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Summary

Salmonella enterica enterica 1,4,[5],12:1:- colonization in Australian pig herds was investigated. The
research considered: the distribution of §. 1,4,[5],12:i:- in the Australian pig industry; dynamics of
colonization in herds; diversity in the Australian porcine population; comparison of study strains
with related domestic serovars and strains reported internationally; antimicrobial resistance

characteristics and determinants; and implications for optimal typing and surveillance.

In total 773 faecal samples were collected from Australian pig herds in cross-sectional (16 herds)
and longitudinal (five herds) observational epidemiological studies. Samples were cultured and
where Salmonella was confirmed multiple colonies were collected, 2326 isolates in total.
Representative isolates were characterized by serotyping, phage typing, antimicrobial susceptibility
testing and multiple-locus variable-number tandem-repeat analysis (MLVA). In addition, the

genomes of a sample of the study collection isolates were sequenced.

The results indicated that S. 1,4,[5],12:i:- has spread rapidly through the Australian pig industry.
Persistent 5. 1,4,[5],12:1:- shedding and considerable escalation among weaners was observed in the
sampled herds. High levels of shedding were also observed among finisher pigs, indicating a

possible pathway into the human food chain.

Low §. 1,4,[5],12:i:- phenotypic and MLVA profile diversity was observed, suggesting the Australian
porcine 5. 1,4,[5],12:i:- population is closely related. Comparative genomic studies demonstrated
that the S. 1,4,[5],12:i:- had undergone clonal expansion, consistent with the population having
emerged from a single event. The characteristics of the study 5. 1,4,[5],12:1:- strains closely
resembled those of the European clone strains, supporting the hypothesis that §. 1,4,[5],12:i:- was
recently introduced to Australia from overseas. In spite of the close relatedness of the study strains,

phylogenetic analyses readily differentiated S. 1,4,[5],12:i:- strains on the basis of source.

This study found very little resistance to critical antimicrobials for the treatment of human
salmonellosis. Salmonella resistance types vatied considerably between herds and were serovar
associated within herds. The majority of §. 1,4,[5],12:i:- were multidrug resistant, whereas the
majority of non-S§. 1,4,[5],12:i:- serovars were pansusceptible. The variation in resistance types
between contemporaty serovars within herds indicated that antimicrobial use on farm was not
driving selection for Salmonella resistance types. However, selection pressure for resistance types
appeared to vary between herds. In some herds resistance diminished over time due and gene loss
was identified. In other herds, there were indications of horizontal resistance gene acquisition
among some of the more resistant strains. The most common resistance genes identified among the

study S. 1,4,[5],12:i:- isolates also matched reports from overseas.
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Phage typing proved to be of limited value in differentiating Australian porcine S. 1,4,[5],12:i:-
strains but MLVA proved promising for sutrveillance and broader epidemiological purposes.
However, these studies further illustrated the value of comparative genomics for surveillance,

source attribution and broader epidemiological purposes.

This research has generated original insights into the epidemiology of . 1,4,[5],12:i:- in pig herds.
The findings have implications for pig industry and public health risk mitigation and risk

management.
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Preface
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Chapter 1 - Risk profile of Australian
porcine Salmonella 1,4,[5],12:1:-: a review of

the literature and available data

Preface

This chapter is presented in the form of risk profile of Salmonella spp. with special focus on S.
enterica (I) serovar 1,4,[5],12:i:-. Initially a brief introduction to risk profiling is presented. The
hazard is then identified and characterized in terms of bacteriology, pathogenesis, and
epidemiology—on-farm and on product, and an overview of outbreaks and current trends in
human salmonellosis globally and within Australia is presented. An assessment of exposure is then
presented, describing and discussing the current industry controls and best estimates of prevalence
in stock, on catcass and on/in products. A preliminary risk charactetization in then proffered. The
chapter concludes with identification of the major knowledge gaps identified in the risk profile,
which inform the questions addressed by the research conducted as described and discussed in the

remainder of this thesis.

1.1. Introduction

1.1.1. Risk-based approaches

Salmonella spp. are among the most important and well described foodborne hazards; Salmonella
have been known as a cause of human illness for over 125 years (CDC, 2016¢). European Salmonella
monitoring and control programmes have long recognized a direct relationship between hazard
status on-farm and product contamination, establishing that effective risk mitigation strategies in
primary production can reduce food safety risk for consumers (Berends et al., 1997; Mousing et al.,
1997a; Dahl and Serensen, 2001; Alban and Stirk, 2005; Alban et al., 2012; De Busser et al., 2013;
Andres and Davies, 2015; Snary et al., 2016). The purpose of this study was to assess herd and
human health risk associated with Salmonella enterica subsp. enterica ser. 1,4,[5],12:1:- in Australian pig

herds to inform risk management strategies and practice.



The Australian pig industry commenced the establishment of an industry-wide strategy for
managing Salmonella risks in 1997, chiefly inspired by the efforts of Danish counterparts (Mousing
et al,, 1997a). This occurred against the backdrop of the 1995 World Trade Organization (WTO)
Agreement on the Application of Sanitary and Phytosanitary Measures (SPS Agreement), which
established risk-based approaches to the facilitation of trade in food and agricultural products

(FAO/WHO, 1995, 2012).

Food safety risk management has evolved from end-product control to whole chain control
approaches—from early heat treatment methods, through the establishment of Codex
Alimentarius, to increasing legislative enforcement of Hazard Analysis and Critical Control Points
(HACCP) and quantitative risk assessment methods. Food Safety Objectives (FSO) towards
Appropriate Level of Protection (ALOP) now typically establish standards for microbial levels and
processes in food chains while the International Standards Organization provides the current
international standards for food safety management systems (ISO, 2005; Zweitering, 2013;

Doménech and Martorell, 2016).

In managing foodbotne risks clarity of putpose has proven essential. In this vein, the FAO/WHO
(2013) defined a hazard as ‘[a] biological, chemical or physical agent in food, or condition of food,
with the potential to cause an adverse health effect” For these purposes risk is defined as a
combination of the likelihood of an adverse health effect on pigs and/or humans and the severity

of the effect as a consequence of the hazard (Manning and Soon, 2013).

Risk analysis refers to the development of an understanding of risk in a given context (Manning and
Soon, 2013). Risk analysis informs risk evaluation and, thereby, decision-making processes in
relation to specified risks (ISO, 2009). Manning and Soon (2013) identify three components of risk
analysis, based on Codex Alimentarius: risk assessment (science of understanding hazards,
likelihood and consequences), risk management (policymaking in response to risk, controls) and
risk communication (information exchange between stakeholders). The ISO (2009) identifies four
components within a risk assessment: hazard identification, hazard characterisation, appraisal of
exposure and risk characterisation. For the purposes of this research an additional section ‘risk
management information’ is included in the risk profile, identifying current and potential on-farm
approaches to hazard control. Detailed definition of international standards in risk management is
provided in ISO (2009); Leitch (2010) and Knight (2010) provide critical discussion of these
standards. This study applies a similar risk-based approach to that advocated by the FAO/WHO
(2012). FAO/WHO (2012) defines a risk profile as:

‘... a description of a food safety problem and its context that presents in a concise form, the current

state of knowledge related to a food safety issue, describes potential MRM [microbiological risk



management| options that have been identified to date, when any, and the food safety policy context
that will influence further possible actions.’

(FAO/WHO, 2012)

Food safety risk is commonly assessed using a combination of qualitative and quantitative methods.
Risk quantification typically entails either a structured sampling frame and chemical or biological
laboratory detection methods to establish presence/absence of the hazard. Risk quantification may
also include enumeration of hazard(s) and/or statistical methods, primarily Baysian, that are
employed to model risk and deliver quantitative outputs (Manning and Soon, 2013). Additionally,
risk assessment may include value-based judgements, which ideally account for less measurable
elements of risk, such as risk perception among identified stakeholders and/or other socio-
economic, cultural and political considerations. Quantitative microbiological assessments are well
described by Hoornstra and Notermans (2001) and EFSA (2010d). Comparative evaluation and
risk ranking and examples of statistical methods applied to Salmonella spp. are presented by Hald et
al. (2004), Hald et al. (2007) and David et al. (2013), and more generally Vose (2008). Stirk et al.

(2000) presents an excellent review of risk-based surveillance approaches.

This chapter commences with definition of the hazard, followed by characterization of the hazard,
assessment of hazard occurance and detailing of risk management strategies that have shown
demonstrable potential. This approach has been adapted by On et al. (2010), Pointon et al. (2000)
and Pointon and Horchner (2010), and further adapted to this purpose. The risk profile is based on
secondary data and literature review with the addition of quantative risk assessement elements

where feasible.

1.2. Hazard identification

Hazard:
Non-typhoidal Salmonella enterica (1) enterica, with special focus on the serovar . enterica (1) ser.

1,4,[5],12:ix-

Food vehicles:

Pork and pig-derived products

1.2.1. Scope

This study profiles the food safety risks posed by porcine Salmonella enterica subspecies enterica
1,4,[5],12::- (5. 1,4,]5],12:i:-), also known as monophasic Sa/monella Typhimurium, based on a review

of the literature. Where data specific to S. 1,4,[5],12:1:- was not available comparable data from S.




Typhimurium is used. Where no specific information relating to Group B serovars was available,

information relating to generic Salmonella is presented.

1.3. Hazard characterisation

1.3.1. Salmonella enterica enterica

Salmonellae are a family of Gram negative, non-spore forming, rod-shaped bacteria of the family
Enterobacteriaceae. Salmonellae are usually motile by way of peritrichous flagella (Hocking, 2003). Over
2600 Salmonella serovars have been identified, the majority of which are serovars of Sa/monella enterica
enterica (Grimont and Weill, 2007). Numerous Salmonella enterica enterica serovars are known to have

caused human disease.
1.3.2. Salmonella enterica enterica 1,4,|5],12:1:-

Salmonella 1,4,]5],12:1:-, a Typhimurium-like strain, is an emergent non-host specific, multi-drug
resistant, non-typhoidal Sa/monella serovar of global public health importance that appears to exhibit
similar pathogenicity and virulence to S. Typhimurium in humans (Echeita et al., 1999; Jones et al.,
2008; EFSA, 2010b; Lucarelli et al., 2010). The somatic and first phase flagellar antigenic structure
of §. 4,[5],12:i:- is that of S. Typhimurium, but the phase-2 H antigen is not expressed. Since the
serovar’s general recognition in the mid-1990s it has risen to international prominence due to
increasing isolation and implication in human disease (Hopkins et al., 2010; CDC, 2013b; Davies,
2013). The serovar is now reported among the top ten Salmonella serovars isolated from humans in
the US and several EU countries, and is frequently reported in Asian and Latin American countries
(Tavechio et al., 2004; Switt et al., 2009; Tavechio et al., 2009; EFSA, 2010b; Hauser et al., 2010;
Ido et al, 2011; Ido et al., 2014). Multiple high profile human outbreaks of §. 1,4,[5],12:i:- have
occurred in recent years (Mossong et al., 2007; CDC, 2008, 2011a; Gossner et al., 2012; Guillier et
al., 2013; Nguyen, 2013; CDC, 2015b). There is strong evidence of close relatedness between S.
4,15],12:1:- and 5. Typhimurium (Echeita et al., 2001; Laorden et al., 2010; Triipschuch et al., 2010a;
Garcia et al.,, 2013) from initial studies employing DNA microarray-based typing (Garaizar et al.,
2002) and later sequence-based studies (Soyer et al., 2009b; Hauser et al., 2010; Garcia et al., 2013;
Petrovska et al., 2016).

Salmonella 1,4,]5],12:1:- does not appear to have a single reservoir species (Switt et al., 2009; Gosling
et al.,, 2011; Garcia et al., 2013), however, it is commonly isolated from pigs and pork products and
research and source attribution investigations have linked the pig industry to human . 1,4,[5],12:1:-
cases on numerous occasions (Barone et al., 2007; Dionisi et al., 2009; Bone et al., 2010; Davies et

al., 2011; Garcia et al., 2011; Hopkins et al., 2012; Garcfa et al., 2014; Gomes-Neves et al., 2014).



The serovar can be pathogenic to pigs as demonstrated by high rates of detection among passive

laboratory submissions in response to clinical disease overseas (Mueller-Doblies et al., 2013).

Although monophasic §. Typhimurium-like strains have been reported for some time, for example
in Portugal (1986-87) and Thailand (1993), the first characterisations of the S. 1,4,[5],12:1:- clades
currently prominent internationally were from pigs in Spain in 1997 (Switt et al., 2009; EFSA,
2010b). These organisms were found to be missing the f/B structural gene, which confers
expression of the phase-2 flagellar antigen in §. Typhimurium (Hauser et al, 2010). In .
Typhimurium the f/iAB operon is involved in expression of both the first and second phase flagellar
antigens. The operon encodes a negative regulator of the fiC gene, relevant to expression of the
first-phase antigen, and the f/B gene relevant to phase-2 antigen expression (EFSA, 2010b). Various
deletions and mutations can affect the f/i4B operon, and, hence, the expression of flagellar antigens
(Garcia et al.,, 2013). The f/iAB operon includes three consecutive genes fjiA, f/B_1, x (x may be
various antigenic markers) and a DNA invertase Asn. The structural gene f/B accounts for
expression of the H2 antigen, which is regulated by f/i4 and Ain, without this pathway only one
protein is expressed at any one time, therefore, no phase variation of the flagellar antigen occurs

(EFSA, 2010b; Hauser et al., 2010; Bugarel et al., 2013).

Although the absense of f/B can explain the monophasic phenotype (Garcia et al., 2013), Hauser et
al. (2010) found that nine isolates of the 148 monophasic Salmonella strains they tested were PCR
positive for all three genes that consitute the f/i4AB operon, and additional PCRs showed seven
positives for the complete fZB gene. The Hauser et al. (2010) results, show that mutations in or
around the gene may explain the monophasic phenotype, also postulated by Bugarel et al. (2013),
among others (Boland et al., 2015). This is supported by other reports of anomolous f/B-positive
‘monophasic’ strains in a small percentage of §. 1,4,[5]:i- isolates, whereby the gene is present but
appears to not express, for example Lailler et al. (2013) found 0.03% of 654 serovar §. 1,4,[5]::-
they tested were fjB-positive. Studies have shown that the transposition of the insertion element
1S26 may be involved in the deletion of the f/i4AB operon and surrounding genes, thereby likely
playing a role in the monophasic phenotype . 4,[5],12:1:- (Gatcia et al., 2013; Boland et al., 2015).

