 

generation of quinolones are called fluoroquinolones, due to the addition of a 

fluorine to their chemical structure. Fluoroquinolones, such as ciprofloxacin, 

ofloxacin and levofloxacin, make up the majority of quinolones in clinical use 

and are used to treat a wide variety of infections (King et al., 2000). 

Figure 5. DNA synthesis inhibitors. DNA replication and transcription lead to the formation 

of supercoiling in the bacterial DNA. This supercoiling can cause problems in DNA processing 

and thus must be resolved. The supercoiling is alleviated by topoisomerase IV and DNA gyrase.  

The general mechanism of DNA gyrase is shown. DNA gyrase binds to double-stranded DNA 

(denoted the G-segment). It then captures another molecule of double-stranded DNA (denoted 

the T-segment). A double-strand break is introduced into the G-segment after which the T-

segment is passed through the now open G-segment. DNA gyrase then repairs the double-strand 

break and releases the two DNA molecules. Quinolone and fluoroquinolone antibiotics both 

bind to topoisomerases and inhibit their ability to re-ligate the G-segment. This leads to the 

introduction of double-stranded breaks in the chromosome, leading to cell death. Figure created 

with BioRender.com. 
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Membrane disruption 

The bacterial cell membrane, like the cell wall, plays an important role in 

protecting the cell from outside threats. It is also crucial for maintaining a 

proton motive force through the exchange of protons across the membrane. 

The proton motive force is important for various important bacterial processes 

such as ATP synthesis, nutrient import, and cell division (Strahl & Hamoen, 

2010). 

Polymyxins 

One class of antibiotics that acts on the cell membrane is the polymyxins. There 

are only two polymyxins in clinical use, polymyxin B and colistin, but they are 

rarely used because of their severe side effects. Polymyxins kill Gram-negative 

bacteria by interacting with lipopolysaccharides (LPS) in the outer membrane. 

This interaction will cause the displacement of Ca2+ and Mg2+ ions that help 

stabilize the membrane (Figure 6). This will cause the outer membrane to be 

weakened and lead to the uptake of molecules from the environment and 

leakage of periplasmic proteins. The permeabilization of the outer membrane 

will also allow the polymyxin to penetrate the periplasm and attack the 

cytoplasmic membrane, causing lysis of the cell (Trimble et al., 2016). 

Lipopeptides 

Lipopeptides is a class of bactericidal antibiotics that is one of the most 

recently discovered classes of antibiotics, together with oxazolidinones. The 

most used member of this class is daptomycin. Daptomycin exerts its 

bactericidal activity by disrupting the membrane potential of the cytoplasmic 

membrane, leading to a loss of the proton motive force (Figure 6). The loss of 

the proton motive force causes a disruption of DNA, RNA, and protein 

synthesis in the cell which in turn leads to cell death. It achieves this by 

inserting into the cytoplasmic membrane in a Ca2+- and phosphatidylglycerol-

dependent manner (Jung et al., 2004). In the membrane, it oligomerizes and 

aggregates to form pore-like structures. These structures disrupt the integrity 

of the membrane and cause a release of intracellular ions leading to a loss of 

membrane potential (Silverman et al., 2003). The antibacterial activity of 
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lipopeptides is limited Gram-positive bacteria as it is unable to pass through 

the outer membrane of Gram-negative bacteria. 

Figure 6. Antibiotics targeting the bacterial membrane. Polymyxins interact with the 

lipopolysaccharides (LPS) in the Gram-negative outer membrane, causing the displacement of 

Ca2+ and Mg2+ which leads to the destabilization of the membrane. Lipopeptides insert into the 

cytoplasmic membrane of Gram-positive bacteria where they oligomerize and aggregate to 

form pore-like structures. These structures will disrupt membrane integrity and cause the 

release of intracellular ions leading to a loss of membrane potential. Figure created with 

BioRender.com.  



Martin Palm 

19 

ANTIBIOTIC RESISTANCE 

Antibiotic resistance is defined as a bacterium’s ability to withstand the 

antibacterial activities of antibiotics. Antibiotic resistance has existed for as 

long as there have been antibiotics as a way for antibiotic-producing 

microorganisms to protect themselves or as a defense against antibiotics 

released by other microorganisms. Some studies suggest that antibiotic 

resistance, and presumably antibiotics, are ancient with genes encoding 

resistance to clinically relevant antibiotics being found in 30,000-year-old 

permafrost (D’Costa et al., 2011; Waglechner et al., 2021). While antibiotic 

resistance has been around for thousands of years, it is only during the last 

century that it has started to have a negative impact on human health, where 

resistance to antibiotics have made infections that were previously easily 

treatable untreatable. This increase of antibiotic resistant infections has 

primarily been caused by the over- and misuse of antibiotics, and the lack of 

new classes of antibiotics being developed (Ventola, 2015). This has led to 

resistance emerging among clinically important pathogens, such as 

Escherichia coli and the ESKAPE pathogens: Enterococcus faecium, 

Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, 

Pseudomonas aeruginosa, and Enterobacter spp. In 2018, the World Health 

Organization published a priority list where resistant E. coli and ESKAPE 

pathogens are among the top priorities (Tacconelli et al., 2018). Today, 

antibiotic resistant infections are an all too familiar occurrence in hospitals 

worldwide and it has been estimated that approximately 1.27 million deaths 

could be directly attributed to antibiotic resistant infections in 2019 (Murray et 

al., 2022). Of these deaths, more than 250,000 were attributable to resistant E. 

coli infections alone. In 2017, England’s chief medical officer Sally Davies 

warned that the increasing levels of resistance could lead to “an end of modern 

medicine” and that if no action is taken, we are facing “a dreadful post-

antibiotic apocalypse” (The Guardian, 2017).  
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MECHANISMS OF RESISTANCE 

Mechanisms of resistance differ depending on the bacterial species and the 

antibiotic, and are commonly divided into three groups: intrinsic, acquired, and 

phenotypic resistance. Intrinsic resistance is resistance that occurs naturally 

among some bacterial species. This occurs without any genetic or 

physiological changes to the cell. Most commonly this is because the bacteria 

lack the structure or process that is targeted by the antibiotic, or because the 

antibiotic is unable to reach its target (Nikaido, 1994). Acquired resistance is 

when a bacterium obtains the ability to survive the effects of antibiotics that 

they are not naturally resistant to. This can occur primarily through 

chromosomal mutations or the acquisition of resistance genes through 

horizontal gene transfer (HGT, see later section). Lastly, phenotypic resistance 

refers to resistance, or tolerance, that arises because of transient changes to the 

cell’s physiology such as altered gene expression or decreased metabolism 

(Corona & Martinez, 2013). 

Cell wall and membrane impermeability 

The first obstacle that all antibiotics encounter is how to get past the bacterial 

cell wall and cytoplasmic membrane. Therefore, the permeability of these 

barriers plays a crucial role in the cell’s ability to survive against antibiotics. 

In addition, the chemical properties of the antibiotic will affect its ability to 

penetrate the membrane. Hydrophobic antibiotics can penetrate in a lipid-

mediated manner while hydrophilic antibiotics pass through channels in the 

membrane to enter the cell. The composition of the cell wall differs between 

different bacterial species. The cell wall of Gram-positive bacteria consists of 

the cytoplasmic membrane and a thick layer of peptidoglycan while that of 

Gram-negative bacteria consists of the cytoplasmic membrane, a thin layer of 

peptidoglycan and an outer membrane (Figure 7). This cell wall structure of 

both Gram-positive and negative bacteria can confer intrinsic resistance to 

different antibiotics, but Gram-negative bacteria are generally more resistant 

to various antibiotics because of their outer membrane. The outer membrane is 

different from that of the cytoplasmic membrane in that it contains 

lipopolysaccharides (LPS) which are complex molecules that consists of a lipid 
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and a polysaccharide part. The presence of these molecules makes the outer 

membrane much less permeable to hydrophobic molecules, compared to the 

cytoplasmic membrane (Vaara et al., 1990). In contrast, the lack of an outer 

membrane in Gram-positive bacteria means that limiting drug intake is not as 

prevalent as the thick peptidoglycan layer does not affect the permeability of 

the cell wall. While the cell wall shields the bacterium from the environment, 

it can also prevent nutrients and other important molecules from entering the 

cell. To allow the uptake of these molecules, bacteria produce transmembrane 

channel proteins called porins throughout their membranes. These channels 

can also allow hydrophilic antibiotics through and reducing the number of 

porins in the outer membrane has been shown to lead to increased resistance 

to the carbapenems imipenem and meropenem in E. coli and E. cloacae by 

reducing the uptake of the antibiotic (Cornaglia et al., 1996).  

Drug efflux 

A major contributor to the problem of multidrug resistance is the action of 

efflux pumps. Efflux pumps are transmembrane protein channels that serve as 

a way for the cell to get rid of toxic substances and metabolites by transporting 

them from the cytoplasm to the environment (Figure 7). Over time, these 

systems have evolved to allow them to also transport antibiotics and they can 

confer resistance to antibiotics by decreasing the concentration of a given 

antibiotic in the cytoplasm by transporting it out of the cell. This will prevent 

the antibiotic from reaching the necessary concentration it needs to exert its 

antibacterial effect. In bacteria, there are five clinically relevant families of 

efflux pumps: the ATP-binding cassette (ABC), multidrug and toxic 

compound extrusion (MATE), major facilitator superfamily (MFS), 

resistance-nodulation-division (RND), and small multidrug resistance (SMR) 

families. Among these, the RND family is exclusive to Gram-negative bacteria 

while the ABC, MATE, MFS and SMR families exist in both Gram-negatives 

and positives. These families differ in structure, energy source and substrate 

specificity. For example, efflux pumps of the RND family make up a tripartite 

complex that spans across the inner membrane, periplasm, and outer 

membrane while the other families are only distributed in the inner membrane. 

