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Abstract
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key factors contributing to the success of Shigella species as pathogens.

Author: Rebecca Jane Bennett

Bacteria of the genus Shigella are a major contributor to the global diarrhoea burden
causing >200,000 deaths per annum globally. Increasing antibiotic resistance in Shigella and
the lack of a licenced vaccine has led WHO to recognise Shigella as a priority organism for
the development of new antibiotics. Understanding what drives the long-term success of
this pathogen is critical for ongoing global management of shigellosis and has relevance for
other enteric bacteria.

To identify key genetic drivers of Shigella evolution over the past 100 years, the unique and
significant potential of historical bacterial genomes was utilised. The historical Murray
collection, comprising several hundred pre-antibiotic era (1917 — 1954) Enterobacteriaceae,
was used alongside comparatively modern (1950s — 2018) isolates to conduct GWAS within
both S. flexneri and S. sonnei. Within S. flexneri | identified 94 SNPs and significant kmers
within 48 genes significantly positively associated with time as a continuous variable. These
included genes encoding T3SS proteins, proteins involved in intracellular competition, and
multi drug resistance proteins which have intuitively beneficial roles for Shigella as
pathogens. However, 34% of identified hits related to genes of as yet unknown function.
Subsequent Alphafold modelling of on such protein has identified one of these hits as a
putative novel adhesin, adhesion Stv. Stv has been shown to be conserved through PG
expansion in PG 1 and PG 6 in S. flexneri highlighting its key potential role in successful S.
flexneri infection. Furthermore, presence of this adhesin within S. sonnei revealed its
potential contribution to the global success of Lineage Ill making this an exciting validation
of the adhesin as a factor contributing to the success of Shigella species over time.

Thus, my temporal GWAS approach, has identified known and novel genetic factors that are
enriching in Shigella populations over time. These genetic determinants may thus be key
factors in the long-term success of Shigella as well as offer potential targets for pathogen
management. Similarly in S. sonnei temporal GWAS has revealed exciting factors which are
intuitively beneficial for the success of S. sonnei over time, supporting the robustness of this
novel methodology.

In addition to temporal GWAS, traditional GWAS on a collection of Lineage IIl S. sonnei was
completed to elucidate what factors were behind their advantageous E. coli killing ability.
GWAS revealed colicins, small proteins which are toxic to E. coli, as the potential factors
resulting in this phenotype. Further screening of the isolates for potential colicins within the
isolates revealed that it was not a singular colicin responsible but a wide array of colicins
contributing to the phenotype.

Through both temporal GWAS and categorical GWAS, novel factors which are key to the
success of Shigella species have been identified.
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Chapter 1

1. Introduction
This PhD project is a true amalgamation of historical pathogens and modern biological fields
of research. The evolution of bacteria is not passive but is guided by selective pressures
caused by human events such as war, implementation of antibiotics and human migrations.
To fully understand evolution of public health pathogens it is important to conduct
investigations incorporating isolates spanning longer time periods. This allows us to
understand how human events have shaped bacteria and in turn better predict how
bacteria will be shaped in the future allowing improved prevention, treatment, and
management.
Some of the content within this chapter, specifically section 1.2, was presented in the
review article ‘Looking Backward To Move Forward: the Utility of Sequencing Historical
Bacterial Genomes’ published in the Journal of Clinical Microbiology by the American Society
for Microbiology. Permission to include the publication in this PhD thesis was obtained from
all co-authors.

1.1. The long-term success of bacterial species
There are a plethora of factors and selective pressures behind pathogen success and their
continued persistence globally. The following sections first aim to explore historical
pathogens which still persist today followed by traditional methodologies for researching
their evolutionary arcs and finally exploring the factors which have led to the pathogenic

success of these persistent pathogens over time.

1.1.1. The secret war: Bacteria versus humans



Since the beginning there has been a secret arms race for survival between humans and
pathogens. The following sections aim to explore and give a brief overview of some of the
historical pathogens which still continue to cause impactful disease and burden globally
followed by some of the ways bacteria have evolved in response to human interventions

and immunity to aid pathogen success.

1.1.1.1.  Longterm persistence of public health pathogens
In 2022 the human population is no stranger to the extensive and devastating impacts
which can occur from the emergence of an infectious disease. COVID-19 has highlighted the
importance of studies into the evolution, prevention, and treatment of microorganisms. For
centuries, pandemics, and major epidemics such as plague, cholera and flu have left their
devastating mark on humanity. Furthermore, many of the bacterial species that were the
causative agents for these historical pandemics are still causing widespread infections
today. Here long-term persistence and success is defined as a historical pathogen which has
continued to cause successful and impactful disease in the modern era.
For example, the bacterium Vibrio cholerae is the causative agent for cholera, an acute
gastrointestinal disease characterised throughout history by the rapid and massive loss of
fluids leading to severe dehydration and possible fatality (Deen et al., 2020). By the 19t
century this prominent pathogen had caused seven global pandemics with the seventh
pandemic still ongoing today (Bennett and Baker, 2019). The seventh pandemic is thought
to still be infecting 3-5 million people annually (Hu et al., 2016). This is a prime example of
the persistence of a bacterial species within the human population.
The long-term persistence of bacterial species can also clearly be seen in the family of
Enterobacteriaceae for example in Escherichia coli and, the focus of this thesis, Shigella. The

natural history of Shigella is a lengthy and enduring one. Shigella, the causative agent of



bacillary dysentery, was first identified in 1898 by Kiyoshi Shiga but the idea of dysentery
has been recorded since at least the time of Hippocrates (Brenner et al., 2005, Davison,
1922). In 1987, an outbreak of bacillary dysentery in Japan killed over 22,000 people with a
mortality rate of 25% and today Shigella species cause approximately 216,000 deaths
annually (Lampel et al., 2018, Khalil et al., 2018). The bacteria of the Enterobacteriaceae
family are globally important and the long-term persistence of these species poses a huge

burden to global public health.

1.1.1.2.  The burden of bacterial disease
The long-term persistence of historical pathogens often leads to a heavy burden on public
health including increased mortality, morbidity, and financial expense. Even with the rapid
advancement in medical interventions, such as antibiotics and vaccines, these bacterial
infections contribute heavily to the global burden on healthcare systems owing to their
ability to outstrip our medical advancements through continued evolution.
For example, the global burden of cholera is currently thought to be vastly underestimated,
mainly due to poor surveillance and low reporting in low- to middle-income countries
(LMIC) (Fournier and Quilici, 2007). The World Health Organisation (WHO) stated that only
2000-3000 deaths are officially reported to them each year. However, the actual mortality
numbers are estimated to be over 95,000 deaths and 2.9 million cases annually (Fournier
and Quilici, 2007, Ilboudo et al., 2017). With the large quantity of global cases, it comes with
a heavy economic burden contributed to by treatments and extended hospital stays. It is
estimated that the cost of cholera related illness and treatment in Africa during 2015 was
USS$130 million (Mogasale et al., 2021).
It is evident that historical pathogens are still causing significant numbers of infections and

contributing to the global burden of bacterial infections on healthcare. Although ingenious



advancements in treatments and preventative measures have been effective in curbing
infection numbers and mortality rates, historical pathogens are still of global concern.
Understanding how these pathogens evolve and adapt to persist globally could help to

reduce the rates of infections from these pathogens.

1.1.1.3.  The evolution of bacterial warfare
In response to advancements in treatments and preventative measures against pathogens,
bacteria are continually evolving a wide range of mechanisms to evade and resist these
advancements. The introduction of novel antibiotics throughout the past 50 years has
contributed to the positive selection for acquisition of resistance determinants and so
requires the implementation of new treatment regimens to “keep up”. The selective
pressure caused by both the immune system and human interventions positively select for
the evolution of bacterial virulence within public health pathogens. This evolution of
bacterial warfare is key to the prolonged success of pathogens.
There are many ways in which bacteria have evolved to remain successful as pathogens
even with the ever more sophisticated human interventions, bacteria still manage to in
some cases to have the upper hand. Below are some of the key areas which | believe

deserve further discussion.

1.1.1.3.1. The increase in AMR in response to human interventions
One dominant area of public health concern is antimicrobial resistance (AMR). The WHO has
warned of a “post antibiotic” era where even the simplest of infections could kill (Region et
al.). In 2019 it had been estimated that there were 4.95 million deaths associated with
bacterial with AMR and a recent report claimed there would be 10 million deaths by 2050

(Murray et al., 2022, O’Neil, 2014). There is a need for the discovery of novel antibiotics or



alternative treatments as well as a deeper understanding of AMR evolution in prominent
bacterial species.

Since the discovery of penicillin by Alexander Fleming in 1928 there has been increased use
and misuse of a wide variety of antibiotics. The first report of resistance to penicillin was in
1947 within the Gram-positive bacterium Staphylococcus aureus which has evolved to
become a prominent “superbug” in the modern day (Podolsky, 2018). Through the
evolution of de novo mutations and the acquisition of horizontally transferred resistance
determinants such as plasmids, S. aureus has evolved resistance to multiple antibiotic
resistant determinants including methicillin in 1961 (Hiramatsu, 2001). Methicillin-resistant
S. aureus (MRSA) in 2019 was the second leading cause of deaths associated with MDR
bacteria and caused an estimated 600,000 deaths (Murray et al., 2022). There has been
another worrying development in S. aureus, namely resistance to the glycopeptide
vancomycin, often considered the last line therapeutic agent for the treatment of MRSA
infections and other Gram-positive infections (Wu et al., 2021). Since the first reported case
of vancomycin-resistant S .aureus (VRSA) in 2001 there has been a 3.5 fold increase in the
frequency of VRSA infections from 2006 to 2020 putting tremendous pressure on public
health systems to find alternative effective treatment (Wu et al., 2021).

The acquisition of AMR determinants has been well documented as a contributor to the
prolonged success of bacterial pathogens. Through different mechanisms bacteria are able
to acquire genes, plasmids and mutations which confer AMR resistance to a wide variety of
antibiotics leading to a lack of efective treatment options.

Although AMR is a major contributor to pathogen success and widely studied in public
health, there are a plethora of other factors which all contribute to overall success and have

evolved due to human hosts. This is evident from USA300, a very successful MRSA strain



first identified in the US, where although AMR was key, other key elements were identified
unique to these strains which contribute profoundly to its global success. Some of these

other potential factors will be discussed further below.

1.1.1.3.2. Bacteria’s evolution to evade the host immune system
It is not only through treatment options that bacteria have evolved to resist or evade.
Prominent public health pathogens all impose a heavy selection pressure on human hosts to
evolve resistance mechanisms to disease. The innate and adaptive immune systems have
evolved under the selective pressure of microorganisms since their introduction (Reddick
and Alto, 2014, Flajnik and Kasahara, 2010). Today in modern eukaryotic organisms the
immune mechanisms are highly sophisticated, complex, and effective in combating infection
involving multiple components and signalling cascades (Reddick and Alto, 2014). Conversely
in response to the evolution of a highly effective immune system, bacterial pathogens have
developed their own mechanisms to evade and inhibit host immune systems.
Typically, the initiation of the immune system involves the recognition of the external
surface of a bacterial pathogen for immune surveillance. However, this also provides an
opportunity for bacteria to develop mechanisms to mimic, inhibit or alter immune system
components. A common mechanism for bacteria to “hide” from the immune system is
through expression of a carbohydrate capsule which functions to shield the complex
bacterial surface of proteins and carbohydrates from immune surveillance (Finlay and
McFadden, 2006). The capsule mechanism is utilised in many bacteria including in
Streptococcus pneumoniae where it has been well established as a major virulence factor to

evade phagocytosis (Sanders et al., 2011).



Most host organisms have evolved a defence system reliant on detecting pathogen-
associated molecular (PAMPs) which are small molecular motifs conserved across multiple
bacterial species and recognised by toll-like receptors. LPS, a glycolipid located on the
outside of Gram-negative bacteria, is detected as a PAMP, specifically its lipid A component
(Paciello et al., 2013). The outer part of the LPS is highly variable and historical pathogens
have frequently exploited this. Yersinia pestis, the causative agent of the bubonic plague,
undergoes temperature-dependent hypoacylation activity in response to the increase of
temperature to 37°C (Montminy et al., 2006). The hypoactylation allows for evasion of the
host defences as the LPS Is unrecognisable (Montminy et al., 2006). Similarly, Shigella (the
pathogen of focus for this thesis) species have evolved a remodelling mechanism for the
LPS. During proliferation in epithelial cells Shigella drastically reduce the acylation rate of
lipid A (Paciello et al., 2013). The evolution of this host adapted mechanism dampens
immune surveillance and interferes with the processes involved in pathogen recognition.
Furthermore, as mentioned within section 1.1.1.3.1, USA300, very successful strains of
MRSA, were noted to have other elements contributing to its global success other than
AMR. USA300 was noted to have an Arginine Catabolic Mobile Element (ACME) unique to
USA300 (Vanhommerig et al., 2014). This ACME is thought to underlie the prolific biofilm
formation capabilities of USA300, an important characteristic for transmission, survival and
evasion of the innate immune system. contributing to its success (Vanhommerig et al.,
2014). The ACME encodes for speG which allows USA300 strains to withstand levels of
polyamines (e.g., spermidine) produced in skin that are toxic to other closely related S.
aureus strains whilst speG-mediated polyamine tolerance also enhances biofilm formation,
adherence to fibrinogen/fibronectin, and resistance to antibiotic and keratinocyte-mediated

killing (Planet et al., 2013). The ACME clearly is a major contributor to the extraordinary



pathogenic success of the USA300 strains by enhancing virulence, immune evasion and
survival (Vanhommerig et al., 2014).

The immune systems of eukaryotic cells have evolved into complex and multifaceted
systems capable of combatting multiple pathogenic infections. In response however,
historical pathogens have evolved to subvert the hosts immune defences and cause disease.
Historical pathogens such as Y. pestis and Shigella have evolved highly effective and
complex mechanism to evade, alter and interfere with immune defences contributing to

their long-term success as pathogens.

1.1.1.3.3. Interbacterial competition: Having the edge
It is not only through human interaction that bacteria have evolved to resist or evade.
Bacteria are frequently found in large and diverse communities in the environment and in
the microbiome of a human host. These microbial communities are highly competitive with
limited resources determining survival of the fittest. There has been clear evolutionary
emergence of numerous competition mechanisms. The stabilisation of these mechanisms
within bacterial genomes shows the true importance of these mechanisms in survival and
infection.
Exploitative competition is defined as passive competition. Bacterial species deplete the
surrounding nutrients and in doing so prevent competitors from utilising the resources
effectively (Birch, 1957). Specialised metabolites (SMs) are molecules which are not involved
in primary metabolism but are involved in other processes. These SMs were previously
known as secondary metabolites due to their production in late stage growth in laboratory

cultures, however, these metabolites may be essential for some bacteria to survive in



competitive environments (Price-Whelan et al., 2006). Multiple bacterial species have
evolved metabolites for this purpose, for example the evolution of siderophores.
Siderophores are metabolites produced by bacteria for scavenging iron from the
environment (Hider and Kong, 2010). Iron is essential for multiple processes in bacteria
especially for cytochromes and iron-sulphur proteins (Stubbendieck and Straight, 2016).
There have been numerous examples of siderophore-mediated competition, as exemplified
between the interbacterial competition of S. aureus and Pseudomonas aeruginosa. Both S.
aureus and P. aeruginosa are human opportunistic pathogens typically associated with
cystic fibrosis (CF) patients (Harrison et al., 2008). A study demonstrated that in the
presence of S. aureus, siderophore production was upregulated in P. aeruginosa showing
the competitive advantage that siderophores contribute to (Harrison et al., 2008).

In contrast to exploitative competition, interference competition is aggressive where
bacteria release antagonistic factors produced to impede competitors (Stubbendieck and
Straight, 2016). Bacteria have developed multiple strategies for this purpose, one such
mechanism is protein secretion systems. The secretion systems act as a delivery mechanism
for antibacterial toxins to target cells therefore killing or inhibiting growth of competitors
(Lin et al., 2020). Among the nine secretion systems which have been identified so far there
are five which have proven capability to deliver antagonistic compounds. One of the contact
dependent systems, the type VI secretion system (T6SS) is a known mechanism found in
numerous bacterial species for interbacterial competition (Schwarz et al., 2010). In the
historical pathogen V. cholerae the T6SS’ primary function is to aid interbacterial virulence.
In one study it was shown that the T6SS was highly effective against multiple Gram-negative

bacteria including E. coli and Salmonella Typhimurium (Maclntyre et al., 2010). These



bacteria are common within the human microbiome and so would be present as
competitors during V. cholerae infection.
In particular for Enterobacteriaceae strains, the interbacterial virulence factor - colicins may
play a key role. Colicins are small toxic proteins produced by many enteric bacteria and are
usually encoded on small colicinogenic plasmids alongside the colicin lysis protein that is
responsible for colicin release and the immunity protein that protects the host from its own
colicins (Riley, 1993, Cascales et al., 2007). Typically, they are noted to be toxic against E.
coli, a very well-known bacterial species in the human microbiome, and so are extremely
beneficial during host infection when bacteria must outcompete their competitors in the
microbiome.
The bacterial mechanisms which have evolved to aid interbacterial competition are
numerous and diverse. They represent mechanisms of clear importance for the persistence
and survival of bacteria to cause infection and have evolved to persist within pathogen
genomes. These mechanisms clearly contribute to the success and persistence of historical
pathogens.

1.1.2. Traditional methodologies
Now that | have given a general overview on how human interventions and immune
systems have shaped bacteria, | will now focus on ways in which we as researchers can
investigate long-term success of pathogens. To investigate what factors contribute to the
long-term persistence of historical pathogens, a wide range of techniques and tools are
required to conduct an in-depth investigation. Recent technological advancements have
increased the availability and accessibility of biological data while also making investigations

quicker and more comprehensive.
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1.1.2.1.  Whole genome sequencing
In 1977 a breakthrough in DNA sequencing technology altered the biological field forever.
The development of Sanger’s ‘chain-termination’ technique involved the selective
incorporation of chain-terminating dideoxynucleotide by DNA polymerase during in-vitro
DNA replication (Sanger et al., 1977). The Sanger method led to the first DNA sequence of
the bacteriophage ®X174 and quickly became the most common technology used to
sequence DNA for many years (Sanger et al., 1977). Improvements to Sanger sequencing
occurred in the following years. Most notably the replacement of phospho-radiolabelling
with fluorometric based detection and improved detection through capillary-based
electrophoresis allowed for the development of the first commercial DNA sequencing
machines (Smith et al., 1985, Prober et al., 1987, Swerdlow and Gesteland, 1990). The first-
generation of these DNA sequencing machines could only analyse a sequence read of less
than one kilobase (kb) in length, with multiple runs required to read longer genomes
(Anderson, 1981).
Today’s complex genomic questions rely on a depth of information which would have been
unattainable by traditional DNA sequencing technologies. In 2005 the first commercialised
new next-generation sequencing (NGS) technology was released known as the
pyrosequencing method by Roche (Margulies et al., 2005). The mechanics of NGS are similar
to that of capillary electrophoresis with the exception of a few major improvements. Firstly,
the replacement of bacterial cloning of DNA fragments with the preparation of NGS libraries
in a cell free system. Secondly and possibly the most important improvement, is the
sequencing and detection of fragments is completed in a massively parallel fashion,
improving speed and accuracy whilst reducing overall cost (van Dijk et al., 2014). The advent
of NGS immediately revolutionised the field of genomics. lllumina’s NGS DNA technologies

11



are now considered the market leader of clinical research sequencing with highly accurate
(over 99.9%) and inexpensive reads on a massive scale (Logsdon et al., 2020). However,
there is a drawback to the NGS technologies speed and cost effectiveness, the relatively
short read length (van Dijk et al., 2014).

Long-read sequencing or third generation sequencing can determine the nucleotide
sequences of long sequence of DNA of up to between 10,000 and 100,000 base pairs, much
longer than NGS technologies. The longer reads provide better accuracy for DNA containing
repetitive regions, improve de novo assemblies and detect structural variants (Amarasinghe
et al., 2020). Furthermore, long-read sequencing eliminates PCR amplification bias by
sequencing native molecules of DNA and RNA allowing direct base detection of
modifications such as methylation (Mantere et al., 2019). The continued development of
long-read sequencing platforms has produced several technologies which are cost effective
and high throughput for research purposes. Two long-read sequencing technologies have
been elevated throughout the long read field, Pacific Biosciences’ Single-Molecule Real-Time
(SMRT) sequencing and Oxford Nanopores Technologies’ (ONT) nanopore sequencing
(Amarasinghe et al., 2020). Released in 2011 and 2014 respectively, these technologies have
become a staple for whole genome sequencing. In 2015 there were 99 mammalian
genomes, none of which were long-read sequenced, but in 2020, there have been more
than 800 genome assemblies utilising either of these two technologies (Logsdon et al.,
2020). These advancements are key to investigations into historical pathogens.

The recent improvements over the past two decades in sequencing technologies have
enabled researchers to study microbial systems at a depth never seen before. NGS
sequencing and long-read sequencing have become an established and increasingly used

tool for the bacterial genomic research. With the continued development and ongoing cost
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reduction there has already been use of sequencing technologies for more-routine
applications such as for surveillance of global pathogens as seen with the SARS-CoV-2

pandemic (Balakrishnan, 2022).

1.1.2.2.  Bioinformatic techniques
In tandem with the continuous improvements in sequencing technologies, the need for
computerised tools and software to handle, manipulate and visualise sequencing data has
led to a rise in the field of bioinformatics.
It is easy to imagine that modern bioinformatics was a recent development, coming to the
aid of huge quantities of generated sequencing data. However, bioinformatics originated
over 50 years ago, even before DNA could be sequenced (Gauthier et al., 2018). The original
focus of bioinformatics grew from the publication of protein sequences, the first of which
was insulin in 1953 (Sanger and Thompson, 1953). Margaret Dayhoff is commonly
considered the ‘mother of bioinformatics’ and developed a computer program to predict
primary protein structure from peptide sequencing data (Moody, 2004).
Today, bioinformatics is considered an interdisciplinary field combining biology,
mathematics, information technology and statistics. With the exponential increase in
biological data in public databases a plethora of tools have been developed to analyse them.
There are now tools to analyse DNA, RNA and protein sequences from assembly to
annotation to phylogenetic analyses and beyond (Mehmood et al., 2014). For assembly of
microbial DNA sequences commonly used bioinformatic tools include Unicyler (Wick et al.,
2017a), Velvet (Zerbino, 2010) and SPAdes (Bankevich et al., 2012). All of these tools have
been resourcefully developed to overcome issues with tandem repeats by utilising paired

end information making these tools invaluable for accurate assembly of sequencing data.
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When there is combination of short and long reads, hybrid pipelines, such as Unicycler can
be utilised to produce a complete genome (Wick et al., 2017a).

For functional genomics, the annotation step is key. Common tools include Prokka
(Seemann, 2014) or the NCBI Prokaryotic Genome Annotation Pipeline (PGAP) (Tatusova et
al., 2016). Accurate annotation is essential as sequencing of the genome only provides
sequence information with no functional roles. Annotation works to provide structural
features and functional roles of genes within the DNA sequence (Harbola et al., 2022).
Annotated genomes can act as input to other bioinformatic tools, such as AMRFinderPlus
(Feldgarden et al., 2019), which identify genes with the key functions of AMR and virulence.
In 2022, there are now over 50 freely accessible bioinformatic resources for detection of
AMR determinants including ResFinder, CARD and AMRFinder (Bortolaia et al., 2020, Alcock
et al., 2020, Feldgarden et al., 2019). The accuracy of AMR phenotype prediction within well
studied Enterobacteriaceae has been proven to be as high as 98.4% in a large dataset
containing multiple Enterobacteriaceae (Feldgarden et al., 2019). These bioinformatic tools
represent an invaluable resource for predicting virulence of key global pathogens.

A recent focus of bioinformatics has been to find ways to produce accurate in silico 3D
structure of proteins. This has the advantage of predicting putative function without the
need for crystallography which is a complex and time-consuming laboratory process. There
are currently only approximately 144,000 unique protein structures which have been
determined (2019b). However, this represents only a miniscule percentage of the estimated
billions of known proteins. Protein structure solving is hindered by the complex and labour-
intensive effort required to experimentally determine a single protein structure. The latest
and cutting-edge bioinformatic tool is Alphafold, an Al system which predicts a protein’s 3D

structure from its amino acid sequence and frequently achieves accuracy competitive with
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experimental values (Jumper et al., 2021). Alphafold addresses a 50-year protein folding
problem where the tool can regularly provide protein structures with atomic accuracy even
when there is no homologous structure present (Jumper et al., 2021). This computational
approach represents an innovative step towards a rapid and convenient approach to
understanding unsolved protein structures.
It is evident that there has been an exponential increase in the development of
bioinformatic tools which has been stimulated by the vast amount of biological data
available in public databases. It is essential to have tools that analyse, manipulate, and
visualise this data to fully understand the structural and genetic components of bacterial
genomes. In depth interrogations of bacterial genomes with these tools is aiding our
understanding of why pathogens are so successful.

1.1.2.3. Genome wide association studies
In recent years there has been an escalation in the use of bioinformatic approach known as
a bacterial Genome Wide Association Study (GWAS) which has been made possible by the
development of new bacterial GWAS tools that account for the clonal population structure
(Falush and Bowden, 2006).
A GWAS aims to identify variants at genomic loci (typically single-nucleotide polymorphisms
(SNPs) or gene presence/absence) which are associated with complex traits in a population,
such as an AMR phenotype or a disease phenotype (Visscher et al., 2012). The method
surveys entire genomes for variants that occur more frequently in case isolates (people with
a trait) than within the controls.
Since the first bacterial GWAS was published in 2013, there has been a vast increase in the
number of published GWAS' resulting in over 6000 papers (both bacterial and human) being
published in 2021 alone (according to PubMed)(Sheppard et al., 2013). As of September
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2018, GWAS’ were reported to have accelerated gene discovery, with a GWAS catalogue of
over 5000 GWAS’ and over 71,000 variant-trait associations (Buniello et al., 2018). This
approach is becoming an established and valued tool in modern genetics. Today there are
various tools which make utilising bacterial GWAS’ accessible to all researchers such as
Scoary, PLINK, SEER and Pyseer (Brynildsrud et al., 2016b, Purcell et al., 2007, Lees et al.,
2016, Lees et al., 2018). Previously there were limitations in bacterial GWAS’ due to the
clonality of bacterial populations. The clonality forms a major problem especially when
comparing lineages with different phenotypes, which leads to all variants that separate the
lineages observed are seemingly associated with the trait (Lees and Bentley, 2016). Recent
improvements in bacterial GWAS’ now incorporate a correction for population structure
helping to eliminate the clonality hurdle (Lees et al., 2018).

Bacterial GWAS’ have already been demonstrated to have a profound impact on public
health research. For example, in Mycobacterium tuberculosis, a GWAS by Farhat et al.
(2019) aimed to identify variants related to the resistance to anti-TB drugs. Through analysis
of over 1400 clinical M. tuberculosis isolates, 13 genetic loci associated with resistance to
anti-TB drugs were identified (Farhat et al., 2019). Identification of these genetic loci,
provides a better understanding behind genetic mechanisms of resistance for M.
tuberculosis and could perhaps lead to more-target drug approaches in the future (Farhat et
al., 2019). The example given above shows the importance of GWAS’ and the positive
impact it can have for management of public health pathogens.

Bacterial GWAS represents an imperative bioinformatic approach to better understand the
biology of disease, under the hypothesis that better understanding of traits will lead to

improved prevention, treatment, and management. When considering factors which have
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contributed to the long-term success of a pathogen GWAS represents a vital approach to

consider for various important traits.

1.1.3. Factors contributing to the long-term success of pathogens
Now that | introduced how | can investigate these long-term successful pathogens, | want to
consider what factors | would expect to find from these methodologies. When considering
why some pathogens are more successful in causing disease than others, several common
factors need to be considered, such as AMR and virulence determinants. Each of these
greatly contribute to a pathogens ability to survive, infect, and transmit disease in a
population. However, bacterial genomes contain a plethora of genes whose function may be
contributing to this success of a pathogen in ways which are yet to be explored. This

represents an exciting opportunity to explore the ‘black hole’ of bacterial genomes.

1.1.3.1.  Bacterial mechanism of antimicrobial resistance
As briefly discussed before, AMR is an essential factor for bacterial infection and
transmission. In order to survive within human hosts many bacteria acquire multiple AMR
determinants to persist and cause infection, such as S. aureus who through acquisition of
several prominent AMR determinants has evolved to become a global ‘superbug’.
The acquisition of AMR determinants into bacterial genomes is typically through horizontal
gene transfer (HGT) either by transformation, conjugation or transduction of antimicrobial
resistance genes (ARGs), efflux pumps and plasmids (Tenover, 2006). The exchange of
genetic material among similar and diverse species of bacteria, particularly of MDR
plasmids, has led to the emergence of ‘superbugs’. In Enterobacteriaceae the dissemination
of epidemic plasmids belonging to IncF with divergent replicon types FIA and Fll is strongly
associated with the pandemics caused by MDR E. coli and K. pneumoniae (Mathers et al.,

2015, Carattoli, 2009). The pandemics are typically due to the spread of certain high risk
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clones which contain the epidemic IncF plasmids, namely, E. coli sequence type 131 and K.
pneumoniae ST258 (Mathers et al., 2015). The importance and interdependence of high-risk
pandemic clones and acquisition of MDR plasmids has widely been reported as a key factor
in global pathogen dissemination. For orientation of this thesis, the pKSR100 plasmid within
Shigella has already been shown contribute to epidemiological success among Shigella,
however, key Shigella plasmids will be discussed further later (Malaka De Silva et al., 2022).
Susceptible bacteria may also acquire resistance through spontaneous mutations. These
mutations can aid resistance in a variety of ways such as through upregulating the activity of
efflux plumps, modifying the target protein or binding site that the AMR agent binds to or in
some cases downregulating an outer membrane protein channel that is needed for AMR
entry (Tenover, 2006). For example, quinolone resistance is most often the result of various
chromosomal mutations in the bacterial gyrase and topoisomerase IV genes (Aldred et al.,
2014). Quinolones typically act through converting gyrase and topoisomerase |V into toxic
enzymes which detrimentally fragment the bacterial chromosome. Specific mutations within
these gyrase and topoisomerase IV genes weaken the interactions between quinolones and
the targets causing significant resistance (Aldred et al., 2014). Spontaneous mutations have
also been observed that affect efflux pumps resulting in significant upregulation. Within E.
coli, mutations in the repressor gene acrR lead to heightened expression of the acrAB MDR
efflux pump resulting in an escalation of resistance (Piddock, 2006, Wang et al., 2017).