Garcfa et al. (2013) note that §. 1, 4,[5],12:i:- is not a unique clonal group, which suggests that a
number of separate and unrelated emergence events may have occurred. This assertion is supported
by the results of Garcia et al. (2013) which show a number of genetic differences between the two
clonal lines of §. 4,[5],12:i:- in Europe: the Spanish clone (first reported in 1997, predominantly
phage type (PT) U302) and the European clone (common since 2000, typically described by PT193
and PT120). Garcia et al. (2013) suggest this genetic variation could be used as markers in
epidemiological surveillance and investigations. Additional clones also appear to have emerged, in
particular the US clone that is typically less resistant than the clones identified in Europe (Soyer et

al., 2009a). Both the Spanish and US clones are missing the f}i4 and f}B genes; while the bin gene is



detected in US clone only (Bugarel et al., 2013).

The Spanish clone typically has plasmid-mediated antimicrobial resistances while the European
clone is associated with resistance genes located in a chromosomal region (Garcia et al.,, 2011;
Garcfa et al.,, 2013; Garcia et al., 2016; Petrovska et al., 2016). The European clone §. 1,4,[5],12:i:-
typically exhibits resistance to the antibiotic group: ampicillin (A), streptomycin (S), sulphathiozole
(Su) and tetracyclines (T), encoded by the blarem, strA-strB, sul2 and tef(B), respectively (Bugarel et
al., 2013). These organisms may also be resistant to spectinomycin (Sp) (Garcfa et al.,, 2013). In
addition, the European clone typically carries the recently described Salmonella genomic island 2
(Lucarelli et al., 2010). Whereas Spanish clone strains describe ASSuT resistance and, in addition,
are commonly resistant to chloramphenicol (C), gentamicin (G) and trimethoprim (Tm), typically
encoded by floR or enlA, aac(3)-11/, and dfrA712. Additional Spanish clone resistance genes reported
include aadA2, aad A1, sull, sul3, et A)(EFSA, 2010b; Hopkins et al., 2010; Garcia et al., 2013).

Davies (2013) noted the timing of the emergence of S. 1,4,[5],12:i:- coincided with regulated
reductions in use of antibiotics as growth promoters in animal production and the increased use of
zinc oxide and other metal oxides in feeds, patticularly in weaned pig diets, to reduce control
enteric problems and improve pig performances. Davies (2013) sites the two genomic islands
coding for the typical ASSuT resistance phenotype and resistance to heavy metals in the PT193
strains; suggesting this change in diet may have selected for the monophasic strains. This assertion
is supported by research, such as Campos et al. (2016) who found the presence of the metal
tolerance genes peoD, silA, merA and ferl’ among Portuguese S. 1,4,[5],12:i:- isolates of porcine
origin, and Petrovska et al. (2016) who identified clusters of genes associated with heavy metal

tolerance on a novel genomic isoland among epidemic §. 1,4,[5],12:i:- strains in their study.

Davies (2013) also speculated that the lack of expression of the phase 2 flagellar antigen may allow
the strain to partially evade host cytokine responses (Crayford et al., 2011). The apparent increasing
proportion of the strains not expressing the O:5 antigen (also known as variant Copenhagen,
particularly in the US literature) may also be associated with slowing the host immune response

(Davies, 2013).
1.3.3. Growth, survival and inactivation

Salmonella multiplication can occur in colonized stock and on carcasses and products (Wray and
Wray, 2000; Torrence and Isaacson, 2003; Bell and Kyriakides, 2008; On et al., 2010). Salwonella
serovars vary somewhat in their specific tolerances to stressors, and the nature of the material in
which they reside can have a considerable impact on their inactivation (Burns et al,, 2016).
Temperature ranges at which Sa/monella growth may occur vary between strains, however, Salnonella

multiplication typically ceases outside the range seven to 46-47°C, with optimum growth rates at



around 35 to 37°C (Hocking, 2003; Juneja et al., 2007; Juneja et al., 2009; On et al., 2010). Salmonella
growth will occur between pH 4.0 and 9.5, but is optimal at pH 6.5 to 7.5 (Hocking, 2003), S.
enterica are mote sensitive to low pH than E. co/i and Shigella spp. . Minimum water activity (ay) for
growth for most Salmonellae is approximately 0.94, with optimum aw of approximately 0.99 .
Salmonellae are highly resilient to most storage conditions, though the bacteria may not multiply.
Salmonella can survive for 10-12 weeks in water and long periods in organic matter, viability after
many months reported in faeces, soil and on pasture (Hocking, 2003). Survival time on clean

surfaces is considerably shorter (EFSA, 2010d).

Salmonella inactivation can occur through physical processes such as heat treatments, hot water,
irradiation, ultrasonic energy, pulsed electric fields, oscilating magnetic field pulses, high pressure,
high intensity visible light, ultraviolet light and microwaves (Wray and Wray, 2000; Torrence and
Isaacson, 2003; Bell and Kyriakides, 2008; Hamilton et al., 2010; On et al., 2010). Freezing is not an
effective method of inactivating Sa/monella, particularly when the organism is resident in organic
matter and/or in low aw products, though they may not multiply. Thermal inactivation varies
dependent on the organisms’ thermal history, previous heating to sublethal temperatures increases
heat tolerance and the composition of the food in which the Salmonellae is resident affects survival
rates; higher fat content produces a protective effect, lower water activity conditions increase heat
resistance, and lower pH reduces heat tolerance (Juneja and Eblen, 2000; Bell and Kyriakides, 2008;
On et al,, 2010; Gurman et al., 2015; Gurman et al., 2016). Chemical inactivation methods include
pH treatments such as organic acids, chlorine, organic preservatives, oxidising agents, various
transdermal compounds, nontoxic antimicrobial peptides (e.g. nisin-based formulations) and

acidified sodium chlotite (Sanova®) (Bell and Kyriakides, 2008; Hamilton et al., 2010).
1.3.4. Detection and quantification

The cutrent Australian standard for detection of Salmonella is AS 5013.10-2009 (AS5013.10-2009,
2014), which officially replaced ISO 6579:2002 (ISO, 2002). However, ISO 6579 is also endorsed as
an appropriate culture method for Salmonella in Australia. This method employs pre-enrichment in
buffered peptone water and culture on modified semisolid Rappaport-Vassiliadis and confirmation
on xylose lysine deoxycholate plates. However, various methods, both enriched and non-enriched,
may be applied to culture Salmonella. Vatious agar-based plating media may be used, such as:
MacConkey (slightly selective); Salmonella-Shigella, desoxycholate citrate, hexctoen enteric, xylose
lysene desoxycholate (moderately selective); and bismuth sulphite, brilliant green, brilliant green

sulphonamide (highly selective and differential) (Hocking, 2003).

There are numerous rapid Salmonella detection methods which include: fluorescent antibody stains,
enzyme immunoassay, enrichment serology, immuno-sensors, fluorogenic staining, bacteriophage

methods, hydrophobic grid membrane filtration, electrical measurements of metabolic byproducts,



shortened liquid enrichment, geneprobes, and polymerase chain reaction (PCR)-based methods

(Hocking, 2003).

Serological methods, indicating exposure, are primartily specialized Salmonella enzyme-linked
immunosorbent assay (ELISA) kits produced by a number of commercial diagnostic test
manufacturers such as Qiagen® and Prionics®. Generally, these tests are not serovar specific
although they may be biased towards detection of specific to . enterica (I) groups—antibodies
typically bind to specific somatic antigens, so that the test plate may be coated with specific
inactivated Salmonella antigens, as in the Danish mix-ELISA that favours detection of .

Typhimurium (Nielsen et al., 1995; Hamilton et al., 2005).

Salmonella counts are primarily conducted using most probable number dilution estimation
methods. Modified semisolid Rappaport-Vassiliadis agar plates may also be used for estimations.
Nowadays, PCR-based quantification methods ate also common (Malorny et al., 2008b; Pires et al.,

2013b).
1.3.5. Salmonella typing

Two Salmonella reference laboratories currently operate in Australia: the Institute of Medical and
Veterinary Science (IMVS), SA Pathology, Adelaide, South Australia, and the Microbiological
Diagnostics Unit, University of Melbourne, Melbourne, Victoria. Serotyping is the main method of
differentiating Salmonellae and a range of phenotypic and molecular subtyping methods can be used
to further differentiate strains below the level of serovar. The main typing methods are briefly

described and discussed below.

Phenotyping

Serotyping

Numerous changes to Salmonella serovar and subtype naming have occurred since White’s system,
published in 1929 and later adapted by Kauffmann, was accepted by the International Association
of Microbiologists in 1934 (Hocking, 2003). The accepted modern seroformulae is presented by
Grimont and Weill (2007), coding somatic (O) and flagellar (H) antigen expression using the White-
Kauffmann-le Minot scheme (Wray and Wray, 2000; Hocking, 2003; Grimont and Weill, 2007; Bell
and Kyriakides, 2008). The standard ISO/TR 6579-3 ‘guidance document’ describes the White-

Kauffmann-Le Minor scheme and known serovars (Grimont and Weill, 2007).

Serotyping employs slide agglutination with a panel of specific sera to identify the antigens present,
informing serovar identification using the Kauffmann-White-Le Minor nomenclature (Van Belkum
et al., 2007). A panel of sera are used to determine the basis of the lipopolysaccharide, or somatic,

(O) antigens, and flagellar protein (H) antigens. The K antigens, occurring as capsules around the



cells, are not significant for Salmonella (Hocking, 2003; EFSA, 2010b). At present 46 somatic
antigens and 114 flagellar antigens are currently used for Salmonella serotyping (Ranieri et al., 2013).
The somatic antigen expression are coded for by the flippase wzr and polymerase wgy genes (Ranieri
et al., 2013). The H antigens may be appatent in two phases, H1 and H2 antigens, encoded by fliC
(phase-1 flagellin) and f}B (phase-2 flagellin). Sa/monella may be biphasic motile and non-motile (or
specific and non-specific), monophasic, or have no H antigens. Reversible H antigens can also
occur. Monophasic Salmonella do not express one of either the phase-1 or the phase-2 flagellar
antigens (Hopkins et al,, 2010). Strains that do not express phase-1 or both H antigens atre

uncommon (EFSA, 2010b).

Serotyping of Salmonella has a long history and continues to be widely used as the first approach to
differentiating Salmonellae. Herikstad et al. (2002) argue that serotyping should continue to be
promoted in national Sa/monella surveillance schemes to aid targeting of prevention efforts and to
ensure global comparability. Serotyping provides a useful starting point in discriminating Sa/wonella
spp, however, its utility is limited by its low disciminatory power relative to other typing methods
and that only a relatively small number of serovars are of importance to animal and public health.
Moreover, seroptyping cannot be used for phylogenetic analyses (Barco et al., 2013; Ranieri et al.,
2013). Although serotyping methods are well established and are undemanding from a technical
perspective, the method is time consuming and expensive taking at least three days and requiring
maintainenance of over 250 typing sera and 350 different antigens. Furthermore, accurate reading
of plates requires experience and can lead to variability between laboratories and individual

technicians.

Phage typing

Bacteriophage typing, or phage typing, is the traditional method of further discriminating within
Salmonella serovars (Best et al., 2007). The technique employs a standardized set of serovar specific
bacteriophages, which have been developed for a number of important serovars including S.
Typhimurium, §. Enteritidis and §. Bovismorbificans (Olsen et al., 1993). The resultant pattern of

reactivity

lysing—is then compared with known phage types (Anderson et al., 1977).

Although relatively inexpensive phage typing requires maintenance of the appropriate phages and
considerable technical expertise in interpretation, which can make reproducibility and comparison
between laboratories challenging (Ross and Heuzenroeder, 2005; Boxrud et al., 2007; Barco et al,,
2013). Baggesen et al. (2010) provide an illuminating example of the influence of different
interpretation of lysis patterns in different laboratories and the subsequent assignment of different
phage types to identical strains. This study demonstrates the need to further standardize the
technique, even after years of employment, if it is to remain relevant. Phage typing is of limited

value for investigation of more common phage types, such as S. Typhimurium definitive phage type



(DT) 104 and phage type (PT) 193, where the lack of discriminatory power can make it impossible
to differentiate epidemiologically linked or independent strains (Lindstedt et al., 2004).
Furthermore, phage conversion, which may occur through temperate phage expression, gene
mutations and gain or loss of plasmids, can occur both within outbreaks and in laboratories at
uncertain rates (Olsen et al., 1993; Cho et al., 2008; Hopkins et al., 2012; Barco et al., 2013).
Numerous studies have demonstrated the role of plasmids in the loss of sensitivity to specific
phages, thereby causing phage conversion, within S. Typhimurium and S. Enteritidis lineages

(Anderson et al., 1973; Platt et al., 1987; Rankin and Platt, 1995; Brown et al., 1999).

In time, comparative genomic approaches, in particular single nucleotide polymorphism (SNP)
typing, will likely replace phage typing of §. Typhimurium (Pang et al., 2012). However, Baggesen et
al. (2010) argue that in spite of the upsurge in new subtyping techniques, primatily molecular and
sequence-based, phage typing will likely remain useful in the short-term due to the techniques
relative rapidity and cost effectiveness, and, perhaps less convincingly, the techniques

discriminatory power and reproducibility.

Antimicrobial susceptibility testing

Antimicrobial susceptibility testing may be used as a means of differentiating Salmonella, however,
there are a number of important drawbacks to using antibiogram results as a typing technique for

epidemiological purposes, certainly without application of other typing methods.

