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SUMMARY 

 

Salmonella enterica subspecies enterica is the leading causes of food-borne infections and outbreaks 

worldwide and are therefore routinely monitored in many countries.  Both epidemiological surveillance 

and tracking outbreaks require typing systems to characterise bacterial isolates.  Pulsed-field gel 

electrophoresis (PFGE) is the most widely applied molecular method for Salmonella outbreak 

epidemiological typing despite that the method being relatively labour-intensive, generating restriction 

patterns that are subjective in nature and can be difficult to analyse.  Furthermore, the recent 

emergence of homogeneous Salmonella phage groups (e.g. S. Typhimurium DT104) has hampered the 

discriminatory power of PFGE in outbreak settings.  

 

The combination of these factors has led to the exploitation of alternative methods.  Two of these 

emerging typing methods are multiple-locus variable-tandem repeat analysis (MLVA) and multiple 

amplification of prophage locus typing (MAPLT) that have been developed for the globally significant 

serovars: S. Typhimurium and S. Enteritidis.  In this study, MLVA and MAPLT were being further 

investigated for use in other Salmonella serovars that are of significance to Australia. These serovars 

include S. Virchow, S. Bovismorbificans and S. Heidelberg.  Overall, the developed MAPLT schemes 

demonstrated a comparable differentiating ability with PFGE for the serovars as a whole.  However 

development of discriminative MLVA methods in the study was not always successful using the 

published MLVA loci, therefore prompting the need of examining the MLVA loci from the complete 

genomes of the serovars. 

 

Differentiation within predominating phage types of the studied serovars was also examined.  Both 

MAPLT and PFGE displayed similar levels of intra-phage type differentiation suggesting the usefulness 

for outbreak investigations.  However strains were separated optimally when using MAPLT in 

association with discriminative MLVA primers.  The composite assay of MAPLT/MLVA for S. 

Bovismorbificans and S. Virchow were further examined in the retrospective outbreak studies.  It was 

observed that outbreak isolates generally showed identical or highly similar MAPLT/MLVA profiles (one 

locus difference).  The results suggested that MAPLT / MLVA could confirm the close genetic 

relationship between outbreak isolates.  However result interpretation guidelines might need to be 

established individually for each serovar due to the differences in the relative genetic similarity displayed 

within each serovar.  It is expected that further enhancement of the composite assays could easily be 

carried out even when the complete genomic data of the Salmonella serovars are lacking.  It is an 

advantage that MAPLT could be improved through using a DOP-PCR (degenerate oligonucleotide 

primed-PCR) procedure to detect additional prophage loci for further strain differentiation.  Overall, the 
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study suggested that composite assays can also be developed for fine levels of differentiation of other 

Salmonella serovars to meet local epidemiological needs when required. 

 

Development of MAPLT involved genetic characterisation of phages residing in the studied serovars.  It 

was noted that DNA elements shared between phages Gifsy-1 and Gifsy-2 were frequently detected 

from these serovars.  Complete genome analysis were subsequently performed on a S. Virchow phage 

(PV10) and a S. Heidelberg phage (PH03), which demonstrated their high DNA similarity to Gifsy-1 and 

Gifsy-2 respectively.  Further analysis demonstrated that Gifsys-related phages are possibly widespread 

within Salmonella.  Since the phages were observed to carry different sets of virulence genes between 

serovars, this study hypothesised that Gifsy-related phages may have a significant role in shaping the 

epidemiology of Salmonella. 
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CHAPTER 1   INTRODUCTION 
 

1.1   SALMONELLA 

 

The genus Salmonella is classified in the family of Enterobacteriaceae (Darwin and Miller, 1999). The 

bacterium was first discovered by Eberth and cultured by Gaffky in 1884 from a patient who died from 

typhoid fever (Todar, 2008).  However it was named after Salmon and Smith in 1885 when they first 

successfully isolated Salmonella choleraesuis from pigs with hog cholera (McDermott, 2006).  

Morphologically, members of Salmonella are characterised as gram-negative, non-spore forming bacilli 

that are usually 0.7-1.5 x 2-5 µm in size (Cruickshank et al., 1975).  All members of Salmonella are 

motile by peritrichous flagella, with the exceptions of Salmonella enterica serovars Gallinarum and 

Pullorum (Bopp et al., 2003).  Biochemically, members of Salmonella are described as facultative 

anaerobes that are oxidase negative and can grow well on simple media (Bopp et al., 2003).  

Laboratory identification of Salmonella usually begins with culturing samples in enrichment broths (e.g. 

selenite or tetrathionate broths) to maximise the recovery of Salmonella bacteria and inhibit the growth 

of other bacteria (Bopp et al., 2003).  Subsequently they are isolated on selective plating media such as 

bismuth sulphite agar and xylose lysine deoxycholate agar (Bopp et al., 2003).  Biochemical 

identification of Salmonella colonies can be performed using triple sugar iron (TSI) agar slopes and 

most Salmonella isolates will ferment glucose, and produce gas and hydrogen sulphide (H2S) (Bopp et 

al., 2003).  Alternatively, Salmonella colonies can be confirmed using slide agglutination with antisera 

for Salmonella O (somatic) antigen groups (Bopp et al., 2003). 

 

1.1.1 Salmonella nomenclature  

The nomenclature within the genus Salmonella has changed many times.  Formally, Salmonella was 

divided into subgenera based on their distinct biochemical characteristics, and further subdivision into 

species was based on serological differences (Kauffmann, 1966).  In 1982, Le Minor and co-workers 

proposed that genus Salmonella should only consist of a single species Salmonella choleraesuis (cited 

in Davos 2005).  In 1987, Le Minor and Popoff suggested the use of Salmonella enterica instead of 

Salmonella choleraesuis as the species name to avoid confusion since choleraesuis is also used as a 

serovar name (Le Minor and Popoff, 1987).  In addition, they proposed to refer the designated 

subgenera as subspecies (I, II, IIIa, IIIb, IV, V, VI) since members of subgenera were indeed closely 

related at species level as demonstrated by the DNA-DNA hybridisation study (Crosa et al., 1973; Le 

Minor and Popoff, 1987).  Later in 1989, Reeves et al. demonstrated by using multilocus enzyme 

electrophoresis (MLEE) that subspecies V should be elevated to be a separate species (Reeves et al., 

1989). 
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1.1.2   Salmonella species and subspecies 

The nomenclatural system currently used for Salmonella is the combined version of Le Minor and 

Popoff and Reeves et al. in which two species are recognised: Salmonella enterica and Salmonella 

bongori.  Salmonella enterica is further divided into six subspecies which are listed as follows: 

Salmonella enterica subsp. enterica (subsp. I), Salmonella enterica subsp. salamae (subsp. II), 

Salmonella enterica subsp. arizonae (subsp. IIIa), Salmonella enterica subsp. diarizonae (subsp. IIIb), 

Salmonella enterica subsp. houtenae (subsp. IV) and Salmonella enterica subsp.indica (subsp. VI) (Le 

Minor and Popoff, 1987; Reeves et al., 1989; Tindall et al., 2005). 

  

1.1.3   Salmonella serovars 

Further division from each subspecies of Salmonella enterica as well as species Salmonella bongori is 

performed through detection of the immunologically distinct structures on the cell surfaces.  Currently 

there are 2610 Salmonella serovars being recognised and the majority of which belong to subspecies I 

(1547 serovars) (Guibourdenche et al., 2010).   

 

Traditionally serovar names were designated indicating the syndromes observed from the infected hosts, 

e.g. serovars Typhi and Abortusovis.  However since not all serovars are host-specific e.g. serovars 

Typhimurium and Enteriditis, serovar names are now designated reflecting the geographical location 

where the first strain of the new serovars is isolated e.g. serovars London and Heidelberg (Le Minor, 

1988).  Currently only serovars belonging to subspecies I are designated names and written with the 

first letter capitalised following the genus name (Le Minor, 1988).  For example, Salmonella enterica 

subsp. enterica serovar Typhimurium is simplified as Salmonella Typhimurium or S. Typhimurium.  

Since 1966, serovars of the other subspecies and S. bongori are only referred to by their antigenic 

formula following by the subspecies name (Le Minor, 1988).  This naming system clearly highlights the 

significance of subspecies I serovars as they account for the majority (99.5%) of Salmonella infections 

in humans and warm-blooded animals (Le Minor, 1988).  Conversely, serovars of the other subspecies 

and S. bongori are commonly isolated from the environment and cold-blooded animals and are rare in 

humans (Brenner et al., 2000). 

  

1.1.4   Natural habitat and clinical significances 

The primary habitats of Salmonella are the intestinal tracts of humans and animals (Todar, 2008).  

Salmonella bacteria can also be found in the environment where contamination via faeces of infected 

humans and animals has occurred (Bopp et al., 2003; Todar, 2008).  With regard to serovars of 

subspecies I that cause most cases of human Salmonella infections, most are host-ubiquitous and have 

been isolated from humans and nearly all warm-blooded animals (Brenner et al. 2000).  However, there 

are also host-specific serovars.  For example, humans are the only reservoir found for S. Typhi (Uzzau 
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et al., 2000).  S. Choleraesuis and S. Dublin are considered host-adapted serovars that are most 

commonly associated with infections in pigs and cattle respectively but occasionally cause diseases in 

other hosts such as humans (Uzzau et al., 2000).   

 

1.1.5   Typhoidal salmonellosis 

Infections caused by Salmonella can be grouped into typhoidal salmonellosis and non-typhoidal 

salmonellosis.  Typhoidal salmonellosis is commonly known as typhoid or enteric fever.  This is a 

severe systemic disease typically accompanied with sustained high fever and headache with no 

diarrhoea (Boyd et al., 1996; Bopp et al., 2003).  A related less severe disease is caused by Salmonella 

paratyphi A, B and sometimes C (Bhan et al., 2005).  Humans are the only reservoir for S. Typhi and S. 

Paratyphi, transmission of the organisms is through direct contact with the infected patients or 

consumption of the contaminated foods or water that are faecally-contaminated by the infected patients 

(Bopp et al., 2003).  In developed countries, infections of S. Typhi or S. Paratyphi are rarely reported 

and are usually associated with overseas travel to the developing countries where the infections are 

endemic (Ackers et al., 2000; OzFoodNet, 2007).   

 

1.1.6   Non-typhoidal salmonellosis 

In contrast, non-typhoidal salmonellosis most commonly presents as a self-limiting gastroenteritis that 

usually resolves within a week (Darwin and Miller, 1999).  The typical symptoms are fever, abdominal 

cramps and diarrhoea.  Nausea and vomiting are also common (Darwin and Miller, 1999; Bopp et al., 

2003).  The more severe forms of non-typhoidal Salmonella infections are those of the localised 

suppurative infections including oesteomyelitis, endocarditis, arthritis and bacteraemia (Bopp et al., 

2003; Murray et al., 2005).  These infections are commonly seen in immuno-compromised patients 

including long-term hospitalised patients and patients with acquired immune deficiency syndrome (AIDS) 

(Bopp et al., 2003).  As opposed to typhoid fever, a large number of Salmonella serovars have been 

isolated from human non-typhoidal Salmonella infections but only a small number of them are common 

(Brenner et al., 2000).  For example, S. Typhimurium and S. Enteriditis have caused the most cases 

(77%) of human Salmonella gastroenteritis worldwide (Galanis et al., 2006).  Food animals are among 

the usual reservoirs of the non-typhoidal Salmonella serovars, thus transmission of these causative 

agents to humans is commonly through consumption of foods of animal origin and animal products such 

as poultry, pork, beef, milk and eggs (Humphrey, 2000; Bopp et al., 2003; Murray et al., 2005).  

Recently there has also been an increasing trend for fruits and raw vegetables such as bean sprouts 

(Pouhiniemi et al., 1997; Rimhanen-Finne et al., 2011) to be vehicles of Salmonella outbreaks.  
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1.1.7 Epidemiology of non-typhoidal Salmonella infections  

Non-typhoidal Salmonella represents a significant public health problem and is among the notifiable 

food-borne pathogens in many parts of the world.  In Australia, Salmonella accounted for 35% cases of 

the reported food-borne infections in 2007 (OzFoodNet, 2008).  A slightly higher rate of food-borne 

Salmonella infections was recorded in the United States in the same year (38.0%) and in 2008 (40.2%) 

(CDC, 2008, 2009).  In addition, Salmonella is the most common causative agent for food-borne 

outbreaks in Australia (OzFoodNet, 2007, 2008). 

 

Despite the fact that mild cases of gastroenteritis are usually reported, non-typhoidal Salmonella, 

together with other enteric pathogens, cause food-borne illnesses leading to a significant economic 

burden in many countries (WHO 2003).  In Australia it has been estimated that there are 5.4 million 

cases of food-borne diseases annually and the associated economic loss is approximately $1.2 billion 

Australian dollars per year (cited in OzFoodNet 2007).  Whereas in the United States, it was specifically 

estimated that there are 1.4 million cases of food-borne non-typhoidal salmonella infections annually 

which lead to the loss of $3 billion US dollars annually (WHO, 2003; Voetsch et al., 2004). 

 

1.2   BACTERIAL TYPING SYSTEMS 

 

As non-typhoidal Salmonella is among the most common causes of food-borne diseases in many 

countries; its distribution is monitored locally in a community and on a national basis.  As a 

consequence, changes in the relative frequency of Salmonella strains can be monitored to facilitate 

outbreak detection. 

 

Routine surveillance and outbreak investigations of non-typhoidal Salmonella infections both employ 

typing systems to differentiate between Salmonella strains.  Apart from being used for epidemiological 

purposes, typing systems are also essential for studying taxonomy, phylogeny and population genetics 

of the bacteria of interest (van Belkum et al., 2001).  Based upon the nature of the biological 

characteristics being analysed, typing systems can be categorised into phenotypic or genotypic 

methods. 

 

1.2.1   Phenotypic versus molecular methods 

Phenotypic methods differentiate bacterial strains by comparing their observable biological 

characteristics resulting from gene expression (van Belkum et al., 2007).  Phenotypic characteristics 

detected for bacterial strain differentiation include biochemical, serological and physiological 

characteristics (Riley, 2004; van Belkum et al., 2007).  In contrast molecular methods differentiate 
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bacterial strains by detecting variations in their bacterial genomes (van Belkum et al., 2007).  The 

measured genomic variations may be specifically located in the selected gene loci or more broadly by 

analysing the composition or the overall structure of the bacterial genomes (Riley, 2004).   

Methodologies employed to demonstrate such genomic variations include restriction enzyme digestion, 

and/ or post-hybridisation, DNA sequencing and PCR assays.  

 

Currently, molecular methods are preferred over phenotypic methods for typing purposes.  This is 

mainly because molecular methods can generally provide a higher differentiating ability within the 

species level.  In addition a number of limitations associated with phenotypic methods can be overcome 

or at least improved by using molecular methods.  For example, genetic traits of bacteria (genotypes) 

are comparatively less susceptible to changes than phenotypic traits, which can be readily influenced by 

external factors such as growth conditions and environmental changes (Arbeit, 2003).  Furthermore, use 

of molecular methods simplifies procedures in typing organisms that are extremely slow growing or 

require special culture medium (e.g. cell culture), and they make possible differentiation of bacteria that 

are not culturable (Arbeit, 2003).  Nevertheless phenotypic methods have provided the important 

foundations in understanding the evolutionary relationships between strains of the same species (e.g. 

multilocus enzyme electrophoresis).  In addition, some phenotypic methods are of great value in 

studying the epidemiology of bacterial infections.  For example, serotyping is widely carried out on 

Salmonella and Escherichia coli for surveillance purposes. 

 

1.2.2   Evaluation criteria for typing methods 

A number of criteria have been proposed to demonstrate the performance and convenience values of a 

typing system. Performance criteria address the intrinsic properties, whereas convenience criteria 

measure the practical advantages or disadvantages of a typing system (Maslow and Mulligan, 1996; 

Struelens, 1998).  Eventually, comparisons between typing systems can be made with ease, in 

accordance to these criteria, to select the most suitable typing methods for different purposes (e.g. 

outbreak epidemiological studies, long-term surveillance or population genetic studies). 

 

1.2.3   Performance criteria 

Several criteria for evaluating the performance of typing systems include typeability, discriminatory 

power, reproducibility, stability and epidemiologic concordance (Maslow and Mulligan, 1996; Struelens, 

1998; van Belkum et al., 2007).   

 

1.2.3.1   Typability 

Typability refers to the ability of typing systems in assigning definite types to tested bacterial isolates 

(van Belkum et al., 2007).  Non-typable results are produced when the characteristics being analysed 
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are not present in the tested isolates.  For example phage types cannot be assigned to Salmonella 

isolates that do not possess the cell surface receptors for the typing bacteriophages to bind.  Therefore 

these isolates are reported as non-typable but this does not mean that these non-typable strains are 

related or of the same type.  Typability of a method can be expressed as percentage of typable isolates 

over the total number of tested isolates (Maslow and Mulligan, 1996). 

 

1.2.3.2   Discriminatory power 

Discriminatory power or differentiating ability refers to the ability of a method to measure the relatedness 

of two bacterial strains (van Belkum et al., 2001).  This is usually expressed as the Simpson’s index of 

diversity (DI), indicating the probability of two unrelated strains being recognised as different by a 

method (Hunter and Gaston, 1988).  Depending on the purpose of typing, different levels of 

discrimination are required.  A high level of discrimination is needed for outbreak epidemiological 

studies which investigate the transmission of the outbreak isolates within a short period of time (days to 

months) (Struelens et al., 1998).  Due to the fact that the outbreak strains and the sporadic strains are 

derived from a confined area such as a hospital or a community, they are likely to show high genetic 

similarity.  As a consequence, the typing method employed should be able to distinguish the variations 

displayed by the micro-evolutionary markers such as microsatillites and insertion sequences (IS) 

(Struelens et al., 1998).  

 

In comparison to outbreak epidemiological studies, epidemiological surveillance of geographic spread of 

different clones of bacteria over a long period of time (years to decades) may require typing systems 

with a lower discriminatory power such as ribotyping, multilocus sequencing typing (MLST) and more 

recently single-nucleotide polymorphism (SNP) typing.  This is because bacteria are derived from the 

same or different places over a long period of time.  As a result, they would have undergone episodes of 

genetic alternation to enhance their ability to survive and respond to different environmental pressures 

(Struelens et al., 1998).  Therefore typing systems detecting slowly changing evolutionary markers are 

needed to reveal the clonal lineages to which these bacterial strains belong to (Struelens et al., 1998). 

 

1.2.3.3   Stability of typing markers 

The biological characteristics (typing markers) being analysed are considered stable when they do not 

change over the study period from isolation to laboratory storage and in subcultures (van Belkum et al., 

2007).  Such in vitro stability of typing markers may be tested by subculturing the bacterial strains on the 

laboratory culture media a number of times then subjecting each subculture to the typing method.  The 

high stability of typing markers is indicated when identical typing data is obtained from each subculture 

(Sabat et al., 2006).  On the other hand, high in vivo stability of typing markers may be indicated when 

identical typing results are obtained from consecutive bacterial isolates from the same animals or 
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humans over time (Sabat et al., 2006).  Due to the fact the stability of the typing markers is inversely 

proportional to the evolving rate of the typing markers, typing methods providing high differentiating 

ability are likely to generate typing data with minor variations in epidemiologically-linked isolates (Kahl et 

al., 2005; Hopkins et al., 2007).  Despite this, the methods are often still acceptable to use in bacterial 

epidemiology in combination with the result interpretation guidelines, which determine the 

epidemiological relationships between the isolates in reference to the genetic relationships inferred by 

the methods (Hopkins et al., 2007).  

 

1.2.3.4   Reproducibility 

Reproducibility refers to the ability of a typing method to produce the same results repeatedly on a 

bacterial strain (Singh et al., 2006).  This property is largely influenced by the variations of testing 

parameters including the protocol used, the brand of reagents, the types of equipment and the 

operators carrying out the procedures (van Belkum et al., 2007).  As a consequence, many efforts have 

been made to standardise protocols to eventually facilitate reliable comparison of typing data generated 

from the same laboratories and between laboratories over time for surveillance of epidemic strains, 

such as a standardised pulsed-field gel electrophoresis (PFGE) protocol for Salmonella (Murchan et al., 

2003; Ribot et al., 2006). 

 

1.2.3.5   Epidemiological concordance 

Epidemiological concordance describes the capacity of a typing method to provide results consistent 

with the available epidemiological information (van Belkum et al., 2007).  During outbreak investigations 

the epidemiological data recognise patients involved in the outbreaks, and the typing methods confirm 

this relationship by assigning the outbreak isolates with identical types or profiles.  To experimentally 

demonstrate the level of concordance between the typing data and the epidemiological data, several 

sets of previous outbreak isolates (i.e. confirmed epidemiologically related isolates) and a number of 

sporadic isolates (i.e. epidemiologically unrelated isolates) should be included (van Belkum et al., 2007). 

 

1.2.3.6   Convenience criteria  

For typing methods to gain wide acceptance they should possess practical advantages relevant to the 

typing purposes.  For example, typing methods applied in outbreak investigations should generate 

typing results rapidly in order to confirm that an outbreak is occurring to facilitate immediate infection 

control practices (Struelens, 1998).  However rapidity of result generation is not as critical for global 

epidemiological surveillance of pathogens.  In contrast, because typing data for surveillance purposes 

are continuously generated and compared between countries from time to time, it is preferable to use 

methods that generate results with a binary output (numbers or characters) to simplify data exchange 

and storage e.g. multi-locus sequence typing (MLST) (van Belkum et al., 2001).  In summary, a number 
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of criteria to be considered when assessing the practicality of typing methods include ease of result 

interpretation, ease of use, rapidity, costs and ease of result distribution (Struelens, 1998; van Belkum 

et al., 2007). 

 

1.2.4   Typing methods for Salmonella 

As discussed above the typing method employed is primarily based on the purpose for the strain 

differentiation and is a compromise of the intrinsic properties and the provided practical benefits.  The 

following section will provide a discussion regarding the currently available typing methods for 

Salmonella, including the advantages and disadvantages with respect to each of the methods. 

 

1.2.4.1   Serotyping 

Serotyping is a phenotypic method that differentiates Salmonella isolates based on the differential 

antigenic properties of the O (somatic lipopolysaccharide cell wall) and the H1 and H2 (phase 1 and 

phase 2 flagellar protein) antigens (Threlfall and Frost, 1990).  Depending on the immunological 

variations in these two surface structures, isolates are assigned into serotypes or serovars in 

accordance to the White-Kauffmann-Le Minor scheme (Grimont and Weill, 2007).  In practice, 

serotyping is achieved through a bacterial agglutination test using a panel of antisera prepared against 

the antigens (Riley, 2004).  At the present time, 2610 serovars have been identified and recorded in the 

White-Kauffmann-Le Minor scheme, with 1547 serovars belonging to subspecies I (Guibourdenche et 

al., 2010). 

 

1.2.4.1.1   Epidemiological typing using serotyping 

Due to the stable nature of antigenic characteristics, serotyping is the predominant method for 

laboratory-based surveillance of Salmonella infections worldwide and is performed routinely on each of 

the laboratory confirmed Salmonella isolates (Herikstad et al., 2002).  Although the agglutination assays 

are simple to perform and the typing results are generated rapidly, production of antisera is expensive, 

time consuming and requires experienced personnel for quality control (Seyfarth et al., 2003).  

Consequently serotyping is generally considered as an expensive and labour-intensive procedure that is 

usually confined to specialist reference laboratories (Riley, 2004).   

 

1.2.4.1.2   Molecular serotyping schemes 

Recently molecular serotyping schemes has been proposed to overcome the limitations of traditional 

serotyping while maintaining the continuity of the historical database built by serotyping (Luk et al., 1993; 

Echeita et al., 2002; Herrera-León et al., 2004; Yoshida et al., 2007).  To type Salmonella isolates using 

molecular serotyping methods, the gene sequences responsible for O antigenic variations are targeted 

which are located within the Salmonella gene cluster rfb (Luk et al., 1993).  Alternatively gene 
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sequences encoding Wzx proteins from different O-antigen clusters are targeted as they show little 

similarity at DNA level (Herrera-León et al., 2007).  By contrast, the variable regions of the fliC and fliB 

genes are targeted to determine the phase 1 and phase 2 flagellar antigens respectively (Echeita et al., 

2002; Herrera-León et al., 2007).  One of the significant contributions of molecular serotyping is its 

ability to complete serovar designations for rough strains that do not express O-antigens as well as for 

strains that do not express both phase 1 and 2 flagellar anitigens (Herrera-León et al., 2007).  Hence it 

was suggested that both traditional and molecular serotyping methods may be used in parallel to 

enhance surveillance typing of Salmonella (Herrera-León et al., 2007). 

 

1.2.4.2   Bacteriophage typing 

While serotyping is capable of providing extensive differentiation within Salmonella genus into over 

2500 serovars, it is of limited value for outbreak investigations as only a small number of serovars are 

responsible for majority of infections (Harvey et al., 1993).  As a consequence, subdivision of isolates 

within serovars is needed for organism tracing during outbreaks of Salmonella infections.  Phage typing 

was traditionally employed for this purpose. 

 

1.2.4.2.1   Epidemiological typing using phage typing 

Bacteriophage or phage typing involves testing of a defined panel of typing phages on the bacterial 

isolates of interest.  The observed differential plating efficiency of each typing phage to the tested 

bacterial isolates forms the basis of phage typing, and is dependent on several bacterial host factors.  

These include the host controlled modification systems, the bacterial cell receptors for the typing 

phages to bind to, the superinfection exclusion systems of the prophages residing in the bacterial cells, 

and the phage sequence contents at spacers of the clustered regularly interspaced short palindromic 

repeats (CRISPR) loci in the tested isolates (Threlfall and Frost, 1990; Schmieger, 1999; Barrangou et 

al., 2007).  A number of phage typing schemes have been established for the commonly isolated non-

typhoidal Salmonella serovars including S. Typhimurium, S. Enteritidis, S. Heidelberg, S. Virchow and S. 

Bovismorbificans (summarised in Jones et al. 2000).   

 

To demonstrate that phage typing is an effective method for outbreak epidemiological studies, it should 

have a high capacity to differentiate unrelated strains of the same serovars.  However limited 

discrimination has been shown by phage typing in some important serovars, for example S. Enteriditis.  

From 1981 to 1986, 85% of the total isolated S. Enteritidis belonged to phage types (PT) 4 and PT 8 in 

England and Wales (Ward et al., 1987).   While in the similar timeframe, 83% of all S. Enteritidis isolates 

were PT 8 and PT 13a in the United State, and 72.6% were PT 8 in the Slovak Republic (cited in Rankin 

and Platt 1995; Majtánová 1997).  Clearly in situations when a few phage types predominate in a 
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geographic area, typing methods with a higher discriminating ability are necessary for outbreak 

epidemiological investigations. 

 

1.2.4.2.2   Phage type conversion 

Studies of phage type conversion in the past have shown that some phage types can be unstable and 

may confound outbreak epidemiological investigations.  This phenomenon has been most extensively 

demonstrated in S. Enteritidis.  Frost et al. (1989) demonstrated that the conversion from PT 4 to PT 24 

was due to the acquisition of an antimicrobial resistance (Inc N) plasmid, while Chart et al. (1989) 

showed that the conversion of S. Enteritidis PT 4 to PT 7 was due to LPS modification.  Furthermore 

Rankin and Platt (1995) demonstrated the change of a number of phage types through lysogenisation of 

phages: PT 4 was converted to PT 8, PT 13 to PT 13a, PT 15 to PT 11, and PT 6a to PT 4 and PT 7.  In 

fact phage type conversion due to lysogenisation has also been documented for other serovars.  A 

temperate phage ST64T induced from a S. Typhimurium DT 64 clinical strain was able to convert S. 

Typhimurium DT 9 to DT 64, DT 135 to DT 16 and DT 41 to DT 29 (Mmolawa et al., 2002).  A S. 

Heidelberg phage (HIP-4) induced from a S. Heidelberg PT 4 strain was shown to convert PT 1 and PT 

3 to PT 4 and PT 5 respectively (Harvey et al., 1993). 

 

1.2.4.2.3   Practical drawbacks of phage typing 

Other drawbacks of phage typing are mainly associated with its practical disadvantages.  Harvey et al. 

(1993) pointed out that interpretation of phage typing results is subjective and requires experienced 

operators to ensure uniformity or reproducibility between laboratories.  Schmieger (1999) commented 

that maintenance of stocks of typing phages can be very difficult as the released phages propagated 

from their host strains of S. Typhimurium do not necessarily have identical plating properties.  This is a 

consequence of genetic recombination between typing phages (infecting phages) and the resident 

prophages (Schmieger, 1999).  Therefore to ensure the released phages are identical to the original 

typing phages, several advanced techniques such as electron microscopy and restriction enzyme 

digestion may be required to characterise the prepared phage stocks. Thus phage typing is considered 

as a technically demanding method (Tamada et al., 2001). 

 

In summary, accurate phage type assignment relies principally on use of typing phages with consistent 

plating properties that are difficult to maintain.  Furthermore the use of phage typing alone for outbreak 

investigations of Salmonella infections can be ineffective when a small number of phage types 

predominate in the geographic area.  As a consequence, newer genotypic methods have been 

developed to supplement phage typing.  Methods that were applied in the past include plasmid profile 

typing (Threlfall et al., 1994); restriction fragment length polymorphism (RFLP) of plasmids (Platt et al., 
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1986), insertion sequence IS 200 fingerprinting (Stanley et al., 1991) and ribotyping (Grimont and 

Grimont, 1986).  However pulsed-field gel electrophoesis was widely selected as the method of choice. 

 

 

1.2.4.3   Pulsed-field gel electrophoresis 

Pulsed-field gel electrophoresis (PFGE) characterises bacterial isolates on the basis of the banding 

patterns generated following restriction of the total genomic DNA.  To perform PFGE, bacterial cells are 

initially embedded in molten agarose and lysed by detergent and enzymes. The released whole 

bacterial genomic DNA is then digested using infrequently cutting restriction enzymes to produce 10 to 

30 macrorestriction DNA fragments ranging from 10 to 800 kilobases (kb) (Tenover et al., 1997; Oliver 

and Bean, 1999).  For Salmonella, the most commonly used restriction enzyme is XbaI which generates 

11 to 17 DNA fragments between 40 and 800 kb in size (Tenover et al., 1995; Ridley et al., 1998; 

Tamada et al., 2001).  Separation of these large DNA restriction fragments is achieved using PFGE 

equipment where the orientation of electric field changes periodically allowing separation of DNA 

molecules larger than1000 kb (Maslow et al., 1993). 

 

1.2.4.3.1   PFGE the current “gold standard” typing method for Salmonella 

As well as Salmonella, PFGE has been considered the “gold standard” typing method for a wide range 

of community-acquired and hospital-acquired bacterial pathogens including Staphylococcus aureus, 

vancomycin-resistant enterococci and Escherichia coli O157:H7 (Singh et al., 2006).  It has been well 

documented that PFGE is highly discriminatory in tracing outbreak strains of various Salmonella 

serovars (Threlfall et al., 1996; Bennett et al., 2003; Irvine et al., 2009).  More recently, the high 

discriminating ability of PFGE has been challenged by the emergence and spread of the genetically 

homogeneous phage types in particular the multi-resistant S. Typhimurium DT104 and S. Enteritidis 

PTs 4 and 8.  For these phage types only a small number of PFGE profiles predominate in many 

geographic locations (Baggesen et al., 2000; Malorny et al., 2001; Liebana et al., 2002; Lukinmaa et al., 

2006) (Gatto et al., 2006).  As demonstrated by Baggesen et al. (2000), all 125 DT 104 isolates except 

two generated the same XbaI-PFGE patterns even though they were derived from Europe and the 

United States.  Similarly Gatto et al. (2006) demonstrated that over 3000 unrelated PT 4 isolates from 

nine European countries generated 38 PFGE patterns with most of the isolates (88%) having pattern 

SENTXB.001.  The difficulty of PFGE in differentiating DT 104 isolates during outbreaks was clearly 

demonstrated by Lawson and co-workers (2004).  Although all outbreak-associated isolates produced 

the same PFGE profile and hence confirmed as outbreak related, almost all (90%) the 

epidemiologically-unrelated isolates also had the same pattern resulting in inadequate discrimination by 

PFGE (Lawson et al., 2004).  Similarly PFGE could not provide adequate discrimination between the 
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outbreak strains and the non-outbreak strains in a S. Enteritidis PT 8 outbreak in Canada (Ahmed et al., 

2000).   

 

1.2.4.3.2   Approaches to improve differentiating ability of PFGE 

Despite the low discriminatory ability in Salmonella, PFGE in general is considered a valuable outbreak 

typing tool as it is highly adaptable to virtually any bacterial species.  Furthermore the generated PFGE 

results have shown good concordance to epidemiological data in outbreak investigations (Barrett et al., 

2006).  However one may argue that the good concordance observed between PFGE results and 

epidemiological data may be due to the poor discrimination provided by PFGE as most endemic strains 

including isolates in an outbreak all invariably have the same or similar PFGE profiles. 

 

Efforts have been made to retain PFGE for use in Salmonella.  One approach is to supplement PFGE 

with other molecular methods such as plasmid profiling which has been showed to provide the most 

discrimination among S. Typhimurium DT 104 strains (Malorny et al., 2001; Liebana et al., 2002; 

Lawson et al., 2004).  However, coupling PFGE with plasmid profiling may not be useful for subdivision 

of S. Enteritidis PT 4 as many strains carry a 38-MDa plasmid only (Threlfall et al., 1994).  The other 

suggested approach involves combining PFGE results of two or more restriction enzymes (Ridley et al., 

1998; Laconcha et al., 2000; Zheng et al., 2007).  As demonstrated by Zheng et al. (2007), combining 

XbaI and BlnI digestion profiles provided high discrimination among the tested S. Typhimurium isolates 

insofar as almost every isolate generated a unique combined XbaI /BlnI pattern.  While combining 

PFGE patterns of SfiI, PacI and NotI differentiated the S. Enteritidis isolates most extensively (Zheng et 

al., 2007).  However this approach may seem impractical during outbreaks due to the lengthy procedure 

involved and the need to run individual gels for each enzyme which differ in run conditions and times 

(Liebana et al., 2001; Ribot et al., 2006).   

 

1.2.4.3.3   Practical drawbacks of PFGE 

The replacement of PFGE is recommended by some researchers due to its practical disadvantages.  

PFGE is a low-throughout method involving a tedious and technically demanding procedures.  

Furthermore the equipment and reagents required are both expensive (Oliver and Bean, 1999; Weller, 

2000; Lindstedt et al., 2004; Lukinmaa et al., 2004; van Belkum et al., 2007).   

 

High intra-laboratory reproducibility of PFGE may be readily achieved through use of the same PFGE 

procedure, reagents and electrophoresis equipment for each analysis in the laboratory; however great 

effort is required to achieve acceptable levels of inter-laboratory reproducibility.  In the past this is relied 

upon the laboratories following the same testing procedure, use the same reagents and equipment, and 

analysing PFGE patterns according to the same interpretation guidelines (van Belkum et al., 1998b; 
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Ribot et al., 2006; van Belkum et al., 2007).  There are image analysis programs (e.g. BioNumerics) to 

assist in optimising gel images, however it can still be difficult to compare band patterns between gels 

and between laboratories.  This is due to that position of the same bands can be readily affected by the 

imperfect reproducibility of running condition of each gel and hence assigned as different bands 

erroneously by the program (van Belkum et al., 2007).  Ultimately consistent band pattern assignment is 

highly dependent on the expertise of the operators who may also experienced in recognising any partial 

restriction products, doublet or triplet bands of similar sizes and faintly stained restriction bands 

(Tenover et al., 1994).   

 

1.2.4.4   Recently developed typing methods 

A number of typing methods have been recently developed and examined for their usefulness in strain 

differentiation among Salmonella.  These molecular methods, apart from being able to differentiate 

between Salmonella strains, appear to have different practical values when compared to PFGE as 

described below.  

 

1.2.4.4.1   Multilocus sequence typing 

Multilocus sequence typing (MLST) is a sequence-based typing method that classifies bacterial strains 

on the basis of the nucleotide sequence diversity present in the targeted gene loci.  Originally MLST 

was developed as the molecular version of multilocus enzyme electrophoresis (MLEE) for Neisserria 

meningitidis (Maiden et al., 1998).  In MLEE, the phenotypic trait of the electrophoretic mobility of each 

housekeeping enzyme is determined.  In contrast, MLST takes into account each nucleotide change 

within the targeted housekeeping genes (Maiden et al., 1998).  As a consequence, approximately half of 

the MLST loci (6-7 loci) are required to provide discrimination equivalent to MLEE (12-19 loci) indicating 

the typing effectiveness of MLST in comparison to MLEE (Maiden et al., 1998). 

 

1.2.4.4.1.1   Practical advantages of MLST 

To carry out MLST the approximate 400 bp region within the selected gene loci are initially amplified 

using polymerase chain reactions (PCR), then sequenced to determine their nucleotide sequences.  

Since result interpretation involves direct comparisons between amplified DNA sequences, it is objective 

in nature and was demonstrated to be accomplished more readily than PFGE (Feavers et al., 1999).  

More importantly, MLST sequence data are highly portable, and thus allow convenient storage and 

comparison of typing data between laboratories around the world (Maiden et al., 1998).  

 

1.2.4.4.1.2   Epidemiological typing using MLST 

Kotetishvili et al. (2002) indicated that MLST using housekeeping genes could differentiate Salmonella 

strains more effectively than PFGE, and so suggested its use in outbreak investigations.  However the 
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high discriminatory ability of MLST may be due to the use of isolates from a broad range of Salmonella 

serovars and subspecies.  Therefore allelic variations are expected and these results reinforced the 

utility of MLST using housekeeping genes for phylogenetic study of Salmonella as a whole (Ross and 

Heuzenroeder, 2005a).  Subsequently, low levels of discrimination within serovars were shown by other 

researchers (Fakhr et al., 2005; Ross and Heuzenroeder, 2005a; Harbottle et al., 2006).  Using the 

same gene loci as Kotetishvili et al. (2002), none of the 85 S. Typhimurium isolates showed allelic 

variations (Fakhr et al. 2005).  Ross and Heuzenroeder (2005b) indicated that MLST lacks the ability to 

discriminate between isolates of the same phage type.  The study employed MLST on five 

housekeeping genes to differentiate S. Typhimurium DT 126 isolates but little discrimination was 

observed.  Three of five loci showed identical DNA sequences, while a different allele was shown 

infrequently from loci glnA and manB within a group of outbreak isolates and in a single isolate 

respectively.   

 

1.2.4.4.2   Amplified fragment length polymorphism 

Like MLST, amplified fragment length polymorphism (AFLP) is also a PCR based typing technique.  

However AFLP detects non-specific genetic differences throughout the whole bacterial genome while 

MLST reveals genetic variations at the predetermined genomic regions (Yan et al., 2003).  To perform 

AFLP, the whole bacterial genomic DNA is digested by an infrequently-cutting restriction enzyme and a 

frequently-cutting restriction enzyme. For Salmonella, EcoRI (infrequently-cutting restriction enzyme) 

and MseI (frequent restriction enzyme) are usually used (Aarts et al., 1998; Lindstedt et al., 2000; Hu et 

al., 2002; Ross and Heuzenroeder, 2005b).  Subsequently, all restriction DNA fragments are ligated 

with adapters to which the AFLP primers bind for PCR amplification.  Only a subset of adapter-ligated 

fragments is amplified and this is based on the sequence compatibility between the adapters and the 

selective nucleotide(s) at the 3’ extension ends of the AFLP primers.  Eventually the amplified restriction 

fragments are presented as band patterns from which bacterial strains are differentiated (Vos et al., 

1995).   

 

1.2.4.4.2.1   Comparison of AFLP with PFGE 

By the PFGE and AFLP differentiate bacterial strains on the basis of the mutational changes that lead to 

gain and loss of restriction sites; AFLP appears to be a more sensitive method than PFGE.  This is 

because PFGE uses one infrequent restriction enzyme (e.g. XbaI) that generates a small number (10 to 

17 fragments) of large DNA fragments (up to 800 kbs) (Tenover et al., 1997).  As a consequence, small 

genomic differences (several kbs) derived from insertion-deletion events or chromosomal 

rearrangements are not likely to make detectable changes to the restriction fragment sizes (Hu et al., 

2002).  In contrast, AFLP uses two restriction enzymes which generate approximately 50 fragments 

sizing between 45 to 500 bp for comparison between isolates (Vos et al., 1995; Aarts et al., 1998).  
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Therefore small genomic differences between strains can be more readily detected from the amplified 

DNA fragments and hence maximise the opportunity to differentiate between closely related bacterial 

strains (Hu et al., 2002).  Furthermore using of fluorescent-labelled primers and capillary electrophoresis 

greatly enhances accuracy in sizing amplified restriction fragments, and facilitates automation of the 

process (Lindstedt et al., 2000; Ross and Heuzenroeder, 2005b).   

 

1.2.4.4.2.2   Epidemiological typing using AFLP 

As with PFGE, AFLP has been shown to have potentially limited discriminatory ability towards certain 

genetically homogenous serovars and phage types (Lindstedt et al., 2000; Lan et al., 2003; Giammanco 

et al., 2007).  A study by Ross and Heuzenroeder (2005) indicated that AFLP was useful in assisting 

outbreak investigations caused by S. Typhimurium DT 126 phage group as it was able to differentiate 

DT 126 isolates associated with two separate outbreaks.  However such discriminatory ability was 

considered suboptimal as not all epidemiologically-unrelated DT 126 isolates were separated from the 

outbreak isolates (Ross and Heuzenroeder, 2005b).  Furthermore, AFLP provided a limited level of 

discrimination within S. Typhimurium phage types DT 9 and DT 135.  These two phage types are 

among the most common S. Typhimurium phage types in Australia and New Zealand (Hu et al. 2006; 

OzFoodNet 2006; OzFoodNet 2007; OzFoodNet 2008).  In a study performed by Lan et al. (2003), a 

total of eight AFLP primer pairs were used, which is in contrast to one primer pair in the standard AFLP 

protocol, to achieve an acceptable level of discrimination for DT 135 (DI value = 0.867).  However a 

very low level of discrimination within DT 9 was still observed (DI value = 0.383).  Similarly, 16 primer 

pairs were necessary to differentiate the S. Typhimurium isolates in another study (Hu et al., 2002).  

Taken together it seems that several primer pairs are usually needed to provide good discrimination for 

Salmonella and this may not be practical for routine use. This is because the band patterns (>100 

bands) generated will be too complicated to analyse and compare (Lindstedt et al., 2000; Boxrud et al., 

2007).   

 

1.2.4.4.3   Multiple-locus variable-number tandem repeat (VNTR) analysis 

Exploitation of tandem repeat DNA has led to the development of a novel PCR-based typing scheme, 

multiple-locus variable-number tandem repeat analysis (MLVA). Tandem repeat DNA is a class of 

contiguous short repetitive DNA that occurs in variable numbers in a single locus resulting in inter-

individual length polymorphism (Nakamura et al., 1987).  The presence of variable number of tandem 

repeat (VNTR) sequences is thought to be caused by slipped-strand mispairing during DNA replication.  

Such mechanisms help bacteria to adapt to environmental changes. This suggestion was based on the 

frequent observations of tandem repeats within genes involved in biosynthesis of bacterial outer 

membrane proteins (Bichara et al., 2006).  By varying the number of tandem repeats within gene coding 

regions or promoter regions, either the translational or the transcriptional pathways of these surface 
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proteins are altered, thereby causing phase variation and allowing bacteria to alter their way to adhere 

host cells and evade host immune systems (reviewed in van Belkum et al. 1998). 

 

1.2.4.4.3.1   Epidemiological typing using MLVA 

MLVA differentiates bacterial strains by assessing the variability of several different VNTR containing 

loci (Lindstedt et al., 2003).  The targeted gene loci are initially amplified using multiplex PCR and then 

the length of each of the amplified products is examined using conventional electrophoresis or more 

commonly using capillary electrophoresis (Liu et al., 2003; Cho et al., 2007; Malorny et al., 2008; 

Octavia and Lan, 2009).  This is due to that capillary electrophoresis provides a more accurate size 

determination of amplified products (Call et al., 2008).  In additon, different dyes can be assigned to 

each of the targeted loci to facilitate simultaneous measurement of the amplified fragment length of 

multiple MLVA loci, which in turn reduces the result turnaround and hands-on time (Lindstedt, 2005).  

The sizes of the amplified products are expressed numerically and can be normalised readily to reveal 

the actual sizes and the number of contained tandem repeats through comparison with the 

electrophoretic data of MLVA loci of known sizes.  The typing data are then be stored electronically and 

exchanged between laboratories (Lindstedt et al., 2004).  

 

Recently, MLVA schemes have been proposed for epidemiological typing of a variety of pathogenic 

bacteria (Lindstedt 2005).  This is because MLVA is PCR-based; it is simple to perform, rapid, high 

throughput, and can be easily accessed in any molecular laboratory (Lindstedt, 2005).  More importantly, 

using VNTR loci with high evolutionary rates enable MLVA to subdivide homogeneous bacterial species 

such as Mycobacterium tuberculosis, Yersinia pestis as well as Salmonella serovars (Cowan et al., 

2002; Lindstedt et al., 2004; Pourcel et al., 2004; Boxrud et al., 2007; Davis et al., 2009; Octavia and 

Lan, 2009). 

 

1.2.4.4.3.2   MLVA typing for Salmonella 

MLVA systems have been described for specific serovars including Typhimurium, Enteritidis, Typhi and 

Newport (Lindstedt et al., 2003; Liu et al., 2003; Boxrud et al., 2007; Cho et al., 2007; Davis et al., 2009; 

Octavia and Lan, 2009; Ross and Heuzenroeder, 2009).  Through analysing a small number of MLVA 

loci (ranging from 3 to 10 loci), the level of discrimination provided was observed to be higher than that 

of PFGE.  Moreover, the MLVA systems enabled subdivision within the highly clonal Salmonella 

serovars and phage types including the multi-resistant S. Typhimurium DT 104, S. Enteritidis PT 4 and 

PT 8 (Lindstedt et al., 2003; Malorny et al., 2008; Beranek et al., 2009).  In addition, Boxrud and co-

workers (2007) demonstrated the usefulness of MLVA in Salmonella outbreak epidemiological studies.  

