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Abstract

The ability of virulent bacteriophages to lyse and kill bacteria has dramatic impacts on
bacterial evolution, fitness, and population structures. In addition, they also have great
potential for use in therapy as well as biocides in food processing and agriculture. For
successful bacteriophage applications, in depth knowledge of their interactions with a
susceptible host is required to ensure optimal effectiveness. This should include knowledge
of host susceptibility and resistance factors which can be used to select combinations of
phages, which when used together, kill bacteria more efficiently. In this study, we conduct
an extensive case study of a raw pet food producer to investigate microbial pathogens
present within the factory environment and understand stages of production where
bacteriophages could be used to reduce microbial pathogen presence. We present the
isolation and in-depth characterisation of twelve bacteriophages which infect Salmonella
enterica strains isolated from pet food products. Utilising a high throughput functional
genomic screen, we better understand how bacteriophages interact with a susceptible host
and select a combination of bacteriophages which is ten times more effective at killing
Salmonella. Testing the use of a phage cocktail containing these phages, we demonstrate
its efficacy at reducing Salmonella within a food matrix in conditions consistent with
culture-based food surveillance testing. A better understanding for the use of
bacteriophages will help inform their use, ensure efficacy, and help to reduce the burden

of bacterial diseases by ensuring a safe supply of food.
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1.1. Introduction to Salmonella

Foodborne Disease (FBD) is an ongoing problem posed to global health care systems. FBD
is defined as an illness caused by the consumption of contaminated food products. In 2010,
FBD was estimated to result in 600 million illnesses and 420,000 deaths worldwide
(Havelaar et al., 2015). Over half of these deaths could be attributed to infections caused
by non-typhoidal Salmonella. Although mortality in high income countries is low, the
European Food standards agency (EFSA) has estimated that the total economic cost of
Salmonella Infections in Europe exceeds 3 billion euros (€) every year (Efsa, 2014). The
substantial economic cost and disease burden caused by Salmonella has driven the need
for effective intervention methods to reduce prevalence within the food production

industry.

1.1.1. Characteristics and taxonomy of Salmonella

Salmonella is widespread in nature, which as a result, makes it one of the most commonly
isolated foodborne pathogens (Eng et al., 2015). Members of the Salmonella genus are
Gram-negative, facultative anaerobic, non-spore forming, rod shaped bacteria. Salmonella
bacteria can effectively and efficiently colonise and elicit disease in humans and a range of

animals. Salmonella possesses long, peritrichous flagella which aids their motility.

The Salmonella genus is diverse, with thousands of antigenic variants arising as a result of
within-host evolution (Tanner and Kingsley, 2018). Traditionally, Sa/monella lineages were
determined by biochemical properties which lead to the establishment of two species —
enterica and bongori. Most clinically relevant species are found within enterica which is
further sub-divided into 6 subspecies: enterica (l), salmae (ll), arizonae (llla), diarizonae
(lllb), houtenae (IV) and indica (V1) (Figure 1). Each subspecies contains multiple serovars

which are determined by the combination of antigens present on their cell surface. This
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classification system is referred to as the Kauffmann-White Scheme which utilizes diversity
found within the somatic antigen (O Antigen) and flagella antigen (H Antigen) (Grimont and
Weill, 2007). The O antigen is determined by the oligosaccharides which are associated
with the lipopolysaccharides present on the outer membrane of Salmonella. The H antigen
is determined by the flagellin variant which constitutes the flagella. Most Salmonella are
capable of a process known as phase variation by which the flagellin subunit constituting
the H antigen may be one of two variants controlled by the expression of either the fliC or
fliB genes. Salmonella that are only capable of expressing one form a flagellin, due to a loss
of one allele, are termed monophasic. Examples include Salmonella enterica subsp.
Enterica sv 1,4,[5],12:1:-, a monophasic variant of Salmonella Typhimurium (Petrovska et
al., 2016). In addition, some serotypes lost both flagellin genes resulting in a non-motile
phenotype. For example, Salmonella Galinarum is non-flagellated and non-motile (Li et al.,
1993). An overview of the current recognised Salmonella classification scheme is shown in
Figure 1. More recently, the application of routine whole genome sequencing of Salmonella
isolates has led to the proposed addition of new species and sub-species. The proposal
promotes arizonae (llla) from sub-species to species level and establishes a new species,
Salmonella englandensis which contains five new sub-species — londinensis (VII),

brasiliensis (VIII), hibernicus (IX), essexiensis (X) and reptilium (XI) (Chattaway et al., 2023)
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Kingdom =— Eubacteria
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. v, | 2 N L I -
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() (Il (lla)  (llib) (V) (VI)
|

E.g.

Serovar = Typhimurium

Figure 1 - Overview of the current classification of Salmonella.
1.1.2. Population Structure of Salmonella Typhimurium

Salmonella host-pathogen interactions have been extensively studied, although the vast
majority of published research uses a small selection of lab strains, particularly Salmonella
enterica sv. Typhimurium SL1344 (Branchu et al., 2018). While combined research has
resulted in a vast understanding of these strains, such approaches fail to properly consider
the extant diversity observed within both Typhimurium and the Salmonella genus as a
whole. The advent of next generation sequencing revealed the genetic diversity underlying
the observed antigenic diversity (Callow, 1959). More recently, phylogenetic analysis using
a large collection of diverse Salmonella Typhimurium strains revealed the remarkable
diversity of a serotype (Bawn et al., 2020). The population structure consists of multiple
lineages present in two high order clades (a and B) (Figure 2). Clade a contained strains

associated with well documented epidemics in domestic animals, whereas Clade
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contained strains generally associated with infection of wild avian species. The distinction
of these clades is well reflected in the distribution of antimicrobial resistance genes, which
are far more common in strains belonging to clade a. Similarly, the presence of
hypothetically interrupted coding sequences (HDCS) was far more common in clade B, a

signature generally associated with host adaption (Branchu et al., 2018, Wheeler et al.,

2018).

U288

Complex
DT193
Complex

% DT104

a = : Complex

$102-1399

S. 4,[5), 12:i:-

DT40/DT56
Complex
1 RRT A0
_I - —-m—ﬂm
W .,  DT204/DT49
[ Complex
e __
0’%5 1V
h DT8
B 1w Complex
u‘wa—;g;,
u% ST313
L SUSLS, om DT2
—007 oA —T

Figure 2 - Maximum likelihood phylogenetic tree based on sequence variation (SNPs) in the core genome of
131 Salmonella Typhimurium strains with reference to S. Typhimurium SL1344. Phylogenetic Tree is rooted to
ST36 strains which clustered separately from the remaining 131 isolates. Phage types associated with each clade
are displayed in colours. Tree is based on phylogeny previously reported in Bawn et al 2020
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1.1.3. Salmonellosis

The genotypic diversity exhibited within the Salmonella genus is reflected in the types of
diseases that they cause. Depending on the serovar, Salmonella is capable of causing a self-
limiting gastroenteritis or an enteric fever such as typhoid or paratyphoid fever caused by
S. Typhi and S. Paratyphi respectively (Coburn et al., 2006). Salmonella is also capable of
causing bacteraemia, however this is often associated with specific serovars infecting
specific hosts, for example S. Dublin infection of cattle. More recently, Salmonella
bacteraemia has also been associated with S. Typhimurium and S. Enteritidis infection,
associated with susceptible people and specific genotypes in sub-Saharan Africa (Feasey et
al., 2012). The type of disease associated with a Salmonella infection is dependent on both
host susceptibility and serovar. Serovars Dublin, Typhimurium and Choleraesuis can cause
disease in both humans and animals. In humans, these serovars cause gastroenteritis.
However, in cattle, Dublin is associated with bacteraemia and spontaneous abortion
(Coburn et al.,, 2007). Similarly, Typhimurium causes invasive disease in mice which is
similar to Typhoid in Humans (Mittriicker and Kaufmann, 2000). Salmonella transmission
occurs via the fecal oral route, with more than 95% of cases are caused by the consumption
of contaminated food or water (Acheson and Hohmann, 2001). Although far less common,
other methods of transmission include contact with infected animals, nosocomial
transmission, direct human contact and contaminated drugs. In the case of NTS (non-
typhoidal Salmonella), the infectious dose required to cause infection can be as little as
<103 cells (Blaser and Newman, 1982). The typical incubation period is around 6-72 hours
and symptoms usually last for around 4 days without the need for antibiotics. Antibiotics
may be prescribed for immunocompromised individual or if the infection develops

complications such as severe dehydration, bacteraemia, osteomyelitis or reactive arthritis.
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The likelihood of complications developing is low and is dependent on the host and

virulence of the infective strain.

1.1.4. Salmonella outer envelope structure

The cell envelope is a complex and multilayered structure which serves as the interface
between a bacterium and the environment (Rowley et al., 2006). Being Gram-negative,
Salmonella are surrounded by a thin peptidoglycan layer, which itself is surrounded by an
outer cell membrane. The function of the cell envelope is to protect the cell from
environmental stress whilst allowing the transport of key nutrients into the cell. The outer
membrane of Salmonellae consists of two key components; Lipopolysacharride (LPS) and
outer membrane proteins. Exposure of both of these components on the cell surface is
exploited by bacteriophages, many of which use LPS and different outer membrane

proteins as receptors (Shin et al., 2012).

1.1.4.1. Lipopolysacharride and Outer Membrane Proteins

Lipopolysaccharide is the predominant cell surface carbohydrate present on Salmonella,
with the exception of S. Typhi which additionally possess Vi antigen (Robbins and Robbins,
1984). LPS is composed of a lipid A tail, a phosphorylated glucosamine disaccharide
associated with fatty acids, which anchors the LPS structure into the bacterial outer
membrane. The lipid A is attached to a core domain consisting of oligosaccharide sugars
as well as non-carbohydrate components such as phosphates. The core domain is attached
to O-antigen which forms the outer most domain of LPS and consists of a repetitive glycan
polymer containing multiple repeating units of one to eight sugar residues (Greenfield and
Whitfield, 2012). LPS heterogeneity is mainly achieved in O-antigen structure and the
chemical composition varies between serovars. The O-antigen protects the cell from

actions of the innate immune system and is itself immunogenic (Bertani and Ruiz, 2018).
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Modifications within the O-antigen can be achieved through a variety of mechanisms.
Much of the genetic diversity in O-antigen is a consequence of sequence variation within
the rfb gene cluster. Therefore, horizontal gene transfer of rfb genes contributes to O-
antigen modification. Additionally, determinants outside the rfb region have also been
identified and demonstrated to provide O-antigen modification. The O-acetyltransferase,
oafA, causes serotype modification through acetylation and the O-antigen polymerase,
wzy, can alter chain length (Slauch et al., 1996, Kong et al., 2011). Glucosyltransferase
operons (gtr) further contribute to variation in LPS structure. Gtr operons consist of three
genes gtrA, gtrB and gtrC which act together to add glucose molecules onto the galactose
moiety of repeating O-antigen units and are commonly localised within bacteriophage

associated regions (Davies et al., 2013, Makela, 1973).

Outer membrane proteins (OMPs) embedded within the outer membrane of Salmonella
fulfil are variety of functions which are integral to cell homeostasis (Futoma-Kotoch et al.,
2019). These include translocation of solutes and proteins, signal transduction and
enzymatic digestion (Dirienzo et al., 1978). The structure of OMPs differs from other
membrane bound proteins as they do not contain a-helical domains and instead fold into
antiparallel B-barrel structures. OMP are often used as receptors by bacteriophages to
infect bacteria. Many OMP were first known to be receptors for bacteriophages before
their physiological function was determined (Koebnik et al., 2000). For example, the
maltoporin, LamB, facilitiates the diffusion of maltodextrin across the membrane and was

first identified as the receptor for bacteriophage A (Chang et al., 2010)
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1.1.5. Salmonella Pathogenicity

All Salmonellae are pathogenic to one or more host species, which is a result of the
acquisition of Salmonella pathogenicity islands (SPI’s). SPI’s are genetic islands of the
Salmonella genome containing genes involved in pathogenicity. SPI’s are often located next
to tRNA regions and often possess an average GC content which is different from the rest
of the genome, suggesting that they were horizontally acquired (Lou et al., 2019). The
number of SPI’s is variable between strains, however all Salmonella enterica possess SPI-1

and SPI-2 which are the best studied examples.

1.1.5.1. Salmonella Pathogenicity Island 1 (SPI-1)

Horizontal acquisition of SPI-1 caused the divergence of Salmonella from an Escherichia coli
ancestor around 100-160 million years ago (Mirold et al., 2001). Acquisition of SPI-1 allows
Salmonella to inject effector proteins into host cell membranes via a Type 3 secretion
system (T3SS-1). AT3SS is a large, supramolecular needle-like structure used to translocate
effector proteins across host cell membranes. All Salmonella invade host epithelial cells
using this mechanism. SPI-1 contains all genes necessary for production of the T3SS-1 as
well as most of the effector proteins that it can translocate. Invasion is triggered by
rearrangement of the host cell cytoskeleton promoting membrane ruffling (Patel and
Galan, 2005). This allows Salmonella to avoid the harsh environment of the lumen and
instead gain access to the protected intracellular environment. Invasion of host cells
provokes a proinflammatory response from the host. This triggers the release of signalling
molecules, including cytokines which recruit immune cells and limit the systemic spread of
the infection and instead keep it contained locally and repair damaged epithelial cells
(Carvajal et al.,, 2008). However, Salmonella can benefit from the inflammatory

environment as it can make the lumen environment more favourable. For example,
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increases in nutrient availability can favour expansion of Salmonella populations and
promote transmission. Additionally, inflammation can lead to disruptions in other
members of the gut microbiota limiting competition and further favouring the growth of
Salmonella. Expression of the T3SS-1 is extremely energetically costly for the bacterium and
therefore its regulation is tightly controlled, through specific regulators and gene silencing
mediated by H-NS nucleoid-like protein (Silphaduang et al., 2007). Many environmental
stimuli, such as pH, osmolarity and oxygen tension have been shown to induce the
expression of SPI-1 genes (Lou et al., 2019). Such tightly regulated expression ensures the

timely expression of the T3SS-1.

1.1.5.2. Salmonella Pathogenicity Island 2 (SPI-2)

SPI-2 is only found in Salmonella enterica. Although it also encodes a T3SS, It is functionally
distinct from the T3SS found on SPI-1 as mutations in SPI-1 are not complemented by any
genes found on SPI-2 (Marcus et al., 2000). However, cross talk between SPI-1 and SPI-2 is
achieved through the transcription factor HilD (Bustamante et al., 2008). Expression of SPI-
2 occurs within phagocytic cells such as macrophages. Many SPI-2 encoded genes have
been found to be essential for the persistence and survival of Salmonella within
macrophages. After invading the host cell, Salmonella is engulfed in a membrane bound
compartment called the Salmonella containing vacuole (SCV). The SPI-2 T3SS is used to
translocate effectors across the membrane of the Salmonella containing vacuole (SCV)
which modifies the membrane and prevents fusion with host cell lysosomes and
subsequent degradation (Kolodziejek and Miller, 2015). Additionally, SPI-2 secreted
effectors help intracellular Salmonella to acquire nutrients leading to proliferation. The
resulting progeny can infect other cells and, in some cases, may lead to systemic infection

(Figueira and Holden, 2012).
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1.1.6. Salmonella Epidemiology

Salmonella is a zoonotic pathogen, meaning it can be transmitted between animals and
humans. Whilst there are many serotypes of Salmonella, infections in both humans and
animals are predominantly causedby serovars such as Salmonella enterica serovar
Typhimurium and Enteritidis. Host adaption means that each serovar has varying degrees
of host specificity. Some serovars are host adapted meaning they are commonly associated
with infection within a given host. Examples of these serovars include Salmonella serovar
Dublin which is commonly associated with infection of cattle. Additionally, Salmonella
serovar Pullorum is often linked to poultry infection. Alternatively, serovars can also
become host restricted resulting in only being able to infect a specific host. An example of
host restriction is Salmonella serovar Typhi which can only cause infection in humans. Host
adaption and host restriction is driven by genome degradation of genes which caused the
serovar to be a generalist and acquisition of specific virulence factors (Tanner and Kingsley,

2018).

Majority of human infections are the result of consumption of contaminated animal
protein, however diversity of Salmonella causing infections in humans is distinct from
serotypes observed in the food chain as well as in farmed animals (APHA, 2022). Therefore,
it is likely that the food chain represents an evolutionary bottleneck for Salmonella
diversity. The mechanisms driving diversity are poorly understood, but are likely due
differences in opportunities to enter the food chain, survive in food production and food

matrices and the ability to cause disease in people (Humphrey, 2004, Pye et al., 2023).
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1.1.7. Food associated outbreaks of Salmonella and Intervention

A foodborne disease outbreak is defined as at least two infections from the same source.
The risk that Salmonella possess to food safety is well known. At particular risk are fresh
and ready-to-eat (RTE) foods as they do not have additional intervention methods, for
example, heat from cooking, that prevent the pathogen from being consumed
(Mukhopadhyay and Ramaswamy, 2012). In fact, foods that are intended to be consumed
raw often have no intervention method to prevent pathogens entering the final product at
any stage in their production. This is particularly concerning as the popularity of RTE food
has increased in the past decades and the need for effective intervention methods has
never been greater. The most common sources of Salmonella are chicken, pork, turkey,
beef and eggs. However, in recent years fresh produce has been linked to an increase in
foodborne disease, due to contamination from animal waste (Kilonzo-Nthenge and
Mukuna, 2018). The major sources of outbreaks from fresh produce include: alfalfa sprouts,
cucumbers, papayas and cantaloupes (Angelo et al., 2015, Mahon et al., 1997, Singh and
Yemmireddy, 2021, Munnoch et al., 2009). Additionally, outbreaks associated with the
consumption of dried and low moisture foods have also been reported, including peanut
butter and baby formula, potentially due to the ability of Salmonella to survive in this

environment (Sithole et al., 2022, Mukherjee et al., 2020).

Intervention steps included in the product manufacture can often limit the contamination
of food products and increase food safety. Current intervention methods include chemical
washes such as organic acids (Yang et al.,, 2017b). Although easy to implement, these
washes have been found to be no more effective than washing with hot water (Koohmaraie
et al., 2005). Perhaps a more promising method is the use of pulsed UV light which has

been shown to offer as high as 2 log reductions of Salmonella in food (Rajkovic et al., 2017).
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However, it is likely to only have an effect on bacteria on the food surface and the type of

food matrix is likely to also determine the effectiveness.

1.1.8. Salmonella and Antimicrobial Resistance

Antimicrobial resistance (AMR) is one of the most concerning public health issues in the
modern world. Antibiotic resistant infections already cause 700,000 death per year, which
is projected to rise to 10 million by 2050 (Tagliabue and Rappuoli, 2018). Complications
arising from Salmonella infections are often coupled with antibiotic resistance which makes
treatments increasingly difficult (Kariuki et al., 2015). Antibiotic resistance genes in
Salmonella are now widespread (Neuert et al., 2018), leading to the World Health
Organisation classifying AMR Salmonella as a high priority pathogen with an imminent
public health threat (Savoldi et al., 2020). An increase in AMR is a direct result of horizontal
gene transfer (HGT) of resistance genes. HGT of antimicrobial resistance genes often occurs
on plasmids with perhaps the most famous example being the MCR-1 gene, which confers
resistance to colistin (Chiou et al., 2017). However, AMR genes can also be encoded within
the chromosome and transferred to other bacteria (Liu et al., 2022). Salmonella Genomic
Island 1 (SGI-1) is an integrative conjugative element (ICE) which confers the resistance
profile ACSSuT (Ampicllin, Chloramphenicol, Streptomycin, Sulphonamides and
Tetracycline) and is found in the Salmonella Typhimurium clone DT104 which emerged in

the 1980’s and disseminated worldwide (Doublet et al., 2005).

Most worryingly, AMR bacteria are increasingly common in food associated outbreaks
making public exposure to dangerous and difficult to treat pathogens more common. High
numbers of AMR pathogens found on farms and in meat are likely to be the result of intense

antibiotic use in agriculture. Although antibiotics are now banned for use as growth
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promoters in agriculture, recent studies show that 31% of Sa/monella isolated from retail

chicken showed resistance to at least 3 antibiotics (Mikanatha et al., 2010).

1.2. Introduction to Bacteriophages

Bacteriophages, also referred to as phages, are viruses which are capable of infecting and
replicating within bacterial hosts. It is estimated that there are more than 103! phages on
the planet, playing important roles in microbial physiology, population dynamics and
evolution (Bossi et al.,, 2003). Phages are incredibly diverse, evolving a wide range of
different morphologies and DNA structures. Most commonly, phages possess a dsDNA
genome, however ssRNA, dsRNA and ssDNA are also possible genome structures (Callanan
et al., 2020). Phage genome size varies from 3.3kb to 735kb (Friedman et al., 2009, Al-
Shayeb et al., 2020). Phages with genome sizes >200kb are termed ‘Jumbo Phages’, which
are rarely isolated by conventional protocols and represent a small proportion of the phage

genomes depositing in GenBank (Yuan and Gao, 2017).

Phages were discovered independently by Frederick Twort in 1915 and Felix d’Herelle in
1917. D’Herelle began using phages to successfully treat human infections, however, the
discovery of antibiotics in 1928 led to phage therapy being largely ignored in favour of
antibiotic treatment (Gordillo Altamirano and Barr, 2019). In recent years, the
inappropriate use of antibiotics has led to increasingly heavily antibiotic resistant bacterial
strains which has sparked new interest in phage therapy as potential alternative or adjunct
to traditional antimicrobials (Altamirano and Barr, 2019, Chan et al., 2013). One potential
advantage of the use of bacteriophages is that they are highly specific against their hosts.

Unlike antibiotics, bacteriophages only kill their target and do not directly affect other
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bacteria. This makes treatment complications which are a result of the loss of diversity in
the gut microbiota far less common than traditional antibiotic treatment. The potential of
bacteriophages means it is important that we fully understand all aspects of
bacteriophages for their successful application to treat infections in humans, animals and

also their use as biocides in the food industry.

1.2.1. Bacteriophage Taxonomy

The responsibility of creating and maintaining appropriate viral taxonomy currently
belongs to the International Committee on the Taxonomy of Viruses (ICTV). The ICTV
comprises of 6 subcommittees, of which, the bacterial and archaeal viruses (BAVS)
subcommittee holds responsibility of bacteriophage taxonomy. The ICTV system is based
on a hierarchical system devised by Linnaeus used to classify plants and animals.
Historically, phages were classified using morphology alone. This lead to the establishment
of 3 families of tailed dsDNA phages, Myoviridae (long contractile tail), Siphoviridae (Long
non-contractile tail) and Podoviridae (short non-contractile tail) (Nelson, 2004). However,
the advent and common application of next generation sequencing revealed diversity
which was not previously known and allowed the classification of bacteriophages with
higher resolution. One of the issues with the previous classification system which NGS
revealed was that members of the same family sometimes had very little sequence
similarity. For example, members of the genera Myxoctovirus and Lederbergvirus were
classified within the Podoviridae based on morphology, however they share no orthologous
genes (Turner et al., 2021). The desire for monophyletic phage families has encouraged
phage taxonomists to move away from a purely morphology based approach and instead
adopt a more sequenced based rationale to define taxa. Since 2021, the current taxonomic

system groups viruses together based on shared characteristics such as genome sequence
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(Walker et al., 2021). For example, phages within the same genus share >70% nucleotide
sequence similarity. Beyond this, phages within the same species share >95% sequence
similarity. Therefore, two phages are said to be different species if >5% of their nucleotide

sequence is different to each other across the entire genome length.