Salmonella colonies may be tested for antimicrobial resistance phenotypes using a number of
standardized antimicrobial panels, breakpoints and testing methods—most commonly disk
diffusion and dilution methods. Like other phenotype-based methods of differentiation
comparability is hampered by issues of harmonization between laboratories. For antimicrobial
resistance phenotypes variability is particulatly acute between public and animal health laboratories,
where the compounds employed in panels and breakpoints may vary (Silley et al,, 2011).
Furthermore, recording of resistance phenotypes may vary considerably depending on the specific
mechanism and the length of time in, and method of, storage. For example, some resistance
phenotypes may be conferred by multiple resistance genes potentially located in different parts of
the bacterial genome with variable levels of stability and, due to fitness costs of carrying resistance
genes without selection pressure, gene loss can occur in storage (Le Minor, 1988; Barco et al,,
2013). Some resistance types and genes are highly stable, typically resistance genes located on the
chromosome, however, others, such as genes located on genomic islands, integrons or plasmids,
may be more variable and have the potential to be transferred horizontally between strains

(Miriagou et al., 2006; Barco et al., 2013).
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Other phenotyping methods

Other less commonly used phenotyping methods include examination of morphology, biochemical
identification methods, bacteriocin typing and biotyping (Olsen et al., 1992; Wray and Wray, 2000;
Hocking, 2003). These techniques suffer from one of a number of limitations relating to costs,
technical burden, reliability, comparability, discriminatory power and usefulness for epidemiological
purposes. Hence, these techniques ate not commonly employed by current Salmonella spp.

surveillance systems.
Molecular typing/genotyping

Molecular typing methods have advanced significantly over the past 20 or so years. A plethora of
gel electrophoresis-based, fluorescence, DNA hybridization and sequence-based methods are now
used to differentiate Salmonella strains for epidemiological purposes (Liebana, 2002; Best et al., 2007,

Van Belkum et al., 2007; Levin, 2009; Li et al., 2009b; Levin, 2010).

Three main types of molecular typing methods have been employed for Salmonella typing:
deoxyribonucleic acid (DNA) banding pattern-based methods, DNA sequencing-based methods,
and array-based methods (Li et al., 2009b; Batrco et al., 2013). DNA banding pattern methods
employ amplification of DNA and/or DNA cleavage using restriction enzymes and sizing of
fragments to differentiate strains (Wray and Wray, 2000; Hocking, 2003; Harbottle et al., 2006; Van
Belkum et al., 2007; Kirchner et al., 2011; Achtman et al., 2012; Fabre et al., 2012b; Zou et al., 2012;
Arguello et al., 2013b). DNA sequencing methods assess polymorphisms in the nucleotide
sequences at specific targets (Kotetishvili et al., 2002; Achtman et al., 2012). Array-based methods

employ arrays of DNA probes to differentiate strains (Li et al., 2009b).

DNA banding pattern-based methods

Pulsed field gel electrophoresis (PFGE)
Pulsed-field gel electrophoresis (PFGE) is a highly discriminatory DNA fingerprinting technique

that can be used on a wide array of bacteria. PFGE was adapted to Salmonella in the 1990s and has
been the most widely used molecular subtyping method for Salmonella internationally. PFGE is
considered the ‘gold standard’ for subtyping Sa/monella (Call et al., 2008; Wattiau et al., 2011a; Bopp
et al, 2016). The PFGE techique involves restriction pattern analysis of DNA digested with
restriction enzymes. In conducting PFGE a small number of high molecular-weight restriction
fragments are generated in an agarose DNA suspension using restriction enzymes, which cleave at
infrequent but specific restriction sites. The agarose-DNA ‘plugs’ are then loaded into an agarose
gel and undego electrophoresis using a pulsed electric field, varying in direction and duration in
accordance with an established programme, to determine the sizes of the fragments (Olsen et al.,
1994; Gautom, 1997; Birren and Lai, 2012). The resulting electrophoretic patterns may then be

compared to records in databases such as the CDC’s PulseNet for purposes of epidemiological
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investigation (CDC, 2016b).

Salmonella PEGE profile strains have high correlation with epidemiological relatedness and PFGE
produces a stable and reproducible restriction pattern. The technique is more discriminatory than
phenotyping and other subtyping methods such as ribotyping and multilocus sequence typing
(MLST) for Salmonella (see below). The standardization of PFGE methods via the CDC’s PulseNet
protocols and PulseNet database has improved comparability between laboratories. A strong
correlation between PFGE profile and serovar has been described allowing inference of serovar by
comparison with the PulseNet database and other PFGE profile databases (Kérouanton et al.,
2007; Scallan et al., 2011; Zou et al., 2012). Given the required capacity and the time and costs
associated with conventional serotyping, Bopp et al. (2016) make a case for using PFGE results to
determine serovar in the majority of cases where PFGE is already being applied routinely, as in the

US.

However, PFGE has a number of significant drawbacks. Conducting PFGE requires a high level of
technical expertise and in spite of improvements in speed, such as the accelerated method proposed
by Gautom (1997) and now widely used, it remains time consuming and labour-intensive (Wattiau
et al., 2011b; Fabre et al., 2012a). It is not possible to automate PFGE and comparison of strains is
relatively difficult for untrained personnel. Moreover, in spite of the considerable efforts of
PulseNet, among others, to standardize PFGE and improve cross-laboratory comparability, issues
remain. There can be variability in the resultant DNA restriction patterns between technicians. It is
also possible for bands of the same size to come from different parts of the chromosome and for
changes at one restriction site to result in multiple bands (Li et al., 2009b). Furthermore, the
PulseNet database now has a very large number of clustered PFGE profile records exhibiting only
minor differences, which may increase the likelihood of drawing unreliable and/or subjective
associations (Wattiau et al., 2011b). A further limitation of PFGE typing is that it does not
discriminate between all unrelated isolates; for example, some important strains, such as 5.
Typhimurium DT104, have dominant PFGE profiles that could lead to linking of epidemiologically
unrelated organisms on the basis of PFGE profiles (Barco et al., 2013).

Although PFGE remains the gold standard for molecular typing of Salnonella, due to technical and
comparability advantages MLVA is now widely used in place of PFGE, particularly outside the US.
Moreover, with the rapid advances in whole genome sequencing it is likely that the predominance

of PFGE will continue to diminish.

Multiple-locus VNTR analysis (MLT"A)
The MLVA methodology was first used by Keim et al. (2000) to subtype Bacillus anthracis, and has

since been adapted to a number of other bacteria including Yersinia pestis, Mycobacterinm tuberculosis,

12



E. ¢0li O157 and Salmonella (Van Belkum et al., 1998; Noller et al., 2006; Vogler et al., 2006; Best et
al., 2007). To date MLVA has only been validated for §. Enteritidis and 5. Typhimurium. MLVA
involves a multiplex polymerase chain reaction targeting variable number tandem repeat sequences
at defined loci within the bacterial genome. At present the most commonly employed MLVA
method for Salmonella is that described by Lindstedt et al. (2004), with a number of later studies and
authorities advocating and use of the protocol (Best et al., 2007; Lindstedt et al., 2007; Torpdahl et
al., 2007; PulseNet, 2009b, a; ECDC, 2011; Lindstedt et al.,, 2013). The Lindstedt et al. (2004)
protocol targets five loci: STTRY, STTR5, STTR6, STTR10pl (located on the virulence plasmid
pSLT) and STTR3 (a locus with two fragment sizes of 27bp and 33bp). Two additional loci are
included by the CDC and affiliated typing laboratories in the US. Strain MLVA profiles are
expressed as a string of numbers representing the number of variable number tandem repeat
(VNTR) units at each specified locus, aiding comparison of strains between laboratories and

jurisdictions (Gilbert, 2008; Larsson et al., 2009).

The Lindstedt et al. (2004) VNTR loci were selected as they are not thought to be under selective
pressure, making them ‘neutral and effective for molecular typing’ (Best et al., 2007). Chiou et al.
(2010) compared the advantages and disadvantages of various loci selections and found that four or
five highly polymorphic loci were sufficient to replace PFGE in epidemiological inverstigations and
surveillance of §. Typhimurium. However, the authors found that 16 VNTR loci could aid

phylogenetic studies in the determination of clonal groups (Chiou et al., 2010).

The techniques MLVA and PFGE have similar levels of discriminatory power, for example Barco
et al. (2014) showed that PFGE and MLVA differentiated outbreak strains to a similar degtee,
producing the same subtyping picture in relation to correlating strains. However, correlation
between phage type, PFGE, single nucleotide polymorphisms and MLVA is imperfect, supporting
the continued application of multiple characterization methods in epidemiological investigations of
Salmonella (Hopkins et al., 2012; Barco et al., 2013; Brown et al., 2013). For example, Hopkins et al.
(2007) have shown considerable differences in PFGE and MLVA descriptions of genomic diversity

within the same Salmonella population.

The MLVA technique has proven useful in Salmonella surveillance and research of on-farm
colonization and contamination in supply chains. Exampoes include the Kirchner et al. (2011) study
of §. Typhimurium from three British pig supply chains and the Arguello et al. (2013b) study of
Salmonella in Danish pig supply show that MLVA can be used to monitor Sa/monella infection within

populations and supply chains.

Applying MLVA provides a number of advantages over PFGE. The technique is relatively quick,

inexpensive, robust, and easily automated (Fabre et al., 2012a). Kurosawa et al. (2012) demonstrated
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that MLVA is easier, quicker and more efficient than PFGE to implement. The results of MLVA
are considerably easier to compare between laboratories and internationally, although MLVA does
employ capillary electrophoresis and therefore there may be some inaccuracy/vatiability in the
sizing of fragments between laboratories as with PFGE, which could affect comparability (Hopkins
et al, 2011). MLVA can also differentiate clonal isolates, for example lineages within S.
Typhimurium DT104 strains, which PEFGE may fail to achieve (Fabre et al., 2012a). Paranthaman et
al. (2013) strongly advocate MLV A notably for the techniques ability to discriminate within a single
phage group. Eyre et al. (2013) found MLVA to have similar power when compared with whole
genome sequencing of Clostridium difficile, in terms of discrimination and for use in epidemiological

investigations of pathogen transmission.

However, the high polymorphism observed at some loci, notably STTR5, STTR6 and STTR10,
where present, indicate that clustering of closely related single locus variants at these loci is
warranted. The approach to clustering requires further consideration and consensus to aid
identification of outbreak strains and improve the utility of MLVA for in epidemiological
investigations (Boxrud et al.,, 2007; Malorny et al., 2008a; Hopkins et al., 2011; Dimovski et al.,
2014). Cadel-Six et al. (2013) note questions remain in terms of the instability of VNTR loci, an
issue that has been discussed further in other studies (Hopkins et al., 2007; Barua et al., 2013; Wuyts
et al., 2013; Dimovski et al., 2014). The lack of stability of some loci, notably STTR5 and STTRG,
may be too high to provide indications of reliable phylogenetic relationships among closely related
strains, furthermore, changes in VNTR copy numbers may occur at these loci during an outbreak
hampering identification of an outbreak strain (Li et al., 2009b; Fabre et al., 2012a; Dimovski et al.,
2014). Dimovski et al. (2014) recommended that single locus variants (SLVs) with copy number
variation of 1-2 be considered clonal, Niemann et al. (2015b) adopted a similar approach in which
they collapsed single or double locus variants with low copy number variation at loci STTR5 and
STTRG into groups. However, other studies have shown greater stability. In an 7z vitro study of 670
samples and 8 strains of 5. 1,4,[5],12:i:- (differing in PFGE and MLVA patterns), Cadel-Six et al.
(2013) found very low VNTR locus variation (VF 1.87%) when subjecting isolates in various media
with thermal shocks—3 days at -20°C then immediately after 15 mins at 56°C; stress was verified
by counts before and after to ensure the temperature abuse had affected bacterial growth. Cadel-Six
et al. (2013) found that all variations occurred at STTR5 and STTRG, echoing findings from other
S. Typhimuirum MLVA studies cited previously; these loci are recognized as being more
polymorphic than other loci used in Salmonella MLLVA. A further possible disadvantage of MLVA
by comparison with PFGE is the limited availability of historical data (Barco et al., 2014).

Other DN.A banding pattern-based methods
Plasmid profiling and plasmid restriction profiling involves approximation of plasmid molecular

mass by electrophoresing plasmid DNA and comparison with plasmids of known molecular weight
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(Holmberg et al., 1984; Millemann et al., 1995). The restriction fragment length polymorphism
(RFLP) technique uses DNA digestion and gel electrophoresis followed by Southern blotting with
labelled probes to size restriction fragements. Ribotyping involves restriction enzyme digests of the
DNA being hybridized with RNA probes, restriction enzyme cleaving of the DNA and observation
of tDNA restriction patterns upon electrophoresing of products (Grimont and Grimont, 1986;
Stull et al., 1988; Esteban et al., 1993; Olsen et al., 1994; Liebana et al., 2001; Bailey et al., 2002;
Capita et al., 2007; Guard et al., 2012; Barco et al., 2013). The techniques RFLP and ribotyping atre
relatively cheap, although more expensive in terms of capital investment when ribotyping is
automated. The main drawbacks of these techniques are that they require large amounts of DNA
and are time and labour intensive (Li et al, 2009b). Clustered Regularly Interspaced Short
Palindromic Repeats (CRISPR) based approaches involves PCR amplification of CRISPR loci and
sequencing of purified amplicons. (Fabre et al., 2012a; DiMarzio et al., 2013). There are also various
other PCR-based methods involving the targeting of a wide variety of specific genes or loci and
analysis of restriction patterns. For example, repetitive extragenic palindromic sequence-based PCR
(rep-PCR), which Wise et al. (2009) found showed considerable promise as a relatively rapid
method of determining the serovar. Chenu et al. (2012) applied the DiversiLab® system to
Australian Salmonellae and found similar results, concluding that the system was relaiable and cost
and time effective, putatively determining the serovar within several hours. Other PCR-based
methods include random amplified polymorphic DNA (RAPD), PCR-RFLP, denatured gel
electrophoresis and amplified fragment length polymorphism (AFLP), among others (Hadrys et al.,
1992; Olsen et al., 1994; Millemann et al., 1995; Van Belkum et al., 2007; Li et al., 2009b;
Prendergast et al.,, 2013; Turki et al., 2014). As with all PCR-based assays, contamination and
generation of artifacts can be an issue, and they require the use of multiple controls to verify the

reliability of results.

DNA sequencing-based methods

Multilocus sequence typing (MLST)
The typing technique MLST involves comparing the sequences of specific housekeeping genes to

identify allelic vatiation; as such the sequence type may be inferred from whole genome sequence
data (Kotetishvili et al., 2002; Achtman et al., 2012). As MLST targets housekeeping genes, which
are constrained due to their function and the essential proteins that they encode, MLST has
relatively low discriminatory power, approximately that of serotyping; in fact, some authors have
suggested that MLST may one day replace serotyping (Harbottle et al., 2006; Achtman et al., 2012).
The technique is therefore better suited to bacteria that undergo high rates of recombination or

longer-term studies of bacterial population structure in organisms like Sa/nonella.