In that study, not only could MLVA correctly identify the differences between the outbreak S. Enteritidis 
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PT 13a strains associated with four separate outbreaks but it provided a better discrimination between 

the outbreak isolates and the sporadic isolates in comparison to PFGE (Boxrud et al., 2007).   

 

1.2.4.4.3.3   MLVA the next “gold standard” typing method for Salmonella? 

For MLVA to be widely accepted as the new ‘gold standard’ typing method for Salmonella, it should also 

demonstrate a high level of discrimination in clinically significant serovars other than those mentioned 

above. Recently, the use of previously described VNTR loci has enabled intra-serovar differentiation 

within S. Infantis (Ross and Heuzenroeder, 2008).  By analysing three VNTR loci from the MLVA 

method for S. Typhimurium, the S. Infantis isolates were discriminated at a higher level than by PFGE 

(Lindstedt et al., 2003; Ross and Heuzenroeder, 2008).  However the inclusion of an additional 10 

VNTR loci did not provide further discrimination since they were either not detected or were identical in 

the S. Infantis isolates (Ross and Heuzenroeder, 2008).  Similar findings were also reported from other 

studies where VNTR loci displayed allelic variations or existed in some serovars but not the others, and 

this is thought to be due to the different genomic organisation between serovars (Ramisse et al., 2004; 

Boxrud et al., 2007; Beranek et al., 2009; Davis et al., 2009; Ross and Heuzenroeder, 2009).  As a 

consequence, the most optimal MLVA typing of any serovar may only be obtained when genomes of 

serovars of interest are characterised so that the detection of VNTR loci can be facilitated (Beranek et 

al., 2009; Ross and Heuzenroeder, 2009). 

 

1.2.4.4.4   Multiple amplification of prophage locus typing 

It has been shown that substantial amounts of genetic variation among closely related Salmonella 

strains originated from prophage elements (Figueroa-Bossi and Bossi, 2004; Thomson et al., 2004; 

Cooke et al., 2007; Lan et al., 2007).  A detailed discussion regarding how prophages contribute to 

genetic differences between Salmonella strains can be found later in sections 1.3.6.3 and 1.3.7.  This 

finding has led to development of the first PCR-based typing method that targets prophage loci for 

differentiation of S. Typhimurium isolates (Ross and Heuzenroeder, 2005a).  The authors named this 

typing scheme the multiple amplification of prophage locus typing (MAPLT), where strains are 

differentiated based on the the presence and absence of the targeted prophage loci.  In the study, 

twenty-five prophage-related primers were designed from three temperate phage sequences (P22, 

ST64T and ST64B) to differentiate a group of 73 diverse S. Typhimurium isolates from sporadic 

infections.  In total, twenty-seven distinct MAPLT profiles were observed in comparison to only five 

PFGE profiles from the isolates (Ross and Heuzenroeder, 2005a).  Detection of prophage loci has also 

been used by other researchers suggesting that this approach is a feasible alternative option for 

Salmonella typing (Mikasova et al., 2005; Lindstedt et al., 2006; Drahovská et al., 2007; Rychlik et al., 

2008; Wang et al., 2008; Fang et al., 2012).  Wang et al., (2008) furthered the assessment through 

comparing the method with MLVA for Salmonella outbreak investigations.  In the study, a multiplex 
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PCR-based reverse line blot hybridisation (mPCR/RLB) method was developed that simultaneously 

detected thirty-two prophage-related loci.  Of the 168 S. Typhimurium isolates that were tested, 102 

mPCR/RLB profiles and 97 MLVA profiles were observed.  The differentiating ability of mPCR/RLB was 

comparable to that of MLVA (DI value = 0.9866 for mPCR/RLB; DI value = 0.9865 for MLVA).  More 

importantly, the mPCR/RLB method was shown to be able to generate the same mPCR/RLB profiles 

from the epidemiologically-related isolates in three separate outbreaks suggesting its potential use for 

outbreak epidemiological studies (Wang et al., 2008).   

 

Concurrently, Ross and Heuzenroeder (2008 and 2009) assessed the application of MAPLT for typing 

within other Salmonella serovars including S. Infantis and S. Enteritidis.  In both studies, MAPLT 

displayed a higher differentiating ability than did PFGE (Ross and Heuzenroeder, 2008, 2009).  In 

addition, MAPLT was shown to be more useful than MLVA in sub-dividing the predominant S. Enteritidis 

phage types 1 and 6a in Australia.  These results in turn suggested MAPLT as a viable option for local 

epidemiological study of S. Enteritidis, particularly when the outbreaks are associated with these two 

predominating phage types (Ross and Heuzenroeder, 2009).  However as with MLVA, there is no 

definite set of prophage primers that are useful for all Salmonella serovars due to the different content of 

prophage elements between serovars (Ross and Heuzenroeder, 2008, 2009).  Nevertheless, it is not 

uncommon to find prophage primers showing differentiating capacity in more than one serovar.  For 

example, primers amplifying locus intP22 is included in the MAPLT schemes for S. Typhimurium and S. 

Infantis (Ross and Heuzenroeder, 2008).  Furthermore, although many bacteriophage sequences in 

Salmonella have not been deposited in a public domain such as Genbank, novel phage gene 

sequences can be identified alternatively in a less expensive way than whole genome sequencing by 

using DOP-PCR (degenerate oligonucleotide primed-PCR) methodology as previously described (Ross 

and Heuzenroeder, 2008).  Eventually a pool of prophage primers may be established in a laboratory 

from which different combinations of primer pairs can be composed to facilitate establishment of MAPLT 

for various Salmonella serovars.  

 

Having discussed the current typing methods available for Salmonella, the following sections will 

discuss further on the significance of bacteriophages in the evolution and the genetic diversification of 

Salmonella.  
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1.3   BACTERIOPHAGES 

 

Bacteriophages are viruses that infect prokaryotic cells including bacteria and archeae (Ackermann 

2007).  Bacteriophages or “phages” for short were originally described by a British scientist F. W. Twort 

in 1915 and by a French scientist F.d’ Hérelle in 1917 (cited in Bradley 1967).  In 1915 Twort described 

a ‘transmissible’ agent that infected and killed staphylococcal bacteria causing the glassy transformation 

of the colonies.  He proposed that the agent may be a virus (cited in Bradley 1967).  Independently in 

1917 d’ Hérelle observed the lysis of Shigella cultures in broth and recognised the causative agent as 

being a parasitic virus and named it a bacteriophage (cited in Bradley 1967).  It is estimated that the 

total number of phage particles on earth is approximately 1031 making them the most abundant “life 

forms” (Ashelford et al., 2003; Suttle, 2005).  Currently classification of phages is based on morphology 

and nucleic acid type (Ackermann, 2003).  Over 5500 phages have been examined by electron 

microscopy and are described as tailed, polyhedral, filamentous or pleomorphic containing either DNA 

or RNA in either single- or double-stranded forms (Ackermann and Kropinski, 2007; Ackermann, 2009).  

Tailed-phages containing dsDNA are among the most common forms comprising around 96% of the 

total number of phages that have been investigated (Ackermann and Kropinski, 2007; Hatfull, 2008; 

Ackermann, 2009).  As they are the most abundant “life form” on earth, tailed-phages have been 

studied more extensively in comparison to the other phage types and contribute most of the knowledge 

regarding bacteriophages at present.  

 

1.3.1   Morphology of tailed-phages 

One common classification of bacteriophages is according to the physical and physiological 

characteristics of the phages.  Tailed-phages are all grouped in the order Caudovirales due to the 

similarities in their tailed virus morphology, modes of replication and assembly (Maniloff and Ackermann, 

1998).  Based on the variation of the phage tails, members of Caudovirales are further classified into 

three families: Myoviridae (phages with contractile tails consisting of a sheath and a central tube), 

Siphoviridae (phages with long and non-contractile tails), and Podoviridae (phages with short tails) 

(Ackermann and Kropinski, 2007).  Structurally tailed-phages consist of heads with cubic symmetry and 

tails with binary symmetry (Ackermann 2003).  The phage heads range from isometrical to prolate or 

elongated isosahedral in shape, while the phage tails are either helical or composed of stacked disks 

which commonly end with fixation structures such as baseplates, spikes or terminal fibers (Maniloff and 

Ackermann, 1998; Ackermann, 2006).  These viral particles are composed simply of proteins and 

dsDNA only and generally do not possess lipid envelopes or lipid-containing structures (Ackermann, 

2006).   
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1.3.2   Lytic versus lysogenic life style 

Replication of tailed-phages can be achieved through lytic or lysogenic cycles.  Lytic infection by tailed-

phages involves absorption by a bacterial host cell that is followed by synthesis of viral components, 

assembly and release of progeny viral particles through the lysis of the infected cells (Miller and Day, 

2008) (Fig. 1.1).  Phages that can only undergo the lytic cycle are described as lytic or virulent phages 

(Miller and Day, 2008).  In contrast, temperate phages have the ability to propagate via the lytic cycle or 

the lysogenic cycle.  Lysogeny describes the latent infection by temperate phages where they establish 

a long-term stable relationship with the host bacterial cells (lysogens) (Casjens, 2003).  In most cases, 

the phage genomes (referred as prophages) integrate and replicate as part of the host chromosome 

during cell division and progeny prophages are distributed to each of the daughter cells (Miller and Day, 

2008) (Fig. 1.1).  Alternatively, some phages such as coliphage P1 exist as circular plasmids in their 

lysogenic state (Ikeda and Tomizawa, 1968).  Replication of coliphage P1 occurs at random in the cell 

cycle and the enzymes required for the process are encoded by the phages (Abe, 1974).   

 

A number of environmental factors are known to influence whether a temperate phage will undergo lytic 

or lysogenic infection.  For example, infection of bacterial cells growing in poor medium or low 

temperatures favours lysogenic infection (Little, 2005).  Increasing the multiplicity of infection (MOI) that 

is the ratio of bacteriophage particles to bacterial cells will also favour lysogeny (Hendrix and Casjens, 

2006). 

 

1.3.3   Gene regulatory pathways for lytic and lysogenic life cycles 

Genes located in the immunity region (immC) of the phage genome encode proteins regulating these 

two infecting processes.  For the most studied phage λ, Cro protein directs development of lytic 

infection, while CII protein directs development of lysogenic infection (Ptashne, 2004).  The decision of 

which infection pathway to go through is dependent on the relative level of Cro and CII proteins present 

in the bacterial cell after absorption of phage λ particles to the bacterial cell.  Such a ratio is more 

influenced by the concentration of CII protein as it is metabolically unstable and can be degraded by the 

host membrane-bound protease system (Cheng et al., 1988; Ho et al., 1988).  Unlike the Cro protein 

that is required to initiate and maintain lytic growth, CII protein is only required at the early stage of 

lysogeny to activate transcription from promotor PRE for the synthesis of protein CI.  Protein CI acts in 

opposition to Cro protein to promote and maintain lysogenic growth (Ptashne, 2004).  
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Fig. 1.1   Life cycles of bacteriophages 
 
(Left)  Lytic life cycle - Progeny phages are rapidly produced utilising the bacterial biosynthetic 
machinery.  The infected bacterial cells are lysed in the end to release the progeny phage particles 
 
(Right) Lysogenic life cycle - Phage DNA integrates into genome of the infected bacterial cell.  
Replication of phage DNA occurs along with the bacterial genome during normal cell division.  
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Both CI and Cro proteins function as repressors to inhibit lytic and lysogenic cycles respectively (Fig. 

1.2).  They do so by binding to sites OR1, OR2 and OR3 of the operator OR that overlaps the promoters 

PRM and PR (Ptashne, 2004).  The three OR1, OR2 and OR3 sites are composed of non-identical but 

similar DNA sequences bound by CI or Cro protein with different affinities (Ptashne, 2004).  CI protein 

shows the highest binding affinity to site OR1 that locates in the promoter PR and blocks RNA 

polymerase from binding.  The binding of CI protein to site OR1 immediately increases its affinity to site 

OR2 for simultaneous binding.  As a consequence, transcription of genes in PR to the right including cro 

and the lytic genes are repressed (Ptashne, 2004).  An additional function of CI protein is as an 

activator stimulating transcription of cI gene from promoter PRM when both OR1 and OR2 are bound.   As 

a result, the necessary level of CI proteins can be maintained throughout the lysogenic state (Ptashne, 

2004).  The second region CI protein binds to during the lysogenic state is the OL region.  This blocks 

the transcription of an early lytic gene N within the promoter PL.  Therefore no N protein, an anti-

termination protein, essential for further lytic gene transcriptions is produced (Little, 2005).  Conversely, 

Cro protein has the highest affinity and binds firstly to site OR3 locating in the promoter PRM and hence 

inhibiting production of CI proteins to maintain lysogeny (Ptashne, 2004).  Cro proteins can also bind to 

OR1 and OR2 but with ten-fold lower strength (Ptashne, 2004).  While the promoter PR is not repressed, 

the cro and lytic genes within the promoter will be transcribed for lytic growth.  

 

1.3.4   Prophage mediated immunity 

During the lysogenic state, repressor CI protein of the integrated phage λ not only blocks transcription 

of lytic genes; it also protects the host cell from lysis by any incoming phage λ particles.  This is due to 

the binding of CI proteins to the operator sites on the infecting phage particles (Campbell, 2006).  The 

binding between repressor and operator sites is specific in nature.  In other words, any phages having a 

similar immC region to phage λ will be prevented from causing lytic infection with the λ lysogens 

(Campbell, 2006).  These phages such as HK97 (Juhala et al., 2000) are said to be homoimmune to 

phage λ (Fig. 1.3a).  In contrast, phages having different immC regions to phage λ will not be repressed 

and are able to induce lysis in a λ lysogen (Campbell, 2006).  These phages are said to be 

heteroimmune to phage λ, such as P22 (Fig. 1.3b). 

 

While most tailed phages utilise the same repression or immunity mechanism as phage λ, some 

phages such as Salmonella phage P22 are known to carry an additional immunity region.  In addition to 

contain a immC region that produces repressor C2 protein (equivalent to CI protein of phage λ), 

Salmonella phage P22 also contains a immI region that produces another repressor protein Mnt that 

blocks transcription of an antirepressor gene ant in the immI region during lysgenic life cycle (Susskind 
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and Botstein, 1975).  As a consequence, no antirepressor protein is present to bind and inhibit the 

repressor protein C2 and thus lysogenic state is maintained. 

   

Two different situations occur when phage P22 infect lysogens of homoimmune phages with or without 

immI region.   When a P22 viron infects a lysogen of a homoimmune phage (e.g. phage ES18) that 

does not possess an immI region, the Mnt repressor is inactive and hence the P22 antirepressor protein 

is produced to bind with the ES18 repressor protein and cause the phage ES18 to undergo a lytic cycle 

(Schicklmaier and Schmieger, 1995) (Fig. 1.3c).  Conversely, when a P22 virion infects another lysogen 

of P22, the Mnt repressor protein produced from the lysogenic P22 also inhibits the transcription of the 

antirepressor gene of the incoming P22 viron and thus superinfection does not occur (Schicklmaier and 

Schmieger, 1995) (Fig. 1.3d). 

 

Superinfection exclusion (sie) genes provide general protection of the integrated phages as well as the 

lysogens against infection of homo- or hetero- immune phages (Susskind and Botstein, 1978).  Unlike 

gene products from immC or immI regions, the sie gene products are not involved in maintainance of 

the lysogenic state (Susskind and Botstein, 1978).  Phage P22 possess two sie exclusion systems: sieA 

gene encodes an inner cell membrane protein that functions to prevent DNA of incoming phages from 

entering into the cytoplasm of the host cell (Susskind et al., 1974a; Hofer et al., 1995); while the sieB 

gene product aborts lytic development of incoming phages by inhibiting viral DNA, RNA and protein 

synthesis midway (Susskind et al., 1974b; Ranade and Poteete, 1993). 

 

1.3.5   Phage induction 

A number of agents have shown experimentally to cause switching from lysogenic state to lytic state.  

This process is termed induction or genetic switch (Bradley, 1967).  The agents widely used in 

laboratories for phage induction include ultraviolet light, mitomycin C and hydrogen peroxide, all of 

which cause damage to DNA (Bradley, 1967).  As a result, phage induction occurs, and is thought to 

ensure survival of the phage genomes as their bacterial hosts are being threatened while the process of 

DNA replication is being interrupted (Miller and Day, 2008).  In the absence of inducing agents, 

prophage induction also occurs spontaneously in a small fraction of cells (1 in 106 lysogenic cells) 

(Hendrix and Casjens, 2006), and the process is known as spontaneous induction (Little, 2005).  It is 

not yet understood why the low rate of induction occurs spontaneously (Hendrix and Casjens, 2006).  At 

the molecular level, phage induction occurs due to the inactivation of the phage repressor protein.  

When host DNA is damaged, the RecA protein is activated and cleaves the LexA repressor protein, 

resulting in the cellular SOS response for DNA repair.  Phage repressor proteins including CI protein of 

phage λ can be recognised by RecA protein and thus are inactivated leading to lytic cycle development 

(Roberts and Devoret, 1983).  
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Fig. 1.2   The transcription regulations of the promoters PRM and PR of bacteriophage λ by CI 

and Cro (adapted from Ptashne, et al., 2004). 

Cro and CI are proteins encoded within the immC region of λ.  They are both dimeric 

repressors that have opposite effects on the transcriptions of genes responsible for lytic and 

lysogenic growth respectively. 

This occurs as a result of their differing affinities for consensus binding sequences within the 

suboperator sites (OR1, OR2 and OR3) of the promoters. 

 

A 
NOTE:   

     This figure/table/image has been removed  
         to comply with copyright regulations.  
     It is included in the print copy of the thesis  
     held by the University of Adelaide Library. 
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Fig. 1.3 a-d Superinfection and immunity (adapted from Mmolawa, PhD thesis, 2002) 

 

a: Superinfection by a homoimmune bacteriophage.  Propagation is prevented because both 

phages possess the same immC region. 

 

b: Superinfection by a heteroimmune bacteriophage.  Propagation occurs because both phages 

possess different immC regions. 

 

c: Superinfection by a homoimmune phage expressing an antirepressor.  Propagation occurs 

because the infecting phage produces an antirepressor that inactivates the repressor of the phage. 

 

d: Superinfection by a homoimmune phage with an immI region on a lysogen of a phage that also 

contains an immI region and expresses a repressor for the antirepressor gene.  Propagation is 

prevented because both phages possess the same immC and immI regions. 

 

A 
NOTE:   

These figures/tables/images have been removed 
         to comply with copyright regulations.  
 They are included in the print copy of the thesis 
     held by the University of Adelaide Library. 
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1.3.6   Impact of lysogeny on bacterial evolution 

1.3.6.1   Lysogenic conversion 

The relationship between bacteriophages and bacteria is not as simple as parasites and hosts.  Many 

virulence genes carried by temperate phages are expressed upon lysogeny.  This process is known as 

lysogenic conversion (Boyd and Brussow, 2002).  For examples, temperate β phage converts non-

toxigenic (non-pathogenic) Corynebacterium diphtheriae strains into toxigenic (pathogenic) strains 

(Groman, 1953; Groman and Eaton, 1955).  Similarly temperate phages convert non-toxigenic 

Clostridium species into botulinum neurotoxin producers (Eklund et al., 1971).  Since the lysogens are 

provided with proteins that confer a selective advantage, they have a higher chance of multiplication 

and sustainability in the population (Boyd and Brussow, 2002). 

 

With regard to Salmonella enterica, the pathogenesis of infection is greatly dependent on two type III 

secretion systems (TTSS) and the delivered effector proteins.  While the two TTSS are chromosomally 

encoded and are present in all strains of Salmonella enterica, the effector proteins substantially differ 

between strains due to the independent acquisition of phage-encoded effector proteins (Groisman and 

Ochman, 1996; Hensel et al., 1997; Figueroa-Bossi et al., 2001).  For example, effector protein SopE is 

carried by phage SopEΦ that is widespread among the epidemic S. Typhimurium strains of DT 49, DT 

204 and DT 204c, but is rarely found in most of other S. Typhimurium phage types (Mirold et al., 1999).  

As these phage types are known to have caused major outbreaks in the 1970s and 1980s and have 

persisted over a longer time period than other phage types have been, it was suggested that SopE may 

be of selective advantage to a host cell (Mirold et al., 1999).  Other classes of virulence determinants 

have also been identified to be encoded by bacteriophages.  These include periplasmic Cu/Zn 

superoxide dismutases SodCI and SodCIII which are encoded by phages Gifsy-2 and Fels-1 

respectively to protect Salmonella organisms from macrophage oxidative burst during systemic infection 

(Farrant et al., 1997; Figueroa-Bossi and Bossi, 1999; Figueroa-Bossi et al., 2001).  Phages ε34 and 

P22 contain O-antigen modification genes rfb and gtr that facilitate lysogens evading host immune 

response (Wright, 1971; Vander Byl and Kropinski, 2000).   

 

1.3.6.2   Transduction 

In addition to lysogenic conversion, phages influence bacterial evolution by mediating horizontal gene 

transfer between host cells through generalised and specialised transduction (Miller, 1998).  

Generalised transduction occurs at the late stage of the phage lytic life cycle when phages accidentally 

package fragmented bacterial chromosomal or plasmid DNA in place of the viral DNA thereby 

transferring the bacterial DNA to new host cells (Davison, 1999) (Fig.1.4a).  Specialised transduction 

results from inaccurate excision of prophage genome during phage induction.  The flanking bacterial 
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DNA is excised along with the viral genome and integrates into new host cells in subsequent phage 

infection (Abedon, 2008) (Fig 1.4b). 

 

Previous studies have indicated that wild Salmonella isolates commonly carry prophages that are 

released spontaneously and continuously.  Among these released phages the majority (>90%) are 

capable of generalised transduction of chromosomal and plasmid markers (Schicklmaier and Schmieger, 

1995; Schicklmaier et al., 1998).  Furthermore, transduction of antibiotic resistance genes has been 

demonstrated in in vitro and in vivo experiments using phages induced from wild Salmonella isolates 

(Schmieger and Schicklmaier, 1999; Tan, 2010).  Taken together these findings suggest that 

generalised transduction in Salmonella is likely to occur frequently due to the abundance of transducers 

and potential hosts.  The data also highlights the importance of phages in mediating spread of antibiotic 

resistance determinants, and potential virulence determinants for this organism.   

 

1.3.6.3   Impact of lysogeny on bacterial genome diversification 

With the availability of multiple genomic sequences of Salmonella strains, comparative genomic studies 

are largely facilitated which provide insight into the processes Salmonella can undergo to diversify.  A 

pair-wise genomic comparison of S. Typhi Ty2 and CT18 indicated that there is at least 98% genomic 

similarity between these two strains (Deng et al., 2003).  The genomic variations between these two 

strains are partially due to parts of the seven prophages that are unique to the strains (Deng et al., 

2003).  Similar findings were also illustrated from the comparative genomic studies on S. Typhimurium.  

A genomic subtractive hybridisation study performed by Hermans et al. (2005) indicated that the DNA 

sequences uniquely present in S. Typhimurium DT104 rather than S. Typhimurium LT2 are mainly 

prophage sequences.  These sequences were found to be homologous to loci of prophages ST64B and 

ST104.  Furthermore, a microarray study performed by Cooke et al. (2007) indicated that prophage 

sequences contribute in diversification of S. Typhimurium DT 104 phage group.  In the study the DT 104 

strains generated PFGE profiles different from that of the reference DT104 strain (NCTC 13348) at 

bands mainly corresponding to prophage sequences (Cooke et al., 2007).  In all, these studies indicated 

that not only prophage elements are abundant in Salmonella genomes, their presence also contribute 

significantly to the genetic diversity of Salmonella. 

 

1.3.7   Bacteriophage evolution 

It is to be expected that genetic variation between strains of a bacterial species will be increased from 

prophage integration.  This is due to phage genomes evolving principally through horizontal gene 

exchange with other phages (Brüssow and Desiere, 2001).  This proposal of phage evolution was first 

indicated from a heteroduplex analysis in which the genomes of any two lambdoid phages of E. coli 

showed regions of sequence similarity separated by non-homologous sequences (Simon et al., 1971).  
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Fig. 1.4a Generalised transduction – Any part of the donor bacterial DNA has 
the chance to be transferred to recipient bacterial cells
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cells locate adjacent to the prophage DNA has the chance to be transferred to 
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Similar genetic relationships are also seen among other phage groups including mycobacteriophages 

and phages of lactic acid bacteria for which multiple phage sequences are available (Ford et al., 1998; 

Brüssow and Desiere, 2001).  This mechanism of phage evolution was first officially termed the modular 

exchange theory of phage evolution by Susskind and Botstein in 1978 (cited in Hendrix 2002). 

 

Although the mosaic relationships are far more apparent among phages infecting related hosts (e.g. 

enteric hosts include E.coli and Salmonella), gene sharing between phages of distinct hosts has also 

been observed (Hendrix et al., 1999; Juhala et al., 2000; Mmolawa et al., 2003).  One well known 

example is the actinophage φC31 infecting Streptomyces species which has head proteins similar to 

those of lambdoid phages HK97 and HK022 (Hendrix et al., 1999).  Several other genes also encode 

proteins similar to those of mycobacteriophages L5, D29 and TM40 (Hendrix et al., 1999).  Salmonella 

phage ST64B is the other phage composed of genes from diverse phage groups (Mmolawa et al., 2003).  

Overall its genome architecture is similar to that of the lambdoid phages, and most of the head genes 

show similarity to phage HK97 and HK022 (Mmolawa et al., 2003).  In contrast, most of the remaining 

genes encoding proteins showed similarity to that of phages infecting Lactococcus, Pseudomonas, 

Caulobacter, Agrobacterium, and Streptomyces (Mmolawa et al., 2003).  Taken together these 

observations suggest that all phage genomes are constructed with genes derived from one large 

common gene pool, and thus they display high genetic diversity which will be brought onto bacteria 

upon integration (Hendrix et al., 1999; Hendrix et al., 2003).  

 

1.4   AIM OF THE STUDY 

 

Development and evaluation of new typing approaches have mostly been carried out for the globally 

significant serovars namely S. Typhimurium, S. Enteritidis and S. Typhi.  As discussed earlier, among 

the recently proposed typing approaches, MLVA and MAPLT have been shown to not only possess high 

differentiating ability, but also require simple techniques to carry out and provide objective typing data.  

In this study, the typing capacity of MLVA and MAPLT will be investigated for the Salmonella serovars 

that are of public health significance particularly in Australia including S. Virchow, S. Bovismorbificans 

and S. Heidelberg.  The serovars are among the ten most commonly isolated serovars from humans in 

the recent years and have been implicated in food-borne outbreaks (ASRC Annual Reports 2000-2009).  

This study also seeks to further advance the level of strain differentiation through combining the use of 

MAPLT and MLVA. 
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The specific objectives involved in this study include: 

 Isolation of phages residing in the clinical isolates of serovars under the study 

 Identifying the phage loci that can be detected for strain differentiation in each serovar  

 Examining the utility of published MLVA loci for differentiation within the serovars under 

investigation 

 Determining the differentiating ability of the developed MAPLT, MLVA, and the combined 

MAPLT/MLVA through comparing with PFGE 

 Genetically characterising phages of which the gene loci are frequently detected to elucidate the 

potential significances of these phages to Salmonella. 



 | 37  
 

CHAPTER 2   GENERAL MATERIALS AND METHODS 

 

2.1 MEDIA 

 

2.1.1   Solid media 

Solid media used to cultivate Salmonella isolates included Xylose-Lysine-Desoxycholate (XLD) medium 

(0.3% yeast extract, 0.5% L-lysine HCl, 0.38% xylose, 0.75% lactose, 0.75% sucrose, 0.1% sodium 

deoxycholate, 0.5% sodium chloride, 0.68% sodium thiosulphate, 0.08% ferric ammonium citrate, 

0.008% phenol red, 1.25% agar, pH 7.4) and Columbia horse blood agar (HBA) medium (2.3% special 

peptone, 0.1% starch, 0.5% sodium chloride, 1% agar, 5% defibrinated horse blood).  These media 

were purchased from Oxoid Australia, Thebarton, South Australia.  Selection of the chemically 

transformed E.coli TOP10 cells containing plasmid pCR®2.1®-TOPO® (Invitrogen) with DOP-PCR 

fragments was done on Luria Bertani (LB) agars (1% trypone, 0.5% yeast, 0.5% sodium chloride, 1% 

agar) supplemented with 100µg/ml ampicillin, 50µg/ml kanamycin and 40mg/ml X-gal in 

dimethylformaide.  The LB media were prepared by adding 1% No.1 bacteriological agar (Oxoid 

Australia, Thebarton, South Australia) to LB broth that were purchased from the Media Production Unit 

(MPU), SA Pathology, Adelaide, South Australia.  Bacteriophage propagation, isolation and plaque 

assay were carried out on Salmonella lawns that were grown on LB media.  The LB media was 

prepared by adding No.1 bacteriological agar (Oxoid) to LB broth purchased from MPU to the required 

concentration.  Alternatively, the LB media was prepared by dissolving in distilled water the powdered 

DifcoTM LB broth, Lennox (Becton, Dickinson and Company, Sparks, MD, US) according to the 

manufacturer’s instructions, followed by adding No.1 bacteriological agar (Oxoid) to the required 

concentration.  All inoculated plates were incubated at 37C overnight. 

 

2.1.2   Liquid media 

The two liquid media used for general bacterial cultivation were LB broth and BHI broth.  LB broth was 

either purchased from MPU, SA Pathology, Adelaide, South Australia (1% trypone, 0.5% yeast, 0.5% 

sodium chloride), or prepared by dissolving the powdered DifcoTM LB broth base, Lennox (Becton, 

Dickinson and Company, Sparks, MD, US) in distilled water as per manufacturer’s instructions.  BHI 

broth (1.25% calf brain infusion solids, 0.5% brain heart infusion solids, 1% protease peptone, 0.5% 

sodium chloride, 0.2% glucose, 0.25% disodium phosphate, pH 7.4) was obtained from Oxoid Australia, 

Thebarton, South Australia.  Recovery of the chemically competent E.coli TOP10 cells after heat shock 

treatment used SOC medium (2.4% Oxoid tryptone, 2.4% Oxoid yeast extract, 10mM NaCl, 2.5mM KCl, 

10mM MgCl2, 10mM MgSO4, 20mM glucose).  All cultures were incubated at 37C with shaking in an 

Orbital Mixer Incubator (Ratek Instrument, Australia).  Salmonella isolates were stored in Snap freeze 
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medium (1.7% bacto tryptone, 0.3% bacto soyatone, 0.25% bacto dextrose, 0.5% NaCl, 0.25% K2HPO4, 

10% glycerol) at -80C.  This was purchased from Oxoid Australia, Thebarton, South Australia. 

 

2.2   CHEMICALS AND REAGENTS 

 

The following AnalR grade chemicals were used.  Ethylene-diaminetretra-acetic acid (EDTA, disodium 

salt) was purchased from Biolab, Clayton, Australia.  Glycerol and potassium chloride (KCl) were 

purchased from Ajax Fine Chemicals, Seven Hills, Australia.  Boric acid, isopropanol, phenol (saturated 

with Tris-HCl, pH 8, 1mM EDTA), sodium hydroxide (NaOH), sodium lauroyl sarcosine and Tris 

(hydroxymethyl) aminomethane were purchased from Sigma-Aldrich, St Louis, MO, US.  Chloroform, 

dimethylformaide, isoamyl- alcohol, gelatin, glucose, magnesium sulphate (MgSO4), sodium acetate, 

sodium chloride, sodium deoxycholate, ethidium bromide, xylene cyanol and bromophenol blue that 

were used to make 2x DNA loading buffer were purchased from BDH Chemicals, Poole, England.  

Ethanol, hydrochloric acid, glacial acetic acid and magnesium chloride (MgCl2) were obtained from 

Merck Chemicals, (Darmstadt, Germany), while mitomycin C and X-gal (5-bromo-4-chloro-3-indolyl-ß-D-

galactopyranoside) were purchased from Roche Diagnostics (Mannheim, Germany).  Nucleic acid dye 

GelRedTM in 10,000x concentration was obtained from Biotium, Hayward, CA, US. 

 

Electrophoresis grade reagents were all obtained from BioRad Laboratories, Hercule, CA, US.  These 

included the CertifiedTM molecular biology agarose powder for electrophoresis of PCR products; the low 

melt preparative grade agarose powder for preparation of plugs for embedding whole bacterial genomic 

DNA; the pulsed field certified agarose powder for pulsed-field gel electrophoresis (PFGE). 

 

For PCR, the four deoxyribonucleotide triphosphates (dATP, dTTP, dGTP and dCTP) were purchased 

from GE Healthcare (Buckinghamshire, UK).  The 100bp molecular weight marker used to estimate the 

sizes of the amplified PCR products were obtained from New England Biolabs (Buckinghamshire, UK). 

 

2.2.1   Antibiotics 

Antibiotics were added to either solid or liquid media to select for or to maintain transformants.  Final 

concentration of 100µg/ml ampicillin (Sigma-Aldrich, St Louis, MO) and 50µg/ml kanamycin (Boehringer 

Mannheim, Germany) was added to LB agar plates. 

 

2.2.2   Oligonucleotide primers 

The purified synthetic oligonucleotide primers were purchased from Geneworks (Thebarton, South 

Australia) and Applied Biosystems (Foster City, CA, US).  Primers were resuspended in sterile water to 

a stock concentration of 100µM that were stored in -20C.  Primers used to amplify prophage loci 
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throughout the study are listed in Table 2.1b that were constructed based on the phage genomic 

sequences listed in Talbe 2.1a, unless otherwise indicated.  Primers amplifying the targeted MLVA loci 

are listed in Table 2.2 respectively.  The remaining primers used in this study were described with the 

context. 

 

2.2.3   Enzymes 

AmpliTaq Gold® DNA polymerase and the associated reagents including 10x buffer II (100mM Tris, 

100mM KCl) and 25mM MgCl2 were purchased from Roche Diagnostics, Mannheim, Germany.  

Restriction endonucleases SmaI, XbaI and HindIII were purchased from New England Biolabs, 

Buckinghamshire, UK.  These enzymes were used with the provided appropriate 10X buffer and 1% 

BSA (bovine serum albumin). Lysosome, DNase I and RNase A were obtained through Boehringer 

Mannheim (Mannheim, Germany).  Proteinase K was from Merck Chemicals (Darmstadt, Germany) and 

lysostaphin was from Sigma-Aldrich (St Louis, MO, US).  The TA Cloning® Kit and the chemically 

competent E.coli TOP10 cells were bought from Invitrogen, Carlsbad, CA. 

 

2.3   BACTERIAL ISOLATES 

 

All Salmonella isolates were obtained from the Australian Salmonella Reference centre (ASRC) (SA 

Pathology, Adelaide, Australia), where the serotypes and the phage types of the Salmonella isolates 

were previously identified.  The Salmonella isolates used in this thesis are listed in Appendix 1.1-1.3, 

unless otherwise indicated.  All bacterial isolates were maintained in snap freeze medium at -80C.  

Fresh cultures were prepared by removing a small aliquot of the frozen stock and inoculating onto the 

solid medium.  Plates were incubated overnight at 37C. 

 

2.4   EXTRACTION OF BACTERIAL CHROMOSOMAL DNA 

 

Bacterial chromosomal DNA was extracted using a simple lysis method modified from (Bell et al., 2003).  

Single colonies of pure Salmonella cultures were inoculated into 2ml of BHI broth in a cell culture tray 

and incubated overnight at 37C with gentle shaking. One ml of each of the broth culture was then 

centrifuged at 16,000 g for 5 min.  The cell pellet was resuspended in 400µl of TE buffer (10mM Tris-

HCl, 1mM EDTA, pH 8.0) and boiled for 20 min to lyse cells and release DNA.  After cooling the boiled 

cell suspension on ice, it was then centrifuged at 16,000g for 7 min to deposit cell debris.  The 

supernatant containing the extracted bacterial DNA was transferred to a fresh tube and stored as DNA 

stock at -80C, while PCR was carried out using 1 in 50 diluted DNA that was stored at -20C. 
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2.5   POLYMERASE CHAIN REACTION 

 

2.5.1   PCR cycling parameters 

The same PCR cycling condition was applied for amplification of prophage loci and MLVA loci in 

MAPLT and MLVA respectively. Each reaction mixture contained 1X MgCl2-free PCR buffer, 1.0µM 

each of the forward and reverse primer, 200µM of each dNTP, 1.5mM MgCl2, 1.0U of AmpliTaq Gold® 

DNA polymerase, 2.0µl of sample DNA in a total reaction volume of 30.0µl. 

 

In order to decrease non-specific banding, a touchdown PCR program was used (Walker and Rapley, 

2000).  The touchdown PCR cycling program is shown in Fig. 2.1.  All PCR reactions were performed in 

a Corbett Research PC960G gradient thermal cycler (Sydney, Australia). 

 

2.5.2   PCR amplification of sucA gene locus 

Prior subjecting the extracted DNA samples to MAPLT or MLVA PCR reactions, PCR for housekeeping 

gene locus sucA was carried out using the PCR cycling condition as described above.  This procedure 

was done to ensure that the extracted DNA is suitable for the PCR protocol and to avoid false negative 

results.  The DNA sequence of the primers were described previously by Ross and Heuzenroeder (2005) 

and indicated as follow: 

 

sucA forward (sucAF): 5’ GCACCGAAGAGAAACGCTG 3’ 

sucA reverse (sucAR): 5’ GGTTGTTGATAACGATACGTAC 3’ 

 

2.5.3   Agarose gel electrophoresis of DNA 

All PCR amplified products were detected on a 1.5% (w/v) gels prepared in 1X TBE buffer (45mM Tris-

borate, 1mM EDTA) (MPU, SA pathology, Adelaide, Australia).  Prior to loading onto gels, aliquots of 

each amplified PCR products was mixed with 2x loading buffer (0.1% bromophenol blue, 0.1% xylene 

cyanol, 20% glycerol, 2mM EDTA) in 1:1 ratio.  Gels were run in 1X TBE buffer in a Gibco BRL model 

Horizon® 11.14 horizontal gel electrophoresis apparatus (Life Technologies, Gaithersburg, MD, US).  

Following electrophoresis, the gels were stained in a solution of approximately 2mg/ml ethidium bromide, 

or 1x GelRedTM solution and the PCR products were visualised with ultraviolet light on a model TM-36 

transmitter (UVP, Inc., CA, US). 

 

The 100bp DNA molecular weight marker was used for size estimation of the PCR products.  The DNA 

marker contains 12 DNA fragments yielded from digestion of several restriction plasmids which are 

sized as follow (in kilobases, kb): 1.517, 1.200, 1.000, 0.900, 0.800, 0.700, 0.600, 0.500, 0.400, 0.300, 

0.200 and 0.100. 
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2.6   DNA FRAGMENT SIZE ANALYSIS 

 

Length of the amplified MLVA loci was estimated using capillary electrophoresis on an ABI 3730 DNA 

sequence analyser (Applied Biosystems, Foster City, CA, US) by the Division of Molecular Pathology 

(SA Pathology, Adelaide, Australia) or Australian Genomic Research Facility (AGRF) (University of 

Adelaide, Adelaide, Australia).  Analysis of the electrophoresis results was performed using Peak 

Scanner Software version 1.0 (Applied Biosystems, Foster City, CA, US).  Peaks on the 

electrophoregrams representing the MLVA products were identified according to dye colour and size.  

The actual fragment size was then ascertained by comparing electrophoresis data with those of the 

sequenced MLVA loci that were also subjected to capillary electrophoresis. 

 

2.7 DNA SEQUENCING 

 

Prior to sequencing, amplified PCR products were purified for sequencing using QIA® quick PCR 

purification kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions.  DNA 

sequencing was undertaken using the BigDyeTM Terminator version 3.1 (Applied Biosystems, Foster 

City, CA, US).  Each 20µl sequencing reaction contained 9µl of dH2O, 3µl of provided 5x sequencing 

PCR buffer (Tris-HCl pH 9.0 and MgCl2), 2.0µl of BigDyeTM Terminators, 2.0µl of 0.4mM forward or 

reverse primer and 2.0µl of the purified PCR product.  The sequencing PCR protocol consisted of 25 

cycles of a denaturing step for 30 sec at 96C, an annealing step for 15 sec at 50C and an extension 

step for 4 min at 60C.   

 

Following amplification, the sequencing product was precipitated using isopropanol precipitation.  

Initially the sequencing product was added to 80µl of 75% isopropanol and 1µl of glycogen.  Each tube 

was then vortexed vigorously and left at room temperature for one hour before pelleting by 

centrifugation at 16,000g for 30 min.  The supernatant was removed and the DNA pellet was washed 

twice in 250µl of 75% isopropanol with a step of centrifugation at 16,000g for 5 min.  The supernatant 

after each wash was discarded and in the end the DNA pellet was dried in vacuo to remove residual 

isopropanol. 

 

Sequencing of the amplified product was performed on an ABI 3730 DNA sequence analyser (Applied 

Biosystems, Foster City, CA, US) by the Division of Molecular Pathology, SA Pathology, Adelaide, 

South Australia.  Analysis of sequence data was performed with Kodon version 3.5 (Applied Maths, 

Kortijk, Belgium), and tested against sequences in the GeneBank database using BLASTN (Available 

from: http://ncbi.nlm.nih.gov/blast/) (Altschul et al., 1990).  
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2.8   PULSED-FIELD GEL ELECTROPHORESIS (PFGE) 

 

2.8.1   Agarose plug preparation  

PFGE was performed according to Maslow et al. (1993).  Pure bacterial cultures were first grown on 

HBA plates and single colonies were then inoculated into 10ml BHI broths followed by overnight 

incubation at 37C with gentle shaking.  To each of the 2.5ml of Salmonella broth cultures, 5ml of cold 

PIV buffer (10mM Tris, 1M NaCl, pH 8.0) was added and then centrifuged at 8,000 g for 25 min at 4C in 

a Beckmann JA2-21 centrifuge rotor to ensure integrity of bacterial DNA.  For Staphylococcus aureus 

strain NCTC 8325 marker DNA, 5ml of broth culture was added to 5ml of cold PIV buffer following by 

centrifugation as described.  The PIV buffer (supernatant) was then decanted from the cell pellet and 

1ml of fresh PIV buffer was added to the cell pellet on ice. 

 

Low melt preparative (LMP) grade agarose (1.3% w/v) was dissolved in PIV buffer by steaming for 30 

min. Consequently, 1ml of molten agar was added to each fresh tube in a 50C heating block.  The cell 

pellet was resuspended and decanted completely to the molten agar.  Approximately 400µl of the agar 

was then loaded into a chilled plug mold and kept at 4C for solidification. 

 

2.8.2   Cell lysis  

Each agarose plug was soaked in 4ml lysis solution and incubated overnight at 37C with gentle shaking.  

Lysis buffer for Salmonella and S. aureus both contained 6mM Tris pH 7.6, 1M NaCl, 100mM EDTA 

pH7.6, 0.2% sodium deoxycholate, 0.5% sodium lauroyl sarcosine, 1mg/ml lysosome, however lysis 

buffer for Salmonella also contained 10 mg/ml of RNAse I and the lysis buffer for S. aureus also 

contained 20 U lysostaphin. 

 

After an overnight incubation, the lysis solution was discarded and replaced with ESP buffer (0.5M 

EDTA pH 8.0, 10% sodium lauroyl sarcosine and 100 µg/ml proteinase K) twice and then incubated 

overnight at 50C with gentle shaking. 

 

2.8.3   Restriction endonuclease digestion 

A small slice (approximately 1mm thick) of each of the agarose plugs was washed twice in TE buffer 

(10mM Tris-HCl, 1mM EDTA, pH 8.0) for 2 hours followed by 2 more washes for 1 hour each at 37C 

with gentle shaking.  Restriction enzyme mix (100µl) containing 20 U SmaI restriction enzyme, 1x 

restriction enzyme buffer and 100µg/ml of bovine serum albumin was then added to each agarose plug 

and incubated overnight.  Agarose-embedded DNA of all Salmonella isolates were digested with XbaI at 

37C, while S. aureus NCTC 8325 marker DNA was digested with SmaI at 30C.  
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2.8.4   Pulsed-field gel electrophoresis 

Pulsed-field gels (1% w/v) were prepared by dissolving pulsed field certified agarose (BioRad 

laboratories, Hercules, CA, US) in 0.5x TBE (45mM Tris-borate, 1mM EDTA) and soaked overnight at 

4C in the same buffer to improve performance of the gels.  The restriction enzyme mix was discarded 

and the agarose plugs were loaded into the wells of the gels.  Agarose plugs containing the reference 

organisms were loaded evenly throughout the gel.  Melted low melt preparative grade agarose (1% w/v) 

prepared in 0.5x TBE (45mM Tris-borate, 1mM EDTA) was then pipetted onto each well and allowed to 

solidify before running the gels.  

 

Electrophoresis was performed on CHEF (Clamped Homogeneous Electric Field) - DRIII apparatus 

from BioRad Laboratories according to the manufacturer’s instructions in recirculating 0.5x TBE buffer 

cooled to 14C.  The electrophoresis was set with initial pulse times with 1 second, final pulse times with 

50 sec, included angle at 120o, voltage at 6 V/cm for 21 hours.  

 

2.8.5   Visualisation 

Pulsed-field gels were stained with ethidium bromide solution (0.5µg/ml in water) for 30 min and 

visualised under UV illumination on a Model TM-36 transilluminator (UVP, Inc., San Gabriel, CA, US) 

and photographed. 

 

2.9   TYPING DATA ANALYSIS 

 

Data generated from MAPLT, MLVA and PFGE were analysed using BioNumerics version 4.6.1 

software (Applied Maths, Kortrijk, Belgium).  Dendrograms were constructed according to the typing 

data of each of the methods to display the relative genetic relationship between isolates.  For MAPLT, 

the typing data were entered into the software as “1” or “0” to indicate the presence or absence of the 

amplified phage loci.  Dendrograms were constructed using the multi-state coefficient with zero 

tolerance and clustering by UPGMA (Drahovská et al., 2007).   

