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Abstract

For organisms that are exposed to different environments, the rates and types of
spontaneous mutations that arise in each environment can vary, and potentially impact
the direction of evolution as a whole. Oxidative stress is a major cause of mutation, but
the effect of oxygen availability on the mutation rates and spectra of organisms grown
in aerobic as compared to anaerobic environments is not well understood at the whole
genome level. To investigate the mutation rates and spectra of a facultative anaerobic
bacterium grown under strictly aerobic or anaerobic conditions, 24 mutation
accumulation lineages, derived from Escherichia coli REL4536, were established and
propagated through 180 and 144 single-colony population bottlenecks, respectively.
Spontaneous mutation rates of 2.50 x 107 and 4.14 x 10""° mutations per nucleotide per
generation were obtained for aerobically and anaerobically grown cells, respectively.
Mutations in the aerobic environment were significantly biased towards G > T
mutations and IS186 transposition, while C 2 A, T = G, A - C mutations, gross
chromosomal rearrangements (GCRs) and IS150 transposition were significantly more
prevalent under anaerobic conditions. Transcriptional profiling, via RNAseq, of
RELA4536 grown under aerobic and anaerobic environments revealed that repair genes,
especially those involved in the repair of GCRs, were generally up-regulated in the
anaerobic environment, consistent with findings that mutation rates, especially for

GCRs, are higher in the anaerobic environment.

GCRs have long been thought to play an important role in the evolutionary process,
though their contributions to the process have not been specifically defined. SbcCD, an
exonuclease, is involved in the repair of DNA secondary structures, and is thought to
help prevent the occurrence of GCRs. Transcriptome analyses showed that in E. coli,
sbcC was up-regulated during growth in an anaerobic environment, as compared to an
aerobic environment. To investigate the impact of GCRs on adaptive evolution, an
E. coli REL4536 strain with disrupted sbcC was constructed and evolved under
anaerobic conditions for 1,000 generations in glucose-limited media in 14 parallel
populations. Mutations that arose during evolution were determined by whole genome
re-sequencing of selected clones, and evolved sbcC mutant strains displayed more
GCRs and enhanced population-level fitness on average. Together, these results suggest

that GCRs may play an important role in the rate of adaptation.
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Chapter One: Introduction

1.1 Mutations and evolution

Evolution is the change in gene frequency in populations of organisms over successive
generations. The main processes that drive evolution include natural selection and
genetic drift (1). Natural selection occurs when organisms that survive and produce
more offspring than their less-adapted counterparts tend to increase in frequency, while
genetic drift is when the relative frequencies of genotypes in a population change due to
random sampling and chance (2). Populations of smaller sizes are more susceptible to
the effects of genetic drift. For evolution to occur, natural selection and genetic drift
require genetic variation upon which they can act. The primary source of genetic
variation is spontaneous mutation, and processes such as gene flow, and recombination
further contribute to genetic variation within populations (3, 4). Gene flow is the
transfer of genes from one population to another, while recombination results in new
gene combinations within organisms, which is commonly due to sexual reproduction
(5). However, the ultimate source of new genetic variation is from mutation, which is

the change in nucleotide sequence of an organism (5).

In evolutionary terms, mutations can generally be described by their effects on fitness,
where fitness is a quantitative measure of the reproductive success of an organism (6),
and therefore, its ability to contribute to the gene pool of successive generations. At the
molecular level, the majority of mutations are selectively neutral, and so, have no effect
on fitness (7). Some mutations are beneficial and have a positive effect on fitness, while
some mutations are termed deleterious and have a negative effect on fitness. Natural
selection acts to eliminate deleterious mutations from a population, while beneficial
mutations are selected for, and accumulate within populations (8). Neutral mutations are
subject to genetic drift and in extreme cases, may be lost, or become fixed within the
populations. Generally, deleterious mutations spontaneously arise more frequently than

beneficial mutations (9).

For any organism, the types of mutations that arise (section 1.3), and the spontaneous
mutation rate (section 1.6) directly impact its evolutionary potential. In different
environments, the types of mutations that arise, and the mutation rates of an organism,

can vary, thus affecting the adaptive pathways that populations may undertake, as well



as the rate of adaptation. For example, cells grown in aerobic and anaerobic
environments differ in how they generate energy, resulting in differences in cellular

physiological conditions and mutagenic pressures.

Escherichia coli is a facultative anaerobe; it can grow in both the presence and absence
of oxygen. In the presence of oxygen, i.e. under aerobic growth conditions, E. coli cells
generate adenosine triphosphate (ATP) by aerobic respiration. Here, oxygen is used as
the terminal electron acceptor in an electron transport chain that is used to generate
ATP. In contrast, in the absence of oxygen, i.e. under anaerobic growth conditions,
E. coli cells can generate ATP by either anaerobic respiration or anaerobic fermentation.
If electron acceptors, such as nitrate, nitrite, sulphate or fumarate are available, cells
undergo anaerobic respiration. However, if no electron acceptors are available, then
cells generate energy through a process known as anaerobic fermentation. During
anaerobic fermentation, ATP yield is relatively low and thus, cells growth rate is slower
(10). As a facultative anaerobe, E. coli is an ideal organism to use for studying the
effects of aerobic and anaerobic environments on mutation rates and spectra. While
genome-wide spontaneous mutation rates for E. coli grown under aerobic conditions
have been published (11-13), similarly derived rates for E. coli grown under anaerobic
conditions have not been published. Understanding how mutation rates and spectra vary
in aerobic and anaerobic environments will provide us with insights into the process of

evolution under the two environments.

1.2 Sources of mutations

Mutations can be classified into two categories: induced and spontaneous. Induced
mutations occur as a result of exogenous agents, such as ionizing radiation, UV, cosmic
rays, viruses and alkylating agents. These mutagens usually cause point mutations
(section 1.3.1), pyrimidine dimerization or strand breaks in the DNA, amongst other
mutation types (5, 14-16). In contrast, spontaneous mutations are those that occur in the
absence of exogenous agents (17), and can occur due to errors in DNA replication or as
a result of DNA damage occurring during normal growth (5, 17, 18). Such types of
DNA damage include the oxidation, alkylation and hydrolysis (i.e. deamination,
depurination, or depyrimidination) of nucleotide bases (5). During aerobic respiration, a
major source of spontaneous mutations is oxidative DNA damage caused by the

presence of reactive oxygen species (ROS) (19).



1.2.1 Reactive oxygen species (ROS)

ROS are normal cellular by-products of aerobic respiration and are formed when
molecular oxygen (O;) is reduced by the addition of electrons (20). ROS can also be
introduced via environmental agents (14, 16, 21). Some of the more commonly
encountered ROS are superoxide radicals (O;), hydrogen peroxide (H,O,) and the
highly reactive hydroxyl radicals (OH") (5, 16, 22). Though ROS play important roles in
processes like homeostasis and the induction of host defence genes, they are also a
major source of DNA damage and can attack cellular components. For example, they
are involved in lipid peroxidation and amino acid oxidation (5, 23). ROS exposure can
also result in the formation of strand breaks, damage to bases and sugar-phosphates or

replication blocks (14).

More than twenty different types of oxidative stress-induced DNA lesions have been
identified (24-27); see Table A.1 for examples. In particular, guanine bases are quite
vulnerable to oxidation because of their low redox potential (14). One of the most
extensively studied and frequently encountered lesions is the 8-0xoG lesion, which is
also commonly called the GO lesion (24). Principally, OH" radicals react with guanine
nucleotide bases to produce nucleotide bases that have the potential to be mutagenic as
they can pair with both adenine (A) and cytosine (C) nucleotide bases with great affinity
(19). If left unrepaired, guanine (G) to thymine (T) transversion mutations result (5, 14,
28). Additionally, the GO lesion can be further oxidised to produce more mutagenic

DNA lesions such as cyanuric acid, oxaluric acid and oxazolone (19).

In organisms, the first lines of cellular defence against ROS are antioxidant molecules
and systems that can neutralize the radicals via the actions of antioxidant enzymes, such
as superoxidase dismutase, glutathione peroxidise and glutathione reductase (21, 24). In
addition, organisms have multiple systems to repair DNA damage, and some of these
have been identified as being involved in the repair of ROS-induced damage (discussed

in section 1.4).

1.3 Classes of mutations

Mutations occur in a wide variety of types, and can be classified based on the sequence
alteration they cause in DNA. Broadly, types of mutations include base pair

substitutions, insertions, deletions and gross chromosomal rearrangements (5). The



mutation spectrum of a DNA sequence refers to the range and relative frequencies of all

the mutation types (25) relative to a reference sequence.

1.3.1 Base pair substitutions (BPSs)

Base pair substitutions (BPSs), sometimes referred to as point mutations, result from the
substitution of one base pair for another (5). BPSs can be further classified into
transitions and transversions (5). Transition mutations occur when a purine base (A or
Q) is replaced by another purine base or when a pyrimidine base (C or T) is replaced by
another pyrimidine base (Figure 1.1). Transversion mutations occur when a purine base
is substituted by a pyrimidine base or vice-versa (Figure 1.1). In bacteria, transition
mutations are typically more common than transversion mutations (29), even though,
theoretically, there are more possibilities for transversions than transitions. It is thought
that this bias is due to the biochemical structure and nature of the nucleotide bases
themselves (30). In essence, when a transition mutation occurs, a purine or pyrimidine
nucleotide is substituted by another purine or pyrimidine nucleotide, respectively and
thus, the biochemical structure and properties of the nucleotide being substituted are not
changed. Another possible reason behind the prevalence of transition mutations is that
transversions are more readily recognised and repaired by cellular repair systems as they
cause bulky lesions, while transitions are not (30). Recently, Sakai et al. (2006) studied
spontaneous mutations at one locus in E. coli cells grown under acrobic and anaerobic
conditions and observed that the frequencies of BPSs were generally higher in

aerobically grown cells (28).

BPSs can also be classified by their functional effect (5). For instance, silent or
synonymous mutations are BPSs that result in the same amino acid being encoded for,
and theoretically, should have no effect on protein function. Non-sense mutations are
BPSs that change the amino acid codon to one of the three stop codons: TAG, TAA and
TGA. The earlier termination of protein synthesis usually leads to a partial or complete
loss of protein function, and therefore, such mutations are generally deleterious. Mis-
sense mutations are BPSs that change the amino acid codon to that of a different amino
acid. The effect of changing an amino acid can greatly vary and the resultant protein can

lose, gain, change or maintain function (5).
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Figure 1.1. Transition versus transversion mutations. Transitions occur when a purine base (i.e.
adenine or guanine) is replaced by the other purine base or when a pyrimidine base (i.e. cytosine
or thymine) is replaced by the other pyrimidine base. Transversions occur when a pyrimidine

base is replaced by a purine base or vice-versa.

1.3.2 Indels

Insertions or deletions, commonly also referred to as indels, involve the insertion or
deletion of one or more nucleotide bases (5). Within coding regions, unless the length of
the mutation is a multiple of three bases, insertions or deletions commonly result in
frame-shift mutations. Frame-shifts generally result in the translation of a protein that is
significantly different in sequence and usually not functional (5). Frame-shift mutations
may also result in truncated proteins due to the introduction of stop codons in the gene

sequence.

In this study, slippage events are also classified as indels. Replication slippage, also
referred to as slipped-strand mispairing, normally occurs during DNA replication.
Observed in both prokaryotic and eukaryotic cells, repetitive DNA sequences, present in
the coding and non-coding regions of genomes, usually in runs of mono-, di- and
trinucleotide repeats, are regions where slippage occurs. These sequences are usually
unstable and additions or deletions of the repeated units can frequently occur. Viguera et
al. (2001) have elucidated a model for the mechanism behind replication slippage,

discussed in detail in (31).



1.3.3 Gross chromosomal rearrangements (GCRS)

Gross chromosomal rearrangements (GCRs) refer to mutations involving large-scale
regions of the genome. Large-scale changes in the structure of the genome include
deletions, inversions, duplications, translocations and mobile genetic element (MGE)
movement (Figure 1.2). GCRs can generally be classified into two groups: balanced
GCRs or imbalanced GCRs. Balanced GCRs are those rearrangements that change the
gene order within the genome but do not remove or add any sequence (e.g. inversions
and translocations). Imbalanced rearrangements are those that change the overall

content of the genome (e.g. deletions and duplications) (32, 33).

Wild-type sequence > b c > d e
a d e
Deletion
Inversion a (C b d e
Translocation a d e 1 m b c - n
4 a b c b c d -
Duplication > >
MGE movement a b c IS element d e

Figure 1.2. Examples of GCRs. Figure adapted from (32).

In evolution studies, GCRs are of particular interest as they can influence genome
folding, gene expression, gene regulation, create new gene combinations and regulatory
circuits, or even lead to the reduction in genome size by the loss of non-essential genes
(34, 35). GCRs have been shown to occur during short-term adaptation to new
environments in E. coli (35-37), Saccharomyces cerevisiae (38-40), and other
organisms. While GCRs have been shown to confer increased fitness (41-43) in some
studies, it is possible that potential fitness costs restrict the occurrences of certain GCRs
in populations (33). Generally, where gene expression is affected or genome size is

drastically changed as a consequence of GCRs, then the fitness of these genomes is



reduced (44-46). Curiously, in the study of spontaneous mutations at one locus in
E. coli cells grown under aerobic and anaerobic conditions by Sakai et al. (2006), GCRs
were much more prevalent in anaerobically grown cells (28). However, as only a small
locus was analysed in this study, it is not known if this trend generally occurs genome-

wide (47, 48).
1.3.3.1 Formation of GCRs

GCRs can occur due to recombination between homologous, or partially homologous,
repeated DNA sequences within the genome. Examples of such DNA sequences include
ribosomal operons, tRNA genes, duplicated genes, prophages and MGEs (5). During
genome replication, replication forks can stall in regions of sequence repeats, creating
double-strand breaks (DSBs) in the DNA. Since these DSBs can be lethal, their repair is
crucial. As recombinational repair systems (discussed in section 1.4.7) act to repair the

DSBs, GCRs can be generated (33, 39).

Repeated sequences that are in the same orientation on the genome are called direct
repeats (33). Recombination between direct repeats results in the duplication or deletion
of the region bounded by the repeat sequences as seen in Figure 1.3a and Figure 1.3b,
respectively. The deleted region can also insert itself back into the genome at another
copy of the repeat, generating a translocation (33). For duplications, the duplicate
regions can either be located next to each other, resulting in tandem duplications, or one
of the duplicated regions can be inserted in a separate location of the genome, where the
sequence is at least partially homologous. Repeated sequences that are in opposing
orientations on the genome are called indirect repeats (IRs). Recombination between
IRs can result in inversions of the regions in between the repeats as seen in Figure 1.3c
(33). Thus, the occurrence of GCRs can be moderated by the number and size of
repeated sequences in the genome (33). Repeated sequences most frequently involved in

GCR generation are MGEs (32).
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Figure 1.3. Homologous recombination of repeated sequences resulting in the formation of
GCRs. The letters W, X, Y and Z represent the repeat sequences while the red arrows indicate
the orientations of the sequences. The letters a, b, ¢ and d represent regions of the genome
bound by the repeat sequences. In a) recombination between repeat sequences Y and Z on a
sister chromosome after replication results in a tandem duplication. In b) recombination
between repeat sequences Y and Z on the same chromosome results in the excision of the DNA
fragment which has gone on to recombine with another homologous sequence elsewhere in the
genome, resulting in a translocation. In c) recombination between repeat sequences X and Z

results in an inversion. Figure taken from (33).



1.3.3.1.1 Mobile genetic elements (MGEs)

MGEs are DNA sequences that can move within and between genomes (49) and allow
the transfer of genetic information in prokaryotes and eukaryotes. MGEs have been
shown to have a wide range of effects when they insert into new regions of the genome,
such as adaptation to new environmental conditions and changes in genetic content,
gene expression or genome structure (50). Therefore, as MGEs seem to contribute
greatly to genome evolution (49, 51, 52), they are thought to be important players in
changing the mode and tempo of evolution. It is noted that though there are instances
where MGE movement can be beneficial to cells, such as in the adaptation to new
environments, excessive MGE mobility can result in an unfavourable amount of

mutagenesis (49).

Typically, MGEs encode enzymes that allow for their movement and integration into
new DNA sequences, and also play a critical role in the spread of virulence factors and
resistance conferring proteins amongst bacteria. Examples of MGEs include
transposable elements (TEs), plasmids, bacteriophage elements and pathogenicity
islands [see (53) for a complete review]. As the characteristics of many of these MGEs
overlap, they can be difficult to categorize. Since TEs are the most abundant and well-

studied type of MGEs, the focus of this section will be on TEs.

1.3.3.1.1.1 Transposable elements (TES)

TEs were first described in the maize genome by McClintock in 1950 (54), and are
sometimes referred to as “selfish DNA”. All TEs are flanked by a series of short
repeats, either direct or indirect, which aid in their insertion and excision. The
transposition of TEs around the genome is catalysed by element-specific enzymes,
generally called transposases (53). In E. coli, two different pathways for transposition
have been identified: replicative and conservative (55). Briefly, in the replicative
pathway, transposition results in two copies of the TE, where one copy is at the new site
even as the original site also retains a copy (56). In the conservative pathway, on the
other hand, there is no replication of the TE. Instead, the TE is excised from the original
site and integrated into a new site (53), in what is typically referred to as the “cut and
paste mechanism”. TEs that can move by themselves are generally referred to as
autonomous TEs while those that cannot mediate their own movement are referred to as

non-autonomous TEs (53). Sites of insertion of TEs can generally be identified by the
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presence of a series of repeats, commonly of lengths ranging from 3 to 40 bp, which are

generated during transposition (49).

TEs can largely be classified into two classes based on their structure and transposition
mechanism: Class 1 and Class II (57). Class I TEs are also referred to as
retrotransposons as they are first transcribed to RNA. The resultant RNA is then reverse
transcribed to DNA in a step mediated by a reverse transcriptase which is often encoded
for by the TE itself. The DNA copy can then be inserted into a new position in the
genome (57). Conversely, Class II TEs, or DNA transposons, never use RNA
intermediates and often follow a conservative mechanism of transposition. Depending
on the mechanism of insertion, replication strategy and structure, TEs can then be
further sub-divided within each class as detailed by Casacuberta and Gonzalez (2013) in
(52). In E. coli, Class II TEs are more abundant than Class I TEs (57, 58). Examples of
Class I elements include group II introns, retrons and  diversity-generating
retroelements (58) while examples of Class II elements include insertion sequence (IS)
elements, Miniature inverted-repeat transposable elements (MITEs) and transposons

(Tn) (53). IS elements are thought to be the most abundant bacterial TE (53).

1.3.3.1.1.1.1 IS elements

IS elements are the simplest types of TEs and range in size from 700 bp to 3,500 bp.
Many different types of IS elements exist and they can be further categorised into
families based on the type of encoded transposase, their overall genetic organisation and
their accessory genes [discussed in detail in (59, 60)]. Most E. coli strains are rich in IS
elements; over 40 IS elements have been identified amongst the various E. coli strains,
with 1S3, IS4 and IS5 being some of the more abundant elements. Transposition rates
vary greatly between different IS elements and different E. coli strains, as demonstrated

in recent studies by Sousa et al. (2013) (61) and Lee et al. (2014) (62).

While all IS elements typically only encode one to three proteins, a transposase is
always encoded for. Thus, IS elements are autonomous TEs that are generally flanked
by short sequences of IRs, with each IR being at least 3 bp long (57, 61). If IS elements
are inserted into the middle of genes, the coding sequences of the genes are interrupted
and gene expression is inactivated. If genes are within an operon, then IS element

insertion into one gene can disrupt the expression of the other genes in the operon as
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well (53). IS element contributions in evolution have been well documented (60). In
E. coli, for example, IS elements have generated a great degree of genetic diversity
during laboratory evolution experiments, and aided in population adaptation to many

different environments (35, 41, 50, 63-65).

1.3.3.1.1.1.2 MITEs and transposons

MITEs are non-autonomous TEs that are normally between 100 to 400 bp in length
(66). MITEs, normally flanked by IRs of 10 to 40 bp on either side, are thought to have
derived from IS elements (section 1.3.3.1.1.1.1) by internal deletions. MITEs normally
possess the recognition sequences required for their mobility and thus, can be mobilised
by the parent transposon when it is present (53, 66). While much is unknown about the
mobility of these elements in prokaryotic genomes, it is thought that they are beneficial
in generating new genes with new functions or in generating new regulatory signals for

existing genes (66, 67).

Transposons are autonomous TEs, containing genes in addition to those required for
transposition (57). These additional genes typically confer antibiotic resistance or
virulence. Composite transposons are generally flanked by two IS elements and mostly
utilise a conservative mode of transposition (section 1.3.3.1.1.1). The IS elements,
which can be identical, have the ability to transpose independently of the transposon
(57). Non-composite transposons, or complex transposons, are usually flanked by long
sequences of IRs and use a replicative mode of transposition (section 1.3.3.1.1.1) (57).
Over the years, many transposons have been identified in E. coli, examples of which

include Tn3, Tn5, Tn7, Tn10 and Tn21 (53).

1.4 DNA replication and repair systems

DNA replication is typically a process of high fidelity, due to the action of accurate and
efficient DNA polymerases. Some polymerases also possess proofreading ability and
can hence, immediately correct mismatched nucleotide bases. Moreover, to maintain
genome integrity and structure, organisms have multiple mechanisms for repairing
mutated DNA and/or replicating past the damage in the sequence (5, 68, 69). DNA
repair is generally defined as the cellular responses to DNA damage that result in the
restoration of normal nucleotide sequence and DNA structure (5). DNA repair processes

typically involve either the direct correction of the damaged bases or the excision of the
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damaged bases (14). While it is not always possible to reverse the damage, there are
mechanisms in place to do so when applicable. In E. coli, for example, alkylated bases
can usually be directly repaired by methyltransferases or oxidative demethylases (5, 70).
Additionally, E. coli has many different DNA repair systems, some of which are

discussed in more detail below.

1.4.1 DNA replication

In E. coli, DNA replication normally involves either polymerase (Pol) I or IIT (5, 71).
DNA Pol III holoenzyme is presumed to be the main, highly accurate replicative
polymerase involved in DNA replication (5, 71). Briefly, DNA replication involves
unzipping the double-stranded DNA (dsDNA) and generating a forked structure that is
referred to as the replication fork. As DNA synthesis can only occur in one direction
(5' to 3"), the two DNA strands are differentially replicated. One strand is continuously
replicated and is referred to as the leading strand while the second strand is replicated in
short Okazaki fragments that are later linked together. This strand is referred to as the
lagging strand. Studies have demonstrated that while Pol III can replicate both the
leading and lagging DNA strands, lagging strand synthesis is more accurate (71).
Reasons behind the differential fidelity of Pol III in replicating leading and lagging
strands are currently unknown. Pol I, encoded by polA, is the most abundant DNA
polymerase in E. coli and is involved in filling gaps between Okazaki fragments during
lagging strand synthesis (5, 71). Both Pol I and Pol III has been shown to be prone to
replication slippage (discussed in section 1.3.2) (72).

While DNA replication can be an error prone process itself, some DNA polymerases
also possess exonuclease activity; providing them with proof-reading ability. For
instance, the epsilon sub-unit of Pol III, encoded by dnaQ, possesses exonuclease
function and mutations in dnaQ have been shown to impede the proofreading ability of
DNA Pol III, leading to a reduced rate of growth and a strong mutator phenotype
(section 1.6) (14). Pol I, in contrast, is the polymerase utilised by the various DNA
repair systems. Thus, as the DNA replication process can repair damaged DNA, it also
plays a crucial role in the maintenance of genomic integrity (14, 73). A list of proteins

in E. coli known to be involved in replication is shown in Table A.2.
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1.4.1.1 Translesion synthesis (TLS)

Under normal growth conditions, Pol III is constitutively synthesised. However, when
DNA damage or a replication block is encountered, translesion synthesis (TLS) is
induced. TLS allows for the replication of DNA past lesions or stalled replication forks
by the use of specialized polymerases that can insert nucleotides across DNA lesions
(74, 75). After the lesion has been by-passed, Pol III resumes DNA synthesis.
Compared to Pol III, the TLS polymerases generally have lower fidelity and so, TLS

can be an error-prone, mutagenic process itself (5).

In E. coli, there are three polymerases, mostly belonging to the Y-family of
polymerases, that are involved in TLS; Pol II, IV and V. Pol II, while known to be
involved in in re-starting stalled replication forks (76), also has proof-reading ability
and has been postulated as being a backup polymerase for Pol III (71). Pol IV has been
shown to bypass many lesions including alkylation and oxidatively damaged bases (5).
Additionally, it has been shown to increase the cell’s spontaneous mutation rate when
induced (76). Pol V is the most error prone polymerase and can directly bypass most

types of DNA damage (75, 77).

1.4.2 Base excision repair (BER)

The base excision repair (BER) pathway is a highly conserved DNA repair pathway that
functions as the primary pathway to correct DNA damage induced by ROS (section
1.2.1) (5). Additionally, it can repair DNA damage caused by alkylation, deamination,
depurination and depyrimidination (5, 15, 16, 70, 78). The BER pathway is initiated
when DNA glycosylases recognise damaged bases and initiate damaged base removal
via cleavage of the N-glycosidic bond (15, 78). Other proteins required for the repair
process are an AP endonuclease or AP DNA lyase, a DNA polymerase, and a DNA
ligase. Details of all genes known to be involved in this pathway in E. coli are provided

in Table A.2.

At present, many different DNA glycosylase enzymes, each falling into different
structural classes, are recognised (5). Each glycosylase is specialized in the detection
and excision of different damaged bases. For the repair of oxidatively damaged bases,
the MutM, MutY and MutT proteins are induced in response to the GO lesion, and

comprise a system that is commonly referred to as the GO system (Figure 1.4). The
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formamidopyrimidine DNA glycosylase, or MutM, catalyses the removal of 8-oxoG
bases paired with cytosine bases in a DNA sequence. If the lesion is not removed before
replication occurs, adenine bases can be incorporated into the sequence, opposite the
8-0x0G bases (Figure 1.4), resulting in G:C - T:A transversions (78, 79). MutM also
possesses the ability to repair alkylated purines, ring-opened purines and
formamidopyrimidine lesions (78, 79). The adenine DNA glycosylase, or MutY,
catalyses the removal of adenine bases paired with 8-0xoG bases in a DNA sequence
(78, 79). If the lesion is not removed before replication occurs, cytosine bases can be
incorporated into the sequence, opposite the 8-0xoG bases (Figure 1.4), resulting in
A:T - C:G transversions (78, 79). Finally, MutT is involved in the hydrolysis of 8-oxo-
dGTP to 8-0xo-dGMP, thus removing the oxidised guanine from the nucleotide pool
(23, 80).

Oxidation MutT )
dGTP —— X >  8-ox0-dGTP —— > 8-ox0-dGMP + PPi

A @ o
T G <«<— QOxidation
S e W
C MutY A C MutM C
—— 8-0x0G—— ——8-0x0G 8-ox0G — —GG—
MutM l Replication
€ MutM C A MutY '
—G—— —— 8-0x0G —— —8-0x0G ——— — 8-0x0G —
Replication MutM j
— S | — — G
G — T — G
AT=>CG G:IC2>TA
transversion transversion

*Incorporation of 8-oxo-dGTP during replication

Figure 1.4. Proposed model of the GO system. If left unrepaired, the GO lesion can result in
changes in the DNA sequences. The oxidised guanine base can be incorporated opposite either
adenine or cytosine nucleotide bases during DNA replication. Replication of the 8-0xoG:C pair
can result in the incorporation of adenine bases into the sequence, subsequently resulting in
G:C = T:A transversions. Replication of the 8-0x0G:A pair can result in the incorporation of
cytosine bases into the sequence, subsequently resulting in A:T = C:G transversions. MutM
and MutY are involved in preventing these mutations from occurring, respectively, while MutT
is involved in catalysing the removal of the 8-oxo-dGTP from the nucleotide pool. Figure

adapted from (81).
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As previously mentioned, the BER pathway also contains many damage-specific DNA
glycosylases that can repair alkylated or deaminated bases (5, 79). Uracil, another
frequently encountered DNA lesion regularly induced by the hydrolytic deamination of
cytosine bases, preferentially pairs with adenine during replication. If the lesion is not
removed by the uracil DNA glycosylase (encoded by ung) before replication occurs,
C:G - T:A transitions result (5, 79). Endonuclease V, encoded by Nfi, recognises
deaminated adenine and guanine nucleotide bases. If the lesions are not removed before
replication occurs, A:T = G:C transitions result (5, 79). Additionally, ring-saturated,
ring-contracted, fragmented and oxidised pyrimidines are recognised by Endonuclease

I11, which is encoded by Nth (5, 79).

1.4.3 Nucleotide excision repair (NER)

Nucleotide excision repair (NER) is the major DNA repair pathway for repairing bulky
damages such as alkylated bases, UV lesions, pyrimidine dimers, helix distortions or
benzoapyrene adducts (75, 82-84). These bulky lesions tend to block the progression of
DNA replication forks or cause a distortion in the DNA structure, resulting in
mutations. Damaged DNA nucleotides are excised via dual incisions made by the
exinuclease (two different nucleases functioning together) (5, 82). Additionally, it is
possible that the NER pathway functions as a back-up pathway for the repair of
oxidative DNA damage (82, 85). Briefly, in studies conducted on human cell lines of
xeroderma pigmentosum, cells unable to repair neuronal damage caused by singlet
oxygen were found to have mutations in genes encoding proteins involved in the NER
pathway (82, 85). Details of all genes known to be involved in this pathway in E. coli
are provided in Table A.2.

1.4.4 Mismatch repair (MMR)

The mismatch repair (MMR) system is a highly conserved system involved in DNA
repair. The MMR system corrects base-base mismatches that have arisen from mis-
incorporation during replication as well as indels that have arisen from strand slippage.
In short, the main function of MMR is to repair DNA damage that has escaped the
proofreading of DNA polymerases (5). The MMR pathway prevents mismatches by
detecting incorrect base-pairing between DNA strands and as it is the only system to

specifically detect and correct errors on the newly synthesised strand, MMR is an
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essential repair system to maintain genome fidelity (83, 86-88). Details of all genes

known to be involved in this pathway in E. coli are provided in Table A.2.

In E. coli, the methyl-directed MMR pathway can recognise and repair BPSs and indels
and is comprised of proteins encoded for by the mutS, mutH and mutL genes (89). In
methyl-directed MMR, parental DNA is methylated by the dam encoded DNA adenine
methyltransferase while newly synthesised DNA is unmethylated. MutS and MutL bind
together and activate MutH, which preferentially acts on the unmethylated strand of
DNA at hemi-methylated GATC sites (89, 90). If the site of excision is 3' to the
mismatch, Exonuclease I, encoded by sbcB, or Exonuclease X, encoded by exoX, are
utilised. If the site of excision is 5' of the mismatch, Exonuclease VII, encoded by xseA,
or RecJ, encoded by recj, are utilised (89, 90). The process is facilitated by a DNA
helicase, UvrD, which is also involved in re-starting DNA replication from the lesion

(89, 90).

While studies have indicated a role of the MMR pathway in the repair of oxidatively
damaged bases (91), studies have also shown that the methyl-directed MMR pathway
preferentially recognises transitions (90). Indeed, Lee et al. (2012) have also found a
bias for A > G and T - C transitions in aerobically grown E. coli cells lacking MutL
(13). Transitions are thought to occur due to the different pairing properties of the
structural isomers of the nucleotide bases. Essentially, the four nucleotide bases of DNA
are subject to spontaneous structural alterations called tautomerization. Each of the four
bases exist in two forms, with each form having its own affinity; guanine and thymine
bases can exist in enol or keto forms and adenine and cytosine bases can exist in amino
or imino forms (5). For instance, the imino tautomers of adenine bases can pair with
cytosine bases, resulting in A:T = G:C transitions whereas the enol tautomers of

guanine bases can pair with thymine bases, resulting in G:C = A:T transitions (5).

The methyl-directed MMR pathway of E. coli can also recognise recombination
heteroduplexes that contain mismatches (90). The MMR pathway has been shown to
inhibit the completion of homeologous recombination (92), and has also been associated
with the inhibition of homologous recombination (93). Homeologous recombination is
the recombination between related but non-identical DNA sequences, and can cause

substantial genome instability that can lead to GCRs. Therefore, it is not surprising that
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mutator strains that arise in experimental evolution studies are usually defective in

MMR (9).
1.4.5 SOS response

The SOS response is a global regulatory network response, induced during conditions of
extensive stress caused by exogenous and endogenous agents to enable bacterial
survival (69, 76, 94). More than 40 genes are thought to be induced in the SOS
response, with most of these genes encoding proteins for DNA protection, repair,
replication and metabolism (75, 94). Though this mechanism is highly error prone, it
can be advantageous in an evolutionary sense as cells will attempt to repair the genome
and risk fixing deleterious mutations, as opposed to leaving the genome unrepaired.
Moreover, the additional genetic and phenotypic variation generated may also be
beneficial in helping the organism adapt to the stressful conditions. For examples of

genes in E. coli known to be induced by this pathway, refer to Table A.2.

Two major proteins regulate the SOS response: RecA and LexA (69, 94). LexA is a
transcriptional repressor of SOS genes. When DNA is damaged, RecA binds to single-
stranded DNA (ssDNA), signalling the self-cleavage of LexA, resulting in the
expression of the SOS response (69, 75, 76). Studies have shown that the presence of
ROS can induce LexA self-cleavage in E. coli (22), thus indicating that the SOS

response can be induced in the presence of oxidative DNA damage.

1.4.6 Stringent response

The stringent response is another stress response, induced in response to nutrient
starvation, fatty acid limitation and heat shock (95). Many genes are thought to be
induced in the stringent response, with most of these genes encoding proteins for stress-
associated sigma factors, RNA degradation and amino acid biosynthesis (95, 96). For

examples of genes in E. coli known to be induced by this pathway, refer to Table A.2.

The stringent response is induced by the accumulation of unusual guanosine tetra- and
penta- phosphates, referred to as (p)ppGpp nucleotides, and is regulated by two
enzymes: RelA and SpoT (95, 96). RelA, also known as ppGpp synthetase I, synthesises
(p)ppGpp nucleotides in response to amino acid starvation while SpoT, also referred to

as ppGpp synthetase II, maintains the intracellular levels of the nucleotides. The
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stringent response has numerous effects on cell physiology, and studies have suggested
that the stringent response can be induced in the presence of oxidative DNA damage

(97, 98).
1.4.7 Recombinational repair

When DNA replication is stalled, either in response to exogenous mutagenic agents or
due to DNA damage, recombinational repair pathways are induced (5, 68, 69).
Essentially, when the replication fork encounters unrepaired lesions or DNA strand
breaks at DNA secondary structures undergoing repair, the replication complex halts.
These lesions or DNA strand breaks are then repaired by enzymes involved in
recombination, after which replication is re-initiated (5). While these repair mechanisms
contribute greatly towards the maintenance of genome fidelity, they are also responsible
for generating genome instability, as they allow for the exchange of genetic information
between DNA sequences. For example, GCRs (section 1.3.3) are largely mediated
through homologous recombination between repeated sequences i.e. between
homologous sites. Details of all genes known to be involved in this pathway in E. coli

are provided in Table A.2.

In bacteria, there are two major repair recombination mechanisms: homologous and
illegitimate recombination (53, 99). While some bacteria also have a non-homologous
end joining (NHEJ) pathway (99), this pathway is thought to be absent in E. coli (100).
Illegitimate recombination requires DNA sequences that are in close proximity to each
other but that are not largely homologous (53). Essentially, this mechanism relies on
DNA strand annealing and is RecA independent (99). Homologous recombination, on

the other hand, is the main mechanism for recombinational repair in bacteria.

1.4.7.1 Homologous recombination

Homologous recombination requires identical, or very similar, DNA sequences. It is
commonly thought that a minimum of 20 bp of DNA sequence homology is required for
recombination to occur (53). This mechanism can repair double-strand DNA breaks
(DSBs) and single-stranded DNA breaks (SSBs) via the RecBCD and RecFOR (68,
101) pathways, respectively.
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1.4.7.1.1 The RecBCD pathway

The RecBCD pathway is the main recombination pathway in E. coli (53). In this
pathway, the three-enzyme RecBCD complex initiates the recombination process by
binding to a blunt end of the dsDNA break (102). The DNA is then unwound and the
two DNA strands are asymmetrically degraded until the RecBCD complex encounters a
specific eight nucleotide sequence; the Chi site (5'-GCTGGTGG-3") (53, 102). Upon
encountering a Chi site, the exonuclease activity of the complex is up-regulated and
RecA proteins are loaded onto the ssDNA. This DNA-protein complex then searches
out similar sequences of DNA, after which strand invasion and strand exchange follow
(53, 102). Finally, the resultant crossover junctions, referred to as Holliday junctions,
are resolved by some combination of RuvABC and/or RecG proteins and two
recombinant, or non-recombinant, DNA molecules are produced (102). Generally, in
E. coli genomes, there is an over-abundance of Chi sites (102, 103), indicating the

importance of homologous recombination.

1.4.7.1.2 The RecFOR pathway

The RecFOR pathway can repair breaks that occur on only one DNA strand i.e. SSBs.
The RecFOR pathway has also been demonstrated to repair DSBs when the RecBCD
pathway is inactive (104). The RecFOR pathway follows a similar mechanism to that of
the RecBCD pathway, though different proteins are involved (53, 68, 102). Essentially,
the RecFOR complex loads the RecA proteins onto the ssDNA via the displacement of
the single-strand-binding (SSB) protein. As was the case with the RecBCD pathway, the
RecFOR pathway requires RecA to function.

1.4.8 Expression of repair pathways in aerobic and anaerobic environments

It is likely that different mutations will accumulate under aerobic and anaerobic
environments due to the presence and action of different mutation sources (section 1.2).
Thus, it is also possible that different repair systems are active under aerobic and
anaerobic environments. This can be investigated by the comparative analyses of

transcriptomes under both aerobic and anaerobic environments.

1.4.8.1.1 Transcriptome analysis

The transcriptome is composed of messenger RNA (mRNA), ribosomal RNA (rRNA),
transfer RNA (tRNA), and intragenic and intergenic non-coding RNA (ncRNA) (105-
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108). Until very recently, hybridization-based approaches, commonly microarrays, were
typically used to study the transcriptome. While these methods were reliable, rapid, and
cost effective, they suffered from background noise and cross-hybridization issues.
Hybridization-based approaches also required an annotated genome sequence, which
was not always available. However, it is now possible to study the transcriptomes of
organisms by directly sequencing mRNA, a process commonly referred to as RNAseq

(105-108).

RNAseq is an efficient way to measure the transcriptome with increased dynamic range,
greater sensitivity and deeper coverage than microarray technologies, providing more
in-depth insight into transcriptional regulation, and hence, the biology of the cell (105,
106, 109-113). RNAseq involves either double stranded or single stranded cDNA
library synthesis (113, 114). Double-stranded cDNA synthesis erases RNA strand
information while single-stranded cDNA synthesis retains information about the
direction of transcription (112). Various strategies for strand-specific analyses of
transcriptomes have been developed as transcriptome studies of many species have
revealed a previously uncharted existence of antisense transcription events. Due to its
great resolution, RNAseq can also detect previously unknown genes and non-coding
RNAs. In fact, it is now clear that antisense transcripts are very heavily involved in

regulatory functions (108, 115-117).

Studying the transcriptomes of bacteria can be a challenging task. Bacterial mRNA can
be particularly difficult to isolate as it is rather unstable and has a very short half-life, an
average of 2 min (107, 110). As approximately 95% of the transcriptome is composed
of rRNA and tRNA, it is ideal to enrich for mRNA and remove rRNA and tRNA from
the sample for the production of high-quality transcripts. However, enrichment of
bacterial mRNAs is complicated as they generally lack a 3' poly (A) tail, which
facilitate enrichment in eukaryotes (109, 111). Despite these challenges, RNA
sequencing has already been used to study the transcriptomes of many microbes
including Pseudomonas syringae (108), Streptococcus pneumoniae (114), Salmonella
bongori (114) and Chlamydia trachomatis (115). In such microbial RNAseq studies,
mRNA enrichment has typically been achieved by the removal of rRNAs and other
RNAs by using a hybridisation-based method, the degradation of processed RNA by a
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5'-3' exonuclease that specifically degrades RNAs with a 5'-monophosphate end or by
the selective polyadenylation of mRNAs by the E. coli poly(A) polymerase (109).

1.5 Mutation detection

Mutation detection is an area that has developed significantly in recent times; an
overview of the various methods that have been used in the past are covered in this
section. In many cases, molecular methods such as fluorescence in situ hybridization
(FISH) (118), polymerase chain reaction (PCR) amplification and restriction fragment
length polymorphism (RFLP) analysis of non-coding regions and microsatellite regions
(119), denaturing gradient gel electrophoresis (DGGE), single-stranded conformational
polymorphism (SSCP) assays (120), and most commonly, sequencing of PCR
amplicons (4) have been used to detect mutations. Additionally, physical mapping by
pulse-field gel electrophoresis (PFGE), PCR amplification and sequencing of
rearrangement break points or comparative genome hybridisation (34) have also been
used to identify GCRs (section 1.3.3). Many of the different methods listed above rely
on one of three simple approaches: (1) differential hybridisation of wild-type and mutant
DNA in DNA microarrays, (i1) differences in the electrophoretic properties of wild-type
and mutant DNA, or (iii) the chemical/enzymatic modification of heteroduplex DNA
(120). These methods generally provide a limited view of the mutational spectra by
focussing on a limited number of genetic loci, or, do not provide the molecular detail of
the changes in DNA sequence underlying the mutation. In recent years, however, the
ease and availability of sequencing technologies has greatly advanced (section 1.5.1.1)

and it is now possible to identify mutations directly across the whole genome.