Whole genome sequencing
Whole genome mapping, single nucleotide polymorphism (SNP) analyses, genotype clustering, and

genome wide association studies involve the sequencing of nucleotides in the genome and
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bioinformatic analyses identifying core and/or accessory genome polymorphisms and/or genes
and/or other genomic features (Li et al., 2009b; Okoro et al., 2012a; Okoro et al., 2012b; Eyre et al.,
2013; Hawkey et al., 2013; Mather et al., 2013; Miller, 2013; Dimovski et al., 2014; Perreault et al.,
2014). The rapid decline in costs and increase in access to, and speed of, whole genome sequencing
has made this a viable approach to investigating bacterial genetics and evolution and in surveillance
and epidemiological research, such as the presence of resistance genes and identification of
outbreak strains. A range of benchtop sequencing machines, such as the Illumina, Roche and Ion
Torrent, producing single and paired-end reads at various levels of speed and quality, have allowed
in-house sequencing capacity, or made fee-for-service sequencing readily available, to many
laboratories. Platforms producing long reads, produced by companies such as PacBio and Illumina,
are also increasingly widely available. The resulting sequence data can then be cleaned and analysed
in a wide variety of ways using an extensive array of programs that employ a variety of algorithms,
depending on the purpose of the research. For comparative purposes, extensive quantities of
genetic data are freely available through databases such as GenBank. Whole genome sequencing is

being employed routinely in outbreak investigations where the resources ate available.

In the conduct of whole genome sequencing, genomic DNA is extracted from the isolates under
investigation and prepared as a unique library, typically using commercially available kits. The
libraries are then sequenced resulting in the raw sequence read data. Short sequences are then
assembled into contiguous assemblies of ovetlapping sequence reads without the use of a reference
genome, typically conducted using de Buijin graphs for short read sequences in an assembler such
as Velvet (Compeau et al., 2011; Edwards and Holt, 2013). Velvet is applied via a two-stage process
of converting sequence reads to k-mers then applying de Bruijin graphs to assemble contigs
(Zerbino and Birney, 2008). Determining the best k-mer length and assessing expected coverage of
the genome, the length of the insert sizes in paired-end read libraries, and the minimum read depth
cut-off are necessary to optimize the assembly. Contigs can then be arranged relative to a reference
genome, preferably the most closely related bacteria with a fully mapped genome, using a tool such
as MUMmer or Mauve, among numerous others (Kurtz et al., 2004; Rissman et al., 2009; Darling et
al., 2010). For the purposes of S. Typhimurium or §. 1,4,[5],12:1:- in Australia, Hawkey et al. (2013)
demonstrated that §. Typhimurium SL1344 (phage type definitive type 44) is an appropriate
reference. The genome can then be annotated to identify the genes present using a variety of

annotation tools (Edwards and Holt, 2013).

The reads aligned to the reference, generating pileups most commonly using SAMtools, can then be
analysed to identify sites of single nucleotide polymorphisms (SNPs) (Li et al., 2009a). Depending
on the aims of the research, the sequence data can then be parsed to remove ‘noise’ in various ways
in order to discern the underlying signals of vertical inheritance and generate a robust ancestral

phylogenetic tree. This requires comparison of the core of the genomes under study, in other words
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the parts of the genome shared by the genomes under investigation. To identify the core genome,
repeat sequences, insertion sequences and prophages are filtered and excluded (Edwards and Holt,
2013; Edwards et al., 2015). Further filtering is then conducted to identify predicted SNPs
generated by recombination events, identified by establishing a cutoff for the number of SNPs in a
given length of sequence, using a program such as Gubbins (Croucher et al., 2015). The resulting
phylogenetic data can then be represented as a phylogenetic tree on the basis of core genome SNPs.
Maximum likelihood methods ate generally preferred, using a tool such as RAxML, though trees
may also be generated using other methods such as neighbor joining and unweighted pair group
method with arithmetic mean (UPGMA) (Stamatakis, 2014). To study the accessory genes in the
pan-genome, the core genome identified previously can then be filtered out, using a tool such as
ROARY, to compare the areas of greater variability in the collection under investigation (Page et al.,

2015).

A further array of tools, such as SRST2, can then be used to search the core and/or accessory
genome for features such as resistance genes, MLST genes, markers for phage types or genes
known to confer specific phenotypes such as monophasism, against a variety of databases or

specific sequences of interest (Gupta et al., 2014b; Inouye et al., 2014).

Analysis of whole genome sequence data has enormous potential for studies of the evolution of
bacterial populations and their phylogenetic relationships, with subsequent uses in surveillance and
epidemiological investigations. Several recent studies have shown the potential uses of whole
genome sequencing, in concert with traditional epidemiological data, for outbreak investigations
and soutrce attribution (Okoro et al, 2012b; Hawkey et al, 2013; Mather et al., 2013;
Leekitcharoenphon et al., 2014). The main limitations at present relate to effective storage and
analysis of the large datasets produced by whole genome sequencing. The available software for
analysis is largely open source and constantly being updated. Being open source the underlying code
is typically readily available to analysts, however, although improving rapidly, bioinformatic analyses

generally require considerable computing power and technical expertise to be conducted reliably.

Array-based methods

Methods of typing bacteria using atray-based typing methods primarily employ arrays of DNA
probes. With these approaches, DNA probes of known sequences attached to a surface are used to
identify the presence of target free nucleic acids (Garaizar et al.,, 2002; Cai et al., 2005; Li et al.,
2009b; Garcia et al., 2013). The DNA probes are typically fluorescently labeled and the hybridized
targets are identified and their abundance are measured, usually by luminescence. The main classes
of array-based methods are macro-array and micro-array, so named for the number of
oligonucleotides arrayed on the substrate. Macro-arrays are cheaper to run than micro-arrays but

are less discriminatory (Li et al., 2009b).
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1.3.6. Disease characteristics: enteropathogenic salmonellosis

In most cases the symptoms of human salmonellosis are diarrhoea, fever and abdominal cramps,
which occur eight to 72 hours post-infection (Hocking, 2003; Bell and Kyriakides, 2008; CDC,
2016¢). The illness usually lasts one to seven days and most people recover without treatment
(Hocking, 2003; Bell and Kyriakides, 2008; On et al., 2010; CDC, 2016¢). However, in some cases
hospitalization may become necessary, particularly among infants, the elderly and persons with
compromised immune systems. In these extreme cases the infection can become systemic as
bacteria enter the bloodstream and then infect other sites. In such cases death may occur unless the
patient is treated quickly with appropriate antimicrobials (CDC, 2016¢). The highest shedding of
organisms occurs at the onset of clinical signs and decreases over time (Hocking, 2003). Shedding
duration varies with the individual host and strain of Sa/wonella, but is typically around five weeks
from the onset of clinical signs (Hocking, 2003). Few persons become cartriers of Salmonella,

Hocking (2003) estimated less than 1%.

Though uncommon long-term S. enterica Group B infection associated sequelae do occur. Reported
long-term sequelae include: septicaemia, which may last up to one year post infection but more
typically 6 months or less, which usually occurs 3-4 weeks post-enteritis (Hocking, 2003; On et al.,
2010); reactive arthritis or Reiter’s syndrome, caused by an autoimmune response, that may be
syndromic in conjunction with conjunctivitis and urethritis or cervicitis in men or women,
respectively, and various other manifestations (Dworkin et al., 2001; Hocking, 2003; Bell and

Kyriakides, 2008); and irritable bowel syndrome (Gradel et al., 2009; Havelaar et al., 2012).

Salmonella isolations from humans typically describe seasonal patterns peaking in the summer in
both northern and southern hemispheres. Australia and New Zealand typically experience a peak in
late summer, around March, with considerably lower numbers of isolations in winter. This may be
related to eating habits, such as barbeques, at which relatively higher risk products are consumed
and the effectiveness of the cooking step in deactivating Sa/monella bacteria may be less reliable (On

et al., 2010).

There are numerous Salmonella serovars associated with pigs that are also of particular public health
interest, these include: §. Typhimurium, §. 1,4,[5],12::-, §. Derby, S. Heidelberg, 5. Worthington
and S. Infantis (Harris, 2016a). The most clinically and economically important Salmonella serovar to
the pig industry internationally is . Choleraesuis, a pig host specific serovar associated with high
rates of morbidity and considerable mortality. Salnonella Choleraesuis has not been reported in
recent Australian passive surveillance data (NEPSS, 2014), however, the serovar has been isolated
in the past (Beh, 1971). In Australia clinical salmonellosis in pigs has historically been most

commonly associated with §. Typhimurium (Hamilton et al., 2015).
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Enteropathogenic salmonellosis in pigs causes similar symptoms to those observed in humans and
other animals, typified by scouring and/or thriftiness. Acute enteric and systemic disease, generally
associated with a virulent strain and/or impaired immunity, can lead to mortality, particulatly
among young pigs. Gross caecal and ileal lesions may be observed among confirmed cases during
post-mortem. The disease may affect pigs of any age (Harris, 2016b). Pigs can become
asymptomatic carriers with infection in the blood and lymph nodes. Sa/monella colonisation can be
difficult to detect in older live animals due to little or no clinical manifestations and low and/or

intermittent shedding (Kirchner et al., 2012a; Pires et al., 2013a).
1.3.7. Aetiology and pathogenesis

Non-typhoidal salmonellosis is caused by infection with an organism of the genus Salmonella other
than S. Typhi. The disease is clinically characterised by enteritis or septicaemia/typhoid in systemic
cases (Gruenberg, 2016). The illness causes inflaimmation and necrosis in the intestines. The main
route of Salmonella transmission is faecal-oral, although the upper respirtory tract may also present a
route of infection (Fedorka-Cray et al., 1995). The initial colonisation of the intestines is followed
by invasion of enterocytes of the small and/or large intestines. The Sa/nonella bactetia adhere to the
intestinal wall and employ type III secretion systems in two discrete stages injecting various toxins,
the bacterium is enveloped during this process and replicates within the enterocyte cell (Wray and
Wray, 2000; Van der Heijden and Finlay, 2012). Invasion of the epithelial cells stimulates the release
of proinflaimmatory cytokines, the inflammatory response causes diarrhoea and may cause
ulceration (Giannella, 1996). After initial colonisation, the bacteria can spread to the lymph nodes

and other organs causing systemic disease (Giannella, 1996; Ball et al., 2011).
1.3.8. Host specificity

Salmonellae vary in their degree of host specificity (Uzzau et al., 2000; Foley et al., 2008; Foley et al.,
2013); 5. Choleraesuis is pig specific, while others such as §. Enteritidis and 5. Typhimurium may
colonise a variety of host species. Most non-typhoidal Sa/monellae of importance to public health
have a wide host-range, but disease caused by serovars with a narrower host-range tends to be more
severe with a greater liklethood of invasive disease (Vugia et al., 2004; Foley et al.,, 2013). The
serovar 5. 1,4,[5],12:1:- is not host specific and has been isolated from humans, poultry and bovines,
among other species, but is most closely associated with pigs in Europe (Hauser et al., 2010). It has
been postulated that the serovar emerged in pigs and the majority of isolates internationally have

come from pigs (Hauser et al., 2010; Petrovska et al., 2016).
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1.3.9. Pathogenicity and virulence

Specific serovars may exhibit different pathogenicity levels in different host species (Kingsley and
Bédumler, 2000). Sa/monella Typhimurium and S. 1,4,[5],12:i:- are thought to be closely related and
commonly harbor the same or similar pathogenicity gene repertoires indicating that the serovars are
similarly pathogenic, which is reflected in the relatively high rate of isolation of these serovars in
passive surveillance systems (Hauser et al., 2010). In human hosts the serovar §. 1,4,[5],12:i:- is
pathogenic and virulent and has been associated with septicaemia. In an outbreak in New York
City in 1998 some 70% of cases led to hospitalization (Agasan et al., 2002a), though considerably
lower hospitalization rates are normally reported. There is little evidence of significant variation in
pathogenicity or virulence between serovar subtypes (Wray and Wray, 2000; Torrence and Isaacson,
2003; Bell and Kyriakides, 2008; On et al., 2010). Salmonella are thought to have a large number of
virulence factors, few of which have been fully characterized (Fedotrka-Cray et al., 2000). Salmonella
virulence is thought to be expressed through an array of genes located in 12 key pathogenicity
islands (Morgan, 2007; Foley et al., 2013). Virulence relating to invasiveness, such as encoding of
type 1I and type 1II secretion systems, and resistance to immune responses are known to include
complex regulons, or systems of genes in various locations on the chromosome and plasmids
(Miller et al., 1989; Shea et al., 1996). Though not universally present, virulence plasmids, such as
pSLT, which was mapped in the 5. Typhimurium LT2 genome, are known to play an important
role in pathogenesis, particularly in relation to bacterial multiplication in the reticulo-endothelial

system of the host (Gulig and Curtiss, 1987; McClelland et al., 2001; Rotger and Casadesus, 2010).
1.3.10. Immune response

The initial human host reaction to non-typhoidal Salmonella gastro enteric colonization is the
production of inflammatory cytokines, followed by the development of specific immunity through
the production of specific T- and B-cells, establishing strong acquired immunity in the host post-
infection (Mastroeni et al., 2001). It has been postulated that the 5. 1,4,[5],12:i:- non-expression of
the phase 2 flagellar antigen may be a mechanism by which the bacteria can at least partially evade
the initial cytokine response of the immune system (Crayford et al., 2011). This has been posited as
a possible reason for the recent rise of §. 1,4,[5],12:i:- isolation from both humans and production

animals, particularly European pigs (Davies, 2013).
1.3.11. Susceptible human populations