The acquisition and subsequent conservation of antibiotic resistance carries significant
fitness costs. Typically these fitness costs are observed as reduced growth rate, invasiveness
and interbacterial competition abilities (Vogwill and MacLean, 2015). Plasmids harbour
multiple AMR genes which act through modification or efflux of antibiotics, mechanisms

which may disturb bacterial growth (Dahlberg and Chao, 2003). Furthermore, plasmid
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replication and gene expression is typically reported to have a negative impact on growth
independent of the function of the plasmid (Dahlberg and Chao, 2003). Mutations
conferring resistance also exhibit a fitness cost, partially due to their impact on function in
key biological genes. For example, in P. aeruginosa resistance mutations in nfxB gene result
in diminished type Il secretion system-dependent (T3SS) virulence and impaired fitness in
terms of motility (Stickland et al., 2010).

Regardless of the fitness costs associated with the acquisition and subsequent conservation
of AMR determinants, bacteria frequently show continued evolution towards greater
resistance and more resistance mechanisms. These AMR determinants are clearly essential
for survival, infection and transmission in an antibiotic treatment driven modern society
making them non-negotiable genes within bacterial genomes. It is clear that AMR
determinants would be observed as key factors associated with the long-term success of

pathogens.

1.1.3.2.  Virulence factors
In a similar fashion to AMR, the continued evolution and acquisition of virulence factors has
been observed in bacterial genomes. The evolution of virulence within pathogens presents
some ambiguity. Pathogenic species are often solely dependent on their host species for
successful transmission, however, frequently the host must be damaged during this
dependence. A broad spectrum of virulence mechanisms has nonetheless been positively
selected for due to the wide array of other pathogenic species available for HGT coupled
with host immune defences.
P. aeruginosa is a prime example of a pathogen where a broad virulence set has greatly

bolstered its capability to be the dominant pathogen within CF patients. P. aeruginosa has a
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large bacterial genome (5 — 7 MB) that contributes greatly to its adaptive capacity and
metabolic flexibility (Jurado-Martin et al., 2021). Depending upon the environmental
stressors its virulence repertoire (Figure 1) allows the pathogen to alter its state resulting in
successful acute and chronic infections (Jurado-Martin et al., 2021). Within the extensive
repertoire there are components acquired to disable the host immune system, most
notably the type Il secretion system (T3SS), to aid attachment to human epithelial cells,
adhesins and biofilm formation genes, and to aid interbacterial competition, three quorum
sensing systems (Figure 1) (Jurado-Martin et al., 2021). The acquisition of the number and
broad capabilities of the virulence repertoire directly contributes to P. aeruginosa as the

successful and dominant pathogen in CF patients.
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Figure 1: The wide repertoire of virulence factors utilised by P. aeruginosa.

a) Biofilm formation, b) Three main quorum sensing systems, c) flagellins, d) Siderophore uptake system, e) Type llil
pili, f) LPS and outer membrane proteins, g) Type Il secretion system, h) Type VI secretion system and i) Type Il
secretion system (Figure from Jurado-Martin et al. (2021))

Within other Gram-negative bacterial species, virulence factors have also been
demonstrated as fundamental to successful infection. Shigella, the causative agent of
bacillary dysentery, has a plethora of virulence factors crucial to successful host infection.
Firstly, Shigella secretes factors which induce the classic watery diarrhoea seen in early
infection (Mattock and Blocker, 2017). The Osp genes, encoding T3SS effector proteins,
modify mitogen-activated protein kinase (MAPK) pathways contributing to initial
inflammation (Zurawski et al., 2009). In conjunction with Osp proteins, Shigella enterotoxins
1 and 2 mediate early fluid secretion in the jejunum to establish infection in the colon and

produce the characteristic watery diarrhoea seen early in shigellosis (Mattock and Blocker,
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2017, Vargas et al., 1999). Secondly, Shigella utilises a T3SS, located on the virulence
plasmid, to inject virulence factors directly into the epithelial cells. The crucial contribution
of the T3SS results in successful invasion of the epithelial cells providing a replicative niche
(Muthuramalingam et al., 2021). In the case of S. dysenteriae, secretion of the shiga toxin
may cause severe bloody diarrhoea (Mattock and Blocker, 2017). Lastly, Shigella continues
to produce multiple virulence pathogens to down-regulate infection and evade host
immune defences. For example, secretion of T3SS effectors OspG/I/Z dampens the host
inflammatory response through inhibition of NFkB activation pathways (Sanada et al., 2012,
Newton et al., 2010). The broad range of virulence factors acquired by Shigella species are
imperative to all stages of Shigella infection, replication, and transmission.

The above examples give a general overview of some of the common mechanisms found
within bacterial species which are key to virulence and pathogenic success. Due to this
thesis’ focus on the Shigella species, more in depth explanation of key Shigella virulence
factors will be discussed within 1.3, 1.4 and 1.5.

Many bacterial species have acquired a broad range of virulence factors which are essential
for various stages of successful invasion, replication, and transmission. These factors aid
evasion of the host immune system, invasion of host cells and outcompeting other bacteria
within their bacterial niche. Without these key genes pathogens could not persist and cause

successful disease globally for prolonged periods of time.

1.1.3.3.  Other factors: The unknown or under-researched
The improvements in DNA sequencing have produced a huge collection of biological data
which represents an untapped resource to investigate what makes pathogens so successful

over time. There are factors which researchers already know are imperative to successful
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infection such as AMR and virulence factors. However, apart from these frequent, accepted
factors there are a plethora of genes with unknown function which could be contributing to
the long-term persistence of bacterial species.
Genes with other key biological functions such as aiding nutrient mining or phage related
genes could be contributing to the success of pathogens. A prophage is
a bacteriophage genome that is integrated into the circular bacterial chromosome or exists
as an extrachromosomal plasmid within the bacterial cell. In Shiga toxin-producing E.
coli (STEC), the stx genes (a prominent bacterial toxin) are located in the sequence region of
stx prophages (Zhang et al., 2020). This is an example of prophages having key functions in
some pathogens virulence capabilities, but many remain uncharacterised and unannotated.
In addition to lesser-known factors, there is a large proportion of genes within bacterial
genomes which are known as ‘hypotheticals’. These are uncharacterised genes which are
not currently annotated and are of unknown function. Unannotated genes in global
pathogens still play important roles in successful infection phenotypes. Within a reference
strain of E. coli K-12 it has been estimated that approximately 35% of the genes lack
confirmed function and some lack any detail whatsoever (Ghatak et al., 2019).
These uncharacterised factors whether they be lesser studied or completely hypothetical
represent a unique and truly exciting opportunity to explore novel factors behind the long-
term success of global pathogens. Being able to elucidate what contributes to the
persistence of pathogens would have far reaching implications for public health through
prevention and management.

1.2. A historical perspective
From section 1.1, | hope it is now evident how important these long-term persistent
pathogens are. In order to fully understand how these historical pathogens are still so
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successful a full evolutionary arc must be understood — from historical to modern day.
Incorporating historical isolates into comparative genomic analyses facilitates a unique
perspective. Historical isolates span key periods of time such as the pre-antibiotic era
elucidating unique insights into a key era of history that can be extrapolated to understand
how implementation of antibiotics has changed bacterial genomes. Tracking bacterial
genomes over time could aid prevention, treatment, and management of key public health
pathogens.

1.2.1. Historical isolates
The advancements in sequencing technologies have been phenomenal with technology
advancing to a scale where the United Kingdom Health Security Agency (UKHSA) now
implements routine whole-genome sequencing for surveillance (Grant et al., 2018). In this
context, modern bacterial collections are utilised for rapid outbreak detection and
intervention targeting. However, this technology can be utilised for much earlier isolates in
time, and by analysing historical bacterial genomes researchers can gain unique insight into
some of the world’s global pathogens.
Historical bacterial genetic material is available from a plethora of different source types,
from bones and teeth to historical isolate collections held in pathogen repositories. Teeth
and bones provide a haven for bacterial DNA to survive and so provide a unique source of
genetic material. This historical DNA is known as ancient DNA (aDNA). In one publication by
Drancourt et al. (1998) DNA extracted from dental pulp was identified as Y. pestis, the
causative agent of the plague. The extracted aDNA confirmed the presence of the plague in
France during the 16t Century and was the first study highlighting dental pulp as a suitable
media for confirming ancient septicaemia (Drancourt et al., 1998). Despite successes, there
are challenges associated with utilising aDNA including degradation and contamination
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(Knapp and Hofreiter, 2010, Gorge et al., 2016). However, these challenges are greatly
aided by advancements in sampling strategies and the improvements in short-read
sequencing allowing use of low concentrations of aDNA. aDNA represents a unique and
exciting resource for retrospectively diagnosing historical diseases, thus aiding the
understanding of transmission and dissemination of historical pathogens. In tandem with
aDNA, there are also individual historical isolates isolated from later centuries which have
less limitations than aDNA but still provide historical context.

Taking into the account the insight to be gained from individual historical isolates, it would
be sensible to envisage that with a greater quantity of isolates an even more thorough
historical picture could be discovered. Although many of these pathogen repositories are
limited to the past few centuries, they still span many major historical and geographic
events most notably wars and the implementation of antibiotics. There are several large
global pathogen repositories. One such repository is the National Collection of Type Cultures
(NCTC) held by UKHSA. The NCTC holds over 5000 type and reference strains, many of which
are of medical and scientific research importance. Other prominent reference collections
are Collection de I'Institut Pasteur (CIP), started in 1892 and currently housing over 12,000
bacterial strains, and the American Type Culture Collection (ATCC) started in 1925. These
repositories represent a wealth of historical biological data to investigate the evolution of
bacterial genomes.

Advancements in sampling strategies and NGS have heightened access to historical bacterial
DNA which was previously unattainable. Through extraction from bones and teeth to
curation of various historical isolate collections, there is a now a wealth of strains which

together offer a unique insight into key time periods for bacterial evolution.
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1.2.2. The utility of sequencing historical isolates
Through recent advancements in sequencing historical isolates have become much more
accessible. Various types of historical isolates have already been used to gain insight into
many fields of biology including epidemiology, bacterial evolution, and genetic diversity
(Figure 2). Through complex analysis and combination of historical and modern data
collections researchers can begin to disentangle the complex histories of global public

health pathogens.
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Figure 2: The utility of historical isolates

Schematic overview of the three types of historical isolates, illustrating some of the insights that can be gained
through sequencing of historical isolates (Figure from Bennett and Baker (2019)).

One of the most innovative uses of historical isolates is to conduct analyses where historical
isolates are used in combination with the plethora of modern isolate collections which are
available in the modern day. An exquisite example of this was undertaken by Baker et al.

(2014) where whole genome sequencing of an extant historical isolate of bacillary
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dysentery, NCTC1, was undertaken. NCTC1 was isolated in 1915 from a British Forces soldier
and represents the oldest extant isolate of Shigella flexneri in existence (Baker et al., 2014).
Comparative genomics of NCTC1 with reference genomes of S. flexneri, S. sonnei, S. boydii,
S. dysenteriae and E. coli revealed NCTC1 to be from the 2a sublineage of S. flexneri, a still
prevalent lineage in modern day (Baker et al., 2014). Acquisition of genomic islands relating
to AMR, virulence, and immune evasion were observed highlighting the areas which are key
to bacterial evolution, alongside an island of unknown function. This study represented a
prime example of the insight historical isolates can give through genetic comparison to
contemporary isolates. Sequencing of the extant S. flexneri isolates provided a benchmark
for the study of sublineage 2a, a still prevalent S. flexneri lineage.

Many historical isolate and collections span key time periods, including the discovery and
implementation of antibiotics, making them immensely useful for demonstrating the
evolutionary dynamics of bacteria especially for genes which contribute to the long-term
success of pathogens such as AMR. With the continued transmission of many public health
pathogens coupled with increasing AMR, it is important now more than ever to analyse
bacterial evolution of these traits to better advise on future treatment and management of

these key pathogens.

1.2.3. The Murray Collection
As previously discussed, historical collections are a key and unique resource for bacterial
genetic insight due to their idiosyncratic trait of spanning large time periods. One such
collection of particular interest for public health is the Murray Collection. The Murray
Collection was amassed by the late esteemed microbiologist Professor Everitt George
Dunne Murray and consists of over 600 bacterial strains (JB, 1965). The collection comprises
of historical Enterobacteriaceae isolates spanning the pre-antibiotic era (1917 to 1954) from
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diverse geographical locations (Baker et al., 2015a). Originally these isolates were stored on
agar slopes, however, in the 1980s REG Murray transferred the cultures to the NCTC at
UKHSA, where they are still held today. The Murray Collection’s 683 strains were primarily
from Salmonella, Escherichia, Shigella, Klebsiella and Proteus genera and comprised a large
diversity of subspecies and serotypes (Baker et al., 2015a). To confirm the genetic diversity
and robustness of this profound collection 370 strains were whole genome sequenced and
these genomes are now publicly available to provide a unique and exciting resource
spanning the pre-antibiotic era (Baker et al., 2015a). Phylogenetic analyses and genotypic
AMR profiles were determined for the collection curating a significant gnomic resource for
the study of evolution and emergence of AMR in Enterobacteriaceae.

Valuable insights from the Murray Collection have already been gained. Seminal studies into
conjugative plasmids were investigated utilising the Murray Collection (Datta and Hughes,
1983, Hughes and Datta, 1983). In past decades, conjugative plasmids encoding AMR
determinants had become common in Enterobacteriaceae. Through comparison of the
Murray Collection ‘pre-antibiotic’ plasmids and contemporary isolates, it was observed that
most ‘pre-antibiotic’ plasmids belonged to the same incompatibility groups as modern
resistance plasmids (Datta and Hughes, 1983). The use of historical isolates showed that
modern resistance is acquired through insertion of new genes on existing plasmids, a
profound insight into the emergence of AMR. Furthermore, a similar finding was observed
for mercury resistance within Salmonella based upon the historical insight of the Murray
Collection Salmonella isolates (Essa et al., 2003, Jones and Stanley, 1992).

In addition to these seminal studies, a large study by Wand et al. (2015b) involving the
Murray Collection’s K. pneumoniae isolates aimed to characterise the pre-antibiotic isolates

in terms of antibiotic/disinfectant susceptibility combined with virulence in a model
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organism. Susceptibility testing revealed over 30% of historical isolates were already
resistant to penicillin, through the blasyy B-lactamase gene, prior to the introduction of
penicillin use clinically (Wand et al., 2015b). For both disinfectant resistance and virulence,
the historical isolates exhibited lower rates of disinfectant resistance and virulence when
compared to modern K. pneumoniae isolates (Wand et al., 2015b). The different array of
virulence factors identified in the historical isolates compared to the modern isolates
suggests acquisition of other key virulence factors is necessary for more virulent phenotypes
such as biofilm formation which was observed in 5 times more modern isolates than
historical isolates (Wand et al., 2015b). The characterisation of the historical K. pneumoniae
provides significant insights into the adaptation and evolution of this public health pathogen
into a more virulent and resistant pathogen.

The Murray Collection represents a large collection of diverse bacteria spanning the ‘pre-
antibiotic’ era, now publicly available from the NCTC. This unique and invaluable collection
is a profound resource for the study of bacterial evolution and emergence of key traits. The
studies which have previously utilised the Murray Collection have demonstrated the
valuable insights to be gained from using a historical isolate collection combined with the
plethora of modern isolates available. These studies represent only the ‘tip of the iceberg’
for the potential of the Murray Collection and many of the evolutional insights remain

entirely untapped for further scientific research.

1.3. Shigella: A prominent public health pathogen
Shigella species are the primary focus of this thesis and so therefore this public health

pathogen will now be discussed in further detail.

1.3.1. Shigella: The bacteria
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Shigella was first discovered in 1896 by Kiyoshi Shiga, when investigating an outbreak of
bacillary dysentery in Japan. Bacteria of the genus Shigella have a lengthy and prolonged
history as a public health pathogen, clinically manifesting itself as shigellosis. Shigellosis is
typically characterised by fever, nausea, abdominal cramps, and bloody diarrhoea.
Diarrhoeal disease is still a major global health issue and today accounts for approximately
1.3 million deaths each year (Estimates, 2016). Of greatest concern is diarrhoeal disease
occurring in young children where over 950 million cases of diarrhoea occur annually,
especially in LMIC (Estimates, 2016). Shigella species represent the second leading cause of
diarrhoeal disease globally and recent estimates attribute 125 million cases and 216,000
deaths annually to shigellosis (Troeger et al., 2018, Khalil et al., 2018). 99% of Shigella
infections occur in LMIC with 69% of infections in the paediatric population (Williams and
Berkley, 2018). Coupled with the highly infectious nature of Shigella species, the WHO has
recognised Shigella as a priority organism in terms of AMR due to its ever-expanding AMR
determinant repertoire (Shrivastava et al., 2018). Today, Shigella remains a highly infectious

disease-causing global infections and so endures as a prominent public health pathogen.

1.3.1.1.  Biology
The genus Shigella are Gram-negative, facultative anaerobes, commonly known as the
primary agent of bacillary dysentery. These Gram-negative bacilli are short, only 0.5 p x 1-3
p in size, which lack motility, have no spore-forming abilities, and typically are non-
capsulated, however, S. sonnei has been recently shown to have a group IV capsule (Hale
and Keusch, 1996, Caboni et al., 2015). Shigella spp are intracellular pathogens, defined as
pathogens capable of evading the immune system and persisting and replicating within host
cells. An optimum temperature of 37°C is well suited to the human host and can survive in

harsh environments such as freezing temperatures and low pH (4.5) for several days
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(Bhunia, 2018). Shigella are differentiated form the closely related E. coli based on
pathogenicity (acquisition of the virulence plasmid), physiology (failure to ferment lactose),

and serology.

1.3.1.2.  Shigellosis
The genus Shigella is known as the causative agent of shigellosis, a historical disease which
is still prevalent in modern society. Although infections occur globally and people of all ages
may become infected, the majority of the disease burden occurs among children under the
age of 5 living in LMIC (Kotloff et al., 2018). Current estimates reveal Shigella spp role as a
prevalent modern-day pathogen with over 200,000 deaths estimated every year (Khalil et
al., 2018).
The primary treatment for shigellosis relies on rehydration and anti-diarrhoeal medications
with antibiotics being prescribed when necessary. Current WHO guidelines support the use
of fluoroquinolones as the first line treatment for shigellosis, followed by -lactams and
cephalosporins, and/or azithromycin (Williams and Berkley, 2018). For the treatment of
MDR strains of Shigella, pivmecillinam and ceftriaxone are reserved as a final treatment
option but are limited due to their expense and formulation (Williams and Berkley, 2018).
Current guidelines have not changed extensively in response to the increasing AMR
observed within some Shigella strains. The future of successful treatments of shigellosis may
be majorly hindered by the continued AMR acquisition into bacterial genomes and so close

monitoring is needed.

1.3.1.2.1. Source and transmission
The primary source of shigellae is thought to be through human to human transmission
through the faecal-oral route, although there are cases of faecal contaminated drinking

water and food (Lamps, 2009). Shigellosis is a highly infectious disease with an extremely
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low infectious dose (10-100 cells) required for successful infection. In LMIC this poses a
troubling dilemma due to the lack of adequate sanitary facilities resulting in elevated case
rates (Bhunia, 2018). Children under the age of 5 typically show higher case rates due to
their inferior hygiene practices, however, adults are still susceptible even with their
heightened immunity and awareness and access to hygiene.

1.3.1.2.2. Pathogenesis and invasion
In contrast to many other invasive pathogens that reside in host cells, Shigella species not
only invade the colonic mucosa but also replicate and disseminate within the mucosa
instead of penetrating deeper into the tissue for survival (Carayol and Tran Van Nhieu,
2013). Shigella species are able to invade the colonic and rectal epithelium ( the clinical
characteristic of shigellosis) causing infection of the colonic mucosa where severe tissue
damage occurs leading to abscesses and ulceration (Jennison and Verma, 2004). This
damage and destruction of the epithelial layer is what causes the symptoms of bacillary
dysentery — bloody diarrhoea and severe abdominal pain (Jennison and Verma, 2004).
Shigella spp once ingested show resistance to low pH (pH2.5 for over 2 hours) resulting in
survival during transit through the stomach. One of the early essential steps in successful
infections is adhesion which must first take place before all other intracellular steps occur.
There are multiple traditional adherence factors including csg and fim genes as well
potentially unannotated novel genes which have yet to be characterised as there is still
some mystery into the exact adherence mechanisms (Chanin et al., 2019a). However, it is
true that without adhesion Shigella species would not be successful intracellular pathogens.
Invasion of the colonic epithelium is thought to be associated with an intense inflammatory
host response (Figure 4). On inflammation, macrophages are attracted to the bacterial site
and ingest Shigella. Shigella-induced pyroptotic death of macrophage leads to the
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recruitment of polymorphonuclear cells and contributes to the destabilization of the
epithelial layer (Carayol and Tran Van Nhieu, 2013). This destabilisation results in successful
Shigella invasion at the levels of the Peyer’s patch, through M cells (Figure 3) (Sansonetti
and Phalipon, 1999). Following successful invasion, Shigella are able to lyse the phagocytic
vacuole, and this permits intracellular replication. Dissemination to adjacent cells is
achieved via polymerizing actin at one bacterial pole forming comet tails which protrude
and invade into adjacent cells. Infected cells with high bacterial load from replication
underdo Shigella-induced death via proinflammatory necrotic death and membrane

damage (Carneiro et al., 2009).
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Figure 3: Shigella Invasion

Graphical overview of shigella invasion, intracellular replication, and spreading in epithelial
cells (Figure from Carayol and Tran Van Nhieu (2013)).

A wide range of virulence factors are vital for the Shigella’s invasion of the colonic
epithelium. Most notably the virulence factors found on the 30kb pathogenicity island on
the virulence plasmid (pINV) (Pilla et al., 2017). This island encodes for a T3SS which is vital
for delivery of effector proteins such as IpaA, IpaC, IpgD and VirA (Bhunia, 2018). These

effectors are involved in the induction of membrane ruffling to mediate micropinocytosis to
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allow successful bacterial entry to host cells. In addition to the pINV, located on the
chromosome are key factors involved with the plasmid-encoded virulence genes such as
virR gene controlling temperature-dependent expression of the T3SS Spa/Mxi proteins
(Bhunia, 2018). Further to the genes required for successful entry Shigellae produce three
types of enterotoxins depending on the Shigella strain (Faherty et al., 2012). Each
enterotoxin is secreted in the intestine and contributes to the watery diarrhoea symptoms
observed through during shigellosis. In rabbit models two Shigella enterotoxins have been
shown to increase water accumulation in the ileal loop model, supporting their known
function as a contributor to diarrhoea (Faherty et al., 2012)

1.3.1.3.  Classification
The genus Shigella is split into 4 species: S. flexneri, S. sonnei, S. dystenteriae and S. boydii.
These four species are then subdivided into serotypes based on variation in their O-antigen
and biochemical characteristics (Sahl et al., 2015). S. dysenteriae divided into 15 serotypes, S.
flexneri and S. boydii into over 20 serotypes each and S. sonnei strains belonging to a single
serotype (Hale and Keusch, 1996). There are three species of this genus which are the major
disease-causing species: S. flexneri, S. sonnei and S. dysenteriae. S. flexneri and S. sonnei
account for most shigellosis infections and will be discussed in detail in subsequent sections
as they are the primary focus of this thesis.
There have been multiple recorded dysentery epidemics associated with warfare, for example
during Napoleon’s retreat from Moscow and the attacks on the Gallipolli peninsula during
WW1 (Manson-Bahr, 1942). These epidemics were caused by the bacterium Shigella
dysenteriae type 1 (Sd1), a bacteria which causes severe disease through secreting the
cytotoxic shiga toxin (Manson-Bahr, 1942). Within the second half of the 20t century large
outbreaks of Sd1 still occurred with death tolls reaching 20,000 in a 1969-1973 outbreak in
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Central America (Njamkepo et al., 2016a). Within developing countries, S. dysenteriae is a
major concern and the manifestation of the Sd1 infections is more severe because of its
capacity to produce Shiga toxin (Stx) (exclusively produced by this type) (Talukder et al.,
2003). The Stx is one of the most potent bacterial toxins known to mankind and is found
within S. dysenteriae 1 and in some serogroups of E. coli (Melton-Celsa, 2014). Since the
1960s, S. dysenteriae has been associated with Latin America, Africa, India, and Bangladesh,
causing outbreaks with high rates of morbidity and mortality. Although Sd1 infections are
associated with severe symptoms and higher mortality rates, Sd1 infections are not the most
prominent species and so quantitively are responsible for less cases.

The Shigella species S. boydii can be divided into 20 serovars with the 20t serovar being a
relatively new and an emerging one (Kalluri et al., 2004). S. boydii infections are uncommon
with this species only accounting for 2-6% of shigellosis globally (Nygren et al., 2013). S.
boydii is therefore not a global public health concern. Phylogenomic analysis utilising Global
Enteric Multicenter Study (GEMS) and other S. boydii genomes split the S. boydii isolates
into three clades with clade 1 potentially diverged from clades 2 and 3 at an earlier point in
the evolution of S. boydii (Kania et al., 2016). A core genome of 2230 genes was identified
which were genetically similar in all isolates but each clade had a set of unique genes such
as zinc-binding proteins for clade 1 or some phage components for clade 2 (Kania et al.,
2016).

All of the four Shigella species contribute to the global burden of shigellosis. For the
purposes of this project the species, S. dysenteriae and S. boydii have only been described
briefly due to the focus of this thesis being solely on S. sonnei and S. flexneri which will be
described in detail in future sections. Shigella species remain of public health concern and a

prominent public health pathogen.
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1.3.2. Genomic characterisation
The advancements in sequencing and subsequent manufacture of genomics tools have been
utilised thoroughly in the investigation of Shigella. The technological revolution has revealed
the dynamic genome flexibility of Shigella spp as well as shigellae’s close evolutionary
relationship with E. coli (The et al., 2016). Typically, Shigella genomes are over 4Mbp in
length and comprised of a chromosome with various plasmids associated with each species
and serotype. Although there are key genomic differences between the four species, there

are some common genomic features.

1.3.2.1.  The virulence plasmid
The acquisition of the Shigella pINV represents a key event in the formation and
differentiation of the four Shigella spp from E. coli. The pINV is a large plasmid, 230kb, and
encodes elements essential for virulence (Figure 4). pINV is a single copy, non-conjugative
element which comprises of virulence-associated genes and plasmid maintenance genes
separated by insertion sequence elements (IS) (Pilla et al., 2017, Sansonetti et al., 1982).
Most virulence associated genes are located on a 30kb region known as a pathogenicity
island (PAI). Encoded within the PAl include genes for epithelial entry and macrophage
apoptosis as well as for a T3SS, essential for the invasiveness of Shigella (Bhunia, 2018).
Along with the plethora of virulence factors there are typically systems to prevent plasmid
loss. Within S. flexneri there are two partitioning systems, ParAB and StbAB, to ensure each
daughter cell retains a copy of the plasmid as well as three functional toxin:antitoxin
systems (TA systems) (Pilla et al., 2017). Typically, on the pINV TA systems are type Il which
consists of a toxic protein and an antitoxin antidote. In the presence of the plasmid, the
antitoxin is expressed counteracting the activity of the toxin. However, in cells where the
plasmid is lost the unstable antitoxin is degraded and is unable to interfere with the toxin
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resulting in post-segregational killing (Pilla et al., 2017). Specifically the MvpAT TA system is
essential for Shigella infection (McVicker and Tang, 2016, Dienemann et al., 2011). MvpAT
confers plasmid maintenance at 37°C, the temperature of Shigella’s invasion of the human
host, and so allows successful T3SS injection of effector proteins (McVicker and Tang, 2016).

Together all these elements encoded on the pINV confers the essential quality of this

mobile genetic element for Shigella infection.

The S. flexneri virulence plasmid
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Figure 4: The S. flexneri virulence plasmid (pINV)

Representation of the S. flexneri virulence 230 kbp Virulence plasmid showing important genes
including the T3SS and Ipa proteins (Figure from Dallman et al. (2016)).

Possibly the most important feature encoded on the pINV is the T3SS (Figure 4). Many

Gram-negative bacteria encode T3SS to initiate contact with eukaryotic cells and manipulate

the host cells to benefit the bacterium (Muthuramalingam et al., 2021). The T3SS is essential

for virulence within Shigella and could be considered the most important virulence feature.
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The T3SS is an injectosome composed of about 20 proteins that when assembled spans both
bacterial membranes and the cell wall and is topped with a needle (Bajunaid et al., 2020).
The T3SS apparatus is a complex nanomachine composed of 3 segments: a transmembrane
basal body, the extracellular needle and the tip complex and the cytosolic complex
(Bajunaid et al., 2020). Together these structures work to enable injection of bacterial
effector proteins directly into the cell cytoplasm (Coburn et al., 2007). These effector
proteins of the T3SS are involved in various virulence roles including interference with the
host cell cytoskeleton to promote attachment and invasion, interference with cellular
trafficking processes, cytotoxicity and barrier dysfunction, and immune system subversion
(Coburn et al., 2007, Bajunaid et al., 2020). With these essential functions it is obvious why
the T3SS helps to make pINV a non-negotiable MGE for the success of Shigella species.
There are many other plasmids found within Shigella species, possibly most notably is
pKSR100. The selective pressure of antibiotic usage in treatment of sexually transmitted
infections (STIs) such as gonorrhoea, common co-infections among shigellosis affected
MSM, had led to the emergence of the globally successful sublineage of S. flexneri 3a
following the acquisition of pKSR100 (Baker et al., 2015c, Malaka De Silva et al., 2022).
pKSR100 carries azithromycin resistance through mphA and ermB genes, enhancing the
epidemics and contributing to success. This is another key example of the importance of
plasmids to the success of Shigella species.

Plasmids such as pINV and pKSR100 demonstrate the essential nature of plasmids to the
virulence and success of Shigella species. Bacterial pathogens rely on the acquisition of
plasmids to adapt to changing environments carrying advantageous traits necessary for
survival, invasion and virulence. These MGE deserve proper consideration for their

contribution to bacterial success, especially within Shigella species.
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1.3.2.2. Insertion sequence elements
IS elements are highly abundant within all Shigella spp. And are defined as small
transposable DNA sequences which insert themselves at many different sites within
genomes (Siguier et al., 2014). It has been observed that many pathogenic genomes have
undergone IS expansion accompanied by gene inactivation, genome rearrangement and
reduction. IS expansion is commonly observed in bacteria that have adopted host-restricted
lifestyles such as Shigella spp (Siguier et al., 2014).
Shigella spp are genetically similar to E. coli but converged to become human-adapted
intracellular pathogens (Hawkey et al., 2020). IS elements are highly prevalent in all species
of Shigella causing significant genetic variation in Shigella genomes. Within a reference
genome of S. flexneri it was observed that IS elements were biased to non-coding regions of
the genome, 28% higher than in other regions (Zaghloul et al., 2007). Furthermore, selection
against genes encoding functions for signal transduction and cell motility were disrupted by
ISs (Zaghloul et al., 2007). Hawkey et al. (2020) investigated the impact of IS elements on
convergent evolution in Shigella species, S. dysenteriae Sd1, S. sonnei and S. flexneri and
found that five IS elements (IS1, 1S2, 1S4, 1IS600 and 1S911), in particular, have undergone IS
expansion within each population resulting in convergent patterns of functional gene loss
and genome degradation (Hawkey et al., 2020). IS expansion and corresponding genome
degradation is most advanced in S. dysenteriae, however, convergent loss of E. coli
metabolic capabilities and genome streamlining is being observed in a similar trajectory in
both S. sonnei and S. flexneri (Hawkey et al., 2020). The importance of IS elements is clear

for the genome streamlining and host adaption of Shigella spp.