1.5.1 Genome-wide mutation detection

Detecting mutations on a genome-wide basis provides a complete picture of the
mutations that have arisen, allowing for a better understanding of the mutation spectrum
as well as a direct molecular estimate of the mutation rate. A powerful approach to
detect all mutations that have arisen within a genome is to re-sequence its genome
(section 1.5.1.1). Then, by comparing the ancestral genotype with the genotypes of

evolved populations, mutations can be identified across the whole genome.
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1.5.1.1 Genome-wide mutation detection by genome sequencing

For many years, Sanger sequencing was the most widely used sequencing method.
However, with the advent of high throughput next-generation sequencing technologies,
it is now possible to sequence bacterial genomes both rapidly and affordably (4, 121,
122). These high throughput sequencing platforms are the 454 pyrosequencing, Illumina
and Sequencing by Oligonucleotide Ligation and Detection (SOLiD) platforms. One of
the first next-generation sequencing platforms, 454 pyrosequencing relies on the
generation of a detectable light signal when a new nucleotide base is incorporated (123).
The Illumina sequencing platform depends on fluorescently labelled, reversible dye-
terminators to identify nucleotide bases (124) while the SOLiID sequencing platform
depends on sequencing by ligation, where emulsion PCR, fluorescent probes and
fluorescence imaging are used to identify nucleotide bases (125). Another commonly
used sequencing technology is lon Torrent sequencing, which utilises a principle similar
to that of 454 pyrosequencing, but ultimately relies on the detection of hydrogen ions
during nucleotide base incorporation (126). Additionally, when using this platform, no

imaging technology is required, thus making it a very fast sequencing platform.

There are also relatively newer technologies that have the potential to overcome some
of the limitations and biases of the next-generation sequencing technologies listed above
(127). One such platform, the Pacific Biosciences (PacBio) platform, utilises single-
molecule real-time sequencing; where phosphate-labelled nucleotide bases are
incorporated into the growing DNA strands and a zero-mode waveguide detector
visualizes strand synthesis (128). One very noteworthy feature of this platform is that
reads of long lengths, typically between 10 to 15 kb, are generated. Other sequencing
technologies that are currently not as widely used include Polony sequencing (129) and

the Helicos BioSciences platform (130).

In order to detect mutations mediated by, or involving, large repetitive sequences like
TEs, appropriate sequencing strategies need to be undertaken. For instance, each
sequencing platform has its advantages and disadvantages (131-133), and these factors
must be carefully considered when choosing a sequencing platform. Additionally, when
using these technologies, single-read, paired-end and mate-pair sequencing can be
performed. Single-read sequencing involves sequencing a linear nucleic acid fragment

from only one end while paired-end sequencing involves sequencing the fragment from
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both ends (134). Paired-end sequencing, where fragments typically range in size from
100 bp to 800 bp, can greatly improve the accuracy of reference-based mapping i.e.
where reads are mapped to a fully annotated reference genome sequence of a closely
related organism. Mate-pair sequencing, on the other hand, refers to the method by
which the sequencing library was constructed. Essentially, to create mate-pair reads,
nucleic acid fragments of certain sizes are circularised before they are fragmented again
(132, 134). This circularisation step allows for larger fragment sizes to be sequenced, as
regions on the genome that were previously distant from one another are brought into
close proximity. These larger fragments, typically ranging in size from 2 kb to 5 kb, are
sequenced from both ends. Mate-pair sequencing is ideal for de novo genome assembly
(i.e. genome assembly) without the aid of a fully annotated reference genome sequence.
Additionally, mate-pair sequencing greatly aids in resolving repeated DNA sequences
and thus, in elucidating GCRs (135). Alternatively, some of the newer sequencing
technologies, like the PacBio platform, with the much longer reads, detect GCRs more
accurately. As a result, many of the mutation rate studies published to date (13, 136,

137) have not investigated GCRs. This is discussed further in section 3.2.3.2.2.1.

Numerous studies have already used whole genome re-sequencing to identify mutations
(138), generally indicating that whole genome re-sequencing greatly improves the
efficiency of mutation detection and thus, provides a more comprehensive depiction of
the mutation rate and spectrum. Indeed, direct estimates of the mitochondrial mutation
rate and spectrum from 74 Caenorhabditis elegans MA lineages indicated that the
mutation rate was 10-fold greater than estimated from previous indirect phylogenetic
analyses (47, 48) and that the rate of insertions was higher than the rate of deletions
(48). In the case of E. coli, Lee et al. (2012) used whole genome re-sequencing to
estimate the mutation rate from their MA study where cells were grown under aerobic
growth conditions (13) and obtained the most inclusive estimate of the genome-wide

mutation rate to date.

1.6 Mutation rates

The rates that mutations occur at mediate the dynamics of the genetic structures of
organisms, and so, play a central role in the tempo of evolution (139). Mutation rates
can generally be described as either substitution rates or spontaneous mutation rates (6,

140). The substitution rate refers to the rate at which mutations accumulate in a lineage
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and become fixed in a population, and are generally the product of selective pressure
and genetic drift (6). The spontaneous mutation rate, on the other hand, refers to the
frequency of new mutations that arise per generation in an organism (6, 18). Therefore,
the mutation substitution rate is generally not the same as the spontaneous mutation
rate. Substitution rates are typically easier to determine, and many studies measure
substitution rates (136, 141-144), however, this thesis will primarily focus on

spontaneous mutation rates.

Spontaneous mutation rates have been found to vary by large orders of magnitude
across different organisms (145). The highest spontaneous mutation rates measured to
date have been for RNA viroids, while the lowest spontaneous mutation rates measured
have been for humans (Figure 1.5). In general, simple organisms with relatively small
genome sizes tend to have higher spontaneous mutation rates, whereas those organisms
with larger genomes tend to have lower mutation rates (146). Even across bacteria,
mutation rates have been shown to vary widely between strains and species (147).
Additionally, mutation rates have been found to greatly vary with environment (28),
stressful cellular conditions, and antibiotic exposure (138), likely due to the different

mutation pressures that result from the different conditions.

The term mutator is often used to describe mutants that have an increased spontaneous
mutation rate (81). Mutator strains readily arise in natural and laboratory populations of
bacteria and commonly result from mutations in DNA repair genes (9, 81). While the
fitness of these strains is expected to be relatively lower due to their higher mutational
load, mutator strains in bacteria are also advantageous in an evolutionary sense as they
have a relatively increased probability of acquiring beneficial mutations (9). Hence,
mutator strains can increase the rate of evolution of bacterial populations. Generally, the
evolutionary success of organisms relies on their adaptability to constantly changing
environmental conditions. If mutation rates are high, it is possible that the organism can
adapt more quickly to changes in the environment, even though they likely experience
more harmful mutations (9). On the other hand, organisms with lower mutation rates

may find it more difficult to adapt to new conditions.
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Figure 1.5. Mutation rates per nucleotide versus genome size for different organisms. Figure

taken from (146).

1.6.1 Mutation rate measurement

Measuring the rate of mutation has proven to be a rather challenging task as the rate can
be influenced by sequence context, complicating studies (4, 148). Nevertheless,
throughout the years, methods for mutation rate measurement have developed
considerably, and improved in accuracy as the availability of new genetic technologies
has progressed. This section will discuss the various methods that have been used for

mutation rate inference and direct measurement.

1.6.1.1 Relative rates via fluctuation assays

One commonly used approach to estimate mutation rates is to monitor the occurrence of
phenotype mutants. Thus, mutation rates in microbes were originally studied via
fluctuation assays. First described in 1943 by Luria and Delbriick (149), fluctuation
assays involve inoculating a small number of cells into many parallel cultures, and then
allowing these cultures to grow until saturation under non-selective conditions (149).
The cultures are then grown on a selective, solid medium on which only spontaneous
mutants that have arisen during the non-selective cultivation can grow. The distribution
of the number of mutants among the parallel cultures is then used to calculate the
mutation rate, with the assumption that mutants arise following a Poisson distribution.

There are many other underlying assumptions associated with fluctuation assays and
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this has led to the design of many statistical methods for the purpose of determining
better rate estimates (17, 18, 150-154). Fluctuation assays have been used to estimate
mutations rates for aerobically grown E. coli, with estimates ranging from 4.3 x 107'°
(13) to 1.00 x 10”7 (155) mutations per locus per generation. However, as these
estimates are dependent on the locus being analysed, it is possible that these rates do not
generally represent the genome-wide mutation rate (47, 48). Currently, there are no
published estimates of mutations rates determined via fluctuation assays for

anaerobically grown E. coli.

Generally, mutation rates calculated from fluctuation assays are underestimated as
mutations that do not produce a mutant phenotype do not contribute to the mutation rate
calculation (4). However, these are technically simple and rapid assays to determine the
relative mutation rate differences between organisms, and require no knowledge of the

genetic changes underlying the phenotypic change being measured.

1.6.1.2 Inference of rates via phylogenetic analyses

A common molecular method to determine mutation rates in many organisms involves
using phylogenetic analyses of naturally occurring populations to calculate the rate of
mutation at selectively neutral sites (156). This method is especially beneficial in
estimating mutation rates of extinct or fossilized specimens, where DNA from an
ancestor is available and the age of the ancestor can be determined by using methods
such as carbon dating. Additionally, this method has been used to measure mutation
rates in laboratory evolution experiments of many organisms (157). For instance, by
using this approach, Wielgoss et al. (2011) estimated a mutation rate of 4.1 x 10™
mutations per genome per generation for populations of E. coli that had evolved for up
to 40,000 generations under aerobic conditions (136). However, to date there are no
published estimates of mutations rates determined via phylogenetic analyses for

anaerobically grown E. coli.

The accuracy of this method is often debated as mutation rate estimates may be biased
by the effects of natural selection acting on sequences that are assumed to be neutral but
are actually not (4). For instance, Drake (2012), argues that the rate (136) calculated by
Wielgoss et al. (2011) is a product of selection acting on the codon usage (158) of the

populations rather than the best available E. coli spontanecous mutation rate (159).
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Furthermore, the true number of generations separating the compared species is usually
unknown and homoplasy (i.e. the similarity of traits in species from different ancestors
due to convergent evolution) can also become a problem in determining true phylogeny

in some cases (4, 47, 48).

1.6.1.3 Direct detection of rates via mutation accumulation (MA) assays

Mutation accumulation (MA) studies can be used to directly measure spontaneous
mutation rates, and are performed using a population bottlenecking strategy (3). A
population bottleneck is an event that drastically reduces the population size, and so,
reduces the genetic diversity of the population and improves the probability of
genotypes becoming fixed (6). A more accurate method to determine spontaneous
mutation rates, the principle of MA experiments is to eliminate the effects of natural
selection on the population, while revealing the effects of genetic drift by allowing
mutations to be fixed or lost at random (3, 17, 18). In MA experiments, all new
mutations (except highly deleterious ones) are allowed to accumulate within
populations, irrespective of their effect on fitness, by passing the populations frequently
through bottlenecks, ideally of a single organism at every generation (Figure 1.6). To
estimate the spontaneous mutation rate in MA studies, the number of mutations present

in independent populations can simply be counted (3), and expressed per unit time.

1%t bottleneck 214 hottleneck 31 hottleneck n" bottleneck
| | | | ’ A ; ‘\

Figure 1.6. Mutation accumulation (MA) studies of bacteria. In MA studies of bacteria, frequent
population bottlenecks are achieved by randomly picking single colonies that grow on agar
plates to establish new populations. In this way, the effects of natural selection are reduced
while the effects of genetic drift are enhanced and mutations can become fixed, irrespective of

their effect on fitness.

Although it is not technically feasible to bottleneck bacteria at every generation due to
their small size and rapid generation time (137, 160), MA studies have been conducted

on many organisms including E. coli (3, 12, 13, 161-163). For E. coli, rates determined
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via MA assays have varied with different experimental conditions. For instance, Kibota
and Lynch (1996) conducted MA assays using E. coli REL606 grown on Davis minimal
agar plates under aerobic conditions. By measuring the fitness impact of these
mutations, they reported a rate of 1.7 x 10 mutations per genome per generation (12).
On the other hand, in a recent MA study conducted by Lee et al. (2012), a mutation rate
of 1.0 x 10~ mutations per genome per generation was determined by using whole
genome re-sequencing (section 1.5.1.1) on E. coli MG1655 cultivated on LB agar under
aerobic growth conditions (13). Not surprisingly, the relative mutation rates of E. coli
obtained via MA assays differ from mutation rates of E. coli obtained via fluctuation
assays (section 1.6.1.1) and phylogenetic assays (section 1.6.1.2). Apart from the
different units of measurement and the varying contribution of selection in the three
different methods, numerous differences in the experimental growth conditions and in
the methods used to detect mutations adequately account for the different mutation rates
determined from these studies. To date, there are no published estimates of mutations

rates determined via MA assays for anaerobically grown E. coli.

1.7 The role of GCRs in adaptive evolution

While GCRs (section 1.3.3) have been observed in bacterial populations, little is known
about their relative importance to adaptive evolution in bacteria. Adaptive evolution is
the evolutionary process where organisms accumulate genetic changes that help them
adapt to their environment, leading to an increase in their fitness in the same
environment (6). Adaptive evolution can cause a species to gain, lose or modify a
function (164) and is driven by selection for beneficial mutations while deleterious

mutations are usually selected against.

As mentioned previously, Sakai et al. (2006) found that GCRs occurred twice as
frequently at a small locus in anaerobically grown E. coli cells as opposed to aerobically
grown cells (28). Thus, it is possible that GCRs could be advantageous mechanisms
allowing for adaptation to anaerobic environments. Therefore, to obtain more
information about the contribution of GCRs to adaptive evolution, experimental

evolution (section 1.7.1) techniques can be used.
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1.7.1 Experimental evolution

Experimental evolution allows for the process of evolution to be observed in the
laboratory as populations, founded by the same ancestor, adapt and grow in new,
controlled environmental conditions (6, 165-167). In these studies, as both the starting
genotype and descending genotypes can be determined, it is possible to genetically
compare descendants to their ancestor. Experimental evolution studies also allow for the
investigation of the reproducibility of evolutionary outcomes, making it a very powerful
tool (166). While experimental evolution has been carried out with a number of
organisms to test many different hypotheses (165), bacteria remain excellent organisms
to use for such studies. Advantages of using bacteria over other organisms include their
growth to large population sizes, their asexual reproduction, their quick reproduction
times, their small genome sizes, their ease of cultivation and their ease of storage for
later examination (138, 166, 168, 169). Advances in DNA sequencing technologies
(section 1.5.1.1) have now made it possible to identify whole-genome genetic changes
between the ancestor and its derivatives (170) and to correlate observed phenotypes

with specific genotypes (171).

MA assays (discussed in section 1.6.1.3) are examples of experimental evolution
studies. Furthermore, experimental evolution experiments studying adaptive evolution
are frequently conducted by periodic serial passaging of populations in flasks or multi-
well plates (6, 169, 171). Briefly, serial passaging involves transferring a proportion of
the culture to fresh medium for another round of growth at regular intervals. In these
batch culture cultivations, the population densities vary over time and environmental
factors (e.g. pH and dissolved oxygen) cannot be precisely controlled as they change as
the culture ages within each batch (169, 171). Many adaptive evolution studies have
been performed using bacteria, especially E. coli (167, 169, 171). Examples of selection
pressures that have been applied to different organisms in adaptive evolution studies
include temperature fluctuations (172), pH shifts (173), oxygen concentrations (174,
175), antibiotic exposure (176, 177) and nutrient limitation (38, 119, 168, 178, 179).
Overall, exposure to conditions that are different to those that are normally encountered
(i.e. stressful cellular conditions) has been found to increase the mutation rates of
organisms (76, 147, 180). In these experiments, BPSs (section 1.3.1) are the most
frequently identified mutations, possibly due to technical difficulties in detecting

mutations like GCRs (138). A landmark study in experimental evolution is the ongoing
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E. coli long-term evolution experiment (LTEE) started by Richard Lenski in 1988
(181).

1.7.1.1 Long-term evolution experiment (LTEE)

The LTEE is comprised of 12 E. coli populations, all derived from the same cell, that
have been growing in flasks for over 60,000 generations in a glucose-limited
environment. The evolutionary developments of these populations in this time have
been closely monitored. Findings include an increase in cell size (182), the development
of mutator populations (155) with biases towards A:T = C:G transversions (183),
changes in the cell shape of some populations to become rounder (184) and a steady
increase in the relative fitness of the populations (185). Notably, one population has
even evolved the ability to utilize citrate as a source of energy, an ability wild-type
E. coli does not possess under aerobic conditions (43, 186). Genomes of clones from
these bacterial populations have been re-sequenced, such that many of the mutations
acquired by the bacteria as they evolved have now been identified (187). Briefly, after
40,000 generations, the bacteria had acquired a total of 653 mutations, comprised of 627
BPSs and 26 indels. The mutations underpinning the evolution of citrate utilisation have

also been identified (35, 43, 186, 188).

Many IS-mediated mutations, such as inversions and IS element transposition, have also
been detected in these populations (38). Some of these mutations contributed to
adaptation by modifying the global regulatory network while others improved fitness in
the minimal glucose medium, providing proof that IS elements can promote adaptation
to the environment (63, 65). Raeside et al. (2014) recently used whole-genome
sequencing, optical mapping and PCR analysis to investigate the GCRs in clones from
each population after 40,000 generations (35). In total, over 110 GCRs were detected,
with large IS-mediated deletions being the most frequent type of GCR.

1.7.2 The sbcC gene

Proteins involved in DNA replication, repair, recombination and telomere maintenance
may play crucial roles in regulating occurrences of GCRs (33). Such proteins include
the DNA-specific SbcCD complex in bacteria. Located within the sbcDC operon,
expression of both the sbcC and shcD genes in E. coli was found to be dependent on

RpoS activity under starvation conditions (189). In the SbcCD complex, SbcD is the
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nuclease subunit while SbcC is the ATPase subunit that modulates the nuclease activity
of SbcD (190). Essentially, the SbcCD complex has ATP-dependent dsDNA
exonuclease activity and ATP-independent ssDNA endonuclease activity (189, 191,
192). SbcC, a member of the structural maintenance of chromosomes (SMC) family of
proteins, has been associated with replication forks (189, 193) while overexpressed

SbeD has been found in the cytoplasm of E. coli cells (189).

The SbcCD complex is generally thought to play an important role in maintaining
genome structure (194), especially as it has been shown to enhance DNA Pol IV
activity (191). During DNA replication, the SbcCD complex removes proteins bound to
DNA ends to generate DSBs, which are then repaired by the recombinational pathways
discussed in section 1.4.7 (195). In Deinococcus radiodurans, the SbcCD complex was
shown to be necessary for homologous recombination, with specificity for hairpin
structures (192, 194). Hairpin structures refer to the base-pairing pattern formed when
IRs form secondary structures that impede the progression of polymerases in ssDNA
(53). Additionally, Darmon et al. (2010) determined that in E. coli, in the absence of
the SbcCD complex and the RecA protein, a palindromic sequence was able to initiate
the formation of large duplications (196). During MGE movement, hairpin structures
are generally produced (section 1.3.3.1.1). Thus, it is possible that the SbcCD complex
has a role in moderating GCR formation and TE movement. Therefore, mutations in
sbcC or sbcD may not only destabilize the genome through the impairment of
recombinational repair (section 1.4.7), but may also possibly increase rates of TE

transposition (101).

Partridge et al. (2006), in their microarray study of the transcriptional responses of
anaerobic E. coli chemostat cultures exposed to oxygen, found that sbcC expression
between aerobic and anaerobic environments differed and that sbcC expression was
significantly 1.4-fold greater under aerobic conditions (10). Therefore, to determine
how GCRs affect the rate of adaptation and evolution under differing environment

conditions, the SbcCD complex can be used.

1.8 Project aims

In different environments, the mutation rates and types of mutations that arise in an

organism can vary, thus affecting the overall direction of evolution. Aerobic and
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anaerobic environments differ in the presence and absence of oxygen. Oxygen
availability affects the growth and metabolism of facultative anaerobes, but how this
impacts the genome-wide rate of spontaneous mutations and the spectra of mutations
has not been comprehensively studied. Thus, I aimed to use whole genome re-
sequencing and experimental evolution techniques to determine, compare and contrast
the rates and spectra of spontaneous mutations that arise in E. coli in aerobic and

anaerobic environments. The following general research questions were investigated:

e What is the rate with which each mutation type and class occur in E. coli grown
in aerobic and anaerobic environments?

e What types of mutations predominate in E. coli grown in aerobic and anaerobic
environments?

e How the fidelity of the genome is maintained during growth in aerobic and
anaerobic environments by understanding which DNA repair pathways are

active?

Little is understood about the contribution of GCRs to adaptive evolution in E. coli. The
SbcCD complex is involved in DNA repair and maintaining genome integrity by
preventing GCRs. Furthermore, rates of GCRs have been shown to differ between
aerobic and anaerobic environments (28), as have sbcC expression levels (10). Thus, it
is of interest to determine the contribution of SbcC to the occurrence of GCRs, and the
consequent impact of these GCRs on relative fitness in E. coli. I aimed to investigate
these questions via the use of whole genome re-sequencing and experimental evolution

techniques. The overarching goal of this research was to determine:

e How does the rate of GCR mutations impact adaptation rate?
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Chapter Two: Materials and Methods

2.1 Materials

2.1.1 Bacterial strains

Bacterial strains used in this study are listed in Table 2.1.

Table 2.1. E. coli strains used in this study.

Bacterial strain Relevant phenotype ~ Note Reference
E. coli REL606 T5°T6", Ara” - (168)

10,000 generation
E. coli REL4536 T5,T6', Ara descendent of (197)

' P AT REL606

E. coli REL4536 T5°,T6", Ara’,Cm’ Modified to .

. . This study
AshcC::cat inactivate sbcC gene

. Life Technologies
E. coli B113 T5°,T6" -
’ (USA)

E. coli DH5a T5°,T6° - Life Technologies

2.1.2 Plasmids and phage

Plasmids used in this study are listed in Table 2.2. Coliphage T5 and T6 stocks were

provided by S. Fullard (Massey University, New Zealand).

Table 2.2. Plasmids used in this study.

Plasmid Characteristics Reference
18 DNA

pUCI8 DN - Thermo Fisher Scientific (USA)
pKD46 with I-Scel endonuclease
T ture- iti

PWRG99 Aer:Irlr;ﬁera re-sensitive (198)
pKD3 with I-Scel recognition site

pWRG100 Cm' (198)
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2.1.3 Antibiotics

Antibiotics were purchased from Sigma-Aldrich (USA) and stock solutions were
prepared as described in Sambrook and Russell (2001) (199). Antibiotic stocks
solutions (Table 2.3) were sterilised by filtration through a sterile Millex®-GP Filter
Unit (EMD Millipore, USA) containing a Millipore Express PES membrane with a 0.22

um pore size and stored at -20°C.

Table 2.3. Antibiotics used in this study.

Reagent Abbreviation Sgr)lf:l;ntration ngljnntfation Solvent
Ampicillin Amp 100 mg/mL 100 pg/mL dH,O
Carbenicillin Cb 100 mg/mL 100 pg/mL dH,O
Chloramphenicol Cm 34 mg/mL 34 pg/mL 100% ethanol
Naladixic Acid Nal 30 mg/mL 30 pg/mL IM NaOH
Rifampicin Rif 50 mg/mL 100 pg/mL 100% methanol

2.1.4 Oligonucleotides

Primers (Table 2.4) were synthesised by Integrated DNA Technologies
(Custom Science, New Zealand). Primers were re-suspended in MilliQ H,O to a
concentration of 100 uM and stored at -20°C. For use, primers were diluted in MilliQ

H,O to a working concentration of 10 uM and stored at -20°C.
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2.1.5 Laboratory chemicals and enzymes

General laboratory chemicals were manufactured by Sigma-Aldrich, Becton-Dickinson
(USA), Thermo Fisher Scientific (USA), Merck (USA) and Life Technologies (USA).
BD Bacto™ Agar was manufactured by Becton-Dickinson and bacteriological agar
was manufactured by Oxoid (UK). Analytical grade 100% ethanol, 96% ethanol,
isopropanol and methanol were supplied by VWR International Ltd. (USA). Gas
mixtures and liquid nitrogen were supplied by BOC Gases (Auckland, NZ).

Restriction endonucleases were obtained from New England Biolabs (USA). DNA
polymerases were obtained from Life Technologies. Proteinase K, Lysozyme and
Ribonuclease A were obtained from Sigma-Aldrich; stock solutions were prepared as
described by Sambrook and Russell (2001) (199), filter sterilised through a sterile
Millex®-GP Filter Unit with a 0.22 pm pore size Millipore Express PES membrane and
stored at -20°C.

2.1.6 Buffers and solutions

Standard buffers and solutions were prepared as described in Sambrook and Russell
(2001) (199). Sterilisation was performed either by autoclaving at 121°C for 20 min or
by filtration through a sterile Millex®-GP Filter Unit containing a Millipore Express
PES membrane with a 0.22 um pore size. Buffers and solutions were stored at room

temperature (RT) unless stated otherwise.

2.1.6.1 Tris-acetate-EDTA (TAE) buffer

TAE buffer stocks, 50%, were comprised of 2 M Tris base, 1 M glacial acetic acid and
50 mM ethylenediaminetetraacetic acid (EDTA), pH 8.0. A working solution of
1x TAE buffer was obtained by a 50-fold dilution in dH,O.

2.1.6.2 EDTA/SDS solution

EDTA/SDS solution was comprised of 0.25 M EDTA and 20% (w/v) sodium dodecyl
sulphate (SDS).
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2.1.6.3 Lysis buffer

Lysis buffer was comprised of 30 mM NaCl, 50 mM Tris-HCI (pH 8.0), 5 mM EDTA
(pH 8.0) and 10% (w/v) SDS.

2.1.6.4 Resazurin solution

Resazurin solution was comprised of 0.1% (w/v) resazurin.

2.1.6.5 Reducing agent

Reducing agent was comprised of 7 mM L-cysteine-HCI-H,O and 13 mM of washed
Na,S-9H,O crystals. Reducing agent solution was sealed in nitrogen (N,) flushed
serum bottles (Wheaton Science Products, USA) with butyl rubber stoppers and

solution was sterilised by autoclaving at 121°C for 15 min.

2.1.6.6 Diethylpyrocarbonate (DEPC) H,O

DEPC H,0 was comprised of 0.1% (v/v) DEPC. Solution was sterilised by autoclaving
at 121°C for 15 min.

2.1.6.7 Glycerol saline

Glycerol saline was comprised of 0.85% (w/v) NaCl and 70% (v/v) glycerol. Anaerobic
70% glycerol saline was prepared by boiling all components in a microwave oven and

cooling under a stream of oxygen-free carbon dioxide (CO,) gas.

2.1.6.8 Glucose

Anhydrous glucose, 10% (w/v), was dissolved in dH,O and filter sterilised. To make
anaerobic solution, 10% anhydrous glucose was dissolved in dH,O and flushed with
oxygen-free CO, gas for 30 min before filter sterilisation in an anaerobic glove box

(Coy Laboratory Products Inc., USA).

2.1.6.9 Magnesium sulphate

Magnesium sulphate, 10% (w/v), was dissolved in dH,O and filter sterilised. To make
anaerobic solution, 10% magnesium sulphate was dissolved in dH,O and flushed with

oxygen-free CO, gas for 30 min before filter sterilisation in an anaerobic glove box.
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2.1.6.10 Thiamine

Thiamine, 0.2% (w/v), was dissolved in dH,O and filter sterilised. To make anaerobic
solution, 0.2% thiamine was dissolved in dH,O and flushed with oxygen-free CO, gas

for 30 min before filter sterilisation in an anaerobic glove box.

2.1.7 Media

Standard media were prepared as described in Sambrook and Russell (2001) (199).
Sterilisation was performed by autoclaving at 121°C for 20 min and all media were

stored at RT unless stated otherwise.

Anaerobic media was always prepared in Duran Pressure-plus bottles (Schott Duran,
Germany) and bottles were sealed with butyl rubber stoppers to maintain the anaerobic
conditions. Any additions to anaerobic media after sterilisation and all pouring of
anaerobic solid medium into petri dishes were done under anaerobic conditions in an

anaerobic glove box (Coy Laboratory Products Inc., USA).

2.1.7.1 Luria-Bertani (LB) medium

2.1.7.1.1 Aerobic preparation

Aerobic LB liquid medium was prepared by dissolving 1.0% (w/v) tryptone, 0.5% (w/v)
yeast extract and 1.0% (w/v) NaCl in dH,O and autoclaving. Solid medium was

obtained by the addition of 1.6% (w/v) bacteriological agar before autoclaving.

2.1.7.1.2 Anaerobic preparation

Anaerobic LB liquid medium was prepared by dissolving 1.0% (w/v) tryptone, 0.5%
(w/v) yeast extract and 1.0% (w/v) NaCl in dH,O and boiling for one min in a
microwave oven to remove oxygen. The media was then cooled to RT under a stream of
oxygen-free N gas. For every mL of media, 0.4 pL of 0.1% resazurin solution (section
2.1.6.4) was added and the media was autoclaved. Prior to use, for every mL of media,
20 pL of reducing agent was added via a sterile syringe. Once the media had changed
colour from dark yellow to yellow, the media was ready for use. For solid medium,
1.6% (w/v) bacteriological agar was flushed under N, gas separately and mixed with

liquid components before autoclaving.
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2.1.7.2 Davis Minimal (DM) medium

The basic medium used for this study is Davis minimal broth (200), described in Table
2.5.

Table 2.5. DM medium components.

Component Volume or weight
Salt solution

Potassium phosphate (dibasic trihydrate) 70¢g

Potassium phosphate (monobasic anhydrous) 20¢g

Ammonium sulphate 1.0g

Sodium citrate 05¢g

dH,O To 1000 mL

2.1.7.2.1 DM25 Aerobic preparation

All Salt solution components listed in Table 2.5 were dissolved in 1 L dH,O. The
medium was distributed into 250 mL aliquots and autoclaved. Before use, 62.5 uL of
10% glucose (section 2.1.6.8), 250 puL of 10% magnesium sulphate (section 2.1.6.9) and
250 pL of 0.2% thiamine (section 2.1.6.10) were added to each bottle, resulting in a
glucose concentration of 25 mg/L. Unless otherwise stated, this media composition is

henceforth referred to as DM25.

2.1.7.2.2 DM25 Anaerobic preparation

To make the medium anaerobic, the Salt solution components listed in Table 2.5 were
boiled for one min in a microwave oven and then cooled under a stream of oxygen-free
CO, gas. While cooling, 400 pL of 0.1% resazurin solution (section 2.1.6.4) was added.
The medium was distributed into 250 mL aliquots and autoclaved. Prior to use, 5 mL of
reducing agent (section 2.1.6.5) was added to each bottle via a sterile 5 mL syringe.
Once the media had changed colour from pale pink to colourless, 62.5 puL of 10%
glucose (section 2.1.6.8), 250 uL of 10% magnesium sulphate (section 2.1.6.9) and 250
uL of 0.2% thiamine (section 2.1.6.10) were added to each bottle.
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2.1.7.3 DM solid medium

2.1.7.3.1 Aerobic preparation

To make DM solid medium, 1 L dH,O was split into three approximately equal parts.
The salt solution components listed in Table 2.5 were added to one part, 15 g Bacto
Agar was added to the second part, and 0.2 g anhydrous glucose was added to the last
part. The three solutions were autoclaved separately, cooled to 55°C, then combined
together with 1 mL 10% (w/v) magnesium sulphate (section 2.1.6.9) and 1 mL 0.2%

(w/v) thiamine (section 2.1.6.10) before pouring into petri dishes.

2.1.7.3.2 Anaerobic preparation

To make anaerobic DM solid medium, 1 L dH,O was split into three approximately
equal parts. Salt solution components listed in Table 2.5 were added to one part, 15 g
Bacto Agar was added to the second part and 0.2 g anhydrous glucose was added to the
last part. The Salt solution components listed in Table 2.5 and the dH,O for the agar
were boiled in a microwave oven for 1 min and cooled under oxygen-free N, gas. The
bottles containing glucose and Bacto Agar were flushed with N, gas without boiling.
The agar was mixed with the cooled dH,O before autoclaving. After sterilisation, the
three parts were combined together and 1 mL anaerobic 10% (w/v) magnesium sulphate
(section 2.1.6.9) and 1 mL anaerobic 0.2% (w/v) thiamine (section 2.1.6.10) were added

and the medium was poured into petri dishes.

2.1.7.4 Minimal glucose (MG) solid medium

MG solid medium was prepared in the same way as DM solid medium (section 2.1.7.3)
except that 16 g Bacto Agar was added to the second part and 4.0 g anhydrous glucose

was used.

2.1.7.5 Minimal arabinose (MA) solid medium

MA solid medium was prepared in the same manner as MG solid medium

(section 2.1.7.4) except that 4.0 g L-arabinose was used instead of glucose.
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2.2 Methods
2.2.1 Aerobic cultivation of E. coli

For aerobic cultivation, E. coli cultures were grown in serum bottles (Wheaton Science
Products, USA) in media prepared aerobically, covered with AeraSeal™ Breathable
Films (Raylab, New Zealand) and incubated at 37°C with an orbital shaking of
150 RPM unless otherwise stated. All sterile and lineage-related aerobic work was
performed in a Class II Type a/B3 biohazard cabinet supplied by Nuaire Biological
Safety Cab (USA).

2.2.2 Anaerobic cultivation of E. coli

All anaerobic work was carried out in an anaerobic glove box (Coy Laboratory Products
Inc., USA) containing a 92% CO;: 8% hydrogen (H,) atmosphere. For the anaerobic
environment, E. coli cultures were grown in serum bottles in media prepared
anaerobically, sealed with butyl rubber stoppers and incubated at 37°C with an orbital

shaking of 150 RPM unless otherwise stated.

2.2.3 Culture resuscitation from frozen stocks

To resuscitate cultures, cells stored at -85°C in glycerol saline (section 2.1.6.7) were
first washed in growth media to remove glycerol. Using sterile inoculation loops, small
amounts of frozen culture stock were thawed in micro-centrifuge tubes and 990 pL of
DM25 (section 2.1.7.2) was added to each sample. Cells were mixed and centrifuged for
3 min at 11,000 g. After centrifugation, 990 puL of supernatant was discarded and a
wash with DM25 media was repeated a further two times. After the last wash, washed

cells were used to inoculate LB (section 2.1.7.1) or DM25 media.

2.2.4 Bacterial growth courses

Growth dynamics of aerobic or anaerobic bacterial cultures in liquid media were
determined by reviving cultures from frozen stocks (section 2.2.3) in the appropriate
medium (DM25 or LB) and growing overnight at 37°C with 150 RPM shaking. For 1
mL cultures, 10 pL of overnight culture was used to inoculate 990 pL of fresh media in
sterile 24-well non-treated polystyrene flat-bottom tissue culture plates (Becton-
Dickinson), henceforth referred to as 24-well plates. Triplicate cultures were grown for

36 h, and at regular intervals the optical densities at 600 nm (ODgg) were measured in
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an Ultraspec 1100 Pro spectrophotometer (Amersham Biosciences, Sweden). To
determine colony forming units (CFU) per mL of culture, samples were serial diluted
and plated on MG (section 2.1.7.4) or LB (section 2.1.7.1) agar plates as appropriate.
For larger culture volumes, 500 puL of overnight culture was used to inoculate 49.5 mL
of fresh media in 250 mL serum bottles in triplicate and cultures were grown for

48-72 h at 37°C with 150 RPM shaking.

2.2.5 Gram staining

To gram stain a bacterial culture, 100 pL of culture was spread on a glass microscope
slide and heat fixed. Samples were stained with 10% (w/v) crystal violet for 1 min
followed by fixation of the stain with 0.3% (w/v) iodine and 0.7% (w/v) potassium
iodine for 1 min. The cells were then de-colourised with 50% (v/v) acetone, and
counterstained with 2.5% (w/v) safranin for 30 sec. Slides were gently rinsed with tap
water between each step, and viewed using a Leica DM2500 microscope (Bio—Strategy,

New Zealand).

2.2.6 Agarose gel electrophoresis

UltraPure™ Agarose (Invitrogen, Life Technologies), 1% (w/v) gels were made up in
Ix TAE buffer (section 2.1.6.1) containing 1x SYBR safe nucleic acid dye
(Life Technologies). Gels were cast in stands provided by Bio-Rad (USA), submerged
in 1x TAE buffer in the running tank, and 5 uL of sample was mixed with 1 pL of 10x
BlueJuice loading dye (Life Technologies) and loaded into each well. An appropriate
molecular weight-size marker (Table 2.6) was also loaded in the first lane. Gels were
run at 90 V for 30 min and visualised using UV trans-illumination. Gels were
photographed using a Nikon D700 camera with Kodak Gel Logic 200 Imaging System
(Eastman Kodak Company, USA).

Table 2.6. Molecular weight-size markers used in this study.

Molecular weight-size markers Range Supplier

Tracklt 100 bp DNA ladder 100 to 1,500 bp Life Technologies

1 kb Plus DNA ladder 100 to 12,000 bp Life Technologies
Lambda DNA/Hind III ladder 100 to 24,000 bp Thermo Fisher Scientific
0.5-10 kb RNA ladder 500 to 10,000 bp Life Technologies
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2.2.7 Polymerase chain reaction (PCR)

PCRs were performed in 25 pL reactions unless specified otherwise. All PCR reagents
were manufactured by Invitrogen and Platinum Taq or Platinum High Fidelity Taq
DNA polymerases (section 2.1.5) were used. A standard reaction mix listed in
Table 2.7 was used. The amount of water added to each PCR reaction was dependent
on the volume of template DNA added and therefore, it was adjusted to bring the total
volume of each reaction to 25 pL. For each polymerase, the corresponding commercial
PCR buffer and magnesium solution was used: 10x PCR buffer and MgCl, for Platinum
Taq, and 10x High Fidelity PCR buffer and MgSO, for Platinum High Fidelity Tagq.

Table 2.7. Reaction components for a standard PCR reaction.

Component Volume per reaction Final concentration per reaction
10x buffer 2.5ulL 1x

50 mM Mg" 1.0 uL 2 mM

10 mM dNTP mixture 0.5 uL 0.2 mM

10 uM forward primer 0.5 uL 0.2 uM

10 uM reverse primer 0.5 uL 0.2 uM

5 U/uL polymerase 0.1 pL 0.02 U/uL

Template nucleic acid 1-5 uL 1-100 ng

MilliQ H,O To 25 uL N/A

All reaction components, apart from template DNA, were added together and mixed
before being transferred to 0.2 mL thin-walled PCR tubes (Eppendorf, Germany).
Template DNA was added and PCR amplifications were performed on proS
Mastercycler machines (Eppendorf). A standard PCR programme was used: initial
denaturation at 94°C for 3 min, followed by 30 cycles of 94°C for 30 sec, annealing
temperature (primer dependent) for 30 sec (Table 2.4) and extension for 1 min per kb of
product. The final elongation was for 10 min. The extension temperature was dependent
on the polymerase used for the reaction: 72°C for Platinum Taq and 68°C for Platinum
High Fidelity Taq.
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2.2.7.1 PCR purifications

PCR products were purified using QIAquick PCR Purification Kits (Qiagen, Germany)

as per manufacturer’s instructions.

2.2.8 Quantitative PCR (gPCR)

Quantitative PCR (qPCR) was performed on DNA samples (section 2.2.10.3) using a
LightCycler Fast Start DNA Master SYBR Green I (Roche Diagnostics, Switzerland)
kit as per the manufacturer’s instructions. qPCRs were performed on a RotorGeneQ
machine (Qiagen) using a 72-well rotor disc. All reaction components, apart from
template DNA, were added together and mixed before being transferred to 0.1 mL strip

tubes (Qiagen). A standard reaction mix listed in Table 2.8 was used for each reaction.

Table 2.8. Reaction components for a standard gPCR reaction.

