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Abstract 

         Salmonella enterica serovar Typhimurium (S. Typhimurium) is a food-borne pathogen which 

accounts for ~25 % of non-typhoidal Salmonella infections, usually through faecal-oral transmission. To 

maintain food safety and avoid unnecessary human and animal disease, understanding how pathogens 

such as S. Typhimurium evolve and their requirements for persistence is paramount. This study 

investigated genomic evolution of S. Typhimurium. First, a recently acquired novel genomic island was 

characterised that initiated successful clonal expansion of pandemic monophasic S. Typhimurium ST34, 

Salmonella genomic island 4 (SGI-4). SGI-4 was discovered to be self-transferable and enhance 

resistance to heavy metals. This was consistent with the epidemiology of monophasic S. Typhimurium 

ST34 strains as they are most frequently isolated from pigs and copper is used as a growth promoter in 

pig farming. Next, the phage sensitivity of S. Typhimurium lineages was investigated through associating 

phage sensitivity with whole genome sequence (WGS). DT193 that is characterised by resistance to all 

Anderson typing scheme phage preparations was the most frequent majority phage type, consistent with 

selection for phage resistance occurring many times throughout S. Typhimurium. The monophasic S. 

Typhimurium ST34 population was then investigated using large-scale WGS-based statistical analyses. 

A novel prophage termed mTmII was associated with continuation of the monophasic ST34 lineage and 

acquisition was accompanied by an increase in phage resistance. How phage predation shapes the 

evolution and persistence of S. Typhimurium pathovars in host animal niches was then investigated and 

a novel phenomenon enabling rapid resistance to phage predation through polymorphic gene variation 

discovered, including a base-specific deletion of serogroup B1 O-antigen polymerase encoding wzy, 

coupled with recombination mediated reversion of the locus in a mixed population of a single strain.  
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Abbreviations & Definitions 

Abi: Abortive infection; altruistic cell death of a minority of a bacterial population to inhibit phage 

spread after infection. 

AMR: Anti-microbial resistance 

Antigen: A target for antibody binding, usually on the cell surface. 

Biphasic: Consisting of 2 flagella protein encoding genes, which can be ‘on’ or ‘off’; single cells 

exhibiting phase 1 or 2, but both existing in a population (Bi- preferred over Di-; Bi- being two in 

Latin, the more commonly used language for scientific terminology). 

bp: base pairs, with standard increase of 103 interval metric prefixes, Kb (kilobase) Mb (megabase). 

BrEX: BacteRiophage EXclusion; an innate, widespread, restriction modification based, anti-phage 

system.  

cas /Cas: CRISPR associated gene/or protein, with standard terminology; italicised non-capital letter 

referring to the gene; capital first letter, non-italicised referring to the expressed protein. 

Cattle: Animals of the species Bos taurus . 

CRISPR: Clustered, regularly interspaced, short palindromic repeats; an adaptive anti-phage system. 

CIMES: cis-integratng mobilizable elements; mobile genetic elements which retain sequence specific 

attachment sites and can be transferred by other mobile element machinery. 

Δ(delta) bitscore: Quantified effect of an altered protein sequence compared to a reference; for 

quantifying amino acid substitutions, HDCS, and gene degradation. 

DNA: Deoxyribonucleic acid. 

DT: Definitive type (phage type). 

E. coli: Escherichia coli. 

Effector protein: A protein secreted from one cell to another which modulates activity within the 

recipient cell. 

Genomic island: A mobile genetic island which has integrated into a genome, typically those observed 

frequently enough to be considered a genomic feature due to positive selection. 

GWAS: Genome-wide association. 

HDCS: Hypothetically disrupted coding sequences; nucleotide sequences that display traits such as 

multiple premature stop codons and hypothetical amino acid changes that disrupt protein function, 

hypothetically inhibiting protein function through truncated or tertiary structure altered amino acid 

sequences. 

h: hours. 

HGT: Horizontal gene transfer. 

ICE: Integrative and conjugative element; chromosomally integrating elements which self-transfer 

through a T4SS. 
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IS: Insertion sequence element; a transposable DNA element that excises and integrates, usually 

consisting of 2 or 3 genes and possible co-transferred genes. 

iNTS: Invasive non-typhoidal Salmonella. 

l : Litre, with standard metric prefixes, pl(pico), nl(nano), μl(micro), ml(mili). 

LRT: Likelihood ratio test; for testing model fit by comparing log-likelihoods, usually nested data 

where it is unknown if heavily parametrized models are more significant. 

M: Moles per litre 

m: Meter, with standard 103 interval metric prefixes, pm(pico) ,nm(nano), μm(micro), mm(mili), 

km(kilo). 

MDR : Multi-drug resistant. 

MGE: Mobile genetic element; any section of DNA which can mobilise by some mechanism e.g. phage, 

ICEs, CIMEs, IMEs, plasmids, IS elements. 

MIC: Minimum inhibitory concentration; the minimum concentration required of an antimicrobial 

agent to inhibit growth of a micro-organism. 

ML: Maximum likelihood; estimating unknown parameters for observed data to maximise the 

likelihood function. 

MLST: Multi-locus sequence type(-ing); a method for intra-species discrimination, typically based on 

amplicon sequencing of 7 housekeeping genes. 

mol: Moles, with reference to 1 mole of carbon-12 weighing 12 grams and containing 

6.02214076×10²³ carbon molecules, with standard 10-3 interval decreasing metric prefixes 

mmol(mili), μmol(micro), nmol(nano), pmol(pico). 

Monophasic: Consisting of only phase 1 flagella gene protein expression, usually FliC, suggesting 

deletion of the phase 2 encoding locus fljAB. 

Monophasic S. Typhimurium ST34 : Specified monophyletic pandemic lineage of a flagellar phase 1 

(FliC) monophasic Salmonella enterica subspecies enterica (I) serovar 4,[5],12:i:- of sequence type 

(ST)34, distinct from other monophasic S. Typhimurium lineages, e.g. the ‘Spanish clone’ which is 

monophasic but not ST34. 

MRCA: Most recent common ancestor. 

n: Quantity; number of (strains). 

Neothilization: The transition of humans from hunter-gatherer culture to farming and agriculture, 

which occurred ~6,000 years ago. 

NTS: Non-typhoidal Salmonella. 

ORF: Open reading frame. 

Pathovariants: Closely related isolates of an infectious disease which have distinct lineages that cause 

varying disease states. 

Patristic distance: Quantified phylogenetic core SNP distance between two strains; a smaller cladal 

patristic distance indicative of increased clonality and therefore positive selection. 

PCR: Polymerase chain reaction. 
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Phage: Bacteriophage, for this study specifically tailed phage of the order Caudovirales.  

Phage typing: Discrimination of serovars into groups (phage types), by challenging a strain with a 

panel of phages; pathogen surveillance technique used for outbreak detection. 

Poultry: Animals of the order Galliformes, particularly Gallus gallus. 

qPCR: Quantitative polymerase chain reaction (a.k.a. quantitative real-time polymerase chain reaction, 

here to avoid confusion, rtPCR: reverse transcription PCR; qPCR: real-time/quantitative PCR). 

Ri: Resistance index of a phage type, in this study with respect to the Anderson phage typing scheme. 

RNA: Ribonucleic acid. 

s: seconds, with standard decrease of 103 interval metric prefixes ms (mili), μs (micro), ns (nano). 

S. bongori: Salmonella bongori. 

S. enterica: Salmonella enterica. 

Serovar: A subdivision of a subspecies based on cell surface structures through challenge with different 

antibodies (anti-sera), producing agglutination if the antibody target is present; the process known as 

serotyping (Salmonella typing with serum antibodies). 

SGI: Salmonella Genomic Island. 

SLE: SGI-4-like elements. 

SPI: Salmonella Pathogenicity Island. 

spp: species. 

SNP(s): Single nucleotide polymorphism(s). 

ST: Sequence type; as determined through amplicon sequencing of 7 housekeeping genes. 

S. Typhimurium: Salmonella enterica subspecies enterica (I) serovar Typhimurium. 

SVC: Salmonella containing vacuole. 

T3SS: Type III secretion system; a tubular protein injection-like apparatus, usually for secreting 

effector proteins into eukaryotic cells. 

T4SS: Type IV secretion system; protein machinery for conjugative DNA transfer through DNA 

binding, translocation to pilus and pilus transfer into recipient cells. 

T6SS: Type VI secretion system; intracellular membrane attached protein machinery for transferring 

proteins and puncturing holes within other bacteria, analogous to a contractile phage tail. 

TA: Toxin-antitoxin; dual systems with many different functions, for example genome stability and 

abortive infection after phage detection. 

Typing phage: Phage of the Anderson typing scheme for S. Typhimurium 

U: Undefined (phage type). 

WGS : Whole genome sequence(s). 

WT: Wild type; a naturally existing allele of a gene, or unaltered ancestral allele within a lineage. 

XDR : Extensive-drug resistant. 

Zoonotic: Pathogen transmission from an animals to humans, (plural: Zoonoses). 
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Chapter I: Introduction 

I.1 Salmonella taxonomy  

    Salmonellae are motile, Gram-negative, facultative anaerobic, non-spore forming, rod shaped 

bacteria, with characteristic peritrichous flagella (1). Salmonellae are of the phylum Proteobacteria, class 

Gammaproteobacteria, order Enterobacterales (2), and family Enterobacteriaceae (3). Salmonellae cells 

are typically 0.7-1.5 by 2.0-5.0 µm in size. The genus consists of two species: Salmonella enterica and 

Salmonella bongori, formally subspecies V (4). S.  enterica contains seven well characterised subspecies: 

enterica (I), salamae (II), arizonae (IIIa), diarizonae (IIIb), houtenae (IV), indica (VI), and subspecies 

VII (5) (Figure I.1). A study of the whole genome sequence (WGS) of 926 isolates of Salmonella enterica 

discovered up to nine extant subspecies, indicating three novel subspecies (4). A study found that 

subspecies houtenae is composed of two lineages arising though hybridisation events, now termed 

houtenae A and houtenae B (6). The study also reported subspecies salamae presents two lineages now 

designated salamae A and salamae B. Salmonella is further subtyped into >2500 serovars using the 

Kaufman-White serotyping scheme, based on antigenic differences using anti-sera that bind 

lipopolysaccharide (O-antigen), flagella (H-antigen), and a capsular, heat-labile, polysaccharide, 

somatic virulence antigen (Vi antigen) present in serovars Typhi, Paratyphi C, and some Dublin (7).  

I.2 Evolution of the genus Salmonella  

“Nothing in biology makes sense, except in the light of evolution” – Theodore Dobzhansky (8). 

I.2.1 Divergence from Escherichia coli   

     Salmonella spp.  and Escherichia spp. are estimated to have shared a common ancestor between 10-

100 million years ago (9-12). This is evident from nucleotide sequence identity and estimated molecular 

clock rate (2).  WGS alignment of S. Typhimurium LT2 and E.coli K12, prototypical strains from these 

genera, showed 71 % shared genome coverage with nucleotide sequence identity of 89.83 % (13). Their 

common ancestor was probably a commensal enteric bacterium of early Cretaceous to late Miocene cold-

blooded (ectothermic) animals, possibly retaining evolutionary fitness through enteric modulation and 
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adaptation. Enteric bacteria are commonly facultatively anaerobic (14). Divergence of Salmonella and 

Escherichia may have begun with horizontal transfer of a ~40kb pathogenicity island designated 

Salmonella Pathogenicity Island 1 (SPI-1), by the Salmonellae lineage (18). Further divergence was 

accompanied through acquisition of SPI-4, SPI-5, type 1 fimbriae (T1F), long polar fimbriae (lpf), ttr 

and eut (Figure.I.1) (15-21). SPI-1 acquisition allowed adaptation to a new intracellular niche resulting 

in enteric pathogenicity through type three secretion system (T3SS) mediated effector protein secretion, 

allowing host cell modulation and invasion (22), prompting inflammation. Type one fimbriae, long polar 

fimbriae, and SPI-4 encoded giant adhesin (siiE) promote adhesion to epithelial cells of the intestine, 

enhancing cellular attachment and allowing T3SS mediated host cell uptake (23, 24).The ttr locus 

encodes five genes, ttrACBSR, which encode protein machinery for reduction of tetrathionate, a 

common molecule produced during gut inflammation. Salmonella utilises tetrathionate as a terminal 

electron acceptor in the respiratory electron transport chain, producing thiosulfate (25). Inflammation 

associated oxygen free radicals regenerate tetrathionate from thiosulfate, producing more tetrathionate, 

resulting in a positive feedback loop aiding growth and gut domination (21, 25). The acquisition of 17 

gene eut locus  facilitated utilisation of ethanolamine as a carbon and nitrogen source (26). This  

contributed to establishing Salmonella’s pathogenic lifestyle by generating competition with host 

commensals and epithelial cells (27). Both S. bongori and S. enterica encode these features, evincing 

that transfer into an ancestor occurred early in their evolution before speciation (Figure I.1).  

I.2.2 Evolution of Salmonella enterica subspecies  

     Evolution of S. enterica was likely initiated through acquisition of SPI-2, increasing capacity for 

intracellular phagocyte survival and replication (15, 28, 29), but most strains associated with human and 

livestock infection belong to subspecies enterica (I). Evolutionarily this may be associated with 

acquisition of ~100 subspecies I specific genes, including those encoded on CS54, an island involved in 

intestinal colonisation. This island encodes proteins such as fibronectin binding outer membrane protein 

ShdA which is thought to increase basic case reproductive number allowing prolonged faecal shedding 

in warm blooded animals (30). Long polar fimbriae is present in S. bongori and subspecies I, but deleted 

from an ancestor of subspecies II, IIIa, IIIb, IV, and VI (Figure I.1, red lines) (15). Subspecies I 
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divergence is also associated with acquisition of type one fimbriae (31), and plasmid encoded virulence 

loci, spv (32, 33). Subspecies I, VI, II, and IIIb are proposed to have emerged after IIIa, IV, and VII (38), 

by the acquisition of fljAB-hin loci encoding a second flagella protein (FljB), DNA-invertase (hin), and 

a protein (FljA) capable of inhibiting expression of the phase 1 flagella gene FliC (34, 35). Hin inverts 

the fljAB promoter inhibiting expression of FljB and removing inhibition of FliC expression (36, 37). 

This phase variation renders subspecies I, VI, II and IIIb ‘biphasic’ in flagella gene expression, with IIIa, 

IV, VIII and bongori only encoding FliC. How biphasicity is beneficial is unknown. Deletion of the phase 

2 locus from subspecies I serovars such as Typhimurium (I:4,[5],12:i:-) and Paratyphi B (I:4,12:b:-) had 

no apparent detriment to virulence or host range (34, 38, 39). This arouses suspicion that it is beneficial 

in certain situations, such as if FliC becomes compromised through use as a receptor by phage or 

recognition by immune systems, but can be lost without apparent loss of fitness, questioning our 

understanding of the requirements for phase variable flagellar proteins (40, 41).  

  

A B 
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Figure.I.1 Divergence of the Salmonella and Escherichia genera from a common ancestor. The 

phylogenetic tree was constructed using sequence variation in 7 gene fragments used for MLST  for 

E.coli, S. bongori, S. enterica subspecies and 12 serovars from subspecies I. Arrows indicate acquisition 

of a genomic locus, and the structure of the type of secretion system is shown with each SPI acquisition. 

The red line specifies loss of 3 fimbrial regions from subspecies II, III, IV, VI & VII, which are present 

in subspecies I and S. bongori. Red font indicates subspecies lineages, and grey font indicates serovars. 

(A) Stained histological cross-section of gut tissue after Salmonella infection. (B) Stained histological 

cross-section of large intestine tissue in absence of infection. 

1.2.3 Evolution of subspecies I serovars 

     Of 2557 known serovars of Salmonella, 1531 (59.8 %) are from subspecies I (42). That subspecies I 

evolved as a pathogen of warm-blooded animals may explain this disproportionate percentage due to 

increased likelihood of sampling. Subspecies I has three host range categories: host restricted serovars, 

host adapted serovars, and host generalist serovars (43-47). Host restriction refers to a high degree of 

host adaptation which has restricted the lineage to circulating in the population of a single host (48). 

Host adaption is often associated with changes in pathogenicity, albeit not an essential criterion. 

Variation in serovar host adaptation creates zoonotic potential for Salmonellae as well as for other 

bacterial pathogens, where the species barrier is crossed. This has implications for disease severity, as a 

host adapted pathogen may exhibit increased virulence with hosts to which they are not adapted (48, 

49).  

1.2.3.1 Host restricted serovars 

     S. Typhi is a prototypical host-restricted serovar, and its origins of circulating in humans is associated 

with Neothilization (50). WGS analysis of host-restricted serovars S. Typhi and S. Paratyphi A showed 

hypothetically disrupted coding sequences (HDCS), a hallmark of host adaptation and restriction (51). 

Adaptation negatively selects genes resulting in HDCS, for example, within genes encoding biosynthetic 

pathways for molecules which are abundant in the host, due to the energy cost of expressing genes not 

required in the niche (44, 52). WGS of human restricted serovar Typhi strain CT18 showed >200 HDCS 

compared to S.Typhimurium LT2 (51). Human host adaptation is also associated with addition of extra 
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genes through HGT (51). S. Typhi CT18 encoded 601 extra genes compared with S. Typhimurium LT2  

notably including SPI-7 (51). SPI-7 encodes the Vi antigen which separates S. Typhi outer membrane 

bound structures from the innate immune system, reducing the host inflammatory response and aiding 

dissemination (43). Serovar Gallinarum causes disseminated typhoid-like disease and dysentery in 

poultry (53). It has two distinct variants forming separate linages, termed ‘biovars’, Pullorum and 

Gallinarum (54). The former produces dysentery-like disease, and the latter typhoid-like disseminated 

disease (54). Evolutionary traits which probably began S. Gallinarum host restriction included unique 

coding sequences within SPI-19 introduced via recombination, and single nucleotide polymorphisms 

(SNPs) in SPI-1 & 2 effectors (55).  

I.2.3.2 Host adapted serovars 

     Well characterised and frequently isolated animal adapted serovars of subspecies I include Dublin, 

Choleraesuis and Paratyphi C, which are cattle (Dublin) and pig (Choleraesuis and Paratyphi C) adapted 

respectively (54, 56, 57). Due to their host adaptation these serovars are of great concern to their 

respective agricultural industries and producers of related food products. They are considered host-

adapted as they initiate disease in humans as well as their host reservoirs (58, 59). S. Dublin causes 

disseminated disease in cattle, displaying host adapted traits of genome degradation and HGT (60). S.  

Dublin is pathogenic to humans via zoonoses (61), and infections often result in invasive disease 

primarily in immunocompromised people (62). Evolution of S. Dublin to cattle adapted lifestyle included 

recombination within a plasmid similar to that of other serovars, where 10 Kb of content was deleted, 

and an 11 Kb region acquired encoding specific fimbriae and virulence genes such as vagC and vagG  

(63, 64). S. Dublin also acquired T6SS encoding SPI-19, where it is thought to be involved in competitive 

colonisation through secreting toxic proteins into competing bacteria (65). SPI-19 is observed in S. 

Dublin, S. Gallinarum, and S. Enteritidis, and the three serovars share a common ancestor, suggesting a 

single acquisition perhaps driving evolution of the lineage containing the three serovars (66). Serovar 

Choleraesuis causes disease in pigs and is pig adapted, circulating widely in pigs as a reservoir (48). It 

also causes severe invasive disease in humans, with 74.1 % of Choleraesuis infections isolated from blood 

(48). Serovar Choleraesuis exists within a lineage sharing a common ancestor with Paratyphi C. WGS of 
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Choleraesuis strain SC-B67 revealed 151 HDCS, most of which encoded genes involved in chemotaxis 

signalling pathways and over expression of AcrAB through truncation of coding sequence of regulator 

acrR due to a premature stop codon providing ciprofloxacin resistance (67). S. Paratyphi C exhibits 

diverse genomic structures with signatures of primary pig adaptation; isolate WGSs are closely related 

with serovar Choleraesuis (68-70). This suggests these serovars shared a common ancestor undergoing 

pig adaptation, but S. Paratyphi C diverged.  This may have involved filling a niche in different hosts 

while undergoing accumulation of HDCS, possibly explaining its observed pathogenicity (59). 

Accordingly, phylogenetic analysis suggested these serovars shared a common ancestor, being more 

closely related to each other than to other subspecies I serovars (59). 

    I.2.3.3 Host generalist serovars 

     Many serovars are commonly isolated from multiple hosts, and are considered generalists (56). Two 

serovars considered broad host range are Enteritidis and Typhimurium (56). S. Enteritidis shared a 

recent common ancestor with  S. Gallinarum, and accordingly has been associated with poultry (71). 

Evolutionarily, colonisation of chickens with S. Enteritidis requires specific fimbriae; fimbriae diversity 

being a common theme throughout Salmonellae evolution (72). S. Enteritidis infections are highly 

associated with contaminated eggs (71). Mechanisms, such as reinforcing the bacterial cell wall and 

upregulating expression of proteins for repair, are hypothesised to allow Enteritidis egg contamination 

and survival, suggesting novel microevolution during this process (71). Both serovars can  infect a wide 

range of hosts, but with varying disease severity, including asymptomatic carriage (73). The broad host 

nature of S. Enteritidis is exemplified through observation of isolates within mice that inhabit layer flock 

coups, also suggesting secondary methods of S. Enteritidis transmission between animals (74). Both S.  

Enteritidis and S. Typhimurium adapt to hosts, and due to this both serovars contain lineages which 

exhibit human invasive disease, particularly in immunocompromised people, children, and the elderly 

(39, 75, 76). Invasive S. Enteritidis has been linked to global locations with low-income settings, also 

suggesting separate lineages with novel microevolutionary features (47). S. Typhimurium is more 

typically a host generalist serovar, which is exemplified by its isolation from disease cases of all domestic 
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animals (56). Despite S. Typhimurium typifying a host generalist serovar, some lineages exhibit host 

adaptation, for example in pigeons (77), pigs (78), and humans (79-81).  

I.2.4 Incidence of S. enterica serovars and estimated burden 

     Salmonellae are a major problem in low and middle income countries where sanitation is poor, with 

higher incidence of human-adapted typhoidal and paratyphoidal serovars Typhi, Sendai, Paratyphi A, 

B, and C, which circulate globally causing ~2,500,000 infections resulting in 65,000-200,000 deaths each 

year from invasive, disseminated disease (82).  

     Non-Typhoidal Salmonella (NTS) are a significant global burden (82-84). The estimated incidence 

of NTS was 93.8 million cases per year world-wide in 2010, with 155,000 deaths (84). This amounts to 

significant economic burden from mortality and h lost through sickness and medical expenses (85-87). 

Invasive Non-typhoidal Salmonella (iNTS) also contribute to global economic loss, and more significant 

morbidity, especially in low-income countries (88-90). These Salmonellae are mostly lineages of S. 

Enteritids or S. Typhimurium, and are commonly associated with prior disease in poultry (47, 91).  

    In the United States of America (USA) ~40,000 cases are reported each year to the Centre for Disease 

Control, (CDC), Atlanta, Georgia (92). From culture-confirmed and unconfirmed infections the CDC 

estimated Salmonella infections cause 15,000 hospitalisations and 400 deaths annually in the US (93). 

The most prevalent serovar in the USA in 1995 was S. Enteritidis (I,1,[9],12:gm:1,2) accounting for 

24.7 % of infections, closely followed by S. Typhimurium with 23.5 % of infections. Together with 

serovars Newport (6.2 %) and Heidelberg (5.1 %) these constituted 60 % of all Salmonella infections at 

this time. This serovar dominance was also distinct in Germany, with S. Enteritidis (64.3 %) and S. 

Typhimurium (19.9 %) making up 80 % of all isolates reported to the Robert Koch Institute in 2004 

(94). 

     In the United Kingdom (UK), Public Health England (PHE) had 104,549 confirmed Salmonella cases 

from 1990-2013, suggesting more than 1 million infections when including unreported cases (95). S. 

Typhimurium is prevalent in the United Kingdom (UK) (57). A resurgence of S. Enteritidis was 

observed from 1980-2001 mostly infecting people through contaminated eggs and chicken (95). This 
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dominance was likely due to asymptomatic disease in chickens when colonised with S. Enteritidis, 

enabling undetected spread  (96, 97). In 2018 S. Typhimurium and S. Enteritidis accounted for 51.3 % 

of all laboratory confirmed cases (Figure I.2) (56, 57). In UK animals S. Typhimurium is more 

widespread than any other serovar, being second most common in cattle and sheep after serovar Derby 

and IIIb,61:k:1,5,[7], respectively (FigureI.2, below) (56). S. Typhimurium, including its monophasic 

variants, are the most common serovars isolated in pigs (79.9 %), and isolation of S. Typhimurium from 

all animal sources has risen by 119 % from 2015-2018 (56).I 

     In Europe Salmonellosis was the second most common foodborne infection 2010-2017 with 1,050 

outbreaks and 89,162 confirmed cases in 30 countries in 2013 (98, 99). Cases decreased from 2010-

2014, but then increased 2014-2017 with 92,649 and 0.17 % case fatality rate in 2017 (98, 99). 

Notification rate was eight times higher in young children (0-4 years) than adults (25-64). There is a 

strong seasonal trend toward increased cases in July-August each year (99). The most recent emergence 

in Europe is of a multi-drug resistant (MDR), flagellar monophasic (I, 4,[5],12:i:-) variant of S. 

Typhimurium (monophasic S. Typhimurium ST34), which has become a pandemic (100-107). The 

number of recorded human cases of 4,[5],12:i:- reached a peak in 2013, has since slightly lowered, but 

remains a prominent concern. 
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Figure I.2 Percent of Salmonella serovars isolated from various sources. Percentages of Salmonella 

serovars isolated from humans (top right), pigs (top left), cattle (bottom left), and sheep (bottom right). 

Adapted from APHA & PHE, (2019) (56). 

I.3 Salmonella enterica subspecies enterica serovar Typhimurium 

     S. Typhimurium and its monophasic variants are present as a monophyletic subclade of S. enterica, 

with a similarly broad range of hosts as that described for subspecies I, despite ~1500 core genome SNPs 

separating the most distantly related strains (39). S. Typhimurium is associated with a wide range of 

disease syndromes amongst its hosts, including minor symptomatic carriage to disseminated disease. 

Here, the literature on key aspects of S. Typhimurium has been discussed, such as human pathogenesis, 

measures of control, surveillance, and population structure. 

I.3.1 S. Typhimurium pathogenesis 

    Infection with S. Typhimurium usually causes self-limiting gastroenteritis and faecal shedding for 

continued faecal-oral transmission (108). Infection is typically through consumption of contaminated 
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food, lasting two to seven days (109). However, severe disease can occur in children, the elderly & 

immunocompromised patients (83). Outcome of infection also depends on pathovariants arising from 

separate lineages of S. Typhimurium and its monophasic variants. 

      Pathogenicity of S. Typhimurium is dependent on two T3SS encoded on separate loci: SPI-1 and 

SPI-2. There are six well characterised SPIs in S. Typhimurium (Table I.1), one in typhoidal serovars 

containing the Vi-antigen (SPI-7), and >20 recorded across the genus (110-117). 

     The infective dose of orally ingested S. Typhimurium can vary but is estimated at ~106 cells. This is 

sufficient to survive gastric acidity enabling access to intestinal epithelium and colonisation of the small 

and large intestine (118). During colonization the SPI-1 T3SS is utilized for invasion of epithelial cells 

(119, 120). Several microbial factors induce the immune response. Flagellin and fimbriae are recognised 

by Toll-like receptors five and two respectively, which initiate transcription factor NF-kB (121, 122). 

The secretion of SPI-1 effector proteins stimulates nucleotide binding and oligomerization domain 

(NOD)-like receptors which activate NF-kB and MAPK pathways increasing inflammation. Salmonella 

secretion of toxins such as lipopolysaccharide (LPS) lipid A further promotes inflammation. 

Proinflammatory cytokines result in influx of neutrophils and transepithelial migration resulting in 

damage to the mucosal barrier, net fluid loss and inflammatory diarrhoea. Inflammation ultimately helps 

clear infection, but also promotes spread of the pathogen.  

Pathogenicity 

Island 

Size 

(kb) 

Secretion 

system Functions Reference 

SPI-1 40 Type 3 

Invasion of epithelial cells, 

SVC development, effectors 

for actin rearrangement, 

membrane ruffling, induce 

interleukin-8 and pathogen 

provoked epithelial 

chemoattractant secretion (123) (124) (125) 
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SPI-2 40 Type 3 

Survival in macrophages, 

inhibiting SVC-lysosome 

fusion, inhibits endocytic 

trafficking, evading 

macrophage NADPH oxidase-

dependant killing, encodes 

effector, chaperone, and 

translocon proteins 

(126) (113) (127) 

(123) 

SPI-3 17 None  

Intramacrophage survival via 

MgtC and MgtB magnesium 

transporters (128)  (129) 

SPI-4 27 Type 1 

Epithelial cell adhesion, 

Salmonella intestinal infection 

proteins (SiiA-F), SiiE non-

fimbrial adhesion protein (129) (130) (131) 

SPI-5 8 None 

Encodes SopB effector 

secreted by SPI1 T3SS, PipB 

SVC protein translocated by 

SPI-2 T3SS  (132) (129) 

SPI-6 59 Type 6 

Gastrointestinal colonisation, 

T6SS mediated host 

microbiota killing (133) (134) (135) 

Table I.1 Features and functions of Salmonella Pathogenicity islands. Description of Salmonella 

pathogenicity islands commonly associated with strains of S. Typhimurium and its monophasic variants. 

Adapted from Hurley et al. 2014 (117). 

    Out-competing host microbiota is crucial for pathogenesis. Colonisation can be dependant on the 

existing microbiota, with certain bacteria and microbiome-derived metabolites shown to provide 

colonisation resistance against S. Typhimurium in a murine model (136). Salmonella exploit the 

inflammatory environment to gain a growth advantage using inflammation associated molecules 

including nitrate and tetrathionate as electron acceptors (137). S. Typhimurium utilises an antibacterial 

type six secretion system (T6SS) to puncture host microbes and secrete effector toxins, aiding intestinal 

establishment (138-140).  
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        Intracellular infection prolongs inflammation, providing a competitive advantage for Salmonellae, 

making Salmonella intracellular survival a fundamental part of pathogenesis (141). S. Typhimurium is 

able to survive within many mammalian cell types and regularly resides in macrophages, m-cells, 

dendritic cells , and epithelial cells (142). Internalisation of phagocytic cells is through receptor-

mediated phagocytosis. When in contact with non-phagocytic cells, such as an epithelial cell, invasion 

initiates with adhesion through fimbrial and non-fimbrial adhesins such as BapA, SiiE, ShdA and MisL, 

surface lipopolysaccharides (LPS), and lysine methylation of surface exposed flagella FljB and FliC 

(143). SPI-1 is crucial for adhesion, invasion and early-phase post invasion (144). After adhesion the 

SPI-1 T3SS translocates effector proteins through the host cell membrane. Expression of SPI-1 genes 

are spatiotemporally controlled for expression at optimal times and host intestinal long chain fatty acids 

modulate SPI-1 T3SS expression (145, 146). Effector proteins SopB, SopE and SopE2 help mediate 

epithelial invasion by activation of RHO GTPase-dependant actin rearrangements at the host membrane 

causing membrane ruffling (147). Internalization is further promoted by SipA and SipC through direct 

actin binding at the T3SS insertion site (translocon). SipA promotes bundling and actin polymerisation, 

and SipC bundles and nucleates actin at the translocon site. The result is Salmonella uptake via 

macropinocytosis, forming the Salmonella Containing Vacuole (SVC), in which Salmonella cells survive 

and replicate. The host membrane morphology is subsequently restored by effector SptP (148, 149). In 

the SVC SopB recruits RAB5 and phosphatidylinositol-3-kinase VPS34 generating phosphatidylinositol-

3-phosphate that decreases acidic lipids on the SVC interrupting lysosome fusion, enabling SVC 

persistence (150).  

        SPI-2 is essential for intracellular macrophage survival and allows disease progression and 

phagocytosis evasion. SPI-2 encodes a second T3SS that secretes proteins across the SVC membrane, as 

well as effector proteins SseG, SseF, SifA, SipA, PipB2, and SseJ (151). These effectors contribute to 

SVC maturation and formation of Salmonella-induced filaments (Sif) that are tubulovesicular structures 

generated during microbial replication (152). Recently, spoT has been recognised as essential to 

promote intracellular phagosome virulence programs through synthesising signalling molecule 

guanosine pentaphosphate (pppGpp) from guanosine tetraphosphate (ppGpp) (153). Within SVCs a 
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proportion of the Salmonella become non-replicating ‘persister’ cells through acetylation of charged 

tRNA by a toxin molecule that inhibits protein synthesis and allows survival in phagocytic SVCs (154). 

Subsequently the acetylated tRNAs are reverted by an antitoxin, and protein synthesis restarts. This 

bacteriostatic propensity allows resurgence of infection after antibiotic treatment, causing chronic and 

reoccurring disease.  

I.3.2 Current measures of S. Typhimurium control, prevention & surveillance 

    Prevention of disease reduces economic burden and reduces mortality in people and livestock (155). 

Existing measures for disease prevention include generating and practising health and safety guidelines 

for people who handle livestock and food, vaccinations against pathogens, and surveillance to monitor 

the prevalence and spread of existing and emerging pathogens (155-157). Agricultural methods of 

reducing livestock infection and retaining yields of meat and dairy products in the European Union 

included antibiotic use until being banned in 2006 (158, 159). Since then changes in animal husbandry 

have possibly contributed to emergence of different lineages of S. Typhimurium. The use of copper as 

an antimicrobial and growth promoter in livestock feed superseded antibiotic use (160). Vaccines are 

also effective at preventing pathogen spread, but no effective vaccine for S. Typhimurium has been 

produced. S. Typhimurium is controlled in Europe and USA through pathogen surveillance techniques, 

outbreak detection, and epidemiology. Constant monitoring of infections in humans and animals allows 

source attribution and subsequent management of how pathogens are persisting and spreading within 

these sources. 

     Serotyping is still commonly used to group Salmonella isolates (70, 161). Salmonella serovars are 

constantly under surveillance in Europe including the UK (56, 99), For discrimination of within serovar 

variation of S. Typhimurium, techniques such as phage typing, Pulse-Field Gel Electrophoresis (PFGE), 

polymerised amplicon sequencing techniques, and more recently WGS have been utilised (162, 163).  

I.3.2.1 S. Typhimurium phage typing 

   WGS for surveillance of S. Typhimurium in the UK is becoming more routine (164). Prior to WGS 

techniques such as phage typing were commonly used for outbreak detection (165). Phage typing is a 
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phenotype-based method which involves determining sensitivity of indicator Salmonella strain by 

overlaying bacterial lawns with a panel of phage lysates (162). Resistant Salmonella grow as an ‘opaque’ 

lawn of bacteria in the presence of the phage, various levels of sensitivity are indicated by ‘semi-confluent 

lysis’, or complete killing generates plaques resulting in ‘confluent lysis’ (Appendix I.1 for phage typing 

table and terminology). This leaves behind a certain sensitivity pattern, termed a “phage type” which 

can be definitive (DT) or undefined (U), with each type having a designated number. Three S. 

Typhimurium phage typing schemes have been developed, the most recent and diverse of which was by 

Anderson (1977) (165-167). The Anderson phage typing scheme relies on the outcome of challenging 

isolates of S. Typhimurium with 30 different phages producing patterns of resistance and varying 

degrees of lysis (165). Phage types have been split into more than 300 patterns that include 209 

definitive types (DTs: DT1 - DT209), >118 undefined types (Us: U210 – U327), including a further 8 

types differentiated between an additional 7 typing phage when resistance to all standard 30 phages is 

observed. Due to the prevalence of S. Typhimurium in the UK, the S. Typhimurium phage typing 

scheme has been used extensively for outbreak detection since the1950s (162). The prevalence of S. 

Typhimurium phage types in the UK has varied since the 1970s, with consecutive most frequently 

isolated strains exhibiting mostly DT9 (1960-1975), DT204/DT49 (1975-1990), DT104 (1990-2005), 

and DT193/DT120 (2005-present) as described previously (Figure I.4). These dominant clones are 

usually isolated within a ‘background noise’ of various phage types, indicating that there are many 

lineages of S. Typhimurium existing in different environmental niches, and that phage types can be 

variable within and between S. Typhimurium lineages. This important distinction expresses another 

limitation of phage typing - that phage types are frequently polyphyletic. DT193 is a polyphyletic type 

that is characterised by resistance to all standard typing phage preparations (168) (169, 170). Resistance 

occurs over time when a bacterium is repeatedly exposed to a stressor; but the specific phages used for 

typing are not in the wild to actively select for their resistances, consistent with selection toward a general 

increase phage resistance occurring naturally, as observed by multiple emergences of DT193, (39, 169). 

     Few studies have attempted to link phage type to genetic data. Pang et al. (2011) produced SNP 

profiles using 44 SNPs from previously generated data and six available genomes to analyze 215 isolates, 
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which grouped into 33 SNP profiles with four distinct phylogenetic clusters (171). Fourteen phage types 

differentiated into multiple SNP profiles in different phylogenetic clusters, suggesting phage types arose 

independently multiple times (171). The evolutionary relationship between phage types and the 

molecular basis of interactions with typing phage have not been well described. One study sought to 

determine relatedness and molecular characteristics of the Anderson typing phages (172). They 

differentiated phage lysates into 8 proposed genealogical groups (A-H) after propagation on available 

corresponding Anderson scheme Propagating Bacteria (PBA1-PBA32) and subsequent ecoRI 

restriction digest and electrophoresis for molecular weight comparison of genomic fragments. It was 

determined that most of the Anderson scheme typing phages are Lambdoid p22-like (173).  

   Differences between phage types result from specific phage resistance profiles. This is the profile 

which can hypothetically be observed by viewing genome encoded components of bacterial phage 

resistance mechanisms within isolates. More detail on molecular mechanisms which may be coveying 

phage lysis and resistance profiles for phage types is in section 1.3.4, below. 

I.3.2.2 Other sub-typing techniques 

     Pulsed-Field Gel Electrophoresis (PFGE) is a restriction-enzyme-based surveillance method widely 

used for attempted molecular characterization of S. Typhimurium and has useful discriminatory power. 

PulseNet is an international network which allows comparison of results (174). These factors make it a 

valuable tool for species subtyping and understanding epidemiological dynamics of pathogens like S. 

Typhimurium, for which it has been extensively used (175). Gene amplification techniques utilize 

polymerase chain reaction (PCR) to amplify a specific genomic section for comparison. One commonly 

used for S. Typhimurium is multi-locus variable number tandem repeat analysis (MLVA), and a more 

recent development utilizes CRISPR spacers – CRISPR typing (176). MLVA exploits a bacterial genetic 

trait discovered through whole genome sequencing – many bacteria contain multiple regions with short 

repeated DNA motifs (177). Weill et al. (2014) showed CRISPR polymorphisms strongly correlate with 

serotype, subtype and multi-locus sequence type in Salmonella, and subsequently developed a typing 

method using PCR amplification, gel electrophoresis, and PCR product sizing for each of the two 

CRISPR loci present in Salmonella spp. (176). This has been sparingly used in recent studies. A study 
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from China determined that monophasic S. Typhimurium had a CRISPR-type of TST4, although 14.5% 

of TST4 CRISPR types were present in other S. Typhimurium isolates, questioning its validity as a 

marker for this lineage (178). MLST has been used globally for typing and epidemiology of a variety of 

pathogenic bacteria (179). 

I.3.3 Population structure of S. Typhimurium 

    S. Typhimurium has been considered a model for broad-host-range pathogens (180). Most research 

has been undertaken with a few strains – 4/74, SL1344, LT2 and ATCC14028. Whether any significant 

genotypic diversity existed within this serovar was unknown prior to the advent of WGS, with limited 

diversity between aforementioned reference strains not representing the extant population. It has since 

been discovered that S. Typhimurium is widely spread in zoonotic reservoirs, and in many cases phage 

types can be associated with specific animal hosts (180). S. Typhimurium’s broad, natural distribution 

outside humans, livestock, and wild avian species is evident, for example, with description of turtle 

adapted S. Typhimurium causing turtle renal disease, and an observation within hedgehogs (181, 182). 

Phage type Sequence type Host range & epidemiology References 

DT9 ST19 

Broad-host-range, cattle reservoir, MDR, 

epidemic 1960-1975 (183) 

DT204 ST19 

Broad-host-range, cattle reservoir, MDR, 

epidemic 1970-1985 (183) 

DT104 ST19 

Broad-host-range, cattle reservoir, MDR, 

pandemic 1990-2010 (183) 

DT193/DT120 ST34 

Broad-host-range, porcine reservoir, MDR, 

pandemic 2005 onwards 

(183) 

(184) 

U288 ST19 

Porcine reservoir, MDR, epidemic in pigs, rare in 

humans (180) 

DT8 ST19 

Duck and geese associated, several human 

outbreaks 

(180) 

(185) 

DT56var ST568 Wild bird associated  

(180)  

(186) 

(187) 

DT2/DT99 ST98/ST128 Pigeon associated, endemic in pigeons  (46) (188) 

DT160 ST19 

Wild birds, extended multi-host outbreak in New 

Zealand (189) 
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ND ST313 

Invasive disease in sub-Saharan Africa, XDR 

lineages, showing human adapted signatures (190) (79) 

Table I.2 Distinct S. Typhimurium lineages and their host ranges. S. Typhimurium phage and sequence 

types associated with animal hosts and niches. Adapted from Branchu et al. (2018) (180) 

    The diversity and population structure of S. Typhimurium from public health WGS data in the UK 

was reported using 131 representative isolates chosen to encompass the genotypic diversity of this 

pathogen, identifying signatures of genotypic diversity in more detail through analysis on a reduced 

dataset (39). Bayesian hierarchical analysis of the phylogenetic relationship identified two higher order 

(first order) clades designated α and β, the former associated with livestock animals containing three 

clades of successful epidemic clones, and the latter more associated with wild avian species, with the 

exception of an epidemic lineage of majority phage type DT204 (Figure I.3). Three ST36 isolates were 

excluded from the analysis due to high divergence, these isolates possibly representing the divergent G1 

clade observed by Zhang et al., (191).  

I.3.3.1 Clade α 

   Clade α (Figure I.3 (A)α) contained nine third order clades, with a high proportion of clade 

αexclusive pig isolates, and other lineages mainly associated with livestock. Three notable clade α 

lineages included a porcine epidemic clade that has infrequent reports of human infections (U288, 

α12), DT104 associated pandemic lineage (DT104, α15) which gained traction in the 1990s before 

reducing in isolation numbers, and the current monophasic S. Typhimurium ST34 pandemic clade (S. 

I:4,[5],12:i:-, α17). Clade α has two possible epidemic clades not well reported within the literature; 

one of majority type DT193 (α8) associated with pigs and cattle, and a pig, cattle, and human infection 

associated clade sharing a common ancestor with the U288 complex (Figure I.3 (A)α11).  There are 

distinct differences between clade α and β. Cladeα lineages tend to be equipped with more AMR 

genes and fewer HDCS in virulence genes, usually retaining the ancestral allele. This is possibly a 

counter-signal of host adaptation, as the opposite is observed in host restricted serovars such as S. Typhi 

and S. Paratyphi A, which accumulate HDCS in non-essential virulence genes for human invasive 

lifestyle (192). Clade α has significantly fewer deleterious genes as suggested by a reduced Δbitscore, 

but also significantly reduced invasiveness index, consistent with mutations separating the clades having 
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increased likelihood of invasive disease in clade β (Figure I.3 (C)). Conversely, there are reports of 

iNTS infections in Vietnam from isolates which belong to clade α17, monophasic S. Typhimurium 

ST34, that had regained their phase 2 flagellar locus (193). Clade α also characteristically lacks a copy 

of gene sseK (sseK3) that encodes a T3SS effector that glycosylates host protein arginine residues, 

reducing NF-κB dependant immune responses. It is likely sseK3  was introduced horizontally to clade 

β, where it appears recessive to sseK2 due to more frequently becoming a HDCS (194).  

 1.3.3.1.1 Porcine associated U288 S. Typhimurium (α12) 

     S. Typhimurium of majority phage type U288 (Figure I.2, α12) form a distinct third order clade 

within the top of cladeα, with S01960-09 as their prototypical reference strain, as used by Bawn et al., 

(2020) (39). Strains with this phage type have emerged as a persistent MDR epidemic within pigs in the 

UK, and there is a report of U288 associated outbreaks in Denmark resulting in the death of elderly 

patients (195, 196). Strains of the U288 clade appear to have some discrepancies compared to other 

clade α lineages - each of the other clades are hypothesised to contribute to both animal disease 

epidemics and substantial human population epidemics, with clear evidence for this in the DT104 clade 

(α8, red branches), and monophasic S. Typhimurium ST34 clade (α17). The U288 (α12) clade is 

hypothesised to have accumulated HDCS resulting in genome degradation, producing a reduced 

observation of human outbreaks and a reduced risk to food safety (78). The presence of MDR within 

the clade can be hypothesised as a prerequisite for bacterial survival due to past prophylactic use of 

antibiotics within livestock pigs, as well as their continued use for treatment of pig infections (197-200).  

1.3.3.1.2 Pandemic DT104 S. Typhimurium (α15) 

     A clone with chromosomally integrated MDR phage typed as DT104 (ACSSuT; AMR genes displayed 

in Figure I.3), emerged in the early 1990s through cattle associated zoonoses (201). By 1992 it had 

become a pandemic with culture confirmed human infections in 29 countries (202). There was a clear 

rise and fall in isolations from 1992 to 2001 in the British Isles and Eastern Europe (202). Data from 

Eastern Asia shows only a dramatic decrease from 20 % of S. Typhimurium infection isolations 

exhibiting DT104 during 1996-1997, to 1-2 % from 1998 onwards, with no preceding data (202). Data 

from other world regions displayed an increasing trend with some plateaus from 1992 to 2001, except 
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Australasia which displayed no occurrences (202). There has since been a global decrease in the 

frequency of isolating DT104, but the lineage remains isolated from both human and animal infections 

(203).  A study utilising WGS, phylogenetics, and Bayesian predictions from temporally structured WGS 

isolates estimated that a susceptible DT104 emerged in 1948 (95 % CI: 1934-1962), before acquiring 

the 13 Kb MDR region into an existing genomic region, now known as SGI-1, around 1972 (95 % CI: 

1972-1988) (204).  

      SGI-1 has since spread across bacterial classes becoming a vast contributor to world-wide 

antimicrobial resistance (205-207). This demonstrates how crucial controlling and understanding S. 

Typhimurium is in a wider context: due to their ability to succeed - expanding globally within years and 

between hosts - a platform is also given for detrimental chromosomal elements such as Plasmids, ICE, 

IME, and phages to follow suit. 

I.3.3.1.3 Pandemic monophasic DT193/DT120 S. Typhimurium ST34 (I:4,[5],12:i:-)  (α17)  

     During the early 2000s an MDR (typically ASSuT; AMR genes shown in Figure I.3) clone emerged 

in Europe with a distinct sequence type of ST34 (208). It was initially associated with pigs and human 

infections which probably resulted from contamination through the pork production chain (168). The 

clonal lineage manifested with varying phage types, mostly DT193 and DT120, and was 

characteristically flagellar phase 1 monophasic, although distinct from a monophasic clone which had 

emerged in Spain at a similar time (208-210).  A retrospective WGS analysis of UK epidemic isolates 

from 2005-2010 revealed that the flagellar phase 2 locus (fljAB) had been replaced by an MDR encoding 

transposon, a novel 87Kb genomic island had been acquired encoding heavy metal resistance genes, and 

sporadic acquisition of an uncommon virulence factor, sopE, had been gained several times, usually 

associated with a prophage designated mTmV (184). Curiously, isolates also displayed lack of the serovar 

specific virulence plasmid, pSLT. The genomic island was termed Salmonella genomic island-4 (SGI-4) 

and encoded genes hypothetically increasing resistance to silver, arsenic, and copper, all of which have 

been used as antimicrobials and growth promoters in farming and agriculture, suggesting an origin for 

the selective pressures driving evolution of this clone (211-217). Since initial outbreaks in Europe, the 

clone has now expanded globally mostly maintaining reservoirs in pigs but displaying an exceptional 
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host-range of domestic and wild animals, including isolations from pigs, tomato products, beef products, 

poultry, cattle, and deceased striped dolphins (178, 218-222). This global pandemic clone now 

encompasses sub-lineages which encode resistance to carbapenems, including an occurrence of IncX3 

plasmid-borne blaNDM-5  (223) and resistance to last-line-of-defence antibiotic colistin through plasmid 

encoded mcr-1, mcr-3, & mcr-5 (107, 224-226). This lineage has become of great clinical concern due 

to displaying invasive infections in Vietnam after regaining its flagellar phase 2 locus (193), and due to 

isolation from blood of infected children in China (227). This is contrary to the isolates studied by Bawn 

et al., (2020) which displayed a low invasiveness index (Figure I.3 (E)). It is likely these discrepancies 

are a testament to the ability of the lineage to adapt rapidly, and perhaps invasive disease aided by the 

addition of further AMR genes encoded on an IncH2 plasmid preventing treatment and allowing 

systemic infection (193). The ST34 lineage is an ever-increasing burden and other possible factors 

required for such successful clonal expansion remain elusive, while the clone remains the most dominant 

S. enterica globally. 

I.3.3.2 Clade β 

     Clade βcomprises mostly wild avian associated isolates, except for cattle associated MDR lineage 

DT204/DT49, but DT49 was also highly associated with poultry in the UK in the 1980s (Figure I.3 (A)) 

(228). Clade β encodes more HDCSs than clade α, with exception of DT204/DT49 clade isolates 

(Figure I.3 (A)). There are more occurrences of virulence gene HDCSs and a greater clade Δbitscore 

but a varied bitscore deviation, suggesting sustained variation throughout the clade. These factors, bar 

the ultimate one, are typical signatures of host adaptation. The invasiveness index of clade β  is 

significantly greater than clade α, suggesting isolates from clade β more frequently cause disseminated 

disease (Figure I.3 (E)).  
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Figure I.3 S. Typhimurium population structure. (A) Maximum-likelihood phylogenetic tree 

reconstructed using 17,832 core genome SNP sites (A, left) displaying AMR gene presence or absence 

(A, middle), virulence gene alleles and HDCS (A, right). (B) Quantified HDCS of 10 representative 

isolates from 10/19 third clade order clades. (C) Third order clade Δbitscores to show deleterious 

genetic information. (D) Third order clade bitscore deviations as a percentage of the proteome 

compared to a reference genome. (E) Third order clade’s invasiveness index. Colours correspond to 

those used on the branches of third order clades in the phylogenetic tree (A). (F) A collection of 14,478 

genomes from Enterobase representing the global diversity of S. Typhimurium, with the 131 isolates 

from (A) displayed with yellow outlines. Isolates of ST36 were also excluded from this analysis. Genomes 

from (F) were grouped according to their Enterobase HierCC:100 cluster definition (core E Burst 

Group), where neighbours must be no more than 100 core genome MLST alleles apart, displayed by 

different coloured circles as shown in the legend. A clear distinction of clades α and β can be observed 

with a large, non-UK dataset, reinforcing pertinence of analyses which dissect S. Typhimurium into two 

distinct clades. Adapted from Bawn et al., (39). 

I.3.3.2.1 Pigeon associated DT2 S. Typhimurium (β3) 

  Isolates causing disease in feral pigeons (Columba livia) are mainly ST128 or ST98, and mostly phage 

typed DT2 or DT99 (39, 77). This lineage has signatures of host restriction, exemplified by high 

association with pigeons. Kingsley et al., (2013) characterised genomic and transcriptomic adaptations 

within this lineage (77). Twenty two HDCS, which the authors termed pseudogenes, were observed 

within WGS of DT2 strain 94-213 compared with WGS of SL1344 of the DT204 complex, a DT104 

strain, and D23580 of the ST313 clade (77). The transcriptional landscape of 94-213 also manifested 

with an altered response compared with SL1344 at 42⁰C, this being the avian homeostatic temperature 

(77).  The DT2 lineage had 3 HDCS in virulence genes identified by Bawn et al., (2020) (Figure I.3 (A)

β3), consistent with niche redundancy of the encoded proteins. The DT2 lineage also exhibits ~6 % 

proteome bitscore deviation and high cladal Δ bitscore (~0.04), suggesting a degree of genome 

degradation, congruent with previous studies (Figure I.3 (D)). DT2 lineage strain 94-213 had the third 

highest number of HDCS (~100 genes) compared with other strains of S. Typhimurium (Figure I.3 



38 

 

(B)). There is a case report of S. Typhimurium DT2 causing an abdominal cavity abscess in a dog in 

Turkey (229). Whether pigeon adapted S. Typhimurium can produce severe disease in canines or DT2 

is a polyphyletic phage type is undetermined, and possible oversampling from pigeon reservoirs may be 

skewing our understanding of the phage type.  

I.3.3.2.2 Passerine bird associated DT40/DT56 S. Typhimurium (β5) 

     Clade β5 includes strains mostly from wild birds (passerine birds; of the order Passeriformes) as well 

as three cattle isolated strains and two human infection isolated strains (Figure I.3 (A)). Strains in this 

clade are well known to cause severe disease in passerine birds such as finches and sparrows in Australia, 

Asia, Europe and North America including a report from 1957 (187, 230-234). The strains are mostly 

phage typed DT56(var) and DT40, with no plasmid replicons, suggesting loss of pSLT. The lineage 

exhibits more HDCSs than any other lineage (101 HDCS, Figure I.3 (B)), consistent with a high degree 

of host adaptation, consistent with the observed association of the strains with seasonal outbreaks in 

passerine birds reported in the literature (187, 233, 235). The presence of a human isolated strain within 

the clade and other literature reports of human infection suggest sporadic zoonotic transmission from 

wild bird reservoirs to humans (187).  There are also literature reports of ‘spill over’ to domestic cats 

during seasonal outbreaks, suggesting this lineage is not host restricted (235). Further adaptation is 

evident from accumulation of HDCS within ~10 virulence genes, albeit with slight variation amidst 

isolates, suggesting redundancy when causing disseminated illness while mostly undergoing 

transmission between passerine birds.  

I.3.3.2.3 Cattle associated DT204 epidemic S. Typhimurium (β1) 

     Between 1975-1990 strains phage typed DT204 and DT49 were dominant in the UK and Germany 

(169, 236, 237) (Figure I.3 (A), clade β1). Strains from the clade had an MDR profile of resistance to 

ampicillin, chloramphenicol, streptomycin, sulphonamides, and trimethoprim (ACSSuT), and were 

assumed to originate from one clonal expansion due to similar phage type profiles (169). Strains were 

isolated in high numbers from cattle, suggesting this was a main reservoir, with zoonotic infections 

possibly from contaminated beef products (236). Strains with these phage types were discovered in other 

hosts, suggesting the clonal complex was broad-host-range (236). A review identified a second clone, 
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phage typed DT204c, that emerged from DT204 and subsequently expanded (46, 238). How these types 

of isolates were related genetically is unknown due to the limited methods available at the time.  

I.3.3.2.4 ST313 human invasive and poultry associated S. Typhimurium  

     Isolates sequence typed ST313 emerged in Sub-Saharan Africa, causing invasive, blood-borne 

infection in immunocompromised people (239). This clade consists of two lineages with independent 

genotypes (79). The origin of the clade has been postulated as avian, as they group within avian 

associated clade β, and can cause invasive disease in experimentally infected chickens (91). Lineage I 

is not associated with invasive infection in humans, is genetically distinct, and  the causative agent of 

gastroenteritis cases in the UK (240). Lineage II has a distinct genotype encoding two novel prophages 

(BTP-1 and BTP-5), a specific plasmid (pBT1), and exhibits adaptive traits such as HDCS accumulation 

similar to that seen in S. Typhi (79). The lineage has spread from Africa, with reports from South 

America (81). An African sub-lineage with further adaptive signatures and extensive drug resistance 

(XDR) has recently emerged in the Democratic Republic of the Congo (80). 

I.3.3.2.5 Duck associated DT8/DT30 S. Typhimurium (β2) 

     Isolates from this lineage are associated with ducks and infrequent human disease. More considerable 

outbreaks occurred in the UK and Ireland between 2009-2011 (185, 241, 242). From 1992-2009 a 

handful of outbreaks of S. Typhimurium DT8/DT30 infections had been reported in England and Wales. 

Two substantial outbreaks of S. Typhimurium associated with duck egg consumption occurred in 

Europe; during 2010 81 confirmed cases occurred in England & Northern Ireland and 34 confirmed 

cases from August 2009 to February 2011 in the Republic of Ireland (241, 243). Five hospitalisations 

and one death were recorded as a result. An investigation revealed farms linked to the cases were positive 

for S. Typhimurium DT8 (241). These were the first outbreaks of salmonellosis due to duck egg 

consumption since introduction of the current UK surveillance system in 1992. The first known outbreak 

was due to lightly cooked pudding made with duck eggs which hospitalised >50 people (244). Despite 

possible host adaptation the lineage appears to retain full human pathogenicity. Isolates from both 

outbreaks were phage typed DT8 or DT30 having the same multi-locus sequence type (ST19). They 

were phylogenetically closely related with 106 core-genome SNPs separating the most distantly related 
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DT8 sequences in a retrospective WGS analysis (242). Both phage types have also been isolated from 

the same duck egg (245). The difference between the two types is gain of resistance to 10 typing phage 

preparations in DT30. A possible cause for a switch from DT8 to DT30 from WGS has been 

hypothesised (246). This hypothesis was drawn from differences in WGS data between 3 DT8 isolates 

and 1 DT30 isolate and featured acquisition of an ICE with loss of S. Typhimurium virulence plasmid 

pSLT in DT30. This equated to a different array of restriction modification (RM) systems, with DT30 

missing the type II restriction enzyme M.EcoGIX, and other unspecified altered phage interactions 

hypothesised from the DT30 ICE genetic material.  

I.3.4 Successive clonal replacement of dominant MDR broad-host-range S. Typhimurium 

     The most frequently isolated clones of S. Typhimurium appear to emerge and replace each other 

every ~15 years (183). Each of these clones are successful, broad-host-range, widespread clonally 

expanded lineages that encode MDR (Figure I.4). The reasons for these clonal replacements are not 

understood. It was noticed that replacements occurred between clones from cattle populations in 

Germany and the UK, but the most recent clonal replacement is highly associated with pigs, suggesting 

different origins for different successful clones (238, 247-249). Surveillance through phage typing began 

in the 1950s and toward the 1960s it became apparent that increasing proportions of S. Typhimurium 

phage typed DT9 were isolated, with subsequent replacement of this clone exhibiting mostly phage types 

DT204/DT49 (Figure I.2(A)β1). This was dominant until spread of a DT104 clone characterised by 

acquisition of ~13kb multi-drug resistance (MDR) cassette within Salmonella genomic island 1 (SGI-1) 

(FigureI.3 (A) α15) (250, 251). The most recent emergence is clonal expansion of MDR monophasic S. 

Typhimurium ST34 (Figure I.3 (A) α17), possibly due to factors such as SGI-4 (252, 253). 
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Figure I.4. Successive clonal expansion and replacement of S. Typhimurium clones 1965-2018. Successive 

clonal replacements of S. Typhimurium lineages expressed as a percentage of clones isolated over time. 

Each line is labelled with the phage type observed most frequently within each clonal complex and 

common MDR profiles. A: ampicillin, C: chloramphenicol, S: streptomycin, Su: sulphonamides, T: 

tetracycline, Tm: trimethoprim.  

I.4 Mechanisms of microevolution 

     Lineages of S. Typhimurium, excluding ST36, exist within ~1500 core genome SNPs (39). Variation 

in closely related bacteria is due to microevolution (184). There are 2 main types of microevolution: 

SNPs and recombination. Recombination includes within genome rearrangements, as well as integration 

of new horizontally transferred material, usually through naked DNA uptake (transformation), phage 

mediated gene acquisition (transduction), and T4SS mediated uptake of genetic material (conjugation). 

These mechanisms exhibit crosstalk; interacting, merging, and reshaping each other, generating 

genomic plasticity which underlies the variation in closely related bacteria. 

I.4.1 Single nucleotide polymorphisms   

     Transfer of polymorphisms to daughter cells is termed vertical gene transfer and the acquisition of 

mutations is gradual, generating comparatively slow evolution due to successive replication cycles 
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required for sufficient accumulation of SNPs to counter selective pressures. SNPs can be due to a 

phenomenon known as genetic drift or generated from selection pressure to modify a gene with 

individual SNPs, such as SNPs in phage receptor encoding genes which may alter the bacterial host 

susceptibility range (254). Genetic material can be under negative selection resulting in gene 

degradation due to redundancy, commonly observed with host adapted serovars and lineages of S. 

Typhimurium (43). When under negative selection through pressure against conservation of a gene it is 

common to see multiple disrupting SNPs and introducing of stop codons inhibiting deleterious genetic 

material – a HDCS - previously termed pseudogenes.  

I.4.2 Horizontal gene transfer  

     The most rapid form of bacterial evolution is through horizontal gene transfer (HGT) (255). HGT 

can be mediated through phage transduction, DNA uptake through transformation, and acquisition of 

plasmids and ICE through conjugation. Transfer of this type allows exchange of large amounts of genetic 

material that can happen between a wide range of organisms, including inter-kingdom exchange (256, 

257). Acquired advantageous elements can include genes for virulence, antimicrobial resistance, heavy 

metal resistance, and biosynthetic pathways, enabling bacteria to rapidly gain complex functions (258). 

This form of gene flow contributes extensively to evolution in S. Typhimurium: Salmonellae’s 

distinguishing pathogenicity islands were horizontally transferred, and acquisition of new elements can 

produce strains which take over as dominant clones (18, 259-262). HGT aided the development of SGI-

1 in DT104 which enabled it to become dominant in the UK in the 1990s; likewise SGI-4 from the 

current DT193/DT120 monophasic epidemic was hypothetically horizontally transferred and seems to 

have initiated its clonal expansion (103, 263). Phages also contribute extensively to HGT mediated 

genome variation in S. Typhimurium (39). 

      Plasmids and ICE that self-transfer within Gram-negative bacteria usually encode a T4SS with large 

protein pilus and contribute to gain of complex functions in one evolutionary event (264, 265). 

1.4.2.1 Plasmids 
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     Plasmids are circular, extrachromosomal DNA elements that can horizontally transfer between 

bacterial phyla (266). They can self-transfer, or require helper plasmids or chromosomal genes for 

transfer, typically borrowing a T4SS from other elements (267). They are frequently associated with 

antimicrobial-resistance genes and have spread antibiotic resistance considerably among pathogen 

populations (268-271). Plasmids encode specific DNA sequences used to initiate their replication, called 

replicons. If a plasmid enters a cell that encodes the same replicon as a native plasmid then the plasmids 

compete for replication machinery regulated through antisense RNAs and iterons that produce variable 

plasmid copy numbers. This produces a phenomenon where only one plasmid will transfer to daughter 

cells, known as plasmid incompatibility (271, 272). Strong evolutionary selection pressures will maintain 

plasmids which convey a significant selective advantage for the host. S. Typhimurium has a ~90kb 

serovar specific virulence F-type plasmid, termed pSLT, which was probably acquired during evolution 

of subspecies I, with subsequent recombination of the virulence operon, spv, into the chromosomes of 

subspecies II, IIIa, IV, and VII (273). More recently plasmids encoding MDR are rife within S. 

Typhimurium lineages, consistent with strong pressure from antibiotics used for disease treatment and 

previous prophylaxis in agricultural animals (107, 274-279). Notable examples include: pSTM6-275 in 

monophasic S. Typhimurium ST34 which encodes MDR and heavy metal resistance (276); emergence 

of various colistin resistance encoding plasmids carrying mcr-1, mcr-3, and mcr-5, associated with 

incompatibility groups IncHI2, IncI2, and IncX4 respectively, also in monophasic S. Typhimurium ST34 

(225), and; an IncHI2 plasmid, pSTm-ST313-II.1 associated with extensive drug resistant S. 

Typhimurium ST313 lineage II.1 (80). 

1.4.2.2 Integrative elements 

     DNA elements which transpose themselves within the same genome and among other cells can vary 

in size. The smallest insertion elements usually encode one or two genes, including a transposition gene 

for excision and integration to separate genomic loci (280). These can be replicative, undergoing 

replication when excising, leaving behind a copy within the locus, or conservative, where the original 

sequence is conserved after excision (281, 282). The largest integrative elements can be >600kb and 

may encode a range of beneficial material for the host, but usually rely on host replication machinery 
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(283). Exceptions to this rule include Actinobacteria ICEs which self-replicate (284). ICE are 

overwhelming contributors to global antibiotic resistance evolution and dissemination, with some AMR 

genes being exclusively ICE associated (285). A recent study suggested that nearly half of all bacterial 

genomes contain an ICE, and a further study suggested that diversity in T4SS is far greater in ICE than 

in plasmids, contrary to previous beliefs (283, 286). If an integrative element does not encode machinery 

for self-transfer but self-integrate, these are usually designated integrative mobilizable elements (IMEs). 