1.3.2.3.  Serotype switching
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Shigella spp are further split into serotypes based on the LPS O-antigen structure. However,
shigellae have evolved to acquire outside genetic material through various HGT mechanisms
and this can lead to the rapid emergence of serotype variants through O-antigenic switching
(Das and Mandal, 2019). This phenomenon is known as serotype switching and has been
poorly quantified for many pathogens including Shigella (Ye et al., 2010, Allison and Verma,
2000). For Shigella spp this is of particular concern for vaccine development as the diversity
of serotypes already complicates development but coupled with immune escape via
serotype switching vaccine development becomes a substantial risk.

Bengtsson et al. (2022) performed an in-depth genomics analysis of over 1200 strains
sampled as part of the GEMS, a modern isolate collection from between 2007 and 2011.
During these analyses the phenomenon of serotype switching was investigated for S.
flexneri. To qualitatively determine serotype switching, switching events were defined as
when a new serotype emerged that was distinct from the majority serotype within a specific
genotype (Bengtsson et al., 2022). Although switching events were revealed to be relatively
infrequent (only 3.3% of isolates), the switching was facilitated by mutations, and gene
presence/absence of various phage-encoded genes such as gtr and oac (Bengtsson et al.,
2022). Even with the infrequent switching events the potential plethora of variants which
could contribute to serotype switching poses complications to vaccine development.
Furthermore, an estimated mean timeframe for switching events was observed at
approximately 348 days means that switching events could impact the long-term
effectiveness of vaccines especially when coupled with the selection pressure vaccines

would provide (Bengtsson et al., 2022).

1.4. An introduction to S. flexneri
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Shigella species have been estimated to cause over 165 million new infections globally per
year, the vast majority of which occur in LMIC in children under the age of 5 (Ram et al.,
2008). S. flexneri represents the most prevalent species of Shigella and is endemic to many
LMIC and quantitatively is responsible for the majority of Shigella infections globally (Von
Seidlein et al., 2006). Due to its geographical focus in LMIC, and additional virulence
determinants including enterotoxins SHI-1 and SHI-2, S. flexneri infections are associated

with higher rates of fatalities (Ud-Din et al., 2013).

1.4.1. Population structure
Prior to 2015 the detailed population structure of S. flexneri was understudied. Typically,
subdivision of strains is through the antigenic variation of the O-antigen component,
however, the subtyping methods lack accuracy and resolution contributing to the poor
understanding of this species (Sun et al., 2011). Through the limited genomic studies done S.
flexneri was observed as two distinct lineages. The first lineage (S. flexneri 6) consists of a
single serotype and clusters within other S. boydii lineages (Choi et al., 2007). The second
lineage is monophyletic and comprises of all the other S. flexneri serotypes and so is
responsible for the majority of cases globally.
Connor et al. (2015) completed a phenomenal study to drive in depth understanding of the
population structure and evolution of S. flexneri globally. A representative collection of S.
flexneri strains were collected and WGS from key areas of endemic disease and spanning
serotypes, 1-5, X, Xv and Y. A detailed modern population structure was determined which
showed seven phylogenetically distinct phylogroups (PG) each containing isolates from
different geographic locations and temporal dates separated by considerable evolutionary
distances (Connor et al., 2015). Furthermore, Bayesian evolutionary analyses revealed that
PGs 1, 2, 4 and 6 were the oldest lineages with most recent common ancestors (MRCA)
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dating between 1341 and 1659 (Connor et al., 2015). Serotype 2a isolates, common vaccine
targets, originated much later, 1822 onwards. It has been noted that that emergence of new
S. flexneri PGs does not result in displacement of isolates of other PGS, instead the previous

PGs persist and cause disease alongside the emerging PGs.

1.4.2. Serotypes
S. flexneri represents the Shigella species with the most diverse number and range of
serotypes. As previously discussed, serotypes emerge through variation of the O-antigens
either by glycosylation or O-acetylation of its sugar residues by phage encoding serotype
converting genes. Currently, S. flexneri has 19 serotypes and counting (Nisa et al., 2020). In
different geographical locations and temporal ranges, different serotypes are prevalent. In
Asian countries, for example, the most prevalent serotypes are 2a, 1a and 3a with new
serotypes and serotype switching emerging frequently to evade infection-induced immunity
(Ye et al., 2010). Recently, in China, there has been the emergence of a novel serotype titled
Yv, originating through a variant of the O antigen transferase gene opt (Sun et al., 2013).
Serotype 2a has also been observed and is prevalent in India as well as outbreaks

documented in U.S (Muthuirulandi Sethuvel et al., 2017, Reller et al., 2006).

1.4.3. Geography and burden
S. flexneri is endemic to many LMIC such as Bangladesh, India and Pakistan but has also
been documented less frequently in higher income nations such as th U.S, typically
associated with travel (Nisa et al., 2020). Typically, transmission of S. flexneri is through the
faecal-oral route. In LMIC the lack of adequate hygiene facilities has led to S. flexneri being
prevalent in paediatric populations. Shigella was the second leading cause of diarrhoeal
mortality in 2016 and accounts for 14% of all diarrhoeal deaths in children under 5,

representing a global public health burden (Khalil et al., 2018). Also contributing to S.
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flexneri status as a global public health concern is the WHO recognising Shigella as a priority
organism in terms of AMR (Shrivastava et al., 2018). Of particular concern is the increasing
frequency of fluoroquinolone resistance in S. flexneri. Ciprofloxacin, a third-generation
fluoroquinolone, is the primary antibiotic of choice for shigellosis, however, there have been
reports of increasing ciprofloxacin resistance. The genetic mechanism(s) underlying
resistance is commonly attributed to mutations in the quinolone resistance determining
region (QRDR), ultimately diminishing the interaction between the antimicrobial and its
target protein. In a study by Azmi et al. (2014) ciprofloxacin resistance increased from 0.7%
in 2005 to 45.5% in 2010 in Bangladesh. The emergence of fluoroquinolone resistance
through mutations in the QRDR as well as a mutation outside of the QRDR region in the gyrA
gene has undermined current treatment strategies (Azmi et al., 2014).

Historically shigellosis has been associated with travel and only low levels of domestic
acquisition in high-income nations, however, recently there have been numerous epidemics
of domestically acquired shigellosis associated with transmission among adult males.
Shigellosis has been reported as a sexually transmitted infection in men who have sex with
men (MSM) populations since the 1970’s and this type of transmission has become
important for high income nations. Since 2009, there has been an increase of UK-acquired S.
flexneri especially within the MSM population aged between 30 and 50 years, of which most
belong to serotype 3a (Borg et al., 2012). Previously, the most prevalent serotype was 2a
among MSM populations, however, there has been a shift to serotype 3a in recent years
(Borg et al., 2012). In fact, the outbreak serotype 3a has been observed to have overtaken S.
sonnei in Canadian MSM outbreaks and in the UK is now considered endemic. Furthermore,
between 2008 and 2011 there was over a 400 % increase in the number of men diagnosed

with S. flexneri 3a (Gilbart et al., 2015).
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S. flexneri is the endemic Shigella species in LMIC and is associated with high rates of
mortality and morbidity. The increasing prevalence of a plethora of AMR determinants is
contributing to S. flexneri’s reputation as a global public health concern. With S. flexneri
transmission in MSM populations as well as through the typical faecal-oral and travel
routes, studies into the evolution of S. flexneri within these scenarios could elucidate key

factors involved in this adaptation.

1.5. Anintroduction to S. sonnei
S. sonnei is the most prevalent Shigella species within high-income nations and those that
are undergoing economic development. However, also contributes to the global burden of
disease within LMIC. In countries undergoing economic development, such as China in the
last 50 years, the displacement of S. flexneri with S. sonnei is frequently observed. For
example, a systematic review of shigellosis in mainland China between 2001 and 2010
revealed opposing trends with S. flexneri decreasing and S. sonnei increasing especially in
the East, North and Northeast regions , a proposed association of regional economic
development (Chang et al., 2012). S. sonnei, in contrast to S. flexneri, shows more limited
genetic diversity and shares a singular serotype (Holt et al., 2012a).

1.5.1. Population structure

The global population structure of S. sonnei is split into five major lineages which can be
further split into sublineages with isolates from similar geographical location but also
through WGS studies emergence of publicly important sublineages have been observed and
associated with the acquisition of AMR determinants (Holt et al., 2012a, Rabaa et al., 2016).
Frequent in depth WGS studies been carried out to investigate S. sonnei epidemiology and
detailed population structures at a regional level e.g Asia, Australia and South America as

well as detailed population structures for specific traits e.g resistance, transmission in
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orthodox Jewish communities (OJC) or MSM populations (Chung The et al., 2016, Baker et
al., 2017, Ingle et al., 2019). This was causing confusion as there were now different names
for the same lineage depending on which context you are viewing the population structure
through. Even with the increasing number of in-depth WGS studies, which aid definition at
the sublineage level, pre 2021 there had been a lack of a global genomic framework and
genotype nomenclature impeding reporting and outbreak detection (Hawkey et al., 2021).
Genotype frameworks based upon single nucleotide variants (SNVs) have been
implemented in other bacterial species such as Mycobacterium tuberculosis (Coll et al.,
2014). The main advantage of these genotype frameworks is that they allow fast typing
without the need for complex comparative genomics.
Recently Hawkey et al. (2021) implemented a novel genotypic framework to S. sonnei WGS
developed from 1935 isolates spanning 48 countries between 1943 and 2018. The
successful genotyping scheme prioritised SNVs that are found in highly conserved core
genes defining 137 genotypes (Hawkey et al., 2021). Additional high-resolution genotypes
nested at the subclade level were added to differentiate between monophyletic groups
based on AMR or transmission patterns and new genotypes can be added easily as they
emerge (Hawkey et al., 2021). The genotyping framework from Hawkey et al. (2021)
successfully utilised and released in an easily accessible format represents a universal
nomenclature for S. sonnei especially important for tracking AMR S. sonnei clades at local
and global levels.

1.5.2. Geography and burden
S. sonnei is prevalent in high-income countries and increasingly observed within
economically developing nations where it displaces S. flexneri as the prominent species. The
lack of S. sonnei in LMIC could be explained through passive environmental immunization
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involving the Gram-negative bacteria Plesiomonas shigelloides. P. shigelloides serotype 017
and S. sonnei share an identical O-antigen structure (Kubler-Kielb et al., 2008). Due to the
structural similarity of LPS between the two, vaccines prepared from the O-specific
polysaccharides of P. shigelloides have been shown to be reasonably effective in preventing
S. sonnei infection in humans (Kubler-Kielb et al., 2008). Also due to the cross-reactive
nature of the O antigens it can be suggested that exposure to the P. shigelloides serotype
017 can lead to protection against S. sonnei infection (Sack et al., 1994).

In Asia, Europe, Australia and North America the most prominent S. sonnei Lineage for the
past 20 years has been Lineage 3 (Holt et al., 2012a). The success of Lineage 3 strains
globally is due to the acquisition of AMR determinants. Many Lineage 3 strains dominant in
these countries are resistant to tetracycline and streptomycin, common first-line antibiotic
treatments, which is acquired through a chromosomal class 2 integron, Tn7, and spA
plasmid (Yang et al., 2005, Mclver et al., 2002). Furthermore, there have been isolates with
acquired macrolide and quinolone resistance determinants. Macrolide resistance was
conferred through the resistance gene mphA and so led to the azithromycin resistance, an
attractive treatment option for Shigella (Baker et al., 2017, Boumghar-Bourtchai et al.,
2008). A particularly worrying example of resistance within Lineage 3 is through
ciprofloxacin resistance, the recommended treatment for Shigella infections. Within Asia,
ciprofloxacin resistant strains are being increasingly isolated forming a single clade in the
expansion of Lineage 3 (Chung The et al., 2016). The resistance is conferred through
mutations in the gryA and parC genes and can be globally attributed to a single clonal
emergence event likely to have been established in South Asia (Chung The et al., 2016).

Although ciprofloxacin resistance is more sporadic outside of Asia, strains exhibiting
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ciprofloxacin resistance has been observed with increasing frequency in MSM populations in
Canada and Asia (Gaudreau et al., 2011, Chiou et al., 2016).

S. sonnei is also highly endemic to Israel. S. sonnei’s prevalent incidence rate is driven by
biennial epidemics within the OJC in Israel (Baker et al., 2016). The OJC represents a risk
group for S. sonnei and may be highly susceptible due to their densely populated living
conditions, high numbers of young children and intracommunity transfer which can occur
frequently due to social gatherings (Cohen et al., 2014). It is not just within Israel that the
OJC represents a risk group but worldwide. In countries outside of Israel it has been shown
that outbreak strains in OJCs are distinct from strains circulating in the general population. It
was observed that OJC-associated strains were more closely affiliated with outbreaks
associated with OJCs in other countries and strains circulating in Israel (Cohen et al., 2014).
For example, in Antwerp, Belgium there is an OJC with approximately 10,000 persons living
in one area of the town where in 2008 there was an S. sonnei outbreak (De Schrijver et al.,
2011). Between April and August 2018 42 cases were recorded and all characterised isolates
were found to share an identical profile and were indistinguishable from one of the twelve
strains detected in Israel during 2008 (De Schrijver et al., 2011). This demonstrates the
closeness of OJC associated outbreak strains.

Similar to S. flexneri, S. sonnei can be associated with MSM populations. For example, in
Switzerland there has been the first report of sexually acquired S. sonnei which was MDR
(Hinic et al., 2018). The genomic analyses demonstrated that the isolates fell into clusters
from within UK MSM populations but with greater divergence. All of the isolates showed
phenotypic resistance to azithromycin and two isolates showed resistance to quinolones
(Hinic et al., 2018). Sexual transmission of S. sonnei causes increased prevalence in high-

income countries where previously Shigella infections were infrequent.
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S. sonnei represents an important Shigella species contributing to the global disease burden.
In high income and economically developing nations S. sonnei is the prominent species

where the infections contribute to pressure on healthcare systems and mortality rates.

1.6. Aims of research project
In this era of WGS and bioinformatic tools, understanding what factors have contributed to
the long-term success of public health pathogens will significantly advance our ability to
treat, manage and prevent these public pathogens. In this thesis | aimed to utilise novel
and traditional GWAS approaches to identify key factors contributing to the long-term

success of Shigella species as global public pathogens.

1.6.1. Overview of work
In chapter 2, | investigated factors positively associated with time that were contributing to
the success of S. sonnei as a pathogen. First, | contextualised the S. sonnei historical isolates
from the Murray Collection in terms of their place within the modern population structure,
genotyping and their AMR and virulence profiles. Then through combination of historical S.
sonnei isolates from the Murray collection and the plethora of readily available modern
isolates, | was able to investigate the evolutionary arc of S. sonnei through a novel GWAS
approach, herein coined temporal GWAS (tGWAS). | observed positive controls such as AMR
and virulence factors to confirm the validity of tGWAS and then identified new insights into
what other factors are contributing to the long-term success including iron metabolism
genes and a plethora of catabolic mechanisms.
In chapter 3, | investigated factors positively associated with time that were contributing to
the success of S. flexneri as a pathogen. First, | contextualised the S. flexneri historical
isolates from the Murray Collection in terms of their place within the modern population

structure, serotyping and their AMR and virulence profiles. Then through combination of
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historical S. flexneri isolates from the Murray collection and the plethora of readily available
modern isolates, | was able to investigate the evolutionary arc of S. flexneri through tGWAS.
| observed positive controls such as AMR and virulence factors to confirm the validity of
tGWAS and then identified new insights into what other factors are contributing to the long-
term success including IS elements and the importance of the ‘blackhole’ of hypothetical
genes. In depth analysis of the tGWAS results through SNP characterisations and Alphafold
modelling to elucidate function of hypothetical proteins was undertaken. Identification of a
previously hypothetical gene as a novel putative adhesin, adhesin Stv, was a truly exciting
result. | identified adhesin Stv throughout key S. flexneri PGs and their expansions as well
within the globally successful S. sonnei Lineage 3 and within other bacterial taxa. All
suggesting the importance of this novel putative adhesin to the long-term success of a wide
range of pathogens.

In chapter 4, | utilised traditional GWAS approaches to elucidate the contributing factors to
the advantageous E. coli killing ability observed in S. sonnei Lineage 3 isolates. This chapter
is a combination of laboratory work and bioinformatic approaches. GWAS revealed colicins
to be a major contributing factor to the E. coli killing ability. In depth genotypic investigation
revealed, however, that it was not a singular colicin responsible but a wide array of colicins
contributing to this phenotype. Mass spectroscopy on killing isolates revealed the successful
production of colicins by S. sonnei providing further evidence to support colicins as the
factor contributing to this interbacterial competition advantage and hence aiding the long-

term success of S. sonnei as a pathogen.
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Chapter 2

2. Temporal GWAS identifies key factors contributing to the long-term success of S.
sonnei as a pathogen

2.1. Introduction

Bacteria of the genus Shigella are a major contributor to the global diarrhoeal disease burden
causing >200,000 deaths per annum globally where S. flexneri and S. sonnei are the major
pathogenic species (Sahl et al., 2015, Khalil et al., 2018). Increasing antimicrobial resistance
(AMR) in Shigella and the lack of a licenced vaccine has led WHO to recognise Shigella as a
priority organism for the development of new antimicrobials (Shrivastava et al., 2018).
Understanding what drives the long-term persistence and success of this pathogen is critical
for ongoing shigellosis management and is relevant for other enteric bacteria.

S. sonnei causes significant disease in low- and middle-income countries (LMIC) and is the
highest contributor to shigellosis in high-income nations or nations that are undergoing
economic development (Hawkey et al., 2021). Within high-income nations shigellosis is
frequently isolated from returning travellers or through men who have sex with men (MSM)
(Baker et al., 2015c, Ingle et al., 2019). The global population of S. sonnei has been defined
into five major lineages and share a single serotype (Holt et al., 2012b). S. sonnei whole
genome sequencing (WGS) studies have been completed in multiple countries, including Asia
(Holt et al., 2013, Chung The et al., 2016), Australia (Ingle et al., 2019) and the United Kingdom
(Baker et al., 2018a), defining detailed population structure and sub-lineage groups of
epidemiological importance — MSM communities or Orthodox Jewish communities (Baker et
al., 2016, Rew et al., 2018, Ingle et al., 2019). Recently a genotypic framework of S. sonnei was
created to provide a universal nomenclature enabling clear communication between research

groups and public health officials (Hawkey et al., 2021). For the past 20 years Lineage 3 of S.
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sonnei has dominated Europe, North America, and Australia likely because of the ongoing
acquisition of key AMR determinants (Holt et al., 2012a).

Increasing AMR within S. sonnei has been a growing concern for public health authorities
globally. The globally dominant Lineage 3 strains are typically resistant to early first-line
antibiotics (trimethoprim, tetracycline, and streptomycin) due to horizontally acquired AMR
genes, the spA plasmid and the Tn7-like transposon (Holt et al., 2012b). Further resistance to
chloramphenicol and ampicillin is conferred via the Shigella resistance locus (SRL), a 16.7kb
element borne on a 66-kb pathogenicity island (PAI) (Turner et al., 2001). Resistance or
reduced susceptibility to fluoroquinolones and ciprofloxacin have also emerged through
acquisition of point mutations in the quinolone resistance determining region (QRDR) of gryA
and parC (Holt et al., 2013, Chung The et al., 2016). Acquisition of AMR determinants has
already been shown to be vital for success of Shigella species, driving new epidemic strains
and allowing accumulation of AMR determinants over time (Njamkepo et al., 2016a, Holt et
al., 2012b, Baker et al., 2015a, Connor et al., 2015, Holt et al., 2013). In tandem with ongoing
surveillance of rising AMR within Shigella, a deeper understanding of evolution within Shigella
(and other bacterial taxa), would benefit efforts to address the AMR crisis.

To better investigate what is underpinning the success of S. sonnei, | utilised the unique and
invaluable resource of historical isolates. Previously there were challenges to consider before
utilising historical isolates, however, improvements in sequencing technologies and sampling
strategies have allowed concerns such as low quantities of DNA and contamination to be
overcome (Bennett and Baker, 2019). Historical isolates allow unique and rich insight into
long-term trends in bacterial evolution spanning key time periods e.g introduction of
antimicrobials, wars and human migration events (Bennett and Baker, 2019). The plethora of

insights to be gained from historical isolates has already been demonstrated through
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investigation of the first isolate accessioned by the National Collection of Type Cultures
(NCTC) (Baker et al., 2014). NCTC1, was isolated in 1915 from a British Forces soldier and
comparative genomics of NCTC1 with more modern reference strains revealed the
streamlined acquisition of genetic material over time corresponding to the intuitively critical
functions of AMR, virulence and immune evasion (Baker et al., 2014). There was, however, an
island of unknown function retained in time indicating that the accessory genome was also
acquiring unknown functions of similar importance (Baker et al., 2014). This study, using a
single historical isolate, highlighted the potential knowledge gap around what drives the long-
term success of bacterial pathogens which is particularly important for Shigella which contain
many genes of unknown function (Sen and Verma, 2020).

NCTC1 truly demonstrated the utility of historical isolates. Expanding the quantity of historical
isolates could facilitate a broader perspective (with greater statistical power) of how
accessory genome changes over time has impacted pathogen success. A historical isolate
collection coupled with modern isolates could be a potentially powerful combination to
elucidate on pathogen success over time. One such historical isolates collection is the Murray
Collection. The Murray Collection was amassed by the eminent microbiologist Professor
Everitt George Dunne Murray compromising several hundred Enterobacteriaceae collected
during the pre-antibiotic era (1917-1954) from a wide range of geographic areas (Baker et al.,
2015a). The collection contains 683 bacterial strains, over 90 of which are Shigella spp (Baker
et al., 2015a). This collection was WGS as a public resource for scientific research and the
isolates are held by the NCTC. The utility of the collection has already been demonstrated in
seminal studies that have elucidated the profile of pre-antibiotic era Enterobacteriaceae
plasmids and the evolution of key phenotypes in Klebsiella spp. (Hughes and Datta, 1983,

Wand et al., 2015a).
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This study aimed to utilise the unique timescale provided by the Murray Collection combined
with the plethora of modern WGS S. sonnei isolates publicly available to identify and
interrogate what factors have contributed to the long-term success of S. sonnei over time. |
developed a novel GWAS strategy, temporal GWAS (tGWAS), where genetic factors positively
associated with time as a continuous outcome variable are explored as potential contributors
to pathogen success. | utilise AMR and virulence determinants as positive controls to confirm
the validity of tGWAS as a methodology. In my work, tGWAS analyses identified multiple AMR
and virulence determinants as well as factors to aid full exploitation of the rich nutrient
resources of the human host. The factors identified as positively associated with time all had
intuitively beneficial roles which would aid pathogen success. | show tGWAS as a novel valid
GWAS strategy that has implications for investigating pathogen evolution in broader bacteria
taxa as well as identifying key factors of success for the globally important S. sonnei, and
potentially relevant to treatment and management of other enteric pathogens.

2.2. Materials and methods

2.2.1. Whole genome sequencing of isolates

Three main datasets were collated for this study. The first contains S. sonnei historical
isolates from the Murray Collection (n=22, 1937-1954) and can be accessed from the ENA
databases project reference number PRJEB3255. These isolates were whole genome
sequenced via lllumina HiSeq with 150 bp paired end reads. Secondly, a collection of
isolates from Holt et al. (2012b) investigation into the population structure of S. sonnei were
utilised (n=132). These isolates underwent sequencing via the lllumina Genome Analyzer
GAIll to generate tagged 54bp paired end reads. To complement, supplementary isolates
were utilised from Baker et al. (2018a) (n=24). Thirdly, a representative subset of the

Hawkey et al. (2021) dataset was used to complete the modern S. sonnei isolates utilised for
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this study (n=127). These isolates were whole genome sequenced also using an lllumina
Hiseq using 100 bp paired end reads. The reference strain S. sonnei strain 53G (HE616528.1)
and its multiple plasmids (HE616529.1, HE616530.1, HE616531.1, HE616532.1) were
employed for the duration of this study.

All raw sequence data was adapter- and quality- trimmed using Trimmomatic v0.38 (Bolger
et al., 2014) and draft genomes were assembled using Unicycler v0.4.7 (Wick et al., 2017a).

Annotation of genomes were completed using Prokka v1.13.3 (Seemann, 2014).

2.2.2. Phylogeny construction
Trimmed sequence (FASTQ) files were mapped against the reference strain S. sonnei strain
53G concatenated with its virulence plasmid ( HE616528.1 — chromosome and HE616529.1,
HE616530.1, HE616531.1, HE616532.1 — virulence plasmids) using Burrows-Wheeler Aligner
(BWA) (Li and Durbin, 2009). The mapping files were filtered and sorted using samtools (Li et
al., 2009a). Duplicates were marked using the tool Picard. Subsequent variant calling was
completed through bcftools and a consensus file was generated for each isolate (Danecek and
McCarthy, 2017). Each chromosome sequence was extracted, and regions were masked using
a custom mask file containing plasmid sequences, IS elements and repeat regions. Gubbins
was utilised to remove duplicate and low-quality sequences followed by SNP-sites to obtain
the core-genome alignment (Page et al., 2016, Croucher et al., 2014). RAXML-ng was then
utilised to infer a phylogenetic tree (Kozlov et al., 2019). Each phylogenetic tree has been
midpoint rooted with visualisations completed using interactive Tree of Life (iTOL) v6.1.1

(Letunic and Bork, 2019).

2.2.3. Antimicrobial resistance and virulence determinants
The identification of genetic determinants contributing to AMR and virulence was

completed using abricate v0.8.13 (Seemann). A minimum nucleotide identity threshold of
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95% was used to ensure accurate identification of acquired resistance genes. For AMR the
NCBI AMRFinder Plus database was utilised and for virulence the Virulence Factor Database

(VFDB) was utilised (Feldgarden et al., 2019, Chen et al., 2015).

2.2.4. Genotyping of S. sonnei
Mykrobe v0.10.0 was utilised using the Mykrobe predict function on the FASTQ sequences
of all isolates (Hunt et al., 2019a). The output from Mykrobe was then parsed using a

custom python script (https://github.com/katholt/sonneityping) based on the genotyping

scheme proposed by Hawkey et al. (2021). Upon parsing of the Mykrobe output a tsv file is

generated containing the genotype.

2.2.5. Statistical testing
All statistical analyses were performed using R v3.6.1. To determine if there was a significant
difference between the number of AMR determinants within the Murray Collection isolates
and the modern isolate collection an independent t-test was undertaken. Similarly, to
determine if there was a significant difference between the mean of the number of virulence
factors within the Murray Collection isolates and the mean number of virulence factors within

the modern isolate collection an independent t-test was undertaken

2.2.6. Genome Wide Association Studies
Paired end reads were mapped to the reference genome S. sonnei 53G using Burrows-
Wheeler Alignment Tool (BWA) mem v07.17 (Li and Durbin, 2009) and Picard v2.23.1 was
utilised to mark duplicates. Variant calling and subsequent filtering using Freebayes v1.3.2
(Garrison and Marth, 2012) was completed. The VCF files generated were merged and used
as an input for the GWAS SNP analysis. To generate the input for the GWAS kmer analysis,
kmers were counted from assemblies using fsm-lite v1.0. For the COG investigation, primary

analysis was completed utilising the gene_presence_absence.Rtab file as input generated
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from pan genome calculations via roary v1.007002 (Page et al., 2015b). Cross referencing of
significant COGs was completed through a secondary COG GWAS analysis utilising the
gene_presence_absence.Rtab file as input generated from pan genome calculations via
panaroo v1.2.10 (Tonkin-Hill et al., 2020).
After generation of appropriate inputs GWAS was carried out using the tool Pyseer v1.3.6
(Lees et al., 2018). Pyseer uses linear models with fixed or mixed effects to estimate the
effect of genetic variation in a bacterial population on a phenotype of interest, while
accounting for potential confounding by population structure. For this investigation, time, in
years, was utilised as the continuous phenotype. To account for population structure all
analyses were supplemented with phylogenetic distances from the mid-point rooted core
genome phylogeny already created as well as a covariate file containing lineages. Pyseer
analyses were run using the linear mixed model (LMM).
To further explore key SNPs which resulted from GWAS, SnpEff v4.3.1 (Cingolani et al.,
2012), a variant annotation and effect prediction tool was utilised. This tool was used to
predict the functional effect of specific SNPs of interest.

2.3. Results and Discussion

2.3.1. Contextualisation of the Murray Collection isolates

2.3.1.1.  Population structure
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Figure 5: Contextualisation of historical isolates within the modern S. sonnei population structure.

Unrooted maximum likelihood phylogeny for Shigella sonnei isolates. Red circles indicate isolates which are from the Murray Collection. Lineages
are clustered within the dashed boxes with the genotype composition within each lineage located in the corresponding pie chart. S. sonnei
genotypes according to sonneityper are shown by colour in the pie chart according to the inlaid keys for each Lineage.

To determine whether and in what specific ways the population of the pre-antibiotic era S.
sonnei differed from the modern S. sonnei population structure, Murray collection S. sonnei
isolates were constructed into a phylogeny alongside modern S. sonnei isolates representing
all five lineages. All sequence reads from the 242 isolates were mapped to the concatenated
reference genome S. sonnei strain 53G with its three virulence plasmids to detect SNPs.

The Murray collection isolates were identified in Lineage 1 and Lineage 2 (Figure 5). Only a
singular Murray isolate was identified in Lineage 1 isolated during 1937, the earliest year
present in the S. sonnei Murray isolates. The other 21 Murray collection isolates were
observed in Lineage 2, from 1937 to 1954. Identification of the S. sonnei historical isolates

within Lineage 1 and 2 represents a unique insight into our understanding of the natural
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history of S. sonnei. Newly emerging lineages of S. sonnej are typically observed displacing
the older lineages and thus noting the historical isolates in the early lineages follows this
biological understanding (Holt et al., 2012b). Previous temporal phylogenetic analyses
estimated that the most recent common ancestor (MRCA) for Lineage 1 and 2 existed in the
early 19t century whilst the MRCA for Lineage 3 existed at the turn of the 20™ century (Holt
et al., 2012b). All three of these lineages could encompass the pre-antibiotic era Murray
isolates, however, observing the isolates within lineages 1 and 2 suggests their dominance
during the pre-antibiotic era over Lineage 3. Lineage 3 of the S. sonnei species is considered
to be the globally disseminating lineage whose success is thought to be due to the
acquisition of key AMR determinants (Holt et al., 2012b). The proposed dominance of
Lineages 1 and 2, could suggest that the selective pressure of antibiotic usage was needed
for lineage 3 to obtain global dominance. However, there is a caveat to the proposed
hypothesis. A significant proportion (n=19/22, 86%) of the S. sonnei Murray isolates belong
to a single year — 1937. The bias toward 1937 could offer a skewed representation of the
pre-antibiotic era and not be representatively accurate of the time period. Thus Lineage 3
may be more prevalent than suggested by the phylogeny here and further analysis would

need to be conducted in order to provide further evidentiary support for this hypothesis.