All tailed dsDNA viruses belong to the realm Duplodnaviria (Figure 3), whilst non tailed
dsDNA phages are classified into the realm Varidnaviria (Forterre and Gaia, 2021). All
members of the Duplodnaviria realm encode the HK97 fold within the major capsid protein
(Duda and Teschke, 2019). Viruses in this realm also share other characteristics such as an
icosahedral capsid, a capsid portal and DNA packaging enzymes. Duplodnaviria contains
only a single kingdom, Heunggongvirae, which is subdivided into two phyla, Uroviricota and
Peploviricota. The phylum Peploviricota contains animal viruses which cases infections
such as, herpes, chickenpox and glandular fever (Gatherer et al., 2021). The Phylum
Uroviricota contains a single class, Caudoviricetes which is subdivided into 7 orders (as of
2022 taxonomy release from ICTV) . At the time of writing, there are also many
“unclassified Caudoviracetes” this is due to the removal of the order Caudovirales and the
abolishment of the families, Myoviridae, Siphoviridae and Podoviridae to make way for new

taxa based on genomic similarities (Turner et al., 2021).
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Realm =—— Duplodnaviria
Kingdom — Heunggongvirae
(1) . ' .
Phylum — Uroviricota Peploviricota
2) |
Class — Caudoviracetes
(2 ) f T T T T I !
O rd er Crassvirales Kirjokansivirales ~ Methanobavirales Thumleimavirales — Juravirales Magrovirales Nakonvirales
7 | |
Famil Crevaviridae ~ Graaviviridae ~ Anaerodiviridae Druskaviridae ~ Yangangviridae Aoguangviridae  Ahpuchviridae Ackermannviridae
y Intestiviridae  Haloferuviridae ~ Leisingerviridae Hafunaviridae ~ Yanlukaviridae Ekchuahviridae Autographiviridae
(47) Steigviridae  Pyrstoviridae Halomagnusviridae Demerecviridae
Suoliviridae ~ Shortaselviridae Soleiviridae + more

Figure 3 - Classification of members of the Realm Duplodnaviria to family level. Based on Taxonomy Release
of the International Committee on Taxonomy of Viruses (ICTV) in March 2023 https://ictv.global/taxonomy
(Accessed: March 2023) (ICTV, 2023)

1.2.2. Bacteriophage Lifecycles

Phages commonly exhibit two distinct lifestyles and their use of one or both have important
consequences for their therapeutic use (Figure 4). As obligate parasites, phages are unable
to complete either of their life cycles without the presence of their bacterial host. Infection
begins via binding of the phage to a cell surface receptor located on the host (Salmond and
Fineran, 2015). The bacterial cell envelope represents a unique barrier that the phage must
overcome in order to inject their genome into the host. Phage tail proteins are large,
complex, supramolecular structures which modulate attachment and penetration of the
bacterial cell envelope (Hofer, 2016). The binding of the phage tail protein and cell surface
receptor is highly specific which, amongst other factors, contributes to host range (Kutter,
2009). Common phage receptors include LPS (Lipopolysaccharide), flagella, pilli and outer
membrane proteins (Stone et al., 2019). Phages initially bind to a primary receptor in a
reversible manner. This initial interaction helps bring the bacteriophage in to contact with

the host bacterium. Following initial contact in susceptible hosts, phages commonly bind
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irreversibly to a secondary receptor where the infection cycle can progress. A well-studied
model of this interaction has been elucidated using the model phage P22. Bacteriophage
P22 initially binds to O-antigen and uses depolymerase activity present within its tail fibre
to sequentially degrade O-antigen to bring the virion into close proximity to the bacterial
cell (Knecht et al., 2019). In the case of Salmonella, and many gram negatives, a common
receptor is LPS (Dowah and Clokie, 2018). However receptors of non-model phages remain
largely uncharacterised (Stone et al., 2019). This makes their use as antimicrobials more

challenging. A summary of the lifecycle of a bacteriophage is shown in Figure 4.

1.2.2.1. Lytic Cycle

Strictly Lytic phages only replicate through the lytic cycle which involves production of new

L
ytic .
@ & —

Figure 4 - Summary of bacteriophage lifecycles. Lytic phages attach to the host cell via a receptor and
inject their DNA into the host (1). The Phage DNA circularises within the host (2). In the Lytic cycle (Left),
the host transcribes new phage particles (Virions) which are assembled into phage progeny (3A). The host
cell is lysed and the phage progeny are released. In the Lysogenic cycle, phage DNA integrates into the
chromosome forming a stable intermediate termed ‘Prophage’ (3B). The prophage replicates along with
the host genome (4B) and may excise from the genome and enter the lytic cycle (5B).

phages, termed ‘virions’, and their release from the host cell via cell lysis. The lytic cycle
begins following adsorption and injection of the viral nucleic material into the host cell,
termed infection (Lim et al., 2019). Upon infection, the host cell typically uses host encoded

enzymes to replicate the viral nucleic material and produce new viral proteins. The newly
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produced proteins are then assembled, typically starting with the capsid (Prevelige and
Cortines, 2018). The capsid is the head portion of the phage which is packaged with a new
viral genome. Upon capsid maturation, the tail proteins are assembled. Tail protein
assembly is complex and is variable between phage family (North et al., 2019). The end
point of phage infection is the production of a phage encoded holin or endolysin which
lyses the host cell and releases the phage progeny (Ajuebor et al., 2016). The burst size of
a phage is equal to the number of phage progeny that are released during lysis and varies
between phage species (Krasowska et al., 2015). The lytic cycle can begin again once the

newly produced phage progeny adhere to a new susceptible host.

1.2.2.2. Lysogenic Cycle

Some phages, termed temperate phages, can also replicate via the lysogenic cycle where
phage DNA integrates into the bacterial chromosome forming a stable genomic region
referred to as prophage. Horizontal gene transfer in this way plays an important role in
bacterial evolution (Fortier and Sekulovic, 2013). Prophages are replicated along with the
bacterial genome and parsed down generations during bacterial replication. The lysogenic
cycle can begin following nucleic acid insertion into the host. Unlike the lytic cycle, new
phage progeny are not produced. Instead, the phage nucleic acid inserts into the host
genome forming a stable entity called a prophage. In order to do this, lysogenic phages
harbour an integrase gene which directs site specific recombination into the host genome
(Calos, 2016). Different integrases target different recognition sites within the genome and
therefore phages which possess different integrases insert into different genomic loci. This
allows a single bacterium to carry multiple prophages. A recent study found that Salmonella
genomes contain between 2-8 prophages on average (Mottawea et al., 2018). Phages can

also lose integrase function producing a cryptic prophage which is unable to excise from
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the genome (Campbell, 1998). Integration of a lysogenic phage may lead to the host
phenotype being changed; this is called lysogenic conversion. Phages can also carry
virulence genes which can offer a selective advantage and drive the evolution of pathogens
(Tassinari et al., 2020, Wang et al., 2019). Additionally, prophages increase the ability to
tolerate environmental stress associated with infection (Wang et al., 2010). The paradigm
for prophage induction is set by model phages such as phage A and P22. In these models,
induction is triggered by the proteolytic cleavage of a repressor gene which prevents phage
induction. Cleavage by the antirepressor protein results in prophage induction (Lemire et
al., 2011) . This mechanism is conserved in Salmonella prophages Gifsy-1, Gifsy-2 and Gifsy-
3 (Figueroa-Bossi et al., 1997). In this case, the antirepressor is activated in response to
RecA activity, an activator of the SOS response (Mayola et al., 2014). The SOS response is
triggered by direct damage to DNA. This can be achieved using chemical agents such as
mitomycin C, antibiotics such as ciprofloxacin or UV light (Otsuji et al., 1959, Barnhart et
al., 1976, Goerke et al., 2006). Prophages are commonly induced in the gut microbiota, in
particular as a result of infection (Manrique et al., 2017). Inflammation leads to the release
of reactive oxygen species (ROS) which can direct DNA damage, trigger the bacterial SOS

response and leads to induction of prophages (Henrot and Petit, 2022).

1.2.3. Prophages of Salmonella enterica

In common with other bacteria, Salmonella enterica genomes contain multiple prophages
which can make up to 5% of the genome content. On average, Salmonella genomes contain
5.29 prophages accounting for up 30% of the accessory genome — suggesting a high
frequency of polylysogeny (Bobay et al., 2013). Prophages commonly integrate between

non-translated RNA genes, the most common being tRNA genes in Salmonella (Canchaya
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et al., 2004). Many Salmonella phages, including well studied examples such as Gifsy-1,
Gifsy-2 and Gifsy-3, can be induced by common induction treatments as well as
spontaneously induce at low titres (Garcia-Russell et al., 2009). Once inserted, some
prophages lose the ability to excise and form virions. An example in Salmonella is the
prophage ST64B present in Salmonella enterica sv Typhimurium. In S. Typhimurium strain
SL1344, ST64B cannot be induced by mitomycin C due to a mutation affecting virion
assembly (Figueroa-Bossi and Bossi, 2004). In contrast some prophages spontaneously
induce at high titre. Salmonella Typhimurium sequence type ST313, which causes
bloodstream infections in sub-Saharan Africa, has a distinct prophage repertoire compared
to ST313 strains from the UK (Kingsley et al., 2009). Amongst these phages, BTP-1 has the
highest reported spontaneous induction rate of any prophage — with 10° viral particles per

ml of stationary phase culture (Owen et al., 2017b).

Salmonella prophages are also known to drive the emergence and clonal expansion of
epidemic strains. The lysogenic phage mTmV habors the virulence factor, SopE, which
encodes a guanine nucleotide exchange factor (GEF). SopE is a type Ill secreted effector
protein which contributes to actin-mediated membrane ruffling promoting microbial
uptake within the lumen (Miller et al., 2009). Ancestral state reconstruction has
demonstrated that the acquisition of sopE resulted in clonal expansion of the pandemic
monophasic S. Typhimurium sequence type ST34 clone (Tassinari et al., 2020). This

demonstrates the effect prophages can have on the population structure in Salmonella.

1.2.4. Bacteriophage Defence Mechanisms

Phage predation represents a strong selection pressure for bacteria (Bossi et al., 2003).

Many bacteria have mechanisms to evade phage predation leading to an evolutionary arms
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race (Stern and Sorek, 2011). Phage-bacteria dynamics is an example of the Red Queen
Hypothesis (Valen, 1977). This evolutionary hypothesis states that in tight co-evolutionary
scenarios, adaption on one side may lead to near extinction of the other. The only way the
non-adapted side can survive and maintain fitness it to counter adapt. In the case of phage
defence, if a bacterium evolves resistance to a phage, then the bacteria has increased
fitness and the phage lacks a host. The only way for the phage to survive is to evolve and
overcome the resistance. For example, bacteriophage P1 habours an antirestriction
system, DarAB, which prevents restriction by the bacterial encoded type | restriction
system (lida et al., 1987). There are many well studied examples of phage defence
mechanisms in bacteria using model phages (Ofir and Sorek, 2018, Benson and Roth, 1997,
Labrie et al.,, 2010) (Figure 5). Characterisation of defence mechanisms of non-model

phages remains limited.

4

Figure 5 - Summary of common bacteriophage defence mechanisms in bacteria. 1) OMV as phage decoys.
2) Prevention of adsorption to cell surface receptor. 3) Blocking DNA injection. 4) CRISPR system. 5)
Prevention of Viral DNA Replication. 6) Prevention of Viral Assembly. 7) Abortive Infection
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1.2.4.1. Outer Membrane Vesicles as Bacteriophage Decoys

Outer Membrane Vesicles (OMVs) are spherical, non-replicating nanostructures of
endolytic origin produced by Gram negative bacteria (Jan, 2017). They are naturally
produced and play important roles in cell signalling and biofilms (Schwechheimer and
Kuehn, 2015). More recently, they have been proposed as potential drug delivery system
(Gnopo et al., 2017). Since OMV’s are made of bacterial membrane, they often contain
phage receptors. This allows phages to bind to OMVs and inject their nucleic acid. However,
since OMVs lack cellular machinery, such as ribosomes, no phage progeny are produced
and the infected phages are effectively titrated out (Manning and Kuehn, 2011). For this
reason, OMVs have been described as the first line of defence against phage infection. Co-
incubation of the model phage T4 with OMVs showed fast, irreversibly binding and a
reduction in phage activity (Manning and Kuehn, 2011). Similarly, secreted OMVs provided
Vibrio cholera immunity against infecting phage when the OMV expressed the appropriate
phage receptor (Reyes-Robles et al.,, 2018). More recent work has used Transmission
Electron Microscopy (TEM) and identified the presence of OMVs in T4 and T7 phage lysates
(Mandal et al., 2020), likely left behind from their propagation. This further highlights their
implications with phage infection.
1.2.4.2. Prevention of Bacteriophage Adsorption

Since the initial step in phage infection is the appropriate binding to a receptor on the
bacterial cell surface, prevention of this binding results in no phage infection. There are a
number of ways bacteria can block phage binding to their receptor resulting in resistance.
Mutations or deletions of the phage receptor have been shown to grant immunity to

phage. For example, the outer membrane porin, OmpC, is commonly found in E.coli and is
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used by some phages as a phage receptor (Hejair et al., 2017). This protein is commonly
deleted in order to evade phage predation (Morita et al., 2002). However, as the Red Queen
Hypothesis states, phages can acquire mutations to overcome this and target alternative
receptors. In the case of Salmonella, some strains are capable of phase variation for
expression of phage receptors (as discussed in 1.1.1). This allows them to vary the receptor
expressed on their cell surface in a phase dependant manner. If the phage receptor is
located in a genomic region that is switched off in the current phase, then no phage
infection can occur. However, since the phage receptors can play an important roles in
survival and virulence, this often comes at a cost of reduced fitness (Cota et al., 2015).
Phase variable gene expression affecting genes involved in phage receptor synthesis can
impact phage sensitivity. For example, glucosylation of O-antigen by phase variable gtr
operons effects LPS composition and has previously be shown to impact infection by the

model phage P22 ((Davies et al., 2013, Broadbent et al., 2010)

1.2.4.3. Blocking DNA Injection

Prophages often encode Superinfection Exclusion Systems (SIEs). These systems prevent
secondary infection by preventing the injection of DNA from the same or closely related
phage. Many phages encode SIEs including the P22 phage which possesses the sieA and
sieB genes. Both genes act independently and confer immunity to Salmonella phages MG40
and MG178 (Susskind et al., 1971). The gene product of SieA has been shown to localise to
the bacterial membrane, but exactly how it moderates superinfection exclusion is unknown
(Hofer et al., 1995). More well studied examples of SIEs include that of the T4 phage which
encodes Imm proteins (Lu and Henning, 1994) . Imm proteins have previously been shown
to alter the conformation of the DNA injection site in order to prevent DNA entry to the cell

(Lu and Henning, 1989).
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1.2.4.4. Clustered Regularly Interspaced Short Palindromic Repeats
(CRISPR)

Perhaps the most well-known phage defence mechanism is CRISPR (Clustered Regularly
Interspaced Short Palindromic Repeats). CRISPR remains the only adaptive bacterial
immune response currently discovered (Kim et al., 2012). All systems work by the
enzymatic modification of injected viral nucleic acid in order to prevent infection. In the
case of CRISPR, viral nucleic material is degraded by the Cas enzyme. Bacteria which possess
the CRISPR loci are able to gain adaptive immunity to bacteriophages by integrating short
21-48bp fragments of viral DNA into their genomes (Dupuis et al., 2013). These spacers,
once transcribed into the CRISPR RNA, guide the Cas enzyme to cleave complementary
nucleic acids upon injection into the host cell. However, phages are able to overcome this
system in many different ways. The most simple mechanism, is by acquiring point
mutations within the regions which are complementary to the spacer sequence, which
prevents Cas binding. In addition, anti CRISPR genes have been identified in Pseudomonas
phages which encode proteins which interact with the CRISPR-Cas complex and prevent
their degradation of phage nucleic material (van Gent and Gack, 2018). More recently,
phages which possess their own CRISPR system have also been discovered which inactive
a host encoded phage inhibitory island and results in phage susceptibility (Seed et al.,

2013).

1.2.4.5. Interference in Phage Replication and Assembly

Inhibition of viral nucleic acid replication can be achieved through the BREX (Bacteriophage
Exclusion) system. This system was initially discovered in Bacillus, and has been found to
be very common amongst bacteria (Goldfarb et al., 2015). The BREX system works by

methylation of the viral nucleic acid at the fifth position of a 5-TAGGAC-3 hexamer
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sequence (Bhushan, 2017). However the methylated DNA is not degraded, instead the
methylation is believed to aid self/non-self discrimination which prevents the viral nucleic
acid from being transcribed (Goldfarb et al., 2015). In addition to inhibition of replication,
the host can also prevent proper phage infection by interfering with correct phage
assembly. The best studied example of this involves a phage inducible chromosomal island
(PICI) found within Staphylococcus aureus. Upon phage infection, the PICl is excised from
the genome, circularised, and packaged. During virion assembly, phages are packaged with
the PICl instead of the phage genome. Subsequent phage progeny are not able to produce

downstream infections (Martinez-Rubio et al., 2017).

1.2.4.6. Abortive Infection

Bacterial abortive infection (Abi) systems are one of the only altruistic behaviours exhibited
by living organisms (Dy et al., 2014). Abi systems co-ordinate cell death in response to
phage infection to limit the levels of viral replication. Most Abi systems are found on mobile
genetic elements such as prophages or plasmids (Shabbir et al., 2016). Phage infection
begins in a typical fashion, with adsorption and injection of nucleic acid. However, phage
progeny development is interrupted, often leading to very few or no viral particles
released. As a result, the infected cell dies, however the general bacterial population
survives. Many Abi systems have been well characterised in Lactococcus lactis with the
interest of better understanding the bacterium’s dynamics during cheesemaking (Chopin
et al., 2005). However, Abi systems have also been found in pathogens such as Salmonella
(Barker, 1988). The RexAB system, encoded by phage lambda, protects the host bacterium

from other coli phages by inducing a loss in membrane potential which prevents ATP
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production (Snyder, 1995). Abortive infection mechanisms usually work by toxin anti-toxin
systems. Recently, it has been shown that phages can spontaneously mutate to avoid
triggering the toxin-antitoxin system and therefore evade abortive infection (Chen et al.,

2017).

1.2.5. Phage Resistance and Antibiotic Resistance

Bacteriophage infection represents a strong selection pressure for bacteria. As previously
discussed, phages exploit a variety of different structures produced by bacterial cells in
order to initiate infection. Bacteria often modify or lose these structures when faced with
a selective phage pressure. However, these structures have functions within the bacterial
cell lifestyle. For example, TolC is an outer membrane component of the multidrug efflux
pump AcrAB-TolC which has been shown to play a crucial role in efflux of a wide range of
molecules (Nolivos et al., 2019). Inactivation of TolC has been shown to result in
susceptibility to antibiotics, detergents, dyes and organic solvents (Zgurskaya et al., 2011).
In E.coli, resistance to phage U136B by mutations in TolC also led to increased antibiotic
susceptibility, particularly to tetracycline (Burmeister et al., 2020). This can be described as
a collateral sensitivity dynamic, where resistance to one antimicrobial leads to increased
sensitivity to another. Interestingly, mutations were also detected in LPS synthesis genes,
resulting in a phage resistant phenotype and decreased resistance to Colistin. The
evolutionary trade-offs resulting in phage resistance at the cost of antibiotic resistance is
particularly relevant to phage-based therapies. Bacteriophage treatments could be used in
conjunction with antibiotic treatments which would likely result in resistance to both
treatments occurring at a much lower frequency (Liu et al., 2020). Additionally, the
phenomena of Phage Antibiotic Synergy (PAS) whereby treatment with sub-lethal doses of

antibiotic promotes the production of virulent phages within the host bacterium can also
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increase treatment effectiveness (Ryan et al., 2012). The application of phage-antibiotic
cotreatment is therefore being explored for clinical use. Initial evidence suggests that some
phage-antibiotic combinations can have an antagonistic effects, resulting in decreased
effectivity of treatment (Abedon, 2019). Therefore, it is likely that specific phage-antibiotic

combinations would need to be extensively assessed before becoming effective therapies.

1.2.6. Applications of Bacteriophages

As previously discussed, (In 1.2), Bacteriophages are not a new discovery and despite the
lack of use in phage therapy, they remain a very important tool for molecular biology. The
ability of bacteriophages to bind to bacteria, transfer genetic material and kill bacteria have

all been exploited in recent years and has contributed to our knowledge of phage infection.

1.2.6.1. Phage Typing

Phage typing remains an important epidemiological tool used to detect strains of bacteria
and trace outbreaks (Mohammed, 2017). Although following the widespread availability of
NGS (Next Generation Sequencing), other methods such as MLST (Multiple Locus Sequence
Typing) have become more popular (Pavén and Maiden, 2009). However, phage typing is
still used due to its low cost, ease to perform and easily reproducible nature (Ferrari et al.,
2017). Phage typing tests susceptibility of strains to a panel of bacteriophages to identify
epidemiologically related isolates. Phage typing has been extensively used to trace
Salmonella outbreaks (Demczuk et al., 2003). The system can distinguish more than 300
definitive phage types (DT) of Salmonella Typhimurium alone (Callow, 1959). Use of this
method has showed that some strains have a broad host range and are widely distributed,
such as DT204 and DT104 epidemics (Rabsch, 2007). However, phage typing has limitations.
Some isolates are resistant to all phages in the typing scheme making typing very difficult.

Additionally, some isolates react to some of the phages, but do not conform to a known
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phage type making information gained from this very limited. Phage typing also requires
maintenance of phage stocks by the reference laboratory and often results can be

interpreted differently leading to unreliability (Callow, 1959).

1.2.6.2. Phage Detection of Pathogens

Rapid detection of pathogens is integral to the treatment, control or containment of
infections. Traditional, culture-based methods are time consuming and labour intensive.
Phages display exquisite host specificity and their ability to infect only a specified range of
bacteria has led to their application in pathogen detection. Phage mediated lysis results in
the release of many cellular components which can be easily detected. Most commonly,
the ATP released during lysis is used to activate a luciferase enzyme producing measurable
light emittance (Hinkley et al., 2018). Phages offer many distinct advantages to pathogen
detection. Lytic phages are able to replicate very quickly, making detection very rapid. In
addition, they are only able to replicate using specific and viable hosts making them very
accurate and less prone to false positives (when compared to PCR based methods) (Petty
et al., 2007). Phages are also relatively easy and cheap to produce on large scales compared
to antibodies which are also commonly used in pathogen detection (Schmelcher and
Loessner, 2014). The detection of Salmonella in foods such as spinach, tomatoes and milk
has been successfully carried out using phages (Lakshmanan et al., 2007, Li et al., 2010,

Wang et al., 2017).

1.2.6.3. Intervention in Food Processing Environments

Bacteriophages have long been considered for application within food processing to reduce
the presence of microbial pathogens. Many studies have demonstrated their efficacy
against pathogens commonly found in food (Ajuebor et al., 2016, Bai et al., 2016,

Grygorcewicz et al., Islam et al., 2019). This has led to the commercialisation of phage
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products for direct use in food (Schwarz et al.,, 2022). Bacteriophages have many
advantages making them suitable for applications withinin food processing environments.
Phages are self-replicating and self-limiting. This makes them able to be applied in small
doses, and multiply and decline dependant on microbial host availability (Bai et al., 2016).
Phages are also highly specific, only affecting the host bacterium, leaving majority of the
background food microbiome unaffected (Kutter, 2009). Phage production can also be
scaled up on a commercial level in order to produce enough phages to meet industrial
demand (Mutti and Corsini, 2019). Finally, and most crucial, many studies have

demonstrated their safety in humans (Bruttin and Briissow, 2005).

The successful use of phages against Salmonella in different food matrices has been
demonstrated. For example, bacteriophage Felix O1 has been shown to achieve over 2 log
reductions in counts of Salmonella Typhimurium strain DT104 in frankfurters (Whichard et
al., 2003). However, the potential use of phages exceeds just their application in food
products. Studies have also demonstrated their efficacy pre-harvest such as the use of the
commercially available phage preparation SalmoFREE® in chicken farming. Application of
phages to drinking water of challenged broiler chickens reduced Salmonella to an
undetectable level in cloacae samples after 33 days (Clavijo et al., 2019). This study

highlights the range of applications of bacteriophages in food production.