Component Volume per reaction
10x LightCycler Fast Start DNA Master SYBR Green I mix 2.0 uL

25 mM MgCl, 1.2 uL

10 uM forward primer 1.0 uL

10 uM reverse primer 1.0 uL

Template DNA (3-5 ng) 2.0 uL

H,O To 20 uL

Template cDNA was added to each reaction and a standard qPCR programme was used:
initial denaturation at 95°C for 10 min, followed by 40 cycles of 95°C for 10 sec,
annealing at 55°C for 10 sec (see temperatures in Table 2.4) and extension at 72°C for
30 sec. The final elongation was at 72°C for 10 min. After the run, data was exported to
LinRegPCR version 2013.0 (201) and analysed as directed in the LinRegPCR user

manual.
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2.2.9 Generation of sbcC deletion mutant
2.2.9.1 Preparation of electrocompetent cells

Electrocompetent E. coli cells were prepared as described in Sambrook and Russell
(2001) (199). The E. coli strain was revived from frozen stocks (section 2.2.3) in 10 mL
LB and grown overnight at 30°C. The next day, 250 mL of LB in a 1 L Erlenmeyer
flask was inoculated with 1/100™ volume of overnight culture. The culture was grown at
30°C with 180 RPM shaking till the culture had reached an ODgg of 0.4. The culture
was poured into pre-chilled, sterile 250 mL centrifuge bottles and incubated on ice for
30 min. The sample was then centrifuged at 4,000 g for 10 min at 4°C in a pre-chilled
rotor. The supernatant was discarded and the pellet was gently re-suspended in 250 mL
pre-chilled 10% glycerol. The sample was centrifuged at 4,000 g for 10 min at 4°C and
supernatant was discarded. The pellet was re-suspended in 200 mL 10% glycerol
another two times. The pellet was weighed and 500 pL 10% glycerol was added to the
cells. The cells were aliquoted in 50 pL volumes into pre-chilled, sterile micro-

centrifuge tubes and stored at -85°C.

2.2.9.2 Transformation of electrocompetent cells

Electrocompetent cells (section 2.2.9.1) were incubated on ice for 5 min with desalted
DNA and transformed by electroporation using 0.1 cm gap electroporation cuvettes and
a Gene Pulser® II Electroporation System (Bio-Rad, USA). The electroporator was set
at 25 pF and 1.5 kV while the pulse controller was set to 200 Q. Transformed cells were
transferred to a micro-centrifuge tube containing 950 puL. of SOC medium and incubated

for 2 h with rotary agitation at 30°C.

2.2.9.3 Lambda Red (A-Red) recombination

A two-step recombination procedure described by Blank et al. (2011) was used to
generate the sbcC deletion mutant (198). The process required the temperature-sensitive
pWRG99 plasmid which encodes the A-Red recombination machinery and restriction
enzyme [-Scel, and the pWRG100 plasmid, which was used as a template for the

recombination cassette (Table 2.2).
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2.2.9.3.1 First homologous recombination step

2.2.9.3.1.1 Electrocompetent E. coli REL4536

Electrocompetent E. coli REL4536 cells (Table 2.1) were prepared as described in
section 2.2.9.1 and transformed with 100 ng pWRG99 plasmid as described in section
2.2.9.2. Successful recombinant clones were identified by selective plating on LB plates
supplemented with 50 ug/mL Amp (Table 2.3). Plates were incubated at 30°C for 24 h,

and a clone was randomly selected for further use.

2.2.9.3.1.2 Transformation with pWRG100

The chloramphenicol resistance cassette with I-Scel recognition sites of plasmid
pWRG100 was PCR amplified (section 2.2.7) using sbcC pWRG100 forward and sbcC
pWRG100 reverse primers (Table 2.4). The E. coli REL4536 transformant containing
pWRG99 (section 2.2.9.3.1.1) was grown in 200 mL LB culture at 30°C and made
electrocompetent as previously described in section 2.2.9.1. To induce the A-Red system
responsible for recombination, LB was supplemented with 10 mM L-arabinose. Cells
were transformed as described in section 2.2.9.2 with 200-500 ng of purified pWRG100
PCR product (section 2.2.7.1). Transformants were grown by selective plating on LB
plates supplemented with 34 ug/mL Cm (Table 2.3) and incubation at 30°C for 24 h.
Clones were re-streaked and incubated at 37°C for pWRGY99 temperature-sensitive
plasmid curing. The chromosomal integration of the pWRGI100 chloramphenicol
resistance cassette at the sbcC locus was verified by PCR amplification of the sbcC
locus (sbcC screening upstream and downstream primers in Table 2.4) and sequencing
of the amplicon (section 2.2.11). This strain is referred to as E. coli REL4536
AsbcC::cat (Table 2.1).

2.2.9.3.2 Second homologous recombination step
2.2.9.3.2.1 Transformation of E. coli REL4536 AsbcC::cat with
PWRG99

E. coli REL4536 AsbcC::cat was made electrocompetent (section 2.2.9.1) and
transformed with 100 ng pWRG99 (section 2.2.9.2). Transformants were identified by
selective plating on LB plates supplemented with 50 pg/mL Amp (Table 2.3) and
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incubated at 30°C for 24 h. A randomly selected transformant was selected for further

development.

2.2.9.3.2.2 Scarless deletion of shcC

To create a scarless deletion of sbcC, a second recombination using a short DNA
fragment complementary to the sequences flanking the chloramphenicol cassette was
undertaken. HPLC-purified 5' phosphorylated oligonucleotides (sbcC 80mer RC and
sbcC 80mer deletion primers in Table 2.4) at 100 pM were mixed in equal amounts and
annealed together by incubating for 15 min in a water bath at 95°C, and then left to cool
overnight. E. coli REL4536 AsbcC::cat transformed with pWRG99 (section 2.2.9.3.2.1)
was grown in 200 mL LB at 30°C and made electrocompetent (section 2.2.9.1). To
induce the A-Red system, LB was supplemented with 10 mM L-arabinose.
Electrocompetent cells were transformed with 1 pg of the 80-mer fragment. To induce
I-Scel, and eliminate cells where homologous recombination between the 80-mer
fragment and the sequences flanking the chloramphenicol resistance cassette was
unsuccessful, 200 ng/mL anhydrotetracycline (AHT) was added to the SOC recovery
medium. Transformations were identified by selective plating on LB plates
supplemented with 50 pg/mL Cb (Table 2.3) and 500 ng/mL AHT. Plates were
incubated at 30°C for 48 h. For pWRG9Y9 plasmid curing, incubation at 37°C overnight

was required.

2.2.10 Nucleic acid extraction
2.2.10.1 DNA extractions

DNA was extracted from cultures using a phenol based extraction method (202). For all
extractions, UltraPure™ Phenol: Chloroform: Isoamyl alcohol (25:24:1, v/v/v) from
Invitrogen and Chloroform: Isoamyl alcohol (24:1, v/v) from Sigma-Aldrich were used.
For aerobic lineages, 100 mL LB cultures were grown for 24 h (section 2.2.1) while for

anaerobic lineages; 250 mL LB cultures were grown for 36 h (section 2.2.2).

2.2.10.1.1 Cell lysis

Cultures were harvested by centrifugation at 8,000 g for 10 min at 4°C in 500 mL
centrifuge bottles. Media was discarded and cell pellets were snap frozen in liquid

nitrogen and stored at -20°C. For cell lysis, frozen pellets were re-suspended in 5 mL
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lysis buffer (section 2.1.6.3) and the solutions were transferred to 15 mL Falcon tubes
(Becton-Dickinson, USA). Cells were once again harvested by centrifugation at 8,000 g
for 10 min at 4°C. Supernatant was discarded and cells were re-suspended in 2 mL lysis
buffer containing 20 mg/mL lysozyme and 10 pg/mL RNase A (section 2.1.5). Samples
were incubated at 37°C and orbital shaking of 150 RPM for 2 h to allow for cell lysis.
EDTA/SDS solution (section 2.1.6.2), 2 mL, was added to each sample and samples
were incubated for another 2 h at 65°C. Finally, 100 pL of 20 mg/mL Proteinase K was

added to each sample and the mixture was incubated overnight at 65°C.

2.2.10.1.2 Extractions with Phenol: Chloroform: Isoamyl alcohol

After overnight incubation (section 2.2.10.1.1), 5 mL of Phenol: Chloroform: Isoamyl
alcohol was added to each sample. Samples were inverted to mix and incubated at RT
for 15 min. Samples were centrifuged at 2,500 g for 10 min at 4°C. The aqueous layer
from each sample was transferred to a new tube, and extracted twice with an equal
volume of Phenol: Chloroform: Isoamyl alcohol, and twice with Chloroform: Isoamyl
alcohol, with centrifugation of the samples at 2,500 g for 10 min at 4°C, and transfer of
the supernatant to a new tube between extractions. To precipitate the DNA, a 1/10™
volume of 3 M sodium acetate (pH 5.2) and 2 volumes of 100% ethanol were added to
each sample and stored at -20°C overnight. The following day, samples were
centrifuged at 12,500 g for 10 min at 4°C to pellet the DNA. The supernatant was
discarded and DNA pellets were washed twice with 5 mL 70% (v/v) ethanol. After each
wash, samples were centrifuged at 12,500 g for 10 min at 4°C. DNA pellets were air-
dried for 15 min and re-suspended in 55°C MilliQ H,O. DNA was stored at 4°C.

2.2.10.2 RNA extractions

RNA was extracted from cultures using a hot lysis buffer and acid phenol based
extraction method (202). For all extractions, Phenol: Chloroform: Isoamyl alcohol
(125:24:1, v/v/v, pH 4.5) from Ambion (Life Technologies) and Chloroform: Isoamyl

alcohol (24:1, v/v) from Sigma-Aldrich were used.

2.2.10.2.1 RNA handling practises

To prevent RNase contamination during RNA experiments, gloves were worn at all
times and all glassware was baked in an oven at 140°C overnight. Equipment, surfaces

and pipettes were wiped with Ambion RNaseZap (Life Technologies) and only RNase-
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free pipette tips and plastic-ware were used. RNase-free water, DEPC H,O

(section 2.1.6.6), was used to make all required solutions and buffers.

2.2.10.2.2 Growth conditions

E. coli REL4536 (Table 2.1) was revived from frozen stocks (section 2.2.3) in 10 mL
aerobic or anaerobic DM25 (section 2.1.7.2) and grown overnight. Cultures were grown
in 50 mL DM25 aliquots inoculated with 1/100™ volume of overnight culture and
incubated till they had just reached stationary phase. Thus, in the aerobic environment,
cultures were grown for 9 h in 250 mL serum bottles (section 2.2.1) while in the
anaerobic environment, cultures were grown for 16 h in 250 mL anaerobic serum bottles

(section 2.2.2).

2.2.10.2.3 RNA extraction

E. coli REL4536 cultures were grown in triplicate within each environment, resulting in
a total of 6 samples. Due to limitations in culture volume in serum bottles, each
replicate culture was actually comprised of 12 serum bottles of 50 mL of culture, which
were pooled to obtain 600 mL culture per replicate. Cells were harvested by
centrifugation at 8,000 g for 10 min at 4°C. Media was discarded and cell pellets were
snap frozen in liquid nitrogen. Samples were lysed with 5 mL of 2% SDS solution at
65°C and poured into 10 mL of acid Phenol: Chloroform: Isoamyl alcohol. The samples
were incubated at 65°C for 15 min and then centrifuged at 2,500 g for 15 min at 4°C.
The aqueous phase, containing the RNA, was transferred to a fresh tube, and 5 mL of
acid Phenol: Chloroform: Isoamyl alcohol at 65°C was added. The process was repeated
and the aqueous phase was transferred to a fresh tube and an equal volume of
Chloroform: Isoamyl alcohol solution was added. Samples were incubated at RT for 10
min and then centrifuged at 2,500 g for 15 min at 4°C. The aqueous phase was
transferred to a fresh tube where an equal volume of Chloroform: Isoamyl alcohol
solution was added and the process was repeated. The aqueous phase was transferred to
a fresh tube and an equal volume of 100% isopropanol and 1/ 10" volume of 3 M
sodium acetate (pH 5.2) was added. After incubation at -20°C overnight, the RNA was
harvested by centrifugation at 15,000 g for 20 min at 4°C. Supernatant was discarded
and RNA pellets were washed twice with 5 mL of ice-cold 70% (v/v) ethanol. After
each wash, samples were centrifuged at 12,500 g for 10 min at 4°C. RNA pellets were
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air-dried for 20 min and re-suspended in 100 uL. DEPC H,O (section 2.1.6.6). RNA

was stored at -85°C.

2.2.10.2.4 DNase treatment

Following RNA extraction, Turbo DNase (Ambion) was used to treat the samples as per
manufacturer’s instructions. Each sample was split into five 20 pL aliquots and two
rounds of DNase treatment were performed on each aliquot. DNA elimination was

verified by PCR amplification of the 16S rRNA gene (Table 2.4).

2.2.10.2.5 RNA purifications

Following DNase treatment, RNA samples were purified using the RNeasy Mini kit
(Qiagen) as per the manufacturer’s instructions. For each sample, the DNase-treated

aliquots were pooled together before purification. RNA was stored at -85°C.

2.2.10.2.6 RNA quality analysis

RNA quality was measured using the Agilent 2100 Bioanalyzer (Agilent Technologies,
USA) with the RNA 6000 Nano Chip kit according to the manufacturer’s instructions.
RNA integrity was also checked by using agarose gel electrophoresis (section 2.2.6)
under RNase free conditions (section 2.2.10.2.1) to detect distinct 16S and 23S
ribosomal RNA (rRNA) bands.

2.2.10.3 cDNA synthesis

cDNA was synthesised from the DNase-treated RNA samples using SuperScript 11
Reverse Transcriptase (Invitrogen) with random hexamers (Thermo Fisher Scientific) as

per manufacturer’s instructions.

2.2.10.4 Nucleic acid quantity and quality analysis

Nucleic acid quantity was measured on a Qubit® 2.0 fluorometer (Life Technologies)
as per the manufacturer’s instructions. DNA was quantified using the Quant-iT dsDNA
Broad-range (BR) Assay kit (range from 2 to 1000 ng), RNA was quantified using the
Quant-iT RNA Assay kit (range from 5 to 100 ng), and cDNA was quantified using the
Qubit ssDNA Assay kit (range from 1 to 200 ng) (Life Technologies).
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Nucleic acid quality was measured using the NanoDrop ND-1000 UV-Vis
Spectrophotometer (NanoDrop Technologies, USA). DEPC H,O (section 2.1.6.6) was
used as a blank for all samples. Nucleic acid concentration and quality were recorded

using absorbance at 260 nm and 230 nm wavelengths respectively.

Agarose gel electrophoresis (section 2.2.6) was used for quantifying nucleic acid yield
(using the Lambda DNA/Hind III molecular weight-size marker as described in Table

2.6) and checking nucleic acid integrity when required.

2.2.11 Sanger sequencing

PCR products were Sanger sequenced at the Massey Genome Service (Massey
University, Palmerston North, New Zealand). Samples were fluorescence labelled,
cleaned-up and sequenced on a capillary ABI3720 Genetic Analyzer (Applied
Biosystems Inc., USA). Data was received as an ABI file, which is the format of the
sequencing files produced by Applied BioSystems sequencing machines. ABI files,
containing the sequence and associated probabilities of the four nucleotide bases, were

viewed using Geneious Pro 5.6.2 (203).

2.2.12 Fluctuation assays

Classical Luria-Delbruck fluctuation tests to determine spontaneous mutation rate (149)
were performed using aerobic and anaerobic DM media (section 2.1.7.2) supplemented
with 1 g glucose/L (referred to as DM1000). E. coli REL4536 (Table 2.1) was revived
from frozen stock (section 2.2.3) in 10 mL DM25 media and grown overnight. The
following day, 100 uL of overnight culture was used to inoculate 9.9 mL DM1000 in
the aerobic (section 2.2.1) and anaerobic (section 2.2.2) environment and cultures were
grown for 24 h. The following day, for each environment, 30 replicate cultures were
inoculated with approximately 5,000 cells/mL in 9 mL DM1000 and allowed to grow to
stationary phase. After 24 h, 2 mL of each culture was concentrated to 200 pL by
centrifugation at 14,000 g and plated on solid medium containing antibiotic (described
below). Plates were incubated at 37°C and antibiotic resistant colonies were counted
after 24 h. Mutation rates were calculated using the Ma-Sandri-Sarkar Maximum

Likelihood Estimator (MSS-MLE) method (150), as implemented in FALCOR (204).
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Fluctuation assays were performed, assessing for nalidixic acid resistance and arabinose
utilisation of spontaneous mutants. For assays assessed for nalidixic acid resistance,
cultures were plated on LB agar plates (section 2.1.7.1) supplemented with 30 pg/mL
nalidixic acid (n = 24) (Table 2.3) and on LB agar plates with no antibiotic (n = 6). For
assays assessed for arabinose utilisation, cultures were plated on MA agar

(section 2.1.7.5) plates (n = 24) and on MG agar (section 2.1.7.4) plates (n = 6).

2.2.13 Fitness assays
2.2.13.1 Generation of neutrally marked strain

To assess the fitness of lineages, neutrally marked reference strains of the ancestor are
required. Antibiotic resistant mutant strains were generated by reviving ancestral
E. coli REL4536 (Table 2.1) from frozen stocks (section 2.2.3) and growing overnight
at 37°C with 150 RPM orbital shaking in 30 mL aerobic DM1000 (section 2.2.12).
Overnight culture was concentrated to 1 mL and plated onto MG agar plates
(section 2.1.7.4) supplemented with 100 pg/mL rifampicin (Table 2.3). Colonies were
picked and tested for neutrality and a neutral reference competitor strain, called Rif'2,

was used for all competitive fitness assays (205).

2.2.13.2 Fitness assays with rifampicin resistant marker

Relative fitness was assayed by competing the reference competitor strain (Rif'2)
against an evolved clone or population of interest in 24-well plates in anaerobic DM
media (section 2.1.7.2.2). Evolved populations were revived from frozen stocks
(section 2.2.3), 10 uL of inoculum was added to 990 uL DM25 and cultures were grown
overnight at 37°C with 150 RPM orbital shaking. For Rif2 cultures, inoculum was
added to DM25 containing 100 pg/mL rifampicin (Table 2.3). The next day, for each
population, five biological replicate cultures were inoculated with overnight cultures
and grown overnight at 37°C with orbital shaking of 150 RPM. On the next day,
referred to as T = 0, evolved population cultures and Rif2 cultures were mixed at an
estimated cell ratio of 1:1 in 1 mL DM25 media. The competition cultures were

incubated at 37°C with orbital shaking of 150 RPM for 24 h, referred to as T = 1.

A 10 pL aliquot of the T=0 culture was 100-fold diluted and cultures were plated on LB
agar plates (section 2.1.7.1) supplemented with 100 pg/mL rifampicin (n = 2)
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(Table 2.3) and on LB agar plates with no antibiotic (n = 2). Plates were incubated at
37°C and antibiotic resistant colonies were counted after 24 h. A 10 pL aliquot of the
T =1 culture was 10,000-fold diluted and cultures were once again plated on LB agar
plates (section 2.1.7.1) supplemented with 100 pg/mL rifampicin (n = 2) (Table 2.3)
and on LB agar plates with no antibiotic (n = 2). Plates were incubated at 37°C and

antibiotic resistant colonies were counted after 24 h.

2.2.13.2.1 Fitness calculation

Relative fitness is the change of the ratio between two competing strains when grown
together in the same environment (168). Fitness was calculated as presented in

Equation 2.1 - Equation 2.4.

Ng = Nrotar — NR

Equation 2.1. Calculation for the number of evolved cells (ng). Nryeq; 1s the number of cells on
LB plates and ny is the number of Rif2 cells on LB agar plates supplemented with 100 pg/mL

rifampicin.

nER(l)
my = In nER(O)]/

Equation 2.2. Calculation of Malthusian parameter (111,) for competitors. ng;(0) and ngz(0) are
initial densities of evolved and reference strain, respectively, ng(1) and ngz(1) are final
densities after one day of growth of the evolved and reference strains, respectively, and t is

time.

nER(l)
D ng R(O)]/
In(2)

Equation 2.3. Calculation of the doubling time (D) where the D, ratio is a log(2) normalisation

of the rate of increase.

wgr = Dg /
Dg

Equation 2.4. Calculation of relative fitness (wgRr). De is doubling time of the evolved cells and

Dris the doubling time of the reference strain.
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2.2.14 MA assays

To determine the number and spectra of mutations accumulated in E. coli grown in
acrobic and anaerobic environments, E. coli REL4536 (Table 2.1) was cultivated on
aerobic and anaerobic DM agar plates supplemented with 0.2 g glucose/L

(section 2.1.7.3).

2.2.14.1 Establishment of lineages

All MA lineages were started from single colonies of E. coli REL4536 (Table 2.1).
The ancestral strain was streaked on a DM agar plate (section 2.1.7.3) and incubated for
24 h at 37°C. To initiate the MA lineages, 100 colonies were randomly selected and
each colony initiated an independent MA line by streaking on to aerobic or

anaerobically prepared DM plates to establish 50 lineages in each environment.

2.2.14.2 Maintenance of lineages

The 50 MA lineages established in the aerobic environment were propagated for 180
single-colony bottlenecks and the 50 MA lineages established in the anaerobic
environment were propagated for 144 single-colony bottlenecks. Colonies were
transferred when they grew to a size that was readily detected by eye. Here, aerobic
lineages were transferred every 23 to 25 h, while anaerobic lineages were transferred

every 71 to 73 h.

All MA lineages were incubated at 37°C in a Coy Laboratory Products Inc. (USA)
forced-air incubator. Aerobic lineages were propagated in a biosafety cabinet
(section 2.2.1). Anaerobic lineages were propagated in the anaerobic glove box
(section 2.2.2) and placed in AnaeroJar canisters (Oxoid) to maintain an anaerobic
atmosphere for cultures after removal from the chamber. Anaerobic lineages were
incubated with a plate of calcium chloride pellets to remove excess moisture produced
in the canister and Anaerobic Indicator (Oxoid) was placed in each canister to monitor

anaerobic conditions.

2.2.14.2.1 Single-colony bottleneck procedure

For each bottleneck, the edge of a single colony was touched with a sterile inoculation
loop and streaked onto a new plate to obtain single colonies. Agar plates were divided

into eight sectors to allow eight separate lineages to be propagated in parallel per agar

57



plate. Prior to streaking a new plate, spots were randomly marked on the base of the
plate in each sector. Thus for the next transfer, the colony closest to the mark was
selected for propagation, ensuring that there was no bias towards colonies of a particular

size.

2.2.14.2.1.1 Estimation of number of generations

The number of cell divisions during the time period between bottlenecks was estimated
by counting the average number of cells in 10 colonies of E. coli REL4536 after 24 h in
the aerobic environment and the average number of cells in 10 colonies of E. coli
REL4536 after 72 h in the anaerobic environment (section 2.2.14.2). The number of cell
divisions, or generations, of colony growth were calculated as presented in

Equation 2.5.

(logN — logNi)
G =
log?2

Equation 2.5. Estimation of the number of generations of mutation accumulation. G is the
number of generations, N is the final number of cells in a colony while Ni is the number of cells

initially present in the colony (Ni = 1).

2.2.14.2.2 Storage

MA lineages were frozen every 15 bottlenecks by suspending the streaked colony in
400 pL of 15% glycerol, mixing vigorously and storing at -85°C. For anaerobic

lineages, anaerobic 15% glycerol (section 2.1.6.7) was used for storage.

2.2.14.2.3 Contamination test

MA lineages were routinely checked for contamination every 14 bottlenecks. Phage
contamination tests (168), where lineages were examined for sensitivity to coliphages
TS5 and T6 (section 2.1.2), were conducted using representative colonies from each
lineage. LB agar plates (section 2.1.7.1) were streaked downward with 20 pL. TS and T6
phage stock and allowed to dry. Then colonies were streaked perpendicularly across the
phage streaks and plates were incubated at 37°C overnight. Sensitivity to T5 and
resistance to T6 suggested that the correct strain of E. coli was present. E. coli B113 and

E. coli DH5a were used as control strains for the T5 and T6 phage stocks (Table 2.1).
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2.2.14.3 Mutation rate calculation

Using the ancestral genome length of 4,595,685 bp, the total number of mutations found
across 24 lineages and environment-specific MA parameters, spontaneous mutation

rates for aerobically and anaerobically grown E. coli were calculated as described in

Equation 2.6.
Mutation rat tion = —
utation rate per genome per generation = (LxNxT)
m
Mutation rate per nucleotide per generation = m
m
Mutation rate per genome per day = L +D)

Equation 2.6. Calculation of mutation rates from whole genome data. m is the total number of
observed mutations, L is the number of lineages, N is the number of generations between
bottlenecks, T is the number of bottlenecks (180 for aerobic lineages and 144 for anaerobic
lineages), D is the number of days of evolution (180 for aerobic lineages and 432 for anaerobic

lineages) and G is the size of the E. coli REL4536 genome (4,595,685 bp).

2.2.15 sbcC adaptive lineages

To analyse the spectra of mutations accumulated with an E. coli sbcC deletion mutant
during adaptation to an anaerobic environment, E. coli REL4536 AsbhcC::cat
(Table 2.1, section 2.2.9.3.1) was cultivated for 1,000 generations in anaerobic DM25
(section 2.1.7.2.2).

2.2.15.1 Establishment of lineages

The E. coli sbcC mutant lineages were initiated from a single colony of
E. coli REL4536 AsbcC::cat (Table 2.1, section 2.2.9.3.1.2). Cells were revived from
frozen stocks (section 2.2.3) and streaked sequentially three times to a single colony on
aerobic MG agar (section 2.1.7.4) and incubated for 24 h. After incubation, a well
separated colony was randomly picked and used to inoculate 50 mL of aerobic DM25 in
a 500 mL Erlenmeyer flask. The culture was grown overnight and used as the inoculum
for all sbcC mutant lineages, thus the culture is henceforth referred to as the ancestral

E. coli REL4536 AsbcC::cat culture. From this ancestral culture, 14 independent
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populations were created for experimental adaptive evolution under an anaerobic

environment.

Establishment of the anaerobic cultures took place by inoculating 10 pL of the ancestral
culture into 990 pL of anaerobic DM25 in seven out of eight wells within a 24-well
plate. An un-inoculated media-only control was included alongside the group of seven
cultures in each plate to assess cross-contamination within the plates. Two anaerobic
plates were established in this way (14 anaerobic lineages in total) with lineages
randomly numbered from 1 to 14. Aliquots of the ancestral E. coli REL4536 AshcC::cat
strain were stored at -85°C by mixing 500 pL of culture with 400 puL of glycerol saline

(section 2.1.6.7) in a micro-centrifuge tube.

2.2.15.2 Maintenance of lineages

The sbcC mutant lineages were propagated for 1,000 generations in the anaerobic
environment. Lineages were propagated every 24 h, as determined by growth courses to

be the time taken to reach stationary phase (section 2.2.4).

Lineages were incubated at 37°C in an Ecotron rotating incubator (Infors-HT Inc.,
Switzerland) with an orbital shaking of 150 RPM. Anaerobic lineages were propagated
in the anaerobic glove box (section 2.2.2) and placed in Mitsubishi AnaeroPack
rectangular gas boxes (Mitsubishi Gas Company Inc., Japan) to maintain an anaerobic

atmosphere for cultures after removal from the chamber.

2.2.15.2.1 Daily lineage sub-culture

For each lineage, 10 puL of the previous day’s culture was transferred into 990 puL fresh
DM25 media every 24 h. To minimise any variation on culture growth caused by well
position within the plate, the relative positions of the lineages within the blocks of eight

wells in the 24-well plates were routinely rotated.

2.2.15.2.2 Storage

E. coli REL4536 AsbcC::cat anaerobic linecages were frozen every two weeks by
mixing 500 puL of overnight culture with 400 puL of anaerobic glycerol saline (section

2.1.6.7) in a micro-centrifuge tube. Cultures were stored at -85°C.
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2.2.15.2.3 Contamination test

sbcC mutant lineages were routinely checked for contamination every two weeks by

performing phage contamination tests as previously described in section 2.2.14.2.3.

2.2.16 In silico analysis
2.2.16.1 Bioinformatic resources and software

All resources and software used in this study are listed in Table 2.9.
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2.2.16.2 R simulator modelling

To predict the number of accumulated mutations, simulations were run on a mutation
accumulation (MA) simulator programme designed for this project (unpublished data,
Z.A. Park and B. Auvray). This MA simulator programme (code in Appendix B), run in
R 3.0.0 (225), uses the number of generations between bottlenecks and an estimated
mutation rate following a Poisson distribution to give an estimation of the minimum

number of mutations obtained over a specified number of generations.

2.2.16.3 DNA high throughput sequencing analysis

2.2.16.3.1 lllumina sequencing

High-quality genomic DNA was sequenced on the Illumina HiSeq 2000 platform by the
BGI (Shenzen, China). BGI used the [llumina Mate Pair Library Preparation Kit v2 to
construct libraries with 2 kb mate-pair inserts. Paired-end sequencing with 90 bp reads
was performed, such that 500-800 MB of clean data was obtained for each sample,
resulting in at least a 30-fold sequencing read depth for each genome. Sequencing read
depth (i.e. the average number of times any given base in the genome was sequenced)

was calculated as presented in Equation 2.7.

(L * N)
G

Sequencing read depth =

Equation 2.7. Calculation of sequencing read depth. L is the length of the sequenced reads
(90 bp), N is the number of reads that were mapped and G is the size of the E. coli REL4536
genome (4,595,685 bp).

BGI provided data that had been filtered to remove reads containing > 10% unreadable
bases, > 20% low quality (< Q20) bases, adapter contamination or duplicate read-pairs.
FASTQ is a commonly used format for high throughput sequencing output and for each
sample, two FASTQ files were provided. These files represent the forward and reverse
reads and FastQC (214), a quality control tool for high throughput sequence data, was
used to check the quality of the sequence data.

2.2.16.3.2 Mutation detection

The mutation detection pipeline is shown in Figure 2.1.

64



2 kb mate-paired raw
sequence data

Quality co

(FastQC)

De novo assembly base Reference-based
mutation detection mutation detection

(SPAdes) (breseq)

: 2 Detect BPSs and MGE
Assembly quality check movement

(QUAST)

_ Assembly alighment '
(Mauve & MUMmer)

Detect large-scale GCRs,
insertions and deletions

Figure 2.1. Bioinformatics pipeline developed to identify mutations within the genome

sequences analysed in this study. Software programmes used are shown in brackets.
2.2.16.3.2.1 Reference-based mutation detection

To detect mutations, re-sequenced genomes were mapped to the reference E. coli
RELA4536 (Table 2.1) genome sequence. The reference genome was manually annotated
by Finn (205) using information provided by Barrick et al. (2009) (197). Briefly, the
genbank file of E. coli REL606 was downloaded from the NCBI database
(ftp://ftp.ncbi.nih.gov/genomes/Bacteria/Escherichia_coli B REL606 uid58803). The file
was edited using Artemis (206) and European Molecular Biology Open Source Suite
(EMBOSS) tools (213) to incorporate the 28 mutational differences known between the
genomes of E. coli REL606 and E. coli REL4536.

BPSs (section 1.3.1) and MGE movement (section 1.3.3.1.1) were identified using
breseq (209), a microbial genome re-sequencing analysis pipeline. Breseq uses
reference-based alignment approaches to detect mutations relative to a reference
genome. For each genome, the two FASTQ files, containing the sequencing reads, were
mapped to the reference E. coli REL4536 genome sequence with default settings.
Mutations were identified and displayed in the output directory. The quality of reads
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covering each BPS was subsequently manually checked to ensure that none of the

detected BPSs were actually artefacts of poor quality sequencing reads.

2.2.16.3.2.2 De novo assembly based mutation detection

To detect insertions, deletions and large-scale GCRs (section 1.3.3), such as
translocations and inversions, genomes were assembled de novo. De novo genome
assembly was performed using the programme SPAdes 3.0.0 (227). SPAdes (227) is an
assembler, with a built-in read error correction tool for Illumina reads, that can utilize
mate-pair read information. Using De Bruijn graphs for genome assembly, a SPAdes
assembly occurs in four stages (227), and even performs an error correction step
devoted to repeat sequences detection (134). FASTQ files, containing the sequencing
reads, were reverse complemented using the fastx reverse complement tool from the
fastx toolkit (215). To assemble reads in SPAdes, the reverse-complemented reads were
used as paired-end input while the sequencing reads were used as mate-pair input. The
assembled scaffolds were assessed using the infoseq tool from the EMBOSS software
suite (213) to determine contig length and GC percentage. De novo assemblies were
assessed using QUality ASsessment Tool (QUAST) (224), a genome assembly
evaluation tool that generates summary statistics to review the quality of assemblies. In
this study, QUAST was used with the E. coli REL4536 genome sequence (section

2.2.16.3.2.1) serving as the reference sequence.

2.2.16.3.2.2.1 Genome alignment

MUMmer (221) is a genome alignment tool that allows for the alignment of contigs
across a reference genome. To assess genome alignment, contigs obtained from the
de novo assembly were aligned to the E. coli REL4536 reference genome
(section 2.2.16.3.2.1) using the NUCmer pipeline on contigs that were greater than 1 kb
in length. Synteny plots were generated using the ‘mummerplot’ utility. To further
assess the assembled contigs, Mauve (219), a genome alignment tool, was used. Contigs
obtained from the de novo assembly were aligned to the E. coli REL4536 genome
using the progressiveMauve (220) algorithm with default parameters and the ‘Move
Contigs’ option. Using genome alignments outputs from both MUMmer and Mauve,
possible GCR sites were manually identified and experimentally verified by PCR
(Table 2.4, section 2.2.7).

66



2.2.16.3.3 Cumulative GC-skew analysis

To determine cumulative GC-skews of evolved genomes, GenSkew, a genomic

nucleotide skew calculator (217), was used with default parameters.

2.2.16.3.4 Codon usage analysis

To determine the codon usage of the REL4536 genome, the ‘Codon Usage’ program of
the Sequence Manipulation Suite (228), was used with default parameters and the

standard genetic code.

2.2.16.4 RNA high throughput sequencing analysis

2.2.16.4.1 RNAseq data analysis

An overview of the RNAseq in silico analysis is presented in Figure 2.2.

90 bp paired-end Quality control Read trimming
raw sequence data (FastQC) (Trim Galore!)

Differentially rRNA & tRNA read

=R Read alignment i
expressed genes = filtering

(DESeq?2) BT (Bowtie 2)

Annotation of
ncRNA

(Rfam & Infernal)

Figure 2.2. Overview of the workflow for RNAseq in silico analysis. Software programmes

used are shown in brackets.

2.2.16.4.2 Illumina sequencing

High-quality total RNA was sequenced on the Illumina HiSeq 2000 platform by BGI.
Messenger RNA (mRNA) was enriched for using the Ribo-Zero™ rRNA Removal Kits
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for bacteria (Epicentre, USA). Libraries with 200 bp inserts were constructed, paired-
end sequencing was performed on each library and 90 bp reads were generated. BGI
provided data that had been filtered to remove reads containing > 10% unreadable
bases, > 20% low quality (< Q20) bases or adaptor contamination. For each sample, two
FASTQ files were provided; these files represent the forward and reverse reads. To
assess the quality of the FASTQ files, FastQC (214) was used. The first 10 bp of all
reads and any reads with a quality score < Q28 were trimmed using Trim Galore!, a
wrapper script that can be used for quality checks, adapter trimming and trimming of

paired-end and single-end data (230).

2.2.16.4.3 Removal of rRNA and tRNA reads

To identify rRNA genes, tRNA genes and non-coding RNAs (ncRNA), the Rfam
database (226) with the INFERNAL (218) software package was used with default
parameters. A multi-fasta file containing all rfRNA, tRNA and non-coding RNA
sequences present in E. coli REL4536 was created. Sequencing reads files were aligned
to this RNA multi-fasta file using Bowtie 2 (208) with default parameters. Reads that
did not align to rRNA, tRNA and ncRNA sequences were saved to a FASTQ file for
further analysis.

2.2.16.4.4 Sequence read alignment

EDGE-pro (Estimated Degree of Gene Expression in PROkaryotes) is a programme
specifically designed for RNAseq analysis from bacteria (212). The programme uses
Bowtie 2 (208), with its default parameters, for the alignment of sequence reads in order
to make an estimate of gene expression directly from alignment results. Using results
from section 2.2.16.4.3, a table containing the coordinates of the tRNA and rRNA genes
in the E. coli REL4536 genome was created. A protein translation table containing the
coordinates of the protein coding genes from the E. coli REL4536 genome was also
created. EDGE-pro, with default parameters, was run on each set of FASTQ reads. The
EDGE-pro output, containing the total number of aligned reads and the reads per
kilobase of gene per million reads mapped (RPKM), was used to analyse differential

gene expression in DESeq?2 (210).
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2.2.16.4.4.1 Differential gene expression

DESeq2 is a programme which tests for differential expression based on a negative
binomial distribution model (210). EDGE-pro output (section 2.2.16.4.4) was imported
into DESeq?2 and data was grouped according to the environment (aerobic or anaerobic).
RPKM data was normalised and data grouping was assessed using a principal
coordinate analysis (PCA). DESeq2 was used to identify differential expression
between aerobic and anaerobic environments; a gene was identified as being
differentially expressed between the two environments if it had a p-adj value less than

0.05 and a fold change of at least 2.

2.2.16.4.4.2 Gene ontology (GO) analysis

Gene Ontologies (GO), controlled vocabularies of defined terms, can be used to
describe gene products in terms of their associated biological processes and molecular
functions. Using The GO Project (216) and PANTHER (Protein ANalysis THrough
Evolutionary Relationships) databases (222, 223), the significantly up-regulated genes
in aerobically and anaerobically grown cells were classified into GO biological

Processes.

2.2.17 Statistical analysis

All statistical analyses were performed in GenStat 17" Edition (VSN international, UK)
(231). To assess differences in mutation rates and spectra between aerobic and
anaerobically grown cells, standard one-sided Mann-Whitney U-tests were performed.
To assess differences in fluctuation assay data and in qPCR gene expression data
between aerobic and anaerobically grown cells, standard two-tailed, homoscedastic
Student’s t-tests were performed. For the analysis of competitive fitness data, standard
one-tailed, heteroscedastic Student’s t-tests were performed. Standard one-sided
Fisher’s exact tests and Pearson’s chi-squared tests were also utilised . For all tests,

probability values less than 0.05 (i.e. p < 0.05) were considered to be significant.
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Chapter Three: Mutation rate in aerobic and anaerobic environments

3.1 Introduction

Mutations are the ultimate source of genetic variation. The rates that mutations occur at
can mediate the genetic organisation of an organism, and so, mutations play a central
role in the evolutionary trajectory of an organism. MA studies (section 1.6.1.3) are a
direct way to measure spontaneous mutation rates. In MA studies, all mutations (except
highly deleterious ones) are allowed to accumulate within populations, due to the
absence of a selective pressure (3). Through the combination of MA studies with whole
genome re-sequencing, it is now possible to directly detect all mutations in bacterial

genomes (4, 121, 122).

Although E. coli is one of the most widely studied microbes, estimates of its mutation
rate when grown aerobically vary greatly, ranging from 1.7 x 10™ to 1.0-4.0 x 107
mutations per genome per generation (11-13). In addition, mutation rate estimates based
on the whole genome have not been reported for anaerobically grown E. coli. It was
originally hypothesized that the rate at which mutations arise under aerobic conditions
is greater than the rate at which they arise under anaerobic conditions, due to differences
in the presence of mutagenic agents (e.g. ROS in aerobically grown cells). However, the
study by Sakai et al observed a higher mutation rate in anaerobically grown E. coli than
aerobically grown E. coli (28). Thus, the aim of this chapter was to use MA techniques,

whole genome re-sequencing and traditional fluctuation assays to determine:

e What is the genome-wide rate at which mutations spontaneously occur in E.

coli grown in aerobic and anaerobic environments?

3.2 Results and discussion
3.2.1 Fluctuation assays

Mutation rates for E. coli grown under aerobic and anaerobic conditions were first
estimated using classical Luria-Delbruck fluctuation assays (section 2.2.12) (149).
These frequently-used assays, where the distribution of spontaneous mutants among
parallel cultures is used to calculate the mutation rate, are a rapid and simple way to
estimate relative mutation rates based on a single locus. Mutation rate per locus

estimates were obtained for E. coli REL4536 grown in DM1000 medium (section
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2.1.7.2) in both the aerobic and anaerobic environment. Assays were scored for
resistance to nalidixic acid (Nal®) and for arabinose utilisation (Ara’) as described in

section 2.2.12.

Mutation rates were calculated using the MSS-MLE method (150), as implemented in
FALCOR (204) (section 2.2.12). For aerobically grown cells, the mutation rates ranged
from 6.50 x 10™° t0 9.60 x 10"° mutations per generation while for anaerobically grown
cells, the mutation rates were considerably higher, ranging from 4.04 x 107 to
4.88 x 10" mutations per generation (Table 3.1). The per locus aerobic mutation rates
obtained for this study are consistent with those previously reported via fluctuation
assays. Using the Nal® phenotype, Lee et al. (2012) calculated a rate of 4.3 x 107"°
mutations per locus per generation for aerobically grown E. coli (13), which falls within
the 95% confidence limits (CL) of our rate of 6.5 x 107" mutations per locus per
generation for aerobically grown cells (Table 3.1). For the Ara’ phenotype, Sniegowski
et al. (1997) reported rates of approximately 1.00 x 10® mutations per locus per
generation for aerobically grown cells (155), which falls within the 95% CL of our rate
of 9.6 x 10" mutations per locus per generation for aerobically grown cells

(Table 3.1).