Recently, Hawkey et al. (2021) presented a genomic framework and genotyping scheme for
S. sonnei which represents an exciting opportunity for universal nomenclature for S. sonnei
allowing clear communication between public health and research groups (Hawkey et al.,
2021). Genotyping of the S. sonnei Murray isolates was completed resulting in the historical
isolates being assigned to genotypes 2,2.1, 2.1.2 and 2.2. Only a small number of Murray

isolates were identified as genotypes 2 (n=1, 1937) and 2.1 (n=2, 1937). The majority of the
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historical isolates (n=18/22, 82%) were assigned genotype 2.1.2 with isolates ranging from
1937-1954. There was a singular discrepancy between the lineage assignment from the
phylogeny placement and the genotyping scheme. Specifically, an isolate from 1937 which
was positioned within Lineage 1 of the phylogeny was assigned to genotype 2.2. The
confidence in the genotype assignment was weak with a low-quality call for the final marker
in the hierarchy, 2.2, where 66.9% of reads matching this marker belong to the alternative
allele. Furthermore, there were several poorly supported markers for both Lineage 2
assignment and Lineage 2.2 assignment. It could be possible that there is an
uncharacterised marker for Lineage 1 which is only present in historical isolates and no
longer present in the modern isolates. This would mean the marker has not been
incorporated into modern typing scheme and hence could result in the wrong genotype
being assigned. Further investigation into the specific genotype markers within this singular
isolate and the typing scheme would need to be completed to correct the discrepancy. This

highlights the untapped genomic diversity that exists in historical isolate collections.
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2.3.1.2.  Increasing prevalence of AMR within S. sonnei
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Figure 6: Temporal increase of AMR in S. sonnei.

The number of AMR determinants per isolate is shown over time, with a linear trend line shown
and R? value noted at the top left.

Encompassing historical isolates from the pre-antibiotic era allows unique investigation into
the evolution and acquisition of AMR determinants, highlighting how implementation of
antibiotics has shaped bacterial genomes. In order to examine the evolution of AMR over
time, genotypic AMR profiles were determined revealing that 91% of historical isolates
(n=20/22) contained a single AMR determinant, blaEC-8. The blaEC-8 gene confers penicillin
resistance and is present with a wide range of Enterobacteriaceae with ancient origins
(Kohler et al., 2022). The other two Murray S. sonnei isolates contained no AMR
determinants and so genotypically would be predicted to confer no AMR resistance. Both of

these isolates were isolated in 1937, representing the oldest year in this dataset, and
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belonged to Lineage 2 clades, 2.1 and 2. The two isolates are genotypically in different
clades and similarly this is exhibited within the phylogeny. It is plausible that due to the lack
of early AMR determinants Lineage 2 was unable to establish global success and therefore
died out and was outcompeted.

To explore the trend of AMR over the past 100 years within S. sonnei, genotypic AMR
profiles were also determined for the modern collection. This revealed a positive correlation
for the number of AMR determinants over time, with variation in the specific quantity of
AMR determinants in each year (Figure 6). The variation in number of AMR determinants
per isolate per year could be due to differing environmental conditions allowing varying
rates of horizontal gene transfer and selective pressures. Statistical testing confirmed a
statistically significant difference between the mean number of AMR determinants per
isolate between the Murray (n=22, x=0.91) and modern isolates (n=220, x=5.21, t242 = 6.52,
P <0.001). This increase in AMR determinants over time is consistent with previous
descriptions in S. dysenteriae Type 1 and S. flexneri cover similar time frames (Njamkepo et
al., 2016a, Connor et al., 2015). This investigation is consistent with broader trends in
bacterial populations, and highlights that AMR is an appropriate marker for an accessory

genome function that is increasing in S. sonnei within the time span of this dataset.

2.3.1.3.  Overall virulence trends in S. sonnei are more difficult to elucidate
In a similar fashion to AMR, virulence factors are known to increase and be acquired over
time, as demonstrated by NCTC1 (Baker et al., 2014). Similar to blaEC-8, there were a
selection of virulence factors which were encoded in over 90% of Murray isolates and were
conserved in the modern isolate collection. These factors (Table 1) had functions to do with
iron uptake and various virulence functions such as host cell invasion, toxins and porin
formation. All of these functions are intuitively beneficial for successful S. sonnei infection
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where the organism must adapt to an iron deficient environment of the human body as well

as invading mucosal cells via a plethora of virulence mechanisms. Two Murray isolates had

270% more virulence determinants than the rest (n=84 compared to n=31). These isolates

were both isolated from 1937, representing the earliest year in the dataset, and are found

in the same genotype, 2.1.2, and clade phylogenetically. The variation in quantity in

virulence factors in these isolates compared to the other historical isolates, including

isolates isolated from the same year, could be due to differing geographical locations and

environmental conditions allowing greater gene transfer in bacterial communities or greater

selective pressures guiding evolution or even an artefact of storage.
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Figure 7: Temporal overview of virulence in S. sonnei.

The number of virulence factor (VF) determinants per isolate over time. The linear trend line is shown and
R? value noted at the top left.

Overall trends for virulence factors (Figure 7) are more difficult to elucidate. There may be a

tenuous positive correlation between the number of virulence factors per isolate over time,

although there are high variation rates especially after 1980’s, higher than those observed
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for AMR. Again, this variation is likely to be due to different environments with differing

selective pressures and rates of horizontal gene transfer. Statistical testing, however, did

show a statistically significant difference between the mean number of virulence

determinants per isolate between the Murray (n=22, x=36.3) and modern isolates (n=220,

X=43.6, taa2 = 1.46, P <0.001). The statistical testing is consistent with broader trends in

bacterial populations and highlights that virulence factors are an appropriate marker for an

accessory genome function that is increasing in S. sonnei within the time span of this

dataset.

Table 1: Virulence observed within historical S. sonnei isolates.

Table shows genes present in >90% of the Murray Collection S. sonnei isolates. Further detail in Supplementary Table 1.

Virulence genes found
within pre-antibiotic era Function Reference
(Murray) S. sonnei isolates
csgB/F/G Host cell invasion (Sakellaris et al., 2000)
entA/B/C/D/E/F/S Iron uptake (Wei and Murphy, 2016)
esplLl,espX1,espX5 Regulation of cell cycle (Faherty et al., 2010)
fepA/B/C/D/G Iron uptake (Wei and Murphy, 2016)
fes Iron uptake (Wyckoff et al., 2009)
fimB/F/G/H Host cell invasion (Klemm and Schembri,
2000)
iucB/C/D Iron uptake (Runyen-Janecky et al.,
2003)
iutA Iron Uptake (Runyen-Janecky et al.,
2003)
ompA Porin/essential for (Ambrosi et al., 2012)
conjugation/bacteriophage
receptor
senB Enterotoxin (Niyogi et al., 2004, Gu et
al., 2019)
sigA Serine Protease (Al-Hasani et al., 2000)
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2.3.2. Anoverview of the genetic factors associated with time via tGWAS
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Figure 8: Genetic feature association in tGWAS by genetic feature type including SNPS (A) and kmers (B).

A SNPs: The circular manhattan plot shows the genomic position (clockwise) and negative logarithm of the p-value (radial
axis) for 93 significantly positively associated SNPs B kmers: Bubble plot showing the number of kmers (bubble size) by gene
(text labels in graph field), effect size (x-axis), and statistical support (y-axis as negative logarithm of the p-value).

Through conducting tGWAS various significant hits were observed for the three GWAS
feature types. Specifically, SNPs as determined through read mapping, kmers (the presence
of short genetic sequences of length k), and clustered orthologous groups (COGs) of
predicted protein sequences. | identified a diverse range of SNPs (n=95, minlog10(p)>3,
Figure 4), kmers (n=862, p-value<4.81E-09, Figure 4) and COGs (n=3181, Irt p-value<0.05)
(Figure 8, Supplementary table 2, Table 2) that were significantly associated with the
outcome variable of time of isolation (in years).

In order to focus on significant SNPs which would likely have an impact on biological
function those SNPs which encoded for a missense mutation or stop codon within genes
were focused on (n=45) (Figure 8, Table 2, Supplementary table 2). In total, 44 SNPs were
located on the chromosome with only a singular missense SNP being located on one of the
plasmids (HE616529.1). Observing no significant SNPs on the other two plasmids
(HE616530.1 and HE616531.1) may indicate their stability as conserved mobile genetic
elements and lower evolutionary rates.

In respect to the kmer and COG analyses, kmers of varying lengths (10-100 bp) were
identified in 24 genes; 83% (n=20/24, Figure 8) of genes encoded for proteins with known
functions and the remaining 17% (n=4/24) encoded for proteins with uncharacterised or
hypothetical functions (Table 2, Supplementary table 2). COG analysis based on one method
of COG clustering (roary) returned 3181 significant groups. Due to the vast quantity of COGs
a second method of clustering (panaroo) was utilised and cross referencing to reduce COG
numbers and strengthen their evidentiary support for downstream analysis. However,

GWAS analysis via panaroo returned 3621 COGs and cross-referencing failed to reduce the
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COGs by any significant amount. Thus, for practical reasons only the 25 most significantly

associated hits (as measured by the lowest Irt p-values) from the roary clustering which

were also present in the panaroo clustering were focused on for further investigation (Table

2, Supplementary Table 2). Most (88%, n=22/25) of the significant COGs encoded for

proteins with known function and the remining COGs (n=3/25) were deemed hypothetical

(Table 2). There were three genes in which multiple different GWAS types were detected

and well supported as associated with time. These were greB and fecD which were found in

significantly associated kmers and COGs whilst trpGD was found within significant SNPs and

COGs (Table 2). The vast quantity of genetic factors significantly associated with S. sonnei

over time offers a potentially unique insight into the underpinning components of the

evolution and success of S. sonnej pathogens over time.

Table 2: Gene-associated genetic features associated with time in S. sonnei.

Genes and whether they were identified in SNP, kmer, or COG (25 most significantly associated) tGWAS analysis and
related references are shown. ND — not described or investigated as part of this study. Additional details found in Footnote

1 and Supplementary Table 2.

Gene SNP Kmer COoG Function Reference
yail y Uncharacterised ND
AAZ88002.1 v Hypothetical ND

N Carboxylkinase involved in (Medina et al.,
pckA gluconeogenesis 1990)

~ (Lundrigan et
btuB Translocation of Vitamin B12 al., 1991)

N N Transcription elongation (Rutherford et
greB factor al., 2007)

N phosphofructokinase (Daldal, 1984)

involved in the first step of

pfkB glycolysis

N Major Curlin subunit of the (Chanin et al.,
csgA curli fimbriae 2019a)

N (Wei and
fecE Iron transport Murphy, 2016)

N (Yangetal.,
CitA Citrate synthase 2005)

N Hydoxylase for Propionate (Xu and Zhou,
mhpA catabolism 2020)

v Involved in phosphonate (Hove-Jensen et
phnP metabolism al., 2011)

~ (Koestler et al.,
yihT Hypothetical 2018)

~ Transposon Tn7 (Peters and
tnsE transposition protein Craig, 2001)
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(Steenbergen et

N
yjhS NanS in E. coli al., 2009)
N (Koestler et al.,
yihA Hypothetical 2018)
AAZ88589.1 v Hypothetical ND
N N (Wei and
fecD Iron Transport Murphy, 2016)
~ (Koskiniemi et
RhsB Type IV protein al., 2013)
N Type IV protein (Koskiniemi et
RhsB — another variant al., 2013)
N Type IV protein (Gunther et al.,
Rhs 2022)
N Transposon Tn7 (Mitra et al.,
tnsD transposition protein 2010)
N (Wei and
fecA Iron Transport Murphy, 2016)
~ (Wei and
fecB Iron Transport Murphy, 2016)
N Anthranilate synthase (Manson and
trpE component 1 Yanofsky, 1976)
N Involved in biosynthesis of (Manson and
trpGD anthranilate Yanofsky, 1976)
N (Kristoficova et
btsT Pyruvate/proton symporter al., 2018)
N (Runyen-
Janecky et al.,
feoA Iron Transport 2003)
N (Runyen-
Janecky et al.,
feoC Iron Transport 2003)
LEDIHDML_00428 \ YaeB (Lin et al, 2015)
LEDIHDML_00010 v Transporter ND
LEDIHDML_03751 v YbdD ND
~ Molecular chaperone ND
involved in bacterial defence
hslO to oxidative stress
hsIR v Heat Shock protein ND
N (Bernardini et
ompR Transcription factor al., 1990)
N Transcriptional activator in |- (Tobin and
rhaR_4 rhamnose catabolism Schleif, 1987b)
~ (Sydor et al.,
VjiA Metal binding 2013)
N pyruvate dehydrogenase (Feng and
pdhR_2 complex regulator Cronan, 2014)
N Involved in regulation of (Chanin et al.,
length and mediation of 2019a)
fimG adhesion of type 1 fimbriae
~ (Klemm et al.,
gntP Gluconate permease 1996)
N Tryptophan synthase beta (Manson and
trpB chain Yanofsky, 1976)
N Transcriptional regulatory (Casalino et al.,
protein of the cadmium 2010)
cadC_2 resistance system
LEDIHDML_02034 \ Hypothetical ND
LEDIHDML_02035 \ Hypothetical ND
LEDIHDML_02036 v Hypothetical ND
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aaaT v ND ND
N (Dyk et al.,
aaeB Acid efflux pump subunit 2004)
N Involved in septum cleavage ND
amiA during cell division
\/ Crotonobetainyl-CoA ND
caiA reductase
N Catalyses the reduction of (Eswaramoorthy
chrR quinones etal., 2012)
N Transport of sucrose into the (Sahintoth et
cscB cell al., 1995)
N Contributes to copper (Gupta et al.,
cutC tolerance 1995)
N Involved in the control of the | (Malekian et al.,
switch from cell motility to 2022)
dgcE adhesion
N initiates replicative DNA ND
dnaB synthesis
N TP-binding (A) component of
a common energy-coupling
factor (ECF) ABC-transporter ND
ecfAl complex
N Trimeric autotransporter (Totsika et al.,
ehaG proteins 2012)
N Catalyse the transfer of (Elizabeth et al.,
phosphoethanolamine to 2022)
eptB lipid A
N (Campbell et al.,
fadB Degradation of fatty acids 2003)
N (Pavoncello et
fadH Fatty acid degradation al., 2022)
fdhF v Decomposes formic acid ND
N Catalyzes the ATP-dependent ND
phosphorylation of
friD fructoselysine
N (Nobelmann
and Lengeler,
gatY galactitol catabolism 1996)
IBDECAPI_00251 v Hypothetical ND
IBDECAPI_00793 N Hypothetical ND
IBDECAPI_00795 N Hypothetical ND
IBDECAPI_01121 N Hypothetical ND
IBDECAPI_01885 N Hypothetical ND
IBDECAPI_02069 N Hypothetical ND
IBDECAPI_03070 v Hypothetical ND
IBDECAPI_04197 N Hypothetical ND
IBDECAPI_04536 N Hypothetical ND
IBDECAPI_05056 N Hypothetical ND
N (Hawkey et al.,
FJMHIPND_00026 IS3 transposase 2020)
N (Hawkey et al.,
IBDECAPI_01724 IS4 family transposase 2020)
leuA N 2-isopropylmalate synthase ND
N Required for the expression (Tucker et al.,
of anaerobic nitric oxide 2006)
norR (NO) reductase
nrfG v ND ND
N Glycerol-3-phosphate ND
plsB acyltransferase
IBDECAPI_02538 N ND

Putative autotransporter
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rapA N RNA polymerase-associated (Lynch et al.,
protein RapA 2007)
IBDECAPI_04696 N ND
Regulator of Sigma D
N (Tobin and
rha$S Rhamnose regulator Schleif, 1987a)
N Part of the twin-arginine (Sargent et al.,
tatB translocation (Tat) 1999)
N Part of the ABC transporter ND
ugpC complex UgpABCE
yaiY v ND ND
ybeM v ND ND
ybjl v Putative transport protein ND
yefX N ND ND
yhhJ1 N Transport permease ND

2.3.2.1.  AMR and virulence determinants detected in tGWAS
Upon examination of the full plethora of genetic features significantly associated with S.
sonneij over time, AMR and virulence determinants were identified acting as a positive
control for the validity of tGWAS. A singular SNP within the eptB gene was found (Table 2).
eptB encodes for a Ca?*induced phosphoethanolamine (PEtN) modifying Lipid A of the
lipopolysaccharide (LPS) of bacteria leading to colistin resistance (Elizabeth et al., 2022).
Colistin resistance is currently considered a serious problem due to its vital efficacy against
most multi-drug Gram-negative bacteria and the rapidly increasing prevalence of colistin
resistance in Enterobacteriaceae (Aghapour et al., 2019). Mutations in AMR genes can lead
to heightened resistance and even a singular SNP such as the one identified through tGWAS
could have a profound impact on eptB efficacy.
In addition to AMR several key virulence determinants were identified — kmers within RhsB
and rhs genes as well as ompR found in the COG analyses (Table 2). Rhs and related proteins

are widely distributed in both bacteria and in eukaryotes but have been shown to mediate

! The known gene names are taken from the annotated S. flexneri 2a strain 301 reference genome and
unknown genes entitled SF or CP were also named from the reference genome and its virulence plasmid.
Other unknown gene names were assigned based on the first genome they were observed in from the isolate
collection.

70



intercellular competition (Koskiniemi et al., 2013). RhsB in other Gram-negative bacteria
has been linked to type VI secretion systems (T6SS) where it thought to be exported as an
effector protein (Koskiniemi et al., 2013). T6SS are employed by multiple Gram-negative
bacterial species to inject effector proteins in a contact-dependent manner to neighbouring
bacterial and eukaryotic cells (Monjards Feria and Valvano, 2020). Rhs and related proteins
share C-terminal toxin domains with WapA proteins from Gram-positive bacteria known to
inhibit the growth of neighbouring cells (Monjaras Feria and Valvano, 2020). Hence the
potential Rhs and related proteins may have a vital role for virulence within contact
dependent growth inhibition. Similarly, ompR encodes for a key virulence factor. ompR
encodes for a response regulator of the two-component signal transduction pathway
EnvZ/OmpR responsible for invasion of epithelial cells, a key part of Shigella infection
(Brzéstkowska et al., 2012, Bernardini et al., 1990).

Shigella’s ability to adhere to human cells complements its invasion capabilities. The gene
fimG was observed during the COG analysis (Table 2). Type 1 fimbriae are filamentous
structures produced by multiple Enterobacteriaceae and encoded for by the

fimAICDFGH operon (Bravo et al., 2015, Chanin et al., 2019a). fimG encodes for vital
adaptor proteins which contribute to the fimbriae capacity to enhance adhesiveness and
iinvasiveness of Shigella species (Bravo et al., 2015).

Genes conferring AMR or encoding for virulence have key and intuitively beneficial roles for
the success and visibility of Shigella as a pathogen. Quantitatively there were more
virulence factors significantly associated with time than AMR related genes, this could
indicate the increasing importance of virulence in an intracellular pathogen’s evolution.
tGWAS has successfully highlighted gene products key for AMR and virulence over time,
indicating tGWAS validity as a novel methodology.
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2.3.2.2.  Nutrient mining and catabolic mechanisms detected by tGWAS
Shigella is an intracellular human host pathogen. Adapting successfully to the host
environment involves overcoming multiple challenges including bacterial competition for
nutrients from host microbiota and adapting to potentially different primary metabolites.
Out of the 91 genes in which significant GWAS feature types fell, 7% (6/91) all shared iron
uptake as a function (Table 2). Iron uptake has been previously highlighted in this study for
its importance to the success of S. sonnei due to its high prevalence in the historical isolates
(n=5/9) (Table 1). Once S. sonnei have successfully invaded the epithelial cells, it is essential
that S. sonnei acquire the nutrients required for proliferation and dissemination. However,
the human host is an extremely iron limiting environment, and it is essential that S. sonnei
not only has mechanisms to obtain iron but outcompete other bacteria in the human
microbiota also vying for the same source. The fec genes (fecABED) and feo genes (feoAC)
(Table 2) are involved in iron acquisition systems specifically a ferric dicitrate uptake system
and a ferrous iron uptake system respectively (Luck et al., 2001, Wei and Murphy, 2016,
Runyen-Janecky et al., 2003). fecAB and feoAC were observed during the top 25
significantly associated tGWAS COG analysis whilst fecE contained 72 significant kmers
(k=11-100bp) and fecD contained a singular significant kmer (k=12) and was observed in the
COG tGWAS analyses (Table 2). Conservation of iron uptake systems over time as well as
their appearance in multiple tGWAS feature types highlights their unceasing importance in
the success of S. sonnej as an intracellular pathogen.
Throughout all GWAS feature types, multiple genes encoded for proteins involved in
catabolism or synthesis of multiple different metabolites (Table 2). Significant kmers were
observed within metabolism of citrate (citA, n=121 k=12-100bp), proprionate (mhpA, n=100,
k=100bp) and phosphonate (phnP, n=26, k=100bp). All of these genes encode for proteins
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involved in catabolism of citrate, propionate and phosphonate respectively (Yang et al.,
2005, Xu and Zhou, 2020, Hove-Jensen et al., 2011). Furthermore, significant singular SNPs
were observed in trpGD, fadB, fadH and gatY (Table 2) involved in anthranilate synthesis,
fatty acid catabolism and galactitol catabolism respectively (Manson and Yanofsky, 1976,
Campbell et al., 2003, Pavoncello et al., 2022, Nobelmann and Lengeler, 1996). trpGD was
also noted in the top 25 COGs along with trpE further highlighting the importance of fatty
acid degradation in S. sonnei over time (Table 2). The quantity of genes contributing to the
wide range of catabolic mechanisms indicates their importance over time and highlights
that part of Shigella’s colonization success is potentially by fully exploiting the rich source of
nutrients within the human host (Passalacqua et al., 2016).
tGWAS has identified multiple genes significantly associated with S. sonnei over time
encoding for functions related to exploiting the rich human host nutrient resources. These
genes encode for intuitively beneficial functions which would aid S. sonnei’s ability to
survive, colonize and replicate enabling successful Shigella infection within a human host.
2.4. Conclusion
This study has successfully contextualised the historical Murray Collection S. sonnei isolates
within the modern population structure confirming previous biological understanding of
linage displacement by emerging lineages. Concordant with evolutionary understanding of
AMR, very few or no AMR determinants were present in the historical isolates representing
the pre-antibiotic era. Early virulence determinants were identified and were of clear
importance displayed by their conservation in the modern isolates. Iron uptake was the
most common virulence agent historically (n=5/9) indicating its early importance to an
intracellular pathogen. The broader biological trends of increasing AMR and virulence have
also been validated, highlighting their potential to be used as positive controls for factors
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positively associated with time. Successful tGWAS returned multiple AMR and virulence
determinants indicating the validity of tGWAS as a strategy for identifying key factors
positively associated with time. Other key factors identified via tGWAS had intuitively
beneficial roles for the success of S. sonnei as a pathogen. Key genes for iron uptake and
those encoding for a plethora of catabolic mechanisms were identified, highlighting their

potential importance for S. sonnei’s success.

2.5. Next steps

The plethora of results from tGWAS and their intuitively beneficial roles is promising for the
validity of tGWAS as a methodology. However, the bias of the historical isolate data to the
year 1937 means that the timespan of the pre-antibiotic era is not fully represented and so
this may have slightly negatively skewed the results positively associated with time, leaving
out key genes and functions. Due to this potential bias, it was decided that the S. flexneri
dataset displayed a more representative picture of the pre-antibiotic era timespan and so
further investigation of tGWAS hits would be focused on from S. flexneri analyses and not S.

sonnei.
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Chapter 3

Much of the content of this chapter was published in the research article “Temporal GWAS
identifies a widely distributed putative adhesin contributing to pathogen success in Shigella
spp” (Bennett et al., 2022) which is currently under review. Addition of section 3.2.10 and
3.3.9 were included for this thesis but not present in the manuscript. Permission to include
the publication in this PhD was obtained from all co-authors. Specifically, | acknowledge the

contribution of authors below. Unless specified below all work was completed by myself.

P. Malaka De Silva Completed the confirmation that adhesin
Stv was present on pStv via PCR

Malcolm J Horsburgh Supervision

Tim R Blower Supervision

Kate S Baker Supervision

3. Temporal GWAS identifies a widely distributed putative adhesin contributing to
pathogen success in Shigella spp.

3.1. Introduction
Bacteria of the genus Shigella are non-motile Gram-negative facultative anaerobic bacilli
which cause shigellosis. Shigellosis is an intestinal infection characterised by fever, nausea,
dehydration, and bloody diarrhoea, and is the second leading cause of diarrhoeal mortality
causing approximately 163 million cases and >200,000 deaths annually (Sahl et al., 2015,
Khalil et al., 2018). Like many other diarrhoeal pathogens, most disease occurs in low to
middle-income countries (LMIC) in children under the age of 5 years, in which the majority
(65%) of disease is caused by the species S. flexneri (Kotloff et al., 2013, Livio et al., 2014). S.
flexneri consists of 7 different genomic phylogroups and 18 serotypes, as determined by the
somatic (O) antigen located on the cell surface (Connor et al., 2015). Serodiversity is

determined by acquisition of mobile genetic elements that confer or modify O-antigen types
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(Connor et al., 2015, Allison and Verma, 2000, Liu et al., 2008a). The plasticity of the accessory
genome of shigellae is further facilitated by the presence of hundreds of insertion sequences
throughout their genomes and evidenced by the ability to acquire plasmids and integrative
conjugative elements conferring traits such as antimicrobial resistance (AMR) (Hawkey et al.,
2020, Njamkepo et al., 2016a).

Latterly, increasing AMR in Shigella has led to S. sonnei being recognised as a priority AMR
pathogen by the World Health Organisation (WHO) (Shrivastava et al.,, 2018). A recent
Organisation for Economic Co-operation and Development (OECD) report estimates that 2.4
million people in Europe, North America and Australia will die from resistant infections in the
next 30 years at a cost 2USS3.5 billion per year (OECD, 2018). With stark warnings of a post-
antibiotic era where common infections could once treatable infections could again kill, it is
evident that understanding the evolution of AMR and factors that accompany it are vital to
overcome this global issue. Acquisition of AMR determinants has already been shown to be
vital for success of Shigella species, driving new epidemic strains and allowing accumulation
of AMR determinants over time (Njamkepo et al., 2016a, Holt et al., 2012b, Baker et al.,
2015a, Connor et al., 2015, Holt et al., 2013). In tandem with ongoing surveillance of rising
AMR within Shigella, a deeper understanding of evolution within Shigella (and other
organisms), would benefit efforts to address the AMR crisis.

Historical isolate collections provide an invaluable resource with which to make unique
insights into long-term trends in pathogen evolution and epidemiology, and evaluate the
impact of major historical events, e.g. the clinical introduction of antimicrobials, on bacterial
evolution (Bennett and Baker, 2019). Advances in both sequencing technologies and sampling
strategies have allowed previously inaccessible historical bacterial DNA to be investigated,
revealing a plethora of unique insights, such as those gained from the first isolate accessioned
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into the National Collection of Type Cultures (NCTC) (Baker et al., 2014). This S. flexneriisolate,
NCTC1, was isolated in 1915 from a British Forces soldier and comparative genomics of NCTC1
with more modern reference strains revealed the streamlined acquisition of genetic material
over time corresponding to the intuitively critical functions of AMR, virulence and immune
evasion (Baker et al., 2014). There was, however, an island of unknown function retained in
time indicating that the accessory genome was also acquiring unknown functions of similar
importance (Baker et al., 2014). This study, using a single historical isolate, highlighted the
potential knowledge gap around what drives the long-term success of bacterial pathogens
which is particularly important for Shigella which contain many genes of unknown function
(Sen and Verma, 2020).

A broader perspective on how the accessory genome changes over time to facilitate pathogen
success could be obtained by examining historical and modern isolate collections over
centuries. One such historical collection of isolates is the Murray Collection, compromising
several hundred Enterobacteriaceae collected during the pre-antibiotic era (1917-1954) from
a wide range of geographic areas (Baker et al., 2015a). The collection was amassed by the
eminent microbiologist Professor Everitt George Dunne Murray and comprises 683 bacterial
strains, over 90 of which are Shigella spp (Baker et al., 2015a). This collection was whole
genome sequenced (WGS) as a public resource for scientific research and the isolates are held
by the NCTC. The utility of the collection has already been demonstrated in seminal studies
that have elucidated the profile of pre-antibiotic era Enterobacteriaceae plasmids and the
evolution of key phenotypes in Klebsiella spp. (Hughes and Datta, 1983, Wand et al., 2015a).
Here | expanded the scale and sophistication of looking at accessory genome changes over
time by using the unique genomic resource of the Murray Collection complemented with
more modern isolates to further characterise the factors that have contributed to the long-
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term success of Shigella over time. | describe herein our novel strategy, temporal genome
wide association study (tGWAS), where genetic factors positively associated with time as a
continuous outcome variable are explored as potential contributors to pathogen success. |
demonstrate the efficacy of this approach through the recovery of factors known to
contribute to the critical functions of AMR and virulence, as well as unknown determinants,
in S. flexneri. | developed a framework for prioritising exploration of tGWAS hits that had no
assigned function, useful for the broader translation of tGWAS to other bacterial pathogens,
through which | identified an undescribed but widely distributed putative adhesin; which |
called Stv. In addition to being associated with clonal expansions in S. flexneri, | demonstrate
the external validity of our findings using a global S. sonnei dataset that shows that Stv
acquisition predated AMR development and global dissemination of the dominant S. sonnei
subtype (Lineage lll), supporting its role in driving pathogen success.

3.2. Materials and methods

3.2.1. Sequence data and basic processing
Two main publicly available S. flexneri datasets were collated for this study. The first
contained WGS data from historical isolates of S. flexneri isolates from the Murray Collection
(n=45, isolated between 1917-1935) and can be accessed from ENA project number
PM463261343GB (Baker et al, 2015a). Genome sequence data from NCTC1
(GCA_000953045.1) was also incorporated into this study (included in the Murray collection
during statistical analyses)(Baker et al., 2014). Secondly, a collection of isolates from a global
study of S. flexneri was used as a modern isolate resource (n=262, isolated between 1950-
2011) (Connor et al., 2015). The S. flexneri 2a strain 301 and its virulence plasmid

(NC_004337.2 — chromosome and NC_004851.1 — pCP301 plasmid) were employed as a
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reference strain. Individual isolate accession numbers, data, and metadata can be found in

Supplementary Table 3.