IMEs require a helper T4SS from an ICE or plasmid, which may co-transfer with the helper element 

(287). Also, mainly observed within Streptococcus agalactiae, are elements which have lost both their 

integration and conjugative modules, but retain sequences used for recognition during transfer (attP 

and attB) (288). These elements are termed cis-integrating mobilizable elements (CIMES). 

      Integration into chromosomal locations by phage, IMEs CIMES, and ICE are largely through tyrosine 

recombinases (289). These recombine the integrating DNA recognising a specific attachment site that 

appears at the combined distal ends of the integrating DNA fragment (attP), the host chromosomal site 

having near identical sequence (attB) and integrating via crossover holiday junctions (290).  

    Non-replicative ICE life cycles have common characteristics (291). Usually ICE undergo vertical 

transfer to daughter cells and without stimulation limited quantities of transfer occurs in a subset of the 

population (292). Stimulators of excision are commonly DNA and protein stressors, where the selfish 

nature of the ICE to maintain itself manifests, transferring out of the stressed donor cell and into a 

recipient (Figure I.4). ICE transfer is initiated through self-encoded excision machinery, such as 

XerC/XerD recombinases (293), or phage excision-like machinery (294), with binding at attachment 

sites that generate a circularised, extrachromosomal ICE (Figure I.5) (295, 296). A relaxase protein, 

orthologous to traI from F-plasmids, then nicks one strand at a DNA site called the origin of transfer 

(oriT). Single stranded binding proteins protect the ssDNA cargo, and the DNA-protein complex is 

localised to a type-4 coupling protein and secreted through a T4SS pilus into a recipient cell. Integration 

then occurs, provided the recipient encodes a complementary attachment site (attB). Attachment sites 

are frequently encoded in slow-evolving DNA sites, such as tRNA-encoding regions and tRNA 

biosynthesis genes (297). ICEs also require maintenance, and frequently encode mechanisms to ensure 
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that daughter cells of the host retain the ICE, such as toxin-antitoxin systems (TA) (298). This creates 

extra layers of diversity - TA systems are well known to have multiple functions (299). 

 

 

Figure I.5 ICE life cycle. (A) Transfer genes of an ICE are typically under repression or inactive, keeping 

the element maintained in the chromosome. (B) One of many stressors or signals, such as DNA 

intercalating molecules, may stimulate excision. Excision stimulation is dependent on the ICE regulatory 

system, which will stimulate expression and construction of a mating pore consisting of a T4SS pilus and 

coupling proteins under various conditions. Excision is undertaken through DNA binding at DNA 

attachment sites via crossover junction. The chromosomal attachment site is known as attB, and ICE 

attachment site attP. Excision generates a fully extrachromosomal circular ICE DNA molecule. (C) A 

relaxase protein nicks and unwinds the ICE DNA, covalently bonding to the 5’ end, producing transfer 

DNA (T-DNA) and partitioning a single strand in a manner akin to rolling circle plasmid replication. 

(D) The T-DNA localises to the mating pore and is transferred into a donor cell. (E) The relaxase forms 

a covalently closed, circular ssDNA, and its complementary strand is synthesised. The resulting dsDNA 

is the substrate for chromosomal integration, and the ICE DNA integrates into donor and into recipient 

A B C 

D 

E F 
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chromosomes, making this process non-conservative transposition. The donor cell is shown (grey), 

recipient (green), ICE DNA (blue), and relaxase protein (yellow). From Johnsen e al., (2015)(291) 

     Notable integrative elements in Salmonellae include all SPIs and SGIs (18, 263, 265, 300).  When an 

integrated island has considerable host benefit and is under strong positive selection the genes encoding 

transfer of the islands become depleted, creating a fixed genomic feature (287). This is likely the case 

for SPI-1 and SPI-2, which appear to have been horizontally transferred but lost self-transferability and 

become part of the core genome (18, 22). Other notable integrative elements in Salmonellae include: 

SPI-7, a putative ICE that encodes the Vi antigen of typhoidal serovars such as Typhi; SGI-1, an IME 

that encodes MDR in pandemic DT104 S. Typhimurium, and; SGI-4 of monophasic S. Typhimurium 

ST34, a hypothetical MGE that encodes heavy metal resistance genes (250, 265, 301). 

I.4.3 Introduction to bacteriophage 

     Bacteriophage (phage) are viruses which infect and survive within bacterial populations. Phage have 

been co-evolving with bacteria since early forms of life and out-number bacteria by an estimated tenfold 

(302). Phage are the most abundant biological entity in the biosphere, and consequently play an 

important role in determining numbers of marine bacteria, greatly affecting aspects of our ecosystem 

such as nutrient cycles (303). The diversity of phages can be observed through the frequency of novel 

genes found in their genomes (304). Phage have a characteristic two-stage lifestyle, which involves 

lysogenic integration into the bacterial genome with vertical transfer to daughter cells, and an active lytic 

phase where they lyse bacterial cells and horizontally transfer to a new host (Figure I.6).  

I.4.4 Bacteriophage transduction and bacterial genome plasticity 

    Phage play a fundamental role in bacterial evolution through horizontal gene transfer, phage mediated 

genome plasticity, recombination with the genome, and producing strong selection pressures for 

development of bacterial anti-phage mechanisms (305). Salmonella infecting phage have been shown to 

transduce various important genes (Table I.3). 

Protein type Function Gene Phage Reference 

O-antigen 

modification Glycosylation rbf ε34 Wright, 1971 (306) 
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O-antigen 

modification 

Length 

determination   GtrC BTP-1 Kintz et al., 2015 (307) 

Effector protein T3SS effector  SopE SopEΦ 

Mirold et al., 1999 

(308) 

Effector protein T3SS effector GogB Gifsy-1 

Coombes et al., 2005 

(309) 

Effector protein T3SS effector SseI Gifsy-2 

Figueroa-Bossi & Bossi, 

1999 (310) 

Effector protein T3SS effector SspH1 Gifsy-3 

Figueroa-Bossi et al., 

2001 (311) 

Intracellular survival 

enzyme 

Superoxide 

dismutase 

SodC-

1 Gifsy-2 

Figueroa-Bossi & Bossi, 

1999(310) 

Intracellular survival 

enzyme 

Superoxide 

dismutase 

SodC-

3 Fels-1 

Figueroa-Bossi et al., 

2001(311) 

Intracellular survival 

Enzyme 

Superoxide 

dismutase NanH Fels-1 

Figueroa-Bossi et al., 

2001(311) 

Other 

Antivirulence 

gene GrvA Gifsy-2, Fels-2 

Ho & Slauch, 

2001(312) 

 

Table I.3. Genes horizontally transferred into S. Typhimurium through phage transduction.  

    Most characterized Salmonella phages are from the tailed, dsDNA order Caudovirales, which contains 

the viral families Podoviridae, Myoviridae, and Siphoviridae. Each family has corresponding tail 

morphology: short, medium, and long respectively. Due to recombination being a fundamental part of 

the phage life cycle, they often cross-recombine sections of their genomes, making them hypervariable 

and difficult to class in a traditional taxonomic manner.  

I.4.5 Bacteriophage life cycle 

   The Caudovirales infection model is largely the same across the order (313) (Figure I.7). When 

encountering a host bacterium the tail section binds to a cell surface receptor and uses an injectisome-

like mechanism to deliver dsDNA (314). The tail punches a hole through the bacterial plasma 

membranes and cell wall, and the genome passes down the tail into the cell. Genes are expressed from 



48 

 

transcripts produced by host machinery and ribosomes. Caudovirales genomes are generally replicated 

via use of concatemers which are put together to form the mature genome (315, 316). Capsid proteins 

come together to form a prohead, which holds the genome (317). The prohead is then matured by capsid 

subunit cleavage forming an icosahedral head with 5-fold symmetry. The tail consists of helix-based 

proteins with 6-fold symmetry and is either constructed separately and joined to the connecter or 

constructed directly onto the head. After maturation the cell is enzymatically lysed by endolysins and 

holins, releasing mature virions into the external milieu. 

     Phage λ has been well characterized and has a genetic structure is similar to P22  (Figure I.6, 

below)(318).  In short, N and cro are immediately translated, which allows recombination and 

integration, as well as transcription of cII and cIII. CII is constantly degraded by cellular proteases, such 

as those in the RecA-dependant DNA damage response (319). If levels of cII are low, transcription from 

PL and PR continue and virion replication ensues, with resulting cell lysis. If cII concentration increases 

it binds OL and OR, inhibiting expression of replication of genes, enabling action of integration and 

recombination proteins, producing lysogeny. This is mostly true for P22, except P22 encodes two 

repressor proteins (318). 

     Several Salmonella phages have been characterized (table I.4 below). A widely used and studied phage 

in Salmonella research is λ-like P22, which has its own suggested family of P22-like phages (table I.4 

below). P22 is of the short-tailed family Podoviridae. It is commonly used for transduction in Salmonella 

mutagenesis and therefore well characterized  (320-326). Some S. Enteritidis typing phages have been 

characterized (327). There is little information about S. Typhimurium typing phages, although they are 

likely related to P22 (327).  

Phage Family Features References 

SfV μ-like 

Originally discovered Shigella 

flexneri   (328) 

ST64B μ-like 

 A mosaic phage, S. 

Typhimurium DT64 lysogen  (329) 

P27 μ-like 

 Shiga-toxin encoding, lysogenic 

antigen conversion  (330) (331) 
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μ μ-like 

 Well characterised phage, 

ancestral protein fold enables 

immune evasion   (332-334)  

SopEΦ P2-like 

 SopE virulence factor encoding, 

common S. Typhimurium 

lysogen  (335) (336) 

PSP3 P2-like 

 Salmonella P-2 like phage, 

frequent lysogen (337) (336) (338) 

Fels-2 P2-like 

 Common S. Typhimurium 

lysogen  (13, 339, 340) (336) 

BTP5 P2-like 

ST313 specific, P2-like structual 

genes but possible novel phage 

biology (190) (341) 

P2 P2-like 

 Common E. coli prophage, 

prototypical lysogen, no recA 

cleavage, R-type pyocin like 

encoding gene, helps ‘pirate’ 

phage P4 through sharing 

functional genes allowing P4 

propagation (342-344) (345) 

Gifsy-1 λ-like 

 Common S. Typhimurium 

lysogen  (13, 339, 340) 

Gifsy-2 λ-like 

 Common S. Typhimurium 

lysogen  (13, 339, 340) 

λ λ-like 

E. coli phage well characterised 

lysis, lysogeny, & regulation (346)  

Fels-1 λ-like 

 Common S. Typhimurium 

lysogen  (13, 339, 340) 

ST104 

P22-

like 

 MDR pandemic S. 

Typhimurium DT104 specific 

lysogen  (347) 

P22 

P22-

like 

 Lysogenic antigen conversion, 

commonly used for molecular 

research in E. coli & S. enterica (348) (349) (350) 
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ST64T 

P22-

like 

 Lysogenic phage type 

conversion, S. Typhimurium 

DT64 lysogen  (351) 

ε34 

P22-

like  Serovar Anatum specific  (352) 

BTP1 P22-like 

ST313 specific, O-chain length 
modifying, high spontaneous lysis 
induction (190) (307) (341) 

ES18 

P22-

like 

 Prototypical generalised 

transducing phage  (353) 

ε15 

P22-

like Serovar converting phage  (354) 

T7 T7-like 

Well characterised lytic phage, 

encodes inhibitor of BReX 

defence  (355) (356) 

SP6 T7-like 

 Dual host specificity through 

tailspike rotation  (357) (358) 

Felix 

01 

Felix 

01-like  Broad-host-range effective lysis  (173, 359) 

Table I.4 Features of characterised Salmonella phages and their grouping phages. Adapted from Kropinski 

et el., (2007)(360) 

  I.4.6 Bacterial Phage Resistance Mechanisms 

      Bacteria have evolved intricate methods of bacteriophage defence through constant evolutionary 

pressure of phage-killing resulting in billions of years of antagonistic co-evolution (361-364). Phage 

evolve counter mechanisms which pressures evolution of further resistance mechanisms in bacteria, 

resulting in the world’s most ancient conflict – a biological evolutionary arms race between bacteria and 

phage (365). Currently described methods of S. Typhimurium phage defence comprise both innate and 

adaptive systems (366-368). Innate systems include restriction modification (366), super infection 

exclusion (369), abortive infection (370), and BrEX (371). The adaptive system is a type 1E, clustered, 

regularly interspaced, short palindromic repeat (CRISPR) system with CRISPR associated (cas) genes 

(368). A common and effective innate defence which is highly indicative of phage host-range includes 

phase variation or single nucleotide polymorphisms in genes encoding cell surface structures (372). 

Phage require receptors which are constitutively present on the bacterial cell surface for successful 
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attachment and entry to continue the lytic cycle or undergo lysogeny. They therefore frequently utilise 

molecules which are important for the host. A common example is use of lipopolysaccharide (LPS) 

(373). 

I.4.6.1 Receptor polymorphisms and the S. Typhimurium lipopolysaccharide O-antigen 

      Receptor alterations can inhibit phage adsorption, preventing phage DNA entry. To limit phage 

propagation and deny phage receptor binding, bacteria adapt the structure of surface molecules, such as 

outer membrane proteins or the flagella, or change their 3-dimensional orientation (374). This can be 

through coding sequence mutations, phase variation, or receptor altering genes encoded on transferred 

MGEs. 

      A commonly used receptor for Salmonella phage, such as p22, is the lipopolysaccharide O-antigen 

(375). It consists of a membrane bound phospholipid called lipid A, sugar-phosphate inner core, outer 

core polysaccharide, and repeating oligosaccharide O-antigen unit which usually consist of 3-6 sugar 

residues (376). S. Typhimurium (I:4,[5],12:i:1,2) phenotypically exhibits antigens O4, O5, and O12. 

One O-unit core contains: 

[→(2)mannose(α1→4)rhamnose(α1→3)galactose(1) →]  

including an (α1→3) abeqouse side chain linked to the mannose residue, where numbers in brackets 

display the carbon position of linked bonds. The abeqouse residue is variably O-acetylated, producing a 

variable O5 factor, indicated by brackets, which is dependent on gene oafA, The gene has a frequent 

deletion of 7bp sequence repetition resulting in a frameshift and O5- phenotype (377, 378). 

Polymerisation of repeat O-units in Salmonellae is predominantly through the inner membrane bound 

Wzx/Wzy-dependant pathway (379). Wzx is the O-unit flippase, and Wzy the polymerase. S. 

Typhimurium Wzy is predicted to have 11 transmembrane domains, and produce an α1-2 O-antigen 

repeat linkage present in Salmonella enterica serogroup B (referred to as WzyB) , which produces ~16-

30 repeats of the O-unit tetramer,  a long multipurpose surface molecule commonly as a receptor for 

phage. From sequence analysis there appears to be a complex history of wzy genes within only a few 

serogroups (Figure I.7) (380). This includes deletion of the ancestral wzy from the O-unit biosynthetic 
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gene cluster (Figure I.7 (A)), subsequent insertion of a different wzy associated with an IS-617 

transposase and remnants of various IS elements having re-introduced the proposed ancestral gene in 

some serogroups (Figure I.7 (A) C1). S. Typhimurium encodes a wzy gene not associated with the O-

antigen biosynthetic gene cluster, consistent with it having been inserted through HGT. 

 

A 

B 
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Figure I.6 O-antigen gene cluster and wzy diversity of Salmonella serogroups . (A) Diversity in O-antigen 

gene clusters of galactose-initiated O-antigens of 8 serogroups. Purple denotes genes involved in 

biosynthesis of rhamnose, and red genes involved in biosynthesis of abeqouse (with abe gene present) 

or paretose and tylevose, dependant on presence of prt and tyv respectively. Wzy genes are shown in 

purple, and those which contain sequence identity to the proposed ancestral serogroup B wzy shown in 

block purple, but wzy genes without significant sequence similarity shown with a purple stripe and white 

box. (B) Possible evolution of the serogroup B ancestral wzy locus from Reeves et al., (2013)(380).   

     O-antigen length can be altered through various means. BTP-1 prophage of ST313 strain D23580 

encodes GtrC which is a glycosyltransferase that alters O-antigen length, protecting against further 

BTP-1 infection (381). Phages Gifsy-1 and Gifsy-2 use OmpC as a receptor and mutations in its coding 

region inhibit their adsorption. Introduction of the receptor to E.coli conferred ability to adsorb Gifsy 

phage (382). Natural variations in nucleotide content can inhibit adsorption, such as frameshift 

mutations in LPS polysaccharide biosynthesis genes, which can alter the length or content of LPS chains, 

possibly removing a motif that was previously a phage receptor. The O-antigen is subject to phase 

variation through DNA-methylation of OpvA and OpvB (383). This causes a trade-off between virulence 

and bacteriophage resistance: the ‘long’ phase of the O-antigen determines macrophage differentiation 

but also allows phage entry, and the ‘short’ phase attenuates Salmonella but protects against phage 

adsorption (375, 384). This trade-off occurs in many forms due to the important functions of LPS; LPS 

is an outer-membrane anchored polysaccharide found in most gram-negative bacteria and a crucial 

component of gram-negative bacterial pathogens (385). The main functions of LPS include membrane 

protection from chemical attack such as bile acids, contributing to the structural integrity of the bacteria, 

increasing the negative charge of the cell for stable membrane structure, biofilm formation and adhesion 

(386). LPS has an instrumental role during human and animal infection through innate immune 
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activation as a potent endotoxin which causes toxic shock like symptoms. It is a toll-like receptor 4 

activator, as well as a ligand for intracellular inflammatory caspases (387).  

      

Figure I.7 Bacteriophage life cycle showing lytic and lysogenic phases and stages affected by bacterial 

phage resistance mechanisms. Phage initiate infection through adsorption to cell surface molecules 

(receptors), which can be inhibited through receptor polymorphisms such as SNP based mutations in 

receptor processing proteins, or length alteration from super infecting phage proteins. Phage DNA is 

injected via injectosome-like mechanism, which can be cleaved by inner membrane bound 

superinfection exclusion nucleases, or restriction endonucleases, albeit dependant on the modification 

of the phage genome. An adaptive mechanism encoded on the CRISPR-cas locus involves formation of 

a ‘spacer’, which is 24-47 bp homologous phage DNA sequence integrated into the host genome. Its 

transcript used as guide for endonucleases to cleave synthesised phage genomes. Abortive infection 

involves recognition of phage infection by the host and altruistic self-inhibited metabolic activity to 

prevent further action from the infecting phage.   

I.4.6.2 Abortive infection 



55 

 

   Abortive infection systems (Abi) provide resistance through the abortion of phage infection leading to 

the altruistic death of the infected cell (388). This is typically done by targeting a step of phage 

multiplication such as replication, transcription, or translation. These systems have been studied for over 

50 years, but the modes of action are not completely understood due to their complexity and knowledge 

gaps in phage biology. A well characterized system of this type is the Rex system found in phage λ-

lysogenic E.coli (388). A widespread TA system has been discovered which acts as an abortive infection 

system, and similarly there is evidence that TA systems can both inhibit and trigger Abi systems, 

suggesting complicated interplay between newly resided TA encoding prophages and the existing 

chromosomal TA systems (389, 390).  There are no well characterized Abi systems in Salmonella to date.  

I.4.6.3 Restriction modification 

     Restriction modification systems (RMs) are predicted to be present within all bacterial phyla, and 

include 4 types (type I-IV), dependant on subunit composition, sequence recognition, cleavage position, 

cofactor requirements and substrate specificity (391). These systems cleave phage DNA after entry by 

recognition of certain short sequences, and determine self and non-self-DNA through DNA 

modification (392). Usually modification is undertaken on nucleotide bases such as N6-methyl-adenine, 

N4-methyl-cytosine, C5-methyl-cytosine and 7-deazaguanine (393, 394). Due to variable DNA 

modification, RM systems are implicated in epigenetic gene expression in bacteria (395). The extent of 

DNA modification for anti-phage defence was shown to extend past base modification and include 

insertion of sulphur atoms substituting non-bridging oxygen atoms in the DNA backbone, producing 

phosphorothioate moieties in stereospecific and sequence specific residues (396). These modifications 

also have self/non self-sensing cognate restriction protein complexes for cleaving phosphorothioate-

lacking foreign DNA (396, 397).  

    A 2016 study characterized the RMs of 221 S.  enterica genomes, within 97 different serovars  (398).  

They identified 113 putative RMs including 58 type I, 23 type II, two type 3 and 30 type IV. All genomes 

except one contained two to seven RMs, with one strain containing just one. All strain WGSs contained 

a type III RM, one of which was shared by 198/221 genomes.  

I.4.6.4 Clustered, regularly interspaced, short palindromic repeats and associated genes  
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      CRISPR systems are adaptive immune systems which convey immunity to phage and plasmids (399). 

They are characterized by three major features: a set of CRISPR associated (cas) genes, a leader 

sequence, and a CRISPR array. They are present in ~45 % of bacterial genomes (400), including 

Salmonellae (401). The CRISPR array contains 24-47bp direct repeat sequences separated by 21-72bp 

sequences termed ‘spacers’ which are typically derived from plasmids and phage (402, 403). There are 

six main types of CRISPR-cas system, each with different cas proteins and variation in processes (404). 

Due to the age of these molecular systems they are prototypical examples of the evolutionary arms race 

which results from strong selection pressures and counter selection, playing a role in determining 

bacterial pathogen evolution and population structures (405-407). Phage encoded anti-CRISPR 

mechanisms are abundant, for example including prevention of cleavage of invading phage DNA through 

protection by a proteinaceous ‘nucleus’ encapsulating the genomic DNA of some jumbo phages (408-

410).  

     Salmonellae have two CRISPR loci, CRISPR1 and CRISPR2 and eight cas genes located upstream of 

CRISPR1 (411). CRISPR1 has the type one signature gene involved in DNA cleavage cas3, as well as 

universal cas1 and cas2 involved in spacer acquisition, and genes typical of type 1-E systems, cse1, cse2, 

cas7, cas5 and cas6. Shariat et al. (2015)(368) reported high nucleotide identity across the cas operon 

among isolates of a single serovar and in some cases extending across serovars. This was consistent with 

the locus having ceased adaptive events and no longer being immunogenic. However, deleterious 

CRISPR loci should undergo degradation over time, suggesting another role for CRISPR loci in 

Salmonella. Accordingly, CRISPR loci and genes have been shown to possess other diverse functions 

(412).   

I.4.6.5 Bacteriophage Exclusion  

    Bacteriophage exclusion (BrEX) refers to a cluster of genes associated with a methyltransferase 

encoding gene(pglX) that were identified in ~10 % of all sequenced microbial genomes and appear 

divided into six subtypes (413). The original description was of a cassette in Bacillus subtilis containing 

a putative Lon-like protease (brxL), an alkaline phosphatase domain protein (pglZ), an RNA-binding 

domain protein (brxA), an ATPase domain protein (brxC), a DNA methylase (pglX) and a protein of 
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unknown function (brxB). The cassette conferred significant immunity to bacteriophage when 

compared with loss-of-function mutants (414). Loss-of-function mutants showed no phage DNA 

degradation suggesting a novel mechanism of inhibiting phage replication. It has been elucidated that 

these genes exist in NTS (414).  

I.5 Antagonistic co-evolution between phage and pathogenic bacteria 

    Integrative elements play a role in establishing complex traits in one evolutionary event, enabling rapid 

niche adaptation. However, phage and pathogen population structures are hypothesised to be constantly 

influencing each other due to the abundance of environmental phage, and their predation of bacteria 

(415). The significance of this effect, and which phage-defence mechanisms are employed by pathogens 

such as S. Typhimurium to counter phage predation, is not well understood. This question may be 

pertinent in S. Typhimurium due to high sequence identity between isolates, but significant host 

variation in lineages. A question raised by the diverse host-ranges exhibited by S. Typhimurium is: how 

do host adapted S. Typhimurium resist predation from new phages introduced to their niches? and; how 

do successful, broad-host-range S. Typhimurium evolve to resist phage predation from a probable wide 

range of ecological niches? The idea that understanding phage-pathogen interactions aids in 

understanding pathogen evolution, and therefore may be exploited for therapies, has been discussed in 

review for Pseudomonas spp  (416). An important point raised in this review is that phages have been 

discovered which affect nearly all key cellular processes; transcription, translation, motility, cell division, 

RNA degradation, metabolism, CRISPR-based adaptive immunity, cytoskeletal functions, DNA 

replication, as well as conflicting effects on pathogenicity (416).  

     Due to reduced cost sequencing technologies and WGS we have an increased arsenal with which to 

discover and understand these interactions (417, 418). A recent study utilised WGS to investigate this 

effect from an evolutionary perspective in shiga-toxigenic E.coli (STEC O157:H7)(419). The study 

concluded that sub-lineages of this pathogen were stable in phage resistance profiles, and that occasional 

deviations from the standard profile do not outcompete the stable lineage, unless conveying a selective 

advantage. There was one example of increased phage resistance, associated with a mutation in ompC 

which encodes outer membrane protein OmpC - a receptor for T7-like phages – and accordingly the 
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mutation provided resistance to these phages. The toxin gene-encoding phage was associated with 

resistance to T4 group phages and hypothesised to allow improved persistence in the ruminant gut, a 

niche they are supposedly abundant in. An important question raised by small subpopulations of varying 

resistance is: why and how this is occurring? If these mutations are deleterious, why are the clones not 

rapidly outcompeted prior to infection, allowed to progress through the food production chain, cause 

patient infection, and subsequently be isolated? In the case of phage resistance within lineages; is this 

associated with divergence of two equally isolated clones, or does one clone exhibit increased sampling 

and positive selection? Importantly for S. Typhimurium, how do lineage phage resistance profiles 

stabilise within a host, or exclude phages from a broad range of hosts?  

I.6 Hypothesis and aims of the study 

     This study was driven by the hypothesis that horizontal gene transfer, including bacteriophage 

predation, contribute to the genome evolution and therefore survival of S. Typhimurium, and that 

different lineages with varying host ranges and ecological niches will have different evolutionary 

requriements and phage sensitivities. The questions this study aimed to address were: i) what genomic 

features contribute to emergence and continued expansion of S. Typhimurium clones, such as the 

emergent, successful, broad-host-range monophasic S. Typhimurium ST34 clone?; ii) how does SGI-4 

contribute to emergence of monophasic S. Typhimurium ST34, and what are its characteristics?; iii) 

does bacteriophage predation shape the genome evolution of S. Typhimurium? Do S. Typhimurium 

from different niches have different requriements, genomic elements, evolution, and phage sensitivities? 

and; iv) which mechanisms are employed by S. Typhimurium lineages to resist phage predation? 
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Chapter II: Materials and Methods 

II.1 Bacterial culture 

     Bacterial strains or constructed mutants were stored at -80⁰C. They were routinely grown overnight 

for 16-18 h at 37⁰C atmospheric conditions in Luria Bertani (LB) broth, unless specified. If anaerobic 

conditions were specified this was undertaken in a variable atmosphere incubator, with 85 % N2, 10 % 

CO2 , and 5 % H2. 

LB culture media was made as follows: 

Reagent Amount to add for ~1 l of broth 

H2O  950 ml 

Tryptone 10 g 

NaCl 10 g 

Yeast extract 5 g 

Stir to dissolve 20 minutes  

H2O  up to 1l 

Agar for plates at 1.5 % (if 

required) 

Sterilise by autoclave                  

15 g        

                                          

121⁰C, 15 psi, 20 minutes 

 

Table II.1 Ingredients and instructions for making LB broth or LB agar plates 

II.2 Bacterial mutant construction   

     Bacterial mutants were constructed using the method described by Datsenko & Wanner (2002)(420), 

with substitution of recombination-based genetic engineering plasmids. Antibiotic resistance cassette 

containing plasmids pKD3 (chloramphenicol resistance via cat) and pKD4 (kanamycin resistance via 

aphII) (Figure II.1 (A) and (B)) were used as templates with primers of 50 bp flanking either side of the 

genomic locus being subject to resistance cassette insertion, with attached primers for polymerising the 

resistance cassette. The bacterial wild type or mutant which was to be subject to insertion of the cassette 

was electroporated with pSIM18 (containing hygromycin resistance cassette hph) (421). Plasmid 
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pSIM18 encodes phage recombination machinery genes exo, beta, and gam, from bacteriophage Lambda 

(Figure II.1 (C)). Gam inhibits the host RecBCD activity, therefore protecting the DNA substrate for 

recombination by inhibiting double strand break repair. Exo degrades nucleotides from each DNA end 

in a 5’ to 3’ direction, creating double-stranded DNA with 3’ single-stranded DNA tails. Beta binds these 

3’ overhangs to protect and anneal them to complementary target sequences. The plasmids have 

temperature-controlled promoter regions, allowing plasmid reproduction and division into daughter 

host cells at >30⁰C, inhibiting plasmid replication at 37⁰C, and expressing Exo, Beta, and Gam at 42⁰C. 

Electrocompetent cells were preferred over chemically competent cells due to evidence of higher 

transformation efficiency (422). Electrocompetent cells were made through harvesting 5 ml of overnight 

culture of a strain or mutant before growth to mid-log phase with 200 rpm shaking in atmospheric 

conditions at appropriate temperatures: 37⁰C for non-pSIM18 containing strains or 30⁰C for strains with 

pSIM18. Cells were then washed 5 times with ultra-pure water through centrifugation at 13,000 g, 

removal of supernatant, and resuspension in sterile ultra-pure water before adding DNA construct or 

plasmid. Room temperature was favoured due to evidence of greater electroporation efficiency than 

standard practise of keeping cells, cuvettes, and water on ice (423). Electroporation was carried out in a 

Bio-Rad® electroporator using settings generalised for E. coli in a 2 mm gap electroporation cuvette. 
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Figure II.1 Genetic diagrams of plasmids used in this study. (A) Plasmid pKD4, utilised as a template for 

polymerising an aminoglycoside phosphotransferase II encoding cassette (aphII) with 50 bp flanking 

regions for homologous recombination into genomic regions of interest. (B) Plasmid pKD3, utilised in 

the same manner as (A) but for polymerising a cassette with chloramphenicol acetyl transferase (cat). 

(C) Recombination-based genetic engineering (recombineering) plasmid pSIM18. The restriction 

enzyme sites, gene orientation, and genetic content of plasmids are displayed. 

II.3 Phage-based experiments 

II.3.1 Phage typing 

     Phage typing for in-house strains and mutants was carried out as described by Public Health 

England’s phage typing protocol for Salmonellae & Shigella flexneri  using typing phages 8, 10, 18, 20, 

29, and 32. This is an adapted protocol first described by Anderson et al., (1977)(165).  Stocks of bacteria 

to be typed were streaked out onto LB agar plates to form single colonies. A single colony was taken of 

the bacteria to be tested and incubated in 4 ml of LB broth with static, atmospheric conditions at 37⁰C 

for 2 h. An LB agar plate was flooded with the culture and left to dry for >1 h and residual liquid removed 

carefully with a pipette. Once completely dried, 10 µl of each phage suspension at recommended titre 

C 
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dilution (RTD) was spotted onto the plate and incubated for 16 h. Plaque morphology was identified 

visually, with reference to the phage typing scheme (Appendix I). 

II.3.2 Plaque assay to determine phage titre 

    To determine the titre of phage within stocks provided by Public Health England and establish various 

starting concentrations for experiments, the top agar overlay plaque assay method was utilised (424). A 

single colony of the strain to be tested was harvested from an LB plate and grown for 4 h in LB broth 

with 200 rpm shaking in atmospheric conditions. A volume of 200 µl culture was added to 5 ml of pre-

warmed, 40 ⁰C, 0.5 % agar, then 90 µl of phage suspension at appropriate dilution was also added to the 

bacteria-agar mix at concentrations of neat, 10-1,10-2,10-3,10-4,10-5,10-6. Any plates that had sufficiently 

visual singular plaques were counted, and the phage titre concluded as the mean average from all plates 

counted, with virus titre expressed as plaque forming units per ml (PFU/ml).   

II.3.3 Liquid culture phage challenge assay 

      To assess whether mTmII was providing phage resistance to monophasic S. Typhimurium ST34 

strains typed DT193 (Chapter V.9) the cat gene was introduced into an intergenic region toward the 

left-hand end of lysogenic mTmII in reference monophasic ST34 strain S04698-09 as described above. 

To isolate mTmII, aphII was introduced into an intergenic region of the chromosome of a phageless 

mutant of S. Typhimurium 4/74 (425). The donor S04698-09 and phageless 4/74 were grown in mixed 

culture, and LB agar plates supplemented with 30 µg/ml chloramphenicol and 50 µg/ml kanamycin to 

select mTmII lysogenic transductants of phageless 4/74. Prophage mTmII was then introduced into 

DT120 strains L00745-07 and L00979-07 through mixed culture with the phageless 4/74 strain with 

lysogenic mTmII, and mTmII lysogenic DT120 strains selected using LB agar plates supplemented with 

30 µg/ml chloramphenicol and 5 µg/ml of tetracycline. Tetracycline was used to select for DT120 

monophasic ST34 strains as they naturally encode tetracycline resistance locus tetACR, while strain 4/74 

does not. Typing phages 8, 18, and 29 were used to challenge two DT120 strains L00745-07 and 

L00979-07, DT193 strains S04332-09 and S04689-09, and the same DT120 strains but with lysogenic 

mTmII (antibiotic resistance cassette insertions, phage transduction, and liquid culture assays for this 

experiment were undertaken by Luke Acton). Growth assessment was undertaken with a starting MOI 
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of 1 in atmospheric conditions at 37⁰C with low shaking for 24 h in a Bioscreen© C MGR, reading the 

optical density at 600 nm every 15 minutes. The resulting data was subject to area under the curve 

analysis using the definite integral from 5 to 15 h with R package Plotrix (426). The area under curves 

for phages 8 and 18 were then grouped by phage type or mTmII presence, and the Mann-Whitney-

Wilcoxon test was used to assess statistical significance. 

     Reference DT8 strain L01157-10, reference DT30 strain S03645-11, and L01157-10:wzy-  were 

subject to liquid culture challenge with typing phage preparations 8, 10, 18, 20, 29, and 32 (Figure VI.7). 

This was undertaken as described above with one biological replicate and two technical replicates (assay 

undertaken by Luke Acton).  

II.4 Bacterial resistance to phage preparation quantification  

     A measure of resistance was required to quantify a bacterial strain’s potential ability to resist a specific 

set of phage preparations to infer differences between clades, sub-clades or within lineages. In this study 

we sought to utilise an already well curated and established set of bacteriophage interactions which has 

been collected over the years and maintained through widespread use of the Anderson Phage Typing 

Scheme (165). The more recently extended Anderson typing phages were excluded from calculations 

(Additional phages 1, 2, 3, 10, 10var2, 10var3, and 18) for resistance ability, as data was only available 

for a handful of phage types (DT193, DT193a, DT194, DT195, DT208, U302, U310, and U311). 

However, this data was kept within some Figures for interest and discussion when applicable. That these 

phages were added to the scheme for sub typing-isolates displaying resistance to all other typing phage 

was of possible significance when considering differences in some clades. Phage typing was carried out 

at PHE and the Animal and Plant Health Agency (APHA, UK) according to their method of S. 

Typhimurium phage typing, except where specified.  

     The resistance index (Ri) of a strain based on its phage type from the Anderson phage typing scheme 

was established such that: 
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       Ri refers to the resulting number between 0 and 1 that indicates a quantified level of resistance (1 

being completely sensitive, and 0 being resistant to all phage tested), p represents the number of phages 

being tested for a given bacterial isolate, s denotes the outcome between each phage preparation and 

bacterial isolate of either resistance (0) or lysis (1), and Si refers to the summation of each strain’s 

reaction outcomes.  

II.5 Whole genome sequence data analysis  

    WGS data was generated using S. Typhimurium strains from the Animal and Plant Health protection 

Agency (APHA), and Public Health England (PHE), United Kingdom. Short-read, paired-end sequence 

data was produced by Illumina® Mi-Seq®, and long-read sequence data was generated through Pacific 

Bioscience® Single Molecule Real Time (SMRT®) sequencing technology, the reference strains for this 

study first described in Bawn et al, (2020) (39) (Appendix VIII). Draft genome assemblies were 

generated using De Bruijn graph-based SPAdes v-3.10.1 (427), with Kmer lengths of 31, 41, and, 51, 

before annotation using Prokka v-1.11(427-429). Comparative genetic diagrams were constructed using 

R package genoplotR (430).  

II.5.1 Single nucleotide polymorphism variant calling and core genome identification 

    SNPs were identified in WGSs by aligning reads using BWA-MEM (431), variant calling with 

Freebayes (432) and SNP filtering using vcflib/vcftools (433), combined as a pipeline using Snippy-

4.3.6 (434). The reference for SNP calling for the core genome alignment used to reconstruct 

phylogenetic trees in Chapter III and Chapter IV was S. Typhimurium SL1344. In Chapter V the 

reference for all SNP calling was S04698-09, and in Chapter VI it was DT8 reference L01157-10. Core 

genomes were identified using the snippy-core function of Snippy-4.3.6 (434). 

II.5.2 Phylogenetic reconstruction 
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    Many methods exist for estimating organism relatedness via nucleotide or protein sequence through 

phylogenetic reconstruction. Studies have shown that inference using time-free, maximum-likelihood 

(ML) methods for phylogenetic reconstruction produces qualitatively similar phylogenies in their 

bootstrap distribution than a Bayesian posterior distribution, and the output tree topology can be closer 

to the true topology (435). Therefore, ML based approaches were preferred for phylogenetic 

reconstruction from core genome SNPs. Of ML approaches, two are superior in computation speed or 

accuracy with tree topology and ML score – FastTree and RAxML respectively (436, 437). Due to 

favouring accuracy of the data over computation speed, RAxML was employed to construct most 

phylogenetic trees in this study (438), using the general time-reversable model of nucleotide 

substitution, with gamma distribution for amongst-site rate variation (GTR-gamma) with 1000 

bootstraps (439). GTR was utilised as it was postulated to be the most general neutral, finite-site, 

independent, and time-reversable model possible, superior to other models via log-likelihood based 

model tests (440), although disputed (441). Using the gamma distribution for amongst site rate variation 

allowed for better comparison between phylogenetic trees.  IQ tree was used to determine if different 

models of nucleotide substitution constructed phylogenies with significantly improved log-likelihoods, 

or fundamentally different topology (442). For the data in this study almost all phylogenetic trees were 

constructed using RAxML with the GTR and gamma model of amongst site rate variation. One exception 

is the phylogenetic tree of mTmII-like phages, which was constructed using proteomic, nearest-

neighbour construction as determined by VIP-tree (Figure V.5) (443). Most phylogenetic trees 

presented with similar topologies whether GTR or model-optimisation was used. This scrutiny was 

required as GTR can generate nuisance parameters if not enough information exists to calculate every 

substitution rate skewing the topology and the phylogenetic trees in this study were mostly constructed 

from closely related isolates, which due to the similar genetic content may have not had sufficient 

information for complex model parameters (439).  

    One-hundred and thirty-three strains representing the diversity within S. Typhimurium, as outlined 

by Bawn et al., (39) were used to construct the phylogenetic tree in Chapter III.3, and 112 of the 120 

that had corresponding phage typing data used to construct the phylogenetic tree in Chapter IV, Figure 
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IV.2, and Figure IV.11. One-thousand-four-hundred and fourteen strains from one year of PHE 

infections were used to construct a tree to assess cladal boundaries and sample phage types from within 

these clades for overrepresentation assessment in Figure IV.1. Seven-hundred-and-sixty-three 

monophasic S. Typhimurium ST34 strains collected from human infections between 2014-2015 were 

used to construct the phylogenetic tree from Chapter V, as described above. The phylogenetic trees in 

Figure V.8 and Figure V.9 were generated using 373 strains encompassing the global diversity of 

monophasic S. Typhimurium ST34. Two-hundred and ninety-two strains, mostly from ducks but also 

other sources, were used to construct the phylogenetic tree from Figure VI.1. One-hundred and ninety-

six strains including 162 DT8 and 34 DT30 strains were used to construct the phylogenetic trees from 

Figures VI.3, VI.4, VI.6 and Appendix III.  

   The WGS of 4 phages and 2 prophages were used to construct the neighbour-joining amino-acid-based 

phylogenetic relationship in Figure V.5 as determined by VipTree (443). 

II.5.3 Identifying and purging recombination 

   Recombination was detected within bacterial WGSs by identifying locations which contained >3 SNPs 

in a row predicted using Gubbins-2.3.4 (444), with a core genome constructed using the snippy-core 

function of Snippy-4.3.6 (434). Phylogenetic trees purged of recombination were produced by using the 

output of RAxML or IQ tree as starting trees along with the core genome alignments, and the resulting 

phylogenetic trees used for downstream analyses (438, 445).  

II.5.4 Defining clade boundaries and sampling phage types within phylogenetic trees 

     The R package rhierBAPS was used to assign clade boundaries using a depth of 2 and estimated 

number of populations of 30 (Figure IV.1) (446). The resulting clades were used to group strains for 

intercladal phage type comparisons. Phage types were randomly sampled 1000 times from each second 

order clade using base R, and frequency values (F) determined by dividing the number of times a phage 

type was sampled (s) by the number of random samples taken (n = 1000) (F=s/n). The frequency value 

provided a measure of how densely represented a majority phage type is within each second order clade. 

II.5.5 Genomic element sequence extraction and characterisation 
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     The sequences of SGI-4, mTmII, and mTmV were identified by aligning monophasic S. 

Typhimurium ST34 reference strain S04698-09 with SL1344. The insertions were viewed and 

nucleotide sequences extracted using Artemis Comparison Tool (ACT) (447). Each coding sequence’s 

translated amino acid sequence was used for searching the NCBI database using BLASTp (448), and 

profile hidden Markov model searches undertaken using the pFam-11.1 database (449), implemented 

with Hmmer-3 (450). Gene annotation was based on the consensus protein coding annotation from 

these searches, or protein functional domains used as annotation if a domain was present with no further 

characterisation.  

II.5.6 SGI-4-like element searches and characterisation 

     Potential SGI-4-like elements (SLEs) were identified from WGS assemblies in the NCBI sequence 

database (accessed June 2018) by aligning sequences with SGI-4 excluding the ars, sil, and pco loci, 

using discontiguous megaBLAST. This identified nucleotide sequences from Edwardsiella ictaluri 

(accession CP001600, 326500..380800) Erwinia tracheiphila (accession CP013970, 

1856073..1916737), Enterobacter cloacae (accession CP012162, 4040884..4152906), Enterobacter 

hormaechei (accession CP010376, 3932000..4028800), Enterobacter hormaechei (accession CP012165, 

395200..536000), Pluralibacter gergoviae (accession CP009450, 1604785..1778603) and Salmonella 

Cubana (accession CP006055, 4214040..4311200). Phylogenetic reconstruction of putative SLEs, was 

undertaken through sequence alignment using ClustalW-2.1 (451) and a maximum likelihood tree was 

constructed from aligned full nucleotide sequences using RAxML as described above (438).  

II.5.7 Identifying phages similar to mTmII 

     VipTree was used to assess which phage sequences were closely related to mTmII and mTmV 

(Chapter V.5). Phage sequences closely related to mTmII and mTmV were: SfI, SfII, SfIV, and SfV 

(accession numbers NC_027339.1, NC_021857.1, NC_022749.1, and NC_003444.1 respectively). 

Phage open reading frames (ORFs) were annotated as described in II.5.5.  

II.5.8 Whole genome alignment for identifying large-scale genomic differences 
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   Long read WGS data was utilised to identify large-scale rearrangements and recombination in 

reference isolates. Prophage regions were identified and labelled using PHASTER (452). Sequence 

similarity plots were generated using BLASTn (470), and Artemis comparison tool (ACT) (471), and 

multiACT cartoon generated as described by Bawn et al, (39, 453, 454). (Initial analysis and figures in 

Chapter IV.6 and Chapter VI.1 (C) constructed by Matthew Bawn, data reanalysed by this study). This 

was undertaken using 12 reference S. Typhimurium strains for Chapter IV.6 (strain details in Appendix 

VIII), and undertaken with reference DT8 strain L01157-10, reference DT30 strain S03645-11, 

reference S. Typhimurium strain SL1344, and a further DT8 strain S04527-10 for Chapter VI.1 (C). 

II.5.9 Ancestral state reconstruction 

II.5.9.1 Continuous trait ancestral state reconstruction 

      Continuous trait ancestral state reconstruction for Figure IV.5 was undertaken using Brownian-

motion-based estimates using both a univariate evolutionary rate, and multivariate evolution rates. A 

distribution for univariate continuous trait ancestral history estimation was initially estimated and 

plotted using the R package Phytools (455). Brownian motion describes the trajectory of an object 

through space (456). This is done by determining a sequence composed of summation of random 

sampling from a normal distribution to determine the point in space of an object from one point to the 

next. For ancestral history through ‘Brownian evolution’, the sequence starts at the tips, using the 

indicated continuous trait (Ri in the case of Figure IV.5). Each point toward the root is calculated by 

drawing randomly from a normal distribution dependant on the surrounding values. The resulting 

sequence of points estimated through extrapolating backwards from the tips to the root can then be 

plotted across the phylogenetic tree branches. Univariate transition rate indicates that all points on the 

branches have an equal rate of transition. Multi-variate transition rates allow for different rates of 

evolution in different branches. Both univariate and multivariate estimations were conducted, and the 

significance determined through the likelihood ratio test (LRT). Multivariate Brownian evolution was 

determined using R package mvMORPH (457). Ninety five percent confidence intervals were calculated 

using the square root of the variance for each point’s distribution as determined by Phytools (455). 

II.5.9.2 Discrete trait ancestral state reconstruction 
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     Discrete trait ancestral state reconstruction was undertaken with maximum likelihood calculation, 

maximum posterior probability estimates, and probabilistic distribution-based methods, the latter 

distributions estimated using a Markov-Chain with Monte-Carlo sampling (MCMC) approach. These 

were preferred due to literature evidence that these methods are superior to parsimony methods such as 

ACCTRAN or DELTRAN that produce bias at ambiguous nodes dependant on whether starting 

calculations at the root or the tips (458). Maximum-likelihood based states at each hypothetical ancestral 

node were estimated with Ancestral character estimation (ACE) from R package ape (459) and pastML 

(460), using maximum posterior probabilities (MPP).  The transition rate matrices (Q) were estimated 

from the data, and models allowing for different rates of transition were used. MCMC approach was 

conducted with discrete character mapping using posterior sampled maps from SIMMAP (461), and 

plotting the results as probability density across branches of fixed maximum-likelihood phylogenetic 

trees, generated as previously described. One thousand sampled stochastic character maps were 

constructed after a burn-in period of 1000 iterations for Q, followed by 100,000 Markov chain steps and 

sampling for the posterior every 100 generations using the pre-computed distribution of Q (462). A 

burn-in period was favoured to enable a starting position of the Markov chain closer to the equilibrium 

distribution, enabling analyses to be conducted on a dataset of sampled posterior values with appropriate 

distribution range. Competing statistical models using either equal rates of transition or allowing 

different values for Q were compared. This was undertaken using the likelihood ratio test (LRT), 

computed via an in house generated R script, requiring the more complex model to reside in the right-

hand most 5 % of a χ2 distribution with 1 degree of freedom to be considered significant (Appendix 

IV). For MCMC calculated distributions, this was conducted using mean log-likelihoods of sampled 

estimated histories from MCMC analysis using both an equal rate Q, and a pre-computed distribution 

of values of different rates for Q with the starting value estimated from the data. Resulting data was 

interpreted and viewed using R package phytools (462), iTOL (463), and pastML (460).  

    For Figure V.2, to gain additional evidence that the phenotype of the root node was DT120 based on 

the outcome of ML estimation, a probabilistic Bayesian approach to ancestral history estimation was 

undertaken. This was conducted by labelling tips of the phylogeny as either “DT120” or “Other” to 
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assess the probability of this phage type occurring at nodes toward the root branches and assessing the 

probability that it is the root node phenotype. To rule out the common ancestor of monophasic S. 

Typhimurium ST34 being DT193 and counter the possibility that ancestral reconstruction methods may 

bias root nodes toward the most frequent phenotype, tips were labelled as either “DT193” or “Other”, 

and MCMC analysis carried out as described above. 

    Ancestral reconstruction analyses were subject to permutation tests to identify if the proposed 

resulting character state at a node was due to the phylogenetic topology, and not a skewed result from 

sampling bias, or overrepresentation of a phenotype. Due to computational limitations 20 permutations 

were undertaken for each dataset. Tip labels were randomly assigned to the tree through the R command 

‘sample’, and a starting tree generated using maximum likelihood-based function ACE, with a 

subsequent tree sampled every 100 iterations of MCMC, 100 times, resulting in a distribution of 100 

trees with ancestral states for each permutation. To assess whether the permutated data was from the 

same distribution as that estimated from actual tip data, pairwise, Mann-Whitney-Wilcoxon tests were 

performed. 

II.5.10 Identifying presence and main clade acquisition time of mTmII 

     The presence of mTmII in isolates from one year of UK human infections and a global isolate 

collection of monophasic S. Typhimurium ST34 was determined by extracting the sequence of mTmII 

from S04698-09, identifying open reading frames (ORFs) using Prokka as previously described. WGS 

reads were then searched for each gene of mTmII through mapping and generating local assemblies 

using ARIBA-2.3 (464). To identify the acquisition time of mTmII, R package Bactdating was used 

(465). A phylogenetic tree of a global collection of monophasic S. Typhimurium ST34 was analysed for 

temporal signal before MCMC analysis undertaken for 1 million iterations to determine the temporal 

structure of the tree, including 95 % confidence intervals. Fifty permutation tests were undertaken to 

assess if the temporal structure of the tree was dependant on the real data. The Mann-Whitney-Wilcoxon 

test was used to determine if the dates from each node of permutations were significantly different to 

the dates from nodes generated from the real data. A frequency table of the date estimate for the root 
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node for each permutation was constructed, and the frequency density calculated and plotted using 

ggpubr (466). 

II.5.11 Bacterial genome-wide association  

   Genome wide association (GWAS) is a statistical-based method where traditionally SNPs within a 

genome are associated with a particular phenotype. GWAS was conducted to discern potential genetic 

polymorphisms associated with differences in phage sensitivity. In Chapter V this was undertaken with 

the WGS assemblies of 605 DT193 strains and 125 DT120 strains, and in Chapter VI undertaken with 

34 DT30 strains and 162 DT8 strains. Methods of bacterial GWAS used were DNA of length K (Kmer) 

based analysis, where Kmers were identified from draft genome assemblies of each strain using 

frequency-based string mining algorithm FSM-lite-1.0 (467). Kmer based analyses are effective for 

bacterial GWAS, as using DNA Kmers accounts for SNPs and recombination, but SNP association 

methods limit association of phenotypes to SNPs (468). The population structure was estimated using 

genome-hash-based Mash which generated a three dimensional distance matrix (469). Subsequently, a 

mixed-linear-model approach was used for testing Kmer significance implemented with Sequence 

Element Enrichment (SEER) (470). This was initially conducted with no significance filtering, but 

subsequently a Kmer filtering significance level was established by keeping the top 1 % of Kmers in the 

range of  -log10 p-values, resulting in an LRT p-value threshold for Kmer significance of p<1x10-3 for 

Chapter VI, and p<1x10-7 for Chapter V. Secondary bacterial GWAS to give greater certainty to the 

results in Chapter VI was conducted using a Kmer and De Bruijn graph approach with dbGWAS (471).  

II.5.12 Assessing read depth of wzy locus 

   A 6kb locus encompassing wzy and flanking genes was extracted from reference sequence L01157-10, 

and short read Illlumina® HiSeq sequence data was mapped to this region for 196 DT8 complex isolates 

and 120 reference S. Typhimurium isolates using Bowtie-2.2.9 (472), without filtering secondary 

mapped reads to ensure that any reads mapping to the region would be included. Bedtools-2.26.0 (473) 

was used to extract the read depth per nucleotide. These were split into 250 bp bins and the mean average 

of each bin used as heatmap raw data for gheatmap of R package ggtree (474). The read data was 

normalised by dividing the raw value for 250 bp sections by the average read depth over the chromosome, 
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using thrS as a guide for the read depth of a single copy gene. This enabled optimal analysis and 

visualisation of each wzy region in the context of each sequencing run.  

II.5.13 Quantifying clonal expansion using pairwise patristic distances 

      In order to quantify clonality and infer a measurement for clonal expansion the pairwise core-genome 

SNP distance between tips (patristic distance) of a core genome SNP constructed phylogeny (the co-

phenetic matrix) was extracted using R package Ape (475). The pairwise SNP distance of each tip’s 

closest relative was extracted, using this data to measure differences between clades. A clade with high 

patristic distance indicates that many SNPs have occurred between the isolates, increasing the branch 

lengths between them. A clade with low patristic distance will have fewer SNPs between them, indicating 

more frequent sampling of a lineage, consistent with increased clonal expansion. A limitation here is 

repeated isolating from the same source, which may indicate isolating the same clone many times, 

lowering patristic distance, and increasing assumed clonality. This method potentially produces more 

meaningful results when samples have been isolated from various sources, yet retain low patristic 

distance inferring high clonality, a trait indicative of positive selection.  

II.6 Polymerase chain reaction experiments 

II.6.1 Polymerase chain reaction 

     Polymerase chain reaction (PCR) was routinely undertaken to check the lengths of a variety of 

polymerised products, PCR experiments where set up using GoTaq® G2 as polymerase, with primers 

designed to within 2⁰C of paired melting temperatures. Temperatures 4-5⁰C below primer melting 

points were used as annealing temperatures. Primer design tool Primer3 was used to determine effective 

primers for a site to undergo polymerisation (476). If PCR products were to be used for sequence-

sensitive downstream analysis, proof-reading enzyme Q5 was used to amplify DNA without 

polymorphisms that standard polymerases can introduce.   

II.6.2 Quantitative polymerase chain reaction 

     Quantitative polymerase chain reaction (qPCR) was used to observe genotype changes when WT 

DT8 L01157-10 and L01157-10:wzy- were challenged with and without typing phage 10. The SYBR 
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green fluorescent reporter was used for measuring DNA quantity at each PCR cycle (Lightcycler 480 

SYBR Green Master Mix, Roche Diagnostics), supplemented with high ROX reference dye (Life 

Technologies Ltd). All qPCR was conducted using a StepOne™ Plus Real-Time PCR System, with 1 

minute at 95⁰C for initial denaturization of genomic DNA followed by 40 cycles of 10 s at 95⁰C, and 20 

s at 60⁰C for combined annealing and extension. 

     Standard curves were generated for each of the PCR reactions to identify a suitable range of template 

concentrations for qPCR reactions. This was done through generating a nested PCR product using 

primer pairs to polymerise: a 154 bp fragment within housekeeping gene rpoD; a 207 bp fragment within 

O-antigen polymerase wzy, and; a 214 bp fragment crossing the attB site when the wzy-wjx locus has 

been excised or deleted. Initially, a PCR was undertaken to obtain purified product templates by 

polymerising the products using gDNA of L01157-10 or L01157-10:wzy- as templates. Subsequently, 

the purified PCR products were diluted to 1x10-6 and quantified using a Thermo Scientific Nanodrop™ 

2000 and Invitrogen Quibit™. Standard curves were generated from qPCR results by diluting the 

resulting products 7 times in 1x10-1 serial dilutions, polymerising each dilution, recording the cycle at 

which the threshold was reached, and plotting this with respective copy number, calculated by using the 

molecular mass of each product and estimating that one base pair weighs 650 Daltons. 

    To quantify genotypic changes when WT DT8 L01157-10 and L01157-10:wzy- were challenged with 

and without typing phage 10, first strains were grown overnight at 37 ⁰C in shaking atmospheric 

conditions. Next, bacterial culture and phage lysate were adjusted to a multiplicity of infection (MOI) 

of 1 (~3.5x104 virions and bacteria). The phage-bacteria culture was then incubated at 37 ⁰ C in 

atmospheric conditions with shaking for 5 s once an hour, and 400μl aliquots taken at 2 hourly intervals 

for 8 h before being frozen at -20⁰C with 100μof glycerol. A final aliquot was collected 24 h post 

inoculum. DNA was extracted using a Promega Maxwell® and normalised to similar concentrations - 

within the range observed to be accurate for qPCR with these primer pairs through standard curve 

calculation as previously described. This experiment was repeated 3 times. Data was analysed using a 

script constructed as part of this study, a self-programmed ΔΔ Ct method (Appendix V). 

II.7 Island transfer experiments 
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     Selectable markers conferring resistance to specified antibiotics above innate levels were inserted into 

islands to construct donor and recipient strains to check for genetic element transferability. Recipients 

were marked with an antibiotic resistance cassette different to those in donor cells, agar plates 

supplemented with corresponding antibiotics used for enumerating donors and recipients, and agar 

plates with both antibiotics used for dual selection used to quantify transfer as a proportion of donor or 

recipient cells. Both donor and recipients were quantified with appropriate single selection plates to 

check for any growth disturbances. These experiments were utilised to test transfer capability of SGI-4 

from monophasic ST34 S04698-09 and wzy-wjx from DT8 L01157-10 due to WGS and literature 

evidence indicating they may be mobile elements. A further step was taken to introduce a mutation 

conferring nalidixic acid resistance to recipient strains of L01157-10:aphII, wzy- for transfer in Chapter 

VI.6 

II.7.1 Assessing transfer of SGI-4 

    For a selectable marker indicating the presence of SGI-4, a strain of monophasic S. Typhimurium 

S04698-09 in which the bar gene on SGI-4 was replaced by the cat gene (S04698-09 SGI-4Δbar:cat) 

was constructed, conferring resistance to chloramphenicol. To provide a selectable marker for the 

recipient strain, a strain of S. Typhimurium SL1344 was constructed in which the copA gene was deleted 

and replaced by an aphII gene, conferring resistance to kanamycin (primer table can be viewed in 

Appendix III). Donors and recipients were cultured as previously described. The OD600 nm of each 

culture was adjusted to 0.1 with fresh LB broth and 2.5 ml of each added to a 50 ml tube and incubated 

statically for 18 h at 37⁰C in aerobic or anaerobic atmosphere, and in the presence or absence of 0.5 mg/l 

mitomycin C. The number of CFUs per ml of donors and recipients were quantified by culturing serial 

dilutions on LB agar supplemented with 0.03 mg/l chloramphenicol or 0.05 mg/l kanamycin, 

respectively. The presence of SGI-4Δbar:cat in recipient strains was quantified by serial dilution on LB 

agar supplemented with chloramphenicol and kanamycin. Transfer frequency was defined as the number 

of recipients containing SGI-4Δbar:cat as a proportion of donor cells in the culture. To determine 

whether transconjugant recipient strains contained SGI-4 in the same chromosomal location as the 
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donor, the predicted right junction was amplified using primers that annealed on either side of the right 

junction of SGI-4 by PCR. This experiment was repeated 3 times. 

II.7.2 Assessing SGI-4 circularisation 

     To capture SGI-4 in the process of circularisation 0.5 µg/ml mitomycin C was added to broth 

containing OD600 adjusted S04698-09 and SL1344, and 2 µL aliquots taken at 2, 4, 6, & 8 h. To detect 

any possible circularisation of SGI-4 after excision, outward facing primers that annealed at the left and 

right junction of SGI-4 were used for PCR amplification, and nested PCR performed to increase yield. 

The resulting sequence of the amplicons was determined by Sanger sequencing, using four sequencing 

primers designed to cross the whole 2Kb product in four reactions (Eurofins sequencing service) before 

aligning of sequencing results to the genome of strain S04698-09. This process was repeated twice. 

II.7.3 Assessing transfer of wzy locus 

     To test the hypothesis that the wzy locus was transferable between a mixed genotype population of a 

single strain, a chloramphenicol selectable marker (cat) was introduced using recombination as 

previously described into the wzy-wjx locus of S. Typhimurium L01157-10 and was tested to ensure this 

did not interfere with the region deletion through phage selection and PCR. This gene knock-in was 

preferred over direct allelic replacement and deletion to conserve the nucleotide sequence of wzy for any 

possible sequence recognition or binding that may have be required for deletion or transfer, and to be 

able to test return of the phenotype via wzy reversion if transferable. Co-culture was set up for 24 h in 

static conditions with L01157-10Δwjx:cat and L01157-10:wzy-, aphII, nalR, a selected mutant lacking 

the wzy locus selected as colonies growing in phage plaques after challenge with typing phage 10. This 

mutant also carried a kanamycin cassette introduced as a knock-in upstream of iciA, and a hypothesised 

mutation in gyrA selected through challenge with high CFU of cells grown on 30μg/ml nalidixic acid. 

This double selection for the recipient was required to ensure that the wzy:cat locus was transferring to 

the recipient, and not the aphII cassette to the donor. Transfer experiments were repeated 3 times 

without mitomycin C and 3 times with mitomycin C to address the hypothesis that phage transduction 

may be involved in transfer the locus. 
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II.8 Determining minimum inhibitory concentrations 

     Strains or mutants to be tested were grown overnight for 16 h at 37 ⁰C with shaking in either 

atmospheric conditions or anaerobic conditions (10 % CO2, 10 % H2, and 80 % N2), using a Whitely 

A95 Anaerobic Workstation (Don Whitley scientific) and corresponding heavy metal compound 

(CuSO4, AgNO3, or H3AsO4) added to 50 ml of LB broth and the pH adjusted to 7.4. Concentrations of 

CuSO4  tested included: 0, 1, 2, 3, 4, 5, 6 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19 and 20 mM, 

concentrations of  AgNO3 tested included: 0, 0.3, 0.5, 0.7, 0.9, 1.2, 1.4, 1.7, 1.9, 2.1, 2.4, 2.6, and 2.8 

mM, and concentrations of H3AsO4 tested included  0, 0.5, 1, 1.5, 2, 2.5, 3, 3.4, 4, 4.4, 4.9, 5.4, and 6 

mM. Each heavy metal concentration tested was in a volume of 250μl LB broth accounting for the 

subsequent addition of 50 μl of bacterial culture and solutions were added to a 96 well plate. Plates were 

left for 24 h in the desired condition for acclimatisation before inoculation with the strains or mutants 

to be tested, which was done by adjusting the OD600/ml to 0.3 and adding 50μl to each well, resulting 

in a starting OD of 0.05. These were grown for 24 h in atmospheric or anaerobic conditions as stated 

above. The concentration at which the OD600 was below 0.2 was considered the minimum inhibitory 

concentration (MIC). Copper sulphate MICs were repeated 3 times, silver nitrate and arsenic acid MICs 

undertaken once.  

II.9 Statistical analyses 

      All data was analysed using base R or R packages Stats, pysch, ggpubr, and kSamples (466, 477-479). 

Summary statistics were determined for any datasets being tested for significant differences using 

describeBy (480), and data distributions tested for normality using normal theoretical quantile-quantile 

plots and correlating this with the observed data. Frequency plots of data points were subsequently 

generated for visualising distributions and the Shapiro-Wilks and Kolmogorov-Smirnov tests used to 

reject a null hypothesis of normally distributed data (481). For one or two sample comparisons requiring 

non-parametric tests, the Mann-Whitney-Wilcoxon and Kruskal-Wallace tests were used to determine 

significance, typically for α levels of 0.05 and 0.01, depending on the dataset (482-484). A combination 

of tests was used, and if the null hypothesis was rejected at alpha levels of <0.01 for all tests no further 

query into the data was undertaken. All dataset distributions in this study were significantly different to 
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a normal distribution. As previously described, competing models of nucleotide substitution for use in 

phylogenetic reconstruction and ancestral state reconstruction were scrutinised using log-likelihood 

values for the LRT test, as well as the Bayesian information criterion (BIC) as implemented in 

ModelFinder as part of the IQTree pipeline (485-487). Linear regression models were generated using 

base R, and R2 values for regression data calculated programmatically as demonstrated (Appendix IV).  
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Chapter III: Salmonella Genomic Island 4 of 

Monophasic S. Typhimurium ST34 

     In this study novel aspects of genome evolution that may explain the emergence of S. Typhimurium 

ST34 were investigated. Recently a novel genomic island termed SGI-4 was discovered that was 

specifically associated with S. Typhimurium ST34 (184).  SGI-4 was discovered in a retrospective study 

of epidemic isolates of monophasic S. Typhimurium ST34 from the UK and proposed to be an MGE. 

