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Abstract

The survivability of any given bacterial population is dependent on its genetic and

phenotypic makeup. When cells replicate they usually produce genetically identical

daughter cells through a process called binary fission. Although these daughter cells may

remain genetically identical and form isogenic populations, bacteria also possess the ability

to alter their phenotype independently of other cells in their population. This can result in

subpopulations of phenotypically variable cells forming within a larger population, rendering

them phenotypically heterogeneous. Phenotypic heterogeneity can arise from multiple

molecular mechanisms that cause either genetic or epigenetic changes. Genetic

mechanisms include site-specific DNA inversion, slipped-strand mispairing and homologous

recombination. Epigenetic changes involve modifications to DNA at the structural level, and

in bacteria most commonly refer to methylation. Heterogeneity can provide evolutionary

advantages through processes like bet-hedging or the division of labour. A well documented

example of evolutionarily advantageous phenotypic heterogeneity is the formation of

persister cells within bacterial strains, a leading cause of antibiotic treatment failure.

In this study, we have identified an Escherichia coli natural isolate strain (SC375) that is

able to rapidly switch between two phenotypes. The phenotypic heterogeneity demonstrated

in this strain results in varying colony morphologies influenced by their cellular composition.

We initially proposed a DNA inversion mechanism for this switching but subsequently

confirmed that all cells remain isogenic regardless of cell phenotype. Through

RNA-sequencing we identified three virulence genes that were differentially regulated in

both phenotypes, suggestive of an epigenetic regulatory mechanism. We then show, using

reporter assays, that two of these genes are expressed in variable levels across

subpopulations. We suggest that the rapid phenotypic reversibility of this strain is a possible

indicator of epigenetic memory.
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Chapter 1: Introduction

1.1 Bacterial populations exhibit phenotypic variation

The survival of any given cell within a bacterial population is dependent on its genotype and

phenotype. Bacteria replicate asexually via binary fission, usually producing two genetically

identical daughter cells; continued replication of these daughter cells results in isogenic

populations (Narra & Ochman, 2006). The development of single-cell analysis methods has

allowed for the quantification of variable phenotypes within such isogenic populations

(Buettner et al., 2015; Dey et al., 2015), leading to the discovery that cells are able to

differentiate their phenotype independently of each other. Populations that contain variable

subpopulations of phenotypically different cells are said to be phenotypically heterogeneous.

Heterogeneity can be created through genetic, epigenetic or stochastic (random) means.

Random fluctuations in the synthesis, degradation, and interactions of gene products results

in variation in the expression of any given gene across cells. This variation is often termed

gene expression noise (Davidson & Surette, 2008; Evans et al., 2018; Patange et al., 2018;

Vujovic et al., 2019). Variation in the expression of certain transcripts or proteins can lead to

the formation of small subpopulations within a larger population, with each subpopulation

being functionally and phenotypically unique.

In contrast to gene expression noise, cells also possess the ability to regulate the expression

of their genes in a controlled, responsive manner, independently of the other cells in their

population (Jolly et al., 2018). This phenomenon is termed phenotypic plasticity (Jolly et al.,

2018). Phenotypic plasticity is particularly beneficial for bacterial populations that grow in

unstable environments (Binder et al., 2017; Gasperotti et al., 2020; van der Woude, 2011),

allowing them to adapt quickly to any changes, for example: to increase survivability under

conditions of stress such as heat or antibiotic treatment (Healey et al., 2016; Schreiber et al.,

2016). Phenotypic plasticity may also act in combination with stochastic differentiation to

ensure that at least some individuals survive sudden environmental stressors, preventing the

whole population from extinction.

1

https://www.zotero.org/google-docs/?XjoT28
https://www.zotero.org/google-docs/?IEc7fB
https://www.zotero.org/google-docs/?Tcmgsh
https://www.zotero.org/google-docs/?Tcmgsh
https://www.zotero.org/google-docs/?iM6Ske
https://www.zotero.org/google-docs/?TYNfKP
https://www.zotero.org/google-docs/?TYNfKP
https://www.zotero.org/google-docs/?JUhpUL
https://www.zotero.org/google-docs/?ETNU7N
https://www.zotero.org/google-docs/?ETNU7N


Epigenetic regulation describes stable changes in gene expression due to modifications of

the DNA structure, without any alterations in the genomic sequence (Adhikari & Curtis, 2016;

Collier, 2009; Grabiec & Potempa, 2018; Žgur-Bertok, 2007). Changes to DNA modifications

can influence gene expression by either inhibiting or facilitating the recruitment of

transcription proteins (Trzilova & Tamayo, 2021). However, there are a wide range of other

epigenetic mechanisms leading to the heritability of phenotypes without genetic changes,

such as through positive feedback loops, the slow dilution of membrane proteins (e.g.

transporters), or the inheritance of activated protein products (Azzaz & Fantini, 2022; Harvey

et al., 2018; Smits et al., 2006).

In addition to epigenetic mechanisms that affect phenotypes, there are genetic mechanisms

that can result in rapid phenotypic switching in bacterial cells. One example is phase

variation. Phase variation is a reversible, method of gene regulation that is characterised by

its high frequency and “all or nothing” mode of action (ON/OFF switching) (Bayliss et al.,

2019; van den Broek et al., 2005; van der Woude, 2011). Phase variation involves the

alteration of very specific, predetermined sites on the genome (van der Woude & Bäumler,

2004). A defining characteristic of phase variation is its reversibility, which distinguishes it

from other mutational processes (Henderson et al., 1999; Silverman & Simon, 1980; van der

Woude & Bäumler, 2004). Phase variation can be regulated through a number of genetic

mechanisms including site-specific inversion, homologous recombination and slipped strand

mispairing. The ON/OFF switching mechanism of phase variation, can create bimodal gene

expression where a promoter is either fully active or not active at all (van der Woude &

Bäumler, 2004). Bimodal expression can lead to the formation of two exclusive phenotypes

within a population and in extreme cases, leads to bifurcation into two distinct

subpopulations (García-Pastor et al., 2019; Sánchez-Romero & Casadesús, 2018). The

bifurcation process demonstrates bistability (rather than bimodality, which can be unstable),

and reflects the ability of cells to form extreme and stable phenotypes that are unable to exist

in intermediate forms (Roberfroid et al., 2016).
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1.2 Evolutionary advantages of Phenotypic Variation.

Creating variability can be a costly process that requires bacterial populations to invest in

cells with completely different, and sometimes contrasting, specialisations (Lowery et al.,

2017). While this investment may appear to be wasteful from the perspective of single cells,

it is offset by the potential advantages provided by the resulting phenotypic diversification at

a population level. Stochastic differentiation into subpopulations can provide a survival

advantage for the population through two evolutionary approaches: the division of labour and

bet-hedging (Fig. 1.1) (Sánchez-Romero & Casadesús, 2018). The high genetic relatedness

between subpopulations acts as a guard against “cheating”, in which some cells may opt out

of paying the cost of differentiation while still reaping the benefits of the differentiation of

other cells in the population (Ackermann et al., 2008).

Bet hedging is a risk-spreading strategy, where generating heterogeneity is used to guard

against environmental changes before they are encountered (Carey & Goulian, 2019). The

advantages of this strategy are especially relevant for bacteria that live in volatile

environments (García-Pastor et al., 2019; Harms et al., 2016). For example, if a bacterial

population consisting of isogenic cells produces two distinct phenotypes, and each

phenotype has high fitness in at least one environment (but perhaps extremely low fitness in

another environment), it ensures that at least some individuals will survive and thrive when

there are dramatic environmental changes. This considerably reduces the risk of the whole

population being eradicated. Often phenotypes that show the greatest fitness upon exposure

to stresses are maladapted to their typical environment, so heterogeneity is only beneficial if

the environmental conditions are volatile (Carey & Goulian, 2019). This makes bet-hedging a

trade-off between current fitness and future survival.

One bet-hedging strategy is well demonstrated by Mycobacterium tuberculosis (M.

tuberculosis), the pathogenic bacteria responsible for the infectious disease tuberculosis

(Chisholm & Tanaka, 2016; Davis & Isberg, 2016). M. tuberculosis populations are capable

of forming small subpopulations of persister cells, which exhibit multidrug tolerance by

entering a physiologically dormant state (Harms et al., 2016; Michiels et al., 2016).

Dormancy allows persisters to withstand high exposure to antibiotics, but results in a trade

off between growth and survival (Wilmaerts et al., 2019). While their lack of proliferative
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activity is detrimental to population fitness in their typical environment, it is beneficial upon

exposure to antibiotic stressors. It is believed that the presence of persisters are responsible

for the characteristic latent infections and long antibiotic treatment required of tuberculosis

(Fisher et al., 2017; Hill & Helaine, 2019).

In contrast to bet hedging, phenotypic differentiation resulting in the division of labour is

characterised by heterogeneous subpopulations each performing specialised tasks and

cooperatively functioning to increase the fitness of the overall population (West & Cooper,

2016). Often subpopulations of these heterogeneous cells sacrifice their own individual

fitness to improve the overall fitness of the population (Ackermann et al., 2008). Populations

with this dynamic demonstrate a greater combined fitness than if a single cell were to

perform all tasks on its own (García-Pastor et al., 2019; Weigel & Dersch, 2018; Zhang et al.,

2016). A division of labour approach is particularly useful when a single cell is unable to

conduct multiple, necessary functions concurrently (Tsai & Coombes, 2019; Weigel &

Dersch, 2018; Zhang et al., 2016). If this division occurs in metabolic genes, it can also have

the added benefit of increasing the range of metabolites able to be utilised by a single

population (Weigel & Dersch, 2018).

Labour is either divided in a unidirectional or bidirectional manner. When two tasks are

divided among individuals in a way that provides a reciprocated fitness benefit for both

subpopulations the division of labour is bidirectional. In contrast, a unidirectional division

results in one subpopulation performing a task that benefits the whole population but is

detrimental to its own fitness (Balaban & Liu, 2019; Giri et al., 2019). Unidirectional division

often occurs during the production of a “public good”, which can be a costly process (Becker

et al., 2018). If the entire population was forced to invest in the production of this good,

growth would be reduced. When only a small subset of the population makes such an

investment, the whole population is able to reap the benefits of this good, without a personal

cost to each individual, allowing for faster growth at a population wide level (Kramer et al.,

2018).

Unidirectional division of labour is demonstrated by the antibiotic producing bacteria

Streptomyces coelicolor (S. coelicolor). Antibiotic production is an example of a costly

process that benefits a population's survival, by inhibiting the growth of proximal competitors

4
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(Chater et al., 2010). Wild type S. coelicolor show low levels of antibiotic production and

rapid growth, while mutant individuals that are able to produce high quantities of antibiotic

lose their ability to proliferate as rapidly. Previous work has shown that the limitation of

antibiotic production to a small subpopulation of cells allows S. coelicolor to maximise both

the amount and variety of antibiotic production in a way that reduces the cost of biosynthesis

(Zhang et al., 2020).

Figure 1.1 Phenotypic variation within a clonal population provides evolutionary advantages
through bet-hedging or the division of labour. (a) a schematic demonstrating the process of
bet-hedging. Having multiple phenotypes in a homogenous population can prepare a population for
environmental changes, preventing the population from growing extinct. (b) bidirectional division of
labour, where tasks are divided in a way that is mutually beneficial. (c) unidirectional division of labour,
one individual carries out a task for the rest of the population increasing the fitness of the population
as a whole and therefore providing an indirect fitness effect on the individual. (d) fitness of the
population when two phenotypes are present is higher than if the population had only one phenotype.
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1.3 The Proximate Causes of Phenotypic Variation are Numerous

At the molecular level, phenotypic variation in bacteria is regulated by both genetic and

epigenetic mechanisms including: site-specific DNA inversion, slipped strand mispairing,

homologous recombination, copy-number variation, methylation, or transcription factor

activation (and associated feedback loops) (Bikard & Marraffini, 2012; Davidson & Surette,

2008; Van der Woude & Bäumler, 2004). Some of these processes are more prevalent in

certain bacteria compared to others. For example, inversion is common in Escherichia coli

(E. coli) (Loiko et al., 2017) while slipped strand mispairing and homologous recombination

are common in the Neisseria genus (Callaghan et al., 2006; Hamilton & Dillard, 2006;

Rotman & Seifert, 2014; Sadarangani et al., 2016; Zelewska et al., 2016). Below I discuss

four of these phenotypic variability-generating mechanisms in more detail. Three of these are

genetic mechanisms that vary on very short time scales; the fourth is an epigenetic

mechanism, DNA methylation, whose rate of variation is not well-established.

1.3.1 Site Specific DNA Inversion

Site specific recombination is a process that involves DNA excision at two defined sites and

their subsequent re-annealing to new homologous DNA strands (Olorunniji & Stark, 2010). It

involves the actions of a specific recombinase enzyme that identifies pertinent sites for

exchange (Olorunniji & Stark, 2010). In the context of bacterial phenotypic variation this

refers to the rapid reversible inversion of short sequences, called invertible regions,

catalysed by invertase enzymes (Emerson et al., 2009; Goldberg et al., 2014). Invertible

regions are flanked by invertible repeats which act as invertase target sites (Emerson et al.,

2009; Goldberg et al., 2014; Schwan, 2011). Typically, promoters for target genes are

contained inside these invertible regions and their orientation mediates the expression of the

downstream gene operon (Jiang et al., 2019). When the promoter is oriented towards the

operon, transcription is enabled; when the promoter is directed away from the operon,

transcription is inhibited (Coyne et al., 2003; Jiang et al., 2019). Site specific DNA inversion

such as this is a genetic mechanism used to regulate phase variation in bacteria.

One of the best studied examples of inversion-mediated phase variation in bacteria is the

regulation of the fimA and fimH genes that encode Type 1 fimbriae in uropathogenic E. coli
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(Fig. 1.2). Switching of fim genes allows bacteria to alternate between piliated (ON phase)

and non-piliated (OFF-phase) forms (Schwan, 2011). Phase variation within this region

involves the inversion of fimS, a 314 base pair invertible region containing the fimA promoter

(Hinde et al., 2005). This inversion is controlled by two regulatory genes fimE and fimB,

located upstream of fimS, whose gene products are site specific recombinases (Emerson et

al., 2009). These homologous proteins bind to inverted repeats that flank fimS and mediate

ON/OFF switching (Zhang et al., 2016). FimB coordinates both ON to OFF and OFF to ON

switching with equal affinities; FimE appears to be biased towards ON to OFF switching,

demonstrating a lower compatibility with regulatory sites after inversion (Schwan, 2011;

Zhang et al., 2016). Each of these recombinases are under the control of their own promoter

allowing the rate of switching to be regulated by the expression of each protein

independently of the other (Dorman & Bogue, 2016). When expressed in equal amounts,

switching from the ON phase to OFF phase occurs more frequently due to the directional

bias of fimE (Schwan et al., 2018). FimE mediated switching occurs at a rate of 0.3 per cell

per generation, compared to FimB mediated switching which occurs at a rate of 10-3 to 10-4

per cell per generation (Blomfield et al., 1991; Gally et al., 1993; Schwan, 2011).

Figure 1.2 Expression of the fimA gene is regulated by site specific inversion of the fimA
promoter. pB, pE and pA are the promoters for fimB, fimE and fimA respectively. IR represents
inverted repeats. (a) in the ON phase pA is oriented towards the fimA gene - fimA is expressed. (b) in
the OFF phase pA is oriented away from fimA - fimA is not expressed. Inversion is mediated by the
invertases fimE and fimB whose genes are located upstream of fimA.
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1.3.2 Slipped-Strand Mispairing

Simple sequence repeats (SSRs), or microsatellites, are genomic regions that contain

tandem repeat sequences, usually between one and six nucleotides in length (Clayton et al.,

2017; Fazekas et al., 2010; Wöhrmann & Weising, 2011). The reversible stochastic

expansion or reduction of microsatellites results in variable expression and downstream

changes in cell phenotypes (Alamro et al., 2014). SSRs are hypermutable regions prone to

insertion or deletion by slipped-strand mispairing, at a rate of 10-2 to 10-5 per generation

(Zhou et al., 2014) (Fig. 1.3). During DNA replication the DNA polymerase and newly

generated DNA strand form a complex and can detach from the template strand in error

(Sehn, 2015). When dissociation and reattachment happens in a repeat region, the

polymerase may reattach a few base pairs upstream or downstream of the original

detachment site, causing a misalignment of complementary DNA sequences (Farnoud et al.,

2016; Safi et al., 2019). Misalignment can result in the gain or loss of repeat nucleotides,

which may lead to frameshift mutations, causing premature stop codons and truncated or

non-functional proteins. Frameshifts may also change crucial spacing in promoter regions,

altering transcriptional activity (Green et al., 2019; van der Woude, 2011).