The ABC family utilizes ATP hydrolysis to transport molecules from across  
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Figure 7. Mechanisms of antibiotic resistance. An overview of the mechanisms deployed by 

bacteria to achieve antibiotic resistance. See text for more details. Figure created with 

BioRender.com. 
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the membrane and the remainder rely on the proton motive force as an energy 

source. All five of the efflux pump families contribute to antibiotic resistance 

but members of the RND and MFS families, such as AcrAB-TolC and NorA 

respectively, are the most clinically relevant (Piddock, 2006).  

Although drug efflux usually leads to a lower level of resistance compared to 

other resistance mechanisms, the resistance conferred by efflux pumps is 

generally broader since some efflux pumps are able to extrude a wide variety 

of antibiotics leading to multidrug resistance (Piddock, 2006). Resistance 

conferred by drug efflux can occur at an intrinsic, acquired, or phenotypic 

level. At an intrinsic level, efflux pumps can be expressed constitutively, such 

as the MexAB-OprM and AcrAB-TolC systems in Pseudomonas aeruginosa 

and E. coli respectively that confers resistance to various antibiotics (Nikaido 

& Zgurskaya, 2001; Poole et al., 1993). Acquired resistance can occur through 

HGT of genes encoding efflux pumps that are commonly encoded on plasmids. 

Notably, these efflux pumps typically have a narrower range than those 

encoded on the chromosome. Examples of this are the Tet, Qac and OqxAB 

gene families of efflux pumps, encoding resistance to tetracyclines, antiseptics 

and quinolones respectively, which are found in both Gram-negative and 

Gram-positive bacteria (Hernando-Amado et al., 2016). Resistance can also be 

acquired by chromosomal mutations in regulatory elements that lead to an 

increased expression of naturally occurring efflux pumps, such as mutations in 

mvaT in P. aeruginosa which leads to an increase in the expression of the 

MexEF-OprN efflux system (Westfall et al., 2006). Finally, the expression of 

some efflux systems is induced by the presence of antibiotics, leading to 

phenotypic resistance. An example of this is the TtgABC efflux pump in 

Pseudomonas putida, the expression of which is induced by chloramphenicol 

and tetracycline through the regulator TtgR (Terán et al., 2003). 
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Drug inactivation 

A common way of achieving resistance to an antibiotic is through the 

production of drug-inactivating enzymes. This inactivation can occur either 

through the direct degradation of the antibiotic or by chemically modifying the 

antibiotic, rendering it unable to bind to its target (Figure 7). One of the most 

common types of resistance conferred by drug degradation is β-lactam 

resistance. This is mediated by enzymes called β-lactamases that can bind to 

and destroy the β-lactam ring of β-lactam antibiotics, rendering them inactive. 

β-lactamases have been studied extensively due to their prevalence in 

antibiotic resistant infections. The first enzyme able to degrade penicillin, then 

referred to as a penicillinase, was isolated already in 1940, even before the 

clinical use of penicillin had started (Abraham & Chain, 1940). Since then, the 

clinical prevalence and the number of β-lactamases has skyrocketed. Today, β-

lactamases are a major clinical problem with the emergence of so-called 

extended-spectrum β-lactamases (ESBL). ESBLs are β-lactamases that have 

evolved to be able to degrade even the latest generation of β-lactam antibiotics, 

including fifth generation cephalosporins and carbapenems. β-lactamases are 

divided into four major classes based on their sequence similarity: class A, B, 

C, and D (Ambler, 1980). These are also broadly divided into two larger groups 

based on their active site, and thus mechanism of action: Class A, C and D are 

serine β-lactamases (SBL), with a serine residue in their active site, while 

members of class B are metallo-β-lactamases (MBL), with a zinc ion in their 

active site. Although all these classes of β-lactamases are widely distributed 

among bacterial species, there are a few enzyme families that are widely 

disseminated among important bacterial pathogens, including E. coli and the 

ESKAPE pathogens. Some of the clinically most important β-lactamase 

families of each class are TEM, SHV, CTX-M and KPC (class A), NDM (class 

B), CMY (class C) and OXA (class D) (Tooke et al., 2019). A major driving 

force for the success of these enzymes is their dissemination on conjugative 

plasmids that spread through horizontal gene transfer (see later section). Due 

to the prevalence of β-lactamases in clinical infections, resources have been 

put into finding and developing β-lactamase inhibitors. β-lactamase inhibitors, 

such as clavulanic acid, are commonly used in combination with β-lactam 
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antibiotics and work by reversibly or irreversibly binding close to the active 

site of β-lactamases to inhibit their hydrolytic function (Bush, 1988). 

Drug inactivation can also occur through chemical modification (Figure 7); 

most commonly by acetylation, phosphorylation, or adenylation of the 

antibiotic. These reactions are catalyzed by acetyl-, phospho- and 

nucleotidyltransferases respectively. Chemical modification is a common 

mechanism of resistance for many antibiotics such as chloramphenicol and 

rifampin, conferred by the chloramphenicol acetyltransferase (CAT) and 

rifampin phosphotransferase (RPH) enzymes respectively (Schwarz et al., 

2004; Spanogiannopoulos et al., 2014). Further, the aminoglycoside class of 

antibiotics are particularly susceptible to chemical modification due to their 

chemical structure. Aminoglycoside modifying enzymes (AMEs) are split into 

three major groups, based on their function: aminoglycoside acetyltransferase 

(AAC), aminoglycoside phosphotransferase (APH) and aminoglycoside 

nucleotidyltransferase (ANT). The modifications catalyzed by these enzymes 

prevent the aminoglycoside from effectively binding to the ribosome (Llano-

Sotelo et al., 2002). These three functional groups can be divided into several 

subgroups based on which site on the aminoglycoside they modify, and the 

subgroups specify the resistance phenotype. These groups all include enzymes 

capable of modifying clinically relevant aminoglycoside antibiotics and some 

of them are commonly found on plasmids and other mobile genetic elements 

such as integrons and transposons (Ramirez & Tolmasky, 2010). While most 

antibiotic modifying enzymes are substrate specific, a variant of the 

aminoglycoside acetyltransferase AAC(6´)-Ib has been shown to also reduce 

the activity of ciprofloxacin, designated AAC(6´)-Ib-cr (Robicsek et al., 2006). 

In addition, aminoglycoside modifying enzymes can be bifunctional. One such 

enzyme is AAC(6´)-APH(2´´) which exhibit both AAC and APH activity 

against virtually all aminoglycosides (Ferretti et al., 1986). These bifunctional 

enzymes are of particular clinical importance as they can confer resistance to 

a wide range of aminoglycoside antibiotics. 
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Target modification 

The chemical structure of an antibiotic is important for its ability to bind to and 

inhibit its target. In a similar manner, the structure of the target structure is just 

as important. This means that mutational changes or modifications that alter 

the structure of an antibiotic target, without impeding its function, can change 

its susceptibility to the antibiotic (Figure 7). Examples of resistance conferred 

in this way is that of rifamycin and quinolone resistance where point mutations 

can confer partial or full resistance (Wehrli, 1983). Rifamycin resistance 

occurs through mutations in rpoB, the gene encoding the β subunit of RNA 

polymerase, resulting in amino acid alterations that prevent rifamycin 

antibiotics from binding (Campbell et al., 2001). Quinolone resistance 

typically occurs through point mutations in the genes encoding the subunits of 

topoisomerase IV and DNA gyrase, parC and parE, and gyrA and gyrB 

respectively. Of these, point mutations in parC and gyrA are the most prevalent 

mutations conferring resistance. These mutations most commonly occur in a 

region of the two genes close to the active site, called the quinolone resistance-

determining region (QRDR) (Yoshida et al., 1990). These mutations will 

change the structure of the enzyme in a way that prevents the binding of 

quinolone antibiotics, such as ciprofloxacin. In addition to these point 

mutations, quinolone resistance can be conferred by the qnr family of genes, 

typically found on plasmids (Vetting et al., 2011). These genes encode proteins 

that can bind to topoisomerase IV and DNA gyrase to protect it from the 

inhibitory action of quinolone antibiotics. It has been suggested that these 

proteins interact with topoisomerase-quinolone complex and promote the 

release of the quinolone, allowing the topoisomerase to continue its function 

(Vetting et al., 2011).  

The target structure can also be chemically modified to change its 

susceptibility to the antibiotic. One such target structure is the ribosome in 

which the modification of the ribosomal RNAs (rRNA) that make up its 

subunits can be modified. This type of resistance has been found to be 

clinically relevant as it confers resistance to many antibiotics in clinical use. 

The most common type of modification is methylation catalyzed by 

methyltransferases. Two important methyltransferases are the erythromycin 
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ribosome methylase (erm) family and chloramphenicol-florfenicol resistance 

(cfr) methyltransferase. The erm family of methylases methylate the 16S rRNA 

and alter the binding site of antibiotics such as macrolides (Leclercq, 2002). 