 

Typing data of MLVA were entered into BioNumerics as numerical values indicating fragment lengths of 

the amplified MLVA loci to construct dendrograms as described above.  When an amplified MLVA locus 

was not detected in a test isolate, a value of zero was entered.  As the annealing temperature of several 

published MLVA primers are not optimal for the PCR cycling condition used in this study; alternative 

primer pairs were designed and used.  Table 2.3 lists the formula deducing the expected fragment 

lengths that would be generated from the published primers based on the MLVA loci amplified in this 

study.  The number of repeat units in each amplified MLVA locus was determined based on the size of 

the amplified MLVA loci and the size of the franking regions using the formula in Table 2.2. 
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Dendrograms based on the composite data set from MAPLT and MLVA were constructed using the 

averaging experiment-related similarity matrices and UPGMA clustering.  For PFGE, gel images were 

normalised following by band assignments to each of the restriction patterns.  Dendrograms showing 

degree of similarity between banding patterns were generated using the Dice coefficient and 

unweighted-pair group method using arithmetic averages (UPGMA) clustering. 

 

Comparison of the discriminatory power between each of the typing methods was undertaken using 

Simpson’s index of diversity (DI) that indicates the probability of a typing method in differentiating two 

unrelated bacterial isolates from the test population (Hunter and Gaston, 1988).  The 95% confidence 

interval of surrounding each DI value was calculated as described by Grundmann et al., (2001).  The 

Simpson’s indexes and the corresponding 95% confidence intervals were calculated using online tool 

available at http://darwin.phyloviz.net/ComparingPartitions/index.php?link=Tool. 
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Fig. 2.1   Touchdown PCR program 

 

Initial denaturation 94C 10 min  

Denaturation 94C  30 sec 

Annealing  59C 30 sec 

Extension 72C 1 min 

 

Denaturation 94C  30 sec 

Annealing  58C 30 sec 

Extension 72C 1 min 

 

Denaturation 94C  30 sec 

Annealing  57C 30 sec 

Extension 72C 1 min 

 

Denaturation 94C  30 sec 

Annealing  56C 30 sec 

Extension 72C 1 min 

 

Denaturation 94C  30 sec 

Annealing  55C 30 sec 

Extension 72C 1 min 

 

Denaturation 94C  30 sec 

Annealing  54C 30 sec 

Extension 72C 1 min 

 

Denaturation 94C  30 sec 

Annealing  53C 30 sec 

Extension 72C 1 min 

 

Denaturation 94C  30 sec 

Annealing  52C 30 sec 

Extension 72C 1 min 

 

Final extension 72C 5 min  

Store 4C ∞  

 

1 cycle 

1 cycle 

1 cycle 

3 cycles 

5 cycles 

9 cycles 

10 cycles 

10 cycles 



        Table 2.1a   Table of genomic sequences applied to construct primers amplifying the prophage loci in Table 2.1b.  All genomic sequences can be found in the NCBI   

        database using the stated accession numbers.   

Genomic sequences Genbank accession number Genomic sequences Genbank accession number

P22 AF217253 ST64T AY052766

ST64B AY055382 186 U32222.1

Fels-2 AE006468 (from 2844427 to 2879233) Gifsy-1 AE006468 (from 2728552 to 2777042) 

Gifsy-2 AE006468 (from 1098187 to 1144026) ES18 AY736146 

SfV U82619.2 P1 AF035607 

P7 AF503408 S. Newport str 254 CP001113 

sopE locus AF043239 
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       Table 2.1b   Table of primers amplifying the prophage loci in chapters 3 to 5 

Phages Gene loci Gene functions Primers (5’→ 3’) Location in genomes Fragment sizes (bp) 

P22 int Integrase PintF: CATTTCCTGCAATACCGAAATCGG 

PintR: GCTGGCTTGAGCCTCACG 

3257-3717 461

sieB Superinfection exclusion 

protein 

sieBF: CGATGAACAACTCATGGTGGC 

sieBR: AGCGAGGTAAGGTATTTGTCG 

11507-12117 611

ninB NinB protein ninBF1: AACCTTTGAAATTCGATCTCCAGC 

ninBR1: CTTCGTCTGACCACTTAACGC 

16512-16891 380

ST64T/P22 gtrC O-antigen conversion gtrCF: CTACTACTCGCTATTCTTTGCGC 

gtrCR: CATTAACACCTCTGACCACATCC 

152-689 538

g17 Put. superinfection 

exclusion protein 

PT17F: GGCTGTTGTTTCTTCTTTCAGGC 

PT17R AGGAAATATGAAATTACGTGTCTGGC 

10609-10921 313

c1 CI protein PTc1F: CTTTACCAATCTGAACCGCCG 

PTc1R: CTGAGTTGTTTTGGCATAATTACTCC 

13901-14332 432

c2 CII protein PTc2F: GGAATTGTTAGAGGCCTTGCC 

PTc2R: GATTTCCCCTGATTAGCTGGG 

12886-13287 402

ST64B SB04 Portal protein SB04F: TGTCATACGACACCTATACCG 

SB04R: TGTTCTGCACCATGTGCAATG 

2513-3298 786

SB06 Major capsid protein SB06F1: ACGACAAGCGCGTTGAGGC 

SB06R1: GCTTCCACGTTGAAGAAGGC 

4394-4943 550

SB21 Put. head assembly 

protein 

SB21F1: CTGTATGGTTATATCGATTATCTGG 

SB21R1: GATTTCCTTTGCCCAGATGACG 

15411-15888 478



Phages Gene loci Gene functions Primers  (5’→ 3’) Location in genomes Fragment sizes (bp) 

ST64B SB28 Integrase SB28F1: TGCAGTCAAGAGGACGTCC 

SB28R1: TGCCGATATGCTGATCTGGC 

21366-21994 629

SB38 CI protein BIM1F: ATGGTGGCCTTGTCGACGC 

BIM1R: GCTAACGTGAAGGATTTGTTCCG 

28028-28502 474

186 gene P Endolysin P186PF: TCACCGATTACAGCGACCAC

P186PR: TGGTGACCAGCTTTTCGAGAC 

7877-8200 324 

gene O Baseplate protein P18BPF: GTGCGATTCGTAACCTCATCC 

P18BPR: GTTTGTTGGTGCATACCACCT 

9763-10215 453 

gene G  Tail protein P186GF: GACGTTCTCTCGATGACGATG 

P186GR: CAATGGCACTACCGGTAACAG 

17385-18198 814

cII CII protein P186cIIF: GACATAGCGGGATTAGTCTGC 

P186cIIR: GTCACAACATGGCGAAGCTG 

23499-23892 394

Fels-2 STM2695 Putative late control 

protein D 

Fels2lateF: GCCGGATAAACAGCAGGTTC 

Fels2lateR: AAGACGTGACGACGGTGATG 

2845247-2845744 497 

STM2697 Tail protein Fels2GF: CTTCATTGAGCGCAAGACGC 

Fels2GR: CGTCTGCAGGTGATTCTTAATGC 

2848716-2849082 366 

STM2714 Lysis regulatory protein Fels2lysBF: TGACCTTTCCAGACGGCACT 

Fels2lysBR: TGGTTCTGGCGCTGGTACTT 

2859042-2859437 395 

STM2719 Small terminase subunit Fels2TerF: TGTCATTGCGCAGTCTGCG 

Fels2TerR: CTATGACCTGATGCTGCTGC 

2861311-2861864 553 
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Phages Gene loci Gene functions Primers (5’→ 3’) Location in genomes Fragment sizes (bp) 

Fels-2 STM2723 Portal protein Fels2portF: ATCACAGCTCACCGATAGCAG 

Fels2portR: CATCATGTCATCACGGCTTACG 

2866018-2866646 628 

STM2736 CII protein Fels2cIIF: TGTATGGAAACGGCAGCCAG 

Fels2cIIR: GTCACAACATGGCGAAGCTG 

2875360-2875723 363 

STM2738 CI protein Fels2cIF: TAAGGCTTACAATTTCAGCTCACG 

Fels2cIR: ACTACAATTTTGTTGCCTGGAACG 

2876238-2876726 488 

STM2739 Integrase Fels2intF: AGATGGCGTGCTTATGTCGC

Fels2intR: GTGAGCGTAAACCATCGTCA 

2877177-2877771 594 

Gifsy-1 STM2584 Type III secretive protein 

(GogB) 

Gifsy1gogBF: ACTGCTCATCATGTTACCTCTATTC 

Gifsy1gogBR: GCAGGTTGGTATTTCCCATGC 

2729177-2729779 603 

STM2608 Terminase large subunit Gifsy1AF: GATCACGCATCCATTATGTTCAC 

Gifsy1AR: TATTCCCGTACCGCTTACCAC 

2756675-2757449 775 

Gifsy-2 STM1005 Integrase Gifsy2intF: CGCTCTTCTCTGACATCCAC 

Gifsy2intR: ACGACAGACGAGTTCATCAGG 

1098308-1098911 604 

STM1032 Putative capsid protein Gifsy2CapF: GTGACGCAATGGTACAGGATG 

Gifsy2CapR: TGTCTTCACTTCCGGCATTATC 

1120027-1120674 648 

STM1048 Host specificity protein J Gifsy2JF: CGTAAGGCGTATGACGTTCTG 

Gifsy2JR: CTGCGACTGAATCTCCGTACT 

1133788-1134393 606 



Phages Gene loci Gene functions Primers (5’→ 3’) Location in genomes Fragment sizes (bp) 

Gifsy-1/2 STM2619/ STM1021 Unknown (NinG) GifsyninGF: ACACTGAAGATGGATGTTGAAGC 

GifsyninGR: GCCGTAAGTGCGCAAACAAAG 

^2763906-2764306 401 

STM2632/ STM1008 Exodeoxyribonuclease  GifsyRecF: CTAAAGACAATATGACCTGGACG 

GifsyRecR: GAATAGCCGATACACGGTTGC 

^2771241-2771795 555 

STM2594/ STM1041 Tail protein GifsyHF: TACAGCAGCATCGGCATACTG 

GifsyHR: GCAGGCAATGGCAATGGTATC 

^2744517-2745177 661 

SopEφ sopE Type III secretion protein 

(SopE) 

SopEF:  CGAGTAAAGACCCCGCATAC 

SopER:  GAGTCGGCATAGCACACTCA 

1622-1984 363

ES18 gene 9 putative coat protein ES18PCPF: TGGAACGCACAGCATGATGC 

ES18PCPR: GGACTGCACCTGAATATTCGG 

6368-6853 486

SfV orf5 Putative capsid protein SfV05F: TCCTGGCGAAAGTTGTTGAG 

SfV05R: ATCGCACACGACGGATAATG 

4688-5342 655

orf11 Tail sheath protein SfV11F: CGAATACTGCACAGGACAGC 

SfV11R: CGCTGGTATCGTTCATCTCG 

7587-8255 669

orf16 Putative tail protein SfV16F: ACGATCGCTGGTACAGATTGC 

SfV16R: TCGGGTTCAGGCAGATAAGC 

13327-14019 693

orf26 Integrase SfV26F: ATGCAGTATCATTCAGCGCAAC 

SfV26R: GCAGAGGTGAAATATGGTACG 

21050-21802 753

orf34 CI protein SfV34F: ACGCTTTGAGATAACGCTGTG 

SfV34R: GCAGGTTTATGGGAGATGGTG 

25793-26251 459

^ Locations of amplified sequences in phage Gifsy-1 genomes 
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Phages Gene loci Gene functions Primers (5’→ 3’) Location in genomes Fragment sizes (bp) 

P1 orf47 Structural lytic 
transglycosylase 

P1sitF: TGACCTTGATCGCGTACTCAC 

P1sitR: GAATCCGATGCCAAACAGAG 

2380-3079 700

P7 sit Putative structural 

injection transglyosylase 

P7sitF: TGACCTTGATCGCGTACTCAC 

P7sitR: TAGCCACCAGGAGACATCTG 

44668-45368 701

Prophage in S. 

Newport SL254 

A2929 Tail sheath SL254tailF: AGGCGGATTACCTGAAACGTC 

SL254tailR: ATATCCACCGCCTTCTTGCTC 

2861996-2862590 595 

Prophage  

from V16 

*DOP13.7 Possible tail assembly 

protein 

DOP13.7F: CGGTTAGCTCCGTGGTTAAG 

DOP13.7R: GCAGCGTTGTTGAGTTACCAG 

Not applicable 442 

Prophage  

from B33 

*M13-222 unknown M13-222F: TGAACGCCGACGCTAGTAAG 

M13-222R: TGATTGCCGGGGTATTTAGC 

Not applicable 364 

         Primers amplifying gene loci of phages P22, ST64T, ST64B were previously described by Ross and Heuzenroeder (2005).  Primers amplifying locus sopE was 

         described by Drahovská et al., (2007).  *Primers amplifying loci DOP13.7 and M13-222 were constructed based on the DOP-PCR amplified prophage loci from isolate 

        S. Virchow V16 and S. Bovismorbificans B33 respectively. 



      Table 2.2   Table of primer sequences amplifying the MLVA loci in the study and the formulae used to calculate the number of repeats from the amplified fragment  

   sizes for all the MLVA loci except STTR-3.  Locus STTR-3 is known to contain tandem repeats of two different lengths that are 27 bp and 33 bp in size (Lindstedt  

                  et al., 2003).  These two types of tandem repeats can occur variably.  Therefore the amplified STTR-3 loci with different sizes were subjected to nucleotide  

   sequencing to determine the number of tandem repeats. 

Loci Primer sequences Repeat unit (bp) Size of flanking region (bp) No. of tandem repeats 

STTR-2 STTR2F: GTTCCCTTCCAGATTACGG

STTR2R: CAGGTCTTACCACCTTGCC 

60 134 (X-134)/60

STTR-3 STTR3F: CGTTGAAAATAACGGTGGC 

STTR3R: CCTTTATCGATGGTGACGC 

27 or 33 129  Not applicable 

STTR-5 STTR5F: GCTGCAGTTAATTTCTGCG

STTR5R: TCAGTAAAACGGTGATCGC 

6 284 (X-284)/6

STTR-6 STTR6F: CAGATTTTTCACCATCTGCGC 

STTR6R: AGTTGCTTCAGGATATCTGGC 

6 345 (X-345)/6

STTR-7 STTR7F: GCAGCCGTTCTCACTGG

STTR7R: TCTACCGGTTCAACTTCGC 

39 261 (X-261)/39

STTR-9 STTR9F: ATGATCGACCACGATCTTGCC 

STTR9R: CAAACGACCGCTATTCGTCG 

9 217 (X-217)/9

STTR-10 STTR10F: CCATTCCTGATGCATTCTGCC 

STTR10R: CTGTCAGGGAATATCAGCAGC 

6 135 (X-135)/6

Sal02 Sal02F: CGTCAGACAGCCCATGATAC 

Sal02R: ATTGGCCTGGTGCTGCTTAG 

6 435 (X-435)/6
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Loci Primer sequences Repeat unit (bp) Size of flanking region (bp) No. of tandem repeats 

Sal04 Sal04F2: CGCCAGTTTATCTGGAAACC 

Sal04R2: CCGGCTTGTTGTTTGTGAAC 

20 344 (X-344)/20

Sal10 Sal10F: AGTGGCAGCGCGTTATTGC 

Sal10R: TTCGTGAAAACGGCGTACC 

12 640 (X-640)/12

Sal15 Sal15F: CAGTTATTGGCGTACCGGATG 

Sal15R: TGCACGGTTCTTACGTCACTG 

12 545 (X-545)/12

Sal20 Sal20F2: AGCAGCCGACACAACTTAACG 

Sal20R2: ACCATCCAGCGACGTTCATC 

3 334 (X-334)/3

Sal23 Sal23F: CCCGCACACTAAGGAGAGAC 

Sal23R: ACCGCGTTAGTGGCTAACAT 

12 214 (X-214)/12

TR1 TR1F: CTCACCAGCTTACGTTGCG

TR1R: TTGCCATGACATGTGTTTAGCC  

7 329 (X-329)/7

2628542 2628542F: CTGCCATCGGCATTACGATAC 

2628542R: ATGGAGCACAGACCACTAACG 

36 301 (X-301)/36

SE01 SE01F: AGACGTGGCAAGGAACAGTAG 

SE01R: CCAGCCATCCATACCAAGAC 

7 233 (X-233)/7

SE02 SE02F: CTTCGGATTATACCTGGATTG 

SE02R: TGGACGGAGGCGATAG 

7 168 (X-168)/7



Loci Primer sequences Repeat unit (bp) Size of flanking region (bp) No. of tandem repeats 

SHTR-1 SHTR-1F: CTGAGCCTGTAAAACGGATGG 

SHTR-1R: GCTTTCCAGGCAAGAGAGTC 

7 444 (X-444)/7

SHTR-2 SHTR-2F: AGTGACAACCTTTGCCAGTGC 

SHTR-2R: TCCTGGGTATCAATGGTGTCC 

5 242 (X-242)/5

SHTR-3 SHTR-3F: CACCCATGCAACAGAACGAG 

SHTR-3R: CAAGCACTGGCAAAGGTTGTC 

10 333 (X-333)/10

SHTR-4 SHTR-4F: CCGCTTAATCCTGAACTCCTC 

SHTR-4R: TCCTTTGTGGTCTACGCGTTC 

9 392 (X-410)/9

SHTR-5 SHTR-5F: CTGGCATACGCAAAAACAGC 

SHTR-5R: CGGGAATCGTATTCGGTCTCT 

9 400 (X-400)/9

SHTR-6 SHTR-6F: GTGTTCCCGAATCTCATCTGC 

SHTR-6R: TGGCTGGCTCAGGTTAAGAG 

9 442 (X-442)/9

SHTR-7 SHTR-7F: ACGGTCTTAAAGCCGGAACAC 

SHTR-7R: GCGCTCAATCACTTTCACCAC 

18 347 (X-347)/18

SHTR-8 SHTR-8F: TCGCAGAAGCGAAAAGAAGG 

SHTR-8R: TCTAAGCCTTTCCTCGTCCAAG 

15 292 (X-292)/15

SHTR-9 SHTR-9F: TGAGAACGCTGTGTACCAACC 

SHTR-9R: CAGATGTGCGTGTTTCTGGTC 

15 319 (X-319)/15
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           Table 2.3   Table of formulae converting the sizes of the amplified MLVA loci in this study to the fragment sizes expected from the priming sites as  

  referenced below.  

 FL = Amplified fragment length of the MLVA loci 

MLVA Loci Conversion to published amplified fragment length References 

STTR-2 FL-23 Lindstedt et al., (2003) 

STTR-3 FL-56 Lindstedt et al., (2003) 

STTR-5 FL-103 Lindstedt et al., (2003) 

STTR-6 FL-81 Lindstedt et al., (2003) 

STTR-7 FL+21 Lindstedt et al., (2003) 

STTR-9 FL-82 Lindstedt et al., (2004) 

STTR-10 FL+176 Lindstedt et al., (2004) 

Sal02 FL-340 Ramisse et al., (2004) 

Sal04 FL-190 Ramisse et al., (2004) 

Sal10 FL-469 Ramisse et al., (2004) 

Sal15 FL-368 Ramisse et al., (2004) 

Sal20 FL-189 Ramisse et al., (2004) 

Sal23 Published primer sequences used Ramisse et al., (2004) 

TR1 FL-152 Liu et al., (2003) 

SE01 Published primer sequences used Boxrud et al., (2007) 

SE02 Published primer sequences used Boxrud et al., (2007) 

2628542 FL-82 Witonski et al., (2006) 
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CHAPTER 3   MOLECULAR TYPING OF SALMONELLA VIRCHOW 

3.1 INTRODUCTION 

Non-typhoidal salmonellosis frequently manifests as an acute, self-limiting gastroenteritis that is among 

the most common food-borne infection throughout the world.  The causative agents are usually serovars 

of Salmonella enterica subspecies I with Salmonella Typhimurium and Salmonella Enteritidis implicated 

in the majority of food-borne Salmonella infections worldwide including Australia.  In contrast, 

Salmonella serovar Virchow is a less common serovar worldwide but is prevalent in certain geographic 

regions.  Recently S. Virchow was reported among the ten most common serovars isolated from 

humans in Asia, Europe and the Oceania regions between 2001 and 2007 (Hendriksen et al., 2011).  In 

Australia, S. Virchow has always been endemic, particularly in the Australian state of Queensland and 

has ranked among the 10 most common serovars from the human sources from as early as 1991 

(ASRC Annual Reports 1991-2009).  However between 1996 and 2006, the isolation rate of S. Virchow 

declined from 7.2% to 0.02%, and it was no longer ranked in the top ten of disease causing serovars 

from 2003 to 2006 (ASRC Annual Reports 1996-2006).  However in 2007, S. Virchow reappeared as 

one of the most common serovars isolated from humans and its relative isolation rate increased from 

2.7% in 2007 to 5.4% in 2009  (ASRC Annual Reports 2007-2009).  In the European region, S. Virchow 

has caused noticeably higher numbers of human salmonellosis cases in England and Wales since 1977 

(Chamber et al., 1987).  During the period of 1981 to 1990 S. Virchow was the third most common 

serovar isolated from humans at 6% (Torre et al., 1993).  S. Virchow has emerged recently in other 

countries such as Israel where it has been ranked as the second most commonly isolated serovar from 

humans since 2000 and accounted for 16 to 20% of all human non-typhoidal salmonellosis (Weinberger 

et al., 2006). 

As with most non-typhoidal Salmonella serovars, S. Virchow is a ubiquitous organism that can be 

detected in various food animals and environmental sources such as chickens, pigs, horses and 

sewage sludge (ASRC Annual Reports 1986-2009).  However poultry and related products were 

reported to be the most prevalent reservoir in endemic countries.  Recently (2000-2009), almost all 

Australian S. Virchow isolates received by the Australian Salmonella Reference Centre (ASRC) were 

from poultry and eggs (ASRC Annual Reports 2000-2009).  Likewise S. Virchow is routinely associated 

with chickens and their products and its control is deemed important in the United Kingdom (Willcocks 

et al., 1996; Threlfall, 2002).  
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Globally, most reported S. Virchow outbreaks were poultry-associated; this is expected as poultry are 

the main reservoir of this serovar (Semple et al., 1968; Maguire et al., 2000; Adak and Threlfall, 2005). 

Other food sources are also implicated in S. Virchow outbreaks such as sun-dried tomatoes and 

processed milk products (Usera et al., 1998; Taormina et al., 1999; Bennett et al., 2003).  Severe 

clinical outcomes have been reported from S. Virchow outbreaks where infants developed meningitis 

and bacteraemia through the consumption of contaminated powdered infant formula (Ruiz et al., 1995; 

Usera et al., 1998).  Systemic S. Virchow infections in young children have also been reported in 

Australia and the United Kingdom (Messer et al., 1997; Ispahani and Slack, 2000).  A recent study from 

Israel showed that S. Virchow exhibits a higher invasiveness in children less than 2 years old and 

causes more life-threatening extra-intestinal infections than other common Salmonella serovars 

including S. Typhimurium and S. Enteritidis (Weinberger et al., 2004).  Therefore it is necessary to 

establish typing methods for both routine surveillance and outbreak investigations of S. Virchow 

infections.  

Bacteriophage (phage) typing is one widely used phenotypic method for differentiation of clinically 

significant Salmonella serovars such as S. Virchow.  The current international phage typing scheme for 

S. Virchow was developed in 1987 and comprises 13 typing phages (Chamber et al., 1987).  Fifty-seven 

lysis patterns (phage types) have been identified (Torre et al., 1993).  Phage types (PTs) 8 and 26 are 

the most predominant phage types in UK, representing 50% of the UK isolates (Torre et al., 1993). 

Australia and Spain are two countries routinely applying phage typing as well.  In Spain, the most 

frequent S. Virchow phage types detected were PTs 8, 19, and 31 in years 1990-1996 (Martín et al., 

2001), whereas in Australia the most commonly detected phage types were PTs 8, 31 and 34 during a 

similar time period (ASRC Annual Reports 1986-1996).  These results demonstrate the role phage 

typing plays in global surveillance of the S. Virchow population.  It is possible that PT 8 may be a global 

phage type predominating in endemic countries, while PT 26 and PT 34 were considered geographically 

specific to the UK and Australia respectively (Sullivan et al., 1998).  In addition, phage typing has 

indicated changes in S. Virchow populations within a particular source.  With respect to S. Virchow in 

Australia, no significant change of the incidence of predominant phage types from human sources was 

observed in recent years (2000-2009) where PT 8 is the most prevalent phage type (>50%) in most 

years (ASRC Annual Reports 2000-2009).  In contrast, there were noticeable changes in the S. Virchow 

phage type populations in chickens and eggs, based upon the S. Virchow isolates received by ASRC. 

Even though PT 8 was the most common phage type from chickens and eggs during 2000-2009, the 

proportion of PT 8 has decreased from 81.9% of the total S. Virchow derived from these sources in 

2000 to 35.5% in 2009 and is no longer as predominant (ASRC Annual Reports 2000-2009).  This 

observation suggests that non-poultry sources such as fresh produce could be sources of infections and 

outbreaks.   
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A number of S. Virchow food-borne outbreaks have been reported that were caused by the 

predominating phage types PTs 8 and 26.  In these instances, an additional typing method with further 

differentiating ability is required to identify the outbreak-related isolates from sporadic ones as phage 

typing alone may not support the link between illness and source as suggested by epidemiological 

information.  A number of molecular methods have been applied including ribotyping and plasmid 

profiling (Usera et al., 1998; Maguire et al., 2000; Martín et al., 2001).  Currently, pulsed-field gel 

electrophoresis (PFGE) is the ‘gold standard’ method for S. Virchow as with other Salmonella serovars. 

As demonstrated by Bennett et al. (2003), PFGE demonstrated an epidemiological link between the 

affected people and the food source (semi-dried tomatoes) by showing that all the PT 8 isolates had an 

undistinguishable PFGE pattern.  PFGE has also been used together with plasmid profiling and has 

shown that cases of antibiotic-resistant PT 8 infection in England between September 2004 and 

February 2005 were due to the consumption of imported frozen chicken from a single supplier as well 

as identifying an outbreak in Northern Ireland in September 2004 (Adak and Threlfall, 2005).   

In a separate outbreak incident in Spain, PFGE was used in accordance with the interpretation guideline 

developed by Tenover et al. (1995) to demonstrate the probable close genetic relationships (less than 3 

band differences) between the outbreak S. Virchow isolates from the patients and the contaminated 

infant formula that were otherwise separated by phage typing into phage types 4, 4a and 2 (Usera et al., 

1998).  However applying PFGE and the interpretation guideline as above was ineffective in 

investigating S. Virchow outbreaks in Israel since the Israeli S. Virchow isolates produced PFGE band 

patterns differing by one to three bands only (Weinberger et al., 2006).  Likewise, inadequate 

discrimination by PFGE was also observed for the multi-resistant S. Typhimurium DT 104 and S. 

Enteritidis PT 4 where there was only a small number of PFGE profiles generated from isolates of these 

phage types in the endemic countries (Malorny et al., 2001; Liebana et al., 2002; Lindstedt et al., 2003; 

Lukinmaa et al., 2006; Beranek et al., 2009).  All these findings have necessitated the development of 

alternative high-resolution typing methods that are able to provide robust and objective strain 

differentiation. 

Multiple-locus variable-number tandem repeat analysis (MLVA) is one new typing methodology that is 

being increasingly applied for epidemiological typing of Salmonella.  The discriminatory power of MLVA 

has shown to be superior to PFGE for the homogeneous phage type groups including multi-resistant S. 

Typhimurium DT 104 and S. Enteritidis PT 4 as mentioned previously (Lindstedt et al., 2003; Malorny et 

al., 2008; Beranek et al., 2009).  Multiple amplification of prophage locus typing (MAPLT) is another 

PCR-based typing approach offering high level of intra-serovar differentiation.  For the Salmonella 

serovars that have been subjected to MAPLT including S. Typhimurium, S. Enteritidis and S. Infantis, 
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improved strain separation was often demonstrated in comparison to PFGE (Ross and Heuzenroeder, 

2005a, 2008, 2009).  

This chapter describes the development of MAPLT, MLVA, and a composite MAPLT / MLVA assay for 

S. Virchow.  The differentiating ability of each of the methods was determined by comparison with 

PFGE, with emphasis on the predominating PT 8 group.  Subsequently, the method providing the 

highest resolution was further examined for its suitability for outbreak epidemiological typing.  This study 

also illustrates any long-term genetic relationship between the PT 8 populations in the past and the 

present time. 

3.2 MATERIALS AND METHODS 

Bacterial genomic DNA extraction, PCR procedures for MAPLT and MLVA, and the PFGE protocol 

were described in Chapter 2.  The prophage loci examined in this chapter were either previously 

described or identified in this study as described below.  The primers constructed to amplify the targeted 

prophage loci can be found in Table 2.1b.  All tested MLVA loci were previously published and the 

primers amplifying these MLVA loci are listed in Table 2.2.  The typing data were analysed as described 

in Chapter 2. 

3.2.1   Bacterial isolates 

A total of sixty-two S. Virchow isolates were used in this study (Appendix 1.1).  Among these isolates 

forty-three of which were isolated between 2005 and 2008 from various sources and geographic 

locations within Australia.  The remaining isolates were collected in 1998 and eleven were implicated in 

the S. Virchow PT 8 sun-dried tomatoes outbreak (Bennett et al., 2003) (Appendix 1.1).  All isolates 

were obtained from the Australian Salmonella Reference Centre (ASRC), SA Pathology, Adelaide, 

Australia.  The serotypes and the phage types of these isolates were determined previously by ASRC.   

3.2.2 Detection and propagation of inducible bacteriophages 

Inducible phages integrated in the S. Virchow isolates were detected and genetically characterised in 

order to design MAPLT primers.  The procedure involved two broad tasks that began with detecting and 

propagating temperate phages that were integrated in the isolates, then carrying out sequencing of the 

extracted phage genomic DNA. 
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3.2.2.1   Bacteriophage induction 

Small-scale induction: Bacteriophages were induced from isolates as described by Gemski et al. (1978) 

and Yee et al. (1993).  Briefly 10ml of an overnight bacterial culture was diluted 1 in 100 in LB broth and 

incubated until OD600 of the culture reached 0.3 that took approximately 3 hours.  Mitomycin C was then 

added at a final concentration of 1µg/ml and the culture was incubated for a further 20 hours with 

vigorous shaking.  Bacteriophages were harvested by centrifugation at 11,000 g for 20 min at room 

temperature.  The supernatant containing bacteriophages was filtered using a 0.45µm filter (Satorius 

Stedim Biotech, Hanover, Germany).  The crude lysate was stored at 4C until used for plaque assay 

and phage propagation. 

Large-scale induction: Large-scale (100 to 500ml) of phage induction was carried out using the following 

protocol modified from that of Brown et al. (1994).  This method concentrated phages from lysate by 

centrifugation (Brown et al., 1994).  To the filtered lysate as prepared above using a 0.45µm filter 

(Millipore Corporation, Bedford, MA, US), 5µg/ml of DNase and 5µg/ml of RNase were added followed 

by incubation at 37C for 30 min with gentle shaking to remove bacterial nucleic acids.  The lysate was 

then centrifuged at 10,000g for one hour at 4C and the supernatant was discarded.  The phage pellet 

was resuspended in 4ml of SM buffer (0.58% NaCl, 0.2% MgSO4.7H2O, 5% 1M Tris pH7.5, 0.01% 

gelatin solution) for storage at 4C till use for DNA extraction. 

3.2.2.2    Plaque assay 

Spot-test of the mitomycin C lysates onto lawns of indicator bacterial strains was performed to detect 

any induced putative phages.  A lawn of indicator strain was prepared by adding 500µl of overnight 

broth culture of indicator strain was added to 9ml of molten 0.5% LB agar (top agar layer).  After 

vortexed briefly this was poured into a 150mm (diameter) MH plate.  When the top agar layer was set, 

10µl of each of the mitomycin C lysates was spotted onto the bacterial lawn, allowed to dry and 

incubated overnight at 37C.  Any phages that were present and infective to the indicator strains were 

detected by plaque formation (An example can be seen in Fig. 3.1-step 2). 

3.2.2.3   Bacteriophage propagation 

Bacteriophages were propagated to increase yield of DNA that would be extracted in the next step. 

Phage stocks were prepared using the plate lysate method on 150mm (diameter) plates.  The indicator 

strain was prepared by growing overnight cultures in LB broth that was supplemented with 5mM calcium 

chloride in a 1 in 100 dilution until OD600 of the culture reached 0.3. 
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For each phage plate, a total of 1ml of phage and bacteria mixture was prepared by adding 300µl of 

mitomycin C phage lysate to 600µl of the bacterial culture (Tan, 2010).  The phage-bacteria mixture 

was incubated at 37C for 15 min to allow phage absorption.  Subsequently the mixture was added to 

9ml of molten 0.5% LB agar, mixed gently and poured onto a MH plate and allowed to solidify.  All 

plates were incubated for 8 to 12 hours at 37C.  After incubation, 5ml of SM buffer was added onto each 

plate and all plates were left on bench for 2 hours to allow phage elution.  To maximise the yield of 

phages, top agar layer and phages eluted in the SM buffer were both transferred into sterile centrifuge 

tubes.  Phages were then recovered by centrifugation at 3220 x g for 20 min following by filtration of the 

supernatant using 0.45µm filters.  Phage titres were determined as described below and in most cases 

the final titre was around 106 to 108 pfu/ml. 

 

3.2.2.4   Determination of bacteriophage titres 

Serial dilutions of each phage lysate were made to a dilution factor of 10-10 on 96 well microtitre trays 

(BD Falcon, Franklin Lakes, NJ, US).  In each well, 10µl of bacteriophage suspension was added to 

90µl of SM buffer then mixed well by pipetting.  The lawns of bacterial indicator strains were prepared 

on 90mm (diameter) MH plates.  Procedure involved was the same as above but used a reduced 

amount of 200µl of bacterial broth culture and 3ml of molten 0.5% LB agar.  An aliquot of 10µl of each 

dilution was transferred on a lawn of indicator strain, starting from the most diluted sample.  Spots were 

allowed to dry at room temperature then plates were incubated overnight at 37C.  The number of 

plaques was counted at spots where individual plaques could be observed, and the number of plaque 

forming units (pfu) per ml was calculated.  For example: if there were 5 plaques seen on the spot of a 

10-6 dilution, the pfu/ml in that well would be 500 pfu/ml and hence the titre of the initial bacteriophage 

suspension would be determined as 500 x 106 pfu/ml or 5 x 108 pfu/ml. 

 

3.2.3   Genetic characterisation of induced bacteriophages  

3.2.3.1   Bacteriophage DNA extraction  

Prior to DNA extraction, phage suspensions were further concentrated by centrifugation at 37,548 x g 

for 2 hours at 4C in a Beckman OptimaTM TLX Ultracentrifuge with a TLA 100.4 rotor.  Supernatant was 

discarded and a glassy pellet of phage particles was visible at the bottom of the tube.  To the phage 

pellet, 500µl of SM buffer was added and the tube was kept overnight at 4C to resuspend the phage 

particles. 

 

To release DNA from phage particles, the phage suspension was extracted once with an equal volume 

of phenol, then twice with chloroform.  For each extraction, the suspension was mixed vigorously for 30 

sec and centrifuged at 16,000 x g for 5 min in order to separate the phases.  Phage DNA in the aqueous 

phase was precipitated using 0.1 volume of 3M sodium acetate (pH 7) and 100% ethanol overnight at -
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20C.  The phage DNA was pelleted by centrifugation at 16,000 x g for 30 min the next day.  After the 

supernatant was discarded the phage DNA pellet was washed twice in 70% alcohol with centrifugation 

at 16,000 x g for 5 min to remove salt.  The phage DNA pellet was air-dried for 10 min and re-dissolved 

in sterile water. 

3.2.3.2   DNA quantification 

The concentration of extracted phage DNA dissolved in dH2O was determined through absorption 

measurement at 260nm using the NanoDropTM 1000 Spectrophotometer (Thermo Fisher Scientific Inc., 

Wilmington, DE, US) according to the manufacturer’s instructions.  An absorption at 1.0 at A260 is equal 

to 50µg of double stranded DNA in 1ml.  

3.2.3.3   Degenerate-oligonucleotide primed (DOP)-PCR 

Degenerate-oligonucleotide primed (DOP)-PCR was carried out initially to increase the DNA yield for 

sequencing (Telenius et al., 1992).  DOP-PCR achieves universal DNA amplification through using a 

DOP-PCR primer that is an oligonucleotide with a region of degenerate sequence, and a low stringency 

PCR cycling condition at the initial PCR cycles that allow random binding and amplifications along DNA 

templates (Telenius et al., 1992; Kuukasjarvi et al., 1997).  The latter PCR cycles used a higher 

annealing temperature to amplify specifically the DOP-PCR products generated from the initial cycles. 

DOP-PCR in this study was carried out as previously described (Ross and Heuzenroeder, 2008).  For 

each 50µl PCR reaction mixture there were 1X MgCl2-free PCR buffer, 1.6µM of DOP-PCR primer, 

200µM dNTPs, 3.0mM MgCl2, 1.0 U of AmpliTaq Gold® DNA polymerase and 5.0µl of phage DNA 

suspension.  The DOP-PCR primers used are listed as follow: 

DOP2: 5’ ACTGTCCAGTGCGACCAGNNNNNNGTGG 3’ 

DOPJ: 5’ AGCAGCGACTGTCGACACNNNNNNGTGG 3’  

DOP4: 5’ ACTGTCCAGTGCGACCAGNNNNNNCAGC 3’ 

PCR reaction was performed on a Bio-Rad iCyclerTM with the cycling condition as follow: an initial 

denaturation step at 94C for 10 min; 10 cycles of 94C for 30 sec, 30C for 1 min and 72C for 5 min; 30 

cycles of 94C for 30 sec, 50C for 1 minute and 72C for 5 min, then a final extension step at 72C for 10 

min.  DOP-PCR products were visualised using gel electrophoresis and the procedure is described in 

section 2.5.3. 
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 3.2.3.4   in vitro cloning of DOP-PCR products 

Prior to cloning, the mixture of DOP-PCR products amplified from a phage genome were purified using 

QIA® quick PCR purification kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. 

An aliquot of 2.0µl of the PCR products was ligated with 1µl of the vector pCR®-2.1-TOPO (Invitrogen, 

Carlsbad, CA, US) in the presence of 1µl of the 10X ligation buffer, 1µl of the T4 DNA ligase and 8µl of 

sterile distilled water.  Ligation reaction was incubated overnight at 4C.  On the next day 2µl of the 

reaction mixture was transferred into a vial of 25µl of the chemically competent E.coli TOP10 cells 

(Invitrogen, Carlsbad, CA, US), and the mixture was incubated on ice for 30 min.  The cells were then 

heat shocked at 42C for 1 minute and transferred back to ice.  SOC broth (250µl) was added to the 

cells that were incubated at 37C with vigorous shaking for 1 hour.  Two LB plates containing 100µg/ml 

ampicillin, 50µg/ml kanamycin and 40µl of 40mg/ml X-gal were spread with 50µl and 200µl of the 

incubated culture and incubated overnight at 37C.   

White colonies were selected that presumably contained cells with ligated plasmids. Each of the 

selected white colonies was inoculated into 2ml of LB broth containing 100µg/ml ampicillin, 50µg/ml 

kanamycin.  All broth cultures were incubated overnight at 37C with gentle shaking.   

3.2.3.5   M13 PCR and sequencing 

M13 PCR was carried out to detect the cloned DOP-PCR product.  The PCR reaction mixture was 

prepared as described in section 2.5.1 and an aliquot of 2µl of each broth culture was added as PCR 

template.  The PCR cycling conditions were as follows: 1 cycle of 94C for 10 min, 30 cycles of 94C for 

30 sec, 56C for 30 sec, and 72C for 1min, and 1 cycle of 72C 10 min.  The M13 primer sequences used 

were the same as described by the manufacturer: 

M13 forward (-20) (M13F): 5’ GTAAAACGACGGCCAG 3’ 

M13 reverse (M13R): 5’ CAGGAAACAGCTATGAC 3’ 

The M13 PCR products were detected using gel electrophoresis following the procedure described in 

section 2.5.3.  Prophage sequences that were amplified as DOP-PCR products were determined 

through sequencing of the M13 PCR products.  The sequencing procedure used is described in section 

2.7.  

The complete procedure involved in detection and characterisation of phage sequences was illustrated 

in Fig. 3.1. 



Mitomycin C to induce temperate bacteriophages 

Detection of phages as plaques or lysis zones 

DNA extraction &  DOP-PCR 

Randomly amplified DOP-PCR fragments from template phage genomes 

In vitro cloning using 2.0µl of the DOP-
PCR products 

Performing M13 PCR to amplify phage DOP-PCR fragments 

Ligation of phage DOP-PCR fragments 

Transformation of vectors ligated with 
DOP-PCR fragments 

Sequencing to determine the phage DOP-PCR 

 Fig. 3.1   A flowchart showing the steps involved for determination of genomic sequences of the induced bacteriophages 
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3.3   RESULTS 

3.3.1   MAPLT 

3.3.1.1   Identification of prophage loci useful for strain differentiation 

DOP-PCR and nucleotide sequencing demonstrated that S. Virchow isolates harboured a range of 

different phage elements as indicated in Table 3.1.  MAPLT primers were constructed based on to the 

sequenced genomes of phages Fels-2 (McClelland et al., 2001), Gifsy-1 (McClelland et al., 2001), 

Gifsy-2 (McClelland et al., 2001), 186 (Finnegan and Egan, 1979), ES18 (Casjens et al., 2005), SfV 

(Allison et al., 2002), and P7 (NCBI accession number AF503408) (Table 2.1a).   A novel gene locus 

(DOP 13.7) was also detected from the lysate PV16 along with loci from coliphage 186.  The predicted 

amino acid sequence encoded by the gene locus DOP 13.7 (689 bp) was found to show similarity to 

predicted phage tail fibre proteins in putative prophages of various sequenced Salmonella strains 

thereby confirming this locus as being phage related.   

In total twenty-eight targeted prophage loci were present in at least one of the S. Virchow isolates (n = 

43) (Table 3.2).  Generally it was observed that the presence of gene loci between the aforementioned

phages varied greatly among the isolates but gene loci from the same phages were detected at a 

similar rate regardless the different functional modules they were derived from.  For example, all seven 

Fels-2 gene loci targeted were either amplified in the same five or seven isolates though they were 

located in different modules including immunity (STM2736, STM2738), lysogeny (STM2739); tail 

(STM2695, STM2697); head (STM2719), and lysis modules (STM2714) (McClelland et al., 2001) 

(Appendix 2.1). The only exception was observed from the two Gifsy-2 loci where the integrase gene 

locus was detected in almost all isolates (n = 42), but the gene locus encoding a putative capsid protein 

was detected in isolates V11 and V12 only (Appendix 2.1). 

3.3.1.2   MAPLT differentiation of S. Virchow isolates 

Based on the observations described above, nine specific prophage loci could be utilised to separate 

the isolates equally well as utilising the full twenty-eight loci (Table 3.3).  Therefore the MAPLT typing 

results presented in this chapter are based on the targeted nine prophage loci listed in Table 3.3.  There 

were fourteen MAPLT profiles observed, six of which were generated by more than one isolate and 

eight were uniquely generated by single isolates (Fig. 3.2).  There was a large proportion of PT 8 

isolates (n = 24) included in this study due to its epidemiological significance to Australia and elsewhere.  

The PT 8 isolates were subdivided into seven profiles in which 60% (n = 15) generated MAPLT profile 4 

(Fig. 3.2). 
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With regard to the non-PT 8 isolates (n = 19), these were separated into eleven MAPLT profiles (Table 

3.4).  It was shown that MAPLT did not classify these isolates in concordance with the phage types.  

Among the eleven MAPLT profiles, four (MAPLT profiles 1, 4, 7, 11) were found to contain more than 

one isolate of different phage types.  At the same time, isolates of the same or similar phage types 

included in this study generated different MAPLT profiles.  For example, the PT 31 isolate V16 was 

separated from the other PT 31 isolate V07 by additionally amplifying locus DOP13.7.  Isolates V05 and 

V10 were typed as PT 25 and PT 25a respectively.  The lysis patterns of these two phages types were 

highly similar but MAPLT separated isolates V05 and V10 by showing that isolate V05 (MAPLT profile 

11) contained the targeted Fels-2 gene locus STM2736 that was otherwise absent in isolate V10 

(MAPLT profile 1).  Simultaneously, isolate V10 contained locus DOP 13.7 that was not detected in V05. 

 

3.3.2   PFGE 

The S. Virchow isolates were also subjected to PFGE.  Seventeen PFGE profiles were observed, with 

eight profiles generated by multiple isolates and nine profiles generated by single isolates.  In general, 

PFGE did not classify the isolates in the same way as MAPLT apart from the PT 8 isolates (Fig. 3.3).  

Seven PFGE profiles were generated from the twenty-four PT 8 isolates with sixteen of which generated 

PFGE profile 4.  It was noted that all of the PT 8 isolates with the PFGE profile 4 had the MAPLT profile 

4 (Fig. 3.3).  In contrast, the remaining eight PT 8 isolates were linked differently by PFGE and MAPLT.  

For example, while PFGE clustered PT 8 isolates V29 and V57 in PFGE profile 1, MAPLT clustered 

isolate V29 with a different PT 8 isolate V24 in MAPLT profile 2, and clustered isolate V57 with V30 in 

MAPLT profile 11.  With regard to the non-PT 8 isolates, there were fourteen PFGE profiles generated.  

Similarly to MAPLT, PFGE differentiated the non-PT 8 isolates despite that they have the same or 

similar phage types (Fig. 3.3). 