The mutation rates discussed above are locus-based rates and as such, are relative rates.
To be able to compare results of fluctuation assays to published mutation rates, it is
essential to obtain a normalised rate. To obtain the mutation rate per nucleotide, the
mutation rate per locus estimates were normalised to the number of nucleotides that are
assumed to be responsible for conferring the mutant phenotype, as implemented by Lee
et al. (2012) (13). Resistance to nalidixic acid may be conferred by 18 different point
mutations in the gyrA gene, and 2 point mutations in the gyrB gene (232-234). For
E. coli REL606, there are two possible single point mutations in the araA gene that
confer the ability to utilize arabinose (235). It is assumed that the same two mutations
can give E. coli REL4536 arabinose utilisation ability as well. Therefore, for the aerobic
environment, the mutation rates range from 0.40 x 10™° to 4.80 x 10™'° mutations per
nucleotide per generation while for the anaerobic environment, the mutation rates range

from 2.20 x 107'° to 2.44 x 10" mutations per nucleotide per generation (Table 3.1).

In general, the mutation rates were found to be higher from growth under anaerobic

conditions than under aerobic ones, though these differences were not significant by
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Student’s t-test (p > 0.05) (Table 3.1). These findings are consistent with Sakai et al.
(2006), where a roughly two-fold higher anaerobic, as compared to aerobic, mutation
rate was reported using a rpsL-based assay (28). In contrast, in this study, the Nal® and
Ara" scored fluctuation assays gave a six- and five- fold higher anaerobic, as compared

to aerobic, mutation rate, respectively.

Table 3.1. E. coli mutation rates calculated from fluctuation assays.

Mutation rate Mutation rate
Envi ¢t Phenot per locus 95% CL per nucleotide 95% CL
fvironmen enotype per generation  (x 10”) per generation  (x 10”)
(x 107) (x 107)
Aerobic
Nal® 0.65 0.31-1.07 0.04 0.02-0.06
Ara” 0.96 0.52-1.49 048 0.26 -0.75
Anaerobic
Nal® 4.04 1.75-6.97 0.22 0.10-0.39
Ara” 4.88 2.51-7.80 244 1.26 -3.90

However, as this study’s estimates are dependent on the locus being analysed, they
likely do not reflect genome-wide mutation rates (47, 48). Lee et al. (2012), scored for
resistance to rifampicin as well as the Nal® phenotype in their study, and after
normalisation, the rates from each locus converged to rates of 3.30 x 107 and
2.10 x 10° mutations per nucleotide per generation, respectively (13). Such a
phenomenon was not observed in this study. In fact, the range of mutation rates that
were obtained for both aerobically and anaerobically grown cells varied greatly by
locus, suggesting that the mutation rate may vary across the E. coli genome, with
arabinose utilisation conferring a higher mutation rate than resistance to nalidixic acid.
The number of mutations assumed to be responsible for each mutant phenotype may not
be accurate and may explain the disagreement between the per nucleotide mutation rates
observed in this study. These results point to the danger of analysing just one phenotype
in mutation rate studies as estimates based on a single locus can be very biased and
possibly unreliable. When studying just one locus, synonymous mutations that do not
produce a mutant phenotype do not contribute to the mutation rate calculation and so,

mutation rates calculated from fluctuation assays can be underestimated (4). Whole
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genome approaches, where these biases are -eliminated, will provide more

comprehensive estimates of the spontaneous mutation rate.

3.2.2 MA simulations in silico

A MA simulator programme (code in Appendix B) was developed in the statistical
package R (225) to enable a prediction of how many sub-culturing events would need to
be undertaken aerobically and anaerobically, under the MA experiment growth
conditions, to accumulate a practical number of spontaneous mutations to analyse. The
MA simulator programme is based on the accumulation of mutations following a
Poisson distribution, and uses inputs of the number of generations between bottlenecks,
and an estimated mutation rate, to simulate the accumulation of mutations obtained over

a specified number of generations.

Using the most accurate estimate of the aerobic E. coli mutation rate available at the
time (136, 197), the MA simulator programme was used to do an in silico MA study for
E. coli REL4536 bottlenecked under aerobic and anaerobic environments
(section 2.2.16.2). As Sakai et al. (2006) reported a two-fold higher anaerobic, as
compared to aerobic, mutation rate (28), the anaerobic mutation rate used for the in
silico simulations was double the estimate of the aerobic E. coli mutation rate. The
number of generations between bottlenecks for aerobic and anaerobic lineages was
estimated as described in section 2.2.14.2.1.1. The in silico analysis indicated that the
mean number of mutations expected in any lineage after 180 rounds of bottlenecking
was one to two mutations for the aerobic environment and four to five mutations for the
anaerobic environment (Figure 3.1). As estimates of mutation rates from a few
mutations are prone to sampling inaccuracies and are an improper representation of the
true value (161), it was decided that 50 MA lineages would be set up in each

environment to ensure the accumulation of enough mutations.
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Figure 3.1. MA simulations in silico. 10,000 simulations were run on a programme designed to
determine the minimum number of mutations expected in any lineage after 180 bottlenecks in
the a) aerobic environment using a mutation rate of 4.6 x 10™ per genome per generation and
with bottlenecks every 25 generations and b) anaerobic environment using a mutation rate of

9.2 x 10" per genome per generation and with bottlenecks every 24 generations.

3.2.3 MA lineages

To accumulate spontaneous mutations in E. coli grown in aerobic and anaerobic
environments, MA lineages of E. coli REL4536 were cultivated on DM agar plates as
described in section 2.2.14. In summary, in each environment, 50 lineages were
established and subjected to regular bottlenecks. Aerobic lineages were single-colony
transferred daily (approx. 25 generations), for 180 bottlenecks. The anaerobic lineages
were transferred every three days (approx. 24 generations) for 144 bottlenecks. After the
lineages had been maintained for the desired number of bottlenecks, single colonies
from 24 lineages from each environment were genome re-sequenced on an Illumina

HiSeq 2000 instrument.

3.2.3.1 Next-generation sequence analysis

Whole genome re-sequencing of the genomes yielded at least 2 million raw sequencing
reads for each sample (see Table 3.2 and Table 3.3). To detect mutations, reference-
based and de novo assembly based mutation detection methods were used (section

2.2.16.3.2). Summary statistics of the reference-based mapping and the QUAST (224)
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evaluated de novo assemblies are presented in Table 3.2 and Table 3.3. Due to the
sequencing strategy that was chosen, where multiple clones were sequenced on the
same lane, the genomes were sequenced to differing depths, resulting in at least 30-fold

sequencing read depth, calculated as described in Equation 2.7, for each genome.

3.2.3.2 Mutation identification

Using the mutation detection pipeline described previously in section 2.2.16.3.2,
mutations were identified for 24 aerobic and 24 anaerobic clones. Identified mutations
included BPSs, indels, and GCRs. In total, 295 mutations were identified. However, 13
mutations (12 BPSs and 2 GCRs) were excluded from the analysis as they were found
in clones of lineages that had been maintained on the same agar plates and under these
circumstances the possibility of cross-contamination between the lineages was higher,
than if the lineages were maintained on different plates. Specifically AE-180-10, AE-
180-14 and AE-180-16 had five shared mutations out of 16 mutations,
AE-180-38 and AE-180-40 had one shared BPS out of a total of four, AN-144-34 and
AN-144-36 had two shared mutations out of 10 total mutations while AN-144-46 and
AN-144-50 had three shared BPSs out a total of 26 mutations. The relatively small
number of shared mutations amongst the lineages would suggest that any cross-
contamination would have occurred early on in the experiment, where there was greater
chance for errors to have occurred due to technical experience in maintaining these MA
lineages. That cross-contamination was the likely cause of the shared mutations, in
these instances, the shared mutations were assigned to one lineage and only counted

once.

3.2.3.2.1 BPS and indel detection

Using breseq (209) for reference-based mapping to the E. coli REL4536 reference
genome sequence (section 2.2.16.3.2.1), BPSs (section 1.3.1) and indels (section 1.3.2)
were detected. Indels were manually verified by analysing the alignment of the reads. In
total, 147 BPSs were detected, with 74 BPSs and 73 BPSs occurring in aerobically and
anaerobically grown clones, respectively. In addition, a total of 37 indels were detected,
with 17 indels and 20 indels occurring in aerobically and anaerobically grown clones,
respectively. These mutations will be discussed in greater depth in Chapter 4, regarding

mutation spectra.
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3.2.3.2.2 GCR detection

As it had previously been implicated that GCRs (section 1.3.3) are prevalent in
anaerobically grown cells (28), it was very important to be able to accurately identify
these mutations within the genomes for this study. It is noted however, that many
studies investigating mutation rates (13, 136, 137) do not report GCRs, as genome
sequencing approaches have only recently been applied to MA studies and there is still
some technical difficulty in identifying GCRs. Recently, Raeside et al. (2014) used
optical mapping to identify GCRs in clones from 12 populations of Lenksi’s LTEE
(section 1.7.1.1) and they were able to identify 110 GCRs over 40,000 generations of
evolution (35). In this study, several different software programmes were initially tested
on a test sequence dataset containing GCRs, i.e. the rifampicin resistant marker

described in section 2.2.13.1, until a suitable approach had been determined.

3.2.3.2.2.1 Challenges with GCR detection

The sequence reads generated by the sequencing instruments can computationally be
joined together to reconstruct the target sequence in a process known as de novo
assembly (134). GCRs are often mediated by large repetitive sequences, such as IS
elements (section 1.3.3.1.1.1.1), and it is these repeat regions which often pose the
major challenge to GCR detection (135) as individual sequence reads are not long
enough to capture the new combinations of unique sequences that flank the repetitive
sequence, as a result of repeat-sequence mediated recombination. Instead, sequence
reads that map to repetitive regions can be mapped to multiple locations, making it
difficult to interpret the data. In fact, many of the reference-based mapping programmes
ignore any reads that map to multiple locations (62), and so, many GCRs are probably
missed. Thus, if researchers restrict their analyses to reference-based mapping
programmes, GCRs are probably not detected and reported. Sequence pair information
is also critical for detecting GCRs, as this enables unique reads that flank repeated
sequences to be linked. However, if the pair distance (library insert size) is insufficient
to span the junctions of the rearrangement, GCRs cannot be detected. Nonetheless, by
using de novo assembly and mate-pair information, GCRs with repetitive regions

shorter than the library insert size can be resolved (135, 236).

In the reference E. coli REL4536 genome, IS elements are the most prevalent MGE,
with IS element IS150 being the largest at a length of 1446 bp (Table 3.4). To ensure
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that all IS element meditated GCR mutations could be detected, 2 kb insert libraries
were used for sequencing. For this study, we hoped to find two general types of GCRs:
(1) those involving the movement of MGEs or (2) those involving the rearrangement of
fragments of DNA greater than 2 kb in length; the latter GCRs will collectively be
referred to as large-scale GCRs throughout this thesis.

Table 3.4. Details of IS elements present in E. coli REL4536.

IS element Frequency Length (bp)
1S1 26 777

1S2 1 1,128

1S3 5 1,260

1S4 1 1,438

1S30 1 1,187
15150 7 1,446
15186 5 1,349
1S600 2 1,180
15911 3 1,198

3.2.3.2.2.2 Large-scale GCRs

Using breseq (209) for reference-based mapping to the REL4536 reference genome
sequence, GCRs involving MGEs were detected (section 2.2.16.3.2.1) and manually
verified by analysing the alignment of the reads. In total, 91 GCRs were identified, with
28 and 63 events occurring in aerobically and anaerobically grown clones respectively.
These mutations will be discussed in greater depth in Chapter 4, regarding mutation

spectra.

Large-scale GCRs, mediated by repeat sequences greater than 2 kb in length, or where
the mate-pair sequencing information was insufficient, were identified by assembling
genomes de novo (as described in section 2.2.16.3.2.2) and aligning the assembled
contigs to the REL4536 reference genome to identify differences in gene synteny

(section 2.2.16.3.2.2.1). Initial analysis indicated that four aerobic clones and 10
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anaerobic clones contained large-scale GCRs, with the detection of 23 events across all

lineages.

Identified synteny breakpoints were validated by PCR (section 2.2.7). Overall, only
seven (Figure 3.2 and Figure 3.3) of the 23 large-scale GCRs identified by the in silico
analysis were verified by PCR (Table 3.5). For aerobic clones, five of the six large-
scale GCRs were confirmed as true GCRs while for anaerobic clones, only two of the
17 large-scale GCRs were experimentally proven. Depictions of these GCRs, as well as
their sizes, can be seen in Figure 4.8 and these mutations will be discussed in greater

depth in Chapter 4, regarding mutation spectra.

Despite only 7 of the 23 GCRs predicted by assembly being experimentally verified, the
16 that were not validated experimentally were associated with large repetitive loci that
were not able to be uniquely identified using the 2 kb mate-pair strategy that was used.
Thus, the assembly programme consistently had trouble assembling these regions
accurately and likely falsely identified GCRs for these regions. It is also possible that
verification of these mutations failed due to the difficulty of PCR amplification across
large repetitive regions of the genome. In bacteria, the three different rRNAs are co-
transcribed from a single operon (rrn) which is approximately 5 kb in length. In E. coli,
there are usually seven copies of the rRNA operon. As mentioned previously, multiple
copies of repeated sequences are difficult to assemble due to ambiguous read mapping

and rRNA operons are no exception.

While rRNA operons are known to be regions that assembly programmes have
problems with, other troublesome loci for this E. coli dataset were rearrangement hot
spot (rhs) genes. In the reference E. coli REL4536 genome, there are five rhs genes
scattered around the genome — rhsA, rhsB, rhsC, rhsD and rhsg; with each gene being
at least 4 kb long. First discovered in 1984 (237), the biological function of these genes
is still not known. Each rhs gene has a core region, which is homologous across all five
genes, and a divergent core extension sequence (238). The rhs core regions provide
some of the most significant sequence repetition in the E. coli REL4536 genome and
these genes have been shown to be sites where GCRs frequently occur in other studies
(237, 239). Unfortunately, for this study, the 2 kb mate-pair strategy that was used for
sequencing the MA clone genomes did not allow for accurate coverage of the junctions

of the rhs genes. As such, assembly programmes were expected to be unstable in these
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regions due to the repetitive nature of these genes. For this dataset, only one of the

verified seven large-scale GCRs involved an rhs gene (Table 3.5).

Additionally, due to the sequencing strategy that was employed, genomes of aerobically
grown clones were sequenced, on average, to 100-fold coverage; almost twice the depth
of anaerobically grown clones, which were sequenced, on average, to 50-fold coverage
(Table 3.2 and Table 3.3). Low sequencing depth makes it difficult to distinguish
between real variations in the genome and assembly artefacts (240). Thus, the higher
rate of false-positives observed in anaerobically grown clones could be due to the
differences in sequencing depth. As it is, all 16 of the rearrangements that were not

validated experimentally were in areas of around 30-fold coverage.

Lastly, the sequencing process also provides its own bias and challenges. For this study,
mate-pair libraries were sequenced on an Illumina platform, generating short read
lengths (90 bp) covering insert distances of 2 kb. While very effective for re-sequencing
analysis, de novo assembly with short read lengths is not commonly performed as
longer read lengths and longer insert distances are more effective in resolving gaps and
areas that are difficult to assemble, such as repeated sequences (135). Furthermore,
using only mate-pair data for genome assembly is challenging. The protocol used to
construct the Illumina mate-pair libraries results in a non-negligible amount of read
pairs with an incorrect distance or an incorrect orientation. For more accurate de novo
assembly, assemblies are now often produced using hybrid approaches where high-
depth, short-read length sequencing is complemented with lower-depth, longer read
sequencing to get the best possible assembly. One such longer read sequencing
technology would be the single-molecule based Pacific Biosciences RS sequencer
(PacBio) system (128). PacBio sequencing generates reads of long lengths (up to about
10 kb) and the longer reads should allow for the reconstruction of entire genomes with
ease. GCR detection will also improve with the increased read length, as the chances of
individual sequence reads being long enough to capture the unique sequences that flank
repeat sequences will be higher (240). However, PacBio sequencing data has high error
rates and it is ideal to combine it with more precise, shorter read technologies. This
hybrid approach has already been used for the de novo assembly of bacterial genomes to

great effect (241-243). Unfortunately, only mate-pair reads were available for this study.
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Table 3.5. Large-scale rearrangement break points identified in silico and verified by PCR.

*®
Synteny breakpoints identified in silico. Numbers refer to labels shown in Figure 3.2 and Figure 3.3.

REL4536

REL4536

Egenglfgc})/int* Lineage Referegce Referegce Seiliaﬁe g r(i;zz?iifvolve g8
Gene 1 Gene 2

1 AE-180-04 ybbP ylbH Yes rhsD gene
2 AE-180-04 ybdK entD Yes IS150 element
3 AE-180-04 erfk nac Yes tRNA gene
4 AE-180-04 nupC yfeA Yes -
5 AE-180-06 clpX lon Yes 1S186 element
6 AE-180-06 ybdK entD Yes IS150 element
7 AE-180-24 ynhG ydhY Yes 1S150 element
8 AE-180-24 gtk rihA Yes IS150 element
9 AN-144-12 ybdK entD Yes 1S150 element
10 AN-144-12 focA pflA Yes IS150 element
11 AN-144-12 nikR yhhH No rhsB gene
12 AN-144-12 yibF yibA No rhsA gene
13 AN-144-46 ybdB ybdH Yes -
14 AN-144-46  focA pflA Yes 1S150 element

TGenes spanning the corresponding synteny breakpoint in the reference E. coli REL4536 genome. Primers for PCR verification of

breakpoints were targeted to these genes.

i

genome.

§Genomic repeats, if any, mediating the GCR

PCR was used to verify that the listed gene combinations, present in the reference genome, were not present in the evolved
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3.2.3.3 Summary of number of mutations found in lineages

A total of 124 and 158 mutations were found across the aerobic and anaerobic clones

that were sequenced, respectively. A summary of the number of mutations found in

each lineage is shown in Table 3.6. Details of all mutations found in this study are

listed in Table A.3.

Table 3.6. Frequency of mutations found in each sequenced lineage.

Lineage Number of mutations | Lineage Number of mutations
AE-180-02 1 AN-144-02 0
AE-180-04 14 AN-144-04 11
AE-180-06 7 AN-144-06 16
AE-180-08 9 AN-144-08 8
AE-180-10 5 AN-144-10 11
AE-180-12 3 AN-144-12 7
AE-180-14 4 AN-144-14 8
AE-180-16 1 AN-144-16 6
AE-180-20 7 AN-144-20 4
AE-180-22 8 AN-144-22 3
AE-180-24 5 AN-144-24 12
AE-180-26 3 AN-144-26 3
AE-180-28 1 AN-144-28 2
AE-180-30 9 AN-144-30 5
AE-180-32 7 AN-144-32 3
AE-180-34 7 AN-144-34 4
AE-180-36 7 AN-144-36 4
AE-180-38 3 AN-144-38 2
AE-180-40 5 AN-144-40 15
AE-180-42 1 AN-144-42 1
AE-180-44 8 AN-144-44 8
AE-180-46 3 AN-144-46 14
AE-180-48 3 AN-144-48 2
AE-180-50 3 AN-144-50 9
Total Aerobic 124 Total Anaerobic 158
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The mean number of mutations accumulated in aerobic lineages after 180 rounds of
bottlenecking was 5.2 mutations + 3.2 mutations per lineage. For the anaerobic lineages,
the mean number of mutations after 144 rounds of bottlenecking was 6.6 mutations +

4.6 mutations per lineage.

3.2.3.4 Estimation of mutation rates

Although more mutations were detected in anaerobically grown lineages than in
acrobically grown lineages (Table 3.6), each set of lineages was not propagated for the
same number of generations. Thus, the whole genome spontaneous mutation rate
(section 1.6) for aerobically and anaerobically grown E. coli was calculated as described

in section 2.2.14.3.

The spontaneous mutation rate of aerobically grown E. coli REL4536 is 2.50 x 107
mutations per nucleotide per generation (Table 3.7). For anaerobically grown E. coli
REL4536, the mutation rate is almost double, at 4.14 x 10™'° mutations per nucleotide
per generation (Table 3.7). Furthermore, the mutation rates of E. coli REL4536 grown
in the two environments are significantly different (Mann-Whitney U = 196.0,
p = 0.029). Individual mutation rates for each lineage varied greatly, ranging from
4.84 x 10" to 6.77 x 10" mutations per nucleotide per generation for aerobic clone
genomes and from 0.00 to 1.01 x 10 mutations per nucleotide per generation for

anaerobic clone genomes (Table A.4).

Table 3.7. Genome-wide spontaneous mutation rates for E. coli grown aerobically and

anaerobically.

Rate Rate
Generations Bottlenecks /genome SEM /nucleotide  SEM
/generation /generation
Aerobic 25 180 1.15%x10° 146 x10* 2.50x 10" 3.18 x 10"
Anaerobic 24 144 1.90 x 10° 274 x 10* 4.14 x 10" 5.96 x 10™"

The MA in silico simulations that were performed in section 3.2.2 used an aerobic
mutation rate (197) that was obtained from Lenksi’s LTEE (1.7.1.1). As populations in
the LTEE are subjected to selection pressures, an average mutation rate of 4.6 x 10™

mutations per genome per generation was estimated from only those mutations that
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were deemed to be neutral, synonymous substitutions. The mutation rate estimated from
the LTEE is 2.5-fold lower than the rate estimated in this study, displaying the benefit
of using whole genome sequencing and MA assays to comprehensively estimate
mutation rates. In fact, Drake (2012) even argues that the mutation rate (136) calculated
by Wielgoss et al. (2011) in this way is a product of selection acting on the codon usage
of the populations rather than an actual estimate of the spontaneous mutation rate (159).
It is important to note that selection could be a factor in this study as well. Ideally, for
MA studies, a constant, effective population size of one should be maintained every
generation (6). However, in this study, population sizes fluctuated as colonies grew to
approximately 10" cells on agar plates between bottlenecking events, providing
opportunities for accumulated mutations to be subject to selection. It is likely that to
some degree beneficial mutations became fixed, while deleterious mutations were
purged from the population (171). To determine if mutations were accumulated in a
neutral manner in the MA study, and that the effects of selection were minimal, the ratio
of BPSs found in protein coding regions verses non-coding regions or the ratio of non-
synonymous to synonymous BPSs can be analysed. This will be discussed in further

detail in section 4.2.1.1.3.

The genome-wide aerobic mutation rate obtained in this study is consistent with that
determined for aerobically grown E. coli in a recently published MA study (13).
However, Lee et al. (2012) did not take GCRs into account in their calculation of a
mutation rate of 2.2 x 107 mutations per nucleotide per generation. If GCRs are
excluded from our calculation of the mutation rate, a 1.4-fold lower rate of 1.81 x 10710
mutations per nucleotide per generation is obtained for aerobic clone genomes. Perhaps
the difference in rates between the two studies can be accounted for by the different
E. coli strains and media used in the two studies. For their study, Lee et al. (2012) used
E. coli MG1655 and their cultures were propagated on LB agar; a medium that is richer
in carbon than the minimal DM agar used in this study (section 2.1.7.3). Furthermore,
the aerobic MA lineages in their study experienced more cell divisions between
bottlenecks, with 28 generations between passages (13), as opposed to the 25
generations between bottlenecks for aerobic lineages in our study; which provided a
greater opportunity for mutations to occur. Generally, the difference in mutation rates
between the two studies indicate the necessity of including GCRs in the estimation of

spontaneous mutation rates to obtain more accurate and complete rates.
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Moreover, the mutation rate calculated from anaerobic clone genomes in this study was
1.7-fold greater than the mutation rate calculated from aerobic clone genomes. Sakai
et al. (2006), in their locus-based study, reported an anaerobic mutation rate that was
approximately 2.4-fold higher than their aerobic mutation rate (28). Sakai et al. (2006)
also used E. coli MG1655 and LB media for their study; factors that may perhaps
account for the difference in anaerobic mutation rates between their study and our study.
In this study, E. coli REL4536, a 10,000 generation descendent of E. coli REL606, was
used to minimise adaptations to limited glucose media. Thus, the different mutation
rates observed in the aerobically and anaerobically grown cells of this study should

theoretically be in response to the different environmental conditions.

3.2.3.4.1 Mutation accumulation assays versus fluctuation assays

As it is, the mutation rates obtained from the MA assays were within the range of rates
obtained from the fluctuation assays. For aerobic E. coli REL4536, the whole genome
rate estimated from MA assays was 2.50 x 10™'” mutations per nucleotide per generation
(Table 3.7) while the rates estimated from fluctuation assays were 4.0 x 10" mutations
per nucleotide per generation and 4.8 x 10" mutations per nucleotide per generation for
the Nal® and Ara” phenotypes, respectively (Table 3.1). Potential reasons for the
variation amongst the loci-based mutation rates have already been discussed (section
3.2.1). Together, an average rate of 2.6 x10'" mutations per nucleotide per generation
was obtained from fluctuation assays of aerobically grown E. coli REL4536. The
genome-wide rate was almost six-fold greater than the rate estimated for the Nal® locus
but two-fold lower than the rate estimated for the Ara” locus. However, the average
aerobic mutation rate obtained from fluctuation assays is similar to the genome-wide
rate estimated from the MA assays, suggesting that using multiple loci for fluctuation

assays is preferable.

A similar observation was made for E. coli REL4536 mutation rates under anaerobic
conditions. The whole genome rate estimated from MA assays was 4.14 x 10°
mutations per nucleotide per generation (Table 3.7) while the rates estimated from
fluctuation assays were 2.20 x 107" mutations per nucleotide per generation and
2.44 x 10” mutations per nucleotide per generation for the Nal® and Ara” phenotypes,
respectively (Table 3.1). Together, an average rate of 1.33 x 10” mutations per

nucleotide per generation was obtained for fluctuation assays of anaerobically grown
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E. coli REL4536. The genome-wide rate was roughly two-fold greater than the rate
estimated for the Nal® locus but six-fold lower than the rate estimated for the Ara”
locus. Also, the average anaerobic mutation rate obtained from fluctuation assays was
nearly three-fold greater than the genome-wide rate estimated from the MA assays, once

again reinforcing the benefit of using multiple loci for fluctuation assays.

3.2.3.4.2 Mutation accumulation assays versus in silico mutations

The MA simulations that were performed before starting the MA lineages were based
on mutation rates that were approximately two-fold lower than the rates that were
eventually estimated from the MA study. To determine whether our developed MA
simulator programme was sufficient at predicting mutations, more simulations were run
in silico. Using parameters and mutation rates determined from this study (Table 3.7),
1,000 simulations were run on the MA simulator programme (section3.2.2). The
in silico analysis indicated that the mean number of mutations expected in any aerobic
lineage after 180 rounds of bottlenecking was four to five mutations while the mean
number of mutations expected in any anaerobic lineage after 144 rounds of
bottlenecking was six to seven mutations (Figure 3.4). As can be seen in Figure 3.4,
the observed distribution of mutations across lineages in both environments differed
from theoretical predictions obtained from the MA simulator programme. It is important
to note that the MA simulator programme does not consider the fitness effects of
mutations, and as such, selection against highly deleterious mutations is not accounted
for. In addition, the observed mutation distributions were obtained from a relatively
smaller sample size (24 lineages in each environment) as opposed to the theoretical
distributions, which were based on a 1,000 simulations. As such, these factors may
themselves account for any differences in the observed and theoretical distribution of
mutations. Nevertheless, as described in section 3.2.3.3, the mean number of mutations
accumulated in aerobic and anaerobic lineages in the MA study were 5.2 mutations and
6.6 mutations, respectively. Thus, the programme, designed as part of this thesis, was
suitable for its purpose of predicting the number of mutations that would accumulate in

a MA study and so can be used as a useful tool in establishing future MA studies.
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Figure 3.4. Comparison of MA mutations and in silico theoretical mutations. Distribution of

mutations detected among a) aerobic and b) anaerobic MA lineages compared to theoretical

predictions made using the MA simulator programme. 1,000 simulations were run to determine

the number of mutations expected in a) aerobically grown lineages after 180 bottlenecks with a

mutation rate of 1.15 x 107 per genome per generation and with bottlenecks every 25

generations and b) anaerobically grown lineages after 144 bottlenecks with a mutation rate of

1.90 x 107 per genome per generation and with bottlenecks every 24 generations.
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3.3 Summary

The aim of this study was to determine the spontaneous mutation rate of E. coli grown
in an aerobic and anaerobic environment. It had previously been reported that the
anaerobic mutation rate was twice as high as the aerobic rate (28), but the study was
based on just one locus of the genome. Loci-based estimates of the mutation rate tend to
be limited and not necessarily applicable across the whole genome. In this study,
spontaneous mutation rates were measured in two ways: by fluctuation assays and MA
assays. For MA assays, whole genome re-sequencing was used to identify mutations

across the entire genome.

Using both fluctuation and MA assays, it was determined that for E. coli REL4536, the
genome-wide spontaneous mutation rate is greater in an anaerobic environment than in
an aerobic environment. Our genome-wide estimates of the spontaneous mutation rate
of E. coli REL4536 are 2.50 x 107" mutations per nucleotide per generation and
4.14 x 10" mutations per nucleotide per generation for aerobically and anaerobically
grown cells respectively (Table 3.7). The anaerobic mutation rate is significantly
1.7-fold greater than the aerobic mutation rate and so, it is possible that particular
classes of mutations are more prevalent under anaerobic growth conditions than under
aerobic growth conditions. This will be investigated in the following chapter, regarding

mutation spectra.
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Chapter Four: Mutation spectra in aerobic and anaerobic

environments

4.1 Introduction

In the previous chapter (section 3.2.3.4), the genome-wide spontaneous mutation rate
for E. coli, determined via MA lineages, was shown to be greater in the anaerobic
environment (4.14 x 10"'° mutations per nucleotide per generation) than in the aerobic
environment (2.50 x 10" mutations per nucleotide per generation). To determine if
there were differences in the types of mutations that accumulated in the two
environments, the mutation spectra of the sequenced MA lineages was analysed.
Broadly, the different classes of mutations that were studied were BPSs, indels and
GCRs. The spontaneous mutation rate is the net result of mutational pressures
experienced by the DNA, along with the fidelity of DNA replication and the efficiency
of the various DNA repair systems. Different stages of the bacterial cell cycle
experience different mutational pressures and thus, it is difficult to distinguish the
relative contribution of each factor to the observed mutation rate. Therefore, to obtain a
better understanding of mutation spectra, where differences in mutation spectra were
present, the expressions of genes involved in maintaining genome integrity were studied
to determine whether associated differences in their expression were observed. Thus,

the aims of this chapter were to determine:

e What is the rate with which each mutation type and class occur in E. coli grown
in aerobic and anaerobic environments?

e What types of mutations predominate in E. coli grown in aerobic and anaerobic
environments?

e What DNA repair pathways are active in E. coli grown in aerobic and

anaerobic environments?
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4.2 Results and discussion
4.2.1 Spectra of mutations in aerobic and anaerobically grown E. coli

Among the 48 MA lineages that had been genome re-sequenced (section 2.2.16.3), a
total of 282 mutations were detected, with 124 and 158 mutations accumulated in the
aerobically and anaerobically grown cells, respectively. In this section, these mutations
are analysed in greater detail to determine whether there are differences between the

types and genomic distributions of mutations that accumulated in the two environments.

In this study, across all sequenced MA lineages, BPSs were generally the most
frequently observed type of mutation, accounting for 52.1% of total mutations
(Figure 4.1a). GCRs constituted 34.8% of all mutations while indels were less
frequently observed, accounting for 13.1% of all mutations (Figure 4.1a). In general,
mutation rates per genome per generation for BPS, indels and GCRs were greater in
anaerobically grown cells than in aerobically grown cells (Figure 4.1a), and for GCRs,
this difference was significant (Mann-Whitney U = 146.5, p =0.001 ).

In this study, the length of time between generations for aerobically and anaerobically
grown lineages differed (section 3.2.3.4). It is possible that the longer period of time
between generations has enabled more mutation events to take place during growth in
the anaerobic environment, contributing to the higher (per generation) rate in this
environment. This would be particularly so if mutations arise independently of the
genome replication phase of the cell division cycle. To investigate this further, the rate
of accumulation of mutations under aerobic and anaerobic growth conditions with
regard to time (mutation rates per genome per day) were calculated (Figure 4.1b). In
contrast to the mutation rates (per generation), the rates (per day) for BPS, indels and
GCRs were greater for aerobically grown cells than for anaerobically grown cells
(Figure 4.1b), with the differences for BPS and indels being significant. It is possible
that this difference in mutation rates can be attributed to the aerobically and
anaerobically grown cells spending differing amounts of time in different stages of the

cell cycle.
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Figure 4.1. Mutation rates for different types of mutations observed in the MA study. Shown
are a) mean mutation rates per genome per generation and b) mean mutation rates per genome
per day of growth. Error bars represent standard error of the mean. Asterisk denotes a

significant difference between the aerobic and anaerobic mutation rates (p < 0.05).

The bacterial cell cycle is comprised of three stages: the B period which is from the
initiation of cell division to the initiation of DNA replication, the C period which is
when DNA replication takes place, and finally, the D period which is from the
termination of DNA replication to the completion of cell division (244). A general trend
in E. coli has been reported, where faster growing cells spend a greater proportion of
time in the C period and proportionately less time in the B period than slower growing
cells, which spend a greater proportion of time in the B period and proportionately less

time in the C period (245). As the aerobically grown cells in this study went through
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roughly 25 generations within 24 h of growth, the average time between cell division
events was approximately every 60 min. Therefore, it is assumed that the aerobically
grown cells spent a relatively larger proportion of time in the C period than their slower
growing anaerobic counterparts. By comparison, the anaerobically grown cells went
through almost 24 generations within 72 h of growth, giving an average time of 180 min
per cell division. During replication, DNA is particularly susceptible to damage as it
transiently exists as ssSDNA; a form of DNA that has been shown to be more vulnerable
to mutation (246). Thus, as aerobically grown cells spent more time in DNA replication,
this is consistent with the observation that mutation rates per unit of time (as compared
to per generation) were greater for aerobically grown cells than for anaerobically grown

ones.

In this chapter, the mutation rates for different types of mutations for aerobically and
anaerobically grown cells have been determined. However, each mutation type (e.g.
BPSs, indels and GCRs, and classes therein) likely arises via different mutagenic agents
and cellular mechanisms. For example, ROS damage to DNA will elicit different
cellular responses for repair than general errors in DNA replication/repair. Furthermore,
differences in cell physiology in each environment may induce different suites of
mutations. Thus, the cell cycle stage that different mutation types are more likely to
occur, and relative proportion of time spent in that stage of the cycle, may have
significant bearing on the overall mutation rates between the two environments.
Therefore, throughout this chapter, consistent with previous studies (11-13), mutation
rates expressed per generation are reported. However, for comparison purposes,
mutation rates per unit time (calculated as described in Equation 2.6) are also reported
as they may provide deeper insight into the mechanisms behind differences in mutation

spectra between the two environments.

4.2.1.1 BPSs

A total of 147 BPSs were detected in this study; with 74 and 73 BPSs accumulated in
aerobically and anaerobically grown cells respectively. The anaerobic BPS per
generation rate was 1.3-fold greater than the aerobic per generation rate (Figure 4.1a),
though this difference was not significant (Mann-Whitney U = 254.0, p = 0.244).

However, when considering mutation rates per genome per day, the aerobic BPS
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mutation rate was 2.4-fold greater than the anaerobic rate (Mann-Whitney U = 137.0,
p <0.001) (Figure 4.1b).

Recently, Lee et al. (2012) estimated a BPS mutation rate of 9.23 x 10 mutations per
generation for aerobically grown E. coli (13). The value reported by Lee et al. (2012),
though 1.4-fold greater, is of the same order of magnitude as the rate of 6.85 x 10™
mutations per generation that was observed for the aerobically grown cells of this study.
As Sakai et al. (2006) found BPSs to be 6.4-fold less frequent in anaerobic cells than in
aerobic cells (28), the relatively higher anaerobic genome-wide BPS rate of 8.80 x 10
mutations per generation observed in this study was not expected. In their study, Sakai
et al. (2006) used an experimental system that was based on two copies of the rpsL
locus of the genome (28) while this study was based on the whole genome. These
differences in mutation rate measurement can sufficiently explain the varying anaerobic
BPS per generation mutation rates between the two studies. In addition, the two studies
also utilised different E. coli strains and media and it is possible that these two factors
also contribute to the observation of differing mutation rates; Sakai et al. (2006) used an
E. coli MG1655 strain and LB media (section 2.1.7.1) for their study (28) while this
study used E. coli REL4536 strains and DM media (section 2.1.7.2).

4.2.1.1.1 Nucleotide mutation rates

Single base substitutions can be classified into 12 possible substitution types. The rates
for each of these were calculated for cells grown aerobically and anaerobically, with
mutation rates normalized to account for the nucleotide content of the genome and the
predominant mutations in both environments were G - A or C > T transitions
(Figure 4.2). As spontaneous deamination of cytosine nucleotide bases into uracil
bases, or of 5-methylcytosine nucleotide bases into thymine bases, are frequently
occurring DNA lesions known to cause G > A or C = T transitions respectively, these
results were expected (13, 19, 247). As can be seen in Figure 4.2b,G > AandC > T
transitions appear to the predominant types of BPSs in aerobically grown cells per unit
time. As the aerobically grown cells of this study spent more time in DNA replication, it
stands to reason that the DNA of aerobically grown cells spent more time in a single-
stranded state. Thus, these findings are in agreement with previous observations that
ssDNA is particularly susceptible to cytosine deamination (248). On the other hand,

A 2> G and T - C transitions, possibly caused by the spontaneous deamination of
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adenine nucleotide bases into hypoxanthine or by the tautomerization of thymine bases
(13, 19, 247), respectively, were less common in both environments (Figure 4.2).
Overall, these findings are consistent with mutational data from previous studies
reporting a spontaneous mutation bias towards increasing the A:T content of bacterial
genomes (29, 249, 250). In short, these studies imply that the nucleotide content of
bacteria are not as affected by mutational biases as previously thought but rather,
selection pressures that the bacteria may have been subject to over time are more likely

causes for any observed variations in nucleotide content.

ROS generated during aerobic respiration, are also known to induce specific mutation
types. For instance, the GO lesion is a typical DNA lesion caused by the oxidation of
guanine nucleotide bases to 8-oxo-guanine nucleotide bases, and can ultimately lead to
G = T and C - A transversions. In keeping with this expectation, G = T transversion
mutation rates per generation were 5.4-fold greater (Figure 4.2a) in acrobically grown
cells, as compared to anaerobically grown cells (Mann-Whitney U = 230.0, p = 0.042).
Surprisingly, C = A transversion rates per generation were approximately eight-fold
greater (Figure 4.2a) in anaerobically grown cells, as compared to aerobically grown
cells (Mann-Whitney U = 225.0, p = 0.011). A similar pattern of G = T versus C 2> A
asymmetry was also observed in mutation rates calculated per day (Figure 4.2b). These
results were most unexpected and suggest the presence of a strand bias in the types of
BPSs that arose under aerobic and anaerobic conditions and will be investigated further

in section 4.2.2.1.2.

More curious, however, was the presence of G = T and C - A transversions in
anaerobic lineages. These findings suggest that there may be some oxidative damage
occurring during growth under the anaerobic conditions in this study and that the repair
systems that are normally induced in response to this specific kind of damage are not
being efficiently induced. While this may imply that the growth conditions in the
anaerobic conditions are not truly anaerobic, Sakai et al. (2006) have also observed
G = T and C - A transversions in the anaerobic cells of their study (28). In fact, they
reported almost equivalent rates of G = T and C - A transversions in aerobically and
anaerobically grown cells (28). While they did not give much thought to these
mutations, they concluded that their anaerobically grown cells were not experiencing

any oxidative damage as evidenced by the lack of overall G > T and C > A
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transversions in mutator cells (28). While ROS can also be produced as a byproduct of
certain biological mechanisms, such as part of the inflammatory response or
intracellular signalling (19), there is a strong likelihood that G = T and C > A
transversions are spontaneously arising under anaerobic conditions, but not because of
exposure to ROS. While no specific mechanism underlying this BPS spectrum is
apparent, it may be associated with pH, as acids are generated as fermentation end-
products during growth under anaerobic conditions. Alternatively, the slower growth
rate, and the resultant physiological condition of the cells under anaerobic growth may

have created specific mutagenic pressures resulting in the observed BPS spectrum.