Similarly, the cfr methyltransferase methylates 23S rRNA which will prevent 

the binding of for example amphenicols and oxazolidinones such as linezolid 

(K. S. Long et al., 2006). As with most successful resistance genes, the genes 

encoding these methyltransferases can be found on plasmids that have allowed 

them to spread between species (Zhang et al., 2014). Methylation of the target 

has also been shown to be a relevant mechanism of resistance for 

aminoglycosides. Recently, methyltransferases capable of conferring 

aminoglycoside resistance by modifying the ribosome, encoding the armA and 

rmt genes, were found in isolates of Enterobacteriaceae across the world 

(Fritsche et al., 2008).  

Target replacement and bypass 

In addition to altering the native target of an antibiotic, bacteria can also, 

through HGT, acquire alternative versions of the protein that can perform the 

same function but is less sensitive to the antibiotic. This will allow the cell to 

bypass various enzymatic steps in processes that are blocked by antibiotics 

(Figure 7). One of the best examples of this type of resistance is trimethoprim 

resistance. As previously described, trimethoprim inhibits dihydrofolate 

reductase (DHFR) in the last step of tetrahydrofolic acid synthesis to stop 

bacterial growth. Resistance to trimethoprim commonly occurs through the 

acquisition of an alternative version of DHFR, or an enzyme that can perform 

the same reaction, but has a lower affinity to trimethoprim. This will mean that 

trimethoprim will not be able to fully inhibit the production of THFA, which 

will allow the cell to grow even in the presence of trimethoprim. Resistance to 

trimethoprim can also occur through mutations that lead to an increase in the 

production of DHFR where the higher levels of DHFR compensate for the 

inhibition by trimethoprim (Flensburg & Sköld, 1987). Other examples are that 

of β-lactam resistance in methicillin resistant Staphylococcus aureus (MRSA) 

and vancomycin resistance in vancomycin-resistant Enterococci (VRE) 

conferred by the transferable mecA gene and vanA gene cluster respectively 

(Munita & Arias, 2016). The mecA gene encodes a PBP that has a lower 
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affinity to β-lactams (Ubukata et al., 1989), making it resistant to the action of 

the β-lactams, while the van gene cluster encodes a biochemical machinery 

that modifies the D-Ala-D-Ala moiety in the peptidoglycan layer, to which 

vancomycin binds, into D-Ala-D-lactate (Miller et al., 2014). In both cases, 

these changes result in the antibiotic being unable to bind, leading to resistance. 

Transient physiological changes and antibiotic tolerance 

Antibiotic tolerance differs from antibiotic resistance in that antibiotic 

tolerance is typically transient and is not inherited by daughter cells while 

antibiotic resistance requires the acquisition of new genetic information. 

Antibiotic tolerance is usually achieved through changes to the cell’s 

physiology, either before or in response to encountering antibiotics. These 

changes are reversible, and the cell becomes susceptible to the antibiotics again 

after returning to a more normal physiological state. 

Biofilms 

Biofilms are multicellular structures that bacteria form when growing on 

surfaces, held together by a matrix of polysaccharides and proteins. This matrix 

can impede the diffusion of antibiotics throughout the biofilm and thus protect 

the cells within it (Kumon et al., 1994). In addition, bacteria that have acquired 

ways to degrade the antibiotic can also protect other bacteria in the biofilm by 

degrading the diffusing antibiotic. While growing in the biofilm, cells are 

exposed to a gradient of nutrients and oxygen depending on their depth in the 

biofilm. Cells growing close to the top of the biofilm has access to more 

nutrients and oxygen while the cells at the bottom, close to the surface on 

which the biofilm is growing, has access to very little (Figure 7). This lack of 

nutrients and oxygen can cause the cells at the bottom to enter a non-dividing 

state, making them more tolerant to antibiotics such as β-lactams (Corona & 

Martinez, 2013). 

Drug indifference 

Many antibiotics, like the β-lactams, only exert an effect on actively growing 

cells (Lee et al., 1944). This means that the cell’s growth rate and stage are 

important for the function of the antibiotic and that changes to these can lead 
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to tolerance to certain antibiotics (Figure 7). One example of this is that of 

stationary-phase cells that are more tolerant to certain antibiotics than 

exponentially growing cells (Levin & Rozen, 2006). It has also been shown 

that the concentration of penicillin needed to kill off an infection increases the 

longer the infection lasts (Eagle, 1952). The reason for this is that as the 

infection progresses, the growth rate of the bacteria will decrease and 

eventually stop, likely due to the depletion of nutrients, leading to an increase 

in tolerance to the antibiotic. This kind of dormancy or growth retardation that 

leads to antibiotic tolerance is commonly referred to as “drug indifference” 

(McDermott, 1958). 

Persistence 

During an antibiotic treatment, most of the cells of a bacterial population 

susceptible to the antibiotic are killed. However, many bacterial species 

produce subpopulations that are not killed by antibiotic treatment. These cells 

are called persister cells, as they can persist through the antibiotic treatment 

without being genetically resistant. These persister cells are cells that have 

entered a dormant, non-dividing state (Van den Bergh et al., 2017). In this state, 

various processes of the cell’s metabolism are shut down. This protects the 

cells from the action of many antibiotics that would target these processes. 

Once the antibiotic treatment is over, the persister cells can leave their dormant 

state and grow to form a new healthy, albeit antibiotic susceptible, bacterial 

population again (Figure 7). It is unclear whether, and if so how, this dormant 

state differs from other non-dividing states like the ones described above. 

Persister cells can also be found in biofilms and have been suggested to be one 

of the reasons why biofilms are so difficult to treat (Spoering & Lewis, 2001). 

RESISTANCE AND MOBILE GENETIC ELEMENTS 

As has been alluded to in earlier sections, antibiotic resistance and mobile 

genetic elements (MGEs) go hand in hand. This association has been largely 

driven by the clinical use of antibiotics, as MGEs have existed long before the 

introduction of antibiotics. There are three major types of MGEs: integrons, 

transposable elements, and plasmids. These are all genetic elements that are 
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able to move genes throughout the bacterial genome. In addition, MGEs can 

be exchanged horizontally between bacteria through various mechanisms, as 

will be discussed in a later section.  

Integrons 

Integrons are highly dynamic recombination based genetic systems that 

contribute to bacterial genetic diversity. They do this by integrating and 

expressing genes located on small mobile elements called gene cassettes 

(Figure 8). Gene cassettes are circular non-replicative elements that typically 

consist of one or two promoterless open reading frames, a ribosome binding 

site, and a recombination site important for integron integration called attC. 

The integron itself carries the machinery necessary for cassette integration: a 

gene encoding the integrase protein that is responsible for catalyzing the 

recombination reaction, a recombination site called attI and a promoter (PC). 

During integration, the integrase protein recognizes the attI site on the integron 

and the attC site in the gene cassette. It then integrates the gene cassette into 

the integron through site-specific recombination (Domingues et al., 2012). 

Once integrated, the gene(s) in the gene cassette are expressed from the PC 

promoter.  

It has been estimated that more than 15% of genome-sequenced bacteria have 

at least one integron in their genome (Cambray et al., 2010) and they are 

commonly found in environmental isolates isolated in soils and water 

(Gillings, 2014). Integrons are also of clinical relevance due to their strong 

association with genes conferring antibiotic resistance. One integron can carry 

several gene cassettes, in some cases even in the hundreds (Rowe-Magnus et 

al., 2003), which in turn can contain one or two genes. This creates a huge 

potential for accumulating resistance genes and many clinically relevant 

integrons confer multidrug resistance. The integrons carrying antibiotic 

resistance genes, such as In53, are usually mobile, i.e., associated with 

transposons and/or plasmids, allowing them to be disseminated to other 

bacteria and bacterial species through HGT (Naas et al., 2001). 
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Figure 8. Integrons. Integrons consist of a gene encoding an integrase protein, a recombination 

site called attI and a promoter (PC). They are able to capture and express gene cassettes. Gene 

cassettes typically consist of one or two promoterless genes, a ribosome binding site and a 

recombination site called attC. During integration, the integrase protein recognizes the attI and 

attC sites and integrates the gene cassette into the integron through site-specific recombination. 

Once integrated, the gene(s) of the gene cassette are expressed from the PC promoter. Figure 

created with BioRender.com. 

 

Transposable elements 

Transposable elements (TE), or “jumping genes”, are genetic elements able to 

move, or “transpose”, between various genetic locations. This transposition is 

mediated by an enzyme called transposase, typically encoded on the TE. The 

transposase recognizes specific inverted repeat (IR) sequences that are on the 

flanking ends of the TE. Once bound to the IR sequences, the transposase 

catalyzes the transposition of the TE. This can be done in a non-replicative or 

replicative manner. Non-replicative transposition uses a ‘cut-and-paste’ 

mechanism, where the TE is excised and inserted in another location. 

Replicative transposition occurs using a ‘copy-and-paste’ mechanism where 

the TE is replicated before being transposed, leaving a copy of it in its original 
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site (Figure 9) (Hallet & Sherratt, 1997). The insertion of TEs into new genetic 

locations does not require sequence homology and can thus occur randomly. 

This random insertion can be destructive for the cell as the TE can insert into 

and disrupt important genes. Due to this, transposition of TEs is a very 

regulated process that only occurs rarely (Nagy & Chandler, 2004). 

The first and simplest type of TEs is called insertion sequence (IS) elements. 