 

3.3.3   MLVA 

A number of MLVA loci showing discriminative ability in the published studies were also examined in 

this chapter for differentiation of S. Virchow isolates.  In total sixteen published MLVA loci were 

analysed by selecting from the MLVA schemes for S. Typhimurium (Lindstedt et al., 2003; Lindstedt et 

al., 2004), S. Enteritidis (Boxrud et al., 2007), S. Typhi (Liu et al., 2003), and Salmonella species 

(Ramisse et al., 2004) (Table 3.5).   Only locus STTR-5 displayed allelic variation with eight alleles 

observed.  Six of the eight STTR-5 alleles were observed in the PT 8 isolates, while five alleles were 

observed in the non-PT 8 isolates.  The remaining sixteen loci either generated fragments of identical 

size or were not detected in any of the isolates. 
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       Table 3.1   DOP-PCR fragments that showed similarity to the published phage gene loci 

Published 

phages 

Lysates Indicator strains DOP-PCR 

fragments 

Phage gene loci & encoded proteins Matches in the 

published genomes 

E-value 

Fels-2 PV08 S. Enteritidis 1727 8-1 STM2697; putative tail protein 2848024-2847417 0.0 

8-2 STM2719; small terminase subunit protein 2861228-2861965 0.0 

8-3 STM2733; unknown function 2874021-2874411 7e-139 

PV05 S. Enteritidis 1727 5-1 Intergenic; between STM2699 & STM2700 2849243-2849951 0.0 

PV07 S. Enteritidis 1727 7-1 STM2697; putative tail protein 2848845-2849740 0.0 

7-2 STM2695; late control protein D 2844803-2845423 0.0 

Gifsy-1 PV10 S. Enteritidis 1727 10-1 STM2594; gene H minor tail protein 2745850-2746489 0.0 

10-2 STM2594; gene H minor tail protein 2744440-2744852 0.0 

Gifsy-2 PV15 bn/a 15-1 intergenic; between STM1048 & STM1049 1135598-1136022 0.0 

186 PV16 S. Enteritidis 1727 16-1 gene M; baseplate protein 10201-10715 0.0 

16-2 gene O; baseplate protein 9492-9909 2e-170 

16-3 orf2; capsid portal protein 121-1179 0.0 

16-4 gene G; tail protein 17076-17961 0.0 

16-5 gene W; terminase subunit protein 2877-3274 7e-177 



Published 

phages 

aLysates Indicator strains DOP-PCR 

fragments 

Phage gene loci & encoded proteins Locations in the 

published genomes 

E-value 

P7 PV01 bn/a 1-1 darB; structural head protein 19079-19398 9e-162 

1-2 gene 25; putative tail stability determining protein 79837-80298 0.0 

1-3 sit; putative structural injection transglycosylase 44197-44602 6e-146

ES18 PV14 S. Enteritidis 1727 14-1 gene 9; putative coat protein 6334-6938 0.0 

14-2 gene 16; putative tail shaft protein 9756-10049 4e-134 

SfV PV58 bn/a 58-1 orf16; tail protein 12698-13667 0.0 

58-2 orf11; tail sheath protein 8112-8465 6e-165 

ST64B PV58 bn/a 58-3 SB06; major capsid protein 4263-4838 0.0 

58-4 SB04; portal head protein 2962-3936 0.0 

 aPhage lysates induced from the test isolates.  For example, PV08 = phage lysate of isolate V08 

bn/a = not applicable 

        Indicator strain S. Enteritidis 1727 was sourced from Tan (2010) 
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                Table 3.2 Positive amplifications of prophage gene loci from the 43 S. Virchow isolates 
Prophages Gene loci Gene functions No. of positive isolates 

P22 ninB ninB protein 2 

ST64B SB04 Portal protein 1

186 gene P Endolysin 14

gene O Baseplate protein 14 

gene G Tail protein 11 

cII CII protein 14

Fels-2 STM2695 Putative control protein D 7 

STM2697 Tail protein 7

STM2714 Lysis regulatory protein  5 

STM2719 Small terminase subunit 7 

STM2736 CII protein 7



Prophages Gene loci Gene functions No. of positive isolates 

Fels-2 STM2738 CI protein 5 

STM2739 Integrase 7

Gifsy-1 STM2594 Tail protein 40

STM2608 Terminase large subunit 39 

Gifsy-1/2 STM2619/ STM1021 Unknown (NinG) 43 

Gifsy-2 STM1005 Integrase 42

STM1032 Putative capsid protein 2 

SopEφ sopE Type III secretion protein (SopE) 41 

ES18 gene 9 Putative coat protein  1 
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Prophages Gene loci Gene functions No. of positive isolates 

SfV orf 5 Capsid protein 1 

orf 11 Tail sheath protein 3 

orf 16 Tail protein 1 

orf 26 Integrase 1

orf 34 CI protein 1 

P7 sit Putative structural injection transglyosylase 3 

P1 sit Structural lytic transglycosylase 1 

A prophage in  

isolate V16 

DOP13.7 Possible tail fibre assembly protein 2 

    All prophage loci were amplified using primers listed in Table 2.1b



  Table 3.3   Primers of the MAPLT scheme for Salmonella Virchow 

Prophages Gene loci Encoded proteins Primer sequences (5’ → 3’) 

P22 ninB ninB protein a ninBF1: AACCTTTGAAATTCGATCTCCAGC 

a ninBR1: CTTCGTCTGACCACTTAACGC 

ST64B SB04 Put. portal protein SB04F: TGTCATACGACACCTATACCG 

SB04R: TGTTCTGCACCATGTGCAATG 

ES18 gene 9 putative coat protein PCPF: TGGAACGCACAGCATGATGC 

PCPR: GGACTGCACCTGAATATTCGG 

186 cII CII protein P186cIIF: GACATAGCGGGATTAGTCTGC 

Fels2cIIR: GTCACAACATGGCGAAGCTG 

186 gene P Endolysin P186PF: TCACCGATTACAGCGACCAC

P186PR: TGGTGACCAGCTTTTCGAGAC 

Fels2 STM2736 CII protein Fels2cIIF: TGTATGGAAACGGCAGCCAG 

Fels2cIIR: GTCACAACATGGCGAAGCTG 

Gifsy-1 STM2608 Terminase large subunit Gifsy1AF: GATCACGCATCCATTATGTTCAC 

Gifsy1AR: TATTCCCGTACCGCTTACCAC  

P7 sit Put. structural injection transglyosylase P7sitF: TGACCTTGATCGCGTACTCAC 

P7sitR: TAGCCACCAGGAGACATCTG 

Prophage in isolate V16 DOP13.7 Possible tail fibre protein DOP13.7F: CGGTTAGCTCCGTGGTTAAG 

DOP13.7R: TAGCCACCAGGAGACATCTG 

a Primer sequences described by Ross and Heuzenroeder (2005) 
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Fig. 3.2   Dendrogram showing the genetic relationship between the 43 S. Virchow isolates as generated by 

MAPLT results.  Symbol + indicated positive amplification of the prophage loci; symbol – indicated negative 

PCR amplification of the prophage loci.   

UN = untypable; RDNC = reacts does not conform. 

Abbreviations for Australian states: NSW = New South Wales; NT = Northern Territory; QLD = Queensland; SA 

= South Australia; WA = Western Australia; O/S = overseas travel  



       Table 3.4   MAPLT profiles generated by the 19 non-PT 8 isolates 

MAPLT profiles Phage types Isolates  Year  Sources  States 

1 25a

31 

V10 

V16 

2006 

2005 

Chicken meat 

Chicken litter 

QLD 

Not known 

2 33 V02 2007 Human QLD

3 RDNC V04 2007 Chicken litter VIC

4 bUN 

36var1 

V06 

V18 

2007 

2006 

Chicken meat 

Chicken litter 

QLD 

VIC 

7 34 

34 

11 

19 

17 

V09 

V23 

V19 

V20 

V21 

2006 

2005 

2006 

2005 

2005 

Chicken litter 

Chicken meat 

Human 

Chicken meat 

Human 

VIC 

NSW 

SA 

Not known 

SA 

9 36var1 V17 2005 Human NSW

10 aRDNC 

aRDNC 

V11 

V12 

2006 

2006 

Human 

Human  

SA 

SA 

11 17

25 

V08 

V05  

2006  

2007 

Chicken layer 

Chicken litter 

NSW 

VIC 

12 19 V01 2006 Chicken meat QLD

13 31 V07 2007 Chicken litter NSW

14 21 V14 2006 Chicken meat QLD

 a RDNC = Reacts does not conform; b UN = untypable
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Fig. 3.3   Dendrogram constructed based on the PFGE patterns of the 43 S. Virchow isolates.  The 
PFGE patterns were related by the BioNumerics program with the band tolerance level and 
optimisation both set at 1.3%. 
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  Table 3.5   MLVA loci used in differentiating the 43 S. Virchow isolates 

MLVA loci No. of alleles aNo. of tandem repeats (bno. of isolates) References 

STTR-2 1 10 (43) Lindstedt et al., (2003) 

STTR-3 1 15 (43) Lindstedt et al., (2003) 

STTR-5 8 6 (1), 8 (1), 10 (9), 11 (15),  

12 (10),13 (3), 14 (1), 15 (3)  

Lindstedt et al., (2003) 

STTR-6 Not appliable Not amplified (43) Lindstedt et al., (2003) 

STTR-7 1 9 (43) Lindstedt et al., (2003) 

STTR-9 1 2 (43) Lindstedt et al., (2004) 

STTR-10 Not applicable Not amplified (43) Lindstedt et al., (2003) 

Sal02 1 2 (43) Ramisse et al., (2004) 

Sal04 1 0 (43) Ramisse et al., (2004) 

Sal10 1 2 (43) Ramisse et al., (2004) 

Sal15 1 2 (43) Ramisse et al., (2004) 

Sal20 1 9 (43) Ramisse et al., (2004) 

Sal23 1 3 (43) Ramisse et al., (2004) 

SE01 Not applicable Not amplified (43) Boxrud et al., (2007) 

SE02 Not applicable Not amplified (43) Boxrud et al., (2007) 

TR1 1 2 (43) Liu et al., (2003) 

  All MLVA loci were amplified using primers listed in Table 2.2. 
a The number of tandem repeats contained within the amplified MLVA loci; b Number of isolates   

  amplified with the MLVA alleles.   
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3.3.4   Composite assay of MAPLT / STTR-5 

Locus STTR-5 was the only MLVA locus assessed that showed allelic variation and was incorporated 

into the 9-loci MAPLT scheme.  In total twenty-three profiles were seen from the forty-three S. Virchow 

isolates (Fig. 3.4).  There were eight profiles generated by more than one isolate and profile 3 contained 

the highest number of isolates which were all PT 8 but one isolate (V06) that was untypable by phage 

typing.  For the remaining five of the seven profiles generated by multiple isolates (profiles 4, 8, 9, 12, 

18), each was generated by isolates of different phage types.  The twenty-four PT 8 isolates were 

differentiated into twelve profiles, while the nineteen non-PT 8 isolates generated fifteen profiles. 

3.3.5   Comparison of differentiating abilities between MAPLT, PFGE and composite MAPLT / 

STTR-5 

As summarised in Table 3.6, the composite MAPLT / STTR-5 method was found to be the most 

discriminative method in this study trialled, having a Simpson’s index of diversity (DI) value over 0.9.  By 

contrast, PFGE and MAPLT both had the lower DI values of approximately 0.8.  All three methods 

differentiated the non-PT 8 isolates equally well giving DI values above 0.9 (Table 3.7).  Therefore the 

overall improved differentiating ability of the MAPLT / STTR-5 method would be due to the enhanced 

differentiation between the PT 8 isolates.  As illustrated in Table 3.7, the MAPLT / STTR-5 method 

differentiated the PT 8 isolate most extensively into twelve profiles and gave a DI value of 0.87.  In 

contrast, much lower DI values at 0.56 and 0.61 were calculated for PFGE and MAPLT respectively, 

and there were eight profiles observed from either method. 

3.3.6   Outbreak investigations using MAPLT / STTR-5 typing method and PFGE 

A set of eleven S. Virchow PT 8 isolates involved in the sun-dried tomatoes outbreak in 1998 (Bennett 

et al., 2003) together with eight epidemiologically-unrelated PT 8 isolates collected between 1996 and 

1998 were tested with both the composite MAPLT / STTR-5 method and PFGE.  The suitability of the 

composite MAPLT / STTR-5 method for outbreak epidemiological typing was assessed by comparing 

this data with that of PFGE. 

Using PFGE, the nineteen isolates were differentiated into three profiles with a maximum of two PFGE 

band differences.  All the eleven PT 8 cases from the described case-control study 1998 (Bennett et al., 

2003) generated the same PFGE profile 3 (Fig. 3.5).  It was noted that three epidemiologically-unrelated 

isolates also generated this PFGE profile including isolate V98-14, which was obtained from a patient 

during the course of the outbreak.  In regard to the remaining five epidemiologically-unrelated isolates, 

little differentiation was observed as four isolates generated an indistinguishable PFGE profile 1.  In 

comparison, the MAPLT / STTR-5 typing scheme subdivided the same nineteen isolates into six profiles 

(Fig. 3.6).  Similar to PFGE, all eleven outbreak isolates and the epidemiologically-unrelated isolate 
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V98-14 that had PFGE profile 3 (Fig. 3.5) generated MAPLT / STTR-5 profile 1.  In contrast, the four 

isolates generating PFGE profile 1 were separated into three profiles based on the allelic differences 

observed at locus STTR-5.   

 

3.3.7   Comparison of typing profiles between all PT 8 isolates  

A comparison of typing profiles from all the PT 8 isolates (n = 43) obtained for this study was also 

undertaken.  It was observed that the PFGE profile of the outbreak isolates was observed in two recent 

PT 8 isolates obtained between 2005 and 2008 in PFGE cluster A (Fig. 3.7).  For the remaining PT 8 

isolates from the 1990s, four isolates (V98-01, V98-07, V97-17 and V97-19) clustered with the majority 

of the recent PT 8 isolates in PFGE cluster B and isolate V98-15 generated a unique PFGE profile.  By 

using MAPLT / STTR-5, the eleven outbreak isolates clustered with one recent PT 8 isolate (V24) in 

MAPLT / STTR-5 cluster I, while three isolates V98-01, V98-07 and V98-17 were clustered with the 

recent PT 8 isolates in MAPLT / STTR-5 clusters II and III (Fig. 3.8).  The remaining two isolates from 

the 1990s including V98-15 and V97-19 generated individual MAPLT / STTR-5 profiles (Fig. 3.8). 
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Fig. 3.4   Dendrogram depicting genetic relationship between the 43 S. Virchow isolates based on 9 MAPLT loci 
and MLVA locus STTR-5.   

MAPLT results are presented as + (positive amplification) and – (negative amplification). MLVA results were 
presented as the amplified fragment length (in bp).  Numbers of tandem repeats were indicated in the brackets. 
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Table 3.6   Comparison of the differentiating abilities between the 3 methodologies based on the calculated 

Simpson’s index of diversity for the 43 S. Virchow isolates 

No. of primers 

used 

No. of 

profiles 

Simpson’s index of diversity (95% 

confidence interval) 

PFGE na1 17 0.83 (0.73 to 0.94) 

MAPLT 9 14 0.81 (0.72 to 0.91) 

MAPLT / STTR-5 10 23 0.94 (0.90 to 0.98) 
1na = not applicable 

Table 3.7   Differentiating ability of PFGE, MAPLT and MAPLT / STTR-5 for the 24 PT 8 isolates and the  

18 non-PT 8 isolates 

Simpson’s index of diversity (no. of profiles) 

PT 8 (n = 24) Non- PT 8 isolates (n = 19) 

PFGE 0.56 (7) 0.97 (14) 

MAPLT 0.61 (7) 0.92 (11) 

MAPLT / STTR-5 0.87 (12) 0.97 (15) 

All values illustrated in this table were derived from Fig. 3.1 (MAPLT), Fig. 3.2 (PFGE), and Fig. 3.3 (MAPLT / STTR-5) 
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Fig. 3.5   Dendrogram showing the genetic similarity between the 19 PT 8 isolates collected in late 1990s as determined by PFGE. 

The band patterns were analysed by BioNumerics program with the band tolerance level and optimisation at 0.9% and 1.1% 

respectively.  The isolates associated with the 1998 outbreak were designated with O/B. 



Fig. 3.6   Dendrogram constructed based on the MAPLT / STTR-5 typing results showing the genetic similarity between the 19 PT 8 isolates collected in 

late1990s.  Isolates associated with the 1998 outbreak were designated with O/B. 

This dendrogram also showed that using the 9-loci MAPLT scheme would have already differentiated between the outbreak isolates and the non-outbreak 

isolates the same way as PFGE. 
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Fig. 3.7   Construction of the dendrogram is based on the PFGE patterns of the 43 S. Virchow PT 8 isolates.  

The PFGE patterns were analysed by the BioNumerics program with the band tolerance level set at 1.4% 

and optimisation set at 1.3%. 

PFGE illustrates the genetic difference between the 1998 outbreak isolates (in cluster A) with the majority of 

the recently collected PT 8 isolates which are in cluster B.   

SDT = sun-dried tomatoes; O/B indicated isolates related to the PT 8 outbreak in 1998 
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Fig. 3.8   Dendrogram showing genetic relationship between all the PT 8 isolates collected in this study 

based on the MAPLT / STTR-5 typing results.  All the outbreak isolates were in cluster I that also contained 

a 2006 PT 8 isolate.  Two MAPLT / STTR-5 profiles were shared between isolates collected from the recent 

years and from the 1990s (clusters II and III).   

SDT = sun-dried tomatoes ; O/B indicated isolates related to the PT 8 outbreak in 1998 
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3.4   DISCUSSION 

Salmonella enterica serovar Virchow is one of the more public health significant Salmonella serovars 

that is endemic in Australia.  Food-borne outbreaks associated with S. Virchow have been reported and 

frequently associated with the predominating phage type 8.  As with many other Salmonella serovars, 

PFGE has been routinely employed for further differentiating within phage type groups to discriminate 

between the outbreak-associated isolates and the sporadic isolates.  While PFGE has been shown to 

be helpful in assisting in S. Virchow PT 8 outbreak epidemiological studies in endemically affected 

countries, it may be of limited use in countries such as Israel as S. Virchow has only recently emerged 

as a problem and that PFGE suggested close genetic similarities between isolates (Weinberger et al., 

2006).  Furthermore it is worthwhile to adopt new typing procedures that are comparatively simple and 

more rapid to perform than PFGE, and also provide objective typing data. 

In this study, although four typing approaches were assessed to differentiate forty-three 

epidemiologically-unrelated S. Virchow isolates, ultimately three methods, PFGE, MAPLT and 

composite assay of MAPLT / STTR-5 were examined.  As indicated from the DI values (Table 3.6), the 

9-loci MAPLT scheme could provide an equivalent level of strain differentiation as PFGE for S. Virchow. 

Furthermore, high DI values were obtained from both methods when separating the non-PT 8 isolates 

(Table 3.7), and that both PFGE and MAPLT showed the ability to detect genetic differences between 

isolates of same non-PT 8 phage types as described in sections 3.3.1.2 and 3.3.2.  These results 

suggested the high level of genetic diversity among the non-PT 8 S. Virchow isolates in general and the 

possibility of using MAPLT for routine surveillance of S. Virchow.  

Both PFGE and MAPLT clustered most of the PT 8 isolates together and that the isolates were derived 

from human and chicken-related samples.  The results suggested a possible close genetic similarity 

between PT 8 isolates from humans and chicken-related samples supporting the view that chickens are 

likely to be a common source of S. Virchow for humans in Australia as with other countries (Semple et 

al., 1968; Maguire et al., 2000; Adak and Threlfall, 2005).  As stated in section 3.3.1.2, one human PT 8 

isolate V59 generated the PFGE and MAPLT profiles different to the remaining human PT 8 isolates. 

The epidemiological information indicated that this patient had a history of overseas travel.  This result 

indicated that this case of PT 8 infection may not have been acquired in Australia, while providing 

evidence of genetic diversity in prophage populations between PT 8 isolates from different countries.   

It was noted that isolate V06 from chicken meat was not typable by phage typing and was clustered with 

the other chicken-related PT 8 isolates in PFGE profile 4 and MAPLT profile 4.  This result suggested a 

close genetic relationship between the untypable V06 isolate with the PT 8 chicken-related isolates. 
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This conclusion is supported by the strong association between PFGE profile 4 and MAPLT profile 4 

with the chicken-related PT 8 isolates, and that none of the non-PT 8 isolates from chicken-related 

samples generated PFGE profile 4.  One possible reason explaining the different phage typing result of 

the chicken meat isolate V06 is that the isolate has undergone phage type conversion from PT 8 to 

untypable, for instance through lysogenic infection by a phage not detected by MAPLT.  Phage type 

conversion have been demonstrated in a number of Salmonella serovars including Typhimurium 

(Mmolawa et al., 2002), Enteritidis (Chart et al., 1989; Rankin and Platt, 1995; Baggesen et al., 1997) 

and Heidelberg (Harvey et al., 1993).  Therefore it is also possible that this occurs in S. Virchow as 

though the changes are not reflected by PFGE or MAPLT as with a previous observation where the 

phage-type converted isolates and their parental isolates produced indistinguishable PFGE profiles 

(Mmolawa et al., 2002). 

Both PFGE and MAPLT showed similar discrimination between the S. Virchow PT 8 isolates, combining 

MAPLT with MLVA locus STTR-5 showed comparatively higher differentiating ability within this phage 

type and give the highest DI value at 0.87.  A more important observation of this study was that the 10-

loci MAPLT / STTR-5 scheme was able to confirm the identical genetic relationship between the 

outbreak isolates from 1998 (Fig. 3.6).  However as demonstrated in Figs. 3.7 and 3.8, some of the PT 

8 isolates collected in the 1990s generated the same PFGE profile and MAPLT profile as the majority of 

the recently collected PT 8 isolates.  This observation suggests there may be a persistent S. Virchow 

clone harboured in Australia that may hamper the effectiveness of MAPLT / STTR-5 method for local 

epidemiological typing.  Improved discrimination may be achieved through identifying additional MAPLT 

loci.  As suggested from this study, a diverse range of prophage elements was detected in PT 8 isolates 

including some elements that were infrequent in the S. Virchow population.  For example, isolate V64 

contained locus ninBP22 while isolate V58 contained locus SB04ST64B, and various loci of phage SfV 

targeted in the study.  All these prophage loci were rarely detected among S. Virchow isolates but were 

shown useful for subdivision within PT 8 (Appendix 2.1). 

This study suggested that development of a MLVA scheme for S. Virchow was not effective using the 

previous described MLVA loci.  In agreement with previous studies, allelic diversity of MLVA loci varied 

between serovars (Ramisse et al., 2004; Ross and Heuzenroeder, 2008, 2009).  One exception to this 

was locus STTR-5, which has displayed allelic variation in all the serovars including S. Virchow 

(Lindstedt et al., 2003; Ramisse et al., 2004; Witonski et al., 2006; Boxrud et al., 2007; Ross and 

Heuzenroeder, 2008). 
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While determining the typing values of the published MLVA loci, a search of useful loci was also 

conducted based on the draft genome of S. Virchow strain SL 491 (contig 1: NCBI reference number 

ABFH02000001; contig 2: ABFH02000002, and contig 3: ABFH02000003) (Tables 3.8a and b).  In total, 

seventy-nine regions containing tandem repeats were found and they were from contigs 1 and 2.  The 

program did not find any MLVA loci in the contig 3.  Several loci has been previously described that 

include loci STTR-2, -3, -5, -7 that were described by Lindstedt et al., (2003); and locus 2628542 that 

was described by Witonski et al., (2006).  Additionally, some of the tested MLVA loci were not 

recognised by the TRF program even though DNA sequences of these loci were found within the 

contigs, for example STTR-9, Sal02 and Sal04.  Three MLVA loci including SE01, SE02 that were 

derived from S. Enteritidis (Boxrud et al., 2007) and STTR-10 that were derived from S. Typhimurium 

(Lindstedt et al., 2004) were not recognised by the TRF program, nor were they amplified from any S. 

Virchow isolates in this study.  It was noted that loci SE01 and SE02 were also not found in S. Infantis 

(Ross and Heuzenroeder, 2008), while STTR-10 was not detected in S. Enteritidis (Ross and 

Heuzenroeder, 2009).  The results suggested that these loci are serovar specific and illustrate the 

necessity to obtain at least one sequenced genome of a serovar to effectively ascertain the MLVA loci 

that would be contained within it.  Furthermore, the availability of multiple genomes of a serovar would 

further increase the chance of identifying discriminative MLVA loci considering some MLVA loci such as 

STTR-10 may not be detected in all S. Typhimurium isolates (Ross et al., 2011) and would have been 

missed if the sequenced S. Typhimurium strain did not contain it. 
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Table 3.8a   Locations of twenty-two selected tandem repeat sequences in the S. Virchow strain SL 491 

contig 1 (NCBI accession no ABFH02000001) 

Locations in 

genome 

Repeat length 

(bp) 

No. of 

repeats 

Total SNPs (bp) Previously described 

MLVA loci 

99301 - 99358 15 3 7 

293101 - 293133 15 2 1 

315027 - 315057 10 3 0 

389064 - 389088 12 2 0 

659631 - 659673 21 2 3 

730952 - 731008 23 2 1 

1022767 - 1022803 15 5 2 

1221814 - 1221848 15 2 1 

1263077 - 1263110 17 2 0 

1290802 - 1290885 42 2 5 

1293145 - 1293241 42 2 2 

1541080 - 1541537 33 13 23 STTR-3 

1541515 - 1541587 27 2 5 

1713043 - 1713103 24 2 4 

1722551 - 1722642 33 2 8 

1743316 - 1743352 18 2 2 

1781426 - 1781469 21 2 3 

1849158 - 1849198 21 2 3 

1995037 - 1995104 6 11 0 STTR-5 

2439992 - 2440016 12 2 0 

2502511 - 2502649 36 2 8 2628542 

2785474 - 2785506 15 2 0 

2788007 - 2788622 60 10 104 STTR-2 

2851908 - 2851963 28 2 0 

2865250 - 2865279 15 2 1 

3014534 - 3014565 12 7 0 
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Table 3.8b   Locations of twenty-two selected tandem repeat sequences in the S. Virchow strain SL 491 contig 2 

(NCBI accession no ABFH02000002). 

Locations in 

genome 

Repeat length 

(bp) 

No. of 

repeats 

Total SNPs (bp) Previously described 

MLVA loci 

568333 - 568838 93 5 30 

725821 - 725849 11 2 0 

725884 - 725915 11 2 0 

953806 - 953841 17 2 2 

985959 - 985983 6 4 0 

1109062 - 1109432 39 9 21 STTR-7 

1110271 - 1110320 18 2 5 

1275259 - 1275294 18 2 2 

1322886 - 1323244 45 8 27 

1588388 - 1588555 58 2 9 

1804952 - 1805000 22 2 2 

These loci were identified by Tandem Repeat Finder (Benson 1999) and contain direct tandem repeats (<100bp).   
Number of repeat units was adjusted to disregard the additional bases being considered as “partial repeat unit” 
by the program.  SNP = single nucleotide polymorphism detected in the repeat units. 
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3.5   CHAPTER SUMMARY 

Two alternative methods were developed in this study for differentiation of S. Virchow isolates.  One 

method was a 9-loci MAPLT scheme that was demonstrated to have the similar differentiating ability 

with the benchmark ‘gold-standard’ method PFGE.  Furthermore, both PFGE and the 9-loci MAPLT 

scheme showed similar ability in sub-dividing the predominating PT 8 isolates. MLVA typing was 

performed using previously described MLVA loci but only locus STTR-5 showed allelic variation.  This 

led to the development of a combined MAPLT / STTR-5 typing scheme comprising all nine prophage 

primers of the MAPLT scheme and MLVA locus STTR-5.  This method demonstrated an enhanced 

differentiation of the PT 8 isolates and the capacity to detect genetic linkages between outbreak isolates. 

Future investigation should be carried out to further improve the typing ability of the current composite 

assay by examining the MLVA loci identified from the sequenced S. Virchow strain SL 491 in 

conjunction with identifying additional discriminative MAPLT primers. 



 | 91  

CHAPTER 4  MOLECULAR TYPING OF SALMONELLA BOVISMORBIFICANS 

4.1   INTRODUCTION 

Salmonella enterica serovar Bovismorbificans or S. Bovismorbificans is among the less commonly 

isolated serovars on a worldwide basis (Hendriksen et al., 2011).  With the exception of the Oceania 

region, S. Bovismorbificans was reported from the European region as 14th most commonly isolated 

serovars in recent years (Hendriksen et al., 2011).  For the two countries in the Oceania region, S. 

Bovismorbificans was not detected in New Zealand between 2001 and 2007 (Hendriksen et al., 2011), 

while it has always been endemic in Australia and has ranked among the top 10 most common serovars 

from humans as early as 1987 (ASRC 1986-2009; Murray 1994).  In recent years, between 1999 and 

2009, the incidence rate of S. Bovismorbificans in humans has been generally below 10% however this 

figure reached 11.3% in 2001 and 15% in 2006 due to the occurrence of two outbreaks (ASRC 1986-

2009).  An outbreak in 2001 was confined to the Australian state of Queensland where lettuce was the 

source (Stafford et al., 2002).  A second outbreak in 2006 was caused by a nationally distributed 

processed meat product (salami) that impacted two states, Victoria and South Australia (OzFoodNet, 

2006).  In other parts of the world, a nationwide outbreak of S. Bovismorbificans has occurred in 

Germany, where raw pork mince was identified as the source disseminating the Salmonella organisms 

through various processed pork products (Gilsdorf et al., 2005).  The most serious outbreaks of S. 

Bovismorbificans occurred in Finland.  This is because food products are traded internationally, and S. 

Bovismorbificans has crossed national borders from Australia to Finland causing two large sprout-borne 

outbreaks (Pouhiniemi et al., 1997).  In more recent years, another nationwide outbreak of S. 

Bovismorbificans occurred in Finland due to the consumption of contaminated sprouted alfalfa seeds 

(Rimhanen-Finne et al., 2011). 

Before the introduction of molecular methods, bacteriophage (phage) typing was used to differentiate 

outbreak-related isolates from the unrelated ones during Salmonella outbreaks.  The first phage typing 

scheme known for S. Bovismorbificans was established by the Australian Salmonella Reference Centre 

(ASRC) which is able to distinguish 36 phage types using a panel of 10 phages (Liesegang et al., 2002).  

From this study, it was noted that a few (five) phage types were predominant in the countries where S. 

Bovismorbificans is commonly isolated.  As mentioned in section 1.2.4.2.3, determination of phage 

types is subjective in nature and is highly reliant on the expertise of the operators in particular to 

distinguish between phage types with similar reaction patterns.  One example is the S. Bovismorbificans 

phage types 12 and 14, where both patterns consist of lysis patterns to the panel phages but are 

distinguished due to the weaker reactions to the phages 1 to 5 for phage type 12 (Liesegang et al., 
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2002).  Ideally an additional typing method providing supplementary data to confirm possible 

epidemiological links between isolates of the same phage types or phenotypically closely related phage 

types involved in outbreaks is required. 

A number of molecular methods have been applied to S. Bovismorbificans isolates and their usefulness 

in epidemiological typing of this serovar have been measured.  These include ribotyping and IS200 

typing, both of which showed subdividing ability within S. Bovismorbificans, but only to the extent of 

determining relationships for long-term or global epidemiological studies (Ezquerra et al., 1993; Nastasi 

et al., 1994).  Plasmid profiling had a comparatively higher differentiating ability (Ezquerra et al., 1993; 

Liesegang et al., 2002).  However the typing capacity of plasmid profiling as applied to S. 

Bovismorbificans may be restricted as a number of isolates do not contain plasmids for differentiation 

(Ezquerra et al., 1993; Liesegang et al., 2002).  In contrast, pulsed-field gel electrophoresis (PFGE) 

achieved total typability and displayed a high differentiating ability.  As demonstrated by Liesegang and 

co-workers (2002), application of PFGE alone generated 28 PFGE patterns from 162 S. 

Bovismorbificans isolates compared to 17 plasmid profiles and 10 ribotypes.  By combining PFGE with 

phage typing a total of 50 combined types were seen.  Therefore it was suggested to apply PFGE with 

phage typing for local or outbreak epidemiological studies (Liesegang et al., 2002).   

However as stated in section 1.2.4.3.3, while PFGE appears to be the most effective molecular typing 

method for S. Bovismorbificans, using PFGE may further increase subjectivity of the typing data as the 

band patterns are also interpreted based upon personal judgement, though to a lesser extent than 

phage typing (Tenover et al., 1994; Ross and Heuzenroeder, 2005a).  Furthermore the methodology is 

time-consuming, tedious, and band patterns from different gels can be difficult to compare even with 

computer software (Lindstedt et al., 2003).  Consequently, newer molecular typing approaches that are 

fast, easy to perform, reproducible, and enable objective data generation and exchange are being 

developed and evaluated for typing various significant Salmonella serovars. 

A high level of strain differentiation within Salmonella serovars has been shown using some recently 

developed typing methods including the PCR-based typing methods, multiple-locus variable-tandem 

repeat analysis (MLVA) and multiple amplification of prophage locus typing (MAPLT).  With MLVA, 

allelic variation at targeted loci containing tandem repeats are detected as amplified fragment length 

variations for strain differentiation (Lindstedt et al., 2003).  Similar to MLVA, MAPLT also detects micro-

variations at bacterial genomes, from which prophage loci in the Salmonella genomes are targeted 

(Ross and Heuzenroeder, 2005a).  As indicated from previous studies, genetic elements related to 

phages are widespread in Salmonella and are frequently found to vary even between genetically closely 

related strains (Thomson et al., 2004; Hermans et al., 2005; Cooke et al., 2007).  This is due to phages 
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evolving through horizontal gene exchange between bacteria leading to groups of genetically mosaic-

related phages infecting the same hosts.   

Currently, PFGE is the ‘gold standard’ typing method for epidemiological typing of S. Bovismorbificans. 

While being discriminative in this serovar, PFGE lacks the practical advantages of the recently proposed 

PCR-based methods such as MLVA and MAPLT that generate objective typing data and are 

comparatively fast and simple to perform.  Therefore this chapter aimed to assess the typing capacity of 

these two methodologies with respect to S. Bovismorbificans to indicate whether they can be used as 

the alternatives to PFGE.  Furthermore, the typing ability of a composite assay of MAPLT / MLVA was 

assessed and compared with that of MAPLT and MLVA when they were performed individually.  Finally, 

capacity of the composite assay of MAPLT and MLVA for outbreak epidemiological typing was 

determined. 

4.2   MATERIALS AND METHODS 

This chapter described the development of MAPLT, MLVA and a composite assay of MAPLT / MLVA for 

typing S. Bovismorbificans.  Genomic DNA of the S. Bovismorbificans isolates, the procedures involved 

in MAPLT, MLVA and PFGE, and the subsequent data analysis were carried out as in Chapter 2, unless 

otherwise indicated.  The MAPLT and MLVA primers used in this chapter are listed in Table 2.1b and 

Table 2.2 respectively.  The following sections advise the bacterial isolates and the methods specific to 

this chapter. 

4.2.1   Bacterial Isolates 

A total of seventy-three S. Bovismorbificans isolates were used in the study that were collected from the 

Australian Salmonella Reference Centre (ASRC), SA Pathology, Adelaide, Australia.  Sixty of the 

isolates were from humans, animals or the related food products in Australia and collected between 

2005 and 2008.  These isolates were not epidemiologically-related.  The remaining thirteen S. 

Bovismorbificans isolates were collected from a PT 11 food-borne outbreak that occurred in 2006 

(OzFoodNet 2006).  All isolates were previously serotyped and phage-typed by ASRC. 

4.2.2   Direct DNA extraction from non-viable PT 11 outbreak isolates 

In 2006, a food-borne outbreak caused by S. Bovismorbificans PT 11 was reported that affected a total 

fifteen patients across two Australian states (OzFoodNet 2006). The outbreak source was confirmed to 

be the nationally distributed processed meat product capocollo (salami) from which the S. 

Bovismorbificans PT 11 organisms were isolated (OzFoodNet 2006).  A total of sixteen isolates 

associated with the outbreak investigation were obtained to determine the ability of the composite assay 
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of MAPLT / MLVA in outbreak epidemiological typing.  However none of the isolates could be revived 

from the storage media (semi-solid media) although a number of culture media and the supplement 

Ferrioxamine E (Reissbrodt et al., 2000) were used.  Therefore DNA extraction was carried out directly 

from the storage media. 

QIAamp® DNA mini kit (Qiagen, Hilden, Germany) was used for this purpose.  The procedure was 

performed based on the blood and fluid protocol as per the manufacturer’s instructions with 

modifications at steps involving lysis of bacterial cells.  Each tube containing the stored cells was 

vortexed vigorously to the agar media into fine pieces.  Then 300µl of the agar was transferred into a 

fresh 2ml tube using a sterile wide-bore pipette.  An equal amount of sterile water was added and the 

tubes were incubated at 65C until the agar was melted (approximately 30 min).  The tubes were left in 

room temperature to cool down then 300µl of AL buffer and 30µl of proteinase K both provided by kit 

were added and mixed.  The mixture was then incubated at 56C for 20 min for cell lysis.  Tubes were 

cooled down at room temperature and centrifuged briefly to bring the liquid down before an addition of 

300µl of 100% alcohol.  After tubes were again vortexed and centrifuged briefly, the contents in each 

tube was transferred to the provided column.  The subsequent steps involving DNA wash were 

performed as described in the kit manual.  The extracted DNA was eluted in 50µl EB buffer.   

PCR amplification of the house keeping gene locus sucA was carried out to ensure that the extracted 

bacterial DNA was suitable for PCR reactions as described in section 2.5.2.  Using the online sequence 

search engine (BlastN, http://blast.ncbi.nlm.nih.gov/Blast.cgi), it showed that locus STTR-5 is specific to 

Salmonella.  Therefore PCR amplification of locus STTR-5 was also carried out to ensure that the 

extracted DNA was of Salmonella origin.  The PCR reaction mix was prepared as described in section 

2.5.1.  The PCR cycling condition included one cycle of denaturing at 94C for 10 min; 50 cycles of 

amplification each with a step of 94C for 30 sec, 54C for 30 sec, and 72C for 50 sec; following by one 

cycle of final extension at 72C for 7 min.  Gel electrophoresis was applied to detect PCR products as 

described in section 2.5.3.   

4.3   RESULTS 

4.3.1   PFGE 

The sixty non-outbreak-related S. Bovismorbificans isolates generated 26 PFGE profiles.  Sixteen 

unique profiles were generated by single isolates with ten profiles seen from multiple isolates (Fig. 4.1). 

The results indicated that PFGE classified isolates independently to the phage types of the isolates. 

Seven of the 10 PFGE profiles containing multiple isolates included isolates of various phage types. 

Likewise, isolates with the same phage type often produced different PFGE profiles.  For example the 
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PT 24 isolates (n = 24), yielded 12 PFGE profiles that were widely distributed in the dendrogram (Fig. 

4.1).  Similar observations were seen for PT 13 isolates (n = 8, 3 PFGE profiles) and PT 14 isolates (n = 

9, 6 PFGE profiles).   

4.3.2   MAPLT 

Primers from the previously developed MAPLT schemes for S. Typhimurium (Ross and Heuzenroeder 

2005) and S. Virchow (Chapter 3) were evaluated for their usefulness in differentiating S. 

Bovismorbificans isolates in this study.  It was found that several established primers amplifying gene 

loci of phages P22, ST64T, ST64B, Gifsy-1, 186, Fels-2 and SopEφ were differentially detected in the 

isolates and therefore incorporated in this assay (Table 4.1).  Two additional primers were developed 

based on the phage DNA sequences identified using DOP-PCR (section 3.2.2.3).  One primer set 

amplified a prophage tail sheath locus from the sequenced S. Newport strain SL 254 (NCBI accession 

no CP001113), while the other primer set amplified a novel phage locus showing similarity to part of the 

phage 186 cII gene.  These two prophage gene sequences were both identified from the mitomycin-C 

lysate of isolate B33. 

In total, twenty-six prophage loci were targeted that could be detected from at least one isolate (Table 

4.1).  Similarly, all isolates amplified at least one selected prophage locus.  Primers amplifying Gifsy-

related gene loci STM2594 and STM1005 gave the highest numbers of positive amplification results. 

These two loci were amplified from 58 and 59 of 60 isolates respectively.  However it was noted that the 

least amplified phage loci were also Gifsy-1 and -2 related, each was amplified by one isolate only. 

While there was a high degree of variability in the presence of the targeted gene loci of phages Gifsy-1 

and Gifsy-2, a consistently low rate of amplification was observed from the five selected ST64B phage 

loci.  Locus SB04ST64B was amplified from 4 isolates and was the most frequently detected among the 

five ST64B phage loci targeted.  All the selected ST64B gene loci are from different functional modules, 

with the exceptions of loci SB04ST64B and SB06ST64B both of which locate in the head assembly module 

(Mmolawa et al., 2003). 

In most cases when multiple gene loci of the same sequenced phages were targeted, they were 

detected from the same isolates.  For example, five gene loci of phage Fels-2 were examined in this 

study; three including STM2695, STM2714 and STM2738 were detected from the same 21 isolates. 

The other two Fels-2 gene loci STM2697 and STM2739 were detected from the same 44 isolates. 

Results also showed that genes locating in close proximity in the same functional modules showed a 

low degree of variability in presence in the isolates.  For example the two gene loci of croST64T and 

c2ST64T located at the immunity module of phage ST64T showed no variation in distribution and were 

detected from the same 28 isolates.  In contrast the distribution of the putative gene loci encoding Fels-
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2 CI protein (STM2738) and integrase protein (STM2739) located in the immunity and lysogeny 

modules respectively showed marked variation between isolates.  Overall none of the isolates contained 

all the targeted gene loci of the sequenced phages indicating a genetically mosaic relationship between 

the integrated prophages and the sequenced phages.  

Similar to PFGE, MAPLT classified the isolates with no correlation to the sources, time and 

geographical locations of the isolates.  A total of 22 MAPLT profiles were observed using a set of eleven 

MAPLT primers (Table 4.2).  Among these 22 MAPLT profiles, 13 were generated by more than one 

isolate and MAPLT profile 9 was seen in the highest number of isolates (n = 9).  Nine MAPLT profiles 

were uniquely seen from single isolates with three produced by isolates of phage types uniquely 

included in this study.  These included MAPLT profiles 8, 9 and 17 which were produced by isolates 

B02 (PT40), B03 (PT11) and B24 (PT39) respectively. It was noted that the result was similar to that of 

PFGE where only isolates B02 (PT40) and B03 (PT11) generated unique PFGE profiles (Fig. 4.2).   

Both MAPLT and PFGE demonstrated the diverse genetic relationship between isolates that were 

untypable by phage typing, where all six PT untypable isolates included were separated by both 

methods.  Moreover, four of the six PT untypable isolates were assigned in the same way by both 

MAPLT and PFGE although none of these isolates were related epidemiologically.  For example, isolate 

B09 generated the identical PFGE profile 5 and MAPLT profile 3 as isolate B39, and isolate B07 had the 

identical PFGE profile 22 and MAPLT profile 4 as isolates B12 and B36.  With regard to the two PT 

untypable isolates B06 and B08, isolate B06 generated a unique PFGE profile 23; while MAPLT 

grouped B06 with B48 (PFGE profile 20) into MAPLT profile 5.  Similarly the PT untypable isolate B08 

had a unique PFGE profile 13 but was grouped by MAPLT with the 3 other isolates that had PFGE 

profile 12.  It was observed that although PFGE separated these PT untypable isolates from the isolates 

that were otherwise clustered by MAPLT, only minor differences between their PFGE profiles were 

observed (Fig. 4.3).  Between PFGE profiles 12 and 13, there was a three-fragment difference, while 

between PFGE profiles 20 and 23 there were a two-fragment difference.  According to Tenover et al. 

(1995), one random genetic event could produce PFGE profiles differing up to three fragments and the 

isolates were considered genetically closely related. 

Intra-phage type differentiating ability of MAPLT was examined in particular for the S. Bovismorbificans 

phage types that are commonly seen in Australia.  These phage types included PT 24, 13 and 14. 

MAPLT differentiated the PT 24 isolates (n = 23) into ten MAPLT profiles and most isolates (n = 8, 35%) 

generated the MAPLT profile 6.  The nine PT 14 isolates generated five MAPLT profiles and most PT 14 

isolates (n = 3, 33%) had the MAPLT profile 20.  In contrast, MAPLT only differentiated the eight PT 13 

isolates into 3 MAPLT profiles, with MAPLT profile 14 containing the most PT 13 isolates (n = 5, 62%). 
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Similarly PFGE grouped the eight PT 24 isolates having MAPLT profile 6 into PFGE profile 19, however 

most of the remaining PT 24 isolates were grouped differently by MAPLT and PFGE.  The PT 14 

isolates generating MAPLT profiles 20 (n = 3) and 21 (n = 2) produced PFGE profiles 16 and 12 

respectively.  However the two PT 14 isolates with MAPLT profile 18 generated two distinct PFGE 

profiles 8 and 17.  For the PT 13 isolates, the five isolates with MAPLT profile 14 were grouped into 

PFGE profile 1.  The remaining 3 isolates were grouped differently by the two methods. 

4.3.3   MLVA 

MLVA typing was carried out using the previously published MLVA loci that were from the MLVA 

schemes for S. Typhimurium (Lindstedt et al., 2003) and Salmonella species (Ramisse et al., 2004).  In 

total fourteen MLVA loci were examined (Table 4.3).  The highest number of alleles (9 alleles) was 

observed at locus STTR-5, where a high proportion of isolates (68.3%) amplified the allele (338 bp) 

containing nine tandem repeats.  Similarly while seven alleles were seen at locus STTR-6, this locus 

was not detected in most isolates (65%).  There were six alleles observed for locus STTR-9, where 40% 

of the isolates amplified this locus (253 bp) containing four repeats.  The remaining STTR loci show little 

or no allelic variation, while locus STTR-10 was not detected from any isolate.  The six MLVA loci 

described by Ramisse et al. (2004) showed no allelic variation (Table 4.3).   

It was noted that the amplified products of loci STTR-3 and STTR-7 contained tandem repeat units 

different to those that have been reported for S. Typhimurium with regard to the truncations.  In this 

study the amplified STTR-3 loci contained tandem repeats that were all 33 bp long, where the STTR-3 

locus seen in S. Typhimurium has variable truncations at the tandem repeat units at the 5’ end 

(Lindstedt et al., 2003; Ross et al., 2011).  Conversely, the STTR-7 loci observed in this study had a 9-

bp truncation at the first tandem repeat unit, but the STTR-7 locus observed from the examined S. 