To explore the presence of novel adhesin Stv in S. sonnei, three datasets of S. sonnei isolates
were collated (Supplementary table 2) and utilised. The first contained S. sonnei historical
isolates from the Murray Collection (n=22, 1937-1954) accessible from PRJEB3255 (Baker et
al., 2015a); second, a collection of isolates (n=132) from an investigation into the global
population structure of S. sonnei (Holt et al., 2012b); and supplementary isolates (n=24)
from Baker et al. (2018a); and thirdly, a representative subset (n=127) of clade assignments,
from Hawkey et al. (2021), were used as the modern S. sonnei collection used for this study
(n=127). The reference strain S. sonnei strain 53G (HE616528.1) and its multiple plasmids
(HE616529.1, HE616530.1, HE616531.1, HE616532.1) were employed as the reference
sequence. Individual isolate accession numbers, data, and metadata can be found in

Supplementary Table 1.

Raw sequence data was adapter- and quality- trimmed using Trimmomatic v0.38 (Bolger et
al., 2014) and draft genomes were assembled using Unicycler v0.4.7 (Wick et al., 2017a) and
annotated using Prokka v1.13.3 (Seemann, 2014).
3.2.2. Phylogeny construction

Trimmed sequence (FASTQ) files were mapped against the relevant reference strain using
Burrows-Wheeler Aligner (BWA) v0.5.9-r16 (Li and Durbin, 2009). The mapping files were
filtered and sorted using samtools v1.13 (Li et al., 2009a). Duplicates were marked using
Picard (2019a) and variant calling was completed with bcftools to generate a consensus
genome sequence for each isolate (Danecek and McCarthy, 2017). Each chromosome

sequence was extracted, and regions were masked using a custom mask file (one for S.
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flexneri and one for S. sonnei) containing plasmid sequences, IS elements and repeat regions
(identified from reference genomes). Gubbins v2.3.4 removed duplicate and low-quality
sequences followed by SNP-sites to obtain the core-genome alignment (Page et al., 2016,
Croucher et al., 2014). RAxML-ng was then utilised to infer a phylogenetic tree (Kozlov et al.,
2019). Each phylogenetic tree has been midpoint rooted with visualisations completed using

interactive Tree of Life (iTOL) v6.1.1 (Letunic and Bork, 2019).

3.2.3. Antimicrobial resistance and virulence determinants
The identification of genetic determinants attributing to AMR and virulence was completed
using abricate v0.8.13 (Seemann) using the NCBI AMRFinder Plus database and Virulence
Factor Database (VFDB) (Feldgarden et al., 2019, Chen et al., 2015). A minimum identity

threshold of 95 was used to ensure accurate identification.

3.2.4. Statistical testing
All statistical analyses were performed using Rv3.6.1 (Team, 2013). To determine if there was
a significant difference between the number of AMR determinants within the S. flexneri
Murray Collection isolates and the S. flexneri modern isolate collection an independent t-test

was undertaken and conducted similarly for virulence factors.

3.2.5. Temporal Genome Wide Association Studies
S. flexneri paired end reads were mapped to the S. flexneri 2a strain 301 reference genome
using Burrows-Wheeler Alignment Tool (BWA) mem v07.17 (Li and Durbin, 2009) and Picard
v2.23.1 was utilised to mark duplicates. Variant calling and subsequent filtering using
Freebayes v1.3.2 was completed (Garrison and Marth, 2012). The VCF files generated were
merged and used as an input for the GWAS single nucleotide polymorphisms (SNP) analysis.
To generate the input for the GWAS kmer analysis, kmers (small substrings of nucleotides of

varying length=k to account for short and longer variation) were counted from assemblies
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using fsm-lite v1.0. For investigation of Clusters of Orthologous Genes (COGs), primary
clustering was delivered as the gene_presence_absence.Rtab file from pan genome
calculations via roary v1.007002 (Page et al., 2015b). Cross referencing of significant COGs
with  a secondary COG GWAS analysis was conducted utilising the
gene_presence_absence.Rtab file generated from pan genome calculations from panaroo
v1.2.10 (Tonkin-Hill et al., 2020).

After generation of appropriate inputs, GWAS was conducted using Pyseer v1.3.6 which uses
linear models with fixed or mixed effects to estimate the effect of genetic variation in a
bacterial population on a variable of interest while accounting for confounding population
structure (Lees et al., 2018). For this investigation, time, in years, was used as the continuous
phenotype. To account for population structure, all analyses were supplemented with
phylogenetic distances from the mid-point rooted phylogeny and a covariate file of assigned
phylogroups. Pyseer analyses were run using the linear mixed model (LMM). To further
explore GWAS SNP hits, SnpEff v4.3.1 was used to predict the functional effect of annotated

variants (Cingolani et al., 2012).

3.2.6. Prioritisation strategy for evaluating GWAS hits
Due to the plethora of genetic features (i.e. SNPs, kmers, and COGS) that were identified as
positively associated with time in the tGWAS analyses, a decision tree was developed to guide
which features to pursue (Supplementary Figure 1). The decision tree was designed to
account for each genetic feature type that underpinned the three GWAS analyses.
Specifically, these were: SNPs, kmers and COGs, with the aim of selecting the feature likely
had important biological functions. The decision tree was based on varied criteria that
differed by genetic feature type but involved consideration of whether hits related to genes

of known or unknown function; the distribution of genetic features across the population
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structure; the predicted function effect (synonymous, missense or nonsense SNPs); plus
phylogenetic dissociation of the gene groups (as measure by the D value). The D value
measures the phylogenetic clustering signal indicating a measure of a phylogenetic signal of
a binary trait. The D value for each gene was calculated using coinfinder v1.1.0 (Whelan et al.,
2020). For highly associated genetic features that fell in hypothetical genes, extra criteria
were included such as the quality of predicted protein model and quality of Protein Data Bank

(PDB) match (Berman et al., 2000) or blastp match, to assist elucidation of function.

3.2.7. ldentification of hypothetical genes
Any protein annotation with no putative function was termed ‘hypothetical’. The nucleotide
sequence of each hypothetical (n=49) was extracted and a blastx carried out against the non-
redundant (nr) protein sequence database to identify similarities to annotated proteins of
known function (Altschul et al., 1990). For proteins (n=17) that remained hypothetical,
protein modelling was undertaken. Each primary amino acid sequence was submitted to the
Alphafold 2.0 software package through the google-collab web interface (Jumper et al., 2021)
and each predicted protein model was visualised through PyMol v2.1 (Janson et al., 2017).
The confidence measure pLDDT, a per-residue confidence metric, was used to evaluate the
quality of the generated predicted protein models. The predicted protein models were then
used as input into the web-interface DALI server to identify similar structures from the Protein

Data Bank (PDB) (Holm and Laakso, 2016).

3.2.8. Identifying pStv which carries adhesin Stv
To determine the context and copy number of the putative novel adhesin Stv within the
Shigella genome (Genbank ID = OP066525), both in silico and in vitro investigations were
conducted for the clinical isolate corresponding with ERR1364216 (Baker et al., 2018b)

which had been previously sequenced and contained the adhesin (screened for via abricate
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utilising a custom database) (Seemann). To determine whether copy number differed for Stv
and the chromosome, paired end reads were mapped back onto the assembly via Burrows-
Wheeler Aligner (BWA) v0.5.9-r16 (Li and Durbin, 2009). The mapping files were filtered
and sorted using samtools v1.13 (Li et al., 2009a). Coverage was calculated utilising samtools
depth v1.13 and average calculated for both the chromosomal contigs and the small

adhesin containing contig. Full reconstruction of the pStv sequence (Genbank ID =
OP113953) was made using BLAST and ACT comparisons of the Stv-containing contiguous
sequences in multiple isolates and the sequence confirmed through PCR analysis of DNA

extracted from isolate ERR1364216 (Supplementary Table 1).

3.2.9. Protein tree construction
To explore the natural distribution of the novel adhesin Stv in other bacterial species, the
amino acid sequence of Stv was utilised to carry out a blastp search against the clustered nr
database. Sequences belonging to the cluster identified in this search (Steinegger and Soding,
2017) were extracted. The extracted protein sequences and the protein sequence of Stv were
aligned via muscle v5.1 (Edgar, 2004) and RAXxML-ng v8.2.9 (Kozlov et al., 2019) used to
construct a phylogeny based on the protein alignment with 100 bootstraps.

3.2.10. Characterisation of key SNPs within the T35S
To explore the SNPs within parts of the T3SS, each primary amino acid sequence of the
wildtype T3SS protein and the SNP version of the T3SS protein were submitted to the
Alphafold 2.0 software package through the google-collab web interface (Jumper et al.,
2021) and each predicted protein model was visualised through PyMol v2.1 (Janson et al.,
2017). The confidence measure pLDDT, a per-residue confidence metric, was used to
evaluate the quality of the generated predicted protein models. The predicted protein

models were then used as input into the web-interface of DeepDDG to calculate a AAG
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score which was used to characterise the impact of the SNP on protein function and stability

(Cao et al., 2019).

3.3. Results and Discussion

3.3.1. The Murray isolates are a valid continuum of Shigella over time

84



Kmers

——— | Adhesin

€
]
o
£
=
o
]

PGB
Expansion

Phylogroups

]+

L]2 |

BE |

[]a

M s

e |
7

Year HeatMap
1915
1924
1934
1943
1953

I EEN || I D D N . e

1963
1972

PG1
Expansion

1982
1991
2001
201

Adhesin Presence

W Adhesin

Kmers
0
10
20
30
40
50
60
70
80
90
100

Figure 9: Contextualisation of historical isolates within the modern S. flexneri population structure and relationship with
putative adhesin Stv.
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The tree is a midpoint rooted maximum likelihood phylogeny for 309 S. flexneri isolates. Red circles overlaying tree tips
indicate isolates from the historical Murray Collection. Phylogenetic groups (PGs) are shown shaded on the phylogeny and
coloured according to the inlaid key. The year of recorded isolation is depicted as a heatmap in the colour strip closest to the
tree and the presence/absence of adhesin Stv (according to abricate analysis) and number of significant kmers (from fsm-
lite analysis) as a heatmap in the subsequent rightmost strips. Two phylogroup expansions of isolates containing Stv are
indicated to facilitate discussion.

To compare the population structure of the pre-antibiotic era Shigella with modern Shigella,
Murray collection S. flexneri isolates (n=45) were constructed into a phylogeny alongside a
modern collection S. flexneri (n=262) representing all seven phylogroups (PGs) (Connor et al.,
2015). Phylogenetic reconstruction using 84,391 SNPs identified in core regions revealed that
Murray collection isolates belonged to PGs 1 through 5 but were absentin PGs 6 and 7 (Figure
9). Identifying the Murray S. flexneri isolates in a wide range of PGs suggests that S. flexneri
PGs exhibit both co-existence and clonal replacement (i.e. the emergence of new S. flexneri
PGs does not displace older PGs) consistent with previous studies (Connor et al., 2015).
Indeed, most PGs contained a wide temporal range of isolates, indicating long term co-
existence. These phylogenetic results suggest that historical and modern S. flexneri have

similar chromosomes, further highlighting the likely importance of the accessory genome.

3.3.2. AMR and virulence determinants increase in time in S. flexneri

86



AMR determinnts (number/isolate) >

100

90

80

70

60

50

40

30

20

Virulence determinants (number/isolate) U0

R?=0.377
14
12
10
8
6
4
2
oG ® e
0 ®
1900 1920 1940
R?=0.195
.;: o
° .‘. o

1900

1920

1940

®
[ ]
o o0
e o0 o o
1960 1980
Year
« v °
*

1960

Figure 10: Temporal increase of AMR and virulence in S. flexneri.

1980

2000

2000

2020

2020

A The number of AMR determinants per isolate is shown over time, with a linear trend line shown in blue. R? value noted
at the top left. B The number of virulence factor (VF) determinants per isolate over time The linear trend line is shown in
blue. R? value noted at the top left.

To investigate the evolution and acquisition of AMR in a time frame spanning the pre-

antibiotic era, genotypic AMR profiles were determined for the Murray S. flexneri isolates

revealing that all isolates contained a single AMR determinant (either blaEC-8 (n=43) or

blaEC-15 (n=2), Supplementary Table 3).
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To explore AMR trends over the century-long time span, genotypic prediction was conducted
on the collection spanning 1915-2011 which revealed an accumulation of AMR over time,
with some variation (Supplementary Table 3, Figure 10A). Statistical testing confirmed a
significant difference in the mean number of AMR determinants per isolate between the
Murray (n=45, x=1) and modern isolates (n=246, X=6.35, t291 = 11.6, P <0.001). This increase
in AMR determinants over time is consistent with previous descriptions of S. dysenteriae Type
1 over similar time frames and broader trends in bacterial populations (Njamkepo et al.,
2016b). This highlights that AMR is an appropriate marker for an accessory genome function
that is increasing in S. flexneri within the time frame of this dataset.

As there was an increase in virulence determinants in the NCTC1 study, | also explored an
increase in virulence genes over time. Similar to the blaEC genes, there were a selection of
virulence factors that were encoded in >90% of the Murray S. flexneri isolates which had
persisted in the modern isolates encoding for varying functions relating to host cell invasion,
iron uptake, serotype conversion and porins (Table 3, Supplementary Table 3). All of these
virulence factors have functions intuitively beneficial to successful S. flexneri infection.
Overall, there was a trend of an increase in virulence genes over time that was similar to
AMR though with higher variation (Figure 10B). The differences between the number of
virulence factors per isolate for the Murray S. flexneri (n=45, x=42.4) and modern isolates
(n=246, X=65.8) was statistically significant (t291, = 7.15, P = <0.001) which supports a signal
of an increase in virulence factors over time. Although a general trend towards increasing
virulence is less well described in bacteria, there are some precedents (such as the
acquisition of serum resistance in invasive Salmonella Typhimurim (Hammarlof et al., 2018),

and increased phenotypic virulence in Klebsiella (Wand et al., 2015a)), and it is intuitive that
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greater increase in virulence would contribute to continued public health visibility of a
pathogen, despite vastly improving healthcare over the last century.

The increase in AMR and virulence over time in Shigella highlights their key roles in the
success and visibility of Shigella as a pathogen. This result also indicates that AMR and
virulence can be used as positive control functions for agnostically investigating functionally

relevant genes that contribute to the long-term success of Shigella.

Table 3: Virulence factors found among historical S. flexneri isolates.

Table shows genes present in >90% of the Murray Collection S. flexneri isolates. Further detail in Supplementary Table 3.

Virulence genes found in Function Relevant reference
pre-antibiotic era (Murray) S.
flexneri
csgB, csgD, csgF Host cell invasion (Sakellaris et al., 2000,
Hawkey et al., 2020)
espl4, espX4, espX5 Regulation of cell cycle (Beltrametti et al., 1999)
fepA, fepB, fepC, fepD, fepG Iron Uptake (Schmitt and Payne,
1988, Fisher et al., 2009)
fes Iron uptake (Wei and Murphy, 2016)
fimA-I| Host cell invasion (Klemm and Schembri,
2000, Chanin et al.,
2019b)
gtrA, gtrB Serotype Conversion (Korres et al., 2005, Liu et
al., 2008b)
iucA-D, iutA Iron uptake (Carbonetti and Williams,
1984)
ompA Porin/essential for (Pore et al., 2011)
conjugation/bacteriophage
receptor

3.3.3. tGWAS reveals multiple genetic features positively associated with time in S.
flexneri
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Figure 11: Genetic feature association in tGWAS by genetic feature type including SNPS (A), kmers (B), and COGS (C).

A SNPs: The circular manhattan plot shows the genomic position (clockwise) and negative logarithm of the p-value (radial
axis) for 93 significantly positively associated SNPs B kmers: Bubble plot showing the number of kmers (bubble size) by
gene (text labels in graph field), effect size (x-axis), and statistical support (y-axis as negative logarithm of the p-value). C
COGs: Phylogenetic dissociation distributions for all COGs identified as positively and significantly associated with time in
tGWAS (light blue) and the 25 COGS with the strongest statistical support (the dark blue bins).
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Conducting bacterial GWAS with time as a continuous variable (coined herein as tGWAS)
identified numerous significant SNPs (n=93, minlog10(p)>2), kmers (n= 306, p-value<1.04E-
07) and COGs (n=359, Irt p-value<0.05) (Figure 11, Supplementary Table 4) which were
explored further using a custom decision tree (Supplementary Figure 1).

In evaluating the likely impact of the SNPs, | focused on those within genes (totalling 93 SNPs
within 48 genes). Of these, 83% (n=77/93) were located on the chromosome and the
remaining 17% (n=16/93) were located on the virulence plasmid (VP). This
overrepresentation (with respect to size i.e., chromosome is 4607202 bp and virulence
plasmid (221618 bp) of SNPs associated with time on the VP relative to the chromosome may
indicate increased importance of VP evolution in Shigella. Among the associated SNPs in
genes, 38% (n= 35/93) encoded a missense mutation or stop codon which may potentially
impact protein structure so were selected for further study (Table 2, Supplementary Table 3).
Regarding the kmer and COG analyses, sequence kmers of various lengths (10 — 100 bp) were
identified in 47 genes; 85% (n=40/47) which encoded proteins of known function and 7
proteins of unknown function (Table 4, Supplementary Table 4). Notably, two T3SS genes
(ipaC and ipgD) were identified among both the 48 genes identified with SNPs and 47 genes
containing significant kmers (Table 4). tGWAS based on COGs returned 359 significant groups
based on one method of COG clustering (roary) which only reduced to 228 when cross
referenced with another clustering method (panaroo) (Supplementary Table 3) (Tonkin-Hill
et al., 2020). The vast quantity of COGs (>200) posed an issue for investigation as there was
no high-throughput method for the further in-depth analysis of each COG. Pragmatically, the
25 COGs with the highest statistical significance of association (as measured by Irt p-value)
from the primary analysis that were also present after cross-referencing were taken forward
for further analysis (Table 4, Supplementary Table 4), only 20% (n=5/25) of which were genes
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with known functions. One gene, rop_3, was found through tGWAS based on both kmers and
COGs (Table 4). The plethora of genetic factors significantly associated with Shigella in time
offers a unique perspective on the wide variety of factors that may be contributing to the

success of S. flexneri as a pathogen.

Table 4: Gene-associated genetic features associated with time in S. flexneri

Genes and whether they were identified in SNP, kmer, or COG (25 most significantly associated) tGWAS analysis, as well as
whether they form part of the T3SS and their known function and related references are shown. ND — not described or
investigated as part of this study. Additional details found in footnote 2 and Supplementary Table 4.

2
Gene SNP Kmer COG T3SS Function Reference
imp v Hypothetical ND
insB y Insertion element IS1 protein insB (Ohtsubo et al.,
1981)
yncB y Curcumin-converting enzyme (Hassaninasab et
al., 2011)
tehB N Tellurite resistance protein (Turner et al.,
1995)
aldA N Aerobic dehydrogenase (Vergara-Irigaray
etal., 2014)
yeeE N Permease? ND
hmpA v Nitrosative stress (Eriksson et al.,
2003, Lucchini et
al., 2005)
yihQ v Alpha-glucosidase
sgaU y Sugar Metabolic Pathway (Han and Lee,
2006)
ipaC N N ~ T3SS (Terry et al.,
2008)
ipgD N N N T3SS (Niebuhr et al.,
2000)
yiiX v Peptidase? (Yang et al.,
2005)
SF1013 ~ Pyrimidine utilisation? ND
SF1015 N Pyrimidine utilisation? ND
SF1742 y Hypothetical ND
SF1803a v Hypothetical ND
SF4472 N Hypothetical ND
SF1928 N IS3 Family Transposase (Hawkey et al.,
2020)
SF2042c N Hypothetical ND
SF2581 v Hydrolase? ND
SF2866 v Integrase? ND
SF3181 v Chaperone? ND
SF3255 v Transposase? ND
SF4259 y IS4 family transposase (Yang et al.,
2005)
CP0007 y IS3 family transposase (Hawkey et al.,
2020)

2 The known gene names are taken from the annotated S. flexneri 2a strain 301 reference genome and unknown genes entitled SF or CP
were also named from the reference genome and its virulence plasmid. Other unknown gene names were assigned based on the first
genome they were observed in from the isolate collection.
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CP0017 IS4 family transposase (Yangetal.,
2005)
CP0019 IS6 family IS element TnpB (Siguier et al.,
2014)
CP0217 CopG family protein (Solar et al.,
2002)
dinG_1 v DNA helicase ND
ODHNCEOF N Hypothetical ND
02626
N Multidrug resistance (Horiyama and
Nishino, 2014a,
Pletzer and
mdtC Weingart, 2014)
ODHNCEOF y Hypothetical ND
03654
citD v Citrate metabolic pathway ND
N Multidrug resistance (Horiyama and
Nishino, 2014a,
Pletzer and
mdtO Weingart, 2014)
v T3SS (Mattock and
icsB Blocker, 2017)
AHKGMILK_ N Hypothetical ND
04072
~ T3SS (Bajunaid et al.,
spaO 2020)
v T3SS (Notti and
Stebbins, 2016,
Martinez-Argudo
and Blocker,
mxiD 2010)
N T3SS (Bajunaid et al.,
spaP 2020)
~ T3SS (Bajunaid et al.,
virB_1 2020)
AHKGMILK_ N Hypothetical ND
04286
N T35S (Mattock and
ipaA Blocker, 2017)
prgK| AHKG N T3SS (Muthuramalinga
MILK_0211 m et al., 2021)
6
AHKGMILK_ N Phage related gene ND
00268
N T3sS (Notti and
Stebbins, 2016,
Martinez-Argudo
and Blocker,
mxiC 2010)
~ T3SS (Bajunaid et al.,
spaR 2020)
N Transcriptional activator (Bhende and
rhaS_4 Egan, 2000)
aat v Transferase ND
N Adolase (Bardey et al.,
fbaA_1 2005)
nuoN \l
AHKGMILK_ N General stress protein ND
01446
AHKGMILK_ N Phage related gene ND
00266
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AHKGMILK_ \I Type Il T/AT system ND
03733
ydgC v Alginate biosynthesis ND
AHKGMILK_ v Transcriptional regulator ND
03728
ade_1 N Hypothetical ND
N T3SS (Mattock and
ipgA Blocker, 2017)
FHKOGCLH_ \I Now characterised as an Adhesin ND
04018
dnak_2 N Chaperone ND
N Tetracycline resistance protein (Mgller et al.,
tetA 2016)
N Plasmid regulation (Cesareni et al.,
rop_3 1982)
dctA N Transport protein? ND
FHKOGCLH_ N Hypothetical ND
04017
dcuA 2 N Hypothetical ND
FHKOGCLH_ N Hypothetical ND
03445
yehZ N Permease? ND
EHPPDMON v Hypothetical ND
02801
v Release of lipoproteins (Tang et al.,
lolC 2021)
yfiF N Transcriptional regulator ND
~ Hydrogenase (Menon et al.,
hyaA 1990)
NIGNOEIA_ N DNA Helicase ND
03022
holB N DNA polymerase subunit ND
thrB N Homoserine Kinase ND
NIGNOEIA_ N YgcB ND
02718
N Fimbriae formation (Riegman et al.,
focC 1990)
IAAIPMMA _ N Hypothetical ND
04017
EHPPDMON v YeaG - kinase ND
_02080
NIGNOEIA_ N Phage related genes ND
02490
N Enterobactin exporter (Furrer et al.,
entS 2002)
JHKOGANH \/ Mercury resistance ND
03285
IKOJHFDB_O N Phage related genes ND
4319
IKOJHFDB_0O N Peptidase? ND
4422
AOKKNEDP_ N IS4 Family transposase (Hawkey et al.,
03748 2020)
BMAIACIG_ N Hypothetical ND
03405
AHKGMILK_ N Hypothetical ND
04030
AHKGMILK_ N Phage related gene ND
04155
NLBACPAE_ N Hypothetical ND
04095
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IAAIPMMA _ N Transcriptional regulator ND
03532
PNNKJLLM_ N disT? ND
03516
KGMACLPL_ v Replication regulator ND
03970
KGMACLPL_ N Plasmid Recombination ND
03971
N Sialic acid metabolic pathway (Steenbergen et
nanM al., 2009)
N Sialic acid metabolic pathway (Steenbergen et
nan$S al., 2009)
N Chitobiose metabolic pathway (Verma and
Mahadevan,
chbC 2012)
AHKGMILK_ N Hypothetical ND
03727
AHKGMILK_ N Transcriptional regulator ND
03728
AHKGMILK_ N Hypothetical ND3
03730

3.3.4. tGWAS confirms antimicrobial resistance as increasing and evolving in time
Having gathered all potential genetic features associated with time by tGWAS, | examined
whether AMR determinants were recovered (Table 4). AMR was clearly recovered by tGWAS,
acting as an effective positive control for the identification of functional accessory genome
determinants that contribute to the pathogen success over time. Significant kmers (n=3) were
found within several AMR determinants, namely mdtC, mdtO and tetA (Table 4). mdtC is a
resistance protein forming part of the multidrug efflux complex MdtABC which provides
resistance to aminocoumarins antimicrobials, is involved in enterobactin export, and is
involved in transport of flavonoids, fusidic acid, josamycin, bile salts and silver nitrate
(Horiyama and Nishino, 2014b, Pletzer and Weingart, 2014). Similarly, mdtO encodes for a
resistance protein conferring resistance to puromycin, acriflavine and tetraphenylarsonium

chloride and tetA is responsible for tetracycline resistance (Mgller et al., 2016). Genes

3 The known gene names are taken from the annotated S. flexneri 2a strain 301 reference genome and unknown
genes entitled SF or CP were also named from the reference genome and its virulence plasmid. Other unknown
gene names were assigned based on the first genome they were observed in from the isolate collection.
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conferring resistance to antimicrobials and bile salts have clear beneficial roles for a human
host-adapted intestinal pathogen where antimicrobials are used in treatment and bile salts
are a key part of the intestinal environment. AMR related genes also were recovered in the
COG analysis, including multiple mdt and tet genes, but these were not present within the 25

COGs with the lowest Irt p-value (<2.62E-02)

3.3.5. S. flexneri virulence determinants, including the T3SS, are changing in time
Virulence factor genes were also expected to be associated with success over time, and the
T3SS is a key virulence mechanism that encodes the machinery required for Shigella to invade
the colonic epithelium (Sansonetti et al., 1982). Ongoing evolution of the T3SS was indicated
by significant SNPs and kmers being found during tGWAS (Table 4). Specifically, there were
singular missense SNPs within ipaC and ipgD (Supplementary Table 4) encoding invasion
antigen C that initiates actin mobilisation and the early steps of membrane ruffling, and a
T3SS effector protein thought to modulate host cell response respectively (Terry et al., 2008,
Niebuhr et al., 2000). Further support for the T3SS role as a key virulence mechanism over
time was shown by 12 of the 47 genes in which significant kmers were found were associated
with T3SS machinery, specifically in icsB, spaO/P/R/, mxiC/D, virB, ipaA/C, ipgA/D, and prgk
(Table 4, Supplementary Table 4). Many different parts of the T3SS machinery were identified,
including regulators (virB, mxiC), assembly machinery (spa genes), effector proteins and their
chaperones (ipaA/C, icsB, ipgA). Having the T3SS genes observed in multiple tGWAS feature
types highlights the essential and changing nature of the T3SS to Shigella success over time.
tGWAS hits relating to a variety of other virulence, invasion, and metabolic processes were
also detected. These included: singular SNPs in the nitrous oxide and tellurite resistance

genes hmpA and tehB; a SNP in the virulence plasmid gene CP0217 and kmers and COGs in
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rop_3, both being genes that likely contribute to efficient plasmid replication and retention;
the nanM and nanS$ genes involved in sialic acid binding and metabolism appearing in the 25
most-significant COGs; and high support for kmers in the metabolic citD gene which might
help S. flexneri exploit resources (Table 4, Figure 11). For survival and successful infection, S.
flexneri must counteract the high concentrations of toxic chemicals and maintain key
plasmids for invasion. Thus, the known gene products identified have intuitively helpful

functions for the virulence of Shigella over time, again highlighting the validity of tGWAS.

3.3.6. Insertion elements revealed as a key contributor to the success of S. flexneri
over time

IS expansion is thought to be an early step in the genome reduction process adopted by
bacteria that have recently adopted host-restricted lifestyles (Siguier et al., 2014). Shigella
was the first example of IS expansion within bacterial genomes and since then many IS
families have been documented throughout bacterial genomes (Nyman et al., 1981).
Individual significant SNPs fell within genes that encoded proteins involved with insertion
elements (insB, SF1928, SF4259) (Table 4, Supplementary Table 4). The insertion element 1
protein InsB, SF1928 and SF4259 (IS transposases for 1S3 and 1S4) all contribute to strain
evolution, variation, and functional gene loss and streamlining (Hawkey et al., 2020).
Remarkably, there were also singular SNPs within transposases on the virulence plasmid,
CP007 and CP0017 (related to IS3 and IS4 respectively) (Table 4, Supplementary Table 4). The
prominent presence of SNPs occurring within the IS related genes (n=9 10% of total SNPs)
further supports their inferred importance for S. flexneri over time. To further support their
importance for Shigella’s evolution AOKKNEDP_03748 was observed as a significant COG

which encodes for an 1S4 family transposase. IS elements within a host adapted organism such
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as Shigella are intuitively beneficial by contributing to functional gene loss and genome

streamlining facilitating host adaptation.
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3.3.7. Identifying Stv: a novel adhesin among genes of unknown function
Not all significant tGWAS hits were in characterised genes. Specifically, 6% (n=6/93) of the
associated SNPs, 15% (n=7/47) of the kmers, and 80% (n=20/25) of the top COGs were in
genes of unknown function, which may represent other key genes in the long-term success

of Shigella, given that they appeared alongside AMR and virulence.

Figure 12: Modelling the undescribed adhesin Stv that is associated with Shigella in time

A Predicted Alphafold model for FHKOGCLH_04018 (green) visualised in Pymol. B Predicted Alphafold model for E. coli
adhesin (WP_205849698.1) (cyan) visualised in Pymol. C Alignment of modelled FHKOGCLH_04018 (green) and E. coli
adhesin (cyan) (WP_205849698.1).



Numerous significant kmers (n=123, of length 12 — 100 bp) were located within hypothetical
protein FHKOGCLH_04018 with a large effect size (Figure 11B). BLASTp searches found a
99% amino acid sequence identity match between FHKOGCLH_04018 and a putative E. coli
adhesin protein WP_205849698.1 (no current publications associated). Both protein
sequences were then modelled using Alphafold (Jumper et al., 2021) (Figure 12).
FHKOGCLH_04018 folded into a seven stranded B-sheet, which was predominantly anti-
parallel, with four a-helices on one side and a single a-helix on the other (Figure 12A). The
resulting model of WP_205849698.1 showed clear structural similarity with
FHKOGCLH_04018, with the majority of the fold aligning well, with the exception of the C-
terminal helix that was folded in WP_205849698.1 but modelled with only very low
confidence as random coil in FHKOGCLH_04018 (Figure 12B). An all-atom root-mean-square
deviation of atomic positions (RMSD), calculated by running a structural superposition of
the two models, produced a score of 1.498 A (<2 indicates very close alignment, and this
value was calculated based on the alignment of 3264 atoms between the two models). Due
to this stark similarity, FHKOGCLH_04018 was also assigned putative function as a novel S.
flexneri adhesin, herein called adhesin Stv.