These typically only consist of a gene encoding a transposase protein and 

flanking IR sequences. The second and larger type of TEs is transposons. The 

two main types of transposons are composite and non-composite, or unit, 

transposons (Figure 9). Composite transposons are composed of two IS 

elements that are flanking various accessory genes. When these IS elements 

are transposed, the accessory genes will also be moved together with them 

(Partridge et al., 2018). These accessory genes can encode a wide variety of 

functions, including antibiotic and heavy metal resistance. A composite 

transposon can be created de novo by the random insertion of two IS elements 

in close proximity of each other. In contrast, unit transposons consist of a gene 

encoding transposase and accessory genes flanked by IR sequences.  

Transposons are clinically important due to their wide association with genes 

encoding antibiotic resistance. Both composite and unit transposons can carry 

integrons as part of their accessory genes, making them efficient vectors of 

multidrug resistance. In addition, the transposition of IS elements and 

transposons are not limited to the chromosome. They can also be transposed 

onto plasmids where they can be further mobilized through HGT, as is the case 

for Tn21 which is located on the conjugative plasmid NR1 (R100) (Womble 

& Rownd, 1988). Some of the most clinically important transposons include 

the Tn3, Tn5 and Tn10 transposons, carrying genes encoding β-lactam, 

aminoglycoside, and tetracycline resistance respectively, found in Gram-

negative bacteria (Partridge et al., 2018). 
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Figure 9. Transposable elements and mechanisms of transposition. The simplest kind of 

transposable element (TE) is an insertion sequence (IS) element. These consists of a gene 

encoding a transposase protein flanked by inverted repeat (IR) sequences. More advanced TEs 

are composite and unit transposons. These carry accessory genes flanked by two IS sequences 

and IR sequences for composite and unit transposons respectively. TEs can be transposed 

through two main mechanisms. Non-replicative transposition involves a ‘cut-and-paste’ 

mechanism where the TE is excised and integrated into another site by the transposase. In 

contrast, replicative transposition employs a ‘copy-and-paste’ mechanism where the TE is first 

replicated and then moved to another site, leaving the original TE intact. Figure created with 

BioRender.com. 

 

Plasmids 

Plasmids are circular, extrachromosomal genetic elements that are replicated 

independently of the chromosome. Generally, they carry genes involved in 

their own replication, stability and partitioning as well as accessory genes.  The 

functions of the proteins encoded by these accessory genes vary but are 

commonly involved in resistance to antibiotics, heavy metals, and other 

biocides. In addition, these accessory genes can include integrons and 

transposons that in turn can carry a plethora of resistance genes, making 

plasmids efficient vehicles of multidrug resistance. Plasmids can be either 

transmissible or non-transmissible based on their ability to be transferred 

between bacteria. Transmissible plasmids are further divided into conjugative 

or mobilizable plasmids. Conjugative plasmids carry genes encoding the 

machinery necessary for transfer through conjugation and are thus self-

transmissible, while mobilizable plasmids do not carry the necessary 

machinery but are still able to be transferred using a transfer system expressed 

exogenously. It is estimated that roughly half of all plasmids in bacteria are 

non-transmissible while conjugative and mobilizable plasmids make up a 

quarter each (Smillie et al., 2010). 

Conjugative and mobilizable plasmids are major players in the spread of 

antibiotic resistance due to both their association with resistance genes, 

typically through the presence of integrons and transposons, and their ability 

to be transferred between bacteria through HGT, especially conjugation (see 

later section for more details). However, this was not always the case. Analyses 
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of plasmids from the “pre-antibiotic era”, i.e., before the medical use of 

antibiotics, have shown that conjugative plasmids were common but lacked 

antibiotic resistance genes (Hughes & Datta, 1983).  

Conjugative plasmids are usually grouped into so-called incompatibility (Inc) 

groups. This grouping is based on the inability of two plasmids using the same 

replication system to be maintained within the same cell, i.e., they are 

incompatible with each other. Members of different Inc groups can differ in 

host range. For example, members of the IncF family of plasmids have a very 

narrow host range, limited almost exclusively to Enterobacteriaceae, while 

members of the IncP family are broad host range plasmids that can transfer 

between most bacterial species and some yeast species. 

In Enterobacteriaceae, genes encoding for aminoglycoside, β-lactam 

(including ESBLs), macrolide, and quinolone resistance are commonly found 

on conjugative plasmids, including members of the IncA/C, F, L/M, I1, HI2 

and N families (Carattoli, 2009; Rozwandowicz et al., 2018). In particular, the 

CTX-M family of β-lactamases is widely found on transmissible plasmids. In 

fact, studies have shown that CTX-M originates from the Kluyvera species, 

found in the human gut, where it was mobilized from the chromosome onto a 

plasmid which has since spread to various human pathogens (Cantón et al., 

2012). 

SELECTION OF RESISTANCE AT SUB-INHIBITORY 

CONCENTRATIONS OF ANTIBIOTICS 

The antibacterial activity of antibiotics is not an ‘all or nothing’ effect. Rather, 

antibiotics exert their activity over a wide range of concentrations, ranging 

from the minimum inhibitory concentration (MIC), where bacterial growth is 

completely inhibited, to extremely low levels where they are speculated to be 

involved in cell-to-cell communication (Fajardo & Martínez, 2008). An area 

of research that has garnered increased attention in recent years is that of 

bacterial growth and selection in the presence of sub-inhibitory levels of 

antibiotics. These levels more closely reflect the levels that bacteria are 
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exposed to in the environment, which are typically much lower than those used 

in clinical research and treatment. Exposure to these sub-inhibitory levels of 

antibiotics can impair bacterial growth but does not fully inhibit it. In addition, 

it has other effects on the cell, such as changes to its morphology and virulence 

(Zhanel et al., 1992). Perhaps most important, these low levels of antibiotics 

can select for resistance.  

Most of the resistance mechanisms discussed earlier in this thesis, confer some 

sort of fitness cost (Andersson & Hughes, 2010; Melnyk et al., 2015). This 

fitness cost is typically realized through a reduced functional capacity of a 

mutated drug target, or the resource cost inferred by the production of 

resistance factors. In the absence of antibiotics, this fitness cost will allow 

susceptible bacteria to outcompete those that carry the resistance. In the 

presence of antibiotics, even at very low levels, the fitness cost can be 

compensated by the reduced effect that the antibiotic has on growth, conferred 

by the presence of resistance factors, compared to that of susceptible bacteria. 

This difference in growth rates leads to a selective pressure in favor of the 

resistant bacteria, which increases as the concentration approaches the MIC. 

This has given rise to the term minimum selective concentration (MSC), which 

is defined as the lowest concentration at which the benefit of resistance 

outweighs the fitness cost, i.e., the lowest concentration at which selection of 

resistance occurs (Figure 10). The MSC can be as low as 200-fold lower than 

the MIC of susceptible bacteria (Gullberg et al., 2011). Antibiotic resistance 

can also be selected for by the exposure to other biocides, such as heavy metals, 

through co-selection which is discussed in the next section. This co-selection 

can also occur at sub-inhibitory concentrations (Gullberg et al., 2014).  In 

addition, it has been suggested that low levels of biocides and some antibiotics 

can stimulate the spread of resistance through conjugation (Jutkina et al., 

2018). Thus, growth at sub-inhibitory levels of antibiotics and other biocides 

is an important aspect that needs to be considered in research on antibiotic 

resistance.  
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Figure 10. Comparison of the minimal selective concentration and minimal inhibitory 

concentration. Most antibiotic resistance mechanisms confer a fitness cost. In the absence of 

antibiotics (green area), bacteria carrying antibiotic resistance factors (red curve) will have a 

lower growth rate than that of susceptible bacteria (blue curve). However, in the presence of 

antibiotics the resistant bacteria will be able outcompete the susceptible ones. The lowest 

concentration at which this occurs is called the minimum selective concentration (MSC). The 

MSC can be many times lower than the minimum inhibitory concentration of the susceptible 

bacteria (MICsusc). Above the MICsusc, only the resistant bacteria will grow until the 

concentration reaches the MIC of the resistant bacteria (MICres). Adapted from (Gullberg et al., 

2011). Figure created with BioRender.com. 
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HEAVY METALS 

Heavy metals are a group of chemical elements characterized by their high 

atomic densities. They occur naturally as part of the Earth’s crust and can 

contaminate soils and water through various natural processes. The presence 

of these metals in the environment has driven the development of heavy metal 

resistance among environmental bacteria. Additionally, human activities such 

as mining, industry, and the use of heavy metal-containing compounds in 

agriculture have exacerbated the problem.  

The impact of heavy metals on biological systems ranges from essential to 

highly toxic and they can be divided into two groups: essential and non-

essential. Essential heavy metals, such as copper (Cu), manganese (Mn), and 

zinc (Zn), play an important role as co-factors for various enzymes needed for 

cell growth and metabolism while most non-essential heavy metals, such as 

arsenic (As), cadmium (Cd), and mercury (Hg), do not have an established 

biological function and are mostly associated with toxicity (Lemire et al., 

2013). However, both essential and non-essential heavy metals can be toxic to 

most forms of life at excessive concentrations. The toxic properties of heavy 

metals have been used against microorganisms for millennia (Borkow & 

Gabbay, 2009). However, since the toxicity for humans is also high, the use of 

heavy metals as treatment has been phased out by alternative treatments, such 

as antibiotics. In clinical settings, they are instead used in other ways. For 

example, copper has been used to create antibacterial surfaces used in hospitals 

to prevent the spread of bacteria among its patients (Grass et al., 2011).  