1.3. Summary of Aims of the Study

Food-bourne diseases, such as Salmonella, pose a large problem to maintaining a safe food
supply. The use of bacteriophages is a promising, but underutilised method to
excludepathogens from food products. Despite their promise successful application of

phages remains challenging. The high degree of host specificity means that extensive
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knowledge of host range and mechanism of infection is required to optimise formulation
combinations of phages, needed to limit emergence of resistance. Additionally, it is clear
that more is required to better understand the interaction bacteriophages have with their
targeted hosts as well as other members of the food microbiome in order to properly

determine the effect bacteriophages have on composition of food products.

This study aims to explore the extent of pathogen contamination within food production
through a case study of a producer of raw pet food (referred to as ‘Company P). The
application of functional genomics will identify combinations of newly isolated and
characterised bacteriophages which are effective when used as a phage cocktail to both
increase the host range and decrease the occurrence of phage resistance. The efficacy of
phage cocktail combination for the reduction of Salmonella in raw pet food will be assessed
using metagenomic sequencing. This will contribute to safe and effective use of

bacteriophages within many settings including the food industry.

Main hypothesis

e Salmonella bacteriophages will reduce the levels of Salmonella present in raw pet
food and the factory environment applying an informed selection process that
considers cellular targets and host range, generating combinations of phages which

work more effectively.

Aims

1. Explore the extent of pathogen contamination within a raw pet food production

environment.
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Isolate and characterise bacteriophages which infect variants of Salmonella which
are particularly prevalent in raw pet food.

Use functional genomics to determine how each bacteriophage interact with a host
including characterisation of host receptors and resistance genes.

Use metagenomics to study the effect of adding bacteriophages to raw pet food
products, specifically identifying changes within the microbial communities and

reductions in Salmonella abundance



2. Materials and Methods
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2.1. Bacterial and Bacteriophage Culture and Maintenance

Unless otherwise stated, bacteria were cultured in Lysogeny Broth (1% tryptone (w/v), 0.5%
yeast extract (w/v) and 1% NaCl (w/v) (LB-Miller, Formedium, UK) and incubated at 37°C
with 200rpm shaking. Bacteria were stored as LB glycerol stocks and maintained at -80°C
in 25% glycerol. Where appropriate, cultures were grown in Kanamycin (50 pg/ml),
Chloramphenicol (25 upg/ml), Ampicillin (100 pg/ml) or Hygromycin (75 upg/ml) by
supplementation of LB broth or agar. Bacteriophages were stored in LB broth at 4 °C.
Bacteriophages were routinely cultured using original isolation strains (detailed in chapter
4). For bacteriophage culture, 200 pl of bacteriophage lysate was added to 200 pl of
exponential phase Salmonella culture (OD = 0.3). The Salmonella-phage mixture was used
to inoculate 10 ml of LB broth and incubated overnight at 37 °C with shaking. The overnight
culture was centrifuged at 3220 x G for 10 minutes, and supernatant was passed through a

0.45 um PES (polyethersulfone) filter.

2.2. Sampling and Swabbing at Company P

The sampling procedure followed APHA (Animal and Plant Health Protection Agency)
guidelines for sample collection and testing. Briefly, equipment used to collect raw pet food
samples was cleaned with bleach before and after sample collection. Equipment included
hand axes, hand saws, hammers and plastic scoops. Where possible, dry samples were
mixed prior to collection. The minimum weight of each sample was 500g and two samples
per collection were collection, with one being retained as a backup. Samples were stored
at -20°C until use. Samples were sent to an UKAS (United Kingdom Accreditation)
accredited laboratory and tested using the ISO standard testing procedure. For each
swabbing location a 10cm? area was identified and swabbed each week. The same location

was swabbed each successive collection unless not physically possible. Enterobacteriaceae
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swabs were collected using Hygiene Surface Swab Kits (Technical Service Consultants) and
immediately placed in 10ml neutralising buffer following collection. Swabs for detection of
Listeria and Salmonella were collected using EnviroScience Surface Swabs (Technical

Service Consultants). Swabs were stored at 4 °C until sent for testing.

2.3. Sampling of Raw Pet Food

Samples of raw meat pet food manufactured by Company P using materials from different
suppliers were collected. Samples were stored at -20°C until used. Samples consisted of
tripe, which were from either bovine or ovine origin, and chicken. Each sample was made

as a different production batch from three different production locations.

2.4. Isolation of Salmonella from Raw Pet Food

The following method is an adaption of the International Organization for Standardisation
(1ISO 6579-1:2017) (ISO, 2022) protocol for enrichment of Salmonella from food samples
(Figure 1). This method was used for the isolation of Salmonella in Chapter 3 and Chapter
6. Briefly, 25g of each food sample was transferred into 225ml of buffered peptone water
(BPW 1% Triton x100, Formedium, UK) and incubated for 18 hours at 37°C with shaking.
Selective enrichment was performed by adding 1ml of BPW culture to 9ml Muller-
Kaufmann Tetrathionate-Novobiocin (MKTTn) broth or 0.1ml BPW culture to 9.9ml
Rappaport-Vassilidis (RV) broth and incubated at 37°C and 42°C respectively. Selective
enrichments were each plated onto xylose-leucine deoxcholate (XLD) and brilliant
Salmonella agar (BSA) agar and incubated at 37°C overnight. At least one suspected
Salmonella colony with a typical morphology was selected from each plate where present,
a maximum of four colonies were picked from a single plate. For XLD plates, suspected
Salmonella colonies were defined as black colonies with a red halo. On BSA agar, suspected

Salmonella colonies were defined as purple colonies. Detection of Salmonella was carried
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out using polymerase chain reaction (PCR) using primers which amplified regions of the 16s
(165_FW/16s_RV) and invA genes (InvA_FW/InvA_RV). Primer sequences are available in
supplementary table 2. The 16s region was used as a positive control, whereas the invA

gene region was selected to confirm the isolate was Salmonella. Briefly, colonies were

QUMM (11

Day 1 Day 2 Day 3 Day 4
Buffered Tetrathionate BSA and XLD Detection of
Peptone and RV Selective Salmonella

Water Selective Plating by PCR

Enrichment Enrichment

Figure 1 - Method used for the isolation of Salmonella from food products. Method is adapted from ISO

6579:1:2017. Detection is performed by PCR. Salmonella and or Bacteriophages were only added when
used in Chapter 6.

suspended in 15 pl lysis buffer (2ml 10mM Tris-HCL pH 8.5, 2ul Triton x100) and boiled for
5 minutes using a thermocycler. A 1ul aliquot of boiled colony suspension was used as the
template for the PCR reaction. The sequence for each primer used can be found in
Supplementary table 2. Primer Design was done by Dr Gaétan Thilliez. PCR products were

visualised using agarose gel electrophoresis at 110 volts for 30 minutes.
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2.5. Bacterial Whole Genome Sequencing

Chromosomal DNA from bacteria was isolated using either Wizard Chromosomal DNA
isolation kit or Maxwell RSC Cultured Cells DNA kit (Promega, USA). Isolation was
performed following the manufacturers protocol for both kits. Assessment of quality and
determination of the quantity of DNA was carried out using Nandrop and Qubit 3.0,
respectively. Library preparation for sequencing using lllumina Next-Seq 500 was carried
out by myself or QIB Core Sequencing team. Library preparation was carried out using
Nextera XT library preparation kits. Genomic DNA was normalised to 5ng/ml in sterile
ultra-pure water. A master mix of 0.9 ul tagment DNA buffer (lllumina), 0.09 ul tagment
DNA enzyme and 4.01 pl PCR grade sterile water were mixed with 2 pl of each normalised
genomic DNA sample. Samples were heated to 55 °C for 10 minutes. The PCR master mix
was made using 10 pl KAPA 2G Fast Hot Start Ready Mix (Merck) and 2 ul PCR grade
water per sample. A 12 pl aliquot of PCR master mix was combined with 1 pul (10 uM)
Illumina barcodes and 7 ul of tagmentation genomic DNA mix. The PCR programme was
run following the Illumina specifications. Library preparations were pooled together and
final pool concentration was determined using Tapestation (Agilent). The pool was
sequenced at a final concentration of 1.5 pM on an lllumina NextSeq500 using a Mid
Output Flowcell following the recommended loading and denaturation procedures.
Quality control of raw sequencing reads was carried out using fastP with default
parameters (Chen et al., 2018). Reads that passed quality control were assembled de
novo using SPAdes based assembler, Shovill (Seeman, 2018, Bankevich et al., 2012).
Where appropriate, Salmonella serovar was predicted using Seqsero2 (Zhang et al., 2019)

and prophage identification was performed using PHASTER (Arndt et al., 2016).
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2.6. Phylogenetic Reconstruction of Bacterial Strains using variation in genome
sequence.

For Phylogenetic reconstruction of bacterial strains of multiple genera of the order
Enterobacterales, the 16s rRNA gene was identified using barrnp
(https://github.com/tseemann/barrnap). A multiple sequence alighment of each 16s rRNA
gene was generated using MAFFT (Katoh et al., 2002) and trimmed using TrimAL (Capella-
Gutiérrez et al., 2009), resulting in a 1536 bp multiple sequence alignment. Phylogenetic
reconstruction was performed using |Q-tree with a bootstrap value of 1000 and model
selection using ModelFinder. (Nguyen et al.,, 2015, Kalyaanamoorthy et al., 2017). The
selected substitution model was HKY+F+R2. For Phylogenetic reconstruction of Salmonella,
paired end sequences were aligned to the SL1344 reference genome (FQ312003) using the
rapid haploid variant calling and core SNP phylogeny pipeline SNIPPY

(https://github.com/tseemann/snippy). Maximum likelihood phylogenetic trees were

contructed using multiple sequence alignment RaxML, using the GTRCAT model and a
bootstrap value of 100 (Stamatakis, 2014). Trees of Salmonella enterica subspecies | were

rooted to Salmonella Bongori whole genome sequence assembly (GCA_000252995.1).

2.7. Identification of Bacterial Encoded genes

To identify antimicrobial resistance genes within the whole genome sequence of
Salmonella isolates, quality controlled, short read sequences were mapped and locally
assembled to a database of candidate genes using ARIBA (Hunt et al., 2017). The candidate
genes database was prepared using sequences present in the Resfinder database (Bortolaia
et al., 2020). To identify heavy metal and biocide resistance genes, a database of
experimentally confirmed genes from BacMet 2.0 was used (Pal et al., 2014). Genes were

identified by aligning against amino acid sequences of bacterial isolates using blastP. The
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threshold for discovery was set to 80% coverage and 80% sequence identity. Initial Bacmet

analysis was carried out by Rafal Kolenda.

2.8. Isolation of Bacteriophages

Environmental samples for phage isolation were collected between November 2019 and
February 2020. Samples included eight wastewater treatment samples, eight retail meat
samples, nine lake/river samples and six samples of drain water from a pet food production
factory, Company P. Wastewater treatment samples were collected from Norwich, United
Kingdom. Retail meat samples were purchased from supermarkets within Norfolk, United
Kingdom. Lake and River samples were collected from the University of East Anglia,
Norwich, United Kingdom. Samples of food were enriched, as previously described, in
buffered peptone water (BPW). For bacteriophage isolation, 25ml of each sample was
centrifuged at 3220 xG for 10 minutes. The supernatant was filtered through a 0.45nm pore
size PES filter and 5ml was added to 40ml of 2x LB broth with a 200 ul mixture of each
bacterial strain cultured to mid exponential phase (OD 600nm of 0.6). Samples were
enriched by incubation at 37 °C for 18 hours with shaking. The enrichment culture was
centrifuged and filtered through a 0.45 um pore size filter. Samples were checked for
phages using a double agar overlay method. A 200 ul aliquot of exponential phase culture
was mixed with 4 ml of 0.75% LB agar and poured over a 1.5% agar plate. After drying, 10ul
of filtered and serial diluted phage enrichment was spotted on the surface of each plate.
Plates were incubated at 37 °C for 18 hours. Presence of an enriched bacteriophage was
determined by identifying areas of lysis of the host bacterium. If multiple plague
morphologies were identified, lysates were deemed to contain two different phages.
Individual plaques were picked from each plate and further enrichment was carried out

until single plague morphologies were identified.
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2.9. Bacteriophage Sequencing, Assembly and Annotation

Genomic DNA from bacteriophages was prepared using phage lysates at a concentration
exceeding 10° PFU/ml, generated using the original enrichment strain. A 1ml aliquot of each
phage was treated with 1 ul DNase at a concentration of 2,000 units/ml (New England
Biolabs, USA) at 37 °C for 40 minutes. Phage virions were concentrated by precipitation
using 500 pl a solution containing 24% polyethylene glycol and 1M NaCl at 4 °C overnight.
Samples were pelleted by centrifugation, supernatant discarded and resuspended in 200
ul nuclease free water. Nucleic Acid purification with proteinase K digestion was performed
using Maxwell® RSC Total Viral Nucleic Acid Purification Kit following the specification of
the manufacturer (Promega, USA). Whole Genome Sequencing libraries were prepared
using NexteraXT and sequenced using Illumina NextSeq500 as previously described.
Preparation of whole genome sequencing libraries and sequencing was performed by QIB
core sequencing team. Quality control of raw sequencing reads was carried out using fastP
with default parameters (Chen et al.,, 2018). Reads that passed quality control were
assembled de novo using SPAdes based assembler, Shovill (Seeman, 2018, Bankevich et al.,
2012). Reads were mapped back to assembled contigs using BWA-mem (Li and Durbin,
2010). Assembled phage genomes were annotated using Prokka with the Prokaryotic virus
Remote Homologous Groups (PHROGS) database (Seemann, 2014, Terzian et al., 2021).
Sequencing reads from enrichment hosts were mapped to phage contigs using BWA-mem

to check from induction of prophages (Li and Durbin, 2010).

2.10. Bioinformatic Characterisation of Bacteriophage Genomes

Phages were termed SPLA (Salmonella Phage Luke Acton) and allocated a number to
distinguish between them. The lifestyle of each bacteriophage was predicted using

Bacphlip (Hockenberry and Wilke, 2021). Intergenomic similarity of each SPLA phage was
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calculated and plotted using VIRIDIC (Moraru et al., 2020). SPLA phages were placed in a
phylogenetic context by constructing a phylogenetic tree based on proteome sequence
using VIPtree (Nishimura et al., 2017). Trees were annotated using updated taxonomic

information from Inphared (Cook et al., 2021).

2.11. Host Range and Growth Curve analysis

Bacterial strains were cultured in LB (Lysogeny broth) overnight at 37 °C at 200 rpm,
adjusted to 107 cfu/ml and 180 ul was added to each well of a 96-well microtiter plate.
Bacteriophages were inoculated into each well at a multiplicity of infection (MOI) of
approximately 1. Plates were placed into either a Flurostar Omega Microplate reader (BMG
LABtech, Germany), for host range testing (Chapter 4) or LogPhase600 (Aglient, USA) for
mutant growth curve phenotyping (Chapter 5). Plates were incubated at 37 °C with shaking
and readings were recorded at 15 minute intervals for 18 hours. Optical density readings
were corrected to baseline readings and plotted against time using a mean of 3 technical
replicates. The difference in area under the curve compared to a non-phage treated control
was calculated using a method previously described (Xie et al., 2018). This generated a
score which corresponded to the virulence of the phage in culture, termed liquid assay

score (LAS).

2.12. Cocktail selection using Phage Host Range

With 12 bacteriophages, there are 4096 different possible phage cocktail combination each
with a different number of phages (n). All combinations were assessed using two methods.
Max50 is the number of strains that the cocktail scores a LAS above 50. To calculate the
Maxso score, the number of strains each cocktail combination scored a LAS of above 50 was

determined. Additionally, the Maxaverage Was calculated as the highest average LASfor each
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cocktail combination. Using both methods, the optimal phage cocktail for each n (number

of phages) was selected. Statistical analysis was performed by George Savva.

2.13. Temperature Stability Assays

Five phages (SPLA1a, SPLA4, SPLASb, SPLA9 and SPLA11) were selected for stability testing
as they were determined to represent the optimal penta-phage cocktail combination using
the Maxaverage method. To test phage stability under heat stress, a 100 pl aliquot of each
phage lysate was placed in a heat block for 60 minutes. Phages were tested in parallel at
25°C, 50°C and 75°C. Survival was assessed using a double agar overlay method. The host
bacterium for each phage was their initial isolation host. Lysates were plated in triplicate
and a mean was calculated. Representative data from two independent biological
replicates is presented. Plague counts were enumerated to calculate phage titre and
statistical analysis was carried out using a t-test comparing heat treated titres to controls.
Experiments were designed and analysed by Luke Acton, experiments were performed by

Owen Mullen.

2.14. Simulated Intestinal Fluid, Simulated Gastric Fluid and pH Stability Assays

For pH stability assays, LB broth was adjusted to pH 3 (1.138M) and pH 5 (14.25uM) using
Acetic Acid. Using the Penta-Phage cocktail candidates, 50ul samples of each lysate were
added to 4.96ml of pH adjusted LB, and a non-adjusted control (pH 7). Samples were
exposed for 5 minutes before stability was assessed using the same method previously
described for temperature stability. Simulated intestinal fluid (SIF) was prepared using
1mg/ml pancreatin in 50ml 1M KH,PO, adjusted to pH 6.8. SIF was prewarmed to 37 °C
prior to use. Simulated Gastric Fluid (SGF) was prepared 3.2mg/ml pepsin in 50ml 1M NaCl
adjusted to pH 2 and pH 3 using HCI. Stability in SIF and SGF was tested using that same

method used for pH stability testing, however stability was tested by recovering
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bacteriophages after 1 hour treatment. All stability assays were plated in triplicate,
statistical significance was assessed using a t-test and representative data from 2 biological
repeats is presented. Experiments were designed and analysed by Luke Acton; experiments

were performed by Owen Mullen.

2.15. Construction of Tn5 saturating transposon mutant library

To prepare a Tn5 transposon mutant library in Salmonella Typhimurium ST4/74,
transposon DNA was amplified by polymerase chain reaction (PCR) using P-Tn5Km-01 and
P-Tn5Km-03 oligonucleotides (sequences in supplementary table 2) and pHPTTn5Km
plasmid DNA as template (Sequence in supplementary) PCR products were purified using
QlAquick PCR purification kit (Qiagen, Germany), and 200ng of purified transposon DNA
was mixed with 2ul 100% glycerol and 4ul EZ-Tn5 transposase (Lucigen, USA) to form
transposomes. Electrocompetent S. Typhimurium ST 4/74 was prepared by incubating
colonies in 5ml LB overnight at 37 °C with 200 rpm shaking. A 500ul aliquot of overnight
culture was sub-cultured in 50ml 2xYT broth broth (1.6% tryptone, 1% yeast extract, 85.6
mM NacCl) and cultured to mid log phase (OD = 0.3). Cells were harvested by centrifugation
at 3500g and subsequently washed three times with 10% glycerol to remove excess salts.
The final washed cell pellet was resuspended in 600 ul of 10% glycerol and 60 ul samples
were used for electroporation with 2uL sterile nuclease free water, 2uL TypeOne
Restriction Inhibitor (Lucigen, USA) and 0.4uL transposome, on ice. Following
electroporation, cells were immediately recovered with 1ml SOC (2% typtone, 0.5% yeast
extract, 10mM NaCl, 2.5mM KCIl, 10mM MgCl, 10mM MgCS04 and 20mM glucose)
prewarmed to 37 °C. Cells were incubated at 37 °C for 90 minutes. To calculate the number

of transformants, 10 pl and 100 pl aliquots were plated onto LB agar containing 50 pug/ml
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kanamycin. In total, 35 electroporations were performed to generate the transposon

mutant library. The mutant library was generated by Hannah Pye.

2.16. Selection of Tn5 Mutant Library using Bacteriophages

Six bacteriophages (SPLAla, SPLA1b, SPLA2, SPLA5b, SPLA5c and SPLA11) were selected to
challenge the transposon mutant library. The Tn5 Insertion library was cultured in LB broth
at 37 °C with 200 rpm shaking for 18 hours. The culture was adjusted to approximately 10’
CFU/ml in 10ml LB broth containing each bacteriophage at an MOI of roughly 10. SPLAla
was used at an MOI of 1. A negative control containing no phage was included. Transposon
library cultures were incubated at 37 °C with 200 rpm shaking and viable counts were
performed each hour for 5 hours by plating serial dilutions on LB agar and enumerating
colony counts. After 3 hours, a 2ml sample of each culture was harvested by centrifugation
and genomic DNA was extracted using Maxwell Cultured Cells DNA extraction kit (Promega,

USA). Two independent biological replicates were carried out.

2.17. Preparation of Transposon Library DNA for TraDIS

Extracted genomic DNA from bacterial cultures following phage selection and bacterial
cultures of non-selected libraries was diluted to 11.1 ng/ul and tagmented using MuSeek
DNA fragment library preparation kit (ThermoFisher, USA) Fragmented DNA was purified
using AMPure XP beads (Beckman Coulter, USA) DNA was amplified by PCR using
biotinylated primers specific to the transposon and primers for the tagmented ends of DNA
(Primers in supplementary table 2). PCR products were purified using AMPure XP beads
and incubated overnight with streptavidin beads (Dynabeads) to allow for capture of DNA
fragments with the transposon. A subsequent PCR step using barcoded sequencing primers
allowed for the pooling of samples. Streptavidin beads were magnetically removed, and

samples were further purified, and size selected using AMPure XP beads. Quantification of
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DNA was performed using Qubit 3.0 (Invitrogen, USA) and Tapestation (Aligent, USA).
Sequencing was carried out as previously described. Reads were mapped to the reference
genome (Salmonella enterica sv Typhimurium strain ST4/74) and differences in insertion
frequency was calculated using BioTraDIS (Barquist et al., 2016). Significant changes (P

<0.05) were tested using the BioTraDIS pipeline.

2.18. Construction of mutant strains of Salmonella by allelic exchange using
lambda-red Recombineering

Construction of mutant strains was performed using one-step inactivation using an adapted
version of a method previously described (Datsenko and Wanner, 2000). The
recombineering plasmid used was pSIM18 (Datta et al., 2006) and selection for this plasmid
used hygromycin. Electrocompetent cells containing the pSIM18 plasmid were made as
previously described. Competent cells were transformed by electroporation using PCR
products (Supplementary table 2). All primers amplified the aphll gene from the plasmid
pKD4 and tagged it with 50bp regions which were homologous to the target for
mutagenesis. Following electroporation, cells were recovered for 2.5 hours and selected

using LB agar supplemented with 50 pg/ml kanamycin.

2.19. Bacteriophage Inactivation of Salmonella in Company P Products

Tripe was selected as the product for bacteriophage testing as Salmonella contamination
is commonly found during Company P testing, as well as being one of the highest selling
products. A single product of Tripe was purchased in Norwich, Norfolk. Asceptically, 25g
was sampled and inoculated with either 103 CFU or 10° CFU Salmonella Typhimurium ST
4/74. For method optimisation, Samples were incubated at room temperature for 30
minutes and subsequently inoculated with 100 ul of penta-phage cocktail at four different

concentrations (10> PFU/ml, 10* PFU/ml, 10® PFU/ml, 102 PFU/ml). Innoculation was
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performed by using a pipette, spreading liquid across different parts of the sample and
incubating at room temperature for 30 minutes. A non-phage inoculated control treated
with phage buffer was also included. Detection of Salmonella was performed using the
International Organization for Standardisation (ISO 6579-1:2017) protocol with PCR
detection as previously described. For the main experiment, samples were inoculated with
103 CFU Salmonella and treated with 10’ PFU phage cocktail. For cocktail preparation, each
component was used in equal parts and total concentration equalled that of single phage
preparations. Phage were typically diluted from titres that exceeded 10'° PFU/ml. Twenty

replicates of non-phage and phage treated samples were carried out.