Typhimurium isolates did not have any truncated tandem repeat units (personal communication, Dr. Ian 

Ross, SA Pathology, Adelaide). 

Like PFGE and MAPLT, MLVA also did not group isolates in the same manner as phage typing (Fig. 

4.4).  Among the 21 MLVA profiles, 7 MLVA profiles were observed from more than one isolate but only 

2 profiles (MLVA profiles 1 and 15) were generated by isolates of the same phage type.  Likewise, 

isolates of the same phage type often generated a number of MLVA profiles.  For example, the twenty-

three PT 24 isolates generated nine MLVA profiles, while the nine PT 14 isolates generated four MLVA 

profiles.  The only exception was PT 13 where all the PT 13 isolates had MLVA profile 17.  It was also 

observed that there was little concordance in grouping between the three molecular methods and that 

isolates having different PFGE and MAPLT profiles often generated identical MLVA profiles. The two 
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exceptions were seen for MLVA profiles 1 and 15 that were generated by isolates of the same phage 

type, PFGE and MAPLT profiles for each MLVA profile respectively. 

 

4.3.4   Composite assay of MAPLT / MLVA  

A set of six MAPLT and three MLVA loci (Table 4.4) could be used at minimum to achieve the maximum 

differentiation of isolates into 35 profiles (Fig. 4.5).  It was noted that isolates clustered in several 

MAPLT or MLVA profiles were further subdivided.  For example the nine isolates generating MAPLT 

profile 6 were further differentiated into four MAPLT / MLVA profiles due to the variations of the number 

of tandem repeats at MLVA locus STTR-6.  Similarly the four isolates with MAPLT profile 2 were 

separated into four MAPLT / MLVA profiles as the isolates showed differences in the number of tandem 

repeats at MLVA loci STTR-5 and STTR-9.  On the other hand, the largest MLVA cluster (MLVA profile 

17) was subdivided into seven MAPLT / MLVA profiles as the targeted prophage loci were differentially 

amplified from the seventeen isolates. 

 

4.3.5   Comparison of the differentiating abilities between the four molecular typing approaches 

The typing ability of each molecular method was measured by the Simpson’s index of diversity (DI) 

(Table 4.5).  Three typing methods, PFGE, MAPLT and the composite MAPLT / MLVA showed similar 

DI values.  Apart from achieving the highest DI value, the composite assay of MAPLT / MLVA 

subdivided the 60 S. Bovismorbificans isolates into the most number of profiles.  The DI value 

calculated for PFGE was almost the same to the MAPLT / MLVA system, however there were nine less 

PFGE profiles.  In contrast, the DI value calculated for MLVA and the number of generated MLVA 

profiles were both the lowest among the four molecular methods. 

 

The differentiating capacity of each molecular method within the common S. Bovismorbificans phage 

types was examined (Table 4.6).  Based on the calculated DI values, the composite assay of MAPLT / 

MLVA was shown to be the most discriminative for PT 24, while the remaining three methods 

demonstrated similar but lower differentiating abilities.  However in the case of PT 14, the combined 

MAPLT / MLVA was as discriminative as PFGE and MAPLT as indicated by the similar DI values.  In 

comparison, MLVA showed a much lower discriminative ability for PT 14 with a DI value of 0.75.  

Likewise the three methods including the composite assay of MAPLT / MLVA, MAPLT and PFGE 

demonstrated the same discriminative ability for PT 13 while MLVA failed to differentiate any of the 

included PT 13 isolates.  
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Fig. 4.1   Dendrogram constructed based on the PFGE patterns of the 60 S. Bovismorbificans isolates.  

The PFGE patterns were related by the BioNumerics program with the band tolerance level and 

optimisation set at 1.7% and 0.7% respectively.  UN = untypable; RDNC = reacts but does not conform. 

Abbreviations for locations: NSW = New South Wales; NT = New Territory; QLD = Queensland; SA = 

South Australia; WA = Western Australia  
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     Table 4.1   Positive amplifications of prophage gene loci from the 60 S. Bovismorbificans isolates 

Prophages Gene loci Gene functions No. of positive isolates 

P22/ST64T cI CI protein 26

cII CII protein 28 

P22 ninB ninB protein 30 

ST64B SB04 Portal protein 4

SB06 Major capsid protein 3

SB21 Putative head assembly protein 2 

SB28 integrase 3

SB38 CI protein 3

186 gene G Tail protein 15 

gene O Baseplate protein 22 

cII CII protein 23
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Prophages Gene loci Gene functions No. of positive isolates 

Fels-2 STM2695 Put. late control protein D 21 

    

 STM2697 Tail protein 44 

    

 STM2714 Lysis regulatory protein 21 

    

 STM2739 Integrase 44 

    

 STM2738 CI protein 21 

    

Gifsy-1 STM2584 Type III secretive protein (GogB) 22 

    

 STM2608 Terminase large subunit 22 

    

Gifsy-2 STM1005 Integrase 59 

    

 STM1032 Putative capsid protein 1 



Prophages Gene loci Gene functions No. of positive isolates 

Gifsy-1/2 STM2594/ STM1041 Tail protein 58

Gifsy-1/2 STM2619/ STM1021 Unknown (NinG) 33 

Gifsy-1/2 STM2632/ STM1008 Exodeoxyribonuclease  1 

SopEφ sopE Type III secretion protein (SopE) 7 

Prophage in S. Newport 

SL254 

A2929 Tail sheath protein 31 

Prophage in isolate B33 Not applicable Unknown 11 

 All prophage loci were amplified using primers listed in Table 2.1b
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                   Table 4.2   Primers for the MAPLT scheme for Salmonella Bovismorbificans 
 

Prophages Gene loci Gene functions Primer sequences (5’→ 3’) 

P22/ST64T cI CI protein a PTc1F: CTTTACCAATCTGAACCGCCG 

a PTc1R: CTGAGTTGTTTTGGCATAATTACTCC 

    

P22 ninB ninB protein a ninBF1: AACCTTTGAAATTCGATCTCCAGC 

a ninBR1: CTTCGTCTGACCACTTAACGC 

    

ST64B SB04 Portal protein SB04F: TGTCATACGACACCTATACCG 

SB04R: TGTTCTGCACCATGTGCAATG  

    

 SB38 CI protein a BIM1F: ATGGTGGCCTTGTCGACGC 

a BIM1R: GCTAACGTGAAGGATTTGTTCCG 

    

186 gene G Tail protein P186GF: GACGTTCTCTCGATGACGATG 

P186GR: CAATGGCACTACCGGTAACAG 

 

 gene O Baseplate protein P18BPF: GTGCGATTCGTAACCTCATCC 

P18BPR: GTTTGTTGGTGCATACCACCT 

    

 cII CII protein P186cIIF: GACATAGCGGGATTAGTCTGC 

P186cIIR: GTCACAACATGGCGAAGCTG 



prophages Gene loci Encoded proteins Primer sequences (5’→ 3’) 

Fels-2 STM2697 Tail protein Fels2GF: CTTCATTGAGCGCAAGACGC 

Fels2GR: CGTCTGCAGGTGATTCTTAATGC 

STM2714 Lysis regulatory protein Fels2lysBF: TGACCTTTCCAGACGGCACT 

Fels2lysBR: TGGTTCTGGCGCTGGTACTT 

SopEφ sopE Type III secretion protein b SopEF:  CGAGTAAAGACCCCGCATAC 

b SopER:  GAGTCGGCATAGCACACTCA 

Prophage in S. Newport 

SL254 

A2929 Tail sheath protein SL254tailF: AGGCGGATTACCTGAAACGTC 

SL254tailR: ATATCCACCGCCTTCTTGCTC 

 a Primer sequences previously described by Ross and Heuzenroeder (2005) 

b Primer sequences previously described by Drahovská et al., (2007)
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Fig. 4.2   Dendrogram showing genetic relationship of the 60 S. Bovismorbificans isolates based on the typing 

results of the 11-loci MAPLT scheme.   

Symbol + indicated positive amplification of the prophage loci; symbol – indicated no PCR products detected for 

the prophage loci.   

B43
B51
B04
B13
B21
B52
B09
B39
B07
B12
B26
B41
B46
B60
B06
B48
B05
B25
B27
B28
B29
B40
B42
B47
B58
B49
B02
B03
B22
B45
B50
B57
B56
B15
B16
B18
B19
B34
B35
B36
B37
B38
B44
B17
B23
B20
B59
B24
B31
B53
B01
B55
B32
B33
B54
B08
B11
B14
B30
B10

2008
2007
2007
2006
2005
2007
2006
2008
2006
2006
2006
2008
2008
2006
2006
2007
2007
2006
2006
2006
2007
2008
2008
2007
2006
2007
2007
2007
2005
2007
2007
2008
2008
2005
2005
2005
2005
2005
2006
2007
2007
2007
2007
2005
2005
2005
2006
2005
2006
2008
2007
2007
2006
2007
2008
2006
2006
2006
2006
2006

Bovine
Beef meat
Broiler litter
Bovine
Bovine
Human
Lamb meat
Human Blood
Bovine
Human 
Bovine
Human
Bovine
Human
Pork meat
Sheep
Bovine
Human
Human
Canine
Bovine
Human
Egg pulp
Sheep
Feed sheep
Human 
Human
Human
Human
Human
Human
Human
Canine
Human 
Human
Broiler litter
Bovine
Egg pulp
Bovine
Human
Chicken meat
Chicken meat
Human
Bovine
Bovine
Human
Human
Bovine
Layer litter
Human
Human
Human
Chicken meat
Human
Chicken meat
Chicken meat
Chicken meat
Chicken meat
Human
Canine

NSW
VIC
QLD
TAS
SA
VIC
VIC
VIC
WA
WA
WA
NSW
WA
WA
WA
SA
SA
SA
NSW
QLD
SA
SA
SA
SA
SA
WA
NSW
NSW
NT
WA
WA
NT
VIC
SA
NSW
VIC
QLD
SA
NSW
SA
NSW
NSW
SA
VIC
SA
NSW
VIC
VIC
NSW
TAS
QLD
QLD
QLD
QLD
NSW
NSW
VIC
NSW
NSW
SA

24
24
32
32
24
24
UN
24
UN
24
24
24
24
24
UN
24
UN
24
24
24
24
24
24
24
24
24
40
11
13
24
24
13
13
RDNC
35
UN
35
13
13
13
13
13
24
RDNC
38
16
24
39
14
14
RDNC
14
14
14
14
UN
14
35
14
14

23
24
1
1
1
3
5
5
22
22
22
20
19
21
20
20
19
19
19
19
19
19
19
19
19
6
11
26
2
4
4
9
9
5
17
1
10
1
1
1
1
1
1
1
1
6
7
19
8
17
15
18
16
16
16
13
12
12
12
14

1
1
2
2
2
2
3
3
4
4
4
4
4
4
5
5
6
6
6
6
6
6
6
6
6
7
8
9
10
10
10
10
11
12
13
14
14
14
14
14
14
14
14
15
15
16
16
17
18
18
19
19
20
20
20
21
21
21
21
22

ni
nB

PT
c1

BI
M

1

SB
04

P1
86

BP

P1
86

cI
I

P1
86

gp
G

Fe
ls2

Ly
sB

Fe
ls2

G

So
pE

SL
25

4-
ta

il

++ -- - -- -- - +

++ -- - -- -+ - -

++ ++ - -- -+ - -

++ -- + ++ ++ - +

++ -- + +- ++ - +

++ -- - +- ++ - +

++ -- + +- ++ - -
-- -- + +- -- - -
-- -- + -- -- - -

-- -- + -+ -+ - -

-- -- + ++ -+ - -
-- ++ - -- -+ - -
-- -+ - -- -+ - -

-- -- - -- -+ - -

+- -- - -- -+ - -

-- -- + +- ++ - -

-- -- - +- ++ - +

-- -- + -+ -- + +

+- -- + -+ -- - +

-- -- - -- -- - +

-- -- - -- -- + +

-- -- - -- -- + -

10
0

90807060

% of genetic similarity
Isolates Time    Sources     States      PT  PFGE     MAPLT

B43
B51
B04
B13
B21
B52
B09
B39
B07
B12
B26
B41
B46
B60
B06
B48
B05
B25
B27
B28
B29
B40
B42
B47
B58
B49
B02
B03
B22
B45
B50
B57
B56
B15
B16
B18
B19
B34
B35
B36
B37
B38
B44
B17
B23
B20
B59
B24
B31
B53
B01
B55
B32
B33
B54
B08
B11
B14
B30
B10

2008
2007
2007
2006
2005
2007
2006
2008
2006
2006
2006
2008
2008
2006
2006
2007
2007
2006
2006
2006
2007
2008
2008
2007
2006
2007
2007
2007
2005
2007
2007
2008
2008
2005
2005
2005
2005
2005
2006
2007
2007
2007
2007
2005
2005
2005
2006
2005
2006
2008
2007
2007
2006
2007
2008
2006
2006
2006
2006
2006

Bovine
Beef meat
Broiler litter
Bovine
Bovine
Human
Lamb meat
Human Blood
Bovine
Human 
Bovine
Human
Bovine
Human
Pork meat
Sheep
Bovine
Human
Human
Canine
Bovine
Human
Egg pulp
Sheep
Feed sheep
Human 
Human
Human
Human
Human
Human
Human
Canine
Human 
Human
Broiler litter
Bovine
Egg pulp
Bovine
Human
Chicken meat
Chicken meat
Human
Bovine
Bovine
Human
Human
Bovine
Layer litter
Human
Human
Human
Chicken meat
Human
Chicken meat
Chicken meat
Chicken meat
Chicken meat
Human
Canine

NSW
VIC
QLD
TAS
SA
VIC
VIC
VIC
WA
WA
WA
NSW
WA
WA
WA
SA
SA
SA
NSW
QLD
SA
SA
SA
SA
SA
WA
NSW
NSW
NT
WA
WA
NT
VIC
SA
NSW
VIC
QLD
SA
NSW
SA
NSW
NSW
SA
VIC
SA
NSW
VIC
VIC
NSW
TAS
QLD
QLD
QLD
QLD
NSW
NSW
VIC
NSW
NSW
SA

24
24
32
32
24
24
UN
24
UN
24
24
24
24
24
UN
24
UN
24
24
24
24
24
24
24
24
24
40
11
13
24
24
13
13
RDNC
35
UN
35
13
13
13
13
13
24
RDNC
38
16
24
39
14
14
RDNC
14
14
14
14
UN
14
35
14
14

23
24
1
1
1
3
5
5
22
22
22
20
19
21
20
20
19
19
19
19
19
19
19
19
19
6
11
26
2
4
4
9
9
5
17
1
10
1
1
1
1
1
1
1
1
6
7
19
8
17
15
18
16
16
16
13
12
12
12
14

1
1
2
2
2
2
3
3
4
4
4
4
4
4
5
5
6
6
6
6
6
6
6
6
6
7
8
9
10
10
10
10
11
12
13
14
14
14
14
14
14
14
14
15
15
16
16
17
18
18
19
19
20
20
20
21
21
21
21
22

ni
nB

PT
c1

BI
M

1

SB
04

P1
86

BP

P1
86

cI
I

P1
86

gp
G

Fe
ls2

Ly
sB

Fe
ls2

G

So
pE

SL
25

4-
ta

il

++ -- - -- -- - +

++ -- - -- -+ - -

++ ++ - -- -+ - -

++ -- + ++ ++ - +

++ -- + +- ++ - +

++ -- - +- ++ - +

++ -- + +- ++ - -
-- -- + +- -- - -
-- -- + -- -- - -

-- -- + -+ -+ - -

-- -- + ++ -+ - -
-- ++ - -- -+ - -
-- -+ - -- -+ - -

-- -- - -- -+ - -

+- -- - -- -+ - -

-- -- + +- ++ - -

-- -- - +- ++ - +

-- -- + -+ -- + +

+- -- + -+ -- - +

-- -- - -- -- - +

-- -- - -- -- + +

-- -- - -- -- + -

10
0

90807060

% of genetic similarity
Isolates Time    Sources     States      PT  PFGE     MAPLT



B08

B30

13

12

B06

B48

23

20

21

21

5

5

Isolates         MAPLT profiles           PFGE profiles

B08

B30

13

12

B06

B48

23

20

21

21

5

5

Isolates         MAPLT profiles           PFGE profiles

Fig. 4.3   Identical MAPLT profiles were observed between the phage type non-typable isolates with isolates of designated phage types.   

Pair-wise comparisons of the corresponding PFGE patterns also indicated the close genetic relationships where a minor one-fragment difference (red 

arrow) was observed within each pair of the PFGE patterns. 
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Table 4.3   MLVA loci tested in this study in the 60 S. Bovismorbificans isolates 

MLVA loci No. of alleles a No. of tandem repeats (b no. of isolates) References 

STTR-2 2 9 (1), 10 (59) Lindstedt et al., (2003) 

STTR-3 2 9 (1), 11 (59) Lindstedt et al., (2003) 

STTR-5 8 8 (4), 9 (41), 10 (1), 13 (6) 

14 (2), 17 (1), 18 (3), 19 (1), 20 (1) 

Lindstedt et al., (2003) 

STTR-6 7 not amplified (39), 12 (1), 13 (8), 14 (4),  

15 (6), 16 (1), 18 (1) 

Lindstedt et al., (2003) 

STTR-7 1 7 (60) Lindstedt et al., (2003) 

STTR-9 5 3 (2), 4 (26), 5 (29), 6 (2), 11 (1) Lindstedt et al., (2004) 

STTR-10 Not applicable Not amplified (60) Lindstedt et al., (2003) 

Sal02 1 2 (60) Ramisse et al., (2004) 

Sal04 1 0 (60) Ramisse et al., (2004) 

Sal06 Not applicable Not amplified (60) Ramisse et al., (2004) 

Sal10 1 2 (60) Ramisse et al., (2004) 

Sal15 1 2 (60) Ramisse et al., (2004) 

Sal20 1 9 (60) Ramisse et al., (2004) 

Sal23 1 3 (60) Ramisse et al., (2004) 

All MLVA loci were amplified using primers listed in Table 2.2 
a The number of tandem repeats contained within the amplified MLVA loci; b Number of isolates amplified with the 
MLVA alleles 
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Fig. 4.4  Dendrogram depicting genetic relationship between the 60 S. Bovismorbificans isolates based on the 

typing results from the five previously described MLVA loci.   

The MLVA results were presented as amplified fragment length in bp.  The number of repeat units for each 

locus was indicated in the brackets. 
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       Table 4.4   Primers for the S. Bovismorbificans composite MAPLT / MLVA scheme 

Gene loci Primer sequences (5’→ 3’) 

MAPLT P22-ninB aninBF1: AACCTTTGAAATTCGATCTCCAGC 

aninBR1: CTTCGTCTGACCACTTAACGC 

ST64B-SB04 SB04F: TGTCATACGACACCTATACCG 

SB04R: TGTTCTGCACCATGTGCAATG 

186-cII P186cIIF: GACATAGCGGGATTAGTCTGC 

P186cIIR: GTCACAACATGGCGAAGCTG 

186-gene O P18BPF: GTGCGATTCGTAACCTCATCC 

P18BPR: GTTTGTTGGTGCATACCACCT 

186-gene G P186GF: GACGTTCTCTCGATGACGATG

P186GR: CAATGGCACTACCGGTAACAG 

Prophage in SL254-A2929 SL254tailF: AGGCGGATTACCTGAAACGTC 

SL254tailR: ATATCCACCGCCTTCTTGCTC 



Gene loci Primer sequences (5’→ 3’) 

MLVA STTR-5 bSTTR5F: GCTGCAGTTAATTTCTGCG 

bSTTR5R: TCAGTAAAACGGTGATCGC 

STTR-6 bSTTR6F: CAGATTTTTCACCATCTGCGC 

bSTTR6R: AGTTGCTTCAGGATATCTGGC 

STTR-9 bSTTR9F: ATGATCGACCACGATCTTGCC 

bSTTR9R: CAAACGACCGCTATTCGTCG 

 a Primer sequences described by Ross and Heuzenroeder (2005) 
 b Primer sequences described by Ross and Heuzenroeder (2008)
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Fig. 4.5   Dendrogram depicting genetic relationship between the 60 S. Bovismorbificans according to the 

amplification results of 6 MAPLT and 3 MLVA loci. 

Positive amplification of the prophage loci was indicated as ‘+’; negative PCR amplification of the prophage loci 

was indicated as ‘-’.  The MLVA results were presented as amplified fragment length (in bp). 
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Table 4.5   Comparison of the differentiating abilities between the 4 methodologies based on the 

calculated Simpson’s index of diversity 

No. of primers 

used 

No. of profiles Simpson’s index of diversity (95% 

confidence interval) 

PFGE na1 26 0.92 (0.88 to 0.96) 

MAPLT 11 22 0.94 (0.92 to 0.96) 

MLVA 13 21 0.89 (0.83 to 0.94) 

MAPLT/MLVA 9 35 0.97 (0.96 to 0.99) 
1na = not applicable 

Table 4.6   Differentiating ability of PFGE, MAPLT, MLVA and MAPLT / MLVA for PTs 24, 14 and 13 

isolates 

Simpson’s index of diversity (no. of profiles) 

PT 24 (n = 24) PT 14 (n = 9) PT 13 (n = 8) 

PFGE 0.83 (12) 0.86 (6) 0.61 (3) 

MAPLT 0.85 (10) 0.86 (5) 0.61 (3) 

MLVA 0.85   (9) 0.75 (4) 0 (1) 

MAPLT / MLVA 0.98 (16) 0.89 (6) 0.61 (3) 

All values illustrated in this table were derived from Fig. 4.1 (PFGE); Fig. 4.2 (MAPLT); Fig. 4.4 (MLVA), and Fig. 4.5  

(MAPLT / MLVA) 

4.3.6   Use of the combined MAPLT / MLVA for outbreak epidemiological typing 

As stated earlier, a food-borne outbreak of S. Bovismorbificans PT 11 isolates occurred in 2006 

(OzFoodNet, 2006).  The isolates from this outbreak investigation was employed to assess the ability of 

the composite assay of MAPLT / MLVA for outbreak epidemiological typing.  Prior to subjecting isolates 

to the typing method, PCR amplification of sucA and STTR-5 as previously described was performed to 

ensure that the Salmonella DNA was present and suitable for PCR reactions.  Thirteen of the sixteen 

isolates showed positive amplification of both loci and were characterised using the MAPLT / MLVA 

scheme.  These outbreak isolates were designated as B61 to B73. 

The thirteen isolates all amplified at least one locus of the typing scheme and six profiles were observed 

(Fig. 4.6).  Identical composite typing profile (profile 1) was observed between the outbreak food source 

salami (B73) and six human isolates indicating epidemiological linkages (Table 4.7).  It was noted that 

the salami isolate B64 was sampled three months earlier than B73 was determined as not being part of 

the outbreak despite that both isolates generated the same MAPLT / MLVA profile 1.  Two isolates B65 
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and B66 from the assumed human cases had profiles 3 and 2 respectively, which differed from the 

outbreak profile 1 by one locus each (Fig. 4.6).  Previously these patients were confirmed to be 

outbreak-related on the basis of the identical MLVA data seen with that of the salami sample B73 during 

the outbreak investigation in 2006 (Table 4.7).  There were only a small number of selected isolates 

typed previously by Microbiological Diagnostic Unit, University of Melbourne using the MLVA scheme 

for S. Typhimurium (Lindstedt et al., 2004).  In the case of isolate B65 (profile 3), the amplified locus 

STTR-9 was one tandem repeat shorter than the previously reported results.  In comparison, all three 

MLVA loci amplified from isolate B66 (profile 2) in this study had the same tandem repeat numbers as 

the previous results, but this isolate also amplified locus gpG186 that was otherwise absent in the 

outbreak profile 3 (Fig. 4.6).  



             Table 4.7   The 13 S. Bovismorbificans PT 11 isolates included in the 2006 outbreak study 

Isolate ID PT Source ? outbreak-related 2006 MLVA(i) MAPLT / MLVA(ii) 

B61 13 Human assumed no B 6

B62 11 Human Uncertain, reported 3 weeks prior Not done 1 

B63 11 Human possibly but ate a Japanese meal (meat 

and noodles); salami not mentioned 

Not done 4 

B64 11 Salami - sampled 1/3/2006 assumed no Not done 1 

B65 11 Human Epidemiologically matched;

confirmed with MLVA 

A 3

B66 11 Human Epidemiologically matched;

confirmed with MLVA 

A 2

B67 11 Human assumed yes Not done 1 

B68 11 Human assumed yes Not done 1 

B69 11 Human assumed yes Not done 1 

B70 11 Human assumed yes Not done 1 

B71 11 Human assumed yes Not done 5 

B72 11 Human assumed yes; confirmed with MLVA A 1 

B73 11 Salami - sampled 7/6/2006 Outbreak sources A 1 

 (i) Two different 2006 MLVA profiles were observed and indicated as profile A and profile B in the table 
 (ii) The six MAPLT / MLVA profiles generated in this study were illustrated in Fig. 4.6. 
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Fig. 4.6   Dendrogram showing the relationships of the 6 MAPLT/ MLVA profiles of the isolates associated in the S. Bovismorbificans PT 11 

outbreak investigation.  All were human isolates except B64 and B73 that were isolated from food salami and were labelled with (S). 

Positive amplification of the prophage loci was indicated as ‘+’; negative PCR amplification of the prophage loci was indicated as ‘-’.   
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4.4   DISCUSSION 

Salmonella serovar Bovismorbificans is one of the common Salmonella serovars isolated from humans 

in Australia.  In addition, food-borne outbreaks caused by this serovar have been reported in Australia 

and elsewhere (Pouhiniemi et al., 1997; Stafford et al., 2002; Gilsdorf et al., 2005; Rimhanen-Finne et 

al., 2011).  However due to its low incidence worldwide in comparison to other serovars such as S. 

Typhimurium and S. Enteritidis, little effort has been made to develop newer methods for 

epidemiological studies of S. Bovismobificans infections.  At the present time, PFGE remains the ‘gold-

standard’ typing method for Salmonella, however alternative typing approaches have been established 

and increasingly used for S. Typhimurium and S. Enteritidis.  These recently developed methods 

include MAPLT and MLVA that are both less laborious and simple to use than PFGE.  Moreover they 

show a high level of intra-serovar and intra-phage type differentiation suitable for local epidemiological 

typing (Lindstedt et al., 2003; Ross and Heuzenroeder, 2008, 2009).  In this study, investigations were 

carried out to evaluate the ability of MAPLT and MLVA in differentiating within S. Bovismorbificans. 

A set of unrelated S. Bovismorbificans isolates derived from various sources, Australian states and time 

periods were used, and thus the ability of each method in differentiating within this serovar could be 

measured.  The differentiating ability of the methods was measured using the Simpson’s index (DI); 

which indicates the probability of using a method to differentiate between two isolates (Hunter and 

Gaston, 1988).  Referring to Table 4.5, the DIs of PFGE, MAPLT and the combined MAPLT / MLVA 

were all greater than 0.90 indicating that there is more than 90% chance that these methods will be able 

to differentiate between two isolates.  These results suggested that the aforementioned methods could 

provide a high level of discrimination within S. Bovismorbificans.  In addition, the established MAPLT 

scheme detecting nine prophage loci was shown to have the DI almost the same as that of PFGE 

although there was a lesser number of MAPLT profiles generated (Table 4.5).  In view of that the 

calculation of DI takes into the account of both the capacity of a system in generating profiles and the 

relative frequencies of isolates in the profiles (Hunter and Gaston, 1988); the result suggested that 

PFGE did not classify the isolates as evenly as MAPLT.  Therefore, the indices of evenness (Zar, 1984) 

of PFGE and MAPLT were calculated using an online biodiversity calculator available from 

http://math.hws.edu/javamath/ryan/DiversityTest.html.  The index of evenness of MAPLT (0.91) was 

slightly higher than that of PFGE (0.86) reflecting a slightly more even distribution of MAPLT profiles. 

Despite that, the observed uneven classification of isolates by both PFGE and MAPLT may be due to 

the inclusion of a large proportion of isolates of the same phage type (PT 24, PT 14 and PT 13) in this 

study.  However as these are the phage types dominating in Australia, the results may reflect the actual 

classification of the Australian S. Bovismorbificans isolates by PFGE.  Further analysis using a higher 
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number of isolates of the same phage types and other phage types is required to confirm this 

observation.   

MLVA typing using fourteen previously published loci showed the least overall differentiating capacity 

among all the molecular methods applied in the study.  The separation of isolates was finally based on 

five loci that showed allelic variation in the number of tandem repeats.  The remaining loci displayed no 

variations or were not detected in any isolates.  A previous study of S. Infantis also showed similar 

findings in that of the eight published MLVA loci examined, only three MLVA loci showed useful for 

subtyping this serovar (Ross and Heuzenroeder, 2008).  This study also showed that truncated tandem 

repeats at MLVA loci occur independently between serovars.  For example, truncated repeat units at the 

5’end of locus STTR-3 has been reported from a number of serovars including S. Typhimurium, S. 

Enteritidis and S. Infantis (Lindstedt et al., 2003; Ross and Heuzenroeder, 2008, 2009).  However, none 

of the sequenced STTR-3 loci from this study contained truncated repeats indicating that such repeats 

may not be present in S. Bovismorbificans.  The results supported the view that development of high-

resolution MLVA typing schemes relies highly on the availability of complete genomes to pinpoint the 

informative MLVA loci specific for the serovars of interest.  While the sequenced genomes might not be 

in place for MLVA development of certain serovars (e.g. S. Bovismorbificans and S. Infantis), useful 

MLVA loci may still be found from the genomic sequences from the already described serovars. 

However any truncations at tandem repeats and the rate of mutation of the MLVA loci need to be 

ascertained for each serovar. 

While MAPLT was demonstrated to be as discriminative as PFGE in this study, its ability in profile 

generation could be improved through identification of additional MAPLT primers.  An alternative and 

simpler solution was to incorporate the three discriminative MLVA primer pairs into MAPLT.  As 

illustrated in Table 4.5, the composite assay of MAPLT and MLVA comprising nine primer pairs not only 

displayed a differentiating ability as high as PFGE, but also generated a higher number of profiles than 

PFGE.  Previously, this approach was also suggested for S. Enteritidis, as though MLVA provided the 

highest level of discrimination for this serovar as a whole, MAPLT performed better within some phage 

types (Ross and Heuzenroeder, 2009).  This is because MAPLT and MLVA detect different aspects of 

genomic variations in Salmonella resulting in different separation of isolates. 

However in the case of S. Bovismorbificans, the intra-phage type differentiation may not necessarily be 

improved when using the MAPLT / MLVA scheme as seen for PT 13 (Table 4.6).  This result suggested 

the high genetic similarity between PT 13 isolates where similar levels of separation were observed 

regardless the typing approaches used that targeted different genomic regions of the organism. 

Nevertheless, the study indicated the feasibility of replacing PFGE with the composite assay of MAPLT 
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and MLVA in differentiation within the PT 24 phage group (Table 4.6).  This was highlighted since PT 24 

is an important S. Bovismorbificans phage type that is frequently detected in Australia and has been 

implicated in food-borne outbreaks in this country and elsewhere (Stafford et al., 2002; Gilsdorf et al., 

2005).  However the composite assay of MAPLT and MLVA may be tested before application in other 

countries.  This is due to the fact that phage typing relates isolates phenotypically on the basis of the 

sensitivity to a phage panel.  Therefore, it is possible that isolates of the same phage types may not be 

genetically similar and have different prophage content, especially when isolates occur in different 

countries with different environmental pressures and exposure to different temperate phages. 

Thirteen S. Bovismorbificans PT 11 isolates involved in the 2006 salami outbreak were additionally 

subjected to the composite assay of MAPLT / MLVA to demonstrate its use as an outbreak 

epidemiological typing tool.  PFGE could not be performed for comparison of typing results, as none of 

these PT 11 isolates could be re-cultivated.  Assuming all the sample vials contained only single 

colonies of the correct S. Bovismorbificans strains, this study demonstrated that the composite assay of 

MAPLT and MLVA was able to show the close genetic relationship between the outbreak isolates.  Most 

of the human isolates assumed to be outbreak-related had the same MAPLT / MLVA profile to the 

isolate of the outbreak source (B73).  As mentioned earlier, isolate B64 was obtained from the same 

food source three months earlier and was epidemiologically not linked the outbreak.  However as it also 

generated the same profile as B73, this result suggested that the outbreak isolate might have been 

present in the food chain prior to the onset of the outbreak. 

The results also suggested that slight difference by one locus may be observed between outbreak-

related isolates as seen from profiles 2 and 3 with the outbreak profile 1.  This observation was not 

surprising as MAPLT or MLVA loci are among the highly variable regions in bacterial genomes and 

hence have been used widely for resolving differences within homogeneous bacterial groups. 

Nevertheless, the results strongly supported the proposal of establishing interpretation guidelines to 

determine the relationship between isolates with highly similar profiles particularly when the applied 

genetic markers could change relatively quickly (Ross and Heuzenroeder, 2009).   

Similarly, the study suggested that the method might also have the ability to identify isolates that were 

unrelated to an outbreak by showing differences at two or more loci.  Previously provided 

epidemiological data indicated that human isolate B63 may or may not be associated with the outbreak, 

as the patient did not consume salami but ate a Japanese meal with meat and noodles.  Typing data 

obtained from this study showed a weaker genetic relationship by demonstrating differences at two loci 

between isolate B63 (profile 4) and the outbreak profile 1 (Fig. 4.6). The MAPLT / MLVA method 

separated an assumed human case (B71) (profile 5) from the outbreak by showing differences at three 
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loci including two MAPLT and one MLVA loci (Fig. 4.6).  Further testing was performed using the 

complete MAPLT scheme that showed the presence of phage ST64B loci SB04 and SB38 that were 

otherwise not present in any of the outbreak-related isolates (data not shown).  The result provided 

further support that isolate B71 might not be involved in the outbreak. Additional epidemiological data 

would be required to clarify the linkage. 

It is clear that further typing of an additional set of known unrelated PT 11 isolates, in particular ones 

that were detected during the course of the outbreak would be required.  This could illustrate the ability 

of the composite assay of MAPLT / MLVA in discriminating outbreak isolates from the ‘background’ PT 

11 isolates.  This would also display the genetic relationship within PT 11 as a whole as measured by 

the MAPLT / MLVA method, thereby providing guidance in determining the level of genetic similarity 

between isolates with similar profiles. 

Referring to previous studies, phage typing could sometimes separate outbreak-related isolates.  In the 

study of Lindstedt et al. (2004), a S. Typhimurium U302 isolate was included in a DT 104 outbreak 

investigation based on the observed epidemiological linkage, which was then supported by the 

generation of the identical MLVA profile with the outbreak-related isolates.  A similar observation was 

reported from a S. Typhimurium DT 29 and DT 44 outbreak investigation where human and food 

isolates that showed either of the two phage types had identical MLVA profiles, suggesting a single 

outbreak event.  This hypothesis was further supported from the observed DT 29 and DT 44 colonies 

sub-cultured from one patient sample (Ross et al., 2011).  This is in contrast to what was seen in this 

study.  Previous MLVA testing have shown that this PT 13 isolate had a MLVA profile differing to that of 

the food isolate B71 by two loci including the absence of the STTR-6 locus (data not shown).  The 

MAPLT / MLVA typing additionally showed the PT 13 isolate contained locus gpG186 that was not 

present in the food isolate (Fig. 4.6).  Taken together, the genetic differences of isolate B61 was 

determined from the variations at the residing prophage and MLVA loci thereby independently 

confirming the assumption of the outbreak investigators that the PT 13 isolate B61 was not part of the 

outbreak. 

4.5   CHAPTER SUMMARY 

This chapter demonstrated the potential use of two recently proposed molecular typing techniques 

MAPLT and MLVA for differentiation within S. Bovismorbificans, an endemic serovar in Australia.  The 

differentiating ability of each method was evaluated by comparing with the current ‘gold standard’ 

method of PFGE that were performed on the same set of sixty isolates.  This study suggested that 

MAPLT could provide a similar level of differentiation to PFGE for S. Bovismorbificans as a whole, and 
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more importantly within S. Bovismorbificans phage types.  In contrast, MLVA was less discriminative as 

most MLVA loci assessed did not show allelic variation or were not harboured in any of the tested 

isolates.  In addition, a composite assay of MAPLT / MLVA was developed which provided the highest 

discriminatory power using as few as nine primer sets.  Furthermore, the composite MAPLT / MLVA 

scheme was subjected to a retrospective outbreak study and demonstrated the ability to resolve the 

close genetic relationships between outbreak-related isolates indicating its use for local epidemiological 

studies. 
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CHAPTER 5   MOLECULAR TYPING OF SALMONELLA HEIDELBERG 

5.1   INTRODUCTION 

Salmonella enterica serovar Heidelberg (Salmonella Heidelberg or S. Heidelberg) is among the 

Salmonella serovars that are of significance to many parts of the world.  According to a study monitoring 

the global distribution of Salmonella serovars, S. Heidelberg was most frequently detected in the United 

States and Canada (Hendriksen et al., 2011).  In the United States, S. Heidelberg ranked among the top 

seven most commonly reported Salmonella serovar causing human infections consecutively from 2005 

to 2008 (CDC 2005-2008).  Between 2006 and 2008 approximately 4% of all serotyped Salmonella 

isolates were S. Heidelberg (CDC 2005 - 2008).  In Canada, S. Heidelberg ranked in the top three most 

frequently isolated Salmonella serovars from humans.  Furthermore the proportion of all Salmonella 

isolates identified as S. Heidelberg in Canada was much higher (12%) than in the United States (4%) 

(CDC 2005-2008; Public Health Agency of Canada 2006). 

S. Heidelberg has become a significant serovar in Australia since the 1980s.  In the years between 

1960 and 1980 the number of S. Heidelberg isolates from humans was no more than three isolates in 

any year.  However the number of isolates increased and recently reached the average of 68 isolates 

annually between 2001 and 2009 and ranked among the top ten most frequently isolated Salmonella 

serovars from human source in the past 15 years (ASRC Annual Reports 2001-2009).  S. Heidelberg 

has also been the causative agent in several food borne outbreaks involving a number of Australian 

states.  In the 1980s, three food-borne outbreaks occurred in Queensland and New South Wales.  In the 

1990s a large S. Heidelberg outbreak was recorded in Victoria, while more S. Heidelberg outbreaks 

occurred in Queensland and New South Wales at the same time (ASRC Annual Reports 1986-1999).  

As stated in Chapter 3 and Chapter 4, bacteriophage (phage) typing is routinely used for subdivision 

within specific Salmonella serovars.  In Australia, a phage typing scheme (IMVS phage typing scheme) 

employing a panel of 11 phages was established in 1990 in response to the increased S. Heidelberg 

isolations (ASRC Annual Report 2004).  The IMVS phage typing scheme identifies 27 different phage 

types.  Phage type 1 has been the most persistent and common phage type every year for the last 

decade in Australia (ASRC Annual Reports 1999-2009).  The majority of the PT 1 isolates were derived 

from humans, comprising from 42 to 100% of all PT 1 isolates received by ASRC in the years 2005 to 

2009 (ASRC Annual Reports 2005-2009).  Phage type 1 has also been isolated from non-human 

sources including animal food products (ASRC Annual Reports 1995-2009).  This phage typing has 

assisted outbreak investigations (ASRC Annual Reports 2001, 2006; Harvey et al., 1993).  In 2001 

phage typing demonstrated that a food-borne outbreak that occurred in a nursing home was due to S. 
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Heidelberg phage type (PT) 1 and was believed to be transmitted from contaminated eggs (ASRC 

Annual Report 2001).  Phage typing also showed that S. Heidelberg PT 16 caused an outbreak through 

consumption of contaminated eggs from airline meals in 1996 (Abelson et al., 2006). 

There is a second phage typing scheme independently established and is used for surveillance in 

Canada (Demczuk et al., 2003).  This phage typing scheme also comprises 11 typing phages and is 

able to distinguish at least 49 phage types within the Canadian S. Heidelberg isolates (Demczuk et al., 

2003).  Similar to what has been observed with the IMVS phage typing scheme, the majority of the 

Canadian sporadic isolates from humans and non-human sources were classified into a single phage 

type (PT 19).  Approximately 51% of the all the tested isolates were PT19 (Demczuk et al., 2003). 

Molecular typing methods are used to further differentiate isolates of the same Salmonella phage types 

during outbreaks.  Pulsed-field gel electrophoresis (PFGE) is the current ‘gold standard’ method for 

Salmonella.  However increased numbers of studies indicated the inadequate differentiating ability 

provided by this method (see section 1.2.4.3.1).  In regard to S. Heidelberg, Demczuk et al., (2003) 

described a limited discrimination within S. Heidelberg PT19 using PFGE.  In that study 52 PFGE 

profiles were generated but one profile was seen in 55% of all isolates, and from 91% of the 

predominant PT 19 isolates (Demczuk et al., 2003).  One strategy applied to improve the discrimination 

level of PFGE for S. Heidelberg was to analyse the composite PFGE patterns generated individually by 

two or more restriction enzymes (Zhao et al., 2006; Zheng et al., 2007; Zhao et al., 2008).  As 

demonstrated by Zhao et al. (2008), the number of PFGE patterns could be increased by 75% from 61 

XbaI restriction patterns to 106 combined XbaI/BlnI patterns from the same group of S. Heidelberg 

isolates.  However due to that the lengthy procedure involved in PFGE and the increased complexity of 

the generated typing results, this approach may seem impractical to apply for outbreak epidemiological 

studies (refer section 1.2.4.3.3 for detailed discussion). 

Recently two PCR-based typing methods have been increasingly applied for sub-serovar or sub-phage 

type differentiation due to their abilities in providing fine level of strain differentiation, and being rapid, 

simple and easy to perform compared to PFGE.  These methods are multiple-locus (variable-number 

tandem repeat) analysis (MLVA) and multiple amplification of phage locus typing (MAPLT).  MLVA 

reports the allelic variation displayed by the targeted loci due to the different numbers of tandem repeats 

contained within (Lindstedt et al., 2003).  Individual MLVA typing schemes have been developed for 

Salmonella serovars Typhimurium, Enteritidis, Typhi, and Newport, all of which were shown to be at 

least as discriminative as PFGE (Lindstedt et al., 2003; Liu et al., 2003; Lindstedt et al., 2004; Witonski 

et al., 2006; Boxrud et al., 2007; Octavia and Lan, 2009).  Similar to MLVA, MAPLT also detects small 

genetic variations at bacterial genomes, where prophage loci in the Salmonella genomes are targeted 



 | 123  

(Ross and Heuzenroeder, 2005a).  MAPLT schemes have been published for Salmonella serovars 

Typhimurium, Infantis and Enteritidis (Ross and Heuzenroeder, 2005a, 2008, 2009).   Detailed 

discussions regarding MLVA and MAPLT are in section 1.2.4.4.3 and section 1.2.4.4.4 respectively). 

This chapter aimed to develop a MAPLT and a MLVA typing scheme for serovar S. Heidelberg.  In 

addition, a composite assay of MAPLT and MLVA was set up.  The differentiating ability of each of the 

developed MAPLT, MLVA and the composite assay was evaluated through comparing with PFGE.  In 

particular, the differentiation within S. Heidelberg PT 1 group was emphasised due to its high 

prevalence and hence potential in causing outbreaks in Australia.  

5.2   MATERIALS AND METHODS 

This chapter involved use of MAPLT, MLVA, PFGE and composite assay of MAPLT / MLVA for 

differentiation of S. Heidelberg isolates.  Bacterial DNA extraction and the four typing methodologies 

were carried out using materials and protocols described in Chapter 2.  The prophage loci tested in this 

chapter were amplified using primers that were previously published, or constructed for use (see 

Chapter 2 and Chapter 3).  The primer sequences can be found in Table 2.1b.  The MLVA loci tested 

and reported in this chapter were either previously published or first identified in this chapter (see below).  

The published MLVA loci were amplified using primers listed in Table 2.2.  The typing data were 

analysed as described in Chapter 2.  The following sections describe the bacterial isolates and the 

methods that were specifically used in this chapter.  

5.2.1   Bacterial isolates 

A total of sixty-four epidemiologically-unrelated S. Heidelberg isolates were used in this study (Appendix 

1.3).  All isolates were obtained from the Australian Salmonella Reference centre (ASRC), Institute of 

Medical and Veterinary Science (IMVS), Adelaide, Australia.  The serotypes and the phage types of 

these Salmonella isolates were determined previously by the ASRC.  The isolates were originally 

derived from various sources, and geographic locations in Australia between 2006 and 2009.  

5.2.2   Identification of novel MLVA loci 

Together with previously described MLVA loci, additional MLVA loci were first identified and tested in 

this chapter.  These MLVA loci were identified using the tandem repeat finder software (Benson, 1999) 

from the genomic sequence of S. Heidelberg strain SL 476 (NCBI accession no. CP001120).  Default 

parameters were applied in search for tandem repeats.  Nine regions containing direct tandem repeats 

were further selected to test for their usefulness in strain differentiation (Table 5.1).  The tandem repeats 

selected were 3 to 18 base pairs in length for each repeat unit (Table 5.1).  The online-based BlastN 
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tool (Altschul et al., 1990) (available from http://blast.ncbi.nlm.nih.gov/Blast.cgi) was applied to ensure 

that the DNA sequence of the nine selected MLVA regions were not identical to any previously 

published MLVA loci.  Primers amplifying these nine novel MLVA loci were subsequently designed and 

can be found in Table 2.2. 