MECHANISMS OF HEAVY METAL TOXICITY 

The exact mechanism of toxicity of heavy metals will differ depending on the 

chemistry of the heavy metal. However, most heavy metal-induced toxicity is 

through one or more of the following mechanisms. First, a major mechanism 

is the disruption of protein function. This can occur through the disruption of 

important functional groups on the protein. For example, heavy metals such as 

Cu can disrupt the iron-sulfur clusters in the active site of metalloproteins 
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(Macomber & Imlay, 2009). Other metals can compete with and displace 

structural and catalytic ions or cause the oxidation of sulfhydryl groups in 

cysteine residues that are important for protein function (Lemire et al., 2013). 

A second general mechanism of heavy metal toxicity is the production of 

reactive oxygen species (ROS) as a result of redox reactions within the cell. 

ROS can cause damage to both DNA and proteins leading to growth inhibition 

and cell death. Lastly, the cytoplasmic membrane or membrane-associated 

proteins and complexes have been suggested to be a major target for heavy 

metal toxicity. For example, silver (Ag) has been shown to exert its toxic effect 

by interfering with components of the electron transport chain (Gordon et al., 

2010). In addition, peroxidation of lipids in the cytoplasmic membrane has 

been linked to Cu toxicity in copper-alloy surfaces (Hong et al., 2012). 

HEAVY METAL RESISTANCE 

Much like antibiotics and antibiotic resistance, bacteria have developed 

resistance mechanisms to heavy metal-induced toxicity. The mechanisms 

deployed against heavy metal toxicity are similar to that of resistance 

mechanisms against antibiotics, including reducing uptake, efflux, and 

pathway bypass by alternative enzymes (Lemire et al., 2010, 2013). Out of 

these, the most common mechanism of resistance is efflux. Many metal ions, 

such as Cd2+ and Zn2+, are simply transported out of the cell through efflux 

pumps like the Czc efflux system (Silver, 1996), while in some cases it is more 

complicated. Two such cases are that of arsenic and copper. Arsenic can occur 

either in its trivalent form, arsenite, or its pentavalent form, arsenate. In E. coli, 

arsenic resistance is mediated through the arsRDABC operon. This operon 

includes the ArsA and ArsB proteins which form an inner membrane efflux 

pump that is able to bind and pump out arsenite, but not arsenate. In order for 

the cell to effectively remove intracellular arsenate, it first needs to be reduced 

to arsenite so that ArsA and ArsB can transport it out. This is done by a third 

member of the operon, ArsC. The remaining members of the operon are ArsD 

which is an arsenite chaperone that binds to and delivers arsenite to the ArsA 

protein, and ArsR which regulates the expression of the operon (Y.-F. Lin et 

al., 2006).  



Martin Palm 

41 

Copper is an essential metal that is needed for the function of many enzymes. 

However, excessive amounts of intracellular copper are toxic to the cell. 

Maintaining a proper copper homeostasis is therefore essential for the cell’s 

survival. In biological systems, copper exists in its monovalent or divalent 

forms, Cu(I) and Cu(II) respectively. However, once imported into the cell, 

Cu(II) is reduced to Cu(I) (Rapisarda et al., 1999). The efflux of Cu(I) occurs 

in two steps. First, the inner membrane transporter CopA transports Cu(I) to 

the periplasmic space.  Once in the periplasm, the ions can be oxidized from 

Cu(I) to the less toxic Cu(II) by the CueO protein (Grass & Rensing, 2001), or 

transported out into the extracellular environment by the CusCBA efflux 

system (Munson et al., 2000).   

Finally, many bacteria can also produce and secrete extracellular polymers or 

siderophores capable of interacting with metal ions. These molecules can bind 

and sequester the ions, which will prevent them from accumulating in the cell. 

In addition, siderophores that are bound to metal ions can also be transported 

out of the cell by efflux systems (Hannauer et al., 2012). 

CO-SELECTION OF ANTIBIOTIC AND HEAVY METAL 

RESISTANCE 

Antibiotic and heavy metal resistance are both believed to be ancient (D’Costa 

et al., 2011; Jackson & Dugas, 2003). Today, the two are commonly found to 

be associated with each other, and the exposure to antibiotics or heavy metals 

can select for resistance to them both through co-selection. This has allowed 

for the selection and maintenance of antibiotic resistance genes in the 

environment, even in the absence of antibiotics, and has led to an increased co-

occurrence of the two types of resistance genes. In fact, bacteria carrying 

biocide or metal resistance genes have been shown to also carry antibiotic 

resistance genes more often than those that do not (Pal et al., 2015). It has been 

suggested that the co-occurrence of antibiotic and heavy metal resistance genes 

on MGEs emerged relatively recently as a result of antibiotic use in humans 

and animals (Mindlin et al., 2005). For example, Pseudomonas derived from 

permafrost contained transposons carrying mercury resistance genes that are 
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closely related to transposons found in present-day bacteria. Today, however, 

those transposons are also associated with antibiotic resistance genes (Mindlin 

et al., 2005).  

There are two main mechanisms of co-selection: co-resistance and cross-

resistance. First, co-resistance is when two or more genes conferring resistance 

to antimicrobial compounds are physically linked, for example if they are 

located on the same plasmid or other mobile genetic elements (Baker-Austin 

et al., 2006). This genetic linkage means that the genes are inherited together 

during cell division and their presence on plasmids also allows the genes to be 

easily transferred between bacteria through HGT. Plasmids carrying both 

antibiotic and heavy metal resistance genes have been isolated in many 

clinically relevant bacterial species, including E. coli, Klebsiella and 

Salmonella (Fang et al., 2016; Sandegren et al., 2012; Campos et al., 2016) and 

co-selection through co-resistance has been shown occur even at sublethal 

levels of antibiotics or heavy metals (Gullberg et al., 2014).  

Cross-resistance is when a single mechanism confers resistance to several 

compounds. This usually happens for compounds that share a mechanism of 

action or target structure (Baker-Austin et al., 2006). Any mutation or 

physiological changes that would prevent one compound from exerting its 

antibacterial effect would thus also prevent the other. In addition, efflux 

pumps, especially multidrug resistance pumps, are commonly found to confer 

resistance to many structurally dissimilar compounds, such as antibiotics and 

heavy metals. Finally, antibiotic and heavy metal resistance genes can be 

transcriptionally linked where the induction of a bacterial response to one of 

them also triggers a response to the other, either directly or indirectly (Baker-

Austin et al., 2006). This means that treating bacteria with one set of 

compounds can confer resistance to the other, leading to cross-resistance. This 

co-regulation is commonly regulated by a single regulatory protein. An 

example of this is the CzcR protein that increases the expression of the 

CzcCBA efflux system in response to sublethal level of zinc while at the same 

time decreasing the expression of OprD, a membrane porin that facilitates the 
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diffusion of carbapenem antibiotics, leading to carbapenem resistance (Perron 

et al., 2004).  
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ESCHERICHIA COLI 

Escherichia coli is a rod-shaped Gram-negative bacterium that belongs to the 

Enterobacteriaceae family. They exist as commensal bacteria in the normal 

intestinal microflora of humans and animals. They are also found in the 

environment where they are excreted from their hosts through defecation. 

While E. coli is an integral part of the gut microflora, it is also an important 

pathogen. Some subgroups, or pathotypes, of E. coli have acquired various 

virulence factors that have allowed them to cause disease in humans. Due to 

its niche in the human intestine, E. coli is commonly associated with enteric 

disease, in particular diarrheal disease. The pathotypes that cause this type of 

disease include enteropathogenic, enterotoxigenic, enteroaggregative, 

enteroinvasive, diffusely adherent, and enterohaemorrhagic E. coli (EPEC, 

ETEC, EAEC, EIEC, DAEC, and EHEC respectively) (Nataro & Kaper, 

1998). However, E. coli can also cause disease outside of its niche in the 

intestine and the pathotypes that do this are collectively called extraintestinal 

pathogenic E. coli (ExPEC) (Russo & Johnson, 2000). In fact, one of the most 

common types of E. coli infection is that of urinary tract infections, typically 

caused by uropathogenic E. coli (UPEC). In addition, E. coli is also an 

important veterinary pathogen where many of the pathotypes involved in 

human disease also occur. Avian pathogenic E. coli (APEC) also cause 

extraintestinal infections in poultry, including respiratory infections and 

septicemia (Dziva & Stevens, 2008). 

E. COLI AS A MODEL ORGANISM 

Due to its prevalence in human disease, E. coli has been extensively studied 

for the better part of a century. Because of this, it has become a representative 

species of both the Escherichia genus and the Enterobacteriaceae family of 

Gram-negative bacteria in research about clinically relevant properties, such 

as virulence and antibiotic resistance. In addition, E. coli has been the 

workhorse species of bacterial genetics and has been involved in many 

discoveries that has laid the foundation for modern molecular microbiology. 

These discoveries include, but are not limited to, the organization of genes in 
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operons, bacterial conjugation, and that mutations are spontaneous rather than 

induced (Jacob et al., 2005; Lederberg & Tatum, 1946; Luria & Delbrück, 

1943). The success of E. coli as a model organism can be partly attributed to 

the ease at which it can be manipulated genetically, for which many genetic 

tools have been developed. This has led to the development of resources such 

as the KEIO and ASKA collections of single-deletion mutants and 

overexpression plasmids respectively (Baba et al., 2006; Kitagawa et al., 

2005), which have allowed researchers to investigate bacterial characteristics 

at a genome-wide scale.  

