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ABSTRACT 

The emergence of antibiotic resistance is a significant public health concern. Stress-induced 

mutagenesis (SIM) in bacteria has been identified as a potential mechanism contributing to 

antibiotic resistance evolution. SIM is a process that occurs when cells are under stress and 

struggling to adapt to their environment. This stress induces the production of enzymes that 

can increase mutation rates. In bacteria, SIM relies on two stress responses: the SOS response 

and the RpoS stress response, which control a regulatory switch. This switch changes the type 

of DNA polymerase used for replication from high-fidelity (Pol III) to error-prone (Pol IV, 

Pol V, Pol II) DNA polymerases. The genes that encode these error-prone DNA polymerases 

play a vital role in maintaining fitness and generating genetic diversity by allowing the 

replication of damaged DNA and bypassing various DNA lesions. 

In this study, I investigated whether stress-induced mutagenesis in Escherichia coli 

contributes to evolvability, specifically the ability of a population to adapt to changing 

environments. I compared the evolvability of a SIM- mutant, which lacked error-prone DNA 

polymerases Pol IV and Pol II, to a wild-type SIM+ strain from a long-term evolution 

experiment and ancestral strains. I examined both ancestral strains and those from a long-

term evolution experiment in environments with and without mitomycin C, an SOS inducer. 

My results showed that the presence of both stress and error-prone polymerases enhances 

evolvability. I observed a more significant increase in fitness and mutation rates in the SIM+ 

strain compared to the SIM- mutant or when only one or neither factor was present. I also 

found that the SIM- mutant decreased the frequency of mutations and fitness in evolved 

populations, demonstrating that error-prone polymerases are crucial for SIM to enhance 

evolvability. 

My study highlights the significant role of SIM and error-prone polymerases in the evolution 

of antibiotic resistance, providing valuable insights into the SOS response and suggesting 

potential avenues for developing new drugs and treatments to combat this growing threat. 

Limiting the impact of SIM through targeted inhibition of error-prone polymerases and 

reducing stress levels may improve the management and prevention of antibiotic resistance.  
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ABBREVIATIONS 

⁰C   Degrees Celsius  

Amp   Ampicillin 

AmpR   Ampicillin resistance 

DNA    Deoxyribonucleic acid 

DSB   Double-strand break 

dsDNA  Double-stranded DNA 

CFP   Cyan fluorescent protein 

Cm   Chloramphenicol  

CmR   Chloramphenicol resistance 

E. coli   Escherichia coli 

EtBr    Ethidium bromide 

GFP   Green fluorescent protein 

GOI   Gene of interest 

Km   Kanamycin 

MMC   Mitomycin C 

MMR    Mismatch repair 

Nal   Nalidixic acid 

NI   No inducer 

Pol II   DNA polymerase II  

Pol III   DNA polymerase III 
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Pol IV   DNA polymerase IV 

Pol V   DNA polymerase V 

Rif   Rifampicin  

RifR   Rifampicin resistance 

ROS   Reactive oxygen species 

RNA    Ribonucleic acid 

SIM   Stress-induced mutagenesis 

SIM+ Wild-type strain with SIM genes 

SIM- Double mutant strain lacking SIM genes (ΔdinB and ΔpolB) 

SIMs Stress-induced mutators  

ssDNA   Single-stranded DNA 

ts   Temperature-sensitive 

WT   Wild-type 

YFP   Yellow fluorescent protein 
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1. INTRODUCTION  

Most bacteria live in changing environments. Many of these changes—for example, due to 

variations in temperature, pH, lack of nutrients, or chemical carcinogens—are stressors that 

disturb normal cell function, increasing mortality and decreasing the fitness of a population 

(Battesti et al., 2011; Kishony & Leibler, 2003; Tenaillon et al., 2001). Bacteria have evolved 

specific genes to regulate various responses that help them adapt or resist stressful conditions. 

These responses enable them to counteract the effects of stress, restore cellular homeostasis, 

and repair any DNA damage incurred due to the stress, allowing them to function at their best 

(Battesti et al., 2011). Despite this, such responses can potentially elevate the mutation rates 

of bacteria, leading to a decline in fitness due to increased production of deleterious 

mutations (Denamur & Matic, 2006).  

Bacteria are constantly selected for resistance to stressors. Resistance occurs through cellular 

responses resulting from stress-induced mutagenesis (SIM) (Dellus-Gur et al., 2017; 

MacLean et al., 2013). SIM results in an elevated mutation rate (Bjedov et al., 2003; 

Lukačišinová et al., 2017; MacLean et al., 2013; Ram & Hadany, 2014; Taddei et al., 1995). 

A specific example is the effect of DNA-damaging antibiotics increasing the rate at which 

resistance is acquired (Pribis et al., 2019; Ragheb et al., 2019). Antibiotic-resistant bacteria 

are becoming a big issue as they can harm the health of humans, animals and plants (Cirz & 

Romesberg, 2006). There is potentially an arms race between the development of antibiotic 

drugs and bacterial resistance to them (Hede, 2014). Bacteria need new mutations to fuel the 

arms race, enabling them to acquire resistance through new routes or evolve resistance to new 

antibiotics. Therefore, understanding the mechanisms and selection of SIM and how it 

contributes to the evolution of resistance is of great importance. Identifying these factors has 

the potential in helping stop the evolution of antibiotic resistance pathogens (Mothersill & 

Seymour, 2013).  

 

1.1 Mutations and resistance 

Mutations drive evolution as they are the source of the genetic variation essential for 

organisms to adapt to changing environments and even create new species (Agashe, 2017; 

Lukačišinová et al., 2017; Urry et al., 2017). A simple definition of a mutation is a change in 
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the nucleotide sequence of an organism’s genome, resulting in either harmful, beneficial or 

neutral effects (Brown, 2002). Mutations can arise in two ways: (1) induction by mutagens (a 

physical or chemical agent that alters DNA through inducing a mutation), such as UV light 

and chemical carcinogens, that cause structural alterations of nucleotides (Brown, 2002; 

Lodish et al., 2000b) and (2) spontaneous errors produced during DNA replication that are 

not detected by DNA polymerases that proofread the newly synthesised strand of nucleotides 

(Brown, 2002).  

Induced mutations are increased when cells and organisms face environmental stress, such as 

changes in pH level, temperature, starvation, exposure to antibiotics and oxidative stress, 

resulting in them being maladapted to their environment (Galhardo et al., 2007). Organisms 

can undergo genetic changes due to exposure to diverse stress-inducing environments (Foster, 

2007). These stresses lead to increased mutation rates in poorly adapted cells, leading to 

stress-induced mutagenesis (SIM) (Agashe, 2017; Correa et al., 2018; Ram & Hadany, 2014; 

Zhu et al., 2014).  

 

1.1.1 Mutation rate and population size 

The rate of adaptation in asexual populations is limited by population size, mutation rate, and 

the fraction of mutations that result in a benefit, which is impacted by the initial adaptation of 

the population and environmental variability (De Visser & Rozen, 2005). The rate of 

adaptation refers to how quickly an organism's fitness improves over a given period (De 

Visser & Rozen, 2005; Fogle et al., 2008; Wilke, 2004). The mutation rate must strike a 

balance between adaptability (the capacity to adapt) and adaptedness (the ability to stay 

adapted) (Ram & Hadany, 2014). A smaller population size means the availability of 

beneficial mutations limits adaptation; however, increasing the population size and mutation 

rate can speed up adaptation (De Visser & Rozen, 2005; Jiang et al., 2010; Vahdati et al., 

2017; Wilke, 2004). Increasing population size can initially increase the rate of adaptation 

due to the increased availability of beneficial mutations, as more individuals in the population 

can act as potential sources of beneficial mutations (De Visser & Rozen, 2005). However, 

this increase in the rate of adaptation is limited, as the availability of beneficial mutations is 

finite (Wilke, 2004). The rate of adaptation initially increases as the population size grows, 

but it eventually begins to decline because the limited number of beneficial mutations results 
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in diminishing returns (De Visser & Rozen, 2005). Another phenomenon to consider is that 

the rate of adaptation may become disproportionate or approach a maximum, meaning that it 

is no longer directly proportional to population size (De Visser & Rozen, 2005; Wilke, 2004). 

As population size increases, so does the mutation rate, which increases the probability of 

clonal interference (De Visser & Rozen, 2005; Fogle et al., 2008). Clonal interference slows 

down the rate of adaptation in large populations by increasing the fixation time of multiple 

beneficial mutations, but at the same time, it can increase the fitness effect of ultimately 

successful mutations (De Visser & Rozen, 2005; Lanfear et al., 2014; Vahdati et al., 2017; 

Wilke, 2004). The net effect of these factors is that the rate of adaptation may increase 

initially with population size, but eventually, it will reach a maximum. 

The selection of hypermutation, or an increase in the genomic mutation rate, is a surprising 

phenomenon considering that most mutations have a deleterious effect, decreasing fitness 

(Ram & Hadany, 2012). However, in maladapted populations and changing environments, 

mutators (alleles that induce hypermutation) can increase in frequency when they "hitchhike" 

with the beneficial mutations they generate, leading to a higher mutation rate than in well-

adapted populations (De Visser & Rozen, 2005; Ram & Hadany, 2012; Shaw & Baer, 2011; 

Swings et al., 2017). Well-adapted populations may only have access to mutations with minor 

fitness effects as large-effect mutations are expected to be fixed first due to clonal 

interference (De Visser & Rozen, 2005). This increased mutation rate in adapted cells 

eventually decreases as deleterious mutations accumulate, restoring the population-wide 

mutation rate to its minimum limit (Ram & Hadany, 2012; Swings et al., 2017). 

 

1.1.2 Resistance  

Mutations bring about change in species and adaptations but also are a factor in developing 

antibiotic resistance and diseases such as cancer. The frequency of mutations are not 

occurring at a consistent rate or in a uniform manner across the genome, leading to a conflict 

between maintaining genetic stability and promoting adaptability (Maharjan & Ferenci, 

2014). This conflict can be addressed through stress-induced mutagenesis (SIM), which 

involves an increase in mutation rate due to unfavourable environments (Ram & Hadany, 

2014). In laboratory studies, bacteria such as Escherichia coli and Pseudomonas aeruginosa 

have been observed to have higher mutation rates in adverse conditions (Cirz et al., 2005; 
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Torres-Barceló et al., 2015). Antibiotic exposure increases mutation rates in bacteria through 

two mechanisms that lead to antibiotic resistance in laboratory studies. The first mechanism 

is selecting hypermutator phenotypes with high mutation rates due to loss-of-function 

mutations in systems that prevent high mutation rates (Revitt-Mills & Robinson, 2020). The 

second mechanism is the direct promotion of error-prone DNA repair or temporary down-

regulation of mismatch repair, resulting in elevated mutation rates, known as stress-induced 

mutagenesis (Revitt-Mills & Robinson, 2020).  

 

1.2 Stress-induced mutagenesis  

Stress-induced mutagenesis (SIM) is a mechanism in which cells that are poorly adapted to 

their environment (e.g. are stressed) induce enzyme activities that result in an increase in 

mutation rates (MacLean et al., 2013; Poole, 2012; Shee, Gibson, et al., 2011; Shee et al., 

2013). These mechanisms have been detected in bacteria, human, yeast and plant cells when 

stressful conditions (e.g., antibiotic stresses, exposure to UV light or starvation) activate 

mutation pathways that are controlled by stress responses (Dellus-Gur et al., 2017; Frisch et 

al., 2010; Galhardo et al., 2009; Shee et al., 2013; Shee, Ponder, et al., 2011). SIM has been 

best studied in bacteria, especially E. coli. Antibiotic resistance and cancer progression and 

resistance are essential processes that SIM mechanisms may influence (Frisch et al., 2010; 

Shee et al., 2013).  

In bacteria, the primary stress responses that control SIM are the SOS response, known as the 

bacterial DNA-damage response, and the RpoS general or starvation stress response (Agashe, 

2017; Ponder et al., 2005; Rosenberg et al., 2012; Shee, Gibson, et al., 2011; Shee et al., 

2013). These stress responses control a regulatory switch resulting in a change from almost 

exclusive use of high-fidelity (non-mutagenic Pol III) DNA polymerases to the substantial 

use of error-prone DNA polymerases, including the DNA damage-induced Pol IV 

polymerase and two other low-fidelity polymerases, Pol V and Pol II. When in a stressful 

environment, these polymerases are controlled and upregulated by the RpoS transcriptional 

activator (Frisch et al., 2010; Moore et al., 2017; Ponder et al., 2005; Shee, Gibson, et al., 

2011; Yeiser et al., 2002). These responses' mechanism is important in explaining and 

understanding SIM. Rosenberg et al. (2012) state that three events are needed for DSB-

dependent SIM to occur in E. coli: (i) formation and repair of DNA DSBs, (ii) DSBs inducing 
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the SOS response and, (iii) activation of the Rpos general/starvation stress response by the 

RpoS (σS) transcriptional activator, generated by a second stress (Rosenberg et al., 2012). If 

all these events occur simultaneously, SIM ensues (Figure 1-1).  
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Figure 1-1: Interpretation of the SIM mechanism involving SOS response and RpoS general 

stress response.  

First a ssDNA break occurs resulting in the induction of the SOS response (1). The SOS 

response is induced, upregulating the dinB gene, known as DNA Pol IV (2). The RpoS 

response is induced via the cell being exposed to stress (3). Both responses require multiple 

error-prone polymerases due to their ability to carry out DSB repair synthesis (Pol IV, Pol V, 

Pol II, Pol I). Each of these polymerases result in errors incorporated into the genome. 

Reproduced from Rosenberg et al. (2012) with permission from Copyright 2012 by WILEY 

Periodicals, Inc.  
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1.3 The SOS response 

The SOS response system in E. coli is an inducible genetic network expressed when cells are 

exposed to DNA-damaging agents (Matic, 2013; Nohmi, 2006; Poole, 2012). Exposure to 

DNA-damaging agents results in mutations that overwhelm error-free DNA repair 

mechanisms, increasing the concentration of single-stranded DNA (ssDNA) (Foster, 2007; 

Galhardo et al., 2007; Lodish et al., 2000a; Matic, 2013; Saint-Ruf et al., 2007; Wagner et al., 

1999; Williams & Foster, 2012). The induction of the SOS response is initiated by single-

stranded DNA (ssDNA), which blocks DNA replication and acts as a signal (Nohmi, 2006). 

The SOS response relies on two essential proteins: RecA and LexA. RecA binds to the 

ssDNA region and forms a RecA-nucleofilament (RecA*) (Friedberg et al., 2005b; Matic, 

2013; Nohmi, 2006; Shinagawa, 1996). In contrast, LexA is the SOS repressor, which binds 

to the chromosome's promoter regions of SOS-inducible genes and suppresses their 

expression (Nohmi, 2006).  

Proteolytic cleavage of LexA is necessary to induce the SOS response (Friedberg et al., 

2005b; Saint-Ruf et al., 2007). The co-protease activity of the RecA protein gets activated 

when it comes into contact with a high concentration of ssDNA with ATP (RecA*), which 

enables self-cleavage of LexA, inducing the SOS response (Culyba et al., 2015; Erill et al., 

2007; Friedberg et al., 2005b; Galhardo et al., 2007; McKenzie et al., 2000; Nohmi, 2006; 

Shinagawa, 1996). Therefore, the cleavage of LexA results in the activation of SOS genes. 

The SOS response upregulates ~40 genes that have essential roles in DNA repair and DNA 

synthesis past DNA lesions that block replication (Foster, 2007; Galhardo et al., 2007; Matic, 

2013; Saint-Ruf et al., 2007). The mechanism of the SOS response is shown in (Figure 1-2). 

Three genes regulated by the SOS response have significance for SIM due to their ability to 

replicate damaged DNA by bypassing various DNA lesions (Foster, 2007). These genes 

encode DNA polymerases, Pol II (polB), Pol IV (dinB) and Pol V (umuDC). The DNA 

polymerases catalyse error-prone and error-free reactions, known as translesion DNA 

synthesis (TLS). TLS bypasses DNA lesions by incorporating incorrect or correct nucleotides 

in opposite lesions (Friedberg et al., 2002; Matic, 2013; Nohmi, 2006). These reactions 

contribute to mutagenesis. During times of stress, the customarily used high-fidelity DNA Pol 

III is temporally ineffective in replicating damaged regions of DNA. Instead, Pol IV and Pol 

V, both from the Y-family of DNA polymerases, can perform TLS. The Y-family 

polymerases lack 3’ → 5’ exonuclease activity, meaning they have no proofreading ability to 
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check for errors incorporated during DNA replication (Friedberg et al., 2002; Maslowska et 

al., 2019; Matic, 2013; Nohmi, 2006). Therefore, Pol IV and Pol V have low accuracy in 

incorporating the correct bases, known as low fidelity, resulting in error-prone DNA repair. 

These polymerases compromise their accuracy of DNA replication to enable the bypass of 

DNA lesions (Matic, 2013). Therefore, mutations appear to be the price to pay for survival. 