Slipped strand mispairing is common in bacteria of the Neisseria genus, which live inside

animal hosts and closely associate with their mucosal surfaces (Callaghan et al., 2006). The

two pathogenic bacterial species within this genus, N. gonorrhoeae and N. meningitidis, are

both able to undergo phase variable switching of proteins on their cell surfaces (Tauseef et

al., 2013). The opacity-associated (opa) adhesion proteins present on the outer cell

membrane of both species are an example of proteins that are under phase variable control.

Opa proteins mediate interaction with host tissues, contribute to bacterial virulence and

regulate the immune reaction of host cells (Alamro et al., 2014; Callaghan et al., 2006;

Sadarangani et al., 2016). N. gonorrhoeae and N. meningitidis have 11-12 and 3-4 opa loci,

respectively, which can be variably expressed through the mechanisms of slipped-strand

mispairing (Rotman & Seifert, 2014). The opa gene reading frame contains the pentameric

repeat 5’-CTCTT-3’ that is subject to expansion or reduction by slipped-strand mispairing,

causing a downstream frameshift mutation that can alter the position of the ATG initiation

codon within the opa reading frame (Sadarangani et al., 2011, 2016; Wisniewski-Dyé & Vial,
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2008). The number of genes expressed, and therefore the number of proteins present on the

cell surface, varies between each individual cell and is directly dependent on the number of

repeats in the opa leader sequence. Because of this, opa genes have many ON forms and a

single OFF form where a frameshift mutation causes the expression of a truncated,

non-functional protein (Wisniewski-Dyé & Vial, 2008). Phase variable control of opa proteins

is an important mechanism that allows bacteria within the Neisseria genus to adapt to the

different host environments that they encounter during infection (Wisniewski-Dyé & Vial,

2008).
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Figure 1.3 Slipped strand mispairing at microsatellites can cause expansion or contraction of
repeat sequences. (a) Schematic of the general mechanism of slipped strand mispairing.
Detachment of the replicating strand from the template strand can cause insertion or deletion of
repeating sequences when the polymerase-DNA complex reattaches incorrectly. (b) insertion of
repeats within a reading frame leads to downstream frameshift mutations and induces a premature
stop codon. (c) insertion of repeats within a promoter region can prevent the binding of transcription
factors or transcriptional regulator proteins stopping gene expression. Figure adapted from (Hansson,
2018).
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1.3.3 Homologous Recombination

In prokaryotic organisms homologous recombination describes the unidirectional transfer of

DNA between two genetic sequences of high homology at equivalent genomic loci. General

homologous recombination in prokaryotes is equivalent to sex in eukaryotes (Vos, 2009) with

the exception that exchange is not reciprocal, analogous to gene conversion (Bobay, 2020).

As with the mechanisms above, recombination provides a method for rapidly generating

allelic variation (Narra & Ochman, 2006). The process requires long homologous sequences,

of at least 50 base pairs and the recruitment of general homologous enzymes - specifically

the recombinase RecA (Criss et al., 2010; Piazza & Heyer, 2019). Because recombination

events can occur at any location along these sequence lengths, a variety of new genetic

combinations can be produced, wherein genetic material from the recipient site is displaced

with the corresponding sequence from the donor site. This results in a loss of the original

sequence in the target site (Paulsson et al., 2017). This mechanism of generating genotypic

and phenotypic variation is exemplified in the pathogenic bacteria Neisseria gonorrhoeae (N.

gonorrhoeae).

N. gonorrhoeae possesses a programmed homologous recombination system that allows for

variability in the expression of the gene encoding the pilin fibrous protein (Fig. 1.4) (Prister et

al., 2020). Pilin forms an essential subunit of Type IV pili, a cell-surface protein polymer that

has critical roles in epithelial, mucosal and immune cell adhesion, as well as cell motility, two

functions that facilitate N. gonorrhoeae virulence (Duffin & Barber, 2016; Hill et al., 2016;

Rotman et al., 2016). The pilin protein is encoded by pil genes that occupy multiple genomic

loci. An expression locus, pilE, contains the sequence for the functional pilE pilin protein;

multiple storage loci, pilS, contain variations of this sequence that code for truncated

non-functional proteins (Cahoon & Seifert, 2013; Hill et al., 2016). These unexpressed

“storage” loci contain variable genetic material interjected with conserved DNA sequences

that function to facilitate the exchange of genetic material (Davies et al., 2014; Foley, 2015).

To create variant pilE alleles, these loci undergo unidirectional transfer of genetic material

from pilS to pilE, mediated by RecA (Davies et al., 2014; Duffin & Barber, 2016). As a result

of this transfer, the corresponding pilE sequence is displaced from the genome, while the
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pilS locus remains unchanged (Foley, 2015). Unidirectional gene recombination causes the

expression of unique and variable pilE polypeptides.

The final type IV pilin proteins are composed predominantly of large repeating units of pilE

(Cehovin et al., 2010; Rotman et al., 2016). The capacity for large amounts of variance in the

pilE gene means that a multitude of pilE protein products are able to be generated, each with

potentially different structures and assorted biochemical compositions (Wachter & Hill,

2016). Type IV pili are located on the outer cell surface of pathogenic N. gonorrhoeae cells

making them the target of host immune cells (Voter et al., 2020). Variation of these pili,

through gene conversion at the pilE and pilS loci, prevents immune detection, facilitating the

evasion of host immune responses and limits cross-protection between hosts (Cehovin et al.,

2010; Obergfell & Seifert, 2016).

Figure 1.4 Genetic variation in the pilE gene is generated by site specific, unidirectional
recombination (gene conversion) between the pilE expression loci and the pilS storage loci. (a)
pili expression loci with the pilE promoter and the pilS silenced gene with variable regions. Coloured
squares represent variable regions. (b) homologous recombination events mediated by RecA result in
variable pilE alleles, causing the expression of different proteins. pilE replaces its original sequences
with the new variable regions from pilS, pilS remains unchanged.
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1.3.4 Methylation

Finally, phenotypic variation can be rapidly generated through epigenetic mechanisms. There

are a wide range of epigenetic mechanisms, but they are unified in their ability to affect

phenotype in a heritable manner without changing the sequence of the DNA. A common

mechanism of epigenetic regulation in eukaryotic organisms is changes to chromatin

structure, often through covalent modifications (Adhikari & Curtis, 2016; Savidge, 2016). In

bacteria there is no chromatin, but covalent modifications of DNA can affect regulation, for

example, methylation (Beaulaurier et al., 2019). DNA methylation regulates gene expression

by interfering with the interactions of binding proteins with their target DNA sequence, in

either an inhibitory or facilitatory manner (Sánchez-Romero & Casadesús, 2020). In E. coli,

DNA can be methylated by the enzyme deoxyadenosine methyltransferase (DAM)

(Beaulaurier et al., 2019). DAM recognizes the sequence 5’-GATC-3’ and has been identified

to have roles in a wide range of cellular processes (Davies et al., 2014; van der Woude,

2017), such as biofilm formation, via the expression of the protein Antigen 43.

Antigen 43 (Ag43) is an antigenic outer membrane protein present in E. coli that is encoded

by the agn43 gene (Kumar & Rao, 2013). Ag43 encourages the auto-aggregation of cells

and is believed to facilitate microcolony and biofilm formation (Haagmans & van der Woude,

2000; Wallecha et al., 2003). Expression of agn43 is controlled through the opposing actions

of a repressor protein (called OxyR) and DAM, which takes on the role of an activator, aiding

the binding of RNA polymerase to encourage gene expression (Fig. 1.5) (Broadbent et al.,

2010; van der Woude, 2011). Methylation of the target site by DAM physically inhibits the

binding of OxyR, suppressing it from performing its repressive action; when OxyR is bound,

DAM is unable to access the DNA preventing methylation (Chauhan et al., 2013; Wallecha et

al., 2003). Methylation of the OxyR binding site switches expression of the agn43 gene ON

while binding of OxyR switches agn43 gene expression OFF.
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Figure 1.5 Expression of the agn43 gene is regulated by methylation of the promoter site. Black
boxes represent deoxyadenosine methyltransferase’s (DAM) GATC recognition sites. OxyR is a
repressor protein. (a) schematic showing the structure of the agn43 gene and its promoter region. (b)
fully methylated GATC sites by DAM prevents binding of OxyR repressor, but facilitates the binding of
RNA polymerase (RNApol): the protein is expressed. (c) OxyR repressor binds where GATC sites are
not methylated. Binding of OxyR prevents binding methylation of GATC sites by DAM: agn43 gene is
not expressed. Adapted from (Seib & Jennings, 2021).
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1.4 Antibiotic persister cells and their clinical relevance

A well-known, yet poorly understood example of phenotypic heterogeneity within bacterial

populations is the formation of persister cells. Persister cells are genetically identical

phenotypic variations of a clonal population that possess temporary multi-drug tolerance

(Lewis, 2010; Wood et al., 2013). By transiently switching to a physiologically dormant state,

subpopulations of persisters can withstand exposure to high concentrations of antibiotics and

are selected for after prolonged antibiotic exposure (Mechler et al., 2015; Van den Bergh et

al., 2016). It is believed that entering a dormant state renders antibiotic targets inactive,

effectively removing the antibiotics’ bactericidal activity (Harms et al., 2016).

In contrast to resistant individuals, persisters are unable to grow during antibiotic treatment

(Harms et al., 2016; Maisonneuve & Gerdes, 2014) but are able to re-enter a proliferative

state once the stressor is removed, resulting in a population consisting largely of the original

susceptible cells (Pu et al., 2017). Populations harbouring persister cells have a

characteristic bi-phasic killing curve (Fig. 1.6b) (Fauvart et al., 2011). After exposure to

stress a rapid initial exponential decline in numbers is followed by a much shallower rate of

decline that is indicative of persister cells (Dawan et al., 2020; Harms et al., 2016). The

second, much slower, decline is reflective of the rate at which persisters leave their persister

state to become susceptible cells, which then die (Barrett et al., 2019).

The discovery of persister cells occurred not long after the discovery of the bactericidal

effects of antibiotics (Bigger, 1944; Hobby et al., 1942). There is intense interest in persister

cells because antibiotics are used to treat a variety of infections and diseases in both

animals and humans. Medicine’s reliance on antibiotic treatment has ultimately resulted in

the rise of genetically antibiotic resistant strains of bacteria (Gould, 2009; Laxminarayan et

al., 2013; Wellington et al., 2013). Persister cells exhibit resistance because of epigenetic

changes (Cohen et al., 2013; Levin-Reisman et al., 2017; Mechler et al., 2015; Van den

Bergh et al., 2016). In addition to resistance, persisters have been associated with latent

infections, such as that of M. tuberculosis and Salmonella enterica (S. enterica) (Hill &

Helaine, 2019; Torrey et al., 2016).

Persister cells were first identified in 1944, when J.W Bigger discovered that Streptococcus

pyogenes (S. pyogenes) were not always completely killed when treated with penicillin
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(Bigger, 1944). Relative to the time of their initial discovery, little is currently known about the

mechanisms that generate persister cells. The most widely recognised mechanism of

bacterial persistence is the toxin-antitoxin (TA) system first discovered through the actions of

the protein HipA (Balaban et al., 2004; Kim & Wood, 2016; Li et al., 2016; Page & Peti,

2016). TA systems are a pair of complementary genes that encode a toxin and its

corresponding anti-toxin protein, which acts as an antidote by neutralising toxin activity

(Jankevicius et al., 2016). The stable toxin protein interferes with essential cellular processes

in such a manner that causes cell dormancy, but its effects are counteracted when the

unstable anti-toxin protein is expressed (Hall et al., 2017; Ronneau & Helaine, 2019). During

stressful conditions the unstable anti-toxin is degraded, causing the toxin to ultimately send

the cell into a dormant state (Page & Peti, 2016). The association between TA systems and

bacterial persisters suggests that persistence might be a stress response, where persisters

have become dormant to survive the adverse environment.

More recently studies have demonstrated a stochastic, random origin for persistence,

suggesting their origin is not a response to environmental change but results from

heterogeneity in the population (El Meouche et al., 2016; Harms et al., 2016). Pre-emptive

heterogeneity before antibiotic exposure would suggest more of a bet-hedging strategy for

persistence rather than a responsive mechanism after the antibiotic is encountered. Further

supporting the idea of stochastic persistence, Jiang et al. found an enrichment of invertible

regions in known antibiotic resistant genes in E. coli (Jiang et al., 2019). The results from the

2019 study suggest that the two possible systems are not mutually exclusive; stochastic

generation of persister cells may be through the regulation of TA systems.
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Figure 1.6 Persister cells display multi drug tolerance. (a) The difference between tolerance and
resistance. Tolerant cells survive drug exposure by entering a dormant state, then switch back to a
proliferative state, regaining susceptibility to antibiotics. Resistant cells grow during antibiotic exposure
and produce more identical, resistant cells. (b) the biphasic killing curve of populations containing
antibiotic persister cells. Figure adapted from (Singh, 2017).
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1.5 Research hypothesis and objectives

We first identified a novel, rapid phenotypic switching phenomenon in a natural isolate of E.

coli (SC375), where an initially isogenic bacterial population formed two extreme phenotypes

consisting of “short” and “long” cells, which grew up to 7 times the length of the shortest

cells. The two differentiated phenotypes, long and short, suggested a phenotypic switching

mechanism. Based on the knowledge of phase variable expression within the fim operon of

uropathogenic E. coli, we first hypothesised that the mechanism behind this switch may be

as a result of a similar inversion procedure.

We hypothesise that the phenotypic switching demonstrated by the E. coli natural

isolate SC375 is under phase variable control regulated by a DNA inversion

mechanism.

In order to confirm our hypothesis we will address four objectives:

1. Confirm the presence of distinct cellular phenotypes within isogenic

populations of SC375.

Cell sizes will be confirmed using both microscopy and flow cytometry. To characterise the

dynamics of phenotype switching, we will use time-lapse “movies” of images taken over a

12-24 hour period.

2. Perform DNA sequencing of short and long phenotypes to pinpoint genetic

differences between phenotypes.

DNA sequencing will be achieved through the use of Oxford Nanopore sequencing to allow

identification of structural changes between the two phenotypes.

3. Compare gene expression levels between the two cellular phenotypes.

To achieve this, RNA-sequencing will be conducted to identify differences in the expression

of any key genes between both cellular phenotypes.

4. Confirm differences in gene expression between phenotypes using expression

reporters.
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To confirm differences in expression and understand the dynamics of gene expression we

will construct reporters that allow in vitro tracking of gene expression levels.
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Chapter 2: Materials and methods

2.1: Strains

Table 2.1. Strains used in this study

Strain Description Source

SC375 Natural isolate derived from SC strain

collection.

(Ishii et al., 2006)

TOP10 One Shot ™ TOP10 chemically competent E.

coli cells.

InvitrogenTM

Catalogue number: C404010
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2.2: Plasmids

Table 2.2 Plasmid constructs used in this study

Plasmid

Name

Insert Backbone Selectable

marker

Source

pUA66 N/A pUA66 (Fig.2.1) Kanamycin

resistance

(Zaslaver et al., 2006)

pfim::GFP fim operon

promoter

pUA66 Kanamycin

resistance

pgfc::GFP gfc operon

promoter

pUA66 Kanamycin

resistance

paida::GFP aidA gene

promoter

pUA66 Kanamycin

resistance

plpp::GFP lpp gene

promoter

pUA66 Kanamycin

resistance
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Figure 2.1 Plasmid map of pUA66. This construct contains a GFP reporter downstream of a strong
ribosomal binding site and followed by a strong terminator. All promoters were cloned immediately
upstream of the ribosomal binding site.
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2.3: Media

All media was made with autoclaved components, sterilised at 121OC for 15 minutes (unless

specified otherwise), all water used was deionised. All plates were made with 1.5% agar.