SGI-4 was shown to encode heavy metal resistance genes as well as candidate genes involved in 

mobilisation and transfer. Parsimony-based ancestral reconstruction suggested the element was 

introduced into a common ancestor of the monophasic S. Typhimurium strains analysed and lost at low 

frequency. Early ancestral insertion and minor subsequent losses from the monophasic ST34 population 

is consistent with SGI-4 being an MGE and countering selection pressures toward the initial stages of 

clonal expansion. It was proposed that copper resistance genes encoded on SGI-4 may have been 

beneficial for circulation in pigs due to use of copper as an antimicrobial and growth promoter in pig 

farming (213). This study hypothesised that the acquisition of SGI-4 was beneficial to the success of the 

monophasic S. Typhimurium ST34 clade due conveying enhanced resistance to heavy metals. The aim 

of this study was to characterize this novel genomic island by addressing the following questions: i) what 

type of genomic element is SGI-4, and what is its genetic content?; ii) how is SGI-4 related to other 

MGEs?; iii) does SGI-4 or its encoded heavy metal resistance genes exist within other lineages of S. 

Typhimurium?; iv) are the observed copper efflux encoding genes phylogenetically distinct from those 

found chromosomally in E. coli?; v) is SGI-4 self-transferable?, and; vi) are the heavy metal resistance 

genes on SGI-4 functional?  

III.1 SGI-4 is an integrative conjugative element encoding genes for self-transfer and heavy metal 

resistance 

      To characterise SGI-4 and predict its coding capacity the nucleotide sequence was determined by 

defining the site of insertion. The insertion site was identified through aligning the complete and closed 
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WGS of DT104 reference strain NCTC13384 and monophasic S. Typhimurium ST34 reference strain 

S04698-09 (39). A gene model was predicted using Prokka and each coding sequence was annotated by 

searching protein families through pFam-11.1 and the NCBI non-redundant amino acid sequence 

database using BLASTp for each predicted amino acid sequence (Figure III.1 (B))(449, 488).  

      SGI-4 was inserted adjacent to a phenylalanine tRNA encoding locus and consisted of 80,741 bp with 

87 open reading frames (ORFs) that were absent from DT104 strain NCTC13384. The DNA excision, 

DNA processing, and conjugative transfer mechanisms encoded on SGI-4 were those that previously 

have been shown to enable transfer of mobile genetic elements (MGEs) such as ICE, also known as 

conjugative self-transmissible integrative (CONSTIN) elements (489), integrative mobilizable elements 

(IMEs), and cis-mobilizable elements (CIMEs) (490). Several ORFs encoded on SGI-4 exhibited 

sequence similarity to DNA processing enzymes. Two ORFs had sequence identity to genes encoding 

machinery for excision and integration; xerC and xerD. No recombination directionality factor (RDF) 

was observed, although, these are known to exhibit little sequence conservation (491). ORF86 had 

sequence similarity to traI that encodes a relaxase protein (492). Relaxase proteins bind dsDNA at the 

origin of transfer (oriT) and induce a single strand nick. In SGI-4 this may occur in conjunction with 

putative DNA helicase encoded by a uvrB (ORF85). DNA unwinding may by facilitated by these 

proteins together with a putative topB protein (ORF13) (493). The left side of SGI-4 encoded parA and 

parB orthologues (ORFs 1 and 5) which translate to putative chromosome partitioning proteins (494). 

Several genes were encoded across SGI-4 that have been shown to be components of a conjugative T4SS: 

ORF26 encoded putative type IV coupling protein TraD, which initiates conjugal transfer (495); ORF51 

encoded a putative inner membrane protein, TraG, for T4SS stabilisation (496); ORF53 encoded a TraU 

orthologue involved in pilus assembly (497); ORF19 encoded a PilL F-type pilus protein (497), and; 

ORF45 encoded an F-pilus assembly protein (497). These ORFS were in separate operons (ORFs 14-

27, 37-46, 48-53), along with genes encoding proteins with no significant similarity to those in searched 

databases, but frequently associated with MGEs (Figure IV.1). No putative oriT sequence, required for 

relaxase binding, was identified in SGI-4 using oriTfinder (498). However, two pairs of inverted repeats 

that may be associated with this function were present, each with 80 % sequence identity within their 
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repeat sections. One was present in ORF19 and the other in an intergenic region between ORF64 and 

ORF65.  

    Arsenic resistance encoding genes were present at one locus in SGI-4. These included: a putative 

arsenical efflux pump (arsAB) present at ORFs 30 and 31, respectively (499); a gene encoding ArsC, 

which enzymatically catalyses reduction of arsenate(V) to arsenite(III) present at ORF32 (499); an 

arsenite(III) metallochaperone ArsD encoding gene at ORF29; a second copy of arsA  (ORF34) and 

arsD (ORF35), and; regulatory genes arsR  (ORF28) and sigL (ORF36) (500) (501). This locus also 

had a gene with similarity to N-acetyltransferase from Enterobacterales species that may have a 

secondary function conferring resistance to the herbicide glufosinate, as observed for N-

acetlytransferase gene (bar) from Streptomyces (ORF34)(502, 503). Genes with similarity to those 

conferring resistance to copper and silver, interchangeably annotated as both sil  and cus in the literature, 

encode a resistance nodulation division (RND) efflux pump, regulation genes, and molecular sponge 

(sil/cusABFCRSE) were present at ORFs  72, 71, 70, 69, 68, 67, and 66 respectively (504, 505). S. 

Typhimurium strains commonly encode two P-type ATPase efflux proteins, CopA and GolT, and copper 

and zinc binding protein CueP (506). Addition of an extra efflux pump may be enhancing copper 

resistance. SGI-4 also encodes genes similar to those for a putative P-type silver efflux pump encoding 

gene (silP, ORF74), and a second copy of heavy metal molecular sponge encoding gene (silE , 

ORF73)(507). Genes silP and silE, along with the reportedly dual function RND copper and silver efflux 

pump, were hypothesised to be enhancing resistance to silver (505, 508). The RND efflux pump is 

thought to pump copper and silver ions from the cytoplasm directly to the external milieu (504). 

Adjacent to the sil/cus genes were genes encoding a copper detoxification system (pcoGEABCDRSE, 

ORFs 76-84). Similar genes are present on the chromosome of some E.coli strains and have been shown 

to encode periplasmic copper handling and detoxification proteins, detoxifying cuprous ions (Cu2+) to 

the less toxic cupric ion (Cu1+)(509, 510).
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Figure III.1 Chromosomal insertion site and genetic organisation of SGI-4. (A) Chromosome alignment of NCTC13384 and S04698-09 showing differences in 

large insertions including SGI-4 (red horizontal line), and prophages (black horizontal lines). (B) Gene model of SGI-4 with predicted open reading frames 

(arrows) colour coded for predicted function as well as inverted repeats, and the hypothetical insertion site. Genes are colour coded for proteins involved in: 

integration, excision and DNA processing (orange); a hypothetical novel type IV secretion system (blue), arsenic resistance (red); copper and silver resistance 

(green), hypothesised phenylalanine tRNA encoding insertion site (dark turquoise), and genes of functional interest (yellow), including bar (yellow, left), a gene 

hypothetically encoding resistance to the herbicide glufosinate, and a probable DNA adenine methyltransferase (yellow, right). Sequences encoding hypothetical 

proteins commonly associated with ICEs are shown (grey), as well as other hypothetical proteins (black).

     

       
          

          
                                 

         

         

     

    

      

      

        

          

    

    

    

          

      

      

     

          

     

    

 



83 

 

III.2 SGI-4 is a member of a candidate novel family of ICE 

     To investigate whether closely related elements to SGI-4 were present in other bacteria, a 

comprehensive search of the NCBI nucleotide database was undertaken. This search was conducted with 

genes from SGI-4 predicted to be involved in transfer. Nucleotide sequence similarity of transfer genes 

was conducted because inclusion of the putative copper and arsenic resistance loci skewed searches due 

to their widespread distribution on other mobile genetic elements (sil) and Enterobacterales 

chromosomal copper resistance loci (cus). Alignment of nucleotide sequences in the NCBI database to 

SGI-4 transfer genes using BLASTn resulted in identification of 7 candidate chromosomal regions not 

previously described as MGEs. These MGEs were named SGI-4-like elements (SLEs), and, due to 

transfer gene synteny and nucleotide sequence identity including genes for a possible T4SS and 

integration, are proposed to comprise a new family of ICEs. All bacteria containing SLEs were members 

of the order Enterobacterales, suggesting order specific transfer of SLEs. Each MGE had >74 % 

sequence identity in shared genetic content, mostly within transfer genes. Phylogenetic reconstruction 

indicated that the elements shared a common ancestor. Two clades were identified (Figure III.2). One 

clade contained SGI-4 and two closely related MGEs, one from a strain of Edwardsiella ictaluri which 

causes septicaemia in catfish, and the other Erwinia tracheiphila which causes bacterial wilt in the plant 

family Cucurbitaceae. The second clade contained five SLEs, all of which encode heavy metal resistance 

genes. The synteny of transfer genes was identical in each SLE, although frequently interrupted by genes 

inserted between the transfer gene modules. The only other SLE from the genus Salmonella was from 

an isolate of S. enterica serovar Cubana, which encoded the arsenic efflux pump common to other SLEs, 

copper and silver resistance genes, cadmium resistance genes, antibiotic resistance genes, and several IS 

elements with moron genes. 
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Figure III.2 Evolutionary relationship and comparison of genetic content of the SGI-4-like element (SLE) 

family of integrative conjugative elements. Filled arrows represent open reading frames showing the size 

and orientation of each gene. Genes are grouped by predicted function: integration, excision, and DNA 

processing (orange); hypothetical type IV secretion system (T4SS) (dark blue); copper and silver 

resistance genes (green); arsenic resistance genes (red); cadmium, cobalt, mercury and zinc resistance 

genes (pink); transposon and insertion sequence associated genes (purple); antibiotic resistance, 

herbicide resistance, and efflux pumps (yellow); genes of various functions hypothetically inserted via 

transposons (bright blue),  repressor gene lexA (brown); hypothetical genes frequently associated with 

MGES (grey), and; other hypothetical genes (black). The phylogenetic tree scale bar shows substitutions 

per site in corresponding branch length. SLE labels indicate the host organism for each SLE. 

III.3 SGI-4 and its genetic content is specific to the monophasic S. Typhimurium lineage 

     To investigate whether other lineages of S. Typhimurium contained SGI-4 or SGI-4 encoded genes, 

presence of SGI-4 genes in the short-read sequence of 120 representative strains of S. Typhimurium 

were identified by mapping and local sequence assembly using ARIBA (464). To place strains containing 

SGI-4 in a phylogenetic context, a maximum-likelihood tree of 120 strains was reconstructed based on 

sequence variation in core genome sequences (Figure III.3). SGI-4 transfer genes were only present 

within the monophasic S. Typhimurium lineage. A single strain (3193-1995) contained the copper 

resistance encoding loci (sil/cusABFCRSE and pcoGEABCDRSE) but not the transfer genes (Figure 

III.3). Two strains that shared a recent common ancestor with the monophasic S. Typhimurium ST34 

lineage had the copper efflux pump encoding genes (sil/cusABFCRSE) but not the copper detoxification 

machinery (pcoGEABCDRSE) or transfer genes. In each case it is likely that these genes were present 

on a different mobile genetic element.
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Figure III.3 Presence of SGI-4 genes within population representative isolates of S. Typhimurium. 

Phylogenetic reconstruction of 120 population representative isolates was undertaken using 17,823 core 

genome SNP sites. Four clades with distinct host ranges are labelled: broad-host DT204 majority type 

lineage β1, porcine adapted U288 majority type lineage α12, broad-host DT104 majority type lineage 

α15, and monophasic ST34 lineage α17. The ring around the tree displays SGI-4 transfer genes (grey), 

copper efflux pump encoding genes (green), and copper detoxification encoding machinery (blue). 

Figure and data generated by Matthew Bawn, data analysed by the study author. 
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III.4 The SGI-4 encoded copper efflux system is phylogenetically distinct from that found 

chromosomally in Escherichia coli 

     A locus composed of 18 ORFS on SGI-4 had 14 genes which exhibited sequence similarity to those 

hypothesised to encode a dual function, copper and silver ion, RND-family efflux pump and its 

regulation. Genes from the efflux pump encoding locus are interchangeably called cus or sil in the 

literature without reference to ancestry (cusCFBA and silRSE silCBAP)(507, 508, 511-513). The 

phylogenetic relationship was determined for cus and sil genes from 8 plasmids, 6 chromosomal MGEs 

and 2 from uncharacterised locations. Through aligning the RND-family efflux pump genes of SGI-4 

with sequences from previously characterized homologues, it was determined that cusRSCFBA genes 

from the E. coli chromosome formed a distinct outgroup from a closely-related cluster that included the 

SGI-4 genes. This is consistent with the SGI-4 efflux pump encoding genes evolving from a common 

ancestor closely related to the silRSE silCBAP on pMG101 (Figure III.4)(513). 
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Figure III.4 Phylogenetic relationship of copper and silver efflux pump encoding cus and sil genes from Enterobacterales mobile genetic elements and the 

chromosome of Escherichia coli K-12. Maximum-likelihood phylogenetic tree was constructed using alignments of each 
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silSRECBA or cusSRECBA locus, extracted from the nucleotide sequence of the displayed accession 

number. The tree scale bar shows SNPs per SNP site in a corresponding branch length. 

III.5 SGI-4 is self-transferable using mechanisms with characteristics typical of ICE 

     To address whether SGI-4 was transferable between strains of S. Typhimurium antibiotic selectable 

markers were introduced into SGI-4 in a donor strain and a second antibiotic selectable marker was 

introduced into a strain lacking SGI-4. A cat gene conferring resistance to chloramphenicol was inserted 

into the bar gene of the arsenic resistance locus of S04698-09 by allelic exchange (S04698-09 SGI-4:cat) 

enabling selection of cells with SGI-4 by culture on media supplemented with chloramphenicol. To 

construct a recipient S. Typhimurium strain, an aphII gene conferring resistance to kanamycin was 

inserted into the copA gene of reference S. Typhimurium SL1344. Mixed culture and subsequent single 

and dual antibiotic selection were then used to assess SGI-4 transferability by determining CFUs of 

recipients (kanamycin resistant), donors (chloramphenicol resistant) and transconjugants (kanamycin 

and chloramphenicol resistant) (Figure III.5). SGI-4 was transferred to recipient cells at low frequency 

without stress (5x10-9 CFU per donor cell, Figure III.5 (E)), which was significantly increased when the 

mixed culture was grown with oxygen tension (p<0.05) or mitomycin C (5x10-6 CFU per donor cell, 

p<0.01) and a further enhanced transfer observed if challenged with both (5x10-5 CFU per donor cell, 

p<0.01). To confirm the insertion site and presence of SGI-4 ~2Kb of the right-hand end of SGI-4 was 

polymerised and viewed on a gel (Figure III.5 (C) and (D)). A faint band was observed for using primers 

A and C with SL1344 gDNA and was hypothesised as spill-over from another well; presence of SGI-4 

would present with a band intensity as seen for the S04698-09 and SL1344:SGI-4. For assessment of a 

hypothetical circular SGI-4 intermediate, common to most ICE life-cycles, a nested PCR product was 

generated using primers facing outwards of each end of SGI-4 and the resulting PCR product sequenced 

by Sanger sequencing (Figure III.5 (B)). 
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Figure III.5 Determination of SGI-4 transfer between S. Typhimurium donor and recipient strains. (A) 

Hypothetical interaction between donor and recipient, showing the insertion locations of antibiotic 

resistance cassettes: aphII enabling kanamycin resistance (green), and cat enabling resistance to 

chloramphenicol (red). (B) Summary of experimentation to induce circularisation of SGI-4 using 

transfer inducing DNA intercalating molecule mitomycin C. Genomic arrangement of SGI-4 in the 

chromosome, flanked by DNA repeat sites attL and attR (left), and the predicted junction that would be 

generated following excision and circularisation (right). The amplicons using PCR primers to amplify 

2.4Kb across the hypothetical circular junctions, and purple lines indicate the resulting reads when this 

PCR product was sequenced using four internal primers. (C) Diagram of the regions for amplification 

to detect presence of SGI-4 in recipient transconjugants. (C, primer A) The forward primer for 

polymerisation of both presence of SGI-4 and determining the same insertion site. (C, primer B) 

Location of reverse primer for determining SGI-4 presence. (C, primer C) Location of reverse primers 

for polymerising outside of SGI-4, within the hypothetical insertion site (Phe-tRNA). (D) Agarose gel 

separated bands of the products from PCR reaction 1 and 2 from (C). (E) Quantity of transconjugants 

per donor cell in aerobic and anaerobic conditions, with and without DNA damage inducing mitomycin 

C. 

III.6 SGI-4 confers enhanced resistance to copper, silver, and arsenic 

     Presence of a coding sequence for a gene discovered through WGS does not mean that the gene 

encodes for a functional protein. This is particularly true for complex systems which have been 

transferred between bacteria, as each gene is required to fit in well with the host regulatory networks, 

interact with host transcription factors, and require effective interactions with host proteins (514). The 

ability of MGE encoded proteins to interact more efficiently with the host proteins than existing genes 

governs the success and spread of MGEs through a phenomenon known as bacterial genetic dominance 

(194). To investigate if the encoded heavy metal resistance genes on SGI-4 were functional, minimum 

inhibitory concentrations for their survival in liquid culture with heavy metal compounds was assessed. 

Three heavy metal compounds were tested: copper sulphate (CuSO4), silver nitrate (AgNO3), and 

arsenic acid (H3AsO4). The metal ions in liquid culture were therefore Cu2+, Ag+, and AsO4
3-. The three 
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heavy metal compounds were utilised to test the hypotheses that the dual function copper and silver 

efflux pump was functional, as well as the arsenic efflux pump. Strains which harboured SGI-4 as 

determined through WGS were grouped and tested against strains from lineages which did not. SGI-4 

positive strains exhibited significantly increased copper, silver, and arsenic compound resistance in both 

atmospheric and anaerobic conditions. This is consistent with SGI-4 conferring resistance to these heavy 

metals.  
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Figure III.6 Minimum inhibitory concentrations of S. Typhimurium strains and monophasic S. 

Typhimurium ST34 strains challenged with different concentrations of heavy metal compounds. (A) 

Phylogenetic relationship of the strains tested (n=15). Blue indicates strains from the broad-host-range 

DT204 lineage, purple indicates strains from the broad-host-range monophasic ST34 lineage, red 

indicates strains from the broad-host-range DT104 lineage α15, and green indicates strains from pig 

adapted U288 lineage. (B) Copper sulphate minimum inhibitory concentrations (MICs) tested in 

atmospheric conditions with lineage colour coded strains as in (A). (C) Copper sulphate MICs in 

anaerobic conditions. (D) Copper sulphate MIC comparisons when undertaken in either atmospheric or 
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anaerobic conditions with strains grouped by SGI-4 presence or absence. (E) Silver nitrate MICs in 

atmospheric conditions. (F) Silver nitrate MICs in anaerobic conditions. (G) Silver nitrate MIC 

comparisons when undertaken in either atmospheric or anaerobic conditions with strains grouped by 

SGI-4 presence or absence. (H) Arsenic acid MICs in atmospheric conditions. (I) Arsenic acid MICs in 

anaerobic conditions. (J) Arsenic acid MIC comparisons when undertaken in either atmospheric or 

anaerobic conditions with strains grouped by SGI-4 presence or absence. Horizontal dashed lines 

indicate the limit of detection. Copper sulphate MICs were undertaken by Priscilla Branchu. Mean 

values of (D), (G), and (J) are shown (blue dots), as well as the standard error of the mean (blue vertical 

lines). 

III.7 Chapter III Discussion 

     SGI-4 was discovered to encode putative copper, silver, and arsenic resistance loci, as well as genes 

for integration, excision, chromosome partitioning, and a probable T4SS. This led to the hypotheses that 

it was transferable among S. Typhimurium strains, and that monophasic S. Typhimurium lineage strains 

would have significantly increased copper, silver, and arsenic resistance. Transfer was observed at low 

frequency, but was significantly increased in anaerobic conditions and further increased with DNA SOS 

response inducing mitomycin C. This is consistent with known regulators of ICE transfer, and consistent 

with the ‘selfish island’ hypothesis - that ICEs will escape a potentially dying or damaged host cells by 

upregulating their own excision and transfer through encoding regulatory proteins that interact with the 

host DNA SOS response machinery (515, 516). Genes encoding copper resistance included an RND-

type copper efflux pump, of which similar encoding genes have been shown to translate to machinery 

that effectively pumps copper from the cytoplasm to the external milieu (504). The presence of 

chromosome encoded cus genes in E. coli but absence from S. enterica is consistent with the region 

having been lost during the evolution of the Salmonella genus. A remnant of cus genes also exists in S. 

enterica strains, supporting this hypothesis (517). The cus genes of E. coli were phylogenetically distinct 

from those on MGEs which were first termed sil (513). Copper resistance was observed in both 

atmospheric and anaerobic conditions. The level of cell death in strains without SGI-4 was much lower 

in the presence of copper in anaerobic conditions compared with aerobic conditions, consistent with 
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previous reports in the literature that the efflux pump genes are expressed in the anaerobic environment 

(518). Specifically, the cus efflux pump is thought to protect iron-sulphur clusters of dehydratases from 

anaerobic copper toxicity (519, 520). Despite its toxicity, copper is a biologically important heavy metal 

that forms the active site of numerous enzymes (521, 522). For example, SodCI is a copper and zinc 

dependant enzyme that enables S. Typhimurium macrophage survival by quelling the harsh redox 

potential of the rogue electron of superoxides through catalysing superoxide dismutation into oxygen 

and hydrogen peroxide (523). The copper efflux pump has also been shown to pump silver ions, 

consistent with it contributing to the observed silver resistance. Other genes for silver resistance are 

encoded on SGI-4; a silver specific, inner membrane, P-type, ATP dependant efflux pump encoded by 

silP, and silver molecular sponge silE (507). SilP is thought to pump silver ions to the periplasm, and 

SilE thought to act as a periplasmic molecular sponge (524). Salmonellae typically encode silver 

resistance on plasmids or MGEs, as there are no known specific chromosomal silver resistance 

determinants, possibly explaining the observed aerobic silver resistance in SGI-4 positive strains. SGI-4 

negative S. Typhimurium encodes GolT, CopA, CueO and CueP, all of which have copper resistance 

activity in aerobic conditions, consistent with the comparatively higher aerobic copper sulphate MICs 

than silver nitrate MICs for strains without SGI-4 (518, 525). Silver toxicity is thought to occur through 

silver binding to the membrane and causing proton leakage through ion channel destabilization (505, 

526), although the exact mechanism is disputed (526). The arsenic encoding genes have sequence 

similarity to those which have previously been shown to encode: arsenate to arsenite reductase catalysing 

protein (ArsC) (527, 528); arsenical P-type ATP dependant arsenical efflux pump (ArsAB) (529); 

arsenite metallochaperone (ArsD) (530); and; arsenic locus repressor protein (ArsR) (531). Presence 

of these genes is consistent with them functioning to provide the observed arsenate resistance. The 

upper limit of detection for the MICs in this study was 6 mM as this was the highest concentration the 

solution provided would allow and the lower limit 0.5 mM. A study investigating the arsenic resistance 

in strains of monophasic S. Typhimurium ST34 isolated in Japan discovered that SGI-4 encoding strains 

had an upper limit of detection of 64 mM and strains without SGI-4 had a lower limit of 0.25mM (532). 

This is consistent with the arsenic efflux and detoxification system having a considerable effect on 

arsenic resistance.  
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     Seven previously unidentified sequences with similarity to SGI-4 were identified and a new family of 

ICEs termed SLEs was proposed. SLEs were frequently associated with heavy metal resistance genes. 

The only other Salmonella SLE host was that of an isolate of Salmonella enterica serovar Cubana (S. 

Cubana). S. Cubana has been implicated in outbreaks of disease in Swedish pigs, consistent with the 

hypothesis that SLEs and SGI-4 are countering selection pressures generated through pig husbandry 

practises due to the use of copper in pig farming in Europe (533). 
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Chapter IV: Bacteriophage Sensitivity Within the 

S. Typhimurium Population 

    The selection pressures that drive emergence of different S. Typhimurium clones remains an open 

question. This is especially true for successful, broad-host-range clones that appear to replace previously 

dominant clones with similar characteristics. How S. Typhimurium persists in the face of predation from 

the abundance of environmental phage is not well understood, but may play an important role in 

succession. To investigate the changes in phage sensitivity along lineages, and whether this might be 

impacting population structure and genomic evolution, the Anderson phage typing scheme data from 

PHE was utilised as a phage sensitivity phenotypic matrix (165). The Anderson phage typing scheme 

currently uses 30 phage preparations for typing. If resistance to all initial 30 is observed an additional 8 

phage preparations are used. Phage preparations are well curated and historically stable, therefore 

providing an opportunity to investigate variation and evolution of phage resistance within the bacterial 

populations. 

    The central hypothesis tested in this chapter was that phage resistance varies in the population 

structure of S. Typhimurium and this is related to adaptation to circulation in distinct host populations 

and clonal expansion of epidemic strains. A phenomenon of phage differences being related to presence 

of Vibrio cholera strains of altered phage sensitivity in water and this coinciding with seasonal outbreaks 

of cholera has been reported, suggesting phage play a role in shaping other bacterial pathogens (572). 

Here, phage types were used to assess phage sensitivity differences in the S. Typhimurium population, 

an aspect not eluded to in the previous study (39). Phage type variation in the S. Typhimurium 

population was assessed through identifying the majority type in second order clades that represent 

clonal groups with distinct epidemiology and host range, in a collection of 1,407 strain’s WGS from one 

year of human infections. To understand how differences in phage type correspond to potential phage 

resistance differences a quantifiable measure of phage resistance was developed, the resistance index 

(Ri). To address the question of whether S. Typhimurium has variable phage resistances to account for 
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potential predation from new phages, Ri changes and resistance patterns were analysed within each 

lineage. Evidence that phage play a role in shaping dominant livestock-associated lineages of S. 

Typhimurium was investigated through analysis of Ri differences of first order clades of S. Typhimurium, 

α and β. Cladesαand β contain lineages with distinct host ranges. Clade α comprises epidemic, 

pandemic, and livestock-associated lineages, and clade β predominantly host adapted lineages (Bawn 

et al, 2020), with the exception of the DT204 lineage, which was widely disseminated (169, 534). 

Association of phage sensitivity with succession and clonal expansion of epidemic strains was tested by 

comparing Ri with the four consecutive, most dominant clones from 1965 to present. To address whether 

there are clade specific large genomic rearrangements, and if these were associated with differences in 

phage resistance, the prophage and genomic island flux in the population was investigated by 

comparative genomics of complete and closed genome sequence of one representative strain from each 

of the 11 third order clades. Furthermore, to address the question of what the population’s ancestral 

phage sensitivity was, ancestral Ri was estimated through continuous data ancestral state estimation. 

IV.1 DT193 that is characterised by resistance to all standard phage preparations is the most frequent 

majority phage type 

    To gain understanding of the phage type variation in S. Typhimurium and identify clade majority 

phage types, the most frequent phage types within biologically relevant, distinct lineages were assessed 

(Figure IV.1, below). A phylogenetic tree of 1,407 strains from one year of human infections in the UK 

was reconstructed and second order clades defined through hierarchical clustering with minor manual 

curation (Figure IV.1 9A). The second order clades contained clusters of strains and phage types 

associated with clades that corresponded with well characterised epidemic clonal groups, including the 

DT104 and the monophasic S. Typhimurium ST34 epidemics (184, 535, 536). The phage types of each 

isolate within 38 second order clade were then randomly sampled 1000 times. Sampling phage types in 

this manner identified each clade’s majority phage type while adjusting for the different size of clades. 

The frequency of each majority phage type within its respective clade was also determined (Figure IV.1 

(B)). Twenty-four majority phage types were determined within 38 distinct second order clades. Second 

order clades represented biologically important lineages with distinct host variation (Figure IV.1 (A)). 
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The most frequently sampled phage type from within clades was DT193 (Figure IV.1 (C)). Second to 

DT193 was DT135, which was most frequently sampled 3 times. All other frequent phage types were 

the most frequent in one or two clades. DT193 strains are resistant to all 30 standard phage preparations 

in the Anderson scheme. That DT193 is the most frequent majority phage type from multiple, distinct 

second order clades is consistent with phage resistance being selected for many times throughout the S. 

Typhimurium population. DT135 was the second most frequent cladal majority type, being most 

frequent in three clades. DT135 is lysed by all typing phages except three. 
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Figure IV.1 Major phage types within second order clades from one year of human gastrointestinal 

infections, United Kingdom, 2014-2015. (A) Maximum-likelihood phylogenetic tree constructed using 

16,681 core genome SNP sites from the whole genome sequence of 1,407 S. Typhimurium isolates. (A) 

Second order clade designations as determined by hierBAPS (inner ring), with corresponding colours in 

the legend. (A, outer ring) Cladal majority phage type as determined through sampling 1000 times from 

a list of the phage types of each isolate within the clade. (B) Proportion of strains in each clade with 

respective majority phage type (1-38). The colour of each bar indicates majority phage type as in (A). 

(C) Number of clades for which each phage type was the majority type within the 38 clades with colours 

as in (A). Four lineages have been highlighted on their respective branches. Clades corresponding to the 

DT104 complex (pink) and monophasic ST34 complex (purple) that are two dominant epidemic groups 

in the UK since 1990, and a duck associated DT8 complex (bright turquoise) and pig-associated U288 

complex (bright green) are indicated.   

IV.2 Resistance index quantifies phage resistance using the data from the Anderson phage typing scheme 

     Since phage type is defined by sensitivity to lysis by a series of 30 phage preparations, the phage type 

contains information about the level of sensitivity to certain phages. A value termed Resistance index 

(Ri) for an strain’s phage resistance was calculated by transforming the proportion of phage preparations 

to which each strain of a phage type was resistant, such that;   

Ri represents a strain’s phage resistance index determined from the Anderson typing scheme, where p 

represents the total number of phage preparations, and Si is the summation of outcomes of either 

resistance (1) or lysis (0).  

IV.3 Phage resistance is variable among S. Typhimurium lineages circulating within distinct hosts 

     To address whether lineages that circulate within distinct hosts require varying phage resistance, the 

lysis pattern of 112 isolates representing the population diversity of S. Typhimurium in the UK were 
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assessed for differences in Ri. The population structure of this strain collection was defined in a previous 

study (39). Two first order clades were defined in the population, and designatedα and β. These two 

clades had distinct characteristics. Strains from clade α were characteristically from agricultural and 

epidemic lineages, while clade βcontained strains mostly associated with wild avian reservoirs. Each 

third order clade was associated with distinct hosts and host ranges, for example, clade αcontained two 

lineages highly associated with pigs (DT170 lineage α11 and U288 lineage α12) and 2 broad-host-range 

epidemic lineages (DT104 lineage α15 and monophasic ST34 lineage α17)(169, 184, 202, 204, 

221{Petrovska, 2016 #6085, 535, 537-541). Clade βcontained at least three lineages found mostly 

within specific hosts, one host associated (duck associated DT8 lineage β2), and two host restricted 

(passerine bird restricted DT56 lineage β5 and pigeon adapted DT2, lineage β3)(77, 185, 542, 543). 

Not all third order clades were analysed in this study as some defined clades had no phage typing data 

(human iNTS ST313, lineage β7) and others were not defined in the literature, making any association 

of phage resistance to distinct hosts or host ranges difficult. 

     A maximum likelihood phylogenetic tree was reconstructed using a similar approach to Bawn et al., 

(39), but excluding strains with no phage typing data. Next, Anderson phage typing scheme phage 

preparation lysis profiles were associated with each isolate (Figure IV.2 (A))(39). The Ri for each clade 

was calculated and analysed for differences between lineages (Figure IV.2 (B)). Clades α11 and α12 are 

associated with pigs (39, 169, 537, 538), and displayed high mean cladal Ri (0.76 and 0.775, 

respectively). Clades β3 and β5 had comparatively lower mean Ri values that those from clade α (0.133, 

and 0.3833, respectively), except for duck adapted β2 which had a reduced Ri (0.7333) but had an Ri 

value closer to those from clades α11 and α12 (0.76 and 0.775 respectively). These represent host 

adapted lineages which circulate mostly in pigeons, passerine birds and ducks respectively (77, 185, 187, 

542, 543). β2 has a majority type of DT8, and a significant change of 10 phage preparations resisted in 

the clade’s second most common phage type, DT30.  

     Clades β1, α17, and α15 are composed of strains with a broad host range and strains of these lineages 

were successively the most frequently isolated from 1975 to the present day, with successive clonal 

expansion and replacement every ~15 years (107, 169, 184, 204, 219, 539, 544). Clade β1 has the largest 
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Ri range, consistent with the clade having a wide phage resistance range. Both α17 and α15 display high 

cladal mean Ri (0.929 and 0.864 respectively). Strains from these lineages have been isolated from a 

wide range of livestock species.  
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Figure IV.2 Variation in phage resistance in representative strains of S. Typhimurium. (A) Maximum-

likelihood tree based on 17,823 recombination-purged core genome SNPs from 112 isolates of S. 

Typhimurium from various animal sources. Each coloured clade represents an S. Typhimurium lineage. 

Sensitivity to phage preparations in the Anderson typing scheme are indicated in the heatmap as denoted 

in the key. (B) Phage resistance index (Ri) of S. Typhimurium population representative strains are 

displayed with range (whiskers), interquartile range (hinges), and, median (black horizontal line) for 

each clade. Bars are colour coordinated with lineages in (A). (C) Ri of S. Typhimurium population 

grouped by first order clades.  

IV.4 Livestock associated lineages have increased phage resistance over wild-avian-adapted lineages 

     The two first order clades (α andβ) in the population represent groups of S. Typhimurium with 

distinct host ranges. Cladeαis associated with livestock and broad-host-range lineages, and βmostly 

with wild avian species. To address whether there is any evidence of differences in phage selection 

pressure at this level of the population, the two clades were grouped and assessed for significant 

differences in Ri (Figure IV.1 (C)). Clade αhad a significantly higher Ri than clade β, consistent with 

strains from clade αbeing under more significant phage selection pressure. 

IV.5 Successive most frequently isolated pandemic and epidemic clones exhibit a stepwise increase in their 

phage resistance potential 

     The reasons for successive clonal expansion and replacement of dominant phage types of S. 

Typhimurium with a periodicity of approximately 15 years is not known (169). To investigate whether 

this was associated with phage sensitivity changes, the Ri of the majority phage type from each lineage 

was assessed against a timeline of isolation frequencies (Figure IV.3). There was a general trend of 

increase in Ri of each successive, dominant clone, with each exhibiting similar or increased phage 

resistance.  
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Figure IV.3 Phage resistance of dominant clonal groups of S. Typhimurium. (A) Frequency of major 

epidemic clones identified by phage type from 1965-2018. (B) Phage resistance index (Ri) of the most 

common phage types from each lineage.  

IV.6 Variation in large genomic features is evident in each third order lineage 

     Prophages frequently encode phage exclusion mechanisms such as membrane-bound superinfection 

exclusion proteins, toxin-antitoxin (TA) systems, mechanisms to evade host self- and non-self-

identification through encoded DNA modification enzymes, and phage encoded CRISPR-cas, enzymes 

that modify phage receptors such as acetyl transferases, amongst others (545-548). These features of 

prophages contribute significantly to the phage resistance of bacteria. Clade α had significantly higher 

Ri over clade β, consistent with increased phage resistance. To investigate whether increased phage 

resistance was linked to prophage variability, 11 long read WGS were generated using Pacific 

Biosciences SMRT® technology (39). The long reads enabled assembly of complete and closed WGS, 

necessary to unambiguously determine prophages. The genomes were arranged into the same 

orientation of reference strain SL1344 and aligned using ACT (447). Prophage regions were determined 

by searching the PHASTER database using the PHASTER web search tool, which has proven to be 

robust for finding prophages (549). Recombination within prophages was inferred from the prophage 

sequence analysis undertaken by Bawn et al,. (39), and where recombination events occurred during 

evolution of the lineages assessed through associating the specific recombination events with the 

phylogenetic tree structure. A total of 83 prophages were discovered in 11 reference genomes 

encompassing 18 annotated prophage and 12 variably occupied insertion sites (Figure VI.4). 

Recombination occurred mostly within prophages Gifsy-1 and ST64B. All isolates harboured prophages 

Gifsy-1, Fels-1, Sal3, and a remnant of Bcep-Mu, the common presence of which is consistent with them 

shaping fitness of all S. Typhimurium lineages and being under positive selection. Reference strains from 

clade αhad ten prophages not observed in clade β, and clade βhad nine prophages not observed in 

clade α. Using a ratio of prophages observed only within one clade to number of strains from each clade 

accounts for the different number of reference strains from each clade (four strains from clade α, and 



108 

 

seven from clade β). Clade α has a ratio of strains to unique prophages of 1:2.5, and clade β 1:1.29. 

This is consistent with clade α having a higher prophage variation than clade β.  

     Two genomic islands were present in separate loci unoccupied by prophages in other strains 

investigated. These islands were SGI-1, the multidrug resistance IME common in pandemic DT104 

(Figure IV.4, NCTC13384, green), suggesting that this insertion site was specific for this IME and not 

used by prophage, and SGI-4 (Figure IV.4, S04698-09, green) of monophasic S. Typhimurium ST34 

described previously in Chapter III of this study (184, 206).  
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Figure IV.4. Chromosome sequence alignments of representative strains of S. Typhimurium. Large genome rearrangements and MGE flux in 11 reference strains 

representing each clade of the population structure of S. Typhimurium. Each grey horizontal line represents each genome, and vertical lines represent regions of 

>90 % sequence identity (blue) or reverse complement (grey). Maximum-likelihood tree (left), indicating gain of a prophage (black arrows), recombination 

occurring within a prophage sequence (orange), loss of a prophage (red) and insertion of genomic islands (green). S09207-07 is representative of  DT170 

majority, agricultural lineage α 11; S01960-09 of pig adapted, U288 majority type lineage α 12; NCTC13384 of pandemic, DT104 majority type lineage α 15; 

S04698-09 of pandemic, monophasic ST34 lineage α17; S07676-03 of passerine bird adapted, DT56 majority type lineage β5; S09304-02 of an avian adapted 

lineage with majority type DT41; SL1344 of epidemic, DT204 majority type lineage β1; L01157-10 of duck associated, DT8 majority type lineageβ2,  D23580 

of human invasive ST313 lineage 2, A130 of ST313 lineage 1, and 94-213 of pigeon restricted, majority type DT2 lineage β3.
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Adapted from Bawn et al., (39), notably through re-analysing the data and adding an estimation of 

recombination events within prophages at locations in the phylogenetic tree.  

IV.7 Ancestral history estimates are difficult to discern at this level of the population 

     To investigate the trajectory of changes in phage resistance during the evolution of S. Typhimurium, 

a hypothetical estimate of the Ri of the common ancestor was calculated using continuous trait ancestral 

history estimation in 112 representative strains (Figure IV.5). Ancestral state reconstruction methods 

typically include discrete trait analyses via parsimony, maximum likelihood including maximum posterior 

probability estimates, or continuous-time Markov chain models with Monte Carlo sampling (MCMC) 

(550). Ri is a continuous trait. To identify if this trait can infer any meaningful hypotheses about the 

common ancestor of S. Typhimurium, continuous trait ancestral state reconstruction was used. 

Brownian motion-based continuous trait ancestral estimation analyses are common and robust (550), 

with multi-variate Brownian motion models removing the assumption of neutral-rate evolution across 

all branches (551). Continuous Brownian evolution is undertaken by drawing randomly from a normal 

distribution within a defined boundary based on the value of the previous point on the tree, here starting 

at the tip values (Ri) and drawing values iteratively form point to point backward to the root. A distinct 

aspect of these methods is that they are for exploring and generating hypotheses, not testing them (552). 

Extrapolation back toward the common ancestor of clade αand β using an assumption of neutral 

evolution suggested the ancestor had a mid-range Ri value (0.48) (Figure IV.5 (A) and (B)). Multi-

variate Brownian motion analyses had no significant increase in log-likelihood as determined by the LRT 

(p > 0.9) but had a minor change in the calculated root node Ri (0.466). Ancestral reconstruction 

analyses estimate that the common ancestor of S. Typhimurium had a lower-mid range Ri, consistent 

with mid-level phage sensitivity. However, the 95 % confidence intervals for ancestral Ri values become 

either 0 or 1 when extrapolating ~50 SNPs back from each tip. This poor resolution for possible ancestral 

Ri values is likely due to the wide variation observed in Ri values in different lineages. Analysis of 

biologically distinct clades may provide better insight into phage resistance dynamics.
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Figure IV.5 Continuous ancestral state reconstruction based on phage-type-generated resistance index 

values. (A) Hypothetical ancestral phage sensitivities as determined by using univariate, Brownian-

motion-based ancestral state reconstruction. Horizontal bars at each tip display each strain’s Ri value for 

clade α(blue) and clade β(orange). (B) Ancestral history data from (A) in a phenogram, where each 

tip of the tree in (A) has a corresponding point at the end of each black line. (C) Ninety-five percent 

confidence intervals (blue lines) for sections of branches from the data in (B).  

IV.8 Chapter IV discussion 

     An important caveat of using phage sensitivity data from the Anderson typing scheme to infer 

differences in strain phage sensitivity is that the question as to how predation by the 30 phage 

preparations in the Anderson phage typing scheme reflects predation by extant phages in the host 

environment is unknown. In fact, we know very little about the phages that prey on Salmonella during 

the evolutionary history of S. Typhimurium. Nonetheless, there is no evidence of changes in phage 

predation over the timescale of the evolution of this pathogen and no data on phage sensitivity of S. 

Typhimurium to these phage preparations represents the most extensive such dataset for any bacterium. 

What we do know is that they are 30 different phage preparations, of multiple phage (172). This study 

investigated phage sensitivity of collections of genotypically diverse strains of S. Typhimurium. DT193, 

a phage type encompassing resistance to all the standard phage preparations, was the most frequently 

observed phage type within the population. DT193 was the majority type in seven lineages, four more 

than any other phage type. This suggests that phage pressure from the abundance of phages in the 

biosphere is a significant selection for S. Typhimurium lineages and a resistant phenotype is selected for 

many times throughout the population.  

     To quantify phage sensitivity with respect to phage preparations of the Anderson typing scheme the 

phage resistance index was developed (Ri). Extrapolating differences in phage resistance from phage 

typing data generates various conclusions. One question addressed was whether S. Typhimurium 

circulating in distinct hosts require variable or increasing phage sensitivity to account for the threat of 

new phages in their respective niches. All lineages had variable phage resistance profiles and sensitivity, 

frequently with an increase in Ri, except for the pigeon adapted DT2 complex of β3. The two porcine 
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associated lineages (α11 and α12) had high Ri suggesting significant evolutionary selection pressure 

from phages. Clades of broad-host-range lineages also had high phage resistance. Clade β1 comprises 

strains from a broad-host-range lineage that was most frequently isolated ~1975-1990 (169, 248). Clade 

β1 had the largest range of Ri values observed. Unlike the other 2 broad-host-range lineages this clade 

sits within mostly wild avian adapted clade β. This association with clade βis consistent with the lineage 

possibly originating from an avian host. This is corroborated with the observed phage resistance. Within 

an avian host the lineage is hypothesised to have a restricted biome and require less phage resistance. 

However, after transmission to cattle the effective biome size increases, which would hypothetically 

require resistance to phage predation for persistence. Becoming broad-host would extend the effective 

biome size more so, possibly accounting for the strains observed with the highest Ri values. Duck 

associated β2 had comparatively higher Ri than host adapted lineages of clade β. This is consistent 

with duck reservoir associated S. Typhimurium requiring moderate phage resistance to persist in the 

lineage, and a rapid switch to phage resistant DT30, consistent with the idea that new phages may be 

more readily introduced into the niche than for the other two wild avian adapted lineages. Perhaps this 

is due to ducks being both water and air borne, unlike the other avian species from which strains in this 

study were isolated, potentially increasing their effective biome size and therefore increasing the 

diversity of phages that they are required to resist (Hall, 2021, personal communication). Avian 

restricted lineages from clade βhad lower Ri values consistent with lower phage resistance. The much 

lower cladal mean Ri and variation of clades β3 and β5 is consistent with the biology of these lineages. 

This more concentrated lifestyle suggests that isolates from these lineages would need to resist phages 

within their respective biomes, but for host-restricted lineages the variation of phages encountered is 

potentially less than for agriculturally circulating lineages. Clade αhad a significantly higher Ri than 

clade β. This was consistent with the prospect that evolutionary pressure to adapt and resist phages may 

be greater for broad-host-range and agriculturally circulating lineages than non-agricultural, host 

adapted and restricted lineages. 

     An increasing phage resistance trend was observed for successive dominantly isolated clones from 

1965-2018. Whether this indicates that one clone can outcompete the other through a more proficient 
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ability to resist phage selection pressures, or that there is a limitation on the ability to resist all different 

phages within the biosphere causing the decline of numbers, is unknown. It is likely to be the latter, 

especially when considering the gap between the start of the decline of the DT204 lineage and the rise 

of the DT104 lineage. An ever-expanding S. Typhimurium clone will be generating selection pressure 

for phages to evolve the ability to lyse the clone. Since phages evolve faster than bacteria, the prospect 

that there is only a certain limit of phage defence that S. Typhimurium can evolve in a certain time-

frame forms a likely scenario. In response to evolutionary pressure from a new S. Typhimurium clone in 

their niche, phages will be evolving and hypothetically gain lysis ability. This also raises a question for 

further investigation - do we see an increase in phage resistances within these lineages during their 

evolution?  

     The observed variation in prophages suggests that phages are fundamental to the success of lineages 

with distinct host ranges. This is likely due to genetic content which convey novel functions, such as the 

insertion of SopE encoding prophages in widely disseminated DT204 majority type lineage β1 (Figure 

IV.4, SL1344, SopEθ) and monophasic ST34 lineage α17 (Figure IV.4 S04698-09, mTmV). Novel 

prophages also require protection from other phages and frequently carry phage exclusion mechanisms. 

The difference in prophage repertoires will hypothetically be contributing to resistance to phage 

predation, and therefore phage type variation, corroborated by the presence of lineage specific 

prophages. The link between encoded prophages and phage resistance suggests that selection pressure 

from phages, as well as the ability to allow prophage variation through introduction of new prophages, 

are fundamental to the success of S. Typhimurium clones with distinct host-ranges. Reference strain 94-

213 of the pigeon restricted DT2 lineage β3 appears to have less variation in prophage than all other 

strains analysed (Figure IV.4, bottom). Strain 94-213 encodes prophages which are observed within most 

strains of the other lineages, but no unique prophages. Parsimoniously, this is consistent with the lineage 

being more representative of the ancestral type S. Typhimurium, although undetermined.  

     Ancestral history estimation was conducted on the population representative isolates, with a 

probabilistic hypothesis of the ancestral Ri being lower-mid range, consistent with the common ancestor 

having a lower-mid phage resistance ability. However, this analysis was subject to considerable variation 



115 

 

when producing a distribution of possible ancestral histories, making the confidence intervals approach 

1 or 0 before any ancestral nodes. This analysis suggests that a more in-depth investigation into isolates 

within a reduced temporal and SNP range would shed more light on the variation in phage resistance 

within specific lineages.  

      Two areas of interest were identified from these data for further investigation; genomic differences 

resulting in phage type variation of monophasic S. Typhimurium ST34, and differences resulting in the 

ability of DT8 duck associated strains to potentially resist phage predation, as observed through switches 

to DT30 within closely related strains. 
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Chapter V: Prophage mTmII Confers Phage 

Resistance and Acquisition was Associated with 

Continued Expansion of Monophasic S. 

Typhimurium ST34  

       Distinct S. Typhimurium clones appear in successive waves of dominant phage types, lasting for 10-

15 years, with four main clones recorded since initial Salmonella surveillance and intra-serovar 

stratification through phage typing in the 1960s (169). The selection pressures that drive emergence of 

dominant phage types have not been well characterised. The role of phage predation in shaping bacterial 

populations is emerging as an area of research interest, in part driven by the availability of WGS (419). 

In Chapter IV the S. Typhimurium population phage sensitivities were determined to be variable. 

Ancestral history estimates displayed high confidence intervals when extrapolating >50 SNPs backward 

in evolution from each tip. It was reasoned that investigating distinct S. Typhimurium lineages within a 

range of 50 SNPs would shed more light into the phage sensitivity dynamics. Strains forming the 

monophasic ST34 lineage are <50 SNPs apart, and a current public and agricultural health concern. 

Routine WGS by public health agencies also presents an opportunity to investigate this lineage in 

unprecedented detail. Here, the population structure of monophasic S.  Typhimurium ST34 strains in 

the UK were investigated for changes in sensitivity to phage predation using Ri  derived from phage 

typing data to quantify phage resistance of strains (553). The central hypothesis was that the emergence 

of dominant, broad-host-range clones of S. Typhimurium is associated with increased resistance to 

phage predation to counter selection from phages within an extended biome. This Chapter describes 

how acquisition of a prophage, previously termed mTmII (39), is associated with an increase in phage 

resistance in the lineage and plays an important role in generating phage resistance.  

V.1 Phage resistance is associated with increased clonal expansion in monophasic S. Typhimurium ST34 
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    The monophasic ST34 lineage (clade α17) is the most recently emerged broad-host-range lineage of 

S. Typhimurium and is currently dominant in the UK and other countries globally (168, 178, 184, 219, 

222, 225, 536, 541). Due to recent emergence of the monophasic ST34 lineage and WGS becoming 

public health surveillance tool of choice, WGS data is abundant. This study aimed to investigate genomic 

elements associated with frequent sampling of closely related strains. Time adds an extra dimension 

when investigating the frequency of genomic regions and analysing closely related strains. Minimising 

time provides an understanding of whether particular lineages have clonally expanded, providing a 

‘snapshot’. To minimise temporal effects and assess which genomic features are associated with phage 

resistance and clonal expansion, 763 strains isolated in one year from human gastrointestinal infections 

in the UK were subject to maximum-likelihood phylogenetic reconstruction (Figure V.1 (A, right)). 

Phage typing scheme sensitivity data was then associated with each strain (Figure V.1 (A, left)). 

Nineteen phage types were dispersed throughout the phylogenetic tree, with most of the variation 

apparent toward the root node (Figure V.1 (A, tree label X and tree label Y)). The four most frequent 

phage types were U323, DT120, DT193, and U311. DT120 is frequent toward the root and appears in 

separate clades along with U323 (Figure V.1 (A, tree label X and tree label Y)). There is one clade of 

closely related strains mostly exhibiting U311 (Figure V.1 (A, tree label X)). The latter part of the tree 

encompasses a clade mostly of DT193, with 3 strains of other phage types. (Figure V.1 (A, tree label 

Z)). The phylogenetic tree structure is consistent with an increasing Ri as the lineage evolves, (U323 

=0.567, DT120 = 0.967, DT193 = 1, U311 = 1, Figure V.1 (C)). To investigate how the most frequently 

observed phage types cluster on the phylogenetic tree, proximal strains of each phage type were summed, 

and the mean average determined (Figure V.1 (D)) U323 exhibiting strains cluster in fewer numbers 

(n=3-11). Strains phage typed DT120 have the second smallest clusters (n=3-31), U311 strains display 

3 clusters larger than 10 strains, and DT193 has 3 clusters larger than 30 strains with clade Z having 

>200 strains. Larger clusters of phage types with increased Ri values is consistent with increased 

sampling of strains with increased phage resistance.  

     To investigate the relationship between phylogenetic relatedness and phage type, the Ri values of 

each strain were assessed against their pairwise core genome SNP distance (patristic distance) via linear 
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regression (Figure V.1 (B)). Reduced patristic distances in a group of isolates is consistent with a lineage 

being under positive selection, as we previously described (589). Linear regression of the relationship 

between Ri and patristic distance determined a weak negative correlation, consistent with phage 

resistance having an association with clonal expansion. However, linear model is hindered by many 

phage types having an Ri of 1 (Figure V.1 ((B)). To further investigate if repeated sampling of strains 

with increasing Ri values occurs, the 4 most frequently observed phage types were split into subtrees and 

patristic distance extracted (Figure V.1 (E)). Strains phage typed U311 had the highest Ri (1.2) but 

lowest mean patristic distance (3.67 SNPs). Strains phage typed DT193 had the second highest Ri value 

(1) and second lowest mean patristic distance (6.6 SNPs). Linear regression of the four majority phage 

types’ Ri and patristic distances resulted in a greater negative constant than assessing all phage types 

together (Figure V.1 (E), all phage types = -1.18, four main types = -5.74). A negative correlation 

between Ri and patristic distance is consistent with an increase in phage resistance being associated with 

more frequent sampling of closely related isolates, possibly due to positive selection. 
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Figure V.1 Phage sensitivity of monophasic S. Typhimurium ST34 strains from one year of human 

gastrointestinal infections, United Kingdom, 2014-2015. (A) Maximum-likelihood phylogenetic tree 

constructed using 6,403 core genome SNP sites from 763 monophasic S. Typhimurium strains isolated 

from one year of gastrointestinal infections, UK 2014-2015. Anderson typing scheme phage preparation 

sensitivity data is associated with each tip, and the tree split into three sections: X (purple vertical bar) 

is comprised of three separate clades; Y (orange vertical bar) is composed of 4 separate clades, and; Z 

(blue vertical bar) encompasses a single clade of strains phage typed DT193, except for two DT195 and 

one DT120 typed strains. (B) Linear regression of patristic distance against resistance index of each 

strain (Ri). (C) Ri of the four most frequently observed phage types. (D) Cluster sizes of the four most 

frequently observed phage types. (E) Pairwise, nearest neighbour, core genome SNP distances from 

subtrees of the four most frequently observed phage types plotted with corresponding Ri values for U323 

(bright turquoise), DT120 (orange), DT193 (dark blue), and U311 (dark pink).  

V.2 The ancestor of the ST34 epidemic clade that was hypothetically of phage type DT120 gave rise to 

multiple phage types during clonal expansion 

   Phage sensitivity ancestral states were reconstructed to assess phage resistance dynamics within the 

ST34 lineage and estimate the phage type of the most recent common ancestor (MRCA) of the 

monophasic ST34 lineage (Figure V.2). This was conducted using maximum posterior probabilities 

(MPP) from a joint probability distribution with transition rates estimated from the tip data, and 

Bayesian MCMC inference (455, 554, 555). MPP estimates suggested that DT120 was the phage type 

of the root node ancestor, possibly due to the frequency of isolates typed DT120 and their proximity to 

the root (Figure V.2 (A and B)). MPP estimates suggested that descendants increased or decreased their 

phage sensitivity in different lineages including 12 transitions to DT193 in this dataset. Due to large 

distribution-based probabilistic approaches such as stochastic maps generated with MCMC having a 

more robust estimate, the data was tested for possible root node ancestors using SIMMAP (455, 554). 

The resulting mean probability distribution for each point was then plotted on phylogenetic tree 

branches. DT120 had the greatest mean root node probability distribution of 47 % DT120 with 53 % 

probability distribution for any other phage type, consistent with an almost even chance that the MRCA 
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exhibited DT120 or another phage type. DT193 had a root node probability distribution of <5 %, 

consistent with the common ancestor of the monophasic ST34 clade having low probability of being 

DT193. These data are consistent with the hypothesis that phage resistance increased as the lineage 

evolved, and that DT193 was probably not the phage type of monophasic S. Typhimurium ST34 MRCA. 

 

 

Figure V.2 Ancestral phage type history estimates of monophasic S. Typhimurium ST34 from one year of 

human gastrointestinal infections, United Kingdom, 2014-2015. (A) Marginal posterior-probability-

based ancestral reconstruction using 19 phage types observed within the monophasic ST34 lineage α17. 

The ring shows the phage type of each isolate and corresponding colours on branches show the estimate 
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of ancestral phage types. The majority phage type for distinct clades are labelled with their respective 

phage types as coloured in the key. (B) Collapsed-branch node graph using the same information as in 

(A) but with singular nodes removed. Arrows indicate how many nodes in (A) are between the two large 

nodes in (B) without state changes other than as indicated. The value associated with each node 

corresponds to how many tips can be tracked back to a certain node without changes of phage type. (C) 

Probabilistic Bayesian analysis labelling tips as either DT120 or ‘other’ to test the hypothesis from (A) 

and (B) that the root node phage type is DT120. Probability tending is toward DT120 is shown (blue, 

75 %-100 %), as is probability tending toward any other phage type (red, 0-25 %), and values in between 

(pink). (D) Probabilistic Bayesian ancestral analysis labelling tips as either DT193 or ‘other’. Probability 

tending toward DT193 is shown (blue, 75 %-100 %), as is probability tending toward any other phage 

type (red, 0-25 %), and values in between (pink). 

V.3 Prophage mTmII is associated with DT193 phage typed strains 

    To investigate genomic regions that determine phage resistance in DT193, Kmer-based bacterial 

GWAS was undertaken with DT193 and DT120 strains. GWAS revealed a 43 Kb region highly 

associated with DT193 (LRT p-values from 1x10-5 to 1x10-19, Figure V.3). This region encompassed 

>99.9 % of the Kmers significantly associated with DT193 strains (~10,000 Kmers), with other genomic 

regions having reduced Kmer density, but high significance (LRT p-values from 1x10-7 to 1x10-19, Figure 

V.3 (A)). Loci with high significance but low Kmer density included: 2 copies of fimbrial usher protein 

encoding fimD; spermidine synthase encoding speE; carbon starvation protein encoding cstA; nitrate 

reductase alpha chain encoding narZ; putative aminopeptidase encoding ysdC; glucose 6-phosphate to 

6-phosphogluconolactone oxidation catalyst encoding zwf; peptidase encoding yfgC, and; the left-hand 

end of the MDR transposon common to monophasic ST34 strains (Figure V.3 (D)). The alleles from 

regions excluding mTmII were plotted against a phylogenetic tree of the isolates used for GWAS (Figure 

V.3 (D)). Prophage mTmII was noticed to have synteny and sequence similarity with prophage mTmV. 

Prophage mTmV was recently shown to encode virulence factor SopE (536). Presence of mTmV 

containing sopE was significantly associated with a reduction of patristic distance. 
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    Due to sequence similarity between mTmV and mTmII I wanted to ensure that the observed 

significant Kmers were associated specifically with mTmII (Figure V.3 (B and C)). Significant Kmers 

were mostly associated with regions specific to mTmII (Figure V.3 (C)). That most Kmers map to 

mTmII is consistent with mTmII imparting the change in phage resistance observed between DT120 

(Ri = 0.96) and DT193 (Ri = 1).  
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Figure V.3 Genome-wide association of DT193 and DT120 with whole genome sequence Kmers from 

strains of monophasic S. Typhimurium ST34. (A) Kmers significantly associated with DT193 mapped to 

the chromosome of monophasic ST34 DT193 reference strain S04698-09. The red dashed line indicates 

the inferred p-value threshold. (B) Genetic diagram showing monophasic ST34-associated prophage 

mTmV and DT193-associated prophage mTmII. Sequence with >75 % nucleotide sequence similarity 

(vertical grey lines), and genomic inversion (dark grey) are indicated. Predicted genes and open reading 

frames (arrows) encoding proteins involved in integration and excision (orange), toxin-antitoxin systems 

(red), repressor proteins (green), DNA modification encoding genes (pink), nucleases (yellow), cell lysis 

(purple), phage particle (dark blue), conserved hypothetical prophage associated (grey), other 

hypothetical proteins (black), sopE (bright green), and other well characterised genes not grouped by 

function (dark green). Vertical red lines indicate insertion of stop codons. (C) Location of significantly-

associated Kmers mapping to mTmII, congruent with genetic locations of mTmII in (B). (D) Maximum-

likelihood phylogenetic tree constructed using 7,268 core genome SNP sites from 605 monophasic S. 

Typhimurium strains phage typed DT193 or DT120. The tree is associated with alleles to which 

significant Kmers mapped from each strain. Unique alleles are displayed, with numbers corresponding 

to how frequent each gene’s allele is within the population (1-8). 

V.4 Prophage mTmII is correlated with transitions to phage type DT193 in the monophasic S. 

Typhimurium ST34 population 

    To identify which strains had mTmII within monophasic S. Typhimurium ST34 isolated from one 

year of human infections in the UK, the nucleotide coding sequence of mTmII was extracted from 

monophasic ST34 reference strain S04698-09, and a database of each ORF generated. ARIBA was used 

to map and construct local assemblies from strain WGS read files (478). Presence of a gene was defined 

as 90 % sequence similarity, and mTmII presence defined as any strain which had 57 of the 61 genes. 

    Four clades had mTmII introduced on separate occasions. Each introduction of mTmII was associated 

with a switch to DT193. However, not all DT193 phage typed strains had mTmII (33 of 493; 7.7 %), 

suggesting secondary mechanisms of phage defence being introduced into these strains that remain 
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elusive. These data are consistent with prophage mTmII conveying the phage resistant phage type 

DT193, but phage type DT193 also evolving due to other mechanisms. 
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Figure V.4 Presence of prophage mTmII within a collection of monophasic S. Typhimurium ST34 isolated 

from one year of human infections, UK 2014-2015. Maximum likelihood phylogenetic relationship 

constructed using 6,403 core genome SNPs from 763 monophasic S. Typhimurium ST34 strains isolated 

from human infections, 2014-2015. The tree is associated with each strain’s phage type (first column) 

and gene presence or absence based on local assemblies from read files mapping to each gene from 

prophage mTmII, as extracted from reference monophasic ST34 strain S04698-09 (columns 2-62).  

V.5 Prophage mTmII is related to prophage mTmV and both share a common ancestor with Shigella 

flexneri phages 

     To investigate well characterized phages related to mTmII its nucleotide coding sequence was 

extracted from monophasic ST34 reference strain S04698-09 by identifying the insertion site as 

described above. The amino acid sequence of each ORF was then used as a query for neighbour joining 

phylogenetic reconstruction with characterised reference phages as implemented with VipTree (443). 

Next, Nucleotide sequences of closely related phages defined by VipTree were downloaded from the 

NCBI nucleotide repository. The ORFs from phage sequences were annotated manually through query 

of each ORFs translated protein sequence using the NCBI non-redundant amino acid coding sequence 

database.  

    The closest related phage to both mTmV and mTmII was a phage isolated from Shigella flexneri, SfV 

(328), suggesting that these phages have a host-range that is at least intergenera. Other closely related 

phages which share a common ancestor with mTmII include another prophage from S04698-09, mTmV, 

which was characterised in our recent study (536), and 3 further phages observed as prophages in 

Shigella flexneri; SfI (556), SfII (557), and SfIV (558)(Figure V.5). Genes encoded on mTmII and 

related phages that are similar include those for phage particle structure and assembly (Figure V.5, dark 

blue). Prophage mTmII has a lysis gene cluster not found in closely related phages (Figure V.5, dark 

purple). Prophage mTmII also encodes a pyocin transcriptional activator encoding gene, ptrN, and 

protease ATPase domain encoding clpX. The functions of these genes are difficult to discern or 

hypothesise. It is possible that they are involved in regulation in a cI, cII, and cro-like manner, as these 

genes appear missing from mTmII and would hypothetically be required for effective lysogeny 
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regulation. There are two genes encoding possible toxins: ydaS and yafO (559, 560). YdaS is labelled as 

an antitoxin in the pFam database, and despite evidence that it functions as a toxin (561), this is disputed 

(562). YafO encodes a type II toxin typically found with its cognate antitoxin, YafN (563). Prophage 

mTmII -encoded YafO is a hypothetical toxin but a cognate antitoxin was not present. Whether mTmII 

encodes a previously undescribed YafO silencer, or a chromosomal antitoxin is acting as YafO’s 

counterpart is undetermined. However, toxin-antitoxin systems fundamentally change the ability of 

bacteria to resist a host of stressors in multi-level interactions (564-569). The two extra toxin genes may 

be enhancing the fitness of mTmII encoding strains, possibly contributing to enhanced phage resistance 

(546).
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Figure V.5 Phylogenetic relationship and sequence similarity of S04698-09 prophage mTmII and related phage. Phylogenetic relationship and genetic diagrams 

showing position, size, and orientation of genes for phages similar to prophage mTmII. The neighbour joining phylogenetic tree was constructed using ORF 

translated amino acid sequences. ORFs are colour coded by function as follows: hypothetical attB sites (white); integration and excision including IS elements 

(orange); phage lysogeny regulation (dark green); nucleases (yellow); phage defence (bright pink); virulence factor SopE (bright green); phage particle structure 

and assembly (dark blue); glucosyl and acyl transferases (bright blue); hypothetical toxin-antitoxins (red); host cell lysis (dark purple); phage associated 

hypothetical proteins (grey), and; other hypotheticals (black). 
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V.6 Prophage mTmII shows a similar distribution in human infections from 1 year in the UK to strains 

within a global collection of monophasic S. Typhimurium ST34  

     Prophage mTmII was present largely in proximal lineages of the phylogenetic tree of strains isolated 

from human infection. The data was consistent with a common ancestor acquiring mTmII and 

undergoing clonal expansion. To identify if the distribution of mTmII was similar in a broader collection 

of monophasic ST34 strains, a maximum-likelihood phylogenetic tree of 394 strains isolated globally 

between 1998-2019 was reconstructed based on 5,274 SNP sites in the core genome. The population 

displayed a similar distribution of mTmII (Figure V.6 (A)). More basally rooted strains had 11 apparent 

acquisitions of mTmII, while one apparent acquisition at a more proximal node gave rise to a large sub-

clade containing mTmII that exhibited evidence of some limited recombination and loss of mTmII from 

four strains. The patristic distance of strains containing mTmII was significantly lower than those 

without mTmII (p<0.05) (Figure V.6 (B)). Reduced patristic distance is consistent with more frequent 

sampling of mTmII containing strains, consistent with it contributing to the continued success of the 

monophasic ST34 lineage, possibly through enhanced phage resistance.
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Figure V.6 Distribution of mTmII within a global collection of monophasic S. Typhimurium ST34 strains. 