Whereas, DNA polymerase II, belonging to the B-family of DNA polymerases, has 3’ → 5’ 

exonuclease proofreading ability but is still involved in error-prone TLS on template DNA 

(Corzett et al., 2013; Napolitano et al., 2000; Nohmi, 2006). 

The SOS polymerases, Pol II, Pol IV, and Pol V, maintain fitness and generate genetic 

diversity. The three polymerases, Pol II, Pol IV, and Pol V, perform distinct functions (Table 

1-1). Pol II is responsible for error-free replication-fork restart. Pol IV is believed to perform 

error-prone replication-fork rescue, while Pol V is primarily involved in error-prone 

translesion synthesis (Yeiser et al., 2002). Depending on the lesion encountered, Pol II, Pol 

IV and Pol V also contribute to error-prone and error-free translesion synthesis (Goodman, 

2002; Yeiser et al., 2002).  
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Figure 1-2: The SOS system in response to DNA damage in Escherichia coli.  

DNA damage results in an accumulation of single stranded DNA (ssDNA), the SOS inducing 

signal. Inactive RecA proteins bind to the ssDNA to form a RecA-nucleofilament that has co-

protease activity. Cleavage of LexA, the SOS repressor, needs to occur for the SOS response 

to be induced. Self-cleavage of LexA occurs via the co-protease activity of the activated 

RecA, resulting in activation of the SOS genes. Reproduced from Shinagawa (1996) with 

permission from Copyright 1996 by Birkhäuser Verlag Basel/Switzerland.  
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Table 1-1: Key characteristics of Escherichia coli DNA polymerases II, III, IV and V 

 Pol II Pol III Pol IV Pol V 

Structural 

Gene 
polB polC dinB umuDC 

Family B C Y Y 

Function 

Replication 

restart; TLS; 

intrastrand 

cross-link repair  

Chromosome 

replication 

(elongates 

DNA) 

Replication-fork 

rescue; TLS; 

lesion bypass 

TLS; lesion 

bypass 

5’ → 3’ 

Polymerase 

Activity  

+ + + + 

3’ → 5’ 

Exonuclease 

Activity  

+ + − − 

SOS 

inducibility 
+ − + + 

− SOS 

(molecules/cell) 
30−50 a   10−20 b 250 c 15 umuC c & 

200 umuD c 

+ SOS 

(molecules/cell) 
210−350 a   2500 c 200 umuC c & 

2400 umuD c 

Fidelity on 

undamaged 

DNA (error 

rate per base) 

10−5–10−6 d 10−5–10−6 d 10−3–10−4 d 10−3–10−4 d,e 

 
a Bonner et al. (1988); Qiu and Goodman (1997) 

b Kornberg and Gefter (1972); McHenry (1985); McHenry and Kornberg (1977)  

c Kuban et al. (2006) 

d Rattray and Strathern (2003) 

e Tang et al. (2000) 

 

1.3.1 Pol IV (dinB) 

The gene dinB encodes polymerase IV (Pol IV), a specialized DNA polymerase that performs 

translesion repair and is involved in DSB repair (Shee, Gibson, et al., 2011; Tang et al., 

2000). Despite primarily being upregulated by the SOS induction, the activity of Pol IV is 

also controlled by the RpoS (σS) sigma subunit of the RpoS general stress response (He et al., 

2006; Layton & Foster, 2003; Nohmi, 2006; Shee, Gibson, et al., 2011). Its translesion 

bypass and lack of 3’ → 5’ exonuclease (proofreading) activity make Pol IV highly error-
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prone, leading to a low fidelity and an increase in −1 frameshift mutations (Fuchs & Fujii, 

2013; Kim et al., 2001; Nohmi, 2006; Tashjian et al., 2019; Wagner & Nohmi, 2000).  

Pol IV plays a crucial role during stationary-phase, and in facilitating adaptive mutations 

(Foster et al., 2015). Several key findings demonstrate the significance of Pol IV in cell 

survival and fitness. McKenzie et al. (2001) showed that around 85% of stress-induced point 

mutations require Pol IV, and the rest (15%) depend on Pol II (Frisch et al. (2010). Secondly, 

Kim et al. (2001) discovered that the expression levels of dinB increase approximately 10-

fold, from 250 to 2500 molecules/cell during SOS induction (Foster et al., 2015; Fuchs & 

Fujii, 2013; Kobayashi et al., 2002; Kuban et al., 2006). Thirdly, Yeiser et al. (2002) 

observed that Pol IV and Pol V confer a selective advantage during competition in the 

stationary phase.  

 

1.3.2 Pol V (umuDC) 

Pol V, like Pol IV, belongs to the Y-family of DNA polymerases and has low processivity 

and accuracy (Williams & Foster, 2012). Pol V is induced in response to DNA damage 

(Nohmi, 2006). Pol V’s lack of proofreading ability results in high error rates of around 10-3 

to 10-4 when measuring the fidelity of nucleotide incorporation of undamaged DNA. At the 

same time, Pol IV’s error rates are five to tenfold more accurate (Tang et al., 2000).  

As explained in section 1.3, RecA forms the active RecA* nucleoprotein filament when 

bound to single-stranded DNA with ATP present. Not only is RecA* involved in regulating 

and implementing the SOS response, but RecA* co-protease activity is also necessary for 

creating Pol V, a mutagenic TLS polymerase. Pol V is created by cutting the UmuD protein 

into a shorter and more mutagenic form, UmuD′, which dimerises and binds to UmuC to form 

a heterotrimeric complex, umuD′2C (Foster, 2007; Goodman et al., 2016; Jaszczur et al., 

2016; Kuban et al., 2006; Matic, 2013). However, umuD′2C needs to be activated, which is 

achieved through transferring a RecA* subunit to UmuD′2C to form the Pol V Mut complex 

with ATP (UmuD′2C-RecA-ATP) (Goodman et al., 2016; Jaszczur et al., 2016; Jaszczur et 

al., 2019; Revitt-Mills & Robinson, 2020). 

Pol V is responsible for base substitutions, such as UV radiation, during the SOS response 

after DNA damage (Kato & Nakano, 1981). Pol V is also found to play an essential role in 
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frameshift mutations. According to research findings by Kokubo et al. (2005), the deletion of 

Pol V significantly reduces −2 frameshift mutations caused by four class III chemicals in 

Salmonella typhimurium (i.e., 1-Nitropyrene and 1,8-Dinitropyrene). In addition, the absence 

of Pol II leads to a 30% to 60% decrease in the mutagenicity of all four class III chemicals. 

Therefore, TLS resulting in −2 frameshift mutations involves the collaboration of Pol II and 

Pol V. 

Despite umuC having low levels in normal cells (~15 molecules per cell), full induction of 

the umuDC operon results in the production of approximately 200 molecules per cell of 

umuC, while umuD is present at ~200 molecules per uninduced cell, increasing to ~2400 

molecules per induced cell (Kuban et al., 2006; Livneh, 2004; Opperman et al., 1999; 

Woodgate & Ennis, 1991). Pol V can bypass UV-induced pyrimidine dimers, [6-4] 

photoproducts and abasic sites, making it a critical factor in damage-induced mutagenesis 

(Friedberg et al., 2002; Kuban et al., 2006; Smith & Walker, 1998; Sutton et al., 2000). The 

umuDC operon's promoter strongly resembles the consensus LexA repressor binding site, 

leading to its delayed induction in the SOS response (Jaszczur et al., 2016). Full de-

repression of the operon occurs around 15 minutes after DNA damage, with peak levels of 

UmuD′2C proteins taking place around 45 minutes after damage (Goodman et al., 2016; 

Jaszczur et al., 2016).  

 

1.3.3 Pol II (polB) 

DNA polymerase II, encoded by the polB (dinA) gene, belongs to the B-family of DNA 

polymerases (Fijalkowska et al., 2012). Pol II plays a crucial role in evolutionary fitness and 

has greater fidelity than Pol IV and Pol V due to its 3′→5′ exonuclease activity. Pol II is 

involved in various DNA repair processes, including TLS, intrastrand cross-link repair and 

bypassing abasic sites (Berardini et al., 1999; Nohmi, 2006). It is also involved in 

spontaneous mutagenesis in nutritionally stressed cells containing F′ plasmids and is essential 

for restarting replication after UV irradiation due to it being the first alternative polymerase to 

access blocked DNA replication forks (Dapa et al., 2017; Foster, 2007; Nohmi, 2006; Tang et 

al., 2000). Pol II generates -2 frameshift mutations from the chemical carcinogen N-2-

acetylaminofluorene (Friedberg et al., 2002; Fuchs & Fujii, 2013; Napolitano et al., 2000). 

The expression levels of polB increase approximately from 30-50 molecules/cell when 
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uninduced to increase 7-fold (210-350 molecules/cell) during SOS induction (Bonner et al., 

1988; Fijalkowska et al., 2012; Kobayashi et al., 2002; Qiu & Goodman, 1997). Corzett et al. 

(2013) asserted that Pol II confers a fitness advantage during rapid growth without SOS 

induction by facilitating efficient replication and creating genetic diversity.  

The study by Dapa et al. (2017) investigated the role of the RpoS-regulated Pol II in repairing 

DNA damage caused by the genotoxic agent mitomycin C (MMC) in E. coli. MMC strongly 

induces the SOS response in E. coli and causes DNA damage through DNA cross-links and 

alkylation, as well as the generation of reactive oxygen species (Dapa et al., 2017). This study 

showed that Pol II is the most critical contributor to the repair of MMC-induced DNA lesions 

in growing cells due to Pol II being involved in processing intrastrand cross-links (Berardini 

et al., 1999; Nohmi, 2006). The sensitivity of the ΔpolB mutant to oxidative stress suggests 

that Pol II may also play a role in processing MMC-induced oxidative DNA damage 

(Escarceller et al., 1994). The survival rates of mutant and wild-type cells exposed to 

hydrogen peroxide provide evidence as the ΔpolB mutant was more sensitive to oxidative 

stress than the wild-type (Escarceller et al., 1994). The polB gene's expression was also 

coregulated by RpoS (Dapa et al., 2017). MMC is important as I used it as the SOS inducer in 

the experiments presented in this thesis.  

 

1.4 The RpoS general stress response 

For E. coli and its relatives, a physiological state that is highly resistant to stress is achieved 

by inducing the RpoS general stress response (Battesti et al., 2011). The RpoS general stress 

response is under the control of one of seven E. coli RNA polymerase sigma factors, σS (also 

called σ38 or RpoS), which is a transcriptional activator (Layton & Foster, 2003; Matic, 2013; 

Nohmi, 2006; Rosenberg et al., 2012; Shee et al., 2013; Weber et al., 2005). The RpoS 

general stress response is induced when E. coli cells experience starvation, oxidative stress, 

pH and temperature changes, or in response to cells entering the stationary phase (Battesti et 

al., 2011; Foster, 2007; Galhardo et al., 2007; Gottesman, 2019; Hengge-Aronis, 2002; 

Lombardo et al., 2004; Nohmi, 2006; Poole, 2012; Rosenberg et al., 2012). During 

exponential growth, genes are transcribed mainly by RpoD, the vegetative sigma factor, also 

called σ70 (Foster, 2007; Matic, 2013). Whereas σS is nearly absent in exponentially growing 
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cells, when E. coli cells undergo stress, they strongly induce σS, activating the RpoS general 

stress response (Battesti et al., 2011; Foster, 2007; Hengge-Aronis, 2002).  

Weber et al. (2005) state that the activation of a transcriptional activator is necessary to 

express multiple stress resistances, which enables cells to survive various stressors through 

cross-protection, as reported by Battesti et al. (2011); Hengge-Aronis (2002). Cross-

protection is the ability of cells to become resistant to not only the direct stress facing them 

but also to other stressful environments they may encounter (Battesti et al., 2011). For 

example, when cells enter the stationary phase due to exposure to high temperatures, they 

become resistant to low pH, oxidative stress and carbon starvation (Battesti et al., 2011; 

Lombardo et al., 2004). RpoS indirectly or directly regulates ~500 genes in E. coli, which 

equates to about 10% of the E. coli genome, and many play a role in stress resistance 

(Battesti et al., 2011; Foster, 2007; Galhardo et al., 2007; Matic, 2013; Weber et al., 2005).  

There are currently two mechanisms that have been described by which the RpoS general 

stress response can increase the mutagenesis of stressed cells (stationary phase mutagenesis), 

as specified by Foster (2007); Matic (2013). The first mechanism is the induction of the error-

prone polymerase dinB gene (Pol IV). When E. coli cells enter the stationary phase, there is a 

~3-fold increase in Pol IV expression levels (Foster, 2007). According to research, the 

expression of E. coli Pol IV is believed to be controlled by σS, and this increase in expression 

is associated with RpoS (Layton & Foster, 2003). It was observed that if the gene encoding 

σS in RpoS is defective, the expression level of Pol IV decreases significantly during the 

stationary phase (Foster, 2007; Nohmi, 2006). More findings by Layton and Foster (2003, 

2005) showed that the RpoS general stress response upregulates Pol IV, causing a 2-fold 

increase in its level (Pomerantz et al., 2013; Ponder et al., 2005). During the stationary phase, 

Pol IV levels can reach up to 5,000 molecules/cell, making it the most abundant DNA 

polymerase in growth-limited cells (Pomerantz et al., 2013). As Pol IV is an error-prone 

DNA polymerase, it promotes most adaptive mutations under growth-limiting conditions 

(Pomerantz et al., 2013). Hence, the expression of Pol IV, which is dependent on RpoS, may 

significantly impact cell mutations while in the stationary phase (Nohmi, 2006).  

The second mechanism by which RpoS has been found to enhance spontaneous mutation 

rates during stress is by downregulation of the mismatch repair (MMR) system (Foster, 2007; 

Matic, 2013). The MMR complex in E. coli and other bacteria is a DNA repair pathway that 

recognizes mispaired bases in DNA and excises the newly synthesized strand, utilizing the 
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original strand as a guide for new synthesis (Foster, 2007; Galhardo et al., 2007). E. coli can 

distinguish between the possibly flawed newly synthesized strand and the accurate template 

strand through their methylation status. The newly synthesized DNA remains unmethylated 

shortly following replication (Foster, 2007). Though the MMR system remains active in 

stationary phase cells, levels of two MMR proteins, MutS and MutH, decrease in a manner 

dependent on RpoS (Feng et al., 1996; Foster, 2007; Harris et al., 1997; Matic, 2013; Tsui et 

al., 1997). This reduction in MMR proteins has been linked to increased mutation rates, as 

seen in cases when MMR proteins are overproduced and when MMR is genetically removed 

(Bjedov et al., 2003; Foster, 2007; Matic, 2013).  

 

1.5 Potential to create anti-evolution drugs 

Bacteria have been evolving the ability to combat antibiotics by gaining resistance to them 

via spontaneous mutations or horizontal gene transfer (Baym et al., 2016; Fitzgerald, 2019; 

MacLean & San Millan, 2019). These drug-resistant bacteria pose a significant threat to the 

health of humans. Therefore, finding a way to design drugs that can limit this resistance is 

highly beneficial. The mechanism of SIM has provided possible insight into creating such 

drugs. Drugs can be designed to target and inhibit the function of specific proteins to prevent 

the increase in mutation rate generated by SIM and, ultimately, the evolution of resistance. 

These proteins, namely Pol IV, Pol V, and Pol II are involved in the induction of the SOS 

response through the cleavage of LexA and the expression of error-prone DNA polymerases 

(Cirz & Romesberg, 2006, 2007; Culyba et al., 2015). 

Cirz and Romesberg (2006) performed research showing the evolution of resistance to 

ciprofloxacin. The data suggest that inhibitors of either LexA or SOS polymerases may 

significantly affect treating strains of bacteria with an abnormally high mutation rate 

(hypermutable). The results also showed that it might help combat bacteria that evolve 

resistance to a single antibiotic and bacteria that can evolve multidrug resistance (Cirz & 

Romesberg, 2006). Work has already been completed on finding potential molecules that 

inhibit essential proteins in the SOS response. For example, Lee et al. (2005) found a 

molecule,  N6-(1-Naphthyl)-ADP, that inhibits RecA filamentation required for LexA 

cleavage and SOS induction in E. coli. Pribis et al. (2019) conducted recent research that 

tested edaravone, an FDA-approved drug, as a potential anti-evolution drug. The study 
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demonstrated that treatment with edaravone can inhibit the stress response by removing toxic 

molecules called reactive oxygen species (ROS) induced by antibiotics like ciprofloxacin. 

Additionally, edaravone reduced ciprofloxacin-induced mutations without interfering with 

the antibiotic's activity (Pribis et al., 2019). The types of potential drugs that can be produced 

would be combined with current antibiotics to slow down bacteria’s evolution of resistance, 

as shown in Figure 1-3.  