Lactose stock solution:

We dissolved 10% Lactose Monohydrate (AJAX FineChemTM) measured by weight, in water.

The solution was sterilised on a sugars autoclave cycle at 118OC for 20 minutes.

1X magnesium sulphate stock solution:

We dissolved 120.366g/mol of anhydrous magnesium sulphate (Scharlab) in water

(measured by weight).

1X calcium chloride stock solution:

We dissolved 147.02g/mol of anhydrous calcium chloride in water (measured by weight).

10X M9 salts stock solution:

We dissolved 112.8g/L of M9 minimal salts in water.

Liquid M9 minimal media with lactose:

For 100mL of media:

10X Lactose 8mL

10X M9 salts stock solution 10mL

1X magnesium sulphate 200μL

1 X calcium chloride 10μL

Water Up to 100mL
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Liquid M9 minimal media with lactose for agar plates:

For 100mL of media:

10X Lactose 16mL

10X M9 salts stock solution 20mL

1X magnesium sulphate 400μL

1 X calcium chloride 20μL

Water Up to 100mL

10X PBS stock solution (ph 6.8):

For 100mL of 10X PBS:

Disodium phosphate 1.78g

Potassium phosphate 0.24g

Sodium chloride 8g

Potassium chloride 0.2g

1X PBS solution (pH 7.4):

For 100mL:

10X PBS stock solution 10mL

Water 90mL
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Liquid Luria Bertani Broth (LB):

We dissolved 25g of Luria Bertani Broth Base (Miller’s LB Broth BaseTM) (Invitrogen) in 1 litre

of water.

Liquid Luria Bertani Broth (LB) for agar plates:

For 200mL:

Luria Bertani Broth Base (Miller’s LB Broth BaseTM) (Invitrogen) 10g

Agar 3g

Water 200mL

2.4: Antibiotics

Kan50

We dissolved Kanamycin sulphate (VWR Chemicals) in water for a final concentration of

50μL/100mL. From here onwards Kanamycin sulphate at a concentration of 50μL/100mL,

will be referred to as Kan50.

2.5: Storage of bacterial cultures

We streaked bacterial strains on LB agar media and grew them at 37oC overnight for at least

12 hours. Colonies were used to inoculate LB liquid media and grown again at 37oC

overnight for at least 12 hours. Strains containing plasmids with a Kanamycin resistance

selection gene were grown with the addition of Kan50 at a ratio of 1μL:1mL of total liquid

volume. 750μL of this overnight culture was added to 350μL of 30% glycerol. We froze

samples in duplicate at -80oC for permanent storage.

2.6: Cell culturing

We grew all bacterial cultures at 37oC in either liquid or solid agar media. Liquid cultures

were grown overnight for between 12 to 18 hours in a 15mL falcon tube with shaking at 250

RPM; strains plated on agar media were grown for up to 48 hours in order to produce

25



colonies large enough to be phenotypically identified visually. We inoculated all overnight

cultures from a SC375 glycerol stock frozen at -80oC unless specified. We cultured SC375

cells containing plasmid constructs in the same manner, with the addition of Kan50 at the

aforementioned ratio of 1μL:1mL of total liquid volume.

2.7: Colony Selection

We plated 20μL of a 1.0e5-fold dilution of an overnight culture of the SC375 strain onto each

of 12 agar plates. Plates were incubated overnight at 37°C. We selected colonies by visual

characterisation of their morphology type. For analysis of SC375 cells containing plasmid

constructs, colonies were selected based on their ability to fluoresce under blue light, and

classification as either fluorescent, non-fluorescent or mixed.

2.8: Flow cytometry of resuspended colonies for cell size and
fluorescence

For flow cytometry of colony morphology, we selected and resuspened each three of each

colony type in 100μL of 1X PBS each in a single well of a 96 well microplate (resuspended

colonies created biological replicates). Each resuspension was further diluted serially up to

1.0e3-fold in 1X PBS with 2% formaldehyde to create technical replicates.

For analysis of SC375 cells containing plasmid constructs, we selected colonies based on

their fluorescence ability and resuspended three of each colony type in 500μL of 1X PBS

with 2% formaldehyde to create biological replicates. We pipetted 150μL of each

resuspended colony solution into individual wells on a 96 well plate to create technical

replicates. Technical replicates were diluted serially up to 1.0e2-fold.

The lowest dilutions were used for data collection to avoid overflow. We collected forward

and side scatter data as indicators for cell size and complexity, as well as GFP data to

measure gene expression. GFP fluorescence was collected using a 488 nm excitation and

517/13nm bandpass filter. We exported the data into Flow Cytometry Standard (FCS) files.

We analysed the data in R (version 4.0.3; R Core Team 2021) using the flowCore package

(version 1.44.1; Hahne et al., 2009).
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2.9: Microscopy

We performed microscopy using a Nikon Eclipse Ti2-E inverted microscope in conjunction

with the NIS-Elements imaging software.

2.9.1: Colony microscopy

We photographed colonies on agar plates using a dissecting microscope. To get higher

magnification images of single colonies, we used the Nikon Eclipse Ti2-E inverted

microscope. Small agar plates of M9 minimal media with 0.8% lactose were made in the

wells of a six-well plate. We diluted overnight cultures of SC375 up to 1.0e7-fold, and grew

them for 48 hours at 37°C. Colonies were imaged using a 10X phase contrast dry objective

along with a phase contrast optical configuration. Images were denoised using the AI

denoising module of the NIS-elements software (M. Davis, 2019).

2.9.2: Microscopy

We made microscope slides by cutting out slices of agar from premade plates with a sterile

scalpel. Agar slices were put into a 15mL falcon tube and heated until liquid enough to be

pipetted. Using a 1mL pipette, we transferred liquid agar into cavities on a double cavity

microscope slide, placing a glass coverslip on immediately after transfer. Agar was left until

solidified and the glass coverslip was removed. Using the same sterile pipette, we cut 40mm

x 40mm squares in the centre of the cavity. We pipetted 1.5μL of liquid culture onto the

centre of the slide and spread to the edges using the same pipette tip. Slides were left

uncovered to dry for five minutes. We secured glass coverslips over dried pads with

high-vacuum silicone grease (Dow Corning®), ensuring that the coverslip fully contacted the

agar pad.

We imaged cells using phase contrast microscopy with a 100X oil immersion objective (NA

1.4). Final images were run through the NIS-elements AI denoising software before being

exported to 16-bit.tiff files for analysis. For fluorescence imaging an additional 470 nm optical

configuration was used and the intensity was adjusted to ensure there were no points of

saturation. These images were not run through the denoising software to preserve the

integrity of the fluorescence data.
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For time lapse microscopy we diluted overnight cultures of SC375 grown for 12 hours in 1 X

PBS to create 1.0e1-fold and 1.0e2-fold serial dilutions. We made microscope slides using

the 1.0e2-fold dilution. We used an oil immersion 100X phase contrast objective and a phase

contrast optical configuration to take images every two minutes over a 24 hour period. We

ran final images through the NIS-elements AI denoising software before being exported to

16-bit.tiff files for analysis. Fluorescence data was collected in the same manner as

mentioned above. When taking time-lapse images to measure fluorescence, phase contrast

and fluorescence images were taken every three minutes, to reduce photobleaching. Once

again, fluorescence images were not run through the denoising software to preserve the

integrity of the fluorescence data.

For large scale culture microscopy at different time points, we resuspended triplicate

biological samples of each colony phenotype (compact, mixed and halo OR fluorescent,

non-fluorescent and mixed) in 200μL of M9 minimal media with 0.8% lactose (and when

transformed strains were used, Kan50 at a volume of 1μL:1mL). We transferred 20μL of

each colony resuspension into 180μL of fresh M9 media and left them to grow at 37°C for 12

hours with shaking at 250 RPM. We made microscope slides as outlined above with 1.5μL

samples of each colony resuspension at 0, 2, 4 and 12 hour time points (for a total of 9

microscope slides at each time point). We used an oil immersion 100X phase contrast

objective and a phase contrast optical configuration to take images at 5 different slide

locations on each microscope slide. Slide locations were selected randomly based on

incremental adjustments of XY values. Undiluted, resuspended colonies were used for

imaging at 0 hours. Undiluted samples of each growth culture were used for microscopy

imaging after 2, 4 and 12 hours of growth. Fluorescence and size data was collected in the

same manner as above, with the addition of a 470 nm optical configuration.

2.9.3: Cell segmentation and analysis

We used the cell segmentation software SuperSegger from the Wiggins lab (Stylianidou et

al., 2016) to perform cell segmentation.
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2.10: Gibson Assemblies

For all reporter assays, we cloned inserted PCR products of the promoter region from each

gene-of-interest into a pUA66 plasmid backbone using a Gibson Assembly method (Gibson,

2009) and NEBTM reagents.

2.10.1: Primer design.

We designed primers using primer3 in Geneious version 9.1.8. Primer details are shown in

table 2.3 below.

Table 2.3. Final PCR primer pair sequences.

Gene Primer Name Primer Sequence %GC
content

fim F3 fim fwd
U590

5'-TTTCGTCTTCACCTCGAGGAGGTGGCCATTCTTCTCAGG–3' 53.8%

fim F3 fim rev
D115

5'-TAAATCTAGAGGATCCCGCAGATGCATTTAACCCGCC-3' 48.6%

gfc F3 gfcA fwd
U581

5'-TTTCGTCTTCACCTCGAACGGTCGTAAAGAAGTTCAGGTC–3' 47.5%

gfc F3 gfcA rev
D129

5'-TAAATCTAGAGGATCCCCGGTAGTGGTCGTTGTGGTG–3' 51.4%

aidA F3 aidA fwd
U1850

5'-TTTCGTCTTCACCTCGATATTCGCCATACTGTACGTTATACC–3'
42.9%

aidA F3 aidA rev
D250

5'-TAAATCTAGAGGATCCCACTTCCCCTTTAAAGTGAACGGTC–3' 43.9%

2.10.2: PCR amplification of promoter regions.

We cloned promoter regions of interest by PCR using the HiFi polymerase enzyme reaction.

We determined annealing temperatures for primer pairs using the NEB TM Calculator

(https://tmcalculator.neb.com/#!/main); resulting annealing temperatures are shown in Table

2.4. We set up reaction mixtures as per Table 2.5. PCR reactions for promoters gfc, fim, and
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aidA-I were run for 25, 25 and 30 cycles respectively, with amplification time for all three

promoter regions set to two minutes.

Table 2.4. Annealing temperatures of primers as determined by the NEB TM

Calculator.

Primer pair Annealing Temperature (°C)

Forward: F3 fim fwd U590

Reverse: F3 fim rev D115

63

Forward: F3 gcfa fwd U581

Reverse: F3 gcfa rev D129

65

Forward: F3 aidA fwd U1850

Reverse: F3 aidA rev D250

65

pUA66 vector primers 55
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Table 2.5. PCR reaction mixture composition for insert amplification.

Reagents Volume for 2 reactions
(μL)

Volume for 3 reactions
(μL)

ddH20 65 97.5

5 x HF buffer 20 30

Forward Primer 5 7.5

Reverse Primer 5 7.5

DNTP mix 2 3

Phusion DNA polymerase 1 1.5

Aliquot 49μL Aliquot 49μL

+ Template DNA 1 1

2.10.3: Quality check of PCR products

To check for successful PCR amplification we mixed 5μL of PCR reaction with 1μL of 6X

loading dye (Thermofisher) and loaded the mixture on a 1% agarose gel alongside a 1KB

DNA ladder. We ran the gel for 30 minutes, with the voltage set to 60mV, using a 1X TAE

buffer.

1% agarose gel

We dissolved 0.5g of agarose in 50μL of 1X TAE buffer and, once slightly cooled, we added

5μL of SYBRTM Safe DNA Gel Stain. We poured the gel into a casting tray and left it to set for

one hour.

2.10.4: Determining concentration of PCR reactions

Once we confirmed that amplified inserts were the correct length, we measured the

concentration of PCR products by mixing 5μL of reaction with 195μL of buffer and using an
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Invitrogen Qubit Fluorometer and the Double Strandard Broad Range reagents.

Concentrations were measured in ng/μL.

2.10.5: Gibson Assemblies

We performed Gibson Assemblies to ligate PCR promoter products into our pUA66 plasmid

backbone, as per manufacturer's instructions

(https://nebiolabs.co.nz/protocols/2014/11/26/nebuilder-hifi-dna-assembly-reaction-protocol).

The required insert volume was calculated using the NEB ligation calculator:

http://nebiocalculator.neb.com/#!/ligation, each reaction had an insert: plasmid ratio of 2:1.

Reaction mixtures were set up as per table 2.6.

Table 2.6 Gibson Assembly reaction volumes.

Reaction volumes (μL)

Recommended DNA molar ratio Vector:Insert 1:2

NEBuilder HiFi DNA Assembly Master Mix 10

Vector backbone 2

Insert fragments As determined by NEB ligation calculator

Deionised H20 10 - insert volume

Total volume 20

2.11: Bacterial transformation

We first transformed Top10 cells with plasmid constructs. We then extracted plasmids from

transformed Top10 cells and electroporated them into electrocompetent SC375 cells for

further downstream analysis.

32

http://nebiocalculator.neb.com/#!/ligation


2.11.1: Making electrocompetent bacteria cells

We made overnight cultures of Top10 cells by inoculating 3mL of LB, in a 15mL falcon tube

with a single Top10 colony. Inoculated LB was left to grow overnight at 37°C, with shaking at

250 RPM. 100mL of LB in a one litre flask was left overnight at the same conditions, to

aerate the LB. 1mL of the overnight culture was transferred to the 100mL of pre-warmed and

pre-shaken LB and left it to grow to an OD of 0.45-0.5 at 37°C, shaking at 250 RPM. Once

the OD was reached, we immediately put the culture on ice, and swirled it in an ice slurry for

10 minutes. After swirling, the flask was kept on ice and left to incubate in the fridge for one

hour. We then split the culture equally into two pre-chilled 50mL falcon tubes and centrifuged

both tubes for 10 minutes at 4°C at 4200 x g. After centrifugation we poured off the

supernatant, and resuspended the pellet in pre-chilled 10% glycerol, then replaced it in ice

and refrigerated for 10 minutes. We repeated the centrifugation and ice incubation steps with

resuspended pellet two more times, with the exception of the centrifuge now being spun at

4500 x g, and supernatant now being removed with a pipette. After the third round of

centrifugation, we resuspended the pellet in the supernatant left behind after removal with a

pipette. We pooled all cells together and transferred aliquots of 70μL to pre-frozen 1.5mL

tubes. We stored electrocompetent Top10 cells at -80°C. This process was repeated with the

SC375 strain to make electrocompetent SC375 cells.

2.11.2: Electroporation of electrocompetent cells

We transformed electrocompetent cells with assembled pUA66 plasmids by electroporation.

We mixed 2μL of plasmid with 70μL of thawed electrocompetent top10 cells. We

electroplated cell-plasmid mixtures at 1850mV, 500μL of warmed SOS-media was added

immediately after electroporation. We transferred mixtures into 5mL microcentrifuge tubes

and left to recover for one hour at 37°C, shaking at 250 RPM. After one hour, 200μL of

1.0e1-fold, 1.0e2-fold and two measures of undiluted cells were plated on pre-warmed LB

plates containing Kan50, to ensure the cells retained the plasmids. We electroporated

electrocompetent cells without plasmid constructs and plated them as a negative control.

Plates were left to grow at 37°C overnight. Successful transformation was deemed to be

colony growth on plates, alongside no growth of the negative control.
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2.11.3: Plasmid extraction

We extracted plasmids were from electrocompetent cells following protocol Agilent

StrataPrep Plasmid Miniprep Kit as outlined in:

https://www.agilent.com/cs/library/usermanuals/public/400761.pdf.