(A) Phylogenetic relationship of 394 monophasic S. Typhimurium ST34 strains constructed using 5,274 

SNP sites and associated with mTmII gene presence or absence based on read files having a gene which 

has >90 % sequence identity. Presence of SGI-4 has been plotted next to the mTmII gene presence and 

absence (column 63; SGI-4), indicating SGI-4 presence (red) and absence (white). (B) Patristic 

distance of strains with mTmII (green) compared to strains without mTmII (white). Probability value 

for differences in patristic distance between mTmII positive and negative strains determined by the 

Mann-Whitney-Wilcoxon test. 

V.7 Strains containing both mTmII and mTmV display a significant reduction in pairwise core genome 

SNP distances 

     During a recent study (Tassinari et al., (2020) (589)), we identified that strains isolated from one 

year of human gastrointestinal infections in the UK had a reduced patristic distance if prophage encoded 

sopE was present (536). This is consistent with frequent sampling of strains that encode mTmV, 

consistent with positive selection. To investigate whether mTmII had a similar effect and determine if 

mTmV or mTmII were more associated with reduced patristic distance, a phylogenetic relationship of 

monophasic ST34 strains from one year of human infections in the UK from 2014-2015 was 

reconstructed and presence or absence of prophages mTmII and mTmV associated with each tip (Figure 

V.5, (A)). The patristic distance for all strains containing mTmII was compared against all strains 

without mTmII. The same analysis was repeated with mTmV. Presence of either prophage significantly 

reduced the patristic distance of the strains, consistent with them being under positive selection (Figure 

V.7 (B)). However, when comparing the patristic distances of strains with only either mTmII or mTmV, 

neither had significantly reduced patristic distances compared with isolates which had neither prophage. 

Significant reduction in reduced patristic distance was only observed for strains that have both mTmII 

and mTmV present in their genome, consistent with both phages being required for enhanced fitness. 
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Figure V.7 Patristic distances of strains containing prophages mTmV and mTmII isolated from one year of human gastrointestinal infections, United Kingdom, 

2014-2015. (A) Phylogenetic relationship of monophasic S. Typhimurium ST34 strains isolated from 1 year of gastrointestinal infections, UK. The inner most 

ring (first ring) indicates presence or absence of mTmV, and the second ring from the inside (second ring) indicates 
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 presence or absence of mTmII.  (B, top) Patristic distance of strains with presence of prophage mTmII 

(blue) compared to those without mTmII (orange). (B, bottom) Patristic distance of strains with 

presence of mTmV (blue) compared to those without mTmV (orange).  (C) Comparison of: strains 

lacking both mTmII and mTmV; strains with mTmII but not mTmV; strains with mTmV but not mTmII, 

and; strains that contain both prophages. Statistical significance was assessed using the Mann-Whitney-

Wilcoxon test with resulting p-values indicated on graphs. 

V.8 Lysogenic mTmII confers phage resistance in DT120 strains  

     To investigate the hypothesis that acquisition of mTmII conveyed increased resistance to phage in 

DT193 strains, a donor strain with a selectable marker in mTmII was used to isolate mTmII before 

introduction into a DT120 strain. To construct the donor strain, a chloramphenicol resistance gene (cat) 

was introduced into an intergenic region upstream of ORF1 of lysogenic mTmII in monophasic ST34 

reference strain S04698-09. To provide a selectable marker for a recipient strain, a kanamycin resistance 

gene (aphII) was introduced upstream of iciA in DT120 strains L00745-07 and L00979-07. The mTmII 

prophage was first transferred into a derivative of strain 4/74 in which all prophage had been removed, 

giving rise to 4/74:mTmII. Prophage mTmII was then transferred into DT120 strains giving rise to 

mTmII lysogen strains L00745-07:mTmII and L00979-07:mTmII. Phage sensitivity of parent DT120s 

(L00754-07 and L00979-07), DT193s (S04698-09 and S04332-09), and mTmII lysogenic DT120s  

(L00745-07:mTmII and L00979-07:mTmII) to three typing phages (8, 18, and 29) was determined in 

liquid culture assays. In the Anderson phage typing scheme DT120 is defined by varying degrees of lysis 

or confluent lysis to typing phages 8 and 18, and DT193 strains defined by resistance to these phages. 

Strains of both types are resistant to lysis by phage 29 and it was used as a control. Each strain was 

cultured with phage with an MOI of one. Lysis was measured by measuring the OD600 of the culture 

during growth at 37⁰C. DT120 strains showed a distinct reduction in their OD600 after 8-10 h (Figure 

V.7 (A)). DT120 strains with lysogenic mTmII displayed resistance to phages 8 and 18. The area under 

the curve was then calculated using definite integrals from 5 to 15 h (Figure V.7 (C)).  
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Figure V.8 Effect of phage pressure on the growth of DT120, DT193, and DT120 with lysogenic mTmII 

strains. (A) Effect of pressure from typing phages 8, 18, and 29 compared with regular growth over 24 h 

as measured by the optical density of bacterial cultures at 600 nM. (B) Area under the curves between 5 

and 15 h from (A) as grouped by DT120, DT193 or DT120s with lysogenic mTmII. Data from phages 

8 and 18 were used in this analysis, as these are phages which show a difference between DT120 and 

DT193 in the Anderson phage typing scheme. * = Mann-Whitney-Wilcoxon test p-value of <0.05. N.S 

= not significant. (C) Area under curve heatmap showing the data from each curve in (A). (D) Phage 

typing plates using phages 8, 10, 18, 20, and 29 with DT193 strain S04698-09, DT120 strain L00979-
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07, and L00979-07 with lysogenic mTmII. Mutants constructed and experiments undertaken by Luke 

Acton, experimental design and data analysis carried out by this author. 

    The area under the curves were then grouped by phage type or mTmII presence and a significant 

difference observed between parent DT120 strains and DT120 strains with lysogenic mTmII, but no 

difference between DT193 and mTmII lysogenic DT120 strains. The observed resistance in mTmII 

lysogenic DT120s suggests that mTmII is conferring phage resistance and providing the DT193 phage 

type.  

V.9 Prophage mTmII was acquired before mTmV 

      Recently, we reported that monophasic S. Typhimurium ST34 prophage mTmV was acquired on 

multiple occasions from 2002 to 2010 using time-scaled phylogenetic analysis (536). From maximum-

likelihood phylogenetic analysis, it was apparent the main DT193 clade began with one clone that 

acquired mTmII and subsequently underwent clonal expansion (Figure V.4). To determine the 

acquisition time of mTmII for the main DT193 clade, Bactdating was used (465), initially to ascertain 

whether the global collection of monophasic S. Typhimurium ST34 had a suitable temporal signal, and 

subsequently to infer a time-structured phylogenetic tree (Figure V.8 (B and C)). There was significant 

probability that a regression line had a good fit to the data (p=1x10-4), suggesting an association between 

SNP distance and isolation time. The clade in which mTmII was acquired before undergoing clonal 

expansion was determined to have a common ancestor around 1994 (CI 95 % = 1991 to 1996). 
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Figure V.9 Temporally structured phylogenetic tree of a global strain collection of monophasic S. Typhimurium ST34 showing acquisition time of prophage mTmII 

within a clade that subsequently underwent clonal expansion. (A) Maximum likelihood phylogenetic tree of global monophasic S. Typhimurium strains with 

isolation date, indicating if a strain was isolated further back in time (blue) or more recently (red). (B) Linear regression of time of strain isolation against SNP 

distance from root to tip, indicating strains isolated before 2005 (blue), strains isolated between 2005 and 2010 (purple), and strains isolated after 2010 (red). 

(C) Temporally structured phylogenetic tree showing 95 % confidence intervals and  
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presence or absence of notable monophasic S. Typhimurium ST34 genomic elements.  (D) Frequency 

of root node dates from 50 permutation tests (6000 bc – 1950 ad). 

    SGI-4 is present in most monophasic S. Typhimurium isolates (Figure V.9 (C)), and from this data 

the lineage was estimated to have a common ancestor around 1976 (95 % CI = 1970-1983). These dates 

indicate when an initial clone may have gained SGI-4 before undergoing expansion, probably within 

porcine reservoirs and the clonal expansion event possibly coinciding with the transition of use of 

antbiotics to use of copper as a growth supplement and antimicrobial in pigs (273). To determine if the 

inference from Bayesian MCMC analysis was based solely on the structure of the tree and sample dates, 

50 permutations were undertaken by randomly assigning the dates to each tip (Figure V.9 (D)). Only 

13/50 permutations were significantly different from the real data when using the Mann-Whitney-

Wilcoxon test (570, 571), providing a mere 26 % confidence that the model generated by the real data 

did not occur by chance. However, all permutation root dates were further back in time than the 

estimation from the real date (permutations from 6000 bc – 1950 ad, real data estimate ~1976).  

V.10 Chapter V discussion 

    Strains within a clade having a reduced core genome SNP distance (patristic distance) is indicative of 

repeated sampling of closely related strains, consistent with positive selection.  The patristic distance of 

monophasic ST34 strains was shown to have a weak negative correlation with Ri. This correlation is 

consistent with increased phage resistance providing increased sampling, consistent with positive 

selection of phage resistant strains. However, one of the four most frequent phage types observed in the 

monophasic ST34 lineage was U323 (Ri=0.5667). The presence of this phage type may suggest that 

different clades have different phage selection pressures, but the host origin of these strains beyond a 

case of human infection was undetermined. Despite the frequent observations of U323, strains with this 

phage type had a lower patristic distance than those of phage types representing higher Ri values, 

especially DT193 and U311 (Ri=1). DT193 was the most frequent phage type, and is characterised by 

resistance to all standard phage preparations in the Anderson typing scheme (165). When estimating 

the ancestral history of phage types a common theme among results is that DT193 is not the monophasic 

ST34 lineage’s ancestral phage type. The frequent observation of DT193 and identification that it is not 
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the root node ancestor is consistent with phage resistance being selected for in broad-host-range strains. 

Kmers from 12 loci were associated with DT193. Kmers mapping to regions other than prophage mTmII 

had an apparent link in their allele changes, with the second most frequent alleles commonly appearing 

in the same strains. An explanation for this link may be altered modification at common sequences by 

type I RM specificity subunits, such as HsdS, which has been shown to exhibit phasevarions producing 

altered modification sites (572, 573), although this hypothesis was not investigated. A genetic element 

highly associated with DT193 was prophage mTmII.  The abundance of mTmII in a time-minimised, 

human-isolate phylogenetic tree suggests that its acquisition was beneficial. Observing a similar 

distribution of mTmII within global monophasic ST34 strains corroborates this and is consistent with 

mTmII providing a fitness advantage to strains circulating in broad-hosts, surviving in food production, 

and possibly enhanced environmental fitness. These data also suggest mTmII increases host phage 

resistance and lowers the core genome SNP distance of strains being isolated. This supports the central 

hypothesis being tested in this chapter - that broad-host-range lineages require increased phage 

resistance to exclude phages within their extended biome. Due to the abundance of mTmII, particularly 

with increasing numbers in  chromosomes of monophasic S. Typhimurium ST34 strains, it can be 

hypothesised that genes which have second copies within the chromosome may be exerting dominance 

over their counterparts (194). This may be due to subtle mutations which allow such mechanisms as 

increased protein binding during protein interactions due to more efficient tertiary structure, or co-

transferred genes allowing significantly refined regulation of gene expression. Bacterial gene dominance 

was recently shown to be important in governing the spread of MGEs, playing a role in determining 

undiscovered incompatibility through negative selection from an MGE harbouring genetically recessive 

genes, and discontinuation of the lineage (194). Two notable features of mTmII present in most strains 

harbouring the phage include a putative toxin gene yafO  (559), and a less well characterised gene that 

has literature evidence of being a toxin, yet conversely labelled in pFam-v33 as an antitoxin (ydaS)(561). 

Introduction of new toxin genes can have striking effects on the biology of bacteria, as they play a 

multifaceted role in minimising metabolic activity in conditions of stress (574). However, their main 

function appears to be phage defence (546). It is possible that these two genes are increasing the ability 

of monophasic S. Typhimurium to survive in many different environments, from phage stress, to the 
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stressors encountered within epithelial cells after invasion (574, 575). The extent to which rapid 

introduction of new toxin genes changes the physiology of pathogens in this manner is not well 

understood and requires further investigation.  

     The observation that both mTmII and mTmV are required for a significant decrease in patristic 

distance is consistent with these two phages both contributing to enhanced fitness of monophasic S. 

Typhimurium ST34 strains. It is possible that harbouring both prophages, one which introduces a 

virulence gene and the other enhancing phage predation resistance, explains this observation (536). 

However, the dataset from which these observations were made is limited to human infection isolates, 

and the possible role of the phages by themselves cannot be linked to strain epidemiology. These data 

are also consistent with mTmII being introduced to the lineage after SGI-4. It is possible that we are 

witnessing the stepping-stones required for the continued success of a broad-host-range pathogen. A 

discrepancy was observed between possible common ancestor dates for the monophasic ST34 lineage. 

This study observed a common ancestor for the monophasic lineage with 95 % confidence intervals from 

1970-1983, where as in Tassinari et al., 2020 it was determined to be ~1985-2000. Both data structures 

had equal probability best fit linear regression (p<1x10-4) and similar R2 values (0.30 and 0.34). The 

main difference lies in the range and quantity of strains used for the analysis, this study using more 

strains, including two strains isolated from an earlier time (1998). It is possible that including strains 

isolated further back in time is generating the observed discrepancy. Neither strain isolated in 1998 was 

observed to have the MDR transposon disrupting the fljB locus as defined by searching read files with 

ARIBA (Tassinari et al., Unpublished data). However, SGI-4 was present within one isolate, and they 

are both phylogenetically related to the monophasic ST34 clade. It is possible that by using an extended 

strain isolation date range information is being included that was missed in the previous study, but each 

result has been generated from different datasets.



142 

 

Chapter VI: Microevolution of O-antigen 

Polymerase Encoding wzy Provides Resistance to 

Phage Predation 

     Ancestral reconstruction of phage sensitivity patterns (Chapter IV) revealed the dynamics of phage 

resistance and its effect on the population structure of S. Typhimurium. Here, the effect of phage 

predation on the population structure of a second epidemic group of S. Typhimurium was investigated. 

This epidemic group was selected since it contains strains that are highly host adapted to one avian 

family (common ducks: Anatidae), as well as several human outbreaks in the UK and Ireland from 

contaminated duck egg-containing products (185, 242). Strains from the DT8 lineage (β2, herein 

referred to as the DT8 lineage) had remarkably conserved phage sensitivity profiles with only sporadic 

switches to a profile of increased resistance to phage characterised by the DT30 profile. In contrast to 

the broad-host-range epidemic represented by the ST34 clade, increased resistance to phage was not 

followed by increased clonal expansion consistent with an increase in fitness.  

     Increased phage resistance was predominantly associated with deletion of a single gene involved in 

O-chain polymerisation of long chain LPS (wzy), a function important for Salmonella survival and 

pathogenesis. Deletion of wzy was due to precise excision at repeat sequences flanking the gene, 

consistent with a novel cis-integrating mobilizable element (CIME). These analyses provide insight into 

how S. Typhimurium utilises recombination to generate rapid antigenic variation within closely related 

bacterial populations that may also represent a rapid reversable mechanism for phage resistance. 

VI.1 DT30 strains are sporadically distributed in the duck-associated DT8 lineage and DT30 is not 

associated with loss of pSLT or gain of an ICE 
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     To investigate the population structure of S. Typhimurium DT8, a maximum-likelihood phylogenetic 

tree was reconstructed of 292 strains isolated between 1993 and 2013 including 182 DT8 strains isolated 

from ducks and a small number of other species, and 111 strains from 18 other phage types (Figure VI.1 

(A)). The majority of DT8 strains (172 of 182) were present in an epidemic clade along with 37 strains 

of DT30. A small minority were of 16 phage types, including 5 DT9 typed strains. DT30 strains exclude 

10 phage preparations compared to DT8 in the Anderson phage typing scheme (241). This is an increase 

of 0.33 in Ri from 0.634 in DT8 to 0.967 for DT30 within strains <110 SNPs apart (Table VI.1).  

Table VI.1. Phage sensitivity profile of DT8 and DT30. Sensitivity of Salmonella Typhimurium DT8 and 

DT30 strains to 30 phage preparations in the Anderson typing scheme. CL corresponds to confluent 

lysis, a strong lytic interaction between the phage and bacteria, SCL means semi-confluent lysis, a strong 

signal but noticeably different to confluent lysis, and +++, ++, +/- indicate varying degrees of plaques 

generated by the phage preparations. 

    The distribution of DT30 strains amongst DT8 strains in the phylogenetic tree is sporadic with no 

more than 2-5 strains per cluster of DT30 (Figure VI.1 (A)). This is consistent with DT30 emerging 

multiple times throughout the population with limited clonal expansion. 
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Figure VI.1 Phylogenetic relationship of duck associated S. Typhimurium DT8 lineage strains and 

identification of plasmids in DT8 and DT30 phage typed strains. (A) Maximum likelihood phylogenetic 

tree and associated data of 292 S. Typhimurium strains constructed using 6,690 recombination-purged 

core genome SNP sites and associated strain data, including the presence of S. Typhimurium virulence 

plasmid pSLT, ICEs, BrEX genes, and CRISPR spacers with >90 % sequence identity to the spacer array 

of L01157-10. (B) Plasmids extracted from 8 S. Typhimurium strains and separated by size on an 

agarose gel. (C) Whole genome alignments of S. Typhimurium reference SL1344, DT8 reference 

L01157-10, DT30 reference S03645-11, and a further DT8 strain, S04527-10. 

     To address the hypothesis from Mohammed et al., (543), that loss of pSLT and gain of  ICEDT30 

determined a switch in phage type from DT8 to DT30, the presence of pSLT and ICEDT30 in the whole 

genome sequence of S. Typhimurium strains isolated from ducks were identified using ARIBA (464). 

Detection of the pSLT sequence was supported by molecular evidence through extraction of plasmid 

DNA, separation, and visualisation by agarose gel electrophoresis, as described by Kado and Liu, (1981) 

(576) (Figure VI.1 (B)). The nucleotide sequence of pSLT was missing (<90 % sequence identity) from 

the WGS of 12/292 S. Typhimurium isolates, of which two were duck associated DT193 typed strains, 

one DT1 strain, and one DT30 strain (1/39; 2.57 %, Figure VI.1 (A)), and the plasmid was observed in 

reference DT30 strain S03645-11 consistent with most DT30 strains being typed as such due to other 

genetic determinants (Figure VI.1 (B)). ICEDT30 was not present in any of the strains analysed in this 

study despite its presence in a single DT30 strain reported previously (596). The presence of BrEX 

genes, CRISPR spacers, and prophage elements previously reported to contribute to phage resistance 

were then determined to investigate if they were involved in the observed phage resistance increased of 

DT30 strains. The distribution of BrEX genes and CRISPR spacers was determined through mapping 

and local assemblies with ARIBA (464) (Figure VI.1 (A)). The BrEX system was present within all our 

isolates at 4.7Mbp (with respect to a linearized chromosome with thrA as ORF1) adjacent to a prophage 

integrase, DNA damage response DNA helicase protein encoding recD2, and a restriction endonuclease. 

This was a type one BrEX system, similar to that described by Goldfarb et al., (2015)(577), but with 

differences from the typical genetic organisation due to insertion of two hypothetical protein encoding 
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genes between pglZ and pglX (577). PglX had two stop codons in strains of the DT8 lineage, which was 

clade specific (Figure VI.2). There was no association between phage type and CRISPR spacers or BrEX 

gene differences (Figure VI.1 (A)).  

 

Figure VI.2. Genetic organisation and direction of Bacteriophage exclusion (BrEX) system loci BrEX 

genetic organisation differences between a typical type 1 BrEX system from Escherichia coli, compared 

with the loci discovered within reference S. Typhimurium SL1344, DT8 L01157-10, and DT30 S03645-

11. Vertical red lines indicate location of stop codons. 

Prophage differences were investigated in 3 long read WGSs of reference strains, two DT8 and one 

DT30, and compared to S. Typhimurium reference strain SL1344 (Figure VI.1 (C)). Prophages were 

identified by PHASTER (549), and regions of genomic similarity identified as previously described (39). 

There were no differences in prophages between our DT8 and DT30 reference strains, consistent with 

prophage differences not determining phage type. 

VI.2 The DT8 phage sensitivity profile is ancestral with potentially reversable transitions to DT30 

     The ancestral state with respect to the DT8 and DT30 phage sensitivity profiles were assessed within 

a phylogenetic tree of 162 DT8 strains and 34 DT30 strains reconstructed using 2,297 core genome SNP 
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sites. A likely history of changes from the phage sensitive to phage resistant phenotype (DT8 to DT30) 

was determined to investigate the direction of change of phage sensitivity profiles. Due to ambiguities 

in the literature over the performance of ancestral reconstruction methodologies (550), two 

complimentary methods were employed, a maximum-likelihood method and a Bayesian MCMC method 

(Figure VI.4 (A, B, and C)). Bacterial propensity for recombination, horizontal gene transfer, and phase 

variation can change phenotypes at varying rates. Therefore, it was reasoned that appropriate transition 

rate matrices (Q) would require testing for significance. The sporadic distribution of DT30 amongst 

DT8 isolates provided a further challenge when determining which model is closest to the true history 

of changes, as different values for Q generated disparate models. To determine significance, likelihood 

ratio tests (LRT) were conducted between nested models (578). LRT tests between models using an 

equal rate Q and between a tip data estimated MCMC distribution for Q suggested the extra parameter 

of a different transition rate for the model was significant (p=1.88x10-15) (Figure VI.3). A significant 

LRT test between the models suggests that the transition rate between DT8 and DT30 is not equal, and 

that transition of DT8 to DT30 occurs at a faster rate than DT30 to DT8. 

    To investigate whether the highest likelihood model where phage type transition rates were unequal 

was significant due to increased sampling of DT8 strains, rather than based on phylogenetic structure, 

permutation tests were undertaken. Twenty permutations were undertaken and the Mann-Whitney-

Wilcoxon test used to assess if the probability distributions of each node being DT30 from each 

permutation were significantly different to the real data (Figure VI.4 (E)). A total of 18 permutations 

out of 20 were not significantly different from the data, indicating 90 % confidence that the observed 

data did not occur by chance. 
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Figure VI.3 Model and method selection for ancestral history estimation of DT8 and DT30 typed strains. 

Four representative examples of outcomes from various model tests. (A) and (B) show maximum-

likelihood generated probability distributions as pie charts at each node. Each node represents a common 

ancestor within the history of the lineage, with the root node in the centre of each phylogeny. The 

probability of each ancestor having a resistant DT30 phenotype (orange circle), and phage susceptible 

DT8 phenotype (green circle). (C and D) The probability of ancestral states being DT8 (red) or DT30 

(blue) across branches and at each node, as determined from a distribution of 1000 trees sampled from 

100,000 iterations of MCMC. (C, pink and D, pink) Probability tends toward 50 %, displaying 

uncertainty, (C, blue and D, blue) probability of ancestors being DT30.  (C, red and D, red) Probability 

of ancestors being DT8. (A) and (C) were determined by restricting Q to equal transition rates between 
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phenotypes. (B) and (D) allowed different rates of transition. Log-likelihoods are shown in the centre 

of each phylogenetic tree. 

   An estimate of the probability distribution at each node was undertaken using maximum posterior 

probabilities (MPP) (Figure VI.4 (A)). The quantity of state changes tracking back to each node from 

tips was elucidated (Figure VI.4 (B)), giving an indication of the quantity of state changes from root to 

tip. The root node was ancestral to 84 tips which had no changes in state to DT30, with 343 nodes 

(including tips) estimated DT8 and 76 estimated DT30. There were 45 predicted phage resistance 

changes across the phylogeny including 26 predicted from DT8 to DT30 and 19 predicted from DT30 

to DT8. Similarly, MCMC analysis identified a mean average of 39.659 changes in phenotype state 

between DT8 and DT30. The mean posterior values for Q were:  

                                          Q =  (
−𝛼 𝛼
𝛽 −𝛽) = (

−10.69519 10.69519
14.19633 −14.19633

) 

where: 

                                                               𝛼 =  𝑟(𝐷𝑇30 →  𝐷𝑇8) 

𝛽 =  𝑟(𝐷𝑇8 →  𝐷𝑇30) 

    These changes of state included an average of 25.754 switches from DT8 to DT30, and 13.905 for 

DT30 to DT8, which corresponds to the posterior values for rates of change between the two states. A 

common theme between analyses was at least one resistance phenotype state change from DT8 to DT30, 

back to DT8, and vice versa (Figure VI.4). Changes of phage type from DT8 to DT30, and back to DT8 

is consistent with a naturally complementable or reversable mechanism producing the resistant DT30 

phenotype potentially occurring throughout the population. This may include excision and integration 

of the region within single strains or frequent loss and transfer.  Despite different approaches the 

outcomes of resulting models were correlated, (Figure VI.3 (D)) with an R2 of 0.675 between probability 

outcomes of each common ancestor being DT30 from MPP approximation and MCMC stochastic 

mapping. Best fit models of the evolutionary history provided the least phenotype changes across 

branches, suggesting that if ancestral history estimates are incorrect it is more likely the changes of state 

were underestimated. 



150 

 

 

 

 



151 

 

Figure VI.4 Most likely models for ancestral states across a maximum-likelihood phylogenetic tree of DT8 

and DT30 phage typed S. Typhimurium. (A) Maximum posterior probability (MPP) ancestral states 

across branches and ancestral bifurcating nodes. (A, orange) Character state being phage resistance 

DT30. (A, green) Character state being phage susceptible DT8. (A, black) Character state 

undetermined due to equal probabilities. (A, outer ring) Phenotype of the strain at corresponding tips. 

Scale bar displays SNPs per site in corresponding branch lengths. (B) Collapsed branch version of (A), 

leaving nodes and tips, and showing changes of state across the phylogeny of DT8 (green) and DT30 

(orange). Square size indicates the number of tips tracking to that node without a change of state, a 

larger square representing a node with more tips tracked to it unchanged. The number within each 

square demonstrates how many tips track back to a particular node, 0 indicating a node having split 

probability between DT8 or DT30.  (C) Probability based ancestral estimation and most significant 

model of the data generated from a distribution of 1000 samples from 100,000 generated ancestral 

histories estimated using stochastic mapping via Markov Chains with Monte-Carlo (MCMC) sampling 

based SIMMAP (554). (C, red) Probability toward DT8. (C, blue) probability toward DT30. (C, pink) 

Equal probabilities. (D) Linear regression of the probability that each ancestor in the tree is DT30 from 

maximum posterior probability estimates or MCMC estimates. (E) Probability of all nodes being DT30 

in 20 stochastic mapping permutation tests. Each permutation is significantly different from the real 

data unless stated (N.S = p >0.05). Significance determined by the Mann-Whitney-Wilcoxon test.  

VI.3 Polymorphisms in the O-antigen polymerase encoding wzy are significantly associated with phage 

resistant DT30 phenotype 

   A GWAS approach was undertaken to identify genetic traits associated with the DT8 or DT30 phage 

sensitivity profiles. An anticipated limitation was the small dataset size, which was likely to generate low 

Kmer association probabilities due to reduced statistical power. All Kmers were kept that had any 

association with each phenotype, except those associated with the phylogenetic signal. A total of 2,617 

Kmers were identified that met these criteria. Kmers mapped to four locations of the chromosome 

sequence of DT8 strain L01157-10. Two hundred Kmers mapped to yjbR that encodes an 

uncharacterised DNA-binding domain containing protein. Two-thousand-and-fifteen Kmers mapped to 
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wzy which encodes Wzy-Wzx dependant O-antigen polymerase of S. Typhimurium and α1-2 linked O-

unit containing S. enterica serovars of serogroup B (579). Two-hundred-and-one Kmers mapped to 

fucO which encodes lactaldehyde reductase, but without statistical significance (p > 0.001). A further 

201 Kmers mapped to gss that encodes a bifunctional glutathionylspermidine synthetase/amidase, 

similarly without statistical significance (p > 0.001). All Kmers in the most significant 1 % of the range 

of p-values (p < 0.001) mapped to wzy and a hypothetical, uncharacterised upstream gene that was 

designated wjx for ‘wzy juxtaposed’ (Figure VI.5 (B)). The potential significance of wzy-wjx in affecting 

sensitivity to phage was recognised through examining the dataset with Kmer-based GWAS approach 

that assembles Kmers for understanding polymorphism structure, DBGWAS (Table VI.2) (471). The 

largest q-value for a genomic region was determined to be wzy-wjx through aligning significant Kmers 

(Wald test p<0.05) to reference proteomes using BLASTx (488). These data are consistent with 

differences in the wzy-wjx locus resulting in DT8 or DT30 phage types. 
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Figure VI.5 Significant Kmers from genome-wide association mapped to the chromosome of S. 

Typhimurium DT8 reference strain L01157-10. (A) Kmer positions and likelihood ratio test (LRT) 

probability values of significant Kmers mapped to chromosomal locations of S. Typhimurium DT8 

reference strain L01157-10. (B) Location and depth of Kmers mapping to the wzy-wjx locus. 
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Table VI.2 Assembled significant Kmers and associated data from De Bruijn graph-based bacterial 

genome-wide association. Tabulated results from DBGWAS (471) when associating Kmers from WGS 

of DT8 and DT30 strains with either phage type. 

VI.4 Wzy is variable in the DT8 lineage 

    To investigate the polymorphic structure of wzy within the DT8 lineage the wzy locus was extracted 

from 162 DT8 and 34 DT30 strains and examined in relation to their phylogenetic relationship (Figure 

VI.6). A reduced read depth indicating a deletion was visible in a 2,202bp locus of 14 strains, 13 of which 

exhibited DT30. WGS assemblies of strains with this genotype had 259bp between wzy-wjx flanking 

genes nucA and thrS, consistent with a base specific mechanism deleting the region such as 

recombination. Two DT30 isolates had a stop codon introduced within the wzy gene, and a further strain 

encoded an amino acid change from lysine to asparagine, hypothetically disrupting wzy function. Twelve 

isolates had a reduced read depth in the innermost 500bp section of wzy, although these isolates were of 

the susceptible DT8 phenotype, consistent with common heterogeneity in the region. Reference DT30 

strain S03645-11 exhibited a frameshift in wzy hypothetically resulting in a premature stop codon. 

Region Node numberAllele frequency Pheno0 Pheno1 Significant q-value Effect estimation Wald stat Length

wzy locus n4947 157 138/139 19/29 Yes 1.26E-09 -7.80E-01 7.62715 338

wzy locus n1180 157 138/139 19/29 Yes 1.26E-09 -7.80E-01 7.62715 1253

wzy locus n2899 156 128/139 28/29 Yes 1.00E+00 1.18E-01 -1.0382 96

wzy locus n4640 156 138/139 18/29 Yes 4.27E-11 -7.95E-01 8.28351 58

wzy locus n852 157 138/139 19/29 Yes 1.26E-09 -7.80E-01 7.62715 128

wzy locus n2002 156 138/139 18/29 Yes 4.27E-11 -7.95E-01 8.26644 61

wzy locus n7458 157 138/139 19/29 Yes 1.26E-09 -7.80E-01 7.62715 87

wzy locus n5331 156 138/139 18/29 Yes 4.27E-11 -7.93E-01 8.25461 61

wzy locus n5431 157 138/139 19/29 Yes 1.26E-09 -7.80E-01 7.62715 116

wzy locus n1205 157 138/139 19/29 Yes 1.26E-09 -7.80E-01 7.62715 265

wzy locus n3322 157 138/139 19/29 Yes 1.26E-09 -7.80E-01 7.62715 265

wzy locus n7710 156 137/139 19/29 Yes 4.44E-08 -7.02E-01 7.0156 61

wzy locus n8591 156 138/139 18/29 Yes 4.27E-11 -7.93E-01 8.24864 61

wzy locus n5150 133 120/139 13/29 Yes 5.25E-05 -4.90E-01 5.24164 61

wzy locus n5118 119 107/139 12/29 Yes 2.09E-04 -5.98E-01 4.8514 61
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Figure VI.6 Sequence polymorphisms in the wzy locus of S. Typhimurium DT8 clade β2. Maximum-

likelihood phylogenetic tree constructed using 2,297 core genome SNP sites from 162 DT8 strains and 

34 DT30 strains. The heatmap displays reads mapped to the wzy-wjx locus of DT8 reference strain 

L01157-10 in 250bp bins. Boxes with coloured outlines denote the location of polymorphisms 

hypothetically disrupting Wzy function.  

VI.5 The wzy- genotype is selected for by phage predation 
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   To investigate if deletion of wzy can be selected due to phage predation, cultures of DT8 and DT30 

strains were challenged with Anderson typing scheme phage preparations 8, 10, 18, 20, 29 and 32. First, 

phage typing, as described in the PHE phage typing protocol, was undertaken to ensure our reference 

strains displayed the expected phage sensitivity (Figure VI.7 (A)). Both wild type DT8 strains were 

susceptible to typing phages 8, 10, 20, 29, and 32 (Figure V.7 (A)). Wild type DT30 strain S03645-11 

was susceptible to only typing phage 8 (Figure VI.7 (A)). Both outcomes are consistent with the 

Anderson phage typing scheme. Phage resistant colonies of DT8 were observed growing in plaques, 

particularly within plaques due to typing phage preparation 10 (phage 10). The colonies from the 

plaques were harvested and presence or absence of the wzy-wjx locus assessed through amplification of 

the region using primers that anneal just outside of a direct repeat sequence identified at distal ends of 

the locus. The primers were designed to polymerise both wzy+ and wzy-. When polymerising the wzy-

wjx locus, two distinct bands were visible for strains typed DT8 and DT30 after agarose gel separation 

(Figure VI.7 (C)), consistent with both wzy+ and wzy- genotypes existing in a single colony. Both DT8 

strains isolated from phage 10 plaques exhibited DT30 phage sensitivity profiles upon re-phage typing. 

From sequence analysis it was evident that reference DT30 strain S03645-11 was possibly typed as such 

due to a wzy frameshift mutation (Figure VI.6). However, the presence of both wzy+ and wzy- genotypes 

within a single colony of this strain suggested that DT8 and DT30 strains undergo deletion of the region 

in clonal populations, even if the gene is already non-functional (Figure VI.7 (C)). To investigate the 

dynamics of wzy+ and wzy- strains when under selection pressure from phage predation in liquid culture, 

the optical density of a mixed culture of L01157-10, L01157-10:wzy-, or S03645-11 with each typing 

phage was measured every 15 minutes for 24 h. This was then compared with optical density 

measurements when each strain was grown without phage predation selection pressure. Wild type DT8 

strain L01157-10 displayed delayed lag phase when challenged with Anderson typing scheme phage 

preparations 8, 10, 18, 20, 29, and 32, consistent with the Anderson typing scheme, except for phage 18 

which produces no lysis on agar plates (Figure VI.7 (A)). Both wild type DT30 strain S03645-11 and 

phage-pressure-selected L01157-10:wzy- displayed no lag phase extension when cultured with phages 

10, 18, 20, 29, and 32, consistent with resistance to these phage preparations. S03645-11 and L01157-
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10:wzy- both had an extended lag phase when under pressure from phage 8, also consistent with the 

Anderson typing scheme, and suggesting both are DT30.  

     Quantitative RT-PCR was used to investigate the dynamics of wzy genotypes under selection 

pressure by phage predation. The wzy- genotype was observed dominant at ~4 h post phage inoculum 

in a culture inoculated with DT8 wzy+ strain L01157-10, and the mutant genotype was dominant in the 

reaction mixture at 24 h. There were no significant differences between relative increases of wzy+ or 

wzy- levels in the absence of phage selection, and no significant difference in relative change of wzy- 

compared to rpoD when a natural wzy- mutant was grown with typing phage 10, consistent with this 

genotype providing phage resistance (Figure VI.7 (B)). Absolute quantification of wzy- and wzy+ of 

wild type L01157-10 grown in LB broth overnight suggested a copy number ratio of ~1:500 respectively 

(Figure VI.7 (D)). This is consistent with the observed deletion of wzy-wjx occurring without strong 

selection in a small proportion of the population, giving rise to cells that are naturally wzy-.  
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Figure VI.7 Phenotyping wzy+ and wzy- strains with pressure from Anderson typing scheme phage 

preparations. (A) Phage typing of DT8, DT30, and isolated wzy- selection mutants of S. Typhimurium. 

(B) Quantitative PCR of wzy+ and wzy- strains of S. Typhimurium with and without pressure from 

Anderson phage typing scheme phage preparation 10. (C) Quantitative PCR standard curves of dilutions 

of amplified DNA of 214bp between nucA and thrS for wzy-, 207bp inside of wzy for wzy+, and 154bp 

of housekeeping gene rpoD. Horizontal lines indicate inferred quantity of genotypes in an overnight 

culture of L01157-10. (D) Liquid culture growth assessment of wzy-, DT8, and DT30 S. Typhimurium 

strains when under pressure from Anderson typing scheme phage preparations 8, 10, 18, 20, 29, and 32. 

(E) PCR products from polymerising the wzy locus of reference DT8 strain L01157-10, reference DT30 

strain S03645-11, and L01157-10:wzy- after selection with phage pressure from plaques in (A).  

VI.6 Deletion of wzy is reversable within a mixed population containing the wild type gene 

     The wzy-wjx locus was predicted to be a cis-integrating mobilizable element (CIME) due to in silico 

observation of a base specific deletion consistent with recombination, identification of a pair of 112bp 

identical nucleotide repeats with one at each end of the locus, and no predicted genes for transfer. CIMEs 

utilise other genetic element’s transfer machinery such as prophage integrases for excision and 

integration or T4SSs for cell to cell transfer (580, 581). To test this hypothesis a donor strain was 

constructed containing a selectable chloramphenicol resistance gene (cat) introduced via allelic 

exchange into wjx of L01157-10, and the insertion location confirmed by PCR (primers in Appendix II). 

To construct a recipient strain, a kanamycin resistance cassette (aphII) was inserted as a knock-in into 

an intergenic region upstream of iciA in DT8 reference strain L01157-10 and the location of insertion 

confirmed by PCR (primers in Appendix II). A derivative of L01157-10:aphII in which the wzy gene had 

been deleted was selected by culture with phage 10. Strains with the wzy- genotype were isolated and 

confirmed through amplification using primers flanking the deletion as previously described (Figure VI.7 

(E)). To exclude the possibility that the L01157-10:aphII gene was transferred to the donor strain, a 

second mutation conferring resistance to nalidixic acid was selected by culturing L01157-10:wzy-,aphII 

on selective media supplemented with 30μg/ml nalidixic acid. Since determinants of resistance to 

kanamycin and nalidixic acid were not genetically linked, it was reasoned that they would need to occur 
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together in a single strain, and that this was highly improbable. The frequency of nalidixic acid resistance 

development for L01157-10:aphII was ~1 in 5x107 CFU/ml. Next, L01157-10:aphII, nalR was grown in 

mixed culture for 24 h with L01157-10Δwjx:cat before plating on agar plates with selection for the donor 

(25 μg/ml chloramphenicol), the recipient (30 μg/ml nalidixic acid and 50 μg/ml kanamycin), and 

possible wzy locus transductants (25 μg/ml chloramphenicol, 30 μg/ml nalidixic acid and 50 μg/ml 

kanamycin). The frequency of cells showing resistance to nalidixic acid, chloramphenicol, and 

kanamycin after mixed culture was 10-9 per recipient cell (Figure VI.8 (C)). This was significantly 

increased (p<0.01) when 0.5 μg/ml of prophage inducing, DNA intercalating molecule mitomycin C 

was added to the culture (Figure VI.8 (C)), consistent with transduction being the method of wzy 

transfer. Therefore, the probability that generalised transduction could transduce the kanamycin 

cassette was ~1/109 without phage induction, and ~1/107 when supplemented with mitomycin C. The 

probability of spontaneous nalidixic acid resistance was estimated at 5/107. Together, these suggest the 

probability of both kanamycin transfer through generalised transduction and spontaneous nalidixic acid 

resistance occurring within a single cell was 5/1016 without mitomycin C, and 5/1014 with mitomycin C, 

much greater than the estimate for probability of chloramphenicol cassette transfer (5/109 without 

mitomycin C and 5/107 with mitomycin C). This provided confidence that emergence of resistance to 

chloramphenicol, nalidixic acid, and kanamycin was conferred through the cat gene being transferred to 

the recipient. To investigate the genotypes of mutants resulting from mixed culture and triple antibiotic 

resistance the wzy-wjx locus was amplified using primers annealing in adjacent genes; 207 bp of wzy was 

amplified, and 433 bp of cat was amplified in 17 isolated mutant colonies (Figure VI.8 (B)). Eleven of 

the 17 had DNA amplified consistent with presence of the wzy-wjx locus, 15 of 17 potential wzy 

revertants displayed amplified DNA consistent with presence of wzy, and 16 of 17 displayed amplified 

DNA consistent with presence of cat (Figure VI.8 (B)). Two revertants of wzy (revertant 14 and 

revertant 15) were subject to re-phage typing, and both displayed altered phenotypes compared to WT 

L01157-10, but also different plaque morphologies compared with L01157-10:wzy- (Figure VI.8 (D)). 

To investigate the genotypes in more detail, L01157-10Δwjx:cat and wzy revertant numbers 1, 2, 8, 9, 

12, and 15 were subject to WGS, core genome SNP-based phylogenetic relationship reconstructed, and 

wzy-wjx locus extracted and viewed against their phylogenetic relationship (Figure VI.8 (E)). The WGS 
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of strains proposed to have wzy and cat transferred into them exhibited wzy and cat inserted into the 

same locus as the original donor strain, discordant with PCR results for revertants 2, 8, and 12 (Figure 

VI.8 (B)), possibly indicating PCR errors, but consistent with wzy being transferred between the strains. 

Each revertant also had aphII in the expected intergenic region upstream of iciA, and a mutation in gyrA 

resulting in aspartic acid substitution with tyrosine at amino acid position 87. These data suggest that 

the wzy locus is transferable within a mixed genotype population of a single strain, but possibly does not 

restore the original phenotype, although a SNP within rfaL was also observed, suggesting the lack of 

phenotype restoration (data not shown). 

 

 



162 

 

Figure VI.8 Transfer of the wzy locus within a mixed genotype population of a single strain. (A) Genetic 

organisation and direction of genes in the wzy locus, including position of chloramphenicol resistance 

gene (cat), and length of PCR products when amplifying targets using primers pairs for: the whole wzy 

locus with primers in flanking genes (A, A); 207bp of wzy (A, B), and; 433bp of cat. (B) Agarose gel 

separated DNA products from amplifying regions of17 wzy+ revertant colonies as shown in (A), using 

primer sets A, B, and C. (C) Wzy locus transfer frequency calculated as transfer per recipient cell with 

and without DNA damage-inducing mitomycin C. (D) Representative phage typing of DT8 wild type, 

DT8 wzy-, and L01157-10 wzy revertants 14 and 15 (as in B). (E, left) Maximum likelihood phylogenetic 

tree of two wild type DT8 strains (L01157-10 and S04527-10), one wild type DT30 strain (S03645-11), 

L01157-10Δwjx:cat, and 6 wzy revertants of L01157-10:wzy-, aphII. (E, right). Genetic diagram of wzy-

wjx loci from each strain or mutant as denoted by the phylogenetic tree labels.  

VI.7 Deletion of the wzy locus has occurred sporadically throughout S. Typhimurium 

     To investigate evidence of the deletion of wzy in other lineages of S. Typhimurium, the reads from 

120 population representative WGSs were mapped to the wzy locus of L01157-10 using Bowtie-2 and 

read depth determined through Bedtools (472, 473) (Figure VI.9 (A)). Four strains had wzy deleted 

from the WGSs: a porcine associated DT170 lineage strain (1008-1995), an untyped strain from the 

U288 linage (105841997), an avian associated reference strain phage typed DT2B (DT2B), and a duck 

associated DT8 lineage strain phage typed DT30 (S04178-09). The deletion was base specific as 

observed in DT8 and DT30 strains, beginning precisely at the predicted attL an attR site and resulting 

in 159bp between adjacent genes nucA and thrS in WGS assemblies of strains with the deletion.  This is 

consistent with deletion of wzy occurring in strains from other S. Typhimurium lineages at low 

frequencies, and wzy-wjx behaving as a CIME. The observed frequency of deletion in these strains may 

be an artefact of the strain collection or sampling bias and more investigation is required to understand 

the dynamics of this locus within the S. Typhimurium population. Next, to investigate whether wzy could 

be deleted from clonal populations as observed for DT8 lineage strains, the wzy locus was amplified from 

11 reference strains from across the S. Typhimurium population using primers annealing just outside of 

the direct nucleotide repeats predicted to be attachment sites for wzy-wjx (Figure VI.9 (B)). L01157-
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10:wzy- was used as a wzy- control, L01157-10Δwjx:cat also polymerised to show that the locus is 

present, and the wzy locus from L01157-10Δwjx:cat after being challenged with phage pressure subject 

to amplification to identify that the locus can be deleted from this mutant. The wzy locus was present in 

all strains except L01157-10 wzy-, L01157-10Δwjx:cat wzy-, a DT2 reference strain, and SL1344. The 

loss of wzy from the two reference strains is consistent with possible phage contamination. Never-the-

less, the data are consistent with wzy deletion occurring within strains from other lineages of S. 

Typhimurium in a recombination-mediated, CIME-dependant manner.  
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Figure VI.9 Assessment of wzy locus in S. Typhimurium population representatives. (A) Maximum-

likelihood phylogenetic tree of 120 strains representing the genomic diversity of S. Typhimurium, 

constructed using 17,263 SNP sites, showing the read depth of respective wzy loci, normalised to read 

depth of single copy gene thrS. (B) Agarose gel separated DNA products from polymerising the wzy 

locus from 11 reference S. Typhimurium strains, 2 phage selected L01157-10wzy-, and L01157-10Δ

wjx:cat. Reference strain labels are coded by third order clades (B), and have respective related strains 

coloured (A): DT8 lineage β2 (pale green), DT2 lineage β3 (blue), DT56 lineage β5 (bright blue), 

U288 lineage α12 (bright green), DT204 lineage β1 (dark green), DT104 lineage α15 (red), and 

monophasic ST34 lineage α17 (purple).  

VI.8 Chapter VI Discussion 

     This Chapter displayed evidence that the DT30 phage type is, in part, determined by a base specific 

deletion of the wzy locus. Initially, it was identified that DT30 strains are sporadically distributed within 

the DT8 lineage. Seventeen of 163 duck associated isolates (10.42 %) had a possible phage resistant 

genotype (Figure VI.5), as well as two of the 33 human isolates (6.06 %). The wzy- genotype was present 

in 14 of 196 epidemic isolates tested for wzy presence or absence (7.1 %), despite 34 of these isolates 

exhibiting phage type DT30 (17.35 %). Therefore, 16 isolates typed DT30 have unexplained changes 

producing the phenotype, despite discovery of five different wzy polymorphisms within 17 DT30 strains. 

Strains exhibiting DT30 that did not have wzy polymorphisms may be due to the difference in techniques 

of phage typing and WGS producing disparate phenotypes, or other changes that are difficult to 

extrapolate. The BReX system in DT8 lineage strains encoded a fragmented DNA adenine 

methyltansferase, pglX (577). Redundancy of this system may partly be determining reduced phage 

resistance observed in DT8 strains, possibly explaining why wzy- strains are more frequent in the 

lineage. Redundancy in one phage exclusion system will logically require other systems to complement 

the function and exclude phages. Ancestral state reconstruction determined that multiple switches 

between DT8 and DT30 occurred in the history of the DT8 lineage, and the best fit model to the data 

was one with the least switches between DT8 and DT30, consistent with a complementable or reversable 

mechanism producing DT30. Bacterial Kmer based GWAS identified polymorphisms in wzy as 
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significantly associated with DT30 strains, and evidence was generated consistent with wzy determining 

DT30 and the difference in phage sensitivities of DT8 and DT30 strains. Wzy deficient mutants of S. 

Typhimurium exhibit attenuated virulence raising the LD50 by 106 in mice when coupled with an asd 

deficient mutant (582). Wzy deficient mutants have also been shown to have reduced mouse colonisation 

(583). However, reduced colonisation is not to the extent of other LPS biosynthesis gene mutants, 

probably due to retaining one immune stimulating O-unit tetramer (583). Due to deletion of wzy 

producing attenuation for infection, the loss of wzy could be an evolutionary dead-end. The hypothesis 

formulated from ancestral reconstruction and wzy phenotype investigations was that the wzy locus was 

transferable between mixed wzy genotype strains. Therefore, for evidence that wzy deletion was not an 

evolutionary dead-end and to test the hypothesis of reversibility from ancestral state reconstruction, 

mixed genotype mutants were co-cultured and plated on selective media. The wzy gene was determined 

to be transferable within a mixed genotype strain population, with an increase in transfer when cultured 

with DNA SOS response-inducing mitomycin C. Mitomycin C has been shown to induce the lytic cycle 

in otherwise lysogenic prophages (584-586). Increased wzy transfer in the presence of mitomycin C is 

consistent with wzy transfer through generalised transduction. Despite observation of wzy being 

genotypically reversable, phage typing plates of selected strains with wzy reversion did not show 

reversion of the original phenotype. This may be due to changes introduced into the strains through the 

phage or nalidixic acid selection procedures, selection of LPS biosynthesis gene mutants as a by-product 

of recombination-based allelic exchange of the cat gene into the wzy locus, or simply evidence that 

reverting the gene presence does not revert the phenotype. Understanding this requires more 

investigation. 

    The distribution of the wzy- genotype amongst 120 representative S. Typhimurium isolates included 

a DT30 strain, a strain from a UK lineage of ST313 which may be avian adapted, a bovine and porcine 

associated DT170 strain, and a strain residing in the porcine adapted U288 clade (39, 91, 587). Absence 

of wzy in these WGS is consistent with the genotype being selected for in ducks and other wild avian or 

agricultural species. Whether there is evolutionary pressure in the duck biome from phage selecting the 

wzy- genotype more frequently than in other lineages, or perhaps lack of evolutionary pressure to 
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perpetuate a long, energy expensive O-chain, requires investigation. Reduced read depth of the 

innermost 500 bp of wzy is more prevalent throughout the S. Typhimurium population (Figure VI.5 and 

Figure VI.9). The reason for this reduction of read depth is undetermined.  

   The ability of bacteria to modify LPS is well known to change the phage host range {Labrie, 2010 

#5281}(331). However,wzy gene diversity as a method of phage evasion has not been well described, 

with a distinct lack of experimental evidence of hypothesised transposable behaviour of wzy genes (380, 

579). There are studies hypothesising the evolution of wzy genes in serogroup B, where the O27 antigen 

is established through tetramer O-unit α1-6 linkage polymerised by wzyα1-6 that lies adjacent to an 

IS1617-like element in some O-antigen gene clusters of subspecies II, and 57 serovars of subspecies I 

(380, 579). However, S. Typhimurium is O27- and retains a remnant of wzyα1-6 within the O-antigen 

biosynthesis gene cluster between wbaV and wbaU (380, 579). An IS element is hypothesised to have 

deleted the ancestral wzyα1-6, and subsequently an α1-2 linkage encoding wzy has been acquired, first 

described in S. Typhimurium strain LT2 (13). WGS data analysis in this study was consistent with other 

literature reports - the S. Typhimurium wzyα1-2 was 2.6Mb away from the O-antigen gene cluster, 

between nucA and thrS, with no significant sequence identity to serogroup D3 wzyα1-6 from serovar 

Schleissheim. Wzyα1-6  is hypothesised to have been deleted from serogroup B and D O-antigen 

biosynthesis gene clusters and re-entered serogroup D3 through recombination via an adjacent IS 

element (380). The data presented here is, in part, consistent with these observations, as wzy was 

identified to be genotypically reversable. Wzy genes exhibit functional similarity but sequence 

divergence, indicating convergent evolution. Gaining different wzy genes will produce different carbon 

bonds between O-units of LPS, and deleting wzy changes the immunogenicity of strains (583), 

consistent with recombination mediating antigenic variation through gain and loss of wzy genes. 

   Intra-serovar variation of the O-antigen has been described in S. Typhimurium, where the genes 

encoding chain length determination protein opvAB is subject to phase variation (383). Phasevarions of 

opvAB generate sub-populations of S. Typhimurium with opvABon and opvABoff allowing defence against 

phages that utilise LPS as a receptor, but at a cost of reduced virulence. All colonies selected for by phage 
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predation in this study exhibited wzy-, consistent with the idea that, for typing phage preparation 

interactions, more subtle alterations of LPS were ineffective at phage defence. 

   If deletion of wzy is beneficial for fitness in circumstances other than phage defence requires further 

investigation. However, the energy cost of a multiple O-unit LPS is likely a significant burden for the 

cell. Inhibiting polymerisation could be beneficial for persistence in certain niches where a single O-unit 

tetramer does not reduce fitness. Evolutionarily, the common ancestor of Enterobacteriacae would have 

endured ~100 millions of years of co-evolution with bacteriophage, where the ability to lose and gain 

new O-antigen polymerase genes may be a useful and quick method of defence.  

     A mechanism for the deletion of wzy remains elusive from the data in this study, but due to the 

attachment sites at each distal ends of the wzy locus, observation of a base specific deletion, and wzy- 

being selected for in L01157-10 strains with phage pressure, a hypothesis, that the wzy locus is deleted 

and transferred in a CIME-dependant through utilising other present phage integrases, was proposed 

(Figure VI.10). Whether this is the case requires more investigation. 

 

Figure VI.10 Hypothesis for phage integrase-mediated excision and deletion of the wzy locus from S. 

Typhimurium chromosomes. (A) Genome map of L01157-10 (a wild type wzy+) and (C) S02784-06 (a 

wild type wzy-) with direction and size of genetic content. (Green arrows) Chromosomal genes not 

within the hypothetical wzy locus attachment sites. (Red arrows) Attachment sites. (Orange arrows) 

Genes inside the proposed attachment sites. (B) Hypothetical mechanism for excision that leads to wzy 

transfer and deletion (B), showing crossover junction hypothetically mediated by a prophage integrase 

(purple). 
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Concluding remarks 

   S. Typhimurium has evolved alongside animals, displaying an inherent ability to evolve lineages that 

infect multifarious animal hosts and lineages that become pandemic clones (39). Similarly, research 

shows that strains of S. Typhimurium can occupy certain reservoirs and become host adapted (78). All 

S. Typhimurium lineages appear human pathogenic (39, 169). This equates to numerous evolutionary 

selection pressures: host animal microbiomes, host immune systems, environmental stressors, 

competing pathogens, antimicrobial agents, and phage predation. This study questioned what genomic 

characteristics are required for such an organism to counter these selection pressures.  

    From analysis of the population, two lineages of S. Typhimurium were identified that had phage 

resistance differences with respect to phage sensitivity differences observed by the Anderson phage 

typing scheme and potentially novel acquired genomic material, one broad-host-range, widespread 

lineage from clade α, and a duck associated lineage from clade β. The study characterised an acquired 

genomic island that was associated with initial clonal expansion of monophasic S. Typhimurium ST34, 

and due to strains showing increased resistance to copper levels found regularly in pig feed, this can be 

proposed as an initial stressor counteracted by a single clone that has been most frequently isolated from 

pigs (184, 541). It was determined to be self-transferable and enhance resistance to copper, silver, and 

arsenic. During the start of this study (2016) monophasic S. Typhimurium ST34 was recognised as an 

important pathogen due to several outbreaks and subsequent epidemics within Europe, hence the 

interest in SGI-4 and its role in initiating clonal expansion. Since then the clone has spread globally, 

gained resistance to last-resort antibiotic colistin, and been identified as causing invasive disease in 

immunocompromised human hosts. Unpublished data suggests that the clone emerged initially from 

Europe, possibly Italy, probably from a pig farm (Tassinari et al., Unpublished data). This suggests that 

agricultural use of heavy metals require re-evaluation, and alternative practises need to be proposed to 

reduce the possibility of emergence of pathogens in this manner, such as phage-based therapeutics and 

improved agricultural practises. This study also identified bacteriophage resistance determinants within 

the most common phage type of monophasic S. Typhimurium, DT193, and duck associated phage type 
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DT8 and DT30. Through a combination of phenotypic data from the S. Typhimurium phage typing 

scheme and WGS we were able to link phenotype to genotype. The data presented a common theme for 

both lineages – phage predation shapes S. Typhimurium genome evolution. Resisting this predation 

appears important, not just for survival when encountering new phages in different niches, but possibly 

to outcompete different bacteria and other lineages of S. Typhimurium with different prophage 

repertoires. The genomic plasticity provided through introduction of new genetic material via phage 

transduction may also enhance fitness such as AMR genes, phage defence genes, virulence genes, or 

colonization factors. In the case of monophasic S. Typhimurium ST34, exclusion of phage is associated 

with acquisition of a prophage (mTmII) revealing that phage themselves require defence from other 

phages to stabilise their lysogenic host. Acquiring mTmII also correlated with further clonal expansion, 

suggesting synergistic bacteria-prophage relationships can be fundamental to evolutionary success of 

both.  

   Within the duck associated DT8/DT30 lineage of clade β, a frequent polyphyletic deletion of a genetic 

region encoding the O-antigen polymerase was identified. This excluded 10 phages of the Anderson 

typing scheme and was associated with phage type DT30. A long LPS O-antigen chain is a fundamental 

molecule for cell stability, protection, adhesion, and infection. Inhibiting O-chain polymerisation in one 

evolutionary event through chromosomal deletion is probably costly for fitness, producing attenuated 

infection (583). This is consistent with a trade-off between virulence and resisting phage predation. It 

also may be an evolutionary dead-end unless another O-antigen polymerising gene is introduced. This 

is evident from the literature (583). Selection pressure from phage, and possibly mammalian cellular 

immunity, appear to have evolved wzy genes that are associated with transposable elements (380). A 

common ancestor of S. Typhimurium is hypothesised to have had its ancestral wzy deleted and a different 

wzy gene inserted elsewhere in the genome, likely through HGT. Wzy genes encode protein orthologues 

with sequence divergence but similar function. This diversity produces different carbon position bonds 

between repeat units (379). If regaining the same wzy, the cell would exhibit the same O-antigens, but 

a sequence divergent wzy could produce a different antigen, meaning the swapping of these genes 

promotes antigenic variation. Varying antigens can change the dynamics of phage-bacteria interactions, 
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host-pathogen interactions, and produce serotype conversion, ultimately changing the biology of the 

lineage, potentially generating variation for continued survival in different niches. 

    The data presented in this study suggest phage resistance occurs rapidly and is a requirement for 

pathogen survival. The surge in use of phage and phage-based therapeutics as antimicrobials will require 

careful monitoring and detailed understanding of resistance mechanisms to help retain their efficacy, 

including further study of interactions between phage and bacteria. A lesson learned from use of 

antibiotics is that we should extend phage research to understand how introducing new therapeutic 

phage can influence existing biomes and ecosystems (588). The knowledge gained through studying 

phage-bacteria interactions has the potential to produce safe, effective, and resistance free future 

therapies, as well as halt the development of bacterial pathogens by understanding how phage predation 

shapes their evolution.
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Appendix I: The Anderson Phage Typing Scheme 

As provided by Public Health England 

Appendix I.1 Terminology used for the outcome of phage infection of bacterial isolates to be tested 

Phage typing terminology: 

Individual plaque sizes: 

L = large, above 1-5 mm., 

N = normal, about 1-0 mm., 

S = small, 1-0*1 mm. 

m = minute, less than 0a I mm. only with hand lens, 

u = micro plaques, barely visable 

+ to + + + = increasing numbers of discrete plaques. 

Degrees of confluent lysis: 

CL = confluent lysis, 

SCL = semi-confluent lysis, 

<CL 

< SCL intermediate degrees of lysis, 

OL = confluent lysis with a heavy central opacity due to secondary 

(Lysogenized)growth. 

 

 

 

 

 

 

 

 

Appendix I.2 Outcomes and Phage Type Designations when Challenging Bacterial Isolates with 30 

Typing Phage Preparations 
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Additional Phages 

Phage type     1     2     3    10 10 var 2 10 var 3    18 
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193 SCL SCL SCL -/OL -/OL -/OL - 

193a SCL SCL SCL -/+ -/+ -/OL +/++ 

194 - SCL - -/OL -/OL -/OL - 

195 - + SCL -/OL -/OL -/OL - 

208 -/++ -/++ -/++ -/OL -/OL -/OL OL 

U302* - - - OL OL OL - 

U310* - - - -/+ OL + - 

U311* - - - - - <OL - 

 

* = Provisional phage type. 
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Appendix II: Primers Used in this Study 

Description Sequence Location

Product/target 

size Tm (⁰C)

Mutant 

genotype

Forward primer 

for replacing 

bar  with cat

tgctgtcgcgaattc

cggtagtttgtaaaa

caccattactggagc

aattcgGTGTA

GGCTGGAGC

TGCTTCG bar 537bp 77

S04698-

09Δbar::cat

Reverse primer 

for replacing 

bar with cat

aagcgattgaaataa

acataaagggggca

gacgcccccttattc

ctgccCATATG

AATATCCTC

CTTAGT bar 537bp 74

S04698-

09Δbar::cat

Forward primer 

for replacing 

copA  with 

aphII

cgattactaaggtca

atgaattgatgacca

atcataaaggagtttt

tactGTGTAGG

CTGGAGCTG

CTTCG copA 2502bp 71

SL1344ΔcopA

::aph

Reverse primer 

for replacing 

copA  with 

aphII

tgatggcttaataata

tatcaggcagctgat

gctgcctgatatagc

gtttCATATGA

ATATCCTCC

TTAGT copA 2502bp 70

SL1344ΔcopA

::aph

Forward primer 

for 

polymerising 

right hand of 

SGI-4

aggctgcgcagggt

attat traI

2Kb in 2.7Kb 

out 59 NA

Reverse primer 

for 

polymerising 

right hand of 

SGI-4

gtccctcaagtaagg

gaac Phe-tRNA 2.5Kb in 54 NA

Reverse primer 

for 

polymerising 

right hand of 

SGI-4 and 

insert site

aatgatcggatcttct

gatgga xerD 2Kb out 55 NA

Forward primer 

for insertion of 

aphII upstream 

of iciA

aggattagcctctcta

tgaatgccggatggc

ggcgtgaacgtctta

tccgCTATCAT

TGGgtgtaggctg

gagctgcttcg

upstream of 

iciA

1bp (1.2 Kb 

insert) 79 4/74::aphII
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Reverse primer 

for insertion of 

aphII upstream 

of iciA

tttgtgatgaacttcaa

agaagtgacgaggga

ataatgggtcatgcag

gccatatgaatatcctc

cttagt

upstream of 

iciA

1bp (1.2 Kb 

insert) 82 4/74::aphII

Forard primer 

for insertion of 

cat  in mTmII

caagctggtaccgcc

aggactacacacag

cataaagttgtggtg

ccgggtGTGTA

GGCTGGAGC

TGCTTCG

Right hand end 

of mTmII

0bp (1Kb 

insert) 80

S04698-09 

mTmII::cat

Reverse primer 

for insertion of 

cat  in mTmII

tgtggatacccaccc

gcctggtgtgcaacc

ttcgccaggcaccg

ggaggcCATAT

GAATATCCT

CCTTAGT

Right hand end 

of mTmII

0bp (1Kb 

insert) 81

S04698-09 

mTmII::cat

Forward primer 

for 

polymerising 

wzy-wjx  locus

tgcgactatcaggtt

accgt nucA

3.2kb(4.2kb 

with cat  insert) 59

Reverse primer 

for 

polymerising 

wzy-wjx  locus

gttagcgtgcggtca

agatc thrS

3.2kb(4.2kb 

with cat  insert) 59

Forward primer 

for knockout of 

wzy-wjx locus

atgaatttattgacag

tgagttgtgtatccat

ctagccaaccattgc

taaGTGTAGG

CTGGAGCTG

CTTCG wzy-wjx 2.7kb 73

L01157-

10Δwzy-wjx

Reverse primer 

for knockout of 

wzy-wjx locus

gaaagataacggag

aaaccctgtcaaggg

tcttgatttgctatag

agtgaCATATG

AATATCCTC

CTTAGT wzy-wjx 2.7kb 71

L01157-

10Δwzy-wjx

Forward primer 

for 

polymerising 

absence of wzy-

wjx  locus

acggagaaaccctgt

caagg intergenic 214bp 59 NA

Reverse primer 

for 

polymerising 

absence of wzy-

wjx  locus

agtggtgacccatac

gcaag intergenic 214bp 59 NA

Forward primer 

for 

polymerising 

middle of wzy

gcctgaagattttgg

cgcat wzy 207bp 61 NA

Reverse primer 

for 

polymerising 

middle of wzy

tgcgctgactttgttt

cctg wzy 207bp 61 NA
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N.B: Nucleotide coding sequences are in 5’ to 3’ direction 

Forward primer 

for 

polymerising 

housekeeping 

gene rpoD

gtcaacagtatgcgc

gtgat rpoD 154bp 64 NA

Reverse primer 

for 

polymerising 

housekeeping 

gene rpoD

gatagcggcattgaa

ccagg rpoD 154bp 67 NA

Forward primer 

for 

polymerising 

middle of cat

acaaacggcatgatg

aacct cat 433bp 57 NA

Reverse primer 

for 

polymerising 

middle of cat

gcacaagttttatccg

gcct cat 433bp 58 NA

Forward primer 

for insertion of 

aphII upstream 

of iciA

aggattagcctctcta

tgaatgccggatggc

ggcgtgaacgtctta

tccggagtaagagc

GTGTAGGCT

GGAGCTGCT

TCG

intergenic (iciA 

downstream)

1bp (knock-in) 

insert = 1.5kb 80

L01157-

10::aphII

Reverse primer 

for insertion of 

aphII upstream 

of iciA

tttgtgatgaacttca

aagaagtgacgagg

gaataatgggtcatg

caggCATATG

AATATCCTC

CTTAGT

intergenic (iciA 

upstream)

1bp (knock-in) 

insert = 1.5kb 70

L01157-

10::aphII

Forward primer 

for insertion of 

cat into wjx

tgccactgtatataaa

cacagtaacaatcat

gtgtaattatcaaaag

catGTGTAGG

CTGGAGCTG

CTTCG wjx

1bp (knock-in) 

insert = 1kb 71

L01157-

10Δwjx ::cat

Reverse primer 

for insertion of 

cat into wjx

atgatgaatcttcgaa

tgccactgtatataaa

cacagtaacaatcat

gtgGTGTAGG

CTGGAGCTG

CTTCG wjx

1bp (knock-in) 

insert = 1kb 73

L01157-

10Δwjx ::cat
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Appendix III: DT8 Epidemic Phylogenetic Tree 

Showing Bootstrap Values 

Appendix III. Phylogenetic reconstruction of 196 DT8 and DT30 phage typed S. Typhimurium. Maximum 

likelihood phylogenetic tree constructed from 2,297 core genome SNP sites using 162 DT8 strains, 34 
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DT30 strains, and rooted on a non-epidemic-clade DT8 strain. Bootstrap values are displayed for each 

bifurcating node. 