Furthermore, understanding the mechanism of SIM and how to select it can contribute to 

designing drugs that combat the evolution of antibiotic-resistant pathogens, which is of great 

clinical value (Shee et al., 2013). However, finding molecular drug targets or potential drugs 

is costly and time-consuming. Nevertheless, the benefits of creating drugs that treat humans 

infected with pathogenic bacteria far outweigh the costs. Moreover, potential drugs may not 

be limited to antibiotic resistance, as targeting hypoxia stress-induced mutagenesis could also 

slow the evolution of malignancy and chemotherapy resistance in cancer therapy (Fitzgerald 

et al., 2017). 

 

1.6 Evolvability 

 

Evolvability is the intrinsic capacity of biological populations to adapt and evolve to 

changing environments (Galhardo et al., 2007). The ability for organisms to display 

evolvability to new environments can have consequences. Evolvability is prevalent in 

bacteria who evolve the ability to combat antibiotics – an environmental stressor – by gaining 

resistance to them. This resistance poses a significant threat to the health of humans 

(Aljeldah, 2022). Therefore, finding a way to combat the evolvability of bacteria to 

antibiotics is of great importance. Studying the important aspects of stress-induced 

mutagenesis allows for understanding how SIM can contribute to evolvability. Conducting a 

long-term evolution experiment under controlled conditions, subjecting E. coli populations to 

a specific stressor is one way evolvability can be measured, and is shown in this thesis. 
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1.7 Objectives 

I conducted this study to determine if stress-induced mutagenesis contributes to evolvability. 

To accomplish this, I deleted key error-prone polymerases and examined SIM- strains' 

mutation, growth, and evolvability compared to their otherwise isogenic SIM+ ancestors. 

The specific objectives of this study were to: 

1. Identify the impact of removing error-prone polymerase genes on evolvability. 

2. Using experimental evolution, investigate how the SOS response pathway affects the 

relationship between stress-induced mutagenesis and evolvability. 
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Figure 1-3: Basic schematic of how anti-evolution drugs can be used to lower the evolution 

of resistance.  

Antibiotics induce a high volume of ROS. ROS induce the σS stress response which results in 

mutagenesis. Anti-evolution drugs could work by inhibiting this stress response, 

consequently blocking mutagenesis. Therefore, antibiotics can be used in combination with 

anti-evolution drugs to reduce the frequency of antibiotic resistant mutants.   
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2. MATERIALS AND METHODS 

 

2.1 Bacterial strains, plasmids, and growth conditions 

All bacterial strains are laboratory E. coli K-12 and E. coli B (Table 2-1). The plasmids used 

in this work are listed in Table 2-2, while the primers are shown in Table 2-3. Davis Mingioli 

medium (DM; potassium phosphate (dibasic trihydrate) 5.34 g/L, potassium phosphate 

(monobasic anhydrous) 2 g/L, ammonium sulphate 1 g/L, sodium citrate (trisodium, 

dihydrate) 0.5 g/L with 1 mL 10% MgSO4
2− and 1 mL 0.2% thiamine added after 

autoclaving) supplemented with glucose at 250 μg/ml (DM250) was used as growth media 

for cultures in reporter assays, fluctuation tests, and evolution and competition assays. 

DM250 glucose supports a stationary phase cell density of ~5 x 108 cells/ml (Lampe et al., 

2019). Lysogeny broth (LB; 10 g/L NaCl, 10 g/L tryptone, 5 g/L yeast extract; LB Agar 

being LB + 15 g/L agar) was used for reviving strains and routine molecular work involved 

in removing genes. Overnight cultures were made by adding a frozen aliquot of bacteria to 3 

mL of LB or DM250 media or using an inoculation loop to select an isolated colony from a 

media plate and shaking the loop into plastic test tubes of LB or DM250. Cultures were 

grown at 30oC (when the functionality of temperature-sensitive plasmids was required) or 

37oC with constant shaking at 250 rpm for liquid cultures in test tubes or 1000 rpm for 96-

well microtiter and 96-well deep well plates. When needed, the following concentrations of 

antibiotics were used: ampicillin – 100 μg/mL, chloramphenicol – 65 μg/mL, rifampicin – 

100 μg/mL and kanamycin – 50 μg/mL.  

All plasmids used were transformed into REL606 and MG1655. The red helper plasmid used 

in transformations to disrupt genes was pORTMAGE-2 (AmpR), which has temperature-

sensitive replication (30oC). pORTMAGE-2 expresses the λ red recombinase proteins (exo, 

bet and gam) from the pL operon under the control of cI857, the temperature-sensitive (ts) 

repressor (Datta et al., 2006; Nyerges et al., 2016). The template plasmid used was pKD3, 

which has a chloramphenicol resistance cassette flanked by FRT sites. These FRT sites allow 

removing the resistance cassette once inserted into the bacterial chromosome by inducing the 

FLP expressing the temperature-sensitive plasmid, pCP20 (AmpR) (Datsenko & Wanner, 

2000).  
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Table 2-1: List of bacterial strains 

 

  

Strain Parent Genotype Reference 

TC1276  
pKD3 in BT2514k CmR in 

Escherichia coli K-12 
Datsenko and Wanner (2000) 

TC2835  
MG1655 pORTMAGE-2 

temperature-sensitive (AmpR)  
Nyerges et al. (2016) 

TC2837  
REL606 pORTMAGE-2 

temperature-sensitive (AmpR)  
Nyerges et al. (2016) 

CA698  REL606 (Escherichia coli B) Lab stock 

CA639  BT340 =DH5alpha (pCP20)  
Cherepanov and Wackernagel 

(1995) 

TC1972  MG1655 (Escherichia coli K-12) Lab stock 

CA637  PsulA-GFP (pUA66) Zaslaver et al. (2006) 

CA638  PyiaG-GFP (pUA66) Zaslaver et al. (2006) 

CA640 CA637 REL606 (pUA66 Ω PsulA-GFP) This study 

CA641 CA637 MG1655 (pUA66 Ω PsulA-GFP) This study  

CA642  REL606 (pUA66 Ω PbolA-GFP)  Lab stock 

CA643  MG1655 (pUA66 Ω PbolA-GFP) This study 

CA644 CA638 REL606 (pUA66 Ω PyiaG-GFP) This study 

CA645 CA638 MG1655 (pUA66 Ω PyiaG-GFP) This study 

TC1126  REL606 rhaA::P(AI)cfp Lab stock 

TC1127  REL606 rhaA::P(AI)yfp Lab stock 

CA617 TC2835 
MG1655 ΔpolB, CmR from 

pKD3 
This study 

CA623 TC2837 REL606 ΔpolB, CmR from pKD3 This study 

CA628 TC2835 
MG1655 ΔdinB, CmR from 

pKD3 
This study 
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Table 2-1: List of bacterial strains (Continued) 

 

2.1.1 Glycerol stocks 

All strains for making glycerol stocks were grown overnight, and a sample of 660 μL of each 

culture was mixed with 330 μL of 60% glycerol and kept at −80° for storage in a cryovial 

tube (Gallet et al., 2012).  

Strain Parent Genotype Reference 

CA646 CA623 REL606 ΔpolB This study 

CA649 CA617 MG1655 ΔpolB This study 

CA652 CA628 MG1655 ΔdinB This study 

CA655 CA646 
REL606 ΔpolB + pORTMAGE-2 

AmpR 
This study 

CA661 CA652 
MG1655 ΔdinB + pORTMAGE-2 

AmpR 
This study 

CA664 CA655 
REL606 ΔpolB + ΔdinB, CmR 

from pKD3 
This study 

CA667 CA661 
MG1655 ΔdinB + ΔpolB, CmR 

from pKD3 
This study 

CA674 CA664 REL606 ΔdinB ΔpolB This study 

CA680 CA667 MG1655 ΔdinB ΔpolB This study 

CA692 CA674 
REL606 ΔdinB ΔpolB + 

pORTMAGE-2 AmpR (replicate 1) 
This study 

CA693 CA674 
REL606 ΔdinB ΔpolB + 

pORTMAGE-2 AmpR (replicate 2) 
This study 

CA696 CA680 
MG1655 ΔdinB ΔpolB + 

pORTMAGE-2 AmpR (replicate 1) 
This study 

CA697 CA680 
MG1655 ΔdinB ΔpolB + 

pORTMAGE-2 AmpR (replicate 2) 
This study 
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2.1.2 Gel electrophoresis 

Before conducting electrophoresis on all gels, 0.5 μg/ml of ethidium bromide (EtBr) was 

added. Electrophoresis was then performed at 100 V for 1 hour. Afterwards, the gel was 

subjected to UV light, and a picture of it was captured using a gel documentation system. 

 

2.1.3 Plasmid isolation and purification 

For each plasmid used (Table 2-2), isolation occurred from 3 mL of liquid overnight culture 

using the QIAprep Spin Miniprep Kit (Qiagen), according to the manufacturer’s instructions. 

Plasmid DNA was eluted in 30 µL nuclease-free water and stored at -20⁰C. According to the 

manufacturer's instructions, plasmid DNA was quantified using the NanoDrop 

spectrophotometer (ACT Gene Asp-3700).  

 

Table 2-2: List of plasmids 

 

Plasmid 

name 
Relevant characteristics Reference 

pKD3 
CmR; template plasmid used to help in 

the removal of genes of interest 
Datsenko and Wanner (2000) 

pCP20 

AmpR; plasmid used to remove 

chloramphenicol resistance cassette, 

which is flanked by FRT sites 

Datsenko and Wanner (2000) 

and Cherepanov and 

Wackernagel (1995) 

pORTMAGE-

2 

AmpR; temperature-sensitive plasmid 

expressing the heat shock-induced λ red 

recombinase 

Nyerges et al. (2016) 
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Table 2-3: List of primers 

Primer Sequence (5’→3’) Details Reference 

pKD3_dinB_F a CTGAAATCACTGTATACTTTACCAGTGTTGAGAGGTGAGCgtgtaggctggagctgcttc 

Forward 

primer for 

removal of 

dinB gene 

This study 

pKD3_dinB_R a CCTCATAATAATGCACACCAGAATAGACATAATAGTATACcatatgaatatcctccttag 

Reverse primer 

for removal of 

dinB gene 

This study 

pKD3_polB_F a GTCACGCATCAAAATGGTATCTGGCGAACTCTTTTTTTTGgtgtaggctggagctgcttc 

Forward 

primer for 

removal of 

polB gene 

This study 

pKD3_polB_R a  CAGGCTATAATCAAGCCTGGTTTTTTGATGGAATTACAGCcatatgaatatcctccttag 

Reverse primer 

for removal of 

polB gene 

This study 

pKD3_umuDC_F a GAACAGACTACTGTATATAAAAACAGTATAACTTCAGGCAGgtgtaggctggagctgcttc 

Forward 

primer for 

removal of 

umuDC gene 

This study 

pKD3_umuDC_R a CCATTCGGCGCTCCTGCGGGAGCGCTTTTTTCCTGCCGCcatatgaatatcctccttag 

Reverse primer 

for removal of 

umuDC gene 

This study 

aThe lower-case letters are complementary to pKD3, and the upper-case letters are homologous to sequences in the gene of interest (GOI). 
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Table 2-3: List of primers (Continued) 

Primer Sequence (5’→3’) Details Reference 

dinB_200bp-

away_F 
CAAAAATCCGCAAAGCGCGG 

Detection of dinB gene replaced with CmR gene. Locus-specific 

primer 
This study 

dinB_200bp-

away_R 
CCTCTTGTTCAGCAAGCATG 

Detection of dinB gene replaced with CmR gene. Locus-specific 

primer 
This study 

polB_200bp-

away_F 
CCAAGTCCCAATTCGCTTTC 

Detection of polB gene replaced with CmR gene. Locus-specific 

primer 
This study 

polB_200bp-

away_R 
CGGTGCATAACGCCATCGTG 

Detection of polB gene replaced with CmR gene. Locus-specific 

primer 
This study 

umuDC_200bp-

away_F 
GTCATTATGGCGAATGCTTC 

Detection of umuDC gene replaced with CmR gene. Locus-specific 

primer 
This study 

umuDC_200bp-

away_R 
GGGTGCCGCAAGTGTTTGTC 

Detection of umuDC gene replaced with CmR gene. Locus-specific 

primer 
This study 

CmR_F AGCATTCTGCCGACATGGAA 
Detection of dinB, polB and umuDC gene replaced with CmR gene. 

Insertion-specific primer 
This study 

CmR_dinB_R TGCGCTGGCACTTAAGAGAT 
Detection of dinB gene replaced with CmR gene. Insertion-specific 

primer 
This study 

CmR_polB_R GCGAAGGCATATTACGGGCA 
Detection of polB gene replaced with CmR gene. Insertion-specific 

primer 
This study 

CmR_umuDC_R CGTGATCTGTTCGGTCGCTA 
Detection of umuDC gene replaced with CmR gene. Insertion-specific 

primer 
This study 

p_RhaA_F GACCACTCAACTGGAACAGGCC 
To amplify CFP/YFP gene insert from TC1126 and TC1127 to 

generate PCR products with a fluorescent marker 
This study 

p_RhaA_R CTCTTCCAGCAGTGCCAGAC 
To amplify CFP/YFP gene insert from TC1126 and TC1127 to 

generate PCR products with a fluorescent marker 
This study 

pUA66_F AATAGGCGTATCACGAGG 
To sequence reporter-fusion strains in REL606 and MG1655 to check 

if GFP has been incorporated   

Lab stock; 

Huei-Yi 

Lai 
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2.2 Process of strain construction (Recombineering)  

Recombineering is a method of genetic engineering in bacteria that involves the incorporation 

of DNA into the genome through homologous recombination (Diner et al., 2011; Marinelli et 

al., 2012; Sharan et al., 2009; Wannier et al., 2021). Bacteriophage-encoded homologous 

recombination functions, such as the λ red system, are involved in the process. The λ red 

system uses three phage-encoded proteins, exo, beta and gam, to degrade one strand of DNA, 

bind the single-stranded DNA (ssDNA) and prevent degradation of the double-stranded DNA 

(dsDNA) substrate, respectively (Marinelli et al., 2012; Sharan et al., 2009; Wannier et al., 

2021). Recombineering allows for precise genetic modifications, including delet ions, 

insertions, gene knockouts, point mutations, and in vivo cloning (Marinelli et al., 2012).  

The goal of using recombineering is to construct strains that lack genes involved in stress-

induced mutagenesis (SIM), specifically dinB, polB, and umuDC. Constructing strains that 

lack SIM associated genes allows for further experiments to be conducted that display the 

impact of these three genes on evolvability.  
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Table 2-4: Process of strain construction by recombineering 

 

 

 

 

 

Steps Experiment Description Achievement 

1 PCR pKD3 was used as a template 

plasmid to attach primers with 

~39-41bp homology arms 

from each gene (dinB, polB 

and umuDC) at their 5’ ends. 

PCR products called dinB-

Cm, polB-Cm and umuDC-

Cm 

2 Transformation of 

the red helper 

plasmid 

The red helper plasmid 

pORTMAGE-2 AmpR was 

electroporated into MG1655 

and REL606 cells.  

REL606 and MG1655 

carrying pORTMAGE-2 

3 Transformation 

with PCR 

products 

PCR products dinB-CmR, 

polB-CmR and umuDC-CmR 

were electroporated into 

MG1655 and REL606 

carrying pORTMAGE-2. 

REL606 ΔdinB-CmR, 

REL606 ΔpolB-CmR, 

MG1655 ΔdinB-CmR and 

MG1655 ΔpolB-CmR. Was 

unsuccessful in transforming 

cells with umuDC-CmR 

4 Transformation 

with pCP20 

The plasmid pCP20 (AmpR) 

was electroporated into 

REL606 ΔdinB-CmR, REL606 

ΔpolB-CmR, MG1655 ΔdinB-

CmR and MG1655 ΔpolB-

CmR. 

REL606 ΔdinB-CmR pCP20, 

REL606 ΔpolB-CmR pCP20, 

MG1655 ΔdinB-CmR pCP20 

and MG1655 ΔpolB-CmR 

pCP20 

5 Loss of antibiotic 

resistance 

Strains were grown at 43ºC as 

heat shock for simultaneously 

losing CmR and pCP20 

(AmpR) plasmid. 

REL606 ΔdinB, REL606 

ΔpolB, MG1655 ΔdinB and 

MG1655 ΔpolB 
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Table 2-4: Process of strain construction by recombineering (Continued) 

 

 

2.3 Preparation of PCR products for recombineering 

To construct strains lacking SIM, I used recombineering to delete the genes dinB, polB, and 

umuDC (Table 2-4). PCR products were generated using several pairs of 59- to 61-nt long 

primers containing a 20-nt priming sequence of template plasmid, pKD3, and 39- to 41-nt 

long homology arms for each error-prone polymerase gene shown in Table 2-3. The pKD3 

strain (TC1276) was used as template DNA (Tables 2-1 and 2-2). PCR was performed 

following the recipe and protocol outlined in Tables 2-5 and 2-6. The PCR products had 

regions of the target gene (dinB, polB and umuDC) be disrupted, flanking a region of the 

Steps Experiment Description Achievement 

6 Transformation of 

the red helper 

plasmid 

The red helper plasmid 

pORTMAGE-2 AmpR was 

electroporated into REL606 

ΔdinB, REL606 ΔpolB, MG1655 

ΔdinB and MG1655 ΔpolB cells. 