2.11.4: Confirming gibson assembly ligation

We performed PCR of transformed electrocompetent cells to confirm correct insert ligation of

gibson assemblies. We used a single colony to inoculate 3mL of LB with the addition of 3μL

of Kan50. The inoculated culture was then grown overnight at 37°C with shaking at 250

RPM. We mixed 5μL of overnight culture with 95μL of water and incubated at 95°C for five

minutes, to be used as template DNA. We set up PCR reactions as outlined in Table 2.7. We

ran PCR products on a 1% agarose gel to confirm expected sequence length. We performed

an ExoSAP clean up on PCR products to prepare them for sequencing (outlined in Table

2.8). Samples were sent to Macrogen, Inc. to be sequenced.

Table 2.7 PCR reaction mixtures for insert sequencing preparation.

Reagent Concentration Volume per 1
reaction (μL)

Volume per 4
reactions (μL)

ddh20 3 12

ThermoScientific
DreamTag Hot Start
PCR Master Mix

2X 5 20

Primer F 10μM 0.5 2

Primer R 10μM 0.5 2

Aliquot 9μL

Add template DNA 1
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Table 2.8 ExoSAP Reagent setup

Reagents Volume per reaction (μL) Volume per 4 reactions
(μL)

CutSmart buffer 2 8

Exo 1 buffer 2 8

Exo 1 enzyme 1.25 5

rSAP enzyme 2.5 10

Final Volume 7.75 31

Aliquot per reaction 7.75 7.75

Final volume per reaction
(incl PCR products)

20.25 20.25

2.12: Genome Sequencing

2.12.1: DNA extraction

We performed DNA extraction following the promega protocol 3.G “Isolating genomic DNA

from Gram Positive and Gram Negative Bacteria'' as outlined in:

https://worldwide.promega.com/-/media/files/resources/protocols/technical-manuals/0/wizard

- genomic-dna-purification-kit-protocol.pdf?la=en, with four minor changes: Protein

Precipitation Solution was pre chilled at 3°C before use; steps 12 & 13 and 16 & 17 were

repeated twice each; sterile water was used for the rehydration of DNA in place of DNA

Rehydrate Solution; and DNA was left to rehydrate overnight at room temperature.

2.12.2: Quality check of extracted DNA

We checked DNA quality (fragmentation) by mixing 5μL of extracted DNA with 1μL of 6X

loading dye (Thermofisher) and loaded it on a 0.7% agarose gel alongside a 1 Kbp DNA

ladder. We ran the gel for one hour, with the voltage set to 120mV, using a 1X TAE buffer.
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0.7% agarose gel

0.35g of agarose was dissolved in 50μL of 1X TAE buffer and, once slightly cooled, 5μL of

SYBRTM Safe DNA Gel Stain was added. We poured the gel into a casting tray and left it to

set for one hour.

1X TAE Buffer

For 1 litre:

Tris-Acetate-EDTA 50X solution (Fisher BioReagents) 20mL

Water 980mL

2.12.3: Nanopore sequencing of extracted genomic DNA

We performed sequencing using the Oxford Nanopore MinION following the Rapid

Barcoding Sequencing procedure as outlined in:

https://community.nanoporetech.com/protocols/rapid-barcoding-sequencing-sqk-rbk004/chec

klist_example.pdf, skipping the optional concentration steps. The nanopore was set to run for

72 hours. The data was basecalled using Guppy 4.0.

2.12.4: Genome assembly and alignment

Flye (version 2.7.1) was used to create de novo genome assemblies from the nanopore

.fastq output data. The assemblies were polished with racon (Vaser et al., 2017), followed by

medaka tools (Huang et al., 2020). Consensus sequences were aligned using Mauve for

visualisation (Darling et al., 2004).

2.13: RNA-sequencing

2.13.1: RNA extraction

We quenched exponential phase cultures using a 5% phenol in ethanol solution at a volume

of 50% of the total culture in each tube. Cultures were incubated on ice for 15 minutes, then

centrifuged at 4°C for seven minutes at 7000 x g. Following centrifugation, we discarded the

supernatant and re-dispersed pellets in RNAlater solution and stored them in a refrigerator

overnight at 4°C. The following day we processed samples using the standard protocol from
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Zymo-quick RNA miniprep with the addition of a lysozyme digestion step. We prepared the

lysozyme solution using TE buffer with a concentration of 2mg/mL. We incubated the

bacterial pellet in RNAlater with the lysozyme solution for approximately five minutes before

proceeding with the quickRNA miniprep protocol.

2.13.2: RNA-sequencing

We sent extracted RNA to Custom Science Ltd., where samples were sequenced by

Illumina’s stranded RNA sequencing, which also included rRNA depletion.

2.13.3: Analysis of sequencing data

We mapped RNA Illumina sequencing results using bwa mem (Li & Durbin, 2009), counted

with feature count (Liao et al., 2014) and analysed differential gene expression with DESeq2

(Love et al., 2014).
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Chapter 3: Results

3.1: E. coli SC375 exhibits heterogeneous colony morphologies

SC375 is a natural isolate of E. coli that was collected during routine sampling from the

foreshore of the St Louis River, which is the outflow of Lake Superior at Duluth, Minnesota.

During plating of this strain on minimal media (M9) agar plates, we found that two distinct

colony morphologies were present. We first checked for possible contamination of the culture

by restreaking three times to a single colony; each time, after regrowth of the cells in liquid

media, we observed the same two distinct phenotypes. To understand the genesis of this

phenomenon, we first tested whether this phenotype switching was dependent on nutrient

source. We found that the two morphologies were much less distinct on rich media (LB) and

the frequency of one colony type was considerably less on minimal glucose media and more

on minimal lactose media. Thus to examine the colony morphologies in more detail, we

plated dilutions of overnight cultures of SC375 onto 0.8% minimal lactose plates, incubated

overnight, and photographed them using a dissecting microscope.

As shown in Fig. 3.1a we were able to visualise the growth of distinct colony types,

confirming that SC375 is a phenotypically heterogeneous strain. Cells grew into either small,

circular compact colonies with well-defined rounded edges, or larger colonies with irregular

edges that formed a translucent halo around a more concentrated centre. We named these

colony types after their dominant feature and therefore going forward, refer to them as

“compact” and “halo” colonies respectively. In addition to compact and halo colonies we

discovered a third intermediate colony phenotype that we could not clearly classify as either

halo or compact. These colonies had a compact-like centre with ill-defined irregular outer

edges and demonstrated a smaller halo-like semi-transparent ring around a well defined

centre; we therefore referred to these as “mixed” colonies. The compact phenotype

appeared to be the prevailing morphology, while halo and mixed colonies were less common.

This, together with previous results from SC375 grown on LB agar plates (Fig. 5.1) in which

we observed exclusively compact colonies suggested that, in the growth environments

tested, compact colonies were the default phenotype, while halo colonies were the anomaly.
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Figure 3.1 The SC375 natural E. coli isolate forms phenotypically variable colonies when grown
on M9 minimal media. (a) Colony growth of SC375 cells on M9 agar plates with 0.8% lactose,
photographed using a dissecting microscope. Cells form either (from left to right) halo colonies, mixed
colonies or compact colonies. Individual colonies photographed at 10X magnification (b) compact
colony (c) mixed colony (d) halo colony.

In order to better visualise the morphological differences between the compact, mixed and

halo colony types, we further analysed plate growth using a light microscope. Colonies were

again grown in minimal lactose media and photographed at a magnification of 10X using a

Nikon Ti-2 inverted microscope (Chapter 2.9.1: Colony microscopy). Along with their

characteristic irregular edges, we observed that halo colonies (Fig. 3.1d) appeared to have a

wrinkly surface very similar to that of the Wrinkly Spreader colonies of Pseudomonas
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fluorescens SBW25 (J. H. Green et al., 2011; Spiers et al., 2002). Wrinkles also appeared to

be larger towards the edges and smaller within the colony centre. Compact colonies (Fig.

3.1b) had a smooth, consistent surface, complementary to their distinctive edges. The

intermediate mixed phenotype (Fig. 3.1c), clearly exhibited characteristics of both colony

types, having both wrinkled and smooth colony surfaces.

3.2: Individual cell  phenotypes differ between colony morphologies

After confirming that SC375 cells were able to form differential colony morphologies, we

hypothesised that individual cells would also display different phenotypes, and that colony

morphology is directly influenced by these phenotypes. To investigate this, we used flow

cytometry to determine the approximate cellular morphologies comprising each colony type.

Flow cytometry uses light scattering to determine cell complexity and relative cell volume

(Romano et al., 2003). Cells of different sizes can be differentiated based on their forward

and side scatter which reflect their granularity and size respectively (Inglis et al., 2008).

We grew colonies on M9 lactose plates (Chapter 2.6: Cell culturing) and selected the

colonies used for downstream analysis based on their characterisation as either a compact

or halo colony. We collected flow cytometry data for a total of 21 colonies, and identified two

different scatter patterns (Fig. 3.2). Cells derived from compact colonies consisted of a

single cluster of cells with similar size and complexity (Fig. 3.2a). Cells derived from halo

colonies exhibited two clusters that varied the most by their side scatter values, which was

suggestive of two subpopulations of different sized cells (Fig. 3.2b). These results suggested

that compact colonies are composed of smaller cells, while halo colonies consist of a mixture

of both large and small cells.
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Figure 3.2. Differential colony morphologies are reflective of the phenotypes of cells within
colonies. Flow cytometry was used to measure granularity (FSC) and size (SSC) and the results
were plotted as cell density maps. (a) cells within compact colonies share a single phenotype, as
shown by the single mass of cell densities. (b) halo colonies consist of two major cellular phenotypes
as demonstrated through the two visible groupings. The red regions indicate the area of the highest
density of cells.

We used microscopy to gain a better understanding of the distribution of individual cellular

phenotypes within each colony morphology. We selected compact, halo and mixed colonies

in triplicate and resuspended each colony in 1X PBS. Undiluted resuspensions were used to

make microscope slides as outlined in the (2.9.2: Microscopy). We took phase contrast

images using a 100X oil objective (Figs. 3.3 a, b and c).

By initial visual analysis, we confirmed that compact colonies consisted of all short cells,

while mixed and halo colonies had both long and short cells. Interestingly, distinguishing

between mixed and halo colonies proved very difficult.
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Figure 3.3 The presence of long cells in colonies determines colony morphology. Sample phase
contrast images of undiluted resuspended colonies, taken at a magnification of 100X showing a (a)
compact colony (b) mixed colony (c) halo colony. (d) Distribution of cell length by colony type. The
distributions appear left-censored because segmented regions less than 0.4μm in length were
excluded as likely dead or non-replicating cells.

To analyse the data more quantitatively, we segmented individual cells from the phase

contrast images using the cell segmentation software SuperSegger (Stylianidou et al., 2016),

and compared the distribution of cell lengths in each colony type (Fig. 3.3d). All three

colonies showed unimodal distributions of cell length with long tails. The compact colonies
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had uniformly short cells. This is apparent as a tall, narrow peak with cell sizes concentrated

between 0.4 and 1.3μm. Cell lengths were more variable within mixed and halo colonies;

most notable is the presence of the right tail of the distribution showing long cells present at

small quantities. This contrasts with our expectations from the previous flow cytometry data,

which suggested mixed and halo colonies had a bimodal distribution of cell length.

Nevertheless the microscopy data further supported the hypothesis that the presence of

even a small fraction of longer cells within colonies was enough to alter colony phenotype.

3.3: Cells switch rapidly switch between long- and short-cell phenotypes

To characterise the phenotypic switching between short- and long-cell phenotypes, we

performed time-lapse microscopy, to monitor the length and growth of cells over time. We

created time-lapse movies of cell growth, by taking sequential images every two minutes for

a period of up to 24 hours. Time-lapse microscopy allowed us to visualise cell division and

track the rate of phenotype switching (Figs. 3.4 a, b and c). We observed phenotypic

switching in both directions (i.e. long to short cells and the reverse). As expected, we found

that it was more common for long cells to switch to short (Fig. 3.4 b and c).
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Figure 3.4 SC375 cells rapidly switch between short and long phenotypes. Time-lapse
microscopy of cell growth over time, showing changes in the length of cell progeny of an initially (a)
short cell (b) long cell (c) long cell. (d) Cell length at birth of cell progeny over a period of generations.
The name of each cell line refers to the corresponding time-lapse image of its cell growth in figures
a,b and c. For clarity the division times for all cells has been aligned, so in some cases there are an
unequal number of time steps between each cell division. Lineage A3 switches from a short to long
phenotype, doubling in length at birth (and reaching a stable plateau); several other lineages half their
size at birth.
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We quantified cell switching characteristics by tracking the cell length at birth of each cell's

progeny over a period of cell divisions (Fig. 3.4d). We found that short cells exhibited

extremely stable phenotypes, with cell lengths at birth varying by less than 10%. We

identified few long cells that remained long, and found that when they transitioned to short

cells, this transition was extremely unstable, with length at birth both decreasing and

increasing during the transition, sometimes by more than 25%. This variability appeared to

stabilise once cells fully transitioned to short cells. Finally, in the time-lapse movies we

analysed, we found only a single cell that switched from short to long; however, this transition

appeared to be relatively stable (A3 in Fig. 3.4). By establishing a pattern of cell switching,

we were also able to confirm that long cells are still viable and able to reproduce, ruling out

cell division errors as a cause for the formation of long cells.
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Figure 3.5 Long cells show a more dynamic pattern of switching on a colony wide level in
comparison to short cells. Distribution of cell lengths in each colony type after sampling of liquid
cultures grown for (a) 0 hours (b) 2 hours (c) 4 hours (d) 12 hours. (e) Average cell length of all cells
in each colony over different time points.

47



Analysis of time-lapse imaging is limited by the cell segmentation step and tracking across

frames, as the proximity of cells makes segmentation difficult. In addition, there are few

independent data points when observing microcolony growth, as most cells arise from a

single progenitor cell. In order to sample a more independent set of cells and quantitatively

characterise cell size across the population, we tracked the frequency of cell phenotypes in

populations by sampling overnight cultures at varying time points for microscopic analysis.

We resuspended triplicate samples of each colony type (compact, mixed and halo) in M9

minimal media and left them to grow for 12 hours. We then diluted these into fresh media

(Chapter 2.9.2: Microscopy) and sampled them at 0 hours (resuspended colonies), 2 hours,

4 hours, and 12 hours. We used undiluted samples to take phase contrast images at each

time point and segmented the images to measure variation in cell lengths over time.

At hour 0 we expected compact colonies to contain primarily short cells, and mixed and halo

colonies to have both short and longer cells. We aimed to use the cell length distribution

patterns of each colony type over time, to follow the switching dynamics of each cellular

phenotype. Due to the less frequent switching from the short to long phenotype, we expected

that compact colonies would remain composed primarily of short cells, with a few outliers

that demonstrated switching from short to long. We expected that halo and mixed colonies

would show bimodal distributions of cell sizes, representing the two cell phenotypes.

At hour 0 (Fig. 3.5a), compact and mixed colonies showed unimodal right skewed

distributions very similar to those shown in Fig. 3.3d. The modal cell lengths for all three

colony types was similar, approximately 1.2μm. Mixed colonies exhibited a slightly longer tail;

however, halo colonies had a long tail extending to just over 4μm. This further reinforced our

previous findings that compact colonies were made up of only short cells while halo and

mixed colonies had both cell types. The mean cell length (Fig. 3.5e) of halo colonies at 0

hours was 1.82μm; in mixed colonies the mean cell length was 1.43μm - not much higher

than the 1.35μm average of compact colonies.

At hour 2 (Fig. 3.5b) the modal cell length in compact colonies became slightly shorter, with

very few cells being longer than 2μm. This remained consistent after 4 hours (Fig. 3.5c), with

cell lengths varying from 0.5μm to 2μm. Finally, after 12 hours (Fig. 3.5d) the cell length

distribution narrowed further to show a modal length of 1μm. Overall, mean cell length over
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time (Fig. 3.5e) decreased from 1.35μm at hour 0, to 1μm after 12 hours. Along with the

narrowing of distribution peaks over time, the downward trend suggested that short cells

tend to stay short over time and are even able to get shorter. However, this result is

surprising in that bacterial cells usually become longer when they enter exponential growth.