2.20. Extraction of metagenomic DNA from Company P products

Metagenomic DNA extractions were carried out on total mesophilic growth of enrichment
cultures of Company P tripe samples. Enrichment cultures were setup as previously
described. Cultures were allowed to settle for 30minutes and 1ml of culture was
transferred to a Lysing E Matrix Tube (MP Biomedicals, USA) . Cells were lysed by bead
beating following the FastDNA Spin Kit using the FastPREP bead beater (MP Biomedicals,
USA). Samples were placed in the bead beater for three 60 second cycles. Samples were
placed on ice in between cycles. DNA purification was carried out using Maxwell RSC as
used previously (Promega, USA) . DNA quantification was performed by Qubit 3.0. Samples
were normalised, pooled and library Preparation was carried out by QIB Core Sequencing
and Sequencing was carried out by Source BioScience using Illumina NovaSeq (lllumina,
USA).
2.21. Metagenome Analysis
Raw sequencing reads were quality controlled and filtered using fastP with default

parameters (Chen et al., 2018). For bacterial metagenomic analysis, metagenome profiling
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was performed using MetaPhlan 4.0 (Blanco-Miguez et al., 2023). Alpha and Beta diversity
was calculated using Phyloseq (McMurdie and Holmes, 2013). For primary analysis,
statistically significant changes in Salmonella relative abundance were tested using a t-test.
For exploratory analysis, detecting significant changes in other species was performed
using a t-test with Benjamini-Hochberg correction. For Viromics analysis, quality-controlled
reads were assembled using MEGAHIT (Li et al., 2015). Assembled contigs were mined for
virus sequence using GnomAD (Karczewski et al., 2020). Quality and completeness of
assembled viral contigs was assessed using CheckV. Viral Contigs were manually filtered by
removing contigs containing greater than 20% host genes or no coding sequences. Contigs
were annotated using Prokka with the PHROGS database (Seemann, 2014, Terzian et al.,
2021). Viral contigs were classified using VConTACT2 with annotation from Inphared as a
reference database (Bolduc et al., 2017, Cook et al., 2021). Alpha and beta diversity analysis
was performed using MetaPop (Gregory et al., 2022) and Phyloseq (McMurdie and Holmes,
2013). Reads were mapped to genomes of the spiked phage cocktail to check for
abundance of phages in each sample using BBmap using 100% sequence identity threshold

(Bushnell, 2014).

2.22. Data availability

Genomes of SPLA phages are deposited in NCBI under the following accessions listed in
Table 1 in Chapter 4. Sequencing reads of bacteria are deposited in SRA/NCBI and are listed
in supplementary table 1. TraDIS sequencing reads are deposited in SRA and available
under the project PRINA1004457. Bacteriophage sequencing reads are available under the

project code PRINA1031836
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3. Isolation and
Characterisation of
Salmonella Bacteriophages
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3.1. Introduction to Chapter Four

Due to high bacterial load and taxonomic diversity, wastewater is a commonly used source
for the isolation of bacteriophages, especially those which infect bacteria of the human gut
microbiome (Adriaenssens et al., 2021). In order to use isolated bacteriophages for specific
applications, its crucial to carry out further characterisation and better understand their
biology. In this study, Salmonella serovars which commonly contaminate raw pet food were
used as enrichment strains for phage isolation. The whole genome sequence was
determined for phage isolated to pure lysates and taxonomy, phylogenetic relationship and
prediction of lifestyle were investigated using computational methods. In addition, their
survival in a range of food chain related stresses as well as their host range against a
collection of bacteria isolated from food was determined. The aim of this chapter is to
isolate bacteriophages which infect Salmonella, characterise their host range against a
diverse collection of Salmonella and assay their survival in different stress conditions.

3.1.1. Beneficial Characteristics of Bacteriophages

Bacteriophages possess diverse characteristics which are important to determine so that
suitable phage are selected for particular applications such as phage therapy or
interventions in food processing environments. For bacteriophages used as interventions
in food processing, one desirable characteristic is a broad host range. The host range of a
bacteriophage is defined by the number of different species, serovars or strains a phage
can infect. Broad host range phages are more useful for this application as they are able to
kill many different strains of Salmonella which commonly contaminate food. Additionally,
phages for use as antimicrobials should be highly lytic, with no potential lysogeny genes
present within their genomes. Lysogenic phages are not as useful for this purpose as whilst

they can kill their host in certain conditions, they can also cause lysogenic conversion and
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provide their host with genes which enhance their survival or virulence (Tassinari et al.,
2020). Phages used in the food chain will encounter a range of environmental stresses and
therefore should be able to tolerate them so that they remain active when they encounter
their targeted host.

3.2. Results
3.2.1. Selection of Strains for Phage Enrichment

Twelve Salmonella enterica strains were used for the enrichment of environmental samples
for the isolation of bacteriophages (Supplementary table 1). Strains selected were of
serotype Montevideo, Panama, Mbandaka, Kedougou, Infantis, Derby, Newport, Enteritidis
and Typhimurium. Eleven of the strains were previously isolated from food products within
the UK, including Company P products (Chapter 1). The remaining strain was an isogenic
mutant of Salmonella enterica sv Typhimurium (S. Typhimurium) strain with the prophages
Gifsy-1, Gifsy-2, ST46B, SopE® and P4-like phage removed. (From Jay Hinton Lab, Liverpool,
UK). Strains used for phage enrichment were selected due to their ability to cause disease
in humans and food production animals and because they were isolated from food or a
food production environment. A range of serovars across the phylogeny were selected in
order to incorporate as much diversity as possible. In order to investigate the relatedness
of each enrichment strain, we constructed a maximum likelihood phylogenetic tree (Figure

1)
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Figure 1 — Maximum likelihood phylogeny of Salmonella enterica strains based on non-repetitive, non-
recombinant SNPs using RaxML with 1000 bootstrap replicates.

3.2.2. Isolation of SPLA Phages from the Environment

Salmonella bacteriophages were isolated from wastewater, river and food samples.
Samples were collected from sites detailed in the materials and methods section. Phages
which exhibited distinct plague morphologies were further enriched and purified by
subsequent enrichment cultures. In total, twelve phages were isolated, by propagation of
plaques on seven different enrichment strains (Table 1 and Figure 2). The phages were
termed SPLAla, SPLAlb, SPLA2, SPLA3, SPLA4, SPLAS5a, SPLASb, SPLASc, SPLA9, SPLA10,
SPLA11 and SPLA12. The whole genome sequence of each phage was determined and
150bp Illumina reads assembled into a single bacteriophage contiguous sequence (contig).
Contigs ranged from 39,459 bp to 240,593bp. Bacteriophage lifestyle prediction using

Bacphlip suggested that all phages were more likely lytic phages than lysogenic phages with
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the exception of SPLA1B that was predicted to be lysogenic with a score of 0.00 / 1.00 (Lytic

to Lysogenic probability).

SPLA 1A SPLA 1B SPLA 2 SPLA 3

SPLA 4 SPLA 5A SPLA 5B SPLA 5C

SPLA9 SPLA 10 SPLA 11 SPLA 12

Figure 2 — Plaque Morphologies of 12 SPLA Phages on in 0.75% Agar infecting Isolation Host



Table 1 — Summary of SPLA bacteriophages used in this study
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. . Lifestyle Accession
Isolation Host Source G-_enome Predlgted Predicted Genus  probability
Serovar Size (bp) Family . .
(Lytic/Lysogenic)

SPLA1a S. Typhimurium Food 240348 Unclassified Seoulvirus 0.76/0.24 OR413578
SPLA1b S. Typhimurium Food 39459 Unclassified Lederbergvirus 0.00/1.00 OR413579
SPLA2 S. Newport Food 53075 Unclassified =~ Rosemountvirus 0.94/0.06 OR413580
SPLA3 S. Mbandaka River 240593 Unclassified Seoulvirus 0.77/0.23 OR413581
SPLA4 S. Mbandaka Factory drain 39540 Autographiviridae Berlinvirus 1.00/0.00 OR413582
SPLASa S. Montevideo W?rictlﬁ\évr?:er 151208 Unclassified Seunavirus 0.81/0.19 OR413583
SPLA5b S. Kedougou Wastewaler 107599 Demerecviridae  Tequintavirus 0.8970.11 OR413584
SPLAS5c S. Infantis Wastewaler 239009 Unclassified  Seoulvirus 0.76/0.23 ORA413585
SPLA9 S. Montevideo W?rictlﬁ\évr?:er 51694 Unclassified = Rosemountvirus 0.89/0.11 OR413586
SPLA10 S. Montevideo Wasiowaler 10197 Unclassified  Phikzvirus 0.88/0.12 ORA413575
SPLA11 S. Panama W?ric:ﬁ\évr?:er 52451 Unclassified = Rosemountvirus 0.81/0.19 OR413576
SPLA12 S. Infantis Wastewater 51974 Unclassified = Rosemountvirus 0.83/0.17 OR413577

influent
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3.2.3. SPLA1b is an Induced Prophage from Salmonella Typhimurium

Since SPLA1b was predicted to be a prophage based on genome sequence analysis, the
possibility that this phage was an activate prophage from one of the enrichment strains
was investigated further. Illumina sequence reads of each enrichment strain
(Supplementary Table 1) were mapped to each assembled viral contig (Figure 3). Log10
transformed coverage was plotted against genomic position and a phage was judged to be
a prophage if coverage was high across the whole length of the genome. SPLA1b was the
only phage which appeared to be an induced prophage. Coverage was moderately high for
many of the enrichment strains but only consistently high across the whole length of the
genome a single Typhimurium strain, suggesting that it was induced from this strain and

similar regions are present in the genomes of other enrichment strains.
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Figure 3 — Log10 Coverage of Salmonella enrichment strain sequence reads aligned to the SPLA1b
genome sequence assembly.

3.2.4. Genomic Comparison of SPLA phages using VIRIDIC

In order to initially investigate the diversity of isolated bacteriophages, genomes were
compared using Virus Intergenomic Distance Calculator (VIRIDIC). This software compares
and assigns an intergenomic similarity score to between viral genomes. A score of 100
suggests identical genomes and a score of 0 indicates completely unrelated genomes.
Members of the same viral genus had high intergenomic similarity scores. For example,
SPLA1a, SPLA3 and SPLASc, all seoulviruses, shared greater than 96 intergenomic similarity
at the nucleotide level. Additionally, SPLA2, SPLA9, SPLA11 and SPLA12, belonging to the

Rosemountvirus genus all shared more than 94 intergenomic similarity across the whole
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length of their genome. Genomes of members of different viral genera did not align and

had poor intergenomic sequence similarity < 1 between each other highlighting diversity

amongst SPLA phages.
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Figure 4 — Nucleotide base intergenomic similarities of SPLA bacteriophages calculated using VIRIDIC. A
heatmap of clustering based off intergenomic similarity values as percentages is shown in top-half
(White-Green heatmap). The bottom heat map indicates the aligned fraction (beige heatmap) and
genome length ratio (purple heatmap) for each phage pair where a darker colour indicates less similarity
between each phage.

3.2.5. SPLA Phages are distributed among 7 different viral lineages

To determine the evolutionary relationship of each phage in available databases,
phylogenetic context based on protein sequence similarity of SPLA phages and phages
infecting Gammaproteobacteria was determined by phylogenetic reconstruction (Figure 5).
SPLA phages clustered in 7 deeply rooted lineages which were well distributed among

gammaproteobacteria phages which is consistent with the diversity observed using
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VIRIDIC. Additionally, members of each genera clustered with other known members of the
same predicted genera, further supporting the clusters of related phage genomes. Each
phage genome within the tree was assigned a taxonomic classification based on the
Inphared database consisting of complete bacteriophage genomes deposited into
Genbank. Only two phages, SPLA4 and SPLASb, have a currently assigned viral family of

Autographiviridae and Demerecviridae, respectively.

SPLA5a %

SPLA1a g
SPLA3 , il
SPLASb v W

Viral Family

B Ackermannviridae
Autographiviridae
Casjensviridae

B Chaseviridae

I Corticoviridae

Demerecviridae
Drexlerviridae
Mesyanzhinowviridae
Peduoviridae
Schitoviridae
Straboviridae
Tectiviridae
Unclassified
l Zobellviridae

SPLASb

Viral Genera
Berlinvirus
Seoulvirus
Phikzvirus
Tequintavirus
Seunavirus
Rosemountvirus
Lederbergvirus

LR ]

SPLA11 7 | N

Figure 5 — Phylogenetic relationship of SPLA phages proteome in the context of known diversity of viral
proteomes from viral families known to infect Gammaproteobacteria. The dendogram was generated
using VIPtree and viral family annotation was assigned using Inphared database. SPLA phages are
indicated using circles and diagrams of predicted morphology.
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3.2.6. SPLA Phages have limited virulence against non-Salmonella strains

To investigate the ability of SPLA phages to infect gammaproteobacterial species, eleven
strains from ten different genera were tested including ten Enterobacteriales and one
Aeromonaceae. A broth culture assay that indicates virulence based on the difference in
growth in the presence and absence of phage resulting in a Liquid Assay Virulence Score
(LAS) was used (Figure 6). All non-Salmonella gammaproteobacterial strains exhibited very
little susceptibility to SPLA phages with the exception of Hafnia alvei which had low
susceptible to several SPLA phages, notably the podophages SPLA2 and SPLA4, both of

which had LAS greater than 35.
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Figure 6 — Host Range testing of SPLA phages against diverse Gammaproteobacteria. A) Maximum
likelihood phylogenetic reconstruction of host range strains, including Salmonella, based on sequence
variation in the 16s rRNA region. Tree is rooted to Aeromonas veronii as out group. B) Heatmap of Liquid
Assay Virulence Scores (LAS) ranging from 0 (no change in growth) and 100 (no growth) of each strain the
presence of each SPLA phage. C) Violin plots of LAS for each SPLA phage against gammaproteobacterial
strains.
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3.2.7. SPLA Phages have variable virulence against Salmonella enterica serovars

To determine the virulence of SPLA phages for isolates of diverse Salmonella serovars,
thirteen strains of 12 different serovars of Salmonella enterica were investigated (Figure
7). Two phylogenetically distinct strains of S. Newport were investigated. Susceptibility of
S.enterica to SPLA phage was highly variable. No SPLA phage exhibited greater than
moderate virulence (33-66 LAS) against all strains tested. The broadest host range was
observed in SPLA9, SPLA11 and SPLA1a which exhibited at least moderate LAS in 10 of the
13 serovars tested. Nonetheless, all SPLA phages, with the exception of SPLA5a, SPLASb
and SPLA1b, exhibited at least moderate virulence against more than half of the strains
tested suggesting relatively broad host range.

Amongst the most phage resistant serotypes were S. Kentucky and S. Heidelberg with the
highest LAS of 12.4 and 23.9 by SPLA9 and SPLAla respectively, suggesting that these
strains are not well infected by SPLA phages. In contrast, the most susceptible strains were
S. Enteritidis where all SPLA phages achieved at least moderate virulence, and both S.

Newport strains where all except SPLA1B and SPLA5B scored moderate virulence.
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Figure 7 — Host Range testing of SPLA phages against diverse Salmonella Typhimurium. A) Maximum
likelihood phylogenetic reconstruction of host range strains, including Salmonella, based on sequence
variation in the core genome (SNPs). Tree is rooted to Salmonella bongori as out group and removed from
the analysis. B) Heatmap of Liquid Assay Virulence Scores (LAS) ranging from 0 (no change in growth) and
100 (no growth) of each strain the presence of each SPLA phage. C) Violin plots of LAS for each SPLA
phage against Salmonella enterica strains.

3.2.8. SPLA phages have variable virulence against Salmonella Typhimurium

Twelve Salmonella Typhimurium strains, which were well distributed amongst the
population structure were chosen to further investigate the virulence of SPLA phages in
more detail (Figure 8a). Typhimurium was selected for further investigation as this serotype
has a broad host range and commonly causes disease in humans and many farmed animals
(Bawn et al., 2020). Despite the much closer relationship between Typhimurium strains

relative to Salmonella enterica, considerable variation in virulence was still observed
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(Figure 8b). SPLAl1a was particularly virulent, reflected in high LAS (>66) for many of the
strains tested. Additionally, SPLA9 and SPLA11, both Rosemountviruses, were moderately
virulent against a broad range of Typhimurium strains. Even among very closely related
strains, variation in susceptibility was observed. For examples, S04698 and A53 are both
part of the monophasic S. Typhimurium ST34 epidemic which has emerged in the last three
decades, and differ by 51 core SNPs, yet these strains exhibited distinct differences in
susceptibility to at least five SPLA phages (Tassinari et al., 2020). Most strikingly, S.
Typhimurium with prophages cured from its genome resulted in a decrease in susceptibility

to SPLA phages compared to wild-type.
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Figure 8 — Host Range testing of SPLA phages against diverse Salmonella enterica. A) Maximum
liklehood phylogenetic reconstruction of host range strains, including Salmonella, based on sequence
variation in the core genome (SNPs). Tree is rooted to Salmonella bongori as out group and removed
from the analysis. B) Heatmap of Liquid Assay Virulence Scores (LAS) ranging from 0 (no change in
growth) and 100 (no growth) of each strain the presence of each SPLA phage. C) Violin plots of LAS for
each SPLA phage against Salmonella enterica strains.

3.2.9. A penta-phage cocktail is sufficient for maximum coverage of host range.

Phage cocktails are combination of phages mixed together and used simultaneously. This
approach is used as multiple phages can infect a broader range of strains than single phage
preparations. The LAS for each phage - host combination was used to predict the best
possible phage combination containing each possible number of phages (n) (Figure 9). Two
metrics were used for calculation: Max average where selection was based on the highest

mean LAS for each combination and Maxso where the best possible combination was
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selected based on the number of strains it scored LAS >50. The Maxsp metric suggested that
a tri-phage cocktail containing SPLA1A, SPLA9 and SPLA11 was optimal. This cocktail
achieved LAS greater than 50 for 21 of the Salmonella strains tested (Figure 7 and 8). Both
of these metrics selected for a phage cocktail with a broad host range and high LAS scores
indicating high virulence. Conversely, the Maxaverage Mmetric suggested that the addition of
SPLA4 and SPLA5B would broaden the host range and result in a more effective cocktail.
This cocktail had a mean LAS of 72.536. In both metrics, adding additional phages beyond

this point did not improve respective scores.

A)

Number of Optimal Phage Mean
100 Phages (n) Combinati LAS
80 0 0
80 1 SPLA1A 58.844
w 70 2 SPLA1A, SPLA9 69.62
5 60 3 SPLA1A, SPLAY, SPLA11 724
c 4 SPLA1A, SPLA4, SPLAS, SPLA11 72,5
3 50 S SPLA1A, SPLA4, SPLASB, SPLA9, SPLA11 72.536
= 40 6 SPLA1A, SPLA1B, SPLA4, SPLASB, SPLAS, SPLA11 72.536
30 ? SPLA1A, SPLA1B, SPLA2, SPLA4, SPLASB, SPLAS, SPLA11 72.536
20 8 SPLA1A, SPLA1B, SPLA2, SPLA3, SPLA4, SPLASB, SPLAS, SPLA11 72.536
9 SPLA1A, SPLA1B, SPLA2, SPLA3, SPLA4, SPLASA, SPLASB, SPLAY, SPLA11 72.536
10 10 SPLA1A, SPLA1B, SPLA2, SPLA3, SPLA4, SPLASA, SPLASB, SPLASC, SPLAS, SPLA11 72.536
° % " 4 N 3 - 2 14 11 SPLA1A, SPLA1B, SPLA2, SPLA3, SPLA4, SPLASA, SPLASB, SPLASC, SPLAS, SPLA10, SPLA11 72.536
12 SPLAIA SPLA1B, SPLA2, SPLA3, SPLA4, SPLASA SPLASB, SPLASC, SPLAY, SPLALQ, SPLA11, SPLA12 72.536
Number of Phages (n)
Number of Optimal Phage Strains with
B) 2 Phages (n) Combinati >50 LAS
0 0
1 SPLA1A 16
20 2 SPLA1A, SPLA9 20
2 3 SPLAIA, SPLAY, SPLALL 21
g 15 4 SPLA1A, SPLA1B, SPLAS, SPLA11 21
.‘(I_J 5 SPLA1A, SPLA1B, SPLA2, SPLA9, SPLA11 21
2 6 SPLA1A, SPLA1B, SPLA2, SPLA3, SPLAY, SPLA11 21
S0 7 SPLA1A, SPLA1B, SPLA2, SPLA3, SPLA4, SPLA9, SPLA11 21
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Figure 9 — Phage cocktail selection based on statistical analysis of LAS. A) MaXxaverage Scores for each optimal
phage cocktail for containing each number of phage (n). B) Maxsoscores for each optimal phage cocktail for
containing each number of phage (n).
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3.2.10. SPLA1a is resistant to heat stress

Penta phage cocktail candidates (SPLA1a, SPLA4, SPLA5B, SPLA9 and SPLA11) were tested
for resistance to heat (Figure 10). Heat resistance is a useful characteristic as it allows
phages to be spray dried which improves shelf life and aid phage delivery (Chang et al.,,
2017). Heat resistance was measured by recovery of phages after 1 hour of treatment. All
phages were stable at both 25°C and 50°C with the exception of SPLA1a where a significant
reduction of around 1 log was observed (t=8.2609, df=2.0233, p-value=0.01385) compared
to no treatment. After treatment at 75°C, SPLAla was the only phage which could be
recovered, although there was a significant 2 log reduction (t=4.4505, df=2.0171, p-
value=0.04623), nonetheless this phage remained recoverable, at high titre, where all other

SPLA phages were completely inactivated.
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Figure 10 — Survival of SPLA Penta-Phage Cocktail candidates (SPLA1a, SPLA4, SPLA5b, SPLA9, SPLA11)
under heat stress measured by log PFU/ml recovered after 1 hour incubation at 4 different
temperatures (No treatment, 25°C, 50°C and 75°C). Statistical significance is show using asterisk (*).
Phage morphology is represented by icons.
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3.2.11. SPLA1a is resistant to Acetic Acid, SGF and SIF treatments.
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Figure 11 — Survival of SPLA Penta-Phage Cocktail candidates (SPLA1a, SPLA4, SPLA5Sb, SPLA9, SPLA11)
under acetic acid stress measured by log PFU/ml recovered after 5 minutes incubation at 3 different pH
(pH7, pH 5 and pH 3). Statistical significance is show using asterisk (*). Phage morphology is represented
by icons.
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Stability in acid stress was determined by subjecting phages to acetic acid for 5 minutes at
pH 5 and 3 (Figure 11). Acid Stability allows phages to remain active in low pH conditions
such as acid washes used in food processing or within the human stomach. No significant
reduction in phage titre was observed after 5 minutes of exposure to acetic acid at pH 5
compared to pH 7. At pH 3, SPLA4, SPLASb, SPLA9 and SPLA11 were all completely
inactivated however SPLA1a remained stable and no significant reduction in titre compared
to pH 7. To further investigate the pH stability of SPLA Phages in the penta-phage cocktail,
stability in simulated gastric fluid (SGF) and simulated intestinal fluid (SIF) was tested
following 1 hour of exposure (Figure 12). In SIF, SPLA4 was the only phage with a significant
reduction in titre after 60 minutes and was completely inactivated with no recoverable

phages (t=4.4376, df = 2, p-value = 0.04721). In simulated gastric fluid adjusted to pH 3,
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once again all phages with the exception of SPLAla were non-viable, however there was a
significant reduction in SPLA1a titre with a roughly 2.5 log reduction observed (t=8, df=2,
p-value=0.01527). When SGF was adjusted to pH 2, no viable phages were recovered

amongst all SPLA phages.
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Figure 12a-b - Survival of SPLA Penta-Phage Cocktail candidates (SPLA1a, SPLA4, SPLASb, SPLA9,
SPLA11) exposed to A) Simulated Intestinal Fluid (SIF) and B) Simulated Gastric Fluid (SGF) measured by
log PFU/ml recovered after 1 hour incubation. Statistical significance is show using asterisk (*). Phage
morphology is represented by icons.
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3.3. Discussion

Isolation of bacteriophages is often most successful using samples which are high in
bacterial diversity and therefore able to support a more diverse virome. It is therefore
unsurprising that wastewater was a successful source of Salmonella phages in this study,
as it has previously be shown to contain high viral diversity, and in particular phages
(Adriaenssens et al., 2021). Salmonella were also found in the Lakes/River samples, the
locations of which were not in the immediate vicinity of a waste water treatment plant.
Despite different sampling locations, closely related phages were often isolated, with 4
Rosemountviruses and 3 Seoulviruses purified from food, river and wastewater samples.
The newly isolated Seoulviruses are closely related to previously isolated phages and share
greater than 96 % ANI to SPFM phages (Thanki et al., 2019) All Seoulviruses are jumbo
phages which are classified as phages with genomes larger than 200kb. SPFM phages were
mostly isolated from sources of pig origin, including a wild boar reserve and multiple pig
farms. Whilst SPLA1a was isolated from food samples which included pork products, SPLA3
and SPLA5c were isolated from river and wastewater samples suggesting that Seoulviruses

are not exclusively of pig origin.