REL606 ΔdinB, REL606 

ΔpolB, MG1655 ΔdinB 

and MG1655 ΔpolB 

carrying pORTMAGE-2 

7 Transformation of 

PCR products  

PCR products dinB-CmR, polB-

CmR and umuDC-CmR were 

electroporated into REL606 

ΔdinB, REL606 ΔpolB, MG1655 

ΔdinB and MG1655 ΔpolB 

carrying pORTMAGE-2. 

REL606 ΔdinB ΔpolB-

CmR and MG1655 ΔdinB 

ΔpolB-CmR. Was 

unsuccessful in 

transforming cells with 

umuDC-CmR 

8 Transformation 

with pCP20 

The plasmid pCP20 (AmpR) was 

electroporated into REL606 

ΔdinB ΔpolB-CmR and MG1655 

ΔdinB ΔpolB-CmR. 

REL606 ΔdinB ΔpolB-

CmR pCP20 and MG1655 

ΔdinB ΔpolB-CmR pCP20 

9 Removal of 

antibiotic 

resistance 

Strains were grown at 43ºC as 

heat shock for simultaneously 

losing CmR and pCP20 (AmpR) 

plasmid. 

REL606 ΔdinB ΔpolB and 

MG1655 ΔdinB ΔpolB  
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pKD3 plasmid encoding FRT sites and the cat gene conferring resistance to chloramphenicol 

(1016 bp). dinB, polB, and umuDC gene sizes are 1056 bp, 2352 bp and 1689 bp, 

respectively. Gel electrophoresis was run using the 1 kb Plus DNA ladder (100 bp – 10 kb) 

from New England Biolabs. PCR products were purified using the Wizard SV Gel and PCR 

Clean-Up System.  

 

Table 2-5: Creating linear fragments for homologous recombination 

Reagents Volume 

DreamTaq Green PCR Master Mix 2X 12.5 µL 

Isolated plasmid pKD3 as template DNA 1 µL 

Primer pKD3_dinB_F, or pKD3_polB_F, or pKD3_umuDC_F 1 µL 

Primer pKD3_dinB_R, or pKD3_polB_R, or pKD3_umuDC_R 1 µL 

Water 9.5 µL 

Total 25 µL 

 

 

Table 2-6: Steps involved in PCR thermal cycling 

 

 

Steps Temperature (⁰C) Time Number of Cycles 

Initial denaturation 95 2 min 1 

Denaturation 95 30 s 

30 Annealing 58 30 s 

Extension 72 1 min 

Final Extension 72 5 min 1 
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2.4 Preparation of electrocompetent cells  

To generate electrocompetent cells needed for recombineering, I followed a protocol as 

described by Datsenko and Wanner (2000), with modification. Overnight cultures of LB + 

Amp were made of MG1655 or REL606 strains carrying pORTMAGE-2, incubating at 30⁰C. 

100 µL of each overnight culture was used to inoculate 10 mL of fresh LB media with 

ampicillin and grew until they reached OD600 = ~0.5. Cultures were transferred to a water 

bath at 42⁰C for 15 minutes to induce the red recombination genes. After induction, cultures 

were immediately placed on ice. Cultures were transferred to chilled 15 mL centrifuge tubes, 

and cells were collected by centrifugation at 4,000 rpm for 8 minutes at 4⁰C. Supernatants 

were decanted, and cell pellets were carefully resuspended in 10 mL of chilled 10% glycerol 

before centrifugation at 4,000 rpm for 5 minutes, repeated for two wash cycles. The cell 

pellets of the second wash cycle were resuspended in 1 mL of 10% glycerol in a chilled 

sterile Eppendorf tube before centrifugation at 14,000 × g for 1 minute at 4⁰C for the third 

and final wash cycle. The cell pellets were resuspended in 100 µL of 10% glycerol and 

divided into two chilled sterile Eppendorf tubes in 50 µL aliquots that were stored on ice for 

electroporation.  

 

2.5 Transformation by electroporation 

To transform the electrocompetent cells with the PCR product, two different procedures were 

performed. Firstly, red-induced cells were mixed with the PCR product, while secondly, red-

induced cells were used without the PCR product as a negative control. The electrocompetent 

cells and PCR products were kept on ice. A total of 5 µL of PCR product was aliquoted into 

50 µL of electrocompetent cells immediately before electroporation, and H2O was used for 

the negative control. The cells were gently mixed and transferred into a pre-chilled 0.1 cm 

electroporation cuvette. The cuvette was pulsed at 1.80 kV in an electroporator, and then 

immediately, 1 mL of SOC was added to the cuvette. The shocked cells were then transferred 

to a sterile Eppendorf tube and incubated at 37⁰C for 1 hour while constantly shaking at 250 

rpm to facilitate cell recovery before antibiotic selection. After incubation, 100 µL of cells 

were spread onto LB agar plates containing chloramphenicol to select for CmR transformants. 

The plates were then incubated at 37⁰C for 24 h. If no mutants grew within 24 h, the 

remaining transformed cells were left standing overnight at room temperature before 
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spreading. Chloramphenicol-resistant colonies were then streaked onto LB agar plates and 

incubated for 24 h. The resulting colonies were tooth-picked with a plastic tip onto LB-only 

agar and LB agar containing ampicillin to test for antibiotic sensitivity. The selected mutants 

were expected to have lost the red protein expression plasmid at 37⁰C and should be sensitive 

to ampicillin. Mutants that grew on LB agar only and not on LB agar with ampicillin 

indicated the loss of the red helper plasmid and were selected for PCR verification. 

 

2.6 PCR Verification 

To verify that the transformants had successfully integrated the PCR product and created a 

target gene deletion, PCR was carried out using the method described by Datsenko and 

Wanner (2000). Freshly isolated mutants were suspended in 20 µL of water, and 5 µL 

aliquots were used in separate 25 µL PCR reactions (Table 2-7). Locus-specific primers were 

used to test if mutants had the correct structure, located about 200 bp upstream and 

downstream from the specific gene of interest (GOI) to confirm the loss of the target error-

prone polymerase gene and the gain of the antibiotic cassette (Tables 2-3 and 2-7). To 

determine the expected band size, I added the size of the cat gene (1016 bp) or the gene of 

interest (dinB, polB, and umuDC gene sizes are 1056 bp, 2352 bp, and 1689 bp, respectively) 

to the size of the homology arms, ~40 bp). I then added the distance between the locus-

specific primers and the gene of interest, ~200 bp. This calculation gave the expected product 

size (Figure 2-1). 

For polB, there was a noticeable difference of ~1250 bp between the control (2698 bp) and 

the expected band size for mutants (1442 bp). While for dinB, there was little difference 

between the expected band size for mutants (1435 bp) and the WT (1395 bp), making it hard 

to distinguish if the dinB gene had been replaced with the CmR gene. Therefore, insertion-

specific primers were designed to facilitate screening for the intended genetic change. These 

components included a forward primer sequence (CmR_F) situated within the 

chloramphenicol resistance cassette (Table 2-3), and a reverse primer sequence located 

outside dinB or polB genes. If the chloramphenicol-resistant transformants had the antibiotic 

resistance cassette but lost the error-prone polymerase gene, a detectable band should be 

observed in the PCR results when using the designated primers, indicating successful 

achievement of both single and double mutants. This band would indicate the presence of the 
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CmR gene at the site where the error-prone polymerase gene was targeted. No band should be 

present for the wild-type or chloramphenicol resistance strains when the cassette has been 

integrated at an off-target location. Control colonies of the WT strain (MG1655 or REL606) 

were constantly tested side-by-side. PCRs were run with the same thermal cycling conditions 

(Table 2-6). 

 

Table 2-7: Checking for the removal of GOI and antibiotic-resistant cassette 

Reagents Volume 

DreamTaq Green PCR Master Mix 2X 12.5 µL  

Colony inoculated in 20 µL water 5 µL  

Forward primer (CmR_F or ~200bp away) 1 µL  

Reverse primer (CmR_R or ~200bp away) 1 µL  

Water 5.5 µL  

Total volume 25 µL  

 



   

 

32 

 

 

Figure 2-1: Schematic showing how to calculate cat gene amplification product size in place 

of the target gene (dinB and polB). 
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2.7 Elimination of antibiotic resistance gene 

To remove the cat gene flanked by FRT sites, a temperature-sensitive FLP helper plasmid, 

pCP20, that confers chloramphenicol and ampicillin resistance was utilized following the 

protocol by Datsenko and Wanner (2000) and Barrick et al. (2023), with modifications. The 

excision of the cat gene leaves behind an 82- to 85-nt scar (Datsenko & Wanner, 2000). First, 

CmR transformants were transformed with pCP20, and AmpR transformants were selected 

overnight at 30°C. Resistant colonies were streaked onto LB-only plates and incubated at 

42°C overnight for colony purification. The loss of antibiotic resistance was confirmed by 

tooth-picking six individual colonies from streaked plates onto LB + Amp, LB + Cm, and 

LB-only plates, in that order, to ensure the absence of growth on the antibiotic-containing 

plates was not due to insufficient cells. Plates were incubated overnight at 37°C for LB + Cm 

and LB-only plates and 30°C for LB + Amp plates. The successful mutants were expected to 

be chloramphenicol and ampicillin-sensitive, indicating that the FRT-flanked 

chloramphenicol resistance gene and the FLP helper plasmid (pCP20) were simultaneously 

lost. PCR verification followed the same protocol as in Table 2-7, using locus-specific 

primers. The expected band size for successful mutants was approximate ~500 bp. Controls 

for wild-types and single mutants with the cat gene without pCP20 transformation were used 

to compare band sizes. 

 

2.8 Preparing single mutant strains for the subsequent gene deletion 

To enable a second deletion of SIM genes, the single mutant strains required the 

reintroduction of the red helper plasmid, pORTMAGE-2. Therefore, the REL606 and 

MG1655 strains carrying pORTMAGE-2 were grown overnight with ampicillin (100 µg/mL) 

at 30°C and then their plasmids were purified using the QIAprep Spin Miniprep Kit for 

subsequent transformations. The single mutants were made electrocompetent , transformed 

with pORTMAGE-2 and then grown overnight on LB + Amp at 30ºC. Single colonies were 

streaked onto LB + Amp plates for growth overnight, and then colonies were picked to create 

overnight cultures for freezer stock to be used for transformations of the second gene to be 

removed. The second removal of the error-prone polymerase gene followed the same strain 

construction protocol described above. 
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2.9 Reporter assay for SOS and RpoS response 

To measure the extent of SOS induction in various environments, an SOS reporter, which 

consisted of the gfp gene controlled by the sulA promoter, was utilized (Bos et al., 2015; 

Friedberg et al., 2005b; McCool et al., 2004; Pennington & Rosenberg, 2007). The sulA gene 

in E. coli is thought to inhibit cell division by binding to FtsZ, which is involved in forming a 

structural component at the division site of bacterial cell division (Cordell et al., 2003; 

Friedberg et al., 2005b; McCool et al., 2004; Trusca et al., 1998). The expression of sulA is 

repressed by the SOS repressor, LexA, and DNA-damaging agents, such as UV irradiation, 

can trigger the synthesis of sulA protein (Cole, 1983; Cordell et al., 2003; Friedberg et al., 

2005b; Huisman & D'Ari, 1981; McCool et al., 2004). Therefore, the PsulA-GFP reporter can 

be used alongside flow cytometry to measure the level of SOS induction in various 

environments that may induce the SOS response.  

To evaluate the role of SIM in a long-term evolution experiment, it is essential to identify a 

robust environmental inducer of the SOS response that can induce stress-induced 

mutagenesis without affecting the growth rate of E. coli. After researching relevant literature, 

two potential candidates were identified: mitomycin C (MMC) and nalidixic acid (Nal). In 

previous studies, both are strong inducers of the SOS response (Dapa et al., 2017; Friedberg 

et al., 2005a, 2005b; Huisman & D'Ari, 1981). MMC, an antitumour antibiotic used in cancer 

chemotherapy, inhibits DNA synthesis by inducing DNA cross-links and alkylation (Dapa et 

al., 2017; Keller et al., 2001; Suresh Kumar et al., 1997). Nal belongs to the quinolone class 

of antibiotics and acts as an enzyme inhibitor of DNA gyrase and topoisomerase IV, which 

coil and uncoil DNA. Nal creates double-stranded breaks (DSB), resulting in single-stranded 

DNA that induces the SOS response (Foster, 2007; Huisman & D'Ari, 1981). SOS reporter 

assays using flow cytometry were combined with growth curves to determine which stressor 

produces the most substantial inducing effect with minimal changes to the growth rate. Using 

a stressor that has a limited effect on growth, I can isolate and study the stress response 

pathways without interfering with the growth-dependent biological processes (Jaramillo-

Riveri et al., 2022). 
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2.9.1 Strain construction of reporter-GFP fusions 

The following protocol was implemented to incorporate the plasmid DNA for each reporter-

GFP isolate into wild-type strains to assess the efficacy of PsulA-GFP, PyiaG-GFP, and 

PbolA-GFP reporters in various environments. I already have pUA66 Ω PbolA-GFP 

introduced into REL606 from a previous study. First, a colony from a streaked LB plate 

containing each reporter was picked and used to create an overnight culture in LB media, 

which was incubated in a 37⁰C shaking incubator. DNA of the reporter plasmids was then 

obtained from lab stocks using the QIAprep Spin Miniprep Kit and eluted in 30 mL H2O 

before being stored in a -20⁰C freezer. To incorporate the plasmid DNA for each reporter-

GFP isolate into both REL606 and MG1655 wild-type strains, relevant wild-type cells were 

made electrocompetent and transformed with the plasmid DNA for each reporter-GFP 

combination, as previously described. The transformed cells were then plated onto LB + 

kanamycin (Km) plates overnight, and the next day, transformed colonies were viewed under 

a fluorescent microscope to identify transformed GFP+ cells. Fluorescent mutant colonies 

were picked and streaked onto LB + Km plates overnight at 37⁰C. For future use, an 

individual colony was chosen for each reporter-GFP, and a stock of each isolate was created 

and stored in a cryovial. 

 

2.9.2 SOS reporter assay 

To determine the optimal range for inducing SOS stressors, MMC and Nal, an SOS reporter 

assay was implemented. Overnight cultures of REL606 and MG1665 wild-type strains and 

REL606 and MG1665 strains with PsulA-GFP reporter-gene fusions (listed in Table 2-1) 

were prepared in plastic test tubes. The wild-type strains were reserved for future growth 

curves, while the reporter-GFP fusion strains were for flow cytometry. The next day, cultures 

were diluted 1:1,000 into 3 mL of fresh DM250 medium and incubated overnight. On day 

three, each culture was diluted 1:100 into fresh DM250 medium (total volume of 200 µL) in a 

96-well microtiter plate containing a specific concentration of the desired stressor (MMC or 

Nal). Growth curves were performed at 0.725 ng/mL and 0.65 ng/mL concentration of 

inducer, while flow cytometry used the same concentrations plus 0.8 ng/mL. Each 

combination of strain and inducer concentration had six replicates. The 96-well microtiter 
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plates were incubated for 24 hours for flow cytometry and growth curve analysis the 

following day.  

Preliminary experiments were conducted using glucose and glycerol-supplemented media (at 

250 µg/mL) to narrow the inducer concentration range. This decision was based on research 

conducted by Jaramillo-Riveri et al. (2022), which found that slow growth conditions 

(glycerol-supplemented media) resulted in a higher proportion of cells exhibiting high SOS 

induction compared to fast growth conditions (glucose-supplemented media). 

 

2.9.3 Flow cytometry for SOS reporter assay  

To measure GFP expression levels in both reporter and control cultures described in section 

2.9.2, a BD FACSCanto II Flow Cytometer was used. Before analysis by flow cytometry, the 

wells of the incubated plate were first diluted 1:5 into fresh DM0 and subsequently 

transferred to a new 96-well microtiter plate. During the preliminary experiments, two 

replicates were conducted for each strain-stressor combination. Six replicates were performed 

for each strain-stressor combination for the final SOS reporter assay using flow cytometry. 

GFP plots were manually assessed, and thresholds were applied to define each population's 

boundaries, separate cells from noise, and identify GFP+ populations from GFP- populations. 