After 2 hours (Fig. 3.5b), halo colonies formed a bimodal peak that skewed considerably

further to the right. The longest cells reached a length of 5μm or more. At 4 hours (Fig. 3.5c)

cell length was clearly bimodal, with peaks at 1μm and 2.4 μm. After 12 hours (Fig. 3.5d) the

distribution once again became unimodal, although surprisingly with a shorter right tail than

at hour 0. Mean cell lengths at each time point clearly indicated that cells got longer after 2

and 4 hours of growth, and then fell to 1.46μm - again, lower than their initial average length

of 1.82μm at 0 hours.

Mixed colonies followed a pattern that reflected an intermediate between compact and halo

colonies. A bimodal distribution was evident at 4 hours (Fig. 3.5c) although, relative to the

halo colonies, the majority of cells were of shorter length. Mean cell lengths followed the

same pattern as halo colonies, reaching less extreme values; they increased at 2 and 4

hours and decreased again at 12 hours. Average cell lengths at 0 hours was 1.43μm, only

0.08μm longer than that of compact colonies. After 12 hours the average dropped down to

1.1μm, which was 0.04μm longer than the compact cell average. In comparison, the average

cell length at 12 hours of halo colonies was 1.46μm - 0.1μm longer than the starting value for

compact colonies. Together, the cytometry, time-lapse microscopy, and static microscopy

indicated that cell morphology changed rapidly, and most clearly, that long-cell phenotypes

could develop very quickly. We next sought to discover whether there was a specific

molecular mechanism leading to the differentiation of these two phenotypes.
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3.4: Long- and short-cell phenotypes do not differ in genomic sequence

We hypothesised that there may be a genetic basis for the phenotypic variation

demonstrated by the SC375 strain. Under this hypothesis, after a genetic switch occurred,

cells would begin the transition to a different phenotype, and would remain that phenotype

until the switch reverted. Thus, even though the switch is instantaneous and discrete,

phenotypes themselves are not necessarily discrete (i.e. either long or short) as there is a

transition period. To test this possibility, we extracted DNA from each of the two colony

phenotypes, performed Oxford Nanopore whole genome sequencing, and assembly (see

2.12: Genome Sequencing). Alignment of the two genome assemblies suggested a possible

indel within the FocC_1 gene of the fim operon, which encodes the chaperon protein FocC.

The indel was a four nucleotide deletion of CTCT within a TTCTCTCTTTTT repeat sequence

(Fig. 5.1a), which only appeared to be present in the short cell genome assembly. Based on

our previous knowledge of the regulation and phase variable control of gene expression in

the fim operon, we suspected that this indel could have a role in the formation of the two

phenotypes. The deletion resulted in the truncation of the functional FocC protein into a

non-functional, shorter, protein and an additional hypothetical protein (Fig. 5.1b). In an

attempt to confirm the role of this mutation, we aligned individual reads from each population

to the assembled genomes. This would allow us to identify changes in the genome structure

even if it occurred in only a subset of cells. However, we found no consistent differences in

the variants present in reads from short- or long-cell phenotypes. Furthermore, we could not

identify even a subset of reads having a different structure or consistently different sequence.

This suggested that the indel differentiating the long-cell and short-cell assembly was most

likely present due to errors in the assembly process rather than being a true polymorphism.

We cannot exclude the hypothesis that long cells differ genetically, but their frequency was

not high enough to determine this difference.
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3.5: Long- and short-cell phenotypes differ in gene expression profiles

Although we could not determine a consistent genetic change that appeared to be causal of

the two phenotypes, we hypothesised that gene expression states might differ between the

two phenotypes. In order to measure gene expression, we grew resuspended compact and

halo colonies to exponential phase. RNA was extracted from 50 pooled compact and 50

pooled halo colony samples and sequenced using Illumina’s stranded RNA sequencing.

Sequencing results were analysed using DESeq2 to identify genes that were expressed

differentially in either cell type (DESeq2 outputs are shown in Tables 5.1 and Table 5.2).

We identified two groups of genes that were either up- or down-regulated in long cells,

compared to short cells. Down-regulated genes are shown in Fig. 3.6a and up-regulated

genes are shown in Fig 3.6b. All changes had significant p-values of less than 2e-5. The

down-regulated genes shown all exhibited a log2-fold decrease of at least 2. The

up-regulated genes shown in Fig 3.6b exhibited a log2 fold increase of at least 2.4.

In order to identify genes of interest for further study, we analysed the relative expression of

each gene (Fig. 3.6 c and d). We hypothesised that variation in expression of genes that are

more highly expressed on a relative level were most likely to affect phenotype, even if the

expression differences were caused by upstream regulatory changes. Of particular interest

in the down-regulated genes was the fimAICDFGH gene cluster, which contains all the

subunits of the Type I fimbriae, and has been found to be under phase-switching control. All

seven fim genes had significant fold-decreases in gene expression in long cells. The fim

cluster of genes are located on the same operon, under the control of the same promoter.

Analysis of the relative gene expression of negatively regulated genes concluded that the

fimA gene was expressed at the highest level (Fig. 3.6c). Several genes within the gfc

operon were also expressed at a high level: gfcB, etp and etk. Due to the high basal gene

expression of gfc and the role of the gfc operon in capsule synthesis and subsequent

excretion, we selected the gfc operon as a second negatively regulated gene cluster of

interest. Finally, we selected Aida_I for further analysis because of its high basal expression,

its role as an outer membrane autotransporter and its highly up-regulated expression in the

long cell phenotype.
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Figure 3.6 SC375 cellular phenotypes demonstrate variation in the expression of three key
genes. RNA sequencing analysis of differential cell phenotypes identified clusters of genes positively
and negatively regulated in long cells in comparison to short cells. Log2 fold change of expression in
(a) negatively regulated genes and (b) positively regulated genes. Basal gene expression of (c)
negatively regulated genes and (d) positively regulated genes.

3.6: Expression patterns correlate with colony phenotype

To investigate variation in gene expression at a cellular level, we cloned the promoter regions

of our three genes of interest upstream of a strong ribosomal binding site and Green

Fluorescent Protein (GFP) on a low copy-number plasmid. This allowed us to determine the

relative cellular mRNA expression levels by measuring the fluorescence data of each cell.

The promoter regions for the gfc operon and the fim gene cluster were 710bp and 700bp,

respectively. The fim promoter region included 105 base pairs from the upstream gene and

115 base pairs from the downstream gene; the gfc promoter region included 139 base pairs

of the upstream gene and 129 base pairs of the downstream gene. We included part of the

upstream and downstream genes as there are known to be regulatory elements in these

regions. The analogous promoter region for the aidA gene was over 2000 base pairs. This
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was difficult to clone into our 4620 base pair vector backbone and we were unable to confirm

successful transformation of the paidA::GFP plasmid construct into our SC375 cells. For this

reason, the results below are limited to the gfc and fim promoters.

We looked at how colony fluorescence (indicative of fim or gfc operon expression) correlated

with morphology. We imaged plated colonies using both a phase contrast and a 470nm

optical configuration. Because our RNA-seq data indicated that both the fim operon and gfc

operon were upregulated in short cells, we expected short cells to have greater fluorescence

values than long cells. Therefore compact colonies would be expected to have a greater

fluorescence than halo and mixed colonies.

Colonies containing pfim::GFP are shown in Fig. 3.7. Phase contrast images of colonies

containing either the pfim::GFP or the pgfc::GFP (Fig. 3.8) plasmids demonstrated identical

characteristics to those in Fig. 3.1, confirming the presence of plasmids within cells does not

influence cell morphology.

Compact colonies tended to be small with defined edges (Fig. 3.7a). The shape and

characteristics seen in the phase contrast image of this colony are clearly identifiable in the

corresponding fluorescence image. A very large proportion of cells within the compact

colony were highly fluorescent. Comparatively, the halo colony had limited fluorescence

localised in the central portion of the colony (where the cells are the densest), with a swirling,

inconsistent pattern of fluorescence towards the outer edges (Fig. 3.7b). In the fluorescence

image, colony edges were indistinct. Because halo colonies contained a large proportion of

long cells, which give the colony its unusual wrinkly shape, we hypothesise that the lack of

fluorescence at the edges of this colony was due to a deposit of long cells at these locations,

and the overall “swirled” pattern is due primarily to the long cell morphology and the forces

affecting neighbouring cells during colony growth. The intermediate morphology of the mixed

colony (Fig. 3.7c) was very clear in both the phase contrast and the fluorescence images.

Half of the colony had the smooth edges characteristic of compact colonies while the other

half had the irregular edges and wrinkled surface, affiliated with halo colonies. The

fluorescence image followed the same pattern: half of the colony was brightly fluorescent

with defined edges, while the other half had the swirling fluorescence pattern of the halo
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colonies. It was easy to distinguish differences in the mixed colony morphology using the

fluorescence image alone.

Colonies transformed with the pgfc::GFP plasmid (Fig. 3.8) followed a similar pattern as the

pfim::GFP colonies in Fig 3.7. The compact colony (Fig. 3.8a) showed the highest level of

fluorescence, corresponding with the hypothesis that compact colonies are composed of all

short cells and that these express the gfc operon at high levels. The halo colony (Fig. 3.8b)

had its characteristic ill-defined borders and wrinkly surface, visible in the phase contrast

image, and the newly determined unique fluorescent centre with a swirling pattern towards

the outer edges. The mixed colony (Fig. 3.8c) of pgfc::GFP transformed cells appeared to

have an unusual combination of a mostly wrinkly surface with defined edges on one half of

its border. However, the fluorescence patterns were as expected, with the greatest intensity

of fluorescence corresponding with compact colony features.

The increased fluorescence of compact colonies of both pgfc::GFP and pfim::GFP

transformed cells confirmed that shorter cells have the greatest promoter activity, even for

promoters present on multicopy plasmids. Coupled with phase contrast imagery, we were

able to use fluorescence microscopy to determine the location of each cell phenotype within

halo and mixed colonies; shorter cells appeared to be more common at the centre, while

longer cells were localised towards the outer colony edges.
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Figure 3.7 The compact colony morphology of pfim::GFP transformed cells showed the
greatest fluorescence under 470 nm light, the halo colony morphology was the least
fluorescent. 10X phase contrast (PC) and their corresponding 470nm (470nm) fluorescence
microscopy images of SC375 transformed with a fim-pUA66 expression vector. All fluorescence
images were taken at 100ms exposure at 65% intensity. Images show a (a) compact colony (b) halo
colony (c) mixed colony.
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Figure 3.8 Colony fluorescence of pgfc::GFP transformed cells is positively associated with
small cell composition. 10X phase contrast (PC) and their corresponding 470nm (470nm)
fluorescence microscopy images of SC375 transformed with a fim-pUA66 expression vector. All
fluorescence images were taken at 100ms exposure at 65% intensity. Images show a (a) compact
colony (b) halo colony (c) mixed colony.
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3.7: Short cells exhibit higher activity of the fim and gfc promoters

Following the confirmation of gene expression phenotypes through fluorescence microscopy,

we again used flow cytometry as independent confirmation that expression of the fim and gfc

gene clusters were greater in short cell phenotypes. Rather than selecting colonies based on

colony (and therefore cell) morphology and testing the fluorescence, following the above

results we selected colonies based on their fluorescence and tested differences in cell

morphology. We selected triplicates of fluorescent, non-fluorescent and mixed colonies from

each transformed strain and collected forward scatter, side scatter and fluorescence data

(488 nm excitation, 513/17nm bandpass emission) for each colony. For comparison of

fluorescence, we used an empty pUA66 plasmid as a negative control. We predicted that

fluorescent colonies would be composed of entirely small cells, and non-fluorescent colonies

would show a cell composition pattern similar to that of halo colonies.

Flow cytometry results for pgfc::GFP are shown in Figure 3.9 and Figures 5.9 to 5.14. Cell

size (as inferred by side scatter (SSC) data) for fluorescent (Fig 3.9a), non-fluorescent (Fig.

3.9d) and mixed (3.9g) colonies all had the expected cell size patterns: fluorescent colonies

showed two different cell size peaks indicating the presence of both long and short

phenotypes; however, considerably fewer cells were in the high-SSC cluster, indicating long

cells were not present in large numbers. Colony fluorescence of the compact morphology

(Fig. 3.9b) showed two fluorescence peaks at values of GFP 3-4 and 4-5 log10 of GFP. In

addition, almost all high-SSC cells had low fluorescence. We found that the fluorescent cells

within fluorescent colonies (Fig. 3.9c) all had low SSC, with a value of 3.0-3.5 (log10

arbitrary units).

Non-fluorescent colonies (Fig. 3.9d) showed one large cluster of cell size at a high SSC

value, centred at 3.7, indicative of the longer cellular phenotype. A small smear below 3.5

suggested that short cells are present, but in very low numbers. Colony fluorescence (Fig.

3.9e) also showed two peaks, each of a similar size, at 2.0-3.0 and 3.0-4.0. This suggested

that some cells may have recently had high fluorescence, but this fluorescence was diluted

as the cells became longer; other cells have remained long and therefore filtered the majority

of the GFP out. Comparison of cell size and fluorescence (Fig. 3.9f), showed two adjacent
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clusters of cells with fluorescence values of between 2.0-3.0 and 3.0-4.0. Both fluorescence

clusters had SSC values of between 3.5 and 4.0.

Mixed colonies showed the expected two cluster pattern of cell size, however with a greater

density of high-SSC cells. Mixed colonies (Fig. 3.9h) showed an inverse pattern to that of

non-fluorescent colonies, with the second of the two peaks being larger. This is suggestive of

a larger quantity of fluorescent cells within mixed colonies than in non-fluorescent colonies.

Cell size-fluorescence data (Fig. 3.9i) for mixed colonies is comparatively intermediate. Two

clusters distinguishable by the y side scatter axis, differentiate in their log10 GFP values. The

cluster of lower SSC cells have higher log10 GFP values of between 4.0-4.5. The higher

SSC cluster of cells have lower log10 GFP values of below 3.5.
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Figure 3.9 SC375 cells transformed with the pgfc::GFP plasmid show greater fluorescence in
the short cell phenotype than in the long cell phenotype. Flow cytometry was used to measure
cell size (FSC), complexity (SSC) and fluorescence (GFP) within a fluorescent, non-fluorescent and
mixed colony. (a) Cell size (b) colony fluorescence and (c) cell fluorescence of cells within a
fluorescent colony. (d) Cell size (e) colony fluorescence and (f) cell fluorescence of cells within a
non-fluorescent colony. (g) Cell size (h) colony fluorescence and (i) cell fluorescence of cells within a
mixed colony. (j) Cell size (b) colony fluorescence and (c) cell fluorescence of cells within the control
colony. Coupled with the results of our negative control, we determined that this lower fluorescence
value was due to cell autofluorescence from exposure to the 470 nm light used to measure GFP.

Flow cytometry results from the pfim::GFP transformed strain are shown in Figure 3.10. Cell

size results for fluorescent (Fig. 3.10a), non-fluorescent (Fig. 3.10d) and mixed colonies

(Fig. 3.10g) all showed two clusters suggesting the presence of both long and short cells.

Although these results indicate the presence of both cellular phenotypes in all three colony

types, non-fluorescent colonies exhibited a more dense cluster of cells with a larger side

scatter value (i.e. larger cells). This suggested non-fluorescent colonies have a larger

proportion of longer cells. Fluorescence patterns for all three colony types varied

unexpectedly. Fluorescent colonies (Fig. 3.10b) showed two peaks with the high

fluorescence peak approximately two logs more fluorescent (1.0e2-fold). The colonies we

identified as non-fluorescent (Fig. 3.10e) had a single fluorescence peak at 2.3 on a log10

scale. Mixed colonies (Fig. 3.10h) had two peaks of fluorescence, similar to the peaks

demonstrated by the colonies we identified as fluorescent. However, the first peak had more

than double the number of cells as the second peak.