Appendix IV: Likelihood Ratio Test and R2 

Calculation-Containing Scripts for Ancestral State 

Reconstruction 

#this script is for ancestral reconstruction using phytools & simmap 

library(phytools) 

#set correct working directory 

setwd("\\\\nbi-cfs2\\ifrprojects\\Rob-

Kingsley\\Oliver\\Genome_variation_S.typhimurium_phage_heavy_metals\\DT8_DT30_swit

ching_analysis\\ancestral_state_reconstruction") 

#read finalised dt8 tree 

dt8 <- read.tree("DT8_tree_drop_tips.newick") 

#plot tree 

plotTree(dt8, ftype="i", fsize = 0.4, type = "fan") 

#read phage type data 

pt <- read.csv("Strain_phagetype2.csv", row.names=1) 

#make into  matrix 

ptd <- as.matrix(pt)[,1] 

#have a look at the tree 

plotTree(dt8, fsize = 0.4, type = "fan") 

cols<-setNames(palette()[1:length(unique(ptd))],sort(unique(ptd))) 

tiplabels(pie=to.matrix(ptd,sort(unique(ptd))),piecol=cols,cex=0.2) 

add.simmap.legend(colors=cols,prompt=FALSE,x=0.9*par()$usr[1], 

                  y=-max(nodeHeights(dt8)),fsize=0.6) 

 

#change the colours to something I want in hexadecimal format 

cols <- gsub("black", "#FFA500", cols) 

cols <- gsub("red", "#009F62", cols) 

#lik.anc gives us marginal ancestral states, or "empirical Bayesian posterior 

#probabilities" this is using an all-rates-different substitution matrix, as we 

#don’t know the mechanism we can’t assume anything about the transition rates. 

fitARD<-ace(ptd,dt8,type="discrete", CI = TRUE, model = "ARD") 

fitARD$loglik 
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#we can try this with an equal rates model (e.g Jukes-Cantor if talking about 

#nucleotide substitution models) 

fitER<-ace(ptd,dt8,type="discrete", CI = TRUE, model = "ER") 

fitER$loglik 

#and a symmetrical model 

fitSYM<-ace(ptd,dt8,type="discrete", CI = TRUE, model = "SYM") 

fitSYM$loglik 

#p value for LRT with ML trees 

LRT_ML_p_val <- (1 - pchisq(2*abs((fitER$loglik) - (fitARD$loglik)), 1)) 

LRT_ML_p_val 

#plot this with the nodes on the tree 

plotTree(dt8, fsize = 0.1, type = "fan") 

nodelabels(node=1:dt8$Nnode+Ntip(dt8), 

           pie=fitARD$lik.anc,piecol=cols,cex=0.1) 

add.simmap.legend(colors=cols,prompt=FALSE,x=0.9*par()$usr[1], 

                  y=-max(nodeHeights(dt8)),fsize=0.6) 

# make pdf of ancestral estimation probability distribution pie charts on nodes 

pdf("anc_state_dt8_piechart_bl_gold.pdf") 

plotTree(dt8, ftype="i", fsize = 1, type = "fan") 

plotTree(dt8, fsize = 0.1, type = "fan") 

nodelabels(node=1:dt8$Nnode+Ntip(dt8), 

           pie=fitARD$lik.anc,piecol=cols,cex=0.1) 

add.simmap.legend(colors=cols,prompt=FALSE,x=0.9*par()$usr[1], 

                  y=-max(nodeHeights(dt8)),fsize=0.6) 

dev.off() 

#or plot tree displaying one possible version of the ancestral histories across 

#the branches 

mtree<-make.simmap(dt8,ptd,model="ER") 

mtree 

plot(mtree,cols,fsize=0.4,ftype="i", type = "fan") 

add.simmap.legend(colors=cols,prompt=FALSE,x=0.9*par()$usr[1], 

                  y=-max(nodeHeights(dt8)),fsize=0.5) 

#make pdf of MCMC tree 

pdf("dt8_MCMC_anc_state_bl_gold.pdf") 

plot(mtree,cols,fsize=0.4,type = "fan") 

add.simmap.legend(colors=cols,prompt=FALSE,x=0.9*par()$usr[1], 

                  y=-max(nodeHeights(dt8)),fsize=0.5) 
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dev.off() 

#Generating a distribution of simulated trees 

#making 1000 - afternote, this takes a long time. A hundred might be easier for 

#speedy reproducibility but 1000 for effectiveness, 

#as the Markov chain will stabilise into an equilibrium distribution as the 

#number of simulations approaches infinity 

#making 100 for now 

equaltrees <-make.simmap(dt8,ptd,nsim=100, Q = "ER") 

#So trying the same with 100 simulations but also substituted in a Markov chain 

#Monte-Carlo approach to decipher the rate transition matrix (Q) 

mtrees100mc<-make.simmap(dt8,ptd,nsim=100, Q = "mcmc") 

mtrees100ard<-make.simmap(dt8,ptd,nsim=100, Q = "ARD") 

#make a summary of these trees 

pd<-summary(equaltrees,plot=FALSE) 

pd 

#extract the log likelihoods to use in LRT test 

equal_loglik <- data.frame() 

equal_loglik[1,] <- equaltrees[[1]]$logL 

for(i in 1:100){equal_loglik[,i] <- equaltrees[[i]]$logL} 

equal_loglik <- as.numeric(equal_loglik) 

eqav <- mean(equal_loglik) 

#and a summary of the MCMC map 

pd2 <- summary(mtrees100mc,plot = FALSE) 

pd2  

#extract the log likelihoods to use in LRT test 

mcmc_loglik <- data.frame() 

mcmc_loglik[1,] <- mtrees100mc[[1]]$logL 

for(i in 1:100){mcmc_loglik[,i] <- mtrees100mc[[i]]$logL} 

mcmc_loglik <- as.numeric(mcmc_loglik) 

mcav <- mean(mcmc_loglik) 

LRT_stochastic_maps_p_value <- (1-pchisq(2*abs(mcav - eqav), 1)) 

LRT_stochastic_maps_p_value 

#1.88x10^-15 

#put the data into more friendly format for equal rates 

fiter_DT30 <- fitER$lik.anc 

pd_DT30 <- pd$ace  

#and for all rates different 

fitard_DT30 <- fitARD$lik.anc 
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pd2_DT30 <- pd2$ace 

Dt30 <- as.data.frame(fitard_DT30, pd2_DT30) 

Dt30ER <- as.data.frame(fiter_DT30, pd_DT30) 

#compare the marginal states from ACE with our posterior output from 1000 trees 

plot(fiter_DT30$DT30,pd_DT30$DT30, title = "Probability of each node DT30", 

xlab="Scaled ancestral probability distribution", 

     ylab="Posterior probabilities from stochastic mapping", col = "dark blue", 

pch = 16) 

abline(fit <- lm(pdw_DT30$DT30 ~ fitard_DT30$DT30), lty="dashed",col="red",lwd=2) 

legend("topleft", bty="n", legend=paste("Rsquared = ", 

format(summary(fit)$adj.r.squared, digits=4))) 

#and check the ARDs together 

pdf("mcmc_vs_ace_Dt30_only_with_r_2.pdf") 

plot(fitard_DT30$DT30,pdw_DT30$DT30, title = "Probability of each node DT30", 

xlab="Scaled ancestral probability distribution", 

     ylab="Posterior probabilities from stochastic mapping", col = "dark blue", 

pch = 16) 

abline(fit <- lm (pdw_DT30$DT30 ~ fitard_DT30$DT30), lty="dashed",col="red",lwd=2) 

legend("topleft", bty="n", legend=paste("Rsquared = ", 

format(summary(fit)$adj.r.squared, digits=4))) 

dev.off() 

#make the ARD version into a ggplot as reasoning that more likely a switch between 

#DT8 and DT30 would have different forward and backward rates... although a strong 

#assumption. Must verify experimentally 

library(ggplot2) 

p <- ggplot(Dt30, aes(Dt30$fitard_DT30.DT30, Dt30$pd2_DT30.DT30)) + geom_point() + 

geom_point(data = Dt30, aes(Dt30$fitard_DT30.DT30, Dt30$pd2_DT30.DT30), size = 1, 

colour = "dark blue") 

p 

#change axis labels 

p2 <- p + xlab("Scaled maximum likelihood ancestral state DT30 probabilities") + 

ylab("Posterior DT30 probabilities from stochastic mapping") 

p2  

require(stats) 

fit 

coef = coefficients(fit) 

eq <- paste0("y = ", round(coef[2],digits = 2), "*x + ", round(coef[1],digits = 

2)) 

p2 + geom_abline(intercept = -0.0179, slope= 0.8656, colour = "red", linetype = 

"dashed", size = 1) + ggtitle(eq) 

#add R squared value 



222 

 

c<- cor(df$fitard_DT30.DT30, df$pd2_DT30.DT30) 

rsq <- function (x, y) cor(x, y) ^ 2 

rsq(df$fitard_DT30.DT30, df$pd2_DT30.DT30) 

#pdf this with a few additions, mainly just the regression line 

pdf("analysis_comparison_data_modelled.pdf", height = 5, width = 8) 

eq <- paste0("y = ", round(coef[2],digits = 2), "*x + ", round(coef[1],digits = 

2),    "      R-squared = 0.901        Probability of node being DT30") 

p2 + geom_abline(intercept = -0.0179, slope= 0.8656, colour = "red", linetype = 

"dashed", size = 1) + ggtitle(eq) 

dev.off() 

#also making a density map of the 100 simulated stochastic trees for the equal 

#rates transition model, showing how many times each point on the tree was DT8 or 

#DT30 

obj2<-densityMap(equaltrees,lwd=4, outline = FALSE, fsize = 0.4, type = "fan") 

obj2 

#and the same for the MCMC generated Q model 

obj3<-densityMap(mtrees100mc,lwd=4, outline = FALSE, fsize = 0.4, type = "fan") 

#pdf of this 

pdf("density_map_dt8_30_lrt_tests_ER.pdf") 

densityMap(equaltrees,lwd=5, outline = FALSE, fsize = 0.4, type = "fan") 

dev.off() 

#pdf of this 

pdf("density_map_dt8_30_LRT_tests_MCMC.pdf") 

densityMap(mtrees100mc,lwd=5, outline = FALSE, fsize = 0.4, type = "fan") 

dev.off() 

# Constructing data using our improved model settings  

# parsimony assumes that we always have small Q,  

#so using joint probability distributions & then sampling from these is a good way 

#to optimise the output 

#In this case we are sampling from our distribution every 1000 sims to use an 

#updated posterior probability of Q  

# & then subsequently re-simulating the joint posterior probabilities 

mtrees4<-make.simmap(dt8,ptd,nsim=1000, Q = "mcmc") 

pd4<-summary(mtrees4,plot=FALSE) 

pd4 

obj4 <-densityMap(mtrees4,lwd=4, outline = TRUE, fsize = 0.3) 

#and this is the same but assessing the difference when Q is unspecified (should 

#be the same as we are not using the equal rates model) 

mtrees5<-make.simmap(dt8,ptd,nsim=1000) 

pd5<-summary(mtrees5,plot=FALSE) 
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obj5 <-densityMap(mtrees5,lwd=4, outline = TRUE, fsize = 0.3) 

Appendix V: Programming ΔΔCt for qPCR 

Output Data 

    An example of the code generated for programming ΔΔCt for qPCR data in R is shown: 

#Set the correct working directory 

setwd("\\\\nbi-cfs2\\ifrprojects\\Rob-

Kingsley\\Oliver\\Genome_variation_S.typhimurium_phage_heavy_metals\\DT8_DT30_swit

ching_analysis\\qPCR_genotyping_wzy\\phage_10_3_techrep") 

#read in libraries required, these are for data manipulation & plotting 

library(dplyr) 

library(tibble) 

library(ggplot2) 

library(tidyr) 

library(gridExtra) 

#read in table with qPCR data 

t <- read.table("phage_10_replicate_2.txt", header = TRUE, sep = "\t") 

#split based on the individual types of reaction occurring, just growth, phage 

#challenege & wzy- control growth 

t <- split.data.frame(t, t$reaction) 

#read dataframes into separate items 

g <- t$growth 

p <- t$phage 

d <- t$delta 

#considered the data structure splitting again seems like a useful thing to do 

g <- split.data.frame(g, g$Target.Name) 

p <- split.data.frame(p, p$Target.Name) 

d <- split.data.frame(d, d$Target.Name) 

#correct formula for double delta Ct 

gddp1 <- (-((g$`wzy +`$rep1 - g$`wzy +`[1,3]) - (g$rpoD$rep1 - g$rpoD[1,3]))) 

#make into dataframe 

gddp1 <- as.data.frame(gddp1) 

colnames(gddp1) <- c("rep1p") 

gddp1$rep2p <- (-((g$`wzy +`$rep2 - g$`wzy +`[1,4]) - (g$rpoD$rep2 - 

g$rpoD[1,4]))) 

gddp1$rep3p <- (-((g$`wzy +`$rep3 - g$`wzy +`[1,5]) - (g$rpoD$rep3 - 

g$rpoD[1,5]))) 

#repeat for wzynegative 
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gddn1 <- (-((g$`wzy -`$rep1 - g$`wzy -`[1,3]) - (g$rpoD$rep1 - g$rpoD[1,3]))) 

#make into dataframe 

gddn1 <- as.data.frame(gddn1) 

colnames(gddn1) <- c("rep1n") 

gddn1$rep2n <- (-((g$`wzy -`$rep2 - g$`wzy -`[1,4]) - (g$rpoD$rep2 - 

g$rpoD[1,4]))) 

gddn1$rep3n <- (-((g$`wzy -`$rep3 - g$`wzy -`[1,5]) - (g$rpoD$rep3 - 

g$rpoD[1,5]))) 

#repeat for phage wzy+ 

pddp1 <- (-((p$`wzy +`$rep1 - p$`wzy +`[1,3]) - (p$rpoD$rep1 - p$rpoD[1,3]))) 

pddp1 <- as.data.frame(pddp1) 

colnames(pddp1) <- c("rep1p") 

pddp1$rep2p <- (-((p$`wzy +`$rep2 - p$`wzy +`[1,4]) - (p$rpoD$rep2 - 

p$rpoD[1,4]))) 

pddp1$rep3p <- (-((p$`wzy +`$rep3 - p$`wzy +`[1,5]) - (p$rpoD$rep3 - 

p$rpoD[1,5]))) 

#repeat for phage wzy - 

pddn1 <- (-((p$`wzy -`$rep1 - p$`wzy -`[1,3]) - (p$rpoD$rep1 - p$rpoD[1,3]))) 

pddn1 <- as.data.frame(pddn1) 

colnames(pddn1) <- c("rep1n") 

pddn1$rep2n <- (-((p$`wzy -`$rep2 - p$`wzy -`[1,4]) - (p$rpoD$rep2 - 

p$rpoD[1,4]))) 

pddn1$rep3n <- (-((p$`wzy -`$rep3 - p$`wzy -`[1,5]) - (p$rpoD$rep3 - 

p$rpoD[1,5]))) 

#repeat for negative control wzy - 

dddn1 <- (-((d$`wzy -`$rep1 - d$`wzy -`[1,3]) - (d$rpoD$rep1 - d$rpoD[1,3]))) 

dddn1 <- as.data.frame(dddn1) 

colnames(dddn1) <- c("rep1n") 

dddn1$rep2n <- (-((d$`wzy -`$rep2 - d$`wzy -`[1,4]) - (d$rpoD$rep2 - 

d$rpoD[1,4]))) 

dddn1$rep3n <- (-((d$`wzy -`$rep3 - d$`wzy -`[1,5]) - (d$rpoD$rep3 - 

d$rpoD[1,5]))) 

ddd <- dddn1 

gddp1[,4] <- gddn1$rep1n 

gddp1[,5] <- gddn1$rep2n 

gddp1[,6] <- gddn1$rep3n 

gdd <- gddp1 

pddp1[,4] <- pddn1$rep2n 

pddp1[,5] <- pddn1$rep2n 
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pddp1[,6] <- pddn1$rep3n 

pdd <- pddp1 

colnames(gdd) <- c("rep1p", "rep2p", "rep3p", "rep1n", "rep2n","rep3n") 

colnames(pdd) <- c("rep1p", "rep2p", "rep3p", "rep1n", "rep2n","rep3n") 

colnames(ddd) <- c("rep1n", "rep2n", "rep3n") 

#add mean and standard error to table of ddd 

ddd$stderdn <- sd(ddd[1,1:3])/sqrt(3) 

for (i in 1:6){ddd$stderdn[i] <- sd(ddd[i,1:3]/sqrt(3))} 

ddd$meann <- (ddd$rep1n + ddd$rep2n + ddd$rep3n)/3 

#add mean and standard error to table of gddp 

gdd$stderdp <- sd(gdd[1,1:3])/sqrt(3) 

for (i in 1:6){gdd$stderdp[i] <- sd(gdd[i,1:3]/sqrt(3))} 

gdd$stderdn <- sd(gdd[1,4:6])/sqrt(3) 

for (i in 1:6){gdd$stderdn[i] <- sd(gdd[i,4:6]/sqrt(3))} 

gdd$meanp <- (gdd$rep1p + gdd$rep2p + gdd$rep3p)/3 

gdd$meann <- (gdd$rep1n + gdd$rep2n + gdd$rep3n)/3 

#add mean and standard error for pddp 

pdd$stderdp <- sd(pdd[1,1:3])/sqrt(3) 

for (i in 1:6){pdd$stderdp[i] <- sd(pdd[i,1:3]/sqrt(3))} 

pdd$stderdn <- sd(pdd[1,4:6])/sqrt(3) 

for (i in 1:6){pdd$stderdn[i] <- sd(pdd[i,4:6]/sqrt(3))} 

pdd$meanp <- (pdd$rep1p + pdd$rep2p + pdd$rep3p)/3 

pdd$meann <- (pdd$rep1n + pdd$rep2n + pdd$rep3n)/3 

ddd$group <- c("n") 

#put each output into a tidy format for ggplot 

time <- c(0,2,4,6,8,24) 

d2 <- data.frame(time,ddd$meann,ddd$stderdn,ddd$group) 

colnames(d2) <- c("time","mean","stder","group") 

d3 <- d2 

d3$stder[1] <- 0 

#and do for growth and phage 

#making intermediate table then merging based on group 

#for growthwzy+ 

gmidp <- data.frame(time) 

gmidp$mean <- gdd$meanp 

gmidp$stder <- gdd$stderdp 

gmidp$group<- "p" 
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#for growth wzy- 

gmidn <- data.frame(time) 

gmidn$mean <- gdd$meann 

gmidn$stder <- gdd$stderdn 

gmidn$group<- "n" 

#when merging here apparently you need to specific all = TRUE to get the values 

g2 <- merge(gmidp, gmidn, all = T) 

g3 <- g2 

g3$stder[1] <- 0 

g3$stder[2] <- 0 

#for phagewzy+ 

pmidp <- data.frame(time) 

pmidp$mean <-pdd$meanp 

pmidp$stder <- pdd$stderdp 

pmidp$group<- "p" 

#for growth wzy- 

pmidn <- data.frame(time) 

pmidn$mean <- pdd$meann 

pmidn$stder <- pdd$stderdn 

pmidn$group<- "n" 

p2 <- merge(pmidp, pmidn, all = T) 

p3 <- p2 

p3$mean[1] <- 0 

p3$stder[1] <- 0 

p3$stder[2] <- 0 

d3$time <- as.factor(d3$time) 

g3$time <- as.factor(g3$time) 

p3$time <- as.factor(p3$time) 

#change data to log format so that it makes sense 

#d$mean <- log2(d$mean) 

#d$stder <- log2(d$stder) 

#g$mean <- log2(g$mean) 

#g$stder <- log2(g$stder) 

#p$mean <- log2(p$mean) 

#p$stder <- log2(p$stder) 

#plot each as line graph with standard error 

dplot <- ggplot(d3, aes(time,mean)) + 
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geom_point(size = 3, color = "black") +  

  xlab("Time after phage innoculum (h)") +  

  ylab("- delta delta Ct (rpoD relative)") +  

  ggtitle("L01157-10wzy- Growth") +  

  scale_color_manual(values=c("#009F62","#FFA500")) + 

  geom_errorbar(aes(ymin = mean - stder,  

                    ymax = mean + stder), size = 1.2, width = 0.2, color = 

"#FFA500")  +  

  coord_cartesian(ylim = c(-10, 10)) + geom_line(color = "#FFA500", size = 2, 

group = d3$group) 

dplot 

gplot <- ggplot(g3, aes(time,mean, col = group, group = group)) +  

  geom_line(size = 1.5) +  

  geom_point(size = 3, color = "black") +  

  xlab("Time after phage innoculum (h)") +  

  ylab("- delta delta Ct (rpoD relative)") +  

  ggtitle("L01157-10 WT Growth") +  

  scale_color_manual(values=c("#FFA500", "#009F62")) + 

  coord_cartesian(ylim = c(-10,10)) + 

                    geom_errorbar(aes(ymin = mean - stder, ymax = mean + stder), 

size = 1.5, width = 0.2) 

gplot 

pplot <- ggplot(p3, aes(time,mean, col = group, group = group)) +  

  geom_line(size = 1.5) +  

  geom_point(size = 3, color = "black") +  

  xlab("Time after phage innoculum (h)") +  

  ylab("- delta delta Ct (rpoD relative)") +  

  ggtitle("L01157-10 3.4e4 PFU Phage-10") +  

  scale_color_manual(values=c("#FFA500", "#009F62")) + 

  coord_cartesian(ylim = c(-10,10)) + 

  geom_errorbar(aes(ymin = mean - stder, ymax = mean + stder), size = 1.5, width = 

0.2) 

pplot 

all <- grid.arrange(gplot, dplot, pplot, nrow=3) 

pdf("phage_10_triplicate.pdf") 

all <- grid.arrange(gplot, dplot, pplot, nrow=3) 

dev.off() 
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Appendix VI: Sorting ARIBA Data Output 

#This script is for sorting the output "all reports" file from ARIBA, 

#using a binary presence absence approach 

#load packages 

library(tidyverse) 

library(reshape) 

library(dplyr) 

library(wrapr) 

library(ggtree) 

library(phangorn) 

library(ggplot2) 

library(ape) 

#set correct working directory 

setwd("\\\\IFR-Group-Data\\ifr-research-groups\\Rob-

Kingsley\\PHE\\fastq2\\fastq\\symlink_1.1.1_only_analyses\\ariba_SJ46_gene_by_gene

\\ariba_SJ46_1\\ALL_REPORTS") 

#load up all the reports 

temp <- list.files(pattern="*mTmII") 

#making a dataframe list of lists 

f <- lapply(temp, read.delim) 

#make copy of frame list without changes 

f3 <- f 

#removing all except the first column 

f2 <- lapply(f, function(x){x[,-c(2:29)]}) 

#removing all except the first column after checking numbers are correct 

f2 <- lapply(f2, function(x){x[,-c(2:3)]}) 

#restore current version 

f3 <- f2 

#remove duplicates of any gene name or strain name 

f4 <- lapply(f3, function(x){x[!duplicated(x),]}) 

#restore current version 

f5 <- f4 

#change column name of gene names to strain name 

f6 <- lapply(f5, function(x){x[,3] = x[,1]}) 

#write each as a csv file 

lapply(f6, function(x){for (i in 1:1697){write.csv(x, paste("mTmII", i, 

".csv"))}}) 

#make new data into dataframes 

f6 <- lapply(f6, function(x){as.data.frame(x)}) 
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f7 <- f6 

#add single cell with strain name 

for(i in 1:1697){f6[[i]][1,2] <- f5[[i]][1,2]} 

#restore version 

f7 <- f6 

#change column names 

for (i in 1:1697){colnames(f7[[i]]) <- c(paste(f7[[i]][1,2]))} 

#restore version 

f8 <- f7 

#and remove column 2 from all 

for (i in 1:1697){f7[[i]][,2] <- NULL} 

#transpose the dataframes 

f9 <- lapply(f7, function(x){t(x)}) 

#bind all into single dataframe 

f10 <- data.frame(matrix(unlist(f9), nrow=1697, byrow=T),stringsAsFactors=FALSE) 

#write each as a csv file 

for (i in 1:1697){write.csv(f9[[i]], paste0("mTmII",sep = "_",i,sep = 

"_",".csv"))} 

#load up new file after concatenation with linux (cat mTmII* > 

#all_ariba_presence_absence.csv) 

mTmII <- read.csv("all_ariba_presence_absence.csv", header = FALSE) 

#remove excess from names 

mTmII$V1 <- gsub("_._mTmII", "", mTmII$V1) 

mTmII$V1 <- gsub("_.._mTmII", "", mTmII$V1) 

mTmII$V1 <- gsub("_..._mTmII", "", mTmII$V1) 

mTmII$V1 <- gsub("_...._mTmII", "", mTmII$V1) 

#make column 1 the row names 

mTmII <- `row.names<-`(mTmII, mTmII$V1) 

mTmII$V1 <- NULL 

#restore current version 

mTmII2 <- mTmII 

#read presence absence file 

mTmII <- read.csv("mTmII_pres_abs.csv", header = TRUE, stringsAsFactors = F) 

mTmII <- `row.names<-`(mTmII, mTmII$X) 

mTmII$X <- NULL 

#align all data using which and checking for the number existing in the row with 

if(x %in % y) 

l <- list() 
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u <- 

c("O4698_09_04338","O4698_09_04339","O4698_09_04340","O4698_09_04341","O4698_09_04

342","O4698_09_04343","O4698_09_04344","O4698_09_04345","O4698_09_04346","O4698_09

_04347","O4698_09_04348","O4698_09_04349","O4698_09_04350","O4698_09_04351","O4698

_09_04352","O4698_09_04353","O4698_09_04354","O4698_09_04355","O4698_09_04356","O4

698_09_04357","O4698_09_04358","O4698_09_04359","O4698_09_04360","O4698_09_04361",

"O4698_09_04362","O4698_09_04363","O4698_09_04364","O4698_09_04365","O4698_09_0436

6","O4698_09_04367","O4698_09_04368","O4698_09_04369","O4698_09_04370","O4698_09_0

4371","O4698_09_04372","O4698_09_04373","O4698_09_04374","O4698_09_04375","O4698_0

9_04376","O4698_09_04377","O4698_09_04378","O4698_09_04379","O4698_09_04380","O469

8_09_04381","O4698_09_04382","O4698_09_04383","O4698_09_04384","O4698_09_04385","O

4698_09_04386","O4698_09_04387","O4698_09_04388","O4698_09_04389","O4698_09_04390"

,"O4698_09_04391","O4698_09_04392","O4698_09_04393","O4698_09_04394","O4698_09_043

95","O4698_09_04396","O4698_09_04397","O4698_09_04398","O4698_09_04399") 

h <- NULL 

df <- mTmII 

for(k in 1:nrow(df)){ 

  # create a list for each row of the df 

  l[[k]] <- df[k, ] 

  for(i in 1:length(l[[k]])){ 

    #check if number exists in the row 

    if(u[i] %in % l[[k]]){ 

      # find the index of the number given it exists 

      a <- which(l[[k]] == u[i]) 

      #assign to "help" vector in order to not overwrite values  

      h[i] <- l[[k]][a] 

    } 

    else{ 

      #numbers that do not exist in the vector are assigned NA 

      h[i] <- NA 

    } 

  } 

  #replace row by sorted vector with NA place holders ("help" vector) 

  l[[k]] <- h 

} 

#transfer from df1 to df2 and make backups of data.frames 

df2 <- df1; df3 <- df; for(i in 1:nrow(df)){df[i,] <- df1[i,]} 

#change data type to vector 

for (i in ncol(df)){df[,i] <- vapply(df[,i], paste, collapse = ", ", 

character(1L))} 

#change words to 1 
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for(i in 1:62){df[,i] <- gsub("......1..","1", df[,i])} 

#change NA to 0 

for(i in 1:62){df[,i] <- gsub(".....NA.","0", df[,i])} 

#write csv of dataframe 

write.csv(df, "aligned.binary.mTmII.csv") 

#make heatmap with data 

p <- read.tree("193_120_tree_no_outgroup.newick") 

 

#plot tree to view and identify any gaps 

p <- ggtree(p, size=0.01, color="black") 

print(p) 

p <- p +theme( 

  panel.background = element_rect(fill = "transparent",colour = NA), 

  plot.background = element_rect(fill = "transparent",colour = NA) 

) 

p1 <- p + geom_tiplab(size = 0.01, aes(label=label),  

                      hjust=0, align= F) +geom_treescale(color="black", width = 

0.0005, x = 0, y = 300, linesize=0.09, fontsize = 3, offset = 0) 

print(p1) 

#plot heat map 

heat_pt <- gheatmap(p1, df, offset = 0.001, width = 3, colnames = TRUE, font.size 

= 0.5) 

plot(heat_pt) 

#pdf this 

pdf("mTmII_on_tree_heatmap.pdf") 

heat_pt 

dev.off() 

Appendix VII: Linux Blast-Based Script for 

Finding and Sorting Alleles in Many Sequences at 

Once  

#!/bin/bash 

# polymorphism_finder.sh  

echo "This is polymorphism finder 1.0" 

echo "Current directory is"  

pwd 
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#source blast on the HPC cluster 

source blast-2.6.0; 

#or if using CLIMB the previous command will spit an error, and you can just 

continue with this: 

#make a database for each .fasta file in the current folder 

for f in *.fasta ;do makeblastdb -in $f  -parse_seqids -dbtype nucl; done; 

name={insert_sequence_name}.fasta 

rm $name.fasta.nhr 

rm $name.fasta.nin 

rm $name.fasta.nog 

rm $name.fasta.nsd 

rm $name.fasta.nsi 

rm $name.fasta.nsq 

mkdir $name 

for f in *.fasta; do blastn -db $f -query $name.fasta -out $f.$name.region -outfmt 

5; done; 

for f in *.$name.region; do 

#Different outputs can require different lines specified by sed '{line_number}p' 

#This can easily be found by just looking in the output file and seeing which line 

#the result is on; it always starts with <Hsp_hseq> 

sed -n '111p' $f | sed -r 's/<Hsp_hseq>//' | awk '$1=$1' | sed -r 

's/<\/Hsp_hseq>//' > $f.$name.fasta 

done; for file in *$name.fasta; do echo ">$file"$'\n'"$(cat -- "$file")" > 

"$file"; done; rm *.region 

cat *.$name.fasta > concatenated_$name.fasta 

cp *$name.fasta $name 

cd $name 

for f in *.fasta; do sed -e "s/.\{60\}/&\n/g" $f > ${f}.split.fasta; done 

rm *.fasta.${name}.region.${name}.fasta 

cd .. 

rm *.fasta.${name}.region.${name}.fasta 

#if finished with the databases of each sequence these can be removed with: 

cd .. 

rm *.fasta.nhr 

rm *.fasta.nin 

rm *.fasta.nog 

rm *.fasta.nsd 

rm *.fasta.nsi 

rm *.fasta.nsq 

Appendix VIII: Strain Information for Figure IV.4 
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From Bawn et al., (2020) (39). 

Appendix IX: Strains used in this study 

 

      

Strain Phage 
type 

Host Isolat
ion 
date 

Region Reference/In
stitute 

10354_1997 DT99 Duck 1997 UK APHA 

6398_05 DT30 Duck 2005 UK APHA 

S10_2762 DT8 Duck 2010 Ireland APHA 

2029_1997 DT99 Duck 1997 UK APHA 

568_1998 DT8 Duck 1998 UK APHA 

7392_05 DT8 Duck 2005 UK APHA 

S10_3104 DT8 Duck 2010 Ireland APHA 

S02130_05 ? Chicken 2005 UK APHA 

7942_2000 DT8 Duck 2000 UK APHA 

L01000_05 DT8 sheep 2005 UK APHA 

S10_1175 DT8 Duck 2010 Ireland APHA 

1590_2000 DT8 Duck 2000 UK APHA 

S05314_06 DT8 turkey 2006 UK APHA 

S04695_09 DT1 Duck 2009 UK APHA 

S01631_10 DT30 Duck 2010 UK APHA 
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S04551_10 DT8 Duck 2010 UK APHA 

L00244_10 DT8 Horse 2010 UK APHA 

S05989_06 DT8 cattle 2006 UK APHA 

S05479_09 DT8 chicken 2009 UK APHA 

S01682_10 DT8 Duck 2010 UK APHA 

S04572_10 DT8 Duck 2010 UK APHA 

L00745_10 DT8 pheasant 2010 UK APHA 

3041_05 DT8 Cattle 2005 UK APHA 

S02889_11 DT193 Duck 2011 UK APHA 

S01045_06 DT193 Duck 2006 UK APHA 

S06614_06 DT8 Duck 2006 UK APHA 

S00869_09 DT8 cattle 2009 UK APHA 

S04584_10 DT8 Duck 2010 UK APHA 

S11_967 DT8 Duck 2011 Ireland APHA 

S02194_06 DT8 Duck 2006 UK APHA 

S08362_06 DT30 Duck 2006 UK APHA 

L00658_09 DT8 Duck 2009 UK APHA 

S04830_10 U302 Duck 2010 UK APHA 

S10_2446 DT8 Duck 2010 Ireland APHA 

S00687_11 DT8 Duck 2011 UK APHA 

S11_1001 DT8 Duck 2011 Ireland APHA 

S02784_06 DT30 Duck 2006 UK APHA 

L00778_06 DT41 Duck 2006 UK APHA 

L00625_09 DT8 pheasant 2009 UK APHA 

S01972_10 DT8 guinea 
fowl 

2010 UK APHA 

S04838_10 DT8 Duck 2010 UK APHA 

S01710_11 DT8 Duck 2011 UK APHA 

4203_2013 DT8 Duck 2013 Italy APHA 

S11_2195 DT8 chicken 2011 Ireland APHA 

7792_1996 DT30 feed 
(home) 

1996 UK APHA 

S02934_06 DT8 Duck 2006 UK APHA 

L00863_06 U288 Duck 2006 UK APHA 

S05191_07 DT8 Duck 2007 UK APHA 

S02493_10 DT30 chicken 2010 UK APHA 

S01838_11 DT8 cattle 2011 UK APHA 

4204_2013 DT8 Duck 2013 Italy APHA 

S11_2473 DT8 Duck 2011 Ireland APHA 

S03122_06 DT8 goose 2006 UK APHA 

S03899_08 DT8 goose 2008 UK APHA 

S05825_07 DT30 avian 2007 UK APHA 

3990_2000 DT104 Duck 2000 UK APHA 

S02532_10 DT8 chicken 2010 UK APHA 

S05376_10 U302 Duck 2010 UK APHA 
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S01872_11 DT30 Duck 2011 UK APHA 

4361_2013 DT8 Duck 2013 France APHA 

S11_3247 DT8 Duck 2011 Ireland APHA 

S03232_06 DT195 Duck 2006 UK APHA 

S05611_08 DT8 chicken 2008 UK APHA 

S10101_07 DT8 chicken 2007 UK APHA 

S02996_10 DT8 chicken 2010 UK APHA 

S05940_10 U302 Duck 2010 UK APHA 

5672_03 DT8 Duck 2003 UK APHA 

S01887_11 DT8 Duck 2011 UK APHA 

4362_2013 DT8 Duck 2013 France APHA 

S11_3366 DT8 Duck 2011 Ireland APHA 

S03254_06 DT2 Duck 2006 UK APHA 

S05712_08 DT8 Duck 2008 UK APHA 

S0119_10 DT8 turkey 2010 UK APHA 

S04091_10 DT8 Duck 2010 UK APHA 

S05946_10 U302 Duck 2010 UK APHA 

S01944_11 DT8 Duck 2011 UK APHA 

4363_2013 DT8 Duck 2013 France APHA 

5486_05 DT30 Duck 2005 UK APHA 

S11_3652 DT8 Duck 2011 Ireland APHA 

S04001_06 DT30 goose 2006 UK APHA 

L00555_08 n/a Duck 2008 UK APHA 

S00473_10 DT8 donkey 2010 UK APHA 

S04500_10 untypa
ble 

Duck 2010 UK APHA 

S05982_10 DT8 turkey 2010 UK APHA 

S02028_11 DT8 elephant 2011 UK APHA 

4264_2013 DT8 Duck 2013 France APHA 

S12_7 DT8 Duck 2012 Ireland APHA 

S01299_09 DT8 Duck 2009 UK APHA 

531_1998 DT8 Duck 1998 UK APHA 

S01345_10 DT8 Duck 2010 UK APHA 

S04501_10 DT8 Duck 2010 UK APHA 

L01157_10 DT8 chicken 2010 UK APHA 

S02230_11 DT8 horse 2011 UK APHA 

S12_71 DT8 Duck 2012 Ireland APHA 

S05303_06 DT8 cattle 2006 UK APHA 

S04527_10 DT8 feed 2010 UK APHA 

H100920317 DT8 Human 2010 UK APHA 

S02264_13 DT30 Duck 2013 UK APHA 

S10_002590 DT8 Duck 2010 Ireland APHA 

H102860398 DT8 Human 2010 UK APHA 

H122460450 DT30 Human 2012 UK APHA 

S01085_13 DT30 Duck 2013 UK APHA 
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S00829_13 DT193 Duck 2013 UK APHA 

H100580475 DT8 Human 2010 UK APHA 

S10_002570 DT8 Duck 2010 UK APHA 

S02433_12 DT8 partridge 2010 UK APHA 

S04039_12 DT8 Duck 2010 UK APHA 

6440_1994 DT8 Cattle 1994 UK APHA 

H102500306 DT8 Human 2010 UK APHA 

H102640297 DT8 Human 2010 UK APHA 

H101540365 DT8 Human 2010 UK APHA 

S10_002446 DT8 Duck 2010 UK APHA 

4798_1994 DT8 Dog 1994 UK APHA 

S06292_12 DT30 Duck 2012 UK APHA 

H102420629 DT8 Human 2010 UK APHA 

H102520502 DT8 Human 2010 UK APHA 

S10_002696 DT8 
 

2010 UK APHA 

Salmoporc DT9 
  

UK APHA 

S02693_12 DT8 horse 2012 UK APHA 

S10_002693 DT8 Duck 2010 UK APHA 

H102340424 DT8 Human 2010 UK APHA 

H102360334 DT8 Human 2010 UK APHA 

H122360467 DT30 Human 2012 UK APHA 

S03079_13 DT41 Duck 2013 UK APHA 

S12_000794 DT8 Duck 2012 UK APHA 

H102060263 DT8 Human 2010 UK APHA 

H102260537 DT8 Human 2010 UK APHA 

H101700306 DT8 Human 2010 UK APHA 

H114040550 DT30 Human 2011 UK APHA 

S02370_12 DT8 pheasant 2012 UK APHA 

S10_00037073 DT8 ND 2010 UK APHA 

S11_002572 DT8 Duck 2011 UK APHA 

S03086_11 DT8 parrot 2011 UK APHA 

H102060263 DT8 Human 2010 UK APHA 

H101000361 DT8 Human 2010 UK APHA 

H095080368 DT8 Human 2009 UK APHA 

H113860446 DT30 Human 2011 UK APHA 

H093700684 DT8 Human 2010 UK APHA 

S06231_12 DT41 Duck 
 

UK APHA 

S02693_13 DT8 pheasant 2013 UK APHA 

H101660105 DT8 Human 2010 UK APHA 

H095080368 DT8 Human 2009 UK APHA 

H093060663 DT8 Human 2009 UK APHA 

H102860373 DT8 Human 2010 UK APHA 

H101320108 DT8 Human 2010 UK APHA 

H102980421 DT8 Human 2010 UK APHA 
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S02482_12 DT8 pheasant 2012 UK APHA 

H101540365 DT8 Human 2010 UK APHA 

H094200556 DT8 Human 2009 UK APHA 

H092460168 DT8 Human 2009 UK APHA 

H122360547 DT30 Human 2012 UK APHA 

H102860371 DT8 Human 2010 UK APHA 

ST571_TM 
   

UK APHA 

S10_000865 DT8 
  

UK APHA 

H122380533 DT30 Human 2012 UK APHA 

H093980731 DT8 Human 2009 UK APHA 

H092040408 DT8 Human 2009 UK APHA 

H122420319 DT30 Human 2012 UK APHA 

H122360553 DT30 Human 2012 UK APHA 

H101660105 DT8 Human 2010 UK APHA 

S03645_11 DT30 Duck 2011 UK APHA 

S10_002348 DT8 
 

2010 UK APHA 

H093880802 DT8 Human 2009 UK APHA 

H091040136 DT8 Human 2009 UK APHA 

H093400237 DT8 Human 9 UK APHA 

S10_003104  DT8 Duck 2010 UK APHA 

3232_07 
   

UK APHA 

S06298_12 DT8 Duck 2012 UK APHA 

S06742_12 DT8 Duck 2012 UK APHA 

S02930_13 DT41 Duck 2013 UK APHA 

S03679_11 DT30 Duck 3011 UK APHA 

S2924_11 DT8 Turkey 2011 UK APHA 

6441_1994 DT8 Cattle 1994 UK APHA 

S02791_12 DT8 Duck 2012 UK APHA 

8424_1997 DT8 Duck 1997 UK APHA 

284_1998 DT104 Duck 1998 UK APHA 

6371_1993 DT8 Cattle 1993 UK APHA 

3825_1995 DT104 Duck 1995 UK APHA 

10028_1996 DT208 Duck 1996 UK APHA 

2270_1997 
  

1997 UK APHA 

758_2001 DT125 Duck 2001 UK APHA 

3131_04 DT8 Duck 2004 UK APHA 

S10_698 DT8 Duck 2010 UK APHA 

5127_1995 DT40 Duck 1995 UK APHA 

S10_1059 DT8 Duck 2010 UK APHA 

5175_1995 DT104 Duck 1995 UK APHA 

11087_1996 DT193 Duck 1996 UK APHA 

2883_2001 DT30 Duck 2001 UK APHA 

3397_1993 DT8 chicken 1993 UK APHA 

4875_1997 DT195 Duck 1997 UK APHA 



238 

 

7403_02 DT30 Duck 2002 UK APHA 

8049_1993 DT8 Dog 1993 UK APHA 

6923_1996 n/a Duck 1996 UK APHA 

6157_1997 DT8 Duck 1997 UK APHA 

6425_1998 DT8 Duck 1998 UK APHA 

7399_1996 DT120 Duck 1996 UK APHA 

6886_1997 DT30 Duck 1997 UK APHA 

9606_02 DT30 Duck 2002 UK APHA 

4459_1994 DT193 Duck 1994 UK APHA 

7499_1996 DT8 Cattle 1996 UK APHA 

2291_05 DT8 Duck 2005 UK APHA 

S2733_1997 DT195 Duck 1997 UK APHA 

5983_1993 DT40 Duck 1993 UK APHA 

S10524_1996 DT9 Duck 1996 UK APHA 

3517_1997 DT195 Duck 1997 UK APHA 

2510_1998 DT30 feed  1998 UK APHA 

2437_2001 DT30 turkey 2001 UK APHA 

6281_04 DT30 Duck 2004 UK APHA 

103_1993 DT30 Duck 1993 UK APHA 

3519_1997 DT8 Duck 1997 UK APHA 

4433_1998 DT104 Duck 1998 UK APHA 

L01857_04 DT41 Duck 2004 UK APHA 

12232_1995 DT104 Duck 1995 UK APHA 

11088_1996 DT9 Duck 1996 UK APHA 

4974_1998 DT1 Duck 1998 UK APHA 

1280_05 DT66 Duck 2005 UK APHA 

S10_1916 DT8 avian 2010 UK APHA 

11553_1996 DT9 Duck 1996 UK APHA 

7410_02 DT8 chicken 2002 UK APHA 

1822_05 DT8 Duck 2005 UK APHA 

S10_1908 DT8 cattle 2010 UK APHA 

10359_1993 DT8 Duck 1993 UK APHA 

10017_1996 DT8 feed  1996 UK APHA 

9358_1998 DT99 Duck 1998 UK APHA 

2031_05 DT41 Duck 2005 UK APHA 

S10_2137 DT8 cat 2010 UK APHA 

137_1997 DT30 Duck 1997 UK APHA 

6888_1997 DT8 Duck 1997 UK APHA 

1426_2000 DT8 pheasant 2000 UK APHA 

60_03 DT8 Duck 2003 UK APHA 

2684_1994 DT8 Duck 1994 UK APHA 

7668_1996 DT8 Duck 1996 UK APHA 

759_1997 DT104 Duck 1997 UK APHA 

183_03 DT8 Duck 2003 UK APHA 
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2780_1994 DT8 Duck 1994 UK APHA 

925_1997 DT99 Duck 1997 UK APHA 

156_1998 DT8 chicken 1998 UK APHA 

S10_2590  DT8 Duck 2010 UK APHA 

8674_1994 DT104 Duck 1994 UK APHA 

8270_1996 DT8 turkey 1996 UK APHA 

927_1997 DT8 Duck 1997 UK APHA 

5269_2000 DT40 Duck 2000 UK APHA 

7423_03 DT30 Duck 2003 UK APHA 

S01564_10 DT8 alpaca 2010 UK APHA 

8378_1996 DT8 Duck 1996 UK APHA 

5935_2000 DT8 turkey 2000 UK APHA 

L01344_03 DT8 cattle 2003 UK APHA 

9000_1996 DT40 Duck 1996 UK APHA 

2381_1997 DT195 Duck 1997 UK APHA 

870_1998 DT8 horse 1998 UK APHA 

65_04 DT8 Duck 2004 UK APHA 

S11_525 DT8 cattle 2011 UK APHA 

S12_118 DT8 Duck 2012 UK APHA 

S02888_11 DT8 Duck 2011 UK APHA 

S10_1308 DT8 Duck 2010 UK APHA 

S12_429 DT8 Duck 2012 UK APHA 

S11_966 DT8 cattle 2011 UK APHA 

S01690_10 DT30 Duck 2010 UK APHA 

S02918_11 DT8 Duck 2011 UK APHA 

S01836_10 DT8 cattle 2010 UK APHA 

S02919_11 DT8 Duck 2011 UK APHA 

S04839_10 DT30 Duck 2010 UK APHA 

S04003_06 DT8 goose 2006 UK APHA 

S02243_09 DT8 pheasant 2009 UK APHA 

S01509_10 DT30 goose 2010 UK APHA 

L1291_10 DT8 Duck 2010 UK APHA 

S02756_11 DT30 turkey 2011 UK APHA 

S05634_12 DT41 Duck 2012 UK APHA 

S3202_07 ? Duck 2007 UK APHA 

4904_1996 DT8 Duck 1996 UK APHA 

6758_1996 DT8 Duck 1996 UK APHA 

6882_1997 DT8 Duck 1997 UK APHA 

2358_1998 DT104 Duck 1998 UK APHA 

S10_002137 DT8 cat 2010 UK APHA 

S6656_12 DT9 
 

2012 UK APHA 

MS57 DT30 
  

Ireland Mohammed 
et al., 2015 

PB225 DT8 
  

Ireland Mohammed 
et al., 2015 
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PB469 DT8 
  

ireland Mohammed 
et al., 2015 

PB880 DT8 
  

Ireland Mohammed 
et al., 2015 

H124521012 DT 120 CHICKEN 2012 UK Public Health 
England 

H124521014 DT 120 CHICKEN 2012 UK Public Health 
England 

H124521018 DT 120 POULTRY 2012 UK Public Health 
England 

H124521082 DT 135 Human 2012 UK Public Health 
England 

H124521083 DT 8 Human 2012 UK Public Health 
England 

H124521119 DT 135 Human 2012 UK Public Health 
England 

H124521124 DT 9 Human 2012 UK Public Health 
England 

H124521125 DT 208 Human 2012 UK Public Health 
England 

H124521137 DT 64 Human 2012 UK Public Health 
England 

H124521169 DT 135 Human 2012 UK Public Health 
England 

H124521176 RDNC Human 2012 UK Public Health 
England 

H124521199 DT 64 Human 2012 UK Public Health 
England 

H124521212 DT 208 Human 2012 UK Public Health 
England 

H124521302 DT 35 CHICKEN 2012 UK Public Health 
England 

H124521308 DT 135 CHICKEN 2012 UK Public Health 
England 

H124521316 DT 30 CHICKEN 2012 UK Public Health 
England 

H124521322 DT 135 POULTRY 2012 UK Public Health 
England 

H124521330 DT 8 ANIMAL 2012 UK Public Health 
England 

H124521333 DT 35 POULTRY 2012 UK Public Health 
England 

H124521334 DT 64 ANIMAL 2012 UK Public Health 
England 
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H132260914 DT 120 CHICKEN 2013 UK Public Health 
England 

H132260959 DT 120 Human 2013 UK Public Health 
England 

H132260971 DT 64 Human 2013 UK Public Health 
England 

H133020731 DT 8 Human 2013 UK Public Health 
England 

H141420383 None Human 2014 UK Public Health 
England 

H141420385 DT 193 Human 2014 UK Public Health 
England 

H141420391 DT 193 Human 2014 UK Public Health 
England 

H141420393 RDNC Human 2014 UK Public Health 
England 

H141420398 DT 104 Human 2014 UK Public Health 
England 

H141420400 DT 193 Human 2014 UK Public Health 
England 

H141420402 DT 193 Human 2014 UK Public Health 
England 

H141460669 DT 193 Human 2014 UK Public Health 
England 

H141480357 DT 15 Human 2014 UK Public Health 
England 

H141480359 DT 177 Human 2014 UK Public Health 
England 

H141480439 DT 56 Human 2014 UK Public Health 
England 

H141500474 DT 193 Human 2014 UK Public Health 
England 

H141500475 None Human 2014 UK Public Health 
England 

H141500476 DT 193 Human 2014 UK Public Health 
England 

H141500477 DT 193 Human 2014 UK Public Health 
England 

H141500478 RDNC Human 2014 UK Public Health 
England 

H141500484 DT 193 Human 2014 UK Public Health 
England 

H141500485 DT 193 Human 2014 UK Public Health 
England 
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H141520436 RDNC Human 2014 UK Public Health 
England 

H141520468 None Human 2014 UK Public Health 
England 

H141520470 DT 56 Human 2014 UK Public Health 
England 

H141540514 DT 104 Human 2014 UK Public Health 
England 

H141540529 DT 120 Human 2014 UK Public Health 
England 

H141560271 DT 193 Human 2014 UK Public Health 
England 

H141580495 DT 193 RAW 
MEAT 

2014 UK Public Health 
England 

H141580499 DT 104 Human 2014 UK Public Health 
England 

H141580500 DT 195 Human 2014 UK Public Health 
England 

H141580501 DT 143 Human 2014 UK Public Health 
England 

H141580502 RDNC Human 2014 UK Public Health 
England 

H141580503 DT 193 Human 2014 UK Public Health 
England 

H141580513 DT 56 Human 2014 UK Public Health 
England 

H141600085 DT 193 Human 2014 UK Public Health 
England 

H141600086 DT 193 Human 2014 UK Public Health 
England 

H141600088 DT 193 Human 2014 UK Public Health 
England 

H141600092 None Human 2014 UK Public Health 
England 

H141600104 None Human 2014 UK Public Health 
England 

H141600104 None Human 2014 UK Public Health 
England 

H141600104 None Human 2014 UK Public Health 
England 

H141600105 None Human 2014 UK Public Health 
England 

H141620518 DT 56 Human 2014 UK Public Health 
England 
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H141620518 DT 56 Human 2014 UK Public Health 
England 

H141620520 Untyp
able 

Human 2014 UK Public Health 
England 

H141620520 Untyp
able 

Human 2014 UK Public Health 
England 

H141620522 DT 8 Human 2014 UK Public Health 
England 

H141620522 DT 8 Human 2014 UK Public Health 
England 

H141620526 DT 193 Human 2014 UK Public Health 
England 

H141620528 DT 193 Human 2014 UK Public Health 
England 

H141620528 DT 193 Human 2014 UK Public Health 
England 

H141620529 DT 56 Human 2014 UK Public Health 
England 

H141620529 DT 56 Human 2014 UK Public Health 
England 

H141620533 DT 120 Human 2014 UK Public Health 
England 

H141640734 DT 104 Human 2014 UK Public Health 
England 

H141640739 None Human 2014 UK Public Health 
England 

H141640739 None Human 2014 UK Public Health 
England 

H141640740 None Human 2014 UK Public Health 
England 

H141640740 None Human 2014 UK Public Health 
England 

H141660473 DT 193 Human 2014 UK Public Health 
England 

H141660474 DT 104 Human 2014 UK Public Health 
England 

H141660475 PT 
U311 

PORK - 
RAW 

2014 UK Public Health 
England 

H141660476 DT 104 Human 2014 UK Public Health 
England 

H141660477 DT 120 Human 2014 UK Public Health 
England 

H141660478 None Human 2014 UK Public Health 
England 
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H141660479 DT 104 Human 2014 UK Public Health 
England 

H141660481 DT 193 PORK 2014 UK Public Health 
England 

H141660485 DT 193 RAW 
MEAT 

2014 UK Public Health 
England 

H141741067 DT 104 Human 2014 UK Public Health 
England 

H141741091 DT 120 Human 2014 UK Public Health 
England 

H141741092 PT 
U323 

Human 2014 UK Public Health 
England 

H141741094 None Human 2014 UK Public Health 
England 

H141741095 None Human 2014 UK Public Health 
England 

H141741114 DT 193 SOURCE 
UNKNOW
N 

2014 UK Public Health 
England 

H141741117 DT 193 SOURCE 
UNKNOW
N 

2014 UK Public Health 
England 

H141741118 DT 104 SOURCE 
UNKNOW
N 

2014 UK Public Health 
England 

H141741121 DT 86 NCTC 
5713B3 

2014 UK Public Health 
England 

H141760554 DT 193 Human 2014 UK Public Health 
England 

H141760555 PT 
U313 

Human 2014 UK Public Health 
England 

H141760556 DT 193 Human 2014 UK Public Health 
England 

H141760557 None Human 2014 UK Public Health 
England 

H141760561 None Human 2014 UK Public Health 
England 

H141780732 DT 21 RAW 
MEAT 

2014 UK Public Health 
England 

H141780739 None Human 2014 UK Public Health 
England 

H141780740 DT 195 Human 2014 UK Public Health 
England 

H141780741 DT 193 Human 2014 UK Public Health 
England 
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H141800491 DT 193 Human 2014 UK Public Health 
England 

H141800493 None Human 2014 UK Public Health 
England 

H141800494 None Human 2014 UK Public Health 
England 

H141820386 DT 193 Human 2014 UK Public Health 
England 

H141820387 DT 193 Human 2014 UK Public Health 
England 

H141820388 DT 193 Human 2014 UK Public Health 
England 

H141820389 DT 193 Human 2014 UK Public Health 
England 

H141820390 DT 104 Human 2014 UK Public Health 
England 

H141820391 PT 
U314 

Human 2014 UK Public Health 
England 

H141820392 DT 193 Human 2014 UK Public Health 
England 

H141820393 PT 
U288 

Human 2014 UK Public Health 
England 

H141820410 DT 193 Human 2014 UK Public Health 
England 

H141840455 PT 
U312 

Human 2014 UK Public Health 
England 

H141840456 None Human 2014 UK Public Health 
England 

H141840457 PT 
U312 

Human 2014 UK Public Health 
England 

H141840458 DT 104 Human 2014 UK Public Health 
England 

H141840462 DT 193 Human 2014 UK Public Health 
England 

H141840463 DT 1 EQA 2014 UK Public Health 
England 

H141840464 DT 21 RAW 
MEAT 

2014 UK Public Health 
England 

H141840475 None Human 2014 UK Public Health 
England 

H141840480 DT 120 Human 2014 UK Public Health 
England 

H141840482 DT 120 Human 2014 UK Public Health 
England 
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H141860444 RDNC Human 2014 UK Public Health 
England 

H141860462 DT 120 Human 2014 UK Public Health 
England 

H141880251 PT 
U312 

Human 2014 UK Public Health 
England 

H141880252 DT 193 Human 2014 UK Public Health 
England 

H141880253 PT 
U317 

Human 2014 UK Public Health 
England 

H141880254 DT 120 UNKNOW
N SOURCE 
(NON 
HUMAN) 

2014 UK Public Health 
England 

H141880268 DT 193 Human 2014 UK Public Health 
England 

H141920581 DT 135 Human 2014 UK Public Health 
England 

H141920582 DT 193 Human 2014 UK Public Health 
England 

H141920583 DT 104 Human 2014 UK Public Health 
England 

H141920584 DT 22 Human 2014 UK Public Health 
England 

H141920596 None Human 2014 UK Public Health 
England 

H141940684 None Human 2014 UK Public Health 
England 

H141940696 None Human 2014 UK Public Health 
England 

H141940697 DT 104 Human 2014 UK Public Health 
England 

H141940698 RDNC Human 2014 UK Public Health 
England 

H141940699 DT 193 Human 2014 UK Public Health 
England 

H141940700 DT 104 Human 2014 UK Public Health 
England 

H141940702 DT 132 Human 2014 UK Public Health 
England 

H141940704 DT 170 Human 2014 UK Public Health 
England 

H141940705 DT 193 Human 2014 UK Public Health 
England 
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H141960658 None Human 2014 UK Public Health 
England 

H141960659 DT 120 Human 2014 UK Public Health 
England 

H141960666 PT 
U323 

Human 2014 UK Public Health 
England 

H141960674 DT 7 Human 2014 UK Public Health 
England 

H141960675 DT 193 Human 2014 UK Public Health 
England 

H141960676 DT 193 Human 2014 UK Public Health 
England 

H141980453 DT 193 SOURCE 
UNKNOW
N 

2014 UK Public Health 
England 

H141980458 DT 104 NCTC 
AMPOULE 

2014 UK Public Health 
England 

H141980465 DT 74 Human 2014 UK Public Health 
England 

H141980466 DT 1 Human 2014 UK Public Health 
England 

H141980469 DT 193 Human 2014 UK Public Health 
England 

H142000598 None Human 2014 UK Public Health 
England 

H142000599 DT 132 Human 2014 UK Public Health 
England 

H142000600 DT 1 Human 2014 UK Public Health 
England 

H142020343 DT 193 Human 2014 UK Public Health 
England 

H142020344 DT 41 Human 2014 UK Public Health 
England 

H142020349 None Human 2014 UK Public Health 
England 

H142020351 None Human 2014 UK Public Health 
England 

H142020418 DT 193 Human 2014 UK Public Health 
England 

H142020419 DT 193 Human 2014 UK Public Health 
England 

H142020420 RDNC Human 2014 UK Public Health 
England 
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H142020441 DT 193 Human 2014 UK Public Health 
England 

H142040424 DT 104 Human 2014 UK Public Health 
England 

H142040426 DT 101 Human 2014 UK Public Health 
England 

H142040436 DT 104 Human 2014 UK Public Health 
England 

H142040442 DT 120 Human 2014 UK Public Health 
England 

H142040445 RDNC Human 2014 UK Public Health 
England 

H142040455 None Human 2014 UK Public Health 
England 

H142060410 DT 193 Human 2014 UK Public Health 
England 

H142060412 PT 
U277 

Human 2014 UK Public Health 
England 

H142060415 DT 193 Human 2014 UK Public Health 
England 

H142080647 DT 193 Human 2014 UK Public Health 
England 

H142080648 None Human 2014 UK Public Health 
England 

H142100254 DT 193 Human 2014 UK Public Health 
England 

H142100255 DT 170 Human 2014 UK Public Health 
England 

H142100256 PT 
U302 

Human 2014 UK Public Health 
England 

H142100257 DT 193 Human 2014 UK Public Health 
England 

H142100258 DT 41 Human 2014 UK Public Health 
England 

H142100259 DT 29 Human 2014 UK Public Health 
England 

H142120282 DT 64 Human 2014 UK Public Health 
England 

H142120283 DT 193 Human 2014 UK Public Health 
England 

H142140689 DT 103 Human 2014 UK Public Health 
England 

H142140691 DT 1 Human 2014 UK Public Health 
England 
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H142140696 None Human 2014 UK Public Health 
England 

H142140702 DT 193 Human 2014 UK Public Health 
England 

H142160283 DT 120 Human 2014 UK Public Health 
England 

H142160284 DT 104 Human 2014 UK Public Health 
England 

H142160286 None Human 2014 UK Public Health 
England 

H142160292 DT 193 RAW 
MEAT 

2014 UK Public Health 
England 

H142160293 DT 193 Human 2014 UK Public Health 
England 

H142160295 DT 120 Human 2014 UK Public Health 
England 

H142180411 DT 193 Human 2014 UK Public Health 
England 

H142180412 DT 193 Human 2014 UK Public Health 
England 

H142180413 DT 193 Human 2014 UK Public Health 
England 

H142240388 PT 
U310 

Human 2014 UK Public Health 
England 

H142240391 DT 193 Human 2014 UK Public Health 
England 

H142240393 DT 101 Human 2014 UK Public Health 
England 

H142240394 DT 161 Human 2014 UK Public Health 
England 

H142240396 DT 193 Human 2014 UK Public Health 
England 

H142240397 DT 22 Human 2014 UK Public Health 
England 

H142240472 DT 161 Human 2014 UK Public Health 
England 

H142260380 DT 15 Human 2014 UK Public Health 
England 

H142260381 DT 193 Human 2014 UK Public Health 
England 

H142260381 DT 193 Human 2014 UK Public Health 
England 

H142260451 DT 193 Human 2014 UK Public Health 
England 
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H142280446 DT 193 Human 2014 UK Public Health 
England 