Table 5.1 Characteristics of the novel MLVA loci identified from S. Heidelberg strain SL 476 

Loci Repeat length (bp) No. of repeatsa Location in genomeb Coding region 

SHTR-1 7 4 4618625-4619096 Intergenic 

SHTR-2 5 10 2562756-2563042 Intergenic 

SHTR-3 10 3 2562417-2562779 Intergenic 

SHTR-4 9 2 2379490-2379899 hypothetical protein 

SHTR-5 9 5 2005751-2006186 hypothetical protein 

SHTR-6 9 2 1762657-1763116 Intergenic 

SHTR-7 18 2 3440787-3441169 garD 

SHTR-8 15 2 4118402-4118723 Intergenic 

SHTR-9 15 2 2303349-2303697 lytS 

a Repeat number was adjusted to disregard the additional bases being considered as “partial repeat unit” by the 

Tandem Repeat Finder (Benson, 1999) 

b Location of amplified fragments in S. Heidelberg SL 476 with the GenBank accession no CP001120 

5.2.3   Evaluation of the usefulness of the novel MLVA loci 

Thirty-two of the sixty-four S. Heidelberg isolates were used to initially assess the usefulness of each of 

the nine novel loci (STHR-1 to -9) for strain differentiation.  These thirty-two isolates were selected 

based on their distinct PFGE profiles and phage types indicating genetic diverseness (Table 5.2).  Loci 

showing variation in the number of tandem repeats within the diverse thirty-two isolates were 

subsequently tested on the remaining isolates.  
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   Table 5.2   A subset of 32 S. Heidelberg isolates used to determine the allelic variability of the novel  

   MLVA loci SHTR-1 to -9 

Isolates Time Sources bStates Phage types aPFGE profiles 

H15 2006 Human SA 1 20 

H16 2006 Human VIC 1 21 

H18 2008 Human NSW 2 4 

H19 2007 Human urine NSW 2 10 

H20 2007 Human VIC 2 14 

H21 2007 Porcine intestine QLD 2 13 

H22 2007 Human QLD 2 18 

H23 2008 Human NSW 3 24 

H25 2007 Human blood O/S travel 3 24 

H27 2007 Human QLD 4 16 

H28 2006 Human blood QLD 4 29 

H29 2007 Human NSW 5 11 

H30 2007 Human SA 7 17 

H31 2008 Human NSW 8 25 

H39 2007 Human NSW 5 11 

H41 2006 Human  O/S travel 23 23 

H42 2006 Human WA 23 2 

H43 2006 Human O/S travel 25 19 

H44 2007 Human QLD 26 7 

H45 2007 Human O/S travel 27 1 

H46 2006 Human VIC 6a 26 

H47 2008 Human O/S travel 1RDNC 6 

H48 2008 Goat meat QLD 2UN 17

H49 2006 Pork meat QLD 2UN 5

H50 2007 Human VIC 1 3 

H52 2007 Human QLD 4 27 

H53 2007 Human QLD 4 12 

H54 2007 Human blood NSW 1 8 

H55 2007 Human NSW 2 9 

H56 2006 Goat meat VIC 2 17 

H57 2006 Human NSW 4 28 

H60 2007 Human QLD 4 15 

    The isolates were collected from various sources, time and locations, and were indicated as diversely related by phage 

     typing and PFGE. aPFGE profiles were derived from Fig. 5.2.  b Abbreviations for Australian states: NSW = New South 

     Wales; NT = NewTerritory; QLD = Queensland; SA = South Australia; WA = Western Australia; O/S travel = overseas  

      travel. 1 RCNC = react does not conform, 2 UN = untypable 
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5.3   RESULTS 

5.3.1   MAPLT 

In total, twenty-one phage loci were amplified from at least one of the S. Heidelberg isolates (Table 5.3).  

These phage loci were the same as those of the published phages including P22, ST64T, ST64B, Gifsy-

1, Gifsy-2, Fels-2, SopEΦ, and a prophage in the sequenced S. Newport strain SL254 (NCBI accession 

no CP001113).  All these prophage loci were variably amplified from the isolates, with the exceptions of 

two Gifsy-2 loci (STM1032 and STM1048) and the sopE gene locus that were detected from all test 

isolates.  Gene loci of phage ST64B were routinely detected at a low frequency, for example locus 

SB06ST64B was amplified in five isolates.  In most cases, gene loci derived from the same phages were 

observed in different isolates (Table 5.3).  For example, while only one isolate amplified locus sieBP22, 

seven and nineteen isolates amplified the other two phage P22 loci ninBP22 and intP22 respectively.  The 

one exception was that the four Fels-2 phage loci examined in this chapter were all amplified from the 

same twelve isolates (Appendix 2.3). 

In total, seventeen MAPLT profiles were seen from the sixty-four S. Heidelberg isolates using a 

minimum set of twelve MAPLT primers (Table 5.4).  Incorporating further MAPLT loci that were 

examined in this study did not enhance the separation of isolates.  Of the seventeen MAPLT profiles 

generated, eight were generated by single isolates.  Among the remaining 9 MAPLT profiles, MAPLT 

profile 2 was generated by the highest number of isolates that were predominately PT 1 isolates (16 of 

17 isolates) (Fig. 5.1).  Moreover, most PT 1 isolates with MAPLT profile 2 were derived from humans 

and none were derived from goat meat, which was the predominant source of non-human S. Heidelberg 

isolates by ASRC (ASRC 1986 - 2009).  Similarly the PT 2 isolates derived from humans (MAPLT 

profiles 3 and 6) were distinct from the isolates derived from animal origins (MAPLT profiles 1 and 7).  In 

contrast, the PT 8 isolates generating the MAPLT profile 3 were isolated from both human and non-

human sources. 

5.3.2   PFGE 

Twenty-nine PFGE profiles were generated with twenty-four unique profiles from single isolates (Fig. 

5.2).  The remaining five PFGE profiles generally clustered isolates of the same phage types.  For 

example, twenty-two of the twenty-five isolates with PFGE profile 17 were PT 1 and included all the PT 

1 goat meat isolates.  Similarly, all four isolates with PFGE profile 24 were PT 3, and all seven isolates 

with PFGE profile 25 were PT 8 (Fig. 5.2).  While a general typing system concordance between PFGE 

and phage typing was observed for these phage types, PFGE showed the wide genetic diversity within 

other phage types.  For example, the eight PT 2 isolates generated seven PFGE profiles, and all six PT 

4 isolates had distinct PFGE profiles (Fig. 5.2). 
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       Table 5.3   Positive amplifications of prophage gene loci from the 64 S. Heidelberg isolates 

Prophages Gene loci Gene functions No. of positive isolates 

P22/ST64T cI CI protein 11

g17 Putative superinfection exclusion protein 16 

gtrC O-antigen conversion 19 

P22 ninB Unknown 7

int Integrase 19

sieB Superinfection exclusion protein 1 

ST64B SB06 Major capsid protein 2

SB21 Putative head assembly protein 5 

SB28 Integrase 3

SB38 CI protein 4



        Primer sequences amplifying the prophage gene loci in this table are listed in Table 2.1b 

Prophages Gene loci Gene functions No. of positive isolates 

Fels-2 STM2697 Tail protein 12

STM2714 Lysis regulatory protein 12 

STM2719 Terminase small subunit 12 

STM2723 Portal protein 12

Gifsy-1/2 STM2619 Unknown (NinG) 10

STM2632 Exodeoxyribonuclease 55

Gifsy-1 STM2608 Terminase large subunit 2 

Gifsy-2 STM1032 Putative capsid protein 64 

STM1048 Host specificity protein J 64 

SopEφ sopE Type III secretive protein (SopE) 64 

Prophage in SL254 A2929 Tail sheath protein 19 
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      Table 5.4   Primers of the MAPLT scheme for Salmonella Heidelberg 

Prophages Gene loci Encoded proteins Primer sequences (5’→ 3’) 

P22/ST64T cI CI protein aPTc1F: CTTTACCAATCTGAACCGCCG 

aPTc1R: CTGAGTTGTTTTGGCATAATTACTCC 

g17 Putative superinfection exclusion aF17: GGCTGTTGTTTCTTCTTTCAGGC 

aR17: AGGAAATATGAAATTACGTGTCTGGC 

P22 sieB Superinfection exclusion aSIEBF: CGATGAACAACTCATGGTGGC 

aSIEBR: AGCGAGGTAAGGTATTTGTCG 

Fels-2 STM2714 Lysis regulatory protein Fels2lysBF: TGACCTTTCCAGACGGCACT 

Fels2lysBR: TGGTTCTGGCGCTGGTACTT 

Gifsy-1 STM2608 Terminase large subunit Gifsy1AF: GATCACGCATCCATTATGTTCAC 

Gifsy1AR: TATTCCCGTACCGCTTACCAC 

Gifsy-1/2 STM2632 Exodeoxyribonuclease Gifsy1RecF: CTAAAGACAATATGACCTGGACG 

Gifsy1RecR: GAATAGCCGATACACGGTTGC 

STM2619 Unknown (NinG) Gifsy1ninGF: ACACTGAAGATGGATGTTGAAGC 

Gifsy1ninGR: GCCGTAAGTGCGCAAACAAAG 



Prophages Gene loci Encoded proteins Primer sequences (5’→ 3’) 

ST64B SB06 Major capsid protein aSB06F1: ACGACAAGCGCGTTGAGGC 

aSB06R1: GCTTCCACGTTGAAGAAGGC 

SB21 Putative head assembly protein aSB21F1: CTGTATGGTTATATCGATTATCTGG 

aSB21R1: GATTTCCTTTGCCCAGATGACG 

SB28  Integrase aSB28F1: TGCAGTCAAGAGGACGTCC 

aSB28R1: TGCCGATATGCTGATCTGGC 

SB38 CI protein aBIM1F: ATGGTGGCCTTGTCGACGC 

aBIM1R: GCTAACGTGAAGGATTTGTTCCG

Prophage in SL254 A2929 Tail sheath SL254tailF: AGGCGGATTACCTGAAACGTC 

SL254tailR: ATATCCACCGCCTTCTTGCTC 

a Primer sequences described by Ross and Heuzenroeder (2005)
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Fig. 5.1   Dendrogram showing the genetic relationship between the 64 S. Heidelberg isolates as generated by 

MAPLT results.  Symbol + indicated positive amplification of the prophage loci; symbol – indicated negative PCR 

amplification of the prophage loci.   

UN = untypable; RDNC = reacts but does not conform. 

Abbreviations for Australian states: NSW = New South Wales; NT = Northern Territory; QLD = Queensland; SA = 

South Australia; WA = Western Australia; O/S = overseas travel  
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Fig. 5.2   Dendrogram constructed based on the PFGE patterns of the 64 S. Heidelberg isolates.  The PFGE 

patterns were related by the BioNumerics program with the band tolerance level and optimisation set at 1.7% 

and 0.5% respectively. 
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5.3.3   MLVA 

5.3.3.1   Allelic variability of the published MLVA loci 

Of the fourteen published MLVA loci examined in this chapter, only three loci displayed allelic variations 

(Table 5.5).  Locus STTR-5 displayed the highest number of alleles (seven alleles), while loci Sal20 and 

STTR-3 displayed three alleles and two alleles respectively.  Of the remaining eleven MLVA loci, locus 

Sal04 was amplified with no tandem repeats from any isolate, while loci STTR-6 and STTR-10 were not 

amplified from any of the isolates. 

5.3.3.2   Allelic variability of the novel MLVA loci 

A subset of thirty-two genetically and epidemiologically distinct S. Heidelberg isolates was selected to 

determine the allelic variability of these loci within the serovar.  Nine novel MLVA loci designated SHTR-

01 to -09 were examined for variable amplified fragment lengths (Table 5.1).  Of the nine loci only 

SHTR-05 exhibited allelic polymorphism insofar that twenty-nine isolates amplified a fragment of 427 bp 

and three isolates amplified a fragment of 436bp.  Locus SHTR-03 was amplified in all but five isolates. 

All the amplified SHTR-3 products were 363bp in length.  In regard to the remaining loci, SHTR-01 and -

02 were not amplified in any isolates, while SHTR-04, -06, -07, -08 and -09 were amplified by all 

isolates but the amplified products showed no polymorphism.  Consequently only loci SHTR-03 and 

SHTR-05 were applied to the remaining isolates. 

5.3.3.3   MLVA differentiation of the sixty-four S. Heidelberg isolates 

MLVA typing of all sixty-four isolates was performed using the five loci that displayed allelic 

polymorphism as described above.  However the highest level of differentiation of isolates was obtained 

by using three loci: STTR-3, STTR-5 and Sal20 (Fig. 5.3).  Including the novel MLVA loci SHTR-3, and -

5 did not differentiate the isolates any further.  Eleven different MLVA profiles were generated and most 

isolates either exhibited MLVA profiles 1 (n=8), 2 (n=22) and 3 (n=24) (Fig. 5.3).  In regard to the intra-

phage type differentiation, MLVA was the most effective in separating PT 3 isolates compared to 

MAPLT and PFGE where all four isolates tested had distinct profiles.  By comparion, PFGE failed to 

differentiate any of the PT 3 isolates and MAPLT only provided partial separation of them into two 

groups.  The PT 1 isolates generated three MLVA profiles: MLVA profile 1 (n=2), profile 2 (n=12) and 

profile 3 (n=12).  The six PT 2 isolates were separated in a very similar way to MAPLT, with three MLVA 

profiles generated.  The exception was that isolates H19, H20 and H21 were grouped together by MLVA, 

while isolate H21 was separated from the other two isolates by MAPLT.  Similarly both MLVA and 

MAPLT did not separate any of the PT 4 isolates but differentiated the two PT 9 isolates.  Alternatively, 

MLVA showed a similar ability to PFGE in differentiating PT 8 isolates.  While all PT 8 isolates exhibited 

an identical PFGE profile, six out of seven PT 8 isolates displayed MLVA profile 2 and one isolate (H31) 

had the MLVA profile 4 despite the diverse sources of the isolates.
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Table 5.5   Previously described MLVA loci that were used to differentiate the 64 S. Heidelberg isolates 

MLVA loci No. of alleles a No. of tandem repeats (b no. of isolates) References 

STTR-2  1 10 (64) Lindstedt et al., (2003) 

STTR-3 2 12 (63), 10 (1) Lindstedt et al., (2003) 

STTR-5 7 9 (1), 10 (1), 11 (26), 12 (25), 13 (2) 

14 (8), 15 (1) 

Lindstedt et al., (2003) 

STTR-6 Not applicable Not amplified (64) Lindstedt et al., (2003) 

STTR-7 1 8 (64) Lindstedt et al., (2003) 

STTR-9 1 2 (64) Lindstedt et al., (2004) 

STTR-10 Not applicable Not amplified (64) Lindstedt et al., (2003) 

Sal02 1 2 (64) Ramisse et al., (2004) 

Sal04 1 0 (64) Ramisse et al., (2004) 

Sal10 1 2 (64) Ramisse et al., (2004) 

Sal15 1 2 (64) Ramisse et al., (2004) 

Sal20 1 11 (56), 13 (7), 14 (1) Ramisse et al., (2004) 

TR1 1 2 (64) Liu et al., (2003) 

2628542 1 4 (64) Witonski et al., (2006) 

a The number of tandem repeats contained within the amplified MLVA loci 
b Number of isolates amplified with the MLVA alleles 
Primer sequences amplifying the MLVA loci in this table are listed in Table 2.2 
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Fig. 5.3   Dendrogram depicting genetic relationship between the 64 S. Heidelberg isolates based on the typing 

results from the discriminative MLVA loci.  Novel MLVA loci SHTR-3 and SHTR-5 were omitted from the assay as 

they did not provide further discrimination of the isolates.   

The MLVA results were presented as amplified fragment length in bp.  The number of repeat units for each locus 

was indicated in the brackets. 
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5.3.4   Composite assay of MAPLT and MLVA 

Typing data of the composite typing assay of MAPLT and MLVA was prepared using twelve loci 

comprising nine MAPLT loci and three MLVA loci (Table 5.6).  Twenty-three profiles were observed in 

total (Fig. 5.4).  Nine profiles were generated by more than one isolate and were mainly the isolates of 

the same phage types.  For example, profile 9 was generated by six isolates, of which four were PT 2.  

Similarly, profile 12 was generated by eight isolates, of which six were PT 4 (Fig 5.4). The highest 

number of profiles was observed when using the composite assay in differentiating the predominating 

PT 1 isolates.  The twenty-six PT 1 isolates generated eight MAPLT / MLVA profiles in comparison to 

six MAPLT profiles, five PFGE profiles, and three MLVA profiles.  Similarly, the seven PT 8 isolates 

generated three MAPLT / MLVA profiles in comparison to two profiles each from MAPLT or MLVA.  

PFGE did not differentiate any of the PT 8 isolates.  However there was no further increase in the 

number of generated profiles for PT 2 and PT 4 isolates when using the composite assay, compared to 

using MAPLT and MLVA individually.  There were four profiles observed from the PT 2 isolates using 

MAPLT or the composite assay, each was generated by the same isolates.  Likewise, none of the PT 4 

isolates were differentiated by MAPLT or MLVA, therefore no PT 4 isolates were differentiated by the 

composite assay as well (Fig. 5.4). 

 

 5.3.5   Comparison of the differentiating abilities between the four molecular typing approaches 

The differentiating ability of each methodology was presented as the Simpson’s index of diversity (Table 

5.7).  MAPLT and PFGE showed to have comparable differentiating ability (MAPLT DI = 0.88; PFGE DI 

= 0.84).  In contrast, MLVA performed the poorest giving the lowest DI value of 0.73 and the lowest 

number of profiles.  The calculated DI value of the composite assay was shown as the highest (DI = 

0.92) (Table 5.7).  However it was noted that the composite assay generated a few profiles less than 

PFGE.  The DI values of the four molecular methods in differentiating the predominating PT 1 isolates 

were also determined (Table 5.8).  The composite assay performed the best in differentiating the PT 1 

isolates giving the highest DI value and the number of profiles. 
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      Table 5.6   Primers of the S. Heidelberg composite MAPLT / MLVA scheme 

Gene loci Primer sequences (5’→ 3’) 

MAPLT P22/ST64T-cI aPTc1F: CTTTACCAATCTGAACCGCCG 

aPTc1R: CTGAGTTGTTTTGGCATAATTACTCC 

P22/ST64T-g17 aF17: GGCTGTTGTTTCTTCTTTCAGGC 

aR17: AGGAAATATGAAATTACGTGTCTGGC 

P22-sieB aSIEBF: CGATGAACAACTCATGGTGGC 

aSIEBR: AGCGAGGTAAGGTATTTGTCG 

Gifsy1/2-ninG GifsyninGF: ACACTGAAGATGGATGTTGAAGC 

GifsyninGR: GCCGTAAGTGCGCAAACAAAG 

Fels2- STM2714 Fels2lysBF: TGACCTTTCCAGACGGCACT 

Fels2lysBR: TGGTTCTGGCGCTGGTACTT 

Prophage in SL254-A2929 SL254tailF: AGGCGGATTACCTGAAACGTC 

SL254tailR: ATATCCACCGCCTTCTTGCTC 



Gene loci Primer sequences (5’→ 3’) 

MAPLT ST64B-SB06 aSB06F1: ACGACAAGCGCGTTGAGGC 

aSB06R1: GCTTCCACGTTGAAGAAGGC 

ST64B-SB38 aBIM1F: ATGGTGGCCTTGTCGACGC 

aBIM1R: GCTAACGTGAAGGATTTGTTCCG

MLVA STTR-3 bSTTR3F: CGTTGAAAATAACGGTGGC 

bSTTR3R: CCTTTATCGATGGTGACGC 

STTR-5 bSTTR5F: GCTGCAGTTAATTTCTGCG 

bSTTR5R: TCAGTAAAACGGTGATCGC 

Sal20 Sal20F2: AGCAGCCGACACAACTTAACG

Sal20R2: ACCATCCAGCGACGTTCATC 
 a Primer sequences described by Ross and Heuzenroeder (2005) 
 b Primer sequences described by Ross and Heuzenroeder (2008) 
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Fig. 5.4   Dendrogram depicting genetic relationship between the 64 S. Heidelberg according to the amplification 

results of 9 MAPLT and 3 MLVA loci. 

Positive amplification of the prophage loci was indicated as ‘+’; negative PCR amplification of the prophage loci 

was indicated as ‘-’.  The MLVA results were presented as amplified fragment length (in bp). 
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Table 5.7   Comparison of the differentiating abilities between the 4 methodologies based on the 

Simpson’s index of diversity for the 64 S. Heidelberg isolates 

No. of primers used No. of profiles Simpson’ index of diversity 

(95% confidence interval) 

PFGE na1 29 0.84 (0.74 to 0.92)  

MAPLT 12 17 0.88 (0.83 to 0.92) 

MLVA 6 12 0.73 (0.67 to 0.80) 

MAPLT/MLVA 12 23 0.92 (0.89 to 0.95) 
1na = not applicable 

Table 5.8   Differentiating ability of PFGE, MAPLT, MLVA and MAPLT / MLVA  for PT 1 isolates 

Simpson’s index of diversity (no. of profiles) 

MAPLT 0.58 (6)

PFGE 0.29 (5)

MLVA 0.59 (3)

MAPLT / MLVA 0.77 (8) 

All values illustrated in this table were derived from Fig 5.1 (MAPLT); Fig 5.2 (PFGE); Fig 5.3 (MLVA), and Fig 5.4 (MAPLT 
/MLVA) 
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5.4   DISCUSSION 

Salmonella Heidelberg is one of the commonly isolated Salmonella serovars in Australia and in other 

countries.  In Australia phage typing is routinely carried out to monitor subtypes of S. Heidelberg and 

hence to facilitate early outbreak detection.  A further differentiation of strains within phage types 

employs the current ‘gold-standard’ typing method PFGE during outbreaks.  However the differentiating 

ability of PFGE has been challenged by the apparent genetic similarity exhibited by strains in 

predominating phage type groups such as PT 1 isolates in Australia.  Furthermore, the PFGE protocol is 

time-consuming, laborious and data is open to subjective interpretation.  In this study, three PCR-based 

typing methods that are rapid and simple to perform and that generate objective data were evaluated for 

their ability in discriminating S. Heidelberg strains.  

The 12-loci MAPLT scheme appeared as capable as PFGE in differentiating within serovar S. 

Heidelberg despite the lower number of profiles observed.  More significantly, the MAPLT scheme was 

shown to have a higher ability in subdividing the predominant PT 1 isolates in comparison to PFGE. 

Further improvement in discriminating the PT 1 isolates was achieved by combining MAPLT with MLVA, 

where the highest number of profiles and a higher DI value were observed.  The 16 PT 1 isolates with 

MAPLT profile 2 were further divided into 3 groups of 11 isolates, 4 isolates and 1 isolate respectively 

(Fig. 5.4).  Significantly, all the non-human PT 1 isolates were separated from the human PT 1 isolates 

that was not achieved by applying MAPLT, MLVA or PFGE alone.  It was observed that while MAPLT 

identified the different prophage content between isolates derived from goat meat and human isolates, 

MLVA also identified the allelic differences at locus STTR-5 between the three isolates obtained from 

the beef, the soy flour and the canine sources.  This observation suggests the usefulness of the 

combined molecular assay in determining transmission of S. Heidelberg PT 1 isolates from a wider 

range of animal sources to humans in comparison to MAPLT alone.  However further investigation 

needs to be carried out to confirm the observations as this study only included a small number of PT 1 

isolates from diverse animal or food origins.   

DOP-PCR procedure as described in Chapter 3 has been carried out on isolates having MAPLT profile 

2 to identify additional prophage loci for further discrimination.  Phages showing sequence similarity to 

phages Gifsy-1 and Gifsy-2 were obtained (data not shown).  This is consistent with the MAPLT results 

insofar that all PT 1 isolates amplified with at least one Gifsy-1 or Gifsy-2 locus that encodes a putative 

exodeoxyribonuclease gene (Fig. 5.1).  Three additional gene loci including two from phage Gifsy-2 

(genes encoding putative capsid protein and host specificity protein J) and one shared between phages 

Gifsy-1 and GIfsy-2 (gene encoding putative phage tail protein) were screened.  These three Gifsy 

phage loci were detected in most isolates including all PT 1 isolates (Appendix 2.3).  A locus within the 
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phage virulence gene sopE was also tested as this gene has been described in a number of Gifsy-

related phages (Mirold et al., 2001).  The sopE locus was amplified in all isolates (Appendix 2.3).  The 

results demonstrated the abundance of mosaically-related phages residing in S. Heidelberg that are 

genetically related to Gifsy phages.  Furthermore the results suggested that the Gifsy phages would 

likely be the vehicle for gene sopE contributing to the virulence of S. Heidelberg isolates in Australia. 

While a number of previously described MLVA loci were identified in S. Heidelberg, only a few of these 

loci demonstrated allelic polymorphism.  This limited this method for typing S. Heidelberg based on 

available sequence data.  Most of the published loci displayed allelic polymorphism between or within 

other Salmonella serovars but only three these loci showed allelic variations in S. Heidelberg (Lindstedt 

et al., 2003; Liu et al., 2003; Lindstedt et al., 2004; Ramisse et al., 2004; Witonski et al., 2006).  Locus 

STTR-5 was shown to be the most variable.  This result was expected as locus STTR-5 has exhibited 

significant allelic polymorphism in all the analysed serovars including Typhi, Typhimurium, Enteritidis, 

Newport and Infantis (Lindstedt et al., 2003; Ramisse et al., 2004; Witonski et al., 2006; Boxrud et al., 

2007; Ross and Heuzenroeder, 2008, 2009).  Locus Sal20 displayed three alleles with two frequently 

detected and one detected from one PT 9 isolate only.  Referring to Ramisse et al., (2004), S. Paratyphi 

A showed a similar degree of variation at the Sal20 locus with S. Heidelberg in terms of the number of 

alleles (2 alleles) detected.  Alternatively this MLVA locus was conserved in S. Typhimurium but nine 

alleles were detected in S. Typhi (Ramisse et al., 2004).  A similar observation was made for STTR-3 

where high allelic diversity was shown in S. Typhimurium and S. Enteritidis (Lindstedt et al., 2003; 

Boxrud et al., 2007; Ross and Heuzenroeder, 2009).  However in this study and another study 

describing MLVA typing of S. Infantis (Ross and Heuzenroeder, 2008), only one isolate was found to 

have a different STTR-3 allele.  Taken together these results indicate that the allelic frequency 

displayed from MLVA loci by one serovar does not necessarily mean a similar result for other serovars. 

As a consequence each MLVA locus would need to be examined individually to determine its 

usefulness in typing other serovars of interest.  

Using the default parameters of the Tandem Repeat Finder (Benson, 1999), 77 tandem repeat 

containing loci were recognised from the sequenced genome of S. Heidelberg strain SL 476 (NCBI 

accession no. CP001120).  As observed from previous studies, truncations are commonly associated 

with long tandem repeat units and more allelic variations in terms of tandem repeat numbers were 

usually seen in loci with short tandem repeat units (Liu et al., 2003; Lindstedt et al., 2004; Ramisse et al., 

2004; Boxrud et al., 2007).  Therefore this study concentrated on the investigation of the degree of 

variation in loci containing direct and short tandem repeat length.  Nine loci were further selected 

however only one locus (SHTR-5) showed allelic variations with two alleles observed.  Two loci, SHTR-

1 and SHTR-2, were not amplified in any isolates in the subset, while locus SHTR-3 was amplified from 
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twenty-seven of the thirty-two tested isolates.  Locus SHTR-1 is located upstream from a P4-like 

integrase gene, while SHTR-2 and -3 are located downstream from a phage capsid gene.  Since these 

3 loci were found located adjacent to the phage-related elements (i.e. mobile genetic elements), they 

are likely to be of phage origin as well.  This may explain why these loci were present in the sequenced 

S. Heidelberg genome but were not detected or variably detected in the tested isolates.  Similarly, 

STTR-6 is a Gifsy-1 phage-related locus that was not detected in any isolates although other Gifsy-1 

loci were differentially present in the collected isolates.  This observation clearly demonstrated the 

mosaic nature of phage genomes.  

The inability of the selected panel of MLVA loci (Table 5.1 and Table 5.5) to separate S. Heidelberg 

indicated the need to further identify discriminative MLVA loci before this method alone can be a useful 

option for typing purposes.  In this study, nine of the seventy-seven novel MLVA loci with short direct 

repeat units (3-18bp) were examined but none provided further resolution.  Therefore the remaining 

novel MLVA loci with longer repeat units may need to be examined even though random truncations at 

the repeat units may be present complicating determination of the number of repeat units contained 

within.  For example, locus STTR-3 from the current MLVA typing scheme for S. Typhimurium was 

found to contain a combination of tandem repeats of 27bp and 33bp in lengths (Lindstedt et al., 2003; 

Ross and Heuzenroeder, 2008, 2009).  To utilise this locus for strain differentiation whilst maintaining 

the ease of result interpretation, the actual length of the amplified STTR-3 is generally reported without 

the calculation of the number of repeat units (Gilbert, 2008; Larsson et al., 2009). 

Recently, another complete genomic sequence of S. Heidelberg strain B182 has been deposited in 

GenBank (NCBI accession no. CP003461).  Subsequently, a sequence comparison between S. 

Heidelberg strains SL 476 and B182 can be carried out enabling identification of MLVA loci showing 

variations between the two S. Heidelberg strains.  The availability of multiple complete genomes of a 

serovar can also ensure the detection of most if not all the MLVA loci present in a serovar considering 

that some MLVA loci may not be present in every strain of a serovar as discussed in Chapter 3.  An 

online-based bioinformatics tool at http://minisatellite.u-psud.fr under the “Strain Comparison Page” is 

freely accessible to fulfill the purpose (Denæud and Vergnaud, 2004).   
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5.5   CHAPTER SUMMARY 

This study demonstrated the use of MAPLT and MLVA in discriminating S. Heidelberg isolates, in 

particular between the predominating S. Heidelberg PT 1 isolates.  In comparison to PFGE, MAPLT 

demonstrated a higher ability in differentiating the PT 1 isolates.  Furthermore the results suggested that 

MAPLT may be a valuable epidemiological typing tool for determining transmission of S. Heidelberg PT 

1 isolates from suspect food or environmental source (such as goat meat) to humans.  As MAPLT and 

MLVA separated isolates of the same phage type differently it was concluded that the composite assay 

of MAPLT and MLVA is possibly the most useful and practical approach when a high level differentiation 

is required.  Further assay development should be carried out using known epidemiologically-related 

and unrelated isolates to validate MAPLT or the composite assay for outbreak epidemiological studies. 
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CHAPTER 6   GENETIC CHARACTERISATION OF BACTERIOPHAGES IN SALMONELLA  

6.1   INTRODUCTION 

Bacteriophages or phages are believed to be the most abundant biological entities on earth with an 

estimate of 1031 phage particles in the environment (Ashelford et al., 2003; Suttle, 2005). 

Bacteriophages can be classified in a number of ways, most commonly by their morphology and the 

nucleic acid types contained in the viral particles.  Current data indicates that tailed phages containing 

double-stranded DNA (dsDNA) form the majority of phages, comprising 96% of the total number of 

phages that have been investigated (Ackermann and Kropinski, 2007; Hatfull, 2008; Ackermann, 2009). 

An extensive range of over 150 bacterial genera are known to be infected with dsDNA tailed-phages 

(Ackermann, 2009).  Salmonellae is one such genus frequently infected with dsDNA tailed-phages that 

are temperate in nature.  As a consequence of lysogenic infection, the phage DNA integrates into and 

replicates along with the bacterial genome during cell division (Miller and Day, 2008). 

As the genomic sequences of more phages become available, they are further classified into phage 

families according to the similarity displayed in their genomic architectures.  In other words, this 

approach classifies phages into the same families when they have genes of similar functions arranged 

in the same order, regardless of whether the genes unrelated at the nucleotide level or not (Campbell, 

1994).  The lambdoid family is one phage family to which the characterised Salmonella temperate 

phages belong, including the well-studied Salmonella phage P22 (Susskind and Botstein, 1978). 

Temperate bacteriophage λ is the type virus of this family, to which all family members show 

relationships in terms of their overall genomic architecture.  

This genetic grouping of phages was proposed based on the modular theory of bacteriophage evolution 

(Susskind and Botstein, 1978) in that the diversity of phages is principally driven by horizontal 

exchanges of genes that share similar functions occupying corresponding locations in the genomes 

(Brüssow et al., 2004).  This theory rationalised the mosaic features between lambdoid phages that was 

observed in DNA heteroduplex mapping and sequence data analysis where there were DNA regions 

showing nearly identical DNA sequences that were interrupted with regions showing little to no 

sequence identity between each pair of the examined lamdboid phages (Simon et al., 1971; Juhala et 

al., 2000; Mmolawa et al., 2003; Price-Carter et al., 2011).  These same observations also supported 

the view that horizontal gene exchanges among phages of a family (e.g. lambdoid phages) infecting 

closely related groups of hosts (e.g. enteric bacteria) would be a frequent occurrence (Hendrix et al., 

1999). 
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Nevertheless temperate phages infecting one bacterial host may be composed of individual genes from 

phages infecting a wide range of phylogenetically distant bacterial hosts (Hendrix et al., 1999).  One 

example is the S. Typhimurium phage ST64B, where most genes showed similarity at the translated 

protein level to phages infecting hosts outside the family Enterobacteriaceae including Gram-positive 

bacteria (Mmolawa et al., 2003).  A similar observation was seen for the cryptic prophage φflu in 

Haemophilus influenzae that had genes showing sequence similarity to phages infecting Haemophilus, 

Bacillus, Salmonella, Mycobacterium, Escherichia, Streptococcus, and Lactococcus (Hendrix et al., 

1999).  These observations suggested that there could have been many steps of modular exchanges 

occurring over a long period of time that brought these genes together, therefore the similarity between 

the translated proteins between phages of distant hosts is often weak (Hendrix et al., 1999).  Therefore, 

while gene exchanges between phages occur continuously and that the sources of the genes could be 

derived from phages infecting distantly related hosts, prophage integration often contributes to inter-

strain genetic differences within defined bacterial groups such as Salmonella serovars (Deng et al., 

2003; Hermans et al., 2005; Cooke et al., 2007). 

Upon lysogenic infection survival fitness of the bacterial hosts may be enhanced through lysogenic 

conversion, due to putative virulence determinants carried by the phages.  Several putative and 

experimentally confirmed virulence determinants have been detected on Salmonella phages.  Section 

1.3.6.1 provides a detailed discussion regarding the Salmonella phage-encoded virulence factors. 

Some of these genes have been shown to significantly contribute to the overall Salmonella 

pathogenicity, such as the sodCI gene (De Groote et al., 1997; Farrant et al., 1997) and the gtgE gene 

(Ho et al., 2002).  Both these virulence genes were mapped on phage Gifsy-2 of S. Typhimurium strain 

LT2 (Figueroa-Bossi et al., 2001), and when mutated separately caused a 5-fold and a 7-fold 

attenuation in vivo respectively (Ho et al., 2002).  Combined mutations of these two genes showed a 

greater than 100-fold attenuation that was similar to when the test strain was cured of Gifsy-2 (Ho et al., 

2002).  Phage Gifsy-1 residing in S. Typhimurium LT2 also carries virulence genes, such as the gipA 

gene that encodes a protein needed for growth in the intestinal phase of infection (Stanley et al., 2000). 

Referring to the typing data from the previous chapters, it was observed that Gifsy phage loci were 

frequently detected in the studied serovars: phage Gifsy-1 loci were commonly detected in the S. 

Virchow isolates, and phage Gifsy-2 loci were common in S. Heidelberg isolates.  The aim of this 

chapter is to examine the significance of Gifsy-like phages in terms of their contribution to genetic 

variation and virulence to Salmonella serovars.  
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6.2   MATERIALS AND METHODS 

 

6.2.1   Bacterial isolates 

 

Table 6.1 Bacterial isolates used in this chapter 

Isolates Salmonella serovars & aPT Purpose Source 

V10 S. Virchow PT 8 phage induction Chapter 3 

H03 S. Heidelberg PT 1 phage induction Chapter 5 

1727 S. Enteritidis PT 1 indicator strain* Tan 2010 

aPT = phage type; n/a = not applicable   

*used for propagation of the induced phages from isolates V10 and H03 

 

During the course of this study, phage lysates and subsequent phage propagation were performed on a 

number of S. Virchow, S. Heidelberg and S. Bovismorbificans isolates (see below for procedure).  

Phages induced from isolate S. Virchow V10, namely PV10 and isolate S. Heidelberg H03, designated 

PH03 were obtained in high titres and therefore were selected for whole genome sequencing.  Prior to 

DNA sequencing, the DOP-PCR procedure was carried out to confirm that the induced phages PV10 

and PH03 were Gifsy-1 related and Gifsy-2 related respectively (data not shown).  In contrast, DOP-

PCR sequence data of the induced S. Bovismorbificans phage lysates failed to show DNA identity to 

phages Gifsy-1 or Gifsy-2 and these therefore were omitted from the study. 

 

6.2.2   Purification of bacteriophages 

Bacteriophages to be characterised were induced from their bacterial hosts according to the procedure 

as described in section 3.2.1.1 (small scale induction).  A culture of indicator strain S. Enteritidis 1727 

was prepared by growing a 1 in 100 diluted overnight culture in LB broth in the presence of 5mM 

calcium chloride until the OD600 reached 0.3.  To propagate phages, 100µl of the phage lysate was 

added to 200µl of broth culture of indicator strain and the mixture was incubated at 37C for 15 min for 

phage absorption.  The phage-bacteria mixture was then added to 3ml of 0.5% molten LB agar, mixed 

gently and poured into a 90mm (diameter) LB plate.  After overnight incubation at 37C, single plaques 

were harvested and resuspended individually into vials containing 500µl of SM buffer.  The vials were 

incubated at room temperature for at least 2 hours to allow phage elution prior to storage at 4C until 

used.  Plaque morphologies produced by each lysate are shown in Fig. 6.1a -b. 
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Fig. 6.1a   Plate lysis of bacteriophage PV10 

Propagation of phage PV10 was achieved through lysis of a plate lawn of indicator bacteria.  Growth of 

phages was evident as turbid plaques observed throughout the plate (examples were marked with blue 

triangles).  Plaques produced by PV10 were approximately 0.5mm diameters in size. 
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Fig. 6.1b   Plate lysis of bacteriophage PH03 

Propagation of phage PH03 was achieved through lysis of a plate lawn of indicator bacteria.  Growth 

of phages was evident as turbid plaques observed throughout the plate (examples were marked with 

blue triangles).  Plaques produced by PH03 were approximately 0.2mm diameters in size. 



| 150 

6.2.3   Propagation of extracted bacteriophages 

Bacteriophages extracted from each plaque were propagated twice due to the small starting volume of 

the phage suspension.  As tiny plaques (0.2 to 0.5mm diameters in size) were observed from crude 

lysates PV10 and PH03 (Fig. 6.1a-b), 5% w/v glycerol was added to both top and bottom LB layer in 

order to improve burst sizes (Santos et al., 2009).  Increasing the multiplicity of infection (MOI) through 

use of diluted bacterial cultures, and slowing down bacterial growth by incubating phage plates at room 

temperature were also applied to improve phage titres.  

For the first round of propagation, the plate lysates were prepared on four of 90mm (diameter) LB plates.  

The procedure used was based on section 6.2.2 but omitted the steps involving plaque isolation.  

Instead, 1ml of SM buffer was added to each plate lysate after overnight incubation and the plates were 

left at room temperature for 2 hours to allow phage elution.  The top agar layers were transferred to 

sterile centrifuge tubes that were centrifuged at 3220 x g for 20 min.  The supernatant from each tube 

was recovered and filtered through 0.45µm filters.  At the second round of propagation, the phages 

obtained from the first round of propagation (4ml of phage suspension) were used to prepare eight 

150mm (diameter) plates of phage lysates.  The procedure used followed that in section 3.2.2.3.  Titres 

of phages were then determined as described in section 3.2.2.4. 

6.2.4   Bacteriophage DNA extraction, quantity and quality evaluation 

Extraction of bacteriophage DNA was performed using the procedure described in section 3.2.3.1, and 

the amount of DNA was determined as described in section 3.2.3.2.  

The integrity of each extracted DNA sample was visualised using electrophoresis. An aliquot of 5µl was 

used for each sample.  Restriction enzyme digestion with enzyme HindIII was carried out to estimate 

the phage genome size.  Each reaction mixture contained 10µl of DNA, 1x reaction buffer, 1% bovine 

serum albumin and 2 U HindIII restriction enzyme.  The total reaction volume was 20µl.  The reactions 

were incubated in 37C for 2 hours prior to electrophoresis.  Ten microlitre of each DNA sample was 

mixed with an equal amount of 2x loading buffer (0.1% bromophenol blue, 0.1% xylene cyanol, 20% 

glycerol, 2mM EDTA).  Electrophoresis was conducted on 0.8% (w/v) gels in a Gibco BRL model 

Horizon® 11.14 horizontal gel electrophoresis apparatus (Life Technologies, Gaithersburg, MD, US). 

Gels were run in 1xTAE buffer (40mM sodium acetate, 40mM Tris and 2mM EDTA).  Visualisation of 

DNA bands was with ultraviolet light in a Gel Doc system BioRad Laboratories, Hercule, CA, US) after 

the gels were stained with 1x GelRedTM solution. 
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DNA molecular weight marker phage SPP-1 digested with EcoRI was run in each gel and contained 

DNA fragments of the following sizes (in kilobases, kb): 8.557, 7.427, 6.106, 4.899, 3.639, 2.799, 1.953, 

1.882, 1.515, 1.412, 1.164, 0.992, 0.710, 0.492, 0.359 and 0.081.  The SPP-1 DNA marker was 

purchased from Geneworks, Thebarton, South Australia. 

Gel images of the intact and the HindIII digested phage DNA for the two phage samples are illustrated 

in Fig. 6.2a- b. 

6.2.5   Bacteriophage genome sequencing 

The phage genomes were sequenced using next-generation sequencing technology on an Illumina®

Genome Analyzer IIx.  The generated sequence reads were assembled into contigs in the SeqMan 

NGenTM version 3 (DNASTAR Inc., Madison, WI, US).  Both sequencing and assembly of sequence 

reads were performed by Geneworks (Thebarton, South Australia, Australia). 

6.2.6   DNA sequence analysis 

The assembled sequence reads were viewed using SeqMan Pro from Lasergene® version 10 

(DNASTAR Inc., Madison, WI, US) to ascertain any discrepancies at bases between reads at the same 

position.  Contig assembly was performed on BioNumerics version 6.6.4 (Applied Maths, Kortrijk, 

Belgium).  Prediction of open reading frames (ORFs) was performed on BioNumerics and 

GeneMark.hmm Heuristic Approach (Besemer and Borodovsky, 1999) (available from 

http://exon.gatech.edu/heuristic_hmm2.cgi).  Functions of the ORFs were assigned by scanning the 

deduced proteins of the ORFs for homologues using BlastP (Altschul et al., 1990) (available from 

http://blast.ncbi.nlm.nih.gov/Blast.cgi) against GenBank database of non-redundant protein sequences. 

Program BlastN (Altschul et al., 1990) was used to determine the degree of similarity at nucleotide level 

between the ORFs and the homologues.  An online Artmetis Comparison Tool (ACT) (Carver et al., 

2005) (available from http://www.webact.org/WebACT/generate) was used to display pair-wise 

comparisions between the sequenced phage genomes with phage genomes deposited in the NCBI 

database.  The genomic regions that are ≥ 100bp in length showing ≥ 80% DNA identity will be 

highlighted in blue in the diagrams.  Software Kodon version 3.5 (Applied Maths. Kortijk, Belgium) was 

used to visualise and draw genetic maps of the analysed phages.  



Fig.6.2a - PV10 Fig.6.2b - PH03 

1         2            3         4  1     2      3     4  

Fig. 6.2a-b   Bacteriophages PV10 (a) and PH03 (b) uncut genomic DNA and genomic DNA digests with restriction enzyme HindIII 

Electrophoresis was run on 0.8% TAE gels.  In each gel: Lane 1, 4: molecular weight marker SPP-1 digested with EcoRI (Geneworks, 

Thebarton, SA); Lane 2: phage DNA uncut; Lane 3: phage DNA digested by HindIII.   

Both DNA samples were shown to be intact and have adequate quality allowing restriction enzyme digestion. 
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6.3   RESULTS AND DISCUSSION 

6.3.1   Genomic sequence analysis of PV10 

The sequenced genome of PV10 was 47,419bp in size with 56 putative open reading frames (ORFs). 

Through BlastP searches, assignment of putative PV10 genes wasnfirmed and their functions were 

inferred (Table 6.2).  Overall, the amino acid sequences inferred from most ORFs showed high levels of 

similarity (>85% identity) to those of phage Gifsy-1; while the predicted proteins of the remaining ORFs 

showed similarity to those of phage Gifsy-2, as well as unamed prophages harboured in various 

Salmonella serovars and other enteric bactera.   

Similar to the published phage genomes, the putative genes of phage PV10 are organised into modules 

with each module responsible for a particular function.  It was observed that the functional modules 

were organised in a similar order to phage lambda, suggesting that phage PV10 is a member of the 

lambdoid family (Fig. 6.3).  At the nucleotide level, the PV10 genome showed a mosaic relationship to 

the previously studied phages Gifsy-1 and Gifsy-2 (Table 6.2; Fig. 6.4a and b).  There are thirteen 

≥100-bp genomic segments of PV10 showing ≥ 90% sequence similarity to phage Gifsy-1.  This is 

equivalent to 69.3% of the genomic sequence of PV10.  When compared with phage Gifsy-2, eighteen 

≥100-bp genomic segments of PV10 showed ≥ 81% sequence similarity to Gifsy-2, which is equivalent 

to 38.4% of the genomic sequence of PV10.  

With regard to the putative ORFs encoding proteins for the head and tail parts of PV10, all but three 

genes showed over 90% identity throughout the complete length of the ORFs to phage Gifsy-1.  The 

exceptions were ORFs 16, 23 and 25, which encode a tail tape measure protein, a side tail protein and 

a side tail fibre assembly factor respectively.  In contrast, the putative ORFs encoding proteins essential 

for viral growth shared a lesser number of genes with phage Gifsy-1 (Table 6.2).  For example, the 

immunity region of PV10 is composed of ORFs 41, 42 and 43 encoding putative CI, CRO and CII 

proteins respectively.  Only the putative gene cII shared DNA sequence similarity with that of Gifsy-1. 

Similarly, of the three putative ORFs (ORFs 53, 54 and 55) responsible for cell lysis, only ORF55 that is 

a homolog of λ gene Rz, showed sequence similarity to the corresponding gene of Gifsy-1.  For the 

twenty ORFs encoding hypothetical proteins and proteins that are not essential for viral growth, only ten 

showed significant DNA similarity to those of phage Gifsy-1. 