Mutation rates per generation for T - G transversions (Mann-Whitney U = 217.5,
p=0.032 ) and A = C transversions (Mann-Whitney U = 223.0, p = 0.021) were at
least two-fold greater in anaerobically grown E. coli as compared to aerobically grown
E. coli (Figure 4.2a). Per day, T - G and A - C transversions occurred at rates that
were not statistically significantly different between aerobically and anaerobically
grown E. coli (Figure 4.2b). Therefore, it is possible that T - G and A - C
transversion mutations occur independently of DNA replication. As oxidation of the
guanine nucleotide can result in T 2 G or A = C transversions (19), these results were
unexpected. Maybe these spontaneously arising transversion mutations are not being
repaired efficiently under the anaerobic conditions of this study, allowing for their
accumulation in anaerobic lineages. Or maybe, perhaps there is not enough oxidative
stress under the aerobic growth conditions of this study, accounting for the fewer
oxidative damage related mutations observed in aerobically grown cells. Or
alternatively, these results raise the possibility of there being causative agents, other
than ROS, that lead to T = G or A = C transversions, especially for anaerobically
grown cells. To obtain a better understanding of these results, the expression values of
various genes involved in repairing DNA damage under aerobic and anaerobic

conditions were analysed and will be discussed in section 4.2.3.1.1.
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Figure 4.2. Mutation rates of single base substitutions in aerobically and anaerobically grown
E. coli. Shown are a) mean mutation rates per genome per generation and b) mean mutation
rates per genome per day of growth. Error bars represent standard error of the mean. Asterisk

denotes a significant difference between the aerobic and anaerobic mutation rates (p < 0.05).

4.2.1.1.2 Transition bias

BPSs can be described as either being transversions or transitions. As there are four
possible types of transitions and eight possible types of transversions (Figure 1.1), the
expected ratio of transitions to transversions (Ts/Tv), or transition bias as it is more
commonly known, is expected to be 0.5 if nucleotide substitutions arise completely at
random (29). However, for many organisms, including E. coli, the Ts/Tv ratio is usually

greater than 0.5; as transition mutations are more common than transversion mutations
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(29). This bias is thought to be due to either the biochemical structure of the nucleotide
bases themselves, or due to transitions being less likely to be repaired than transversions
(30). As transitions involve the substitution of a purine or pyrimidine nucleotide with
another purine or pyrimidine nucleotide, respectively, transitions are hypothesized to be
easier mutations to occur as the fundamental biochemical structure and properties of the
nucleotide being substituted are not changed. As transversions greatly alter the chemical
structure of the DNA, the second hypothesis is that transversions are more readily
recognised and repaired by cellular repair systems, allowing for the fixation of

transitions in the genome.

A transition bias was also observed in this study as, across all MA lineages, more
transitions than transversions were detected. For aerobically grown cells, 50 BPSs were
classified as transitions and 24 were classified as transversions, resulting in a Ts/Tv
value of 2.08. For anaerobically grown cells, 38 BPSs were classified as transitions and
35 were classified as transversions, resulting in a Ts/Tv ratio of 1.09. Lee at el. (2012)
observed a Ts/Tv ratio of 1.28 (13) for aerobically grown E. coli, however, the ratio that
was observed in this study for aerobically grown cells was even greater than expected.
Wielgoss et al. (2011) calculated an aerobic Ts/Tv ratio of 1.99 (136) from E. coli
populations that had been evolved for over 40,000 generations, indicating that the Ts/Tv

ratio may vary according to experimental growth conditions, media and E. coli strains.

Per generation, transitions occurred at rates (Figure 4.3a) that were not statistically
significantly different between the aerobically and anaerobically grown cells (Mann-
Whitney U = 287.0, p = 0.494). In contrast, the anaerobic transversions per generation
rate was significantly 1.7-fold greater (Figure 4.3a) than the aerobic per generation rate
(Mann-Whitney U = 200.0, p = 0.031). However, when considering mutation rates per
genome per day (Figure 4.3b), rates of transitions and transversions were 3.2-fold
(Mann-Whitney U = 99.0, p < 0.001) and 1.7-fold (Mann-Whitney U = 252.0, p =
0.225) greater, respectively, for aerobically grown cells, as compared to anaerobically

grown cells.
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Figure 4.3. Mutation rates of transitions and transversions in aerobically and anaerobically
grown E. coli. Shown are a) mean mutation rates per genome per generation and b) mean
mutation rates per genome per day of growth. Error bars represent standard error of the mean.
Asterisk denotes a significant difference between the aerobic and anaerobic mutation rates

(p < 0.05).

Transitions and transversions occurred at similar rates in anaerobically grown cells, a
phenomenon not observed for the aerobically grown cells (Figure 4.3). As can be seen
from Figure 4.2, transversions, particularly T - G and A - C mutations, were
frequently observed in anaerobically grown cells. While certain transversions, like
G = T mutations, are known to be readily repaired in aerobically grown E. coli cells
(19), it 1s possible that other transversions are less readily repaired in anaerobically
grown cells, resulting in a higher mutation rate. To obtain a better understanding of
these results, the expression values of various genes involved in repairing DNA damage
under aerobic and anaerobic conditions were analysed and will be discussed in section

4.23.1.1.

4.2.1.1.3 Synonymous Vs nhon-synonymous BPSs

DNA regions that code for proteins are referred to as protein coding regions, while
regions that do not encode proteins are considered non-coding regions. Non-coding
DNA includes sequences that code for mobile genetic elements, pseudogenes, tRNA

and rRNA and all intergenic sequences. Across all MA lineages, 110 BPSs were found
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in coding regions while only 37 BPSs were detected in non-coding regions of the
genome. As approximately 89% of the E. coli REL4536 genome is comprised of protein
coding DNA, it was surprising that only 75% of all BPSs occurred in coding regions. In
the REL4536 genome, protein-coding sequences are comprised of 4.08 x 10°
nucleotides while the non-coding regions are comprised of 5.20 x 10° nucleotides,
resulting in a coding verses non-coding ratio of 7.83. In our study, we observed
mutations in coding verses non-coding regions at a ratio of 2.97 (110/37), which was
significantly less than the expected ratio of 7.83 (X2 =26.6,df =1, p<0.001). The time
colonies spend growing on agar plates allows selection to occur and as such, highly
deleterious mutations will not accumulate. Thus, selection was potentially occurring in
the MA lineages. Furthermore, it is possible that BPSs may have been selected for in

non-coding regions, and selected against in coding regions of the genomes.

For aerobically grown genomes, 60 BPSs occurred in coding regions while only 14
BPSs were detected in non-coding regions of the genome. For anaerobically grown
lineages, 50 BPSs occurred in coding regions while 23 BPSs were detected in non-
coding regions of the genome. Of the 37 mutations found in non-coding regions, six
occurred in tRNA sequences, one occurred in a 16S rRNA sequence, two occurred in
sequences encoding MGEs and another two occurred in ncRNA sequences. The non-
coding BPS in AN-144-06 occurred in the lysine riboswitch, a ncRNA that serves as a
sensor for the amino acid lysine (251), while the BPS in AN-144-10 occurred in a small
RNA that binds the protein Hfq.

Per generation, the rates at which mutations occurred in non-coding regions (Mann-
Whitney U = 252.0, p = 0.206) and coding regions (Mann-Whitney U = 272.0,
p = 0.373) were not significantly different between aerobically and anaerobically grown
cells, even though the rates were greater under anaerobic conditions (Figure 4.4a).
When considering mutation rates per genome per day (Figure 4.4b), rates of mutations
in coding regions and non-coding regions were three-fold (Mann-Whitney U = 144.0,
p =0.001) and 1.5-fold (Mann-Whitney U = 263.0, p = 0.284) greater, respectively, for

aerobically grown cells, as compared to anaerobically grown cells.
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Figure 4.4. Rates of coding, non-coding, synonymous and non-synonymous mutations in
aerobically and anaerobically grown E. coli. Shown are a) mean mutation rates per genome per
generation and b) mean mutation rates per genome per day of growth. Error bars represent
standard error of the mean. Asterisk denotes a significant difference between the aerobic and

anaerobic mutation rates (p < 0.05).

Mutations in coding regions can be further categorised as being either synonymous
(silent) or non-synonymous mutations depending on whether they result in a change of
protein sequence. Across all MA lineages, 35 BPSs were synonymous while 75 BPSs
were non-synonymous mutations. Only six of the non-synonymous mutations generated
a non-sense change, with only one of those mutations occurring in anaerobically grown

cells. Based on the codon usage (section 2.2.16.3.4) of REL4536 (Table A.5), an
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expected ratio of non-synonymous to synonymous mutations of 3.16 was estimated. In
this study, a ratio of 2.14 was observed (75/35), which was not significantly different
from expected (}2 = 3.6, df = 1, p = 0.058). Of the 35 synonymous mutations, based on
the codon usage of the REL4536 genome, four mutations were neutral, 19 mutations
resulted in a less commonly used codon while 12 mutations resulted in a more
commonly used codon. Thus, there appears to have been little bias against synonymous
and non-synonymous mutations in this study and as such, it can be concluded that

selection was minimal in this MA study.

Lee et al. (2012) reported approximately 2.3-fold more non-synonymous than
synonymous mutations in their aerobically grown E. coli (13). For the aecrobically
grown cells of this study, non-synonymous mutations were 2.8-fold more frequent, per
generation, than synonymous mutations. For cells grown under anaerobic conditions in
this study, however, non-synonymous mutations were only 1.6-fold more frequent per
generation than synonymous mutations (Figure 4.4a). Therefore, in this study, the per
generation rate of synonymous mutations was 1.5-fold greater in anaerobically grown
cells, as compared to aerobically grown cells (Mann-Whitney U = 211.0, p = 0.057).
Meanwhile, the per generation rate of non-synonymous mutations was not statistically
significantly different between the two environments (Mann-Whitney U = 272.0,
p = 0.628). When considering mutation rates per day (Figure 4.4b), rates of
synonymous and non-synonymous mutations were two-fold (Mann-Whitney U = 267.0,
p = 0.316) and 3.4-fold (Mann-Whitney U = 128.0, p < 0.001) greater, respectively, in

aerobically grown cells, as compared to anaerobically grown cells.

4.2.1.2 Indels

For this study, indels were classified as insertions (of 1 bp or greater), deletions (of 1 bp
or greater) or slippage events (section 1.3.2). A total of 37 indels were detected in this
study, with 26 occurring in intergenic regions of the genome. The anaerobic indel per
generation mutation rate of was 1.5-fold greater (Figure 4.1a) than the aerobic per
generation rate, though this difference was not significant (Mann-Whitney U = 243.0,
p = 0.170). When considering mutation rates per genome per day, the aerobic indel
mutation rate was significantly two-fold greater (Figure 4.1b) than the anaerobic rate

(Mann-Whitney U = 191.0, p = 0.016).
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Lee et al. (2012) limited their analysis of indels to changes involving a maximum of
four nucleotides and reported a rate of 8.34 x 107 indels per generation for their
acrobically grown cells (13). In this study, an almost two-fold higher rate of 1.57 x 10
indels per generation was reported for the aerobically grown cells (Figure 4.1a). Even
when the analysis was restricted to changes involving a maximum of four nucleotides,
the mutation rate for the aerobically grown cells of this study, at 1.02 x 10 indels per
generation, was 1.2-fold greater than the mutation rate reported by Lee et al. (2012).
Possible reasons for the differences in mutation rates between the two studies have been
discussed earlier in section 3.2.3.4. In addition, the restricted anaerobic indel per
generation mutation rate was still greater (~1.7-fold) than the restricted aerobic rate,
though this difference in rates was not significant (Mann-Whitney U = 245.0,
p = 0.157). Sakai et al. (2006) only investigated single-base frameshifts in their study
but did not detect any notable differences in the rates of indels between their aerobically

and anaerobically grown cells (28).

In this study, slippage events were frequently observed while insertions were the least
frequently observed (Figure 4.5). Per generation, the rate of insertions was 1.5-fold
greater in aerobically grown cells, while the rate of deletions was 1.5-fold greater in
anaerobically grown cells (Figure 4.5a). However, neither of these differences were
significant (p > 0.05) by Mann-Whitney U-test. Per day mutation rates of insertions and
deletions (Figure 4.5b) were 4.8- and 2.1- fold greater, respectively, in aerobically
grown cells, as compared to anaerobically grown cells, though the differences in rates
between the two environments were not significant by Mann-Whitney U-test (p > 0.05).
Per generation mutation rates for slippage events were 1.8-fold greater (Figure 4.5a) in
anaerobically grown cells, as compared to the aerobically grown cells (Mann-Whitney
U =250.0, p = 0.055). However, as expected, per day mutation rates of slippage events
(Figure 4.5b) were greater in aerobically grown cells, as compared to anaerobically

grown cells (Mann-Whitney U = 264.0, p = 0.279).
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Figure 4.5. Mutation rates of indels in aerobically and anaerobically grown E. coli. Shown are
a) mean mutation rates per genome per generation and b) mean mutation rates per genome per

day of growth. Error bars represent standard error of the mean.

Slippage events are caused by short repetitive DNA sequences and in this study, all
detected slippage events involved short mononucleotide repeat sequences (Table 4.1).
Studies have shown that slippage events at mononucleotide sequences require at least
two bases (252, 253) and approximately 64% of all slippage events observed in this
study involved mononucleotide repeats of two bases. Furthermore, eight of the 19
slippage events were found at an intergenic, guanine mononucleotide sequence of two
bases (at positions 3,866,357 to 3,866,358 in the REL4536 reference genome),
suggesting that this region may be a putative slippage hotspot (section 4.2.2.2). While
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the majority of slippage events observed in this study occurred in intergenic regions of

the genome, five slippage events were also detected in coding regions (Table 4.1). It is

predicted that such events would lead to the disruption of gene function. However,

recent reports show that genes disrupted by slippage events may still yield functional

products as slippage during transcription may restore the original coding sequence (254,

255).

Table 4.1. Slippage events detected in aerobic and anaerobic MA lineages.

Lineage Reference Position”  Mutation ;Ej{l king ;Ej{l king
AN-144-14 668,909 G4) 2> G(@) yegM yegL
AE-180-30 1,043,563 G(6) =2 G(5) tppB nth
AN-144-30 1,438,008 A(5) > A4 adhE -
AE-180-38 1,504,657 A(8) 2> A(9) umubD ycgN
AN-144-50 1,504,657 A(8) = A(9) umuD ycgN
AN-144-46 1,554,506 G(2) 2 G(3) ycfP -
AN-144-36 2,439,980 A(2) 2> A1) yfeS -
AN-144-04 2,555,687 T(6) = T(7) iscR yfhQ
AN-144-08 2,779,247 G(2) 2 G(3) barA -
AE-180-48 2,802,779 A(4) 2> AQ3) ECB_02652 fucl
AE-180-22 3,866,357 G(2) 2 G(3) trkD insJ-5
AE-180-24 3,866,357 G(2) = G(3) trkD insJ-5
AE-180-26 3,866,357 G(2) 2 G(1) trkD insJ-5
AN-144-46 3,866,357 G(2) 2 G(3) trkD insJ-5
AN-144-50 3,866,357 G(2) = G(3) trkD insJ-5
AE-180-12 3,866,358 G(2) 2 G(1) trkD insJ-5
AE-180-44 3,866,358 G(2) = G(1) trkD insJ-5
AN-144-16 3,866,358 G(2) 2 G(1) trkD insJ-5
AN-144-44 4,279,523 T(2) = T(1) yjdB -

“Position of slippage event on reference E. coli REL4536 genome.

'Genes flanking the corresponding slippage event in the reference E. coli REL4536 genome. In instances where slippage events

occurred in coding regions, only one gene is listed.
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4.2.1.3 GCRs

In the previous chapter, large-scale GCRs were identified by using de novo sequencing
(section 3.2.3.2.2.2). These large-scale GCRs were further analysed for this chapter and
were determined to be either inversions or translocations. Therefore, for this study,
GCRs were classified as IS insertions, IS deletions, partial IS insertions, IS mediated
deletions, inversions, translocations or IS element independent deletions. A total of 98
GCRs were detected in this study; with 33 and 65 GCRs accumulated in aerobically and
anaerobically grown cells respectively. The anaerobic GCR per generation mutation rate
was significantly 2.6-fold greater (Figure 4.1a) than the aerobic rate per generation rate
(Mann-Whitney U = 146.5, p = 0.001). Curiously, when considering mutation rates per
genome per day (Figure 4.1b), the aerobic and anaerobic GCR mutation rates were not
statistically significantly different (Mann-Whitney U = 266.5, p = 0.671). Together,
these results suggest that GCRs generally occur more frequently under anaerobic
growth conditions and that they may occur independently of DNA replication. These
findings are largely consistent with that of Sakai et al. (2006), who reported a two-fold
increase in the frequency of GCRs in anaerobically grown cells, as compared to
aerobically grown cells, when using a mutation detection system based on a single gene

(28).

4.2.1.3.1 Different GCR types

Across both the aerobic and anaerobically grown MA lineages, IS insertions were the
most frequently observed GCR type while translocations were the least frequently
observed GCR type (Figure 4.6). Approximately 95% of the total GCRs detected in this
study involved IS elements, with 31 and 62 IS mediated GCRs occurring in aerobically
and anaerobically grown cells, respectively. Briefly, IS mediated deletions and
inversions were not frequently observed, and their rates of mutations between the two
environments did not differ significantly (Figure 4.6). Translocations were only
observed in aerobically grown cells while partial IS insertions were only observed in
anaerobically grown cells. Rates of IS-independent deletions per generation and per day
were higher in anaerobically grown cells, as compared to aerobically grown ones
(Figure 4.6), but these differences in rates were not significant (p > 0.05) by Mann-
Whitney U-test.
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Figure 4.6. Mutation rates of different classes of GCRs in aerobically and anaerobically grown
E. coli. Shown are a) mean mutation rates per genome per generation and b) mean mutation
rates per genome per day of growth. Error bars represent standard error of the mean. Asterisk

denotes a significant difference between the aerobic and anaerobic mutation rates (p < 0.05).

IS deletions, where only IS150 deletion events were detected, were solely observed in
anaerobically grown cells (Figure 4.6) but the difference in rates per generation and per
day between the two environments was not significant (Mann-Whitney U = 252.0, p >
0.05). In this study, an increase in IS element copy number, as well as a change in the
location of an IS element, were both counted as IS insertions. Mutation rates of IS
insertions per generation were three-fold greater (Figure 4.6a) in anaerobically grown

cells, as compared to aerobically grown cells (Mann-Whitney U = 155.0, p = 0.002)
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while, in contrast, mutation rates of IS insertions per day (Figure 4.6b) between the two
environments were not statistically significantly different (Mann-Whitney U = 258.0,
p = 0.735). These results collectively indicate that IS insertions were more frequent
under anaerobic growth conditions and that they may also occur independently of DNA

replication.

4.2.1.3.1.1 IS element transposition

Lee et al. (2014) also investigated the movement of IS elements in their MA study,
which they collectively refer to as structural variants, and observed an average rate of
2.11 x 10 IS insertions per generation for aerobically grown cells (62). A similar rate
of 2.04 x 10 IS insertions per generation was observed for the aerobically grown cells
of this study (Figure 4.6a). There are nine different IS elements present in the ancestral
E. coli REL4536 genome (Table 3.4) and in this study, these IS elements differed in
their contributions to mutations. Across the MA lineages, none of the 98 GCRs detected
involved IS2, IS30, IS600 or IS911 elements. Among the IS elements that were
involved in GCRs, mutation events involving IS150 were the most abundant, while
those involving IS4 were rare (Figure 4.7). In some cases, IS elements are self-
regulated; a higher rate of excision and a lower rate of transposition is observed for
those IS elements that are present in high copy numbers in a genome (256). The most
abundant IS element in the REL4536 genome is IS1, with 26 copies, while IS150 is the
second most abundant element, with 7 copies. As both elements, especially IS150, had
high transposition rates (discussed below), the self-regulation theory was not supported

in this study.

For IS1 and IS4 mediated GCRs, per generation transposition rates (Figure 4.7a) in the
aerobically and anaerobically grown cells were not statistically significantly different
(Mann-Whitney U-test, p > 0.05). Meanwhile, IS transposition rates per day of IS1 and
IS4 elements were 3.2- and 2.4- fold greater (Figure 4.7b), respectively, in acrobically
grown cells as compared to anaerobically grown cells. Per generation rates of 1S3
mediated GCRs were 3.3-fold greater (Figure 4.7a) in anaerobically grown cells, as
compared to aerobically grown cells (Mann-Whitney U = 247.0, p = 0.056). When
considering IS3 transposition rates per day (Figure 4.7b), rates between aerobically and
anaerobically grown cells were not statistically significantly different (Mann-Whitney

U = 257.0, p = 0.793), suggesting that IS3 transposition may be more active under
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anaerobic growth conditions. Rates of IS186 mediated GCRs per generation
(Figure 4.7a) and per day (Figure 4.7b) were significantly 4.6-fold (Mann-Whitney U
= 2415, p = 0.08) and 1.4-fold (Mann-Whitney U = 237.5, p = 0.025) greater,
respectively, in aerobically grown cells, as compared to anaerobically grown cells, by
Mann-Whitney U-test. These results imply that IS186 transposition may not be
dependent on DNA replication, and that IS186 is more active under aerobic growth
conditions. Rates of IS150 mediated GCRs per generation were significantly 9.6-fold
greater (Figure 4.7a) in anaerobically grown cells as compared to aerobically grown
cells (Mann-Whitney U = 75.0, p < 0.001). When considering rates per day, IS150
transposition rates were still significantly three-fold greater (Figure 4.7b) in
anaerobically grown cells as compared to aerobically grown cells (Mann-Whitney U =
147.0, p < 0.001). These findings imply that IS150 transposition occurs independently
of DNA replication, and that, IS150 transposition is considerably more frequent under

anaerobic growth conditions.

To date, the work of Lee et al. (2014) is the only published MA study that uses wild-
type E. coli in which IS element mobility has been examined. In their study, IS1, IS2,
IS3, IS4, IS5 and IS186 element transposition was observed; with IS1 and IS5 being the
most active elements (62). The mean rates per generation they reported for IS1 (5.65 x
107), IS3 (4.27 x 10°), 1S4 (1.19 x 107) and IS186 (1.90 x 10”) are comparable to
those observed in the aerobically grown cells of this study; where rates of 1.11 x 107,
1.85 x 107, 9.26 x 10 and 5.56 x 10™ mutations per generation were observed for the
IS1, IS3, IS4 and IS186 elements, respectively. Perhaps IS186 transposition is
specifically induced in response to ROS exposure or oxidative stress, resulting in

greater mobility in aerobically grown cells, rather than anaerobically grown cells

Although, there are currently no published rates for IS150 transposition in E. coli to
compare results of this study to, the IS150 element was found to be very active during
Lenksi’s LTEE (35, 63-65). IS element transposition can be regulated in various ways,
reviewed in (256), but it is not immediately apparent why IS150 is so active in
anaerobically grown cells. The IS150 transposase requires programmed translational
frameshifting to be induced so perhaps the increased transposition rate is in response to
a specific signal under anacrobic conditions. As mentioned previously, E. coli can

produce acetic acid, ethanol, lactic acid, formic acid and succinate acid during anaerobic
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fermentation (257). Perhaps the acidic environment that is created in the anaerobically
grown cells of this study has led to increased IS150 transposition. To further address
these questions, the expression values of the various genes involved in IS element

transposition were analysed and will be discussed in section 4.2.3.1.1.2.1.
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Figure 4.7. Transposition rates of different IS elements in REL4536 when grown aerobically
and anaerobically. Shown are a) mean mutation rates per genome per generation and b) mean
mutation rates per genome per day of growth. Error bars represent standard error of the mean.
Asterisk denotes a significant difference between the aerobic and anaerobic mutation rates

(p < 0.05).
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4.2.1.3.2 Large-scale GCRs

As mentioned previously, the large-scale GCRs in the MA lineages were identified
using de novo assembly of genome sequence data (section 3.2.3.2). In total, seven large-
scale GCRs were identified, with five large-scale GCRs occurring in aerobically grown
lineages and two large-scale GCRs occurring in anaerobically grown lineages. As can
be seen in Figure 4.8, all of the large-scale GCRs that were detected involved IS-
mediated inversions. Lineages AE-180-24, AN-144-12 and AN-144-46 underwent
IS150-mediated inversions around the terminus of replication while lineage AE-180-06
underwent an [S186-mediated inversion of a 145,635 bp region of the genome. Lineage
AE-180-04 had three large-scale GCRs; one translocation over the terminus as well as

two inversions (Figure 4.8).

4.2.1.3.2.1 Cumulative GC-skew

Under conditions of no mutation bias, the two strands of a bacterial chromosome should
be subject to the same mutation rate (247). Therefore, Chargaff’s 2nd Parity Rule holds
that under these conditions, equal amounts of complementary nucleotide bases
(i.e. A =T and G = C) are expected in a DNA strand. However, in circular bacterial
genomes, due to either mutational biases or selective pressures [reviewed in (247, 258)],
the leading strand in replication is enriched in G and T while the lagging strand is
enriched in A and C. The observed asymmetries in nucleotide base composition
between the two strands are commonly referred to as GC- or AT- skews. As the GC-
skew is usually stronger than the AT-skew, often only the GC-skew is considered (259).
GC-skew, measured by plotting (G-C)/(G+C) in a sliding window along the sequence,
has been correlated with the placing of the origin and terminus of replication in a

genome (260)

Briefly, in a plot of the GC-skew, the measurement of strand asymmetry is positive for
the leading strand, due to the excess of guanine bases over cytosine bases, and negative
for the lagging strand due to the excess of cytosine bases over guanine bases. The points
at which the measurements of strand asymmetry switch between positive and negative
values represent either the origin or terminus of replication. However, this measurement
can suffer from local fluctuations and so, cumulative GC-skews are preferred (261).
Cumulative GC-skews still use a sliding window along the sequence, but involves the

summation of adjacent sliding windows from an arbitrary start point to an arbitrary end
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Figure 4.8. Gene diagrams of the seven large-scale GCRs that occurred in AE-180-04, AE-
180-06, AE-180-24, AN-144-12 and AN-144-46. Dotted red lines indicate inversions. GCRs
are labelled from 1 to 7: GCR 1 is a translocation of roughly 1.7 Mb of DNA around the
terminus in AE-180-04, GCR 2 is an IS186-mediated inversion in AE-180-04, GCR 3 is an
IS element mediated inversion in AE-180-04, GCR 4 is an IS186-mediated inversion in AE-
180-06, GCR 5 is an IS150-mediated inversion of roughly 1.3 Mb of DNA around the
terminus in AE-180-24, GCR 6 is an IS150-mediated inversion of roughly 1.2 Mb of DNA
around the terminus in AN-144-12 and GCR 7 is an IS150-mediated inversion of roughly
1.2 Mb of DNA around the terminus in AN-144-46.
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point (261). In a cumulative GC-skew plot, the peaks correspond to the switch points
between the leading and lagging strands with a minimum value at the origin of
replication and a maximum value at the terminus of replication. The GC-skew of E. coli

RELA4536 can be seen in Figure 4.9.

Chromosomal replication in circular chromosomes starts at the origin of replication and
terminates at the terminus region, a region typically 180° from the origin. Chromosomal
inversions around the origin or the terminus of replication generally do not change the
position of genes from the origin and terminus of replication (44, 258, 262). Inversions
that change the distance of a gene from either the origin or terminus are generally not
preferred (44, 262) as such a modification would result in the change of a gene’s
expression rate (258, 263). Essentially, in what is referred to as replication-associated
gene dosage, the location of a gene relative to the origin and terminus of replication is
thought to influence it’s copy number in the cell during replication and thus, it’s
expression levels (263). Genes located near the origin tend to be replicated before genes
near the terminus and so tend to be more abundant in the cell during replication;
selective pressures then strive to maintain the positions of genes relative to the origin
(262, 264). In E. coli and other fast-growing bacteria, replication-associated gene
dosage effects are mainly associated with the genes involved in translational and
transcriptional processes (264). Changes in the symmetry of the origin and terminus of
replication, such as placing the two regions closer together or further apart, can result in
slower growth and complicate cell replication, termination and segregation (258). While
it is generally believed that GCRs around the origin of replication rarely occur, GCRs

around the terminus have been observed (44).

In all of the large-scale GCRs detected in this study, the position of the origin of the
replication remained unchanged while all but one of the large-scale GCRs involved
rearrangements that spanned the terminus region. As the cumulative GC-skew changes
sign at the origin and terminus of replication (263, 265-267), the cumulative GC-skew
of the evolved MA lineages, calculated as described in section 2.2.16.3.3 , can be used
to determine if the large-scale GCRs caused any changes in the relative locations of the
origin and terminus of replication. As can be seen in Figure 4.9, while the GCRs altered
the distances between the origin of replication and terminus in almost all lineages, only

two lineages (AE-180-04 and AE-180-24) were drastically affected. In AE-180-04, the
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origin and terminus have been brought closer together while in AE-180-24 the origin

and terminus have been brought farther apart (Figure 4.10). Disruptions in the

symmetry between the origin and terminus of replication in circular chromosomes have

previously been demonstrated to be detrimental to cell growth (44). Hence, as the

symmetry between the origin and termination of replication have been altered in both

lineages, it is possible that the growth of these two lineages has been severely affected.
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Figure 4.9. The cumulative GC-skew of E. coli REL4536, AE-180-04, AE-180-06, AE-180-24,

AN-144-12 and AN-144-46 as a function of position in genome. The cumulative GC-skew

value is calculated as (G - C)/(G + C). GC-skew has a minimum value at the origin of

replication and a maximum value at the terminus of replication.
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4.2.2 Genome-wide distribution of mutations
4.2.2.1 Genome organisation

The circular E. coli chromosome is organised on two different levels; into
macrodomains (MDs) and replichores. MDs, roughly between 0.5 to 1 Mb in length, are
discrete, structured regions of DNA to which interactions are localised (268, 269).
There are four MDs in E. coli: the Left MD, the Right MD, the Ori MD, which contains
the origin of replication (oriC), and finally the Ter MD, which contains the terminus of
replication. E. coli also has two non-structured (NS) regions: NS®€" and NS™". The Ori
MD is flanked by the two NS regions while the Ter MD is flanked by the Left and Right
MDs (268, 269). This structure influences the mobility of chromosomal DNA;
interactions between the different MDs are restricted but DNA in the NS regions can
interact with any of the flanking MDs (270). Mutations that disrupt the structure of
MDs, specifically the Ter MD, have been demonstrated to be detrimental to cell growth
(267). The organisation of E. coli REL4536 into MDs can be seen in Figure 4.10a.

Circular chromosomes are divided into two halves, or replichores; the right arm or the
first replichore and the left arm or the second replichore. The organisation of E. coli
RELA4536 into replichores can be seen in Figure 4.10a. For most bacterial species, the
two replichores are of approximately the same length and replication occurs bi-
directionally across the chromosome, with one replication fork per replichore (265,
266). In E. coli, the terminus region is comprised of at least 10 Ter sites dispersed in
two oppositely oriented groups, with each site being A/T rich and 23 bp long. When the
terminus utilisation substance, or Tus, protein binds to a Ter site, a Tus-Ter complex is
created. Each Ter site binds to Tus with a specific affinity and so each replication fork
can travel across five Ter sites, in what is commonly called the permissive orientation,
before it encounters a Ter site in the non-permissive orientation where the DNA
helicases and polymerases are stalled and replication is terminated (266). As the two
replication forks are blocked in a region comprised of oppositely oriented Ter sites, this
region is called the replication fork trap. The terminus region in E. coli, the Ter MD,
also contains the dif site, a 28 bp site where chromosomal segregation during replication
is initiated (267). A preference for the maintenance of the symmetry between the origin

and terminus has previously been described (section 4.2.1.3.2.1).
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Due to selective or mutational pressures (247, 258), the two replichores exhibit different
GC-skew profiles (section 4.2.1.3.2.1). In E. coli genomes, the first replichore usually
extends from the origin of replication, oriC, in a clockwise direction to the TerC or
TerB termination sites while the second replichore extends from oriC in an anti-
clockwise direction to the TerA or TerD termination sites (266). However, in the
ancestral E. coli REL4536 genome, an inversion of approximately 1.5 Mb around the
terminus by recombination occurring between two IS1 elements has swapped the
genomic locations of the Ter sites around (197), creating an asymmetrical distance
between the origin and terminus of replication and a disruption in the Ter and Right
MDs (Figure 4.10a). Nonetheless, this inversion does not impair cell growth, indicating

that some level of asymmetry and imbalance in the genome can be tolerated (35).

4.2.2.1.1 Distribution of mutations within MDs

Previously studies have analysed the spatial distribution of mutations around genomes
to determine if mutations were distributed at random or not (271). In particular, GCRs
around the terminus have been found to comparatively preferable to those around the
origin of replication, which is found in the Ori MD (44). Thus, to determine if mutations
in the aerobically and anaerobically grown cells of this study displayed any trends in
topology, the positions of accumulated BPSs, GCRs and indels were plotted onto the
REL4536 genome (Figure 4.11). Under both aerobic and anaerobic conditions, BPSs
and indels appear to be distributed evenly around the genome while GCRs appear to be
more prevalent within the terminus containing Ter MD (section 4.2.2.1). The relative
distribution of all accumulated BPSs, indels and GCRs within the macrodomains was
then quantified, and a greater proportion of GCRs were found in the Ter MD for
aerobically and anaerobically grown cells (Table 4.2). These findings are consistent
with previously published reports that cells tolerate GCRs around the terminus more
than they tolerate GCRs around the origin (44); possibly due to structural constraints to
either maintain the symmetry between the origin and terminus of replication or to

maintain genome organisation (267).
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Table 4.2. Relative distribution of mutations within the macrodomains of E. coli.

Ori MD NSRieht Ter MD Right MD LeftMD  NS™"
Aerabic
BPSs 0.26 0.18 0.19 0.07 0.15 0.16
Indels 0.23 0.00 0.23 0.23 0.08 0.23
GCRs 0.15 0.15 0.48 0.06 0.15 0.00
Anaerobic
BPSs 0.22 0.21 0.14 0.14 0.08 0.22
Indels 0.16 0.21 0.16 0.05 0.16 0.26
GCRs 0.20 0.18 0.37 0.08 0.06 0.11
Total
BPSs 0.24 0.19 0.16 0.10 0.12 0.19
Indels 0.19 0.13 0.19 0.13 0.13 0.25
GCRs 0.18 0.17 0.41 0.07 0.09 0.07
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4.2.2.1.2 First replichore versus second replichore

By using the GC-skew plot for E. coli REL4536, the two replichores were distinguished
such that both replichores terminated around sites TerB or TerC (Figure 4.11). Based
on this distinction, the first replichore in the REL4536 genome has a length of roughly
1.9 Mb and encodes 1,789 genes while the second replichore has a length of roughly 2.6
Mb and encodes 2,431 genes. Given the different distributions of the different mutation
types (Figure 4.11), it was possible that the two replichores accumulated mutations at
different rates. To investigate this further, the mutation rates at which mutations
occurred within each replichore were calculated. For lineages with large-scale GCRs
that involved inversions around the terminus region, these resulted in changes in the
sizes of each replichore, and new replichore sizes were taken into account in such cases.
Furthermore, inversions around the terminus region were excluded from the analysis
because they were not specific to a single replichore. As the two replichores are of
different sizes, mutation rates presented have been normalised and are thus, average

mutation rates per nucleotide per unit time.

The per generation mutation rates for the first and second replichores were 1.5-fold
(Mann-Whitney U = 248.0, p = 0.206) and 1.8-fold (Mann-Whitney U = 175.0,
p = 0.009) greater, respectively, in anaerobically grown cells as compared to aerobically
grown cells. Meanwhile, the per day mutation rate for the first and second replichores
were 2.1-fold (Mann-Whitney U = 177.0, p = 0.010) and 1.7-fold (Mann-Whitney
U =159.0, p = 0.003) greater in aerobically grown cells as compared to anaerobically
grown cells. These observations are consistent with previously reported per generation

and per day mutation rates (Figure 4.1).

To determine if specific mutation types were responsible for the difference in mutation
rates observed between the two replichores, the rates at which BPSs, indels and GCRs
occurred in the two replichores under each environment were calculated (Figure 4.12).
Per generation rates for BPSs (Figure 4.12a) did not appear to be biased towards a
particular replichore in either environment (p > 0.05, Mann-Whitney U-test). However,
rates of BPSs per day (Figure 4.12b) were 2.7-fold (Mann-Whitney U = 251.0,
p = 0.007) and 2.2-fold (Mann-Whitney U = 191.5, p = 0.022) greater, in the first and
second replichore, respectively, of aerobically grown cells, as compared to

anaerobically grown cells. Rates of indels per generation and per day (Figure 4.12) did
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not appear to be biased towards a particular replichore in either environment (p > 0.05,

Mann-Whitney U-test).
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Figure 4.12. Mutation rates of different mutation types in the two replichores in aerobically and

anaerobically grown E. coli. Shown are a) mean mutation rates per nucleotide per generation

and b) mean mutation rates per nucleotide per day of growth. Error bars represent standard error

of the mean. Asterisk denotes a significant difference between the aerobic and anaerobic

mutation rates (p < 0.05).

On the other hand, rates of GCRs per generation (Figure 4.12a) were significantly
2.4-fold (Mann-Whitney U = 201.0, p = 0.025) and three-fold (Mann-Whitney

U = 155.0, p = 0.002) greater, in the first and second replichore, respectively, of
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anaerobically grown cells, as compared to aerobically grown cells. Meanwhile, per day
rates of GCRs (Figure 4.12b) did not appear to be biased towards a particular
replichore in either environment (p > 0.05, Mann-Whitney U-test). As GCRs per
generation were shown to be more prevalent in anaerobically grown cells (section
4.2.1.3), it was interesting to see that they occurred at relatively similar rates across the
two differently-sized replichores and that one region of the genome in particular was not

responsible for the high anaerobic GCR per generation rate.

To investigate the G = T versus C = A mutation rate asymmetry further (section
4.2.1.1.1), mutation rates for the 12 different types of BPS, normalized to account for
any differences in nucleotide content per replichore, were calculated
(Figure A.1 and Figure A.2). For G = T transversions, mutation rates per generation
were significantly greater in the first replichore under aerobic conditions (Mann-
Whitney U = 228.0, p = 0.025). On the other hand, C = A mutation rates per generation
were greater in the second replichore under anaerobic conditions (Mann-Whitney
U =250.0, p = 0.055). Likewise, per generation mutation rates for A = C transversions
and T - G transversions were significantly greater in the second replichore under
anaerobic conditions (Mann-Whitney U = 234.0, p = 0.027). These results suggested the
presence of a strand bias in the types of BPSs that arose under aerobic and anaerobic

conditions, though the cause of this is unknown.

The factors behind any asymmetric mutation pressures on the aerobically and
anaerobically grown cells are not immediately apparent. It is possible that the observed
BPS spectrum is a result of replication strand bias (259) where the chromosome can be
clearly differentiated by GC-skew between the two replichores (258). During
replication, the template leading strand is discontinuously single-stranded while the
complementary Okazaki fragments are being synthesized, while the template lagging
strand is maintained in a double-stranded structure during continuous leading strand
synthesis (Figure 4.13). As ssDNA is more susceptible to DNA damage and so more
prone to mutation (246, 258), the rates at which mutations arise in the template leading
strand are likely to be higher than those in the template lagging strand. Moreover, as
replication is slower during anaerobic growth, it seems more likely that mutation rates
may be higher in the template leading strand, than for aerobically grown cells.

Therefore, it is possible that this replication bias has led to the observed mutation rate
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asymmetry seen in Figure 4.2. In addition, the mutational strand bias is potentially the
result of transcription bias, where the un-transcribed strand is repaired more efficiently
than the transcribed strand (258, 259, 272). Alternatively, it is also possible that the
observed BPS spectrum of the aerobically and anaerobically grown cells is the result of
different physiological conditions generated by the cells during growth under their
respective environmental conditions. Thus, to determine whether the observed BPS
spectra of the aerobically and anaerobically grown cells are a result of a replication,
transcriptional bias, physiology, or a combination of the three, further work will be

required.

Origin of replication

Second replichore First replichore

Lagging strands

Terminus of replication

Figure 4.13. Genome organisation of E. coli. Due to the bi-directional nature of E .coli
replication, each replichore has both leading (template leading strand shown in green) and

lagging (template lagging strand shown in red) strands. Figure modified from (263)

4.2.2.2 Mutation hotspots

Mutation hotspots can be defined as regions of the genome where mutations are found
to occur frequently (273). It is thought that hotspots are a result of some inherent
signature or instability associated with the DNA sequence itself, rendering the region
more susceptible to mutations. For instance, DNA sequences, such as repetitive
sequences, may contain motifs that are sites for homologous recombination (274, 275)

and can be putative mutation hotspots. Pathogenicity islands and prophages, via
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homologous recombination in tRNA genes, can integrate into chromosomes and are
also frequently found to be mutation hotspots (276). DNA structure may also play a
role, as it is possible that chromosome folding may leave some regions more exposed

and thus, more prone to mutations (274).

In this study, across all 48 MA lineages, 34 genes were mutated more than once. In
most of the genes, parallel mutations, that is identical mutations that have arisen
independently, did not occur. However, there were some instances where identical
mutations were found in independent lineages; these regions could be possible mutation
hotspots. In this study, putative hotspots were identified for three BPS, two indel and 12
GCR events (Table 4.3).

For putative BPS hotspots, two were found solely under anaerobic growth conditions
while one was identified under both aerobic and anaerobic growth conditions. Potential
BPS hotspots were found in the intergenic region between tdcA and tdcR, the intergenic
region between yieP and rrsC and in citF (Table 4.3), with the latter being a non-
synonymous mutation found only in anaerobic lineages, suggesting that there may be
some selective pressures acting on the lineages in this study. Potential indel hotspots,
most likely DNA regions prone to slippage during DNA replication, were found under
both aerobic and anaerobic growth conditions and included a run of eight adenine
nucleotides in the intergenic region between the umuD and ycgN genes and a pair of
guanine nucleotides in the intergenic region between the trkD and insJ-5 genes (Table

4.3).