H142300580 DT 104 Human 2014 UK Public Health 
England 

H142300582 DT 193 Human 2014 UK Public Health 
England 

H142320339 DT 120 Human 2014 UK Public Health 
England 

H142320344 RDNC Human 2014 UK Public Health 
England 

H142320354 DT 193 Human 2014 UK Public Health 
England 

H142320355 DT 193 Human 2014 UK Public Health 
England 

H142320356 DT 120 Human 2014 UK Public Health 
England 

H142320357 DT 193 Human 2014 UK Public Health 
England 

H142320358 DT 104 Human 2014 UK Public Health 
England 

H142320411 PT 
U310 

Human 2014 UK Public Health 
England 

H142340624 DT 2 Human 2014 UK Public Health 
England 

H142340625 DT 193 Human 2014 UK Public Health 
England 

H142340626 DT 193 Human 2014 UK Public Health 
England 

H142340627 DT 193 Human 2014 UK Public Health 
England 

H142340629 DT 73 Human 2014 UK Public Health 
England 

H142360379 DT 8 Human 2014 UK Public Health 
England 

H142360387 DT 120 Human 2014 UK Public Health 
England 

H142360389 DT 120 Human 2014 UK Public Health 
England 

H142380312 PT 
U311 

Human 2014 UK Public Health 
England 

H142380313 PT 
U323 

Human 2014 UK Public Health 
England 

H142380314 DT 2 Human 2014 UK Public Health 
England 
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H142380315 DT 193 Human 2014 UK Public Health 
England 

H142380316 DT 193 Human 2014 UK Public Health 
England 

H142380317 DT 104 Human 2014 UK Public Health 
England 

H142380318 DT 2 Human 2014 UK Public Health 
England 

H142380320 DT 193 Human 2014 UK Public Health 
England 

H142400424 DT 191 Human 2014 UK Public Health 
England 

H142420764 DT 193 Human 2014 UK Public Health 
England 

H142420765 DT 191 Human 2014 UK Public Health 
England 

H142420766 RDNC Human 2014 UK Public Health 
England 

H142420768 DT 193 Human 2014 UK Public Health 
England 

H142420769 DT 193 Human 2014 UK Public Health 
England 

H142420807 RDNC Human 2014 UK Public Health 
England 

H142420808 None Human 2014 UK Public Health 
England 

H142420821 None Human 2014 UK Public Health 
England 

H142420822 DT 193 Human 2014 UK Public Health 
England 

H142440682 PT 
U302 

Human 2014 UK Public Health 
England 

H142440683 DT 193 Human 2014 UK Public Health 
England 

H142440684 DT 177 Human 2014 UK Public Health 
England 

H142440685 DT 193 Human 2014 UK Public Health 
England 

H142440703 DT 8 Human 2014 UK Public Health 
England 

H142440705 DT 193 Human 2014 UK Public Health 
England 

H142440707 None Human 2014 UK Public Health 
England 
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H142460293 DT 94 Human 2014 UK Public Health 
England 

H142500094 DT 104 Human 2014 UK Public Health 
England 

H142500101 DT 193 Human 2014 UK Public Health 
England 

H142520441 DT 203 Human 2014 UK Public Health 
England 

H142520442 DT 104 Human 2014 UK Public Health 
England 

H142520443 PT 
U302 

Human 2014 UK Public Health 
England 

H142520444 PT 
U323 

Human 2014 UK Public Health 
England 

H142520827 DT 193 Human 2014 UK Public Health 
England 

H142540301 DT 193 Human 2014 UK Public Health 
England 

H142540304 DT 49 Human 2014 UK Public Health 
England 

H142540308 DT 2 Human 2014 UK Public Health 
England 

H142540309 DT 193 Human 2014 UK Public Health 
England 

H142540310 DT 104 Human 2014 UK Public Health 
England 

H142540390 DT 193 Human 2014 UK Public Health 
England 

H142540395 DT 8 Human 2014 UK Public Health 
England 

H142540400 DT 178 Human 2014 UK Public Health 
England 

H142560489 DT 193 Human 2014 UK Public Health 
England 

H142560491 DT 193 Human 2014 UK Public Health 
England 

H142560538 DT 1 Human 2014 UK Public Health 
England 

H142580387 DT 120 Human 2014 UK Public Health 
England 

H142600609 DT 120 Human 2014 UK Public Health 
England 

H142600655 DT 104 Human 2014 UK Public Health 
England 
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H142600656 DT 46 Human 2014 UK Public Health 
England 

H142600659 DT 193 Human 2014 UK Public Health 
England 

H142600660 DT 193 Human 2014 UK Public Health 
England 

H142600661 DT 193 Human 2014 UK Public Health 
England 

H142600665 DT 195 Human 2014 UK Public Health 
England 

H142620391 DT 2 Human 2014 UK Public Health 
England 

H142640381 DT 193 Human 2014 UK Public Health 
England 

H142640382 DT 193 Human 2014 UK Public Health 
England 

H142640383 DT 191 Human 2014 UK Public Health 
England 

H142640384 DT 193 Human 2014 UK Public Health 
England 

H142640385 PT 
U302 

Human 2014 UK Public Health 
England 

H142640386 None Human 2014 UK Public Health 
England 

H142640387 None Human 2014 UK Public Health 
England 

H142640394 DT 193 Human 2014 UK Public Health 
England 

H142660316 DT 193 Human 2014 UK Public Health 
England 

H142680476 DT 193 Human 2014 UK Public Health 
England 

H142680477 PT 
U311 

Human 2014 UK Public Health 
England 

H142680479 RDNC NOT 
STATED 

2014 UK Public Health 
England 

H142680481 DT 193 Human 2014 UK Public Health 
England 

H142700048 DT 104 Human 2014 UK Public Health 
England 

H142720293 PT 
U311 

Human 2014 UK Public Health 
England 

H142720294 RDNC Human 2014 UK Public Health 
England 
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H142720295 PT 
U314 

Human 2014 UK Public Health 
England 

H142720297 DT 193 Human 2014 UK Public Health 
England 

H142720298 DT 193 Human 2014 UK Public Health 
England 

H142720299 DT 193 Human 2014 UK Public Health 
England 

H142740617 DT 193 Human 2014 UK Public Health 
England 

H142740622 DT 193 Human 2014 UK Public Health 
England 

H142740624 DT 193 Human 2014 UK Public Health 
England 

H142740625 DT 193 Human 2014 UK Public Health 
England 

H142740626 PT 
U302 

Human 2014 UK Public Health 
England 

H142740627 DT 104 Human 2014 UK Public Health 
England 

H142740628 DT 99 Human 2014 UK Public Health 
England 

H142740641 DT 56 Human 2014 UK Public Health 
England 

H142740643 DT 177 Human 2014 UK Public Health 
England 

H142760493 DT 132 Human 2014 UK Public Health 
England 

H142760495 PT 
U323 

Human 2014 UK Public Health 
England 

H142760496 None Human 2014 UK Public Health 
England 

H142760497 DT 193 Human 2014 UK Public Health 
England 

H142760499 DT 193 Human 2014 UK Public Health 
England 

H142760550 DT 193 Human 2014 UK Public Health 
England 

H142780347 None Human 2014 UK Public Health 
England 

H142780372 DT 40 Human 2014 UK Public Health 
England 

H142780373 DT 35 Human 2014 UK Public Health 
England 
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H142780374 DT 104 Human 2014 UK Public Health 
England 

H142780376 DT 193 Human 2014 UK Public Health 
England 

H142800188 DT 193 Human 2014 UK Public Health 
England 

H142800189 DT 193 Human 2014 UK Public Health 
England 

H142800190 DT 17 Human 2014 UK Public Health 
England 

H142800191 None Human 2014 UK Public Health 
England 

H142800209 Untyp
able 

Human 2014 UK Public Health 
England 

H142820396 None Human 2014 UK Public Health 
England 

H142820412 DT 8 Human 2014 UK Public Health 
England 

H142820418 DT 193 Human 2014 UK Public Health 
England 

H142820420 DT 135 Human 2014 UK Public Health 
England 

H142820422 DT 193 Human 2014 UK Public Health 
England 

H142820424 DT 135 Human 2014 UK Public Health 
England 

H142820426 DT 193 Human 2014 UK Public Health 
England 

H142820427 DT 120 Human 2014 UK Public Health 
England 

H142820428 DT 101 Human 2014 UK Public Health 
England 

H142820429 DT 101 Human 2014 UK Public Health 
England 

H142820431 None Human 2014 UK Public Health 
England 

H142820468 DT 193 Human 2014 UK Public Health 
England 

H142840476 None Human 2014 UK Public Health 
England 

H142840477 DT 69 Human 2014 UK Public Health 
England 

H142840479 DT 101 Human 2014 UK Public Health 
England 



256 

 

H142840480 DT 193 Human 2014 UK Public Health 
England 

H142840488 DT 193 Human 2014 UK Public Health 
England 

H142860385 DT 193 Human 2014 UK Public Health 
England 

H142860396 DT 135 Human 2014 UK Public Health 
England 

H142860397 DT 193 Human 2014 UK Public Health 
England 

H142860403 DT 193 Human 2014 UK Public Health 
England 

H142880242 DT 193 Human 2014 UK Public Health 
England 

H142880244 PT 
U310 

Human 2014 UK Public Health 
England 

H142880245 None Human 2014 UK Public Health 
England 

H142880246 None Human 2014 UK Public Health 
England 

H142880253 DT 104 Human 2014 UK Public Health 
England 

H142900379 DT 104 Human 2014 UK Public Health 
England 

H142900475 PT 
U311 

Human 2014 UK Public Health 
England 

H142900476 DT 193 Human 2014 UK Public Health 
England 

H142920569 DT 135 Human 2014 UK Public Health 
England 

H142920572 PT 
U310 

Human 2014 UK Public Health 
England 

H142920573 DT 49 Human 2014 UK Public Health 
England 

H142920575 DT 1 Human 2014 UK Public Health 
England 

H142920576 DT 193 Human 2014 UK Public Health 
England 

H142920583 PT 
U288 

Human 2014 UK Public Health 
England 

H142920585 DT 193 Human 2014 UK Public Health 
England 

H142920602 PT 
U310 

Human 2014 UK Public Health 
England 



257 

 

H142920606 DT 104 Human 2014 UK Public Health 
England 

H142920607 DT 8 Human 2014 UK Public Health 
England 

H142920608 DT 1 Human 2014 UK Public Health 
England 

H142920612 DT 195 Human 2014 UK Public Health 
England 

H142940532 DT 193 Human 2014 UK Public Health 
England 

H142940534 DT 193 Human 2014 UK Public Health 
England 

H142940536 None Human 2014 UK Public Health 
England 

H142940545 DT 1 Human 2014 UK Public Health 
England 

H142940549 DT 1 Human 2014 UK Public Health 
England 

H142940551 DT 193 Human 2014 UK Public Health 
England 

H142940552 PT 
U288 

Human 2014 UK Public Health 
England 

H142940554 PT 
U311 

Human 2014 UK Public Health 
England 

H142940555 PT 
U311 

Human 2014 UK Public Health 
England 

H142940556 PT 
U311 

Human 2014 UK Public Health 
England 

H142940557 PT 
U311 

Human 2014 UK Public Health 
England 

H142940559 PT 
U311 

Human 2014 UK Public Health 
England 

H142940577 DT 104 Human 2014 UK Public Health 
England 

H142940579 DT 193 Human 2014 UK Public Health 
England 

H142960507 DT 74 Human 2014 UK Public Health 
England 

H142960508 DT 193 Human 2014 UK Public Health 
England 

H142960510 PT 
U312 

Human 2014 UK Public Health 
England 

H142960521 DT 193 Human 2014 UK Public Health 
England 



258 

 

H142960527 DT 2 Human 2014 UK Public Health 
England 

H142980299 None Human 2014 UK Public Health 
England 

H142980300 DT 193 Human 2014 UK Public Health 
England 

H142980300 DT 193 Human 2014 UK Public Health 
England 

H142980302 DT 193 Human 2014 UK Public Health 
England 

H143000283 PT 
U288 

Human 2014 UK Public Health 
England 

H143000285 DT 193 Human 2014 UK Public Health 
England 

H143000286 None Human 2014 UK Public Health 
England 

H143000286 None Human 2014 UK Public Health 
England 

H143000295 DT 193 Human 2014 UK Public Health 
England 

H143000297 DT 193 Human 2014 UK Public Health 
England 

H143020367 PT 
U302 

Human 2014 UK Public Health 
England 

H143020368 DT 193 Human 2014 UK Public Health 
England 

H143020369 DT 22 Human 2014 UK Public Health 
England 

H143020372 DT 193 Human 2014 UK Public Health 
England 

H143020373 DT 193 Human 2014 UK Public Health 
England 

H143020374 PT 
U288 

Human 2014 UK Public Health 
England 

H143020408 DT 193 Human 2014 UK Public Health 
England 

H143040502 PT 
U288 

Human 2014 UK Public Health 
England 

H143040504 DT 193 Human 2014 UK Public Health 
England 

H143040505 DT 193 Human 2014 UK Public Health 
England 

H143040507 PT 
U311 

Human 2014 UK Public Health 
England 



259 

 

H143040509 DT 195 Human 2014 UK Public Health 
England 

H143040511 DT 193 Human 2014 UK Public Health 
England 

H143040550 DT 101 Human 2014 UK Public Health 
England 

H143060181 PT 
U311 

Human 2014 UK Public Health 
England 

H143060187 DT 205 Human 2014 UK Public Health 
England 

H143060188 DT 193 Human 2014 UK Public Health 
England 

H143060189 DT 193 Human 2014 UK Public Health 
England 

H143060191 DT 193 Human 2014 UK Public Health 
England 

H143060192 PT 
U302 

Human 2014 UK Public Health 
England 

H143060271 PT 
U311 

Human 2014 UK Public Health 
England 

H143080507 DT 193 Human 2014 UK Public Health 
England 

H143080514 DT 193 Human 2014 UK Public Health 
England 

H143080520 DT 193 Human 2014 UK Public Health 
England 

H143080521 DT 104 Human 2014 UK Public Health 
England 

H143080522 RDNC Human 2014 UK Public Health 
England 

H143100440 RDNC Human 2014 UK Public Health 
England 

H143100441 RDNC Human 2014 UK Public Health 
England 

H143100443 DT 193 Human 2014 UK Public Health 
England 

H143100447 DT 193 Human 2014 UK Public Health 
England 

H143100449 PT 
U276 

Human 2014 UK Public Health 
England 

H143100450 DT 193 Human 2014 UK Public Health 
England 

H143120411 PT 
U311 

Human 2014 UK Public Health 
England 



260 

 

H143120415 DT 193 Human 2014 UK Public Health 
England 

H143120421 DT 2 Human 2014 UK Public Health 
England 

H143120429 DT 40 Human 2014 UK Public Health 
England 

H143120432 DT 193 Human 2014 UK Public Health 
England 

H143120433 DT 193 Human 2014 UK Public Health 
England 

H143120493 RDNC Human 2014 UK Public Health 
England 

H143120493 RDNC Human 2014 UK Public Health 
England 

H143140475 DT 193 Human 2014 UK Public Health 
England 

H143140481 DT 193 Human 2014 UK Public Health 
England 

H143140483 DT 120 Human 2014 UK Public Health 
England 

H143140486 DT 193 Human 2014 UK Public Health 
England 

H143140487 DT 120 Human 2014 UK Public Health 
England 

H143140488 DT 9 Human 2014 UK Public Health 
England 

H143140489 DT 49 Human 2014 UK Public Health 
England 

H143140492 DT 193 Human 2014 UK Public Health 
England 

H143140492 DT 193 Human 2014 UK Public Health 
England 

H143140493 DT 193 Human 2014 UK Public Health 
England 

H143140578 None Human 2014 UK Public Health 
England 

H143140582 DT 42 Human 2014 UK Public Health 
England 

H143140589 DT 193 Human 2014 UK Public Health 
England 

H143140591 DT 43 Human 2014 UK Public Health 
England 

H143160363 DT 191 Human 2014 UK Public Health 
England 



261 

 

H143160439 DT 193 Human 2014 UK Public Health 
England 

H143160444 DT 104 Human 2014 UK Public Health 
England 

H143160444 DT 104 Human 2014 UK Public Health 
England 

H143180347 PT 
U311 

Human 2014 UK Public Health 
England 

H143180352 PT 
U288 

Human 2014 UK Public Health 
England 

H143180353 DT 41 Human 2014 UK Public Health 
England 

H143180355 DT 193 Human 2014 UK Public Health 
England 

H143180357 DT 193 Human 2014 UK Public Health 
England 

H143180357 DT 193 Human 2014 UK Public Health 
England 

H143200210 DT 104 Human 2014 UK Public Health 
England 

H143200215 DT 193 Human 2014 UK Public Health 
England 

H143200218 DT 193 Human 2014 UK Public Health 
England 

H143200580 PT 
U311 

Human 2014 UK Public Health 
England 

H143200611 DT 104 Human 2014 UK Public Health 
England 

H143200618 DT 8 Human 2014 UK Public Health 
England 

H143220671 DT 193 Human 2014 UK Public Health 
England 

H143220672 DT 8 Human 2014 UK Public Health 
England 

H143220674 None Human 2014 UK Public Health 
England 

H143220678 DT 193 Human 2014 UK Public Health 
England 

H143220686 RDNC Human 2014 UK Public Health 
England 

H143220688 DT 120 Human 2014 UK Public Health 
England 

H143220689 DT 193 Human 2014 UK Public Health 
England 



262 

 

H143220691 DT 193 Human 2014 UK Public Health 
England 

H143220692 DT 104 Human 2014 UK Public Health 
England 

H143220695 DT 1 Human 2014 UK Public Health 
England 

H143220698 DT 193 Human 2014 UK Public Health 
England 

H143220699 PT 
U311 

Human 2014 UK Public Health 
England 

H143220700 PT 
U311 

Human 2014 UK Public Health 
England 

H143220701 DT 7 CATTLE 2014 UK Public Health 
England 

H143220702 RDNC CATTLE 2014 UK Public Health 
England 

H143220707 DT 193 Human 2014 UK Public Health 
England 

H143220792 DT 193 Human 2014 UK Public Health 
England 

H143220793 DT 104 Human 2014 UK Public Health 
England 

H143240626 DT 193 Human 2014 UK Public Health 
England 

H143240631 DT 8 Human 2014 UK Public Health 
England 

H143240635 PT 
U312 

Human 2014 UK Public Health 
England 

H143240637 PT 
U312 

Human 2014 UK Public Health 
England 

H143240640 DT 193 FROZEN 
RAW 
CHICKEN 

2014 UK Public Health 
England 

H143240642 PT 
U302 

Human 2014 UK Public Health 
England 

H143240643 DT 193 Human 2014 UK Public Health 
England 

H143240644 DT 193 Human 2014 UK Public Health 
England 

H143240645 None Human 2014 UK Public Health 
England 

H143240647 DT 120 Human 2014 UK Public Health 
England 

H143240650 RDNC Human 2014 UK Public Health 
England 



263 

 

H143240651 DT 101 Human 2014 UK Public Health 
England 

H143240683 DT 193 Human 2014 UK Public Health 
England 

H143240685 DT 2 Human 2014 UK Public Health 
England 

H143260616 DT 193 Human 2014 UK Public Health 
England 

H143260617 None Human 2014 UK Public Health 
England 

H143260618 None Human 2014 UK Public Health 
England 

H143260626 DT 193 Human 2014 UK Public Health 
England 

H143260627 DT 104 Human 2014 UK Public Health 
England 

H143260629 DT 193 Human 2014 UK Public Health 
England 

H143260631 DT 10 Human 2014 UK Public Health 
England 

H143260632 PT 
U276 

Human 2014 UK Public Health 
England 

H143260633 DT 120 Human 2014 UK Public Health 
England 

H143280585 DT 2 Human 2014 UK Public Health 
England 

H143280585 DT 2 Human 2014 UK Public Health 
England 

H143280587 DT 101 Human 2014 UK Public Health 
England 

H143280603 DT 193 Human 2014 UK Public Health 
England 

H143280604 PT 
U302 

Human 2014 UK Public Health 
England 

H143280605 DT 193 Human 2014 UK Public Health 
England 

H143280606 DT 104 Human 2014 UK Public Health 
England 

H143280607 DT 193 Human 2014 UK Public Health 
England 

H143280610 DT 193 Human 2014 UK Public Health 
England 

H143300400 DT 193 Human 2014 UK Public Health 
England 



264 

 

H143300401 DT 193 Human 2014 UK Public Health 
England 

H143300402 PT 
U323 

Human 2014 UK Public Health 
England 

H143300403 DT 12 Human 2014 UK Public Health 
England 

H143300404 DT 193 Human 2014 UK Public Health 
England 

H143300405 DT 120 Human 2014 UK Public Health 
England 

H143320328 None Human 2014 UK Public Health 
England 

H143320447 DT 56 Human 2014 UK Public Health 
England 

H143320448 DT 193 Human 2014 UK Public Health 
England 

H143320465 DT 193 Human 2014 UK Public Health 
England 

H143320471 DT 104 Human 2014 UK Public Health 
England 

H143320472 RDNC Human 2014 UK Public Health 
England 

H143320490 DT 4 Human 2014 UK Public Health 
England 

H143340483 None Human 2014 UK Public Health 
England 

H143340495 DT 193 Human 2014 UK Public Health 
England 

H143340496 PT 
U331 

Human 2014 UK Public Health 
England 

H143340500 None Human 2014 UK Public Health 
England 

H143340502 DT 104 Human 2014 UK Public Health 
England 

H143340503 DT 193 Human 2014 UK Public Health 
England 

H143340505 DT 193 Human 2014 UK Public Health 
England 

H143340506 PT 
U329 

Human 2014 UK Public Health 
England 

H143340515 None Human 2014 UK Public Health 
England 

H143340517 DT 193 Human 2014 UK Public Health 
England 



265 

 

H143340518 DT 104 Human 2014 UK Public Health 
England 

H143340519 DT 193 Human 2014 UK Public Health 
England 

H143340521 DT 8 Human 2014 UK Public Health 
England 

H143340522 DT 8 Human 2014 UK Public Health 
England 

H143360556 DT 193 Human 2014 UK Public Health 
England 

H143380360 DT 193 Human 2014 UK Public Health 
England 

H143380438 PT 
U323 

Human 2014 UK Public Health 
England 

H143380440 DT 193 Human 2014 UK Public Health 
England 

H143380441 DT 7 Human 2014 UK Public Health 
England 

H143380442 None Human 2014 UK Public Health 
England 

H143400432 PT 
U323 

Human 2014 UK Public Health 
England 

H143400433 DT 193 Human 2014 UK Public Health 
England 

H143400434 PT 
U323 

Human 2014 UK Public Health 
England 

H143400436 DT 195 Human 2014 UK Public Health 
England 

H143400440 DT 8 Human 2014 UK Public Health 
England 

H143400441 RDNC Human 2014 UK Public Health 
England 

H143400442 None Human 2014 UK Public Health 
England 

H143400481 DT 193 Human 2014 UK Public Health 
England 

H143420455 DT 135 Human 2014 UK Public Health 
England 

H143420586 None Human 2014 UK Public Health 
England 

H143420588 None Human 2014 UK Public Health 
England 

H143420589 None Human 2014 UK Public Health 
England 



266 

 

H143420590 DT 193 Human 2014 UK Public Health 
England 

H143420594 DT 193 Human 2014 UK Public Health 
England 

H143420595 DT 193 Human 2014 UK Public Health 
England 

H143420596 DT 101 Human 2014 UK Public Health 
England 

H143420602 DT 101 Human 2014 UK Public Health 
England 

H143420603 DT 193 Human 2014 UK Public Health 
England 

H143420605 DT 193 Human 2014 UK Public Health 
England 

H143440341 DT 193 Human 2014 UK Public Health 
England 

H143440347 None Human 2014 UK Public Health 
England 

H143440350 DT 1 Human 2014 UK Public Health 
England 

H143440352 DT 208 Human 2014 UK Public Health 
England 

H143480449 PT 
U311 

Human 2014 UK Public Health 
England 

H143520409 DT 193 Human 2014 UK Public Health 
England 

H143520413 DT 193 Human 2014 UK Public Health 
England 

H143520415 DT 193 Human 2014 UK Public Health 
England 

H143520418 DT 193 Human 2014 UK Public Health 
England 

H143520444 DT 49 Human 2014 UK Public Health 
England 

H143520446 RDNC Human 2014 UK Public Health 
England 

H143520449 DT 120 Human 2014 UK Public Health 
England 

H143540763 DT 8 Human 2014 UK Public Health 
England 

H143540847 DT 193 Human 2014 UK Public Health 
England 

H143540860 DT 8 Human 2014 UK Public Health 
England 



267 

 

H143540866 DT 120 Human 2014 UK Public Health 
England 

H143540867 DT 135 Human 2014 UK Public Health 
England 

H143540869 DT 193 Human 2014 UK Public Health 
England 

H143540869 DT 193 Human 2014 UK Public Health 
England 

H143540870 DT 193 Human 2014 UK Public Health 
England 

H143540872 DT 116 Human 2014 UK Public Health 
England 

H143540873 DT 135 Human 2014 UK Public Health 
England 

H143540874 DT 193 Human 2014 UK Public Health 
England 

H143540875 DT 177 Human 2014 UK Public Health 
England 

H143540876 DT 56 CAT 2014 UK Public Health 
England 

H143540877 PT 
U308 

CANARY 2014 UK Public Health 
England 

H143540878 PT 
U308 

PIG 2014 UK Public Health 
England 

H143540879 PT 
U323 

Human 2014 UK Public Health 
England 

H143540881 DT 193 Human 2014 UK Public Health 
England 

H143540882 DT 193 Human 2014 UK Public Health 
England 

H143540883 DT 193 Human 2014 UK Public Health 
England 

H143540884 PT 
U302 

Human 2014 UK Public Health 
England 

H143540885 DT 135 Human 2014 UK Public Health 
England 

H143540899 PT 
U312 

Human 2014 UK Public Health 
England 

H143540899 PT 
U312 

Human 2014 UK Public Health 
England 

H143560431 DT 193 Human 2014 UK Public Health 
England 

H143560436 DT 193 Human 2014 UK Public Health 
England 



268 

 

H143560439 DT 193 Human 2014 UK Public Health 
England 

H143560440 None Human 2014 UK Public Health 
England 

H143560441 DT 193 Human 2014 UK Public Health 
England 

H143560443 PT 
U311 

Human 2014 UK Public Health 
England 

H143560444 PT 
U323 

Human 2014 UK Public Health 
England 

H143580507 None Human 2014 UK Public Health 
England 

H143580513 DT 1 Human 2014 UK Public Health 
England 

H143580522 DT 8 Human 2014 UK Public Health 
England 

H143580525 None Human 2014 UK Public Health 
England 

H143580526 RDNC Human 2014 UK Public Health 
England 

H143580530 None Human 2014 UK Public Health 
England 

H143580533 DT 193 Human 2014 UK Public Health 
England 

H143580535 DT 193 Human 2014 UK Public Health 
England 

H143580536 DT 99 Human 2014 UK Public Health 
England 

H143580538 PT 
U311 

Human 2014 UK Public Health 
England 

H143580621 PT 
U314 

Human 2014 UK Public Health 
England 

H143600533 DT 193 Human 2014 UK Public Health 
England 

H143600534 DT 120 Human 2014 UK Public Health 
England 

H143600536 DT 193 Human 2014 UK Public Health 
England 

H143600539 DT 104 Human 2014 UK Public Health 
England 

H143600540 PT 
U311 

Human 2014 UK Public Health 
England 

H143600541 PT 
U311 

Human 2014 UK Public Health 
England 



269 

 

H143600542 DT 193 Human 2014 UK Public Health 
England 

H143600543 PT 
U311 

Human 2014 UK Public Health 
England 

H143600544 RDNC Human 2014 UK Public Health 
England 

H143600562 DT 193 Human 2014 UK Public Health 
England 

H143620791 PT 
U311 

Human 2014 UK Public Health 
England 

H143620791 PT 
U311 

Human 2014 UK Public Health 
England 

H143620793 DT 193 Human 2014 UK Public Health 
England 

H143620794 DT 193 Human 2014 UK Public Health 
England 

H143620798 DT 120 Human 2014 UK Public Health 
England 

H143620798 DT 120 Human 2014 UK Public Health 
England 

H143640556 DT 193 Human 2014 UK Public Health 
England 

H143640578 DT 104 Human 2014 UK Public Health 
England 

H143640578 DT 104 Human 2014 UK Public Health 
England 

H143640580 DT 193 Human 2014 UK Public Health 
England 

H143640580 DT 193 Human 2014 UK Public Health 
England 

H143640580 DT 193 Human 2014 UK Public Health 
England 

H143640583 DT 193 Human 2014 UK Public Health 
England 

H143640584 None Human 2014 UK Public Health 
England 

H143640585 None Human 2014 UK Public Health 
England 

H143640585 None Human 2014 UK Public Health 
England 

H143660447 DT 193 Human 2014 UK Public Health 
England 

H143660449 DT 193 Human 2014 UK Public Health 
England 



270 

 

H143660450 DT 120 Human 2014 UK Public Health 
England 

H143660462 DT 193 Human 2014 UK Public Health 
England 

H143660470 DT 193 Human 2014 UK Public Health 
England 

H143660473 DT 193 Human 2014 UK Public Health 
England 

H143660478 DT 135 Human 2014 UK Public Health 
England 

H143660478 DT 135 Human 2014 UK Public Health 
England 

H143660479 PT 
U323 

Human 2014 UK Public Health 
England 

H143660479 PT 
U323 

Human 2014 UK Public Health 
England 

H143660507 DT 193 Human 2014 UK Public Health 
England 

H143660508 DT 120 Human 2014 UK Public Health 
England 

H143680693 DT 120 Human 2014 UK Public Health 
England 

H143680693 DT 120 Human 2014 UK Public Health 
England 

H143680695 DT 193 Human 2014 UK Public Health 
England 

H143680695 DT 193 Human 2014 UK Public Health 
England 

H143680696 DT 193 Human 2014 UK Public Health 
England 

H143680696 DT 193 Human 2014 UK Public Health 
England 

H143700616 DT 101 Human 2014 UK Public Health 
England 

H143700617 DT 193 Human 2014 UK Public Health 
England 

H143700618 DT 193 Human 2014 UK Public Health 
England 

H143700633 PT 
U311 

Human 2014 UK Public Health 
England 

H143720723 PT 
U312 

Human 2014 UK Public Health 
England 

H143720725 DT 104 Human 2014 UK Public Health 
England 



271 

 

H143720758 DT 193 Human 2014 UK Public Health 
England 

H143720760 DT 2 Human 2014 UK Public Health 
England 

H143720761 DT 193 Human 2014 UK Public Health 
England 

H143720762 DT 193 Human 2014 UK Public Health 
England 

H143720763 None Human 2014 UK Public Health 
England 

H143720765 DT 193 Human 2014 UK Public Health 
England 

H143720766 DT 193 Human 2014 UK Public Health 
England 

H143720768 DT 193 Human 2014 UK Public Health 
England 

H143720769 DT 193 Human 2014 UK Public Health 
England 

H143740686 DT 81 Human 2014 UK Public Health 
England 

H143740703 None Human 2014 UK Public Health 
England 

H143740704 DT 193 PIG 2014 UK Public Health 
England 

H143740705 DT 193 PIG 2014 UK Public Health 
England 

H143740708 DT 120 Human 2014 UK Public Health 
England 

H143740710 DT 193 Human 2014 UK Public Health 
England 

H143740713 PT 
U311 

Human 2014 UK Public Health 
England 

H143740716 DT 44 Human 2014 UK Public Health 
England 

H143740718 DT 193 Human 2014 UK Public Health 
England 

H143740719 PT 
U311 

Human 2014 UK Public Health 
England 

H143740720 PT 
U311 

Human 2014 UK Public Health 
England 

H143740721 DT 80 Human 2014 UK Public Health 
England 

H143740722 DT 193 Human 2014 UK Public Health 
England 



272 

 

H143740724 DT 193 Human 2014 UK Public Health 
England 

H143740725 DT 99 Human 2014 UK Public Health 
England 

H143740729 DT 193 SOURCE 
UNKNOW
N 

2014 UK Public Health 
England 

H143760527 DT 193 Human 2014 UK Public Health 
England 

H143760573 Untyp
able 

Human 2014 UK Public Health 
England 

H143760577 DT 41 Human 2014 UK Public Health 
England 

H143760578 None Human 2014 UK Public Health 
England 

H143760579 DT 193 Human 2014 UK Public Health 
England 

H143760580 DT 193 Human 2014 UK Public Health 
England 

H143760581 DT 193 Human 2014 UK Public Health 
England 

H143760583 None Human 2014 UK Public Health 
England 

H143760585 DT 8 Human 2014 UK Public Health 
England 

H143760590 DT 193 Human 2014 UK Public Health 
England 

H143760594 DT 8 Human 2014 UK Public Health 
England 

H143780536 DT 193 Human 2014 UK Public Health 
England 

H143780537 PT 
U302 

Human 2014 UK Public Health 
England 

H143780538 DT 80 Human 2014 UK Public Health 
England 

H143780539 DT 120 Human 2014 UK Public Health 
England 

H143780540 DT 193 Human 2014 UK Public Health 
England 

H143780543 DT 1 Human 2014 UK Public Health 
England 

H143780564 DT 110 Human 2014 UK Public Health 
England 

H143800497 DT 193 Human 2014 UK Public Health 
England 



273 

 

H143800498 PT 
U291 

Human 2014 UK Public Health 
England 

H143800499 DT 46 Human 2014 UK Public Health 
England 

H143800500 DT 193 Human 2014 UK Public Health 
England 

H143800502 DT 193 Human 2014 UK Public Health 
England 

H143800504 DT 46 Human 2014 UK Public Health 
England 

H143820790 DT 8 Human 2014 UK Public Health 
England 

H143820791 DT 193 Human 2014 UK Public Health 
England 

H143820792 PT 
U323 

Human 2014 UK Public Health 
England 

H143820794 PT 
U312 

Human 2014 UK Public Health 
England 

H143820795 DT 104 Human 2014 UK Public Health 
England 

H143820797 DT 193 Human 2014 UK Public Health 
England 

H143820842 Untyp
able 

Human 2014 UK Public Health 
England 

H143840498 PT 
U277 

Human 2014 UK Public Health 
England 

H143840570 DT 46 Human 2014 UK Public Health 
England 

H143840571 DT 80 Human 2014 UK Public Health 
England 

H143840575 None Human 2014 UK Public Health 
England 

H143840576 PT 
U302 

Human 2014 UK Public Health 
England 

H143860639 DT 195 Human 2014 UK Public Health 
England 

H143860655 PT 
U312 

Human 2014 UK Public Health 
England 

H143860656 PT 
U311 

Human 2014 UK Public Health 
England 

H143860657 DT 120 Human 2014 UK Public Health 
England 

H143860658 DT 120 Human 2014 UK Public Health 
England 



274 

 

H143880696 PT 
U311 

Human 2014 UK Public Health 
England 

H143880701 PT 
U277 

Human 2014 UK Public Health 
England 

H143880703 DT 193 Human 2014 UK Public Health 
England 

H143880705 DT 120 Human 2014 UK Public Health 
England 

H143880724 DT 193 PIG 2014 UK Public Health 
England 

H143880725 DT 193 PIG 2014 UK Public Health 
England 

H143880726 DT 193 PIG 2014 UK Public Health 
England 

H143900512 DT 193 Human 2014 UK Public Health 
England 

H143900570 DT 193 Human 2014 UK Public Health 
England 

H143900571 DT 193 Human 2014 UK Public Health 
England 

H143900574 PT 
U308 

Human 2014 UK Public Health 
England 

H143920789 DT 193 Human 2014 UK Public Health 
England 

H143920792 RDNC Human 2014 UK Public Health 
England 

H143920793 DT 7 Human 2014 UK Public Health 
England 

H143920796 DT 104 Human 2014 UK Public Health 
England 

H143920797 PT 
U302 

Human 2014 UK Public Health 
England 

H143920800 PT 
U311 

Human 2014 UK Public Health 
England 

H143920801 PT 
U311 

Human 2014 UK Public Health 
England 

H143920802 DT 193 Human 2014 UK Public Health 
England 

H143920803 DT 101 Human 2014 UK Public Health 
England 

H143940533 DT 193 Human 2014 UK Public Health 
England 

H143940609 DT 193 Human 2014 UK Public Health 
England 



275 

 

H143940629 DT 193 Human 2014 UK Public Health 
England 

H143940630 DT 8 Human 2014 UK Public Health 
England 

H143940635 DT 193 Human 2014 UK Public Health 
England 

H143940637 DT 193 Human 2014 UK Public Health 
England 

H143940638 DT 120 Human 2014 UK Public Health 
England 

H143940639 DT 193 Human 2014 UK Public Health 
England 

H143960298 PT 
U323 

Human 2014 UK Public Health 
England 

H143960356 DT 104 Human 2014 UK Public Health 
England 

H143960357 DT 193 Human 2014 UK Public Health 
England 

H143960359 PT 
U323 

Human 2014 UK Public Health 
England 

H143960360 PT 
U302 

Human 2014 UK Public Health 
England 

H143960363 DT 193 Human 2014 UK Public Health 
England 

H143960367 PT 
U312 

Human 2014 UK Public Health 
England 

H143980708 DT 193 Human 2014 UK Public Health 
England 

H143980710 DT 193 Human 2014 UK Public Health 
England 

H143980721 DT 193 NECK FLAP 2014 UK Public Health 
England 

H143980724 DT 193 NECK FLAP 2014 UK Public Health 
England 

H143980725 DT 193 NECK FLAP 2014 UK Public Health 
England 

H143980726 DT 193 NECK FLAP 2014 UK Public Health 
England 

H143980747 DT 120 Human 2014 UK Public Health 
England 

H143980748 PT 
U302 

Human 2014 UK Public Health 
England 

H144000584 DT 193 Human 2014 UK Public Health 
England 



276 

 

H144000589 DT 101 Human 2014 UK Public Health 
England 

H144000591 DT 2 Human 2014 UK Public Health 
England 

H144000593 DT 1 Human 2014 UK Public Health 
England 

H144000594 DT 120 Human 2014 UK Public Health 
England 

H144020656 DT 195 Human 2014 UK Public Health 
England 

H144020667 DT 193 Human 2014 UK Public Health 
England 

H144020673 RDNC Human 2014 UK Public Health 
England 

H144020708 PT 
U302 

Human 2014 UK Public Health 
England 

H144020710 DT 193 Human 2014 UK Public Health 
England 

H144020711 DT 193 Human 2014 UK Public Health 
England 

H144020714 None Human 2014 UK Public Health 
England 

H144020715 DT 104 Human 2014 UK Public Health 
England 

H144020716 DT 193 Human 2014 UK Public Health 
England 

H144020717 DT 104 Human 2014 UK Public Health 
England 

H144020720 PT 
U323 

Human 2014 UK Public Health 
England 

H144020722 DT 101 Human 2014 UK Public Health 
England 

H144040605 DT 8 60.23504 2014 UK Public Health 
England 

H144040606 DT 8 60.23503 2014 UK Public Health 
England 

H144040612 DT 104 Human 2014 UK Public Health 
England 

H144040613 DT 193 Human 2014 UK Public Health 
England 

H144040615 DT 193 Human 2014 UK Public Health 
England 

H144040617 DT 193 Human 2014 UK Public Health 
England 



277 

 

H144040620 DT 104 Human 2014 UK Public Health 
England 

H144040621 DT 104 Human 2014 UK Public Health 
England 

H144040622 DT 193 Human 2014 UK Public Health 
England 

H144060558 PT 
U302 

Human 2014 UK Public Health 
England 

H144060572 PT 
U302 

Human 2014 UK Public Health 
England 

H144060575 DT 104 Human 2014 UK Public Health 
England 

H144060576 PT 
U302 

Human 2014 UK Public Health 
England 

H144060577 PT 
U323 

Human 2014 UK Public Health 
England 

H144080387 DT 104 Human 2014 UK Public Health 
England 

H144080426 None Human 2014 UK Public Health 
England 

H144080428 None Human 2014 UK Public Health 
England 

H144080429 None Human 2014 UK Public Health 
England 

H144080430 DT 193 Human 2014 UK Public Health 
England 

H144080431 DT 193 Human 2014 UK Public Health 
England 

H144100484 DT 104 Human 2014 UK Public Health 
England 

H144100490 DT 161 Human 2014 UK Public Health 
England 

H144120507 DT 193 Human 2014 UK Public Health 
England 

H144120530 DT 191 Human 2014 UK Public Health 
England 

H144120537 DT 193 Human 2014 UK Public Health 
England 

H144120538 None Human 2014 UK Public Health 
England 

H144120539 PT 
U323 

Human 2014 UK Public Health 
England 

H144120542 DT 41 Human 2014 UK Public Health 
England 



278 

 

H144120543 PT 
U302 

Human 2014 UK Public Health 
England 

H144120556 DT 1 Human 2014 UK Public Health 
England 

H144120557 DT 104 Human 2014 UK Public Health 
England 

H144120558 PT 
U302 

Human 2014 UK Public Health 
England 

H144120559 PT 
U323 

Human 2014 UK Public Health 
England 

H144140610 DT 104 Human 2014 UK Public Health 
England 

H144140619 DT 193 Human 2014 UK Public Health 
England 

H144140627 PT 
U311 

Human 2014 UK Public Health 
England 

H144140628 None Human 2014 UK Public Health 
England 

H144140631 DT 195 Human 2014 UK Public Health 
England 

H144140632 DT 193 Human 2014 UK Public Health 
England 

H144140634 DT 104 Human 2014 UK Public Health 
England 

H144140636 PT 
U302 

Human 2014 UK Public Health 
England 

H144140639 PT 
U323 

Human 2014 UK Public Health 
England 

H144160425 DT 15 Human 2014 UK Public Health 
England 

H144160430 DT 193 Human 2014 UK Public Health 
England 

H144160459 DT 120 Human 2014 UK Public Health 
England 

H144160463 PT 
U323 

Human 2014 UK Public Health 
England 

H144160466 PT 
U302 

Human 2014 UK Public Health 
England 

H144160467 None Human 2014 UK Public Health 
England 

H144160468 DT 99 Human 2014 UK Public Health 
England 

H144160469 DT 9 Human 2014 UK Public Health 
England 



279 

 

H144180582 DT 104 Human 2014 UK Public Health 
England 

H144180586 DT 2 Human 2014 UK Public Health 
England 

H144180588 DT 41 Human 2014 UK Public Health 
England 

H144180590 PT 
U302 

Human 2014 UK Public Health 
England 

H144180592 DT 193 Human 2014 UK Public Health 
England 

H144200657 DT 208 Human 2014 UK Public Health 
England 

H144200658 DT 1 Human 2014 UK Public Health 
England 

H144200659 DT 7 Human 2014 UK Public Health 
England 

H144200661 DT 193 Human 2014 UK Public Health 
England 

H144220658 PT 
U302 

Human 2014 UK Public Health 
England 

H144220659 Untyp
able 

Human 2014 UK Public Health 
England 

H144220661 None Human 2014 UK Public Health 
England 

H144220662 PT 
U323 

Human 2014 UK Public Health 
England 

H144220667 DT 193 Human 2014 UK Public Health 
England 

H144220669 DT 193 Human 2014 UK Public Health 
England 

H144220671 DT 120 Human 2014 UK Public Health 
England 

H144220672 DT 8 Human 2014 UK Public Health 
England 

H144220673 DT 193 Human 2014 UK Public Health 
England 

H144220674 PT 
U311 

Human 2014 UK Public Health 
England 

H144220675 DT 208 Human 2014 UK Public Health 
England 

H144220712 PT 
U277 

GREEN 
FINCH 

2014 UK Public Health 
England 

H144220720 DT 208 Human 2014 UK Public Health 
England 



280 

 

H144220720 DT 208 Human 2014 UK Public Health 
England 

H144240607 DT 104 Human 2014 UK Public Health 
England 

H144240609 DT 193 Human 2014 UK Public Health 
England 

H144240612 DT 104 Human 2014 UK Public Health 
England 

H144240613 DT 193 Human 2014 UK Public Health 
England 

H144240614 DT 193 Human 2014 UK Public Health 
England 

H144240634 DT 135 Human 2014 UK Public Health 
England 

H144240637 DT 208 Human 2014 UK Public Health 
England 

H144240638 DT 208 Human 2014 UK Public Health 
England 

H144260658 DT 208 Human 2014 UK Public Health 
England 

H144260669 PT 
U288 

Human 2014 UK Public Health 
England 

H144260673 DT 104 Human 2014 UK Public Health 
England 

H144260674 DT 8 Human 2014 UK Public Health 
England 

H144260675 DT 193 Human 2014 UK Public Health 
England 

H144260676 RDNC Human 2014 UK Public Health 
England 

H144280521 DT 193 Human 2014 UK Public Health 
England 

H144280569 DT 101 Human 2014 UK Public Health 
England 

H144280570 None Human 2014 UK Public Health 
England 

H144280571 DT 104 Human 2014 UK Public Health 
England 

H144300569 DT 193 Human 2014 UK Public Health 
England 

H144300576 PT 
U311 

Human 2014 UK Public Health 
England 

H144300578 PT 
U311 

Human 2014 UK Public Health 
England 



281 

 

H144300579 PT 
U311 

Human 2014 UK Public Health 
England 

H144320727 DT 120 Human 2014 UK Public Health 
England 

H144320757 DT 193 Human 2014 UK Public Health 
England 

H144320758 DT 193 Human 2014 UK Public Health 
England 

H144320759 PT 
U302 

Human 2014 UK Public Health 
England 

H144320760 DT 101 Human 2014 UK Public Health 
England 

H144320771 DT 195 Human 2014 UK Public Health 
England 

H144320772 PT 
U323 

Human 2014 UK Public Health 
England 

H144320773 PT 
U323 

Human 2014 UK Public Health 
England 

H144340671 DT 193 Human 2014 UK Public Health 
England 

H144340706 PT 
U311 

Human 2014 UK Public Health 
England 

H144340707 DT 96 Human 2014 UK Public Health 
England 

H144340709 DT 104 Human 2014 UK Public Health 
England 

H144340709 DT 104 Human 2014 UK Public Health 
England 

H144340710 PT 
U323 

Human 2014 UK Public Health 
England 

H144340711 DT 193 Human 2014 UK Public Health 
England 

H144340712 DT 1 Human 2014 UK Public Health 
England 

H144340714 DT 193 Human 2014 UK Public Health 
England 

H144340715 DT 93 Human 2014 UK Public Health 
England 

H144340716 DT 193 Human 2014 UK Public Health 
England 

H144340718 DT 193 Human 2014 UK Public Health 
England 

H144340719 PT 
U311 

Human 2014 UK Public Health 
England 



282 

 

H144360255 DT 193 Human 2014 UK Public Health 
England 

H144360256 PT 
U302 

Human 2014 UK Public Health 
England 

H144360257 DT 193 Human 2014 UK Public Health 
England 

H144360258 PT 
U302 

Human 2014 UK Public Health 
England 

H144360259 RDNC Human 2014 UK Public Health 
England 

H144380544 DT 2 Human 2014 UK Public Health 
England 

H144380574 PT 
U311 

Human 2014 UK Public Health 
England 

H144380583 None NCTC1188
1B2D 

2014 UK Public Health 
England 

H144380585 PT 
U323 

Human 2014 UK Public Health 
England 

H144380586 PT 
U323 

Human 2014 UK Public Health 
England 

H144400569 DT 193 Human 2014 UK Public Health 
England 

H144400598 DT 193 Human 2014 UK Public Health 
England 

H144400600 PT 
U302 

Human 2014 UK Public Health 
England 

H144400601 DT 193 Human 2014 UK Public Health 
England 

H144420807 DT 208 Human 2014 UK Public Health 
England 

H144420810 DT 2 Human 2014 UK Public Health 
England 

H144420811 DT 193 Human 2014 UK Public Health 
England 

H144420896 DT 2 Human 2014 UK Public Health 
England 

H144420905 DT 104 Human 2014 UK Public Health 
England 

H144420906 DT 2 Human 2014 UK Public Health 
England 

H144420908 DT 193 Human 2014 UK Public Health 
England 

H144420910 DT 120 Human 2014 UK Public Health 
England 



283 

 

H144420913 DT 193 Human 2014 UK Public Health 
England 

H144420914 DT 193 Human 2014 UK Public Health 
England 

H144420915 DT 193 Human 2014 UK Public Health 
England 

H144420916 DT 193 Human 2014 UK Public Health 
England 

H144420918 PT 
U329 

Human 2014 UK Public Health 
England 

H144440743 DT 193 Human 2014 UK Public Health 
England 

H144440744 DT 193 Human 2014 UK Public Health 
England 

H144440750 DT 193 Human 2014 UK Public Health 
England 

H144440753 PT 
U288 

Human 2014 UK Public Health 
England 

H144440765 DT 193 Human 2014 UK Public Health 
England 

H144460488 Untyp
able 

Human 2014 UK Public Health 
England 

H144480567 DT 193 Human 2014 UK Public Health 
England 

H144480568 DT 193 Human 2014 UK Public Health 
England 

H144480569 DT 120 Human 2014 UK Public Health 
England 

H144500515 Untyp
able 

Human 2014 UK Public Health 
England 

H144500519 PT 
U302 

Human 2014 UK Public Health 
England 

H144500533 PT 
U302 

Human 2014 UK Public Health 
England 

H144500534 DT 193 Human 2014 UK Public Health 
England 

H144500535 PT 
U302 

Human 2014 UK Public Health 
England 

H144520686 DT 193 Human 2014 UK Public Health 
England 

H144520687 DT 193 Human 2014 UK Public Health 
England 

H144520703 DT 1 Human 2014 UK Public Health 
England 



284 

 

H144520714 PT 
U323 

Human 2014 UK Public Health 
England 

H144520715 DT 2 Human 2014 UK Public Health 
England 

H144520716 DT 104 Human 2014 UK Public Health 
England 

H144520719 DT 193 Human 2014 UK Public Health 
England 

H144520720 PT 
U312 

Human 2014 UK Public Health 
England 

H144520723 DT 193 Human 2014 UK Public Health 
England 

H144520724 DT 193 Human 2014 UK Public Health 
England 

H144520725 DT 193 Human 2014 UK Public Health 
England 

H144540567 None Human 2014 UK Public Health 
England 

H144540642 DT 56 Human 2014 UK Public Health 
England 

H144540644 DT 193 Human 2014 UK Public Health 
England 

H144540652 DT 193 Human 2014 UK Public Health 
England 

H144540654 DT 193 Human 2014 UK Public Health 
England 

H144540655 PT 
U302 

Human 2014 UK Public Health 
England 

H144540656 DT 132 Human 2014 UK Public Health 
England 

H144540658 DT 193 Human 2014 UK Public Health 
England 

H144540660 DT 2 Human 2014 UK Public Health 
England 

H144560569 DT 104 Human 2014 UK Public Health 
England 

H144560589 DT 132 UNKNOW
N SOURCE 

2014 UK Public Health 
England 

H144560590 DT 193 Human 2014 UK Public Health 
England 

H144560591 PT 
U329 

Human 2014 UK Public Health 
England 

H144580647 DT 193 Human 2014 UK Public Health 
England 



285 

 

H144580651 PT 
U311 

Human 2014 UK Public Health 
England 

H144580657 DT 21 Human 2014 UK Public Health 
England 

H144600638 DT 193 Human 2014 UK Public Health 
England 

H144600640 RDNC Human 2014 UK Public Health 
England 

H144600656 DT 193 Human 2014 UK Public Health 
England 

H144600660 DT 193 Human 2014 UK Public Health 
England 

H144620685 DT 193 Human 2014 UK Public Health 
England 

H144620695 DT 193 Human 2014 UK Public Health 
England 

H144620698 RDNC Human 2014 UK Public Health 
England 

H144620699 DT 193 Human 2014 UK Public Health 
England 

H144620700 DT 2 Human 2014 UK Public Health 
England 

H144620701 DT 1 Human 2014 UK Public Health 
England 

H144620718 None Human 2014 UK Public Health 
England 

H144620719 DT 193 Human 2014 UK Public Health 
England 

H144620721 DT 11 Human 2014 UK Public Health 
England 

H144620722 DT 193 Human 2014 UK Public Health 
England 

H144640572 DT 132 SOURCE 
UNKNOW
N 

2014 UK Public Health 
England 

H144640573 DT 132 SOURCE 
UNKNOW
N 

2014 UK Public Health 
England 

H144640576 DT 193 Human 2014 UK Public Health 
England 

H144640577 PT 
U312 

Human 2014 UK Public Health 
England 

H144640578 DT 193 Human 2014 UK Public Health 
England 



286 

 

H144640579 DT 193 Human 2014 UK Public Health 
England 

H144640580 DT 120 Human 2014 UK Public Health 
England 

H144640583 DT 104 Human 2014 UK Public Health 
England 

H144640584 PT 
U288 

Human 2014 UK Public Health 
England 

H144640585 DT 120 Human 2014 UK Public Health 
England 

H144660684 RDNC Human 2014 UK Public Health 
England 

H144660687 DT 132 SOURCE 
UNKNOW
N 

2014 UK Public Health 
England 

H144660698 DT 193 Human 2014 UK Public Health 
England 

H144660699 PT 
U281 

Human 2014 UK Public Health 
England 

H144660700 PT 
U302 

Human 2014 UK Public Health 
England 

H144660701 PT 
U323 

Human 2014 UK Public Health 
England 

H144680508 DT 193 Human 2014 UK Public Health 
England 

H144680543 None Human 2014 UK Public Health 
England 

H144680544 None Human 2014 UK Public Health 
England 

H144680548 DT 193 Human 2014 UK Public Health 
England 

H144680549 DT 120 Human 2014 UK Public Health 
England 

H144680550 DT 193 Human 2014 UK Public Health 
England 

H144680551 DT 101 Human 2014 UK Public Health 
England 

H144700423 DT 193 Human 2014 UK Public Health 
England 

H144700424 RDNC Human 2014 UK Public Health 
England 

H144700426 DT 132 Human 2014 UK Public Health 
England 

H144720736 DT 193 Human 2014 UK Public Health 
England 



287 

 

H144720785 DT 193 Human 2014 UK Public Health 
England 

H144720834 None Human 2014 UK Public Health 
England 

H144720840 DT 193 Human 2014 UK Public Health 
England 

H144720845 DT 193 Human 2014 UK Public Health 
England 

H144720847 DT 193 Human 2014 UK Public Health 
England 

H144740651 DT 2 Human 2014 UK Public Health 
England 

H144740658 DT 15 Human 2014 UK Public Health 
England 

H144740702 None Human 2014 UK Public Health 
England 

H144740709 DT 193 Human 2014 UK Public Health 
England 

H144740710 DT 8 Human 2014 UK Public Health 
England 

H144740711 None Human 2014 UK Public Health 
England 

H144740712 RDNC Human 2014 UK Public Health 
England 

H144740718 DT 1 Human 2014 UK Public Health 
England 

H144740719 DT 193 Human 2014 UK Public Health 
England 

H144740720 DT 101 Human 2014 UK Public Health 
England 

H144740723 DT 179 Human 2014 UK Public Health 
England 

H144760703 DT 132 FOOD 
SOURCE 
UNKNOW
N 

2014 UK Public Health 
England 

H144760704 DT 132 FOOD 
SOURCE 
UNKNOW
N 

2014 UK Public Health 
England 

H144760705 DT 132 FOOD 
SOURCE 
UNKNOW
N 

2014 UK Public Health 
England 



288 

 

H144760707 DT 132 FOOD 
SOURCE 
UNKNOW
N 

2014 UK Public Health 
England 

H144760708 DT 191 Human 2014 UK Public Health 
England 

H144760719 DT 132 FOOD 
SOURCE 
UNKNOW
N 

2014 UK Public Health 
England 

H144780621 DT 195 Human 2014 UK Public Health 
England 

H144780661 DT 132 SOURCE 
UNKNOW
N 

2014 UK Public Health 
England 

H144780666 DT 132 Human 2014 UK Public Health 
England 

H144780666 DT 132 Human 2014 UK Public Health 
England 

H144780673 DT 120 Human 2014 UK Public Health 
England 

H144800748 DT 193 Human 2014 UK Public Health 
England 

H144800782 PT 
U311 

Human 2014 UK Public Health 
England 

H144800784 DT 120 Human 2014 UK Public Health 
England 

H144820727 DT 21 Human 2014 UK Public Health 
England 

H144820733 PT 
U311 

Human 2014 UK Public Health 
England 

H144840757 DT 120 Human 2014 UK Public Health 
England 

H144840760 PT 
U311 

Human 2014 UK Public Health 
England 

H144840761 DT 120 Human 2014 UK Public Health 
England 

H144840762 DT 193 Human 2014 UK Public Health 
England 

H144840763 DT 193 Human 2014 UK Public Health 
England 

H144840764 PT 
U311 

Human 2014 UK Public Health 
England 

H144880865 DT 12 Human 2014 UK Public Health 
England 



289 

 

H144880866 None Human 2014 UK Public Health 
England 

H144880867 DT 193 Human 2014 UK Public Health 
England 

H144880869 DT 41 Human 2014 UK Public Health 
England 

H144880871 DT 193 Human 2014 UK Public Health 
England 

H144880873 DT 120 Human 2014 UK Public Health 
England 

H144900572 DT 104 Human 2014 UK Public Health 
England 

H144900575 DT 161 Human 2014 UK Public Health 
England 

H144900578 PT 
U323 

Human 2014 UK Public Health 
England 

H144920410 PT 
U311 

Human 2014 UK Public Health 
England 

H144920411 PT 
U311 

Human 2014 UK Public Health 
England 

H144920412 PT 
U311 

Human 2014 UK Public Health 
England 

H144920413 PT 
U311 

Human 2014 UK Public Health 
England 

H144920618 None Human 2014 UK Public Health 
England 

H144920624 DT 120 Human 2014 UK Public Health 
England 

H144920627 RDNC Human 2014 UK Public Health 
England 

H144920628 Untyp
able 

Human 2014 UK Public Health 
England 

H144920630 DT 120 Human 2014 UK Public Health 
England 

H144920634 DT 193 Human 2014 UK Public Health 
England 

H144920635 DT 120 Human 2014 UK Public Health 
England 

H144920636 PT 
U311 

Human 2014 UK Public Health 
England 

H144920637 DT 56 Human 2014 UK Public Health 
England 

H144940487 PT 
U311 

Human 2014 UK Public Health 
England 



290 

 

H144940490 DT 41 Human 2014 UK Public Health 
England 

H144940553 DT 120 Human 2014 UK Public Health 
England 

H144940556 DT 120 Human 2014 UK Public Health 
England 

H144940560 DT 193 Human 2014 UK Public Health 
England 

H144960545 DT 120 Human 2014 UK Public Health 
England 

H144960547 DT 120 Human 2014 UK Public Health 
England 

H144980592 DT 208 Human 2014 UK Public Health 
England 

H144980717 DT 193 Human 2014 UK Public Health 
England 

H144980718 None Human 2014 UK Public Health 
England 

H144980731 DT 120 Human 2014 UK Public Health 
England 

H144980732 DT 120 Human 2014 UK Public Health 
England 

H144980733 DT 120 Human 2014 UK Public Health 
England 

H144980734 DT 120 Human 2014 UK Public Health 
England 

H144980735 DT 120 Human 2014 UK Public Health 
England 

H145000544 DT 20 Human 2014 UK Public Health 
England 

H145000545 PT 
U317 

Human 2014 UK Public Health 
England 

H145020733 DT 191 Human 2014 UK Public Health 
England 

H145020735 DT 193 Human 2014 UK Public Health 
England 

H145040692 DT 193 Human 2014 UK Public Health 
England 

H145040715 PT 
U311 

Human 2014 UK Public Health 
England 

H145040717 DT 120 Human 2014 UK Public Health 
England 

H145040718 DT 120 Human 2014 UK Public Health 
England 



291 

 

H145040721 DT 120 Human 2014 UK Public Health 
England 

H145040722 DT 120 Human 2014 UK Public Health 
England 

H145040728 DT 193 Human 2014 UK Public Health 
England 

H145060536 DT 193 Human 2014 UK Public Health 
England 

H145060537 DT 193 Human 2014 UK Public Health 
England 

H145060538 None Human 2014 UK Public Health 
England 

H145060720 DT 104 Human 2014 UK Public Health 
England 

H145060728 Untyp
able 

Human 2014 UK Public Health 
England 

H145080408 DT 193 Human 2014 UK Public Health 
England 

H145080409 DT 193 Human 2014 UK Public Health 
England 

H145080411 DT 120 Human 2014 UK Public Health 
England 

H145080413 DT 193 Human 2014 UK Public Health 
England 

H145080422 DT 12 Human 2014 UK Public Health 
England 

H145100624 DT 120 Human 2014 UK Public Health 
England 

H145100673 DT 40 Human 2014 UK Public Health 
England 

H145100674 DT 193 Human 2014 UK Public Health 
England 

H145100676 DT 104 Human 2014 UK Public Health 
England 

H145100680 DT 193 Human 2014 UK Public Health 
England 

H145100686 DT 195 Human 2014 UK Public Health 
England 

H145100804 None Human 2014 UK Public Health 
England 

H145120591 DT 104 Human 2014 UK Public Health 
England 

H145120596 DT 2 Human 2014 UK Public Health 
England 



292 

 

H145120597 DT 2 Human 2014 UK Public Health 
England 

H145120612 DT 193 Human 2014 UK Public Health 
England 

H145120615 DT 193 Human 2014 UK Public Health 
England 

H145120616 DT 193 Human 2014 UK Public Health 
England 

H145120619 PT 
U329 

Human 2014 UK Public Health 
England 

H145120620 DT 18 Human 2014 UK Public Health 
England 

H145120625 None Human 2014 UK Public Health 
England 

H145140590 DT 193 Human 2014 UK Public Health 
England 

H145140591 PT 
U302 

Human 2014 UK Public Health 
England 

H145140592 DT 193 Human 2014 UK Public Health 
England 

H145140594 DT 1 Human 2014 UK Public Health 
England 

H145140595 PT 
U311 

Human 2014 UK Public Health 
England 

H145140599 PT 
U311 

Human 2014 UK Public Health 
England 

H145140600 DT 120 Human 2014 UK Public Health 
England 

H145140601 DT 120 Human 2014 UK Public Health 
England 

H145160571 DT 1 Human 2014 UK Public Health 
England 

H145160574 DT 104 Human 2014 UK Public Health 
England 

H145160676 DT 10 Human 2014 UK Public Health 
England 

H145180570 PT 
U302 

Human 2014 UK Public Health 
England 

H145180710 DT 7 Human 2014 UK Public Health 
England 

H145180715 PT 
U311 

Human 2014 UK Public Health 
England 

H145180717 DT 193 Human 2014 UK Public Health 
England 



293 

 

H145180718 None Human 2014 UK Public Health 
England 

H145180719 DT 193 Human 2014 UK Public Health 
England 

H145180720 PT 
U323 

Human 2014 UK Public Health 
England 

H145200602 DT 41 Human 2014 UK Public Health 
England 

H145200606 PT 
U311 

Human 2014 UK Public Health 
England 

H145200609 DT 2 Human 2014 UK Public Health 
England 

H145200611 None Human 2014 UK Public Health 
England 

H145220846 DT 193 Human 2014 UK Public Health 
England 

H145220852 DT 193 Human 2014 UK Public Health 
England 

H145220853 DT 1 Human 2014 UK Public Health 
England 

H145240540 PT 
U311 

Human 2014 UK Public Health 
England 

H145240594 RDNC Human 2014 UK Public Health 
England 

H150120636 DT 193 Human 2015 UK Public Health 
England 

H150120639 DT 135 Human 2015 UK Public Health 
England 

H150120641 DT 193 Human 2015 UK Public Health 
England 

H150120645 DT 193 Human 2015 UK Public Health 
England 

H150120668 DT 1 Human 2015 UK Public Health 
England 

H150140575 DT 193 Human 2015 UK Public Health 
England 

H150140577 DT 193 Human 2015 UK Public Health 
England 

H150200808 PT 
U288 

Human 2015 UK Public Health 
England 

H150200809 DT 193 Human 2015 UK Public Health 
England 

H150200814 None Human 2015 UK Public Health 
England 



294 

 