SPLA phages were not shown to affect the growth of non-Salmonella strains with the
exception of Hafnia alvei where SPLA phages show low virulence. Bacteriophages which
are able to infect multiple different genera are rarely reported and are usually restricted to
genera within the same family , for example vB_HalM_SPARTY is able to infect both
Salmonella and Hafnia (Bullen et al., 2022). However, Hafnia phage Ca is able to infect
Hafnia and Aeromonas sobria, a member of the family Aeromonadaceae (Pan et al., 2021).

It is unclear whether SPLA phages are able to fully complete their infection cycle within the
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Hafnia strain tested. The low LAS scores could instead indicate lysis from without, a process
where phage adsorption results in destruction of the cell without production of phage
progeny. This is common at high multiplicity of infection (MOI), such as the MOI used in
this study, and Hafnia could have been more susceptible to lysis from without which may
explain why virulence was achieved against all phages tested.

SPLA phages were much more virulent against Salmonella strains. Amongst the most phage
resistant serovars were S. Heidelberg, S. Gallinarium and S. Kentucky, suggesting that a
cocktail of SPLA phages would have limited virulence against these serovars, and further
phages would need to be isolated to generate a cocktail effective against these strains. In
contrast, the SPLA phages were effective against S. Typhimurium, S. Newport and S. Derby.
These serotypes represent almost 60% of Salmonella isolations from Pigs by APHA in 2021
which highlights their potential application within the pork production chain as feed
additives or processing aid. Seoulviruses, similar to SPLAla, have previously been used as
feed additives which led to significantly reduced Salmonella colonisation in Salmonella
challenged piglets (Thanki et al., 2022). Additionally, the phages were effective against
Montevideo, Mbandaka, Kedougou and Infantis which are contribute to around 56% of
serovars isolated from chickens, highlighting another potential application within

agriculture.

Amongst the most phage resistant strains was Salmonella Typhimurium D23580, an
invasive, multidrug resistant isolate associated with blood stream infection in sub-Saharan
Africa (Kingsley et al., 2009). Despite close genomic similarities to other Typhimurium
tested, this strain harbours a unique prophage repertoire, carrying 5 complete prophages,

BTP1, BTP5, Gifsy-1, Gifsy-2 and ST64B, with BTP prophages being unique within this
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lineage (Owen et al., 2017a). Crucically, BTP-1 is known to harbour a phage defence gene,
bstA, which results in phage resistance to diverse bacteriophages via abortive infection

(Owen et al., 2021). This could explain why this isolate was resistant to many SPLA phages.

Combining bacteriphages into cocktails is a useful approach to increase host range and limit
phage resistance (Lood et al., 2022). Selecting phages for cocktails should consider the host
range of the individual phages. Using two approaches, SPLAla, SPLA9 and SPLA11 were
picked as cocktail candidates. These phages were effective against multiple serovars of
Salmonella. The addition of SPLA4 and SPLA5B resulted in a small increase in mean LAS
and a slightly more effective cocktail. However, this approach does not consider any
antagonistic (lower efficacy than the most effective bacteriophage acting alone) or
synergistic (greater efficacy than the most effective bacteriophage acting alone) effects of
bacteriophages within the cocktail which could result in changes in efficacy. For example,
cocktail selection based on virulence of single phage preparations against Escherichia coli
resulted in synergistic, neutral and antagonistic effects (Niu et al., 2021). This highlights the
requirement to test for phage-phage interactions when formulating cocktails to ensure

most successful applications.

Another important consideration for bacteriophage cocktail candidates is their stability
within environmental stress conditions. The type of stress should consider the potential
application. For example, phages used within food production should be stable to changes
in temperature consistent with the food manufacturing process. Conversely, phages with
applications for oral therapies should be able to tolerate changes in pH such as those

present in the human stomach and gastrointestinal tract (Dgbrowska, 2019). We
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demonstrate that SPLA1la is tolerant to heat and acid stress, in addition to its broad host
range and high virulence scores. This is an unusual phenotype as phages are typically non-
viable following exposure to high temperatures, specifically as high as 75°C (Joriczyk et al.,
2011). A similar stability phenotype has been reported in SPFM10, a Seoulvirus with 98%
sequence similarity to SPLA1a. Single nucleotide polymorphism analysis has linked the heat
and pH tolerance phenotype to a non-synonymous mutation in a hypothetical protein. The
adenine to thymine mutation led to a threonine to serine substitution and was the only
SNP consistently not present in four other closely related phages which did not display the
phenotype. Increases in tolerance to stresses expands the potential downstream
application of bacteriophages. Many applications require stability at ambient
temperatures, which is best achieved by spray drying (Vinner et al., 2019). The process of
spray drying requires prolonged exposure to high temperatures, making SPLAla a good
candidate for spray drying. Additionally, spray dried bacteriophages are suitable for oral
administration. Oral administration is the most convenient delivery method for
bacteriophages to treat many infections, the stability of SPLAla in simulated gastric fluid
and simulated intestinal fluid will likely contribute to increased efficacy for oral

administration.

Host range, infection dynamics and stability to external stress are important factors for
selecting bacteriophages for downstream applications. Both host range and stability should
consider the intended downstream application to ensure that bacteriophages are effective
against selected targets as well as remain viable within the niche. However, it is not possible
to fully predict the effectiveness of a bacteriophage cocktail using these factors alone as it

does not consider phage synergy or antagonism. In order to determine this, more
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information relating to the phage host interaction is required. This should include host
receptor and resistance mechanisms to ensure there is limited overlap between cocktail

candidates.
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4. Elucidating Phage-Host
Interactions using Functional
Genomics
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4.1. Introduction to Chapter Five

The interaction of a bacteriophage with a susceptible host is complex. Phage infection is
initiated by attachment to a receptor located on the cell surface. Attachment is a signal for
the genetic material of the phage housed in the capsid to be injected into the cytoplasm.
Subsequently, the phage genome is replicated and new viral progeny are produced within
the host bacterium. Specificity is mediated by the receptor binding proteins (RBP) located
on the phage tail fibres and the host receptor. Different RBPs bind to different host
receptors, giving phages the potential to utilize a variety of different cell surface receptors
including lipopolysaccharide, outer membrane proteins and flagella proteins (Broeker and
Barbirz, 2017). However, bacteria may encode a variety of different mechanisms to prevent
phage infection. Phage resistance mechanisms can target different stages of the phage
infection process including receptor binding and nucleic acid injection (Barker, 1988,
Bondy-Denomy et al., 2013, Goldfarb et al., 2015). In order to use phages for downstream
applications, its important the target receptor and phage defence mechanisms are properly
characterised as this information can help develop more effective treatments. Using
phages which target alternative receptors makes application more effective as phage
resistance can occur at lower frequency (Chan et al., 2013).

Genome wide transposon insertion mutant libraries combined with high throughput
sequencing of transposon insertion sites has been widely used to assay essentiality or
conditional essentiality of every gene within a bacterial genome. This approach has been
applied to identify genes involved in antibiotic tolerance, biofilm formation, antibiotic
production and bacteriophage infection (Holden et al., 2021, Yasir et al., 2020, Xu et al.,
2017, Cowley et al., 2018). The approach uses a saturating library of transposon mutants

each with a transposon inserted into a different genomic location. The insertion of a
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transposon into a coding sequence is assumed to knock out the function of a gene, although
since multiple insertions are normally present in each gene within the library it is possible
to identify insertion sites with no effect on gene function. The library of mutants is placed
under selection in a defined test condition and targeted sequencing of transposon insertion
sites facilitates identification of mutants which have increased or decreased in frequency
corresponding to increased or decreased fitness. To date, there have been four variations
of transposon insertion sequencing; transposon sequencing (Tn-Seq), insertion sequencing
(INseq), high-throughput insertion tracking by deep sequencing (HITS) and transposon
directed insertion site sequencing (TraDIS). TraDIS was initially developed for investigation
of essential genes and bile tolerance genes in Salmonella Typhi and has since been applied
to other organisms including E.coli (Langridge et al., 2009, Yasir et al., 2020)

In this study, a functional genomics approach, employing TraDIS, was used to determine
host encoded genes which contribute to susceptibility or resistance to SPLA
bacteriophages. This information, along with details of host range and virulence discussed
in chapter four, is used to select a combination of bacteriophages which work

synergistically together leading to improved bacteriophage cocktail design.

4.2. Results
4.2.1. Distribution of Insertions within Salmonella Typhimurium ST4/74 TraDIS
Library

A Salmonella Typhimurium strain ST4/74 Tn5 insertion mutant library, constructed by Dr.
Hannah Pye, was used to determine the genes involved in infection by SPLA phages. This
library was susceptible to SPLA phages with at least moderate LAS by all phages with the
exception of SPLA1B. The mutant library was constructed by electroporating a

transposome that is a mixture containing a Tn5 transposon harbouring a kanamycin
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resistance gene and transposase enzyme. Sequencing of transposon insertion sites in the
library cultured on Luria broth agar using TraDIS and mapping to the S. Typhimurium ST4/74
genome sequence indicated approximately 609,000 unique transposon insertions
corresponding to approximately one insertion every 8 base pairs across the genome. Gene
essentially was determined using BioTraDIS based on frequency distribution of insertions
across replicates (Barquist et al., 2016). Sequencing reads were mapped to the Salmonella
Typhimurium ST 4/74 reference genome and were placed alongside the location of

essential genes (Figure 1). This figure was adapted from Dr Hannah Pye.
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Figure 1. Insertion site map and essential genes of transposon mutant library in S. Typhimurium Strain
ST4/74. Insertion sites of Transposon mutant library grown mapped to reference genome (inner two
rings), essential genes required for growth in laboratory conditions (LB Broth, 37°C) (middle two rings)
and coding sequences (CDS) of ST4/74 (outer two rings). Genomic location is denoted by red (forward
strand) and blue (reverse strand). Genome size is presented in base pairs. Adapted from Dr Hannah Pye,
thesis.
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4.2.2. Selection of SPLA phages for host interaction investigation

In order to select the library of transposon mutants, the selection pressure must be
appropriate so that changes in insertion frequency can be observed. We reasoned that too
much phage infection would potentially lead to complete death of the population (in some
cases) and may not detect genes with a small effect on phage resistance. Too little selection
would lead to no observable change in insertion frequency. Selection pressure can be
controlled by varying the multiplicity of infection (MOI). Viable counts of the TraDIS library
were measured in 1-hour intervals to ensure that an appropriate level of selection was
achieved (Figure 2a). An appropriate level of selection was deemed to be a 2 log reduction
as this has previously been used for TraDIS experiments using Antibiotic selection (Holden
et al., 2021, Yasir et al., 2020). SPLA phages were used at an MOI of 10, except for SPLAla
which was used at an MOI of 1 due to high virulence observed earlier in the host range
screen. Despite the lower MOI, SPLA1a still produced the largest reduction in viable counts
after 5 hours, with a log reduction of roughly 3. Interestingly, SPLA2 reduced viable counts
in liquid culture after 5 hours but did not produce visible single plaques on solid medium
after 18 hours of incubation (Figure 2b). SPLA3 was not able to reduce the viable counts,
despite previously being able to infect the parent strain in the host range screen (Chapter
4). Due to their reduction in viable counts SPLAla, SPLAlb, SPLA2, SPLA5b, SPLA5c and
SPLA11 were selected for use in the TraDIS experiments. Three hours was selected as the
selection time as this was enough time for reduction in viable counts and therefore every
phage could complete its infection cycle and did not allow excess time for phage resistance

mutations to emerge within the population and confound the data.
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Figure 2. Viable counts of Salmonella Typhimurium ST 4/74 TraDIS library with infection by SPLA
phages. A) Change in colony forming units (CFU) taken at 1 hour intervals for 5 hours. Error bars represent
standard error (SE) B) Plaques of selected SPLA phages against ST4/74 wild type after 18 hours.

107

102

Log(CFU/ml)

10°

Phage dilution

10*

3 10

0 60 120 180 240 300 10¢
Time {min)

7
—e—SPLATa -~ SPLA3 o SPLA11 10
—e-SPLA1b —eSPLASb —+ SPLA12
—e—SPLA2 —e-SPLAS5c No_Phage

4.2.3. Distribution of Insertions following selection by SPLA phages

In order to identify host genes involved in infection by selected SPLA phages, the
Salmonella Typhimurium transposon mutant library was exposed to SPLAla, SPLA1D,
SPLA2, SPLASb, SPLA5c and SPLA11 for 3 hours of infection in liquid culture. Immediately
following selection period, genomic DNA was extracted and sequenced using TraDIS. The
transposon sequences were mapped back to the reference genome and changes in
insertion frequency within genes were detected using BioTraDIS (Barquist et al.,,
2016)(Figure 3). Mapping of the insertions showed a large spike in a specific gene region,
corresponding to LPS biosynthesis loci, which was also present in the non-phage treated

control. However, this spike was dramatically reduced following treatment with SPLASb.
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Figure 3. Insertion site maps of transposon mutant library in S. Typhimurium Strain ST4/74 following
bacteriophage selection. Insertion sites of Transposon mutant library grown mapped to reference
genome (inner two rings), and coding sequences (CDS) of ST4/74 (outer two rings). Genomic location is
denoted by red (forward strand) and blue (reverse strand). Genome size is presented in base pairs.

In order to determine which genes had significant changes in insertion frequencies, a

significance threshold of 0.05 (Q-value) was used. Genes containing insertions in

90
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significantly greater relative abundance (Q <0.05) following phage treatment compared to
control were termed susceptibility genes, since their interruption resulted in reduced
phage infection. Conversely, genes containing transposon insertions in lower relative
abundance (Q <0.05) in the transposon mutant library were termed phage resistance genes
since their inactivation resulted in increased phage infection.

Most of the susceptibility genes identified were genes which encoded proteins involved in
the biosynthesis of macromolecules present on the bacterial cell surface which were
candidate phage receptors. For example, btuB that encodes the outer membrane vitamin
B12 transporter appeared to be a susceptibility gene for SPLA5b infection (Figure 4D). In
addition, genes involved in the synthesis of lipopolysaccharide (LPS), such as those in the
rfa and rfb loci, were detected as susceptibility genes for infection by SPLA1a, SPLA1b and
SPLASc (Figures 4A, 4B and 4E). Genes involved in the synthesis of cellulose, including yhjU,
yhjL, yhjN, yhjQ, yhjR and yhjS were highlighted as susceptibility genes for SPLA2 infection.
Putative resistance genes were detected which when interrupted reduced bacterial
survival. These included two regulatory proteins BarA (SPLA2) and OxyR (SPLAS5c). In
addition, RumA, involved in the methylation of uracil in 23s ribosomal RNA, and nfi,
encoding an exonuclease, were both highlighted to provide resistance to SPLA5c infection.
The glycosyltransferase gene, gtrB, was identified as a resistance gene in both SPLA5c and
SPLA11 infection. Most notable, while insertional inactivation of genes involved in LPS
biosynthesis increased survival upon infection by SPLAla, SPLA1b and SPLA5c, inactivation

of these genes decreased survival in the presence SPLASb.
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Figure 4. Volcano plots showing changes in the insertions within genes in phage treated conditions
relative to non-phage treated control. Log fold change in insertions (x-axis) is plotted against significance
(y-axis) using -logio(g-value). Each graph shows gene hits for treatment with a different phage: A =
SPLA1la, B =SPLA1b, C=SPLA2, D = SPLA5b, E = SPLA5c and F = SPLA11. Blue points show a significant
decrease in insertions (resistance genes) and red points show a significant increase in insertions

(susceptibility genes).
4.2.4. Confirmation of TraDIS genes using isogenic mutant phenotyping

Genes where highly significant log fold changes had been identified were selected for
further analysis. Ten selected genes were deleted and replaced with an aphll cassette,
conferring resistance to kanamycin. Genes selected were; btuB, galE, wzzB, oxyR, rfal,

bcsA, rumA, yhjS, rfbA and ST4/74_0756. The resulting single isogenic mutants were



93

phenotyped for increases or decreases in phage sensitivity using a double agar overlay
method (method described in 2.8). This method tested the ability of each phage to form
plaques when infecting each mutant strain. Notably, this method assayed for phage
infection after 18 hours which was in contrast 3 hours used in the TraDIS experiment. Phage
infection was scored as either increased or decreased lysis compared to wild-type which
included both changes in efficiency of plaquing (EOP) and confluence of plaques (Table 1).
All genes resulted in a phenotypic difference to at least one phage. In general, deletion of
a gene involved in the synthesis of the predicted phage receptor resulted in decreased lysis
and in most cases the phage displayed no observable lysis. For example, replacement of
btuB lead to complete resistance to SPLASb which confirmed the large increase in
insertions observed in the TraDIS data. In addition, replacement of rfal or rfbA , lead to
complete resistance to SPLAla and SPLA1b. Interestingly, replacement of the UDP-glucose
4-epimerase gene, galE resulted in complete resistance to SPLAlb but only partial
resistance to SPLAla. The replacement of cellulose synthase gene, bcsA, lead to complete
resistance to four phages; SPLA2, SPLA9, SPLA12, all of which are Rosemountviruses, as
well as resistance to SPLA10. Disruption of some genes also lead to increased susceptibility
to SPLA phages. Replacement of galE, wzzB, rfal and rfbA, all involved in synthesis of LPS
resulted in increased sensitivity to SPLA5Sb. Interestingly, despite being highlighted as genes
involved in resistance to SPLAS5c in the initial TraDIS screen, neither oxyR or rumA provided

resistance to SPLASc in this assay.
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Table 1. Plaque assay results for SPLA phages against ten Salmonella Typhimurium isogenic mutant strains

SPLA WT A0756 AbtuB AgalE AwzzB | AoxyR Arfal AbcsA | ArumA AyhjS ArfbA
1B * * *
2 *
3
q
5a
5b &
5¢
9 * *
10 * ¥
: .
12 =
Phage activity Knockout effect
Clear lysis No change
Hazy lysis Increased lysis
Small amount of visable lysis Decreased lysis
No lysis x No observed lysis

4.2.5. Comparison of phage resistance and susceptibility genes

In order to identify genes which contributed to resistance or susceptibility to multiple
bacteriophages, conserved resistance and susceptibility genes were compared using
UpsetR (Figure 5). SPLASb infection had the most unique genes among other SPLA phages
with 34 unique significant genes identified. These genes included its receptor, BtuB as well
as lower significance hits including genes involved in flagella synthesis and structure such
as flgCEFGI and fliIFMNR. The rest of the SPLA phages tested only had 2 unique genes each,
with the exception of SPLA1B, which did not have any significant unique genes. This could

be due to utilising the same receptor of SPLAla and SPLASc.
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Many genes involved in LPS synthesis were found to have significant log fold changes for
multiple SPLA genes. However, only a single gene was shared amongst all SPLA phages,
rfbA, encoding a glucose-1-phosphate tymidylyltransferase involved in o-antigen synthesis,
however this gene had contrasting roles and significance scores for each SPLA phage and
was not confirmed phenotypically for SPLA2 infection (Table 1). Not including LPS genes,
very few genes were conserved across multiple phages, particularly those classified in

different phage genera.
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Figure 5. Distribution and Abundance of Phage susceptibility and resistance genes between SPLA
phages in Salmonella Typhimurium strain ST4/74. UpsetR plot showing the number of genes in
S.Typhimurium strain ST4/74 with significant (g-value < 0.05) log fold changes compare to non phage
treated control that are shared between each SPLA phage combination.
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4.2.6. Comparison of Genes involved in infection by SPLAl1a and SPLA5c

SPLAla and SPLA5c are both Seoulviruses and share >98% sequence identity across their
genomes. The transposon mutant library screen identified 12 susceptibility genes which
were required for infection by both phages (Figure 6a). These genes were mainly involved
in synthesis of the LPS which is likely the receptor for both phages. LPS is a complex
structure and synthesis involves a wide array of different genes. Different bacteriophages
often target different parts of the LPS and therefore genes involved in LPS synthesis often
have different contributions to bacteriophage infection. For example, O-antigen chain
length, controlled by wzz, wzy and epigenetically by opvAB, affects susceptibility to
bacteriophages P22, 9NA and Det7 (Cota et al., 2015). We therefore aimed to determine
the contribution of each LPS synthesis gene for infection by SPLA1a and SPLA5c. Despite
their high genomic similarity, unique genes were identified which were not significant for
infection by the other phage. Nine genes were identified to be involved in infection by
SPLAla — seven susceptibility genes and two resistance genes. Conversely, ten unique
genes were identified for SPLAS5c, six susceptibility genes and four resistance genes.
Significant genes shared between both phages were generally involved in the synthesis of
the core LPS structure (Figure 6b), including rfal, rfal, rfal and rfaG. Genes unique to
SPLA1la infection included rfaK and galE, both of which are used to add side chains onto
the inner core suggesting that both phages utilize LPS as their receptor, but the exact
structures required for each may differ. Most interestingly, gtrB (STM0558) was identified
as a resistance gene for SPLASc infection but not for SPLA1a infection further highlighting

alternative targets within the LPS structure for these phages.
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4.2.7. Closely related Seoulviruses SPLAl1a and SPLA5c differ in virulence due to
sensitivity to O-Antigen glycosylation by gtrB

SPLA1a and SPLA5c exhibited distinct virulence to a range of strains of S.enterica serotypes
as well as a range of S.Typhimurium, despite sharing high sequence identity across their
whole genome (Chapter 4). For example, SPLA1a was highly virulent against S.Typhimurium
4/74 (LAS = 100) while SPLA5c was only moderately virulent (LAS=61). A key difference,
highlighted by TraDIS, was the sensitivity to gtrB, encoding a glycosyltransferase. A strain
of Salmonella Typhimurium ST4/74 in which the gtrB gene was replaced by aphll, encoding
resistance to kanamycin, resulted in an increase in LAS to 100 for SPLAS5c infection and
resulted in virulence and infection dynamics which were similar to SPLA1a (Figure 7). To
investigate genetic determinates that could contribute to differential sensitivity to the
presence of gtrB, the genomes of SPLAla and SPLAS5c were aligned and variation in
sequence was identified (Figure 8). Average nucleotide identity was above 98% across the
whole genome with the exception of a region of around 10kb affecting 17 genes which
were mostly of unknown function but included virion structural proteins and a putative tail
fibre protein. The ANI in this region dropped to 96.0%. Additionally, SPLA5c had three

insertions relative to SPLA1a affecting a gene encoding a putative RNA polymerase subunit,
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a terminase large subunit and a protein of unknown function. SPLA1a had two insertions

affecting a gene of unknown function and a virion structural protein.
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Figure 8. Whole genome alignment of Seoulviruses SPLA1a and SPLASc. Hypothetical proteins are
shown in grey. Annotated proteins shown in red. Average nucleotide identity (ANI) displayed as
percentages.