Subsequent analyses revealed that Stv was carried on a small plasmid and was widely
distributed in bacterial populations. In draft S. flexneri genomes, Stv occurred on small
contiguous sequences, ~2.5 kb in length, with two other genes. The putative plasmid was
reconstructed using multiple draft genome comparisons and the 2689 bp element was
confirmed using bidirectional coverage PCR and is herein termed pStv (Supplementary Figure
2). Relative mapping depth of the chromosome and pStv in the Stv containing clinical isolate

of S. sonnei (methods) was calculated. This revealed that pStv occurred at an approximate
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ratio of 8.6:1 relative to the genome. The higher coverage for pStv suggests that the novel
adhesin is found on a small multi-copy plasmid. pStv contains two other genes including
another uncharacterised gene, FHKOGCLH_04017, and rop_3, the second most significant
COG in the tGWAS analysis. As per the methodology set out for hypothetical genes, efforts
were made to identify the function of FHKOGCLH_04017, however, even after a good quality
protein predicted model was generated no quality match was found on the PDB or via blastp

searches and so remains uncharacterised.

3.3.8. The significance of Stv in Shigella and in other bacteria
To infer the potential relationship of Stv with S. flexneri population dynamics, the distribution
of Stv was explored within the S. flexneri phylogeny. Specifically, from the phylogeny it can
be observed that Stv is polyphyletic (Figure 9), highlighting that Stv has been introduced
convergently. This polyphyletic nature was demonstrated through the presence of Stv largely
in Phylogroups 1 and 6 (Figure 9), the latter of which contained the earliest Stv-containing
(from 1978). Variations in the number of Stv kmers suggested that there may be variants of
Stv in other PGs. And notably, Stv appeared to have been associated with PG expansions,
where acquisition was followed by clonal expansion, particularly for PG1 (Figure 9).
Collectively, these findings support that Stv may have an importantrolein S. flexneri poluation

dynamics.
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A Mid-point rooted phylogeny of 305 S. sonnei isolates. Coloured clades indicate the S. sonnei lineages. Coloured strips
depicting Lineage 3 genotypes, presence of Stv and presence of the AMR genes from the Tn7/Int2 cassette B Phylogeny of
aligned protein sequences of the most closely related clustered adhesin sequences. Coloured tips represent the different
bacterial species and Enterobacteriaceae species are highlighted via the coloured strip. The black arrow depicts the
presence of the S. flexneri adhesin Stv.

To externally validate the potential contribution of Stv beyond S. flexneri, | related the
presence of Stv to the next most burdensome Shigella species, S. sonnei. S. sonnei has
comparatively well described natural history and known drivers of clonal expansions including
AMR and colicin acquisition (Holt et al., 2012b, Holt et al., 2013, Hawkey et al., 2021) Stv was
found sporadically in Lineages 1, 2, and 5, but was acquired and stabilised early in the
emergence of Lineage 3 (Figure 13A). Lineage 3 of S. sonnei is the globally dominant multidrug
resistant (MDR) lineage whose success is thought to be attributable to the acquisition of key
AMR determinants, particularly the Tn7/Int2 cassette (Figure 13A) (Holt et al., 2012b). Our
results indicate that Stv predates the acquisition of the Tn7/Int2 MDR determinant.
Specifically, the first observation of the adhesin within Lineage 3 was in 1943 while the first
observation of any part of the Tn7/Int2 cassette was in 1990 suggesting that this may have
provided the opportunity for Stv-positive S. sonnei to further mobilizable elements such as
AMR and colicins, ultimately combining to drive the success of this global MDR lineage. This
represents an exciting insight into the potential contribution of this putative novel adhesin in
both S. flexneri and S. sonnei.

Owing to its importance in shigellae, | searched for close relatives of Stv in the wider context.
| found clustered relatives of Stv in the nr database across multiple other bacterial species
(Figure 13B). Including other Shigella species, related Enterobacteriaceae (e.g. E. coli,
Salmonella), and more distantly related bacteria (e.g. Bordetella spp) indicating widespread
conservation, and the possible importance of Stv in shaping the population structures of other

important AMR pathogen groups.
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Despite concerted effort, | were unable to find any functional experiments for the putative E.
coli relative of Stv in the literature. Our in-silico investigation highlights the importance of the
previously uncharacterised Stv adhesin for the success of S. flexneri in time and its potential
importance in other species. Functional work to confirm the predictive adhesive function of
the protein is ongoing but beyond the scope of this study. Once confirmed, Stv would
represent a potential drug target as anti-adhesion therapies have the potential to be effective
in the prevention and treatment of bacterial infections (Asadi et al., 2019). Our encouraging
results with Stv indicate the likelihood of success that functional microbiologists may have in
exploring the other genetic features | have identified for tGWAS for Shigella (Supplementary

Table 4).

3.3.9. The challenges in characterising the SNPs within the T35S
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Model Confidence

s Very low (pLDDT < 50)

A Low (70 > pLDDT > 50)
Confident (90 > pLDDT > 70)

H Very high (pLDDT > 90)

Model Confidence

B Very low (pLDDT < 50)
Low (70 > pLDDT > 50)
Confident (90 > pLDDT > 70)
EE Very high (pLDDT > 90)

Figure 14: Protein modelling of key T3SS proteins.

A — Generated Alphafold model for ipaC. B— Generated Alphafold model for ipgD. Keys on the right hand side depict
confidence measures of the predicted models.

Due to the importance and vital nature of the T3SS for successful Shigella infection and
virulence, it was critical to investigate the singular significant SNPs found within ipaC and
ipgD. To fully evaluate the effect that the SNPs were potentially having on the structure and
hence function of the T3SS proteins it was imperative to view the SNPs through visualisation
as a protein model. Even though ipaC and ipgD are key parts of the well described T3SS,

after thorough searches of the PDB it yielded no solved protein structures for either ipaC or
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ipgD. Due to the lack of a confirmed protein structure, predicted models of both T3SS
proteins were modelled via Alphafold (Jumper et al., 2021). The model of ipaC (Figure 14A)
was plagued with very low to low pLDDT values across the entire model inferring low
confidence in the model as a whole. Despite the low confidence model, continued
investigation to evaluate the effect of the SNP was conducted. The SNP within ipaC was
located at bp position 868 of a 1091 bp length ipaC protein. The SNP converted a cytosine to
a thymine (C -> T) resulting in a missense mutation where the amino acid at position 284
was converted from a glutamic acid to aspartic acid (E -> D) (Figure 14A). Previous work
defining the critical functional regions of ipaC denotes the N-terminal region 50-80 as critical
for ipaC invasion, whilst the C-terminal from amino acid 300 onwards contains regions
critical to invasion, formation, and virulence (Harrington et al., 2003, Terry et al., 2008).
There is a lack of functional information regarding the region around amino acid residue 283
and so it is difficult to conclude whether the location is important for critical functions of
ipaC. Research deleting amino acids from 260 onwards does result in changes to the
effectiveness of ipaC, however, the changes would likely result due to deletions of the C-
terminal and not necessarily to do with the residue around the 284 region (Picking et al.,
2001). The position of the missense mutation is on an alpha helix (Figure XX) and evaluation
via DeepDDG calculated a predicted stability change (AAGt?litY) of -0.391 kcal/mol. A AAG
score of between 0.5 to -0.5 is deemed to have a negligible effect on protein function or
stability.

With a low confidence model and the lack of information regarding the functional region
around residue 284 coupled with the low AAG score, | cannot conclude that this SNP within

ipaC is having a significant positive impact on the function of the protein.
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Predictive modelling of ipgD (Figure 14B) resulted in a better quality and higher confidence
model. The singular significant SNP occurred at bp 982 out of a gene that is 1616 bp in
length, resulting in a guanine mutating to an adenine (G -> A). This change resulted in a
missense mutation where a serine at residue 328 was altered to an asparagine (S -> N). In
Shigella, there has been little to no characterisation of any of the functional regions within
this protein. However, there has been structural characterisation of an orthologue of ipgD,
SopB in Salmonella (PDB=4DID). The structural characterisation of SopB reveals key
functional regions as a binding domain (residues 117-168) and a phosphoinositide
phosphatase domain (residues 357-561) (Burkinshaw et al., 2012). Although exact residues
and structural differences may be present between SopB and ipgD the general location for
residue 328 does not seem to be a key functional region. Further investigation of the impact
on the single mutation via DeepDDG calculated a AAG score of -2.355 kcal/mol. A score of <
-0.5 is deemed destabilising and typically is not advantageous for protein structures.
Although there was a better predicted model for ipgD, the location and AAG score indicate
that the SNP is once again having a largely neutral effect on the protein structure and hence
function. Similarly, to ipaC, functional work would be needed to confirm in further detail the
exact impact of the SNP. Overall, in silico investigation on the impacts of SNPs are difficult to
pinpoint exact impacts. There are multiple challenges including the confidence and accuracy
of predicted models, identifying impacts of single mutations and identifying key functional
regions of proteins. In silico investigations may need to be combined with functional work to

fully evaluate the impact of key SNPs.

3.4. Conclusion

Through the investigations utilising the Murray Collection in tandem with modern isolates,
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the importance of historical isolates as an important and rich resource of information to
provide insights into bacterial evolution over time has been highlighted. Our development of
tGWAS has generated a novel validated methodology and workflow for investigating genetic
factors contributing to pathogen success over time. For Shigella, this highlighted the roles of
antimicrobial resistance, virulence and invasion, genetic plasticity, and host colonisation
through the identification of a previously unreported adhesin, Stv, in long term pathogen
success. This putative adhesin likely has relevance for other bacterial species and is an elegant
demonstration of the potential insights to be gained using our novel tGWAS methodology
which is broadly translatable to other bacterial species.

3.5. Next Steps
Due to the importance of MGE’s and interbacterial competition mechanisms seen
throughout both tGWAS analyses of S. sonnei and S. flexneri, it seemed prudent to
investigate a key interbacterial advantage noted in S. sonnei Lineage 3. Within S. sonnei
Lineage 3 an E. coli killing phenotype had been observed which would be intuitively
beneficial to the success of Shigella species as E. coli is a common bacteria in the host
microbiota. The factors behind this advantageous ability remained unknown and so GWAS

approaches were utilised to identify these factors.
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Chapter 4

Much of the content of this chapter is to be published in the research article “Escherichia
coli killing by epidemiologically successful sublineages of Shigella sonnei is mediated by
colicins” which is currently under review. Permission to include the publication in this PhD
was obtained from all co-authors. Specifically, | acknowledge the contribution of authors

below. Unless specified below all work was completed by myself.

P. Malaka De Silva Laboratory work including BPER via cell
sorter and plate reader. Extraction of
supernatants for mass spectroscopy.

Lauriene Kuhn Completion of Mass spectroscopy

Patryk Ngondo Completion of Mass spectroscopy

Brian Ho Guidance on the functionality of the T6SS

Francois-Xavier Weill Gave us the nanopore assembly of CIP

Benoit S. Marteyn Supervision and guidance of the mass
spectroscopy carried out by his group.

Lorine Debande Completion of Mass spectroscopy

Kate S Baker Supervision

Claire Jenkins Guidance and strain selection

4. Escherichia coli killing by epidemiologically successful sublineages of Shigella
sonnei is mediated by colicins

4.1. Introduction
Shigella sp. cause >125 million cases of shigellosis that result in ~212,000 deaths annually and
understanding the biological drivers of its success as a pathogen is critical to public health
(Bardhan et al., 2010, Khalil et al., 2018). S. sonnei accounts for 24% of cases and contributes
proportionately more to the disease burden in industrialising and high-income countries
(HICs) where it is primarily transmitted through travel and among certain risk groups e.g. men
who have sex with men (MSM) (Baker et al., 2015b, Ingle et al., 2019, Thompson et al., 2015).
Recent studies of S. sonnei have revealed a concerning emergence of highly, and extensively
drug resistant strains (Simms et al., 2015, Bardsley et al., 2020, Charles et al., 2022, Chung
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The et al., 2016, Fischer et al., 2021, Locke et al., 2021, Zayet et al., 2021, Moreno-Mingorance
et al., 2021), leading to it being designated a WHO priority organism for AMR and highlighting
the need to continue study of this important pathogen (Tacconelli et al., 2018). Global
subtyping systems can help us trace the shifting dynamics, but there is a need to leverage
these genomic epidemiology studies to better understand the biology of the organism by
identifying what drives certain sublineages to success (Hawkey et al., 2021).

An example relevant to this study is the existence of four co-circulating subclades of MSM-
associated S. sonnei in the UK during 2008 to 2014, three of which endured in time and spread
internationally, and one of which (Clade 3, which belongs to genotype 3.7.18 under the S.
sonnej typing scheme described above) did not (Baker et al., 2018b). Being an enteric
pathogen, S. sonneijis in constant competition with the other members of the gut microbiota
which acts as the barrier to successful infection and invasion of the gut epithelial cells in the
colon (Anderson et al., 2016). Therefore, mechanisms that are advantageous for
interbacterial competition are beneficial for S. sonnei.

There are a plethora of interbacterial competitions mechanisms including Type VI secretion
systems (T6SSs), one of which was recently described in S. sonnei and colicins (Sorbara and
Pamer, 2019, Anderson et al., 2017b). T6SSs are specialised secretion systems found in Gram
negative bacteria capable of delivering a wide variety of effectors (usually antibacterial
proteins) directly into the target cells (Coulthurst, 2019, Zoued et al., 2014). T6SSs function
via a contractile sheath that propels a needle-like structure containing the spike complex with
the effector protein into the adjacent target cell in a contact-dependent manner (Cianfanelli
et al., 2016). Contrastingly to T6SS, colicins are not contact-dependent as they are secreted
into the surrounding environment and translocated through the outer membrane of target

cells by either passive diffusion or active transport (Lazdunski et al., 1998). These small toxic
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proteins are produced by many enteric bacteria and are usually encoded on a plasmid
alongside the colicin lysis protein that is responsible for colicin release and the immunity
protein that protects the host from its own colicins (Riley, 1993, Cascales et al., 2007).

Here | sought to identify the mechanisms in S. sonnei responsible for interbacterial
competition with a relevant microbiota competitor, Escherichia coli, and relate this to
established epidemiological understandings. To do so, | leveraged sequencing data and
isolates (n=164) from a previous genomic epidemiology study of cross-sectional national
surveillance the United Kingdom from 2008 — 2014 (Baker et al., 2018b). As | were
interested in comparing the behaviour of sublineages, experimental replicates were
conducted at an epidemiologically relevant level (i.e. testing many clinical isolates from each
sublineage rather than testing fewer representatives multiple times) in an experimental
framework herein coined Bulk Phenotyping of Epidemiological Replicates (BPER). | advocate
BPER as a concept for moving on from extrapolating from model organisms in the genomic
era while also overcoming some of the complications of using clinical isolates for laboratory
studies. By coupling BPER to bacterial Genome Wide Association Studies (GWAS), |
demonstrate that E. coli killing in S. sonnei is mediated by colicins found in epidemiologically

successful sublineages.
4.2. Materials and methods

4.2.1. Strains and their whole genome sequences

The main collection of S. sonnei strains used in this study originated from the archive of
isolates from the national reference laboratory of UK Health Security Agency collected from
2008 — 2014 and has been described before(Baker et al., 2018b). These isolates (n = 164)
were whole genome sequenced via lllumina HiSeq with 150bp paired end reads. An additional

isolate, CIP106374, which was also previously described was included in the bioinformatic
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analyses. The assembled and annotated whole genome sequence of this isolates carried out
using Oxford Nanopore sequencing as previously described (Anderson et al., 2017b)
Sequencing data for all isolates is deposited in the European Nucleotide Archive and individual

accession numbers are provided in Supplementary Table 5.

4.2.2. Phylogenetic tree construction

FASTQ sequence files for the 161 isolates that were culturable were mapped against the
reference S. sonnei 2a strain 53G (HE616528.1) concatenated with its multiple plasmids
(HE616529.1, HE616530.1, HE616531.1, HE616532.1) using Burrows-Wheeler Aligner
(BWA) v0.5.9-r16 (Li and Durbin, 2009). The mapping files were filtered and sorted using
samtools (Li et al., 2009b). Duplicates were marked using Picard tool. Subsequent variant
calling was completed through bcftools and a consensus file was generated for each isolate
(Danecek and McCarthy, 2017). Each chromosome sequence was extracted, and regions
were masked using a mask file containing plasmid sequences, IS elements and repeat
regions. Gubbins v2.3.4 removed duplicate and low-quality sequences followed by SNP-sites
to obtain the core-genome alignment (Page et al., 2016, Croucher et al., 2014). RAXML-ng
was then utilised to infer a phylogenetic tree (Kozlov et al., 2019). Each phylogenetic tree has
been midpoint rooted with visualisations completed using interactive Tree of Life (iTOL) v6.1.1

(Letunic and Bork, 2019).
4.2.3. Genotyping of S. sonnei
Mykrobe v0.10.0 was utilised on the FASTQ sequences of all isolates (Hunt et al., 2019b).

The output from Mykrobe was then parsed using a custom python script

(https://github.com/katholt/sonneityping/) based on the genotyping scheme proposed by

Hawkey et al., (2021) (Hawkey et al., 2021). Upon parsing of the Mykrobe output, a tsv file

containing the genotype was generated.

4.2.4. Initial screen of Subclade representatives for killing
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An initial screen of seven strain representatives was screened for killing (Supplementary
Figure 3). Pre-cultures of both S. sonnei and GFP-producing E. coli were grown in tryptone
soy broth (TSB) at 37°C in a shaking incubator (220rpm) overnight. Pre-cultures were then
diluted 1:100 (v/v) in fresh TSB and grown until mid-log phase was reached before mixing
1:10 (E. coli: S. sonnei) adjusted by the OD600 value for the competition mixture. 10yl of the
competition mixture was then spotted onto a sterile nitrocellulose filter paper placed on a
tryptone soy agar (TSA) plate and incubated at 37°C overnight without shaking. Competition
mixture was then washed off into 500l of sterile PBS, serially diluted and plated on selective
media for CFU enumeration. E. coli was selected on 30ug/ml kanamycin and S. sonnei was
selected on 30pg/ml azithromycin where applicable. Chromosomally encoded GFP of the E.

coli strain was used to further differentiate E. coli from S. sonnei.
4.2.5. BPER using cell sorter

S. sonnei isolates (n=161) were grown overnight in 96 well flat bottom plates (Greiner Bio
One, UK) containing 150ul of TSB at 37°C with shaking at 220rpm and diluted 1:100 (v/v) into
fresh TSB and grown for two hours in similar conditions. E. coli was grown and diluted into
fresh media as was done for initial killing assays and 880ul of mid-log phase culture was
diluted in 52ml of TSB and 130ul of that was distributed into each well of the 96-well plate.
20ul of the mid-log phase S. sonnei cultures were then added to each well to make up a final
volume of 150ul with 1:10 (E. coli: S. sonnei) of the competition mixture. The 96-well plates
with the competition mixtures were then incubated at 37°C with shaking at 220rpm overnight.
The overnight competition mixtures were then diluted and GFP expressing E. coli cells which
had survived the competition with S. sonnei were counted using a Bio-Rad ZE5 Cell Analyzer
in a total of 10,000 events per well. The percentage of GFP expressing cells were calculated
using FCS Express version 7 (De Novo Software) and plotted onto the phylogenetic tree using

iTOL (Letunic and Bork, 2021).

4.2.6. BPER growth assays using plate reader
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Competition mixtures from overnight pre-cultures were set up in the same way as was done
for the BPER assay using the cell sorter, except black 96-well plates (Greiner Bio One, UK)
were used to avoid cross contamination of GFP fluorescence signal and the growth of the
competition mixture was monitored by growing them in a Synergy H1 multi-mode plate reader
(BioTek Instruments Inc) at 37°C with shaking. Readings for the GFP signal was recorded
every 15 minutes during the overnight growth of the competition mixture and E. coli killing was
determined based on the GFP signal produced from each well where a clear signal of GFP
was considered as the inability of S. sonnei to kill E. coli. A GFP% cut off of 20% was utilised

where >20% indicated a non-killing phenotype.

4.2.7. Screening isolates for the T6SS

The 18 components of the full T6SS were extracted from the annotated Nanopore sequence
of S. sonnei CIP106347 and compiled into a singular multi-FASTA file. SRST2 v0.2.0 (Inouye
et al., 2014) was then utilised for the purpose of gene detection using a custom database. The
T6SS components within the multi-FASTA were not pre-clustered and therefore were
assigned to gene clusters based on 90% nucleotide similarity via CD-HIT v4.8.1 (Li and
Godzik, 2006). Python scripts provided as part of the SRST2 package were utilised to parse
the clusters and generate a SRST2 compatible database. SRST2 gene detection was then

run utilising the custom T6SS database.
4.2.8. Genome Wide Association Study

Draft assemblies of all isolates were assembled using Unicycler v0.4.8 (Wick et al., 2017b)
and annotated using Prokka v1.14.6 (Seemann, 2014) Paired end reads were mapped to the
reference genome using Burrows-Wheeler Aligner (BWA-MEM) v07.17 (Li and Durbin, 2009)
and Picard v2.23.1 was utilised to mark duplicates. Variant calling and subsequent filtering
using Freebayes v1.3.2 (Garrison, 2012) was completed and the VCEF files generated were
merged and used as an input for the GWAS SNP analysis. To generate the input for the GWAS
kmer analysis, kmers were counted from assemblies using fsm-lite v1.0. Lastly, to generate

the input file for the GWAS COG analysis, Roary v1.007002 was utilised to generate a gene
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presence/absence Rtab file containing the presence or absence of each gene in each isolate
(Page et al., 2015a).

After generation of appropriate inputs, GWAS was carried out using Pyseer v1.3.6 (Lees et
al., 2018). Pyseer uses linear models with fixed or mixed effects to estimate the effect of
genetic variation in a bacterial population on a phenotype of interest, while accounting for
potential confounding by population structure. For this investigation, presence or absence of
the E. coli killing phenotype was utilised as the categorical phenotype (Supplementary Table
2). To account for population structure, all analyses were supplemented with phylogenetic
distances from the mid-point rooted core genome phylogeny (above). Pyseer analyses were
run using the linear mixed model (LMM). Further GWAS investigations were carried out using
Scoary v1.6.16 (Brynildsrud et al., 2016a) utilising the gene presence/absence .csv file
generated via the Roary pangenome pipeline as well as a trait file consisting of the E. coli

killing phenotype for each sample.

4.2.9. Colicin database construction and detection

To investigate the presence or absence of specific colicins within the isolates, a large quantity
of colicin sequences were collated. Over 10,000 colicins from over 50 species of bacteria were
collated from the European Nucleotide Archive as well as including some isolates from
previously published sources (Hahn-Lobmann et al., 2019). A multi-FASTA file containing the
collated colicin sequences was utilised to generate a custom database via the prepareref
command of ARIBA v2.14.6 where prepareref removes erroneous data and runs cd-hit to
cluster the sequences based on a user-defined similarity threshold (90% in our case). ARIBA
was then run with the FASTQ files of all isolates and the colicin database to report which
sequences were observed in each isolate. The database of colicin sequences are publicly

available through figshare (10.6084/m9.figshare.20768260.v1).

4.2.10. Statistical testing
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All statistical analyses were performed using R v3.6.1. To determine the significant difference
between the T6SS profiles of the killing versus the non-killing isolates an independent t-test
was undertaken. Further independent t-test were undertaken to determine the relevant

significance of the various colicin clusters and determine their order of importance.

4.2.11. Mass spectrometry analysis of supernatants and data post-processing

TCA precipitated proteins from Shigella culture supernatants were resolubilized in UTCT
buffer (urea 2M, thiourea 7M, CHAPS 4%, Tris HCI 20 mM pH 7.8) for 1 hour at 30°C under
shaking (800rpm) and clarified by centrifugation at 12 000 g at 4°C for 15 minutes. Samples
were quantified with Bradford assay. 10ug of proteins were precipitated and digested with
sequencing-grade trypsin (Promega, Fitchburg, MA, USA). Each sample was further analyzed
by nanoLC-MS/MS on a TripleTOF-5600 mass spectrometer (Sciex, Canada) coupled to a
U3000-RSLC system (Thermo-Fisher Scientific, USA) as described previously (Roche et al.,
2021). Data were searched with target-decoy strategy against the UniProtkKB database from
S.sonnei (release 2021 01, 22219 sequences) concatenated to a home-made database
(details currently being provided but not available at this point) consisting of all E.coli colicins,
immunity and lysis proteins. Peptides and proteins were identified with Mascot algorithm
(version 2.8.1, Matrix Science, London, UK) and data were further imported into Proline v2.1
software (Bouyssié et al, 2020). Proteins were validated on Mascot pretty rank equal to 1 and
1% FDR at peptide spectrum match (PSM score) level. The total number of MS/MS
fragmentation spectra was used to quantify each protein in each biological sample and in two
technical MS replicates. The total number of MS/MS spectra was computed while considering
shared and unique peptides (BASIC Spectral Count) or only unique peptides (SPECIFIC
Spectral Count). The mass spectrometric data were deposited to the ProteomeXchange
Consortium via the PRIDE partner repository with the dataset identifier PXDxxxx (to be

confirmed on publication).
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4.3. Results
During this study a step-wise approach was used to integrate genomic epidemiology, high

throughput phenotypic screening, bacterial GWAS, and laboratory validation (Figure 15).
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Figure 15: Overview of approach taken within this study.

Schematic overview of the approach used in this study, including Bulk Phenotyping of Epidemiological Replicates (BPER)

4.3.1. The epidemiology and global context of the isolate collection
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thought to contribute to E. coli killing phenotype.
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The tree is a midpoint rooted maximum likelihood phylogeny for 165 S. sonnei Lineage 3 isolates. Red circles overlaying tree
tips indicate isolates which were utilised for mass spectrometry. The horizontal blue bars represent the GFP% with the
vertical red line highlighting the 20% cut off where isolates > 20% indicate a non-killing phenotype. The killing/non-killing
phenotypes are depicted in the colour strip closest to the tree followed by genotype, isolates within MSM clades and key

colicins clusters in the following colour strips. Keys correspond to the relevant colour strips.

A collection of S. sonnei isolates used in this study came from a cross sectional subsample of
routine microbiological surveillance in the United Kingdom from between 2008 to 2014
(n=164) (Baker et al., 2018b). The original epidemiological study revealed the presence of four
distinct clades which were co-circulating among MSM. In this study, Clades 1, 2, and 4 showed
markers of population level epidemiological success (specifically international spread and
prolonged circulation) relative to Clade 3, which was not successful (Baker et al., 2018b).
Notably, a recently described international global genotyping framework has renamed these
Clades 1 — 4 (above) as Subclades 3.6.1.1.3.1 (CipR.MSM1), 3.7.29.1.2 (VN2.MSM2), 3.7.18,
and 3.7.25 (MSM4) respectively (Hawkey et al., 2021). These isolates were utilised along with
CIP106347, which was previously used in studies of a putative S. sonnei T6SS (Anderson et al.,
2017b) to construct a detailed phylogeny complemented with genotype assignations (Figure
16).

All S. sonnei isolates belonged to the globally disseminated multidrug resistant of S.
sonnei, Lineage 3 (n=165) (Figure 16). Further genotyping showed that most isolates (61%,
n=101) belonged to Clade 3.7, particularly Subclade 3.7.25 (MSM4, 28%, n=46) and Subclade
3.7.18 (12%, n=19) (Table 5). The remaining isolates (39%, n=64) belonged to Subclade 3.4.1
(Latin American 1ll) and various Subclades of Clade 3.6 (Central Asia lll) including 3.6.1
(CipR_parent), 3.6.1.1 (CipR), 3.6.1.1.3, 3.6.1.1.3.1 (CipR MSM1), 3.6.2, and 3.6.3 (Table 5).
Correlating the genotype names with epidemiological history revealed that various globally

important subclades of S. sonnei were captured in our dataset including internationally
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disseminating antimicrobial resistant genotypes (Table 5 and Supplementary Table 5). Thus,

our collection contained a breadth of the diversity of the globally disseminated Lineage 3. All

metadata and sequence data accession numbers are provided in Supplementary Table 5.

Table 5: Population structure summary of S. sonnei genotypes in this study”

Genotype Isolates Name Original Name Epidemiological Reference
(N) summary
Subclade from
which ciprofloxacin- (Hawkey et
3.6.1 10 CipR_parent - resistant sublineage | 202y1
emerged al., )
H *
Ciprofloxacin- Triple O‘BDR (Chung The
resistant mutation et al., 2019
3.6.1.1 16 CipR Pop?2 ciprofloxacin- h v h !
P resistant sublineage Chung The
et al,, 2015)
(Baker et al.,
Ciprofloxacin- 2018a,
3.6.1.1.3 4 - - esistant Chung The
et al., 2019)
MSM-linked
3.6.1.1.3.1 7 CipR MSM1 MSM Clade 1 ciprofloxacin (Baker et al.,
resistant isolates 2018a)
Central Asi Associated with (Baker et al.,
entral Asia ssociated wi
362 9 Il Subclade i areas in Central Asia 2018a, Baker
et al., 2016)
(Baker et al.,
363 9 Central Asia i Associated with 20183,
e Il Subclade areas in Central Asia Chung The
et al., 2019)
Global Il (Holt et al.,
7.1 7 - -
3.7.16 Subclade 2012b)
Global Il ) (Baker et al.,
3.7.18 19 Subclade MSM Clade 3 MSM-associated 2017)
3.7.25 .
46 MSM4 MSM Clade 4 MSM-associated (Baker et al.,
2018a)
3.7.29.1.2 '\/éSM'a‘f‘SOC;ated' (Bardsley et
merging from
7 VN2 MSM2 MSMClade 2/ eep 2 of Vietnam a"l' 202?’
clone Holt et al.,
2013)
3.7.30.4.1
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6 0JC OJC-associated Associated with the  (Baker et al.,
Orthodox Jewish 2016)
communities in
Israel, UK, USA and
Europe

* QRDR = quinolone resistance determining region
A for brevity, only genotypes that included >4% of isolates are included in the table. Full genotyping data is available in

Supplementary table 5.

Table 6: Summary of bacterial strains used in this study and their origins.