There is no evidence of gender bias or genetic predisposition to salmonellosis in humans. The
incidence and severity of salmonellosis is highest in the eldetly, children and persons suffering from

reduced immunological responses (On et al., 2010). The highest notification rate for salmonellosis
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are among children aged 0-4, exhibiting a rate three times that of 5-14 year olds and five times that
of persons aged above 14 years . Food preparation customs may increase the risk of salmonellosis,
for example consumption of raw ground pork dishes in Southeast Asia, Belgian raw boar meat and
anecdotal evidence of increasing consumption of rare pork dishes in Australia likely present higher

risks from pig products.
1.3.12. Dose response

Variation in dose response is primarily associated with: age and health of the consumer (eldetly,
young and immunocompromised are more susceptible), mode of consumption (food vehicle
characteristics), and characteristics of the strain of Salwonella. Estimates of the required challenge
doses have ranged from a few cells to 105-10° colony forming units (cfu). For ethical reasons there
have been no recent dose-response studies in humans, however, a ‘volunteer’ study—involving
prison inmates conducted in the eatrly 20t century—found 105 cfu were required (Hocking, 2003).
Although there have been reports that 100 and 1000 bacteria may present a strong enough
challenge to cause disease (Wray and Wray, 2000; Torrence and Isaacson, 2003; Bell and Kyriakides,
2008; On et al,, 2010), having conducted a thorough review of the literature Kothary and Babu
(2001) estimated that the median infective dose (IDsg) is mote likely around 10,000 cfu. The
Salmonella infectious dose varies between strains and is lower for the young, eldetly and
immunocompromised (Hocking, 2003). However, more recent counts on implicated food vehicles
post outbreaks indicate as few as 1-10 cfu may cause illness, particulatly in food vehicles with high
fat content, which appears to offer some protection to the organisms as they move through the
digestive tract (Hocking, 2003; On et al, 2010). Bell and Kyriakides (2008) assert that high
numbers, estimated at greater than 10 000 cfu, are normally required for . enterica (I) strains to
cause gastroenteritis, but that in high fat foods less than 100 cfu may prove sufficient. Various
models have been used to estimate dose response for Salmonella, including the United States
Department of Agriculture (USDA)-Food Safety and Inspection service (FSIS)-Food and Drug
Administration (FDA) Sa/monella Enteritidis model, the Health Canada Sa/nonella Enteritidis model,
and a beta-Poisson model. While each of these models have drawbacks, the outputs show that at
low attack rates the probability of disease is low but present; therefore, if products with low

concentrations are widely consumed some cases will likely occur (FAO, 2016).
1.3.13. Salmonella ecology in pig herds

Salmonella, more specifically . Typhimurium, has been shown to persist on livestock farms for
extended periods. For example, McLaren and Wray (1991) found specific S. Typhimurium strains
persisted among calves for up to two years. Similarly, Sandvang et al. (2000) found the same S.

Typhimurium PFGE pulsotypes among pigs sampled 20 months after the first isolation.
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The introduction of infected animals has long been recognized as an important mode of Salmonella
transmission between livestock herds (Wray et al., 1990; Wray et al., 1991; Evans and Davies, 1996;
Langvad et al., 2006). A number of other routes of transmission between herds are also possible,
including vectors such as wild animals, pets and people, insects and dust acting as mechanical
vectors, and fomites such as vehicles or equipment (Fedorka-Cray et al., 1994; Fedorka-Cray et al.,
2000). For instance, a study conducted by Langvad et al. (20006) found that routes other than live
animal movement, such as people equipment and other physical sources played a significant role in

the spread of S. Typhimurium DT104 between cattle and pig herds in Denmark.

It is also well recognized that Salmonella can enter pig herds through feed components, including
coarse grains, oilseeds, meat/blood/meat and bone meals, fishmeal and other protein cakes and
meals (Harris et al., 1997; Funk and Gebreyes, 2004). In order for feed to infect pigs on-farm, feed
components may arrive at mills contaminated and dilution or kill steps, such as rendering, in the
milling process fail. Feed may also be contaminated post-inactivation steps at the mill via resident
or transient populations and feed may become contaminated on farm via fomites or, commonly,

rodents, birds and cats (Burns et al., 20106).

The feed ingredients, acidity and physical structure of feed can also affect Salmonella prevalence
within herds (Funk and Gebreyes, 2004). There is considerable epidemiological evidence that pigs
fed on fine ground feeds with low roughage content are at greater risk of Salmonella colonization,
likely due to the associated reductions in gut length and the lower pH gradient within the
gastrointestinal tract of animals fed diets with these characteristics (Bush et al.,, 1999; Funk and
Gebreyes, 2004; Lo Fo Wong et al., 2004). Salmonella may also be introduced and spread within
herds through vectors, mechanically or through colonization and shedding, such as new stock, wild

animals, pets, arthropods and humans (Funk and Gebreyes, 2004; Ball et al., 2011).

Salmonella are typically transmitted between pigs within herds via the faecal-oral route (Fedorka-
Cray et al,, 1994). Salmonella can remain viable for extended periods in organic matter outside the
host, presenting a risk of transmission via the environment and/otr fomites or mechanical vectors
(Kirchner et al., 2012b). Vertical transmission is also thought to be important for maintaining the
bacteria (Funk and Gebreyes, 2004; Ball et al., 2011). Studies of poultry and mice have shown
acrosolized transmission of Salmonella, and aerosol transmission of §. Typhimurium between
weaners at close proximity has been reported (Oliveira et al., 2006; Ball et al., 2011). Pigs can be
colonized via the lungs, studies such as Lo Fo Wong et al. (2004) found that snout-to-snout contact
between cohorts was a tisk factor which may indicate aerosol transmission over short distances

and/or via contact/faecal-oral routes (Fedorka-Cray et al., 2000).

Clinical signs are generally most apparent in weaners between 4 and 10 weeks of age, which may

relate to protection from maternal antibodies via colostrum while suckling (Beloeil et al., 2003;
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Funk and Gebreyes, 2004; Ball et al., 2011; Wales et al., 2011). Responses in older animals are
typically sub-clinical and sporadic Salmonella shedding can make detection difficult. Lower Salmonella
shedding rates among sows and suckling piglets observed in this study have been reported
extensively by other studies (Funk et al., 2001; Kranker et al., 2003; Nollet et al., 2005a; Rajic et al.,
2005; Pires et al., 2013a; Pires et al., 2014). However, colonization of young piglets via the sow has
been demonstrated. Longitudinal studies of farrow-to-finish herds conducted by Nollet et al.
(20052); Nollet et al. (2005b) found exposure of young pigs could occur via the sow post-partum or
via some alternate source(s) in the rearing environment. Kranker et al. (2003) and Vigo et al.
(2009b) suggest that sows may play a more important role in transmitting Salmonella to suckling
piglets than is typically recognised. A farm transmission model using data from the European
Union (EU) developed by Hill et al. (2015) concluded that if more than 10% of sows were
colonised by Sa/monella they would account for the majority of Salmonella transmission within the
herd; below 10% sow prevalence feed became the dominant contributor to slaughter pig Salmonella
status. Sows may become reservoirs of disease by shedding slowly for extended periods with
consequent effects on pathogen cycling within a herd. Other studies have also demonstrated the
nucleus and multiplier herd Salmonella status, and number of supplier herds, to be risk factors for
grow-out herd Salmonella colonisation (Kranker et al., 2001; Lo Fo Wong et al., 2004; Wales et al.,
2009).

Escalation in shedding is correlated with immune suppression, which can coincide with
malnutrition, relate to production phase, genetic predisposition or environmental factors such as
season, temperature and humidity, or could relate to infection with other pathogens (Funk and
Gebreyes, 2004). Causality of clinical salmonellosis in pigs may be complex, Takada-Iwao et al.
(2011) conducted a case control study that found porcine circovirus type 2 (PCV2) associated
disease increased the likelihood and severity of clinical §. Choleraesuis among infected pigs. Dual
infected pigs exhibited significantly greater signs of morbidity including higher shedding, reduced
weight gain and lung lesions. Stocking density and other management factors have been shown to

affect the rate of Salmonella transmission (Funk and Gebreyes, 2004).

Pig stress is associated with increased Salmonella shedding, corroborating observed increases in
shedding and prevalence during and after transport and lairage (EFSA, 2010d; Ball et al., 2011).
Shedding increases significantly when pigs endure the stress of live transport and lairage, increasing
transmission rates. Transport and lairage pens may also become ‘dirty’ with resident populations of
Salmonella infecting and reinfecting cohorts of pigs, if cleaning and disinfection is suboptimal
(EFSA, 2010d; Ball et al., 2011). For obvious reasons, finisher animals present the highest risk of

transmission from pigs to humans in pig-derived food product supply chains.
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1.3.14. Characteristics of food vehicles

Salmonella can contaminate any organic product. A wide range of food products including processed
and fresh vegetables, nuts, chocolate and meat and animal derived products such as milk and eggs
have been implicated in salmonellosis outbreaks (Hocking, 2003). Sa/monella presence on or within
food products may originate in production or have been transferred to the product postharvest.
The organisms may be present in numbers capable of causing disease in products where kill steps
and/or dilution step have failed ot cross contamination has occurred post-critical control points.
High fat and high protein foods present greater risk for transmission of Salmonella (Bell and
Kyriakides, 2008). Salmonella may display higher heat tolerance in products with low water activity,

while, in low pH environments heat tolerance is reduced (Bell and Kyriakides, 2008).
1.3.15. Pork and pig derived products as food vehicles

Pig-derived products are the second most important source of Salmonella in the human population
(Andres and Davies, 2015). While cross-contamination with transient and/or tesident strains at
abattoirs and during processing is known to occur, it has long been recognized that herd
colonization, and hazard presence at finish, presents a pathway for Salmonella into abattoirs, boning
rooms and end products (Berends et al., 1997; Bolton et al., 2013). Pig derived products have been
implicated in, or suspected in, Australian human salmonellosis cases, including S. 1,4,[5],12:1:-, both
as the immediate food vehicle and/or as the probable ultimate source of the hazard (OzFoodNet

Working Group, 2012b).

Although higher rates of colonization among slaughter pigs might increase risk on product,
Swanenburg et al. (2001a); Swanenburg et al. (2001b) found that the level of Sakmonella colonization
within herds had no bearing on carcass contamination, only Sa/monella-free status. Assuming the risk
of contamination in processing is managed effectively, the Salmonella status of herds may be the
most important information for effective process control and verification systems in abattoirs and

boning rooms to mitigate pork related Salmonella food safety risks.

Salmonellae are primarily invaders of the enterocytes, which may, in cases of systemic infection, also
enter the lymphatic system, lungs and other organs . Therefore, some offal, primairily intestines,
may be contaminated prior to slaughter. Organisms may also be present on the skin of animals
before entering the slaughter floor and there may be resident populations on equipment used in
slaughtering and processing (Van Hoek et al., 2011). Evisceration, trimming, boning and cutting
present opportunities for cross contamination of products if the organism is present and control
steps, such as washes and heat treatment(s), are not employed effectively prior to human
consumption. Furthermore, skin and muscle may be contaminated during bung removal,

evisceration, hanging, boning and further processing through direct exposure or via fomites
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(Berends et al., 1997). During slaughtering and primary processing ruptured intestines and fomites
such as surfaces, bung droppers, knives and other utensils are potential means of contaminating
tissue and cross contaminating carcasses with Salmonella organisms from the gastro-intestinal tract
and lymph nodes (Berends et al., 1997). High throughput slaughtering and/or processing and value
adding, such as small goods manufacturers, increase the risk of high case number salmonellosis

outbreaks in human populations.

If Salmonella is present, poor cold chain management from slaughter/processing to retail risks
multiplication of the organisms on or within the product. Further, inadequate cooking or

recontamination post-cooking can lead to human colonization if the organism is present.

The nature of the product will also affect the likelihood of disease transmission. Processed
products, such as pork mince, and products which do not require cooking, such as some fermented
sausages, can present higher risks. In processed products the hazard may be distributed through the
product if critical control points have failed. Furthermore, higher fat content and distribution of fat
common in comminuted products, such as sausages and pork mince, can also increase the risk
associated with these products (Bell and Kyriakides, 2008; On et al., 2010). Primal cuts are more
likley to be contaminated superficially, which facilitates destruction of the organisms through

cooking.

The role of needle tenderising has not been adequately investigated for pork products but some
studies have demonstrated that by breaking the surface of primal products bacteria may be
internalized in the product without adequeate critical control points (Graumann and Holley, 2007).
This would likely reduce the effectiveness of inactivation steps and increase the importance of
consumer terminal steps i.e. heat treatment via cooking. Moisture infusion typically employs
injection of (sterile) saline, the effects of rupturing the product surface and on product structure

may increase the risk of the hazard penetrating the product (Gill et al., 2008).

Salmonella has been isolated from a wide range of pig-derived products (Table 1-1).

Table 1-1. Pork products implicated in Salmonella transmission to human consumers.

Pork products Examples
Muscle—cuts Chilled - - Pork cuts e.g. loin chops
Frozen - - Pork cuts e.g. loin chops
Needle tenderized Pork cuts e.g. loin chops
Muscle—mince Chilled - - Pork mince, lean pork mince
Frozen - - Pork mince, lean pork mince
Muscle—joints Chilled - - Shoulder
(bone in) Frozen - - Shoulder
Needle tenderized - - Shoulder
Cured chilled - - Leg ham
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Cured frozen - - Leg ham

Offal Chilled - - Liver, kidney, heart, tripe
Frozen - - Liver, kidney, heart, tripe
Processed Fermented Dry Cooked -
Uncooked Salamis e.g. Hungarian, Varzi
Semi-dry Cooked Figatelli, summer sausages
Uncooked Mettwurst, summer sausages
Moist Cooked Cervelas a ’ail, saucisson brioche

Uncooked French chipolatas
Unfermented - - Toulouse, Lincolnshire sausages
Cured Dry Uncooked Parma, Serrano, Virginia hams

Dry-wet Uncooked Cured/smoked pork loin, Breakfast ham
Dried Dry Cooked Pork floss

Adapted from Ockerman and Basu (2007) and Heinz and Hautzinger (2007).

1.3.16. Consumer terminal step

If Salmonella is present and viable in the food product then failure to reach necessary cooking
temperatures to kill organisms risks Salmonella colonisation of the consumer. Temperature abuse
may increase the risk of consumer colonization, this includes breakdowns in cold chains, inadequate
cooking time and/or temperatures and inadequate hot holding. Consumer cooking of pork
products typically meets the temperatures and durations required to inactivate Salmonella spp.
Reduced cooking times will have greater effects on higher risk products, potentially minced fresh

pork for use in burgers and needle tenderized cuts (Gurman et al., 2015; Gurman et al., 2016).