We also examined fluorescence data in direct relation to cell size. As expected, both

fluorescent (Fig. 3.10c) and mixed colonies (Fig. 3.10i) showed two clusters of fluorescence.

Notably, a large fraction of the highly fluorescent cells had high SSC values, which we infer

as being long. In comparison, non-fluorescent colonies (Fig. 3.10f) contained a single cluster

of fluorescence, however in this cluster there were two positions of cell density with varying

cell size values. In non-fluorescent colonies, it appeared that cell size did not influence

fluorescence.

While each of the three colony morphologies of pfim::GFP transformed cells showed the

expected variation in fluorescence data, the composition of each cell type was not as

expected. All colonies had similar bimodal distributions of SSC values. In addition, we found
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that fluorescent colonies in fact had a higher proportion of high-SSC cells than

non-fluorescent colonies
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Figure 3.10 Colonies grown from cells transformed with the pfim::GFP plasmid show no
relationship between cell length and fluorescence. Flow cytometry was used to measure cell size
(FSC), complexity (SSC) and fluorescence (GFP) of the cells within fluorescent, non-fluorescent and
mixed colonies. Cell size (b) colony fluorescence and (c) cell fluorescence of cells within a fluorescent
colony. (d) Cell size (e) colony fluorescence and (f) cell fluorescence of cells within a non-fluorescent
colony. (g) Cell size (h) colony fluorescence and (i) cell fluorescence of cells within a mixed colony. (j)
Cell size (b) colony fluorescence and (c) cell fluorescence of cells within the control colony. Coupled
with the results of our negative control, we determined that this lower fluorescence value was due to
cell autofluorescence from exposure to the 470 nm light used to measure GFP.

3.8: Fluorescence and cell lengths change over time

Up until this point, we have only conducted fluorescence analysis of our transformed strains

within colonies - a single snapshot in time at stationary phase. To get a more thorough

picture of the changes in gene expression over time, we used flow cytometry to perform a

large-scale analysis of length and fluorescence over multiple time points.

We inoculated liquid cultures from a glycerol stock of transformed strains, and grew them for

either 4 hours or 12 hours, and collected cytometry data. At 4 hours, we expected most of

our cells to be in exponential phase. pfim::GFP clearly changed between 4 hours and 12

hours of growth. At both time points, two subpopulations of cells, differing in their cell length

(SSC), were present within the larger population. After both 4 hours (Fig. 3.11a) and 12

hours (Fig. 3.11d) shorter cells were the dominant phenotype.

After 4 hours of growth the negative control (Fig. 3.11c) had fluorescence values below 2.75

(i.e. background cellular auto-fluorescence), so fluorescence values above this point were

deemed significant, this value persisted until 12 hours (Fig. 3.11f). We observed the greatest

fluorescence values for pfim::GFP transformed cells at 4 hours; a smear-like pattern of

fluorescence values suggested a large range of fluorescence values rather than two

significant extremes. There was no obvious distinctive relationship between fluorescence

values and side scatter values, with long and short cells equally lacking in fluorescence at

either time point. After 12 hours the already minimal fluorescence decreased, despite an

increase in short cells within the population (Fig. 3.11d).

In contrast, the fluorescence of pgfc::GFP transformed cells remained stable over time; short

and long cells were present at both time points. After 4 hours (Fig. 3.11b), there was an

equal proportion of long and short cells within the population; there were two concentrations
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of data on our SSC x GFP plot (Fig. 3.11b). Each cluster differentiated on both their SSC

and GFP values, indicating the presence of cells that vary in cell length and fluorescence.

Both fluorescence values were greater than the 2.75 (log10 of GFP) of our negative control,

so we could rule out solely autofluorescence. Short cells had a much greater fluorescence of

4.5 compared to the 3.5 of long cells. Again, we view this as most likely to be residual

fluorescence from transitioning from short to long, or as leakiness of the promoter. After 12

hours, short cells became the dominant phenotype, although some long cells remained

present (Fig. 3.11e). Short cells also continued to show high fluorescence values of 4.5 (Fig.

3.11e). The long cells that remained in the population were still fluorescent.

Figure 3.11 The fluorescence of SC375 transformed strains changes over time. Liquid cultures
inoculated with glycerol stocks of pfim:GFP, pgfc:GFP and pUA66 transformed cells were grown for 12
hours. We performed flow cytometry to measure cell size (FSC), complexity (SSC) and fluorescence
(GFP) of each culture after 4 and 12 hours of growth. The relationship between cell size and
fluorescence is plotted as SSC and GFP values at 4 hours (a) pfim::GFP (b) pgfc::GFP (c) pUA66 and
12 hours (d) pfim::GFP (e) pgfc::GFP (f) pUA66.
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3.9: Changes in morphology correlate with changes in gene expression

For a more accurate measure of the relationship between cell fluorescence and cell length

over time, we repeated the large scale culture microscopy procedure outlined in chapter

2.9.2: Microscopy with our GFP reporter strains. Performing microscopy in this manner

allowed us to extract data from individual cells within a whole population. We resuspended

three of each colony type (fluorescent, mixed and non-fluorescent) for each strain and left

them to grow for 12 hours. Samples were taken at 0 hours (resuspended colonies), 2 hours,

4 hours and 12 hours and photographed microscopically. Untransformed cells acted as a

control.

To identify any correlation between cell length and fluorescence we created 2d density plots

and scatter plots from the segmented cell data (Fig. 3.12 and Fig. 3.13). To rule out

autofluorescence, we used untransformed cells as a measure of autofluorescence (Fig.

3.14). While fluorescence levels remained consistently under 2.25 (log10 of GPF) at 0

hours, 2 hours and 12 hours, at 4 hours mean autofluorescence reached values of up to 2.5.

This was significant because both transformed strains reached peak fluorescence values

after 4 hours. For downstream analysis of transformed strains we only considered

fluorescence values above 2.25 to be significant at 0, 2 and 12 hours. At 4 hours our marker

for significant fluorescence were values of 2.5 and above.

The distribution of long and short cells within pfim::GFP transformed populations (Fig. 3.12)

remained relatively consistent from 0 hours to 4 hours. At 0 hours (Fig. 3.12a), there were

two main clusters of cells differing by both their length and mean fluorescence. These

clusters showed the inverse relationship between length and fluorescence than we expected;

longer cells had a greater mean fluorescence, and shorter cells had insignificant

fluorescence values. The scatter plot at hour 0 (Fig. 3.12b) confirmed this relationship,

showing a statistically significant but weak positive correlation of 0.073 between cell length

and fluorescence. This correlation decreased after 2 hours (Fig. 3.12d). The two main

subpopulations of cells remained, but there was a greater proportion of shorter

non-fluorescent cells than longer fluorescent cells (Fig.3.12c). After 2 hours cells within both

clusters became longer; although there was still a clear distinction between subpopulations

of different sizes.
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After 4 hours of growth there was no statistically significant correlation between length and

mean fluorescence (Fig. 3.12f). There was a greater proportion of longer cells at 4 hours

and the cells within this subpopulation appeared to be longer than after 2 hours of growth

(Fig. 3.12e). Due to the increase in autofluorescence after 4 hours, the fluorescence values

of both main clusters of cells appeared to be insignificant. However, at 0, 2 and 4 hours there

was an additional very small cluster of short cells that were highly fluorescent (with values of

3.0-3.25 log10 of GPF and cell lengths of between 1.0 and 2.0μm). Although limited in

number, their presence did confirm it was possible for small cells to be and remain

fluorescent over these time intervals, even when autofluorescence increases.

A very weak negative correlation between cell length and fluorescence was present after 12

hours (Fig. 3.12h). The proportion of long and short cells within the population changed

drastically after 12 hours. While there were two clusters of cells present, these clusters

differed the most by their length. The first cluster contained cells between 0.4 and 1μm, with

the second cluster containing cells between 1 and 1.4μm. Regardless of length, after 12

hours a large proportion of cells had significant mean fluorescence values, although the

subpopulation of shorter cells showed marginally higher mean fluorescence. Two

subpopulations of cell size remained present at all time points; after 12 hours, the greatest

proportion of cells were less than 2.5μm long.
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Figure 3.12 Changes in cell length were not strongly correlated with fluorescence changes in
pfim::GFP transformed cells. Liquid cultures of resuspended colonies were grown for 12 hours,
samples were taken at 0, 2, 4 and 12 hours and photographed microscopically. Segmented cell data
for each time point was plotted as 2d density plots at (a) 0 hours, (c) 2 hours, (e) 4 hours and (g) 12
hours, and scatter plots at (b) 0 hours, (d) 2 hours, (f) 4 hours and (h) 12 hours. Scatter plots were
constructed using a random sample of 1000 cells from each data set of pooled colony values.

At 0 hours, the population of pgfc::GFP transformed SC375 cells showed no correlation

between cell length and fluorescence (Fig. 3.13b). A very large proportion of the population

had significant mean fluorescence of over 2.25. With the exception of a small cluster of cells

between 0.8 and 1.8μm in length (that had the greatest fluorescence values of 3.1 to 3.6 )

there was no evident differentiation into subpopulations (Fig. 3.13a). Cells up to 3.2 μm long

were significantly fluorescent, and insignificant values were observed in cells as small as

0.4μm long.

After 2 hours of growth, two subpopulations of cells that differed the most in their length were

evident (Fig. 3.13c). The most fluorescent subpopulation contained smaller cells of less than

2.5μm long, while the less fluorescent subpopulation contained cells that ranged from 0.4 to

5.0μm. Even the most lowly fluorescent cells had values above 2.25, indicating that they

were significant and not due to autofluorescence. These populations remained at further

time points. After 4 hours, there appeared to be a population bifurcation. The largest

proportion of cells were short and highly fluorescent (Fig. 3.13e). The less fluorescent

cluster of cells lost their ability to fluoresce, with no significant values above 2.5; cells within

this cluster still ranged from 0.4 to 5.0μm long.

After 12 hours, both subpopulations of cells switched shorter, while still differing by their

length. Highly fluorescent cells were between 0.4 and 1.4μm long. The less fluorescent

subpopulation of cells were between 1.0 and 2.7μm long - shorter than their values at 4

hours.

We observed a negative correlation between cell length and fluorescence, with a statistically

correlation coefficient of -0.35 at 2 hours (Fig. 3.13d). This negative correlation remained

throughout the rest of the experimental procedure, with statistically significant correlation

coefficients of -0.42 at 4 hours (Fig. 3.13f) and -0.32 at 12 hours (Fig. 3.13h).
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Figure 3.13 SC375 cells transformed with the pgfc::GFP expression plasmid show a negative
correlation between cell length and cell fluorescence. Liquid cultures of resuspended colonies
were grown for 12 hours, samples were taken at 0, 2, 4 and 12 hours and photographed
microscopically. Segmented cell data for each time point was plotted as 2d density plots at (a) 0
hours, (c) 2 hours, (e) 4 hours and (g) 12 hours, and scatter plots at (b) 0 hours, (d) 2 hours, (f) 4
hours and (h) 12 hours. Scatter plots were constructed using a random sample of 1000 cells from
each data set of pooled colony values.
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Figure 3.14 Untransformed cells have increased levels of autofluorescence after 4 hours of
growth. Liquid cultures of resuspended colonies were grown for 12 hours, samples were taken at 0,
2, 4 and 12 hours and photographed microscopically. Segmented cell data for each time point was
plotted as 2d density plots at (a) 0 hours, (c) 2 hours, (e) 4 hours and (g) 12 hours, and scatter plots
at (b) 0 hours, (d) 2 hours, (f) 4 hours and (h) 12 hours. Scatter plots were constructed using a
random sample of 1000 cells from each data set of pooled colony values.
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Chapter 4: Discussion

4.1: Identification of a phenotypically heterogeneous E. coli natural
isolate

Bacterial populations possess the ability to alter their phenotype independently of each

other, forming subpopulations of physically and functionally different cells. When a

population contains varying cellular phenotypes it is considered to be phenotypically

heterogeneous. Phenotypic heterogeneity can be regulated through a number of molecular

mechanisms, either genetic or epigenetic, or it can occur randomly as a result of mutations.

Intentionally generating heterogeneity can improve the ability of a population to adapt and

evolve, increasing its overall fitness.

In bacteria, genes that display phenotypic heterogeneity often play important roles in

virulence and host cell invasion (van der Woude, 2011; van der Woude & Bäumler, 2004).

The most common example of phenotypic variation in bacteria is the regulation of fimbriae

formation in Uropathogenic E.coli (Holden et al., 2007). However, phenotypic heterogeneity

is exemplified in the colonisation process of Pseudomonas fluorescens (P. fluorescens)

(Sánchez-Contreras et al., 2002; van den Broek et al., 2005). P. fluorescens is a

gram-negative, rod shaped bacteria that forms varying colony morphologies made up of

phenotypically different cells (Sánchez-Contreras et al., 2002). It has been proposed that a P.

fluorescens population with different subpopulations is more successful when root

colonisation becomes competitive (Martínez-Granero et al., 2005, 2006). This provides an

alternative motivation for variable gene expression in gram-negative bacteria that is not

associated with host cell immune evasion.

We have identified a natural isolate of E. coli, called SC375, that forms non-uniform colonies

when grown on M9 minimal media. Two extreme colony morphologies that we have denoted

as either compact or halo are distinguishable by size and shape, along with an intermediate

mixed colony that combines features of the two (Fig. 3.1). Using flow cytometry we were

able to determine that the different colony morphologies were caused by the presence of

different cellular phenotypes (Fig. 3.2). Cells varied in their length, either remaining short or
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growing up to seven times the length of the smallest cell. Halo and mixed colonies contained

a mix of short and long cells while compact colonies had exclusively short cells.

When grown on LB agar, the SC375 strain formed exclusively compact colonies (Fig. 5.1).

LB media has an abundance of nutrients that provide optimal conditions for cell growth. In

contrast, minimal M9 media contains only salts and nitrogen and requires supplementation

with sugars, to allow for the appropriate conditions for colony formation. Due to the limited

nutrient availability of M9 media, we propose that differential colony formation in these

conditions is a result of an attempt to survive in a state of stress. SC375 cells could benefit

from introducing subpopulations of phenotypically heterogeneous cells in a similar manner to

the P. fluorescens strain. Cells with different phenotypes could potentially carry out different

functions which benefit the population as a division of labour. Because only compact

colonies are formed when SC375 is grown on LB media, we determined that halo colonies

were a deviation from regular cell growth. Therefore long cells would be a result of any stress

induced phenotypic heterogeneity, and provide a survival advantage in non-preferred

conditions.

We initially discovered these varying colony morphologies during a large-scale replica plating

procedure. Multiple natural isolate strains were grown on a variety of growth media with

different carbon sources. The different morphologies were immediately obvious when grown

on M9 supplemented with lactose. It is widely acknowledged that E. coli shows the best

growth in glucose (Bren et al., 2016; Law et al., 2002). Lactose utilisation requires the

induction of a new metabolic pathway, an action that is only possible when glucose is

present at very low volumes (Lewis, 2013; Reznikoff, 1992). For growth on M9 supplemented

with lactose, this metabolic pathway would be required to work highly efficiently. The

involvement of metabolic genes provides further potential for a possible division of labour

motivation for heterogeneity in the SC375 strain. It is common for different subpopulations of

cells to form phenotypes that are more efficient at using alternative metabolites in an attempt

to better the survival of the population as a whole (Tsai & Coombes, 2019; Weigel & Dersch,

2018).
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4.2: Switching between the two cellular phenotypes is reversible

On observation of cell growth recorded by time-lapse videos we were able to see that

phenotypes can switch from one to the other in either direction. This was obvious in

time-lapse movies, of which still images are shown in Figure 3.5 and Figure 5.2. By tracking

the length of cell progeny over time we were also able to determine that this switching

happens rapidly on a manner of generations. The asexual nature of cell division in bacteria,

means that daughter cells are genetically identical to their parent cell. If switching was only

possible in one direction we would expect all daughter cells to be the same length as their

parent cell at birth. Because cells elongate during division (Egan & Vollmer, 2013; Rothfield

et al., 1999), recording cell length at birth was crucial to ensure that we got an accurate

measure of length. Recording at any other time point could have potentially reflected typical

cell cycle lengthening.