 

2.9.4 Growth curves for SOS reporter assay  

To determine the impact of stressors on growth rates, cultures from section 2.9.2 were diluted 

at a 1:50 ratio into fresh DM250 in a new 96-well microtiter plate to a final volume of 200 µL 

per well. For the SOS reporter assay using growth curves, six replicates were performed for 

each strain-stressor combination. The plate was then incubated at 37ºC in a Spectramax 

machine with five seconds of shaking before taking an OD450 reading every five minutes over 

24 hours. Growth curve data were analysed using Curveball (Ram et al. (2019). 
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2.9.5 Process of RpoS reporter assay 

To identify the most efficient reporter fusion, a reporter assay was conducted using four 

treatments and four strains, namely REL606 and MG1655, with reporter fusions PbolA-GFP 

and PyiaG-GFP. The aim was to determine an environment that induces the RpoS response 

effectively. Treatments were starvation for 12, 24, 48 and 72 hours. Five replicates were 

performed for each strain-treatment combination. 

Cells from each strain were grown overnight from freezer stocks in a 15 mL glass tube with a 

plastic lid containing LB media shaken at 250 rpm and incubated at 37⁰C. A 104-fold dilution 

was made into 990 µL DM medium supplemented with 25 µL/mL glucose (DM25) and 

incubated in a 37⁰C shaking incubator for 24 hours. DM25 was selected because of its 

minimal glucose supply, which makes starvation happen more quickly. The next day, cultures 

underwent a 100-fold dilution into fresh DM25 media and were left shaking for 24 hours at 

37⁰C. Each treatment was initiated on different days to allow the analysis of results by flow 

cytometer on the same day for all treatments. To quantify the effect of different starvation 

periods on reporter expression, cultures of cells were analysed by flow cytometry to 

determine the distribution of GFP expression in cells sampled from each treatment (Figure 2-

3). Thresholds were manually applied on the GFP plots to determine the boundaries of each 

population. 
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Figure 2-2: Schematic of reporter assay for RpoS response. 
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2.10 Verification of SIM- strains and reporter-gene fusions   

To confirm the successful removal of each SIM gene and the correct placement of reporter-

GFP fusions, sequencing of SIM- and reporter strains was carried out. The samples were sent 

to Macrogen for sequencing, and primers that bind ~200bp away from target genes were used 

for the SIM- strains. For the reporter strains, the pUA66_F primer (listed in Table 2-3) was 

used. 

 

2.11 Construction of chromosomal fluorescent markers in SIM+ and SIM- strains 

I attempted to introduce Cyan Fluorescent Protein (CFP) and Yellow Fluorescent Protein 

(YFP) markers at the rhaA locus in both SIM+ and SIM- ancestral wildtype and mutant strains 

using the one-step inactivation of chromosomal genes technique developed by Datsenko and 

Wanner (2000).  

Firstly, I performed PCR using p-RhaA primers to amplify a cassette comprising the PAI 

promoter driving cfp and yfp genes from lab stocks of REL606 already containing yfp and cfp 

genes (Tables 2-1 and 2-3). Since I already had REL606 containing YFP and CFP markers, 

the focus was on incorporating yfp and cfp genes into the MG1655 ancestral wildtype and the 

mutant strains of both MG1655 and REL606. The PCRs followed the protocol in Tables 2-5 

& 2-6. I then used the PCR products containing cfp and yfp genes to transform 

electrocompetent cells of REL606 and MG1655 SIM- strains and the SIM+ MG1655 strain 

that all have pORTMAGE-2 present as a red helper plasmid (Table 2-1). After 

electroporation, strains were incubated for 1 hour at 37°C in Eppendorf tubes, and then 100 

µL plated onto LB only and incubated at 42°C overnight to get rid of the red helper plasmid. 

The next day, visible colonies on each plate were viewed under a fluorescent microscope to 

determine if any colonies contained the fluorescent markers. Unfortunately, I did not observe 

any fluorescent colonies in the three times the experiment was conducted. Hence, I could not 

proceed with competition experiments on MG1655 evolved and ancestral mutant strains as I 

did not have the ancestral strain containing a YFP or CFP marker. A MG1655 YFP or CFP 

strain is essential to compete the evolved and ancestral lines of MG1655 against for 

competition experiments. Therefore, I could only proceed with competition experiments of 

the REL606 ancestral and evolved mutant strains against the REL606 YFP or CFP strains.  
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2.12 Fluctuation test 

To test whether SOS induction elevates mutation rates in ancestral SIM+ (REL606 and 

MG1655) but not SIM- (REL606 ΔdinB ΔpolB and MG1655 ΔdinB ΔpolB) strains, the 

following steps were taken. First, the strains were grown overnight in LB shaking at 250rpm 

in a 37⁰C incubator. The next day, a 1:100 dilution of overnight culture was transferred into 

fresh DM250 and incubated under identical conditions. Each of the four test strains had 

fifteen replicate plastic test tubes. Three were used as controls on non-selective plates, and 

the remaining 12 were for selective plates. On day two, another 100-fold dilution was 

performed for each of the 15 replicates of each isolate into fresh DM250. On day three, a 

1,000,000-fold dilution was made, resulting in inoculations of ~500 cells into 3 mL cultures 

that were incubated for 48 hours at 37⁰C. Dilutions were carried out in both DM250 alone, 

and DM250 supplemented with 0.65 ng/mL of MMC, which served as an inducer for the 

SOS response. These two conditions were used to observe any effect on the mutation rate 

when adding a specific stressor to induce the SOS response. After incubation, the cultures to 

be plated on selective media were spun down by centrifugation at 4,000 rpm for eight 

minutes to pellet cells. The supernatants were removed, leaving 200 µL of concentrated cells 

plated on LB supplemented with rifampicin selective plates and incubated for 48 hours at 

37⁰C. The cultures to be plated on non-selective LB-only plates had appropriate dilutions 

before being spread on LB-only plates and incubated at 37⁰C for 24 hours. On the following 

day, non-selective plates were counted and recorded. The next day, selective plates were 

counted and recorded. 

 

2.13 Long-term evolution experiment  

To determine whether strains that lack SIM show reduced evolvability, an evolution 

experiment was conducted using SIM+ (REL606 and MG1655) and SIM- (REL606 ΔdinB 

ΔpolB and MG1655 ΔdinB ΔpolB) strains. An evolution experiment allows the impact of 

stress-induced mutagenesis on evolvability to be addressed by subjecting SIM+ and SIM- 

strains of E. coli to a specific stressor (mitomycin C) and then observing how each strain’s 

ability to generate adaptive genetic changes is affected comparatively over successive 

generations through conducting a competition experiment.  
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Initially, overnight cultures of each strain were grown in LB at 37°C with shaking at 250 

rpm. The next day, a 1:100 dilution of each culture was transferred into 3mL fresh DM250 

and incubated under identical conditions. On day four, 10,000-fold dilutions of each strain 

were inoculated into a 96-well deep well plate containing DM250 with 0.65 ng/mL MMC or 

with no inducer (NI) in a checkerboard pattern with negative control (DM250 only) 

(Appendix 1). Twenty-four replicates of each strain in each environment were split over two 

plates to minimize temperature variation in the incubator. The plates were incubated at 37°C 

with shaking, and every 48 hours, cells were transferred 1:10,000 into fresh medium to 

promote starvation of cells and RpoS induction. Cryovials with 30% glycerol were used to 

store cells every 100 generations (Figure 2-4). The number of generations per transfer cycle 

(n) was calculated using Equation (1), where DF represents the dilution factor (10,000-fold): 

𝑛 = 𝑙𝑜𝑔2(𝐷𝐹)     (1) 

As a result, 13.29 generations occurred during each transfer, equivalent to 7.52 transfers 

every 100 generations. The experiment was halted temporarily after 300 generations, and the 

cells were stored at -80ºC. A 100-fold dilution was made into fresh DM250 in a 96-well deep 

well plate to revive the cells, and they were incubated with shaking at 37⁰C. The next day, the 

transfers were restarted using the overnight cultures. The experiment ran for 400 generations, 

comprising 30 transfers (60 days), and the evolved lines were stored at -80ºC for future use in 

competition experiments (Figure 2-5). 
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Figure 2-3: Schematic of evolution experiment.  

Created with Biorender.com. 
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2.14 Competition experiment 

To evaluate the ability of SIM+ and constructed SIM- strains from evolved and ancestral lines 

to adapt to selection environments, competition experiments were conducted against a 

reference strain with a YFP marker. The change in the relative frequency of each strain was 

measured to estimate their relative fitness using the method described by Gallet et al. (2012). 

Relative fitness in this case refers to how well each strain (SIM+, constructed SIM-, and 

reference strains) are adapted to their selection environments. It is a quantitative assessment 

of the reproductive success and competitive advantage of each strain compared to the 

reference strain with a YFP marker. Four competition types were conducted to measure the 

fitness effect of deleting error-prone polymerases in evolved and ancestral REL606 lines 

while controlling for potential fluorescent marker effects. These types included (a) REL606 

yfp vs. REL606 ΔdinB ΔpolB (ancestor), (b) REL606 yfp vs. REL606 ΔdinB ΔpolB 

(evolved), (c) REL606 yfp vs. REL606 (ancestor), (d) REL606 yfp vs. REL606 (evolved). 

Two environments, MMC and Nal, were used for the competitions, while MG1655 evolved 

strains were excluded due to unsuccessful YFP and CFP gene insertion. 

The following protocol was adapted from Gallet et al. (2012) and consisted of five days. On 

the first day, strains were cultivated separately from glycerol stock in 200 µL/well of DM250 

in a 96-well deep well plate at 37⁰C overnight while shaking at 1,000 rpm. On the second 

day, a 1:100 dilution of each culture was transferred to a fresh 96-well deep well plate and 

incubated for 24 hours. On the third day, competitors were diluted 100-fold before mixing in 

a 1:1 ratio in DM250 with and without MMC into a new 96-well deep-well plate. 200 μL was 

removed and stored at 4⁰C before completing flow cytometry one hour later (0 hours). The 

remaining culture was kept for further incubation overnight. On the fourth day, a 100-fold 

dilution was performed into fresh DM250 with and without MMC, and 200 μL was removed 

and stored at 4⁰C before completing flow cytometry one hour later (24 hours). On the final 

day, a 100-fold dilution was performed into 200 μL of fresh DM0 in a 96-well microtiter 

plate, and flow cytometry was completed one hour later after storage at 4⁰C (Figure 2-5). 

Using DM250 as the growth medium allowed for visible growth and the assessment of 

hundreds of thousands of cells using small sample volumes (Gallet et al., 2012). Evolved 

competitions had three experimental blocks with 24 evolved lines for each competitor 

combination per plate. Ancestral competitions had 12 replicates of each competitor 
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combination per plate and were conducted over three experimental blocks, excluding the last 

block from analysis due to machine failure. 
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Figure 2-4: Schematic of competition experiment.  

Competitors are evolved or ancestral lines competed against a reference strain (REL606 with 

YFP marker). Created by Biorender.com.  
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2.14.1 Flow cytometry for competition experiment 

The BD FACSCanto II flow cytometer was used to measure the frequency of YFP-marked 

competitors at 0-, 24-, and 48- hours following the mixing of competing genotypes (Gallet et 

al., 2012). Gating was performed on a bivariate normal distribution to focus on the central 

cluster of events in an FSC-SSC plot, capturing approximately 68% of cells in each 

competition experiment. Manual thresholds were subsequently applied to YFP histogram 

plots to determine the boundaries of each YFP+ (reference) and YFP- population.  The count 

data were filtered to ensure consistency and accuracy in analysing evolved competition data. 

This filtering included only YFP+ and YFP- values within 20% of an equal proportion of 

count values (50:50) at time zero of the competition. This range was chosen because the 

count data at time zero was not evenly distributed, with most competitor counts deviating by 

10-20% from equivalence (50-50). Excluding competitions from analysis that deviated by 

more than a 20% range from equivalence obtained the most minor 95% confidence intervals 

while including sufficient counts. For ancestral competitions, a 10% range from equivalence 

was used for filtering the count data, which provided a sufficient sample size while 

preserving the proportion of the count data.  

The overall fitness for each strain-environment combination was calculated using fitness 

values from 0 and 48 hours from the filtered count data. For evolved competitions, the fitness 

for each of the three replicates was averaged by line (24 lines for each strain-environment 

combination). Some replicates and lines were lost due to the filtering of count data prior. The 

resultant lines were then averaged to find the overall fitness for each strain-environment 

combination. The same was done for ancestral populations, except with the two replicate 

blocks for the 12 lines of each strain-environment combination. Statistical analyses and plots 

were generated from the fitness values. From the ancestral competitions of REL606 vs 

REL606 YFP, a marker cost of 26.70% and 27.50% was calculated in the MMC environment 

and in its absence, respectively. This marker cost was then subtracted from the reference 

strain, ancestral SIM+, to eliminate its effects. Marker cost was calculated by removing 1 

from the fitness score. 
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2.15 Statistical analysis 

The software bz-rates developed by Gillet-Markowska et al. (2015) was utilized to determine 

the mutation rate of SIM+ and SIM- strains with and without MMC induction of the SOS 

response. There were 12 replicate populations of each strain-environment combination. The 

software generated summary mutation rates and corresponding confidence intervals for each 

combination of strain and environment. The Curveball software created by Ram et al. (2019) 

was used to visualize growth curve data. It fits growth models to growth curve data using a 

command line interface (CLI) and a programmatic interface (API) that works directly with 

growth curve measurements from 96-well microtiter plates. 

Statistical analysis was performed using R Statistical Software (v4.2.2; R Core Team 2022). 

FlowCore (v2.10.0; Ellis et al. 2022), flowStats (v4.10.0; Hahne et al. 2022), flowWorkspace 

(v4.10.1; Finak & Jiang 2022), rmarkdown (v2.19; Allaire et al. 2022 and Xie et al. 2018 and 

Xie et al. 2020), dplyr (v1.0.10; Wickham et al. 2022), ggcyto (v1.26.4; Van et al. 2018), fda 

(v6.0.5; Ramsay et al. 2022), rstudioapi (v0.14; Ushey et al. 2022), and lattice (v0.20.45; 

Sarkar 2008) packages were used to process and analyse flow cytometry and growth curve 

data.  

Two-way ANOVA tests were used for competition experiment data, followed by Tukey HSD 

post hoc comparisons and calculation of effect sizes using pooled standard deviations. I used 

ANOVA to test for significant effects of environment and genotype. ANOVAs were 

performed on the summary data of 24 evolved and 12 ancestral population lines in the four 

strain-environment combinations. The data from each line in evolved competitions was 

filtered and averaged, using up to three replicates from three experimental blocks. For 

ancestral competitions, up to two replicates from two experimental blocks were used for each 

line summary data. Six replicates of each strain and inducer combination were used for 

growth curve data analysis. As only summary results containing confidence intervals were 

obtained, growth curve and fluctuation test data were subjected to two-sample t-tests. 
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3. RESULTS 

 

3.1 Construction of SIM- strain 

The bacterial genome underwent recombineering to construct a SIM - strain by removing 

specific error-prone polymerase genes associated with stress-induced mutagenesis (SIM). 

This genetic manipulation is expected to prevent the increase in mutation rates generated by 

SIM, facilitating adaptation to stressful environments. 

 

3.1.1 Insertion of cat gene in place of dinB, polB or umuDC genes  

The process of recombineering was used to replace a gene of interest (dinB, polB, or umuDC) 

with an FRT-flanked chloramphenicol resistance cassette from the cat gene in the template 

plasmid, pKD3. These FRT sites allow the removal of the resistance cassette once inserted 

into the bacterial chromosome with a temperature-sensitive FLP helper plasmid, pCP20 

(AmpR) (Datsenko & Wanner, 2000). PCR verifications of transformants were conducted to 

determine if candidate gene-replacement strains lost the target error-prone polymerase gene 

and gained the antibiotic cassette. PCR verifications involved the use of two different primer 

pairs. One primer pair had locus-specific primers located ~200 bp upstream and downstream 

from the specific gene of interest (GOI) to show if all the mutants had a loss of the error-

prone polymerase gene and gain of the antibiotic cassette. The second primer pair had 

insertion-specific primers, with one primer inside the resistance gene and the other outside 

the region, flanking the insertion site. This primer pair will only produce a product if the 

expected construct has been created, where the cat gene has been successfully inserted into 

the target gene. Full details on the conditions of the PCR reactions can be found in section 2.6 

(Tables 2-3 and 2-7).  

Section 2.6 and Figure 2-1 present the band sizes calculations for gene size replacement 

experiments. The expected band sizes for replacing the polB gene with the cat gene using 

locus-specific primers in REL606 and MG1655 were 1442 bp, while the control band size for 

wild-type only was 2698 bp, showing a difference of approximately 1250 bp. For dinB gene 

replacement with the cat gene in MG1655, the expected band size was 1435 bp, and the 



   

 

49 

 

control band size for wild-type only was 1395 bp, showing a difference of approximately 40 

bp. My results in Figure 3-1 confirm that the mutants have the expected structures. However, 

for MG1655 ΔdinB, the experiment's results show that the band sizes are similar to the 

original and insertion allele, making it difficult to determine if the dinB gene has been 

replaced with the cat gene using these specific primers. No gel images show umuDC deletion 

due to being unable to grow transformed mutant colonies after electroporation. Thus, no 

successful ΔumuDC mutants were obtained. 