Minced products, such as mince/ground meat and sausages, potentially present a higher risk if
consumer terminal steps fail to control the hazard, due to the comminuted nature of the product,
which does not have an intact surface barrier, may include contributions from multiple carcasses,
increased potential for cross contamination via fomites, the homogenous nature of the product
and, often, higher fat (Giovannini et al., 2004). Poor consumer hygiene practices in food
preparation can lead to cross contamination of cooked or ready-to-eat product and, such as cooked
meat or salads, from Salmonella contaminated products, via fomites such as food preparation

utensils and surfaces.

Many fermented and cured products that are ready-to-eat, such as salamis and some hams, present
potential for higher risk, thereby typically relying on Good Hygiene Practices and processing
controls to meet performance and food safety objectives. As with pork mince, comminuted

products increase the potential for contamination due to potential contributions from multiple
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carcasses, via fomites in processing, the breached surface barrier and homogenous, typically high
fat, content of the product. Failure of controls in these products could lead to wide contamination

of a product batch with the potential to cause a widespread outbreak, as occurred during the frozen

pot pie outbreak in the US (CDC, 2008).
1.3.17. Significance of non-foodborne transmission

Foodborne transmission is the most significant route of Salmonella infection in the human
population. However, horizontal transmission through faecal-oral routes can occur, typically
between persons living in close proximity and associated with suboptimal hygiene. Nosocomial
outbreaks have been widely reported (Chalker and Blaser, 1988). Sa/monella may be contracted from
hand to mouth having been contaminated from the envrionment. It is likely persons working with
livestock risk infection through faecal-oral routes due to poor hand hygiene. Similarly, pet reptiles
have been implicated in human salmonellosis, typically with serovars rarely observed in food
animals and chains (Mermin et al., 2004) and petting zoos for children have been identified as
sources of infection (McMillian et al, 2007). While typically foodborne, persons contracting
salmonellosis overseas are generally considered as a separate subset of cases due to the likelihood of

being exposed to different risk factors.

1.4. Preliminary exposure assessment

1.4.1. Salmonella and S. 1,4,[5],12:1:- in the global context

Non-typhoidal Salmonella are estimated to cause 93.8 million cases of gastroenteritis worldwide per
year (Majowicz et al., 2010; Ranieri et al., 2013). Pork and pork products are among the most
common sources of foodborne salmonellosis outbreaks globally . It has been estimated that over
five million human salmonellosis cases occur per year in Europe and over 53 million cases in East
Asia alone (Majowicz et al., 2010). Despite underreporting, over 100,000 cases of salmonellosis in
humans are reported annually in the EU and it is estimated that the disease costs the EU EUR 3
billion per year (EFSA, 2016). In the US Salnonella is the second most commonly reported agent in
foodborne illness and is estimated to cause around one million illnesses each year including
approximately 23,000 hospitalisations and 450 deaths (Agasan et al., 2002b; CDC, 2011b, 2013b,
2016c¢).

In much of the wotld the poultry associated serovar §. Enteritidis and S. Typhimurium (generally
including §. 1,4,[5],12::-) are the most common serovars isolated from cases of human

salmonellosis and non-human sources (Galanis et al., 2006; Hendriksen et al., 2011; WHO, 2016);

27



these serovars account for approximately 60% and over 20% of human cases in the EU,

respectively .

The rapid international rise of . 1,4,[5],12:i:- isolations since the mid-1990s, in spite of the
likelihood of high levels of underreporting of §. 1,4,[5],12:i:- due to misclassification as
conventional §. Typhimurium (Switt et al., 2009), prompted Hopkins et al. (2010) and Davies
(2013) to describe the serovar, and phage type 193 more specifically, as a new pandemic Salmonella
strain. The rise in isolation of 5. 1,4,[5],12:1:-, exemplified by the rate of isolation per 100,000 in the
US (Figure 1-1), is reminiscent of §. Typhimurium DT104 in the 1990s-2000s, a multi-drug
resistant ‘pandemic strain’ that caused significant public health concern and livestock industry losses
globally (Threlfall, 2000). Salmonella 1,4,]5],12:i:- has been isolated in dozens of countries in multiple
regions (Table 1-2), and is now reported among the top ten serovars isolated from humans globally.
The serovar S. 1,4,[5],12:1:- has been reported as the the fourth most prevalent Salmonella serovar in
European finished pigs (EFSA, 2010a; Hopkins et al., 2010; Morris Jr et al., 2011). Data from the
European Surveillance System (TESSy) show S. 1,4,[5],12:i:- accounted for 4.6%, 7.2% and 8.6% of
salmonellosis cases reported to in the EU in 2011, 2012 and 2013, respectively, and was the third
most common serovar identified in humans over the same period (EFSA, 2015; Cito et al., 2016).
The serovar has also been identified as the causative agent in a number of high profile human

disease outbreaks (Table 1-3). (Echeita et al., 1999; Hopkins et al., 2010; CDC, 2013a).
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Figure 1-1. US rate of reported S. 1,4,[5],12:i:- isolates per 100,000 population. Three-month moving average, by month and
year, 1968-2011. Adapted from CDC (2013a).

Table 1-2. Reports of human isolations of S. 1,4,[5],12:i:- internationally.

Country Detail References
Barbados Isolated from humans and animals (2006 data). Moreno Switt et al. (2009)
Brazil Human salmonellosis associated with septicaemia.

Vieira-Pinto et al. (2012); Hopkins et al.
(2010); Morris Jr et al. (2011); Hopkins et al.
(2012)

Canada Reported human isolation (2004 data). Fifth most Moreno Switt et al. (2009); Mulvey et al.
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Chile
Costa Rica

Denmark

France

Germany

Greece

Italy

Korea,

Republic of

Netherlands

Portugal

Spain

Taiwan

Thailand

UK

USA

commonly isolated serovar from human cases.

No details available.

No details available.

Estimated 14 percent of cases from pork and pork

products.

Increasing isolations from humans from 11t to third
2005-2010. Accounted for 15% of all human strains
collected in 2010.

Second most prevalent serovar isolated from humans, in
2008 42% of all §. enterica (I) Group B isolates from
human cases; second most common serovar isolated
from pigs, third from cattle. Pork products were
implicated as the food vehicle in 48% of human cases.
First reported in 2007, third most isolated serovar by
2011.

Third most commonly isolated serovar from humans in
the years 2004-2008, second most common in 2009
Prevalence study found third most prevalent serovar, 5%
found in a sample of 44 organic and conventional farms
in 2012-2013.

First human reports in 2004 grown; risen to third most
isolated serovar from human salmonellosis cases. Fourth
most commonly isolated serovar from pigs in the period
2004-2008, rose to second in 2009.

First reported in the late 1980s, from chicken carcass,
may or may not relate to emergence in the 1990s. Now
among the most frequently isolates serovars

Top 5 Salmonella serovars isolated from human
salmonellosis cases

Confirmed presence in swine

Among the top five serovars isolated from human
salmonellosis cases, associated with septicaemia. The
most frequently isolated serovar in swine, and the
second most common serovar in pork products.

Over 30% increase in number of cases from 47 in 2005
to 151 cases in 2009

From 2002 isolation has increased consistently, now
firmly among the top six serovars isolated from human

salmonellosis cases

(2013a)

Moreno Switt et al. (2009)

Moreno Switt et al. (2009)

Baggesen et al. (1996); Mousing et al.
(1997a); Mousing et al. (1997b); Nielsen and
Mousing (1997); Stege et al. (2001);
Benschop et al. (2008)

Lailler et al. (2013)

Friedrich et al. (2010); Hauser et al. (2010)

Mandilara et al. (2013)

Lucarelli et al. (2010); Cito et al. (2016)

Tamang et al. (2015)

Van Der Wolf et al. (2001b); Van Der Wolf
et al. (2001c); Van der Wolf et al. (2001d);
Wong et al. (2004)

Machado and Bernardo (1990); Vieira-Pinto
et al. (2012); Margal et al. (2015)

Echeita et al. (1999); De La Torre et al.
(2003a)

Chiu et al. (2006)

Boonmar et al. (1998); Bangtrakulnonth et
al. (2004); Amavisit et al. (2005);
Pornruangwong et al. (2008); Huoy et al.
(2014)

Hopkins et al. (2012); Vieira-Pinto et al.
(2012); Petrovska et al. (2016)

CDC (2011b, 2013b); Jackson et al. (2013);
CDC (2016a)
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Table 1-3. Notable international human 8. 1,4,[5],12:i:- salmonellosis outbreaks 1998-2016

Country Year  Food Purveyor/ Location Detail References
vehicle venue
USA 2015-  Whole hog Washington, 188 people ill from S. CDC (2015a,
2016 BBQ surrounds 1,4,5],12:1:- . Contaminated 2016a); Larsen
(implicated) pork produced by Kapowsin ~ (2016)
Meats implicated. A further
15 cases linked to the same
product at a ‘Good Vibe
Tribe Luau’ in July 2016
Italy 2013-  Unknown Abruzzo 206 cases, 98 confirmed, 101 Cito et al.
2014 region probable, seven possible. (2010)
Source was not determined
but a possible link to
contaminated irrigation
systems.
USA 2013 Cooked Restaurant Las Vegas, Firefly in Las Vegas (n=294,  Nguyen (2013)
chotizo Nevada probable + confirmed, at
(confirmed) 24/05/2013 73 confirmed).
Source: cooked chorizo had
confirmed outbreak strain
(culture and PFGE)
France 2012-  Various Local butcher  Paris 30 confirmed, four possible,
2013 meat six probable, serovars S. Bassi (2013)
enterica (I) ser. 1,4,[5],12:1:-
and S. Typhimurium CT51
France 2011 Dried pork Supermarket ~ National 337 cases identified Gossner et al.
sausage nationwide. (2012)
(suspected)
USA 2010  Alfalfa Multistate 140 cases, 26 states and CDC (2011a)
sprouts District of Colombia, 24% of
(implicated) persons for whom
information available were
hospitalized (PFGE was used
to discriminate, the pattern
was a common US pattern so
some cases may not have
been linked to this outbreak).
USA 2007  Frozen pot Home Multistate 401 cases in 41 states linked CDC (2008)
pies cooked on the basis of the identified
(implicated) outbreak PFGE pattern, 32%
of persons for whom
information available were
hospitalized.
Germany  2006-  various Nationwide Diffuse outbreak with high Triipschuch et

30



Luxem- 2006 Local pork

bourg (implicated)

USA 2004 - -

USA 1998 Unknown Dinner
reception

National

California

New York,
New York

rates of hospitalization.
Two major outbreaks, 133
confirmed human cases, 24
hospitalizations (quoted as
21% in other sources), 1
death. High proportion of
elderly.

al. (2010b)
Mossong et al.
(2007); Vieira-
Pinto et al.
(2012);
Hopkins et al.
(2010)

- Moreno Switt
et al. (2009)
86 persons, 70% of persons Agasan et al.
who sought medical attention ~ (2002b);
Moreno Switt

et al. (2009)

were hospitalized, S.
1,4,[5],12:1:- isolated from
individuals stool during the
outbreak, no specific food

vehicle was implicated.

There are indications that S. 1,4,[5],12:i:- may have fitness advantages over §. Typhimurium and

could be displacing the biphasic serovar; for example, in Germany S. 1,4,[5],12:i:- isolation and

decreasing S. Typhimurium isolation from humans have been reported in recent years (Figure 1-

2)(Lailler et al., 2013; Simon et al., 2013). The decline in . Typhimurium isolations may reflect the

unexplained decline in S. Typhimurium DT104 isolations (Davies, 2013).
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Figure 1-2. Human S. Typhimurium (biphasic) and S. 1,4,[5],12:i:- isolates sent to the German National Reference
Centre (NRC) from 2004 to 2012. Adapted from Simon et al. (2013), data from RKI SalmoDB database.

1.4.2. Salmonella and S. 1,4,[5],12:1:- in Australia

Salmonella spp. is the second most notified foodborne pathogen from humans in Australia

(OzFoodNet Working Group, 2012b). There were approximately 16,000 reports of human

salmonellosis cases in Australia in 2014 (DOH, 2015). However, Salmonella is nototiously

underreported. Estimated rates of underreporting vary considerably, Paranthaman et al. (2013) and
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Kirk et al. (2014) estimated that one in four Salmonella cases were reported and that approximately
40,000 Australian human cases occurred in 2010. Others have estimated underreporting in Australia
to be as high as seven to 38-fold for bacteria causing non-bloody diarrhoea (Sumner et al., 2000;
Hall et al., 2008). Ford et al. (2014) estimated that salmonellosis was the cause of irritable bowel
syndrome in 3500 cases and reactive arthritis in a further 3250 instances in Australia in 2010.
Acknowledging estimated underreporting, Plass et al. (2014) estimated the public health burden of
salmonellosis in Germany to be in the range 18.0-29.5 disability adjusted life yeatrs/100,000
population/year. Assuming the Australian situation is broadly similar to the German case, using
DOH (2015) figures and accounting for underreporting conservatively, as per Paranthaman et al.
(2013) and Kirk et al. (2014), this would equate to a cost of approximately 4,080-6,690 disability

adjusted life yeats/year in Australia.

Salmonella Typhimurium is consistently the most commonly isolated serovar from human
salmonellosis cases in Australia (Sumner et al., 2004). Salmonella Typhimurium and §. 1,4,[5],12:i:-
combined are the most commonly isolated serovars from human cases in Australia, accounting for
44% in 2010 (OzFoodNet Working Group, 2012b). Australia is currently considered free of S.
Enteritidis, unlike most of the wotld where it is commonly the most isolated serovar from humans.
Salmonella Enteritidis is regularly isolated from cases suspected of being acquired overseas, and has
occasionally been isolated from poultry related samples, such as from chicken litter and meat (SA
Pathology, 2014). The majority of Australian S. Typhimurium outbreaks have implicated the
poultry industry as the ultimate source. However, S. Typhimurium has also been the agent in the
majority of Australian Salmonella outbreaks implicating pork or pork products (Table 1-4). However,
historically, the Australian pig industry has maintained relatively low S. Typhimurium prevalence in
comparison with pigs in Europe and the US (Funk et al., 2001; Beloeil et al., 2003; Hamilton et al.,
2015). Carcass surveillance data from the Escherichia coli and Salmonella Monitoring Programme
(ESAM) identified S. Typhimurium in only 5% of Salmonella positive carcasses between 2000 and
2006 (AQIS, 2003, 2007).