4.2.8. TraDIS predicts collateral sensititvity of SPLA phage combinations

Collateral sensitivity is an evolutionary trade off where resistance to one antimicrobal
agent results in increased sensitivity to another. We observed that many of the same LPS
biosynthesis genes played contrasting roles during infection by SPLA1a or SPLASb, that is,
LPS biosynthesis genes were required for infection by SPLA1a, but acted as resistance genes
for infection by SPLASb (Figure 4). To investigate the effect of loss of LPS biosynthesis genes
on the virulence of SPLAla and SPLASb, rfal, rfaK or btuB were deleted in otherwise
isogenic strains of Salmonella Typhimurium strain ST4/74 (Figure 9). Both bacteriophages
formed plaques on the wildtype strain however SPLAla plaques were far clearer compared

to SPLASb which was consistent with the much higher LAS score by SPLAla. Deletion of the
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O-antigen ligase, rfal, resulted in complete resistance to SPLAla (as observed previously)
consistent with O-antigen being the receptor for this phage. In contrast, SPLA5b was still
able to infect the rfal mutant with plagues which were far less turbid than wild-type
indicating increased virulence (Figure 10b). Loss of the gene encoding the vitamin B12
transporter, btuB, resulted in resistance to SPLA5b, indicated a loss of the ability to form
plaques. But had no effect on SPLA1la infection consistent with BtuB being the receptor for
SPLASb. A summary of the different LPS requirements of SPLAla and SPLASb is shown in
Figure 9
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Figure 9. LPS synthesis gene requirements of SPLA1a and SPLa5b contributing to a collateral sensitivity
mechanism. Genes which enhance sensitivity (red arrows) and genes which contribute to resistance (blue
arrows) to SPLA1a (Yellow phage) and SPLA5b (Green phage).
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To further investigate the impact of loss of LPS on the increased susceptibility to SPLASb,
ST4/74 in which the rfaK gene, encoding a hexose transferase involved in the synthesis of
LPS, had been deleted was grown in broth culture in the presence of either SPLAla or
SPLASb. In the presence of SPLAla, no growth of wild-type ST4/74 was obsererved.
However deletion of rfaK resulted in the ability to grow in the presence of SPLAla. In
contrast, under SPLASb selection an extended lag phase was observed agaisnt wild-type
ST4/74, however deletion of rfaK led to increased phage infection compare to wild-type

which was also comparable to the infection observed for SPLA1a against wild-type ST4/74.
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Figure 10. Collateral sensitivity dynamic of bacteriophages SPLA1a and SPLA5b. A) Plaque assays using
SPLA1a (left) and SPLASb (Right) against LPS and btuB deletion mutants in Salmonella Typhimurium
ST4/74. B) Growth Curve analysis of wild-type (red) and ArfaK (blue) in the presence of no phages (left)
SPLAla (middle) and SPLAS5b (right)
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4.2.9. Collateral sensitivity leads to more effective bacteriophage cocktail
design

To investigate whether a collateral sensitivity may occur when the phages were used
together, a naturally occurring resistance mutant was generated by infecting Salmonella
typhimurium ST4/74 with SPLAla and recovering a resistant mutant that occurred at low
frequency, in approximately 10% of cultures (10/96). This strain was termed Salmonella
Typhimurium ST4/74 SPLAla*. Sequencing and single nucleotide polymorphism (SNP)
analysis revealed a single base insertion in the pgm which resulted in a frame shift and a
predicted inactivation of this gene. (Figure 11). The pgm gene encodes for a
phosphoglucomutase, which is involved in glycolysis as well as synthesis of precursors for

LPS synthesis (West et al., 2000). This gene was also identified as a host susceptibility gene
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in the TraDIS screen (Figure 4) This mutant showed a similar phenotype to the isogenic rfal
and rfak mutant (Figure 10)
In contrast to SPLA1a, infection of ST4/74 with SPLA5b resulted in bacterial growth in 100%

of cultures (96/96), although growth was associated with an extend lag phase and lower
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Figure 11. Schematic with sequence alignment of Salmonella Typhimurium ST4/74 wild-type and
naturally occurring SPLA1a mutant. Insertion of C base resulted in a frame shift mutation.

end point optical density compared with non-phage treated controls (Figure 12). To
investigate whether collateral sensitivity may improve phage infection and result in
reduced bacterial growth, SPLA1a and SPLA5b were administered to cultures together. This
limited bacterial resistance to around 1% (1/96) and resulted in a 10-fold increase

compared to treatment with SPLA1a alone.
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It is predicted that resistance to SPLA1la, caused by alterations or deletions in the LPS phage
receptor would lead to increased resistance to SPLASb. Therefore, these phages exhibit a
collateral sensitivity dynamic, where resistance to once phage leads to increased sensitivity
to another. Wild-type strains are infected well by SPLAla, but decreased infectivity by
SPLASb is caused by masking of the btuB receptor by LPS. Mutations in LPS, such as Arfal,
lead to resistance to SPLAla due to deletion of the phage receptor and increased sensitivity
to SPLASb as the BtuB receptor is no longer masked by LPS.
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Figure 12. Growth of Salmonella Typhimurium strain ST4/74 in the presence of SPLAla and SPLA5b in
monotherapy and combination therapy. A) Heatmap of endpoint optical density (OD) at 600nm after 18
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1X). C) Percentage of resistance observed across five independent biological replicates
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4.3. Discussion

Two of the main challenges for the effective deployment of phage-based therapeutics is
the rapid emergence of resistance within bacterial populations and their host specificity.
Although highly host specific phages are useful as they avoid off target effects, it makes the
development of broadly applicable phage-based products difficult. An effective solution to
both challenges is the use of phage cocktails — combinations of phages used together. This
approach often reduces the emergence of resistance as multiple mutations are required to
occur simultaneously in order to resist the cocktail components if there is no overlap in
their mechanisms of action. However, identifying host genes involved in phage infection is
difficult and it is not commonplace in traditional phage cocktail design. To this end, we
employ the use of functional genomics to better understand the interactions between
selected SPLA phages and a bacterial host. Using this information, we differentiate closely
related phages for their use in phage cocktails and formulate a combination of phages
which is more effective and limits bacterial resistance better than single phage
preparations.

Transposon mutagenesis combined with high throughput sequencing is an effective
method to assay they function of all genes within bacteria simultaneously. Each transposon
mutagenesis approach has successfully been applied to identify essential genes within
different bacteria. In addition to the identification of essential genes, the same approaches
have also been applied to determine genes involved under selection such as antibiotic
treatment, stress response and bile tolerance (Yasir et al., 2020, Holden et al., 2021). TraDIS
has previously been used to identify host genes involved in infection by model phages such
as T4, A, T2, T6 and T7 phages (Kortright et al., 2020, Cowley et al., 2018). Additionally, it

has been used to identify Vi capsular antigens and genetic regulators involved in Salmonella
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Typhi infection (Pickard et al., 2013). Crucial to experiments is the optimisation of the
selection pressure. Too much selection leads to excess loss of mutants within the
population and too little selection does not produce an observable effect on insertion
frequency. This is easily achieved when selecting with traditional antibiotics as the
concentration can be varied around the MIC to achieve the desired power of selection.
When using bacteriophages, this is more challenging as varying the concentration is only
effective initially as phages multiply upon successful infection. Therefore, it is likely factors
such as latent period and burst size have effects on selection pressure. Highly lytic phages
such as SPLA1a, are likely to require a different multiplicity of infection (MOI) compared to
less virulent phages.

Interestingly, SPLA2 did not produce individual plaques when infecting the parent TraDIS
library strain, Salmonella enterica sv. Typhimurium strain ST4/74 (Figure 2). Instead, this
phage only appeared to inhibit growth at the highest concentration tested, consistent with
lack of infectivity. However, this phage was able to successfully inhibit the growth when
used in liquid culture. The functional genomic screen revealed genes involved in cellulose
synthesis, such as yhjU, yhjl, yhjN, yhjQ, yhjR and yhjS, as susceptibility genes for SPLA2
infection. Cellulose is a cellular matrix component of bacterial biofilms (Serra and Hengge,
2019). Interestingly, when grown at 37 °C, in conditions consistent with the plaque assay
utilised here, cellulose is poorly expressed and instead optimal cellulose production is
achieved at temperatures between 15°C and 25°C (Kim et al., 2022). This could mean that
this phage would become more virulent at lower temperatures, due to additional
expression of the receptor. Therefore, SPLA2 could be a useful phage for applications to

target biofilms in food production environments.
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The transposon mutant screen combined with TraDIS was successfully applied to identify
host genes involved in infection by six SPLA bacteriophages (Figure 4). Amongst the highest
hits were candidate receptor genes. This is likely because loss of function leads to a
dramatic reduction in phage infection and therefore a higher log fold change in insertions.
Three different receptors were identified which were LPS for SPLA1a, SPLA1b and SPLASc
infection, BtuB for SPLA5b infection and cellulose for SPLA2 and SPLA11. To confirm the
impact of inactivation of receptor genes on phage infection, candidate genes were replaced
with the aph gene in an otherwise isogenic background. Mutants of candidate susceptibility
genes should lead to increased phage resistance and mutants of candidate resistance genes
should result in increased phage susceptibility. Despite SPLAla, SPLA1b and SPLA5c being
predicted to target LPS, its clear that these phages have alternative targets within the LPS
structure. Inactivation of rfal, the O-antigen ligase, lead to complete resistance to SPLA1la
and SPLA1b suggesting that intact O-antigen is a requirement for infection and could be a
primary receptor for this phage. Conversely, despite their high genomic similarity,
inactivation of rfal only resulted in partial resistance to SPLA5c, suggesting that O-antigen
is beneficial to infection by this phage, but the phage is able to retain a lower level of
virulence without it (Table 1). Whilst LPS is the likely primary receptor for each of these
phages, it is not clear which genes may be acting as a secondary receptor as the TraDIS
screen did not highlight a potential candidate. Unlike P22, which also targets LPS, but
degrades the O-antigen in a sequential manner to bring itself into closer proximity to the
bacterial cell, neither phage encodes enzymatic domains within its tail fibre. Interestingly,
inactivation of rfbA, encoding a glucose-1-phosphate thmidylyltransferase involved in the
biosynthesis of the O-antigen monomers resulted in complete resistance to SPLA1a,

SPLA1b, and SPLA5c despite a predicted phenotype similar to rfal inactivation. In addition,
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inactivation of galE, a UDP-glucose 4-epimerase, lead to complete resistance to SPLA1b but
only partial resistance to SPLA1a, further highlighting alternative targets of LPS targeting

SPLA phages.

BcsA is a cellulose synthase and is a key player in the formation of biofilms (Harrell et al.,
2021). Inactivation of bcsA resulted in complete resistance to Rosemountviruses, SPLA2,
SPLA9, SPLA11 and SPLA12, suggesting that cellulose is required for infection. Interestingly,
previous studies have shown that bcsA mutants are not attenuated and instead exhibit
increased intracellular proliferation within macrophages and increased colonisation of the
chicken spleen (El Hag et al., 2017). Additionally, loss of bcsA has been shown to increase
association and uptake by Acanthamoeba which could contribute to environmental
persistence (Gill et al., 2018). These considerations should be taken when considering these
phages for therapeutic or veterinary interventions as treatment with these phages could
select for strains with increased virulence and persistence. LPS targeting phages would
make better candidates as mutations in LPS biosynthesis, such as those that could arise
from treatment with LPS targeting SPLA phages, have been shown to lead to decreased
virulence (Kong et al., 2011). Therefore, resistant mutants to this phage would not

contribute to the emergence of more virulent strains.

The application of TraDIS to the phage selected mutant libraries also identified candidate
resistance genes, although these were much less common than susceptibility genes. This is
likely due to bacteriophages being able to infect the library strain efficiently and therefore
it’s unlikely that efficient resistance mechanisms for these phages are present.

Nonetheless, putative resistance genes included barA for SPLA2 infection and oxyR, rumaA,
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nfi and gtrB for SPLA5c infection. However, the plaque assay was not able to confirm either
oxyR or rumA as resistance genes for SPLA5c infection since their inactivation slightly
reduced sensitivity to SPLA5c phage. This could be due the plaque assay treatment being a
different assay to the TraDIS selection with increased exposure time, 18 hours, compared

to 3 hours as well as being in solid media compared to liquid medium.

Comparison of host resistance and susceptibility genes across each SPLA phage did not
identify a master regulator involved in phage infection which is likely due to genetic
diversity of SPLA phages used (Figure 5). However, genes involved in LPS infection were
shared between multiple phages as susceptibility genes for SPLAla, SPLA1b and SPLA5c as
well as resistance genes for SPLAS5c. Since overlap in TraDIS hits, particularly between
phages which are not using the same receptor are limited, these phages make suitable
cocktail candidates as resistance to multiple phages is less likely due to the need for

multiple mutations in different genes being required.

Phage cocktail selection should be based on a robust understanding of the infection process
of the bacteriophage including the host genes involved in phage infection. Ideal candidate
phages for applications should have limited resistance genes. However here we
demonstrate that even very closely related bacteriophages can interact with their host
differently. Both SPLA1a and SPLAS5c are Seoulviruses which target components of the LPS,
however, it is clear that the exact target is different due to differences in their TraDIS gene
hits (Figure 6). In particular, gtrB, encoding a glucosyltransferase, was identified as a
resistance gene for SPLASc but not SPLAla. GtrB was confirmed to provide resistance to

SPLASc since its inactivation lead to increased susceptibility to SPLA5c which resulted in



111

infection dynamics similar to SPLA1a infection (Figure 7). The mechanism of resistance is
likely due to gtr operons generating changes in LPS structure which affect SPLA5c binding,
but not SPLAla. Therefore SPLAla would make a better cocktail candidate as gtr operons
are common in Salmonella and therefore resistance to SPLA5c would limit effectiveness
(Davies et al., 2013).

Crucial to phage cocktail design is to avoid phages which work antagonistically together
and instead use phages which work synergistically. Collateral sensitivity is a phenomenon
observed commonly with antibiotic treatment where resistance to one antimicrobial
results in increased resistance to second antimicrobial (Hall et al., 2009) . For example,
resistance to aminoglycosides is often associated with increased susceptibility to beta
lactams (Lazar et al., 2013). Additionally, bacteriophage treatment has been shown to
increase susceptibility to antibiotics (Koderi Valappil et al., 2021). Of particular interest for
the rationale design of phage cocktails was the observation that LPS biosynthesis genes
acted as susceptibility factors for SPLAla infection but contributed to resistance for SPLASb
infection. This was confirmed using isogenic mutant strains with rfal and rfaK replaced with
an aph gene. In this case, inactivation of LPS biosynthesis genes resulted in resistance to
SPLA1la but increased susceptibility to SPLA5Sb. Natural occurring mutations which confer
resistance when exposed to SPLAla are likely to occur in TraDIS gene hits such as the
mutation observed in pgm (Figure 11). When used together, we demonstrate that SPLAla
when used in combination with SPLA5b resulted in a 10 fold increase in effectiveness
suggesting a collateral sensitivity dynamic when used as a cocktail. This highlights that
SPLASb may be an ideal cocktail candidate, despite not initially appearing useful due to

limited infectivity (Chapter 4).
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One of the greatest challenges to the successful application of bacteriophage-based
therapies is the rapid emergence of bacterial resistance which would limit effectiveness of
applications. Here we utilize a functional genomic approach to distinguish between phages
which would be useful for downstream applications and those which would not be
appropriate. Using this method, we distinguish between closely related phages,
highlighting differences in their interactions with their hosts which impacts their
effectiveness. Additionally, we show that particular phages can increase the effectiveness
of others through a collateral sensitivity dynamic resulting in a more effective phage

cocktail.



5. Application of Salmonella
Bacteriophages in Food
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5.1. Introduction to Chapter Six

Bacteriophages are a promising alternative to traditional antimicrobials for the control of
pathogens within the food chain. Bacteriophages have been shown to be effective in
reducing the prevalence of bacterial pathogens when directly applied to food products
(Sukumaran et al., 2015, Anany et al., 2011). An important consideration for this phage
application is the interaction between the bacteriophage and a food matrix as well as
members of the food microbiota. Phages which are effective in liquid monoculture may not
be as effective when other non-susceptible bacteria or food matrices are present.
Nonetheless, an attractive trait of bacteriophage treatment is their specificity. In contrast
to traditional antimicrobials, phages commonly only infect a small range of related bacterial
strains or species whilst not directly affecting other members of the microbial community.
This is of particular benefit to foods which contain a beneficial microbiota, such as
fermented foods, as pathogens can be removed whilst leaving other bacteria unaffected.

The shift in consumer attitudes toward minimally processed food and away from the use
of artificial preservatives, and regulations that control the use of antibiotics in animal
husbandry has driven the search for natural alternatives to prevent the presence of harmful
bacteria within food production. Phages are a potentially viable alternative; however public
perception of bacteriophages remains a challenge and a potential barrier to their use
(McCammon et al., 2023). The addition of viruses into food may not be well received by
consumers, despite bacteriophages likely being highly abundant in food (Mahony and van
Sinderen, 2022). To this end, many commercially available phage preparations specifically
designed for use in food and feed processing have entered the market (Soffer et al., 2016,

Yang et al., 2017a).
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This chapteraimed to determine whether bacteriophages can prevent detection of
Salmonella when directly applied to raw pet food products and whether the presence of
phages will cause shifts in other members of the microbial community. In this chapter we
investigated the viral communities present within food products using viromics and aimed
to observe changes in abundance of SPLA phages consistent with phage infection.

5.2. Results
5.2.1. Determination of the limit of detection for Salmonella in Food Samples

The detection of pathogens within food samples requires a highly sensitive and accurate
method. An ideal method should be able to detect the presence of 1 CFU present within
the original 25g sample. Therefore, in order to establish a highly sensitive protocol for the
detection of Salmonella within raw pet food samples, an adaption of the ISO accredited
method for Salmonella isolation from food samples (ISO 6579:2002) was developed. In
particular, serotyping for Salmonella identification was replaced by PCR (see methods
section, 2.4). The rationale for this adaption was to improve sensitivity as well as
throughput. Therefore, to determine the limit of detection for Salmonella in pet food
products using this method, raw tripe samples were spiked with Salmonella Typhimurium
strain SL1344 at varying concentrations prior to culture based isolation. Spiking was
performed by pipetting adjusted Salmonella culture evenly over samples and incubating
samples at room temperature for 30 minutes. Colony PCR was performed on selected
colonies whose phenotype matched the expected appearance of Salmonella on selective
plates. Amplification of a 440bp region of the 16S gene, as a positive control, and a 796bp
region of the InvA gene suggested a positive Salmonella isolation (Figure 1). No doublet
band was observed in samples spiked with Salmonella at a concentration of 0.1 CFU, and

therefore the sample was deemed not to contain Salmonella (Lanes 1-3). However,
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Salmonella was recovered from samples spiked with 1, 10 and 100 CFU. This suggests that
the limit of detection using this protocol is between 0.1 and 1 CFU of Salmonella per 25 g

of food sample.

CFU: 0.1 1 10 100

M12 3 4 56 7 8 910111213141516 + -

Figure 1 — Agarose gel electrophoresis of PCR products obtained from colony PCR of candidate
Salmonella colonies using primers InvA-FW/RV and PB146/PB147. Lane M is 100bp ladder. Lanes 1-3 are
colonies from samples spiked with 0.1 CFU. Lanes 4-7 are colonies from samples spiked with 1 CFU. Lanes
8-11 are colonies from samples spiked with 10 CFU. Lanes 12-16 are colonies from samples spiked with
100 CFU. Positive control (+) is Salmonella Typhimurium SL1344.

5.2.2. Optimisation of Salmonella and bacteriophage concentrations

In order to establish the optimal concentrations of Salmonella and bacteriophages to kill
Salmonella in food samples and reduce the level of detection by culture-based enrichment,
103 and 10° CFU of Salmonella was spiked into 25 g pet food samples which were all part of
the same product. The penta-phage cocktail (described in Chapter 3) was applied across
the surface of spiked food samples at 10, 103, 10° and 10’ PFU. Salmonella was not
detected in the non-spiked negative control regardless of addition of phages (Table 1).
Salmonella was recovered from all samples spiked with 103 CFU with the exception of a
sample treated with 10’ PFU of phage cocktail where Salmonella was unable to be
detected. Notably, Salmonella was not detected in a sample spiked with 10°> CFU of

Salmonella and 10 or 107 PFU of phages. Since Salmonella could not be recovered in either
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Salmonella spiked sample following the addition of 107 PFU of phages — 107 PFU and 103

CFU were chosen as optimal concentrations for further experiments.

Table 1 — Summary of detection of Salmonella in spiked food samples following the addition of a penta-
phage cocktail at varying concentrations. Positive isolation (+) and negative isolation (-)

R T ——, Number of Phages (PFU)

(CFU) Phage Buffer 10 103 10° 107
Control - = - = .
103 + + - + -
10° 45 = e i _

5.2.3. Application of the penta-phage cocktail lowers the frequency of
Salmonella detection.

In order to assess the frequency of Salmonella detection in penta-phage treated raw
petfood samples, twenty replicates of food samples spiked with 103 CFU Salmonella
enterica ST4/74 and treated with 10’ PFU phages. To allow the distinction between the
isolation of the ST4/74 and other Salmonella potentially present in food samples, the strain
was tagged with a kanamycin resistance selectable marker, aphll, in an intergenic region
which does not affect gene expression of neighbouring genes (Kirkwood et al., 2021).
Candidate Salmonella isolates were tested for kanamycin resistance by plating onto LB
supplemented with kanamycin. In total, 145 candidate colonies were tested across forty
samples and confirmation of positive Salmonella isolation was performed by PCR. In non-
phage treated controls, Salmonella was recovered in all twenty samples (Figure 2). All
Salmonella isolates were resistant to kanamycin suggesting recovery of the spiked strain
from food samples. In samples treated with 10’ PFU of the penta phage cocktail, only four

samples tested positive for Salmonella, only three of which were kanamycin resistant.
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Whole genome sequencing and serotype prediction revealed that the remaining isolate
was S. Bovismorbificans, a serotype not used to isolate SPLA phages or test their host range

(Chapter 4).

20 -
15 +
Positive Salmonella
Samples
10 A
Kanamycin Resistant
Salmonella Samples
5 4
0 -

Non-Phage Treated Phage Treated

Figure 2 — Summary of detection of Salmonella in non-phage and phage treated spiked raw tripe
samples. Red bars indicate the number of samples which Salmonella was detected (n=20). Blue bars
indicate the number of samples where kanamycin resistant Salmonella was detected.

5.2.4. Bacterial metagenomics of phage treated enrichment cultures

The reduction in Salmonella detection in phage treated samples raised the question of how
phage treatment affects Salmonella during cultured based enrichment, as well as effects
on other bacteria present within food samples which are enriched during this process. To
this end, we carried out shotgun metagenome sequencing of total DNA isolated from
buffered peptone water enrichment cultures of phage and Salmonella spiked food samples
(see methods section, 2.20) . Four experimental conditions were used; food spiked with
Salmonella with or without addition of phage and food with or without addition of phage,
each with five independent biological replicates. This allowed us to determine the effect of
phage treatment on the microbiome and virome both when Salmonella was present and

absence of Salmonella.
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5.2.4.1. Escherichia and Comamonas are the dominant genera in
enrichment cultures

To determine taxonomic assignment of microbial communities, the marker-based profiling
tool MetaPhlAn was used on for all samples (Figure 3). This tool assigns taxonomy to
shotgun metagenome reads based on a database of ~5.1 million clade specific marker
genes. At the genera level, Escherichia was most abundant across all samples and groups
with an average relative abundance of 33.5%. Comamonas was also very common in all
samples with an average abundance of 32.1% across all samples. Both of these genera were
likely highly abundant within the cow guts from which the samples originated. In samples
spiked with Salmonella only, the average relative abundance of Salmonella was 5.1%. The
addition of phages to samples spiked with Salmonella resulted in a decrease in average

relative abundance to 0.003% consistent with non-spiked control groups.
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Figure 3 — Relative abundance of bacterial genera within enrichment samples of raw tripe spiked with Salmonella and/or
Other (pale orange). Salmonella abundance presented in Red.