The primers used in this experiment are not specific enough to detect if the replacement 

occurred correctly. To further investigate the presence of the cat gene, it was necessary to use 

insertion-specific primers and DNA sequencing to confirm the presence of the replacement 

construct with accurate results. The presence of a band in the mutants and the absence of a 

band in the control wild-type strains confirmed the successful replacement of the dinB and 

polB genes with the cat gene, as determined by the insertion-specific primers (Figure 3-2). 

Therefore, the correct structures are present in all mutants. Figures 3-1 and 3-2 show band 

sizes of strains CA623 (REL606 ΔpolB, CmR from pKD3), CA617 (MG1655 ΔpolB, CmR 

from pKD3) and CA628 (MG1655 ΔdinB, CmR from pKD3) that were kept stored as glycerol 

stocks and used for further experiments.  
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Figure 3-1: Gel image of REL606 ΔpolB (A), MG1655 ΔdinB (B), and MG1655 ΔpolB (C) 

with cat gene from pKD3 mutants using locus-specific primers.  

Lane 1 is a 1 kb Plus DNA ladder. Lane 2 is a control of REL606 WT (2698 bp) or MG1655 

(2698 bp or 1395 bp for polB and dinB, respectively). Lanes 3-8 represent mutants in which a 

SIM gene within each strain has been substituted with the cat gene from pKD3 (1442 bp or 

1435 bp for polB and dinB, respectively).  
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Figure 3-2: Gel image of MG1655 ΔdinB (A), REL606 ΔpolB (B) and MG1655 ΔpolB (C) 

with cat gene from pKD3 mutants using insertion-specific primers.  

No band will be visible if cat gene has not replaced dinB or polB gene. Lane 1 is a 1 kb Plus 

DNA ladder. Lane 2 is a control of MG1655 WT or REL606 WT. Lanes 3-6 (or lanes 3-5 for 

(A)) represent mutants in which a SIM gene within each strain has been substituted with the 

cat gene from pKD3. 
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3.1.2 Removal of cat gene in single mutants 

After confirming the insertion of the FRT-flanked chloramphenicol resistance gene (cat gene) 

in place of the dinB and polB genes, my next goal was to remove the cat gene. With 

temperature-sensitive replication, an ampicillin-resistant FLP plasmid, pCP20, was used to 

remove the cat gene (Datsenko & Wanner, 2000). Removing the cat gene leaves behind an 

82- to 85-nt scar in its place (Datsenko & Wanner, 2000). Mutants were selected based on 

their simultaneous loss of resistance to chloramphenicol and ampicillin, as described in 

section 2.7. PCR verifications of selected mutants involved the use of locus-specific primers. 

The expected band size for mutants that have successfully removed the cat gene is 

approximately ~500 bp. Controls for wild-types and single mutants with the cat gene without 

pCP20 transformation were used to compare band sizes. Results show that all mutants 

transformed with pCP20 have the expected band size (Figure 3-3). Thus, these mutants have 

the correct structures with no resistance genes representing MG1655 ΔdinB, MG1655 ΔpolB, 

and REL606 ΔpolB single mutants. Band sizes of strains CA646 (REL606 ΔpolB) and 

CA652 (MG1655 ΔdinB) were stored as glycerol stocks and used for further experiments 

(Figure 3-3).  

 

 

  



   

 

53 

 

 

Figure 3-3: Gel image of single mutants with pCP20 to remove cat gene.  

Locus-specific primers were used. Band sizes are expected to be ~500 bp if the removal of 

cat gene (1016 bp) is achieved. Top: Lane 1 is a 1 kb Plus DNA ladder. Lane 2 is REL606 

WT, lane 3 is a single mutant without pCP20, lanes 4-7 are REL606 ΔpolB mutants with 

pCP20. Lane 8 is MG1655 WT, lane 9 is a MG1655 ΔpolB mutant without pCP20, lanes 10-

20 are MG1655 ΔpolB mutants with pCP20. Bottom: Lane 1 is a 1 kb Plus DNA ladder. 

Lane 2 is MG1655 WT, lane 3 is a MG1655 ΔdinB mutant without pCP20, lanes 4-15 are 

MG1655 ΔdinB mutants with pCP20. 
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3.1.3 Insertion and removal of cat gene in place of dinB or polB genes  

Now that single mutants with no resistance have been achieved for polB and dinB, my next 

goal was to produce mutants that have lost two error-prone polymerase genes. Double 

mutants were achieved by reintroducing the pORTMAGE-2 red helper plasmid into the 

single mutants and replacing a second gene of interest with the FRT-flanked cat gene inserted 

in its place. PCR verification of transformants was conducted to determine if all the mutants 

had replaced a second error-prone polymerase with the chloramphenicol resistance cassette. 

PCR verification again involved the use of two different primer pairs: 1) locus-specific 

primers and 2) insertion-specific primers. Full details on the conditions of the PCR reactions 

can be found in Tables 2-3 and 2-7.  

The expected band sizes are the same as in section 3.1.1. The calculations of band sizes can 

be found in section 2.3 and Figure 2-1. My results indicate that the band sizes for the original 

allele and gene replacements of dinB and polB with the cat gene are approximately as 

expected (Figure 3-4). Therefore, it can be concluded that these mutants possess the 

appropriate structures, indicating that the cat gene from pKD3 has replaced the gene of 

interest. However, the results from the experiment show no bands present for MG1655 ΔpolB 

and a few lanes of MG1655 ΔdinB. This lack of bands indicates that mutants do not have the 

correct structure and have not replaced the gene of interest with the cat gene. When 

undergoing replacement of ΔdinB by the cat gene in REL606 ΔpolB and MG1655 ΔpolB 

single mutants, only insertion-specific primers were used due to locus-specific primers not 

being specific enough to detect if the replacement had taken place correctly.  Band sizes of 

strains CA664 (REL606 ΔpolB + ΔdinB, CmR from pKD3) and CA667 (MG1655 ΔdinB + 

ΔpolB, CmR from pKD3) that were kept stored as glycerol stocks and used for further 

experiments (Figure 3-4). 

I removed the cat gene from double mutant strains using the approach described in section 

3.1.2 (Figure 3-5).  Notably, the mutants transformed with pCP20 showed an anticipated 

band size of approximately ~500 bp, indicating they had the correct structures with no 

resistance genes. Thus, the resulting double mutants were REL606 ΔdinB ΔpolB (CA674) 

and MG1655 ΔdinB ΔpolB (CA680), which were kept stored as glycerol stocks and used for 

further experiments. 
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Figure 3-4: Gel image of double mutants with the cat gene from pKD3. 

Locus-specific primers (primer 1) and insertion-specific primers (primer 2) were used to test 

for the replacement of the dinB and polB genes by the cat gene. If the replacement occurred, 

primer 1 would show a band size difference from 2698 bp (original allele) to 1442 bp 

(insertion allele) for polB, and primer 2 would have no visible band if the cat gene did not 

replace the dinB or polB genes. Lane 1 in both panels is a 1 kb Plus DNA ladder, while lanes 

2 and 3 show MG1655 WT with primer 1 and primer 2, respectively. Top: Lanes 4-20 test 

for mutants with a second deletion (ΔpolB) replaced with the cat gene. Bottom: Only lanes 6 

and 10 have the expected band sizes for a double mutant with a second deletion (ΔpolB) 

replaced by the cat gene. Lanes 11 and 16 are REL606 WT and MG1655 WT, respectively, 

while lanes 12-15 and 17-20 test for mutants with a second deletion (ΔdinB) with the 

replaced by the cat gene.  
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Figure 3-5: Gel image of double mutants with pCP20 to remove cat gene.  

Band sizes are expected to be ~500 bp if the removal of cat gene (1016 bp) is achieved. 

Locus-specific primers were used. Top: Lane 1 is a 1 kb Plus DNA ladder. Lane 2 is REL606 

WT, lane 3 is a REL606 double mutant without pCP20. Lanes 4-13 are REL606 double 

mutants with pCP20. Lane 14 is MG1655 WT, lane 15 is a MG1655 double mutant without 

pCP20. Lanes 16-20 MG1655 double mutants with pCP20. Bottom: Lane 1 is a 1 kb Plus 

DNA ladder. Lane 2 is MG1655 WT, lane 3 is a MG1655 double mutant without pCP20, 

lanes 4-18 are MG1655 double mutants with pCP20.  
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3.2 DNA sequencing 

Genome sequencing was conducted to verify the successful removal of target genes from the 

SIM- strains, the accurate placement of reporter-GFP fusions in the reporter strains, and as a 

precaution against potential off-target effects or unintended mutations acquired during the 

transformation procedures. Macrogen conducted the sequencing of samples using primers 

binding ~200bp away from target genes for the SIM- strains, as detailed in section 2.9 (Table 

2-3). The sequencing results of single and double mutant strains confirmed the findings from 

gel images (Figures 3-3 and 3-5). CA646 (REL606 ΔpolB), CA652 (MG1655 ΔdinB), 

CA674 (REL606 ΔdinB ΔpolB), and CA680 (MG1655 ΔdinB ΔpolB), showed clean 

deletions of target genes (Appendix 2). 

To check that the correct reporter-GFP fusions were being used, plasmid preps of 

transformed cells were sent to Macrogen for sequencing with the primer pUA66_F (Table 2-

3). pUAGG_F was used to check if the region of the pUA66 reporter plasmid corresponding 

to the inserted promoter maps to the correct promoter in the E. coli genome (e.g., PsulA, 

PyiaG and PbolA). BLAST was run on sequences for the reporter-GFP fusions to check the 

region of the pUA66 reporter plasmid corresponding to the inserted promoter maps to the 

promoter it should in the REL606 and MG1655 genomes (PsulA, PbolA, PyiaG) as well as 

mapping to gfp gene sequences (Zhang et al., 2000). Two matches returned for each top 

alignment when running BLAST, specifically in E. coli genomes. These matches equated to 

sulA gene sequences, bolA gene sequences, yiaG gene sequences and gfp gene sequences for 

strains CA640, CA641, CA643 and CA645. In comparison, CA644 has only yiaG gene 

sequences that have aligned. CA642 did not align with any gene of interest.  
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3.3 SOS reporter assay 

Two tests were done to determine the environmental challenge most suitable for inducing the 

SOS response. The goal was to identify a concentration of inducer that induces the SOS 

response but has little effect on the population growth rate, which might select mutants that 

are resistant to the inducer and, therefore, have a reduced SOS response. The study involved 

growing cell populations in environments with varying concentrations of mitomycin C 

(MMC) or nalidixic acid (Nal) to determine their effects on SOS expression and growth rate. 

 

3.3.1 Flow cytometry 

Preliminary results from a comprehensive series of experiments conducted to establish the 

optimal concentration range for SOS-inducing stressors MMC and Nal are presented in 

Appendix 3. An extensive range of concentrations (µg/mL) was initially selected for SOS 

reporter flow cytometry that was subsequently reduced (Appendix 3; Figure 8-1). However, 

the fluorescence intensity for the relative cell numbers of each combination was too high to 

distinguish small subpopulations of cells exhibiting SOS induction. The impact of slow-

growth conditions on the proportion of cells exhibiting high SOS induction was investigated 

in an SOS reporter assay with lower concentrations of inducers (ng/ml). Still, little difference 

was observed between glucose and glycerol-supplemented media (Appendix 3; Figure 8-2). 

However, from these lower concentrations of inducer being used, subpopulations exhibiting 

SOS induction were displayed. The highest proportion of subpopulations is shown by the 

small group of cell populations that have a higher fluorescence intensity relative to the main 

peak of cell populations. Fluorescence intensity of GFP increases along the x-axis from left to 

right. Therefore, cell populations to the left show lower fluorescence intensities than 

populations on the right. Fluorescence intensity is indicative of the number of cells 

expressing GFP. As specifically shown in the REL606-MMC-glucose combination, 

concentrations of 0.5, 0.65 and 0.8 ng/mL had the highest proportion of subpopulations 

exhibiting SOS induction, shown by the high fluorescence intensity (GFP-H) signal to the 

right of the main peak.  

The final SOS reporter assay, which aimed to optimize the inducer concentration that 

balances SOS induction with minimal impact on the population growth rate, was analysed 
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through parallel flow cytometry and growth curve assays (Figures 3-6 and 3-7). These assays 

were conducted to compare the efficacy of the SOS response induction and its impact on the 

growth rate. Flow cytometry analysis was performed using histograms to assess the effect of 

MMC and Nal inducer concentrations (0.65 ng/mL, 0.725 ng/mL, and 0.8 ng/mL) on SOS 

induction. In flow cytometry, an increase in induction levels of the SOS response is reflected 

by an increase in GFP expression since the gfp gene is fused to the SOS-inducible sulA 

promoter. The results from the density plot did not show any significant difference in 

estimated SOS induction among the different concentrations of inducers (Figure 3-6). 

However, a second peak towards higher GFP expression in the MMC stressor environment 

indicates a strong induction of the SOS response. In contrast, the Nal environment showed no 

sign of SOS induction relative to the control treatment. 

The mean GFP expression levels were analysed using a mixed distribution model to identify 

the SOS-on subpopulations based on the highest mean GFP expression level within an overall 

population. When analysing flow cytometry data, mixed distribution models are a tool for 

distinguishing various cell types within a larger cell population (Chan et al., 2008). The 

MMC-induced strains had significantly higher mean GFP expression levels than the Nal-

induced strains (Figure 3-7), indicating a more potent induction of the SOS response in the 

MMC-induced strains. The concentrations 0.65 ng/mL, 0.725 ng/mL, and 0.8 ng/mL of 

MMC were found to be equally effective in inducing the SOS response in the studied strains, 

with only a slight difference in mean GFP expression level for the 0.725 ng/mL 

concentration. These results suggest that combining the density and mean GFP plots can help 

determine the inducer concentration that best balances SOS-induction and population growth 

rate. They were compared to the growth curve assay to confirm the significance of the flow 

cytometer results. 
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Figure 3-6: Density plots summarizing the effect of mitomycin C (MMC) and nalidixic acid 

(Nal) inducer concentrations on SOS induction. 

Each histogram represents six replicates for each combination of strain and stressor 

concentration. Concentrations of 0.65, 0.725 and 0.8 ng/mL MMC all showed SOS induction. 
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Figure 3-7: Mean GFP plot of the final range of mitomycin C (MMC) and nalidixic acid 

(Nal) concentrations.  

Each symbol indicates six replicates for each combination of strain and stressor 

concentration. Error bars represent 95% confidence intervals for each mean GFP data point.  
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3.3.2 Growth curves 

To identify a stressor that can induce the SOS response without affecting the growth rate of 

the wild-type strains (REL606 and MG1655), a growth curve assay was conducted using 

concentrations of 0.65 ng/mL and 0.725 ng/mL MMC and Nal. The results were analysed 

using Curveball (Ram et al., 2019) (Figures 3-8 and 3-9). Using solely the information 

derived from a growth curve experiment, Curveball provides the capability to predict 

microbial growth (Ram et al., 2019). Models are fitted by comparing Bayesian information 

criteria (BIC) scores and selecting the one with the smallest BIC value. BIC balances model 

fit and complexity, making it a common method to assess model fit quality (Ram et al., 

2019). Based on the growth curve, no strain-inducer combination significantly affected the 

growth rate compared to the control group with no inducer (Figures 3-8, 3-9). 

Two-sample t-tests were performed for each strain-inducer combination to test if a given SOS 

inducer significantly affects growth rate. Growth of REL606 in environments supplemented 

with Nal at 0.65 or 0.725 ng/mL did not affect the growth rate. Likewise, growth in the same 

concentrations of MMC did not affect growth rates (control vs. 0.65 ng/mL, t10 = 0.145, P > 

0.05; control vs. 0.725 ng/mL, t10 = 0.260, P > 0.05). Growth of MG1655 in environments 

supplemented with Nal at 0.65 or 0.725 ng/mL did not affect the growth rate (control vs. 0.65 

ng/mL, t10 = 0.437, P > 0.05; control vs. 0.725 ng/mL, t10 = -0.672, P > 0.05). Likewise, 

growth in the same concentrations of MMC did not affect growth rates (control vs. 0.65 

ng/mL, t10 = 1.272, P > 0.05; control vs. 0.725 ng/mL, t10 = -1.306, P > 0.05). A significant 

difference in growth rate between the two strains in the MMC treatment was displayed, with 

REL606 exhibiting a substantially higher growth rate in all MMC inducer concentrations than 

MG1655, as evidenced by the non-overlapping confidence intervals (Figure 3-9).  

By integrating flow cytometry and growth curve assays, I determined the optimal 

concentration for inducing the SOS response to be 0.65 ng/mL. This concentration provided a 

robust response while allowing average cell growth. Moreover, I identified MMC as the most 

suitable option for long-term evolution experiments since it could induce the SOS response at 

all tested concentrations without compromising the growth rate. Narrowing down the 

concentration range and conducting parallel assays was crucial for me to identify the optimal 

concentration for subsequent experiments. 
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Figure 3-8: Growth curve of SOS reporter assay.  