Table 6.2   PV10 ORFs and putative functions 

ORF Start End Strand Length 

(nt1) 

Length 

(aa2) 

Putative functions Related sequences % (nucleotide 

identities) 

% ( aa2 identities) BlastP  

e value 

1 1 546 + 546 162 Terminase small subunit; AAL21504; Gifsy-1  99% (544/546) 100% (162/162) 2e-133 

2 518 2449 + 1932 643 Terminase large subunit AAL21503; Gifsy-1 99% (1928/1932) 99% (641/643) 0.0 

3 2433 2636 + 204 67 Head-to-tail joining protein AAL21502; Gifsy-1 99% (203/204) 100% (67/67) 5e-40 

4 2633 4213 + 1581 526 Portal protein AAL21501; Gifsy-1 99% (1573/1581) 99% (524/526) 0.0 

5 4203 5699 + 1497 498 Prohead protease AAL21500; Gifsy-1 99% (1482/1497) 98% (489/498) 0.0 

6 5712 6059 + 348 115 Head decoration protein AAL21499; Gifsy-1 99% (347/348) 100% (115/115) 3e-76 

7 6114 7142 + 1029 342 Major capsid protein AAL21498; Gifsy-1 100% (1029/1029) 100% (342/342) 0.0 

8 7200 7559 + 360 119 Accessory DNA packaging 

protein 

AAL21497; Gifsy-1 100% (360/360) 100% (119/119) 7e-78 

9 7570 7953 + 384 127 Minor capsid protein AAL21496; Gifsy-1 100% (384/384) 100% (127/127) 7e-85 

10 7981 8559 + 579 192 Head-tail assembly protein AAL21495; Gifsy-1 100% (579/579) 100% (192/192) 1e-133 

11 8608 9738 - 1131 376 GipA protein AAF98319; Gifsy-1 100% (1131/1131) 100% (376/376) 0.0 

12 9847 10248 + 402 133 Tail shaft stabilisation protein AAL21493; Gifsy-1 99% (401/402) 99% (132/133) 6e-91 

13 10259 11002 + 747 248 Major tail subunit AAL21492; Gifsy-1 100% (747/747) 100% (248/248) 4e-173 

14 11053 11448 + 396 131 Tail assembly chaperone AAL21491; Gifsy-1 100% (396/396) 100% (131/131) 3e-91 
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ORF Start End Strand Length 

(nt1) 

Length 

(aa2) 

Putative functions Related sequences % (nucleotide 

identities) 

% ( aa2 identities) Blast P  

e value 

15 11445 11783 + 339 112 Part of tail assembly 

chaperone gene G 

AAL21490; Gifsy-1 99% (338/339) 100% (112/112) 2e-75 

16 11755 14796 + 3042 1013 Tail tape measure protein AAL21489; Gifsy-1 

AAL19975; Gifsy-2 

98% (2475/2530)  

91% (1978/2172) 

93% (961/1013) 

85% (803/948) 

0.0 

0.0 

17 14799 15128 + 330 109 Tail tip assembly protein AAL21488; Gifsy-1 

AAL19976; Gifsy-2 

100% (330/330) 100% (109/109) 

79% (85/109) 

7e-75 

6e-44 

18 15138 15836 + 699 232 Tail tip assembly protein AAL21487; Gifsy-1 99% (698/699) 99% (231/232) 3e-171 

19 15981 16580 + 600 199 Tail tip assembly protein AAL21486; Gifsy-1 99% (593/600) 98% (195/199) 3e-143 

20 16478 17125 + 648 215 Tail tip assembly protein AAL21485; Gifsy-1 98% (638/648) 99% (212/215) 2e-152 

21 17188 20550 + 3363 1120 Host specificity protein AAL21484; Gifsy-1 99% (3308/3363) 98%(1053/1078) 0.0 

22 20589 20831 + 243 80 Hypothetical protein YP_001700592; Gifsy-1 

YP_001700595; Gifsy-2 

99% (240/243) 

99% (240/243) 

98% (78/80) 

99% (79/80) 

2e-50 

3e-51 

23 20885 23323 + 2439 812 Side tail fibre protein AAL21483; Gifsy-1 

AAL19983; Gifsy-2 

94% (1391/1484) 

97% (2354/2435) 

92% (743/812) 

98% (793/812) 

0.0 

0.0 

24 23320 24144 + 825 274 Tail assembly-like protein AAL21482; Gifsy-1 91% (753/825) 90% (247/274) 0.0 



ORF Start End Strand Length 

(nt1) 

Length 

(aa2) 

Putative functions Related sequences % (nucleotide 

identities) 

% ( aa2 identities) Blast P  

e value 

25 24134 24715 + 582 193 Side tail fibre assembly factor AAL21481; Gifsy-1 

AAL19984; Gifsy-2 

85% (487/570) 

88% (503/570) 

87% (166/191) 

90% (167/191) 

2e-116 

5e-122 

26 24912 25634 - 723 240 Type III secretive protein YP_002045056; prophage 

of S. Heidelberg SL476 

100% (723/723) 100% (240/240) 1e-176 

27 25847 26065 + 219 72 DNA invertase AFH45051; prophage of 

S.Heidelberg str. B182 

100% (219/219) 100% (72/72) 2e-43 

28 26285 27505 + 1221 406 Transposase AFH45052; prophage of 

S.Heidelberg str. B182 

100% (1221/1221) 100% (406/406) 0.0 

29 27502 27927 - 426 141 Hypothetical protein AFH45053; prophage of 

S.Heidelberg str. B182 

AAL21479; Gifsy-1 

99% (425/426) 

78% (180/232) 

99% (140/141) 

55% (74/134) 

7e-94 

1e-34 

30 28363 29703 - 1341 446 Integrase AAL19939; Gifsy-2 99% (1339/1341) 99% (429/430) 0.0 

31 29700 29948 - 249 82 Excisionase AAL19940; Gifsy-2 100% (249/249) 100% (82/82) 2e-53 

32 29989 30228 - 240 79 Hypothetical protein AAL21528; Gifsy-1 

AAL19941; Gifsy-2 

99% (238/240) 

99% (238/240) 

100% (79/79) 

100% (79/79) 

1e-50 

1e-50 
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ORF Start End Strand Length 

(nt1) 

Length 

(aa2) 

Putative functions Related sequences % (nucleotide 

identities) 

% ( aa2 identities) Blast P  

e value 

33 30271 31428 - 1158 385   Recombination protein AAL21527; Gifsy-1 

AAL19942; Gifsy-2 

99% (1153/1158) 

99% (1153/1158) 

99% (368/369) 

99% (368/369) 

0.0 

0.0 

34 31391 34591 - 3201 1066 Recombination protein EDZ01339; prophage from 

S. Virchow SL491 

AAL21526; Gifsy-1 

AAL19943; Gifsy-2 

100% (3201/3201) 

99% (1339/1346) 

99% (1339/1346) 

100% (1066/1066) 

91% (559/616) 

91% (559/616) 

0.0 

0.0 

0.0 

35 34718 35068 - 351 116 Hypothetical protein AAL21525; Gifsy-1 99% (347/351) 97% (113/116) 4e-79 

36 35090 35260 - 171 56 Hypothetical protein ABX67578; S. Paratyphi B 

str SPB7 

99% (170/171) 98% (55/56) 2e-32 

37 35253 35369 - 117 38 Hypothetical protein AAL21523; Gifsy-1 

AAL19945; Gifsy-2 

99% (116/117) 

97% (114/117) 

100% (38/38) 

97% (37/38) 

2e-18 

6e-18 

38 35657 35863 + 207 68 Hypothetical protein AFH45004; prophage of 

S.Heidelberg str. B182 

98% (203/207) 99% (67/68) 5e-36 

39 35903 36709 - 807 268 Hypothetical protein CCC29984; prophage of 

S. bongori NCTC 12419 

99% (806/807) 100% (268/268) 0.0 

40 36706 37554 - 849 282 Hypothetical protein CCC29985; prophage of 

S. bongori NCTC 12419 

99% (848/849) 100% (282/282) 0.0 



ORF Start End Strand Length 

(nt1) 

Length 

(aa2) 

Putative functions Related sequences % (nucleotide 

identities) 

% ( aa2 identities) Blast P  

e value 

41 37726 38121 - 396 131 Repressor protein AFH45005; prophage of 

S.Heidelberg str. B182 

97% (386/396) 99% (130/131) 4e-89 

42 38226 38462 + 237 78 Regulatory protein CRO AFH45006; prophage of 

S.Heidelberg str. B182 

99% (234/237) 99% (77/78) 5e-50 

43 38428 38802 + 375 124 Regulatory protein CII AAL21521; Gifsy-1 

AAL19947; Gifsy-2 

97% (365/375) 

97% (365/375) 

98% (121/124) 

98% (121/124) 

9e-84 

9e-84 

44 38995 39912 + 918 305 Replication protein ABV13029; prophage of 

C. koseri ATCC BAA-895 

84% (788/942) 85% (267/313) 0.0 

45 39909 40604 + 696 231 Replication protein ACF62348; prophage of 

S. Newport str SL254 

84% (591/701) 84% (194/231) 7e-141 

46 40618 41118 + 501 166 Putative morphogenetic 

function 

ABX66407; prophage of 

S. Paratyphi B SPB7 

90% (209/233) 62% (88/143) 7e-47 

47 41965 42198 + 234 77 Damage-inducible protein AAL21515; Gifsy-1 

AAL19953; Gifsy-2 

99% (232/234) 

99% (232/234) 

99% (76/77) 

99% (76/77) 

2e-48 

2e-48 

48 42447 42563 + 117 38 Hypothetical protein AFH45016; prophage of 

S.Heidelberg str. B182 

100% (117/117) 100% (38/38) 1e-19 
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Putative functions of the ORFs were first inferred based on their homology shown to proteins of phages Gifsy-1 and Gifsy-2 then to other proteins in NCBI databases. 

% of nucleotide identities were based on BlastN search, while % of amino acid identities were based on BlastP search. 

ORFs showing ≥ 90% DNA similarity to Gifsy-1 genes are italicised 

1nt = nucleotide sequences; 2aa = amino acid sequences 

ORF Start End Strand Length 

(nt1) 

Length 

(aa2) 

Putative functions Related sequences % (nucleotide 

identities) 

% ( aa2 identities) Blast P  

e value 

49 42598 43200 + 603 200 Hypothetical protein AAL21514; Gifsy-1 

AAL19954; Gfisy-2 

97% (583/603) 

97% (583/603) 

99% (198/200) 

99% (198/200) 

1e-143 

4e-144 

50 43200 43406 + 207 68 Hypothetical protein YP_001700624; Gifsy-1 

YP_001700663; Gifsy-2 

99% (203/207) 

99% (204/207) 

98% (65/66) 

98% (65/66) 

2e-41 

2e-42 

51 43409 44020 + 612 203 Unknown (NinG) AAL21513; Gifsy-1 

AAL19955; Gifsy-2 

99% (606/612) 

99% (606/612) 

99% (201/203) 

99% (201/203) 

7e-144 

5e-143 

52 44154 44843 + 690 229 Antitermination protein Q AAL21511; Gifsy-1 91% (436/480) 77% (170/220) 1e-125 

53 45038 45385 + 348 115 Holin ABX66420; prophage of 

S. Paratyphi B SPB7 

AAL21139; Gifsy-1 

98% (342/348) 

80% (145/182) 

100% (115/115) 

76% (56/74) 

2e-76 

3e-33 

54 45388 46014 + 627 208 Endolysin ABX66421; prophage of 

S. Paratyphi B SPB7 

99% (623/627) 99% (206/208) 3e-151 

55 46011 46496 + 468 161 Endopeptidase AAL21506; Gifsy-1 99% (389/399) 90% (138/153) 3e-81 

56 46732 47133 - 402 133 Hypothetical protein AAL21505; Gifsy-1 99% (399/402) 99% (132/133) 2e-90 
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 Fig. 6.3 Diagrammatic presentations of temperate phages PV10 with Gifsy-1 and λ genomes.  

The gene map of PV10 shows the putative ORFs labelling from 1 to 56 and also the directions of 

transcription presented in Table 6.2.  

The gene map of phage λ is constructed based on the genomic sequence deposited in GenBank

(NCBI no. NC_001416).  The genes are labelled also in reference to Hendrix and Casjens (2006).

The gene map of phage Gifsy-1 is constructed according to the genomic sequence in Genbank (NCBI 

no. AE006468 from nt position 2728552 - 2777042) with modifications to show the genome 

organisation when the phage is in the infective form.  However this remains to be proven.  Genes are 

annotated in reference to NCBI genome file NC_101392 which contains the refined annotation of 

Gifsy-1, and Boyd and Brüssow (2002) using phage λ nomenclature when possible.

Each map is drawn to scale individually.  Symbol  \\ in Gifsy-1 map indicates where the modification 

was made and the region was not scaled.
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Fig. 6.4a Fig. 6.4b 

PV10 

Gifsy-1 

PV10 

Gifsy-2 

Fig. 6.4 a- b   Pair-wise genomic comparisons of PV10 with Gifsy-1 and Gifsy-2.  The coloured areas indicate sections of genomes showing ≥ 90% DNA 

similarity.   The two diagrams show that phage PV10 has mosaic genetic relationship with phages Gifsy-1 and Gifsy-2, and that PV10 is closely related to 

phage Gifsy-1. 
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6.3.1.2   Genetic relationships between PV10 and Salmonella (cryptic) phages in NCBI database 

Through the examination of putative genes of PV10 by a blastN search, it was observed that most 

putative gene sequences of PV10 are widespread in the genus Salmonella.  For example, ORF2PV10 

encoding a putative large terminase subunit is not only highly similar to the corresponding gene of 

prophage Gifsy-1 in S. Typhimurium LT2 (NCBI accession no. AE006468) but also showed high 

sequence similarity (99%) to the corresponding putative loci in the sequenced S. Newport str. SL254 

(NCBI accession no. CP001113), S. Chloleraesuis str. SC-B67 (NCBI accession no. AE017220) and S. 

Welteverden str. 2007-60-3289-1, contig 25 (NCBI accession no. FR775212).  Similarly, ORF43PV10 

encoding a putative CII protein was found to have 97-98% sequence similarity to gene loci from an 

extensive range of Salmonella serovars: S. Choleraesuis, S. Dublin, S. Heidelberg, S. Typhi, S. 

Paratyphi B, S. Paratyphi C, S. Weltevreden, S. Newport, S. Schwarzengrund, S. Typhimurium, as well 

as S. bongori.   A lower frequency of occurrence was observed for ORF39PV10 which has no known 

function and only showed sequence identity to gene locus SBG0889 of S. bongori NCTC12419 (NCBI 

accession no. FR877557).   

Recently a draft genome of S. Virchow str. SL491 has been deposited in the NCBI database.  A pair-

wise comparison between the genomes of PV10 and a cryptic prophage in contig 2 of the sequenced S. 

Virchow strain (NCBI accession no. ABFH02000002) was performed and showed that these two phages 

were almost identical (Fig. 6.5).  Taken together, the results suggested the significance of Gifsy-1 

related phages (e.g. phage PV10) to Salmonella possibly in providing virulence determinants to the host 

cells (will be discussed in section 6.3.4). 
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Fig. 6.5   Pair-wise genomic comparison of PV10 and a cryptic prophage locating between 1003742-

1050713 of S. Virchow strain SL491 genomic sequence contig 2 (NCBI accession no. ABFH02000002). 

The coloured area indicates genomic regions that showed ≥ 99% DNA similarity. 

PV10 

S. Virchow strain SL491 
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6.3.2   Genomic sequence analysis of PH03 

The genome of S. Heidelberg phage PH03 was sequenced and found to be 46,675bp in size with 61 

predicted ORFs.  The deduced products of these ORFs were used in searches for similarity with 

sequences in NCBI database using BlastP algorithm.  The majority of the translated proteins of these 

ORFs showed strong similarity (>90% identity) to those of phage Gifsy-2, and some to the cryptic 

prophages residing in the sequenced genomes of Salmonella and other enteric bacteria.  Hypothetical 

proteins of two ORFs (ORF45PH03 and ORF47PH03) had no known homologues in the database. 

Functions of the ORFs were assigned based on the demonstrated sequence similarity to the proteins in 

the NCBI database (Table 6.3). 

A graphical map of phage PH03 genome is presented in Fig. 6.6.  As indicated in Fig. 6.6, PH03 is 

probably a lambdoid phage having putative genes organised similarly as phage lambda.  At the 

nucleotide level, the genome of PH03 showed a strong mosaic relationship to that of Gifsy-2.  Overall, 

sixteen >100-bp regions of the PH03 genome showed ≥ 89% to the Gifsy-2 genome (Fig. 6.7).  This is 

equivalent to 70.6% of the total genomic sequence of PH03.  Thirty-four ORFs of PH03 showed ≥ 89% 

DNA sequence similarity to the corresponding genes of Gifsy-2 (Table 6.3).  These include all the 

putative ORFs for head and tail with the exception of ORF24PH03, the putative ORFs for homologous 

recombination, integration and excision, antitermination and lysis.  In contrast, within the three ORFs in 

the immunity region (ORF38PH03, ORF39PH03 and ORF40PH03), only ORF40PH03 that encodes the 

putative CII protein shares >90% DNA similarity to that of Gifsy-2.  In the case of the ORFs involved 

with DNA replication (ORF41 and ORF42), neither shares significant DNA similarity to the 

corresponding genes of Gifsy-2.  In total, there are thirty ORFs in the PH03 genome conferring functions 

not required for phage growth or having no known functions.  Twelve of these ORFs showed high DNA 

sequence similarity to the corresponding genes of Gifsy-2. 

6.3.2.1   Genetic relationships between PH03 and Salmonella (cryptic) phages in NCBI database 

Similar to phage PV10, mosaic genomic relationships between phage PH03 and cryptic prophages of a 

range of Salmonella serovars were frequently observed.  For example, while ORF41PH03 showed no 

DNA similarity to the corresponding Gifsy-2 gene, it showed 98 - 99% DNA similarity to gene loci in the 

sequenced S. Heidelberg strains B182 (NCBI no. CP003416), and SL476 (NCBI no. CP001120); S. 

Weltereden strain 2007-60-3298-1, contig 26 (NCBI no. FR775213), S. Typhimurium strains ST4/74 

(NCBI no. CP002487), SL1344 (NCBI no. FQ312003), and 14028S (NCBI no. CP001363), and S. 

bongori NCTC12419 (NCBI no. FR877557).  It was noted that ORF42PH03 that locates adjacent to 

ORF41PH03 also showed high DNA similarity at its entire ORF length to the prophage loci in the 

aforementioned S. Heidelberg and the S. Weltereden strains.  However, only 329bp of the 5’ end of 

ORF42PH03 is shared with the corresponding prophage genes in the remaining four Salmonella strains. 



  Table 6.3   PH03 ORFs and putative functions 

ORFs Start End Strand Length 

(nt1) 

Length 

(aa2) 

Putative functions Related protein 

sequences 

% (nt1 identities) % ( aa2 identities) BlastP  

e value 

1 122 718 + 597 198 Terminase small subunit AAL19964; Gifsy-2 100% (534/534) 100% (177/177) 4e-125 

2 675 2813 + 2139 712 Terminase large subunit AAL19965; Gifsy-2 99% (2132/2139) 99% (708/712) 0.0 

3 2810 3016 + 207 68 ?head-to-tail joining protein YP_001700676; Gifsy-2 99% (206/207) 100% (68/68) 1e-39 

4 3013 4560 + 1548 515 Portal protein AAL19966; Gifsy-2 99% (1533/1548) 99% (431/437) 0.0 

5 4475 6562 + 2088 695 ATP-dependent Clp protease AAL19967; Gifsy-2 99% (2075/2091) 99% (684/693) 0.0 

6 6653 6976 + 345 114 RecA/RadA recombinase  AAL19968; Gifsy-2 100% (324/324) 100% (107/107) 6e-67 

7 6969 7268 + 300 99 ATP-binding transporter-like 

protein 

AAL19969; Gifsy-2 100% (300/300) 100% (99/99) 4e-63 

8 6710 7063 - 354 117 Antivirulence protein AAG03023; Gifsy-2 100% (354/354) 100% (117/117) 5e-82 

9 7249 7815 + 576 188 Head-tail assembly protein AAL19970; Gifsy-2 99% (566/567) 99% (187/188) 3e-132 

10 7812 8213 + 402 133 Tail shaft stabilisation protein AAL19971; Gifsy-2 99% (401/402) 99% (132/133) 9e-91 

11 8225 8974 + 750 249 Major tail protein AAL19972; Gifsy-2 

AAL21492; Gifsy-1 

99% (749/750) 

72% (474/661) 

99% (248/249)  

69% (160/233) 

9e-177 

4e-97 
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ORFs Start End Strand Length 

(nt1) 

Length 

(aa2) 

Putative functions Related protein 

sequences 

% (nt1 identities) % ( aa2 identities) BlastP  

e value 

12 9020 9418 + 399 132 Tail assembly chaperone AAL19973; Gifsy-2 

AAL214912; Gifsy-1 

99% (398/399) 

67% (177/264) 

99% (131/132) 

52% (70/134) 

7e-89 

2e-37 

13 9481 9744 + 264 87 Tail assembly chaperone; part of 

G+G’ frameshift hybrid protein 

AAL19974; Gifsy-2 100% (264/264) 100% (87/87) 9e-54 

14 9725 12811 + 3087 1028 Tail tape measure protein AAL19975; Gifsy-2 

AAL21489; Gifsy-1 

98% (3027/3087) 

91% (2524/2760) 

98% (979/995) 

87% (878/1023) 

0.0 

0.0 

15 12808 13140 + 333 110 Tail tip assembly protein AAL19976; Gifsy-2 99% (332/333) 99% (109/110) 8e-76 

16 13239 13736 + 498 166 Attachment and invasion protein AAL19977; Gifsy-2 99% (494/496) 99% (163/165) 8e-110 

17 13853 14386 - 534 177 Cu-Zn superoxide dismutase AAL19978; Gifsy-2 100% (534/534) 100% (177/177) 6e-123 

18 14476 15171 + 696 231 Tail tip assembly protein AAL19979; Gifsy-2 99% (693/696) 99% (230/231) 1e-170 

19 15181 15918 + 738 245 Tail tip assembly protein AAL19980; Gifsy-2 99% (737/738) 99% (244/245) 0.0 

20 15816 16520 + 705 234 Tail tip assembly protein AAL19981; Gifsy-2 

AAL21485; Gifsy-1 

99% (702/705) 

70% (452/645) 

99% (232/234) 

61% (130/214) 

1e-166 

4e-86 

21 16592 19942 + 3351 1116 Host specificity protein  AAL19982; Gifsy-2 

AAL21484; Gifsy-1 

96% (3232/3351) 

75% (2557/3394) 

96% (783/814) 

75% (793/1080) 

0.0 

0.0 



ORFs Start End Strand Length 

(nt1) 

Length 

(aa2) 

Putative functions Related protein 

sequences 

% (nt1 identities) % ( aa2 identities) BlastP  

e value 

22 19981 20230 + 250 80 Hypothetical protein YP_001700695; Gifsy-2 

YP_001700592; Gifsy-1 

100% (250/250) 

96% (240/250) 

100% (80/80) 

96% (77/80) 

8e-52 

7e-50 

23 20277 22652 + 2376 791 side tail fibre protein AAL19983; Gifsy-2 

AAL21483; Gifsy-1 

#see below 

96% (2285/2377) 

92% (744/813) 

97% (766/791) 

0.0 

0.0 

24 22649 23473 + 825 274 Tail-assembly like protein AAL21482: Gifsy-1 91% (723/825) 90% (247/274) 0.0 

25 23463 24044 + 582 193 Side tail fibre assembly protein AAL19984; Gifsy-2 

AAL21481; Gifsy-1 

89% (506/571) 

85% (487/570) 

87% (167/191) 

87% (166/191) 

5e-122 

2e-116 

26 24241 24963 - 723 240 Type III secretive protein; SopE YP_002045056; prophage 

of S. Heidelberg SL476 

100% (723/723) 100% (240/240) 1e-176 

27 25176 25394 + 219 72 DNA invertase AFH45051; prophage of 

S. Heidelberg B182 

100% (219/219) 100% (72/72) 2e-43 

28 25614 26834 + 1221 406 Transposase AFH45052; prophage of 

S. Heidelberg B182 

100% (1221/1221) 100% (406/406) 0.0 

#The nucleotide identity between ORF23PH03 and the corresponding gene of Gifsy-2 was displayed in two sections: nt  position 20277-21755 of PH03 showed 95% (1412/1483); while nt position of PH03 

21777-22648 showed 91% (792/872) to the corresponding parts of the Gifsy-2 gene.   
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ORFs Start End Strand Length 

(nt1) 

Length 

(aa2) 

Putative functions Related protein 

sequences 

% (nt1 identities) % ( aa2 identities) BlastP  

e value 

29 26831 27328 - 498 165 Hypothetical protein (transposase 

like protein) 

AFH45053; prophage of 

S. Heidelberg B182 

99% (497/498) 99% (140/141) 1e-95 

30 27689 29029 - 1341 446 Integrase AAL19939; Gifsy-2 99% (1339/1341) 99% (429/430) 0.0 

31 29026 29274 - 249 82 Excisionase AAL19940; Gifsy-2 100% (249/249) 100% (82/82) 2e-53 

32 29315 29554 - 240 79 Hypothetical protein AAL19941; Gifsy-2 

AAL21528; Gifsy-1 

100% (240/240) 

99% (239/240) 

100% (79/79) 

100% (79/79) 

1e-50 

1e-50 

33 29597 30754 - 1158 385 Recombination protein AAL19942; Gifsy-2 

AAL21527; Gifsy-1 

99% (1152/1158) 

99% (1152/1158) 

99% (383/385) 

99% (383/385) 

0.0 

0.0 

34 30717 33644 - 2928 975 Recombination protein AAL19943; Gifsy-2 

AAL21526; Gifsy-1 

97% (2674/2760) 

97% (2674/2760) 

94% (911/973) 

94% (911/973) 

0.0 

0.0 

35 33785 33943 - 159 52 Hypothetical protein ABX67578; S. Paratyphi B  

SPB7 

YP_001700650; Gifsy-2 

AAL21524; Gifsy-1 

98% (123/126) 

77% (124/162) 

78% (124/160)  

85% (44/52) 

71% (37/52) 

71% (37/52) 

3e-22 

4e-18 

6e-19 

36 33936 34052 - 117 38 Hypothetical protein AAL14995; Gifsy-2 

AAL21523; Gifsy-1 

98% (115/117) 

100% (117/117) 

97% (37/38) 

100% (38/38) 

6e-18 

2e-18 

37 34360 34503 - 144 47 Hypothetical protein ABX67576; S. Paratyphi B 

SPB7 

100% (144/144) 100% (47/47) 2e-24 



ORFs Start End Strand Length 

(nt1) 

Length 

(aa2) 

Putative functions Related protein 

sequences 

% (nt1 identities) % ( aa2 identities) BlastP  

e value 

38 34789 35172 - 384 127 Repressor protein? ABX67575; S. Paratyphi B 

SPB7 

99% (380/384) 99% (126/127) 8e-86 

39 35276 35512 + 237 78 Regulatory protein CRO? ABX67574; S. Paratyphi B 

SPB7 

99% (235/237) 99% (77/78) 2e-48 

40 35478 35852 + 375 124 Regulatory protein CII AAL19947; Gifsy2 

AAL21521; Gifsy-1 

99% (372/375) 

99% (372/375) 

99% (123/124) 

99% (123/124) 

2e-85 

2e-85 

41 35944 36849 + 906 301 Replication protein AFH45008; prophage of 

S. Heidelberg B182 

99% (900/906) 99% (299/301) 0.0 

42 36846 37547 + 702 233 Replication protein AFH45009; prophage of 

S. Heidelberg B182 

99% (699/702) 99% (231/233) 1e-170 

43 37544 37993 + 450 149 ParB -like nuclease AFH45010; prophage of 

S. Heidelberg B182 

99% (445/450) 98% (146/149) 1e-104 

44 37969 38481 + 513 170 Hypothetical protein 

?Ea22-like protein 

CBJ02151; Prophage of 

E.coli H10407  

no match 49% (49/99) 2e-17 

45 38521 38835 + 315 104 Hypothetical protein no similarity found no match no match no match 
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ORFs Start End Strand Length 

(nt1) 

Length 

(aa2) 

Putative functions Related protein 

sequences 

% (nt1 identities) % ( aa2 identities) BlastP  

e value 

46 38832 39035 + 204 67 DNA polymerase III subunit theta ADF60873; E. cloacae 

ATCC13047 

78% (114/146) 59% (39/66) 1e-18 

47 39073 39363 + 291 96 Hypothetical protein no similarity found no match no match - 

48 39414 39689 + 276 91 Hypothetical protein EHS95781; Klebsiella 

oxytoca 10-5243 

no match 59% (23/29) 4e-06 

49 39732 40763 - 1032 343 Hypothetical protein YP_005819205; Erwinia 

sp. Ejp617 

71% (621/871) 73% (248/338) 0.0 

50 41036 41308 + 273 90 DNA damage-inducible protein AAL19953; Gifsy-2 

AAL21515; Gifsy-1 

67% (185/277) 

67% (185/277) 

68% (52/77) 

68% (52/77) 

2e-31 

2e-31 

51 41557 41673 + 117 38 Hypothetical protein  AFH45016; prophage of 

S. Heidelberg B182 

100% (117/117) 100% (38/38) 1e-19 

52 41708 42310 + 603 200 Hypothetical protein AAL19954; Gifsy-2 

AAL21514; Gifsy-1 

96% (578/603) 

98% (588/603) 

98% (196/200) 

98% (196/200) 

1e-142 

4e-142 

53 42310 42516 + 207 68 Hypothetical protein YP_001700663; Gifsy2 

TP_001700624; Gifsy-1 

99% (204/207) 

98% (203/207) 

98% (65/66) 

95% (63/66) 

7e-42 

1e-40 



ORFs Start End Strand Length 

(nt1) 

Length 

(aa2) 

Putative functions Related protein 

sequences 

% (nt1 identities) % ( aa2 identites) 

54 42519 42953 + 435 144 NinG; Unknown AAL19955; Gifsy2 

AAL21513; Gifsy-1 

§See below 66% (133/203) 

66% (133/203) 

55 42950 43096 + 147 48 Hypothetical protein YP_001700655; Gifsy-2 

YP_001700622; Gifsy-1 

99% (146/147) 

90% (53/59) 

100% (48/48) 

82% (31/38) 

56 43086 43883 + 798 265 Antitermination protein AAL19956; Gifsy-2 99% (788/789) 99% (263/265) 

57 44005 44268 + 264 87 Hypothetical protein AAL19957; Gifsy-2 98% (259/264) 99% (73/74) 

58 44549 44737 + 189 62 Hypothetical protein YP_006087295; prophage 

of S. Heidelberg B182 

100% (189/189) 100% (62/62) 

59 44934 45242 + 309 102 Holin  AFH45022; prophage of S. 

Heidelberg B182 

100% (309/309) 100% (102/102) 

60 45220 45759 + 540 179 Endolysin AFH45023; prophage of S. 

Heidelberg B182 

100% (540/540) 100% (179/179) 

61 45928 46065 + 138 45 Hypothetical protein AFH45024; prophage of S. 

Heidelberg B182 

100% (138/138) 100% (44/45) 

§ The nucleotide identity between ORF54PH03 and the corresponding gene of Gifsy-2 was displayed in two sections: nt position 42710-42949 of PH03 showed 98% (240/244); while nt position of
PH03 42519-42720 showed 99% (200/202) to the corresponding parts of the Gifsy-2 gene. The same nt positions showed 99% (243/244) and 98% (198/202) to the corresponding parts of the Gifsy-
1 gene respectively. 
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ORFs Start End Strand Length 

(nt1) 

Length 

(aa2) 

Putative functions Related protein 

sequences 

% (nt1 identities) % ( aa2 identities) BlastP  

e value 

62 46067 46561 + 495 164 Endopeptidase AFH45025; prophage of 

S. Heidelberg B182 

AAL19963; Gifsy-2 

100% (495/495) 

92% (384/416) 

100% (164/164) 

80%(129/161) 

1e-115 

8e-87 

   Putative functions of the ORFs were first inferred based on their homology shown to proteins of phages Gifsy-1 and Gifsy-2 then to other proteins in NCBI databases 

   % of nucleotide identities were based on BlastN search, while % of amino acid identities were based on BlastP search 

   ORFs showing ≥ 90% DNA similarity to Gifsy-2 genes are italicised 

1nt = nucleotide sequences; 2aa = amino acid sequences 
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Fig. 6.6 Diagrammatic presentations of temperate phages PH03, Gifsy-2 and λ genomes.  

The gene map of PH03 shows the putative ORFs labelling from 1 to 62 and also the directions 

of transcription as described in Table 6.3.  

The gene map of phage λ is constructed based on the genomic sequence deposited in 

GenBank (NCBI no. NC_001416).  The genes are also labelled in reference to Hendrix and 

Casjens (2006).

The gene map of phage Gifsy-2 is constructed according to the genomic sequence in 

Genbank (NCBI no. AE006468 from nt position 1098228 - 1143714) with modifications to 

show the genome organisation when the phage is in the infective form.  However this remains 

to be proven.  Genes are annotated as per NCBI genome file NC_101393 which contains the 

refined annotation of Gifsy-2, and Boyd and Brüssow (2002) using phage λ nomenclature 

when possible.

Each map is drawn to scale individually.  Symbol  \\ in Gifsy-2 map indicates where the 

modification was made and the region was not scaled.
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PH03 

Gifsy-2 

Fig. 6.7   Pair-wise genomic comparison of PH03 with Gifsy-2.  The coloured areas indicate sections of 

genomes showing ≥ 89% DNA similarity.   As demonstrated, phage PH03 has a mosaic genetic 

relationship with Gifsy-2 where portions of the genome with high DNA similarity with Gifsy-2 are 

separated by portions that have no similarity. 
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Additionally, there are ORFs of PH03 showing DNA sequence similarity to those of the sequenced 

Salmonella serovars other than the examples already cited above.  For example, both ORF38PH03 and 

ORF39PH03 in the immunity module of PH03 share 99% of DNA sequence similarity to the 

corresponding prophage loci in strain S. Paratyphi B SPB7 (NCBI no. CP000886). 

6.3.2.2   Pair-wise comparison between Gifsy-2 related phages of S. Heidelberg 

The genetic relationship between S. Heidelberg phage PH03 with two cryptic Gifsy-2 like phages in the 

sequenced S. Heidelberg strains SL476 and B182 was further examined.  As demonstrated in Fig. 6.8, 

a large portion of the PH03 genome showed DNA sequence similarity to the prophages in the two 

sequenced strains.  In total, nine >100-bp regions of PH03, which is equivalent to 79.3% of the 

complete genome, share ≥ 98% sequence similarity with the prophage in strain B182.  Similarly, there 

are also nine >100-bp regions of PH03 that share ≥ 98% sequence similarity with the prophage in strain 

SL476.  This is equivalent to 78.4% of the complete genomic sequence of PH03.  In addition, as 

suggested by the mirror image of the pair-wise comparison diagrams, these are the same genomic 

regions that share the sequence similarity between the three phages.  In contrast, the genomic regions 

that are different between the phages consist of seventeen ORFs of phage PH03 from ORF30PH03 to 

ORF39PH03; and from ORF44PH03 to ORF50PH03.  These are the putative ORFs responsible for site-

specific and homologous recombinations, immunity and several ORFs of unknown functions locating 

between the replication and lysis modules (Fig. 6.8). 
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Fig. 6.8   Pairwise comparison of between PH03 and the crytpic Gifsy-2 like prophages in S. Heidelberg 

strains SL476 and B182.  Result showed that same regions of both prophage genomes with high DNA 

similarity to PH03. 

For S. Heidelberg strain SL476 (NCBI no. CP001120): the crytpic prophage locates between nucleotide 

positions 102597 and 1147937. 

For S. Heidelberg strain B182 (NCBI no. CP003416): the cryptic prophage locates between nucleotide 

position 1834892 and 1879458. 

Prophage in strain B182 

Prophage in SL 476 

PH03 
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6.3.3   Usefulness of Gifsy-like phage elements for differentiation of Salmonella strains 

As discussed in section 6.1, prophages contribute to the genetic variations between Salmonella strains 

as their genomes are basically the mosaic compositions of genes that may be acquired from 

phylogenetically diverse bacterial and phage groups (e.g. phage ST64B) through horizontal gene 

exchange.  Nevertheless, phage evolution driven by such horizontal gene exchange is likely to occur 

readily leading to phage groups showing apparent DNA sequence similarity in parts of their genomes 

(e.g. Phages P22 and ST64T).  In this chapter, two phages were sequenced where PV10 was found to 

be genetically related to phage Gifsy-1, and PH03 was related to Gifsy-2.  Since PV10 and PH03 only 

partially share DNA sequences with Gifsy-1 and Gifsy-2 respectively, this suggests the potential use of 

Gifsy gene loci for strain differentiation at serovars levels.   

To verify the usefulness of Gifsy-related phage loci for further development of MAPLT methods, pair-

wise comparisons of Gifsy-related phages of the same serovars were performed.  It was observed that 

S. Virchow phage PV10 and the cryptic Gifsy-1 related prophage of S. Virchow strain SL 491 are almost 

genetically identical.  Similar results were obtained when comparing between three S. Heidelberg Gifsy-

2 related prophages: PH03 and the two prophages from S. Heidelberg strains SL476 and B182.  As 

shown in Fig. 6.8, DNA sequences of the Gifsy-2 related prophages from strains SL476 and B182 were 

virtually identical but exhibited genetic mosaic relationship with PH03.  The genomic region that is 

different between the published Gifsy-2 related prophages and phage PH03 was observed between the 

nucleotide positon 29537 to 41263 of the PH03 genomic sequence.  This is approximately from 

ORF33PH03 (the recombination module) to ORF50PH03 (non-essential genomic region inbetween the 

replication and lysis modules) in the PH03 phage genome (Fig. 6.6).   

Currently complete genomic sequences of seven S. Typhimurium strains are available.  Pair-wise 

genomic comparison of Gifsy-1 and Gifsy-2 from strain LT2 and the Gifsy-related phages from the other 

six strains were performed in order to ascertain gene shuffling locations between the genomes (Fig. 6.9). 

Genomic mosaicism was observed between phage Gifsy-1 and the six Gifsy-1 related phages between 

approximately the nucleotide position 37351 and 43678 of the Gifsy-1 genomic sequence.   Functionally, 

this is between locus STM2622 in the recombination module and locus STM2632 in the non-essential 

region inbetween the replication and lysis modules of the Gifsy-1 genome.  It is interesting to note that 

this is the same genomic region where PH03 showed sequence divergence with the Gifsy-2 related 

prophages in the published S. Heidelberg strains.  In contrast, the six S. Typhimurium strains that 

contain Gifsy-2 related prophages are genetically almost identical to Gifsy-2.  Between Gifsy-2 and the 

related prophages in strains ST4/74, SL1344 and D23580, there are only small differences in their 

genomic sizes with differences ranging from 192 to 820bp in length (Fig. 6.10). 
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Fig. 6.9   Genomic comparison of the Gifsy-1 related phages from the seven sequenced S. 

Typhimurium strains against Gifsy-1 from strain LT2.  The shaded area indicated DNA 

homology at < 90% level.  Most parts of the Gifsy-1 related phages are virtually 

homologous to Gifsy-1 and the DNA variations appear at the same section of the genome. 

2780529 - 283065014028s (CP001363)

2778902 - 2728740UK-1 (CP002614)

2753352 – 2803472D23580 (FN424405)

2726717 - 2777229SL1344 (FQ312003)

2726084 - 2776182798 (CP003386)

2726693 - 2777229ST4/74 (CP002487)

2728976 - 2776816LT2 (AE006468)

Nucleotide positions in the genomeStrain ID (NCBI accession 
no.)

2780529 - 283065014028s (CP001363)

2778902 - 2728740UK-1 (CP002614)

2753352 – 2803472D23580 (FN424405)

2726717 - 2777229SL1344 (FQ312003)

2726084 - 2776182798 (CP003386)

2726693 - 2777229ST4/74 (CP002487)

2728976 - 2776816LT2 (AE006468)

Nucleotide positions in the genomeStrain ID (NCBI accession 
no.)



 | 181  

LT2

ST4/74

LT2

798

LT2

SL1344

LT2

14028S

LT2

D23580

LT2

UK-1

LT2

ST4/74

LT2

798

LT2

SL1344

LT2

14028S

LT2

D23580

LT2

UK-1



| 182 

Fig. 6.10  Gifsy-2 phage elements were identified from the seven sequenced S. 

Typhimurium strains.  Pair-wise comparisons between the cryptic prophages and Gifsy-2 

showed that their genomes are virtually identical as demonstrated by the shaded areas. 
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Based on the results, Gifsy related phages are common in the genus Salmonella and they exhibit a 

much lower degree of modular variation between the Gifsys related phages from strains of the same 

serovars.  In other words, the results suggest there is little value in detecting additional Gifsys related 

gene loci for further improvement of the established MAPLT methods.  Nevertheless, the genomic 

comparative analyses suggest that the modular variation is more likely to occur outside the 

morphogenesis modules (head and tails) of the phage genomes.  This finding is in agreement with that 

of Schicklmaier et al., (1999) where mosaic variation was also demonstrated between the S. 

Typhimurium P22 related phages between or within the immunity, replication and lysis modules but not 

at the structural (head) module using hybridisation with the P22 DNA probes derived from the 

aforementioned modules.  Taken together, the results suggest that when targeting multiple gene loci of 

a phage for MAPLT development, gene loci outside the head and tail modules should be preferrentially 

targeted, thereby increasing the probability of strain differentiation as a result of the different modular 

composition between the related phages. 

6.3.4   Putative virulence genes carried by Gifsy-related phages PV10 and PH03 

Virulence genes have been identified in phages Gifsy-1 and Gifsy-2 in S. Typhimurium strains. 

Therefore it is not surprising to observe that the Gifsy-related phages PV10 and PH03 examined in this 

study also carry putative virulence genes.  This study also demonstrated the phage-borne virulence 

factors that are shared between serovars, and demonstrated some virulence factors that may be 

specific to S. Typhimurium only.   

In regard to phage PV10, the study showed that it contains only one of the three known virulence genes 

that are carried by Gifsy-1.  This putative virulence gene gipA is encoded by ORF11PV10 and is 100% 

identical in DNA sequence to gipAGifsy-1.  The function of protein GipA remains unknown but has been 

shown to be required for Salmonella proliferation in Peyer’s patches in the small intestine (Stanley et al., 

2000).  The remaining two virulence genes of Gifsy-1 that were not detected in PV10 are located 

between the tail fibre module and the integration module, which correspond to the b region of phage λ 

containing genes not necessary for phage growth (Daniels et al., 1983).  One of these genes is 

gogBGifsy-1 which is a leucine-rich effector protein of the Salmonella pathogenicity island SPI-1 and SPI-2 

virulence associated type III secretion systems (Coombes et al., 2005).  The other gene, gogDGifsy-1 was 

found to be similar to S. Typhimurium loci pagJ and pagK, which function to increase survival of 

Salmonella after phagocytosis (Gunn et al., 1995; Figueroa-Bossi et al., 2001). 
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In the case of PH03, a number of putative virulence genes were found that showed commonality with its 

close relative S. Typhimurium phage Gifsy-2, based on the observed sequence similarity.  These 

include the major virulence determinant sodCI gene that encodes a periplasmic Cu/Zn superoxide 

dismutase protecting the organisms against macrophage oxidative burst (De Groote et al., 1997; 

Farrant et al., 1997; Figueroa-Bossi et al., 2001).  As noted in section 6.1, deletion of gene sodCI from 

Gifsy-2 has been showed to cause a decrease in the extra-intestinal virulence of S. Typhimurium by 5-

fold (Ho et al., 2002).  In PH03, this protein is putatively encoded by ORF17, which exhibited 100% 

identity in DNA sequence to sodCIGifsy-2.  Immediately upstream to the putative gene sodCI of PH03 is 

ORF16, which is 100% identical to the Gifsy-2 ailT gene.  Gene ailT is a homolog of gene lomλ that 

encodes a bacterial outer membrane protein conferring serum resistance (Barondess and Beckwith, 

1990; Figueroa-Bossi et al., 2001).  The Gifsy-2 antivirulence gene sequence grvA was also found in 

PH03.  The putative GrvA protein is encoded by ORF8PH03 and is at the same location as the grvA gene 

in Gifsy-2, which is between a putative capsid precursor gene (ORF5PH03) and a putative head-tail 

putative gene and (ORF9PH03).  Contribution of GrvA protein to Salmonella pathogenicity is yet to be 

ascertained, however a study of Ho and Slauch (2001) showed that grvA gene expression is dependent 

on the presence of gene sodCI.   

In contrast, the five genes locating in the b region of Gifsy-2 were not found in PH03. These include the 

virulence genes gtgE, gtgB and gtgF that have been studied previously in terms of their contribution to 

the overall virulence to the Salmonella strains (Miao et al., 1999; Worley et al., 2000; Ho et al., 2002). 

Gene gtgEGifsy-2 encodes a SPI-2 secreted type III effector protein that has been shown contributing 

significantly to the virulence of Salmonella (Ho et al., 2002).  However, deletions of gtgBGifsy-2, which 

also encodes a SPI-2 secreted Type III effector protein, and gtgFGifsy-2, which is similar to the 

macrophage survival gene msgA only decreased the virulence of Salmonella subtly (Ho et al., 2002). 