For putative GCRs hotspots, two were found solely under aerobic growth conditions,
five were found only under anaerobic growth conditions and five were found in both
aerobic and anaerobic growth conditions. Three of the possible hotspots were
specifically for deletions (Table 4.3). Regions between the ECB_01527 and
ECB_01510 genes were deleted in four separate lineages while a 27 gene deletion
between the yegR and yegQ genes occurred twice in anaerobic lineages. In two separate
acrobic lineages, regions between the ybcQ and ompT genes were deleted. All of the
deleted regions involved either putative pathogenicity island genes or prophage genes,
consistent with commonly encountered hotspots. The other eight potential GCR
hotspots specifically involved IS150 transposition (Table 4.3). The intergenic region

between trg and mokB, in particular, was prone to IS150 insertion, with insertion
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observed in 10 lineages. This region appears to have an affinity for IS150 insertion as
this mutation has been observed in other studies in E. coli as well (35, 188, 205). For
the remaining possible hotspots, there were three parallel instances of an IS150 insertion
in the intergenic region between mokC and nhaA while ynjll, pfIB, menC, yfcC, rhasS,
CycA and the intergenic region between nupC and yfeA had two instances of 1S150
transposition each (Table 4.3).

It is possible that the multiple occurrences of certain mutations are not putative hotspots
but rather an indication of selective pressures acting on the lineages in this study.
However, based on the calculated ratio of synonymous to non-synonymous ratio BPSs,
it would appear that selection in the MA study was minimal (section 4.2.1.1.3).
Nonetheless, it would be possible to determine if a particular mutation is subject to
selection by recreating the mutation in the ancestral strain and by using competitive
fitness assays (section 2.2.13) to determine whether the mutation contributes to fitness.
Additionally, in silico prediction techniques (274) could be used to search for motifs
that are known to be hotspots for mutations, such as repeat regions or genomic islands
(274). On the whole, these putative hotspot mutations don’t appear to be very strong as
they are only found in a small number of lineages and are not localised to specific

regions of the genome.
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Table 4.3. Mutations identified in multiple MA lineages.

Mutation

REL4536

Reference

Type Reference Genes' Position 1" Mutation Lineage

BPS citF 622,489 A>G AN-144-16
BPS citF 622,489 A>G AN-144-20
BPS tdcA & tdcR 3,172,999 C-> A AN-144-28
BPS tdcA & tdcR 3,172,999 C-> A AN-144-38
BPS trkD & insJ-5 3,869,337 A->G AE-180-26
BPS trkD & insJ-5 3,869,337 A->G AN-144-24
Indel umuD & ycgN 1,504,657  A(8) =2 A(9) AE-180-38
Indel umuD & ycgN 1,504,657  A(8) 2 A(9) AN-144-50
Indel trkD & insJ-5 3,866,357  G(2) 2 G(3) AE-180-22
Indel trkD & insJ-5 3,866,357  G(2) = G(1) AE-180-26
Indel trkD & insJ-5 3,866,357  G(2) 2 G(3) AN-144-46
Indel trkD & insJ-5 3,866,358  G(2) 2 G(1) AE-180-12
Indel trkD & insJ-5 3,866,358  G(2) =2 G(1) AE-180-44
Indel trkD & insJ-5 3,866,358  G(2) 2 G(1) AN-144-16
GCR mokC & nhaA 16,972 1S150 insertion AN-144-04
GCR mokC & nhaA 16,972 IS150 insertion AN-144-40
GCR mokC & nhaA 16,992 IS150 insertion AE-180-04
GCR ybcQ & ompT 547,700 Deletion of 5 genes AE-180-34
GCR ybcQ & ompT 547,702 Deletion of 5 genes AE-180-22
GCR yegR & yegQ 632,692 Deletion of 27 genes ~ AN-144-46
GCR yegR & yegQ 632,699 Deletion of 27 genes ~ AN-144-50
GCR ynjl 910,345 1S150 insertion AN-144-24
GCR ynjl 910,345 IS150 insertion AN-144-32
GCR ECB_01527 & ECB_01510 1,117,789 Deletion of 13 genes  AE-180-04
GCR ECB_01527 & ECB_01510 1,117,789 Deletion of 13 genes  AE-180-14
GCR ECB_01527 & ECB_01510 1,117,802  Deletion of 13 genes ~ AN-144-50
GCR ECB_01527 & ECB_01510 1,117,803  Deletion of 10 genes ~ AE-180-30
GCR trg & mokB 1,272,399  1S150 insertion AN-144-50
GCR trg & mokB 1,272,453 1S150 insertion AE-180-24
GCR trg & mokB 1,272,453 IS150 insertion AN-144-12
GCR trg & mokB 1,272,453 1S150 insertion AN-144-34
GCR trg & mokB 1,272,455 1S150 insertion AN-144-46
GCR trg & mokB 1,272,467  1S150 insertion AN-144-44
GCR trg & mokB 1,272,468  1S150 insertion AE-180-30
GCR trg & mokB 1,272,470 ~ 1S150 insertion AN-144-20
GCR trg & mokB 1,272,470  1S150 insertion AN-144-30
GCR trg & mokB 1,272,470  1S150 insertion AN-144-40
GCR pflB 1,764,888  1S150 deletion AN-144-38
GCR pflB 1,764,888  1S150 deletion AN-144-48
GCR menC 2,295,162 1S150 insertion AE-180-08
GCR menC 2,295,162  1S150 insertion AE-180-40
GCR yfcC 2,334,210  1S150 insertion AN-144-04
GCR yfcC 2,334,210  1S150 insertion AN-144-08
GCR nupC & yfeA 2,421,315 1S150 insertion AN-144-08
GCR nupC & yfeA 2,421,323 IS150 insertion AE-180-06
GCR rhaS 4,043,793 1S150 insertion AN-144-14
GCR rhaS 4,043,794  1S150 insertion AN-144-24
GCR CycA 4,381,583 IS150 insertion AE-180-06
GCR cycA 4,381,587 IS150 insertion AN-144-40

"Position of mutational event on reference E. coli REL4536 genome.
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4.2.3 Activities of genes involved in maintaining genome integrity

The many different DNA repair pathways encoded by the E. coli REL4536 genome
have been previously discussed. The presence of particular mutations should induce the
expression of certain DNA repair pathways. As such, gene expression data may assist in
understanding the mutation spectrum that was observed in the MA study for E. coli that
was grown either aerobically or anaerobically (section 4.2.1). In particular, expression
data for genes involved in the repair of the 8-0xoG lesion or recombination may provide
a better comprehension of the observed BPS (Table 4.3) and IS element transposition
(Figure 4.7) rates, respectively. To investigate the activities of various pathways
involved in maintaining genome integrity, a transcriptome analysis using RNAseq was

undertaken (section 1.4.8.1.1).

While the original aim of the transcriptome analysis was to correlate the observed
mutation spectra to gene expression in the two environments, there were difficulties in
obtaining sufficient biomass in actively growing (log phase) cultures to extract enough
RNA for RNAseq. Thus, RNA was extracted from stationary phase REL4536 cultures
grown aerobically and anaerobically (section 2.2.10.2), sequenced and analysed (section
2.2.16.4). Since the growth conditions used for obtaining the transcriptome data differed
to those used for the MA lineage maintenance, there are limitations in the direct
interpretation of the mutation spectra with regard to expression data. This is further

discussed in section 4.2.3.1.1.

4.2.3.1 Differential gene expression

The non-stranded transcriptomes of three aerobic and two anaerobic stationary phase
RELA4536 cultures were sequenced (the library construction processes failed for the
third anaerobic sample obtained). Paired-end sequencing yielded at least 13 million raw
reads for each sample (Table 4.4). Before aligning the reads to the reference REL4536
genome, reads that aligned to REL4536 rRNA and tRNA genes were filtered from the
dataset (section 2.2.16.4.3). Aerobic samples, had almost 12 million reads per sample
for subsequent data analysis, and rRNA and tRNA read contamination ranged from 3 to
18% of total reads (Table 4.4). However, for the anaerobic samples, around 83% of
total reads were rRNA and tRNA, leaving only approximately 2 million reads per
sample for subsequent data analysis. This discrepancy in rRNA and tRNA levels was

unexpected, and it is possible that the sequencing provider only used the Ribo-Zero™
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rRNA Removal Kits for mRNA enrichment on the aerobic samples, and not on the

anaerobic samples.

Table 4.4. Summary statistics for RNAseq data obtained from Bowtie2 and EDGE-Pro output.

Aerobic 1 Aerobic2  Aerobic3  Anaerobic 1 Anaerobic 3

Total raw reads 13,257,771 13,714,491 13,189,749 13,189,749 13,714,491
Number reads after
trimming 13,114,326 13,537,221 13,092,166 13,111,449 13,612,037

Number reads aligned to
rRNA and tRNA genes 878,134 2,334,549 386,153 11,517,553 11,484,586

Number reads for

alignment 12,236,192 11,202,672 12,706,013 1,593,896 2,127,451

Number reads uniquely

aligned to genes 12,139,301 11,111,694 12,623,142 1,402,020 1,949,774

Number reads aligned

more than once 28,938 30,384 22,520 134,914 107,339

Number reads not

aligned 67,953 60,594 60,351 56,962 70,338

Total number reads used
for RPKM calculation

Overall alignment rate 99.44% 99.46% 99.53% 96.43% 96.69%

12,163,225 11,130,707 12,642,386 1,401,717 1,954,087

Differentially expressed genes between aerobically and anaerobically grown REL4536
were determined as described in section 2.2.16.4.4.1. In aerobically grown cells, 1,273
significantly up-regulated genes (p-adj < 0.05) were identified; with 760 having at least
two-fold greater expression than in anaerobically grown cells. In anaerobically grown
cells, 1,260 significantly up-regulated genes were identified (p-adj < 0.05); with 680

genes having at least two-fold greater expression than in aerobically grown cells.

In aerobically grown cells, the significantly up-regulated genes, when classified into GO
biological processes (section 2.2.16.4.4.2), were predominantly associated with
oxidation-reduction processes, reactive nitrogen species metabolic processes and
aldehyde catabolic process, which are generally consistent with cell physiology under
aerobic growth conditions. In anaerobically grown cells, the significantly up-regulated
genes were predominantly associated with various metabolism and biosynthesis

processes. In general, most of the differentially expressed genes in aerobically and

131



anaerobically grown E. coli REL4536 were associated with macromolecule biosynthesis

pathways (Figure A.3).

The top 20 genes up-regulated in cells grown in aerobic and anaerobic conditions are
listed in Table 4.5 and Table 4.6, respectively. In general, in the aerobically grown
cells, the most highly up-regulated genes were involved in the catabolism of propionate
via the methylcitrate cycle, as well as the catabolism of the amino acid arginine
(Table 4.5). In anaerobically grown cells, the most highly up-regulated genes were
involved in the synthesis of arginine, the synthesis of purines and pyrimidines as well as
the anaerobic catabolism of glycerol (Table 4.6). The up-regulation of genes involved
in arginine catabolism and synthesis under aerobic and anaerobic conditions,
respectively, is of interest given that arginine is vital for protein synthesis in E. coli. The
arginine succinyltransferase (AST) pathway, encoded by the astCADBE operon, is the
major pathway for arginine catabolism in aerobically grown E. coli (277). Regulated by
the transcription factors RpoN, RpoS and ArgR, arginine catabolism is usually induced
in response to starvation, where proteins are degraded and arginine is used as a source
of both carbon and nitrogen in order to obtain glutamate for cell growth and
maintenance, with the production of succinate and ammonia as by-products (277).
Arginine biosynthesis in E. coli, on the other hand, is induced in response to nutrient
limitation, sub-optimal growth conditions or cellular stress. Arginine biosynthesis
involves a pathway consisting of several operons, including the argCB operon, under
the negative control of transcription factor ArgR (278). Arginine biosynthesis has
previously been shown to be stationary phase dependent (278); at stationary phase,
many stationary phase proteins need to be synthesised and so intracellular levels of
arginine may be depleted during protein synthesis. As a consequence, argCBH
expression may be increased as a way to satisfy the arginine demand in cells (278).
Arginine is also utilised for the biosynthesis of polyamines like putrescine and
spermidine, which are required for nucleic acid and protein biosynthesis and may also
prevent DNA damage in response to acidic stress (278). It is not immediately apparent
why there are such differences in arginine utilisation between the two environments.
However, although RNA was extracted from both aerobic and anaerobic cultures three
hours after they had entered stationary phase, the growth rate in anaerobic conditions
was much faster, with cultures reaching stationary phase in six hours, whereas under

anaerobic conditions, it took three times as long. Thus the physiological states and

132



intracellular stresses of aerobic and anaerobically grown cells three hours after
stationary phase, were likely to have differed. Perhaps the increased utilisation of
arginine under aerobic conditions is in response to starvation at stationary phase while
the increased synthesis of arginine under anaerobic conditions is in response to a

requirement for nucleic acid, protein or polyamine synthesis.

133



vel

‘pasn sem G('() > onjea [pe-d e ‘uorssardxa jueorugis AJuopI 0] “SPeal 91qOISBUR IOAO SPLAI 91QOId. JO JOqUINU dU} SB PJe[NO[Ld SI1 9Fueyd p[o d,
*

SSOI)S UOI)BAIR)S-U0GIED PUE “YO0US O1}OWSO

01 X €€°6 IS°€l [O0YS 18T ‘SSAIS PIOE ‘SSAIIS QANBPIXO 0} dsuodsar ur Joyen3ar [euonduosuer], v]0q
poonpur Aemyped onous3oydiow jo 103e[n3al [euondriosuer],
501 X 9G¥ LL'ET 1T uonepeI3op ouIuIdIe Ul SISA[0IAY JuIuIdIe sas[ere)) OSEBIQJSUBNAUIOONS QUIUISIY vise
01 x 001 LS€1 uorounj UMouu) urdjoxd aaneIng [99A
: : 21043 oA oseIeIpAyop eNIO[AYIowW- did
w01 < 8T9 8Tl o) UI 91BNIO[AYIdW-7 JO UONRIPAYDP A} SIsA[eIe) JEIPAUSP SIBRIDIARSM-T qd
-0l X €T°C 90°¢S1 uonouny umouyur) uj01d reonoyiodAy MIA
Ol X EL'T €I'ST uonounj UMOUWUN u10)01d QUBIQUISW JOUUL dATIRING 36wA
o 01 x I¥'S 627°S1T UoroUNJ UMOUUN urajo1d TeonoypodAy sbgA
be1 0T X 6L°6 6€°S1 uoro_uUNy UMouu) urdj01d oueIqUISW JOUUT dANBING Orak
) . UonesIue3Io QWouds3 pue Uornengol Toreingon reuondibsuR (240
001 X 9071 6v'S1 Juodg ‘osuodsar ssaxms ur pasjoAur urojoxd urpurq YNQ el [PHond: H18Q01D suy
. . (Kemyred [SV) oseua3oIpAyep
o 01 X €87 sl [1 UonEpeIZop QUIUISIE Ul PIAJOAUL OSEUIFOIPAYSP OPAYIPTY OPAUQp[eIdS OTWeIN[3[AUIIINg aise
601 X $€9 $SST UonOUNJ UMOUNU) urajoad TeonoypodAy ol
. : (Aemyred [ SV) 11 uonepeIsop
301 X OL°L 6091 SuiwSre ur ouruiSejAuoons-n-z Jo SIsA[0IpAYy oy sosk[eres) dse[oIpAYIp dutuIBIejAutoong qise
. . (Aemped [ SV) [1 uonepei3op dururdie ur deren3o3ay-eyde JSeUIWBSURI) JUIYIIUIO[AJIIR PUL
Ol < 8LY 191 PUB JUIYIIUIO[AUIOONS-N- JO UOTJRUIWUESURI) OU) SISA[BIR))  OSBUIWUBSURI} QUIY}IUIO[AUIOONS [BUONOUNJIE OisE
) ) 2] %)
w0l xsL'E 191 O1eNIO[AYIoW Ay} UI 9JeNIO[AYIdW-7 JO SISAYIUAS A} SIsA[eIR) aseUAS AenIOIApIN Odud
g0l X LL'Y LYLI UOTBULIO] WLJOIq JO 10YB[NTY urejoxd uoneunioy wigolg SSsq
00101 x 68°€ yT'81 urojold dueIqUIdW [BNUOJ urayoad eonayiodAH vhA
1601 X161 wel I9u0dsuen; uored [enudod urojold [eonoyiodAH JebA
101 X LT°9 98°¢T uon3aI § ewidIs oy} Jo Jed se uonounj UMOUWUN urojod asuodsar-ssons aAneINg cqlA
: : 21040 dentolAyw 9SBAT 91BII00SI[AY}oW- diad
w101 x 671 85te o1 Ul 9)eUIdINS Puk dJeANIAd JO UOIBULIO) J) SISA[eIR) [ 2IERIOSTIAtIIMC gdd
0201 x SO'€ 6Lty urojoxdodip apqnonput A[jesrows) urojordodry quiso
S|]99 21goJae ul pare|nbal-dn
pe-d | oSueyo pjog uornoun,j 1onpoid ouon

'9¢SHTAY UMmoI3 A[[Bo1qOIoR Ul SOUd3 paje[n3ai-dn 3sowr ()Z o3 JO ISI'T "G4 9[qeL



Gl

pasn sem ("0 > anfea [pe-d e ‘uorssardxa JuedyIuSIs AJUIPI O, "SPeal JIGOIOE JIAO SPEAI JIOIIBUE JO JOQUINU JU) S PIIR[NO[ED ST dFUBYD PO
x +

w0l X TP'T 8101 UOTOUN) UMOUSU() osed LV 2AnEINg 1A
. . oseuny
S 7 6101 Kemyjed areydsoyd [o3rpAIs[Ayow oy} oy} ul SQWAZUH [OA B Ao -7-[Apnkooqdsoqdip-p ydi
: : Aemuped onayuksolq aproajonu surind ur 9sejAx0qIedd OSTYIUAS nd
401 x99°C L0l yied onoyy Iq 9pno9| ! [ 9se[AX0qIed9( OP103][ONUOGLI A[0ZBPIWIOUIIEAXOQIBI-GN M
0l X 65°S ST'T1 uomdUN UMOUNU[) urojo1d JeonoyiodAH Teuh
001 X L9°E o' 11 UIXOPAIOIY} B Sk SUONoun,{ urojo1d oyI[-urxopareino HpJu
, 01 x 801 STl WA)ISAS qo:on:mb wmqwqm EM:OQEOU ow L oseuny] A10Suds dAlINg Nyak
. . emped sisaqjuAsorq suruigie i i i )
9601 x 08°L 011 ur 9jeydsoyd [Awein|3-G-[A1098-N JO UOIIONPAI ) SAsA[eIR)) dreydsoyd-jAenis-ewiies-[£100e-N ob.re
) . Kemyped SISOUIUASOIQ QUIUIIR UI 9JBUIOONS SEAT SIBUISONSOUIUIET 5
01 > €1 LLT (ourur3re-1-N) WoJj SUIUISIE JO UOIBULIOJ AU} SISA[RIR)) Lored HeV HoJe
001 X $0°S 44! Kemyjed s1soyjuksoIq QUITBA UI PIA[OAU]  JIUNqgns AI0je[n3al g oSeyIuks 9Jeloe[03d0y INAJ!
.01 X 9€¥ 1€21 Kemiped onoquksorq opnofonu durpruiAd ur 9seunued( urojoxd Kjjriowr Suruems vIgA
0001 x T8I 9¢° €1 Kemiped SISOYIUASOIQ QUIUISIR UL 9JRWEIN[F[AIOOE SIsA[eIe) JSeuAS deweIn3[A1008-N vbJue
. ) Jreydsoyd-¢ [0100A[3 WOIJ SU0JOIBAXOIPAYIP >
0001 ¥ CEE 66¢l JO uonewIo} 9y SISA[eIRD Jey} 9SBUIFOIPAYIP 01qOIoBUY aseuaB0IPAYap dyeydsoyd-¢- 0120410 gdib
) i Kemiped SISOIUASOIq QUIUISIR SBUDY S1EEINIS K195 5
Ol X ¥ie resl ur 9Jewrein|3-1 -[A199.-N Jo uoneAroydsoyd oy) sosA[eie) PLOVEWEINISIA0Y able
: : Aemued sisagjudsolq unqns aselajsuenjAoweqred Uyl §)
001 > 80°1 s6°S1 QuIuISIe UI QUI[[NIIO-T JO UOHBULIOJ AU} SOsA[eIe) nunq JSUEN 4 Mo |bIe
) . ou0390BAX0IpPAYIp 03 deydsoyd-¢ [01004]3 . :
9901 X S¥'1 sv91 JO UOISIOAUO0D J) SISATRIRD JBl[} 9SBUIFOIPAYIP 01qOIoBUY aseuas0IpAYRP djeydsoyd-¢-o12oA[5-us vdib
op1-01 X IT€E 89°0¢C uonouny umouuy utejoxd eonerjodAy euA
: : UOREPEIBOP 0SBU30IPAYSP 9)R[0JA[SOPIaI
01 < 158 89°CC urojue[[e Ul 9Je[09A[30PIaIN JO SISA[E)RD O1qOIdRUY PAUSP 2IB[0OAIOPIRIN aire
00T X S¥'€ 98°9C SISB)SOdWIOY WNIWPED PUB J[BQOD ‘OUIZ Ul POAJOAU] urd301d 0ouB)ISISAI dUIZ deJz
101 X 6T°€ 6T’ CY Iouodsuen HEV duiuidie-| junqgns 1o1o0dsuen} QUIUISIY rue
.01 x SS°[ G8'IS Ioyiodsuerny proe ourwe AN JIoyodsuery aaneIng OryA
S|92 21goJaeue ul parejnbai-dn
pe-d | oSueyo pjog uornoun,j 1onpoid ouon

"QESHTAY UMOIS A[[€J1qOIoBUER UL SOUSS paje[n3ai-dn 3sowr ()Z 93 JO ISI'T "9’ 9[qe L



4.2.3.1.1 Expression of DNA repair and replication genes

Different types of DNA lesions and mutations are repaired by different repair pathways.
It was observed that different mutation types arose under aerobic and anaerobic growth
conditions (section 4.2.1). Thus, to determine if different repair systems were
correspondingly operating under aerobic and anaerobic growth conditions, expression
data for all 215 genes known to be involved in DNA repair and replication were
analysed (Table A.2). In total, the majority (137 genes) were significant differentially
expressed (p-adj < 0.05) between the two environments (Figure 4.14). Of these, 32
were up-regulated in aerobically grown cells (Table A.2) while 105 were up-regulated

in anaerobically grown cells (Table A.2).

H Aerobic
- .
Stringent response (23 genes) ‘ Anaerobic
SO e -

>

s X (p<2x10°)

-cEé Recombinational repair (108 genes) % (p=2x10%

o

Base excision repair (12 genes) ‘
pedois o sy h
0.00 0.20 0.40 0.60 0.80 1.00

Proportion of significantly up-regulated genes

Figure 4.14. Significantly up-regulated genes, as a proportion of genes in the pathway, known to
be involved in DNA repair and replication, classified by pathway. To identify significant
expression, a p-adj value < 0.05 was used. Asterisk denotes a significant enrichment of the gene
list under anaerobic conditions and x denotes a significant under-representation of the gene list

under aerobic conditions by Fisher’s exact test (p < 0.05).
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While transcripts for the DNA replication and repair pathways were relatively more
abundant under anaerobic conditions (Figure 4.14), it noted that the total mRNA
content per cell was not measured. Moreover, although all samples were taken from
cultures at similar ODs, the anaerobic culture RNA yields were generally much lower
than those from aerobic cultures. This may be due to a technical issue, or may reflect a
lower amount of RNA within the anaerobic cultures per cell. Thus, it is possible that the
relatively greater abundance of DNA replication and repair transcripts under anaerobic

growth conditions is an artefact of its abundance relative to total mRNA per cell.

As mentioned in section 4.2.3, differences in the growth conditions used for obtaining
the transcriptome data and the mutation spectra limit the degree of interpretation of the
mutation spectra with regard to expression data. In particular, the datasets were based
on different phases of the growth curve (stationary phase for transcriptome data and log
phase for the MA lineages) and different types of media [liquid DM media
supplemented with 25 pg/mL glucose (section 2.1.7.2) for transcriptome cultures and
DM agar supplemented with 200 ng/mL glucose (section 2.1.7.3) for MA lineages].
Despite these minor differences, if pathways are differentially active between the two
environments, and are independent of growth phase (e.g. log vs stationary phase), it

may be possible to link gene expression with the observed mutation spectra.

4.2.3.1.1.1 DNA replication

Of the 43 genes known to be involved in DNA replication (section 1.4.1), 23 were
significantly up-regulated under anaerobic conditions while nine were up-regulated
under aerobic conditions (Table A.2). It is unclear why some genes within pathways
were more highly expressed under anaerobic growth conditions, while others were more
highly expressed under aerobic growth conditions. For examples, these trends do not
strictly correlate with operon structures. In addition, such variation in gene expression
within a pathway was also commonly observed in the other DNA repair and replication
pathways. It is possible that post-transcriptional or regulatory mechanisms are

responsible for these observations.

As RNA was extracted from both aerobic and anaerobic cultures after they had been at
stationary phase for three hours, differential expression of genes involved in replication

was initially unexpected. However, during stationary phase, cells may undergo a
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process known as reductive division, which is where DNA replication, but not cell
division, continues after entry into stationary phase (279). As cells grew more slowly
under anaerobic conditions than aerobic, it is possible that the anaerobically grown cells
were still undergoing reductive division after three hours, while the aerobically grown
cells were not. For example, Pol III, comprised of proteins encoded by nine different
genes, is presumed to be the main, highly accurate, replicative polymerase in E. coli (5,
71). In this study, five genes encoding Pol III subunits (dnaX, holA, holB, holD and
holE) were significantly up-regulated under anaerobic conditions (Table A.2). The
increased transcription of subunits of the replicative polymerase suggests that some of
the cells in anaerobic cultures were possibly still replicating when RNA was extracted.
Additionally, of the error prone polymerases involved in TLS (section 1.4.1.1) only
polB, encoding DNA Pol II, was significantly up-regulated under anaerobic conditions

(Table A.2).

4.2.3.1.1.2 Recombinational repair

The pathway that displayed the greatest difference in activity between the two
environments was the recombinational repair pathway (section 1.4.7) (Figure 4.14).
Apart from genes encoding IS elements (discussed later in section 4.2.3.1.1.2.1), 15
genes were significantly up-regulated under anaerobic conditions while five were up-
regulated under aerobic conditions (Table A.2). In E. coli, there are two
recombinational repair pathways; the RecBCD pathway, which can repair DSBs, and
the RecFOR pathway, which can repair SSBs (5). The RecFOR pathway has also been
demonstrated to repair DSBs when the RecBCD pathway is inactive (104). Overall, in
this study, more genes involved in the recombination pathways were more highly
expressed under anaerobic conditions (Table A.2). In the MA study, GCRs were found
to be significantly more prevalent under anaerobic conditions than under aerobic ones
(Figure 4.6). Thus, it is reasonable to assume that the increased expression of genes
involved in recombinational repair under anaerobic conditions may be in response to the

higher rate of GCRs.

4.2.3.1.1.2.1 1S element genes involved in transposition

As reported earlier in the chapter, IS element transposition was higher in anaerobically
grown cells than in aerobically grown ones (Figure 4.7). To determine if increased

transposition rates were due to greater activities of the IS element genes involved in
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transposition, the expression values of all 83 genes in REL4536 known to be located
within IS elements were analysed and are listed in Table A.2. In total, 45 genes were
significantly differentially expressed (p-adj < 0.05) between the two environments, with

41 genes being up-regulated in anaerobically grown cells.

The IS150 element displayed increased transposition under anaerobic conditions
(Figure 4.7) and all of the genes, other than insK-3, coding for IS150 proteins, were
significantly up-regulated in anaerobically grown cells (Table A.2). While IS186 had an
increased transposition rate under aerobic conditions (Figure 4.7), none of the genes
coding for IS186 proteins were significantly up-regulated in aerobically grown cells
(Table A.2). Curiously, the majority of the anaerobically up-regulated genes were from
IS1 elements, which had mutation rates that were not statistically significantly different
between the aerobically and anaerobically grown cells (Figure 4.7). As greater gene
expression at stationary phase did not correlate with greater IS element transposition in
the MA study, these results suggest that there may be differences between gene
expression at stationary phase and the activity of IS elements at various stages of the
growth cycle. Therefore, while it is possible that increased IS150 transposition in
anaerobically grown cells was due to increased expression of the genes involved in

transposition, there may also be other contributing factors.

4.2.3.1.1.3 The NER pathway

Another pathway that displayed differential activity between the two environments was
the NER pathway (section 1.4.3) (Figure 4.14). Of the six genes known to be involved
in the pathway, one and four were significantly up-regulated under aerobic and
anaerobic conditions, respectively (Table A.2). Several scenarios have been identified
where the NER pathway has been implicated. These include the repair of bulky lesions
that block DNA replication forks or cause a distortion in the DNA structure (84). GCRs
can result from blocked replication forks and were found to be more prevalent in
anaerobically grown cells (Figure 4.6). In addition, transversions cause changes in the
structure of the DNA, and were also more prevalent in anaerobically grown cells

(section 4.2.1.1.2).

Furthermore, the NER pathway may contribute in the repair of acid-induced DNA

damage, as demonstrated in a study of Streptococcus mutans (280), and anaerobic
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fermentation produces an acidic environment through the production of acidic
fermentation end products. Therefore, it is possible that the increased expression of
genes involved in NER under anaerobic conditions may be in response to the higher rate

of GCRs, transversions and anacrobic fermentation, or combinations thercof.

4.2.3.1.1.4 The MMR pathway

The MMR pathway (section 1.4.4) also displayed differential activity between the two
environments (Figure 4.14). Of the 11 genes known to be involved in the MMR
pathway, seven were significantly up-regulated under anaerobic conditions while two
were up-regulated under aerobic conditions (Table A.2). The MMR pathway is the
main pathway responsible for maintaining DNA integrity during replication, as most
mismatches (i.e. incorrect base-pairing) are the result of replication errors that have not
been repaired by DNA polymerases (5). Therefore, it is possible that the increased
activity of the MMR pathway under anaerobic conditions in the transcriptome analysis
is a consequence of reductive division still occurring under anaerobic conditions

(section 4.2.3.1.1.1).

Other scenarios where the MMR pathway has been implicated have also been identified.
These include the repair of slippage events (90), the recognition of recombination
heteroduplexes that contain mismatches (90) or the inhibition of homologous
recombination (93). Slippage events per generation were twice as frequent in
anaerobically grown cells than in aerobically grown ones (Figure 4.5a). Additionally,
GCRs, mediated via homologous recombination between repeated sequences, were
significantly more prevalent in anaerobically grown cells (Figure 4.6). Therefore, it is
possible that the increased expression of genes involved in MMR under anaerobic
conditions may be in response to the higher rate of indels, GCRs and replication

activity, or combinations thereof.

4.2.3.1.1.5 The BER pathway

The BER pathway (section 1.4.2) did not display a large degree of differential activity
between the two environments (Figure 4.14). Of the 12 genes known to be involved in
the BER pathway, five were significantly up-regulated under anaerobic conditions while
three were up-regulated under aerobic conditions (Table A.2). As the BER pathway is
considered to be the main repair pathway for ROS-induced DNA damage in E. coli (5),
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these findings were unexpected and of particular interest. One of the most extensively
studied and frequently encountered ROS-induced lesions is the GO lesion (24). GO
lesions typically result in higher G 2> T, C 2> A, T = G and A - C transversions.
E. coli has three BER pathway enzymes that repair either the GO lesion itself or any GO
lesion induced mutations (78, 79). Even though there are limitations in interpreting the
mutation spectra in terms of gene expression data (section 4.2.3.1.1), overall, the genes
associated with the prevention and repair of each mutation type did not correlate with
expectations based on the observed mutation spectra. For example,
formamidopyrimidine DNA glycosylase (or MutM) is responsible for preventing
G = T and C = A transversions (78, 79). In the MA study, G = T transversions were
more abundant in aerobically grown cells while C = A transversions were more
abundant in anaerobically grown cells (Figure 4.2). However, MutM was up-regulated
by more than two-fold under anaerobic conditions (Table A.2). Therefore, in this
situation, maybe G = T transversions were efficiently repaired in anaerobically grown
cells due to increased MutM expression, resulting in lower G = T transversion rates.
Additionally, it is possible that the C = A transversions in anaerobically grown cells
arose via different pathways and so, were not efficiently repaired. As another example,
adenine DNA glycosylase (or MutY) is responsible for preventing A > Cand T 2> G
transversions (78, 79). In the MA study, A = C and T = G transversions were
abundant in anaerobically grown cells (Figure 4.2); and MutY was down-regulated by
almost two-fold under aerobic conditions (Table A.2). In this situation, maybe the
A > Cand T - G transversions were more efficiently repaired in aerobically grown
cells due to increased MutY expression, resulting in lower mutation rates. Though not
involved in the repair of the GO lesion, uracil-DNA glycosylase, encoded by ung, is
another vital enzyme of the BER pathway. Involved in the removal of uracil bases from
DNA, ung can be induced in response to cytosine deamination. In the MA study, C > T
transitions and G - A transitions occurred at per generation rates that were not
statistically significantly different between aerobically and anaerobically grown cells;
even though per day mutation rates were greater in aerobically grown cells (Figure 4.2).
However, ung was up-regulated by more than two-fold under anaerobic conditions
(Table A.2). It is postulated that slower growth rates allow for the efficient recognition
and repair of C > T and G - A transitions under anaerobic conditions, while
aerobically, the faster rates of growth may result in inefficient repair of the same

mutations. In this scenario, aerobically grown cells would display higher mutation rates
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per day. In contrast, mutation rates per generation would be similar between aerobically
and anaerobically grown cells, as they spend the same proportion of time per generation
as ssDNA during DNA replication, allowing for cytosine deamination. As a result, it is
generally difficult to explain the increased expression of genes involved in BER under
anaerobic conditions; perhaps these genes can also be simulated in response to DNA

damage caused by factors other than ROS.

4.2.3.1.1.6 SOS response

The SOS response system (section 1.4.5) did not display significant differential activity
between the two environments (Figure 4.14). Maybe at stationary phase, the SOS
response is induced under both aerobic and anaerobic conditions as a direct response to

the different agents of mutation operating under each environment.

4.2.3.1.1.7 The stringent response

The stringent response system (section 1.4.6) also did not display noteworthy
differential activity between the two environments (Figure 4.14). As the stringent
response is induced in response to nutrient starvation, it is likely that it is induced under

both aerobic and anaerobic conditions at stationary phase.

4.2.3.1.2 Genes involved in acid response

It was postulated that fermentation during growth under the anaerobic conditions of this
study have resulted in an acidic environment (257), which may have contributed to the
observed mutation spectra. To further explore this possibility, gene expression data of
genes previously shown to be induced in response to acidic environments were
analysed. Studies suggest that while multiple metabolic processes are required for
survival under acidic conditions, E. coli largely have four acid tolerance mechanisms
[reviewed in (281)]. Each mechanism confers varying degrees of tolerance depending
on the growth medium, the growth phase and studies have also shown that these
mechanisms may be affected by strain-specific differences (281-283). One such
mechanism is acid resistance system 1 (AR1), where ATP synthase, also known as FoF;
synthase, catalyses the hydrolysis of ATP in cells at stationary phase in minimal glucose
medium to generate an electrochemical proton gradient (281, 282, 284). In this study,

the expression of many genes encoding proteins that contribute to ARI were

142



significantly up-regulated under anaerobic conditions, consistent with our understanding

of the mechanisms (Table A.6).

Studies have also shown that genes encoding proteins involved in DNA repair, cellular
stress responses, membrane structure, membrane permeability, osmotic shock and ion
transport are also generally induced in response to acidic cell conditions (285, 286). In
this study, DNA repair genes were generally up-regulated under anaerobic conditions
(section 4.2.3.1.1). Additionally, many of the genes encoding proteins previously shown
to contribute to acid resistance were up-regulated under the anaerobic conditions of this
study (Table A.2). Therefore, altogether, it seems feasible that the high level of
mutations observed in the anaerobically grown MA lineages could be a result of acidic

conditions generated during anaerobic fermentation.

4.3 Summary

The genome-wide spontaneous mutation rate for E. coli was greater in anaerobically
grown MA lineages as compared to aerobically grown MA lineages. To determine if the
types of mutations that prevailed in the two environments differed, the mutation spectra
of 24 aerobic and 24 anaerobic MA lineage genomes were determined and compared. In
general, mutation rates per generation for BPSs, indels and GCRs were higher under
anaerobic growth conditions than aerobic ones (Figure 4.1a), while mutation rates per
day for BPSs and indels were higher under aerobic growth conditions than anaerobic
ones (Figure 4.1b). BPSs were the most prevalent mutation type in both environments
with a bias towards G = T transversions in aerobically grown cells, and biases towards
C—> A, T-> Gand A - C transversions in anaerobically grown ones (Figure 4.2). No
significant bias towards indels was detected in either environment (Figure 4.5) but
GCRs were generally more frequent under anaerobic growth conditions (Figure 4.6).
Generally, the frequencies of IS deletions and IS insertions underpinned the largest
differences in GCR type frequency between the two environments; where there was a
propensity for IS186 and IS150 transposition in aerobic and anaerobic cells,
respectively (Figure 4.7). Additionally, when considering mutation rates per generation
and per day together, it appears that GCRs and IS insertions, particularly IS150 and
[S186 transposition, occur independently of DNA replication.
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Gene expression data from stationary phase cultures indicates that under anaerobic
conditions, there was an overall increased expression of genes involved in repair and
replication (section 4.2.3.1.1). In particular, there is evidence that genes involved in
GCR repair were more highly expressed under anaerobic conditions (sections
4.2.3.1.1.2 to 4.2.3.1.1.4), consistent with observations that GCRs were more prevalent
in anaerobic MA lineages. Expression data for genes involved in DNA repair and acid
tolerance mechanisms (section 4.2.3.1.2) suggest that acidic conditions generated during
anaerobic fermentation are potentially responsible for the reported increased activity of

repair genes.
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Chapter Five: The contribution of gross chromosomal rearrangements

to adaptive evolution

5.1 Introduction

Repeat sequences, particularly IRs, in a DNA sequence are hotspots for genome
instability because of their capacity to fold into secondary structures that can interfere
with molecular processes such as transcription and DNA replication (53). In ssDNA,
IRs can form hairpin structures while in dsDNA, IRs can form cruciform-like structures.
Both forms of secondary structures can impede the action and progression of
polymerases (53). To maintain genome integrity in E. coli, secondary structures can be
cleaved by nucleases, generating DSBs that are then repaired by homologous
recombination (section 1.4.7.1) (53, 287). One such nuclease is SbcC (section 1.7.2),
which forms a complex with SbcD and generates DSBs during DNA replication by
hairpin cleavage. The DSBs can then be repaired by the RecBCD (section 1.4.7.1.1) or
RecFOR pathways (section 1.4.7.1.2) (196, 288, 289). Thus, the SbcCD complex is
thought to play an important role in maintaining genome stability (53, 104).

Improper repair of DBSs can lead to the generation of GCRs (described in section 1.3.3)
(5). GCRs, such as deletions, translocations, inversions and IS element transposition,
are of particular interest in evolution studies as they can modify gene expression, gene
content and result in the formation of new DNA junctions (34). While GCRs have long
been thought to play important roles in evolution, the impact of GCRs on population
fitness and rate of adaptation in E. coli is not well understood (5). In our MA study of
E. coli, GCRs were found to occur at different rates in cells grown under aerobic and
anaerobic conditions, with rates being 2.6-fold greater under anaerobic conditions
(section 4.2.1.3). Additionally, a microarray study of E. coli reported that sbcC was
differentially expressed between aerobic and anaerobic growth conditions, with
increased expression under aerobic conditions (10). Therefore, the aims of this project

were to use whole genome re-sequencing and experimental evolution techniques to:

e Determine the contribution of SbcC to the occurrence of GCRs in E. coli.

e Determine the impact of GCRs on population fitness.
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5.2 Results and discussion
5.2.1 Experimental expression of sbcC

Before its role in GCR occurrence could be elucidated, it was essential to determine
what sbcC expression levels under the experimental conditions of this study were.
Partridge et al. (2006) used microarrays to study the transcriptional responses of
anaerobic E. coli chemostat cultures after exposure to oxygen. In their study, cultures of
E. coli MG1655 were grown in Evans medium supplemented with 30 mM glucose and
maintained in an environment comprised of 95% N, and 5% CO, (10). After 15 min of
culture aeration (i.e. exposure to oxygen), sbcC expression was significantly 1.4-fold
greater than it had been under anaerobic conditions. To investigate the expression of
sbcC in E. coli REL4536 grown under the aerobic and anaerobic conditions of this

study, a transcriptome analysis using RNAseq was conducted.