(A) is growth curve of SOS reporter assay with mitomycin C; (B) is growth curve of SOS 

reporter assay with nalidixic acid. Each growth curve represents six replicates for each 

combination of strain and stressor concentration. 
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Figure 3-9: Estimated growth rate of mitomycin C (MMC) and nalidixic acid (Nal) induced 

reporter strains.  

Each symbol indicates six replicates for each combination of strain and stressor concentration 

(ng/mL). Error bars represent 95% confidence intervals. Units for concentrations are ng/mL.  
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3.4 RpoS reporter assay 

In this study, a RpoS reporter assay was utilized to investigate the inducibility of the RpoS 

response under starvation conditions and whether the timing of the induction would affect the 

expression of the RpoS response. Two distinct RpoS reporters, bolA-GFP and yiaG-GFP, 

were first validated by sequencing to ensure their integrity before being used, section 3.2. The 

fluorescence intensity of the samples, categorized based on strain-reporter combinations and 

time intervals, was quantified using histogram plots from flow cytometry analysis. Based on 

previous experiments and expert advice from the laboratory (pers. comm. T. Cooper), it was 

hypothesized that a two-day transfer cycle would be optimal to induce the RpoS response. 

The results demonstrated negligible differences in GFP expression levels across various time 

intervals for each strain-reporter combination (12, 24, 48, and 72 hours) (Figure 3-10). 

Nonetheless, noticeable differences in GFP expression were observed between the distinct 

strain-reporter combinations, further emphasizing the importance of accurately controlling for 

environmental factors when analysing experimental results. Since the results did not reveal a 

discernible difference in optimal transfer cycles, with all cycles proving equally effective 

across three separate instances the experiment was conducted, a consistent two-day transfer 

cycle was chosen for implementation in both long-term evolution experiments and fluctuation 

tests. 
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Figure 3-10: Density plots summarizing the effect of time on RpoS induction.  

Goal was to find optimal environment to induce RpoS response. Each histogram represents 

five replicates for each treatment and strain combination.  
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3.5 Effect of SIM and SOS on mutation rate 

I performed fluctuation tests to determine the combined effect of deletion of error-prone 

polymerase and the presence of SOS inducers on mutation rate. In particular, my 

investigation aimed to validate the hypothesis that the presence of SIM genes in strains 

undergoing SOS induction would result in a higher mutation rate compared to strains lacking 

dinB and polB genes or strains that were not induced to express the SOS response. To 

evaluate this hypothesis, I estimated mutation rates in replicate populations comprising four 

experimental treatments: the presence and absence of MMC, a specific SOS inducer, and the 

presence and absence of SIM. I used 12 replicate populations to estimate the mutation rate to 

rifampicin resistance per cell per generation in each strain and environment combination. 

From here on, I use SIM- to refer to double mutant (ΔdinB and ΔpolB) strains and SIM+ to 

refer to wild-type strains. I will use MMC to refer to the induction of the SOS response by 

MMC and no-inducer (NI) to refer to the absence of MMC and SOS induction.   

I found that both MMC and SIM are mutagenic. In REL606 and MG1655, the presence of 

both SIM and MMC increased mutation rates 4.4- and 4-fold relative to the absence of both 

(Figure 3-11 and Appendix 4; REL606 SIM+MMC+ vs SIM-MMC-, t22 = 4.51, P < 0.001; 

MG1655 SIM+MMC+ vs SIM-MMC-, t22 = 4.57, P < 0.001, respectively).  

I expected MMC induction of the SOS response and the SIM system to interact to cause 

higher mutation rates than expected by either individual factor. I discovered that the presence 

of MMC increased mutation rates 2.3- and 2.2-fold relative to the absence of MMC in SIM+ 

strains, while SIM- strains increased mutation rates 3.3- and 2.4-fold relative to the absence of 

MMC (Figure 3-11 and Appendix 4; REL606 SIM+MMC+ vs SIM+MMC-, t22 = 3.13, P < 

0.005; MG1655 SIM+MMC+ vs SIM+MMC-, t22 = 3.11, P < 0.01; REL606 SIM-MMC+ vs 

SIM-MMC-, t22 = 3.52, P < 0.002; MG1655 SIM-MMC+ vs SIM-MMC-, t22 = 2.74, P < 0.02, 

respectively). While the presence of SIM increased mutation rates by 1.3- and 1.7-fold 

relative to the absence of SIM in stressed environments, while unstressed environments 

increased mutation rates by 1.89- and 1.82-fold relative to the absence of SIM (Figure 3-11 

and Appendix 4; REL606 SIM+MMC+ vs SIM-MMC+, t22 = 1.15, P > 0.05; MG1655 

SIM+MMC+ vs SIM-MMC+, t22 = 2.12, P < 0.05; REL606 SIM+MMC- vs SIM-MMC-, t22 = 

2.11, P < 0.05; MG1655 SIM+MMC- vs SIM-MMC-, t22 = 2.17, P < 0.05, respectively). The 

estimated interaction effect is relatively small and judged by the overlap of confidence 
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intervals, not statistically significant relative to the individual mutagenic effects of MMC and 

SIM (Figure 3-11).  
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Figure 3-11: Log10 transformed mutation rate of SIM- and SIM+ strains with and without 

mitomycin C (MMC).  

Symbols indicate mean mutation rates calculated using fluctuation tests comprising 12 

replicate populations for each strain-environment combination. REL606 dinB.polB indicates 

the SIM- strains, while REL606 is indicative of SIM+ strains. Error bars represent 95% 

confidence intervals. 
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3.6 Effect of SIM on SOS evolvability 

To test if SIM and SOS combine to increase evolvability, I evolved 24 independent replicate 

populations for each of the REL606 and MG1655 background strains in each of the following 

conditions: SIM+SOS+, SIM+SOS-, SIM-SOS+, and SIM-SOS-. Together this represents a total 

of 192 populations. After 400 generations of selection, I carried out competition assays to 

estimate the fitness changes of evolved populations (Table 2-1; Figure 3-12). Unfortunately, a 

suitable reference strain was not identified for evolved populations started with MG1655, so 

these evolved populations were not considered further.  

I found that populations selected in the MMC environment had higher fitness than those 

selected in the no-inducer (NI) environment, with the MMC-selected SIM+ populations 

having the highest overall fitness (Figure 3-13). Fitness change depended on both MMC and 

the presence of SIM (P = 0.043; Appendix 4). The presence of both SIM and MMC increased 

fitness by 4.3% relative to the absence of SIM and MMC in evolved populations 

(SIM+MMC+ vs SIM-MMC-). Having both SIM and MMC present resulted in a 1.7% 

increase in fitness compared to having SIM present but MMC absent (SIM+MMC+ vs 

SIM+MMC-), and also resulted in a 1.7% increase in fitness compared to having MMC 

present but SIM absent (SIM+MMC+ vs SIM-MMC+) (Appendix 4; SIM+MMC+ vs 

SIM+MMC-, P = 0.714; SIM+MMC+ vs SIM-MMC+, P = 0.727).  

I also tested the individual effects of SIM and MMC on evolvability. Environment and strain 

had marginally non-significant effects on fitness change (Appendix 4; MMC status: F1,74 = 

3.481, P = 0.066; SIM status: F1,74 = 3.932, P = 0.051), respectively. The presence of MMC 

individually increased fitness by 1.7% in SIM+ populations and 2.6% in SIM- populations 

relative to environments without MMC (Figure 3-13). While SIM genes increased fitness by 

1.7% in the presence of MMC and 2.6% in the absence of MMC, compared to populations 

with SIM genes. My results show that the combination of stress and error-prone polymerase 

has a significantly higher fitness change relative to their individual effect on fitness in 

evolved populations, highlighting the significance of their presence together in an 

evolutionary context.   

Determining SIM and MMC's combined effects on evolved populations' fitness 

improvements could be challenging because the SIM+ and SIM- strains have different initial 

fitness levels. These varying fitness levels may independently impact subsequent changes in 
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fitness, regardless of any direct effect of SIM, which could confound the interpretation of 

results. In other words, any observed differences between the SIM+ and SIM- strains may be 

due in part to their differing initial fitness levels rather than solely due to the presence or 

absence of the SIM variable. The immediate relative fitness of SIM+ and SIM- in the ancestral 

strains used to start the evolution experiment was assessed by carrying out additional 

competitions. I found a significant immediate fitness effect of SIM and SIM - populations in 

the ancestral competitions; F1,38 = 85.640, P < 0.001 (Appendix 4). The SIM- strain, which 

lacks error-prone DNA polymerases, unexpectedly showed an increase in fitness of 13.3% 

and 15% relative to SIM+ strains in ancestral populations measured in MMC and NI 

environments, respectively (Figure 3-14; Appendix 4).  

It is important to note that while the overall fitness of the ancestral SIM - populations is higher 

than that of the SIM+ populations, the fitness of both evolved populations is lower than that 

of their respective ancestors (Figures 3-13 and 3-14). The evolved strains are estimated to be 

less fit than their ancestor, with a 13.7% and 16.3% decrease in fitness for SIM - in MMC and 

NI environments, respectively, and a 12% and 13.7% decrease in fitness for SIM+ in MMC 

and NI environments, respectively (Figure 3-13). 
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Figure 3-12: Schematic showing an expected fitness model of evolved and ancestral 

populations. Units are arbitrary. 

Expect evolved populations to have higher fitness values than reference strain. Expect SIM+ 

(REL606) strains to have higher fitness values than SIM- (REL606 dinB.polB) for evolved 

and ancestral populations. Expect MMC selected evolved populations to have higher fitness 

than NI selected evolved populations. Dashed line represents reference strain.  
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Figure 3-13: The fitness of evolved populations competition assays relative to the reference 

strain (ancestral REL606).  

Values below one indicates strains are less fit than reference strain after accounting for YFP 

marker effect. REL606 dinB.polB indicates the SIM- strains, while REL606 is indicative of 

SIM+ strains. Symbols indicates the mean of up to 24 evolved population replicates, each 

measured on three different occasions. Error bars represent 95% confidence intervals. 
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Figure 3-14: Fitness of ancestral populations competition assays relative to the reference 

strain (ancestral REL606).  

Values above one indicates strains are more fit than reference strain after accounting for YFP 

marker effect. REL606 dinB.polB indicates the SIM- strains, while REL606 is indicative of 

SIM+ strains. Symbols indicates the mean of up to 12 ancestral strain replicates, each 

measured on two different occasions. Error bars represent 95% confidence intervals. 
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4. DISCUSSION AND CONCLUSIONS 

 

4.1 Discussion 

To investigate whether stress-induced mutagenesis (SIM) contributes to evolvability, I 

created SIM- strains by deleting two error-prone polymerases. Then, I compared the mutation 

rate, growth rate, and evolvability of the SIM- strains to their otherwise isogenic SIM+ 

ancestors. Overall, my findings demonstrate the critical importance of error-prone 

polymerases in the stress-induced mutagenesis pathways of E. coli and suggest that targeting 

these polymerases may be a viable strategy to combat antibiotic resistance.  

I used fluctuation tests to evaluate the hypothesis that error-prone polymerases are induced by 

the SOS response to confer the SIM phenotype. I found that environmental stress, such as the 

mutagen, mitomycin C (MMC), and SIM increased mutation rates in bacterial populations. 

Notably, the combination of SIM and MMC significantly increased mutation rates in both 

REL606 and MG1655 strains (Figure 3-11 & Appendix 4; P < 0.001). MMC also increased 

mutation rates in both SIM+ and SIM- populations, consistent with prior research 

demonstrating that sub-inhibitory MMC concentrations can result in a 2- to 3-fold increase 

mutation rates in parent and MG1655 strains containing error-prone polymerases (Csörgő et 

al., 2012). This effect is comparable to my 2.3- and 2.2-fold increase in mutation rates in 

REL606 and MG1655 SIM+ strains when exposed to MMC, respectively (Figure 3-11 & 

Appendix 4; P < 0.005 and P < 0.01, respectively). However, I found an unexpected 3.3- and 

2.4-fold increase in mutation rates in REL606 and MG1655 SIM- strains when exposed to 

MMC, respectively, which contradicts previous results Csörgő et al. (2012) (Figure 3-11 & 

Appendix 4; P < 0.002 and P < 0.02, respectively).  

One potential explanation for the effect of MMC in increasing mutation rates in my SIM - 

populations could be that the SIM- strain is more sensitive to the specific stressors used in the 

study. SIM- strains may be more sensitive to genotoxic stress due to their lack of error-prone 

polymerases and translesion DNA synthesis (TLS) that help with DNA repair past lesions 

caused by stress (Friedberg et al., 2002). Sensitivity affects mutation rates as strains more 

vulnerable to stress may have a less effective DNA repair system, making them more likely 

to accumulate mutations over time (Vincent & Uphoff, 2020). This explanation is consistent 

with previous findings by Dapa et al. (2017), who found that inactivation of the polB gene 



   

 

76 

 

can increase sensitivity to MMC-induced genotoxic stress compared to the reference strain. 

This finding from my research and Dapa et al. (2017) implies that the polB gene plays a 

crucial role in the adaptive response to MMC-induced genotoxic stress. The absence of polB 

and dinB genes in the double mutant may have resulted in an even greater vulnerability to 

MMC-induced damage, leading to a higher mutation rate than the SIM+ strain (Dapa et al., 

2017). The discrepancy between my findings and Csörgő et al. (2012) concerning the effect 

of MMC on mutation rates in SIM- strains highlights the complexity of bacterial adaptive 

responses to environmental stressors and emphasises the importance of further research to 

comprehend the underlying mechanisms. 

Another key finding from my research is that the absence of dinB and polB genes reduces 

mutation rates in MMC and NI environments, as expected. This result is consistent with 

earlier research by Csörgő et al. (2012) which saw a 50% decrease in the mutation rate of a 

ΔdinB and ΔpolB SIM- E. coli strain in an unstressed environment. My SIM+ strains had 

higher mutation rates than SIM- strains, with 1.89- and 1.82-fold increases in mutation rates 

in the absence of MMC in the REL606 and MG1655 strain backgrounds, respectively. When 

MMC was present, the SIM+ strains had 1.3- and 1.7-fold increases in mutation rates 

compared to SIM- strains in the REL606 and MG1655 backgrounds, respectively. My results 

align with previous studies that found that removing all three inducible polymerases can 

significantly decrease post-exposure mutation rates in the presence of ciprofloxacin (Cirz et 

al., 2005). Furthermore, my findings support an earlier report that deleting dinB significantly 

reduces base substitution and frameshift mutations in a Lac+ reversion system and a 

rifampicin resistance assay (Strauss et al., 2000). My findings demonstrate the importance of 

dinB and polB genes in promoting genetic variability and the potential evolution of antibiotic 

resistance in bacterial populations under stressed and unstressed environments.   

My fluctuation test findings and previous studies here shed light on the critical role of stress-

induced mutagenesis in bacterial evolution and adaptation. Overall, the increase in mutation 

rates during the SOS response is proposed to be an adaptive mechanism that allows bacteria 

to generate genetic diversity in response to DNA damage or other stresses, which can aid in 

their survival and adaptation (Podlesek & Žgur Bertok, 2020). My results offer valuable 

information regarding how the induction of SOS response and the presence of error-prone 

polymerases affect mutation rates. These findings can help towards developing strategies to 
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manage bacterial infections and prevent the evolution of antibiotic resistance (Cirz et al., 

2005; Torres-Barceló et al., 2015).  

Consistent with my evolvability hypothesis, I found that induction of the SOS response by 

MMC and the presence of error-prone polymerases interacted to affect the fitness of evolved 

populations (Appendix 4; MMC-SIM interaction term, P = 0.043). The combination of SIM 

and MMC increased fitness by 4.3% relative to the absence of both in evolved populations, 

indicating that stress and error-prone polymerases interact positively to increase evolvability 

(Figure 3-13).  

Complicating the interpretation of the combined dependence on SIM and MMC on increased 

fitness improvements of evolved populations is my finding that deleting error-prone 

polymerases to make the SIM- strain caused an immediate increase in fitness relative to a 

SIM+ reference strain. This benefit occurred in environments with and without MMC. There 

are reasons to be cautious in interpreting this result, as results represent a considerable 

difference from expectations and previous findings. A decrease in the fitness of SIM- strains 

relative to SIM+ was seen by Yeiser et al. (2002) when competing SIM mutants against wild-

type Escherichia coli. Another finding by Torres-Barceló et al. (2015) observed a short-term 

effect of wild-type Pseudomonas aeruginosa outcompeting a SIM-deficient mutant lacking 

an SOS response, adapting faster to the ciprofloxacin antibiotic stress. This finding 

contradicts the short-term effect on my ancestral populations where the SIM- strain, in the 

absence and presence of MMC, shows a significant immediate increase in fitness relative to 

the reference strain.  

