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Abstract
Salmonella enterica is responsible for a significant fraction of food and water-borne
illnesses in the world. Thus, most research has focussed on the ability of S. enterica to
cause disease. Reptiles are common carriers of S. enterica, and although it is becoming
increasingly evident that diseases associated with wildlife are rising in prevalence, we
have a very poor understanding of the ecology of S. enterica in free-living reptile hosts.

A large-scale survey of over 2,500 animal hosts living throughout Australia revealed
that S. enterica exhibited a high degree of host specificity. S. enterica could not be
detected in invertebrates, fish, amphibians or birds, and was detected in only 1.3 % of
the 1,115 mammalian hosts examined. By contrast, S. enterica was detected in 7.4 % of
the 446 reptiles examined. The survey also revealed that S. enterica was more likely to
be recovered from reptiles inhabiting arid and semi-arid regions of Australia, rather than
temperate or tropical climates.

Of the six subspecies of S. enterica, four were recovered from Australian reptiles;
enterica, salamae, diarizonae and houtenae; while the subspecies enterica was also
detected in mammals. Multi-locus sequence typing (MLST) of 107 S. enterica isolates
from Australia revealed that the genetic diversity of the subspecies enterica was the
highest of all subspecies examined in this study, while the other subspecies were found
to have a very low genetic diversity.

The MLST data revealed that the subspecies

enterica could be subdivided into two clades, designated as clades A and B. Isolates
recovered from reptiles were more likely to be members of clade B than were isolates
recovered from mammals. Isolates of the two clades could also be distinguished on
their biochemical characteristics and membership to particular serogroups.

The

differences observed between isolates of these two clades suggest that the each clade
represents isolates with distinct life-history characteristics and ecological niches.

To investigate the transmission dynamics and clonal composition of S. enterica, surveys
of S. enterica in a population of sleepy lizards, TUiqua rugosa, at Mt. Mary, South
Australia, were conducted during the years 2000-2006.

The data revealed that the

probability of detecting S. enterica in a lizard varied with the activity patterns of the
host. The probability of detecting S. enterica in a lizard also varied with respect to

where the individual hved.

Lizards were more Hkely to harbour S. enterica when

inhabiting areas with standing vegetation as compared to areas lacking such cover. The
acquisition of S. enterica by lizards appeared to linked to rainfall events.

The population of sleepy lizards harboured four subspecies of S. enterica:
salamae, diarizonae and houtenae.

enterica,

The habitat where a lizard lived within the study

sites determined what subspecies it was likely to harbour. The subspecies diarizonae
was significantly more likely to be recovered from lizards living in areas with high
vegetation cover, whilst the subspecies enterica and salamae were isolated from lizards
inhabiting a variety of vegetated habitats. The results of field experiments indicate that
the survival of cells depended on the extent to which cells were shielded from
temperature and radiation extremes, though diarizonae had the poorest survival of any
of the subspecies.

This is likely to account for its association with areas of dense

vegetation cover.

Lizards were most likely to harbour one subspecies of S. enterica at a time, though
multiple subspecies within a host was often detected. The results of in vivo field based
experiments indicated that the subspecies of S. enterica found in this population of
lizards do not exhibit any sort of competitive hierarchy, and thus the likelihood of a host
harbouring a particular combination of the subspecies is not likely to be dependent on
interactions between the subspecies.

Rather, the co-occurrence of certain subspecies

within a host is most likely related to what subspecies a lizard is exposed to in the
environment.

The results of this study revealed that compared to a species such as E. coli, the
persistence of S. enterica in a habitat is very much dependent on its ability to survive in
the external environment.

The survival characteristics of S. enterica in the external

environment are likely to be an important factor in this species' success as a pathogen.
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Chapter One: General Introduction

Chapter One

General Introduction
The significance of bacterial pathogens to human health has meant we have an
extensive understanding of their molecular biology, biochemistry and physiology.
Further, whilst we have some understanding of pathogenic bacteria associated with
domestic animals due to their potential for transmission to humans, we have a much
poorer understanding of bacterial species associated with wildlife. Jones et al. (2008)
reported that disease attributable to wildlife accounted for a significant proportion of the
emerging disease events that have taken place in the last 60 years.

This increased

significance of wildlife reservoirs is thought to be a consequence of changes worldwide,
where humans are increasingly interacting more closely with wildlife (Greger, 2007;
Woolhouse & Gaunt, 2007). Despite the increased significance of wildlife reservoirs as
a potential for disease transmission, there are very few studies that have investigated the
ecology of bacteria in free-living vertebrate host populations.

Salmonella

enterica is responsible for approximately half of all food-borne disease

outbreaks linked to bacterial pathogens (CDC, 2006). In the developed world, humans
typically acquire a Salmonella infection through the ingestion of contaminated pork and
poultry products (Lynch et ai, 2006), and more recently through outbreaks associated
with vegetables, such as tomatoes, alfalfa and melons (Heaton & Jones, 2008). In the
US alone, it is estimated that S. enterica is responsible for 1.4 million cases of foodborne illness annually, which result in approximately 600 deaths (Mead et al., 1999).
The annual medical cost associated with S. enterica in the US alone is approximately
US $2.5 billion (USDA). S. enterica serovar Typhi, the agent responsible for typhoid
fever, is typically acquired through contaminated food and water, and affects 21.5
million people annually in the developing world (CDC), and is estimated to cause
500,000-600,000 deaths annually (WHO).