5.2.1.1 Gene expression of sbcC as determined using RNAseq

For transcriptome analysis, RNA was extracted from aerobically and anaerobically
grown stationary phase E. coli REL4536 cultures (section 2.2.10.2), sequenced and
analysed as described in section 2.2.16.4. As mentioned previously, RNAseq
transcriptional analysis was carried out on three aerobic samples and two anaerobic
samples (section 2.2.16.4.1). In total, sequencing runs generated roughly 13 million
reads per samples, with approximately 12 million and 2 million reads per sample usable
for aerobic and anaerobic data analysis, respectively. Summary statistics for the
RNAseq data, as well as differentially expressed genes between aerobic and anaerobic

REL4536, have already been discussed in section 4.2.3.1.

Biological variability of the samples was investigated by using principal component
analysis (PCA) on the DESeq2-normalised RPKM values of the five samples (Figure
5.1). The PCA showed that samples belonging to the same environment (aerobic or
anaerobic) clustered together, though there was also some variability amongst the
anaerobic samples. Pearson correlation coefficients were determined for DESeq2-
normalised RPKM values of the five samples. Correlation coefficients for aerobic and
anaerobic samples were 0.98 and 0.98, respectively. Thus, data for all aerobic samples
were combined to determine mean aerobic gene expression and the same treatment was

applied to the anaerobic samples.
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Figure 5.1. Principal component analysis (PCA) of the DESeq2-normalised RPKM values of the

three acrobic and two anaerobic samples.

For this dataset, sbcC was found to be significantly up-regulated under anaerobic
conditions with a fold change value of 2.53 (p-adj = 1.64 x 107). Based on the
knowledge that the SbcCD complex is involved in maintaining genome fidelity, the
gene expression data for ShcC seems reasonable, as one may expect that there was an
increase in expression of the gene under anaerobic conditions in response to the
increased occurrence of GCRs under those growth conditions (section 4.2.1.3).
However, these results contrast those of Partridge et al. (2006), where shcC was
reported to be significantly up-regulated after exposure to oxygen (10). Different E. coli
strains, growth medium, growth stages and experimental techniques were utilised in the
two studies and perhaps these factors account for the different levels of sbcC expression

between the two studies.

5.2.1.2 Validation using reverse transcription quantitative PCR (RT-gPCR)

A second method of measuring gene expression, reverse transcription quantitative PCR
(RT-gPCR), was used to verify shcC expression. In this technique, a target amplicon is
quantified by measuring fluorescence levels as the amplicon is amplified during PCR. A
fast, sensitive and reproducible process, qPCR is commonly used to investigate gene
expression (290). Many factors, including differences in the amounts and quality of
starting material and the efficiencies of cDNA synthesis and amplification, can
influence the accuracy and reliability of qPCR results (290). Therefore, qPCR data is
frequently normalised against reference genes. As reference genes are essentially

endogenous controls that display the same level of expression across all experimental
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conditions, the effects of any technical variation are minimised and different samples
can be compared (290). It is now common practice to use at least two genes as internal
controls for the relative quantification of gene expression. The 2744CQ method (291),
first described by Livak and Schmittgen (2001), can then be used to calculate changes in
gene expression. For this study, cDNA was synthesised from the RNA of the three
aerobic and three anaerobic samples (section 2.2.10.3) and quantified (section 2.2.10.4).
All gPCR reactions presented in this chapter were performed in triplicate and so, all

values reported are mean values of the three replicates.

5.2.1.2.1 Determination of reference genes

As gene expression can differ across samples and experimental conditions, the
suitability of reference genes also needed to be examined. In this study, the candidate
reference genes that were chosen for investigation had either previously been used for
gPCR studies in other bacteria (292, 293), or were those that were deemed to have equal
expression under aerobic and anaerobic conditions via RNAseq. In total, five candidate
reference genes were selected; the transcriptional regulator encoding SOXR, the alkaline
phosphatase encoding phoA, the RNA polymerase sigma factor encoding rpoD, the
membrane protein encoding yegO and the pyrroline-5-carboxylate reductase encoding

proC.

The three aerobic samples were pooled together in equal amounts, as were the anaerobic
samples, and qPCR was performed on 10-fold serial dilutions of the two cDNA pools as
detailed in section 2.2.8. Amplification data was analysed using LinRegPCR version
2013.0 (201). Amplification of each reference gene revealed a single peak in the melt
curve analysis (data not shown), indicating that the primer pairs were specific to a single
sequence. As an assumption of the 27*““? method is that the amplification efficiencies
(E) of the reference genes and the gene of interest should be roughly equal (291), the
efficiencies of the five candidate reference genes were considered, and found to range
from 2.010 to 2.070 (Table 5.1). These results indicate that for each gene, the qPCR
amplification was 100% efficient (i.e. the PCR product was doubled with each
amplification cycle). The correlation coefficients (R?) of the five candidate reference
genes ranged from 0.994 to 1.000, indicating that the standard curves of the five genes
had a good fit. Quantification cycle (CQ) values indicate the number of cycles required

to reach the fluorescence threshold and give an indication of the number of gene copies
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present. In this study, the CQ values of the five reference genes ranged from 26 to 31

(Table 5.1).

An ideal reference gene should have a constant level of expression, regardless of the
experimental conditions (291). This expression level is represented by Ny, which is
proportional to the number of copies of the gene present in the sample. None of the five
genes were significantly differentially expressed between aerobic and anaerobic
samples (p > 0.05) as determined by Student’s t-test (Table 5.1). However, the
expression levels of phoA varied between aerobic and anaerobic samples, with
eight-fold more expression in anaerobic samples (Table 5.1). Thus, phoA was not a
suitable reference gene. Both SOXR and yegO were also considered to not be appropriate
reference genes, especially for yegO which had R* values less than the recommended
threshold value of 0.999 (Table 5.1). Thus, rpoD and proC, with almost equivalent
expression levels under both growth conditions (Table 5.1), and similar amplification
efficiencies, were chosen as the reference genes to be utilised in the relative quantitation

of shcC expression.

For the five candidate reference genes, there were discrepancies between the fold
changes obtained by RNAseq and RT-qPCR, with the latter technique detecting more
copies of all genes across anaerobic samples (Table 5.1); this is discussed further in
section 5.2.1.3. Potentially, the exclusion of the third anaerobic sample from RNAseq
analysis, but inclusion in the RT-qPCR analysis may account for some of these
differences. Nonetheless, it is difficult to explain the magnitude of the difference in

expression for phoA by RT-qPCR (Table 5.1).
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Table 5.1. Summary of RT-qPCR amplification of reference genes for cDNA derived from

aerobic and anaerobically grown REL4536.

SoxR phoA rpoD yegO proC
RT-gPCR
Aerobic
CQ 28 31 26 30 28
No 507x10°  1.88x10° 9.69x10® 1.08x10° 245x10"
NoSEM  1.04x10° 4.04x 10" 3.02x10% 5.60x10" 5.50x10°
R’ 0.999 0.999 1.000 0.994 0.999
Anaerobic
CQ 27 30 26 30 28
No 9.25x10° 1.52x10° 1.15x107 2.05x10" 3.23x10°"
NoSEM  2.85x10° 1.38x10° 4.51x10° 125x10° 1.25x10°
R’ 0.999 0.999 0.999 0.997 1.000
Overall E + SEM 2.07+0.02 2.05+0.01 2.05+0.02 2.01+0.02 2.03+0.02
Fold change' 1.83 8.10 1.19 1.90 1.32
p 0.240 0.388 0.749 0.517 0.598
RNAseq
Fold change® -1.09 1.04 -1.06 -1.05 -1.01
p-adj 0.300 0.750 0.960 0.450 0.290

"Fold change for RT-qPCR data is calculated as the anaerobic N value over aerobic Ny value.

fFor RNAseq, fold change is calculated as the anaerobic value over aerobic value and negative values indicates up-regulation in

aerobic conditions.

CQ represents quantification cycle values, R? represents correlation coefficients and E represents amplification efficiencies with

standard error of the mean (SEM) calculations. Ny is proportional to the number of copies of the gene present in the sample with

SEM calculations.
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5.2.1.2.2 shcC gene expression verification by RT-qgPCR

To study sbcC expression, equal amounts of cDNA from the three aerobic and three
anaerobic samples were amplified by qPCR as described in section 2.2.8 and analysed
using LinRegPCR version 2013.0 (201). In order to use the 2744CQ method (291) for the
relative quantification of sbcC expression, rpoD and proC were also amplified by
qPCR. Amplification of sbcC revealed the presence of a single peak in the melt curve
analysis (data not shown), indicating that sbcC amplification was specific. While the
amplification efficiencies of all three genes fell within range of each other, the N, of
anaerobic samples was almost two- and three- fold greater for the rpoD and proC genes,
respectively, than the Ny of aerobic samples. Average values of two independent runs

are summarised in Table 5.2. To use the 27240

method, the reference genes need to be
equally expressed under all of the experimental conditions of the assay (291). As these
conditions were violated in this assay, the 27**“? method was considered to not be an
appropriate way to quantify the relative change in sbhcC gene expression under aerobic

and anaerobic conditions.

Table 5.2. Summary of RT-qPCR amplification of sbcC for cDNA derived from aerobic and
anaerobically grown REL4536.

rpoD proC shcC

Aerobic

CQ 22 25 28

R’ 1.000 0.999 0.997
Anaerobic

Cq 21 23 25

R’ 0.999 0.999 0.999
E + SEM 2.03+0.01 2.00 + 0.02 2.00 +0.02
N, fold change’ 1.95 3.06 19.51

"Fold change for RT-qPCR data is calculated as the anaerobic Ny value over aerobic Ny value, where Ny is proportional to the
number of copies of the gene present in the sample.
CQ represents quantification cycle values, R* represents correlation coefficients and E represents amplification efficiencies with

standard error of the mean (SEM) calculations.
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Therefore, relative quantification of sbhcC expression was achieved by normalisation
against the Ny of both reference genes, as detailed in Table 5.3. Using this method,

sbcC expression was greater in anaerobically grown samples, however this difference in

expression was not significant (p > 0.05, Student’s t-test).

Table 5.3. Quantification of shcC expression using rpoD and proC expression values.

Aecrobic 1  Aecrobic2  Acrobic3  Anacrobic 1 Anacrobic2  Anaerobic 3

No No No No No No
rpoD 500%x10° 1.11x10° 138x10° 549x10° 296x10°  6.16 x 10°
proC 6.16x 107 1.89x 107 4.63x107 8.58x107 3.72x107  2.65x10°
sbcC 6.23x10° 2.92x10% 451x10° 3.17x107 519x10°  2.30x10°
shcC/rpoD  0.012 0.026 0.033 0.058 0.018 0.373
sbcC/proC - 0.101 0.154 0.097 0.369 0.140 0.868

Aerobic mean N Anaerobic mean N Fold changeT p

sbcC/rpoD 0.024 0.150 6.3 0.327
sbcC/proC 0.118 0.459 3.9 0.189

"Fold change for RT-qPCR data is calculated as the anaerobic N, value over aerobic Ny value, where N, is proportional to the

number of copies of the gene present in the sample.
5.2.1.3 Comparison of gene expression data

Even though studies have shown that the two methods can be well correlated (106), in
this study, there was weak correlation between the expression values determined by
RNAseq and RT-qPCR (Figure 5.2). While there were differences in the magnitude of
fold changes for the six genes, with phoA displaying the largest difference, all genes
analysed by RT-qPCR displayed increased transcription under anaerobic conditions as

opposed to values determined by RNAseq.

As both RNAseq and RT-qPCR use different approaches in assessing gene expression,
it stands to reason that the different approaches contribute to some of the variation
observed between the two datasets. In RNAseq analysis, reads are mapped to a
reference genome or transcriptome and then normalised per million mapped reads to

give the RPKM values. When using DESeq2, differences in the sequencing depths of
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the samples are taken into consideration, and the RPKM values are then further
normalised. DESeq?2 has an underlying assumption that most genes are not differentially
expressed, as this allows for the calculation of the geometric mean for each gene across
all samples. The geometric mean is then used to normalise the RPKM values. Results
from DESeq2, such as the PCA plot (Figure 5.1), indicate that there were many
differences between the aerobic and anaerobic samples. Thus, it is possible that
normalisation may have been slightly biased; this could possibly account for the
discrepancies between the RNAseq and RT-qPCR data. The usage of spike in controls

in any further experiments would greatly alleviate this concern and allow for proper

normalisation.
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Figure 5.2. Comparison of relative log2 fold changes observed for six genes quantified by both

RNAseq and RT-qPCR.

Additionally, the reference genes that were chosen for RT-qPCR analysis were
ultimately not suitable. Their expression values differed between runs (Table 5.1 and
Table 5.2), suggesting that they were not as stable as initial experiments had indicated.
While the 27**“? method was eventually not utilised, sbcC expression values were still
normalised to values from both rpoD and phoA and this normalisation may have
introduced some other biases. However, it is also possible that the inclusion of a third
anaerobic sample (Anaerobic 2) for RT-qPCR contributes to some of the variation
between RT-qPCR and RNAseq expression values. Results obtained from RT-qPCR

analysis of Anaerobic 3 differ from those obtained from Anaerobic 1 and Anaerobic 2
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(Table 5.3), suggesting that perhaps Anaerobic 3 might be an unusual sample.
Certainly, more replicates for both RNAseq and RT-qPCR analysis would provide a
more thorough and robust understanding of the biological relevance of differential gene
expression under aerobic and anaerobic conditions. Nonetheless, most importantly,
sbcC expression was found to be more prevalent under the anaerobic conditions of this

study by both RNAseq and RT-qPCR analysis.

5.2.2 Contribution of sbcC to genome fidelity and fitness

Adaptive evolution (section 1.7) is the evolutionary process where organisms
accumulate genetic changes that allow them to better adapt to their environment (164).
In evolutionary studies, the relative fitness of evolved populations, measured by
competitive fitness assays, can be used to measure adaptation. To determine the
contribution of SbcC to the occurrence of GCRs, and the effects of those GCRs on
population fitness in E. coli, experimental evolution techniques and whole genome re-
sequencing were utilised. Essentially, long-term adaptive lineages were established to
enable the adaptation of E. coli strains to anaerobic growth conditions. After linecages
had undergone 1,000 generations of experimental evolution, the genomes of randomly-
selected clones from the evolved populations were sequenced. Additionally, relative
fitness was determined for a selection of those populations for whom clonal sequence

data was available.

In order to determine the effect of sbcC on the occurrence of GCRs, comparison
between E. coli REL4536 adaptive experimental evolutionary lineages containing an
intact and a disrupted sbcC gene were employed. A parallel study examining the
adaptation of E. coli REL4536 to anaerobic and fluctuating growth conditions for 4,000
generations by Finn (2015) had recently concluded and served as an ideal control for the
sbcC disruption mutant, since identical operating procedures and growth conditions
were used for both sets of lineages (205). Thus, it was necessary to generate an E. coli

REL4536 strain with sbcC disruption.

5.2.2.1 Generation of sbhcC mutant

An E. coli REL4536 AshcC::cat strain was created (Table 2.1) by modifying E. coli
REL4536 by using the A-Red recombination procedure described in section 2.2.9.

Though two homologous recombination steps were required to obtain a scarless deletion
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of sbcC, all attempts at the second homologous recombination step (section 2.2.9.3.2)
were unsuccessful. Thus, in this study, the sbcC gene in E. coli REL4536 was
inactivated by the insertion of roughly 1 kb of DNA sequence (the pWRGI100
chloramphenicol resistance cassette) within the gene. This mutant stain was termed
E. coli REL4536 AsbcC::cat and was used to initiate the adaptive lineages described in
section 5.2.2.3.

5.2.2.2 Growth dynamics of sbcC mutant under anaerobic environment

Before establishing adaptive lineages of E. coli REL4536 AsbcC::cat, the growth
dynamics of the strain under anaerobic conditions (section 2.2.2) needed to be
determined. Growth courses were conducted, as described in section 2.2.4, for 1 mL
cultures grown in DM25 (Figure 5.3). CFU per mL of culture were calculated (section
2.2.4) to determine viable cell counts of the cultures. As can be seen in Figure 5.3, a
peak cell density 2.33 x 10’ CFU/mL was reached after 24 h. The cell density then
remained largely constant for another 24 h. Therefore, it was concluded that stationary
phase in this environment was reached within 24 h and that lineages would be
propagated every 24 h. In the parallel study of E. coli REL4536 adaptation to the same
anaerobic conditions, henceforth referred to as REL4536 AN populations, a peak cell
density of 3.50 x 10’ CFU/mL was reached after 20 h (205). These lineages had also
been propagated every 24 h (Figure 5.3).

5.2.2.3 Establishment of long-term lineages in anaerobic environment

After the growth dynamics of E. coli REL4536 AsbcC::cat under anaerobic conditions
were confirmed, long-term adaptive lineages of E. coli REL4536 AsbcC::cat were
established (section 2.2.15.1). Briefly, 14 independent lineages were initiated from an
ancestral stock culture derived from a single colony of E. coli REL4536 AsbcC::cat.
Ancestral culture identity was confirmed by Gram staining (section 2.2.5) and phage
contamination tests (section 2.2.14.2.3). All lineages were evolved for 1,000
generations, or 152 days, with daily sub-culturing (section 2.2.15.2.1) due to time
constraints. All evolved lineages were subject to fortnightly contamination tests (section

2.2.15.2.3) and fortnightly storage (section 2.2.15.2.2).
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Figure 5.3. Growth dynamics of E. coli REL4536 and E. coli REL4536 AsbcC::cat under
anaerobic growth conditions. Stationary phase is reached within 24 h for both strains. Data
points represent the mean values from three biological replicates, with error bars representing

standard error of the mean.

5.2.2.4 Mutation analysis

To identify the genetic changes that arose during the course of lineage adaptation to the
anaerobic environment, whole genome re-sequencing was used. After the lineages had
been propagated for 1,000 generations, each lineage was single colony streaked
sequentially three times over three days to ensure purity. DNA was then extracted
(section 2.2.10.1) from cultures derived from a single, randomly chosen colony from
cach lineage. Genomes of six E. coli REL4536 AsbcC::cat and four E. coli REL4536
AN 1,000 generation evolved clones were re-sequenced on an Illumina HiSeq 2000
instrument (section 2.2.16.3.1). To detect mutations, reference-based and de novo
assembly based mutation detection methods were used, as detailed in section 2.2.16.3.2.
Summary statistics of the reference-based mapping and the QUAST evaluated de novo
assemblies (224) are presented in Table 5.4. For each sample, whole genome re-
sequencing generated at least 1 million raw sequencing reads. While the genomes were
sequenced to differing depths as multiple clones were sequenced on the same lane, there
was at least 18-fold sequencing read depth (calculated as described in Equation 2.7) for

each lineage clone genome.
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Among the clones that were genome re-sequenced, a total of 57 mutations were
detected. Using breseq (209) for reference-based mapping to the E. coli REL4536
reference genome sequence (section 2.2.16.3.2.1), 10 BPSs, 13 indels and 34 GCRs
involving MGEs were detected (Table 5.5). Large-scale GCRs (i.e. inversions or
translocations as discussed in section 3.2.3.2.2.2) were identified by assembling
genomes de novo with PCR verification of synteny breakpoints. While two inversions,
mediated by the rhs genes, were identified in REL4536 AsbcC::cat clones by the in
silico analysis, both inversions were not able to be verified by PCR. Hence, these
inversions were not experimentally proven, most likely due to inadequate read coverage
and instability of assembly programmes over rhs junctions (see section 3.2.3.2.2.2 for

more). Details of all mutations found in this study are listed in Table A.7.

Table 5.5. Frequency of mutations found in the genome of each lineage clone.

Clone BPS Indels GCRs Total
RELA4536 AsbcC::cat-1K-1 0 2 3 5
REL4536 AsbcC::cat-1K-6 0 0 3 3
RELA4536 AsbcC::cat-1K-7 0 0 5 5
REL4536 AsbcC::cat-1K-8 0 1 2 3
RELA4536 AsbcC::cat-1K-12 3 8 6 17
REL4536 AsbcC: :cat-1K-14 2 2 4 8
REL4536 AN-1K-1 0 0 2 2
REL4536 AN-1K-3 1 0 1 2
REL4536 AN-1K-4 3 0 2 5
REL4536 AN-1K-6 1 0 6 7

5.2.2.4.1 Rates of GCRs per generation per genome

The mean mutation rate per genome per generation, calculated as described in section
2.2.14.3, for the REL4536 AsbcC::cat clones was 1.4-fold greater in magnitude
(Mann-Whitney U = 7.0, p = 0.186) than the mean mutation rate calculated for the
REL4536 AN clones (Figure 5.4). Additionally, inactivation of sbcC in the REL4536
AsbcC::cat clones resulted in the accumulation of more GCRs, and a mean rate of

3.83 x 10 GCRs per genome per generation. This value was 1.4-fold greater than the
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mean GCR mutation rate that was estimated for the REL4536 AN clones (Figure 5.4).
However, this difference in rates was not statistically significant (Mann-Whitney U =

6.5, p=0.148).

1.00E-02 -
®REL4536 clones

9.00E-03 B REL4536 AsbcC::cat clones
8.00E-03 -
7.00E-03 -
6.00E-03 -
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BPSs Indels GCRs Overall mutation rate

Mutation rate per genome per generation

Figure 5.4. Mutation rates for different types of mutations observed amongst the REL4536
AsbcC::cat-1K and REL4536 AN-1K clones. Shown are mean mutation rates per genome per

generation. Error bars represent standard error of the mean.

As can be seen from Figure 5.4, the most notable difference between the REL4536
AsbcC::cat-1K and REL4536 AN-1K clones was the rate at which indels occurred. The
disruption of shcC in the REL4536 AsbcC::cat clones resulted in a mean rate of
2.17 x 107 indels per genome per generation, while no indels were observed in
REL4536 AN clones (Mann-Whitney U = 4.0, p = 0.071). As sbcC has demonstrated
specificity for DSBs generated at palindromic and repeat sequences, these results were
surprising since SbcC inactivation was not expected to influence the mutation rate of
indels. It is important to note, however, that these results might be slightly biased due to
the observation that the majority of indels amongst the REL4536 AshcC::cat-1K clones
occurring in the REL4536 AsbcC::cat-1K-12 clone specifically.

As an aside, IS150 element transposition was particularly increased under the anaerobic
conditions of this study for both the REL4536 AsbcC::cat and REL4536 AN clone

genomes, with mean per generation mutation rates of 3.00 x 10~ + 6.83 x 10 and
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2.00 x 107 + 1.00 x 107, respectively. This phenomenon was also observed in the MA
study (section 4.2.1.3.1.1), indicating that IS150 is indeed particularly active under
anaerobic conditions. Additionally, these results suggest that sbcC may not be involved

in regulating IS150 mediated GCRs.

5.2.2.4.2 Mutations of interest

Amongst the sequenced lineages, there were instances of the same mutations being
detected in independent lineages. Such instances of parallelism suggest that either these
mutations confer a selective advantage or serve as a mutation hotspot. Examples of such

mutations include BPS, indels and GCRs, as described below.

5.2.2.4.2.1 REL4536 4sbcC::cat-1K-1 and REL4536 AsbcC::cat-1K-8

REL4536 AsbcC::cat-1K-1 and REL4536 AsbcC::cat-1K-8, for instance, exhibited two
instances of parallelism; a roughly 33 kb deletion and a 5 bp indel was detected in
clones from both lineages. As these lineages had always been maintained on separate
plates during the course of evolution, we are confident that these mutations arose
independently in the lineages (Table A.7). It seems likely that the 33 kb deletion was
mediated via homologous recombination of IS3 elements flanking the region. A total of
30 genes were deleted and are listed in Table A.8. Many of the deleted genes encode
hypothetical proteins of unknown function and are likely to be associated with cryptic
prophage P22 activity. Genes involved in transcription regulation were also deleted. For
example, appY, which encodes the transcriptional regulator AppY, is induced by the
global regulator ArcAB. In turn, ArcAB induces the expression of genes involved in
anaerobic energy metabolism, survival at stationary phase and phosphate starvation
(294). Another deleted gene of interest is envY, which encodes the DNA-binding
transcriptional regulator EnvY. EnvY is involved in the regulation of genes encoding
cellular envelope proteins that are required for survival at low temperatures and during
stationary phase (295). Loss of this region of the genome has previously been reported
(296) and was also observed in E. coli REL4536 clones evolved under anaerobic
conditions for 2,000 generations (205) by Finn (2015). However, the selective

advantage conferred by this deletion is not immediately apparent.

The 5 bp indel, found in both the REL4536 AsbcC::cat-1K-1 and REL4536 AsbcC::cat-

1K-8 sequenced clones, restored the original coding frame of the pseudogene dcus.
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DcuS, along with DcuR, is part of a two component regulatory system; DcuS is a
dicarboxylate-sensing histidine kinase that reports the external dicarboxylate
concentration to DcuR, while DcuR regulates genes involved in the anaerobic fumarate
respiratory system (297). Hence, it is possible that this mutation may have reactivated
an anaerobic respiratory pathway (297) and subsequently, been selected for. The same
mutation was also observed in all sequenced E. coli REL4536 clones evolved under

anaerobic conditions for 2,000 generations by Finn (2015) (205).

5.2.2.4.2.2 The adhE gene

Amongst the 10 sequenced clones, four different non-synonymous mutations in adhE
were detected (Table 5.6). The adhE gene encodes AdhE, which can function as an
alcohol dehydrogenase and a coenzyme A-dependent acetaldehyde dehydrogenase.
Under conditions where fermentation is possible, AdhE can catalyse the reduction of
acetyl-CoA to ethanol. Alternatively, during aerobic growth, AdhE can catalyse the
oxidation of acetaldehyde to acetyl-CoA (298). In summary, AdhE is involved in the
maintenance of the redox balance under anaerobic conditions and previous studies have
reported that E. coli cells were not able to grow under anaerobic growth conditions
without the gene. The same study also observed that additional mutations in the pta

gene rescued the cells and allowed them to grow (298).

Table 5.6. Details of adhE mutations detected in this study.

. Reference . . .
Lineage Position” Change Mutation type ~ Amino Acid Change
RELA4536 AsbcC::cat-1K-12 1,439,509 A->G Transition Glu (568) Gly

REL4536 AsbcC::cat-1K-14 1,439,821 A > C Transversion  Asp (672) Ala

REL4536 AN-1K-3 1,438,030 A—>G Transition Tyr (75) Cys
REL4536 AN-1K-4 1,439,673 G > A Transition Ala (623) Thr
REL4536 AN-1K-6 1,438,030 A>G Transition Tyr (75) Cys

"Position of mutation on reference E. coli REL4536 genome.

As different mutations in adhE were found in independent lineages, with or without an
active shcC gene, it is likely that mutations in adhE generally confer a selective
advantage to growth under anaerobic conditions. Lending support to this theory are

findings by Finn (2015), where BPSs in adhE were also observed in all sequenced
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E. coli REL4536 clones evolved under anaerobic conditions for 2,000 generations
(205). All of the BPSs listed in Table 5.6 resulted in the substitution of an amino acid
residue for another, and so, were likely to confer a conformational change of the
protein. Thus, it is possible that AdhE protein function was disrupted, which may result
in the diversion of the fermentation pathway to increased succinate or acetate

production to serve as additional energy sources for growth (299, 300).

5.2.2.4.2.3 IS insertions

Other instances of the same mutations being detected in independent lineages involved
IS elements. For example, IS150 insertion was detected in CycA at the same position
(4,381,583 in the REL4536 reference genome) in both REL4536 AsbcC::cat-1K-8 and
REL4536 AsbcC::cat-1K-14 clones (Table A.7). Encoded by cycA, the CycA
transporter is involved in the uptake of glycine, serine and alanine. It has previously
been demonstrated that cells with inactivated cycA exhibited decreased transport of the
three amino acids and were resistant to d-cycloserine inhibition (301). While it is
possible that these mutations could have derived from cross contamination between
lineages, as both REL4536 AsbcC::cat-1K-8 and REL4536 AsbcC::cat-1K-14 lineages
had been maintained on the same plates, IS150 insertion was found at exactly the same
position in sequenced REL4536 AN clones (for lineages 1, 3, 4 and 6). Therefore, it is
probable that this position is a hotspot for IS150 insertion, which may aid in adaptation

to either the anaerobic environment or the 24-well growth vessels.

IS150 insertion was also detected in ydiQ at the same position (974,185 in the REL4536
reference genome) in the REL4536 AsbcC::cat-1K-6, REL4536 AsbcC::cat-1K-7 and
REL4536 AsbcC::cat-1K-14 clones (Table A.7), suggesting the possibility of this
position being another hotspot for IS150 insertion. YdiQ, encoded for by ydiQ, is a
putative electron transport flavoprotein subunit that may be involved in the electron
transport chain between the fatty acid oxidation and respiration pathways under
anaerobic conditions (302). Additionally, IS150 insertion was also detected in ydiU at
the same position (963,716 in the REL4536 reference genome) in the REL4536
AsbcC::cat-1K-1, REL4536 AsbcC::cat-1K-6, REL4536 AsbcC::cat-1K-7 and
RELA4536 AsbcC::cat-1K-14 clones, suggesting this position may be another hotspot for

IS150 insertion. YdiU, encoded for by ydiU, is a conserved protein with unknown
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function. However, the advantages of inactivating both ydiQ and ydiU via insertion of

IS elements remain unclear.

Another instance of parallelism was detected in clones from REL4536 AsbcC::cat-1K-7
and REL4536 AsbcC::cat-1K-14, where an IS150 element was deleted from the pflB
gene, resulting in the reactivation of the gene (Table A.7). The pflIB gene encodes
pyruvate formate lyase I, an enzyme involved in the conversion of pyruvate to formate
during anaerobic fermentation. Therefore, the presence of a functional pflB gene under
anaerobic conditions should be beneficial and advantageous under anaerobic growth
conditions. Moreover, reactivation of the pflB gene was also reported by Finn (2015) for
some sequenced REL4536 clones evolved under anaerobic and fluctuating conditions
for 2,000 generations (205). Additionally, a C = T transition in the pfIB gene at the
same position (1,766,332 in the REL4536 reference genome) was detected in the
RELA4536 AsbcC::cat-1K-14 and REL4536 AN-1K-4 clones. As this mutation was
synonymous, and thus did not result in the substitution of amino acids, the beneficial

effect of this mutation is not immediately apparent.

5.2.2.5 Fitness assessment of evolved populations.

GCRs have not been studied in exhaustive detail in most experimental evolution studies.
As the aim of this study was to determine how GCRs impact adaptive evolution,
determining the effect of GCRs on population-level fitness was of interest. While GCRs
have long been thought to play important roles in events such as speciation and short-
term adaptation to new environments (35-40), it can be difficult to predict their effects
on fitness. Even though potential fitness costs can restrict the occurrences of GCRs in
populations (33), many studies have found that some GCRs have conferred increased

fitness (41-43).

Fitness of evolved strains can be measured by the use of competitive fitness assays. To
distinguish between the evolved and ancestral strains, neutral, phenotypic markers are
often used. While Lenski et al. use arabinose utilisation and growth on selective media
in their fitness assays (181), Finn (2015) found that arabinose-utilising mutants of
E. coli REL4536 were not selectively neutral under anaerobic conditions (205).
Therefore, Finn (2015) isolated spontaneous mutants of REL4536 with resistance to

various antibiotics and assessed these mutants for neutrality as described in (205).
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Ultimately, Finn (2015) generated a rifampicin resistant spontaneous mutant, Rif'2, that
was neutral under both aerobic and anaerobic conditions. A single A = T transversion
(at position 4,128,442 in the REL4536 reference genome) in the rpoB gene was found
to confer rifampicin resistance in the Rif'2 strain (205). This mutation resulted in the
substitution of a phenylalanine for an isoleucine and thus, resistance may be due to a
lower binding affinity of rifampicin to RNA polymerase. Rifampicin resistance has also
been used as a marker for competitive fitness assays under oxygen-limited conditions

by Puentes-T¢llez et al. (2013) (303).

5.2.2.5.1 Assessment of neutrally marked strains

Finn (2015) tested the neutrality of Rif'2 against the ancestral E. coli REL4536 strain
under anaerobic conditions and reported a relative fitness value of 1.04 + 0.05 (205). As
the REL4536 AsbcC::cat strains had a disrupted sbcC gene, it was necessary to
determine whether Rif2 could also be used for competitive fitness assays involving
RELA4536 AsbcC::cat evolved strains. Thus, the fitness of Rif'2 against the REL4536
AsbcC::cat ancestral strain was determined as described in section 2.2.13.2. Relative
fitness (@) values of Rif2 against the REL4536 AsbcC::cat ancestral strain were
calculated as the mean of two competitions of four biological replicates each (section
2.2.13.2.1) and a mean fitness value of 1.05 + 0.05 was obtained. In phenotypic
competitive fitness assays, an ideal marked strain should have a fitness value of 1.0. As
Rif2 met these requirements, it was deemed to be an appropriate marker to use for
competitive fitness assays involving both evolved REL4536 AsbcC::cat and REL4536
AN strains. Therefore, all competitive fitness assays presented in this section utilise

Rif'2 as the ancestral competitor strain.

5.2.2.5.2 Population fitness

Competitive fitness assays of four REL4536 AsbcC::cat populations and four REL4536
AN populations, all evolved for 1,000 generations under anaerobic growth conditions
were performed as described in section 2.2.13, with an underlying assumption that the
randomly-selected clones that were sequenced (section 5.2.2.4) were typical
representatives of the total genetic diversity of the populations from which they were
isolated. The four REL4536 AsbcC: . cat lineages were chosen for fitness analysis based
on the genome sequence data of representative clones (Table A.7). For instance,

RELA4536 AsbcC::cat-1K-12 was chosen for analysis as the representative clone from
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this population had the most mutations and the most GCRs (Table 5.5). Both REL4536
AsbcC::cat-1K-6 and RELA4536 AsbcC::cat-1K-7 were chosen for relative fitness
assessment as the representative clones from these populations had only GCRs as
mutations (Table 5.5). Finally, REL4536 AsbcC::cat-1K-8 was chosen as it contained
only three mutations, amongst which one was the 33 kb deletion (section 5.2.2.4.2.1),

and the effect of this deletion on relative fitness was of interest.

The fitness of all populations, relative to the ancestor, increased after 1,000 generations
of adaptation (Figure 5.5). On average, the mean relative fitness of the four REL4536
AsbcC: :cat populations was 1.78 £ 0.15 after the 1,000 generations. On the other hand,
mean relative fitness of the four REL4536 populations was 1.64 + 0.21. As fitness
typically rises rapidly at the start of adaptation experiments (168), especially in response
to novel environments, these results were consistent with expectations. Even though the
assumption of there being a relationship between the number of GCRs and population
fitness is rather simplistic, the association between the two was investigated next, as it is

a practical starting point in understanding the dynamics between GCRs and evolution.

Populations of REL4536 AsbcC::cat displayed varying fitness dynamics that did not
display a strong correlation between the number of GCRs and relative fitness
(Figure 5.5). For example, even though the sequenced REL4536 AsbcC::cat-1K-12
clone had the most GCRs, the REL4536 AsbcC::cat-1K-12 population did not have the
largest increase in fitness. In fact, the REL4536 AsbcC::cat-1K-8 population
experienced the greatest increase in fitness, with a relative population fitness of 2.17 +
0.25. This finding was of great interest, as the REL4536 AsbcC::cat-1K-8 clone had
only 3 mutations; the 33 kb deletion, the 5 bp indel and an IS150 insertion into CycA
(section 5.2.2.4.2.3).

As fitness assays were conducted at the population level, and genome sequence data
was obtained at a clonal level, it is difficult to distinguish which particular mutations
were responsible for increases in fitness. Studies have previously shown that gene loss
can result in increased fitness, as genes whose functions are not required under the
conditions of the experiment are removed, eliminating unnecessary and costly gene
expression in the process (304). However, it is unclear what factors drive the gene
deletion process. Therefore, it is possible that the 33 kb deletion is the underlying factor
behind the fitness increase observed for the REL4536 AsbcC::cat-1K-8 population as
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many genes with no assigned function, as well as the appY gene, were deleted in the
process. Thus, it would be of interest to see if the REL4536 AsbcC::cat-1K-1
population, where the sequenced clone had the same 33 kb deletion and 5 bp indel,
experienced a similar increase of relative fitness after 1,000 generations of evolution.
Furthermore, in future, it would be beneficial to conduct fitness assays at the clonal
level and determine if similar increases in fitness are observed. As it is possible that the
sequenced clones are not typical representatives of the genotypes of the populations
from which they were isolated, it would be beneficial to determine how prevalent the
genotype of the REL4536 AsbcC::cat-1K-8 clone is in the population. This could be
achieved by the use of qPCR to estimate gene copy numbers amongst evolved lineages.
Together, these studies would indicate if the genetic basis of the fitness increase in the

REL4536 A4sbcC::cat-1K-8 population could be a pleiotropic effect of the three

mutations.
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Figure 5.5. Relative fitness of anaerobic populations to an ancestral strain after 1,000
generations of evolution. ANC denotes the ancestral strain. Displayed are the mean relative
fitness values of four biological replicates per lineage. Error bars represent the standard error of
the mean. Asterisk denotes a significant difference between average ancestral and average

lineage relative fitness by Student’s t-test (p < 0.05).
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Similarly, all REL4536 AN populations had increased relative fitness after 1,000
generations (Figure 5.5). The population displaying the greatest gain in relative fitness
was REL4536 AN-1K-6 (2.08 £ 0.35), where the sequenced clone derived from this
population also had the most mutations and the most GCRs of all sequenced REL4536
AN clones. Once again, as fitness assays were conducted at the population level, and
genome sequence data was obtained at a clonal level, it is difficult to distinguish which
particular mutations were responsible for increases in fitness. Fitness assays of the
sequenced clones could potentially provide more insight. Moreover, in an independent
set of fitness experiments conducted by Finn (2015), the relative fitness of REL4536
AN-1K-6 was 1.32 + 0.04 (205), a value much lower than the one determined in this
study. Thus, further experiments with this population are necessary. It is possible that
the difference in relative population fitness between the two experiments is due to the
use of different sub-populations of frozen stock; thus, a better understanding of the

fitness dynamics of the population can be obtained with more replicates.

To further investigate potential correlation between fitness and number of GCRs,
Pearson correlation coefficients between population fitness and number of detected
GCRs were calculated for REL4536 AsbcC::cat-1K and REL4536 AN populations
(Table 5.7). Correlation coefficients of -0.77 (p = 0.23) and 0.85 (p = 0.15) were
obtained for the REL4536 AsbcC::cat-1K and REL4536 AN populations, respectively.
Thus, there appeared to be a reasonably strong positive correlation between the number
of GCRs in the sequenced clone and magnitude of fitness for the REL4536 AN
lineages, but a reasonably strong negative correlation for the REL4536 AsbcC::cat
lineages. When considering the REL4536 AsbcC::cat-1K and REL4536 AN populations
together, a correlation coefficient of 0.24 was obtained (p = 0.57). Taken as a whole,
these results suggest that there is weak correlation between the number of GCRs and
fitness. These results also suggest that in the presence of functional SbcC, GCRs are
well regulated and an increase in GCRs can lead to an increase in fitness. On the other
hand, in the absence of functional SbcC, perhaps genome instability has drastically
increased, such that population fitness does not increase in large increments due to the

occurrence of too many lethal or highly deleterious GCRs.
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5.2.2.6 Polymorphic evolved lineages

Finn (2015) noticed that after 2,000 generations of evolution, four of his seven
anaerobic populations gave rise to colonies that were morphologically different than
those typical of the ancestral population (typical colony morphotypes, TCM) when they
were grown on LB agar plates (section 2.1.7.1.1) and incubated under aerobic
conditions (section 2.2.1) (205). As these colonies were much smaller than TCMs, they
were referred to as small colony morphotypes (SCMs). Such findings are not unusual,
as many long-term adaptive lineages, including Lenski’s landmark LTEE study, have
reported the existence of populations with polymorphic phenotypes (300, 305, 306).
Therefore, to determine if REL4536 AsbcC::cat-1K populations displayed any
phenotypic polymorphism, REL4536 AsbcC::cat-1K populations, from which
representative clones had been sequenced, were grown on LB agar plates, incubated
under aerobic growth conditions and colony morphology was analysed. Briefly, five of
the six REL4536 AsbcC::cat-1K populations were mixed populations, displaying both
TCMs and SCMs (

Table A.9). Only the REL4536 AsbcC::cat-1K-6 population retained a typical colony
morphology. Of note, none of the populations displaying mixed morphologies were

associated with low relative fitness values (Table 5.7).

Table 5.7. Correlations between relative fitness and number of accumulated GCRs; and

population morphology of clones under aerobic conditions.

Fitness  Population colony Pearson correlation

Lincage #GCRs (0) morphology coefficients
REL4536 AsbcC::cat-1K-6 3 1.75 Typical”

REL4536 AsbcC::cat-1K-7 5 1.49 Mixed" 077
REL4536 AshcCrocat-1K-8 2 217 Mixed (p=023)
REL4536 AsbcC::cat-1K-12 6 1.70 Mixed

REL4536 AN-1K-1 2 1.31 Typical

REL4536 AN-1K-3 1 1.59 Typical 0.85
RELA4536 AN-1K-4 2 158 Typical (p=0.15)
REL4536 AN-1K-6 6 2.08 Typical

"Typical morphology refers to colonies that are similar in size to the ancestor.