Based on previous findings of Yeiser et al. (2002) and Torres-Barceló et al. (2015), my 

competition assay findings may be influenced by a complication affecting other aspects of the 

experiment. One possible candidate is the influence of an inadvertent difference between 

selection and competition environments, which I discuss in detail in section 4.2. In ancestral 

populations grown in both MMC and NI environments, the SIM- strain showed an 

unexpected increase in fitness compared to the SIM+ strain. This increase may be attributed 

to other factors, such as epistatic interactions between genes, which could have influenced the 

initial fitness differences between the two strains (Elena & Lenski, 2003; Orr, 2005).  

Unexpectedly, I observed that the evolved strains had lower fitness than their ancestors. It 

may be attributed to the fact that the SIM-deficient ancestral populations showed a significant 
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increase in fitness in the presence and absence of MMC relative to the SIM+ reference strain. 

This result likely had implications for the fitness of the evolved strains observed. It is 

essential to understand that the decreased fitness of evolved strains compared to their 

respective ancestors does not necessarily indicate the absence of adaptive mutations. It  is 

possible that the evolved populations produced new beneficial mutations that have not yet 

been fixed, leading to a decrease in fitness relative to their ancestors (De Visser & Rozen, 

2005; Wilke, 2004). These unexpected findings suggest that the relationship between 

mutation rates, adaptation, and evolvability is complex and cannot be generalised without 

considering the specific genetic and environmental contexts. 

Overall, my estimates of the fitness of evolved strains indicate that the combination of stress 

and error-prone polymerases can enhance evolvability. This finding is supported by the 

higher fitness of populations selected in the MMC environment, and the significant increase 

in fitness observed in populations with SIM and MMC. However, the unexpected increase in 

fitness of the SIM- strain relative to the SIM+ strain in ancestral populations selected in MMC 

and NI environments indicates the need for caution when interpreting the result. The 

observed decreased fitness of the evolved strains compared to their respective ancestors is 

also unexpected. These results underscore the need for further research to understand the 

factors that influence the evolution of microbial populations.  

 

4.2 Limitations 

My thesis provides evidence that bacterial mutation rates are higher in the presence of error -

prone polymerases and in response to SOS induction. While the difference in mutation rates 

between SIM+ and SIM- strains was insignificant, populations selected in a stressful 

environment with error-prone polymerases exhibited higher overall fitness. However, my 

results also reflect limitations in my experimental design that may have impacted results, as 

evidenced by unexpected outcomes such as the decreased fitness of evolved populations and 

the increase in SIM- ancestral populations relative to ancestral populations.  

Maintaining experimental consistency is crucial for obtaining reliable and reproducible 

results. Inconsistent experimental conditions can introduce variability, leading to inaccurate 

conclusions and potentially false discoveries. Differences between competition and evolution 
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experimental conditions are a potential explanation for the apparent lack of adaptation 

(Lenski, 2023). Using a different 1-day transfer cycle for competition experiments compared 

to the 2-day cycle used in a long-term evolution experiment and fluctuation test may have led 

to misleading fitness estimates if fitness changes across the two growth treatments were not 

correlated. Altering the transfer cycle can affect the experimental organisms' growth rate, 

population size, and evolutionary trajectory, resulting in differences in adaptation and genetic 

changes over time. Inconsistent experimental conditions can also hinder comparing and 

integrating results from different experiments, which is vital for understanding the underlying 

mechanisms and principles governing the system under study. However, it is important to 

note that other factors may have also affected these unexpected results. Further investigation 

is needed to fully understand the underlying causes and ensure consistency in experimental 

conditions to obtain reliable and reproducible results. 

Another limitation of this study is that only dinB and polB were deleted, while the third error-

prone polymerase, coded by umuDC, could not be removed. As the SIM mechanism involves 

multiple genes and responses, including those controlled by umuDC, my results may not fully 

represent the overall impact of SIM on mutation rates and fitness. My study's findings may 

not be generalisable to other genes involved in the SIM pathway, as the role and function of 

these genes may differ from those of dinB and polB. This limitation has several implications. 

First, the presence of the umuDC genes may confound the interpretation of the results as they 

are responsible for error-prone DNA repair, leading to increased mutagenesis. Second, it 

suggests that the impact of the SIM mechanism on mutation rates may be more significant 

than reported in this study. Third, it highlights the need for further research to understand the 

contribution of each gene and response to the overall mutagenic response. Therefore, this 

limitation emphasises the complexity of the SIM mechanism and the challenges associated 

with studying it. Further studies are necessary to remove all components of the SIM 

mechanism to understand its impact on mutation rates. 

The inability to introduce the YFP and CFP markers into the ancestral strains presents a 

significant challenge for testing the evolved lines. The YFP and CFP markers are helpful for 

visualising gene expression and monitoring growth and behaviour under various conditions. 

However, its absence limits important information about evolved lines start ing with MG1655 

and derivatives, emphasising the need for careful selection of experimental techniques and 

alternative approaches. Furthermore, the inability to analyse the evolved lines from MG1655 
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in an evolutionary experiment is a significant scientific limitation. Monitoring the evolution 

of each strain, including potential adaptations or mutations, is critical, and not studying the 

evolved lines from MG1655 reduces the scope of the study and available information for 

analysis. The failure to draw applicable conclusions for both strains could limit the 

generalizability of the results and opportunities for identifying new mutations or adaptations 

in this strain, potentially limiting the overall scientific impact of the study. 

Testing multiple strains of E. coli has several benefits. Firstly, different strains can have 

unique physiological, metabolic, and genetic characteristics. By testing multiple strains, 

researchers can obtain a more comprehensive understanding of the biological processes 

involved and how they vary between strains. Secondly, testing multiple strains can improve 

the reliability and validity of experimental results by identifying common trends and patterns 

that are less likely to be due to chance or random variation. Finally, studying multiple strains 

can provide insights into the evolutionary processes that occur within bacterial populations. 

By comparing the evolutionary trajectories of different strains, researchers can better 

understand the factors that contribute to adaptation and evolution. 

Research has demonstrated the crucial role of SOS and RpoS responses in bacterial 

adaptation to DNA damage and nutrient limitation, respectively. However, the specific 

mechanisms and timing of SOS and RpoS induction may vary depending on the bacterial 

species and growth conditions being studied. It is important to acknowledge the limitations of 

current research in this area. For instance, the study only investigated the effects of two 

inducers for SOS, MMC and Nal, and one inducer for RpoS, nutrient starvation. Other 

inducers may have different effects on the response. Therefore, exploring the effectiveness of 

alternative inducers in inducing the SOS response would be beneficial.  

Additionally, I only examined the impact of inducer concentrations on the SOS response and 

population growth rate under laboratory conditions, not reflecting the complexity of the 

response in natural settings. Therefore, the relevance of my findings to real-world situations 

may be limited. Moreover, I focused on the SOS and RpoS response to MMC selection and 

nutrient starvation in E. coli. Further research is required to establish whether the findings can 

be extrapolated to other bacterial species. By acknowledging these limitations, future 

research can identify new areas of investigation and provide a more comprehensive 

understanding of bacterial stress response mechanisms. 
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4.3 Conclusion and next steps 

I aimed to test if stress-induced mutagenesis contributes to evolvability and to understand its 

mechanisms by creating SIM- strains and examining their growth, mutation, and evolvability 

compared to SIM+ strains. I had specific objectives: to determine the effects of removing 

error-prone polymerase genes and SOS responses on evolvability. 

I found that the presence of both an SOS inducer, MMC, and SIM increases mutation rates, a 

requirement of the model that an active SOS response is necessary for error-prone 

polymerases to increase the evolvability of bacterial populations. SIM populations that have 

evolved to cope with stress and adapted to the SOS response have higher fitness in the 

presence of MMC. These findings support the hypothesis that the combination of stress and 

error-prone polymerases can enhance evolvability. However, the unexpected increase in 

fitness of SIM- strains relative to SIM+ strains in ancestral populations and the observed 

decrease in fitness of evolved strains compared to their ancestors limit the scope of the study, 

and caution should be taken when interpreting its results. Additionally, the study did not 

remove the umuDC gene associated with stress-induced mutagenesis, potentially not fully 

capturing the effects of the SOS response on mutation rates. 

An essential next step to gain a comprehensive understanding of the SOS response pathway's 

contribution to mutagenesis is to investigate the impact of removing all genes involved in the 

pathway. Additionally, a thorough examination of the effects of each polymerase on 

mutagenesis could be achieved by evolving each single, double, and triple mutant. This 

approach would offer a deeper understanding of SOS polymerases in bacterial survival and 

adaptation, especially under stressful conditions and competition (Yeiser et al., 2002).  

To compare evolved lines against their ancestral counterparts, fluorescent markers or 

barcodes must be incorporated in a competition assay with a two-day transfer cycle to 

account for the transfer cycle used in the evolution experiment and eliminate variability. The 

inducer MMC concentration can also be increased incrementally during long-term evolution 

to avoid acclimation. Extending the time frame to 1,000 generations can provide a more 

comprehensive understanding of adaptive mechanisms, but it was not feasible in the present 

study due to time constraints. 
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Several critical next steps can be taken to understand the results comprehensively. Firstly, 

using the growth curve machine can provide valuable information about the growth rates of 

different strains, including the wild type and double mutants with and without YFP, under 

varying stress conditions. Growth curves can aid in determining whether the observed fitness 

effects are due to marker cost or other external factors. Secondly, it is necessary to verify the 

integrity of the strains by sequencing the double mutant strain to ensure that the unexpected 

fitness effect of deleting the two error-prone polymerases is present and not caused by any 

unexpected mutations. 

To ensure the accuracy and reliability of my study, it is crucial to recognize that the outcomes 

are limited to the specific experimental conditions used. Therefore, further research should 

investigate additional factors, such as different stressors or genetic backgrounds, to 

understand bacterial mutagenesis comprehensively. This knowledge could have significant 

implications for antibiotic development, as it may help to identify crucial regulators of 

mutagenesis and provide novel targets for drug development. These steps can refine the 

experiment's results, verify the accuracy of the observations, and offer important insights into 

the underlying mechanisms driving the observed effects. 

Overall, my study provides valuable insights into bacterial stress responses, which could have 

significant implications for antibiotic development, particularly in microbial and evolutionary 

biology, where mutation rates play a vital role in shaping genetic diversity and adaptation. 

Understanding the effects of the SOS response pathway and associated SIM genes on 

mutagenesis may help address the urgent need for new approaches to combat antibiotic 

resistance and develop more effective strategies for treating infections caused by antibiotic-

resistant bacteria. 
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6. APPENDIX 1: Plate design of 96-well deep well plates in the 
long-term evolution experiment 

 

Table 6-1: Layout of the four 96-well deep well plates for the evolution experiment 

Plate 1 a 

 1 2 3 4 5 6 7 8 9 10 11 12 

A             

B             

C             

D             

E             

F             

G             

H             

Plate 2 a 

 1 2 3 4 5 6 7 8 9 10 11 12 

A             

B             

C             

D             

E             

F             

G             

H             

Plate 3 b 

 1 2 3 4 5 6 7 8 9 10 11 12 

A             

B             

C             

D             

E             

F             

G             

H             

Plate 4 b 

 1 2 3 4 5 6 7 8 9 10 11 12 

A             

B             

C             

D             

E             

F             

G             

H             
a Plate 1 and 2. Light blue: REL606 SIM-MMC+; dark blue: REL606 SIM-MMC-; light green: 

MG1665 SIM-MMC+; dark green: MG1665 SIM-MMC-.  
b Plate 3 and 4. Light orange: REL606 SIM+MMC+; dark orange: REL606 SIM+MMC-; light 

yellow: MG1655 SIM+MMC+; dark yellow: MG1655 SIM+MMC-. Both have white: DM250 

only (negative control).   
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7. APPENDIX 2: DNA sequencing results 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7-1: Sequencing results of single and double mutants using Geneious. 

Top: Single and double mutants for polB gene. Bottom: Single and double mutants for dinB 

gene. 
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8. APPENDIX 3: SOS reporter assay preliminary results 

 

 

 

 

Figure 8-1: Density plots summarizing the effect of mitomycin C (MMC) and nalidixic acid 

(Nal) inducer concentrations on SOS induction. 

Figure shows the first prelimanary experiment with a wide range of stressor concentrations. 

Each histogram represents two replicates for each combination of strain and stressor 

concentration. Concentration range was overly broad and too high to distinguish 

subpopulations with SOS induction.  
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Figure 8-2: Density plots summarizing the effect of mitomycin C (MMC) and nalidixic acid 

(Nal) inducer concentrations in different growth conditions on SOS induction. 

Figure shows the second prelimanary experiment with a narrower and lower range of stressor 

concentrations. Each histogram represents two replicates for each combination of strain, 

stressor, and media concentration. The concentrations of 0.5, 0.65, and 0.8 ng/mL were found 

to be the most effective in inducing the SOS response in REL606 due to having 

subpopulations displaying high GFP expression.  
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9. APPENDIX 4: Data for fluctuation test and competition 
assay and statistical analyses 

 

Table 9-1: Mutation rates of double mutant and wild-type strains 

 

  

Strain Environment Mutation Rate 

95% Confidence Interval (CI) 

Lower Bound Upper Bound 

REL606 SIM- MMC 1.13×10-8 7.16×10-9 1.54×10-8 

REL606 SIM- NI 3.42×10-8 1.90×10-9 4.94×10-9 

MG1655 SIM- MMC 1.15×10-8 7.12×10-9 1.59×10-8 

MG1655 SIM- NI 4.85×10-9 3.02×10-9 6.67×10-9 

REL606 SIM+ MMC 1.50×10-8 1.02×10-8 1.98×10-8 

REL606 SIM+ NI 6.45×10-9 4.08×10-9 8.83×10-9 

MG1655 SIM+ MMC 1.96×10-8 1.35×10-8 2.56×10-8 

MG1655 SIM+ NI 8.83×10-9 5.72×10-9 1.19×10-8 
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Table 9-2: Mean fitness of SIM- and SIM-evolved and ancestral strains competitions relative 

to the reference strain 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Evolved populations competition 

Strain Environment Mean Fitness 

95% Confidence Interval (CI) 

Lower Bound Upper Bound 

REL606 SIM- MMC 0.863 0.839 0.887 

REL606 SIM+ MMC 0.880 0.853 0.908 

REL606 SIM- NI 0.837 0.811 0.862 

REL606 SIM+ NI 0.863 0.845 0.882 

Ancestral populations competition 

REL606 SIM- MMC 1.133 1.101 1.165 

REL606 SIM+ MMC 1.000 0.958 1.042 

REL606 SIM- NI 1.150 1.130 1.170 

REL606 SIM+ NI 1.000 0.981 1.019 
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Table 9-3: Results of two-way ANOVA for evolved and ancestral competitions 

Evolved competitions 

Source of 

Variation 

Degrees of 

Freedom 

(DF) 

Sum of 

Squares 

(SS) 

Mean 

Square 

(MS) 

F p-value 

Strain 1 0.009 0.009 3.932 0.051 

Environment 1 0.008 0.008 3.481 0.066 

Interaction 1 0 0 0.161 0.690 

Residuals 71 0.172 0.002   

Total 74 0.189    

Ancestral competitions 

Source of 

Variation 

Degrees of 

Freedom 

(DF) 

Sum of 

Squares 

(SS) 

Mean 

Square 

(MS) 

F p-value 

Strain 1 0.174 0.174 85.640 < 0.001 

Environment 1 0.011 0.011 5.202 0.029 

Interaction 1 0 0 0.302 0.586 

Residuals 35 0.071 0   

Total 38 0.256    
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Table 9-4: Results of Tukey HSD post hoc for multiple comparisons of strain and 

environment in evolved and ancestral competitions 

Evolved competitions 

A B 

Mean 

difference 

(A-B) 

95% Confidence Interval  

p-value 
Lower 

Bound 

Upper 

Bound 

MMC+SIM- MMC+SIM+ -0.017 -0.062 0.027 0.727 

MMC-SIM- MMC+SIM- -0.026 -0.069 0.017 0.378 

MMC-SIM+ MMC+SIM+ -0.017 -0.059 0.025 0.714 

MMC-SIM- MMC+SIM+ -0.044 -0.087 -0.001 0.043 

MMC-SIM- MMC-SIM+ -0.027 -0.067 0.014 0.313 

MMC+SIM- MMC-SIM+ -0.001 -0.043 0.042 1.000 

Ancestral competitions 

MMC+SIM- MMC+SIM+ 0.133 0.081 0.185 < 0.001 

MMC-SIM- MMC+SIM- 0.017 -0.033 0.067 0.795 

MMC-SIM+ MMC+SIM+ < 0.001 -0.067 0.067 1.000 

MMC-SIM- MMC+SIM+ 0.150 0.097 0.201 < 0.001 

MMC-SIM- MMC-SIM+ 0.150 0.085 0.214 < 0.001 

MMC+SIM- MMC-SIM+ 0.133 0.068 0.197 < 0.001 

 

 

 

 

 

 

 

 