Strains Isolates (N) Description Reference
S. sonnei/ 164 Cross-sectional isolates from routine surveillance (Baker et al.,
during 2008-2014 collected by Public Health 2018c)

England (now UKHSA).
S. sonnei 1 S. sonnei clinical isolate from the collection at (Anderson et
CIP106347 Institut Pasteur, previously described as having a al., 2017a)
functional T6SS
E. coli MG1655 1 E. coli MG1655 strain with a chromosomally  Kind gift from
encoded, constitutively expressed GFP marker Bottery Lab
and a kanamycin resistance marker (University of
Manchester),
used in (Malaka
De Silva et al,,
2022)

A Various — see supplementary Table 5

4.3.2. E.colikilling is common and associated with genotype in S. sonnei
After an initial low throughput screen revealed differences in the E. coli killing phenotype
among Subclade representatives (Supplementary Figure 3), it was decided to scale our

approach to include the entire collection of S. sonnei. This was done so our laboratory assays
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were being replicated out at our desired level of inference i.e. | wanted to relate the
phenotype to the behaviour of different genomic subtypes, so | needed multiple clinical
isolates that belonged to those subtypes, rather than biological or technical replicates
(though for robustness it was chosen to also included duplicate technical replicates), which is
coined BPER. Three isolates from the collection failed to grow in the laboratory so BPER assays
were conducted with 161 isolates.

Owing to the number of isolates involved and our ambition to scale the BPER approach
further in future studies, assays of the killing phenotype were carried out in a high-throughput
manner. Specifically, cell sorting was used to measure the proportion (%) of green-fluorescent
E. coliremaining after overnight competition with S. sonnei in a 96-well format. As a cell sorter
is specialist equipment, the results were correlated with a binary read out of green
fluorescence following a simple plate-reader based growth assay with greater availability
across laboratories. Introducing a threshold of positivity among the cell sorting results of
these assays led to 99% concordance between the two approaches (Figure 16, Supplementary
Table 1, see methods). It was found that most 81.36% (131/161) of our Lineage 3 S. sonnei
displayed E. coli killing with phenotype clustering by genotype (Figure 16). The continuous
data (from cell sorting) revealed a spectrum of difference in the phenotype with the
proportion of E. coli following competition being between 0% — 88.54% (mean = 13.85%).
Associating the phenotype against the population structure of S. sonnei revealed that
Subclades of the Central Asia lll Clade (3.6.3 and 3.6.2), 3.7.18 (MSM Clade 3), and 3.7.30.4.1
(a Subclade associated with transmission among Orthodox Jewish Communities) were
predominately non-killing with the remaining Subclades being predominately killing (Figure
16). However, differences among isolates belonging to the same Subclade (i.e.

epidemiological replicates) demonstrated phenotypic variation (e.g. genotype 3.7.18 where
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isolates ranged from 0.1% — 88.44% with a mean of 25.15%), highlighting the value of the

BPER approach when assaying clinical isolates for inference at an epidemiological level.

4.3.3. GWAS indicates that colicins are responsible for E. coli killing in S. sonnei

Significant genes over time
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Figure 17: Genetic feature association in GWAS by kmers.
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To identify genetic factors responsible for E. coli killing, | conducted a bacterial GWAS for

association with the E. coli killing phenotype (using pyseer, see methods) and focused on
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those results that related to predicted/annotated genes. This revealed a variety of genetic
factors that were significantly positively associated with the E. coli killing phenotype including
3187 kmers which were within 22 genes (short sequence fragments of length k=10-100,
maxp>15) and 64 clustered orthologous groups (COGs) (Irt p-value<0.05) (Supplementary
Table 6).

Investigating the 22 genes which contained significantly associated kmers revealed 1
hypothetical gene and 21 of known function; 6 of which were colicin related. These were
IBDECAPI_05363, cim, cnl, cea, ceaC and col (Figure 17, Supplementary Table 6).
IBDECAPI_05363, which was the most significant result with the largest effect size (Figure 17),
displayed 99% similarity to the E. coli E1 colicin immunity protein despite not being annotated
in S. sonnei. The former, cim, originally described on the E. coli plasmid CloDF13 is known to
be bacteriocinogenic and cn/ encodes a lysis protein for colicin N originally described as
encoded on the E. coli plasmid pCHAP4 (Pugsley, 1988, Nijkamp et al., 1986). The genes ceq,
col and ceaC encode for the colicins E1, E2 and E3 respectively and were originally identified
on small plasmids ColE1, ColE2 and ColE3 (Bishop and Hunt, 1988, Watson et al., 1981). In
further support of the contribution of colicins to the killing phenotype, two of these genes
(cnl and ceaC) were the first and ninth best supported genes in the COG analysis, and a COG
analysis using an alternative GWAS approach (scoary, see methods) also identified the colicin
related genes imm and cnl as strongly associated with the E. coli killing phenotype
(Supplementary Table 6). Owing to the significant burden of evidence that colicins were
responsible for the E. coli killing phenotype, | explored the distribution of these proteins
further (below).

Genes containing kmers positively associated with the killing phenotype that were not

obviously related to colicins included phage related genes (n=4), T3SS related genes (n=3),
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DNA modification/binding genes (n=2), protein deglycase gene (n=1) and also plasmid
replication/transfer genes (n=5) (Supplementary Table 6). Notably, the plasmid
replication/transfer genes from the kmer analysis (KENDMLBB_03776, BNHHFJPC_03747,
PFCCDMEB_03709, BNHHFJPC_03743 and IBDECAPI_04568) encoded for replication protein
B (IBDECAPI_04568), repE (BNHHFJPC_03743) with the latter (RepE protein) appeared as an
intersecting result with the COG analysis results. Replication protein B and RepE have been
shown to initiate replication of both chromosomal segments and plasmids within E. coli
highlighting its potential for initiation of small plasmids such as those encoding colicins (Miller
and Cohen, 1999). It is possible that these plasmid-related genes were associated due to the
importance of the colicin-related genes and so are within close proximity leading to their co-
occurrence in GWAS.
4.3.4. Various colicins are widely distributed in S. sonnei

To determine the distribution of colicins in S. sonnei | screened the genomes against a custom
database of >10,000 colicin sequences that grouped into 145 clusters (methods). Although
this revealed that widespread distribution of colicins (all isolates contained >1 colicin), no
single colicin or cluster showed perfect concordance with the presence of the killing
phenotype across S. sonnei (Supplementary Table 5), suggesting no single protein was
responsible for the phenotype. To determine which colicin clusters were most likely
responsible for the killing phenotype, | determined the association of colicin clusters with the
binary E. coli killing phenotype (methods). The clusters were ordered based on significance
(most significant first) and each cluster was added in this order until all E. coli killing could be
explained without clusters overlapping significantly with the non-killing phenotype (Figure
16). until all killing phenotypes were explained. This process resulted in seven key clusters
being identified that explain the distribution of the E. coli killing in S. sonnei.
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To further validate the association of colicins with the E. coli killing phenotype, 15 isolates
representative of the breadth of the key colicin clusters distributed throughout the phylogeny
and 2 isolates that did not display E. coli killing as controls were selected (Figure 16). Extracted
culture supernatants of these isolates (n = 17) were used to confirm the presence of the
colicins in the supernatant. Laboratory assay for contact-independent killing confirmed that
filtered supernatants from the 15 colicin cluster-containing S. sonnei killed E. coli while those
from the two non-killing isolates did not (Supplementary Figure 4). Mass spectrometry on
filtered supernatants from all isolates (100%, 15 of 15) that displayed E. coli killing contained
at least one contributing colicin in the total peptides identified in the samples and, for 87%
(13 of 15) of isolates, the proteins matched to a unique peptide sequence of an individual
colicin (Supplementary Table 7). Mass spectrometry also confirmed that, the supernatants
from the two isolates that did not display E. coli killing did not yield any matches to any of the
colicin sequences further confirming the role of colicins in E. coli killing (Supplementary Table

7).
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4.3.5. E.colikilling in vitro in S. sonnei is not mediated by T65S
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Figure 18: T6SS profiles for Lineage 3 S. sonnei isolates.
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The tree is a midpoint rooted maximum likelihood phylogeny for 165 S. sonnei Lineage 3 isolates. Red colour block
highlights the CIP106347 isolate. The killing/non-killing phenotype is depicted in the colour strip closest to the tree
followed by colour strips of the presence/absence of the various T6SS components to display the T6SS profiles of each

isolate.

Our results highlight the critical role of colicins in mediating in vitro E. coli killing in S. sonnei.
As a previous study described a functional T6SS in S. sonnei clinical isolate CIP106347 that was
hypothesised to contribute to competition with E. coli and S. flexneri | also explored the
possible role of the putative T6SS (despite none of the components being identified by GWAS)
(Anderson et al., 2017b). To do this CIP106347 was re-sequenced and | extracted the gene
sequences for predicted proteins in the region of the T6SS system (predicted proteins were
used as the reconstituted locus was inconsistent with the originally described schematic)
(Anderson et al., 2017b). In fact, one or more of the key components of the T6SS (i.e.,
transposase or N terminus of TssC) were absent in 100% of our isolates and in CIP106347
suggesting that the T6SS in S. sonnei is likely non-functional (Figure 18). Consistent with this
suggestion is that lack of a correlation between the presence and absence of components of
the CIP106347 T6SS locus and the killing phenotype in our studies (Figure 18). To further
support this, the difference between the number of T6SS elements per isolate for the killing
phenotype (x=16.27, n=133) and the non-killing isolates (x=16.28, n=36) was not statistically
supported to differ (tig9, = -0.059, P = 0.9527). In conclusion, regardless of the functionality of
the T6SS, the profiles did not show any significant difference between the S. sonnei isolates
in our collection that did and did not exhibit E. coli killing, so the T6SS is not responsible for

our phenotype.

4.4, Discussion
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Outcompeting commensals like E. coli in the gut is an important aspect for Shigella for
surviving and establishing in their niche. Since Shigella is known to have a relatively lower
infectious dose, | can expect that the mechanisms by which Shigella establishes itself are
relatively efficient (Porter et al.,, 2013). Therefore, it is important to investigate these
mechanisms to better understand the dynamics of the complex gut microbial communities
that lead to infection, and correlate this with established epidemiological understandings.
While there will be several mechanisms at play in the complex environments and microbial
communities that the pathogens live in, | demonstrated here the crucial role colicins play in
interbacterial competition with E. coli and the consequences this contributes to at an
epidemiological level (Lindsay et al., 2015, Pop et al., 2014). The important role of colicins in
Shigella as a genus could be further evidenced by recent reports of colicins being discovered
in species such as S. flexneri 2a (Torrez Lamberti et al., 2022) and a previous description of
colicin plasmid acquisition in endemic S. sonnei in Vietnam (Holt et al., 2013) Our findings
strengthen this evidence base by our use of diverse collection of real-world isolates and assay
of the phenotype with replication at an epidemiologically relevant level through BPER.

The high prevalence of E. coli killing throughout the S. sonnei phylogeny suggests that this is
an epidemiologically important phenotype. This is further supported by the only non-killing
Subclade (3.7.18, MSM-associated Clade 3) being outcompeted by E. coli killing Subclades
(3.6.1.1.3.1, 3.7.25, and 3.7.29.1.2) in a scenario where the subclades were known to be co-
circulating in a single patient population (Baker et al., 2018c). Of course, phenotypes other
than E. coli killing will also contribute to the competition dynamics among different
genotypes. Indeed, our previous work identified that 3.7.18 was also comparatively distinct
in lacking a low fitness azithromycin resistance plasmid, pKSR100 (Baker et al., 2018c, Malaka

De Silva et al., 2022). Non-killing phenotypes were also conserved in other Subclades of
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Central Asia Il (3.6.2 and 3.6.3) and 3.7.40.1 (Global 11l OJC), highlighting the non-necessity of
E. coli killing. For the majority of Lineage 3 clades the E. coli killing ability dominated and was
conserved through clade expansion indicating its potential to contribute to the global success
of Lineage 3 S. sonnei.

The BPER approach is advocated as a way of assessing the phenotypes in an epidemiologically
relevant way. Since most studies carry out laboratory experiments of phenotypes using either
type strains or a limited number of clinical isolates, the level of applicability of what could
occur in a real-world setting might not be fully captured. Therefore, it is plausible propose
that using a collection of real-world isolates in laboratory phenotype experiments and having
epidemiological replicates where possible rather than biological replicates offer greater
insight into relevant pathogen biology. It was found that, in the case of this phenotype, BPER
could be implemented in a simple, cost-effective experimental setup with no/minimal
compromise on accuracy (only two mismatches between the experiments using flow
cytometry and plate reader, Supplementary Table 2). Here, by working with a real-world
isolate collection with known epidemiological outcomes | could work backwards to identify
the factors that helped shape the observed epidemiology and deepen our understanding of
the biology in a targeted, comparatively rapid manner.

| have shown that in vitro E. coli killing by S. sonnei is common and mediated by colicins, not
a T6SS as previously suggested (Anderson et al., 2017a). This was supported by the lack of a
fully intact T6SS in any of the isolates under study and no correlation of putative T6SS
components and the killing phenotype. Furthermore, well supported associations between
colicin clusters and the E. coli killing phenotype in silico and in vitro confirmation of the
secretion and functionality of colicins demonstrates that colicins are responsible for E. coli

killing by S. sonnei. Excitingly, our work also identified several novel genes that were
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associated with the E. coli killing phenotype not known to be part of colicin synthesis or
activity (i.e. four phage related genes and one hypothetical gene). These may have some
currently unknown relationship with the colicins (e.g. phage proteins may be involved in the
mobility of the colicin plasmids) or have as yet unknown functions. In any case, these genes
represent ideal candidates for future studies investigating the mechanisms of interbacterial
competition in Shigella. The demonstrated importance of interbacterial competition in our
epidemiological setting raises the question of the importance of this phenotype in shaping

other bacterial population dynamics where this should be further investigated.
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Chapter 5

5. Discussion

The purpose of this thesis was to identify key factors which are contributing to the success of
Shigella species as a global public health pathogen. Through novel and traditional GWAS
strategies key factors for success over time for both S. sonnei and S. flexneri were identified
as well as potentially identifying the cause of a key E. coli killing ability within modern S. sonnei
Lineage 3. Below | will briefly consolidate and summarise key findings based upon key areas
of this work such as the utility of historical isolates and the validity of tGWAS as a
methodology. Notably, suggestions for improvement and caveats for each investigation are
discussed.

| then finalise this thesis by contextualising these studies in the broader field of success in
Shigella species as well as other bacterial taxa whilst commenting on future directions and
implications of this work.

5.1. The utility of historical isolates

5.1.1. The advantages
Historical isolates have been an underused resource in previous years. | think that the
underuse of historical isolates first stemmed from the difficulties in sampling, contamination,
and low concentrations of DNA. The first bacterial genome sequence, a Haemophilus
influenzae isolate, was only published in 1955 which is much later than many historical
isolates originate from (Fleischmann et al., 1995). Obviously, sequencing and sampling
strategies have improved substantially in recent years making sequencing cost-effective,
accurate and routine in some cases. Now that difficulties such as contamination and low

guantities of DNA can be overcome, historical isolates are more accessible. However, | do
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believe that in general there has been an increasing interest in being able to fully understand
the evolutionary arc of pathogens to better facilitate understanding of virulence, resistance,
and project future trends.

Here, | have utilised the historical Murray Collection to elucidate on the successful evolution
of Shigella as a public health pathogen. Contextualisation of both S. sonnei and S. flexneri
historical isolates within modern population structures confirmed previous biological
understanding with respect to how each species population is affected by emerging PGs or
Lineages. Furthermore, the historical AMR profiles of the Shigella isolates demonstrated low
quantities (n=1/2) or a complete lack of AMR determinants. Small quantities of AMR
determinants again provides evidentiary support for previous biological understanding for
the ancient origins of certain AMR determinants (e.g blaEC-8) to confer resistance to
antibiotics present in the environment (Barlow and Hall, 2002). It truly is a testament to the
vital nature of selective pressure, in this case discovery and use of clinical antibiotics, to drive
acquisition and stabilisation of AMR determinants. Here the utilisation of historical isolates
has confirmed biological understanding of population structure and AMR evolution,
highlighting their impressive and rich nature as an underused resource.

The primary advantage of incorporating historical isolates with the plethora of readily
available modern isolates in this study was to increase the time span to be inclusive of key
time periods e.g the pre-antibiotic era. For the purposes of tGWAS where its primary function
is to identify factors positively associated with time, it would clearly be beneficial to have as
long a time span as conceivable to characterise as many positive associations as possible over
time. | believe it is plausible that early, and potentially key, drivers of initial success would be
missed without the inclusion of historical isolates. Understanding fully the path to success for

public health pathogens can aid future management and treatment of many enteric bacteria.
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5.1.2. The potential challenges

The overarching advantage of historical isolates is to facilitate investigations of unique time
periods and events such as the pre-antibiotic era and world wars, not covered by modern
WGS surveillance. However, even with improvements in sampling strategies and sequencing
technologies there are still some disadvantages to consider when utilising historical isolates.
Historical isolates are not as commonplace as modern isolates and so there are a limited
number of historical isolates available as public resources. Historical isolates are not
systematically sampled and so are not equally representative for each year, with some years
having none, leading to them being potentially unrepresentative of the entire time-period, as
demonstrated by >80% of the S. sonnei Murray collection isolates being from 1937. This
allows bias to be introduced into the data. Many historical isolates also lack much of the
modern metadata typically taken for granted, including geographical location. The lack of
metadata means that any epidemiological inferences cannot be made even when used in
tandem with modern isolate collections where geography is included.

Overall, | believe this study has showed that even with the possible challenges posed by
historical isolates they can be a valuable addition to studies investigating bacterial evolution
over time. They offer a unique and rich insight into time periods previously under-

characterised and allow a full path to success for public health pathogens to be mapped.

5.2. The rabbit hole of GWAS approaches and the validity of tGWAS

5.2.1. GWAS: The future of genomics?
The remarkable range of discoveries that GWAS have facilitated in genomics has been
astounding. In a review released in 2021 it was noted that more than 5700 GWAS have been

conducted for over 3300 traits yielding understanding into a variety of complex diseases and
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phenotypes (Uffelmann et al., 2021). Since the first bacterial GWAS was published in 2013,
the field has matured substantially with an ever-growing number of tools, traits and isolate
collections to fully decipher the complex underlying biology of complex traits related to health
and disease (Loos, 2020). The field shows no signs of slowing down and neither should it.
There have been ground-breaking insights gained via bacterial GWAS and with the more
sophisticated technologies and analytical tools being developed it can only go from strength

to strength.

5.2.2. The enigma of bacterial GWAS workflows and analytical pitfalls
One of the points of conjecture for bacterial GWAS methodologies in general is the lack of
universal workflows and statistical cut-offs for associated hits. The growing numbers of tools,
methods and workflows presents a major challenge to researchers as there is a lack of
comparative studies to determine the overlap or discrepancies between tools. There are
multiple tools for completing bacterial GWAS including Pyseer, Scoary, treeWAS and PLINK,
to name a few (Lees et al., 2018, Brynildsrud et al., 2016b, Purcell et al., 2007, Collins and
Didelot, 2018). Each of these bioinformatic tools utilise slightly different GWAS approaches
to reveal associations to phenotypes of interest. PLINK represents the traditional SNP-based
GWAS methodologies whereas Pyseer, Scoary and treeWAS approaches vary from mixed
linear models, pangenome-based or phylogenetic tree-based approaches respectively
(Purcell et al., 2007, Lees et al., 2018, Brynildsrud et al., 2016b, Collins and Didelot, 2018).
Each tool addresses certain bottlenecks in bacterial GWAS but not others including epistasis,
recombination rate adjustments and polygenicity as well as some GWAS tools being restricted
to binary phenotypes (e.g Scoary) (Brynildsrud et al., 2016b). All of these distinctive traits

make deciding upon a GWAS tool confusing and sometimes leads you down a deep rabbit
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hole of complex theoretical GWAS algorithms and adjustments. With the rapid development
of new bacterial GWAS tools in today’s scientific field it is important to compare these tools
and identify overlap and discrepancies. Today, there are now some review articles addressing
these issues between different platforms and analytical problems aiding researchers to
choose the right platform for their dataset and investigation (Saber and Shapiro, 2020, San et
al., 2019). This is a great next step for bacterial GWAS to become a more defined and universal
protocol for bacterial genomics.

For analyses completed during my thesis | chose to utilise Pyseer for the majority of GWAS
analyses and Scoary as a comparator for associations contributing to advantageous E. coli
killing ability within S. sonnei Lineage 3. For the tGWAS approach, time was a continuous
phenotype and so this eliminated GWAS tools like scoary. Pyseer was ultimately chosen due
its capacity to identify short variation (SNPs) as well as longer variation (kmers and COGs)
whilst also accounting recombination rates (important for Shigella) and population structure.
Time as a variable is not as straightforward as a binary trait and so | believed that accounting
for multiple types of variation would be the best approach to fully cover positive associations
over time. For the E. Coli killing GWAS analyses Pyseer was once again utilised, but Scoary was
also used to act as a cross comparison to truly highlight what factors were responsible for this
phenotype, in this case colicins.

The differences between bacterial GWAS approaches obviously have a big impact on
investigation conclusions. Due to these differences in approach, each GWAS methodology will
conclude different associations to a phenotype of interest, although there may be some
overlap. This was demonstrated in Chapter 4 when | completed both Pyseer and Scoary GWAS
approaches to identify associations to the S. sonnei Lineage 3 E. coli killing ability. GWAS

methodologies could only be compared during the COG analyses due to scoary only looking
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at gene presence/absence as an input, however, both GWAS approaches resulted in different
associations. There was some overlap, especially during the top 10 hits for each analysis, but
there were definitive differences noted. This works for and against me for this type of
investigation. The associations that were present in both GWAS approaches indicate very
strong evidentiary support for their importance to the phenotype and so helps me to decide
what could be contributing. However, the question then arises about which other hits to
pursue and in what order. There is no correct answer to that question as both are valid GWAS
approaches, however, | believe that Pyseer has the advantage of making recombination
adjustments and supplies more information on potential contributing factors such as by
shorter variation (SNPs). Hence why Pyseer is used as the predominant GWAS approach for
my thesis.

Another point of conjecture is the lack of universal cut-offs for statistical significance for any
GWAS approach. It is up to each individual researcher to decide reasonable cut-offs for
significance which means that there could discrepancies between what was considered
significant in different studies so care would need to be taken to truly understand the term
significant in each paper. Typically, a p-value of <0.05 would be satisfactory for an association
to be considered statistically significant. However, as depicted in the S. sonnei tGWAS SNP
analysis in Chapter 2 a p-value of <0.05 still qualified >2500 SNPs to be significant, far too
many to be feasibly investigated at one time. Therefore, it seemed prudent to raise the cut-
off and narrow down the significant associations.

For the tool Pyseer, the documentation stipulates that significance cut-offs for the SNPs and
COGs are to be decided by the researcher, whilst they do provide guidance for a significance
threshold for the kmer GWAS feature type (Lees et al., 2018). This threshold calculates a p-

value threshold based on the Bonferroni calculation and | found this extremely useful to home
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in on those kmers within genes associated with the phenotype of interest. Other GWAS tools
do not provide scripts to calculate thresholds, but it could be something that develops in the
future to help aid a universal understanding of significance in GWAS. For any researcher it is
a balance between excluding potentially important associations whilst also managing a
feasible quantity of results to investigate. | took the decision to raise certain threshold values
such as the significant SNP threshold in both Chapter 2 and Chapter 3 in order keep the results
to a manageable level that could feasibly be investigated in the scope of this thesis whilst
encompassing enough results to truly answer the scientific questions being asked. This is an
ambiguous area for all researchers utilising GWAS tools and future development or guidance
in this area would be immensely beneficial, however, | do note the extraordinary task that

would be to implement whilst encompassing each studies individual differences.

5.2.3. The validity of tGWAS
In Shigella, and in other bacterial taxa, there have been multiple studies highlighting the
increasing trend of AMR and, less studied, virulence (Baker et al., 2015c, Holt et al., 2012b,
Connor et al., 2015). These studies represented the evidentiary support required to assign
these determinants as positive controls to validate tGWAS as an approach. Within both the
S. sonnei tGWAS analyses in Chapter 2 and the S. flexneri tGWAS analyses in Chapter 3, AMR
and virulence genes were observed in different GWAS feature types providing substantial
support for the validity of tGWAS. Overall, the variety and quantity of AMR and virulence
determinants provided more than enough supporting evidence for validity. However, during
the S. sonnei tGWAS analyses in Chapter 2, | noted that there were smaller quantities of AMR
determinants being observed. The only AMR determinant observed was a SNP in eptB. The
importance of AMR acquisition for success in S. sonnei has been well documented especially
for lineage 3, the globally dominating lineage (Holt et al., 2012b). The success of this lineage
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is largely thought to be due to the acquisition of key AMR determinants such as the Tn7/Int2
cassette (Holt et al., 2012b). Due to the vital nature of these determinants and determinants
like these, it may have been surprising to not see more AMR related genes positively
associated with time for S. sonnei. However, this actually showed that tGWAS was working
perfectly. As part of GWAS | adjusted for a set of covariates including lineage to increase
precision and remove confounding thereby reducing residual variation and increasing the
power to detect an association only with time. These AMR determinants may be strongly
associated with a specific lineage and thereby reduced when the covariate file was
introduced. tGWAS adjustments successfully accounted for population structure and so
therefore it was hard to observe AMR determinants partially due to clonal replacement
demonstrated by S. sonnei.

Overall, | believe that with the observation of both AMR and virulence determinants
throughout both species provides ample evidence as positive controls and also intuitively
beneficial genes observed throughout tGWAS to confirm its validity as an approach to
investigate bacterial evolution over time. Care must be taken, however, to ensure
adjustments are made to account for population structure and covariates to increase the

power to detect an association solely with time.

5.3. Insights gained into S. sonnei

tGWAS within S. sonnei in Chapter 2 revealed a variety positively associated functional genes
over time. Apart from AMR and virulence determinants, two main areas of function positively
associated over time occurred, namely iron uptake and metabolic mechanisms. Both of these
have intuitively beneficial biological roles within S. sonnei as well as for other bacterial taxa

highlighting the validity and strength of tGWAS.
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5.3.1. The importance of iron uptake within human host adapted pathogens

Iron uptake is well documented as important for bacteria, especially intracellular pathogens
in human hosts (Caza and Kronstad, 2013). The exceedingly low levels of iron within the
human host is actually part of the innate immune system to inhibit invading pathogens (Wei
and Murphy, 2016). tGWAS in S. sonnei revealed the importance of multiple iron uptake genes
(e.g fec/fes genes) positively associated over time. This suggests that over time S. sonnei has
evolved to enhance iron acquisition and hence survival and replication within the human host.
The importance of iron acquisition systems is actually two fold — firstly they contribute to
their ability to grow and replicate in diverse environments but also they play an important
role in the regulation of virulence and metabolic processes (Payne et al., 2006). The iron
acquisition systems are intuitively beneficial for the success of S. sonnei as a pathogen and
have been well documented as essential for any intracellular pathogen within the human
host. | believe that as Shigella has adapted to the host environment, iron acquisition has
gained importance for the bacteria leading to the acquisition, stabilisation, and advantageous
mutation of more related genes.

Iron acquisition is essential for a plethora of enteric bacteria. The hypothesis that iron
metabolism has gained importance and is central to bacterial success has also been noted
and is further supported in other enteric bacteria such as K. pneumoniae. Pangenome GWAS
(PGWAS) for association with infection in humans revealed siderophore and iron-metabolism
genes (Holt et al., 2015). Association of these iron-related genes were highly prevalent within
community acquired invasive infections (75% carried one or more) reveals their potential
importance to invasive disease as well as their advantageous ability to aid bacterial growth

and replication in competitive environments (Holt et al., 2015). Iron metabolism clearly is a
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critical part of bacterial pathogenicity and success. A hypothesis supported and validated by
tGWAS.
5.3.2. Are bacteria just hungry?

There were a wide variety of catabolic related genes aiding catabolism of varying substrates
from citrate to fatty acids to anthranilate. The abundance of catabolism related genes is
interesting. It has been previously noted that bacterial metabolism shapes host pathogen
interactions responsible for the survival, replication and colonisation of the host via
exploitation of the host rich source of nutrients (Passalacqua et al., 2016). It truly is an intrinsic
part of bacterial pathogenicity, but one which | believe is often overlooked in favour of more
obvious trends such as AMR and virulence. However, there is a growing set of research
dedicated to highlighting the overarching importance of catabolism and metabolic changes
during infection to aid successful infection supporting my belief that exploitation of the host
via catabolic mechanisms may be the main aim of developing bacterial virulence in the first
place (Passalacqua et al., 2016, Nogales and Garmendia, 2022).

There is research to suggest the comparable or equivalent importance of AMR and
metabolism. In bacterial persisters (bacteria which exhibit extraordinary tolerances to
antibiotics), metabolism plays a vital role in the persister phenotype due to its participation
in entry, maintenance and exit (Amato et al., 2014). Changes in metabolism to establish a
dormant, tolerant state during antibiotic stress and then subsequent metabolic changes on
reawakening upon an antibiotic free state make up the backbone of the medically important
persister phenotype (Amato et al., 2014). Similarly metabolic states have been shown to be
vital for virulence state within other enteric bacteria such as E. coli in urinary tract infections
(UTIs) (Conover et al., 2016, Nogales and Garmendia, 2022). Studies highlighted the
upregulation of non-traditional energy metabolites (e.g non-glucose carbon metabolites) to
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aid survival, replication and colonisation under biofilm-like intracellular bacterial
communities (IBCs) under oxidative stress (Conover et al.,, 2016). Without the metabolic
changes, virulence determinants alone would not be sufficient to result in successful
infection.

There are clearly bodies of research to suggest catabolic mechanisms as of comparable or
equal importance to traditional determinants of success in pathogens (e.g AMR and
virulence). The acquisition or changes in catabolic related genes clearly aids pathogenic
states, however, | speculate that actually evolutionary drive of bacterial taxa to develop
pathogenic characteristics may simply be to access the rich nutrient source of their hosts
(Rohmer et al., 2014). The role of catabolism should be increasingly recognised as a priority
equivalent to classical pathogenic factors and even into the future, due to their necessity to
virulence states, could be used within anti-bacterial therapies (Rohmer et al., 2014). tGWAS
has shone a light on the potential of catabolic related genes and changes within these to
contribute to pathogen success. Coupled with the iron uptake genes, it is evident that the
evolution of S. sonnei has streamlined the genome to exploit the human host resources to
the fullest aiding its success. These intuitively beneficial factors highlight the validity of GWAS
to be able to identify factors contributing to success even those which are under-investigated
in the scientific community. tGWAS could help direct functional microbiology work to those

factors most responsible for driving the success of naturally occurring pathogen populations.