"Mixed populations were those with both typical and small sized colonies.
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5.2.2.6.1 Genetic basis of polymorphism

Colony morphologies of the representative, sequenced clones from each population
were also investigated. Only REL4536 AsbcC::cat-1K-1 and REL4536 AsbcC::cat-1K-
8 clones were SCMs, as the remaining clones displayed colony sizes similar to that of
the ancestral population. To determine if there was a genetic basis behind the SCMs, the
whole genome sequence data (Table A.7) of both clones was analysed. Amongst both
clones, only two mutations were shared; both clones had the 33 kb deletion and the 5 bp
indel (section 5.2.2.4.2.1). Therefore, it is likely that one of the two mutations, or
epistatic interactions between the two mutations, is responsible for the appearance of
SCMs. Notably, neither mutation was detected in clones with typical colony
morphology (Table A.7). Finn (2015) also observed the 33 kb deletion and the 5 bp
indel, amongst many other mutations, in the SCMs sequenced in their study (205).
However, the two mutations were never reported in the same clone, indicating the
likelihood of there being multiple pathways that result in a SCM phenotype in cells.
Finn (2015) proposed that the TCM and SCM populations stably co-exist via an acetate
cross-feeding mechanism, whereby SCMs arise, and are maintained, due to the secretion
of acetate into the media as a by-product of anaerobic fermentation during TCM growth
(205). Or alternatively, it is thought that the SCMs may have arisen due to the presence

of citrate in the media.

5.3 Summary

One of the genes involved in maintaining genome integrity in E. coli is the sbcC gene,
which forms a complex with the protein encoded by sbcD to repair DBSs. If left
unrepaired, these DSBs can result in the formation of GCRs. In our MA study of E. coli,
GCRs occurred more frequently when cells were grown under anaerobic conditions
(section 4.2.1.3). Additionally, sbcC was shown to be more highly expressed under
anaerobic growth conditions using both RNAseq and RT-qPCR (section 5.2.1.) Thus,
the aims of this study were to use whole genome re-sequencing and experimental
evolution techniques to determine the contribution of GCRs to adaptive evolution. To
do this, the involvement of SbcC to the occurrence of GCRs in E. coli and the

subsequent impact of those GCRs on population fitness were studied.
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An E. coli REL4536 AsbcC::cat strain was generated (section 5.2.2.1) and used to
establish 14 lineages that were sub-cultured every 24 h for 1,000 generations under
anaerobic growth conditions (section 5.2.2.3), from which, selected clones were genome
sequenced (section 5.2.2.4). Inactivation of sbcC led to an increased occurrence of
GCRs, though this was not statistically significant, suggesting that proteins other than
sbcC may be involved in GCR prevention under the anaerobic environment (section
5.2.2.4.1). Additionally, relative fitness of selected populations also increased (section
5.2.2.5.2), though, as these increases were not in accordance with the number of GCRs
or mutations, the genetic basis of these increases remain unclear. Overall, a weak
association between the number of GCRs in the sequenced clone and the fitness of the
evolved lineages was found. Some populations displayed mixed morphology after 1,000
generations (section 5.2.2.6), growing colonies that were either similar to the ancestral
strain (TCM) or much smaller (SCM) in size. While these small colonies were not
associated with a loss of population fitness, it seems plausible that the 33 kb deletion, or

the 5 bp indel, or more likely, both mutations, were responsible for the rise of SCMs.

In future, sequencing more clones and/or populations and measuring the relative fitness
of those populations would provide a more thorough understanding of any potential
trends between GCRs and fitness. Subjecting colonies to competitive fitness assays
would also provide greater insight into the dynamics between GCRs and fitness. Allelic
replacement studies, in which mutations are recreated in the ancestral strain and
subsequently competed against the ancestor, would allow for direct measurements of
fitness enhancements due to introduced mutations. Reconstructing mutants of those
mutations that are of interest would also allow for the direct observation of their impact
on colony morphology. Better understanding of the effects and actions of genes
involved in DNA repair would also be of great value. This could be achieved through
further work with the E. coli REL4536 AsbcC::cat strains. For instance, MA assays
conducted with this strain would provide further insight on the mode of action of shcC.
Additionally, evolving the lineages for a longer period of time (at least for another
1,000 generations) would also be preferable, as this could increase the chances for more

GCRs, which may have an impact on relative fitness, to arise.
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Chapter Six: General discussion

6.1 Background

The primary aim of this thesis was to determine how aerobic and anaerobic
environments affect the mutation rate and spectra of the facultative anaerobic bacterium,
E. coli REL4536. In this study, MA lincages and whole genome re-sequencing of
individual clones from the MA lineages were utilised to provide one of the most
comprehensive estimates of the mutation rate and spectra in aerobic and anaerobic
environments to date. The secondary aim of this thesis was to determine the impact of
GCRs on the fitness of populations by determining the contribution of SbcC to the
occurrence of GCRs under anaerobic growth conditions This was studied by evolving
parallel populations of sbcC mutant strains of E. coli REL4536 and using whole
genome re-sequencing of individual clones to identify all genetic changes that occurred
within genomes as they adapted to the anaerobic environment. By using relative
population fitness as a measure of adaptation, it was possible to investigate potential

relationships between the number of GCRs and adaptive evolution.

6.2 General discussion of findings and future directions

Using both fluctuation and MA assays, it was determined that the genome-wide
spontaneous mutation rate is significantly greater in an anaerobic environment than in
an aerobic one. The average mutation rate obtained for aerobically grown E. coli cells
via fluctuation assays was 2.6 x 10™'° mutations per nucleotide per generation, which is
comparable to the genome-wide spontaneous mutation rate of 2.5 X 107" mutations per
nucleotide per generation obtained via MA assays. The aerobic mutation rates obtained
in this study are within the range of recent estimates obtained for a strain of E. coli K-
12, though GCRs were not included in the analysis of that study. For anaerobically
grown E. coli cells, an average mutation rate of 1.3 x 10” mutations per nucleotide was
obtained via fluctuation assays. However, when using MA assays, a three-fold lower
rate of 4.1 x 10" mutations per nucleotide per generation was obtained, revealing
discrepancies that can be obtained between fluctuation assay based estimates and those

based on the more comprehensive, genome-wide mutation detection.

While this study was a comprehensive analysis of the mutation rate and spectra, the

mutation rates were estimated from only a small number of genomes (24 in each
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environment). More robust estimates could be obtained from sequencing larger sample
sizes. Additionally, the mutation rates and spectra obtained from this study may not
precisely match the mutation rates or spectra that are found in natural microbial
populations, where populations may experience other stresses such as extreme
temperatures or starvation. However, the reductionist approach undertaken within this
thesis provides valuable foundation information regarding differences in mutation rate
under aerobic and anaerobic conditions that would contribute to rates displayed by
natural populations. Finally, it is important to note that the reported genome-wide
mutation rates are still underestimations of the true spontaneous mutation rates under
both aerobic and anaerobic environments. While there is negligible selection in this
study (section 4.2.1.1.3), such that the substitution rate can be equated with the
spontaneous mutation rate, any lethal and/or highly deleterious mutations would not
have accumulated in the MA lineages and so, would not have been included in the

calculations.

Another notable finding of this study was that, depending on how the mutation rate is
expressed, with regard to generation or absolute time, different trends among mutation
classes can be obtained. Due to the slower growth rate of anaerobically grown cells,
mutation rates expressed per unit time were also calculated. Per day mutation rates for
BPSs, indels and GCRs were greater in an aerobic environment, as compared to an
anaerobic one, with BPSs and indels exhibiting significantly two-fold greater rates.
Mutation rates calculated per generation displayed a different trend, with rates for BPSs,
indels and GCRs being 1.3-, 1.5- and 2.6- fold greater, respectively, during growth in an
anaerobic environment, as compared to aerobic. These differences in the per generation
and the per day mutation rates can be attributed to the aerobically and anaerobically
grown cells spending differing proportions of time in the different stages of the cell
cycle, and indicate that some mutation types may arise independently of genome

replication during cell division.

The types of mutations that prevailed in the two environments were also found to differ.
In the aerobic environment, there were biases towards G = T transversions, which was
expected as a result of ROS-induced DNA damage. In addition, IS186 transposition
occurred at significantly 4.6-fold greater rates in aerobically grown cells. In contrast, in

the anaerobic environment, there was an unexpected propensity for C > A, T = G and
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A - C transversions. These results were not consistent with our understanding of
oxidative stress-induced DNA damage and repair, suggesting that other exogenous
agents or cellular mechanisms present in anaerobically grown cells may be responsible
for these mutations. In addition, while the general GCR mutation rate was significantly
higher in anaerobically grown cells, IS element insertions displayed the greatest
mutation rates. In particular, IS150 transposition was significantly greater under
anaerobic growth conditions, as compared to aerobic conditions. While IS elements are
known to respond to starvation and other cellular stresses (60), the reasons for increased

IS element activity under anaerobic conditions are not immediately clear.

Overall, these findings highlight the need for further studies of the mutagenic and
physiological pressures associated with aerobic and anaerobic growth. In particular,
determining and characterizing the agents of mutation behind the mutation biases
observed in the anaerobic environment and determining the extent to which these
sources contribute to the spontaneous mutation rate. Determining conditions that
promote particular mutation classes (e.g. GCRs) would also greatly aid in understanding
the mutational processes under both environments. Furthermore, in their study, Lee et
al. (2012) demonstrated that methylated bases serve as mutational hotspots, and
contributed to the prevalence of G = A and C - T transitions in aerobically grown
E. coli (13). By analysing the sequence context of the BPSs, it would be possible to
determine if anaerobically grown E. coli exhibit a similar trend or not. Moreover, even
in the case of aerobically grown E. coli, there is conflicting information regarding the
relationship between gene expression and mutation rates (13, 307, 308). So to determine
whether the higher mutation rates can in part be explained by mutations in genes with
low expression, it would be worthwhile to investigate these associations in
anaerobically grown E. coli. Studies have also indicated that the leading and lagging
strand of the E. coli chromosome are replicated with differential fidelity; such that the
two strands differ in their susceptibility to mutations (258, 309). Further studies could
involve elucidating any differences in the mutation rates of the leading and lagging

strands, and to determine whether they can help explain the observed mutation spectra.

The rates at which mutations occur in populations are the combined result of the
mutational pressures experienced by the DNA, accurate DNA replication and the

efficiency of the pathways that find and repair DNA damage. Therefore, to determine
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how genome integrity is maintained during growth under aerobic and anaerobic
conditions, the activities of the many DNA repair pathways in E. coli were investigated.
Overall, expression of genes involved in repair and replication was greater under
anaerobic growth conditions, than aerobic conditions. The greatest differential activity
was observed for genes involved in GCR repair, consistent with findings that GCRs
were more prevalent in anaerobic MA lineages. While there were some difficulties in
relating gene expression of repair genes under aerobic and anaerobic conditions to the
observed mutational spectra in the MA study, this study is one of few to provide insight
about how genome fidelity is maintained under anaerobic conditions. As very little is
known about how anaerobically grown E. coli maintain genome fidelity, better
understanding of how the DNA repair and replication pathways function under
anaerobic growth conditions will provide valuable information on how anaerobes
maintain genome integrity and to establish which DNA repair and replication genes are
responsible for the accumulation of certain mutations. Thus, analysing gene expression
of more biological replications at different stages of the growth cycle would be
beneficial. Finally, by conducting MA assays of repair-deficient strains, further insight

on the mode of action of anaerobic repair genes could be gained.

Many repair and stress response genes, including those involved in acid resistance,
displayed greater expression under anaerobic conditions, than under aerobic conditions.
Hence, it is possible that these systems were induced by the intracellular pH generated
within cells as they underwent anaerobic fermentation. In future, monitoring
intracellular pH or for gas production in anaerobically grown cells will aid in better

understanding the physiological conditions experienced by the cells.

We sought to understand how GCRs contribute to and impact adaptive evolution by
using shcC, a gene involved in maintaining genome fidelity, and experimental evolution
techniques. After E. coli strains containing a disrupted sbcC had been evolved for 1,000
generations, sbcC mutants exhibited higher rates of mutations and GCRs, though these
differences were not statistically significant. In addition, the relative population fitness
of selected sbcC mutant populations had increased, though the genetic bases behind
these increases were not able to be resolved. Moreover, there were no clear correlations
between the number of GCRs detected in sequenced clones and the relative fitness of

evolved populations. In fact, these results suggested that GCRs can play a significant

174



role in adaptation under anaerobic environments. In the presence of functional SbcC,
GCRs are well regulated and that an increase in GCRs can lead to an increase in fitness.
On the other hand, in the absence of functional SbcC, perhaps genome instability has
drastically increased, such that population fitness does not increase in large increments
due to the occurrence of too many lethal or highly deleterious GCRs. Additionally, after

1,000 generations, some of the populations also displayed mixed colony morphology.

6.3 Conclusions

The evolutionary success of organisms relies on their adaptability to changing
environmental conditions. As mutations are the fundamental source of genetic variation
upon which natural selection and genetic drift can act, knowledge of mutation rates and
the molecular spectrum of spontaneous mutations 1s extremely important in
understanding how populations evolve over time. This thesis, using experimental
evolution and whole genome re-sequencing, provides detailed insight into the mutation
rates and spectra of E. coli grown under aerobic and anaerobic conditions. The genome-
wide mutation rate of anaerobically grown cells that was reported in this study was 1.7-
fold greater than the rate that was obtained for aerobically grown cells. Also, by using
whole genome re-sequencing, it was possible to detect various classes of mutations
including BPSs, indels and GCRs. The scale at which these mutations occurred within
acrobically and anaerobically grown cells in E. coli was not known previously,
indicating the benefit of studying mutations across the whole genome. Indeed, this is the
first study to compare the genome-wide spontaneous mutation rate of E. coli grown
aerobically and anaerobically on minimal media and provides the most comprehensive
mutation rate estimate of anaerobically grown E. coli to date. Additionally, this study
found that GCRs, a mutational class that has been rarely studied due to technical
challenges in identification, were more prevalent under anaerobic growth and this was

largely due to increased IS element activity.

While the findings of this study may not be relevant to complex eukaryotic organisms,
due to the fact that such organisms can only metabolise energy aerobically, this PhD
study can be used as a model for other facultative anaerobes with commercial or
pathogenic concerns such as Saccharomyces cerevisiae and species belonging to the
Staphylococcus, Streptococcus and Listeria genera. Additionally, to date, there has been

limited study into the mutagenic and evolutionary processes of anaerobic organisms.
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Thus, knowledge of what mutations may arise will aid in tracking the evolution of these
organisms, especially in the case of pathogens as they expand and encounter new

environments.
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Appendices

Appendix A

Table A.1. Examples of oxidative lesions and the mutations they produce. Table adapted from

25).
Nucleotide DNA Lesion Produced Mutation
Guanine
8-oxoguanine G>T
Cyanuric acid G =>T
Oxaluric acid G>T
Oxazalone G>T
2,6-Diamino-4-hydroxy-5-formamidopyrimidine G>T
Spiroiminodihydantoin G->C
Imidazolone G->C
Adenine
2-hydroxyadenine A>T
Thymine
Thymine glycol T>C
Formylamine T>C
Urea T>C
Cytosine
Uracil glycol C->T
5-hydroxyuracil C>T
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Table A.2. Expression values of all genes in REL4536 known to be involved in DNA repair and

replication.

Gene Description Fold Change’ P-adj’

Base excision repair pathway

alkA 3-methyl-adenine DNA glycosylase I -1.86 4.45x 10"
mug Stationary phase uracil DNA glycosylase -1.61 0.002
mutM Formamidopyrimidine DNA glycosylase 2.19 9.92 x 107
mutT Nucleotide hydrolysis glycosylase 1.08 0.79

mutY Adenine DNA glycosylase -1.88 1.66 x 10°®
nei Endonuclease VIII 1.13 0.47

nfi Endonuclease V 4.00 7.67 x 107
nfo Endonuclease IV 2.03 5.03 %107
Nth Endonuclease 11 2.56 3.83x 107
tag 3-methyl-adenine DNA glycosylase I 1.03 0.87

ung Uracil DNA glycosylase 2.18 1.1x107"
XthA Exonuclease 111 -1.20 0.22
Mismatch repair pathway

dam DNA adenine methyltransferase 2.38 1.42 x 107"
ExoVII Exonuclease VII 4.32 8.35 x 10
exoX Exonuclease X 2.45 6.91 x 10"
mutH Endonuclease MutH 1.98 2.34x 10
mutL Molecular matchmaker MutLL -1.00 0.98

mutS Repair initiator MutS 5.74 2.44 x 107
recJ Exonuclease ReclJ 1.32 0.013

sbcB Exonuclease I 2.04 2.51 x 10"
ssh Single-stranded DNA binding protein -2.13 234 x 10™"
xseA Exonuclease VII -1.72 0.001

ybcN G:T mismatch repair protein -1.75 0.11
Nucleotide excision repair pathway

mfd DNA repair endonuclease 2.86 7.92 x 107
uvrA UvrA exinuclease 1.49 0.001

uvrB UvrB exinuclease 1.23 0.053

uvrC UvrC exinuclease -1.28 0.014

uvrD Helicase I1, also involved in mismatch repair 2.07 1.69 x 107"
ydjQ DNA repair endonuclease also SOS inducible 2.85 1.99 x 10-*
Recombinational repair

helD DNA helicase IV in RecF pathway -3.46 6.17 x 107
insA-1 IS1 protein 1.21 0.34
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Gene Description Fold Change’ P-adj’
insA-2 IS1 protein 1.23 0.29

insA-3 IS1 protein -1.05 0.79

insA-4 IS1 protein 1.16 0.39

insA-5 IS1 protein 1.29 0.08

insA-6 IS1 protein 1.29 0.15

insA-7 IS1 protein 1.18 0.21

insA-8 IS1 protein 1.21 0.24

insA-9 IS1 protein 1.16 0.36
insA-10 IS1 protein 1.08 0.68
insA-11 IS1 protein 1.08 0.68
insA-12 IS1 protein 1.21 0.24
insA-13 IS1 protein 1.22 0.23
insA-15 IS1 protein 1.19 0.36
insA-16 IS1 protein 0.99 0.98
insA-17 IS1 protein 1.15 0.38
insA-18 IS1 protein 1.23 0.20
insA-19 IS1 protein 1.19 0.32
insA-20  IS1 protein 3.72 3.43 x 107
insA-21 IS1 protein 1.18 0.33
insA-22 IS1 protein 1.20 0.31
insA-23 IS1 protein 1.22 0.24
insA-24 IS1 protein 1.02 0.89
insA-25  1S1 protein 6.14 6.19 x 107
insA-26 IS1 protein 1.22 0.27
insA-27 IS1 protein 1.21 0.27
insA-28 IS1 protein 1.28 0.13

insB-1 IS1 protein 1.49 0.11

insB-2 IS1 protein 1.92 0.01

insB-3 IS1 protein 1.83 0.008
insB-4 IS1 protein 3.17 8.24 x 10™
insB-5 IS1 protein 2.74 7.06 x 1077
insB-6 IS1 protein 2.68 4.94 x 10
insB-7 IS1 protein 2.62 3.77 x 107
insB-8 IS1 protein 3.15 2.02x10™
insB-9 IS1 protein 2.45 8.33x 10"
insB-10 IS1 protein 1.83 0.001
insB-11 IS1 protein 2.82 3.84 x 10
insB-12  IS1 protein 2.81 8.06 x 107
insB-13  1S1 protein 2.71 5.42x10®
insB-15  IS1 protein 3.20 2.57x10™
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Gene Description Fold Change’ P-adj’
insB-16 IS1 protein 1.66 0.005
insB-17  1S1 protein 2.90 3.76 x 10”
insB-18  1S1 protein 2.14 6.97 x 107
insB-19  1S1 protein 2.41 3.17%x 107
insB-20 IS1 protein 2.07 0.005
insB-21 IS1 protein 1.84 0.001
insB-22 IS1 protein 1.76 0.003
insB-23 IS1 protein 2.20 4.69 x 10”
insB-24 IS1 protein 1.50 0.04
insB-26  1S1 protein 1.88 8.54 x 10"
insB-27 IS1 protein 1.86 0.001
insB-28 IS1 protein 1.68 0.02

insD IS2 protein 1.33 0.13
insE-1 IS3 protein -1.44 0.06
insE-2 1S3 protein -1.34 0.13
insE-3 IS3 protein -1.74 0.003
insE-4 IS3 protein -1.49 0.05
insE-5 1S3 protein -1.96 1.19 x 10™
insF-1 IS3 protein 1.41 0.02
insF-2 IS3 protein 1.50 0.003
insF-3 1S3 protein 1.39 0.02
insF-4 IS3 protein 1.03 0.86
insF-5 IS3 protein 1.35 0.02

insG IS4 protein -1.73 3.76 x 107
insl IS30 protein 1.50 0.02
insJ-1 IS150 protein 1.69 0.01

insJ-2 IS150 protein 1.83 0.006
insJ-3 IS150 protein 1.93 0.004
insJ-4 IS150 protein 1.89 0.006
insJ-5 IS150 protein 1.91 0.004
inskK-2 IS150 protein 1.49 0.02
insK-3 IS150 protein 1.11 0.61
insK-4 IS150 protein 1.45 0.04
insK-5 1S150 protein 2.24 2.32x 10”7
insL-1 IS186 protein 1.04 0.84
insL-2 IS186 protein -1.13 0.44
insL-3 IS186 protein -1.03 0.82
insL-4 IS186 protein -1.13 0.44
insL-5 [S186 protein -1.07 0.65

yisl IS600 protein 1.19 0.66
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Gene Description Fold Change’ P-adj’

yis2 IS600 protein 1.09 0.55

insN [S911 protein 1.90 4.92 x 10™
intR Integrase 2.86 6.12 x 107"
pepA Aminopeptidase A/ 2.07 1.31 x10™
recA DNA recombination protein -1.04 0.81

recB Component of the RecBCD complex 1.98 1.01 x 10
recC Component of the RecBCD complex 1.58 7.03 x 107
recD Component of the RecBCD complex 1.41 0.039

reck DNA helicase -1.19 0.23

recG DNA helicase for double stranded DNA repair -1.41 0.045

recN Protein involved in DSB repair 2.26 6.16 x 10
recO Component of RecFOR complex 1.39 0.038

recQ DNA helicase involved in RecF recombination 2.47 2.88 x 107
recR Component of RecFOR complex -2.79 3.01 x 10™"
recT Recombinase in RecE recombination pathway 2.87 1.21 x 107
rus Holliday junction endonuclease 1.34 0.52

ruvA Component of RuvAB complex 2.44 5.63 x 107"
ruvB Component of RuvAB complex 1.26 0.055

ruvC Holliday junction nuclease 1.50 0.004

sbcC Double stranded DNA exonuclease 2.51 3.72 x 107"
sbcD Double stranded DNA exonuclease 2.76 2.63 x 107"
topB DNA topoisomerase 111 1.72 1.69 x 107
xerC Recombinase protein XerC 3.58 2.88 x 1077
xerD Recombinase protein XerD -1.24 0.080

yigN Putative recombination limiting protein 5.48 9.53 x 10
yqgF Predicted transcription antitermination factor 2.53 1.05 x 107
DNA replication

dinB DNA polymerase IV for translesion synthsis -1.04 0.77

dinG Helicase, SOS inducible 1.53 0.002
dnaA Replication initiation protein 1.22 0.077

dnaB DNA helicase 6.03 1.16 x 107
dnaC DNA replication initiation protein -1.68 2.64 %107
dnaE DNA polymerase I1I -1.28 0.051

dnaG DNA primase -2.46 133 x 107"
dnal DNA chaperone protein 1.62 8.81 x 107
dnaK DNA chaperone protein 2.38 1.53 x 1077
dnaN DNA polymerase III beta subunit -1.00 0.98

dnaQ DNA polymerase III epsilon subunit -1.55 2.22x107°
dnaT Replication protein, SOS inducible -1.93 6.66 x 10
dnaX DNA polymerase [1I gammad&tau subunit 3.23 9.14 x 10
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Gene Description Fold Change’ P-adj’

hda Replication initiation factor 2.28 6.11 x 107

holA DNA polymerase III subunit 1.46 0.033

holB DNA polymerase III delta subunit 1.99 3.96 x 107

holC DNA polymerase III subunit -1.09 0.53

holD DNA polymerase III subunit 4.83 5.84x 107
holE DNA polymerase III theta subunit 3.39 6.41 x 10"
ligA DNA ligase 2.47 2.65x 107
ligB DNA ligase 2.17 7.12x 107

mukB Cell division protein involved in partitioning 1.08 0.52

mukE Cell division protein involved in partitioning 3.93 422 x 107
mukF Cell division protein involved in partitioning 2.42 1.17 x 10°®

nrdA Ribonucleoside diphosphate reductase 1 1.76 2.70 x 107

nrdB Ribonucleoside diphosphate reductase 1 1.48 0.004

nrdD Ribonucleoside-triphosphate 2.23 1.08 x 107

nrdE Ribonucleoside-diphosphate reductase 2 242 2.92x 1077
nrdF Ribonucleoside-diphosphate reductase 2 2.00 4.45x 107

pioO Calcium-binding protein 1.38 0.078

polA DNA polymerase | -1.48 0.002

polB DNA polymerase II for translesion synthsis 2.39 1.02 x 107"
priA Primosomal replication factor 1.40 0.026

priB Primosomal replication factor -1.67 0.045

priC Primosomal replication factor -1.11 0.49

rep Helicase that prevents DSBs 4.11 1.06 x 1077
segA Replication regulator 5.44 1.93 x 107°®
tdk Thymidine kinase/deoxyuridine kinase -2.41 2.99 x 107

tus Replication terminator -3.69 3.58 x 107
umuC DNA polymerase V subunit 1.28 0.16

umuD DNA polymerase V subunit 1.29 0.075

ycal Protein involved in recombination 1.34 0.008

yraO DnaA initiator-associating factor 1.22 0.14

SOS response

dinD DNA damage inducible protein 3.35 403 x10™
dinF i\r/;enr;l;j;t é)rfS the MATE family of multidrug efflux 129 022

dinl DNA damage-inducible protein I -1.26 0.30

ftsK Cell division protein -1.12 0.19

lexA Transcription repressor LexA 2,11 3.07x 107

recX Inhibitor of RecA -1.07 0.80

rimK ribosomal protein S6 modification protein -2.36 1.17 x 107

sulA Cell division inhibitor SulA -3.88 8.56 x 107
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Gene Description Fold Change’ P-adj’
ydjM Predicted inner membrane protein, -1.54 0.004
yebG DNA damage-inducible protein 1.21 0.22

yjiiw Toxin-like protein of the SOS response 3.02 3.67x 107"
Stringent response

ahpC Alkyl hydroperoxide reductase 1.75 0.004
appA Acid phosphatase 1.68 0.009
appY DNA-binding transcriptional activator -1.05 1.00

ginG NtrC transcriptional dual regulator -2.17 1.91 x 10™
leuB 3-isopropylmalate dehydrogenase 1.28 0.65

mazG Nucleoside triphosphate pyrophosphohydrolase 2.20 1.19 x 10
phoQ Sensory histidine kinase -1.34 0.18

phoR Sensory histidine kinase -1.28 0.29

phoU Negative regulator of the Pho regulon 1.17 0.58

rplK 50S ribosomal subunit protein L11 2.17 6.13 %107
SSUE NAD(P)H-dependent FMN reductase 1.66 0.30

w  PueNADD el e tacsin gy g
tauA ;l)"f;relirllle ABC transporter - periplasmic binding 101 0.48

tauB Taurine ABC transporter - ATP binding subunit 1.47 0.20

tauC Taurine ABC transporter - membrane subunit -1.46 0.25

ycgW Sigma factor inhibitor 2.10 0.25

yhgl Iron-sulfur cluster scaffold protein 1.73 0.09

yibD UDP-glucuronate:LPS(Heplll) glycosyltransferase ~ -1.53 0.15

yjbA Predicted phosphate starvation-inducible protein 2.37 5.64 x 10™
yjiY Inner membrane protein 2.04 3.87 x 10
yodA Cadmium-induced cadmium binding protein -2.54 0.007

"Fold change is calculated as the number of anaerobic reads over aerobic reads, and negative values indicate up-regulation in aerobic

conditions

"To identify significant expression, a p-adj value < 0.05 was used
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Appendix B
#MA simulator programme code

nmuts.max <- 30 ## maximum number of mutations you're
tracking in a single bacterium

nsims <- 10000 ## number of simulation runs

ngens <- 24 ## number of generations per bottleneck event
(excluding first generation)

mutrate <- 0.00046 ## mutation rate
nbottlenecks <- 180 ## number of bottleneck events
###4# functions

nextgen <- function (pop, mutrate, nmuts.lim = 100, largeN =
FALSE) {

#### pop: vector of counts of bacteria with respectively 0,
1, 2... mutations

#### mutrate: mutation rate
###4# nmuts.lim: absolute maximum number of mutations

#### largeN: logical, should be TRUE if the population size
goes over 2 ~ 14, because

#### rmultinom crashes if its argument "size" is too large

nmuts <- length(pop) - 1 ## maximum number of mutations
you're tracking in a single bacterium

p <- dpois (0 : nmuts, mutrate) ## probability of observing
0, 1, 2, ... new mutations for a bacterium (from Poisson
distribution)

pop.new <- rep (0, nmuts.lim) ## new mutation counts after

reproduction AND mutation!

pop <- 2 * pop ## population doubles, all counts are
doubled

for (i in 1 : (nmuts + 1)) { ## loop through bacteria
with increasing number of mutations

if (popl[i]l > 0) {
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if (largeN) { ## the code below draws
new counts Dbased on a multinomial distribution (with
probabilities of each

N <- pop[i] ## number of mutations
coming from the Poisson distribution) and adds the counts
in pop.new

x <- vector (length = nmuts + 1)
for (3 in 1 : (nmuts + 1)) {
if (N > 0) {

if (3 > 1) |

px <= plj] / (L = sum(pl[l : (]
- 1)1))
} else {
px <= p[l]
}
x[j] <= rbinom(l, N, px)
N <= N - x[7j]
}
}
} else {
x <- rmultinom(l, popli], dpois (0 : nmuts,
mutrate))
}
pop.newl[i : (i + nmuts)] <- pop.new[i : (i +
nmuts) ] + X
}
}
pop.new[nmuts + 1] <- pop.new[nmuts + 1] +
sum (pop.new[ (nmuts + 2) : nmuts.lim]) ## counts of bacteria

with more than
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pop.new[ (nmuts + 2) : nmuts.lim] <-
0 ## the number
of mutations tracked are collapsed and added to the

pop.new[1l : (nmuts +

1)]

## last mutation count tracked

}

pop <- array(dim = c(ngens + 1, nmuts.max + 1, nbottlenecks
+ 1, nsims)) ## array of counts, for each gen, each number
of mutation tracked (0 to nmuts.max),

## each bottleneck and each simulation run

for (sim in 1 : nsims) { ## looping
through simulation runs

if (sim %% 100 == 0) print(sim)
popl[l, , 1, sim] <- c(1, rep(0, nmuts.max))
for (gen in 2 : (ngens + 1)) { ## looping

through generations
poplgen, , 1, sim] <- nextgen(pop = poplgen - 1, ,

1, sim], mutrate = mutrate, largeN = TRUE) #4#
generating new counts

}

for (b in 2 : (nbottlenecks + 1)) { ## looping
through bottlenecks

selected <- sample(l : (nmuts.max + 1), 1, prob =
popl[ngens + 1, , b - 1, sim]) ## selecting the bacterium
to start after bottleneck

popll, , b, sim] <- rep(0, nmuts.max + 1)

popl[l, selected, b, sim] <- 1

for (gen in 2 : (ngens + 1)) { ## looping
through generations

poplgen, , b, sim] <- nextgen(pop = poplgen -
1, , b, sim], mutrate = mutrate, largeN = TRUE) ##

generating new counts

}
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}

save.image ("popl20 10000dataan.RData")

min.mut <- function(x) { min(which(x>0)) - 1 }

apply (pop[ngens+l, , nbottlenecks+1l, 1,2,min.mut)

median (apply (pop[ngens+1, , nbottlenecks+l,
],2,min.mut) ) # Minimum number of mutations per
simulation at nbottlenecks and ngenserroreree.

png (filename = "Rplot%03ddata.png")

hist (apply (popl[ngens+1, , nbottlenecks+l1, 1,2, min.mut),
xlab = "minimum number of mutations",

main = paste("Number of mutations after", nbottlenecks,
"bottlenecks,

total bacteria =", sum(pop[ngens+1l,,100+1,nsims]), ", ngens
=", ngens, "

nsims = ", nsims), breaks = -1:30 ) # Or do the breaks

until nmuts.max

dev.off ()
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Table A.5. Codon usage of E. coli REL4536 genome.

Average frequency per 1000

Amino Acid Codon Number Fraction
codons
Glycine GGG 15,682 10.24 0.18
Glycine GGA 18,541 12.10 0.21
Glycine GGT 24,335 15.89 0.27
Glycine GGC 29,995 19.58 0.34
Glutamic acid GAG 13,767 8.99 0.33
Glutamic acid GAA 27,654 18.05 0.67
Aspartic acid GAT 28,345 18.50 0.61
Aspartic acid GAC 17,873 11.67 0.39
Valine GTG 21,647 14.13 0.26
Valine GTA 17,217 11.24 0.21
Valine GTT 26,854 17.53 0.32
Valine GTC 17,660 11.53 0.21
Alanine GCG 37,872 24.72 0.30
Alanine GCA 31,691 20.69 0.25
Alanine GCT 26,585 17.35 0.21
Alanine GCC 30,418 19.86 0.24
Arginine AGG 16,818 10.98 0.11
Arginine AGA 18,542 12.10 0.12
Serine AGT 16,355 10.68 0.12
Serine AGC 26,620 17.38 0.20
Lysine AAG 21,034 13.73 0.37
Lysine AAA 35,903 23.44 0.63
Asparagine AAT 27,131 17.71 0.50
Asparagine AAC 27,220 17.77 0.50
Methionine ATG 25,269 16.50 1.00
Isoleucine ATA 20,888 13.64 0.27
Isoleucine ATT 27,476 17.94 0.36
Isoleucine ATC 28,381 18.53 0.37
Threonine ACG 24,632 16.08 0.29
Threonine ACA 19,304 12.60 0.23
Threonine ACT 16,504 10.77 0.19
Threonine ACC 24,658 16.10 0.29
Tryptophan TGG 27,568 18.00 1.00
Stop TGA 27,166 17.73 0.46
Cysteine TGT 19,349 12.63 0.38
Cysteine TGC 31,238 20.39 0.62
Stop TAG 8,920 5.82 0.15
Stop TAA 22,844 1491 0.39
Tyrosine TAT 20,900 13.64 0.55
Tyrosine TAC 17,292 11.29 0.45
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Average frequency per 1000

Amino Acid Codon Number Fraction
codons
Leucine TTG 25,204 16.45 0.20
Leucine TTA 22,902 14.95 0.18
Phenylalanine TTT 36,083 23.55 0.57
Phenylalanine TTC 27,622 18.03 0.43
Serine TCG 23,579 15.39 0.18
Serine TCA 28,378 18.52 0.21
Serine TCT 18,637 12.17 0.14
Serine TCC 18,661 12.18 0.14
Arginine CGG 28,589 18.66 0.19
Arginine CGA 23,545 15.37 0.16
Arginine CGT 24,399 15.93 0.16
Arginine CGC 38,047 24.84 0.25
Glutamine CAG 34,462 22.50 0.57
Glutamine CAA 25,837 16.87 0.43
Histidine CAT 25,332 16.54 0.53
Histidine CAC 22,275 14.54 0.47
Leucine CTG 34,439 22.48 0.27
Leucine CTA 8,987 5.87 0.07
Leucine CTT 21,163 13.81 0.17
Leucine CTC 13,963 9.11 0.11
Proline CCG 29,387 19.18 0.32
Proline CCA 29,297 19.12 0.32
Proline CCT 17,050 11.13 0.19
Proline CCC 15,909 10.39 0.17
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Figure A.3. Functional category enrichment analysis of differentially expressed genes. The x-axis shows GO pathways terms while the y-axis shows the

number of significantly enriched genes (p-adj <0.05) for each environment.
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Table A.6. Genes induced in response to acidic stress.

Gene Description Eﬁ;ﬂgeg; p-adj value”
aceA Isocitrate lyase 7.95 1.83 x 107
aceB Malate synthase A 8.48 3.08 x 10™"
adiA Arginine decarboxylase 1.07 0.62

adiy DNA-binding transcriptional activator 1.56 0.007
atpA ATP synthase subunit 2.05 2.39x 10
atpB ATP synthase subunit 1.89 1.87 x 107
atpC ATP synthase subunit -1.71 1.27 x 107
atpD ATP synthase subunit 1.02 0.91

atpke ATP synthase subunit 1.62 0.08

atpF ATP synthase subunit 3.14 2.32x10™"
atpG ATP synthase subunit 1.88 1.05 x 10°
atpH ATP synthase subunit 2.76 2.38x107°
cadA Lysine decarboxylase 1 -1.03 0.90

cadB Lysine:cadaverine antiporter -1.04 0.93

cadC DNA-binding transcriptional activator -2.27 4.80 x 107
dppA Dipeptide ABC transporter subunit 1.84 221 %107
dppB Dipeptide ABC transporter subunit 2.92 5.98x 107"
dppC Dipeptide ABC transporter subunit 2.51 3.71 x 10"
dppD Dipeptide ABC transporter subunit 5.82 5.36x 10
dppF Dipeptide ABC transporter subunit 6.62 3.28x10°
gadA Glutamate decarboxylase A -3.40 2.28x 10"
gadB Glutamate decarboxylase B -8.92 237 %107
nrdH Glutaredoxin-like protein 11.46 3.67x 107"
nrdl  Flavodoxin 5.45 1.03 x 107
OppA Peptide ABC transporter 1.61 7.69 x 107
sdhA Succinate dehydrogenase subunit 4.22 5.02 x 107°
sdhB Succinate dehydrogenase subunit 5.78 6.98 x 107°
sdhC Succinate dehydrogenase subunit 2.81 1.19x 107
sdhD Succinate dehydrogenase subunit 3.69 527 %107
speA Arginine decarboxylase -5.71 1.36x 107
speB Agmatinase -2.24 2.12x10®
speC Ornithine decarboxylase 1.46 0.003
speD Adenosylmethionine decarboxylase 2.11 4.00 x 1072
speE Spermidine synthase 2.26 1.95x 107
yagU Inner-membrane protein 1.91 2.04x10°
yfiD Stress-induced pyruvate formate-lyase 1.60 0.002
ygaE DNA-binding transcriptional repressor -1.13 0.30

yjdE Arginine:agmatine antiporter -1.20 0.22
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Table A.8. Genes deleted in the 33 kb deletion event observed in REL4536 AsbcC::cat-1K-1
and REL4536 AsbcC::cat-1K-8 clones.

Gene Description

insB-6 IS1 protein

insA-6 IS1 protein

ECB_00514 Hypothetical protein

ECB_00515 Hypothetical protein

ECB_00516 Hypothetical protein

ECB_00517 Hypothetical protein

appY DNA-binding transcriptional activator

ompT Outer membrane protease

envyY DNA-binding transcriptional activator of porin
ybcH Hypothetical protein

nfrA Outer membrane bacteriophage N4 receptor
ECB_00524 Inner membrane bacteriophage N4 receptor
yhhl-2 Putative transposase

ECB_00526 Hypothetical protein

ECB_00527 Hypothetical protein

ECB_00528 Hypothetical protein

ECB_00529 Hypothetical protein

ECB_00530 Hypothetical protein

cusS Sensor kinase

cusR DNA-binding transcriptional activator

cusC Copper/silver efflux system outer membrane protein
ylcC Periplasmic copper-binding protein

cusB Copper/silver efflux system membrane fusion protein
CUsA Copper/silver efflux system, membrane component
pheP Phenylalanine transporter

ybdG Putative mechanosensitive channel

nfnB Dihydropteridine reductase

ybdF Hypothetical protein

ybdJ Putative inner membrane protein

ybdK Carboxylate-amine ligase
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Table A.9. Colony morphotypes of REL4536 AsbcC::cat-1K populations and clones after 1,000

generations.

Lineage Population morphology Sequenced clone morphology
REL4536 AsbcC::cat-1K-1 Mixed” Small

REL4536 AsbcC::cat-1K-6 Typical' Typical

REL4536 AsbcC::cat-1K-7 Mixed Typical

REL4536 AsbcC::cat-1K-8 Mixed Small

REL4536 AsbcC::cat-1K-12 Mixed Typical

REL4536 4sbcC::cat-1K-14 Mixed Typical

"Mixed populations were those with both typical and small sized colonies.

"Typical morphology refers to colonies that are similar in size to the ancestor.
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