Long cells remained viable even when they reached lengths of over 4μm (Fig. 3.4d). Often

when cells reach extreme lengths, it is as a result of errors during cell division. We showed

that long cells are still able to grow and divide, regardless of how long they are at birth. This

confirms that the heterogeneity in cell length of the SC375 strain is intentional, and therefore

likely has an evolutionary advantage.

Interestingly, when we analysed switching at the population level, it appeared that switching

occurred more frequently from long to short. Because compact colonies only contained short

cells we were able to use cell length densities over time to infer large-scale patterns of short

cell switching. Although the vast majority of cells within these colonies were short and

remained short over time, there are outliers present and visible in Figure 3.5 and Figure

5.3. This leads us to believe that switching is possible in the short to long direction, however

it is rare.

Regardless of starting cell length, all cells switched back to short after a period of 12 hours.

Average cell length for each colony type at 12 hours, reached a value of below their initial

average starting lengths (Fig. 3.5e). Along with the narrowing of distribution peaks over time,

the downward trend of average cell length in compact colonies suggested that short cells

tend to stay short over time and are even able to get shorter. Long cells, exhibited by the cell

length patterns of mixed and halo colonies, showed an upward trend before getting
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significantly shorter between 4 and 12 hours. Based on the cell distribution patterns of halo

and mixed colonies in Figures 3.5a, b, c and d coupled with the average cell length

patterns, it seemed that the most likely trajectory for long cells was to get longer during

exponential growth phases, before switching short at stationary phase.

4.3: SC375 phenotypes show variation in the expression of three
virulence genes

Genome sequencing of both phenotypes confirmed that the SC375 strain was isogenic.

Initially we had proposed that there was a genetic cause for the phenotypic variation, more

specifically a DNA inversion similar to that of the fim operon (Emerson et al., 2009; Hinde et

al., 2005; Schwan, 2011). Our nanopore sequencing results disproved this, showing no

variation in sequence regardless of phenotype.

It seemed likely that if alterations in the genome were not causative of phenotypic

heterogeneity, then regulation of phenotype formation was at the epigenome level.

Epigenetic regulation affects gene expression at the transcription step (Jaenisch & Bird,

2003). In eukaryotes the most common epigenetic modification is methylation, which can

influence the recruitment of repressors or activators to gene regulatory regions

(Sánchez-Romero & Casadesús, 2020). For this reason, the best measure of epigenetic

regulation is gene expression. When genes are expressed, DNA is directly translated into

RNA by polymerase enzymes, and this RNA is used as a template to make proteins. The

sequential procedure of gene expression means that we can use the corresponding RNA

levels of any given gene to quantify the rate at which it is expressed. By performing RNA

sequencing analysis we were able to identify two groups of genetic loci that were expressed

differentially in long cells compared to the short cells.

Of the 10 genetic loci that were considered to have higher levels of gene expression in the

long cell phenotype, only two were associated with known protein encoding genes (Fig. 3.6d

and Table 5.1). Both genetic loci showed significant p-values confirming that variation in their

expression were due to phenotypic changes and not just by random chance. These two

genes were AidA-I and pdeL_3. To identify the gene best suited for downstream analysis, we

looked at the baseMean values of each gene. The baseMean values refer to the average of

the normalised count values, or the average amount of RNA present in both sample types for
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that gene. AidA-I was expressed at a rate 10.5 times greater than pdeL_3. We concluded

that because AidA-I is basally expressed at significantly higher values, any variation in its

expression would have a greater impact than genes that were more lowly expressed.

The AidA-I gene encodes AIDA-I, e.coli adhesion involved in diffusion adherence, an outer

membrane autotransporter protein responsible for attachment to host epithelial cells

(Ngeleka et al., 2003). Because adhesion is an important step in infectious disease

development, the AIDA-I protein plays a crucial role in E. coli virulence (Benz & Schmidt,

1992; Charbonneau et al., 2006; Zhao et al., 2009). A greater expression of AIDA-I in long

cells would suggest that the longer phenotype is more efficient in adhesion than the short

phenotype.

A larger quantity of genetic loci identified to be negatively regulated in long cells are

associated with known protein encoding genes (Fig. 3.6c and Table 5.2). Out of the 16 loci

identified, only two were considered to encode hypothetical proteins. Because the other 14

loci had significant p-values we once again looked for genes that had the greatest basal

expression. The fimA gene had the highest basal expression of all 16 loci, with more than

three times the RNA quantity than the next closest gene. Because the fimA gene is part of a

large cluster of genes within the same operon, under the same promoter, selecting fimA for

downstream analysis allowed us to see how expression of the whole operon affected SC375

phenotype. The fimA gene in particular is responsible for the FimA protein, the major pilin

subunit (Nagano et al., 2012). Although we have established that the fim operon is the most

well known example of phase variation in uropathogenic E. coli, its regulatory methods

involve a DNA inversion upstream of the fimA gene promoter. Variation in the expression of

the fimA gene without this inversion seems unusual. This could reflect either an error in our

sequencing and alignment process, or alternatively our RNA-sequencing method.

The second most highly expressed gene was gfcA, a gene located within the gfc operon.

There more gfc operon genes: gfcB, etp and etk were also identified to be negatively

regulated in long cells. Enteropathogenic and enterohemorrhagic strains of E. coli are

covered in extracellular polysaccharides and lipopolysaccharides that form a protective

capsule around each cell (Larson et al., 2021; Sathiyamoorthy et al., 2011). The gfc operon

is responsible for the production and exportation of the group 4 capsule (Larson et al., 2021).
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Group 4 capsules contain cell surface antigens and polypeptides that help pathogenic E. coli

evade host cells (Whitfield & Roberts, 1999). The gfcA gene encodes the shortest operonic

gene, a protein with a large component of threonine residues, that is predicted to encode an

inner membrane protein (Ghovvati et al., 2018; Larson et al., 2021). Group 4 capsule

secretion and gfcA expression has been associated with the evasion of human immune cells

(Thomassin et al., 2013).

Figure 4.1 Operonic structure of the two gene clusters upregulated in the short cell phenotype.
(a) structure of the fim operon (regulation of the fimS invertible region is shown in Fig. 1.2). (b)
structure of the gfcABCD operon.

4.4: Associating fluorescence with cell length in resuspended colonies

We have well established the cellular phenotype composition of each colony morphology. We

know that compact colonies consist of predominantly short cells, and mixed and halo

colonies contain both long and short cells. Based on our RNA-sequencing data we identified

our three genes of interest with varying expression levels in either phenotype. We predicted

that using our expression constructs, we would be able to associate expression levels with

fluorescence intensity in either phenotype.

We mentioned in Chapter 3.5 that we were unable to confirm transformation of the

paida::GFP plasmid into our electrocompetent SC375 cells (Figure. 5.5). The insert length

was approximately 2100bp, which was nearly half of the length of our pUA66 backbone. This

made it difficult to follow the gibson assembly method of plasmid construction, because large

volumes of the PCR product were required for successful ligation. We were able to confirm

that all of our promoter region inserts for each gene or gene cluster were successful (Fig.

5.4b). Our primers were designed correctly and our PCR reactions were set up in the correct

manner. We attributed our errors in transformation to the long insert length. A successfully
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constructed paida::GFP plasmid was 6720bp long, as opposed to the 5320bp for pfim::GFP

or 5330bp for pgfc::GFP. Further gene expression analysis was conducted using only the

pfim::GFP and the pgfc::GFP plasmids.

Fluorescence imaging of transformed colonies showed the physical distributions of short and

long cells within each colony morphology. The gfc and fim gene clusters were both

upregulated in short cells, therefore we would expect compact colonies to be fluorescent;

mixed and halo colonies should be either not fluorescent at all or only exhibiting low levels of

fluorescence. Imaging of the different colony morphologies with phase contrast and 470nm

optical configurations partially confirmed our findings (Fig. 3.7 and Fig. 3.8). Compact

colonies were very highly fluorescent. Colony characteristics were just as obvious in the

fluorescence image as they were in their corresponding phase contrast images.

Non-fluorescent colonies showed comparatively low levels of fluorescence and it was not

possible to identify colony boundaries. Because we know that the most fluorescent cells are

short cells, any areas that lack fluorescence are very likely to be long cells. Therefore we

could see that halo colonies retained a low proportion of short cells within the colony centre,

while containing a large amount of long cells towards the outer edges. A deposit of long cells

around the edges, correlates with the translucent halo, concluding that long cells are

responsible for this morphology characteristic.

For comparison of fluorescence and cell length at the single cell level, we used flow

cytometry to analyse each colony. The pgfc::GFP transformed strain confirmed our expected

pattern, with short cells fluorescing highly, and long cells only showing low levels of

fluorescence (Fig. 3.9). We also noted that, in comparison to results from the empty pUA66

plasmid that we used as a negative control, long cells showed low levels of fluorescence

rather than no fluorescence at all. In contrast, the pfim::GFP transformed strain showed no

association between cell length and fluorescence (Fig. 3.10). Both long and short cells were

equally as fluorescent as each other in every colony type, regardless of whether the colony

was fluorescent, mixed or non-fluorescent. The proportion of long cells within a fluorescent

colony of the pfim::GFP transformed strain was minimal, however it appeared that all long

cells present had significant fluorescence values (Fig. 3.10c).
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It is worth noting that once colonies have formed on agar plates, most of the cells within

them are in stationary phase. Stationary phase describes a non-proliferative state where

cells are still metabolically active but not growing (Nyström, 2004; Zambrano & Kolter, 1996),

as a result of lessened access to nutrients. During this phase, cells alter their gene

expression to ensure that resources are put into promoting cell survival (Jaishankar &

Srivastava, 2017). Because the fim operon is responsible for proteins involved in cell surface

fimbriae, it is possible that at stationary phase its expression is altered in favour of metabolic

genes. Therefore to get a better understanding of how gene expression changes within each

cellular phenotype, we need to investigate how it changes over time, through all growth

phases.

4.5 Gene expression is associated with cell length changes

If changes in gene expression were responsible for the phenotypic switching we observed in

the SC375 strain, we would expect any changes in cell length over time to directly

correspond with changes in gene expression. In this study we analysed the relationship

between the two by tracking growth and fluorescence of our transformed strains over time.

Our initial approach was to perform flow cytometry on glycerol inoculated cultures that had

been left to grow for 4 and 12 hours. We suspected that after 4 hours cells would be in

exponential phase, a point of rapid cell growth and division. This was also the time point that

cells were extracted for RNA sequencing. Based on these two factors, we expected to see a

strong association between cell length and the expression of both the fim and gfc operons.

After 12 hours, we would expect cells to reach stationary phase, and therefore show

expression and length patterns similar to the resuspended colonies.

Once again, expression of the gfc genes was as expected, with long cells showing lower

GFP values than short cells. After 4 hours of growth there was a fairly equal proportion of

long and short cells within the population (Fig. 3.11b). Cell clusters differed on both their x

and y values, making it easy to visualise the association between size and fluorescence of

pgfc::GFP transformed cells. After 12 hours the association between length and

fluorescence remained (Fig. 3.11e), however, there was a much greater proportion of
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shorter, more fluorescent, cells within the population than longer, less fluorescent, cells (Fig.

3.11e).

After both 4 and 12 hours of growth, there was no association between cell length and

fluorescence in pfim::GFP transformed colonies (Fig. 3.11a). Both long and short cells

demonstrated the ability to fluoresce at significant values. The strain did however, have

varying proportions of long and short cells at each time point. After 4 hours (Fig. 3.11a) long

cells were present, although not in equal amounts to small cells like we saw in pgfc::GFP

transformed cells. After 12 hours (Fig. 3.11d) their volume decreased even more, showing a

much greater proportion of short cells making up the population. This change also seemed

to correspond with a change in the GFP values of each population. After 12 hours of growth

fluorescence decreased quite substantially, with minimal significant fluorescence values. This

directly opposes what we would have expected if fluorescence was related to cell length.

We were able to more directly associate cell length with fluorescence on a single cell level

using microscopic analysis. Because we can gather data from each individual cell within a

microscopy image, we are able to confidently discern values for cell length and the mean

fluorescence of each cell. In our attempt to make this processing high throughput, we grew

cells over time in liquid culture and took images of samples removed at 0, 2, 4 and 12 hours.

We discovered that the rate limiting step of the superSegger segmentation process is the

linking of cells between each image. If we remove this step, it decreases the procedure from

16 hours to a matter of minutes. Performing microscopy in this way allowed us to gather data

from thousands of individual cells to give a broad understanding of the changes in each

transformed strain at a population wide level.

At nearly every time point, expression of the gfc operon was negatively correlated with cell

length (Fig. 3.13). Subpopulations of cells that varied in their mean fluorescence values were

visible at all time points, and after 2 hours (Fig. 3.13c) these subpopulations also began to

vary in their cell length. Subpopulations remained at 12 hours, even when cells were likely in

the stationary phase. At hour 0, there is a very (insignificantly) weak positive correlation

between cell length and mean fluorescence (Fig. 3.13b). Although it is clear that at this time,

most fluorescent cells are short, there are some longer cells that have significant
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fluorescence levels. We propose that this is due to an increase in the expression of the gfc

operon that occurs before cells switch to short.

No strong correlation, either positive or negative, was observed between cell length and

gene expression in pfim::GFP transformed cells. At 0, 2 and 4 hours populations contain

subpopulations that differ by cell length and fluorescence. As established in our flow

cytometry data, these subpopulations have an opposite relationship between length and

fluorescence to what we expected based on our RNA sequencing data. With the exception of

a small cluster of highly fluorescent short cells, short cells remained predominantly less

fluorescent than long cells. After 4 and 12 hours the difference between their two values

decreased.

Peak fim gene expression was reached at 4 hours (Fig. 3.12 e and f, Fig. 5.12). At 12 hours,

the length of the longest cells within the population had decreased significantly. We noted in

time-lapse movies of cells transformed with the pfim::GFP strain, fluorescence intensity of

long cells increased just before they switched to short. We attribute this to an increase in the

expression of the genes within the fim operon. We suspected that, like the gfc operon, an

increase in fim expression occurred before long cells made the switch to short cells.

The fim operon contains nine expressed genes. Of these nine genes, we identified six that

were downregulated in long cells, comparative to their expression in short cells. Of these six

fim genes, fimA was expressed at the highest basal level. It showed a Log2 fold change of

-2.43, indicating that its expression in long cells was about 20% of that in short cells. The

expression of the FimA protein is regulated through the action of two other proteins encoded

within the fim operon, FimB and FimE (Holden et al., 2007; Schwan, 2011; Zhang et al.,

2016). FimB and FimE are both invertases that control the inversion of an invertible region

upstream of fimA called fimS (Emerson et al., 2009; Hinde et al., 2005). The FimB and FimE

proteins are highly basic, a characteristic of many DNA binding proteins (Schwan, 2011). It is

possible that when we inserted the fim promoter region, controlling the expression of fimA,

into our pUA66 backbone it affected the ability of FimB and FimE to bind to the regulatory

regions within fimS. This could result in fimS being fixed in the ON orientation, which would

mean that it is not subjected to the same regulatory mechanisms as genomic fimA.
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We confirmed that the PCR product of our fim promoter sequence shared 100% sequence

identity with the SC375 genomic fim operon (Fig. 5.7). Therefore we can conclude that

mutations are not the cause of irregular fim expression.

In comparison, little is known about the regulation of the expression of the gfc operon, but it

has been linked to the production and exportation of the group 4 capsule (Larson et al.,

2021). The most important role of the cell surface antigens and polypeptides within group 4

capsules is their ability to help pathogenic E.coli evade host cells (Whitfield & Roberts,

1999). Because capsules act to envelop bacteria, we propose that any variation in the gene

expression of the proteins that contribute to their formation, could result in dramatic changes

to the cell surface.