Although . 1,4,[5],12:1:- emerged internationally in the early to mid-1990s, it appears to have
emerged more recently in Australia. Isolation of S. 1,4,[5],12:i:- has been reported from Australian
domestic sources with increasing frequency since 2008 (Figure 1-4) (OzFoodNet Working Group,
2012d; NEPSS, 2014). Since 2011 there have been several Australian S. 1,4,[5],12:i:- outbreaks
(Table 1-5), and numerous sporadic cases. Australian passive Salmonella surveillance data from live
animals and humans suggests that Australian pig 5. 1,4,[5],12:i:- prevalence may be increasing and
may have surpassed S. Typhimurium in primary production (NEPSS, 2014). Prior to 2011, S.
1,4,[5],12:1:- isolates from Australian pigs were predominantly untypable or PT120, however, since
2012 phage type 193 has been reported with increasing frequency (Figure 1-3) (SA Pathology,
2013b; NEPSS, 2014; SA Pathology, 2014).
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Table 1-4. Reported pork and pork-associated outbreaks of foodborne illness in the food service sector where

the hazard was identified in Australia 1995-2012.

Year Salmonella serovar Food vehicle Cases
(suspected or implicated)
2011 1,4,[5],12:1:- PT193 Home-made pork salami 4
2011 Typhimurium 135 Spit roast pig 5
2010 Typhimurium 204 Barbequed pork 4
2009 Anatum Uncooked pork sausage 5
2008 Johannesburg Roast pork 14
2007 Oslo Roast pork 3
2006 Bovismorbificans PT11 Capocollo (cured pork) 13
2006 Typhimurium PT170 var Suspected pork in plum sauce, fried ice cream 2
2005 Typhimurium Suspected roast pork 20
2004 Typhimurium RDNC, PT170 Roast Pork 5
2003 Typhimurium PT170 Spit roast pork 27
2003 Typhimurium PT170 Spit roast pork 12
2003 Typhimurium PT135 Pork rolls 213
2003 Typhimurium U307 Suspected roast pork 21
2003 4,12:d:- Pork 4
2002 Typhimurium Sliced ham 29
1997 Typhimurium PT1 Pork rolls 862
1997 Typhimurium PT9 Pork rolls 150
1995 Typhimurium PT9 Roast pork 22

Sources: Food Science Australia (2002), OzFoodNet Working Group (2002, 2003, 2004, 2005, 2006, 2007, 2008, 2009,
2010, 2011a, 2011b, 2012b, 2012a, 2012d, 2012c, 2012¢, 20121, 2012g, 2013, 2015a, 2015b).

Table 1-5. Reports of Australian human 8. 1,4,[5],12:i:- outbreaks.

Year Location Number Detail References
of cases

2014  South 8 Fair/festival, no vehicle implicated OzFoodNet Working Group
Australia (2015b)

2013  Nationwide 54 Sporadic cases, no vehicle implicated SA Pathology (2014)

2013 South 5 Nosocomial, suspected person to person SA Pathology (2013a)
Australia contact

2011  South 4 Home-made pork salami. One OzFoodNet Working Group
Australia hospitalization. (2012b)
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Figure 1-3. Salmonella spp. S. Typhimurium and S. 1,4,[5],12:i:- PT193 isolations from Australian pigs by year
2005-2012. Produced from NEPSS (2013) data.

There are indications that Salmonella isolations from Australian pigs may mirror reports of S.
1,4,[5],12:1:- displacing §. Typhimurium elsewhere (Figures 1-2 and 1-3)(Lailler et al., 2013; SA
Pathology, 2013b; Simon et al., 2013). However, these data are obtained from passive surveillance
and are therefore indicative but do not relate to a population and are prone to bias; special surveys,
such as sampling conducted by this research, have been omitted from the results presented. The
apparent surge in S. 1,4,[5],12::- isolations is likely enhanced by increasing recognition of the
serovar and/or changes in testing and reporting protocols. It is also likely that some . 1,4,[5],12:i:-
were misclassified due to limited awareness of the serovar in laboratories and the need to test for
flagellar antigen phase change and associated additional time and laboratory resources (Switt et al.,
2009). Australian passive surveillance has been hampered by increases in the cost of Salmonella
typing in the late-2000s and early 2010s, which affected the rate of submission of Salmonella isolates

for further characterization.

Although the first Australian reference to domestic S. 1,4,[5],12:i:- PT193 isolation was made in
2011 (OzFoodNet Working Group, 2012b, d), unpublished data indicates that the first Australian
S. 1,4,[5],12:i:- isolation may have been sourced from a suspected overseas acquired human case in
2007 (NEPSS, 2014). The first reported detection of a domestically acquired S. 1,4,[5],12:i:- case
was canine, from a sample collected in 2009 (NEPSS, 2014). The first domestically acquired human
case and isolation from a domestic food production animal (bovine) occurred in 2010 (NEPSS,
2014). The first domestic pig isolation was detected in 2011. By 2014 S. 1,4,[5],12:i:- had been

isolated from Australian live cattle, beef, live poultry, poultry meat, live pigs, pork and pork
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products, live sheep, live alpaca, horses, cats and dogs, and an echidna, as well as from feed

products including milled feed, blood, meat and meat and bone meals (NEPSS, 2014).

It is interesting that S. 1,4,[5],12:i:- has emerged in Australia, given the enforcement of strict
quarantine restrictions to minimize the risk of introductions and that the somewhat similar
pandemic Salmonella Typhimurium DT104 was not isolated from domestic Australian sources
(Hamilton et al., 2015). However, the nature of emergence of §. 1,4,[5],12:i:- in Australia remains
unknown. The serovar could have emerged from circulating biphasic . Typhimurium strain(s) in
Australia or via introduction through pigs, pig-derived products, feed components, migratory birds,
or humans—such as farm personnel who have spent time overseas, among other possible sources.
Alternatively the serovar could have entered via pork products, however, while pork imports have
increased over the past 20 years, Australia remains stringent in the nature of imports only allowing
processed boned-out products or products that are processed upon entry to Australia making these

products highly unlikely sources (APL, 2011).
1.4.3. Australian public perception of food safety risks

Food safety is gaining increasing traction among the major Australian food retailers, this is likely
due to a combination of increasing consumer awareness of foodborne hazards and retailers seeking
differentiation or marketing parity with competitors. Consumers and retailers perceive pork and
pork products, among others, as relatively high risk for Salmonella and other foodborne pathogens; a
perception which the industry is trying to change given evidence of relatively low prevalence of

Salmonella serovars of importance to public health (Galanis et al., 2006; Hamilton et al., 2015).

Australian consumer and retailer perception of risk in relation to specific serovars is limited. The
serovar S. 1,4,[5],12:1:- is a relatively recent addition to international food safety agendas and is not
generally recognized by livestock industry stakeholders nor consumers in Australia. However, as
described, S. 1,4,[5],12:1:- has been isolated from human cases with increasing frequency in recent
years, which may raise concerns among public health officials and lead to reevaluation of current
surveillance systems and regulations. Increased public health concern might also affect major
retailer terms of supply. Changes in regulations and the possibility of future product recalls would
increase costs of pig production in Australia, which, as a negative externality, the industry would
most likely bear. The industry recognizes the importance of mitigating and managing risk of future
outbreaks, to maintain consumer trust and competitiveness and to limit the real or perceived need

for additional regulation.
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1.4.4. Australian Salmonella controls employed on-farm

The majority of Australian commercial herds employ all-in, all-out systems for grow-out pigs as a
cornerstone of disease management, although it is not uncommon for some batch mixing to occut.
Various antimicrobials are permitted for use at subtherapeutic levels for growth promotion, and an
expanded set for treatment of disease. Metal oxides and other microingredients are included in
most commercial pig rations. Dietary organic acids, such as acetic, formic, propionic and butyric
acids, have vatiously been shown to promote growth and aid management of undesirable bacteria
in weaned pigs (Partanen and Mroz, 1999; Van der Wolf et al,, 2001a; De Busser et al., 2011;
Arguello et al.,, 2013a). The use of organic acids as an alternative to prophylactic antimicrobials
and/or mineral oxides in weaned pig diets has increased with growing concerns over the
development of antimicrobial resistance and the build-up of metals, such as copper and zinc oxides,
in the environment (Stensland et al., 2015). Five of the 16 herds sampled in the course of this study
supplemented feed or water with organic acids. Various prebiotics and probiotics are used in some
herds, though not primarily to control Salmonella. Vaccination for Salmonella it is extremely rare.
Depopulation-repopulation are employed relatively commonly, often the ‘Swiss depop-repop’
method, to combat embedded disease problems, typically in response to dysentery or mycoplasma
issues. Some farms use meal feeds and low grind pellets, which are believed to have a protective
effect in relation to Salmonella, though they are not specifically employed for this purpose

(Mikkelsen et al., 2004; Wilhelm et al., 2012; Lebel et al., 2013).

By and large, Australian herds enjoy the natural biosecurity advantages of a relatively dry climate
and, often, relatively large distances to the nearest neighbouring pig herd. However, these
conditions vary considerably between regions, the southeast being relatively wetter and herds atre
more concentrated. The majority of commercial herds employ strong biosecurity measures in terms
of controlling on and off-farm traffic and enforcing minimum periods between farm visits.
Cleaning and disinfection practices vary between herds, the majority employing pressure cleaning
and a disinfection agent between cohorts. However, much of the industry houses pigs in
conventional buildings—typically employing concrete and/or slatted flooring and concrete ot
barred pen partitions—that are relatively dated, presenting a challenge in terms of maintaining

hygiene.
1.4.5. Australian pig industry Salmonella surveillance and controls

Swill feeding is banned in Australian pig production. The industry also implemented new rendering
standards in 2007 with the objective of improving hygiene and increasing product safety (CSIRO,
2007). The industry advocates Good Agricultural Practices in production through the food safety

quality assurance programme, an element of the Australian Pork Industry Quality Assurance
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Programme (APIQ). This includes the recommendation to withhold feed for six to 24 hours before
slaughter, in part to mitigate the risk of Sa/monella carcass contamination by reducing bacterial build

up and the likelihood of rupture of the gastrointestinal tract during evisceration.

The application of Hazard Analysis and Critical Control Points (HACCP) was mandated in
Australian meat processing in the late 1990s. The ESAM surveillance system monitors Salnonella on
carcasses, with swabbing of one in 5000 pig carcasses, primarily for the purposes of export market
access (AQIS, 2003, 2007). The industry also devotes considerable resources to research projects on
Salmonella and other food safety issues. The processing industry employs Good Management
Practices and is moving towards more holistic process control approaches that routinely monitor

hazards in boning rooms, in addition to current routine carcass sampling through ESAM.

At present Australian regulations and retailer requirements in relation to Sa/monella surveillance and
control in pork supply are relatively lenient in comparison with some other jurisdictions. For
example Denmark, where herd status and logistic slaughtering—strategic slaughtering of finished

batches in accordance with assessed risk—are employed (Alban et al., 2012).

Australian food safety standards are developed and administered by the bilateral Food Standards
Australia New Zealand (FSANZ). The authority builds on the ‘Food Standards Australia New
Zealand Act 1991’ in maintaining the ‘Australian New Zealand Food Standards Code’. The
standards adopt a risk-based whole chain approach to establishing standards and monitoring of
food safety in primary production and processing. This includes on farm and post-farmgate quality
assurance monitoring and verification addressing industry foodborne hazards, such as Salmonella in

pigs and pork.
1.4.6. Salmonella spp. in the Australian pig and pork supply chain

Salmonella prevalence among Australian pig herds has not been reliably estimated (Hamilton et al.,
2006). Salmonella detection is commonplace, however, S. Typhimurium prevalence among
Australian pigs has, historically, appeared low relative to European and US pigs (Hamilton et al.,
2015). In a study to investigate variation in Salmonella ecology within herds Hamilton et al. (2004)
used the ‘Australian’ mix-ELISA among 23 study herds selected on a variety of risk factors and

found an average 35% seroprevalence, with considerable variation, three to 78%.

At present no S. 1,4,[5],12:1:- prevalence in Australian pig derived products are available. The scope
of Australian pig 5. 1,4,[5],12:i:- herd colonization is unknown. However, as shown previously,
passive surveillance data indicates that the number of infected pigs and herds may be higher than S.
Typhimurium and appears to be increasing (NEPSS, 2011, 2013; SA Pathology, 2013a, b; NEPSS,
2014; SA Pathology, 2014). In addition, industry stakeholders have reported identifying the serovar

with increasing frequency, often in connection with clinical disease among weaners (personal
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communication with consulting veterinarians and primary laboratories). ldentification of S.
1,4,[5],12:1:- from post-mortems after sudden death in young weaners and in association with

morbidity among growers have been reported in multiple herds.
1.4.7. Pig carcass and product exposure to Salmonella in Australia

A number of Australian studies of Salmonella presence at slaughter and through processing were
conducted in the early to mid-1990s and found up to 10% of carcasses were contaminated,
although there was considerable variability between abattoirs (Widders et al., 1996). However,
Australian abattoirs and processing have since improved hygiene considerably and now implement
critical control points and GMP. Several national baseline surveys of foodborne hazards associated
with Australian pork products have been conducted since, their key findings are considered below

(Coates, 1997; Hamilton et al., 2007; Hamilton et al., 2008; Hamilton, 2011).

In terms of Australian pork products, though somewhat dated, in a study comparing Australian pig
postmortem inspection procedure methods Hamilton et al. (2002) found Salmonella spp. retail cut
prevalence of 1.4% (4/296). A later study that sampled raw pork sausages from around Australia
found 17.2% (5/29) and 5.7% (5/87) of butcher shop and supermarket samples, respectively,
positive for Salmonella (Figure 1-4)(Hamilton et al., 2008; Hamilton, 2011). The higher numbers of
detections from butchers’ sausages most likely reflects the use of trim, as opposed to low value
primal cuts in supermarket sausages. A related study of the same year found higher rates of
Salmonella detection from offal and sow meat in processing. Hamilton et al. (2008) found Salmonella
present in 17% (21/127), 22% (64/125) and 38% (48/125) of heatts, livers and tongues,
respectively, which could be associated with contamination during evisceration. The same authors
also found sow meat Salmonella prevalence was also relatively high, which they suggested may relate
to the added difficulty of dressing sows (Hamilton et al., 2007; Hamilton et al., 2008). Hamilton
(2011) found relatively low Sa/monella prevalence in minced pork. The authors suggest that this may
relate to the use of shoulders in Australian pork mince production and the high hygiene standards
employed in the large-scale facilities producing these products (Hamilton, 2011). Pointon et al.
(2000) found submaxillary lymph node Salmonella spp. prevalence in slaughtered pigs to be 1.4% in
their control group (no grossly detectable abnormalities) of 500 catrcasses. In this study, Salwonella
spp. was detected only once in other lymph nodes tested from 400 controls which include portal
(1/100), lumbar (0/100), iliac (0/100) and supetficial inguinal (0/100) (no samples were taken from
mesenteric lymph nodes because they are discarded after inspection) (Pointon et al., 2000). On the
basis of these studies Salmonella spp. prevalence in Australian pork products overall is likely to be
<3%, which compares favourably with rival producers, such as the EU where Salmonella has been
detected in lymph nodes on up to 29% of carcasses, 9% of samples collected from primary

processing and 6% from retail products (EFSA, 2008; Snary et al., 2016).
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The results of Australian carcass sampling show the presence of §. Typhimurium has been low and

stable since 2000. The first isolation of §. Typhimurium PT193 occurred in 2007, while S.
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Figure 1-4. Salmonella prevalence estimates from Australian pork products. Adapted from Hamilton (2011).