GENOMICS OF E. COLI 

The genome of E. coli was first sequenced in 1997 (Blattner et al., 1997), just 

two years after the genome sequence of Haemophilus influenzae, the first 

whole-genome sequenced organism, was finished (Fleischmann et al., 1995). 

Since then, advances in sequencing technology and sequence analysis have 

caused the number of available whole-genome sequences to skyrocket. This 

has led to the emergence of the concept of a pangenome of a species. In 

genomics, a pangenome is defined as the entire set of genes within a species. 

The pangenome is made up of the core and accessory genomes where the core 

genome includes gene families that are present in all isolates of a species while 

the accessory genome includes gene families that are not. Some gene families 

in the accessory genome can even be unique to individual strains. Some authors 

divide the accessory genome further into the “soft core”, “shell” and “cloud” 

genomes corresponding to gene families that are present in more than 95%, 

between 10 and 95%, and fewer than 10% of the analyzed genomes 

respectively (Blaustein et al., 2019). E. coli has what is called an “open” 

pangenome (Figure 11). An open pangenome means that the number of gene 

families found will steadily increase as additional genome sequences are 

included in the pangenome analysis. In contrast, in a “closed” pangenome the 

number of gene families initially increase with the number of genomes 

included but will eventually plateau as more genomes are added. Estimates of 

the number of gene families in the global E. coli pangenome range from 60,000 

all the way to 128,000 with between 2,600 and 3,100 genes in the core genome 
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(Land et al., 2015; Park et al., 2019). Meanwhile the number of genes found in 

Staphylococcus lugdunensis, which is reported to have a closed pangenome, 

plateaus at under 3,000 genes (Argemi et al., 2018), which shows the vast 

potential for diversity within species with an open pangenome.  

Figure 11. The difference between open and closed pangenomes. In open pangenomes 

(blue), the number of gene families found steadily increases as the number of additional 

genomes included increase. In contrast, in closed pangenomes (red) the number of gene families 

initially increase but eventually plateaus. Figure created with BioRender.com. 
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HORIZONTAL GENE TRANSFER 

The transmission of genetic material between cells normally occurs during cell 

division where the daughter cell inherits the genetic material of the mother cell. 

This is referred to as vertical gene transfer. In bacteria, however, genetic 

material can also be transferred horizontally between neighbors through 

horizontal gene transfer (HGT). HGT can occur through three main 

mechanisms: transformation, transduction, and conjugation. While genes 

encoding antibiotic resistance can be spread through all these mechanisms, 

conjugation has been attributed as the main driving force for the spread of 

antibiotic resistance we see today, both in the clinic and the environment (von 

Wintersdorff et al., 2016). The fact that resistance genes can be mobilized in 

these ways also means that all bacteria can act as a reservoir for resistance, 

including commensal and environmental bacteria, who rarely encounter human 

pathogens. 

TRANSFORMATION 

Transformation is defined as the direct active uptake and genomic integration 

of extracellular DNA from the surrounding environment. Bacteria that can do 

this are referred to as “competent”. Many species, like Vibrio cholerae, 

Neisseria gonorrhoeae, and various Streptococcus species, are naturally 

competent while others, such as E. coli, can be made artificially competent 

through various laboratory techniques (Johnsborg et al., 2007). While taking 

up foreign DNA can be beneficial for the cell, it can also be detrimental. The 

uptake and integration of exogenous DNA is thus a tightly regulated process 

and is typically only induced under specific conditions such as stationary 

phase, DNA damage, and nutrient starvation (Blokesch, 2016). An exception 

to this is that of N. gonorrhoeae and N. meningitidis which express the genes 

involved in competence constitutively.  
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Figure 12. Mechanism of natural transformation. Some bacteria, like Vibrio cholerae, are 

naturally capable of picking up extracellular DNA through transformation. These bacteria 

express a type IV pilus-like structure and a translocation machinery that allows them to bind 

DNA, transport it across their cell wall and integrate it into their chromosome in a RecA-

dependent manner. The extracellular DNA can be free DNA from cells that have died or lysed 

of natural causes or released by other bacteria such as Neisseria gonorrhoeae. In addition, V. 

cholerae is able to kill neighboring bacteria, using a type VI secretion system, and then pick up 

its DNA. Figure created with BioRender.com. 

 

Natural competence is mediated through the production of membrane-

associated proteins, involved in the uptake of DNA, and proteins involved in 

the integration of the DNA once inside the cell. During DNA uptake, 

extracellular DNA somehow binds to a pseudopilus, a type IV pilus-like 

structure. This pseudopilus retracts to bring the DNA to the translocation 

machinery where it crosses into the cell (Figure 12). In Gram-positive bacteria, 

only one of the strands of the DNA molecule enters the cytoplasm while the 
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other is degraded during uptake. This has also been seen in the Gram-negative 

species Haemophilus influenzae (Barany et al., 1983), but if this occurs in other 

Gram-negative bacteria is still unclear. Once inside the cell, the imported DNA 

can be integrated into the recipient’s genome through RecA-dependent 

homologous recombination. 

The extracellular DNA that is picked up through transformation is most 

commonly coming from cells that have lysed or died through natural causes. 

However, this is not always the case. Some bacteria, like N. gonorrhoeae, have 

evolved ways of actively releasing DNA into their surroundings, which can 

then be taken up and integrated by neighboring closely related bacteria. Some 

bacteria even express systems that allow them to kill other competing cells and 

take their DNA. An example of this is Vibrio cholerae which produces a type 

VI secretion system that it uses to inject toxins into neighboring cells. This 

system has been shown to be co-regulated with the operon regulating genes 

involved in competence of V. cholerae (Borgeaud et al., 2015), indicating that 

this has evolved as a way to both compete with other bacteria and at the same 

time acquire new potentially useful genetic material.   

TRANSDUCTION 

Transmission of genetic material via transduction is mediated through the 

action, or rather mistakes, of bacteriophages, also called phages. Phages are 

bacterial viruses that can infect and kill bacteria. They are widely found in the 

environment where there are estimates that there are 1031 phage particles, 

making them the most abundant biological entity on Earth (Suttle, 2005). They 

are made up of a nucleic acid genome that is encased in a protein shell called 

the phage capsid which both protects the genetic material and mediates its 

delivery to a recipient cell.  

Upon phage infection, the phage attaches to a potential host cell and injects its 

genome into the cytoplasm of the host. Once in the cytoplasm, the phage can 

replicate through either the lytic or the lysogenic cycle. Phages that replicate 

through the lytic cycle are commonly referred to as virulent phages while 

phages which can switch between the lysogenic and lytic cycle are called 
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temperate phages. In the lytic cycle, the phage will hijack the replication, 

transcription, and translation machinery of the host to replicate its genome and 

produce new capsid proteins. The phage genome is then packaged into the 

capsid proteins to create new phage particles. The newly produced phage 

particles are then released into the environment through the lysis of the host 

cell, either passively or induced by the phage. In contrast, during the lysogenic 

cycle, the phage genome is integrated into the bacterial chromosome as a 

prophage. Here they are replicated as part of the bacterial genome and are 

inherited to daughter cells. Upon stress, the prophage can induce a lytic cycle 

where it is excised, replicated, and packed into viral particles after which the 

host cell is lysed, allowing the release of the newly produced phages.  

There are three major ways that phages can transfer bacterial genetic material 

between bacteria: generalized, specialized, and lateral transduction (Figure 13) 

(Chiang et al., 2019). Generalized transduction occurs when chromosomal 

DNA is, by mistake, packaged into the protein capsid during viral assembly. 

This will lead to viral particles that carry chromosomal instead of viral DNA, 

which can in turn infect other cells where the piece of chromosomal DNA can 

be integrated into the chromosome through recombination. Any part of the 

host’s genome can be transferred this way, including plasmid DNA. In 

comparison, specialized transduction is limited in what DNA can be 

transferred. It occurs when a prophage is excised in an incorrect manner and 

some flanking chromosomal DNA is included in the excised molecule. This 

piece of chromosomal DNA is then integrated together with the phage in 

subsequent host cells. Finally, lateral transduction is a recently discovered 

mode of transduction capable of transferring host DNA at very high 

frequencies (Chen et al., 2018). It is, in contrast to generalized and specialized 

transduction, believed to not be a mistake made by the phage, but instead a 

natural part of the phage’s life cycle. Phages involved in lateral transduction 

deviate in the usual excision-replication-packaging pathway of other phages 

by delaying its excision until a late stage in their lytic cycle. In addition, the 

phage initiates replication and packaging of the viral genome while it is still 

integrated in the host chromosome. During DNA packaging, the viral genome 

and spans of adjacent chromosomal DNA is packed into a capsid until the 
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capsid is full. This continues for several capsids worth of chromosomal DNA, 

meaning that a large portion of the newly produced phage particles will only 

carry chromosomal DNA which, like before, can either integrate or recombine 

into a new host’s genome (Chiang et al., 2019).  

Figure 13. The three main mechanisms of transduction. Bacteriophages can transfer 

chromosomal genes through three main mechanisms. They all result in the transfer of 

chromosomal genes to a recipient cell where they can be recombined into the chromosome. 