5.3.3. Why did | choose S. flexneri over S. sonnei?
Although tGWAS was validated well, firstly with AMR and virulence determinants and then
with genes with intuitively beneficial functions. Due to the time restrictions of this project
only one of the tGWAS, either S. sonnei or S. flexneri, results would be able to be investigated
in better detail due to the plethora of results generated. It was decided that although the
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results within S. sonnei were of great interest, the S. flexneri dataset was to be pursued in
more detail. The reason for this was the distribution of isolates across years. Specifically, 86%
of S. sonnei Murray isolates were isolated from 1937 and so there was unintentional bias
towards that specific year meaning the pre-antibiotic era in general was not well represented.
| believe that this could mean some potential factors positively associated over time could
have been missed during the tGWAS analyses. In addition to this the clonal replacement of S.
sonneij potentially could potentially contribute as well as there would little opportunity to
identify polyphyletic traits. S. flexneri on the other hand had 104% more isolates (n=45) which
were not bias towards a singular year and therefore better represented the pre-antibiotic era.
Furthermore, S. flexneri represents the major contributor to shigellosis in terms of case
numbers so therefore is of greater public health interest. These results still represent exciting
insight into factors contributing to the success of S. sonnei as a pathogen over time and these
results should be considered for future investigation to fully get a ‘helicopter view’ of the
success of Shigella species over time as well as for potentially informing on other enteric

bacteria.

5.4. Insights gained into S. flexneri
S. flexneri represents the major global contributor to shigellosis and as such it is vital to
understand what drives S. flexneri as a successful pathogen to aid its treatment and
management. tGWAS of S. flexneri isolates over a 96-year time period revealed multiple
intuitively beneficial genes for success of pathogens including the known factors AMR and
virulence but also novel uncharacterised factors including a novel putative adhesin, adhesin

Stv.

5.4.1. The good, the bad and the ugly of investigating the T35S
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tGWAS was highly validated for S. flexneri via the occurrence of multiple AMR and virulence
determinants across all three GWAS feature types. Of particular note is how tGWAS
highlighted the importance of the T3SS for S. flexneri. The T3SS is well documented as a crucial
mechanism for Shigella invasion encoded on the pINV, mediating entry of the cytosol of
epithelial cells (Bajunaid et al., 2020). Due to the documented importance of the T3SS and its
observation throughout the three GWAS types, it was prudent to investigate the tGWAS
results for the T3SS components. Clearly this work demonstrates its continued importance
over time making it a vital mechanism to the success of S. flexneri. However, actual
investigation of T3SS components came with challenges.

Although my attempts to characterise the effects of singular SNPs within ipaC and ipgD were
unfruitful, SNPs can have a significant effect on the function of proteins e.g mutations in the
QRDR locus cause heightened and novel resistance. There were several challenges | faced
when trying to model these SNPs and characterise their effects on ipaC and ipgD. One of
major challenges was the lack of solved crystal structures for ipaC and ipgD within the PDB.
Within the PDB there are 37 protein structures deposited for S. flexneri related to the T3SS
including structures for ipaD and mxiC, however, there are still many key T3SS components
missing including ipaC and ipgD (Barta et al., 2017, Deane et al., 2008). The incomplete nature
of all T3SS crystal structures and their undocumented conformational changes when bound
with their targets makes it difficult to fully investigate some parts of the T3SS. | truly think a
completed set of protein crystal structures for such an important system should be a focus
for future research for Shigella but also due to the T3SS being imperative, relevant, and far-
reaching in other bacteria.

With the lack of crystal structures available, it was necessary for me to produce predicted

protein structures to continue my investigation. This in turn had its own related challenges.
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The predicted protein modelling via Alphafold did yield predicted structures for these
structures, however, there was low confidence in the ipaC structure and although ipgD
yielded a better predicted structure, there were still portions with low to very low confidence.
DALI searches comparing the predicted structures to the PDB database confirmed previous
understanding that ipaC and ipgD were not present on the PDB. The highest matches for both
proteins were to uncharacterised proteins with only 12% identity match and low z scores,
highlighting the lack of similar proteins on the PDB so | was unable to confirm the validity of
these predicted models. Despite the varying confidence levels of these predicted structures,
I did choose to continue trying to characterise the SNPs and their effects on protein structure.
However, | understood that any results | did receive would have the caveat that the structures
may not be accurate.

Apart from the actual structure of the proteins, the last challenge was actually characterising
the effect of the SNPs. All SNP characterisations were completed genotypically without
experimental confirmation. There are multiple different bioinformatic tools to assess changes
in stability and flexibility upon missense mutations within proteins such as DeepDDG,
DynaMut2 and Site Directed Mutator (SDM) (Cao et al., 2019, Pandurangan et al., 2017,
Rodrigues et al., 2021). DeepDDG’s webserver predicts the stability change of protein point
mutations utilising neural networks and was chosen due to its overall top position ranking
when compared with other comparable servers (Cao et al., 2019). Calculated AAG for ipaC
and ipgD were -0.391 kcal/mol and -2.355 kcal/mol respectively. Anything between 0.5 to -
0.5 is deemed negligible whilst < -0.5 is deemed destabilising and not advantageous at all for
protein structures. The seemingly negligible contribution from the SNP within ipaC and the
destabilising SNP within ipgD begs the question why these particular SNPs were so strongly

positively associated with time. They do not seem to offer any advantage to S. sonnei. It is
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possible that the potential inaccuracy of protein structures and/or the inability of solely
genotypic predictions was not sufficient to fully characterise the extent of the effect of these
SNPS on protein structures and their relative functions.

| do not believe that | have strong enough evidence to make any substantial claim about why
these SNPs are important or their full characterisation within the T3SS. To further improve
upon these investigations crystal structures for known virulence systems would be an
immense asset coupled with the ability to experimentally characterise the SNPs. This,
however, is a major undertaking and is easier said than done and would require complex
experimental work. To fully solve a crystal structure the protein must be crystallized and
through X-ray diffraction the structure of the protein is determined. Determination of 3D
structures via X-ray crystallography is complex and sometimes can take 3 -5 years (Bhasin and
Raghava, 2006). With over 20 parts of the T3SS as well as potential crystal structures needed
to show conformational changes of proteins as they bind to their targets, this is a long-term
project. In addition to this investigation and characterisation of the impact of specific SNPs
require further experimental work such as circular dichroism spectroscopy and intrinsic
fluorescence to explore conformation stability (Whitmore and Wallace, 2008). | still believe
that SNPs hold great potential insight into the evolution of the T3SS, however, | believe that
bioinformatic approaches may need laboratory validation to truly confirm impact on the

functional capacity of T3SS apparatus.

5.4.2. The ‘blackhole’ of hypothetical genes
Of particular interest throughout the tGWAS analyses are the hypothetical genes which occur
at equivalent statistical significance to AMR and virulence. These represent potential novel
factors contributing to pathogen success. The exciting nature of this is that they could be
novel targets for therapeutics and anti-bacterial therapies in the future. Understanding fully
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the evolutionary arc of pathogens can truly help the treatment and management of global
public health pathogens.

5.4.2.1.  Exciting identification of adhesin Stv
One of the most promising and exciting results to come from tGWAS as a whole was the
identification of the novel putative adhesin Stv observed on a small ~2.5 kb plasmid, pStv.
Adhesin Stv represents a well substantiated important factor contributing to the success of S.
flexneri. Since 1978, within S. flexneri PGs 1 and 6, adhesin Stv has been associated and
stabilised throughout PG expansions, where acquisition was followed by clonal expansion,
particularly for PG1. Furthermore, external validation of Stv as a contributor beyond S. flexneri
was confirmed through investigation of S. sonnei. Stv was acquired and stabilised early (1943)
in the emergence of the globally dominating Lineage 3, predating the TN7/Int2 cassette,
although the potential implication of this will be discussed later. In the wider context, Stv was
found in multiple different bacterial taxa including the wider Enterobacteriaceae species and
more distantly related bacterial e.g Bordetella spp. In combination, the acquisition,
stabilisation and extensive presence of Stv not only in Shigella but across other bacterial taxa
provides plenty of evidentiary support for the importance and contribution of Stv to the
success of Shigella as a global pathogen.

5.4.2.2.  Experimental confirmation as the next step
Although genotypically there is well substantiated support for the novel putative function of
Stv as an adhesin, there is currently no experimental confirmation of Stv’s function. The
assignment of the adhesin function was made based upon the stark similarities between
functional domains of Stv and another E. coli protein (WP_205849698.1) also assigned a
putative adhesin function. No published work related to the E. coli protein has been

published and literature searches based on the tool PubServer and the protein sequence
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similarly yielded no publications (Jaroszewski et al., 2014). The absence of publications
confirms the lack of any experimental work to confirm the putative function of an adhesin
for both Stv and WP_205849698.1. In general, however, structural and functional
annotation based on the NCBI annotation pipeline uses protein family models, a hierarchical
collection of evidence composed of Hidden Markov Model-based and BLAST-based protein
families (HMMs and BlastRules) and Conserved Domain Database architectures (CDDs)
(Tatusova et al., 2016, Haft et al., 2018, Li et al., 2021). This annotation pipeline has great
success with the majority of predicted prokaryotic protein-coding genes are supported by
homology to known proteins, as high as 96% for bacterial species such as S. aureus
(Tatusova et al., 2016). Knowing the detailed database and supported homology | believe
there is a good probability that experimental work would confirm the putative function. In
addition to this Alex Bateman from the EMBL-EBI recently curated a preliminary protein
family (PF21527 — soon to be released) which clustered adhesin Stv with filamentous
haemagglutinin domains which are well known to be included domains observed within
adhesins in Bordetella species, aiding attachment to epithelial cells of the respiratory tract
(Locht et al., 1993). The preliminary protein family contains domains associated with
adherence providing further support for its putative function. However, laboratory
confirmation would be my suggested next step and is currently being worked on within the
Bakery lab group. Molecular Koch’s postulates are a set of experimental criteria that must
be satisfied to show that a gene found within a pathogen encodes a product that
contributes to disease (Falkow, 2004). In this instance deletion of the Stv gene within a
selection of S. sonnei strains to generate a knock-out strain is currently underway followed
by complementation with a plasmid. An adhesion assay, most likely with Hela cells, will

then be conducted to determine adhesion ability. The use of S. sonnei strains is due to the
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fact that these do not contain the pINV and therefore allows sole measurement of adhesion

without invasion.

5.4.2.3. A question of time
For S. flexneri, tGWAS has truly highlighted key factors positively associated with success over
time. However, a major part of the reason | chose to develop tGWAS was due to the unique
time span (approx. 100 years) that | was able to investigate due to the addition of the
historical Murray Collection isolates. The first observation of adhesin Stv, however, was in
1978 within S. flexneri. This classes as the post-antibiotic era, after the historical isolate
collection. This is an interesting observation and begs the question that if | had excluded the
Murray Collection would Stv have still appeared within the factors positively associated with
time. It is possible that the extended time-period with the Murray isolates facilitated the
positive association by providing years of data where Stv was absent compared to from 1978
onwards where it became present resulting in a stronger association. To confirm this,
however, tGWAS would need to completed excluding the historical collection. Comparisons
between the two could elucidate the effects of having a longer time span. Regardless of
whether Stv may been identified with the exclusion of the Murray Collection, | believe the
historical isolates are invaluable to investigations of bacterial evolution over time.
5.4.2.4.  Abright future

It is easy to perceive this field of study at a micro level but to gain a fuller perspective, a
broader view must be taken. If the experimental work confirmed an adhesin function for Stv,
it could potentially lead to Stv being incorporated into novel anti-bacterial therapies. In recent
years there has been increasing interest and development of therapies targeting pathogens
without the usage of antibiotics. One of those novel approaches is anti-adhesion therapies.

The approach is conducted through the use of agents that interfere with the ability of the
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bacteria to adhere to tissues of the host, since such adhesion is one of the initial stages of the
infectious process (Ofek et al., 2003). There has been a wide variety of experiment work to
validate this approach in multiple different animal models, validating the potential
effectiveness of anti-adhesion therapies (Ofek et al., 2003, Asadi et al., 2019). The global
nature of Shigella coupled with the increasing complication of AMR and the lack of a licensed
vaccine, makes anti-adhesion therapy attractive as a treatment for this pathogen. Potential
anti-adhesion therapies via varying mechanisms have been developed for closely related
pathogens including E. coli and Salmonella species (Howell et al., 2010, Miladi et al., 2016,
Fessele and Lindhorst, 2013). However, even with initial successes there has been a lack of
extensive use. One considerable problem is the presence of multiple bacterial adhesion
mechanisms and so blocking a singular mechanism may not fully inhibit the bacteria (Asadi et
al., 2019). It is possible a combination of anti-adhesion molecules would be necessary. Other
problems range from low affinity of free receptors to the presence of common epitopes
within human hosts (Asadi et al., 2019). Despite these challenges, further research to develop
broad specificity inhibitors or a combination of specific better designed agents could
potentially act as a ground-breaking therapy to aid the global AMR problem for bacteria.
Adhesin Stv could represent a potential target for anti-adhesion therapy not just for Shigella

but for wider bacterial taxa.

5.5. Colicins: The new frontier for interbacterial competition?
Due to the prominent nature of small mobile genetic elements and intercellular competition
factors found to be positively associated over time with the success of Shigella as a pathogen,
it was prudent to further investigate such elements. Within S. sonnei Lineage 3, the
advantageous E. coli killing ability is an epidemiologically important phenotype. This is
highlighted by MSM Clade 3 which did not exhibit E. coli killing was outcompeted by E. coli
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killing subclades (MSM Clades 1, 2, and 4) (Hawkey et al., 2021). The E. coli killing ability
demonstrated by Lineage 3 S. sonnei was investigated due to the potential contribution of
such small mobile genetic elements. The ruling out of the T6SS in contributing to this
phenotype was a major discovery and highlighted the importance of other factors for

interbacterial competition. Are colicins the new frontier in interbacterial competition?

5.5.1. Bioinformatics meets experimental work
Within Chapter 2 and 3 | did not get to do any functional work; however, | think the true
success story of the research depicted in chapter 4 has to be the phenomenal amalgamation
between bioinformatics and experimental work. Experimental work, the novel BPER
methodology, first revealed the widely distributed E. coli killing phenotype within Lineage 3
S. sonnei. Bioinformatics was then utilised to identify factors contributing to this
advantageous phenotype. GWAS analyses via two different approaches highlighted the
potential contribution of colicins. Key colicin clusters were identified genotypically that were
present within the killing isolates and absent within non-killing isolates and so potentially
contributed to the killing phenotype. Other factors such as a T6SS were ruled out, further
suggesting the importance of colicins for this ability. Coming full circle, experimental work,
via mass spectrometry, confirmed that supernatants from all isolates (100%, 15 of 15) that
displayed E. coli killing contained at least one contributing colicin in the total peptides
identified in the samples and no colicin peptides were found from samples (n=2/2) with a
non-killing phenotype. While there might be several mechanisms at play in the complex
environments and microbial communities that the pathogens live in (Lindsay et al., 2015, Pop
etal., 2014), my work demonstrated the crucial role colicins play in S. sonnei competition with

E. coliat an epidemiological level. The amalgamation of bioinformatics and experimental work
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identified, investigated and successfully found contributors to the E. coli phenotype, an ability

beneficial to the success of S. sonnei.

5.5.2. The challenges
There were some definite challenges associated with investigating colicins at both a
genotypically and at an experimental level. Genotypically, in order to screen all the isolates
for the presence or absence of colicins, a collection of colicin sequences needed to be
established. There is currently no published database for colicins and so collation of
sequences was completed by myself by collating sequences from the ENA and from
prominent papers related to colicins including Hahn-Lébmann et al. (2019). Although the
database | collated held >10,000 colicin sequences from a wide range of bacterial taxa, the
guestion remains — was my database fully representative of the full plethora of colicin and
colicin related genes present in bacteria? For the purposes of this particular study where the
aims were simply to identify potential general factors contributing to E. coli killing, | believe
the database was more than sufficient. However, if a more detailed question was to be asked
about the complete colicin profiles within Shigella, it may be prudent to do a more thorough
collation of sequences.
One other challenge that was prominent within this investigation was the close similarity
between different colicin sequences. Genotypically, this meant that tools utilised screening
of isolates for colicins clustered them at 95% sequence identity producing approximately
145 clusters based on the 10,000 sequences. This meant that a more in-depth exploration
was needed to further tease apart which specific colicins were present in each isolate,
however, genotypically this was overcome and completed. Experimentally this posed more
a challenge, especially during the mass spectrometry experiments completed by colleagues
at the University of Strasbourg. The similarity of the protein sequences for different colicins
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meant that there were shared peptides between colicins making identifying specific colicins
during the investigation difficult. There were subset (all the identified peptides are shared
by those proteins) and same set (some of the peptides are shared) colicin sequences where
all or some of the identified peptides were shared between colicins so | was unable to say
whether one or all of these colicins were present in the samples. For the purposes of this
investigation where | simply wanted to demonstrate that colicins were being produced but
not necessarily begin an in-depth analysis on any specific colicin, the mass spectrometry
data was perfect and clearly experimentally demonstrated the production of these colicins
by S. sonnei.

5.5.3. The T6SS conundrum
Within S. sonnei there has been a documented functional T6SS discovered (Anderson et al.,
2017b). Due to the nature of the function of the T6SS, | had to rule out or quantify its
contribution to the E. coli killing phenotype. | had access to a newly resequenced nanopore
assembly of CIP106347 (the original strain the T6SS was described in) utilised during Anderson
et al. (2017b) investigation into the S. sonnei T6SS. | encountered some difficulties in
extracting the T6SS in the complete state shown within Anderson et al. (2017b). All core T6SS
genes were detected, but there were some inconsistencies with the schematic in the original
study. Specifically, there were frameshift mutations within several core T6SS genes (TssC,
TssK, ClpV and TssM) resulting in premature stop codons. One possible explanation is that
these are simply sequencing errors, however, the resequencing of CIP106347 resulted in a
high quality sequence with good coverage. It is more plausible that these resulted due to
sporadic pseudogenisation of disused loci. However, there was a transposon disruption of
TssM as well as transposon disruptions of the putative effector genes downstream of each of
the VgrGs. Just the transposon disruption of TssM alone should render the T6SS non-
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functional. This was inconsistent with the reported functionality of the T6SS in Anderson et
al. (2017b).

While it is possible these disruptions could be sequencing errors; however, this is highly
unlikely and raises questions about the functionality of the T6SS. As evaluation of a functional
T6SS would require in vivo work outside of the capacity of our laboratory, | elected to take an
in silico approach of comparing the predicted core genes of the T6SS from the resequenced
CIP106347 with the Lineage 3 S. sonnei isolates and comparing the genotypes of killing and
non-killing isolates. One or more of the key components of the T6SS (i.e., transposase or N
terminus of TssC) were absent in 100% of our isolates and CIP106347 suggesting that the T6SS
in S. sonnei is unlikely to be functional. If all key components had been present the
inconsistencies of the T6SS within CIP106347 would have posed a greater problem as | would
have had to check for the functionality of the T6SS. The complete absence of one or more
components confirms the unfunctional capacity of T6SS and so did not require examination

of T6SS functionality.

5.5.4. The possibility of other factors
Although this investigation focused solely on the potential contribution of colicins there were
obviously other significant hits which were observed during the GWAS analyses. These were
not investigated due to the quantity of colicin genes observed highly within Pyseer and
Scoary. It is possible that the prominent E. coli killing ability of S. sonnei Lineage 3 is due to a
combination of different factors, of which colicins may play a role but are not solely
responsible. There were other factors significantly associated with the phenotype including
phage related genes and plasmid replication/transfer genes. It is possible that these genes

aid replication and transfer of small genetic elements such as colicin plasmids or they have
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other functions within S. sonnei or its various plasmids and so contribute to E. coli killing in
another way.
The phage related genes within S. sonnei may play a role in bacterial virulence as well. It is
well known that bacteriophages have complex relationships with their bacterial hosts and
there is growing research to suggest that they do contribute to the fitness and virulence of
their hosts (Schroven et al., 2020). Within E. coli, a closely related bacterial species to Shigella,
phage’s are responsible for the production of the highly toxic Shiga toxin (Fortier and
Sekulovic, 2013). | was unable to determine the exact phage’s that the genes belonged to but
it is possible that the phage’s are aiding bacterial virulence in some manner and so
contributing to interbacterial competition.

5.6. Success of Shigella — A wider perspective
Throughout this thesis | have used novel and traditional GWAS approaches to identify a
plethora of factors which contribute to the success of Shigella species as a global pathogen.
The success of any bacterial species is a complex and interlaced web of factors which all play
roles at various stages of successful infection. There is much more to the success of a
pathogen, including Shigella, than the popularised published characteristics of AMR and
virulence (Holt et al., 2012b, Hawkey et al.,, 2021, Connor et al., 2015). Although these
contribute greatly to the success of pathogens throughout all pathogen states including
stress, invasion, survival and replication | think it is wise to view the evolution of global public
health pathogens at a broader perspective to identify innovative ways to aid treatment and
pathogen management. Not only this but tGWAS as a novel approach could be applied to any
bacterial taxa where isolates spanning years could be utilised.
Although AMR and virulence were known factors contributing to pathogen success over time
the novel tGWAS approach revealed several novel insights. tGWAS highlighted the
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importance of previously under researched factors contributing to success such as catabolism
mechanism, iron metabolism, insertion sequences and the contribution of hypothetical
genes. Adhesin Stv represents a novel gene associated with pathogenic success within S.
flexneri, S. sonnei and other bacterial taxa. Its putative function as an adhesin highlights the
importance of this mechanism for successful infection which is intuitively beneficial. In
addition to this Stv highlights the potential importance of currently hypothetical genes which
could be critical to long term success of public health pathogens. Furthermore, during this
thesis novel insights into the contribution of colicins rather than that of the T6SS was revealed
to be vital for the advantageous E. coli killing ability of S. sonnei, a key factor of interbacterial
competition.
5.6.1. Species variation

Specifically, for Shigella, this work has demonstrated an abundance of known and unknown
factors equally as important as AMR and virulence contributing to success. Interestingly,
however, when you cross-compare the factors identified for both S. flexneri and S. sonnei
over time there was very little overlap, if at all. The only real overlap was when both species
identified genes associated with the citrate metabolic pathway, citA (S. sonnei) and citD (S.
flexneri). Both of these genes were highly associated over time within their respective species,
which puzzled me as Shigella species are typically considered citrate negative. However, with
both species highlighting parts of this pathway, it must be contributing somewhat to Shigella’s
success over time. Citrate can act as an iron chelator contributing to iron transport systems
as shown in E. coli (Mey et al., 2021). Since iron uptake was observed in tGWAS for both
species, | hypothesise this may be a possible reason for the strong positive association over

time within the two Shigella species.
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With very limited overlap between the factors positively associated with S. sonnei and S.
flexneri, this does then pose the question was | expecting more overlap? S. flexneri and S.
sonnei are closely related genetically, however, they do dominate different geographical
niches. S. flexneri is primarily isolated from LMIC, whereas S. sonnei is associated with
economically developing and middle to high income countries. It is possible that the differing
geographical niches, treatment regimens and environmental factors have led to slightly
different evolutionary tracks. Varying selective pressures may have resulted in the different
arcs of evolution resulting in the differing traits positively associated with time due to
different niches and needs. Another possible factor which contributed to the small overlap
between species was the clonality of S. sonnei. S. sonnei undergoes clonal replacement
meaning that there is little opportunity to identify polyphyletic factors.

One way in which you could alter methodologies would be to combine the two species and
conduct tGWAS. This may have revealed factors of success associated with both species;

however, it would have likely missed species specific factors.

5.6.2. A broader insight into the evolutionary arc of AMR — lessons learnt from an
adhesin

One of the major findings during this thesis was the identification of adhesin Stv. The
prominent nature of Stv within both S. flexneri and S. sonnei as well as wider bacterial taxa
provides substantial evidence for the importance of adhesion to the success of pathogens.
Biologically this makes intuitive sense but one of the interesting points that occurred was
within S. sonnei. Adhesin Stv was stabilised early in Lineage 3 prior to the AMR cassette,
Tn7/Int2 cassette, thought to be the primary cause as to why Lineage 3 became the globally
dominating Lineage (Holt et al., 2012b). | believe this could suggest that there could be

precursors necessary for or to aid the acquisition of AMR determinants. This is an interesting
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biological field of growing interest. Interrogations of pangenomes of the closely related E. coli
identified significant co-occurrence hubs which were linked to virulence and mobile elements
and between AMR and transposons (Hall et al., 2021). Furthermore, configurations of plasmid
sequences highlighted how different optimal configurations allowed for better adaption to
environments such as hospital settings exemplified by copper resistance, phosphotransferase
systems, or bacteriocin genes potentially involved in niche adaptation (Alonso-del Valle et al.,
2021, Arredondo-Alonso et al., 2020). This of similar thought to my hypothesis where Stv
provided the opportunity for Stv-positive S. sonnei to further acquire mobilizable elements
such as AMR and colicins, ultimately combining to drive the success of this global MDR
lineage. | think that the evolution of AMR or other key adaptions to success are a precarious
balance between many things including potential pre-requisites, fitness costs and selective
pressures. | believe that these other factors are currently underestimated and under-
investigated within the evolutionary genomics of AMR. This is an important area of work due
to its potential as a stopping point / target for preventing AMR evolution by treatment and
pathogen management strategies.
5.6.3. The importance of the ‘blackhole’ of hypothetical genes

| think the other major point when discussing the novel putative adhesin Stv is just how much
bacterial genomes are shaped by presently unknown and uncharacterised genes such as
adhesin Stv. The success of Shigella species is a multifaceted and complex web of factors
which work in combination and separately to aid each part of infection. It was highlighted
within E. coli pangenomes that hypothetical proteins have a large influence on the E. coli
accessory genome, and | think my work here further supports that narrative (Hall et al., 2021).
The quantity of hypothetical genes which occurred during tGWAS highlights the ‘blackhole’
of bacterial genes which clearly shape the success of pathogens. These represent possibly the
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most exciting resource of novel exploration for the success of pathogens. These represent
possible new targets for therapeutics not only for Shigella but for other closely related
Enterobacteriaceae aiding the treatment and management of key pathogens.

The success of Shigella species has been successfully investigated during the tGWAS analyses
as well as identifying potential factors contributing to the advantageous E. coli killing ability.
| think though it is important to note that the factors identified here for Shigella species may
also hold contributions for wider bacterial species including other Enterobacteriaceae, as

seen with Stv.

5.7. Future work

For the sheer amount of data generated during this project there will clearly need to be
further experimentation, research and interrogation to fully exploit the data.
Bioinformatically, | believe the S. sonnei tGWAS dataset and the GWAS analysis for the E. coli
killing ability could be further investigated in the same manner as S. flexneri. This could
potentially highlight other key factors specific to this species and ability. Further to this |
believe that of particular focus should be these so called ‘blackhole’ genes throughout both
analyses as these represent possible novel factors completely unchartered in these species.
In practice this may be difficult as bioinformatically, | had trouble identifying all unknown
proteins and so potentially this may need to be combined with experimental work to get the
best chance of success.

Experimentally there could be several key areas to target. Possibly the most important to this
work, and which is currently ongoing, is to confirm the function of Stv as an adhesin. Knockout
mutants are being currently being generated and an adhesion assay completed using Hela
cells to identify the adhesion capability of this protein. Another area to target experimentally
would be through SNP investigations. As demonstrated through the challenges seen when
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investigating the SNPs within ipaC and ipgD for S. flexneri, genotypic examinations alone may
be insufficient to properly characterise and elucidate effect on protein structure and function.
Experimental investigations such as circular dichroism spectroscopy and intrinsic
fluorescence may help to substantiate characterisations. Coupled with this may be the need
to truly define some key protein structures via solving their crystal structures. However, this
a long and challenging process and so care should be taken to decide if this is a necessity, for

example for the T3SS, or would the cost outweigh the benefit.

Supplementary Information and Tables
Links available to download data.

Supplementary Figure 1: Graphical representation of the decision trees allowing prioritisation of
key GWAS feature types — SNPs, Kmers and COGs.

https://figshare.com/s/0e7562ab50f103a12ef0

Supplementary Figure 2: Confirmation of adhesin Stv on pStv by PCR. (A) A linear map of
the contiguous sequence containing adehsin extracted from ERR1364216 is shown with
gene annotations. Primer sequences designed to amplify the plasmid interior and exterior to
the contig boundary as well as internal region of the adhesin gene are shown in coloured
blocks, with the sequences and the expected product sizes from PCR in the table below. (B)
Gel image of three PCR reactions along with their relevant no template controls for the
respective primer pairs were conducted and demonstrated, through their being the
expected size, that the sequence is complete. Based on the evidence from the PCR reactions
and genome coverage information, overlapping contiguous sequences were used to
manually edit a final circular pStv sequence, which is deposited in GenBank under accession
number: OP113953

https://figshare.com/s/547dfabe4fc844eb962c

Supplementary Figure 3: E. coli killing by representatives of S. sonnei MSM-associated
clades. (A) Colony Forming Units on both non-selective (LB — top row) and selective
(Kanamycin 30pug/ml — bottom row) for E. coli after the competition assay of individual
representative isolates belonging to the different MSM associated clades showing the
appearance of E. coli colonies when competed with only clade 3. (B) confirmation of the
presence of E. coli colonies via the chromosomally encoded constitutively expressed GFP in
E. coli MG1655 used in this study.

https://figshare.com/s/5c0fa01664e1fd531c23
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https://figshare.com/s/0e7562ab50f103a12ef0
https://figshare.com/s/547dfa6e4fc844eb962c
https://figshare.com/s/5c0fa01664e1fd531c23

Supplementary Figure 4: E. coli killing by the cell-free supernatants of selected
representative S. sonnei isolates. E. colikilling as indicated by the zones of clearance of the
E. coli lawn around the filter papers containing cell-free supernatant from selected S. sonnei
isolates demonstrating E. coli killing via colicins present in the supernatants.

https://figshare.com/s/efb8965a0260d19b2e74

Supplementary Table 1: Details of the S. sonnei isolates used in this study including
accession numbers, year, serotype, phylogroup and AMR and virulence profile.

https://figshare.com/s/075e2a679d633ab37589

Supplementary Table 2: Full GWAS analysis results for S. sonnei.

https://figshare.com/s/f1d0b33e656907a2183c

Supplementary Table 3: Details of the S. flexneri isolates used in this study including
accession numbers, year, serotype, phylogroup and AMR and virulence profile.

https://figshare.com/s/29d478b20fba9eedce67

Supplementary Table 4: Full GWAS analysis results for S. flexneri.

https://figshare.com/s/289b8f324402f94632c5

Supplementary Table 5: Details of the S. sonnei Lineage 3 isolates used in this study
including accession numbers, year, genotype, BPER results, Lineage and colicin profile.

https://figshare.com/s/d1a0eb9dcb7f70089b19

Supplementary Table 6: Full GWAS analysis results for S. sonnei Lineage 3 E. coli killing
ability.

https://figshare.com/s/c511f4b3100aabedc0dd

Supplementary Table 7: Complete results of the mass spectrometry analysis of the S. sonnei
representative isolates for the presence of colicins.

https://figshare.com/s/ae361f973c2586c4f40b
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