Common in both PV10 and PH03 genomes, the corresponding b regions were found to contain a 

putative virulence gene sopE (ORF26PV10 and ORF26PH03) and genes associated with DNA 

rearrangement (ORF27PV10; ORF27PH03) and transposition (ORF28PV10; ORF28PH03), suggesting this 

region may have been a mobile element and indicated the horizontal acquisition of the sopE.  This 

result correlated with a previous study where the sopE gene cassette from Salmonella strains including 

S. Gallinarum, S. Enteritidis and S. Hadar strains was between the integrase and tail regions of the 

cryptic lambdoid phages resembling Gifsy-1 and -2 (Mirold et al., 2001) 
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The encoded putative protein SopE is a SPI-1 secreted type III effector protein that assists entry of 

Salmonella into intestinal epithelial cells through stimulating cell membrane ruffling (Wood et al., 1996; 

Hardt et al., 1998).  Gene sopE was first described in S. Dublin that is a bovine-adapted serovar (Wood 

et al., 1996).  Later, it was isolated from phage SopEφ harboured in the epidemic S. Typhimurium 

isolates (Mirold et al., 1999).  The same study also demonstrated that deletion of SopEφ only decreased 

the invasiveness of the isolates slightly, which in turns indicates the auxillary role of sopE to the overall 

pathogenicity of S. Typhimurium (Mirold et al., 1999).  Taken together, the findings indicated a role of 

phages in driving micro-evolution within Salmonella serovars that leads to the emergence of temporally 

epidemic strains (Mirold et al., 1999).   

Additionally, phages may have introduced different repertoires of virulence genes into different serovars 

and therefore potentially make one serovar more virulent and frequently encountered than another.  As 

shown in this and previous studies, phages Gifsy-1 or Gifsy-2 in S. Typhimurium (Figueroa-Bossi et al., 

1997) and their relatives in other Salmonella serovars would have been major contributors to the overall 

virulence of the serovars, since they are both widespread and versatile vehicles of bacterial virulence 

genes.  However the amount and the invasiveness of the virulence genes carried by these Gifsy phages 

would likely to be different between serovars.  This concept is supported by examining the ‘hot-spots’ for 

virulence genes in lambdoid phage genomes particularly the b region of the genomes.  In S. Virchow 

phage PV10, the b region contains a putative sopE gene in place of two virulence genes gogB and 

gogD in S. Typhimurium Gifsy-1.  Similarly the b region of S. Heidelberg PH03 also contains a putative 

sopE gene in place of genes gtgE, gtgB and gtgF in S. Typhimurium Gifsy-2.  While it has been shown 

that gene gtgE contributes significantly to Salmonella virulence compared to sopE, replacement of gtgE 

with sopE in S. Heidelberg would have made this serovar much less virulent than S. Typhimurium and 

partially explains the higher prevalence of S. Typhimurium infections in comparison to S. Heidelberg. 

6.4   CHAPTER SUMMARY 

This study involved analysis of two temperate phages: S. Virchow phage PV10 and S. Heidelberg 

phage PH03 that displayed mosaic genetic architecture and most closely resemble the S. Typhimurium 

phages Gifsy-1 and Gifsy-2 respectively.  Further examinations demonstrated that gene loci of Gifsy-1, 

Gifsy-2, PV10 and PH03 are also commonly found in the sequenced genomes of strains from other 

serovars, suggesting the widespread nature of Gifsy-related phages within genus Salmonella.  However, 

since the level of modular variation seemed low in particular between the Gifsy phages harboured in 

isolates of the same serovars; it suggested that exploitation of additional Gifsy related loci is not an 

effective option to further improve the established MAPLT methods.  There were putative virulence 

genes mapped in both phages PV10 and PH03 despite that the amount and the functionality of these 
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putative virulence genes were different to those found in Gifsy-1 and Gifsy-2.  One noteworthy example 

is that the Gifsy-2 related S. Heidelberg phage PH03 was found to have a comparatively less potent 

sopE gene instead of three virulence genes including gtgE in the corresponding region of Gifsy-2 

genome.  The results suggest the role of Gifsy-related phages in the epidemiology of Salmonella 

making one serovar more prevalent than another.   
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CHAPTER 7   GENERAL SUMMARY AND DISCUSSION 

Bacterial typing methods are in place for surveillance of Salmonella infections and for investigating 

outbreak investigations.  Serotyping based on the Kauffmann and White serological scheme is 

employed initially and has subdivided Salmonella into over 2500 serovars (Popoff et al., 2004). 

Traditionally bacteriophage (phage) typing is also carried out to further subdivide within certain 

Salmonella serovars to differentiate outbreak isolates from sporadic isolates.  However discriminating 

ability can be limited when a Salmonella serovar endemic in a geographic region is found to produce a 

small number of phage types.  Therefore molecular methods provide finer levels of discrimination are 

applied to distinguish outbreak isolates from endemic isolates of same phage types or serovars.  In this 

thesis, three recent molecular typing approaches: multiple amplification of prophage locus typing 

(MAPLT), multi-locus variable-number tandem repeat (VNTR) analysis (MLVA) and the composite 

assay of MAPLT and MLVA were developed for typing Salmonella serovars Virchow, Bovismorbificans 

and Heidelberg that are endemic and have caused outbreaks in Australia.  The differentiating ability of 

each method was evaluated through comparison with the ‘gold standard’ method, pulsed-field gel 

electrophoresis (PFGE).  The aim was to ascertain if PFGE could be replaced as the method of choice 

for local epidemiological typing. 

In agreement with previous studies, combining the use of the most variable MAPLT and MLVA loci 

provided a higher level of discrimination when compared to PFGE within the three serovars investigated 

in this study.  More importantly, finer differentiation within predominant phage types was frequently 

achieved.  For example, a composite MAPLT / MLVA assay for S. Enteritidis was devised using data 

from the study of Ross and Heuzenroeder (2009) demonstrating a superior discrimination within phage 

types 4 and 26 in comparison with PFGE.  The DI value of the composite assay was 0.99 for both PT 4 

and PT 26.  In contrast, the DI value was 0.48 for PT 4 and 0.66 for PT 26 respectively when using 

PFGE.  Likewise, poor discrimination within S. Virchow PT 8 was also observed using PFGE (DI = 0.56) 

that was enhanced greatly when using MAPLT / STTR-5 (DI = 0.87). 

This study further indicated the usefulness of combining MAPLT / MLVA for outbreak epidemiological 

typing.  Using the 10-loci MAPLT / STTR-5 scheme for S. Virchow, the PT 8 isolates included in the 

retrospective outbreak study were separated in the same manner as PFGE.  Both methods were able to 

cluster all the outbreak-related isolates into the same MAPLT / STTR-5 or PFGE profile.  Slightly 

different results were seen when using the 9-loci MAPLT / MLVA scheme for S. Bovismorbificans PT 11 

outbreak typing.  All outbreak-related isolates generated the same or highly similar MAPLT / MLVA 

profiles differing by one locus.  The results suggested that while MAPLT / MLVA could display the close 

genetic relationship between outbreak isolates, minor variations in the profiles may be observed.  The 
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significance of these minor variations at the profiles seemed to be dependent on the serovars or the 

phage-types that are being investigated.  For example, there is a close genetic relationship between S. 

Virchow PT 8 isolates.  This was suggested independently by PFGE and MAPLT that the majority of PT 

8 produced the same PFGE or MAPLT profile.  Therefore minor differences in typing data may be 

critical in differentiating between outbreak-related and endemic isolates.   

In contrast, minor variations of single loci at MAPLT / MLVA profiles were observed in the 

epidemiologically-related S. Bovismorbificans PT 11 isolates.  However there is no additional typing 

data in regard to the overall genetic distance between the recent PT 11 isolates as only one unrelated 

PT 11 isolate was available for this study.  PFGE was not performed to measure the genetic similarity 

between these (non-viable) PT 11 isolates.  Nevertheless the observations are consistent with previous 

findings that rapidly-evolving loci such as MLVA loci may change during the course of outbreaks leading 

to single-locus variants in the outbreak profiles (Noller et al., 2003; Hopkins et al., 2007).   

Combining all the observations discussed above, it could be concluded that MAPLT / MLVA typing 

approach can be applied for outbreak epidemiological typing in conjunction with result interpretation 

guidelines that may be different between phage types or serovars.  The stringency of guidelines in 

advising if an isolate is outbreak-related could be more correctly established by measuring the in vivo 

stability of the applied MAPLT or MLVA loci within the phage types or serovars.  This could be 

performed through passing bacterial isolates through animal models, and subsequently comparing the 

typing profiles before and after the passage (Ross and Heuzenroeder, 2009).  Alternatively, in vivo 

stability of typing profiles could be indicated through typing multiple isolates collected from the same 

patients (Kahl et al., 2005; Hopkins et al., 2007).  Subsequently, the MAPLT / MLVA schemes and the 

proposed guidelines would need to be subjected in outbreak investigations to confirm their usefulness 

and accuracy. 

It has become apparent recently that combined use of two typing methods may be the most suitable 

option for high-resolution typing of Salmonella.  A study carried out by Gan et al. (2009) showed the 

improved differentiation of S. Sofia into 16 types when combining PFGE patterns of two restriction 

enzymes XbaI and SpeI and PCR band patterns of a repetitive element PCR (rep-PCR) using primer 

REP1.  When these methods were carried out alone there were only eight XbaI, six SpeI and five REP1 

profiles observed (Gan et al., 2010).  Alternatively, Chiu and co-workers (2010) combined PFGE with 

randomly amplified polymorphic DNA (RAPD), a different fragment - based method, and successfully 

differentiated the 95 epidemiologically unrelated S. Choleraesuis isolates with a DI of 0.9999.  Similarly 

in another study there were three enzymes used (XbaI, AvrII and SpeI) in PFGE in conjunction with 

RAPD (Chiu et al., 2011).  As a contrast, Broschat et al. (2010) demonstrated that the combined use of 
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PFGE with MLVA could provide a high degree of improved differentiation between epidemiologically 

related isolates collected from the same host species and location.  Therefore the authors suggested 

extending the combined use of PFGE and MLVA for outbreak epidemiological studies. 

Reviewing the published combination of methods has illustrated the significance of PFGE in typing 

Salmonella as it was repeatedly employed in one of the combined methods.  For the first two studies, 

two or more restriction enzymes for PFGE were used in addition to the application of one other fragment 

- based method (Gan et al., 2010; Chiu et al., 2011).  While demonstrating excellent discriminating 

abilities, the time and labour involved for the procedure would be significantly increased.  Moreover, the 

subjectivity of the typing data would be further increased with the number of band patterns as personal 

judgement is involved when interpreting fragment patterns.  In comparison, use of PFGE in conjunction 

to MLVA as suggested by the third study was shown to be more practical (Broschat et al., 2010).  It is 

clear that the successful use of this combined approach for strain differentiation would rely equally upon 

the differentiating abilities of PFGE and the MLVA typing schemes that may not however be optimised 

for certain Salmonella serovars, such as S. Bovismorbificans, as complete genome sequence are not 

yet available for tandem repeat search.  Similarly, combining use of MLVA with PFGE would not be 

useful in differentiating isolates of predominating phage types that have already been shown to have 

identical PFGE profiles despite that the isolates are epidemiologically diverse, such as S. Heidelberg 

PT1 (Chapter 5). 

In comparison to those combined typing methods, combining MAPLT with MLVA appears the most 

simple and practical approach to develop and provide sufficient differentiation to use in outbreak 

settings, despite the fact that the composite MAPLT / MLVA scheme must be tailor-made for each 

serovar and appears less versatile than PFGE.  This is because MAPLT and MLVA are both PCR-

based and hence when used simultaneously are simple to perform and are able to provide results 

rapidly.  As a result, sources of outbreaks could be identified rapidly to prevent further cases of 

infections. 

Nevertheless, development or fine adjustment to the discriminating ability of a MAPLT / MLVA scheme 

is less challenging in comparison to setting up a stand-alone MLVA scheme particularly for serovars 

where the complete genomes are not available.  This study indicated that many of the MLVA loci useful 

for one serovar showed no or less variations in the other serovars (chapters 3 to 5).  Furthermore, not 

all MLVA loci are universally present in Salmonella that is possibly due to the different genomic 

organisations between serovars (Ross and Heuzenroeder 2009), and between strains of same serovars. 

For example, STTR-6 has only been seen in some strains of S. Typhimurium and S. Bovismorbificans.  

It is likely due to that STTR-6 locus is of phage origin, which is carried by Gifsy-1 (Lindstedt et al., 2003). 
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Therefore the presence of STTR-6 depends on if the strains are integrated with Gifsy-1 or the related 

phages.  In contrast, novel prophage loci with discriminative properties could be identified using DOP-

PCR.  As shown in the previous and the current studies, novel prophage loci IPS - 01 (Ross and 

Heuzenroeder, 2008) and DOP13.7 (Chapter 3) were identified from the locally - collected isolates that 

are useful in differentiating S. Infantis and S. Virchow isolates respectively.   

In addition to identifying prophage loci that contribute to the inter-strain genetic diversity within the 

serovars, this study also demonstrated the widespread nature of phages related to Gifsy-1 and Gifsy-2 

within the genus Salmonella (Chapter 6).  Further examination of the Gifsy-related phages from different 

Salmonella serovars demonstrated that they carry different repertoires of virulence-associated genes 

that promote the pathogenicity of the carried Salmonella serovars to different degrees.  For example, 

the highly virulent gene gtgE that are commonly observed in S. Typhimurium are absent in the cryptic 

prophages of the sequenced S. Heidelberg strains and in the sequenced S. Heidelberg phage PH03. 

Therefore it is proposed that Gifsy-related phages have a role in shaping the epidemiology of 

Salmonella serovars in humans.  Further examinations should be carried out to determine whether there 

is significant variation in the Gifsy-carried virulence determinants in the Salmonella serovars of different 

prevalence in human infections.  Nevertheless the pathogenicity of a Salmonella serovar and the 

frequency of which it is implicated in human infections are likely to be the composite effect of many 

genes important for virulence that are located in the bacterial chromosomes and the horizontally 

transferred elements such as bacteriophages (Litrup et al., 2010).  Therefore additional investigations 

should also be conducted to study curing the resident Gifsy-1 or Gifsy-2 related phages in various 

Salmonella serovars and determining any changes in the virulence level in an animal model.  This 

experiment would demonstrate the importance of Gifsy phages in Salmonella virulence. 

7.1   CONCLUDING REMARKS 

The current study involved development of typing methods that target horizontally acquired genetic 

elements (prophage loci) and the fast changing genomic regions (MLVA loci).  While these two types of 

genetic loci can be utilised to infer epidemiological relationships between closely related strains, such as 

to separate outbreak isolates from sporadic isolates in outbreak studies, the typing data generated do 

not necessarily infer the evolutionary relationships between tested strains.  To establish the vertical 

evolutionary relationships within bacterial groups, typing methods targeting neutral sequence diversity 

have been used (Kotetishvili et al., 2002; Sangal et al., 2010), an example of these would be MLST. 

However due to the lack of discrimination, SNP (single-nucleotide polymorphism) typing has gradually 

replaced MLST for studying global epidemiology among highly clonal bacterial groups such as S. Typhi 

(Octavia and Lan, 2007) and S. Typhimurium (Hu et al., 2006; Pang et al., 2012). 
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Recently the fast and high-throughput new sequencing technologies, collectively named next-generation 

sequencing (NGS), have become available and are being applied to provide complete genomic 

sequences of Salmonella strains (Andrew-Polymenis et al., 2009).  Clearly, as NGS continues to 

advance, the cost and time required for whole genome sequencing (WGS) will be further reduced.  It is 

expected that in the foreseeable future NGS methods and the subsequent whole genome comparions 

will be widely applied in epidemiology of bacteria.  This is because the typing data are not only highly 

discriminative allowing unambiguous differentiation of closely related strains (e.g. outbreak and sporadic 

strains); but also providing real-time evolutionary data of the strains (Gardy et al., 2011; Lienau et al., 

2011; Mellmann et al., 2011).  Currently, NGS has a significant role in the local epidemiology of bacteria 

by revealing genetic variations within highly clonal pathogens in a specific locality.  This will facilitate the 

development of high-resolution molecular assays (Bakker et al., 2011; Leekitcharoenphon et al., 2012) 

or further improvements on the existing assays including the composite MAPLT / MLVA assays. 
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   Appendix 1.1   The complete list of 62 S. Virchow isolates used in Chapter 3 

Isolates Time Serovar Source Location  Phage type 

V01 2007 S. Virchow Chicken meat QLD 19 

V02 2007 S. Virchow Human QLD 33 

V03 2007 S. Virchow Human NT 8 

V04 2007 S. Virchow Broiler litter VIC RDNC 

V05 2007 S. Virchow Broiler litter VIC 25 

V06 2007 S. Virchow Chicken meat QLD Untypable 

V07 2007 S. Virchow Broiler litter NSW 31 

V08 2006 S. Virchow Layer litter NSW 17 

V09 2006 S. Virchow Broiler litter VIC 34 

V10 2006 S. Virchow Chicken meat QLD 25a 

V11 2006 S. Virchow Human O/S RDNC 

V12 2006 S. Virchow Human O/S RDNC 

V14 2006 S. Virchow Chicken meat QLD 21 

V15 2006 S. Virchow Human NSW 8 

V16 2005 S. Virchow Broiler litter Not known 31 

V17 2005 S. Virchow Human NSW 36 var 1 

V18 2006 S. Virchow Broiler litter VIC 36 var 1 

V19 2006 S. Virchow Human SA 11 

V20 2005 S. Virchow Chicken meat Unknown 19 

V21 2005 S. Virchow Human SA 17 

V23 2005 S. Virchow Chicken meat NSW 34 

V24 2006 S. Virchow Chicken meat QLD 8 

V25 2006 S. Virchow Human NT 8 

V26 2006 S. Virchow Human Blood NSW 8 

V29 2006 S. Virchow Broiler litter NSW 8 

V30 2006 S. Virchow Layer litter NSW 8 

V34 2006 S. Virchow Chicken meat QLD 8 

V37 2006 S. Virchow Broiler litter VIC 8 

V39 2006 S. Virchow Bovine SA 8 

V44 2005 S. Virchow Human NT 8 

V47 2007 S. Virchow Broiler litter QLD 8 

V48 2007 S. Virchow Human Blood SA 8 

V49 2007 S. Virchow Bovine SA 8 

V53 2007 S. Virchow Human NT 8 

V56 2007 S. Virchow Human NT 8 

V57 2007 S. Virchow Broiler litter NSW 8 

V58 2007 S. Virchow Broiler litter NSW 8 

V59 2007 S. Virchow Human O/S 8 

V60 2007 S. Virchow Human NSW 8 
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Isolates Time Serovar Source Location  Phage type 

V64 2008 S. Virchow Human SA 8 

V68 2008 S. Virchow Human Blood NT 8 

V69 2008 S. Virchow Broiler litter NSW 8 

V70 2008 S. Virchow Human Blood NT 8 

98-V01 1998 S. Virchow Human VIC 8 

98-V02 1998 S. Virchow Human (O/B) VIC 8 

98-V03 1998 S. Virchow Human (O/B) VIC 8 

98-V04 1998 S. Virchow Human (O/B) VIC 8 

98-V05 1998 S. Virchow Human (O/B) VIC 8 

98-V06 1998 S. Virchow Human (O/B) VIC 8 

98-V07 1998 S. Virchow Human  VIC 8 

98-V08 1998 S. Virchow Human (O/B) SA 8 

98-V09 1998 S. Virchow Human (O/B) SA 8 

98-V10 1998 S. Virchow Human (O/B) SA 8 

98-V11 1998 S. Virchow Human (O/B) SA 8 

98-V12 1998 S. Virchow Human (O/B) SA 8 

98-V13 1998 S. Virchow Sun-dried tomato (O/B) SA 8 

98-V14 1998 S. Virchow Human SA 8 

98-V15 1998 S. Virchow Human NSW 8 

98-V16 1998 S. Virchow Beef meat QLD 8 

98-V17 1997 S. Virchow Human QLD 8 

98-V18 1996 S. Virchow Chicken meat QLD 8 

98-V19 1997 S. Virchow Human SA 8 

    O/B = isolates associated in the S. Virchow PT 8 outbreak in 1998 (Bennett et al., 2003) 
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             Appendix 1.2   The complete list of 73 S. Bovismorbificans isolates used in Chapter 4 

Isolates Time Serovar Source Location  Phage type 

B01 2007 S. Bovismorbicans Human QLD RDNC 

B02 2007 S. Bovismorbicans Human NSW 40 

B03 2007 S. Bovismorbicans Human NSW 11 

B04 2007 S. Bovismorbicans Broiler litter QLD 32 

B05 2007 S. Bovismorbicans Bovine SA Untypable 

B06 2006 S. Bovismorbicans Pork meat WA Untypable 

B07 2006 S. Bovismorbicans Bovine WA Untypable 

B08 2006 S. Bovismorbicans Chicken meat NSW Untypable 

B09 2006 S. Bovismorbicans Canine VIC Untypable 

B10 2006 S. Bovismorbicans Canine SA 14 

B11 2006 S. Bovismorbicans Chicken meat VIC 14 

B12 2006 S. Bovismorbicans Human WA 24 

B13 2006 S. Bovismorbicans Bovine TAS 32 

B14 2006 S. Bovismorbicans Chicken meat NSW 35 

B15 2005 S. Bovismorbicans Human SA RDNC 

B16 2005 S. Bovismorbicans Human NSW 35 

B17 2005 S. Bovismorbicans Bovine VIC RDNC 

B18 2005 S. Bovismorbicans Broiler litter VIC Untypable 

B19 2005 S. Bovismorbicans Bovine QLD 35 

B20 2005 S. Bovismorbicans Human NSW 16 

B21 2005 S. Bovismorbicans Bovine SA 24 

B22 2005 S. Bovismorbicans Human NT 13 

B23 2005 S. Bovismorbicans Bovine SA 38 

B24 2005 S. Bovismorbicans Bovine VIC 39 

B25 2006 S. Bovismorbicans Human SA 24 

B26 2006 S. Bovismorbicans Bovine WA 24 

B27 2006 S. Bovismorbicans Human NSW 24 

B28 2006 S. Bovismorbicans Canine QLD 24 

B29 2007 S. Bovismorbicans Bovine SA 24 

B30 2006 S. Bovismorbicans Human NSW 14 

B31 2006 S. Bovismorbicans Layer litter NSW 14 

B32 2006 S. Bovismorbicans Chicken meat QLD 14 

B33 2007 S. Bovismorbicans Human QLD 14 

B34 2005 S. Bovismorbicans  Egg Pulp SA 13 

B35 2006 S. Bovismorbicans Bovine NSW 13 

B36 2007 S. Bovismorbicans Human SA 13 

B37 2007 S. Bovismorbicans Chicken meat NSW 13 

B38 2007 S. Bovismorbicans Chicken meat NSW 13 

B39 2008 S. Bovismorbicans Human Blood VIC 24 

B40 2008 S. Bovismorbicans Human SA 24 
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Isolates Time Serovar Source Location  Phage type 

B41 2008 S. Bovismorbicans Human NSW 24 

B42 2008 S. Bovismorbicans Egg Pulp SA 24 

B43 2008 S. Bovismorbicans Bovine NSW 24 

B44 2007 S. Bovismorbicans Human SA 24 

B45 2007 S. Bovismorbicans Human WA 24 

B46 2008 S. Bovismorbicans Bovine WA 24 

B47 2007 S. Bovismorbicans Sheep SA 24 

B48 2007 S. Bovismorbicans Sheep SA 24 

B49 2007 S. Bovismorbicans Human WA 24 

B50 2007 S. Bovismorbicans Human WA 24 

B51 2007 S. Bovismorbicans Beef meat VIC 24 

B52 2007 S. Bovismorbicans Human VIC 24 

B53 2008 S. Bovismorbicans Human TAS 14 

B54 2008 S. Bovismorbicans Chicken meat NSW 14 

B55 2007 S. Bovismorbicans Human QLD 14 

B56 2008 S. Bovismorbicans Canine VIC 13 

B57 2008 S. Bovismorbicans Human NT 13 

B58 2006 S. Bovismorbicans Feed sheep  SA 24 

B59 2006 S. Bovismorbicans Human VIC 24 

B60 2006 S. Bovismorbicans Human WA 24 

B61 2006 S. Bovismorbicans Human (O/B) VIC 11 

B62 2006 S. Bovismorbicans Human (O/B) VIC 11 

B63 2006 S. Bovismorbicans Human (O/B) VIC 11 

B64 2006 S. Bovismorbicans Salami (O/B) VIC 11 

B65 2006 S. Bovismorbicans Human (O/B) VIC 11 

B66 2006 S. Bovismorbicans Human (O/B) VIC 11 

B67 2006 S. Bovismorbicans Human (O/B) VIC 11 

B68 2006 S. Bovismorbicans Human (O/B) VIC 11 

B69 2006 S. Bovismorbicans Human (O/B) VIC 11 

B70 2006 S. Bovismorbicans Human (O/B) VIC 11 

B71 2006 S. Bovismorbicans Human (O/B) VIC 11 

B72 2006 S. Bovismorbicans Human (O/B) VIC 11 

B73 2006 S. Bovismorbicans Salami (O/B) VIC 11 

  O/B = isolates associated in the S. Bovismorbificans outbreak in 2006 (ASRC Annual Report 2006) 
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Appendix 1.3   The complete list of 64 S. Heidelberg isolates used in Chapter 5 

Isolates Time Serovar Source Location  Phage type 

H01 2008 S. Heidelberg Human VIC 1 

H02 2008 S. Heidelberg Human Blood VIC 1 

H03 2008 S. Heidelberg Human QLD 1 

H04 2008 S. Heidelberg Goat meat VIC 1 

H05 2008 S. Heidelberg Human NSW 1 

H06 2008 S. Heidelberg Human QLD 1 

H07 2008 S. Heidelberg Goat meat QLD 1 

H08 2008 S. Heidelberg Human VIC 1 

H09 2007 S. Heidelberg Human Urine QLD 1 

H10 2007 S. Heidelberg Human QLD 1 

H11 2007 S. Heidelberg Human WA 1 

H12 2007 S. Heidelberg Human O/S 1 

H13 2007 S. Heidelberg Human NSW 1 

H14 2006 S. Heidelberg Goat meat SA 1 

H15 2006 S. Heidelberg Human SA 1 

H16 2006 S. Heidelberg Human VIC 1 

H17 2006 S. Heidelberg Soy flour NSW 1 

H18 2008 S. Heidelberg Human NSW 2 

H19 2007 S. Heidelberg Human Urine NSW 2 

H20 2007 S. Heidelberg Human VIC 2 

H21 2007 S. Heidelberg Porcine intestine QLD 2 

H22 2007 S. Heidelberg Human QLD 2 

H23 2008 S. Heidelberg Human NSW 3 

H24 2007 S. Heidelberg Human SA 3 

H25 2007 S. Heidelberg Human Blood O/S 3 

H26 2006 S. Heidelberg Human SA 3 

H27 2007 S. Heidelberg Human QLD 4 

H28 2006 S. Heidelberg Human Blood QLD 4 

H29 2007 S. Heidelberg Human NSW 5 

H30 2007 S. Heidelberg Human SA 7 

H31 2008 S. Heidelberg Human NSW 8 

H32 2008 S. Heidelberg Feed Chicken VIC 8 

H33 2008 S. Heidelberg Goat meat QLD 8 

H35 2007 S. Heidelberg Human SA 8 

H36 2007 S. Heidelberg Human SA 8 

H37 2006 S. Heidelberg Goat meat SA 8 

H38 2006 S. Heidelberg Human VIC 8 

H39 2007 S. Heidelberg Human NSW 9 

H40 2006 S. Heidelberg Human WA 9 

H41 2006 S. Heidelberg Human O/S 23 
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Isolates Time Serovar Source Location  Phage type 

H42 2006 S. Heidelberg Human WA 23 

H43 2006 S. Heidelberg Human O/S 25 

H44 2007 S. Heidelberg Human  QLD 26 

H45 2007 S. Heidelberg Human O/S 27 

H46 2006 S. Heidelberg Human VIC 6a 

H47 2008 S. Heidelberg Human O/S RDNC 

H48 2008 S. Heidelberg Goat meat QLD Untypable 

H49 2006 S. Heidelberg Pork meat QLD Untypable 

H50 2007 S. Heidelberg Human VIC 1 

H51 2007 S. Heidelberg Human NSW 1 

H52 2007 S. Heidelberg Human QLD 4 

H53 2007 S. Heidelberg Human QLD 4 

H54 2007 S. Heidelberg Human Blood NSW 1 

H55 2007 S. Heidelberg Human NSW 2 

H56 2006 S. Heidelberg Goat meat VIC 2 

H57 2006 S. Heidelberg Human NSW 4 

H58 2006 S. Heidelberg Human NSW 1 

H59 2006 S. Heidelberg Human  NSW 2 

H60 2007 S. Heidelberg Human QLD 4 

H61 2008 S. Heidelberg Meat beef NSW 1 

H62 2009 S. Heidelberg Goat meat QLD 1 

H63 2009 S. Heidelberg Goat meat QLD 1 

H64 2008 S. Heidelberg Canine NT 1 

H65 2008 S. Heidelberg Goat meat QLD 1 



Appendix 2.1 The complete positive MAPLT reactions for the 43 S.  Virchow isolates

Isolates ninBF1R1 SB04 P186P P186BP P186G P186cII Fels2late Fels2G Fels2LysB Fels2Ter Fels2cII Fels2c1 Fels2 Int Isolates

V01 - - - - - - - - - - - - - V01

V02 - - + + - - - - - - - - - V02

V03 - - - - - - - - - - - - - V03

V04 - - + + + - - - - - - - - V04

V05 - - - - - + + + + + + + + V05

V06 - - - - - - - - - - - - - V06

V07 - - - - + - + + + + + + + V07

V08 - - - - - + + + + + + + + V08

V09 - - + + + + - - - - - - - V09

V10 - - + + + - - - - - - - - V10

V11 - - - - - + + + - + + - + V11

V12 - - - - - + + + - + + - + V12

V14 + - - - - - - - - - - - - V14

V15 - - - - - - - - - - - - - V15

V16 - - + + - - - - - - - - - V16

V17 - - + + + + - - - - - - - V17

V18 - - - - - - - - - - - - - V18

V19 - - + + + + - - - - - - - V19

V20 - - + + + + - - - - - - - V20

V21 - - + + + + - - - - - - - V21

V23 - - + + + + - - - - - - - V23

V24 - - + + - - - - - - - - - V24

V25 - - - - - - - - - - - - - V25

V26 - - - - - - - - - - - - - V26

V29 - - + + - - - - - - - - - V29

V30 - - - - - + + + + + + + + V30

V34 - - - - - - - - - - - - - V34

V37 - - - - - - - - - - - - - V37

V39 - - + + + + - - - - - - - V39

V44 - - - - - - - - - - - - - V44

V47 - - - - - - - - - - - - - V47

V48 - - - - - - - - - - - - - V48

V49 - - + + + + - - - - - - - V49

V53 - - - - - - - - - - - - - V53

V56 - - - - - - - - - - - - - V56

V57 - - - - - + + + + + + + + V57

V58 - + - - - - - - - - - - - V58

V59 + - - - - - - - - - - - - V59

V60 - - - - - - - - - - - - - V60

V64 - - - - - - - - - - - - - V64

V68 - - - - - - - - - - - - - V68

V69 - - - - - - - - - - - - - V69

V70 - - - - - - - - - - - - - V70
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Isolates Gifsy1A Gifsy2Cap GifsyninG GifsyH SopE ES18 PCP SfV05 SfV11 SfV16 SfV26 SfV34 P7sit P1sit DOP13.7 Isolates

V01 - - + + + - - - - - - + - - V01

V02 + - + + + - - - - - - - - - V02

V03 + - + + + - - - - - - - - - V03

V04 - - + - - - - - - - - - - - V04

V05 + - + + + - - - - - - - - - V05

V06 + - + + + - - - - - - - - - V06

V07 + - + - + - - - - - - + + - V07

V08 + - + + + - - - - - - - - - V08

V09 + - + + + - - - - - - - - - V09

V10 + - + + + - - - - - - - - + V10

V11 - + + + + - - + - - - - - - V11

V12 - + + + + - - + - - - - - - V12

V14 + - + + + + - - - - - - - - V14

V15 + - + + + - - - - - - - - - V15

V16 + - + + + - - - - - - - - + V16

V17 + - + - - - - - - - - + - - V17

V18 + - + + + - - - - - - - - - V18

V19 + - + + + - - - - - - - - - V19

V20 + - + + + - - - - - - - - - V20

V21 + - + + + - - - - - - - - - V21

V23 + - + + + - - - - - - - - - V23

V24 + - + + + - - - - - - - - - V24

V25 + - + + + - - - - - - - - - V25

V26 + - + + + - - - - - - - - - V26

V29 + - + + + - - - - - - - - - V29

V30 + - + + + - - - - - - - - - V30

V34 + - + + + - - - - - - - - - V34

V37 + - + + + - - - - - - - - - V37

V39 + - + + + - - - - - - - - - V39

V44 + - + + + - - - - - - - - - V44

V47 + - + + + - - - - - - - - - V47

V48 + - + + + - - - - - - - - - V48

V49 + - + + + - - - - - - - - - V49

V53 + - + + + - - - - - - - - - V53

V56 + - + + + - - - - - - - - - V56

V57 + - + + + - - - - - - - - - V57

V58 + - + + + - + + + + + - - - V58

V59 + - + + + - - - - - - - - - V59

V60 + - + + + - - - - - - - - - V60

V64 + - + + + - - - - - - - - - V64

V68 + - + + + - - - - - - - - - V68

V69 + - + + + - - - - - - - - - V69

V70 + - + + + - - - - - - - - - V70



Appendix 2.2 The complete positive MAPLT reactions for the 60 S.  Bovismorbificans isolates

Isolates PTc1 Tc2 ninB SB04 SB06 SB21 SB28 BIM1 P186G P186BP P186cII Isolates

B01 - + + - - - - - + + - B01

B02 - - - - - - - - - + + B02

B03 - - - - - - - - - + - B03

B04 + + + - - - - - - - - B04

B05 + + + - - - - - - - + B05

B06 + + + - - - - - - + + B06

B07 + + + - - - - - + + + B07

B08 - - - - - - - - - - - B08

B09 + + + + + + + + - - - B09

B10 - - - - - - - - - - - B10

B11 - - - - - - - - - - - B11

B12 + + + - - - - - + + + B12

B13 + + + - - - - - - - - B13

B14 - - - - - - - - - - - B14

B15 - - - + + + + + - - - B15

B16 - - - + - - - - - - - B16

B17 - - + - - - - - - - - B17

B18 - - - - - - - - - - - B18

B19 - - - - - - - - - - - B19

B20 - - - - - - - - - + + B20

B21 + + + - - - - - - - - B21

B22 - - - - - - - - + + - B22

B23 - - + - - - - - - - - B23

B24 - - - - - - - - - - + B24

B25 + + + - - - - - - - + B25

B26 + + + - - - - - + + + B26

B27 + + + - - - - - - - + B27

B28 + + + - - - - - - - + B28

B29 + + + - - - - - - - + B29

B30 - - - - - - - - - - - B30
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Isolates PTc1 Tc2 ninB SB04 SB06 SB21 SB28 BIM1 P186G P186BP P186cII Isolates

B31 - - - - - - - - + + - B31

B32 - - - - - - - - - - - B32

B33 - - - - - - - - - - - B33

B34 - - - - - - - - - - - B34

B35 - - - - - - - - - - - B35

B36 - - - - - - - - - - - B36

B37 - - - - - - - - - - - B37

B38 - - - - - - - - - - - B38

B39 + + + + + + + + - - - B39

B40 + + + - - - - - - - + B40

B41 + + + - - - - - + + + B41

B42 + + + - - - - - - - + B42

B43 + + + - - - - - - - - B43

B44 - - - - - - - - - - - B44

B45 - - - - - - - - + + - B45

B46 + + + - - - - - + + + B46

B47 + + + - - - - - - - + B47

B48 + + + - - - - - - + + B48

B49 + + + - - - - - - + + B49

B50 - - - - - - - - + + - B50

B51 + + + - - - - - - - - B51

B52 + + + - - - - - - - - B52

B53 - - - - - - - - + + - B53

B54 - - - - - - - - - - - B54

B55 - + + - - - - - + + - B55

B56 - - - - - - - - + + + B56

B57 - - - - - - - - + + - B57

B58 + + + - - - - - - - + B58

B59 - - - - - - - - - + + B59

B60 + + + - - - - - + + + B60



Isolates Fels2late Fels2G Fels2lysB Fels2int Fels2c1 Gifsy1gogB Gifsy1A Gifsy2int Isolates

B01 - - - - - - - + B01

B02 - - - - - - - + B02

B03 - - - - - + + + B03

B04 - + - + - - - + B04

B05 + + + + + + + + B05

B06 + + + + + + + + B06

B07 + + + + + + + + B07

B08 - - - - - - - + B08

B09 - + - + - - - + B09

B10 - - - - - - - + B10

B11 - - - - - - - + B11

B12 + + + + + + + + B12

B13 - + - + - - - + B13

B14 - - - - - - - + B14

B15 - + - + - - - + B15

B16 - + - + - - - + B16

B17 - + - + - - - + B17

B18 - + - + - - - + B18

B19 - + - + - - - + B19

B20 + + + + + + + + B20

B21 - + - + - - - + B21

B22 - + - + - - - + B22

B23 - + - + - - - + B23

B24 + + + + + + + + B24

B25 + + + + + + + + B25

B26 + + + + + + + + B26

B27 + + + + + + + + B27

B28 + + + + + + + + B28

B29 + + + + + + + + B29

B30 - - - - - - - + B30
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Isolates Fels2late Fels2G Fels2lysB Fels2int Fels2c1 Gifsy1gogB Gifsy1A Gifsy2int Isolates

B31 - - - - - - - + B31

B32 - - - - - - - + B32

B33 - - - - - - - + B33

B34 - + - + - - - + B34

B35 - + - + - - - + B35

B36 - + - + - - - + B36

B37 - + - + - - - + B37

B38 - + - + - - - + B38

B39 - + - + - - - + B39

B40 + + + + + + + + B40

B41 + + + + + + + + B41

B42 + + + + + + + + B42

B43 - - - - - - - + B43

B44 - + - + - - - + B44

B45 - + - + - - - + B45

B46 + + + + + + + + B46

B47 + + + + + + + + B47

B48 + + + + + + + + B48

B49 + + + + + + + + B49

B50 - + - + - - - + B50

B51 - - - - - - - + B51

B52 - + - + - - - + B52

B53 - - - - - - - + B53

B54 - - - - - - - + B54

B55 - - - - - - - - B55

B56 - + - + - - - + B56

B57 - + - + - - - + B57

B58 + + + + + + + + B58

B59 + + + + + + + + B59

B60 + + + + + + + + B60



Isolates Gifsy2Cap GifsyninG GifsyRec GifsyH SopE SL254-tail M13-222 Isolates

B01 - - - - - + + B01

B02 - + + + - - - B02

B03 + + - + - - - B03

B04 - - - + - - - B04

B05 - + - + - + - B05

B06 - + - + - + - B06

B07 - + - + - + - B07

B08 - + - + + + + B08

B09 - - - + - - - B09

B10 - + - + + - - B10

B11 - + - + + + + B11

B12 - + - + - + - B12

B13 - - - + - - - B13

B14 - + - + + + + B14

B15 - - - + - - - B15

B16 - - - + - - - B16

B17 - - - + - - - B17

B18 - - - + - - - B18

B19 - - - + - - - B19

B20 - + - + - - - B20

B21 - - - + - - - B21

B22 - - - + - - - B22

B23 - - - + - - - B23

B24 - + - + - + - B24

B25 - + - + - + - B25

B26 - + - + - + - B26

B27 - + - + - + - B27

B28 - + - + - + - B28

B29 - + - + - + - B29

B30 - + - + + + + B30
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Isolates Gifsy2Cap GifsyninG GifsyRec GifsyH SopE SL254-tail M13-222 Isolates

B31 - + - + + + + B31

B32 - + - + - + + B32

B33 - + - + - + + B33

B34 - - - + - - - B34

B35 - - - + - - - B35

B36 - - - + - - - B36

B37 - - - + - - - B37

B38 - - - + - - - B38

B39 - - - + - - - B39

B40 - + - + - + - B40

B41 - + - + - + - B41

B42 - + - + - + - B42

B43 - - - + - + - B43

B44 - - - + - - - B44

B45 - - - + - - - B45

B46 - + - + - + - B46

B47 - + - + - + - B47

B48 - + - + - + - B48

B49 - + - + - - - B49

B50 - - - + - - - B50

B51 - - - + - + - B51

B52 - - - + - - - B52

B53 - + - + + + + B53

B54 - + - + - + + B54

B55 - - - - - + + B55

B56 - - - + - - - B56

B57 - - - + - - - B57

B58 - + - + - + - B58

B59 - + - + - - - B59

B60 - + - + - + - B60



Appendix 2.3 The complete positive MAPLT reactions for the 64 S.  Heidelberg isolates

Isolates PTcI PTg17 PTgtrC Pint sieB ninB SB06 SB21 SB28 BIM1 Isolates

H01 - - - - - - - - - - H01

H02 - - - - - - - - - - H02

H03 - - - - - - - - - - H03

H04 - - - - - - - - - - H04

H05 - - - - - - - - - - H05

H06 - - - - - - - - - - H06

H07 - - - - - - - - - - H07

H08 - - - - - - - - - - H08

H09 - - - - - - - - - - H09

H10 - - - - - - - - - - H10

H11 - - - - - - - - - H11

H12 - - - - - - - - - - H12

H13 - - - - - - - - - - H13

H14 - - - - - - - - - - H14

H15 - - - - - - - - - + H15

H16 - - - - - - - - - - H16

H17 - - - - - - - - - - H17

H18 + + + - - - - - - - H18

H19 - - - - - - - - - - H19

H20 + + + - - - - - - - H20

H21 + + + + - - - + - + H21

H22 - - - - - - - - - - H22

H23 - - - - - + - - - - H23

H24 - - - - - - - - - - H24

H25 - - - - - - - - - - H25

H26 - - - - - - - - - - H26

H27 - + + - - + - - - - H27

H28 - + + - - + - - - - H28

H29 + + + + - - + + - - H29

H30 - - - - - - - - - - H30

H31 - - - - - - - - - - H31

H32 - - - - - - - - - - H32

H33 - - - - - - - - - - H33
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Isolates PTcI PTg17 PTgtrC Pint sieB ninB SB06 SB21 SB28 BIM1 Isolates

H35 - - - - - - - - - - H35

H36 - - - - - - - - - - H36

H37 - - - - - - - - - - H37

H38 - - - - - - - - - - H38

H39 + - + + - - - + + - H39

H40 + - + - - - - - - - H40

H41 - - - + - - + + + - H41

H42 - - - - - - - - - - H42

H43 - - - - - - - - - + H43

H44 - + + - - - - - - - H44

H45 - - - + - - - + + - H45

H46 - - - - - - - - - + H46

H47 + - + - + - - - - - H47

H48 - - - - - - - - - - H48

H49 + + + - - - - - - - H49

H50 + + + - - - - - - - H50

H51 - - - - - - - - - - H51

H52 - + + - - + - - - - H52

H53 - + + - - + - - - - H53

H54 - + + - - - - - - - H54

H55 + + + - - - - - - - H55

H56 - - - - - - - - - - H56

H57 - + + - - + - - - - H57

H58 - - - - - - - - - - H58

H59 + + + - - - - - - - H59

H60 - + + - - + - - - - H60

H61 - - - - - - - - - - H61

H62 - - - - - - - - - - H62

H63 - - - - - - - - - - H63

H64 - - - - - - - - - - H64

H65 - - - - - - - - - - H65



Isolates Fels2G Fels2lysB Fels2ter Fels2port Gifsy1A Gifsy2cap Gifsy2J GifsyRec GifsyninG SopE SL254-tail Isolates

H01 - - - - - + + + - + - H01

H02 - - - - - + + + - + - H02

H03 - - - - - + + + - + - H03

H04 + + + + - + + + - + + H04

H05 - - - - - + + + - + - H05

H06 - - - - - + + + - + - H06

H07 + + + + - + + + - + + H07

H08 + + + + - + + + - + + H08

H09 - - - - - + + + - + - H09

H10 - - - - - + + + - + - H10

H11 - - - - - + + + - + - H11

H12 - - - - - + + + - + - H12

H13 - - - - - + + + - + - H13

H14 + + + + - + + + - + - H14

H15 - - - - + + + + - + - H15

H16 - - - - - + + + - + - H16

H17 - - - - - + + + - + - H17

H18 - - - - - + + + - + - H18

H19 - - - - - + + + - + + H19

H20 - - - - - + + + - + - H20

H21 - - - - - + + + - + - H21

H22 - - - - - + + + - + + H22

H23 - - - - - + + - + + - H23

H24 - - - - - + + - + + + H24

H25 - - - - - + + - + + - H25

H26 - - - - - + + - + + + H26

H27 - - - - - + + + - + - H27

H28 - - - - - + + + - + - H28

H29 - - - - - + + + - + - H29

H30 - - - - - + + + - + - H30

H31 - - - - - + + + - + + H31

H32 - - - - - + + + - + + H32

H33 - - - - - + + + - + + H33
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Isolates Fels2G Fels2lysB Fels2ter Fels2port Gifsy1A Gifsy2cap Gifsy2J GifsyRec GifsyninG SopE SL254 tail Isolates

H35 + + + + - + + + - + + H35

H36 + + + + - + + + - + + H36

H37 + + + + - + + + - + + H37

H38 - - - - - + + + - + + H38

H39 - - - - - + + - + + - H39

H40 - - - - - + + - + + - H40

H41 - - - - - + + - + + - H41

H42 - - - - - + + + - + + H42

H43 - - - - - + + + + + - H43

H44 - - - - - + + + - + - H44

H45 - - - - - + + - + + + H45

H46 - - - - + + + + - + - H46

H47 - - - - - + + - + + - H47

H48 + + + + - + + + - + - H48

H49 - - - - - + + + - + - H49

H50 - - - - - + + + - + - H50

H51 - - - - - + + + - + - H51

H52 - - - - - + + + - + - H52

H53 - - - - - + + + - + - H53

H54 - - - - - + + + - + - H54

H55 - - - - - + + + - + - H55

H56 + + + + - + + + - + - H56

H57 - - - - - + + + - + - H57

H58 - - - - - + + + - + - H58

H59 - - - - - + + + - + - H59

H60 - - - - - + + + - + - H60

H61 - - - - - + + + - + - H61

H62 + + + + - + + + - + + H62

H63 + + + + - + + + - + + H63

H64 - - - - - + + + - + - H64

H65 + + + + - + + + - + + H65
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