Generalized transduction is when chromosomal DNA instead of viral DNA is, by mistake, 

packaged into protein capsids during virus assembly. Specialized transduction occurs when a 

prophage excises from the chromosome in an incorrect manner and some flanking chromosomal 

DNA is included. This chromosomal fragment is subsequently replicated and packaged into the 

protein capsid together with the phage genome. During lateral transduction, a prophage 

replicates while still integrated in the chromosome. This way large portions of the bacterial 

chromosome are included with the phage DNA when packaged into the protein capsid. Figure 

created with BioRender.com. 
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Figure 14. General mechanism of bacterial conjugation. Bacterial conjugation is initiated 

when a donor cell carrying a conjugative plasmid encounters a recipient cell. The pilus 

produced by the donor attaches to the recipient and brings the two cells together. Once in close 

proximity, a mating pore forms between the cells. The relaxosome complex then binds to the 

oriT site on the plasmid and the relaxase protein (denoted with an R) creates a nick in one of 

the DNA strands. The DNA-relaxase complex then travels through the mating pore to the 

recipient, where the plasmid is re-circularized and replicated. Figure created with 

BioRender.com. 

CONJUGATION 

Bacterial conjugation, often referred to as bacterial “mating”, is the transfer of 

genetic material through cell-to-cell contact. The machinery needed for 

conjugation consists of a type IV secretion system (T4SS) and a DNA 

processing complex called the relaxosome. The T4SS is made up of a pilus, a 

transport apparatus, and a type IV coupling protein while the relaxosome is 

made up of a relaxase protein and proteins that bind to a site on the plasmid 

from which transfer is initiated, called the origin of transfer (oriT). These 

components are all encoded on the conjugative plasmid itself in a transfer (tra) 

operon. Like transformation, conjugation is a well-regulated process. While 

most of the regulators are encoded on the plasmid, there are some 

chromosomal regulators that are also involved, such as ArcA and IHF 

(Strohmaier et al., 1998; Moncalián et al., 1999) and those implicated in Paper 

IV. 

The exact mechanism of transfer differs slightly between different Inc groups, 

but a general mechanism is as follows (Figure 14). The donor cell carrying the 

conjugative plasmid produces the pilus which, upon encountering a recipient 

cell, attaches to the cell and brings the donor and recipient cells together. Once 

the two cells are close together, a pore forms between them through which the 

DNA transfer will occur. The relaxosome complex then binds to the oriT 

sequence and the relaxase protein creates a nick in one of the DNA strands of 

the plasmid. By doing so, the relaxase becomes covalently bound to the DNA 

strand. The DNA-relaxase complex is recruited to the mating pore where the 

transfer of a single strand of DNA (ssDNA) through the mating pore starts. As 

the plasmid is being transferred it is also replicated so that the plasmid is 
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maintained in the donor. Once in the recipient cell, the relaxase performs a 

reverse nicking reaction, which re-circularizes the ssDNA, after which it is 

replicated. After having received and replicated the plasmid, the recipient cell 

is referred to as a transconjugant. The transconjugant can then act as a donor 

as well and transfer the conjugative plasmid to other recipient cells.  

Mobilizable plasmids can also be transferred via conjugation. Most 

mobilizable plasmids carry all or some of the genes encoding the relaxosome 

complex and an oriT sequence but lack the genes encoding the T4SS (Smillie 

et al., 2010). Because of this, they are dependent on other plasmids to encode 

the T4SS. The most common way a mobilizable plasmid is transferred through 

conjugation is by exploiting the mating pore formed by other conjugative 

plasmids in various ways. For example, in Staphylococcus mobilizable 

plasmids are transferred by encoding a similar oriT sequence, or relaxase that 

is compatible with the conjugative plasmid’s type IV coupling protein 

(Ramsay et al., 2016).  

While the vectors of conjugation are typically conjugative or mobilizable 

plasmids, the chromosome can also be transferred via conjugation in so called 

high frequency of recombination (Hfr) strains. In these strains, a conjugative 

plasmid has integrated into the chromosome. One of the most studied examples 

of this is that of the fertility factor (F factor or F plasmid), a member of the 

IncF family of plasmids. The F factor will initiate transfer while still integrated 

into the chromosome. Since it is integrated, the F factor will drag the 

chromosome along with it during transfer to a recipient cell that does not carry 

an F factor (F-). Given enough time, the entire chromosome will be transferred 

this way. However, due to the size of the chromosome and the inability to 

maintain cell-to-cell contact with the recipient cell over time the transfer never 

finishes. This leads to the transfer of portions of the chromosome without 

transferring the entire plasmid to the recipient which remains F- but has 

acquired new chromosomal genes that can be recombined into its chromosome. 

In addition, the F factor can also be excised and exist in the cell as a plasmid. 

The excision of the F factor sometimes results in the inclusion of chromosomal 

genes flanking the integration site (Rosenberg & Hastings, 2001). These 
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chromosomal genes will be transferred to other cells as part of the F factor, 

now referred to as an F´ factor. 
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SUMMARY OF PAPERS 

PAPER I 

In recent years, the potential of sub-inhibitory levels of antibiotics and heavy 

metals to select for antibiotic resistance has become increasingly evident. 

These concentrations better reflect the levels of antibiotics that bacteria are 

exposed to in the environment and some clinical settings and are thus an 

important factor to consider to understand the evolution of antibiotic 

resistance. In addition, the open pangenome of E. coli allows for vast diversity 

within the global population. However, the pangenome is relatively unexplored 

when it comes to growth on sub-inhibitory levels of antibiotics and heavy 

metals. Therefore, in Paper I, we set out to investigate the genetic and 

phenotypic landscape of E. coli exposed to sub-inhibitory concentrations of 

antibiotics and heavy metals. 

To accomplish this, we compiled a collection of more than 2,000 E. coli 

isolates. These isolates were originally isolated from a wide range of hosts, 

broadly grouped into animals, environment, and human. The animal samples 

come from both mammal and bird hosts while the environmental samples are 

from wastewater and sewage as well as natural environmental sources such as 

soils and streams. Most of the isolates from human hosts were clinical isolates 

and a large portion of them were previously identified to produce ESBLs. In 

addition, a subset of the isolates was isolated in the 1930s and 1940s, i.e., the 

‘pre-antibiotic era’.   

To measure the growth characteristics of our collection, we used large-scale 

pinning robotics which we use to transfer bacteria onto plates containing sub-

inhibitory levels of antibiotics or heavy metals in a high-throughput manner. 

These plates are subsequently placed in photo scanners that take an image of 

the plate at regular intervals. The images are in turn analyzed using a software 

originally used for growth analysis of yeast called Scan-o-matic (Zackrisson et 

al., 2016), which we have adapted to be used with E. coli. This software will 

analyze each image and calculate the population size of each colony, based on 
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the pixel intensity, and construct growth curves. From these growth curves, we 

can extract and estimate various growth phenotypes, such as generation time 

and yield, for each isolate. Using this system, we determined the growth 

phenotypes of our collection on three sub-inhibitory concentrations of ten 

antibiotics, belonging to clinically relevant classes, and six heavy metals. 

To explore the genotypic and phenotypic landscape of our collection, we also 

sequenced and assembled the genomes of most of the isolates in the collection. 

The main findings of the paper were: 

a) We found 44,026 gene families in the pangenome distributed 

among the isolates in a clade-specific manner. 

b) The pangenome contains known antibiotic resistance genes, 

as well genes and gene variants that confer a smaller fitness 

advantage at sub-inhibitory concentrations. 

c) Isolates carrying resistance genes exhibited a wide variation 

in growth at sub-inhibitory concentrations. This suggests that 

there are other genetic factors that influence growth at these 

concentrations. 

d) Interestingly, and perhaps somewhat surprising, we could not 

see a correlation between growth on antibiotics and heavy 

metals on a pangenome level. 

PAPER II 

Clinical diagnostics is a central part of modern healthcare. An approach that 

has seen increased potential use in a clinical setting in recent years is machine 

learning. Machine learning, which is a subfield of artificial intelligence, allows 

systems to learn and improve without being explicitly programmed. Of 

particular use in a clinical setting is the ability to train computer systems to 

make predictions that can help medical workers make decisions, such as the 

identification of antibiotic resistant bacteria. This is done by supplying the 

model with data with a known outcome, for example the genotypes or 

phenotypes of bacteria that are known to be susceptible or resistant to a certain 
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antibiotic. Thus, by parsing this data the model can ‘learn’ and become better 

at predicting outcomes. 

In Paper II, we used machine learning to train models to be able to predict the 

generation time and growth yield based on the genotype of E. coli strains. The 

models were trained using genotypic and phenotypic data of a subset of isolates 

that were obtained through the work described in Paper I. The main findings 

of the paper were: 

a) The models were able to predict both generation time and 

growth yield with a moderate to strong correlation between 

the predicted and actual value. 

b) Models trained on whole genome sequences are better at 

predicting growth characteristics than those that use only 

known antibiotic resistance genes. This indicates that the 

presence of antibiotic resistance does not tell the whole story 

when it comes to growth on sub-inhibitory concentrations. 

c) We detected synonymous, non-synonymous, and intergenic 

mutations that were predictive of generation time and growth 

yield in the presence of sub-inhibitory levels of antibiotics. 

PAPER III 

Most ways of dealing with the problem of increasing antibiotic resistance 

levels involve two broad approaches. First, reducing the exposure of bacteria 

to antibiotics to prevent the development of resistance through better 

diagnostics and prescription practices, as well as decreased environmental 

pollution. Second, developing new or expanded strategies to prevent or treat 

bacterial infection including vaccinations, novel antibiotics, improved 

hygiene, and alternative treatment, e.g., phage therapy.  