1,4,[5],12:1:- was first identified in 2009 (Table 1-6).

Table 1-6. Pork carcass regulatory monitoring results for Salmonella spp., S. Typhimurium, S. Typhimurium
PT193 and S. 1,4,[5],12:i:-

Year 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013
Salmonella spp. 7 28 18 32 23 15 13 14 18 17 8 19 23 15
S.Typhimurium? 1 1 1 3 1 1 3 1 2 1 2
S. Typhimurium ’ 5
PT193
S. 1,4,[5],12::- 2 1 1
Other serovats® 6 27 17 32 20 14 13 12 15 15 7 14 22 12

No. of samples 586 1023 1147 1315 1284 1031 1066 1018 1051 987 891 1074 1025 858
2 Excluding Sa/monella Typhimurium PT193 and monophasic Salmonella spp.

b §. London, §. Derby and . Infantis were the serovars most commonly isolated over this period (in descending order).
Source: A. Pointon, personal communication, data from the Australian Department of Agriculture, Canberra.

1.4.8. Australian consumer exposure

Australians are estimated to consume approximately 22kg of pork and pork derived products per
person per year (APL, 2014). Australian shelf life standards are three to five days for raw chilled
pork at 5°C, six months for frozen pork portions at -12°C, 10 months at -18°C and two to three
months for frozen pork mince (PrimeSafe, 2016). Pork is typically well cooked by Australian
consumers due, primarily, to effective historic risk communication campaigns. However, the
industry is currently promoting shorter cooking times due to the negative effects of overcooking (at

high temperatures) on eating quality. The increased risk associated with reduced cooking times has

not yet been quantified.
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1.5. Preliminary risk characterisation

The risk characterization approach used here is an adaptation of the FAO/WHO (2003) and
ICMSF (2002) approach and methods. This section presents a qualitative discussion of the potential
S. 1,4,[5],12:i:- risk associated pork products in Australia, with brief reasoning and caveats for the

rating ascribed.

Process for Risk Rating of Hazard

Hazard Severity:

1A Severe hazard for general population: life threatening or substantial chronic sequelae or
long duration

1B Severe for restricted populations: life threatening, in this case to immunocompromised,
infants and the eldetly.

1I Serious, incapacitating but not life threatening; sequelae infrequent; moderate duration

111 Moderate, not usually life threatening; no sequelae; normally short duration; symptoms ate

self-limiting; can be severe discomfort
Key considerations in risk characterization

Occurrence risk:

This considers the estimated prevalence of the hazard and is classified as low, medium or high.
Where no Australian data is available and no Australian outbreaks have been recorded with a given
food and a specific pathogen, but an overseas epidemiological link has been established, the

likelihood is rated as low.

Growth:
This provides an indication of whether growth of a hazard in the product is required to cause

disease.

Processing effect:
This considers if the production, processing or handling of the food may increase, decrease or not

affect the hazard.

Consumer terminal step:
This considers whether the terminal step is likely to increase or reduce the likelihood of the

exposure. This considers consumer steps such as cooking is applied to the product.

Epidemiological link:
This assesses whether there is documented evidence of food poisoning incidents with this hazard-

product combination.
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Comments:

This considers other factors that may affect the risk rating of the product.

Risk rating:
This is assessed as Low, Medium or High. The greatest emphasis is placed on the severity and
occurrence risk, and to a lesser extent the likelihood of failure of the consumer terminal step, if

there is a consumer terminal step, and the chance of growth of the hazard in products.

Results

The rationale for the values ascribed to each factor considered within the following risk rating table

(Table 1-7) is based on the evidence provided in the preceding sections of this document.

Table 1-7. Summary for the rationale relating to each risk rating factor considered.

Hazard S. 1,4,[5],12:1:-
Where specific data relating to . 1,4,[5],12:1:- was unavailable .
Typhimurium or Salmonella spp. data is used.

Severity Moderate for healthy consumers (I1I).
Severe for immunocompromised populations, the eldetly and infants, in
such cases the illness can be life threatening; long-term sequelae are

infrequent but may be costly (IB).

Occurrence risk Low
There are no on-farm prevalence figures for 5. 1,4,[5],12:i:- in Australian
pigs, on-farm or at finish, nor for pig derived products available. There
has been little research conducted internationally on the ecology of the
hazard in pig populations and the possible hazard burden among finished

pigs.

Salmonella spp. prevalence in Australian pork products is estimated to be
<3% (Pointon et al., 2000; Hamilton et al., 2002; Hamilton et al., 2011).

Hazard levels in imported products likely vary with product and origin,
but are most likely low as Australia does not allow fresh imports. Ready-
to-eat products with moderate pH likely present as the highest risk to

consumers, relatively.

Growth Medium in chilled products
Low in frozen products
Growth in product significantly increases the risk of disease in the
consumer due to the Salmonella dose-response relationship. If
temperatures below approximately 7°C are maintained the hazard will
generally not multiply. The likelihood of temperature abuse above 7°C
ptior to consumption is very low in frozen products and marginally more

likely in chilled products.

There is little concrete data available on the risk of growth in/on

Australian product, the risk is assumed to be relatively low.
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Processing effect

Low for primal derived products

Low for joints e.g. bone in leg of ham

Risk is increased for minced and needle tenderized products

Risk is increased for offal

Risk is increased cooked and uncooked processed products, such
as smallgoods

Slaughter and processor hygiene will affect the likelihood of
contamination of product. Critical points include evisceration and
potential for cross contamination between carcasses directly or via
fomites such as hands, aprons, knives, bung droppers, chains and
surfaces.

Australian abattoir hygiene is generally of a high standard. Carcass
decontamination steps should inactivate the majority of organisms.

While no specific data has been identified to date, needle tenderizing may
increase the risk of bacteria penetrating primal cut products by breaching
the product surface barrier. Needle tenderizing also presents a possible
means of fomite mediated transfer from contaminated to
uncontaminated products, if previous control steps have not been
effective and hygiene levels have not been maintained.

Mincing increases the risk of presence of the hazard in the product, as
contributions from multiple carcasses may occur, the surface barrier is no
longer intact and the hazard may be distributed throughout the product.
Furthermore, the nature of the product may be conducive to organism
survival and, subsequently, in the consumer’s gastrointestinal tract—a
more homogenous product with higher fat content—further increasing

the importance of effective consumer terminal steps.

Processing of offal is likely to increase risk due to the potential of faecal
contamination during evisceration, the possibility of offal contamination
from lymph nodes, where the hazard had colonized this system, and that

tripe and other gastrointestinal tract products are included in this product
group.

Fermentation and curing has little effect on Salmonella growth unless a
pH of below 4.0 is achieved and maintained. Uncooked fermented or
cured products may present a heightened risk as many are consumed
without cooking by the consumer.

Chilling to below approximately 7°C will halt hazard replication but is an
ineffective method of inactivation.

Consumer
terminal step

The risk is reduced for all products that are in the large majority of
instances cooked by the consumer before consumption.

The risk is not reduced for ready-to-eat products.

Adequate cooking temperatures inactivate the hazard. However, the
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specific temperatures will depend on the product composition and
structure and the hazards thermal history. For example, high fat minced
products present a greater risk and require higher cooking temperatures
and/or duration for inactivation.

Primal cuts without further processing present relatively low risk as the
hazard is typically only present superficially and the consumer, typically,
cooks the product prior to consumption.

Minced products have higher risk of contamination due to the likely
presence of contributions from multiple carcasses and higher risk due to
the potential of the hazard being distributed throughout the product.
This likely necessitates reaching and maintaining internal temperatures
for inactivation prior to consumption. For example, chilled mince is
more likely to be used in burgers, which present a higher risk method of
consumption than slow cooked recipes due to the method of consumer
preparation and risk of internal temperatures not reaching levels that
inactivate the hazard.

Ready-to-eat products that do not require cooking present a heightened
risk if controls fail, as they are typically not cooked by the consumer.
Additionally, these products typically incorporate meat from multiple

carcasses and have high fat content relatively homogenously distributed.

Epidemiological
link

There are epidemiological links for all products

There is epidemiological evidence of §. 1,4,[5],12:1:- illness implicating
consumption of specific pork and other pig derived products in Australia
and extensive international epidemiological evidence of human S.
1,4,[5],12:1:- infection implicating pig detived products.

Relative risk
ratings and
general comments

Fresh/chilled/frozen primals: low risk

Fresh and chilled primal products, such as cuts and joints, are considered
low risk due to relatively low likelihood of contamination when
compared with other cuts and products, the intact surface barrier, and
the likely effectiveness of consumer terminal steps. Frozen products are
considered low risk as the likelihood of product temperature exceeding
7°C in the supply chain is considerably lower than among chilled, cured

or fermented products.

Offal: medium risk

Offal is higher risk than primals due to the higher likelihood of
contamination during evisceration and the unlikely possibility of animals
suffering systemic infection entering the abattoir. However, these
products are consumed in low volumes in Australia and in the large
majority of cases the consumer terminal step will destroy Salwonella
organisms that may be present.

Uncooked processed products: high risk
More heavily processed uncooked products, primarily comminuted
(mince, fermented, unfermented) or needle tenderized products, are
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considered high risk due to the increased likelihood of direct or fomite
mediated cross-contamination and increased risk of control step failures.
Comminuted products also increase risk due to the likely contributions
of multiple carcasses in individual products, and as the risk of cross
contamination is such that control failures could lead to widespread
distribution of contaminated products and large scale outbreaks, as
occurred with frozen pot pies in the US. Depending on the specifications
of the product, risk is further increased by the breach of the product
surface barrier, more homogenous distribution of the hazard through the
product, products providing greater protection to the hazard—such as
high fat content, and potential for no or inadequate consumer cooking
ie. failure to reach/maintain necessary internal temperatutes for

inactivation.

Cooked processed products: high risk
Products that are processed and cooked are considered to be of higher
risk as they are often ready-to-eat, thus removing the cooking step by the
consumer. However, effective application of GMP and HACCP in
Australian processers minimizes the risk.

Processed products encompass a wide range of products, some of which
are consumed predominantly by culture-based subpopulations, therefore,
the risk associated with specific products may be broad or narrowly
focused within the Australian population.

1.6. Major knowledge gaps and research questions

The food safety and production risks associated with S. 1,4,[5],12:1:- have not yet been described. In
order to assess and manage food safety risk associated with Australian porcine S. 1,4,[5],12:i:- a
better understanding of the occurrence, nature of colonization and potential risk of pig and
consumer exposure is required. Consumer exposure risk is dependent on hazard levels on product,
which, working backwards, ultimately detives from hazard levels in processing and boning rooms,
at abattoirs, and in finishers and herds. It is well recognized that carcass contamination is affected
by the presence of the hazard in finished pigs at slaughter, in lairage and in transport, which is
ultimately determined by hazard levels in primary production (Mousing et al., 1997a; Dahl and
Serensen, 2001; Alban and Stirk, 2005; Hauser et al., 2010; Alban et al., 2012; De Busser et al.,
2013; Andres and Davies, 2015; Snary et al., 2016). Therefore, while critical control points in the
postharvest chain are essential, a clearer picture of the scope and nature of the serovar’s
colonization within the Australian herd is needed to inform occurrence risk, risk characterization

and ultimately to design risk management strategies that mitigate risk within herds.
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How widespread has S. 1,4,[5],12:i:- become in the Australian industry?

Although §. 1,4,[5],12:i:- colonization of an Australian pig herd has been confirmed, it is not known
whether the serovar is confined to specific geographic regions or types of production system within
the Australian industry. This would affect level of food safety risk associated with particular
producers and supply chains, which could aid the industry in developing optimally targeted
interventions to mitigate S. 1,4,[5],12:i:- associated risk. Furthermore, 5. 1,4,[5],12:i:- can be
pathogenic and virulent in pigs. Identifying the types of herd colonized could inform Australian
producers and veterinary practitioners in terms of diagnosis and management of clinical disease on

farm.

Identifying common factors between . 1,4,[5],12::- colonized herds could aid generation of
hypotheses on possible methods of introduction to herds and risk factors for disease and
maintenance of colonization within herds. This could lead to identification of potential pathways,
important nodes and different management practices that with further investigation could offer
insights into the transmission of §. 1,4,[5],12:i:- and other infectious agents within the industry. This
would have implications for biosecurity and broader animal health regimens currently employed on

farms and in the industry as a whole.

What happens in S. 1,4,[5],12:i:- colonized herds over time?

Salmonella shedding within herds is complex and, as pigs can shed the bacteria intermittently, can
vary considerably between points in time (Funk et al.,, 2001; Pires et al., 2013a). Funk et al. (2001)
showed that point estimates of Salmonella prevalence and the serovars present may not be reliable
means of establishing Sa/monella status in pig herds. To determine the likely hazard burden at the
farm gate a more nuanced description of §. 1,4,[5],12:i:- and contemporary Salmonella spp. shedding
among grow-out pigs is required. Hamilton et al. (2015) demonstrated persistent shedding of S.
1,4,[5],12:1:- among grower pigs in a single herd in which S. 1,4,[5],12:i:- appeared to be the only
serovar present. Critically, this study demonstrated a potential pathway into the human food chain.
Investigation of §. 1,4,[5],12:i:- shed