H150220500 RDNC Human 2015 UK Public Health 
England 

H150220501 DT 120 Human 2015 UK Public Health 
England 

H150220502 DT 120 Human 2015 UK Public Health 
England 

H150220503 DT 120 Human 2015 UK Public Health 
England 

H150220505 DT 193 Human 2015 UK Public Health 
England 

H150220507 DT 193 Human 2015 UK Public Health 
England 

H150220512 None Human 2015 UK Public Health 
England 

H150220513 DT 193 Human 2015 UK Public Health 
England 

H150220521 DT 41 Human 2015 UK Public Health 
England 

H150240436 DT 193 Human 2015 UK Public Health 
England 

H150240437 PT 
U311 

Human 2015 UK Public Health 
England 

H150240438 DT 41 Human 2015 UK Public Health 
England 

H150240440 DT 120 Human 2015 UK Public Health 
England 

H150240441 DT 120 Human 2015 UK Public Health 
England 

H150260321 DT 193 Human 2015 UK Public Health 
England 

H150260323 DT 193 Human 2015 UK Public Health 
England 

H150260324 PT 
U323 

Human 2015 UK Public Health 
England 

H150260326 DT 104 Human 2015 UK Public Health 
England 

H150260329 DT 193 RAW 
POULTRY 

2015 UK Public Health 
England 

H150260336 DT 2 Human 2015 UK Public Health 
England 

H150280543 DT 104 Human 2015 UK Public Health 
England 

H150280548 DT 193 Human 2015 UK Public Health 
England 



295 

 

H150300415 PT 
U331 

Human 2015 UK Public Health 
England 

H150300545 DT 193 Human 2015 UK Public Health 
England 

H150300551 DT 193 Human 2015 UK Public Health 
England 

H150300552 PT 
U311 

Human 2015 UK Public Health 
England 

H150320538 PT 
U311 

Human 2015 UK Public Health 
England 

H150320614 DT 41 Human 2015 UK Public Health 
England 

H150320692 DT 104 Human 2015 UK Public Health 
England 

H150320697 RDNC Human 2015 UK Public Health 
England 

H150320702 DT 193 Human 2015 UK Public Health 
England 

H150320703 DT 104 Human 2015 UK Public Health 
England 

H150320704 DT 193 Human 2015 UK Public Health 
England 

H150320705 DT 120 Human 2015 UK Public Health 
England 

H150320711 DT 193 Human 2015 UK Public Health 
England 

H150320714 PT 
U288 

Human 2015 UK Public Health 
England 

H150320715 DT 193 Human 2015 UK Public Health 
England 

H150340498 RDNC Human 2015 UK Public Health 
England 

H150340501 DT 137 Human 2015 UK Public Health 
England 

H150340503 DT 2 Human 2015 UK Public Health 
England 

H150380351 DT 104 Human 2015 UK Public Health 
England 

H150400536 RDNC Human 2015 UK Public Health 
England 

H150400537 DT 193 Human 2015 UK Public Health 
England 

H150400539 Untyp
able 

Human 2015 UK Public Health 
England 



296 

 

H150400540 DT 193 Human 2015 UK Public Health 
England 

H150440669 DT 193 Human 2015 UK Public Health 
England 

H150440671 DT 193 Human 2015 UK Public Health 
England 

H150440673 DT 193 Human 2015 UK Public Health 
England 

H150440674 DT 193 Human 2015 UK Public Health 
England 

H150460715 PT 
U323 

Human 2015 UK Public Health 
England 

H150460717 PT 
U288 

Human 2015 UK Public Health 
England 

H150460720 DT 193 Human 2015 UK Public Health 
England 

H150460724 DT 193 Human 2015 UK Public Health 
England 

H150480665 DT 104 Human 2015 UK Public Health 
England 

H150480666 DT 193 Human 2015 UK Public Health 
England 

H150520684 PT 
U311 

Human 2015 UK Public Health 
England 

H150520687 DT 193 Human 2015 UK Public Health 
England 

H150540596 DT 120 Human 2015 UK Public Health 
England 

H150540602 DT 193 Human 2015 UK Public Health 
England 

H150540604 PT 
U311 

Human 2015 UK Public Health 
England 

H150560629 DT 193 Human 2015 UK Public Health 
England 

H150560633 DT 132 Human 2015 UK Public Health 
England 

H150560638 RDNC Human 2015 UK Public Health 
England 

H150560642 DT 41 Human 2015 UK Public Health 
England 

H150580636 RDNC RAW 
PRODUCE 

2015 UK Public Health 
England 

H150580642 DT 104 Human 2015 UK Public Health 
England 



297 

 

H150580643 RDNC Human 2015 UK Public Health 
England 

H150580648 DT 56 Human 2015 UK Public Health 
England 

H150600548 DT 104 Human 2015 UK Public Health 
England 

H150620544 DT 193 Human 2015 UK Public Health 
England 

H150620545 DT 193 Human 2015 UK Public Health 
England 

H150620591 DT 193 Human 2015 UK Public Health 
England 

H150620593 DT 193 Human 2015 UK Public Health 
England 

H150640534 DT 193 Human 2015 UK Public Health 
England 

H150640559 DT 8 Human 2015 UK Public Health 
England 

H150640562 RDNC Human 2015 UK Public Health 
England 

H150640564 DT 193 RAW 
SAUSAGE 

2015 UK Public Health 
England 

H150640565 DT 193 Human 2015 UK Public Health 
England 

H150660556 DT 135 Human 2015 UK Public Health 
England 

H150660587 DT 10 Human 2015 UK Public Health 
England 

H150660588 DT 193 Human 2015 UK Public Health 
England 

H150660591 DT 193 Human 2015 UK Public Health 
England 

H150680611 DT 193 Human 2015 UK Public Health 
England 

H150700258 PT 
U288 

Human 2015 UK Public Health 
England 

H150700259 PT 
U288 

Human 2015 UK Public Health 
England 

H150700279 RDNC Human 2015 UK Public Health 
England 

H150700280 DT 10 Human 2015 UK Public Health 
England 

H150700283 DT 135 Human 2015 UK Public Health 
England 



298 

 

H150720593 RDNC IQA 2015 UK Public Health 
England 

H150720596 DT 193 Human 2015 UK Public Health 
England 

H150720604 DT 193 Human 2015 UK Public Health 
England 

H150740512 DT 104 Human 2015 UK Public Health 
England 

H150740514 None Human 2015 UK Public Health 
England 

H150740515 Untyp
able 

Human 2015 UK Public Health 
England 

H150740519 PT 
U323 

Human 2015 UK Public Health 
England 

H150740521 PT 
U313 

Human 2015 UK Public Health 
England 

H150760395 DT 193 Human 2015 UK Public Health 
England 

H150780479 DT 41 Human 2015 UK Public Health 
England 

H150780487 PT 
U302 

Human 2015 UK Public Health 
England 

H150780489 RDNC Human 2015 UK Public Health 
England 

H150780494 PT 
U302 

Human 2015 UK Public Health 
England 

H150800485 RDNC Human 2015 UK Public Health 
England 

H150800523 DT 193 Human 2015 UK Public Health 
England 

H150820630 DT 193 Human 2015 UK Public Health 
England 

H150820634 Untyp
able 

Human 2015 UK Public Health 
England 

H150820638 DT 104 Human 2015 UK Public Health 
England 

H150820681 DT 44 Human 2015 UK Public Health 
England 

H150820682 DT 1 Human 2015 UK Public Health 
England 

H150840619 RDNC Human 2015 UK Public Health 
England 

H150840621 DT 41 Human 2015 UK Public Health 
England 



299 

 

H150840622 DT 193 Human 2015 UK Public Health 
England 

H150880555 RDNC Human 2015 UK Public Health 
England 

H150880559 PT 
U288 

RAW 
SAUSAGE 

2015 UK Public Health 
England 

H150880560 PT 
U288 

RAW 
SAUSAGE 

2015 UK Public Health 
England 

H150880561 PT 
U288 

RAW 
SAUSAGE 

2015 UK Public Health 
England 

H150880563 DT 193 RAW 
SAUSAGE 

2015 UK Public Health 
England 

H150900461 DT 56 Human 2015 UK Public Health 
England 

H150900562 RDNC Human 2015 UK Public Health 
England 

H150900563 DT 193 Human 2015 UK Public Health 
England 

H150900564 DT 120 Human 2015 UK Public Health 
England 

H150900566 PT 
U274 

Human 2015 UK Public Health 
England 

H150900568 DT 193 Human 2015 UK Public Health 
England 

H150900571 DT 193 Human 2015 UK Public Health 
England 

H150920652 DT 193 Human 2015 UK Public Health 
England 

H150920673 Untyp
able 

Human 2015 UK Public Health 
England 

H150920675 DT 193 Human 2015 UK Public Health 
England 

H150920678 DT 193 Human 2015 UK Public Health 
England 

H150920681 DT 193 Human 2015 UK Public Health 
England 

H150940605 RDNC Human 2015 UK Public Health 
England 

H150940620 PT 
U274 

Human 2015 UK Public Health 
England 

H150940621 PT 
U312 

Human 2015 UK Public Health 
England 

H150940623 DT 193 Human 2015 UK Public Health 
England 



300 

 

H150940624 Untyp
able 

Human 2015 UK Public Health 
England 

H150940627 DT 193 Human 2015 UK Public Health 
England 

H150940630 DT 193 Human 2015 UK Public Health 
England 

H150960615 DT 2 Human 2015 UK Public Health 
England 

H150960623 DT 193 Human 2015 UK Public Health 
England 

H150980442 DT 193 Human 2015 UK Public Health 
England 

H151000369 DT 12 Human 2015 UK Public Health 
England 

H151000372 DT 1 Human 2015 UK Public Health 
England 

H151020588 DT 193 Human 2015 UK Public Health 
England 

H151020623 PT 
U323 

Human 2015 UK Public Health 
England 

H151020625 DT 193 Human 2015 UK Public Health 
England 

H151020626 Untyp
able 

Human 2015 UK Public Health 
England 

H151020627 PT 
U323 

Human 2015 UK Public Health 
England 

H151020629 DT 12 UKNEQAS 2015 UK Public Health 
England 

H151020630 DT 193 Human 2015 UK Public Health 
England 

H151020631 DT 193 Human 2015 UK Public Health 
England 

H151020632 DT 193 Human 2015 UK Public Health 
England 

H151020634 DT 2 Human 2015 UK Public Health 
England 

H151020638 PT 
U311 

Human 2015 UK Public Health 
England 

H151040666 PT 
U312 

Human 2015 UK Public Health 
England 

H151040668 DT 137 Human 2015 UK Public Health 
England 

H151040669 DT 131 Human 2015 UK Public Health 
England 



301 

 

H151040672 DT 193 Human 2015 UK Public Health 
England 

H151060483 DT 193 Human 2015 UK Public Health 
England 

H151060484 Untyp
able 

Human 2015 UK Public Health 
England 

H151060485 Untyp
able 

Human 2015 UK Public Health 
England 

H151060493 DT 193 Human 2015 UK Public Health 
England 

H151060497 DT 120 Human 2015 UK Public Health 
England 

H151080426 Untyp
able 

Human 2015 UK Public Health 
England 

H151080428 DT 120 Human 2015 UK Public Health 
England 

H151080429 DT 208 Human 2015 UK Public Health 
England 

H151080433 DT 193 Human 2015 UK Public Health 
England 

H151080437 Untyp
able 

Human 2015 UK Public Health 
England 

H151100483 DT 193 Human 2015 UK Public Health 
England 

H151100485 DT 190 Human 2015 UK Public Health 
England 

H151100486 Untyp
able 

Human 2015 UK Public Health 
England 

H151100487 Untyp
able 

Human 2015 UK Public Health 
England 

H151100488 Untyp
able 

Human 2015 UK Public Health 
England 

H151100488 Untyp
able 

Human 2015 UK Public Health 
England 

H151100490 Untyp
able 

Human 2015 UK Public Health 
England 

H151100491 DT 193 Human 2015 UK Public Health 
England 

H151120549 DT 8 Human 2015 UK Public Health 
England 

H151120553 DT 193 Human 2015 UK Public Health 
England 

H151120554 RDNC Human 2015 UK Public Health 
England 



302 

 

H151120555 Untyp
able 

Human 2015 UK Public Health 
England 

H151120556 Untyp
able 

Human 2015 UK Public Health 
England 

H151120557 Untyp
able 

Human 2015 UK Public Health 
England 

H151120558 Untyp
able 

Human 2015 UK Public Health 
England 

H151120559 Untyp
able 

Human 2015 UK Public Health 
England 

H151120560 Untyp
able 

Human 2015 UK Public Health 
England 

H151120561 Untyp
able 

Human 2015 UK Public Health 
England 

H151120562 DT 120 Human 2015 UK Public Health 
England 

H151120568 DT 193 Human 2015 UK Public Health 
England 

H151140648 DT 193 Human 2015 UK Public Health 
England 

H151140654 DT 193 Human 2015 UK Public Health 
England 

H151140674 DT 120 Human 2015 UK Public Health 
England 

H151160603 DT 193 Human 2015 UK Public Health 
England 

H151180241 None Human 2015 UK Public Health 
England 

H151180245 DT 193 Human 2015 UK Public Health 
England 

H151180246 Untyp
able 

Human 2015 UK Public Health 
England 

H151180253 Untyp
able 

Human 2015 UK Public Health 
England 

H151200223 PT 
U288 

Human 2015 UK Public Health 
England 

H151200224 RDNC Human 2015 UK Public Health 
England 

H151220453 DT 193 Human 2015 UK Public Health 
England 

H151220457 DT 193 Human 2015 UK Public Health 
England 

H151220461 Untyp
able 

Human 2015 UK Public Health 
England 



303 

 

H151220462 Untyp
able 

Human 2015 UK Public Health 
England 

H151220463 Untyp
able 

Human 2015 UK Public Health 
England 

H151220464 Untyp
able 

Human 2015 UK Public Health 
England 

H151220465 Untyp
able 

Human 2015 UK Public Health 
England 

H151220466 Untyp
able 

Human 2015 UK Public Health 
England 

H151220467 DT 193 Human 2015 UK Public Health 
England 

H151220468 DT 193 Human 2015 UK Public Health 
England 

H151220469 Untyp
able 

Human 2015 UK Public Health 
England 

H151220470 DT 193 Human 2015 UK Public Health 
England 

H151220472 DT 56 HOUSE 
SPARROW 

2015 UK Public Health 
England 

H151220474 DT 56 REED 
BUNTING 

2015 UK Public Health 
England 

H151240457 DT 193 Human 2015 UK Public Health 
England 

H151280436 DT 120 Human 2015 UK Public Health 
England 

H151280438 DT 104 Human 2015 UK Public Health 
England 

H151280509 DT 193 Human 2015 UK Public Health 
England 

H151280512 DT 193 Human 2015 UK Public Health 
England 

H151280513 PT 
U323 

Human 2015 UK Public Health 
England 

H151300474 DT 193 Human 2015 UK Public Health 
England 

H151300475 Untyp
able 

Human 2015 UK Public Health 
England 

H151300476 Untyp
able 

Human 2015 UK Public Health 
England 

H151300477 Untyp
able 

Human 2015 UK Public Health 
England 

H151300479 DT 193 Human 2015 UK Public Health 
England 



304 

 

H151300480 Untyp
able 

Human 2015 UK Public Health 
England 

H151300482 RDNC Human 2015 UK Public Health 
England 

H151320496 DT 193 Human 2015 UK Public Health 
England 

H151320498 PT 
U288 

Human 2015 UK Public Health 
England 

H151320500 DT 12 Human 2015 UK Public Health 
England 

H151320504 DT 193 Human 2015 UK Public Health 
England 

H151340523 DT 193 Human 2015 UK Public Health 
England 

H151340531 PT 
U323 

Human 2015 UK Public Health 
England 

H151340533 DT 195 Human 2015 UK Public Health 
England 

H151340538 DT 120 Human 2015 UK Public Health 
England 

H151360443 DT 195 Human 2015 UK Public Health 
England 

H151360458 DT 193 Human 2015 UK Public Health 
England 

H151380459 DT 193 Human 2015 UK Public Health 
England 

H151380461 DT 195 Human 2015 UK Public Health 
England 

H151380467 DT 193 Human 2015 UK Public Health 
England 

H151400464 DT 193 Human 2015 UK Public Health 
England 

H151420580 DT 104 Human 2015 UK Public Health 
England 

H151420583 Untyp
able 

Human 2015 UK Public Health 
England 

H151420588 DT 193 Human 2015 UK Public Health 
England 

H151440507 DT 193 Human 2015 UK Public Health 
England 

H151440566 DT 120 Human 2015 UK Public Health 
England 

H151540860 DT 104 Human 2015 UK Public Health 
England 



305 

 

H151540864 DT 120 Human 2015 UK Public Health 
England 

H151540868 Untyp
able 

Human 2015 UK Public Health 
England 

H151540879 DT 193 Human 2015 UK Public Health 
England 

H151540883 DT 193 Human 2015 UK Public Health 
England 

H151540888 DT 193 Human 2015 UK Public Health 
England 

H151540890 DT 193 Human 2015 UK Public Health 
England 

H151540892 DT 120 Human 2015 UK Public Health 
England 

H151560674 DT 193 SOURCE 
UNKNOW
N 

2015 UK Public Health 
England 

H151560676 DT 193 SOURCE 
UNKNOW
N 

2015 UK Public Health 
England 

H151560680 PT 
U331 

Human 2015 UK Public Health 
England 

H151560685 Untyp
able 

Human 2015 UK Public Health 
England 

H151580353 DT 10 Human 2015 UK Public Health 
England 

H151620337 PT 
U309 

Human 2015 UK Public Health 
England 

H151620362 DT 104 Human 2015 UK Public Health 
England 

H151640374 DT 193 Human 2015 UK Public Health 
England 

H151640376 PT 
U302 

Human 2015 UK Public Health 
England 

H151640382 DT 191 Human 2015 UK Public Health 
England 

H151640383 Untyp
able 

Human 2015 UK Public Health 
England 

H151640411 DT 120 Human 2015 UK Public Health 
England 

H151660628 Untyp
able 

Human 2015 UK Public Health 
England 

H151660629 Untyp
able 

Human 2015 UK Public Health 
England 



306 

 

H151680561 DT 193 Human 2015 UK Public Health 
England 

H151700443 DT 120 Human 2015 UK Public Health 
England 

H151700448 DT 193 Human 2015 UK Public Health 
England 

H151700449 DT 93 Human 2015 UK Public Health 
England 

H151700453 DT 193 Human 2015 UK Public Health 
England 

H151720436 DT 193 Human 2015 UK Public Health 
England 

H151720439 DT 56 Human 2015 UK Public Health 
England 

H151720461 DT 56 Human 2015 UK Public Health 
England 

H151720643 DT 104 Human 2015 UK Public Health 
England 

H151720657 DT 193 Human 2015 UK Public Health 
England 

H151720671 DT 104 Human 2015 UK Public Health 
England 

H151740324 Untyp
able 

Human 2015 UK Public Health 
England 

H151740325 Untyp
able 

Human 2015 UK Public Health 
England 

H151740327 Untyp
able 

Human 2015 UK Public Health 
England 

H151760296 Untyp
able 

Human 2015 UK Public Health 
England 

H151760308 Untyp
able 

Human 2015 UK Public Health 
England 

H151800443 Untyp
able 

Human 2015 UK Public Health 
England 

H151820415 Untyp
able 

Human 2015 UK Public Health 
England 

H151820416 Untyp
able 

Human 2015 UK Public Health 
England 

H151820500 DT 193 Human 2015 UK Public Health 
England 

H151820505 DT 104 Human 2015 UK Public Health 
England 

H151820511 DT 104 Human 2015 UK Public Health 
England 



307 

 

H151820523 DT 193 Human 2015 UK Public Health 
England 

H151820524 DT 120 Human 2015 UK Public Health 
England 

H151840449 RDNC Human 2015 UK Public Health 
England 

H151840455 DT 120 Human 2015 UK Public Health 
England 

H151840468 PT 
U311 

Human 2015 UK Public Health 
England 

H151840476 DT 104 Human 2015 UK Public Health 
England 

H151860632 DT 1 Human 2015 UK Public Health 
England 

H151920509 PT 
U311 

Human 2015 UK Public Health 
England 

H151920511 PT 
U311 

Human 2015 UK Public Health 
England 

H151940558 PT 
U288 

Human 2015 UK Public Health 
England 

H151960469 RDNC Human 2015 UK Public Health 
England 

H151980548 DT 1 Human 2015 UK Public Health 
England 

H152020819 Untyp
able 

Human 2015 UK Public Health 
England 

H152020821 DT 193 Human 2015 UK Public Health 
England 

H152020822 DT 42 Human 2015 UK Public Health 
England 

H152020836 DT 132 Human 2015 UK Public Health 
England 

H152020838 DT 193 Human 2015 UK Public Health 
England 

H152020863 DT 87 Human 2015 UK Public Health 
England 

H152040583 DT 193 Human 2015 UK Public Health 
England 

H152060596 DT 193 Human 2015 UK Public Health 
England 

H152060607 DT 120 Human 2015 UK Public Health 
England 

H152060609 PT 
U298 

Human 2015 UK Public Health 
England 



308 

 

H152080598 DT 193 RAW 
MEAT 

2015 UK Public Health 
England 

H152080602 DT 193 Human 2015 UK Public Health 
England 

H152080603 DT 193 RAW 
MEAT 

2015 UK Public Health 
England 

H152080608 DT 135 Human 2015 UK Public Health 
England 

H152100636 DT 56 Human 2015 UK Public Health 
England 

H152120540 DT 193 Human 2015 UK Public Health 
England 

H152120542 DT 193 Human 2015 UK Public Health 
England 

H152120543 PT 
U288 

Human 2015 UK Public Health 
England 

H152120554 DT 193 Human 2015 UK Public Health 
England 

H152180624 PT 
U298 

Human 2015 UK Public Health 
England 

H152180625 PT 
U302 

Human 2015 UK Public Health 
England 

H152180628 DT 193 Human 2015 UK Public Health 
England 

H152240454 RDNC Human 2015 UK Public Health 
England 

H152240468 DT 193 Human 2015 UK Public Health 
England 

H152240488 DT 193 Human 2015 UK Public Health 
England 

H152260543 DT 193 Human 2015 UK Public Health 
England 

H152280417 DT 41 Human 2015 UK Public Health 
England 

H152280418 PT 
U302 

Human 2015 UK Public Health 
England 

H152280421 RDNC Human 2015 UK Public Health 
England 

H152300644 DT 1 Human 2015 UK Public Health 
England 

H152300647 PT 
U329 

Human 2015 UK Public Health 
England 

H152300650 PT 
U329 

Human 2015 UK Public Health 
England 



309 

 

H152320501 DT 120 Human 2015 UK Public Health 
England 

H152320524 PT 
U302 

Human 2015 UK Public Health 
England 

H152320527 DT 193 Human 2015 UK Public Health 
England 

H152320528 PT 
U329 

Human 2015 UK Public Health 
England 

H152320546 DT 120 Human 2015 UK Public Health 
England 

H152320547 PT 
U329 

Human 2015 UK Public Health 
England 

H152340669 DT 104 Human 2015 UK Public Health 
England 

H152340700 PT 
U302 

Human 2015 UK Public Health 
England 

H152340701 DT 10 Human 2015 UK Public Health 
England 

H152340702 DT 10 Human 2015 UK Public Health 
England 

H152340712 DT 120 Human 2015 UK Public Health 
England 

H152340713 DT 193 Human 2015 UK Public Health 
England 

H152340799 DT 1 EMRU 2015 UK Public Health 
England 

H152360402 DT 193 Human 2015 UK Public Health 
England 

H152360403 PT 
U329 

Human 2015 UK Public Health 
England 

H152360408 DT 116 Human 2015 UK Public Health 
England 

H152380439 DT 193 Human 2015 UK Public Health 
England 

H152380466 PT 
U330 

CAT 2015 UK Public Health 
England 

H152380468 PT 
U302 

Human 2015 UK Public Health 
England 

H152380479 PT 
U302 

Human 2015 UK Public Health 
England 

H152400594 DT 193 Human 2015 UK Public Health 
England 

H152400631 PT 
U288 

Human 2015 UK Public Health 
England 



310 

 

H152400632 DT 193 Human 2015 UK Public Health 
England 

H152400637 PT 
U329 

Human 2015 UK Public Health 
England 

H152400637 PT 
U329 

Human 2015 UK Public Health 
England 

H152420810 Untyp
able 

Human 2015 UK Public Health 
England 

H152420817 DT 1 Human 2015 UK Public Health 
England 

H152420820 PT 
U329 

Human 2015 UK Public Health 
England 

H152440505 DT 193 Human 2015 UK Public Health 
England 

H152440529 DT 120 Human 2015 UK Public Health 
England 

H152440533 DT 104 Human 2015 UK Public Health 
England 

H152460484 DT 193 Human 2015 UK Public Health 
England 

H152460491 PT 
U329 

Human 2015 UK Public Health 
England 

H152460492 PT 
U311 

Human 2015 UK Public Health 
England 

H152480461 PT 
U307 

Human 2015 UK Public Health 
England 

H152480473 RDNC Human 2015 UK Public Health 
England 

H152520807 DT 7 Human 2015 UK Public Health 
England 

H152520822 Untyp
able 

Human 2015 UK Public Health 
England 

H152520823 DT 193 Human 2015 UK Public Health 
England 

H152520830 DT 116 Human 2015 UK Public Health 
England 

H152540595 DT 193 Human 2015 UK Public Health 
England 

H152540598 PT 
U329 

Human 2015 UK Public Health 
England 

H152540610 RDNC Human 2015 UK Public Health 
England 

H152540619 DT 66 Human 2015 UK Public Health 
England 



311 

 

H152580650 RDNC Human 2015 UK Public Health 
England 

H152580658 DT 46 Human 2015 UK Public Health 
England 

H152600555 DT 193 Human 2015 UK Public Health 
England 

H152600561 Untyp
able 

Human 2015 UK Public Health 
England 

H152620495 DT 193 Human 2015 UK Public Health 
England 

H152640594 RDNC Human 2015 UK Public Health 
England 

H152660386 PT 
U288 

Human 2015 UK Public Health 
England 

H152660397 DT 135 Human 2015 UK Public Health 
England 

H152700573 PT 
U302 

Human 2015 UK Public Health 
England 

H152700576 PT 
U329 

Human 2015 UK Public Health 
England 

H152700580 DT 56 Human 2015 UK Public Health 
England 

H152700586 DT 120 Human 2015 UK Public Health 
England 

H152700587 DT 12 Human 2015 UK Public Health 
England 

H152720601 DT 46 Human 2015 UK Public Health 
England 

H152720602 DT 46 Human 2015 UK Public Health 
England 

H152720605 DT 8 Human 2015 UK Public Health 
England 

H152720608 DT 104 Human 2015 UK Public Health 
England 

H152720613 DT 85 Human 2015 UK Public Health 
England 

H152720615 DT 104 Human 2015 UK Public Health 
England 

H152720617 PT 
U311 

Human 2015 UK Public Health 
England 

H152720637 DT 116 Human 2015 UK Public Health 
England 

H152720640 PT 
U311 

Human 2015 UK Public Health 
England 



312 

 

H152720641 DT 193 RAW 
MATERIAL 
SPICE 

2015 UK Public Health 
England 

H152720642 DT 120 Human 2015 UK Public Health 
England 

H152720643 RDNC Human 2015 UK Public Health 
England 

H152720648 DT 120 Human 2015 UK Public Health 
England 

H152720655 DT 120 Human 2015 UK Public Health 
England 

H152720661 PT 
U312 

Human 2015 UK Public Health 
England 

H152720664 DT 193 Human 2015 UK Public Health 
England 

H152740235 DT 193 Human 2015 UK Public Health 
England 

H152740236 PT 
U298 

Human 2015 UK Public Health 
England 

H152740238 DT 193 Human 2015 UK Public Health 
England 

H152740240 Untyp
able 

Human 2015 UK Public Health 
England 

H152740273 DT 8 Human 2015 UK Public Health 
England 

H152760467 DT 193 Human 2015 UK Public Health 
England 

H152760469 DT 120 Human 2015 UK Public Health 
England 

H152760473 RDNC Human 2015 UK Public Health 
England 

H152820418 DT 9 Human 2015 UK Public Health 
England 

H152840417 DT 193 Human 2015 UK Public Health 
England 

H152860554 DT 101 Human 2015 UK Public Health 
England 

H152860555 DT 120 Human 2015 UK Public Health 
England 

H152880399 DT 120 Human 2015 UK Public Health 
England 

H152900244 DT 104 Human 2015 UK Public Health 
England 

H152900267 PT 
U278 

Human 2015 UK Public Health 
England 



313 

 

H152920486 DT 40 Human 2015 UK Public Health 
England 

H152920498 PT 
U278 

Human 2015 UK Public Health 
England 

H152940468 DT 2 Human 2015 UK Public Health 
England 

H152940469 RDNC Human 2015 UK Public Health 
England 

H152980464 RDNC Human 2015 UK Public Health 
England 

H153000432 DT 104 Human 2015 UK Public Health 
England 

H153020667 RDNC Human 2015 UK Public Health 
England 

H153040541 PT 
U329 

Human 2015 UK Public Health 
England 

H153120511 DT 193 Human 2015 UK Public Health 
England 

H153120515 PT 
U331 

Human 2015 UK Public Health 
England 

H153140404 DT 193 Human 2015 UK Public Health 
England 

H153160274 DT 193 Human 2015 UK Public Health 
England 

H153160280 PT 
U323 

Human 2015 UK Public Health 
England 

H153220457 DT 193 Human 2015 UK Public Health 
England 

H153260506 PT 
U323 

Human 2015 UK Public Health 
England 

H153260510 DT 12 Human 2015 UK Public Health 
England 

H153300540 RDNC Human 2015 UK Public Health 
England 

H153400468 DT 104 Human 2015 UK Public Health 
England 

H153400470 DT 8 Human 2015 UK Public Health 
England 

H153440473 DT 12 Human 2015 UK Public Health 
England 

H153440473 DT 12 Human 2015 UK Public Health 
England 

H153440508 DT 120 Human 2015 UK Public Health 
England 



314 

 

H153460592 DT 104 Human 2015 UK Public Health 
England 

H153460595 DT 193 Human 2015 UK Public Health 
England 

H153460616 DT 104 Human 2015 UK Public Health 
England 

H153480514 DT 193 Human 2015 UK Public Health 
England 

H153520446 DT 120 Human 2015 UK Public Health 
England 

H153520451 DT 193 Human 2015 UK Public Health 
England 

H153520457 DT 193 Human 2015 UK Public Health 
England 

H153520466 PT 
U312 

Human 2015 UK Public Health 
England 

H153520481 Untyp
able 

Human 2015 UK Public Health 
England 

H153540331 Untyp
able 

Human 2015 UK Public Health 
England 

H153560137 Untyp
able 

Human 2015 UK Public Health 
England 

H153560143 PT 
U302 

Human 2015 UK Public Health 
England 

H153640677 DT 195 Human 2015 UK Public Health 
England 

H153640680 DT 193 Human 2015 UK Public Health 
England 

H153640688 PT 
U302 

Human 2015 UK Public Health 
England 

H153680363 DT 193 Human 2015 UK Public Health 
England 

H153700324 DT 193 Human 2015 UK Public Health 
England 

H153700446 PT 
U329 

Human 2015 UK Public Health 
England 

H153740470 DT 120 Human 2015 UK Public Health 
England 

H153820390 RDNC Human 2015 UK Public Health 
England 

H153840505 DT 193 Human 2015 UK Public Health 
England 

H153840508 PT 
U311 

Human 2015 UK Public Health 
England 
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H153840513 DT 193 Human 2015 UK Public Health 
England 

H153840518 PT 
U311 

Human 2015 UK Public Health 
England 

H153840520 Untyp
able 

Human 2015 UK Public Health 
England 

H153940639 PT 
U302 

Human 2015 UK Public Health 
England 

H153960420 DT 104 Human 2015 UK Public Health 
England 

H153960432 DT 101 Human 2015 UK Public Health 
England 

H153980204 DT 195 Human 2015 UK Public Health 
England 

H154040409 DT 1 Human 2015 UK Public Health 
England 

H154060438 RDNC Human 2015 UK Public Health 
England 

H154080147 DT 15 Human 2015 UK Public Health 
England 

H154100393 Untyp
able 

Human 2015 UK Public Health 
England 

H154120570 DT 120 Human 2015 UK Public Health 
England 

H154140372 DT 120 Human 2015 UK Public Health 
England 

H154160457 DT 193 Human 2015 UK Public Health 
England 

H154220780 DT 35 Human 2015 UK Public Health 
England 

H154220788 Untyp
able 

Human 2015 UK Public Health 
England 

H154240483 DT 120 Human 2015 UK Public Health 
England 

H154280562 PT 
U311 

Human 2015 UK Public Health 
England 

H154300382 PT 
U329 

Human 2015 UK Public Health 
England 

H154320744 DT 41 Human 2015 UK Public Health 
England 

H154320745 DT 1 Human 2015 UK Public Health 
England 

H154360432 DT 1 Human 2015 UK Public Health 
England 
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H154360435 DT 193 Human 2015 UK Public Health 
England 

H154460357 DT 193 Human 2015 UK Public Health 
England 

H154500452 None Human 2015 UK Public Health 
England 

H154520625 None Human 2015 UK Public Health 
England 

H154520647 None Human 2015 UK Public Health 
England 

H154520679 None Human 2015 UK Public Health 
England 

H154620518 None Human 2015 UK Public Health 
England 

H154660433 None Human 2015 UK Public Health 
England 

H154700345 None Human 2015 UK Public Health 
England 

H154720547 None Human 2015 UK Public Health 
England 

H154720549 None Human 2015 UK Public Health 
England 

H154720556 None Human 2015 UK Public Health 
England 

H154760207 None Human 2015 UK Public Health 
England 

H154780417 None Human 2015 UK Public Health 
England 

H154800359 None Human 2015 UK Public Health 
England 

H154820551 None Human 2015 UK Public Health 
England 

H154920516 None Human 2015 UK Public Health 
England 

H154940333 None Human 2015 UK Public Health 
England 

H154960546 None Human 2015 UK Public Health 
England 

H154960760 None SEWER 
SWAB 

2015 UK Public Health 
England 

H155020271 None OLD SPRAY 
BOTTLE 
(FORMAL 
SAMPLE) 

2015 UK Public Health 
England 
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H155060512 None Human 2015 UK Public Health 
England 

H155060514 None Human 2015 UK Public Health 
England 

H155120548 None Human 2015 UK Public Health 
England 

H155140536 None DIRTY 
USED 
OVEN 
CLOTH-
FORMAL 
SAMPLE 

2015 UK Public Health 
England 

H155140539 None DIRTY 
USED 
OVEN 
CLOTH-
FORMAL 
SAMPLE 

2015 UK Public Health 
England 

H155140542 None Human 2015 UK Public Health 
England 

H155160053 None Human 2015 UK Public Health 
England 

H155220490 None Human 2015 UK Public Health 
England 

H155360251 None Human 2015 UK Public Health 
England 

H160120678 None Human 2016 UK Public Health 
England 

H160140786 None Human 2016 UK Public Health 
England 

H160160247 None Human 2016 UK Public Health 
England 

H160220779 None SWAB OF 
WHB 

2016 UK Public Health 
England 

H160220781 None Human 2016 UK Public Health 
England 

H160240656 None Human 2016 UK Public Health 
England 

H160300259 None Human 2016 UK Public Health 
England 

S0337107 DT193 PIG 2007 UK Petrovska et 
al., (2016) 

S0292307 DT193 CATTLE 2007 UK Petrovska et 
al., (2016) 
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S0344705 DT193 HORSE 2005 UK Petrovska et 
al., (2016) 

L0173006 DT193 PIG 2006 UK Petrovska et 
al., (2016) 

S0565506 DT193 CATTLE 2006 UK Petrovska et 
al., (2016) 

S0657807 DT193 CAT 2007 UK Petrovska et 
al., (2016) 

S0806007 193 PIG 2007 UK Petrovska et 
al., (2016) 

L0064707 DT193 PIG 2007 UK Petrovska et 
al., (2016) 

S0509207 RDNC DOG 2007 UK Petrovska et 
al., (2016) 

S0344408 DT193 SHEEP 2008 UK Petrovska et 
al., (2016) 

L0085709 DT120 DOG 2009 UK Petrovska et 
al., (2016) 

S0354909 DT193 CATTLE 2009 UK Petrovska et 
al., (2016) 

L0004109 DT193 DOG 2009 UK Petrovska et 
al., (2016) 

S0387409 DT193 CATTLE 2009 UK Petrovska et 
al., (2016) 

S0433209 DT193 PIG 2009 UK Petrovska et 
al., (2016) 

L01001-10 120 CHICKEN 2010 UK Petrovska et 
al., (2016) 

S01569-10 120 PIG 2010 UK Petrovska et 
al., (2016) 

S04797-08 191a BUSTARD 2008 UK Petrovska et 
al., (2016) 

S00130-09 7 CAT 2009 UK Petrovska et 
al., (2016) 

1334-1997 ND PIGS 1997 UK Petrovska et 
al., (2016) 

L00938-09 21 PIG 2009 UK Petrovska et 
al., (2016) 

L01176-08 ND PIG 2008 UK Petrovska et 
al., (2016) 

L01189-08 ND PIG 2008 UK Petrovska et 
al., (2016) 

S00814-10 193 CHICKEN 2010 UK Petrovska et 
al., (2016) 
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L1101-10 ND CHICKEN 2010 UK Petrovska et 
al., (2016) 

S4812-10 ND PIG rearing 2010 UK Petrovska et 
al., (2016) 

S03445-08 193 SHEEP 2008 UK Petrovska et 
al., (2016) 

S07300-05 ND CATTLE 2005 UK Petrovska et 
al., (2016) 

S00065-06 ND CATTLE 2006 UK Petrovska et 
al., (2016) 

S01364-10 193 CATTLE 2010 UK Petrovska et 
al., (2016) 

4824-10 ND PIG 2010 UK Petrovska et 
al., (2016) 

4797-10 ND PRODMEA
T 

2010 UK Petrovska et 
al., (2016) 

S3659-10 ND CHICKEN 2010 UK Petrovska et 
al., (2016) 

S03113-10 193 PIG 2010 UK Petrovska et 
al., (2016) 

S04698-09 193 CATTLE 2009 UK Petrovska et 
al., (2016) 

S00176-09 RDNC PIG 2009 UK Petrovska et 
al., (2016) 

L01730-06 ND PIG 2006 UK Petrovska et 
al., (2016) 

S02909-08 193 PIG 2008 UK Petrovska et 
al., (2016) 

S05893-09 193 PIG 2009 UK Petrovska et 
al., (2016) 

S05894-09 193 PIG 2009 UK Petrovska et 
al., (2016) 

H100120548 ND Human 2010 UK Petrovska et 
al., (2016) 

H100800267 ND Human 2010 UK Petrovska et 
al., (2016) 

H102120667 DT 193 Human 2010 UK Petrovska et 
al., (2016) 

H10234093302 ND Human 2010 UK Petrovska et 
al., (2016) 

H103260370 ND Human 2010 UK Petrovska et 
al., (2016) 

H105260826 DT 193 Human 2010 UK Petrovska et 
al., (2016) 
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H105280433 DT 193 Human 2010 UK Petrovska et 
al., (2016) 

S680/10 ND Human ND UK Petrovska et 
al., (2016) 

H103920583 ND Human 2010 UK Petrovska et 
al., (2016) 

H1041406001 ND Human 2010 UK Petrovska et 
al., (2016) 

H104240404 ND Human 2010 UK Petrovska et 
al., (2016) 

H104680513 DT 193 Human 2010 UK Petrovska et 
al., (2016) 

H105000301 DT 193 Human 2010 UK Petrovska et 
al., (2016) 

45/16 ND PIG ND UK Petrovska et 
al., (2016) 

2200/2 ND PIG ND UK Petrovska et 
al., (2016) 

2448/2 ND CATTLE ND UK Petrovska et 
al., (2016) 

496/10 ND CATTLE 2010 UK Petrovska et 
al., (2016) 

1686/1 ND Human ND UK Petrovska et 
al., (2016) 

1790/1 ND Turkey ND UK Petrovska et 
al., (2016) 

242/2 ND Shellfish ND UK Petrovska et 
al., (2016) 

2617/20 ND PIG ND UK Petrovska et 
al., (2016) 

1948/2 ND PIG ND UK Petrovska et 
al., (2016) 

1693/1 ND Human ND UK Petrovska et 
al., (2016) 

3046/11 ND CATTLE ND UK Petrovska et 
al., (2016) 

1365/1 ND ND ND UK Petrovska et 
al., (2016) 

2841/2 ND Human ND UK Petrovska et 
al., (2016) 

692/26 ND PIG ND UK Petrovska et 
al., (2016) 

2117/2 ND Shellfish ND UK Petrovska et 
al., (2016) 



321 

 

629/2 ND Swine ND UK Petrovska et 
al., (2016) 

2223/2 ND PIG ND UK Petrovska et 
al., (2016) 

H07 246 0339 193 Human 2007 UK Petrovska et 
al., (2016) 

H07 362 0321 U302L Human 2007 UK Petrovska et 
al., (2016) 

H07 166 0082 193 Human 2007 UK Petrovska et 
al., (2016) 

H07 182 0182 21 
variant 

Human 2007 UK Petrovska et 
al., (2016) 

H07 230 0280 193 Human 2007 UK Petrovska et 
al., (2016) 

H07 246 0338 120 Human 2007 UK Petrovska et 
al., (2016) 

H07 276 0382 193 Human 2007 UK Petrovska et 
al., (2016) 

H07 338 0264 120 Human 2007 UK Petrovska et 
al., (2016) 

H07 394 0379 120 Human 2007 UK Petrovska et 
al., (2016) 

SSI_AA527 
 

Human 2014 Denmar
k 

STATENS 
SERUM 
INSTITUT 

17EP001816 
 

Human 2017 Norway NORWEGIAN 
INSTITUTE 
OF PUBLIC 
HEALTH 

17EP001883 
 

Human 2017 Norway NORWEGIAN 
INSTITUTE 
OF PUBLIC 
HEALTH 

17EP002422 
 

Human 2017 Norway NORWEGIAN 
INSTITUTE 
OF PUBLIC 
HEALTH 

2017-22-798-13 
 

Environme
nt 

2017 Norway NORWEGIAN 
INSTITUTE 
OF PUBLIC 
HEALTH 

2017-01-4449-1 
 

Environme
nt 

2017 Norway NORWEGIAN 
INSTITUTE 
OF PUBLIC 
HEALTH 

2017-01-4449 
 

Environme
nt 

2017 Norway NORWEGIAN 
INSTITUTE 
OF PUBLIC 
HEALTH 
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Vulture-STm-CyP-1 
 

wild 
vulture 

2015 Spain FISABIO - 
Public Health 

Vulture-STm-CyP-3 
 

wild 
vulture 

2015 Spain FISABIO - 
Public Health 

Vulture-STm-CyP-4 
 

wild 
vulture 

2015 Spain FISABIO - 
Public Health 

Vulture-STm-CyP-5 
 

wild 
vulture 

2015 Spain FISABIO - 
Public Health 

SSI_AA811 
 

Food 2013 Denmar
k 

STATENS 
SERUM 
INSTITUT 

Vulture-STm-CyP-7 
 

wild 
vulture 

2015 Spain FISABIO - 
Public Health 

Vulture-STm-CyP-10 
 

wild 
vulture 

2015 Spain Fisabio 

Vulture-STm-CyP-12 
 

wild 
vulture 

2015 Spain FISABIO - 
Public Health 

ERS3559641 
 

Livestock 2016 China YANGZHOU 
UNIVERSITY 

ERR3581184 
 

Environme
nt 

2019 German
y 

FEDERAL 
INSTITUTE 
FOR RISK 
ASSESSMENT 
(BFR) 

ERR3581195 
 

Environme
nt 

2019 German
y 

FEDERAL 
INSTITUTE 
FOR RISK 
ASSESSMENT 
(BFR) 

ERR3581381 
 

Environme
nt 

2017 German
y 

FEDERAL 
INSTITUTE 
FOR RISK 
ASSESSMENT 
(BFR) 

SAL_ZA9125AA 
 

Food 2013 German
y 

FEDERAL 
INSTITUTE 
FOR RISK 
ASSESSMENT 
(BFR) 

ERR3581443 
 

Food 2018 German
y 

FEDERAL 
INSTITUTE 
FOR RISK 
ASSESSMENT 
(BFR) 

ERR3581506 
 

Food 2019 German
y 

FEDERAL 
INSTITUTE 
FOR RISK 
ASSESSMENT 
(BFR) 

STM110 
 

Human 2013 Italy IZSLER 
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ERR3581570 
 

Food 2017 German
y 

FEDERAL 
INSTITUTE 
FOR RISK 
ASSESSMENT 
(BFR) 

ERR3581757 
 

Food 2018 German
y 

FEDERAL 
INSTITUTE 
FOR RISK 
ASSESSMENT 
(BFR) 

ERR3581911 
 

Environme
nt 

2018 German
y 

FEDERAL 
INSTITUTE 
FOR RISK 
ASSESSMENT 
(BFR) 

NA 
 

NA NA NA NA 

FD01846628 
 

missing NA Europe EI 

NA 
 

NA NA NA NA 

FD01846635 
 

missing NA Europe EI 

NA 
 

NA NA NA NA 

NA 
 

NA NA NA NA 

FD01846658 
 

SAMEA614
3436 

2013 NONE EI 

Typhimurium 
 

Poultry 2012 Poland Centre for 
Genomic 
Epidemiology
, National 
Food 
Institute, 
Technical 
University of 
Denmark 
(DTU), 
Denmark 

NA 
 

NA NA NA NA 

FD01846674 
 

SAMEA614
3450 

2013 NONE EI 

FD01846676 
 

missing NA Europe EI 

FD01846682 
 

SAMEA614
3457 

2013 NONE EI 

FD01846690 
 

SAMEA614
3465 

2013 NONE EI 

FD01847436 
 

SAMEA614
3939 

2013 South 
America 

EI 

FD01847440 
 

SAMEA614
3943 

2013 South 
America 

EI 

FD01847949 
 

missing 2014 South 
America 

EI 

FD01848038 
 

missing 2015 South 
America 

EI 
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FD01848055 
 

missing 2016 South 
America 

EI 

monofasisk 
 

Poultry 2012 Poland Centre for 
Genomic 
Epidemiology
, National 
Food 
Institute, 
Technical 
University of 
Denmark 
(DTU), 
Denmark 

FD01848263 
 

SAMEA614
4432 

2005 Europe EI 

FD01849113 
 

missing 2013 Africa EI 

FD01849278 
 

missing 2011 Africa EI 

FD01849283 
 

missing 2007 Africa EI 

FD01849290 
 

missing 2001 Africa EI 

FD01874779 
 

missing 2008 Africa EI 

FD01875900 
 

missing 2011 Africa EI 

FD01875908 
 

missing 2011 Africa EI 

NA 
 

NA NA NA NA 

2011-60-538-1 
 

Livestock 2011 Denmar
k 

Technical 
University of 
Denmark 

monofasisk 
 

Poultry 2012 Poland Centre for 
Genomic 
Epidemiology
, National 
Food 
Institute, 
Technical 
University of 
Denmark 
(DTU), 
Denmark 

2011-60-176-1 
 

Livestock 2011 Denmar
k 

Technical 
University of 
Denmark 

S368 
 

missing 2014 Portugal Animal and 
Plant Health 
Agency (UK) 

SAL-18-VL-OH-ON-0043 
 

Companio
n Animal 

2018 Canada FDA Center 
for Food 
Safety and 
Applied 
Nutrition 

NC_WHO_S096 
 

Human 2012 Lebano
n 

FDA Center 
for Food 
Safety and 
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Applied 
Nutrition 

VL-0618-5 
 

Companio
n Animal 

2018 Cambod
ia 

FDA Center 
for Food 
Safety and 
Applied 
Nutrition 

AG19-0312 
 

Companio
n Animal 

2018 United 
States 

FDA Center 
for Food 
Safety and 
Applied 
Nutrition 

ThaiSalmonella_541013 
 

Livestock 2011 Thailan
d 

University of 
Bath 

ThaiSalmonella_543009 
 

Companio
n Animal 

2012 Thailan
d 

NA 

ThaiSalmonella_193 
 

Livestock 2013 Thailan
d 

University of 
Bath 

monofasisk 
 

Livestock 2012 Poland University of 
Bath 

ThaiSalmonella_60 
 

Companio
n Animal 

2013 Thailan
d 

Centre for 
Genomic 
Epidemiology
, National 
Food 
Institute, 
Technical 
University of 
Denmark 
(DTU), 
Denmark 

UNAM2018123_Sa_AN13 
 

Livestock 2018 Mexico University of 
Bath 

PNCS005052 
 

Human 2018 Canada NA 

815513 
 

Human 2019 United 
Kingdo
m 

SENASICA 

SX17G598 
 

Human 2017 China National 
Microbiology 
Laboratory 

SX17G597 
 

Human 2017 China Public Health 
England 

SX17G596 
 

Human 2017 China CHINESE PLA 
CENTER FOR 
DISEASE 
CONTROL 
AND 
PREVENTION 
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SX17G595 
 

Human 2017 China CHINESE PLA 
CENTER FOR 
DISEASE 
CONTROL 
AND 
PREVENTION 

SX17G594 
 

Human 2017 China CHINESE PLA 
CENTER FOR 
DISEASE 
CONTROL 
AND 
PREVENTION 

monofasisk 
 

Livestock 2013 German
y 

CHINESE PLA 
CENTER FOR 
DISEASE 
CONTROL 
AND 
PREVENTION 

SX17G593 
 

Human 2017 China CHINESE PLA 
CENTER FOR 
DISEASE 
CONTROL 
AND 
PREVENTION 

SX17G592 
 

Human 2017 China Centre for 
Genomic 
Epidemiology
, National 
Food 
Institute, 
Technical 
University of 
Denmark 
(DTU) 

SX17G590 
 

Human 2017 China CHINESE PLA 
CENTER FOR 
DISEASE 
CONTROL 
AND 
PREVENTION 

826239 
 

Human 2019 United 
Kingdo
m 

CHINESE PLA 
CENTER FOR 
DISEASE 
CONTROL 
AND 
PREVENTION 

AZ_TG68559 
 

Livestock 2010 United 
States 

CHINESE PLA 
CENTER FOR 
DISEASE 
CONTROL 
AND 
PREVENTION 

FNE0135 
 

ND 2013 China Public Health 
England 
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2010K-2457 
 

Human 2010 United 
States 

Food and 
Drug 
Administrati
on - Center 
for Food 
Safety and 
Applied 
Nutrition 
(US) 

2011K-0863 
 

ND 2011 United 
States 

Food and 
Drug 
Administrati
on - Center 
for Food 
Safety and 
Applied 
Nutrition 
(US) 

2012K-0073 
 

Human 2011 United 
States 

Centers for 
Disease 
Control and 
Prevention - 
PulseNet 

H120260565 
 

Human 2012 United 
Kingdo
m 

Centers for 
Disease 
Control and 
Prevention - 
PulseNet 

NA 
 

NA NA NA Centre for 
Diease 
Control and 
Prevention - 
Enteric 
Diseases 
Laboratory 
Branch 

WAPHL_SAL-A00665 
 

Environme
nt 

2014 United 
States 

Public Health 
England - 
Gastrointesti
nal Bacteria 
Reference 
Unit 

CFSAN024425 
 

Swine 2008 Belgium NA 

PNUSAS000227 
 

ND 2013 United 
States 

Food and 
Drug 
Administrati
on - Center 
for Food 
Safety and 
Applied 
Nutrition 
(US) 
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71411 
 

Food 2013 United 
Kingdo
m 

Food and 
Drug 
Administrati
on - Center 
for Food 
Safety and 
Applied 
Nutrition 
(US) 

PNUSAS000226 
 

ND 2013 United 
States 

Centers for 
Disease 
Control and 
Prevention - 
PulseNet 

CFSAN031352 
 

Livestock 2013 Thailan
d 

Public Health 
England - 
Gastrointesti
nal Bacteria 
Reference 
Unit 

CFSAN031337 
 

Livestock 2013 Thailan
d 

Centers for 
Disease 
Control and 
Prevention - 
PulseNet 

PNUSAS000405 
 

Human 2014 United 
States 

Food and 
Drug 
Administrati
on - Center 
for Food 
Safety and 
Applied 
Nutrition 
(US) 

PNUSAS000440 
 

ND 2015 United 
States 

Food and 
Drug 
Administrati
on - Center 
for Food 
Safety and 
Applied 
Nutrition 
(US) 

CFSAN035087 
 

Human 2015 United 
States 

Centers for 
Disease 
Control and 
Prevention - 
PulseNet 

STM206 
 

Human 2014 Italy Centers for 
Disease 
Control and 
Prevention 
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PNUSAS000613 
 

Livestock 2015 United 
States 

Food and 
Drug 
Administrati
on - Center 
for Food 
Safety and 
Applied 
Nutrition 
(US) 

1731 
 

Human 2010 Australi
a 

IZSLER 

1732 
 

Human 2010 Australi
a 

Centers for 
Disease 
Control and 
Prevention - 
PulseNet 

1733 
 

Human 2010 Australi
a 

University of 
New South 
Wales 

1730 
 

Human 2011 Australi
a 

University of 
New South 
Wales 

PNUSAS000920 
 

Human 2015 United 
States 

University of 
New South 
Wales 

CVM N51306 
 

Livestock 2013 United 
States 

University of 
New South 
Wales 

2015K-0418 
 

Human 2014 United 
States 

Centers for 
Disease 
Control and 
Prevention - 
PulseNet 

FSIS1503463 
 

Poultry 2015 United 
States 

Food and 
Drug 
Administrati
on (US) 

ADRDL-15-5149 
 

Livestock 2015 United 
States 

CDC 

LB-7 
 

Poultry 2010 Italy Department 
of 
Agriculture - 
Food Safety 
and 
Inspection 
Service (US) 

S01413-16 
 

Wild 
Animal 

2016 United 
Kingdo
m 

Food and 
Drug 
Administrati
on - Center 
for Food 
Safety and 
Applied 
Nutrition 
(US) 
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Typhimurium 135497 
 

Human 2010 Israel National 
Institute of 
Infectious 
Diseases - 
Japan 

FSIS1503558 
 

Livestock 2015 United 
States 

Animal and 
Plant Health 
Agency 
(APHA) 

R9_3269_R2 
 

Human 2008 United 
States 

Sheba 
Medical 
Center 

R9_3270_R2 
 

Human 2008 United 
States 

Department 
of 
Agriculture - 
Food Safety 
and 
Inspection 
Service (US) 

CFSAN045348 
 

Livestock 2014 Thailan
d 

 

FSIS1605973 
 

Livestock 2016 United 
States 

Cornell 
University 

CVM N57359F 
 

Porcine 2014 United 
States 

Food and 
Drug 
Administrati
on - Center 
for Food 
Safety and 
Applied 
Nutrition 
(US) 

FSIS1606261 
 

Livestock 2016 United 
States 

Department 
of 
Agriculture - 
Food Safety 
and 
Inspection 
Service (US) 

CFSAN045335 
 

Livestock 2013 Thailan
d 

FDA 

CFSAN045319 
 

Livestock 2013 Thailan
d 

Department 
of 
Agriculture - 
Food Safety 
and 
Inspection 
Service (US) 

S05355-15 
 

Wild 
Animal 

2015 United 
Kingdo
m 

Food and 
Drug 
Administrati
on - Center 
for Food 
Safety and 
Applied 



331 

 

Nutrition 
(US) 

FDA00003755 
 

Environme
nt 

2012 United 
States 

Food and 
Drug 
Administrati
on - Center 
for Food 
Safety and 
Applied 
Nutrition 
(US) 

FSIS1606397 
 

Livestock 2016 United 
States 

Animal and 
Plant Health 
Agency 
(APHA) 

PNUSAS002132 
 

ND 2016 United 
States 

Food and 
Drug 
Administrati
on - Center 
for Food 
Safety and 
Applied 
Nutrition 
(US) 

FSIS1606634 
 

Porcine 2016 United 
States 

Department 
of 
Agriculture - 
Food Safety 
and 
Inspection 
Service (US) 

CVM N40368 
 

Livestock 2012 United 
States 

Center for 
Diease 
Control and 
Prevention - 
Enteric 
Diseases 
Laboratory 
Branch (US) 

FDA00010558 
 

Environme
nt 

2016 Mexico USDA 

FSIS1607596 
 

Livestock 2016 United 
States 

Food and 
Drug 
Administrati
on (US) 

FSIS1607729 
 

Livestock 2016 United 
States 

Food and 
Drug 
Administrati
on - Center 
for Food 
Safety and 
Applied 
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Nutrition 
(US) 

PNUSAS004211 
 

ND 2011 United 
States 

Department 
of 
Agriculture - 
Food Safety 
and 
Inspection 
Service (US) 

PNUSAS004213 
 

ND 2011 United 
States 

Department 
of 
Agriculture - 
Food Safety 
and 
Inspection 
Service (US) 

ERR1815499_22 
 

Human 2016 Ireland Center for 
Diease 
Control and 
Prevention - 
Enteric 
Diseases 
Laboratory 
Branch (US) 

PNUSAS003936 
 

ND 2009 United 
States 

Center for 
Diease 
Control and 
Prevention - 
Enteric 
Diseases 
Laboratory 
Branch (US) 

PNUSAS003935 
 

Human 2008 United 
States 

 

SRR4897062 
 

Foodprodu
ct 

2016 United 
States 

Center for 
Diease 
Control and 
Prevention - 
Enteric 
Diseases 
Laboratory 
Branch (US) 

SRR5045027 
 

Foodprodu
ct 

2016 United 
States 

1 

967864 
 

Human NA Canada USDA-FSIS 

L1874 
 

Human 2008 Australi
a 

USDA-FSIS 

FSIS1710414 
 

Livestock 2017 United 
States 

National 
Microbiology 
Laboratory 
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OH-17-537 
 

ND 2017 United 
States 

University of 
New South 
Wales 

FSIS1710449 
 

Livestock 2017 United 
States 

Department 
of 
Agriculture - 
Food Safety 
and 
Inspection 
Service (US) 

FSIS1710787 
 

Poultry 2017 United 
States 

Food and 
Drug 
Administrati
on - Center 
for Food 
Safety and 
Applied 
Nutrition 
(US) 

ERR1857451 
 

Human 2017 Ireland Department 
of 
Agriculture - 
Food Safety 
and 
Inspection 
Service (US) 

PNUSAS010064 
 

ND 2012 United 
States 

Department 
of 
Agriculture - 
Food Safety 
and 
Inspection 
Service (US) 

FSIS1710756 
 

Livestock 2017 United 
States 

University 
Hospital 
Galway 

FDA00000366 
 

Food 2003 Portugal Centers for 
Disease 
Control and 
Prevention - 
PulseNet 

CCK-B-038 
 

Poultry 2016 Barbado
s 

Department 
of 
Agriculture - 
Food Safety 
and 
Inspection 
Service (US) 

11-1166 
 

Human 2011 Belgium Food and 
Drug 
Administrati
on - Center 
for Food 
Safety and 
Applied 
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Nutrition 
(US) 

37956 
 

Human 2012 Belgium 
 

PNUSAS032218 
 

missing 2012 United 
States 

 Scientific 
Institute of 
Public Health 
(WIV-ISP) 

FDA00000385 
 

Feed 2003 Portugal  Scientific 
Institute of 
Public Health 
(WIV-ISP) 

486527 
 

Human 2018 United 
Kingdo
m 

Centers for 
Disease 
Control and 
Prevention 
Enteric 
Diseases 
Laboratory 
Branch 

391748 
 

Human 2017 United 
Kingdo
m 

FDA Center 
for Food 
Safety and 
Applied 
Nutrition 

SAL_UA1879AA 
 

Livestock 2015 United 
Kingdo
m 

PHE 

442694 
 

Human 2017 United 
Kingdo
m 

Public Health 
England 

431399 
 

Human 2017 United 
Kingdo
m 

Animal and 
Plant Health 
Agency 
(APHA) 

N09-0923 
 

Human 2009 Switzerl
and 

 

N09-0868 
 

Human 2009 Switzerl
and 

Public Health 
England 

N08-2826 
 

Human 2008 Switzerl
and 

CFSAN 

N10-2374 
 

Human 2010 Switzerl
and 

CFSAN 

N10-1200 
 

missing 2010 Switzerl
and 

CFSAN 

N10-0623 
 

missing 2010 Switzerl
and 

CFSAN 

N07-563 
 

Human 2007 Switzerl
and 

CFSAN 

N07-851 
 

Human 2007 Switzerl
and 

CFSAN 

ISZ-13 
 

Pig Meat 2010 Italy CFSAN 
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N07-1209 
 

Human 2007 Switzerl
and 

CFSAN 

N06-1830 
 

Livestock 2006 Switzerl
and 

ISTITUTO 
ZOOPROFILA
TTICO 
SPERIMENTA
LE DELLE 
VENEZIE 

399936 
 

Human 2017 United 
Kingdo
m 

CFSAN 

N11-1381 
 

Human 2011 Switzerl
and 

CFSAN 

N14-1016 
 

Human 2014 Switzerl
and 

Public Health 
England 

N14-2154 
 

Food 2014 Switzerl
and 

CFSAN 

N13-0144 
 

Human 2013 Switzerl
and 

CFSAN 

N13-0004 
 

Human 2013 Switzerl
and 

CFSAN 

470218 
 

Human 2018 United 
Kingdo
m 

CFSAN 

N16-1247 
 

Human 2016 Switzerl
and 

CFSAN 

DTU_1045 
 

Fresh 
Cured Pork 
Meat 

2015 Italy Public Health 
England 

N15-1290 
 

Poultry 2015 Switzerl
and 

CFSAN 

N17-0794 
 

Poultry 2017 Switzerl
and 

ISTITUTO 
ZOOPROFILA
TTICO 
SPERIMENTA
LE DELLE 
VENEZIE 

N16-1477 
 

missing 2016 Switzerl
and 

CFSAN 

N17-0346 
 

Human 2017 Switzerl
and 

CFSAN 

N11-2679 
 

Human 2011 Switzerl
and 

CFSAN 

N17-0904 
 

Human 2017 Switzerl
and 

CFSAN 

542015 
 

Human 2018 United 
Kingdo
m 

CFSAN 

475839 
 

Human 2018 United 
Kingdo
m 

CFSAN 
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493485 
 

Human 2018 United 
Kingdo
m 

Public Health 
England 

NC_WHO_S213 
 

Human 2014 Lebano
n 

PHE 

3399-2012 
 

Human 2012 Italy Public Health 
England 

NC_WHO_S047 
 

Human 2011 Lebano
n 

FDA Center 
for Food 
Safety and 
Applied 
Nutrition 

NC_WHO_S050 
 

Human 2011 Lebano
n 

ISTITUTO 
ZOOPROFILA
TTICO 
SPERIMENTA
LE DELLE 
VENEZIE 

Sa_V42 
 

Environme
nt 

2017 Mexico FDA Center 
for Food 
Safety and 
Applied 
Nutrition 

E2018009940 
 

Livestock 2018 United 
States 

FDA Center 
for Food 
Safety and 
Applied 
Nutrition 

E2018009938 
 

Livestock 2018 United 
States 

SENASICA 

11447/15 
 

Dolphin 2015 Italy FDA Center 
for Food 
Safety and 
Applied 
Nutrition 

78938/17 
 

Dolphin 2017 Italy FDA Center 
for Food 
Safety and 
Applied 
Nutrition 

SL3-12 
 

missing NA Russia Istituto 
Zooprofilattic
o 
Sperimentale 
del Piemonte 
Liguria e 
Valle d'Aosta 

591934 
 

Human 2018 United 
Kingdo
m 

Istituto 
Zooprofilattic
o 
Sperimentale 
del Piemonte 
Liguria e 
Valle d'Aosta 
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SAL-18-VL-OH-ON-0013 
 

Livestock 2018 Canada Central 
Research 
Institute for 
Epidemiology 

4007-2011 
 

Meleagris 2011 Italy Public Health 
England 

R15.0289 
 

Human 2015 Taiwan FDA Center 
for Food 
Safety and 
Applied 
Nutrition 

R15.0265 
 

Human 2015 Taiwan ISTITUTO 
ZOOPROFILA
TTICO 
SPERIMENTA
LE DELLE 
VENEZIE 

R15.0285 
 

Human 2015 Taiwan Centers for 
Disease 
Control, 
Taiwan 

E028 
 

Poultry 2013 Taiwan Centers for 
Disease 
Control, 
Taiwan 

E027 
 

Poultry 2013 Taiwan Centers for 
Disease 
Control, 
Taiwan 

R15.0305 
 

Human 2015 Taiwan Centers for 
Disease 
Control, 
Taiwan 

CS109 
 

Poultry 2011 Taiwan Centers for 
Disease 
Control, 
Taiwan 

R15.0446 
 

Human 2015 Taiwan Centers for 
Disease 
Control, 
Taiwan 

R15.0414 
 

Human 2015 Taiwan Centers for 
Disease 
Control, 
Taiwan 

CB12.026 
 

Human 2012 Taiwan Centers for 
Disease 
Control, 
Taiwan 

15Q003631 
 

Livestock 2015 France Centers for 
Disease 
Control, 
Taiwan 

R16.3277 
 

Human 2016 Taiwan Centers for 
Disease 
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Control, 
Taiwan 