A promising approach that has gained some traction in recent years is 

decreasing the rate at which resistance spreads, particularly through 

conjugation. Conjugation inhibitors (COINs) could help reduce the prevalence 

of antibiotic resistance genes in environments where the potential for them 
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spreading is high, such as in water treatment and the livestock industry. 

Reducing the spread of novel antibiotic resistance determinants to pathogens 

would thus extend the lifespan of clinically relevant antibiotics. In Paper III 

we briefly discuss some strategies that could be used to inhibit conjugation. 

Ideally, a COIN should exert its function without reducing the fitness of the 

bacteria, as this will generate a selective pressure against it. We envisage three 

major ways of inhibiting conjugation: targeting the recipient, targeting the 

plasmid, and targeting the donor. The three approaches present both 

advantages and disadvantages. First, targeting the recipient could include the 

inhibition of the receptor that the pilus attaches to. However, for plasmids (and 

thus pili) with a broad host-range this is unlikely to work since those receptors 

are likely not specific. Second, targeting the plasmid itself would target the 

factors encoded on the plasmid, such as the T4SS and accessory systems. This 

would allow selective inhibition of conjugation, but the diversity of plasmids 

and plasmid families would complicate this. Finally, there are chromosomal 

determinants that, when disrupted, severely impairs the cell’s ability to act as 

a conjugative donor, e.g., ArcA and the ones implicated in Paper IV. Thus, 

targeting the donor can be an appealing approach to stop the spread at its 

source. However, the efficiency of this will depend on the plasmid family as 

some plasmids are less dependent on chromosomal factors than others.  

PAPER IV 

While some chromosomal factors are known to be important for conjugation 

of some Inc groups of plasmids, e.g., ArcA for IncF, there has not been a 

systematic effort to find all chromosomal factors. The traditional way of 

measuring conjugation efficiency is through liquid or solid mating assays, 

where donor and recipient cells are allowed to mate in liquid or solid media 

respectively, after which they are diluted and plated to count colony forming 

units. Doing this on a genome-wide scale would be both very time-consuming 

and laborious. Therefore, in Paper IV, we developed a system that allows for 

the high-throughput genome-wide screening for chromosomal determinants 

involved in conjugation.  
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This system utilizes a large-scale pinning robot to construct a donor library by 

mating a conjugative plasmid into the E. coli single-deletion mutant KEIO 

collection (Baba et al., 2006). This library is pinned together with a recipient 

strain to allow the formation of transconjugants. To measure the efficiency at 

which the mutant donor can transfer the plasmid we utilized an adapted version 

of the Scan-o-matic system described in Paper I. In contrast to Paper I, we do 

not measure growth rate or yield of the mating. Instead, we measure the period 

of growth lag that occurs when the donor and recipient are pinned together on 

plates selecting for the transconjugant.  

This lag time is mainly due to three factors: First, the plasmid needs to be 

transferred from the donor to the recipient. Second, the newly formed 

transconjugant needs to express the resistance gene, that it has just received, to 

allow for growth on the selective medium. Finally, the transconjugant needs to 

grow above the detection limit of the system. Since the same recipient strain is 

used for all matings, the resulting transconjugant will be identical in all cases 

and thus the ability to express the resistance gene and to grow above the 

detection limit should be constant. Therefore, any differences in lag time 

between strains will be due to differences in the donor’s ability to transfer the 

plasmid, allowing us to evaluate the effect of the deletion mutation on 

conjugation.  

To demonstrate the system and identify chromosomal mutants which alter 

conjugation efficiency, we constructed a deletion mutant donor library by 

introducing the F plasmid into the KEIO collection. By measuring the 

conjugation efficiency of the mutant donor library, we could identify many 

novel chromosomal deletion mutants that are deficient in conjugation, as well 

as all seven previously known ones. The functions of the novel mutants span a 

wide range but were enriched in genes involved in DNA replication, chaperone 

or protein folding, and lipopolysaccharide core biosynthesis. The effect of 

many of these novel mutants were verified and work has started to further 

elucidate what causes the observed effects. This work highlights the potential 

of this system as a robust tool for measuring the effect that various 

environmental or genetic factors have on conjugation. 
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PAPER V 

In addition to chromosomal factors, we also began to look at environmental 

factors that could affect conjugation efficiency. In the environment, bacteria 

are exposed to low levels of both heavy metals and antibiotics occurring 

naturally or through contamination. Additionally, heavy metal surfaces are 

used in hospital settings to prevent the spread of pathogenic bacteria. It is well 

established that such low levels of antibiotics and heavy metals can select for 

antibiotic and heavy metal resistance through co-selection. This allows 

resistance genes to be maintained and act as a reservoir of resistance that can 

be spread to other bacteria.  

How heavy metals affect the rate of transfer through conjugation is thus 

important. Previous studies on this topic have yielded contradictory results, 

most likely due to differences in experimental setup and the plasmid 

investigated. In Paper V, we systematically investigated the effect that sub-

inhibitory levels of the heavy metals arsenic (As), cadmium (Cd), copper (Cu), 

manganese (Mn), and zinc (Zn) have on the conjugation efficiency of an IncF 

family plasmid. The main findings of the paper were: 

a) Cu drastically decreases conjugation efficiency while As, Cd, 

Mn, and Zn have a mild to no effect. 

b) Further investigation revealed that Cu needs to be present 

during mating to impair conjugation efficiency. 

c) The decrease in conjugation efficiency in the presence of Cu 

is not due to changes in transcription of the tra operon of the 

plasmid. 
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CONCLUDING REMARKS AND FUTURE 
PERSPECTIVES 

When antibiotics were first introduced to treat human disease, they were hailed 

as miracle drugs. Indeed, they have changed human medicine, and by 

extension the world, for the better by allowing the treatment of previously 

untreatable infections. Resistance to antibiotics has existed as a defense 

mechanism among bacteria for millennia. However, inappropriate use over the 

last decades has driven the selection of resistance in both human and animal 

pathogens as well as the environment. This has resulted in a situation where 

the use of these miracle drugs should be limited to extend their potential future 

use. Today, the spread of antibiotic resistance has reached a critical point where 

many types of infections are becoming untreatable once again.  

In this thesis we have investigated various aspects of antibiotic resistance. In 

the first part, we explored the genotype-phenotype landscape of E. coli exposed 

to sub-inhibitory levels of antibiotics and heavy metals (Paper I). In addition, 

we successfully used genetic and phenotype data to train machine learning 

models able to predict growth characteristics based on genomic information 

(Paper II). In the second part of the thesis, we turned our attention to the 

spread of antibiotic resistance through conjugation. We discussed inhibiting 

conjugation as an alternative approach in the fight against antibiotic resistance 

(Paper III). We also evaluated the effect of genetic and environmental 

perturbations on the conjugation efficiency of an IncF plasmid in E. coli 

(Papers IV and V). 

In both Paper I and II, we have demonstrated that the presence of known 

antibiotic resistance genes does not always correlate with good growth on sub-

inhibitory levels of antibiotics. This indicates that growth, and thus selection, 

at these concentrations is driven by other factors. To further dissect the 

underlying genetic factors, one could perform genome-wide association 

analysis (GWAA). The genotypic and phenotypic data generated in Paper I 

opens the door for this kind of further analyses, and it is our hope that this 

genetically diverse collection can be used as a resource for future research. 
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As discussed in Paper III, inhibiting conjugation can be a promising approach 

to prevent the spread of antibiotic resistance to pathogens. However, finding 

suitable targets for potential drugs is both time-consuming and expensive. The 

system that we have developed in Paper IV could be instrumental in 

alleviating this, where donor libraries of various Inc groups can easily be 

constructed and screened. The chromosomal determinants found to affect IncF 

conjugation could also act as a starting point for further investigation of the 

underlying mechanisms of conjugation.  

In Paper V, we found that exposure to copper during mating decreased 

conjugation efficiency of an IncF plasmid in E. coli. In addition, it has been 

suggested that sub-inhibitory levels of biocides and antibiotics can promote the 

spread of antibiotic resistance through conjugation. However, the mechanism 

through which this occurs is not known. Given that both antibiotics and other 

biocides exist at low levels in the environment, where they maintain a reservoir 

of resistance, this is an important aspect to study. Again, the system described 

in Paper IV would be ideal for elucidating the mechanisms behind this, where 

the effects of low levels of antibiotics or biocides on the KEIO collection’s 

ability to act as donors could be evaluated. In addition, the collection described 

in Paper I could be used for this purpose to perform GWAA to find genetic 

determinants involved. While this would be more complicated, due to the high 

prevalence of conjugative plasmids in natural isolates, it could also be much 

more informative.  

In closing, the adaptability and ‘cleverness’ of bacteria likely mean that we 

will never win the war against antibiotic resistance. Introducing new antibiotics 

would certainly alleviate the problem but, unfortunately, it would only be a 

matter of time until resistance emerges if it does not already exist. To this end, 

stopping the spread of antibiotic resistance could be a more appropriate 

approach to stop resistance at its source. Taken together, the results shown in 

this thesis emphasizes that studying what happens at sub-inhibitory 

concentrations is a crucial piece of the puzzle to fully understand the 

emergence, selection and spread of antibiotic resistance. A puzzle that needs 

to be solved to save the precious miracle drugs we have left.  
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