4.6 The importance of understanding the fundamental mechanisms of
phenotypic variation

The generation of phenotypic heterogeneity is important for bacterial survival. It plays a

fundamental role in adaptation and evolution, which is particularly important for populations

growing in unstable conditions. A broad fundamental understanding of the processes and

mechanisms in which bacteria generate and retain phenotypic heterogeneity is beneficial in

many ways. Knowledge of these bacterial processes can be translated to areas of

biotechnology including identifying vaccine targets and combatting resilient bacterial

infections.

Uropathogenic E. coli is responsible for a wide range of diseases including urinary tract

infections (UTIs) and intestinal diseases (Marrs et al., 2005). Since the discovery of

antibiotics in the 1940’s (Bigger, 1944; Hobby et al., 1942) they have been the primary mode

of treatment for bacterial infections in humans and animals. Along with this new “miracle”

drug, came the rise in antibiotic persisters (Bigger, 1944), a small subpopulation of cells that

exhibit temporary multidrug tolerance (Harms et al., 2016; Michiels et al., 2016). The

presence of persisters within a bacterial strain have been linked to latent infections that can

prove costly to individuals and populations (Hill & Helaine, 2019; Torrey et al., 2016).

Persister formation is best described as a harbouring of phenotypically heterogeneous cells

within a much larger population. The smaller subpopulation of persister cells demonstrates a
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bet-hedging strategy of heterogeneity that aids in population survival only after exposure to

antibiotics. It is not yet well understood how these persister populations form, although a

recent study has identified invertible DNA regions within persistence genes (Jiang et al.,

2019), suggesting a possible link to phase variation. However, it is widely believed that

persister cells are genetically identical (Kaldalu et al., 2020; Lewis, 2007; Willenborg et al.,

2014) which would mean persistence is mediated by epigenetic regulation.

The generation of persister cells is a reversible process (Andersson, 2003; Kaldalu et al.,

2020; Sundqvist, 2014). Tolerant persister cells temporarily enter a state of dormancy and

are able to return to a proliferative state when the antibiotic is removed (Lewis, 2010; Wood

et al., 2013). Despite the removal of the environmental stressor, a subpopulation of these

persister cells tends to remain. A 2018 study proposed that this was due to bacterial

memory, with populations showing they are capable of retaining this ability long term (Miyaue

et al., 2018). This opposes the theory that persister cells are stochastically generated.

The phenotypic switching mechanism that we have identified in this thesis is also a reversible

process. It is not regulated genetically but rather through alterations in gene expression

which is an epigenetic process. The most common form of epigenetic regulation in

prokaryotic cells is methylation (Sánchez-Romero & Casadesús, 2020), the addition of

methyl groups to the DNA structure itself. Methylation acts as a physical barrier that either

aids or inhibits the recruitment of transcriptional proteins to the DNA sequence. Interestingly,

methylation dependent DNA modifications are heritable, which makes them an important

factor in bacterial memory (Casadesús & D’Ari, 2002; Sánchez-Romero & Casadesús,

2020). The rapid nature of the phenotypic switching in the SC375 strain, coupled with the

ability of cells to be either long or short regardless of their parent cell phenotype, is

suggestive of memory playing an important role in cell length regulation.

All three of the genes that we identified to have differential regulation in each phenotype

were virulence genes, characteristic of infectious E. coli strains. Of particular interest was

the expression of the gfc operon - a collection of genes that are responsible for producing

and exporting the products in bacterial group 4 capsules. This capsule in particular has been

associated with immune evasion in human hosts (Thomassin et al., 2013), playing a crucial

part of the strains virulence capabilities. Virulence genes are most highly expressed in
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infectious strains, and are typically on the surface of a bacterial cell (Guiney, 1997; Ørskov,

1978). Cell surface proteins such as these are often used as vaccine targets (Sundar &

Singh, 2014; Wells et al., 2007). Because genes that show variation in their expression may

not be consistently present, or could potentially show alterations in their biochemical

structure, they would not be suitable vaccine targets. This could potentially rule out a large

number of otherwise favourable protein targets in vaccine development. An understanding of

the nature of the variable expression of cell surface proteins could potentially broaden the

types of proteins available for use as vaccine targets, aiding vaccine development.

4.7 Conclusions and future perspectives

In this thesis, we have identified a rapid phenotypic switching mechanism in a natural isolate

of E.coli. This isolate strain has the ability to form either of two extreme colony morphologies,

influenced by their cellular composition.

Microscopic analysis allowed us to establish that this switching occurs over a matter of

generations. Cells are able to remain short or grow long, and switch between the two

phenotypes in either direction. This switching happens on a large scale, causing the

population to bifurcate into two subpopulations of either phenotype. Due to the extreme

nature of cell lengths, we initially proposed a phase variable-like mechanism for the control of

phenotype formation. We had proposed that regulation of such a mechanism would be due

to a DNA inversion, similar to that observed in the fim operon. Genome sequencing

disproved this, confirming that cells remained isogenic regardless of their length.

RNA sequencing analysis identified variations in the expression patterns of three virulence

genes. Genes within the fim and gfc operons, were upregulated in short cells, and down

regulated in long cells. A single significant gene, AidA-I, which encoded an outer membrane

autotransporter protein responsible for attachment to host epithelial cells, was upregulated in

long cells. Unfortunately due to the large size of the promoter region that controls the

expression of this gene we were unable to continue with downstream analysis.

We were able to confidently identify a correlation between the expression of the gfc operon

and changes in cell length. This gene was consistently downregulated in long cells and

upregulated in short cells at all time points during cell growth. Although we were not able to
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see a complete absence of expression in long cells, we attributed this to the rapid switching

seen between each phenotype. It is likely that an increase in expression precedes the switch

from long to short, a delay that is caused by the build up of protein products.

The methods in this study were not sufficient to determine exactly how expression of the gfc

operon is regulated. By performing genomic sequencing, we were able to rule out a genetic

cause and we have therefore concluded that this gene is regulated through epigenetic

modifications. The most common epigenetic modification in bacteria is methylation, so we

propose that it is likely methylation that plays a role in gfc operonic expression. Methylation

analysis can be performed through nanopore sequencing, as the sequencing procedure is

able to detect nucleotide modifications.

Because of the rapid nature of switching and the ability of progeny to be long or short

regardless of parent cell phenotype, we propose that this switch could reflect bacterial

memory. Bacterial memory is often exemplified through heritable DNA methylation patterns;

for this reason investigating a potential role of methylation in the expression of our three key

genes of interest could confirm our hypothesis. It would also be beneficial to see if the

SC375 strain retains its ability to form a long cell phenotype when transformed from growth

in M9 media, to LB media. If the strain does retain the ability to form either phenotype, it

could be a further indicator of memory.

We discovered the ability of this strain to form different colony morphologies during a replica

plating procedure. Although this involved growing E. coli on agar plates with multiple nutrient

sources, in this thesis we focused on M9 supplemented with lactose. This was the nutrient

combination that we found had the most extreme effect on colony morphology. Further

experimental work on this strain should involve growth on multiple different carbon sources,

and at different temperatures. This could potentially discover a link between metabolism and

switching events.

We were unable to continue with the downstream analysis of the expression of the AidA-I

gene. The length of its gene regulatory region caused problems during the ligation and

transformation process. Further studies should involve troubleshooting this step, to include

an AidA-I plasmid construct.
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The findings in this research, help provide a fundamental understanding of how phenotypic

heterogeneity is regulated in bacterial cells. We have identified a natural isolate strain that

could display bacterial memory in the regulation of virulence genes. Knowledge of how

heterogeneity of these genes is generated and maintained in an isogenic strain could

provide further insights into how infectious bacteria are able to evade host immune cells and

antibiotic treatments.
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Chapter 5: Appendix

Figure 5.1 SC375 cells grown on LB agar plates form only compact colonies. Overnight cultures
of SC375 plated at dilutions (a) 1.0e4-fold (b) 1.0e5-fold (c) 1.0e6-fold and (d) 1.0e7-fold and grown
overnight at 37oC for 48 hours.
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Figure 5.2 Short cells showed a nucleotide deletion within the chaperon protein FocC in the
fim operon. This deletion was not present in all individual sequences, so we attributed it to alignment
error. (a) the 4 nucleotide CTCT deletion within the chaperon protein (b) the truncated FocC protein
and its corresponding hypothetical protein.
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Table 5.1 RNA sequencing results showing genes that are positively regulated in the long cells
compared to the short cells. RNA-sequencing results were analysed using RESeq2. baseMean
refers to the average of the normalised count values – the average amount of RNA present in both
sample types for that gene. Log2foldchange, is the fold change observed for that gene in the sample,
IfcSE is standard error, stat is the test statistic.

Table 5.2 RNA sequencing results showing genes that are negatively regulated in the long
cells compared to the short cells. RNA-sequencing results were analysed using RESeq2.
baseMean refers to the average of the normalised count values – the average amount of RNA present
in both sample types for that gene. Log2foldchange, is the fold change observed for that gene in the
sample, IfcSE is standarderror, stat is the test statistic.
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Figure 5.3 Still images from time lapse video series of SC375 growth over a period of 300
minutes. Each set of pictures (a,b,c and d) is a different video started from a different diluted culture,
all cultures were grown in the same conditions.
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Figure 5.4 Cell length by colony type over time. Distribution of cell lengths in each colony type after
sampling of liquid cultures grown for 0 hours, 2 hours, 4 hours and 12 hours, in (a) compact colonies,
(b) mixed colonies and (c) halo colonies.
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Figure 5.5 Confirmation of successful PCR amplification of promoter regions for SC375
genomic sequences. Results of PCR reactions run on a 1% agarose gel. (a) Successful
amplification of the pUA66-backbone is shown in lane 7. Other PCR reactions for inserts proved
unsuccessful. (b) Amplification of all 3 inserts was successful.
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Figure 5.6 Results of PCR to check transformation of plasmid constructs into
electrocompetent cells was successful. PCR was performed using overnight cultures of
transformed colonies as PCR templates. Lanes from left to right: 1kb ladder, AidA-I insert, fim insert,
gfc insert, negative control (ddh20), 1 kb ladder. Bands for gfc and fim were of similar expected
lengths. The AidA-i insert is expected to be 2000bp long, this band did not show a band of the
expected length and therefore was not deemed to be a successful transformation.
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Figure 5.7 Alignment of the fim promoter region within the SC375 genome and sequencing
results. Green nucleotides show the primer binding sites.
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Figure 5.8 Alignment of the gfc promoter region within the SC375 genome and

sequencing results. Green nucleotides show the primer binding sites.
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Figure 5.9 Triplicate fluorescent resuspended colonies of SC375 cells transformed with the
pgfc::GFP plasmid. Flow cytometry was used to measure cell size (FSC), complexity (SSC) and
fluorescence (GFP) within three fluorescent colonies. (a) (b) (c) Cell size (b) (e) (h) colony
fluorescence and (c) (f) (i) cell fluorescence of cells within a fluorescent colony. Coupled with the
results of our negative control, we determined that this lower fluorescence value was due to cell
autofluorescence from exposure to the 470 nm light used to measure GFP.
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Figure 5.10 Triplicate non-fluorescent resuspended colonies of SC375 cells transformed with
the pgfc::GFP plasmid. Flow cytometry was used to measure cell size (FSC), complexity (SSC) and
fluorescence (GFP) within three fluorescent colonies. (a) (b) (c) Cell size (b) (e) (h) colony
fluorescence and (c) (f) (i) cell fluorescence of cells within a fluorescent colony. Coupled with the
results of our negative control, we determined that this lower fluorescence value was due to cell
autofluorescence from exposure to the 470 nm light used to measure GFP.
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Figure 5.11 Triplicate mixedt resuspended colonies of SC375 cells transformed with the
pgfc::GFP plasmid. Flow cytometry was used to measure cell size (FSC), complexity (SSC) and
fluorescence (GFP) within three fluorescent colonies. (a) (b) (c) Cell size (b) (e) (h) colony
fluorescence and (c) (f) (i) cell fluorescence of cells within a fluorescent colony. Coupled with the
results of our negative control, we determined that this lower fluorescence value was due to cell
autofluorescence from exposure to the 470 nm light used to measure GFP.
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Figure 5.12 Triplicate fluorescent resuspended colonies of SC375 cells transformed with the
pfim::GFP plasmid. Flow cytometry was used to measure cell size (FSC), complexity (SSC) and
fluorescence (GFP) within three fluorescent colonies. (a) (b) (c) Cell size (b) (e) (h) colony
fluorescence and (c) (f) (i) cell fluorescence of cells within a fluorescent colony. Coupled with the
results of our negative control, we determined that this lower fluorescence value was due to cell
autofluorescence from exposure to the 470 nm light used to measure GFP.
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Figure 5.13 Triplicate fluorescent resuspended colonies of SC375 cells transformed with the
pfim::GFP plasmid. Flow cytometry was used to measure cell size (FSC), complexity (SSC) and
fluorescence (GFP) within three fluorescent colonies. (a) (b) (c) Cell size (b) (e) (h) colony
fluorescence and (c) (f) (i) cell fluorescence of cells within a fluorescent colony. Coupled with the
results of our negative control, we determined that this lower fluorescence value was due to cell
autofluorescence from exposure to the 470 nm light used to measure GFP.
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Figure 5.14 Triplicate fluorescent resuspended colonies of SC375 cells transformed with the
pfim::GFP plasmid. Flow cytometry was used to measure cell size (FSC), complexity (SSC) and
fluorescence (GFP) within three fluorescent colonies. (a) (b) (c) Cell size (b) (e) (h) colony
fluorescence and (c) (f) (i) cell fluorescence of cells within a fluorescent colony. Coupled with the
results of our negative control, we determined that this lower fluorescence value was due to cell
autofluorescence from exposure to the 470 nm light used to measure GFP.

121



Figure 5.15 Bacterial growth phases. Bacteria have 4 main phases of growth: lag phase,
exponential phase, stationary phase and death phase. Adapted from (BioRender, n.d.).
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Figure 5.16 Fluorescence and cell size of triplicate pgfc::GFP transformed strains over time.
Flow cytometry was used to measure cell size (FSC), complexity (SSC) and fluorescence (GFP)
within three liquid cultures. Cell size and fluorescence was measured after 4 hours (a) - (c) and 12
hours (d) - (f).
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Figure 5.17 Fluorescence and cell size of triplicate pfim::GFP transformed strains over time.
Flow cytometry was used to measure cell size (FSC), complexity (SSC) and fluorescence (GFP)
within three liquid cultures. Cell size and fluorescence was measured after 4 hours (a) - (c) and 12
hours (d) - (f).
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Figure 5.18 Cell length and mean fluorescence changes of pfim::GFP transformed colonies
over time. Sample time lapse videos of cell growth from diluted overnight cultures, each collection of
images (a, b, c and d) is from a different overnight culture. Cell segmentation data plotted as line
graphs of cell length (e, g, i and k) and Log10 of mean cell fluorescence (f, h, j and l). For clarity the
division times for all cells has been aligned, so in some cases there are an unequal number of time
steps between each cell division.
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Figure 5.19 Cell length and mean fluorescence changes of pgfc::GFP transformed colonies
over time. Sample time lapse videos of cell growth from diluted overnight cultures, each collection of
images (a, b, c and d) is from a different overnight culture. Cell segmentation data plotted as line
graphs of cell length (e, g, i and k) and Log10 of mean cell fluorescence (f, h, j and l). For clarity the
division times for all cells has been aligned, so in some cases there are an unequal number of time
steps between each cell division.
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Figure 5.20 Cell length and fluorescence changes of pfim::GFP transformed cells over time,
plotted by colony type. We grew colonies for a period of 12 hours, with samples taken at 0, 2, 4 and
12 hours to be photographed using microscopy. Data was plotted as GGridges of cell length (a, c, e
and g), and Log10 of mean fluorescence (b, d, f and h).
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Figure 5.21 Cell length and fluorescence changes of pgfc::GFP transformed cells over time,
plotted by colony type. We grew colonies for a period of 12 hours, with samples taken at 0, 2, 4 and
12 hours to be photographed using microscopy. Data was plotted as GGridges of cell length (a, c, e
and g), and Log10 of mean fluorescence (b, d, f and h).
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