Genus

| Acinetobacter

B citrobacter

[ Comamonas

| Enterococcus

[ Escherichia

[ Hafnia

[ Kiebsiella
Kurthia

I Morganelta

| Other

. Peptostreptococcus

[ Proteus

[ Providencia

B Psychrobacter

|| Raoultelia

B Salmonelia

B Wonifahrtimonas

75-

50-

257




121

5.2.4.2. Bacterial alpha and beta diversity

In order to assess the diversity within each sample (alpha diversity), observed species
diversity (richness) and Shannon index were calculated for all samples (Figure 4A).
Following filtering of species whose total relative abundance, across all samples was below
0.5, 24 different bacterial species were detected, mainly consisting of member of the phyla
Proteobacteria and Firmicutes. The observed number of species in each sample varied from
6 to 15. Shannon-Weiner diversity index (SI) values appeared to be slightly elevated in
samples treated with only phages however S| remained low, with only one sample above
2, indicative of low diversity and/or an unequal distribution of abundance. To compare the
overall effect of the addition of Salmonella and bacteriophages to food samples prior to
enrichment, Bray-Curtis dissimilarity values were calculated and plotted using a nonmetric
multidimensional scaling ordination (NMDS) (Figure 4B). Samples spiked with Salmonella
without addition of bacteriophages (blue squares) appeared to cluster independently from
other samples suggesting a distinct bacterial population compared to other samples. The
use of a permutational multivariate ANOVA (PERMANOVA) revealed that this was not
statistically significant, and the addition of Salmonella alone did not significantly affect
diversity observed compared to other conditions (Figure 4C). The PERMANOVA did
highlight a significant difference in beta diversity between samples spiked with Salmonella
and phage compared to samples spiked with phage only, however this suggested a small

effect size (R? value) and low significance (P-value) .
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Figure 4 — Bacterial alpha and beta diversity within raw tripe samples in enrichment cultures with bacteriophage treatment. A) Alpha diversity presented as
observed diversity (left) and Shannon-Weiner diversity index right) for each sample condition. B) Beta diversity presented as Bray-Curtis dissimilarity values plotted
using nonmetric multidimensional scaling (NMDS) ordination for each sample condition). C) Permutational multivariate ANOVA test of each condition
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5.2.4.3. Bacteriophage treatment significantly reduces the abundance of
Salmonella in food samples.

To test the hypothesis that phage treatment reduces the relative abundance of Salmonella
within food samples, a Student t-test was used to compare the relative abundance of
Salmonella in all test conditions (Figure 5a and b). Spiking samples with Salmonella
dramatically increased the relative abundance of Salmonella within each sample compared
to each other test condition (Figure 5a). The difference in relative abundance of Salmonella
was significantly greater (p<0.05) in samples spiked with Salmonella only, compared to all
other conditions (Figure 5a). It should be noted that Salmonella relative abundance was
significantly higher when comparing samples treated with Salmonella and phages with
control samples where no Salmonella was added (No Salmonella + no phage and phage
only), this is likely due to Salmonella genomic DNA present from the lysis of spiked bacteria

and overall relative abundance still remains very low.
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Figure 5 — Statistical comparison of relative abundance of Salmonella within raw tripe samples following
addition of Salmonella and/or bacteriophages and enrichment culture. A) Mean relative abundance of
Salmonella shotgun metagenomic reads present within cultures of each phage/Salmonella condition. Error
bars represent standard error of the mean (SE) B) Matrix of statistical significance values (p-values) across
five replicates calculated using a student t-test. No statistical significance (p >0.05) is presented in blue,
statistical significance (P < 0.05) is presented in red.



124

5.2.4.4. Bacteriophage treatment does not significantly affect abundance
of other bacterial species of the food microbiome.

To assess the effect of the addition of bacteriophages on relative abundance of other
bacterial species found in food samples, a student t-test comparing each species present in
phage only and no phage no Salmonella conditions was performed (Table 2). P values were
corrected using Benjamini-Hochberg correction for multiple tests. No significant
differences in the relative abundance of all 23 species were found. This suggested that the
addition of bacteriophages to food samples alone did not change the relative abundance

of each bacterial species.

Table 2 — Statistical comparison of relative abundance species present within raw tripe samples
following addition of bacteriophages. Comparison is made across all five replicates. Difference in mean
relative abundance is shown comparing no phage cocktail no Salmonella relative to phage only
conditions.

Difference in mean relative abundance P Value
Acinetobacter baumannii -0.315982 0.719
Acinetobacter Iwoffii 1.329442 0.753
Acinetobacter variabilis -5.459968 0.677
Citrobacter braakii -0.300554 0.974
Citrobacter freundii -0.003098 0.995
Comamonas kerstersii 1.108926 0.977
Enterococcus faecalis 0.278076 0.753
Enterococcus faecium -0.016008 0.719
Escherichia coli 7.82688 0.677
Escherichia marmotae 0.086178 0.677
Hafnia paralvei 0.885732 0.677
Klebsiella pneumoniae -0.561946 0.719
Kurthia gibsonii -0.270254 0.677
Morganella morganii -1.844142 0.677
Peptostreptococcus russellii -0.706572 0.677
Proteus mirabilis 0.47509 0.954
Providencia alcalifaciens -1.315392 0.677
Providencia rustigianii 0.874806 0.677
Providencia stuartii 0.02857 0.677
Psychrobacter sanguinis -0.36671 0.677
Raoultella ornithinolytica -1.29702 0.677
Vagococcus humatus -0.106552 0.677

Wohlfahrtiimonas chitiniclastica -0.177782 0.677
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Since the addition of phage alone within did not significantly affect the relative abundance
of other bacterial species, this raised the question of whether a similar affect would be
observed when Salmonella was present in samples alongside phage treatment as potential
amplification of phage may increase in phage concentration within the enrichment broth.
Therefore, the analysis was repeated comparing the Salmonella only group, with the
Salmonella and phage condition (Table 3). No significant differences in abundance of each
species were detected, with the exception of Enterococcus faecium which significantly
increased in relative abundance in Salmonella and phage spiked samples (t = 17.1759 df =
4, SE = 0.025). However relative abundance in both conditions remained very low, with
Enterococcus faecium reads constituting less than 1% of total reads in each sample.
Interestingly, the abundance of Hafnia paralvei was significantly lower in phage treated
samples (t = 4.0753, df = 4, SE = 0.122), an effect only observed in Salmonella spiked
samples. Previously, phage cocktail components were also shown to be slightly virulent

against Hafnia alvei (Chapter 4).
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Table 3 — Statistical comparison of relative abundance species present within raw tripe
samples following addition of bacteriophages and Salmonella. Comparison is made across
all five replicates. Difference in mean relative abundance is shown comparing Salmonella only
relative to Salmonella and phage cocktail conditions.

Difference in mean relative abundance P Value
Acinetobacter baumannii -8.977126 0.373
Acinetobacter Iwoffii -3.926106 0.598
Acinetobacter variabilis -4.41907 0.373
Citrobacter braakii 0.625544 0.756
Citrobacter freundii 0.343746 0.316
Comamonas kerstersii 12.226244 0.373
Enterococcus faecalis -0.883424 0.055
Enterococcus faecium -0.431446 0.002
Escherichia coli -1.539248 0.878
Escherichia marmotae -0.043138 0.878
Hafnia paralvei 0.497876 0.034
Klebsiella pneumoniae -0.317456 0.724
Kurthia gibsonii -0.042586 0.190
Morganella morganii -0.129568 0.756
Peptostreptococcus russellii -0.953796 0.373
Proteus mirabilis 4.07916 0.452
Providencia alcalifaciens 0.089254 0.878
Providencia rustigianii 0.05385 0.912
Providencia stuartii -0.108488 0.597
Psychrobacter sanguinis -0.393348 0.180
Raoultella ornithinolytica -0.306892 0.598
Vagococcus humatus -0.05604 0.144
Wohlfahrtiimonas chitiniclastica 0.24539 0.598

5.2.5. Viromics of food enrichment cultures

Metagenomic assembled genomes (MAGs) identified as viral were used to investigate the
diversity of viruses, primarily bacteriophages, present within food samples and place them
in the context of known viral genomes. Additionally, we also aimed to identify increases in
abundance of bacteriophage cocktail components in enrichment cultures consistent with
phage lytic activity.

5.2.5.1. Viral alpha and beta diversity

Across all samples, 3067 viral operational taxonomic units (vOTU) were assembled and

passed quality filtering and dereplication. The filtered vOTUs ranged in size from 1500 bp
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to 262,183 bp and had a mean length of 7921 bp. In order to understand the diversity
within samples, alpha diversity metrics were calculated (Figure 6a). Observed diversity
values corresponding to the number of vOTUs present in each sample were high in each
condition. The addition of Salmonella or bacteriophages did not appear to lead to a
difference in the number of vOTUs present. The Shannon Index for each condition was also
above 5.8 for all samples suggesting high diversity, likely due to high species richness. Beta
diversity was assessed using an NMDS plot of Bray Curtis dissimilarity values (Figure 6b).
Samples where Salmonella and phage were added (Purple cross) appeared to cluster
independently from all other samples suggesting a distinct viral population community
structure from other samples. The use of a PERMANOVA revealed a significant shift in the
virome of samples treated with Salmonella and bacteriophages (purple cross) compared to

all other conditions (Figure 6c).
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Figure 6 — Viral alpha and beta diversity within raw tripe samples in enrichment cultures with bacteriophage treatment. A) Alpha diversity
presented as observed diversity (left) and Shannon-Weiner diversity index right) for each sample condition. B) Beta diversity presented as
Bray-Curtis dissimilarity values plotted using nonmetric multidimensional scaling (NMDS) ordination for each sample condition). C)
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5.2.5.2. Characterisation of Tripe virome

To investigate the composition of the virome of raw tripe and to place assembled vOTUs in
the context of known viral diversity, vContact2 was used to generate a network-based
gene-sharing profile. vOTUs from all samples were clustered with viral diversity within the
INPHARED database containing complete viral genomes from GenBank (Figure 7). This
method has been shown to be an accurate tool for the taxonomic assignment of
bacteriophages with similar viruses co-locating in clusters (Bin Jang et al., 2019). The vast
majority of vOTUs present in the food samples clustered with unclassified viruses which do
not currently have an assigned viral family from the latest International Committee on
Taxonomy of Viruses (ICTV). Additionally, many vOTUs were found to cluster independently
from viruses within GenBank suggesting that these vOTUS represent novel viruses with no
related genomes in available databases. Interestingly, a single vOTU from food clustered
with other Inoviridae phages. In contrast to many of the other phage families highlighted
in this network, members of the Inoviridae family are single-stranded DNA viruses. This
vOTU was 7.9kb in length encoding 12 genes consistent with the genome size range of
other members of the Inoviridae family, and clustered with phages infecting Ralstonia.
Ralstonia is a plant pathogenic bacterium which was not detected with metagenomic

sequencing (Figure 3).
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5.2.5.2.1. Classification of vOTUs

To further investigate each vOTU present within tripe samples, virulent-temperate lifestyle
predictions were made for each genome to estimate the dominant lifestyle of the tripe
virome (Figure 8a). Majority of the vOTUs were predicted to be lytic, due to the absence of
lysogeny genes, within their genomes. This demonstrates that lytic phages are likely to be
dominant within raw tripe samples and suggests that they remain stable over the course
of the enrichment process. Since many of the vOTUs appeared to be unrelated to previously
isolated bacteriophages (Figure 7) we aimed to quantify the number of novel vOTU clusters
detected (Figure 8b). A vOTU cluster was deemed to be novel if it did not contain or share
edges with INPHARED phages within the network. The network predicted a total of 450
viral clusters contained tripe vOTUs, of which 378 were classified as novel, while the
remaining 56 contained known viruses. This highlights that the diversity of the tripe virome

is not currently reflected within publicly available databases.
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Figure 8 — Classification of vOTUs in raw tripe samples spiked with Salmonella and/or Bacteriophages.
A) Lifestyle prediction of vOTUs by BACPHLIP. B) Quantification of known and novel viral clusters in
vConTACT2 network.
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5.2.5.3. Identification of SPLA phage blooms

Since Salmonella decreased in relative abundance in samples which had been treated with
the penta phage cocktail, reads were mapped to genomes of cocktail components to
determine changes in abundance of SPLA phages in the presence of Salmonella, indicative
of phage lysis (phage blooms) (Figure 9). Mapping used a sequence identity threshold of
100%. Interestingly, in samples where the penta phage cocktail was not added, reads
mapped to SPLAla, SPLA4 and SPLASb suggesting that similar phages are present within
the tripe virome. No reads were mapped to SPLA9 or SPLA11l (both rosemountviruses)
when the penta phage cocktail was not applied suggesting these phages or close relatives
are not present within any of the tripe samples. In order to identify significant blooms of
SPLA phages in the presence of Salmonella, phage only conditions were compared to
Salmonella and phage conditions using a student t-test. Significant blooms were identified
in all SPLA phages with the exception of SPLA4 (P <0.05). In order to demonstrate that
blooms were SPLA bacteriophages and not background members of the virome with high
sequence similarity, no Salmonella and no phage conditions were compared to Salmonella
only conditions. No significant changes in mapped reads was observed suggesting that the
observed phage blooms were likely to be SPLA phages increasing in abundance and not

similar phages present within samples.
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5.3. Discussion

The antimicrobial activity of bacteriophages makes them a promising intervention method
for the use directly in food to reduce the presence of foodborne pathogens. The detection
of foodborne pathogens contaminating retail food is commonly carried out using culture-
based techniques (Velusamy et al.,, 2010). These approaches use selective culture to
increase the abundance of target bacteria which are later confirmed using methods such
as serotyping, enzyme-linked immune sorbent assay (ELISA) or MALDI-TOF (Schrader et al.,
2008, Verma et al., 2012, Wieser et al., 2012). The use of culture-based techniques is a
critical tool in the detection of pathogens for food-based surveillance as it allows for highly
accurate and reliable identification of pathogens. In the case of Salmonella, multiple
incubations in different selective media are employed in order to enrich for Salmonella and
increase the effectiveness of detection methods (Mooijman, 2018). An important
consideration for the application of bacteriophages directly to food samples is that phages
are likely to be present in enrichment cultures during routine pathogen surveillance. The
antimicrobial activity of the applied phages is likely to be far higher during culture due to
increased bacterial growth as well as liguid media and shaking that would result in
increased phage-bacteria interactions (Sinha et al., 2018). Here, we show that treating with
bacteriophages decreases the detection of Salmonella using a method with the same
culture-based techniques as routine Salmonella detection methods (Figure 2). The
antimicrobial activity of bacteriophages within the food sample prior to culture is not clear
and therefore viable counts of Salmonella should be measured in order to determine this.
However, if the antimicrobial activity occurred exclusively within culture, food samples
containing viable Salmonella are likely to test negative which raises an issue with the use

of bacteriophages in food production. A potential solution would be the application of



135

culture independent approaches, such as metagenomic sequencing, for food surveillance.
However, these are currently not commonplace due to many factors including increased
cost and reduced accuracy (Wang and Salazar, 2016). Nonetheless, if bacteriophages are
to be used in food production, current surveillance methods are likely to be not appropriate

for accurate pathogen detection.

A potential barrier to the use of phages is likely to be the production and delivery of the
correct concentration of bacteriophage for the intended application. The use of phages in
industrial processes such as food production is therefore likely to require production of
bacteriophages in large volumes and high titres. Here we apply 10’ PFU of bacteriophages
per 25 g of raw tripe sample. Raw tripe product is commonly produced in quantities up to
2kg per product. Therefore 8 x 108 PFU would be required for this dose per product.
Industrial production of bacteriophages at high titres can be expensive and therefore
application to a low production cost product, such as raw pet food, is likely to reduce profit
margins and may not be economically viable (Krysiak-Baltyn et al., 2018). Lower titres will
need to be used that retain the desired antimicrobial activity whilst reducing phage

production costs.

Metagenomic sequencing was used to assess whether phage treatment within food
samples caused significant shifts within microbial populations. Enriching samples in aerobic
conditions likely lead to a sample bias, towards fast growing aerobic bacteria, which could
explain low diversity and low species richness observed (Figure 3). Since food samples used
were tripe, which predominantly consists of ruminant stomach lining, many anaerobic

bacteria which are likely abundant within samples were not enriched for. Nonetheless,
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enriching for aerobic bacteria selected for fast growing aerobes, many of which are closely
related to Salmonella, and therefore the most likely phage targets. Using this method was
also consistent with culture-based techniques and allowed insight into phage induced

population dynamics within enrichment culture.

The most common bacteria genera isolated from raw tripe samples were Comamonas,
Escherichia and Acinetobacter (Figure 3). Bacteria of the genera Comamonas are fast
growing Gram-negative bacteria, which likely explains their high abundance within
enrichment cultures, with certain species such as Comamonas kerstersii known to cause
human infection (Almuzara et al., 2017). Comomanas has previously been shown to be
present within the rumen of cattle, as well as the human gut. (Carvalho et al., 2022, Wang
et al., 2022). Additionally, Escherichia and Acinetobacter are both commonly found within
the stomach lining and gut of cows which likely explains their presence within tripe
enrichment cultures (Park and Kim, 2020). Many of the bacteria isolated, such as
Enterococcus faecium, were commensal bacteria, particularly of cattle, and therefore are
unlikely to pose a risk of to humans or pets. However opportunistic pathogens, such as
Acinetobacter baumannii, were present within all samples which could pose a risk to
humans preparing raw pet food diets as well as animals consuming them, particularly for

immunocompromised individuals (McConnell et al., 2013).

The treatment of samples with a bacteriophage cocktail significantly reduced the relative
abundance of spiked Salmonella to very low levels, comparable with unspiked control
samples. This highlights the effectiveness of the penta phage cocktail in the presence of

food matrix and food microbiota. Significant differences between untreated controls and



137

phage and Salmonella spiked samples were still observed however the relative abundance
did not exceed 0.5% in any sample which could be due to presence of DNA from phage
killed cells which would not be detected by culture based enrichment methods which rely

on intact and viable cells.

An advantage of the use of phages over other antimicrobials is their specificity as non-
susceptible bacteria should not be lysed by the bacteriophage cocktail. This is important
for phage therapy as shifts in the human microbiota can be linked to disease such as
inflammatory bowel disease (Cucchiara et al., 2009). It can also be important for their use
in food as shifts in the microbiota could affect sensory characteristics of the product and
well as food spoilage (Doulgeraki et al., 2012, Kazou et al., 2022). We demonstrate that the
use of a phage cocktail in samples where the primary target, Salmonella, is not present, no
significant changes in abundance of bacterial species are observed which could be due to
the absence of susceptible hosts and the phage becoming inert (Table 2). However, in the
presence of Salmonella, both Enterococcus faecium significantly increased in abundance
whereas Hafnia paralvei significantly decreased in abundance (Table 3). It is not clear what
causes these shifts. Rapid Salmonella lysis could have induced stress responses leading to
decreases in abundance. Interestingly previous host range testing showed that SPLA
phages do affect the growth of afnia species (Chapter 4). This effect may only have been
observed in the presence of Salmonella due to an increase in phage titre from successful

lysis.

Viral species richness was particularly high in all samples, regardless of the addition of

Salmonella or bacteriophages (Figure 6). This could be due to high viral diversity within
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tripe samples. However, this diversity could also be confounded by assembly of multiple
incomplete fragments of the same viral genome. This could partially be avoided by filtering
out smaller vOTUs, such as those which are below 10-20kb (Roux et al., 2017). However,
this would exclude smaller bacteriophages leading to an underestimation of viral diversity
(Moens et al., 2017, Van Doorslaer et al., 2018). An alternative to attempt to improve viral
assemblies is to utilize the addition of long read metagenomics with short read sequence-
based approaches. This hybrid approach has been shown to improve downstream viral
prediction and viral diversity within samples whilst long read metagenomics alone has be
shown to be inadequate for the accurate assembly and prediction of viral contigs (Cook et
al., 2023). Nevertheless, the use of short read approaches utilised in this study identified
3067 vOTUs which were well dispersed amongst known bacteriophage sequences (Figure
7). Majority of vOTUs were clustered with phages currently unclassified at the family level,
likely due to the abolition of the morphology based taxa, Myoviridae, Siphoviridae and
Podoviridae leading to majority of phages currently being unclassified at family level

(Turner et al., 2021, Turner et al., 2023).

Majority of vOTUs present within Tripe samples were predicted to be virulent phages
(Figure 8a). The predictions, made using BACPHLIP, estimated bacteriophage lifestyle based
on searching for temperate phage specific protein domains. An important consideration
for this estimation is that absence of lysogeny genes may not indicate that a phage is
virulent if the vOTU is incomplete. Therefore, this should only be treated as an estimation
of the lifestyle composition of the tripe virome. Comparisons of viral clusters containing
vOTUs from this study did not cluster with bacteriophage genomes within GenBank (Figure

8b). These novel viral clusters could relate to currently unknown viral diversity relating to
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new phage taxa. Alternatively, these viral vOTUs could also be eukaryotic viruses which

would not cluster with bacteriophage genomes used within the network.

Mapping of metagenome sequence reads to SPLA phages within the penta phage cocktail
revealed that the tripe virome contained similar phages to SPLAla, SPLA4 and SPLA5SDb,
since read mapping was observed for unspiked samples. Since the difference in Salmonella
abundance was still observed between these samples, this suggest that the presence of a
phage alone is not enough to significantly reduce Salmonella contamination. The correct
phage must be treated at the correct concentration, which is previously known to be
virulent against the target in order to achieve the desired effect. It also highlights that since
very similar phages, which were not distinguishable using highly stringent mapping, there
should be little concern for the addition of phages to food samples. However significant
phage blooms were observed for phages SPLA1a, SPLA5Sb, SPLA9 and SPLA11. Suggesting
that these phages were able to replicate within the samples and are likely the cause of the

decrease in Salmonella presence within phage spiked samples.

Overall, phages remain effective for the lysis of Salmonella even in the presence of food
matrices and member of the food microbiota. Concerns over the addition of phages into
food samples should be limited as the food samples already contain a rich and diverse
virome, even containing phages with high similarity to phage cocktail components.
However, routine use of bacteriophages in food processing is likely to require other
considerations, such as alterations to current surveillance procedures, in order to maintain

accurate testing methods critical for a safe food supply.
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6. Discussion
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The need for novel and effective control measures for bacterial pathogens in food
production environments is of great importance. The application of control measures is
integral to maintaining a safe supply of food and preventing the spread of bacterial
infections. Whilst bacteriophages are a promising solution, there are still many important
considerations and barriers which are preventing their use. One important consideration is
determining where within a food production environment their application would be most
effective. Phages have the potential to be used at many stages of food production, both
pre-harvest and post-harvest. Pre-harvest applications could include the prophylactic
treatment of livestock as well as treatment of crop plants. Post-harvest applications could
include the direct addition to food products and well as disinfectant use within food
production environments.

Preharvest applications would likely require the prophylactic use of phages in farm animals
typically through supplementation of feed or drinking water (Ferriol-Gonzéalez and
Domingo-Calap, 2021). This would prevent colonisation of livestock and also aim to prevent
pathogen presence within food production factories. Phage delivery via drinking water
would be an effective method which would be easy to monitor. However, stability over
long periods of time and shelf life when stored as a liquid make this mode of delivery less
attractive. One alternative is the addition of dried phages to feed pellets. Phages are able
to be dried using a variety of methods such as lyophilisation and spray drying (Manohar
and Ramesh, 2019, Chang et al., 2017). The supplementation of feed with spray dried
phages has been shown to significantly reduce colonisation of Salmonella challenged

piglets as well as no negative impact of pig gut microbiota (Thanki et al., 2022).
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Perhaps the most simple and easy to implement application is their use for surface
disinfection in conjunction with traditional chemical disinfection. Their application as
sprays would ensure direct contact with pathogens and has previously been shown to be
effective for the removal of Pseudomonas aeruginosa (Stachler et al., 2021). Whilst this
approach could be effective in preventing cross contamination and could improve the
effectiveness of cleaning procedures, the effect for the removal of pathogens already
within food is likely to be limited. Additionally, routinely disinfecting factory equipment and
all surfaces with bacteriophages is likely to require large volumes of bacteriophages which
could be expensive to produce and may not be cost effective. In the case of raw pet food,
the most effective application could be directly applying a bacteriophage cocktail as sprays
for products which are minimally processed. Minimally processed products, such as those
which are not minced, are likely only contaminated at the surface and therefore removal
with bacteriophages should be easier. The application of sprays ensures equal coverage of
the phage cocktail as well as a consistent dosage. The application of phages to food and
feed may also benefit the consumer. Lytic bacteriophages ingested alongside a
contaminating pathogen may also remain active within the gut preventing colonisation and

infection. Further research could be carried out to test this hypothesis.