R14.0686 
 

Human 2014 Taiwan 
 

R14.0884 
 

Human 2014 Taiwan Centers for 
Disease 
Control, 
Taiwan 

PS17 
 

Livestock 2011 Taiwan Centers for 
Disease 
Control, 
Taiwan 

NL09.115 
 

Human 2009 Taiwan Centers for 
Disease 
Control, 
Taiwan 

PS32 
 

Livestock 2012 Taiwan Centers for 
Disease 
Control, 
Taiwan 

R15.0059 
 

Human 2015 Taiwan Centers for 
Disease 
Control, 
Taiwan 

R13.1996 
 

Human 2013 Taiwan Centers for 
Disease 
Control, 
Taiwan 

SAL-18-VL-LA-KS-0017 
 

Livestock 2018 United 
States 

Centers for 
Disease 
Control, 
Taiwan 

AHD24 
 

Human 2011 United 
States 

Centers for 
Disease 
Control, 
Taiwan 

ERR2023105 
 

Human 2017 Ireland FDA Center 
for Food 
Safety and 
Applied 
Nutrition 

AHD3 
 

Human 2009 United 
States 

FDA Center 
for Food 
Safety and 
Applied 
Nutrition 

H2 - 038 
 

Livestock 2012 Thailan
d 

University 
Hospital 
Galway 

H2 - 020 
 

Livestock 2012 Thailan
d 

FDA Center 
for Food 
Safety and 
Applied 
Nutrition 
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H2 - 014 
 

Food 2012 Thailan
d 

FDA Center 
for Food 
Safety and 
Applied 
Nutrition 

H2 - 012 
 

Livestock 2012 Thailan
d 

FDA Center 
for Food 
Safety and 
Applied 
Nutrition 

H1 - 136 
 

Companio
n Animal 

2010 Thailan
d 

FDA Center 
for Food 
Safety and 
Applied 
Nutrition 

H2 - 111 
 

Livestock 2012 Thailan
d 

FDA Center 
for Food 
Safety and 
Applied 
Nutrition 

H1 - 135 
 

Aquatic 2010 Thailan
d 

FDA Center 
for Food 
Safety and 
Applied 
Nutrition 

H1 - 142 
 

Aquatic 2010 Thailan
d 

FDA Center 
for Food 
Safety and 
Applied 
Nutrition 

H1 - 121 
 

ND 2010 Thailan
d 

FDA Center 
for Food 
Safety and 
Applied 
Nutrition 

DTU2016_1375_PRJproj1048_Salmonella_mono
fasisk_F14_1101_1 

 
Livestock 2014 German

y 
FDA Center 
for Food 
Safety and 
Applied 
Nutrition 

H1 - 134 
 

Environme
nt 

2010 Thailan
d 

FDA Center 
for Food 
Safety and 
Applied 
Nutrition 

H1 - 137 
 

ND 2010 Thailan
d 

Technical 
University of 
Denmark - 
Centre for 
Genomic 
Epidemiology
, National 
Food 
Institute 
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H2 - 070 
 

Livestock 2012 Thailan
d 

FDA Center 
for Food 
Safety and 
Applied 
Nutrition 

H1 - 143 
 

Environme
nt 

2010 Thailan
d 

FDA Center 
for Food 
Safety and 
Applied 
Nutrition 

AMC 238 
 

Aquatic 2015 Spain FDA Center 
for Food 
Safety and 
Applied 
Nutrition 

678048 
 

Human 2019 United 
Kingdo
m 

FDA Center 
for Food 
Safety and 
Applied 
Nutrition 

NC_WHO_S073 
 

Human 2012 Lebano
n 

FDA/CFSAN 

FDA00013864 
 

Environme
nt 

2018 China Public Health 
England 

697899 
 

Human 2019 United 
Kingdo
m 

FDA Center 
for Food 
Safety and 
Applied 
Nutrition 

NC_WHO_S302 
 

Human 2012 Lebano
n 

FDA Center 
for Food 
Safety and 
Applied 
Nutrition 

DTU2016_872_PRJ1048_Salmonella_monofasis
k_2012_60_1628_1_1 

 
Livestock 2012 German

y 
Public Health 
England 

01/185/LJ 
 

Human 2019 Slovenia FDA Center 
for Food 
Safety and 
Applied 
Nutrition 

45/531/CE 
 

Human 2019 Slovenia Centre for 
Genomic 
Epidemiology
, National 
Food 
Institute, 
Technical 
University of 
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Denmark 
(DTU) 

3B/248/KP 
 

Human 2019 Slovenia NATIONAL 
LABORATORY 
FOR HEALTH, 
ENVIRONME
NT AND 
FOOD 

738652 
 

Human 2019 United 
Kingdo
m 

NATIONAL 
LABORATORY 
FOR HEALTH, 
ENVIRONME
NT AND 
FOOD 

769122 
 

Human 2019 United 
Kingdo
m 

NATIONAL 
LABORATORY 
FOR HEALTH, 
ENVIRONME
NT AND 
FOOD 

NC_WHO_S048 
 

Human 2011 Lebano
n 

Public Health 
England 

779879 
 

Human 2019 United 
Kingdo
m 

Public Health 
England 

VNB1166 
 

Human 2010 Vietnam FDA Center 
for Food 
Safety and 
Applied 
Nutrition 

VNS10314 
 

Human 2010 Vietnam Public Health 
England 

VNB455 
 

Human 2009 Vietnam ND 

DTU2016_874 
 

Livestock 2012 France ND 

VNB712 
 

Human 2009 Vietnam ND 

VNS20235 
 

Human 2009 Vietnam Centre for 
Genomic 
Epidemiology
, National 
Food 
Institute, 
Technical 
University of 
Denmark 
(DTU) 

VNB1264 
 

Human 2011 Vietnam ND 

VNS30144 
 

Human 2009 Vietnam ND 
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VNB1701 
 

Human 2012 Vietnam ND 

VNB176 
 

Human 2008 Vietnam ND 

VNB617 
 

Human 2009 Vietnam ND 

VNB1479 
 

Human 2011 Vietnam ND 

VNB1140 
 

Human 2010 Vietnam ND 

71_G_450 
 

Chicken 2012 Vietnam ND 

ERR2124052 
 

Human 2017 Ireland ND 

71_H_035 
 

Pig 2012 Vietnam ND 

VNB1779 
 

Human 2012 Vietnam University 
Hospital 
Galway 

VNB2315 
 

Human 2013 Vietnam ND 

Hue_11 
 

Human 2009 Vietnam ND 

CT69_2 
 

Chicken 2013 Vietnam ND 

71_H_455 
 

Pig 2012 Vietnam ND 

71_H_455 
 

Pig 2012 Vietnam ND 

L-4233 
 

Bos taurus 2014 Japan ND 

L-4259 
 

Bos taurus 2013 Japan ND 

17-71865_S18 
 

Human 2016 Italy National 
Institute of 
Infectious 
Diseases - 
Japan 

L-4257 
 

Bos taurus 2013 Japan National 
Institute of 
Infectious 
Diseases - 
Japan 

L-3841 
 

Sus scrofa 
domesticu
s 

2009 Japan ISTITUTO 
ZOOPROFILA
TTICO 
SPERIMENTA
LE DELLE 
VENEZIE 

L-3844 
 

Sus scrofa 
domesticu
s 

2002 Japan National 
Institute of 
Infectious 
Diseases - 
Japan 

L-3835 
 

Homo 
sapiens 

2007 Japan National 
Institute of 
Infectious 
Diseases - 
Japan 

L-3846 
 

Sus scrofa 
domesticu
s 

2008 Japan National 
Institute of 
Infectious 
Diseases - 
Japan 
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L-4126 
 

Bos taurus 1998 Japan National 
Institute of 
Infectious 
Diseases - 
Japan 

17-71882_S32 
 

Swine 2016 Italy National 
Institute of 
Infectious 
Diseases - 
Japan 

L-4127 
 

Bos taurus 1998 Japan 
 

17-71888_S37 
 

Buffalo 2016 Italy ISTITUTO 
ZOOPROFILA
TTICO 
SPERIMENTA
LE DELLE 
VENEZIE 

ERR2173689 
 

Human 2017 Ireland National 
Institute of 
Infectious 
Diseases - 
Japan 

SSI-AC256 
 

Human 2009 Denmar
k 

ISTITUTO 
ZOOPROFILA
TTICO 
SPERIMENTA
LE DELLE 
VENEZIE 

L-4234 
 

Sus scrofa 
domesticu
s 

2014 Japan University 
Hospital 
Galway 

L-4261 
 

Bos taurus 2014 Japan STATENS 
SERUM 
INSTITUT 

ERR2193125 
 

Human 2017 Ireland ND 

L-3838 
 

Livestock 2008 Japan ND 

L-3837 
 

Bos taurus 2008 Japan University 
Hospital 
Galway 

L-4071 
 

Bos taurus 2013 Japan National 
Institute of 
Infectious 
Diseases - 
Japan 

ERR2193191 
 

Human 2017 Ireland National 
Institute of 
Infectious 
Diseases - 
Japan 

16-SA00669 
 

food 2016 German
y 

National 
Institute of 
Infectious 
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Diseases - 
Japan 

16-SA00754 
 

animal 2016 German
y 

University 
Hospital 
Galway 

13-SA02497 
 

animal 2013 German
y 

FEDERAL 
INSTITUTE 
FOR RISK 
ASSESSMENT 
(BFR) 

14-SA02723 
 

animal 2014 German
y 

FEDERAL 
INSTITUTE 
FOR RISK 
ASSESSMENT 
(BFR) 

15-SA00407 
 

animal 2015 German
y 

FEDERAL 
INSTITUTE 
FOR RISK 
ASSESSMENT 
(BFR) 

15-SA02945 
 

food 2015 German
y 

FEDERAL 
INSTITUTE 
FOR RISK 
ASSESSMENT 
(BFR) 

L00541-16 
 

Livestock 2016 United 
Kingdo
m 

ND 

S00160-16 
 

Livestock 2016 United 
Kingdo
m 

FEDERAL 
INSTITUTE 
FOR RISK 
ASSESSMENT 
(BFR) 

S05117-15 
 

Poultry 2015 United 
Kingdo
m 

Animal and 
Plant Health 
Agency 
(APHA) 

DTU2016-418 
 

Poultry 2014 Italy Animal and 
Plant Health 
Agency 
(APHA) 

136-16 
 

Human 2016 Poland Animal and 
Plant Health 
Agency 
(APHA) 

201-15 
 

Human 2015 Poland IZSLT 
(Istituto 
Zooprofilattic
o 
Sperimentale 
del Lazio e la 
Toscana) 
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205-14 
 

Human 2014 Poland National 
Institute of 
Public Health 
- National 
Institute of 
Hygiene 

272-15 
 

Human 2015 Poland National 
Institute of 
Public Health 
- National 
Institute of 
Hygiene 

288-15 
 

Human 2015 Poland National 
Institute of 
Public Health 
- National 
Institute of 
Hygiene 

303-14 
 

Human 2014 Poland National 
Institute of 
Public Health 
- National 
Institute of 
Hygiene 

332-14 
 

Human 2014 Poland National 
Institute of 
Public Health 
- National 
Institute of 
Hygiene 

51-15 
 

Human 2015 Poland National 
Institute of 
Public Health 
- National 
Institute of 
Hygiene 

LB-22 
 

Livestock 2011 Italy National 
Institute of 
Public Health 
- National 
Institute of 
Hygiene 

51-16 
 

Human 2016 Poland National 
Institute of 
Public Health 
- National 
Institute of 
Hygiene 

56-16 
 

Human 2016 Poland National 
Institute of 
Infectious 
Diseases - 
Japan 
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69-16 
 

Human 2016 Poland National 
Institute of 
Public Health 
- National 
Institute of 
Hygiene 

86-15 
 

Human 2015 Poland National 
Institute of 
Public Health 
- National 
Institute of 
Hygiene 

86-16 
 

Food 2016 Poland National 
Institute of 
Public Health 
- National 
Institute of 
Hygiene 

350-13 
 

Human 2013 Poland National 
Institute of 
Public Health 
- National 
Institute of 
Hygiene 

297-13 
 

Human 2013 Poland ND 

181-13 
 

Human 2013 Poland National 
Institute of 
Public Health 
- National 
Institute of 
Hygiene 

74675_2014_salm 
 

Livestock 2015 Italy National 
Institute of 
Public Health 
- National 
Institute of 
Hygiene 

ERR2215656 
 

Human 2017 Ireland National 
Institute of 
Public Health 
- National 
Institute of 
Hygiene 

LB-21 
 

Poultry 2012 Italy IZSLT 
(Istituto 
Zooprofilattic
o 
Sperimentale 
del Lazio e la 
Toscana) 

ERR2698814 
 

Companio
n Animal 

2016 Cambod
ia 

University 
Hospital 
Galway 



347 

 

ERR2698816 
 

Companio
n Animal 

2016 Cambod
ia 

National 
Institute of 
Infectious 
Diseases - 
Japan 

53_Typhimurium2_p 
 

Feed 2008 Netherl
ands 

Institut 
Pasteur 

58_monophasic Typhimurium1_h 
 

Human 2012 Netherl
ands 

Institut 
Pasteur 

59_monophasic Typhimurium2_h 
 

Human 2012 Netherl
ands 

RIVM - 
National 
Institute for 
Public Health 
and the 
Environment 

60_monophasic Typhimurium3_h 
 

Human 2012 Netherl
ands 

RIVM - 
National 
Institute for 
Public Health 
and the 
Environment 

61_monophasic Typhimurium1_p 
 

Livestock 2009 Netherl
ands 

RIVM - 
National 
Institute for 
Public Health 
and the 
Environment 

62_monophasic Typhimurium2_h 
 

Livestock 2009 Netherl
ands 

RIVM - 
National 
Institute for 
Public Health 
and the 
Environment 

63_monophasic Typhimurium3_p 
 

Livestock 2009 Netherl
ands 

RIVM - 
National 
Institute for 
Public Health 
and the 
Environment 

0608F12523 
 

Human 2006 Denmar
k 

RIVM - 
National 
Institute for 
Public Health 
and the 
Environment 

LB-11 
 

Livestock 2011 Italy RIVM - 
National 
Institute for 
Public Health 
and the 
Environment 
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0511R6988 
 

Human 2005 Denmar
k 

STATENS 
SERUM 
INSTITUT 

0501M38866 
 

Human 2005 Denmar
k 

National 
Institute of 
Infectious 
Diseases - 
Japan 

1805S63638 
 

Human 2018 Denmar
k 

STATENS 
SERUM 
INSTITUT 

1705F15563 
 

Human 2017 Denmar
k 

STATENS 
SERUM 
INSTITUT 

1503F57888 
 

Human 2015 Denmar
k 

STATENS 
SERUM 
INSTITUT 

11CEB2251SAL 
 

sheep goat 
- dairy 
products - 
cheese 

2011 France STATENS 
SERUM 
INSTITUT 

11CEB3015SAL 
 

sheep goat 
- dairy 
products - 
cheese 

2011 France STATENS 
SERUM 
INSTITUT 

11CEB6557SAL 
 

pigs - pork 
back 

2011 France ND 

2011_02155 
 

human - 
faeces 

2011 France ND 

2011_02228 
 

human - 
faeces 

2011 France ANSES 

SSI_AA378 
 

Human 2013 Denmar
k 

ND 

2011_08647 
 

human 2011 France ND 

2011_08648 
 

human 2011 France STATENS 
SERUM 
INSTITUT 

2014LSAL04847 
 

Environme
nt 

2014 France ANSES 

2014_02059 
 

Human 2014 France ANSES 

1902T41853 
 

Human 2019 Denmar
k 

ANSES 

06-01900 
 

Human 2006 German
y 

ND 

16-04913 
 

Human 2016 German
y 

STATENS 
SERUM 
INSTITUT 
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16-04940 
 

Human 2016 German
y 

ROBERT 
KOCH-
INSTITUTE 

17EP001571 
 

Human 2017 Norway ROBERT 
KOCH-
INSTITUTE 

17EP001668 
 

Human 2017 Norway ROBERT 
KOCH-
INSTITUTE 

ERR1828951_108 
 

Human 2015 Ireland NORWEGIAN 
INSTITUTE 
OF PUBLIC 
HEALTH 

ERR1837626_122 
 

Human 2015 Ireland NORWEGIAN 
INSTITUTE 
OF PUBLIC 
HEALTH 

ERR1806844_22 
 

Human 2016 Ireland ND 

ERR1815681_40 
 

Human 2016 Ireland ND 

ERR1816626_49 
 

Human 2016 Ireland ND 

ERR1802428_7 
 

Human 2016 Ireland ND 

ERR1817394_71 
 

Human 2016 Ireland ND 

ERR1817513_76 
 

Human 2016 Ireland ND 

ERR1817536_81 
 

Human 2016 Ireland ND 

ERR1823827_94 
 

Human 2014 Ireland ND 

ERR1823828_95 
 

Human 2014 Ireland ND 

0153D 
 

Pig 2012 Ireland ND 

0197B 
 

Pig 2012 Ireland ND 

0286B 
 

Pig 2012 Ireland ND 

0309C 
 

Pig 2012 Ireland ND 

1792A 
 

Pig 2012 Ireland ND 

3500B 
 

Pig 2013 Ireland ND 

3524A 
 

Pig 2013 Ireland ND 

0329B 
 

Pig 2012 Ireland ND 

0591C 
 

Pig 2012 Ireland ND 

1446A 
 

Pig 2012 Ireland ND 

2002A 
 

Pig 2012 Ireland ND 

2207A 
 

Pig 2013 Ireland ND 

2213A 
 

Pig 2013 Ireland ND 
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2985A 
 

Pig 2013 Ireland ND 

2994A 
 

Pig 2013 Ireland ND 

2999A 
 

Pig 2013 Ireland ND 

3083C 
 

Pig 2013 Ireland ND 

3836A 
 

Pig 2013 Ireland ND 

3845A 
 

Pig 2013 Ireland ND 

STY1 
 

Human 2013 Italy ND 

STY102 
 

Human 2012 Italy ND 

STY107 
 

Human 2012 Italy University of 
Bologna 

STY111 
 

Human 2012 Italy University of 
Bologna 

STY122 
 

Human 2012 Italy University of 
Bologna 

STY129 
 

Swine 2012 Italy University of 
Bologna 

STY136 
 

Swine 2012 Italy University of 
Bologna 

STY149 
 

Swine 2012 Italy University of 
Bologna 

STY158 
 

Swine 2013 Italy University of 
Bologna 

STY189 
 

Swine 2014 Italy University of 
Bologna 

STY194 
 

Swine 2014 Italy University of 
Bologna 

STY196 
 

Swine 2014 Italy University of 
Bologna 

STY199 
 

Swine 2014 Italy University of 
Bologna 

NA 
 

NA NA NA University of 
Bologna 

STY27 
 

Human 2013 Italy University of 
Bologna 

STY32 
 

Human 2014 Italy NA 

STY33 
 

Human 2014 Italy University of 
Bologna 

STY51 
 

Human 2014 Italy University of 
Bologna 

STY6 
 

Human 2013 Italy University of 
Bologna 

STY68 
 

Human 2012 Italy University of 
Bologna 

S04698-09Δbar:cat DT193 NA NA UK This study 
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SL1344ΔcopA:aphII DT44 NA NA NA This study 

4/74:aphII ND NA NA NA This study 
(Luke Acton) 

4/74 Δphage ND NA NA NA Rodwell et 
al., (2021) 

S04698-09:mTmII:cat DT193 NA NA NA This study 
(Luke Acton) 

S04332-09:mTmII:cat DT193 NA NA NA This study 
(Luke Acton) 

L00979-07:mTmII:cat DT193 NA NA NA This study 
(Luke Acton) 

L00745-07:mTmII:cat DT193 NA NA NA This study 
(Luke Acton) 

L01157-10:aphII DT8 NA NA NA This study 
(Gaetan 
Thilliez) 

L01157-10:aphII, wzy- DT30 NA NA NA This study 

L01157-10:wzy- DT30 NA NA NA This study 

L01157-10Δwjx:cat DT8 NA NA NA This study 

L01157-10:aphII, wzy-, nalR DT30 NA NA NA This study 

L01157-10Δwjx:cat,aphII,nalR DT31 NA NA NA This study 

 

 

 

 

Appendix X: First Author Publications Associated 

With This Study
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A multi drug resistant Salmonella enterica 4,[5],12:i- of sequence type 34 (monophasic
S. Typhimurium ST34) is a current pandemic clone associated with livestock, particularly
pigs, and numerous outbreaks in the human population. A large genomic island, termed
SGI-4, is present in the monophasic Typhimurium ST34 clade and absent from other
S. Typhimurium strains. SGI-4 consists of 87 open reading frames including sil and
pco genes previously implicated in resistance to copper (Cu) and silver, and multiple
genes predicted to be involved in mobilization and transfer by conjugation. SGI-4
was excised from the chromosome, circularized, and transferred to recipient strains
of S. Typhimurium at a frequency influenced by stress induced by mitomycin C, and
oxygen tension. The presence of SGI-4 was associated with increased resistance
to Cu, particularly but not exclusively under anaerobic conditions. The presence of
silCBA genes, predicted to encode an RND family efflux pump that transports Cu from
the periplasm to the external milieu, was sufficient to impart the observed enhanced
resistance to Cu, above that commonly associated with S. Typhimurium isolates. The
presence of these genes resulted in the absence of Cu-dependent induction of pco
genes encoding multiple proteins linked to Cu resistance, also present on SGI-4,
suggesting that the system effectively limits the Cu availability in the periplasm, but did
not affect SodCI-dependent macrophage survival.

Keywords: Salmonella, monophasic, integrative conjugative element, SGI-4, copper resistance

INTRODUCTION

Salmonella enterica serovar Typhimurium (S. Typhimurium), including monophasic variants,
accounts for approximately 25% of all human cases of non-typhoidal Salmonella (NTS) infection
in Europe, and is widespread in multiple animal reservoirs (Hugas and Beloeil, 2014; Animal
and Plant Health Agency [APHA], 2017; Branchu et al., 2018). The epidemiological record of
human multidrug-resistant (MDR) S. Typhimurium infections in Europe is characterized by
successive waves of dominant MDR variants that persist for 10–15 years (Rabsch et al., 2001;
Rabsch, 2007). S. Typhimurium DT104 emerged around 1990, becoming a globally pandemic
clone that affected numerous domesticated and wild animal species (Threlfall, 2000). Subsequently,
in 2007, a monophasic S. Typhimurium variant (S. 4,[5],12:i-) of sequence type 34 (ST34)
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emerged in European pig populations and spread globally
(hereafter referred to as monophasic S. Typhimurium ST34;
Hauser et al., 2010; Antunes et al., 2011; Hopkins et al., 2012;
Arguello et al., 2013; Mourao et al., 2015; Andres-Barranco et al.,
2016; Bonardi, 2017). The mechanisms that drive succession
of S. Typhimurium variants are not known, but selection by
commonly used antibiotics is unlikely since successive variants
share similar AMR profiles (Rabsch, 2007): ACSSuT (ampicillin,
chloramphenicol, streptomycin, sulphonamide, tetracycline) for
S. Typhimurium DT104 and ASSuT for monophasic S.
Typhimurium ST34.

Cu is both an essential nutrient, due to its role as a cofactor
in multiple enzymes in all aerobic organisms, and highly toxic
due to its ability to displace iron from iron-sulfur clusters in
dehydratases (Macomber and Imlay, 2009). To reduce toxicity,
bacteria control the amount of free Cu in the cytoplasm and
periplasm using transport systems, and by the oxidation of
cuprous (Cu1+) to less toxic cupric (Cu2+) ions (Rensing and
Grass, 2003). Escherichia coli, a close relative of Salmonella,
encodes multiple transport systems on its chromosome to
maintain Cu homeostasis. To overcome the toxicity of Cu,
E. coli transports Cu from the cytoplasm into the periplasm
via a P1B-type ATPase, CopA, and from the cytoplasm and
periplasm to the external milieu via a multicomponent Cu RND
family efflux pump, CusCFBA, and oxidizes cuprous ions by the
action of the multi-Cu oxidase, CueO (Grass and Rensing, 2001;
Franke et al., 2003). CueO and CopA, which are co-regulated
by the cytosolic CueR, are the primary Cu homeostasis systems
active during aerobic growth (Stoyanov et al., 2001), while
CusCFBA is important during anaerobic growth, under the
transcriptional control of the periplasmic CusRS two component
regulator (Outten et al., 2001). In addition, some E. coli isolated
from Cu-rich environments have additional plasmid-encoded
genes pcoABCDRSE, that encode several proteins including a
multicopper oxidase system which is active in the periplasm,
Cu transporters, and a Cu binding protein. The pco locus is
regulated by a two-component system (PcoR/PcoS) with a sensor
kinase that extends into the periplasm (Brown et al., 1995;
Rensing and Grass, 2003).

Cu homeostasis in the genus Salmonella appears to be
fundamentally different from that in E. coli due to the deletion of
the cusRSCFBA genes from the chromosome noted in a number
of commonly used lab strains (McClelland et al., 2001; Espariz
et al., 2007; Pontel and Soncini, 2009; Fookes et al., 2011).
Therefore, although Salmonella encode CopA and CueO, the lack
of the CusCFBA RND family efflux pump means they lack the
ability to transport Cu out of the cell entirely, which is likely to
have a significant impact on the distribution of Cu within the cell.
However, plasmid-borne silRSECBAP genes have been described
in a S. Typhimurium strain associated with an outbreak in burn
patients that had been treated topically with silver nitrate; these
genes encode an RND family efflux pump that is closely related
to the CusCFBA system and conferred resistance to silver and Cu
(McHugh et al., 1975; Gupta et al., 1999). Although the sil and
cus genes are generally absent from the whole genome sequence
of reference strains of Salmonella, these genes have been reported
in multiple distinct monophasic S. Typhimurium and S. Rissen

clones associated primarily with pigs in the past two decades
(Mourao et al., 2015; Campos et al., 2016; Mastrorilli et al., 2018).

When the whole genome sequence of monophasic S.
Typhimurium ST34 was compared with other S. Typhimurium
whole genome sequence, an 80kb genomic island was identified
and designated as Salmonella genomic island 4 [SGI-4, note
addendum for nomenclature change from SGI-3 (Petrovska
et al., 2016)]; this genomic island was present in over
95% of monophasic S. Typhimurium ST34 strains from
the United Kingdom and Italy, but absent from a diverse
collection of S. Typhimurium including DT104 (Petrovska
et al., 2016). Ancestral reconstruction analysis was consistent
with acquisition of SGI-4 by horizontal transfer concomitant
with clonal expansion of monophasic S. Typhimurium ST34,
and rare sporadic loss of the genetic island (Petrovska et al.,
2016). SGI-4 contained three clusters of genes predicted to be
involved in resistance to Cu and silver or arsenic metal ions
(Petrovska et al., 2016).

Here we addressed the hypothesis that SGI-4 is a mobile
genetic element (MGE) that encodes multiple metal ion
resistance determinants that alter the growth of Salmonella in
concentrations of Cu relevant to the host and farm environments.
Furthermore, we test the hypothesis that transferable Cu and
silver resistance genes alter expression of endogenous Cu
homeostasis genes that sense Cu levels in the periplasm and that
this affects SocCI-mediated survival in macrophages.

MATERIALS AND METHODS

Bacterial Strains and Growth Conditions
Salmonella Typhimurium strain SL1344 was isolated from a calf
in 1973 as described previously (Kroger et al., 2012). Monophasic
S. Typhimurium ST34 strains (S04698-09, S04332-09, L00857-09,
S05092-07, S06578-07, and L0938-09), S. Typhimurium U288
strains S01960-05, S05968-02 and 11020-1996, S. Typhimurium
DT104 strains (NCTC13348, 4582-1995 and S00914-05), and two
strains that were closely related to strain SL1344 (9115-1996
and 6164-1997) were isolated from various host species and
their whole genome sequences were determined as described
previously (Mather et al., 2016; Petrovska et al., 2016). For
planktonic culture, bacteria were inoculated from single colonies
subcultured on LB agar plates into 10ml of growth medium and
incubated at 37oC in aerobic (normal atmospheric) conditions,
or microaerobic (10% CO2, 5% H2, 5% O2, and 80% N2) or
anaerobic (10% CO2, 10% H2, and 80% N2) conditions using
a Whitely A95 Anaerobic Workstation (don whitley scientific).
Strains of S. Typhimurium or monophasic S. Typhimurium in
which specific genes were replaced with either the cat gene
conferring chloramphenicol resistance or the aph gene conferring
resistance to kanamycin were constructed using allelic exchange
methodology as described previously (Datsenko and Wanner,
2000). Briefly, pairs of oligonucleotide primers specific for
amplification of the cat gene or the aph gene from plasmids
pKD3 or pKD4 were synthesized with 50 nucleotide sequences
on the 3′ end that were identical to sequence immediately
proximal to the ATG start and distal to the stop codon of each
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gene targeted for deletion (Supplementary Table S1). Bacterial
strains were routinely cultured in Luria Bertani broth (Oxoid)
supplemented with 0.03 mg/l chloramphenicol or 0.05 mg/l
kanamycin as appropriate.

Sequence Analysis
A gene model for SGI-4 was constructed using Prokka (Seemann,
2014) with a minimum open reading frame (ORF) size of 100.
Annotation of SGI-4 was achieved by aligning ORF sequences to
those in the NCBI database using BLASTn to identify genes with
the greatest sequence identity.

Phylogenetic trees from whole genome sequence data
were constructed and single nucleotide polymorphisms (SNPs)
identified in the whole genome sequences by aligning reads using
BWA-MEM (Li, 2013), variant calling with Freebayes (Garrison
and Marth, 2012) and SNP filtering using vcflib/vcftools
(Danecek et al., 2011), combined as a pipeline using Snippy v3.0.1

Maximum-likelihood trees were constructed using a general
time-reversible substitution model with gamma correction for
amongst-site rate variation with RAxML v8.0.20 with 1000
bootstraps (Stamatakis, 2006). Representative isolates of S.
Typhimurium phage types described previously (Petrovska et al.,
2016), and whole genome sequences of S. Typhimurium isolates
from routine clinical surveillance by Public Health England are
available in public databases with accession numbers reported in
Supplementary Table S2.

Candidate SGI-4-like elements (SLEs) were identified
in genome assemblies in the NCBI non-redundant
sequence database (accessed June 2018) by aligning
to SGI-4 excluding the ars, sil, and pco loci, using
discontiguous megaBLAST. This analysis identified nucleotide
sequences from Edwardsiella ictaluri (accession CP001600,
326500..380800) Erwinia tracheiphila (accession CP013970,
1856073..1916737), Enterobacter cloacae (accession CP012162,
4040884..4152906), Enterobacter hormaechei (accession
CP010376, 3932000..4028800), Enterobacter hormaechei
(accession CP012165, 395200..536000), Pluralibacter gergoviae
(accession CP009450, 1604785..1778603) and Salmonella Cubana
(accession CP006055, 4214040..4311200). For reconstruction
of the phylogeny of putative SLEs, sequence were aligned
using clustalW-2.1 (Larkin et al., 2007) to determine sequence
identity and conserved regions. A maximum likelihood tree
was constructed from aligned nucleotide sequence using
RAxML (Stamatakis, 2006). The relationship of SLEs was also
investigated by determining the proportion of each SLE aligned
by carrying out a pair-wise comparison with discontinuous
megaBLAST (Morgulis et al., 2008). Each SLE was used as the
query sequence against each SLE as the subject to determine the
percent of sequence that aligned and the mean percent nucleotide
sequence identity.

For reconstruction of a maximum likelihood tree to
investigate the relationship of the SGI-4 encoded and previously
described silRSECBAF and cusRSCFBA genes, sequence extracted
from 17 whole genome sequences was aligned using ClustalW-2.1
(Larkin et al., 2007) and a tree constructed using 1000 bootstraps

1https://github.com/tseemann/snippy

and the GTRCAT substitution matrix with RAxML-8.0.22
software (Stamatakis, 2006). The loci were from 15 Cu
homeostasis and silver resistance island (CHASRI) sequences
(Staehlin et al., 2016), of which nine were chromosomal and six
on plasmids, as well as the originally described silRSECFBAP
from S. Typhimurium plasmid pMG101, and chromosomal
cusSRCFBA from E. coli K-12.

To estimate the distribution of the silA gene in 926 Salmonella
whole genome sequences, one from each eBurst group (similar
to serovar groups) and therefore representing the diversity of the
genus (Alikhan et al., 2018), query sequence was aligned using
BLASTn with an 80% coverage threshold and 2,000 maximum
hits. BIGSI (Bradley et al., 2019) was used to query the presence of
the silA and invA genes in over 450,000 bacterial sequence entries
in the European Nucelotide Archive (ENA; accessed on March
29, 2019 with an api url search).

Determination of SGI-4 Transfer in vitro
In order to provide a convenient selectable marker for the
presence of SGI-4, we constructed a strain of monophasic S.
Typhimurium S04698-09 in which the bar gene on SGI-4 was
replaced by the cat gene (S04698-09 SGI-4 1bar::cat), conferring
resistance to chloramphenicol (Supplementary Table S1). To
provide a selectable marker for the recipient strain, we
constructed a strain of S. Typhimurium SL1344 in which the
copA gene was deleted and replaced by an aph gene, conferring
resistance to kanamycin (Supplementary Table S1). Donors
and recipients were cultured in LB broth for 18 h at 37◦C
with shaking. The OD600nm of each culture was adjusted to
0.1 with fresh LB broth and 2.5 ml of each added to a 50ml
tube and incubated for 18 h at 37◦C with shaking in aerobic
or anaerobic atmosphere, and in the presence or absence of
0.5 mg/l mitomycin C. The number of CFUs per ml of donors
and recipients were quantified by culturing serial dilutions
on LB agar supplemented with 0.03 mg/l chloramphenicol
or 0.05 mg/l kanamycin, respectively. The presence of SGI-4
1bar::cat in recipient strains was quantified by serial dilution
on LB agar supplemented with chloramphenicol and kanamycin.
Transfer frequency was defined as the number of recipients
containing SGI-4 1bar::cat as a proportion of donor cells in the
culture. To determine whether transconjugant recipient strains
contained SGI-4 in the same chromosomal location as the donor,
the predicted right junction was amplified using primers that
annealed on either side of the right junction of SGI-4 by PCR
(Supplementary Table S1). To detect circularization of SGI-4
after excision, outward facing primers that annealed at the left
and right junction of SGI-4 were used for PCR amplification
(Supplementary Table S1). The sequence of the amplicons
was determined by Sanger sequencing using the same primers
(Eurofins sequencing service) and aligned to the genome of
strain S04698-09.

Determination of Minimal Inhibitory
Concentration (MIC) for Cu Sulfate
Fifteen bacterial strains (monophasic S. Typhimurium ST34
strains S04698-09, S04332-09, L00857-09, S05092-07, S06578-07,
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L0938-09, and S. Typhimurium strains S01960-05, S05968-02,
11020-1996, NCTC13348, 4582-1995, S00914-05, SL1344,
9115-1996, and 6164-1997) were cultured for 18 h in LB broth
at 37◦C with shaking. A stock solution of 20 mM CuSO4 in LB
broth and 25 mM HEPES pH7 using NaOH. Serial dilutions
in LB broth (pH7) were performed to generate a range of
concentrations in 1mM intervals from 1 to 20 mM CuSO4.
0.2 ml of LB broth buffered with 25mM HEPES pH7 and
containing a range of concentrations of Cu sulfate were added to
a polystyrene 96-well plate (Nunc) and incubated at 37◦C for 24 h
in normal atmospheric, microaerobic, or anaerobic conditions
to equilibrate. After 24 h, each well was inoculated with 1 × 107

colony-forming units (CFUs) of the test bacterial strain cultured
for 18 h in 10 ml LB Broth with shaking. Plates were incubated at
37◦C for 24 h in normal atmospheric, microaerobic, or anaerobic
conditions. The OD600nm of each well was measured using
a BIORAD Benchmark Plus microplate spectrophotometer.
The MIC was defined as the mean concentration of Cu sulfate
for which the OD600nm of the culture was <0.2 from four
biological replicates.

Quantitative Real Time PCR Expression
Analysis
Expression relative to transcript abundance of a constitutively
expressed housekeeping gene was determined as previously
described (Branchu et al., 2014). Total RNA was extracted
from 2 ml samples of overnight cultures of S04698-09 and
S04698-091silCBA strains grown in LB broth supplemented with
20, 100, 200 µM CuSO4, or without CuSO4 supplementation
to mid-log phase (OD600nm of 0.2) in anaerobic atmosphere
(pcoA) or aerobic atmosphere (copA). Bacteria were harvested by
centrifugation and RNA extracted using a FastRNATM spin kit for
microbes (MPBio) according to the manufacturer’s instructions.
RNA was treated with a TURBO DNA-freeTM kit (ambion, life
technologiesTM) according to the manufacturer’s instructions
before being reverse-transcribed using the QuantitTect R© Reverse
Transcription kit (Qiagen R©). The resulting cDNA or serial
dilutions of a known quantity of genomic DNA for generation
of standard curves were amplified using a QuantiFast R© SYBR R©

Green PCR kit (Qiagen R©) with specific primers (Supplementary
Table S1) for copA or pcoA test genes, and rpoD as a control
housekeeping gene using the Applied Biosystems R© 7500 real-time
PCR system. The expression of copA or pcoA is presented relative
to transcript abundance of the rpoD gene.

RAW264.7 Macrophage Survival Assay
Murine macrophages (RAW 264.7, ATCC, Rockville, MD)
were grown in minimum essential medium (Sigma Aldrich)
supplemented with 10% fetal bovine serum, L-glutamine (2 mM),
and 1 × nonessential amino acids. For infection studies, 2 × 105

RAW 264.7 cells were seeded per well into 24-well plates and
incubated at 37◦C for 48 h. Cells were infected with S04698-09
wild-type strain, S04698-091sodCI, S04698-091silCBApco or
S04698-091sodCI1silCBApco from an overnight culture in LB
broth at a multiplicity of infection of 20. Plates were centrifuged
at 1500 rpm for 3 min followed by incubation of the cells for

30 min. The medium was then exchanged for a fresh one of
the same compositions with the exception of the addition of
gentamicin (100 µg/ml) to kill the extracellular bacteria. After
either 2 or 24 h, the cells were washed with PBS and lysed with
1% Triton in PBS. The number of bacterial CFUs was determined
by culturing lysate serial dilutions on LB agar. The data were
expressed as the proportion of CFUs at 24 h relative to the CFU
determined at 2 h.

Statistical Analysis
Where indicated in each figure with lines and asterisks, the
Mann-Whitney U test was used to test the null hypothesis that
randomly selected values in a sample were equally likely to be
greater or smaller than from a second sample, using an alpha level
of 0.05 to reject the null hypothesis.

RESULTS

SGI-4 Is a Member of a Novel Family of
Integrative Conjugative Elements (ICE)
We investigated the presence of candidate genes within the SGI-4
coding for proteins capable of enabling mobilization of SGI-4
to recipient bacteria. The DNA excision, DNA processing, and
conjugative transfer mechanisms we considered are common to
MGEs such as ICE, also known as conjugative self-transmissible
integrative (CONSTIN) elements (Hochhut and Waldor, 1999),
integrative mobilizable elements (IMEs), and cis-mobilizable
elements (CIMEs; Wozniak and Waldor, 2010). A number of
ORFs that exhibited sequence similarity to DNA processing
enzymes were identified on SGI-4 by sequence alignment to
available databases (Figure 1A and Supplementary Table S3).
Sequences of two of these exhibited similarity to site-specific
tyrosine recombinases xerC and xerD, which are predicted to
mediate integration and excision. However, we were unable
to identify a recombination direction factor (RDF), which are
known to exhibit little sequence conservation. ORF86 had
sequence similarity to traI that encodes a relaxase protein.
This relaxase protein is capable of binding to dsDNA at the
origin of transfer (oriT) and inducing a single strand nick in
conjunction with putative uvrB DNA helicase (ORF85) and
topB topoisomerase (ORF 13), this facilitates unwinding of
the DNA helix (Salyers et al., 1995). At the left end of SGI-
4, parA and parB orthologs (ORFs 1 and 5) encode putative
chromosome partitioning proteins. SGI-4 also contained a
number of ORFs with similarity to genes encoding components
of type IV secretion systems (T4SSs) involved in conjugative
transfer of DNA: ORF26 of SGI-4 encoded a putative type
IV coupling protein (T4CP), TraD, which initiates conjugal
transfer; ORF51 encodes a putative inner membrane protein,
TraG, for T4SS stabilization; ORF53 encodes a TraU ortholog
involved in pilus assembly; ORF19 encodes a PilL F-type pilus
protein; and ORF45 encoding an F-pilus assembly protein. These
ORFS were present within several apparent operons (ORFs
14–27, 37–46, 48–53), consisting of multiple genes encoding
proteins with no significant similarity to proteins in available
databases but often associated with MGEs (Figure 1A and
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FIGURE 1 | Genetic map of Salmonella Genomic Island 4 (SGI-4) and phylogenetic relationship and gene synteny with SLEs. (A) Genetic diagram of Salmonella
Genomic Island 4 (SGI-4); filled arrows indicate open reading frames with predicted functions based on sequence similarity for integration, excision and DNA
processing (orange), type 4 secretion systems and conjugal transfer (blue), Cu and silver resistance (green), arsenic resistance (red), genes of unknown function
commonly associated with ICE (gray), genes of unknown function not commonly associated with ICE (black). (B) Mid-point rooted maximum likelihood tree of eight
SGI-4-like elements (SLEs) constructed using sequence variation in the core nucleotide sequence alignment of SLEs from diverse Enterobacteriaceae and genetic
diagram of SLEs with regions of >75% nucleotide sequence identity (gray shading); filled arrows indicate open reading frames with the same designations as (A),
with additional functions, cadmium, cobalt, zinc or mercury resistance (pink), transposase and insertion elements (purple), and a repressor protein lexA (brown).
(C) Pair-wise sequence comparison of SLEs indicating the percentage of sequence exhibiting >60% identity and the mean nucleotide sequence identity of the
shared sequence.

Supplementary Table S3). We were unable to identify a putative
oriT sequence in SGI-4 using oriTfinder (Li et al., 2018). However,
two pairs of inverted repeats, each with 80% identity to one
another, were present in ORF19 and in an intergenic region
between ORF64 and ORF65.

To determine whether SGI-4 was similar to known MGEs
we aligned the sequence of SGI-4 with non-redundant
nucleotide sequences in the NCBI database using discontinuous
megaBLAST. Seven assembled contiguous sequences in the
NCBI database contained a core set of ICE genes with a
modular arrangement with complete synteny to SGI-4, none
of which had been described previously as MGEs (Figure 1B).
These exhibited at least 75% nucleotide sequence identity
with over 40% of SGI-4, and we therefore refer to these as
SGI-4-like elements (SLEs). SLEs were inserted in the genome
adjacent to a phenylalanine phe-tRNA in strains from a diverse
range of Enterobacteriaceae, indicating this was the common
attachment site (attB/attP). SGI-4 was most closely related
to SLEs from Erwinia tracheiphila and Edwardsiella ictaluri,
and more distantly related to SLEs from two Enterobacter
hormachei strains from subspecies oharae and steigerwaltii,
Enterobacter cloacae, Pluralibacter gergoviae and an SLE
present in a strain of Salmonella enterica serovar Cubana
(Figures 1B,C). All shared a number of regions of at least
75% sequence identity and synteny that encoded putative

DNA processing enzymes or components of a T4SS, and
were interspersed amongst apparent cargo genes involved
in diverse functions capable of modifying the phenotype of
the host bacterium.

Since SGI-4 encoded many of the genes normally associated
with ICE, we determined whether it was capable of mobilization
to a recipient S. Typhimurium (strain SL1344) during co-culture.
To enable identification of recipients containing SGI-4 we
inserted a chloramphenicol resistance gene (cat) in the arsenic
resistance locus of SGI-4. Transfer frequency was low under
aerobic culture conditions (<1 × 10−8 CFU per donor CFU)
but was substantially increased in the presence of mitomycin C,
as described previously for the SXT ICE (Beaber et al., 2004),
or by culture in anaerobic conditions (Figure 2). Mitomycin
C and anaerobiosis had an additive effect on transfer since
the transfer rate in anaerobic conditions with mitomycin C
was significantly higher (p < 0.005) than any other condition
tested (∼1 × 10−4 CFU per donor CFU). PCR amplification
and sequence analysis of the junction site of the donor strain
indicated that, on transfer, SGI-4 inserts into the same position
on the chromosome (phe-tRNA locus) as the donor strain (data
not shown). Furthermore, in the monophasic S. Typhimurium
strain S04698-09 cultured in the presence of mitomycin C,
PCR amplification and sequence analysis of an amplicon
generated using specific outward facing primers at each end
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FIGURE 2 | Transfer frequency of SGI-4::cat to S. Typhimurium during
co-culture is enhanced by mitomycin C and anaerobic conditions. Bars
indicate the mean number of chloramphenicol resistant CFU of S.
Typhimurium strain SL1344 per CFU of monophasic S. Typhimurium ST34
strain S04698-09 SGI-4 silCBA::cat, following co-culture. The mean from six
biological replicates ± standard deviation are shown. ∗ Indictaes that groups
indicated by lines were significantly different (p < 0.05).

of SGI-4, was consistent with circularization of excised SGI-4
(data not shown).

SGI-4 Is Characteristic of the
Monophasic S. Typhimurium ST34 Clade
The SGI-4 sequence was present in 23 of 24 monophasic S.
Typhimurium ST34 clade strains, but absent from all other
strains, in a collection of representative S. Typhimurium
(Figure 3). SGI-4 sequence was also present almost exclusively
in isolates of the monophasic S. Typhimurium ST34 clade
in the whole genome sequence of 1697 S. Typhimurium and
monophasic variant S. Typhimurium isolates from human
clinical cases in England and Wales during 2014 and 2015
(Supplementary Figure S1). Within the monophasic S.
Typhimurium ST34 clade just 38 isolates (4%) lacked the SGI-4
sequence, and these were distributed sporadically throughout
the clade in 28 small clusters or individual leaves of the
phylogenetic tree (Supplementary Figure S1). In contrast, of
797 S. Typhimurium isolates that were present outside the
monophasic S. Typhimurium ST34 clade, just five contained the
SGI-4 sequence, and these all shared a recent common ancestor
with the monophasic S. Typhimurium ST34 clade.

SGI-4-Encoded sil Is Phylogenetically
Distinct From the Chromosome-Encoded
cus Genes of Escherichia coli
The nomenclature for copper RND-family efflux pump genes
is confusing with sil and cus being used without reference to
ancestry. A cluster of 18 ORFS on SGI-4 included 15 genes
that exhibited sequence similarity to genes predicted to encode
an RND-family efflux pump previously designated as either
cusRS cusCFBA (Outten et al., 2001) or silRSE silCBAP (Gupta
et al., 1999), and pcoABDRSE pcoEG (pco locus) involved
in Cu and silver resistance. Alignment of the RND-family
efflux pump genes of SGI-4 with sequences from previously

characterized homologs indicated that the cusRSCFBA genes
on the E. coli chromosome form a distinct outgroup from a
closely related cluster that included the SGI-4 genes, that evolved
from a common ancestor closely related to the silRSE silCBAP
on pMG101 (Supplementary Figure S2). For this reason, we
designated SGI-4 encoded RND-family efflux pump genes as
silRSE silCBAP (sil locus).

The sil Locus Is Rare in the Genus
Salmonella
Investigation of the distribution of the SGI-4 silA genes in
two sequence databases indicated that these genes are rare
in the genus Salmonella, consistent with deletion early in the
evolution of the genus, and infrequent reacquisition. Alignment
using BLASTn of the silA gene on SGI-4 with 926 Salmonella
genomes, one from each eBurst group (largely corresponding
serovar) representing all known genotypic diversity of Salmonella
(Alikhan et al., 2018), indicated that just 16 genomes (2%)
contained an ortholog. In a second search of the ENA,
the silA gene was in 3439 sequence entries, while the
invA gene in 51026 data entries, indicating that silA was
present in approximately 7% of S. Typhimurium genomes
in the database.

Enhanced Resistance of Monophasic S.
Typhimurium ST34 to Cu in vitro Is
Mediated by the silCBA Genes
In order to investigate the impact of the acquisition of
SGI-4 on metal ion resistance, we compared the MICs of
Cu sulfate for five strains of monophasic S. Typhimurium
ST34 with three strains each of DT204, U288 and DT104
that lacked SGI-4, and a single monophasic S. Typhimurium
ST34 strain that also lacked SGI-4 due to deletion (Figure 4).
During culture in aerobic or microaerobic conditions the
presence of SGI-4 had a small but significant impact on
the MIC for Cu. However, under anaerobic conditions, the
MICs for strains lacking SGI-4 decreased by around five-fold;
in contrast, SGI-4-containing monophasic S. Typhimurium
ST34 strains had similar MICs under both aerobic and
microaerobic conditions.

SGI-4 has two clusters of genes predicted to encode an
RND family efflux pump (silCBA), and a second that includes
a multicopper oxidase system (pcoABDE), both previously
implicated in resistance to Cu. To determine the relative role
of these two loci in Cu resistance we determined the MICs of
mutants of monophasic S. Typhimurium ST34 strain S04698-09
that had deletions of either silCBA, pcoABC or both these loci
(Figure 5). When functional silCBA genes were present, deletion
of pcoABDE genes alone had no effect on resistance to Cu under
any of the conditions evaluated. Deletion of silCBA genes resulted
in a small but significant (p < 0.05) decrease in the MIC for
Cu under aerobic and microaerobic conditions, and a more
substantial decrease under anaerobic conditions. However, even
under anaerobic conditions, the effect of the silCBA deletion on
the MIC for Cu was not comparable to the absence of SGI-4
in U288, DT104 and DT204 isolates which had a MIC that was
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FIGURE 3 | Distribution of SGI-4 in monophasic S. Typhimurium ST34 and representative strains of S. Typhimurium. A maximum likelihood tree constructed using
sequence variation in the core genome of 24 monophasic S. Typhimurium ST34 strains and 153 representative strains of S. Typhimurium with reference to the whole
genome sequence of strain SL1344 (accession FQ312003). Selected strains are identified (italicized text). The presence of sequences that mapped to 87 SGI-4
ORFs from S04698-09 are represented as filled boxes in 87 concentric circles: sil genes (green), pco genes (blue), or other SGI-4 ORFs (gray).

below 5 mM Cu sulfate. Cu resistance at a similar level to these
strains was only observed in monophasic S. Typhimurium ST34
strain S04698-09 when both silCBA and pcoABDE were deleted.

The Presence of silCBA Genes on SGI-4
Alters Expression of pcoA and the Native
Cu Homeostasis Gene copA
To investigate any apparent redundancy of pcoABDE in the
presence of silCBA, we determined the expression of pcoA in
the presence or absence of silCBA. The expression of pcoA
was not affected by increasing concentrations of Cu, unless the
silCBA genes were deleted from monophasic S. Typhimurium
ST34 strain S04698-09 (Figure 6A). In the absence of silCBA
induction was around ten-fold that achieved in the absence of Cu
in the growth medium.

To determine the impact of SGI-4 acquisition on typical Cu
homeostasis in S. Typhimurium, we investigated the expression
of the copA gene that encodes the native ATPase protein
involved in transport of Cu from the cytoplasm into the
periplasm in Salmonella. The expression of copA increased

in a dose-dependent manner in the presence of Cu in S.
Typhimurium strain SL1344, which lacked SGI-4, and in
the monophasic S. Typhimurium ST34 strain S04698-09 that
encoded the island. However, expression of copAwas significantly
higher in S. Typhimurium strain SL1344 than in monophasic
S. Typhimurium ST34 strain S04698-09 during culture in
media with 100 µM Cu. Deletion of cusACFBA genes in
strain S04698-09 resulted in increased expression of copA
approaching the expression level observed in SL1344 in 100 µM
of CuSO4 (Figure 6B).

Presence of the silCBA Genes Does Not
Affect SodCI-Mediated Resistance to
Macrophage Killing
We then tested the hypothesis that the presence of silCBA affected
the function of SodCI, a periplasmic superoxide dismutase that
uses Cu as co-factor that is supplied by the CopA ATPase
Cu transporter and the periplasmic Cu binding protein CueP
(Osman et al., 2013). SodCI dismutates oxygen free radicals
produced by phagosome associated NADPH-dependent oxidase
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FIGURE 4 | Phylogenetic relationship and Cu sulfate MIC of representative strains of monophasic S. Typhimurium ST34 and S. Typhimurium. (A) A mid-point rooted
phylogenetic tree constructed using sequence variation in the core genome with reference to S. Typhimurium strain SL1344 whole genome sequence (accession
FQ312003). Leaves of the tree corresponding to representative strains are labeled as filled circles color coded for SGI-4+ monophasic S. Typhimurium ST34 (black)
and SGI-4- monophasic S. Typhimurium ST34 (gray), and S. Typhimurium DT104 complex (red), U288 complex (green), and DT204 complex (blue) are shown.
(B) Mean MIC for Cu sulfate of SGI-4+ (filled circles) and SGI-4- (filled squares) monophasic S. Typhimurium ST34 and S. Typhimurium strains during aerobic,
microaerobic and anaerobic culture. Bars indicate the mean MIC for Cu sulfate for each strain ± standard deviation in aerobic (C), microaerobic (D), and anaerobic
(E) atmosphere. Bar colors match the tree leaf circles in (A). ∗ Indicates that groups indicated by lines were significantly different (p < 0.05).

FIGURE 5 | MIC for Cu sulfate of monophasic S. Typhimurium ST34 strain
S04698-09 containing defined deletions in sil and pco genes. Bars indicate
the mean MIC ± standard deviation of four biological replicates during culture
in either aerobic, microaerobic or anaerobic conditions. The genotype with
respect to sciY (negative control), pco and sil are indicated as present (+) or
deleted and replaced with a cat gene (–). ∗ indicates the MIC was significantly
different from wild type strain S04698-09 (p < 0.05).

(Phox) of macrophages, contributing to intracellular survival
of Salmonella. We expected that the expression of silCBA that
encoded a copper RND efflux pump on SGI-4 would result in

transport of Cu from the cytoplasm and periplasm to the external
milieu (Gupta, 1994), depleting the pool of Cu available in the
periplasm. Consistent with this, expression of pcoA, a periplasmic
multicopper oxidase gene whose expression is controlled by PcoR
that senses copper in the periplasm, was not induced during
culture in 100 µM Cu, unless the silCBA was deleted from SGI-4.

To test the hypothesis we infected gamma interferon-activated
RAW macrophages with mutants of monophasic S.
Typhimurium ST34 strain S04698-09 that encoded either silCBA
and sodCI, or lacked one or both of these loci and determined
the change in intracellular viable counts of S. Typhimurium in
macrophages between 2 and 24 h post-inoculation (Figure 7).
Strain S04698-09 exhibited a net replication of nearly ten-fold
after 24 h in RAW macrophages, and deletion of the sodCI gene
resulted in a small but significant (p < 0.05) reduction. This
was consistent with previous reports that SodCI is required by
the bacterium to evade the killing mechanisms of macrophages.
However, deletion of the silCBA genes did not result in a
significant decrease in net replication in RAW macrophages, but
additional deletion of sodCI resulted in a similar decrease in net
replication to that observed in the presence of the silCBA genes.
These data are consistent with a fully functional SodCI gene in
the presence of altered Cu homeostasis due to the presence of the
silCBA genes.
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FIGURE 6 | Presence of the silCBA genes decreases relative transcript abundance of pcoA and copA. The abundance of pcoA (A) or copA (B) transcript relative to
the housekeeping gene rpoD quantified by quantitative RT-PCR from total RNA prepared from mid-log phase cultures in LB broth supplemented with Cu sulfate. Bars
indicate mean relative transcript from five biological replicates ± standard deviation. ∗ Indicates that groups indicated by lines were significantly different (p < 0.05).

FIGURE 7 | Net replication of monophasic S. Typhimurium ST34 in activated
RAW macrophages is sodCI dependent but sil / pco independent. Box and
whiskers plot indicating the mean number of bacterial CFUs 24 h
post-infection, relative to 2 h post infection of wild type monophasic S.
Typhimurium strain S04698-09 and otherwise isogenic strains containing
deletions of the sodCI gene, the sil/pco genes together, or all three loci
deleted. ∗ Indicates that groups indicated by lines were significantly different
(p < 0.05).

DISCUSSION

For vertical transfer ICE undergo replication within the
chromosome; for horizontal transfer they undergo excision from
the genome (Johnson and Grossman, 2015). Horizontal transfer
of an ICE involves common processes including excision from
the host chromosome, circularization, conjugative transfer by
a type IV secretion system (T4SS), and integration within a
recipient genome at an attachment site (attB; Guglielmini et al.,
2011). A number of ORFs exhibiting sequence similarity to
genes encoding DNA processing enzymes that are predicted to
be involved in excision, integration and conjugative transfer of
DNA via a type IV secretion system (T4SSs) were also present
on SGI-4. Together these data were consistent with the idea that
SGI-4 is an ICE.

In an analysis of 1,124 taxonomically diverse complete
prokaryotic genomes, 335 putative ICEs were detected based on
the presence of T4SS and a relaxase gene in close proximity,
indicating the widespread nature of these MGEs (Guglielmini
et al., 2011). Despite the presence of multiple genes with sequence
similarity to those with functions required for the transfer of
ICEs, SGI-4 did not exhibit extensive similarity to previously
characterized MGEs, and is currently not present in the ICEberg
database (Liu et al., 2018). Seven complete genomes from
diverse species of Enterobacteriaceae that were added to available
databases since the analysis by Guglielmini et al. (2011), had
between 75 and 99% nucleotide sequence identity with SGI-4
and between 41 and 76% shared core sets of genes with SGI-4.
As is common for ICEs, core genes were interspersed with cargo
genes with functions that were unrelated to mobilization but had
the potential to modify the phenotype of the host bacterium
(Wozniak and Waldor, 2010). In particular, genes involved in
resistance to heavy metals were present on SLEs, with five
containing at least one locus associated with resistance to Cu,
silver, mercury or arsenic. Two SLEs from Erwinia tracheiphila
and Edwardsiella ictaluri were particularly closely related to
SGI-4, but contained unrelated cargo genes, highlighting the
rapid divergence achieved by horizontal gene transfer in this
family of ICE. Our analysis is consistent with SGI-4 evolving from
a common ancestor of these ICEs by acquisition of ars, sil and pco
cargo genes involved in resistance to metal ions.

With the exception of a small outbreak in a burns unit
associated with a S. Typhimurium strain in the 1970s, historically,
the sil and pco loci encoding resistance to silver and Cu,
have rarely been associated with Salmonella enterica isolates.
Indeed, we found that sil genes were present in just 2% of
whole genome sequences representing the genotypic diversity
of S. enterica and S. bongori, and 7% of more than 50,000
Salmonella whole genome sequences in the ENA. However,
sil and pco genes, have been commonly associated with three
lineages of monophasic S. Typhimurium in the past 20 years:
the “European clone” (monophasic S. Typhimurium ST34); the
“Spanish clone”; and the “Southern European clone” (Mourao
et al., 2015; Mastrorilli et al., 2018). However, only 74 and
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26% of the latter two, respectively, encoded the sil and/or the
pco genes and these were plasmid-borne (Mourao et al., 2015),
suggesting that they may be lost relatively frequently. In contrast,
monophasic S. Typhimurium ST34 encodes sil and pco genes
on the chromosome, and although on a MGE, we found these
genes in 96% of the 797 clinical isolates from England and Wales
that we evaluated. Furthermore, loss of SGI-4 and the silCBA
and pco genes was sporadic, and mostly as singleton taxa on the
phylogenetic tree, consistent with the absence of selection for
their loss (Petrovska et al., 2016).

Given the general paucity of genes encoding Cu/silver RND
efflux pumps in Salmonella enterica and the evolutionary history
of the genus, the apparent lack of a selective advantage for
the loss of silCBA genes may indicate an important role for
these genes in the monophasic S. Typhimurium ST34 clone.
Deletion of cusCFBA in the Salmonella ancestor is likely to have
had a profound effect on Cu distribution in the cell because
Salmonella has no alternative mechanism to remove Cu from cell.
While E. coli can remove Cu from the cell entirely, Salmonella
transports Cu from the cytoplasm, where it is especially toxic,
to the periplasm, where it is detoxified by the Cu oxidase CueO
or bound to the Cu binding protein, CueP, the major reservoir
of Cu in Salmonella (Osman et al., 2010). CueP is thought to
play an important role in supplying Cu to superoxide dismutase
SodCI, important for survival in the face of the oxidative
burst generated by macrophage. The evolution of Salmonella
pathogenesis must, therefore, have proceeded in the context
of fundamentally altered Cu homeostasis. The reintroduction
of the silCBA locus on SGI-4 did indeed appear to alter the
Cu distribution and levels in Salmonella as indicated by the
lack of pcoA expression in the presence of the RND-family
of efflux genes, which are regulated in response to Cu levels
in the periplasm. The consequences of altered Cu levels in
monophasic S. Typhimurium ST34 is not clear but, at least in
RAW macrophages in vitro, the dependency of SodCI Cu as a
cofactor did not affect resistance to macrophage killing. This is
consistent with the report that limitation of Cu in the periplasm
by deletion of the copA and golT genes, and the supply of Cu
to SodCI by deletion of the cueP gene in S. Typhimurium had
no effect on systemic infection in the murine model of infection
(Fenlon and Slauch, 2017).

Strong selection pressure may be important for retention of
SGI-4 since our data is consistent with its presence altering Cu
distribution and levels. Monophasic S. Typhimurium ST34 is
primarily associated with pigs, and it has been suggested that
the success of this clone may, in part, have been driven by
the extensive use of Cu as a growth promotor in pig rearing
(Mourao et al., 2015; Petrovska et al., 2016). Consistent with
this idea, the presence of SGI-4 is correlated with enhanced
resistance to Cu; this appears to be particularly apparent under
anaerobic conditions which are similar to those encountered
by Salmonella in the host intestinal tract. Salmonella strains
that lacked SGI-4, exhibited MICs for Cu of around 2–3 mM
under anaerobic conditions, which is approximately 15% of the
values achieved under aerobic conditions. Importantly, this is
in the range of the concentrations of Cu found in pig manure
effluent and sludge on farms where Cu-supplemention of diet

was common (Nicholson et al., 1999; Bolan et al., 2003; Cang
et al., 2004). The presence of SGI-4, however, increased the
MIC for Cu (under anaerobic conditions) by approximately
500%, elevating it to levels above the concentrations likely to be
encountered on pig farms (Nicholson et al., 1999; Bolan et al.,
2003; Cang et al., 2004). The sil genes encoded on SGI-4 were
entirely responsible for the observed increase in MICs for Cu,
since deletion of pco genes alone did not result in a decrease
in the MICs. The pco locus encodes a multiCu oxidase which
is thought to detoxify the more damaging Cu+ to Cu2+ ions
by oxidation (Lee et al., 2002). Monophasic S. Typhimurium
ST34 encodes a native Cu oxidase, CueO, and the presence of
this protein may, in part, mask the activity of the pco locus.
However, the pco genes were capable of enhancing resistance to
Cu in the absence of silCFBA. Furthermore, since there was no
evidence for loss of pco genes during clonal expansion of the
monophasic S. Typhimurium ST34 clade, it remains possible that
the Pco system may play a more prominent role in Cu resistance
under environmental conditions that we did not evaluate in our
in vitro experiments.
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FIGURE S1 | Distribution of SGI-4 in monophasic S. Typhimurium ST34 and
representative strains of S. Typhimurium. A maximum likelihood tree constructed
using sequence variation in the core genome of 1814 monophasic S. Typhimurium
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sequence of strain SL1344 (accession FQ312003). The presence of sequence in
each genome that mapped to 787 SGI-4 ORFs from S04698-09 are represented
as filled boxes in 87 concentric circles: sil genes (green), pco genes (blue), or other
SGI-4 ORFs (gray).
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FIGURE S2 | A maximum likelihood tree showing the relationship of cus
and sil loci.

TABLE S1 | Oligonucleotide primers used for the construction of mutant strains of
Salmonella, determination of genotype, or qRT-PCR.

TABLE S2 | Isolate name, accession number and the figure(s) in which the data
were used to construct maximum likelihood trees.

TABLE S3 | Gene model for SGI-4 including gene designation, annotation, SLE
core genome and nucleotide sequence of predicted coding sequences.
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