Typical protocols for the isolation of bacteriophages, including the methods commonly
used within this study, utilise rich media and incubation temperatures for optimal bacterial
growth. This is used as increased bacterial growth can lead to increased production of
bacteriophages. Whilst this is appropriate for laboratory use, conditions within
environments of the intend application usually vastly differ. This is an important

consideration as phages which are virulent in laboratory conditions may not retain their
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virulence in harsher conditions, such as those within a food production environment. Food
production settings are typically much colder, and the availability of key nutrients is likely
much scarcer. A potential way to overcome this downstream issue is to isolate phages at
temperatures and conditions which resemble that of their intended use. When
environmental conditions change, bacterial gene expression can also change which can
alter the proteins and polymers found on their cell surface, such as cellulose (Castelijn et
al., 2012, Kim et al., 2022). If these structures are used as phage receptors, the types of

phages isolated may differ in these conditions leading to new phage discovery.

Perhaps the biggest barrier to the use of phages in food is the regulatory approval for their
use. The exact regulatory guidelines for the use of bacteriophages for any application are
yet to be universally defined. However, it is evident that the regulatory body responsible
for defining these guidelines will depend on the given application. Phages used for therapy
will likely need to adhere to guidelines of the Department for Health and Social Care
(DHSC), the Medicines and Healthcare products Regulatory Agency (MHRA), the National
Institute for Health and Care Excellence (NICE) and/or the National Institute for Health and
Care Research (NIHR). Whereas, phage applications in food will likely need to be approved
by the Food Standards Agency (FSA). Currently, some bacteriophage products are approved
for use within food or have GRAS (Generally regarded as safe) status for use within the USA
(Vikram et al., 2021). Currently no bacteriophage or commercially available bacteriophage
products are approved at a European wide level for use in therapy or in food. The approval
of bacteriophages for use is likely to be dependent on how their use is classified by law. If
the use of bacteriophages is used for surface decontamination or food handling surfaces or

directly onto products, they may require approval as a processing aid to produce food and
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feed. Processing aids are substances or materials which are not consumed as a food
ingredient alone, intentionally used to fulfil a technological purpose which may result in
presence within the final product. Processing aids only require approval under EU food
hygiene legislation if directly applied to products. If phages are demonstrated to have an
ongoing effect when added to food, such as preventing future contamination, then they
will likely require approval as a food additive. Food additives are defined as substances not
normally consumed as a food alone which are intentionally added to food to fulfil a
technological purpose which may affect characteristics of food not including substances
added for maintaining nutritional qualities. A major distinction between processing aids
and food additives is that there is no requirement for a processing aid to be included in
product labelling. Nonetheless, it is currently unclear which category bacteriophages

should be placed into which will likely affect the difficulty for their approval.

In principle, bacteriophages have the potential to be cheap to produce. They are naturally
occurring, and their production is similar to microbial biotechnological processes which
have been carried out for decades. However, their production for use in phage therapy,
and also potentially within food, requires phage production to adhere to good
manufacturing practice (GMP) standards. The same GMP standards which are required for
the production of pharmaceuticals. This makes the production of designer or personalised
phage cocktails, where phages have been specifically selected for their virulence against a
particular bacterial strain, not economically viable. The only way for phages to be cost
effective is to produce large batches of phage cocktails with very broad host range meaning
they can be used to treat more patients, or to modify current GMP standards for the

production of bacteriophages.
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In order to better inform policy and legislation makers, it is clear that more work is required
to determine the antimicrobial effect of bacteriophages directly within the food production
environment. This study contributes greatly to the discover and in-depth characterisation
of Salmonella phages, as well as providing evidence for their efficacy within a specific
application in food. However more work is required to fully determine the optimal mode
of delivery for phages in food processing environments. This should include aspects such
as contact time, optimal temperatures, and delivery modes. In addition, aspects which
could limit phage efficacy such as different food matrices or materials of food contact
surfaces should be investigated. From this study, it is evident that efficacy on phage
treatment is critically dependent on a well-designed combination of bacteriophages, with
characterised lytic activity against the target bacterium which remains stable and
efficacious in conditions for their intended use.

This thesis contributes to better understanding of how bacteriophages can be used in food
processing environments, particularly in the production of raw pet food. The information
surrounding raw pet food production gained is invaluable to the appropriate and effective
application of bacteriophages in this setting. This information will be useful to Company P
and other raw pet food producers to help better understand the presence and diversity of
Salmonella circulating within raw pet food and help inform important intervention
methods to help reduce prevalence. Additionally, the characterisation of twelve new
Salmonella phages, with the potential to be used as antimicrobial is a useful finding. The
methods used here to isolate, characterise, and formulate cocktails of phages should be
used as a framework for the development of phage-based antimicrobials. This study has

also demonstrated that a rationally designed cocktail can be effective when applied to food
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for the reduction of Salmonella. The framework for the rationale design of bacteriophage

cocktails, which encompasses much of the work of this thesis, is shown in Figure 1.

Isolate phages with Characterise phage © Test phage cocktail
lytic activity receptor and in a model specfic
against your strains mechanisms of to the desired
of interest bacterial resistance application

2. 3. 4. S.

Isolate bacterial Isolate lytic 5 Formulate Test cocktail
: ; Characterise "
strains of interest phages phage cocktail efficacy

Use bacterial
strains from

Place phages in
phylogenetic

specific context and ;de;t ;
application. (eg - establish their host C:m '”; '°n;°
pathogens in food) range phages, based on

TraDIS and test
efficacy in vitro

Figure 1 — Pipeline for the rationale design of bacteriophage cocktails for increased efficacy against
bacterial pathogens.
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8. Supplementary Materials

Table 1 — Summary of Bacterial Strains used for laboratory work in this study.

Strain | Genus Species Serovar Source Chapter | Ref Accession
Name Used
A20 Salmonella entercia Montevideo | Pork 3,4 This SAMN358

Study | 23516

B113 Salmonella entercia Panama Beef 3,4 This SAMN358
Study 23517

B34 c6 | Salmonella entercia Mbandaka Beef 3,4 This SAMN358
Study 23518

b11 Salmonella entercia Kedougou Beef 3,4 This SAMN358
cl12 Study 23519
B90 Salmonella entercia Infantis Beef 3,4 This SAMN358

Study | 23520

B36 Salmonella entercia Derby Beef 3,4 This SAMN358
cl10 Study 23521
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B16 Salmonella entercia Newport Beef 3,4 This SAMN358
c28 Study | 23522

B104 Salmonella entercia Enteritidis Beef 3,4 This SAMN358
Study | 23523

A53 Salmonella entercia Typhimuriu | Pork 3,4 This SAMN358
m Study | 23524

S33_C | Salmonella entercia Typhimuriu | Food 3,4 This SAMN358
6 m Factory Study | 23525

B8 c7 | Salmonella entercia Typhimuriu | Beef 3,4 This SAMN358
m Study | 23526

JH418 | Salmonella entercia Typhimuriu | Cattle 4,5,6 Rodwe | SAMN369
0 m lletal | 43032

2021

LAHRS | Aeromonas | veronii NA Retail 4 This SAMN358
1 Food Study | 23527

LAHRS | Citrobacter | freundii NA Retail 4 This SAMN358
2 Food Study | 23528

LAHRS | Cronobacter | sakazakii NA Retail 4 This SAMN358
3 Food Study | 23529

LAHRS | Enterobacter | cloacae NA Retail 4 This SAMN358
4 Food Study | 23530

LAHRS | Escherichia coli NA Retail 4 This SAMN358
5 Food Study | 23531

LAHRS | Escherichia | fergusonii | NA Retail 4 This SAMN358
6 Food Study | 23532

LAHRS | Hafnia alvei NA Retail 4 This SAMN358
7 Food Study | 23533

LAHRS | Klebsiella pneumonia | NA Retail 4 This SAMN358
8 e Food Study | 23534

LAHRS | Morganella | morganii NA Retail 4 This SAMN358
9 Food Study | 23535

LAHRS | Providencia | rettgeri NA Retail 4 This SAMN358
10 Food Study | 23536
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LAHRS | Serratia marcescen | NA Retail 4 This SAMN358
11 s Food Study | 23537
SL476 | Salmonella entercia Heidelberg | Turkey 4 Pye et | SAMN308
al 2023 | 70369
SL254 | Salmonella entercia Newport Cattle 4 Pye et | SAMN308
al 2023 | 70373
287/9 | Salmonella entercia Gallinarum Chicken | 4 Pye et | SAMN308
1 al 2023 | 70372
SL480 | Salmonella entercia Schwarzengr | Human | 4 Pye et | SAMN308
und al 2023 | 70371
SL479 | Salmonella entercia Kentucky Human | 4 Pye et | SAMN308
al 2023 | 70375
ST4/74 | Salmonella entercia Typhimuriu | Cattle 4,5,6 Rankin | GCA_000
m and 188735.1
Taylor
1966
S0469 | Salmonella entercia Typhimuriu | Cattle 4 Petrov | SAMEA78
8-09 m skaet | 8680
al 2016
01- Salmonella entercia Typhimuriu | Pigeon 4 Bawn SAMEA86
2888 m et al 8138
2020
DT104 | Salmonella entercia Typhimuriu | NA 4 Bawn HF937208
m et al 1
2021
03-715 | Salmonella entercia Typhimuriu | Pigeon 4 Bawn ERR02807
m et al 1
2021
D2358 | Salmonella entercia Typhimuriu | Human | 4 Bawn FN42440
0 m et al 51
2021
4179- | Salmonella entercia Typhimuriu | Bird 4 Bawn ERR02830
2001 m et al 1
2021
S0288 | Salmonella entercia Typhimuriu | NA 4 This SAMN369
2-06 m Study | 43031
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S0767 | Salmonella entercia Typhimuriu | Bird 4 Bawn PRJEB345
6-03 m et al 99

2021
S0196 | Salmonella entercia Typhimuriu | Pig 4 Bawn PRJEB345
0-05 m et al 97

2021
SL134 | Salmonella enterica Typhimuriu | NA 6 Kirkwo | N/A
4 WITS m od et

al 2021

Table 2 — Summary of primers used in this study

Primer Name Sequence (5’ - 3’) Information

A-N701 CAAGCAGAAGACGGCATACGAGAT | llumina adapter-specific sequencing
TCGCCTTAGTGACTGG primer customised for
CAAGCAGAAGACGGCATACGAGAT | DNA tagmented with the MuSeek
TCGCCTTAGTGACTGG enzyme, used to sequence
AGTTCAGACGTGTGCTCTTCCGATC | DNA from the TraDIS-Xpress
TCGCGTTTTTCGTGC experiments.

GCCGCTTCA

A-N702 CAAGCAGAAGACGGCATACGAGAT | llumina adapter-specific sequencing
CTAGTACGGTGACTG primer customised for
GAGTTCAGACGTGTGCTCTTCCGAT | DNA tagmented with the MuSeek
CTCGCGTTTTTCGTG enzyme, used to sequence
CGCCGCTTCA DNA from the TraDIS-Xpress

experiments.

A-N703 CAAGCAGAAGACGGCATACGAGAT | llumina adapter-specific sequencing
TTCTGCCTGTGACTGG primer customised for
AGTTCAGACGTGTGCTCTTCCGATC | DNA tagmented with the MuSeek
TCGCGTTTTTCGTGC enzyme, used to sequence
GCCGCTTCA DNA from the TraDIS-Xpress

experiments.

A-S502 AATGATACGGCGACCACCGAGATC | Transposon-specific customised
TACACCTCTCTATACA sequencing primer for
CTCTTTCCCTACACGACGCTCTTCCG | sequencing DNA from the TraDIS-
ATCTCTGACCAGGC Xpress experiments.
ATGCCAGGGTTGAGATGTG

A-S503 AATGATACGGCGACCACCGAGATC | Transposon-specific customised
TACACTATCCTCTACA sequencing primer for
CTCTTTCCCTACACGACGCTCTTCCG | sequencing DNA from the TraDIS-

Xpress experiments.
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ATCTCTGACCAGGC
ATGCCAGGGTTGAGATGTG

A-S505 AATGATACGGCGACCACCGAGATC | Transposon-specific customised
TACACGTAAGGAGACA sequencing primer for
CTCTTTCCCTACACGACGCTCTTCCG | sequencing DNA from the TraDIS-
ATCTCTGACCAGGC Xpress experiments.
ATGCCAGGGTTGAGATGTG

A-S506 AATGATACGGCGACCACCGAGATC | Transposon-specific customised
TACACACTGCATAACA sequencing primer for
CTCTTTCCCTACACGACGCTCTTCCG | sequencing DNA from the TraDIS-
ATCTCTGACCAGGC Xpress experiments.
ATGCCAGGGTTGAGATGTG

A-S507 AATGATACGGCGACCACCGAGATC | Transposon-specific customised
TACACAAGGAGTAACA sequencing primer for
CTCTTTCCCTACACGACGCTCTTCCG | sequencing DNA from the TraDIS-
ATCTTACCAGGCAT Xpress experiments.
GCCAGGGTTGAGATGTG

A-5508 AATGATACGGCGACCACCGAGATC | Transposon-specific customised
TACACCTAAGCCTACA sequencing primer for
CTCTTTCCCTACACGACGCTCTTCCG | sequencing DNA from the TraDIS-
ATCTCCAGGCATGC Xpress experiments.
CAGGGTTGAGATGTG

A-S510 AATGATACGGCGACCACCGAGATC | Transposon-specific customised
TACACCGTCTAATACA sequencing primer for
CTCTTTCCCTACACGACGCTCTTCCG | sequencing DNA from the TraDIS-
ATCTCTGACCAGGC Xpress experiments.
ATGCCAGGGTTGAGATGTG

A-S511 AATGATACGGCGACCACCGAGATC | Transposon-specific customised

TACACTCTCTCCGACA
CTCTTTCCCTACACGACGCTCTTCCG
ATCTTACCAGGCAT
GCCAGGGTTGAGATGTG

sequencing primer for
sequencing DNA from the TraDIS-
Xpress experiments.

LAO1_KO_btuB_K
an_FW

tactatcgatgaagcctgcggcatccttcttat
attgtggatgctttacagtgtaggctggagcetg
cttcg

Primers for Recombination of btuB
with Kanamycin Resistance cassette

LAO2_KO_btuB_K
an_RV

tcgeegtegectcaatacctttaatgegegect
taccttcgttgtaatatcatatgaatatcctect
tagt

Primers for Recombination of btuB
with Kanamycin Resistance cassette

LAO3_KO_oxyR_
Kan_FW

ttgctatgctacctatcgecatgaactategtg

gcgacggaggatgaatagtgtaggctggage
tgcttcg

Primers for Recombination of oxyR
with Kanamycin Resistance cassette
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LAO4_KO_oxyR_
Kan_RV

ggggagtagtgtaataccactgcccgecgeca
ccatgttgcgcagcegtttcatatgaatatcctc
cttagt

Primers for Recombination of oxyR
with Kanamycin Resistance cassette

LAO5_KO_galE_K
an_FW

gatcggctttgctggeatcegeccaatacgecg

ggagatcgcegtcgegggtgtaggctggagct
gctteg

Primers for Recombination of galE
with Kanamycin Resistance cassette

LAO6_KO_galE_K
an_RV

aggcttaacggagcgaattatgagagtattgg
ttacaggtggtagcggttcatatgaatatcctc
cttagt

Primers for Recombination of galE
with Kanamycin Resistance cassette

LAO7_KO_rumA_
Kan_FW

tcgaacagaaccattgattccagatgtectgtg

tgcgggaacatgtcgaggtgtaggctggagct
gctteg

Primers for Recombination of rumA
with Kanamycin Resistance cassette

LAO8_KO_rumA_
Kan_RV

attacagaagataaaaagcaatttgcccgegc
acgcgtttcgegecgtttcatatgaatatectec
ttagt

Primers for Recombination of rumA
with Kanamycin Resistance cassette

LAO9_KO_rfal_K
an_FW

agattcattaaagagactctgtctcatcccaaa
cctattgtggagaaaaggtgtaggctggagct
gctteg

Primers for Recombination of rfal
with Kanamycin Resistance cassette

LA10_KO_rfalL_K
an_RV

atgataccaatttgagcaatatcgacctgttca
aaattgccacgaacgatcatatgaatatcctc
cttagt

Primers for Recombination of rfalL
with Kanamycin Resistance cassette

LA11_KO_bcsA K
an_FW

atccgcggaagcccagcttcagaatatccage
aagctttccagceggtttagtgtaggctggagct
gctteg

Primers for Recombination of bcsA
with Kanamycin Resistance cassette

LA12_KO_bcsA_K
an_RV

cttatcccgecggttagegegegtttgagegag
cgctatcagggttaccgcatatgaatatcctcc
ttagt

Primers for Recombination of bcsA
with Kanamycin Resistance cassette

LA13_KO_yhjS_K
an_FW

tttatttctgtgctttcgctagtaaactgataaa
cagttaaaatagtgacgtgtaggctggagctg
cttcg

Primers for Recombination of yhjS
with Kanamycin Resistance cassette

LA14_KO_yhjS_K
an_RV

acagttccggcgacaataagegcatctgeacc
agctcggegctgatttgtcatatgaatatcctc
cttagt

Primers for Recombination of yhjS
with Kanamycin Resistance cassette

LA15_KO_rfbN_K
an_FW

gattgccaatgcttgectaatttgtaacccaag
aatttagcaaaggttgtgtgtaggctggaget
gcttcg

Primers for Recombination of rfbN
with Kanamycin Resistance cassette

LA16_KO_rfbN_K
an_RV

acattaattattcccacatataatgcagggtcg
ctttggcctaatgttctcatatgaatatectect
tagt

Primers for Recombination of rfbN
with Kanamycin Resistance cassette
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LA17_KO_0576_
Kan_FW

ccgecgeccgttacccattggtggeggggaac
attaattatacatgaatggtgtaggctggagct
gcttcg

Primers for Recombination of
ST4/74 0576 with Kanamycin
Resistance cassette

LA18_KO_0576_
Kan_RV

tggagcggaagggttgtgtcagatacgatcag
cacatctctattaaagttcatatgaatatcctcc
ttagt

Primers for Recombination of
ST4/74_0576 with Kanamycin
Resistance cassette

LA19_KO_wzzB_
Kan_FW

ttaatgagaaattttacctgtcgtagecgacca
ccatccggcaaagaagcgtgtaggetggage
tgcttcg

Primers for Recombination of wzzB
with Kanamycin Resistance cassette

LA20_KO_wzzB_
Kan_RV

tagggtatctatgacagtggatagtaatacgt
cttccgggegtgggaacgcatatgaatatect
ccttagt

Primers for Recombination of wzzB
with Kanamycin Resistance cassette

LA21 ck btuB_F | cgcgtactatcgatgaagcc Primers to Check for Successful

w recombination of btuB

LA22 ck _btuB_R | aatccaccgacgccggaatc Primers to Check for Successful

\Y recombination of btuB

LA23 ck_oxyR_F | tcgccatgaactatcgtggc Primers to Check for Successful

w recombination of oxyR

LA24 ck_oxyR_R | accatggcggaagctt Primers to Check for Successful

Vv recombination of oxyR

LA25 ck _galE_F | taacggcgatgcggatgatc Primers to Check for Successful

W recombination of galE

LA26 ck_galE_R | cgcatctttgttatgctatg Primers to Check for Successful

Vv recombination of galE

LA27 ck_rumA_F | taagggaccaggcctaccga Primers to Check for Successful

w recombination of rumA

LA28 ck rumA_ | atgggacaattagggtcaca Primers to Check for Successful

RV recombination of rumA

LA29 ck _rfal F gactctgtctcatcccaaac Primers to Check for Successful

w recombination of rfal

LA30 ck_rfal_RV | aacgcgctgataccgtaata Primers to Check for Successful
recombination of rfal

LA31 ck_bscA F | tcatcgcattatcatcattg Primers to Check for Successful

w recombination of bcsA

LA32 ck_bcsA R | tgcgggcgacaaaacgtceg Primers to Check for Successful

\Y recombination of bcsA

LA33 ck _yhjS F | gctaaatctgatgcgtttta Primers to Check for Successful

w

recombination of yhjS
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LA34_ck_yhjS_R | gcacgatatcgctgatggtc Primers to Check for Successful
Vv recombination of yhjS
LA35 ck rfbN_F | ctacctgtgccgeccagecat Primers to Check for Successful
w recombination of rfbN
LA36 ck rfbN_R | tggttggcggaatcaaaata Primers to Check for Successful
\Y recombination of rfbN
LA37 ck 0576 _F | cttcttgctaagaaacctga Primers to Check for Successful
w recombination of ST474_0576
LA38 ck_0576_R | tcgttggtgtattcaatagg Primers to Check for Successful
Vv recombination of ST474_0577
LA39 ck_wzzB_F | aaccgggcaatgcccggttt Primers to Check for Successful

w

recombination of wzzB

LA40_ck_wzzB_R
Vv

atggctacactgtctccagct

Primers to Check for Successful
recombination of wzzB

LA47_KO_yfdH_K
an_FW

aggaacattatttccaaatattaatttatcaat
aatcatccatgcaccgtgtgtaggctggagct
gcttcg

Primers for Recombination of yfdH
(gtrB) with Kanamycin Resistance
cassette

LA48 KO_yfdH_K
an_RV

aattaacaaaatagctgcatctgatccgetegt
tattccgctttcgtttaccatatgaatatcctect
tagt

Primers for Recombination of yfdH
(gtrB) with Kanamycin Resistance
cassette

LAS5_ck_yfdH_F
W

GCG AAA GCT CTCTTA GGG CA

Primers to Check for Successful
recombination of yfdH (gtrB)

LA56 ck yfdH_R
\Y

AGC TAT CAG CCT GAT ATG CGG

Primers to Check for Successful
recombination of yfdH (gtrB)

P-Tn5Cm-01 P- 5' Phosphorylated for
CTGTCTCTTATACACATCTTCTAGAC | Chloramphenicol
AACC transposon amplification
P-Tn5Cm-04 P-CTG TCT CTT ATACACATCTGA | 5' Phosphorylated for
CGC Chloramphenicol
transposon amplification
rfak_HR1_F GGGCTACTGAGACCCAGGAAAACC | Amplification of homologous regions
CGATCAAGGGCTAC for golden gate cloning
rfak_HR1 R GGGGGTCTCGCTCCAAACGCGCTG | Amplification of homologous regions
ATACCGTAATAAGT for golden gate cloning
rfak_HR2_F GGGCGCTTGAGACCTAGTTAACTTT | Amplification of homologous regions

ATAGAAAAAGAAATGTTATAAAAA
AAAGAAATGCGTGCC

for golden gate cloning
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rfak_HR2_R GGGGGTCTCGTCGTCATCGGGTATT | Amplification of homologous regions
GCTCTTGCCATAC for golden gate cloning

16s_FW (PB146) | CTCTTGCCATCAGATGTGCC Detection of Salmonella by PCR
(Positive Control)

16s_RV (PB147) TCACCGCTACACCTGGAATT Detection of Salmonella by PCR
(Positive Control)

InvA_FW CGGTGGTTTTAAGCGTACTCTT Detection of Salmonella by PCR

InvA_RV CGAATATGCTCCACAAGGTTA Detection of Salmonella by PCR