Due to the significance of livestock such as swine, poultry, and cattle acting as potential
hosts for the transmission of S. enterica to humans, the agricultural sector injects
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significant amounts of money each year into preventative measures to stop the spread of
S. enterica in the food chain. This is not only important to stop the transmission of S.
enterica

to humans, but also to stop the transmission between animals, where S.

enterica causes severe disease in the animals themselves.

The cost of S. enterica to

agricultural industries is substantial, for example, in Denmark alone, in 2001, US$14.1
million was spent in the control of S. enterica, saving the Danish economy US$25.5
million (Wegener et ai, 2003).

A Salmonella infection can also be acquired via host-host transmission. Free-living and
captive reptiles are a major host of S. enterica (Briones et ai, 2004; Ebani et al., 2005;
Pasmans et ai, 2005; Hidalgo-Vila et al., 2007), and are increasingly becoming popular
as exotic pets.

In recent years, many incidences of S. enterica infection have been

linked to pet reptiles (Woodward et ai,

1997; Warwick et ai, 2001; Mermin et

2004), where in the US alone it is estimated that 74,000 cases of Salmonella

ai,

infection

annually are attributable to pet reptiles (Mermin et ai, 2004).

Salmonella

Nomenclature

The genus Salmonella

belongs to the family Enterobacteriaceae.

undergone many taxonomic revisions in the last 50 years.

The genus has

Initially, the genus was

divided into numerous species according to serotype designation (Kauffmann, 1966).
However, DNA-DNA hybridisation experiments by Crosa et al. (1973) revealed that
virtually all serotypes of Salmonella are highly related and might be considered a single
species. The genus Salmonella

was then considered to consist of one species, further

divided into seven subspecies. Since this revision, subspecies V was elevated to species
status (Reeves et al,

1989).

Today, the nomenclature of the genus

Salmonella

according to the Centre for Disease Control (CDC), is that the genus Salmonella
divided into two species. Salmonella enterica and Salmonella bongori, with

is

Salmonella

enterica further divided into six subspecies (Brenner et ai, 2000; CDC, 2007). The six
subspecies of Salmonella

enterica are each given a name and a numerical designation:

enterica (I), salamae (II), arizonae (Ilia), diarizonae

(Illb), houtenae (IV) and indica

(VI). Boyd et al. (1996) divided subspecies IV into two, creating a seventh subspecies,
though this is not recognised by the CDC. The nomenclature of the genus
according to the CDC will be adopted in this study.

Salmonella
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S. bongori

and all six subspecies of S. entehca

can be distinguished based on

piienotypic and genotypic characters (Ewing, 1986; Boyd et a/., 1996; Falush et a!.,
2006). Serotyping, while no longer used to separate strains into individual species, is
still used to differentiate strains of Salmonella.

This is particularly important in

distinguishing the strains of Salmonella that are of medical significance. Serotyping is
based on the immunoreactivity of a strain's two surface structures: O (somatic) and H
(flagellar) antigens, and has so far resulted in over 2,500 described serotypes, of which,
over half belong to the subspecies enterica

(CDC, 2007).

subspecies enterica are given a name, eg. Salmonella

All serotypes of the

Typhimurium, however, all

serotypes of the other subspecies are referred to only by their antigenic formulas eg.
Salmonella IV 48:g, z51 (CDC, 2007). Salmonella serotypes are further divided into O
serogroups, designated by the primary O factor(s) that are associated with the group
(CDC, 2007).

There are approximately 46 serogroups according to the Kauffmann-

White scheme, which were initially designated by letters, but are now designated by
numbers (Fitzgerald et al., 2007). The most common serogroups (A - E), to which most
of the pathogenic serotypes of S. enterica belong (Fierer & Guiney, 2001), are still
commonly designated by letters (Fitzgerald et al., 2007).

Salmonella and Genetic Studies
Several Salmonella reference collections have been created in order to examine the
genotypic and phenotypic variation between all six subspecies of S. enterica and S.
bongori, as well as the variation between serotypes of the subspecies enterica (Beltran
et al., 1991; Boyd et al., 1993; Boyd et al., 1996). The first collection, the Salmonella
reference collection A (SARA), consists of 72 strains of Salmonella Typhimurium and
its close relatives {S. enterica Saintpaul, S. enterica Heidelberg, S. enterica Paratyphi B
and S. enterica Muenchen) (Beltran et al., 1991). The second collection, the Salmonella
reference collection B (SARB) consists of 72 strains representing 37 serotypes of the
subspecies enterica, including the medically important human pathogenic strains (Boyd
et al,

1993).

The third collection, the Salmonella reference collection C (SARC),

consists of two representatives of each of the six subspecies of S. enterica, and two
representatives of the 'seventh' subspecies and S. bongori (Boyd et al., 1996). All six
S. enterica subspecies and S. bongori are most commonly isolated from reptiles,
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whereas the subspecies enterica is essentially the only subspecies isolated from humans.
The strains in the three collections were predominately isolated from humans, thus do
not represent the diversity of hosts Salmonella

occupies.

Consequently, these

collections may not be representative of the true genetic diversity of the genus.

The method of multi-locus enzyme electrophoresis (MLEE) has provided
understanding of the population

structure of many bacterial

an

species and the

epidemiology of many infectious agents. Today, MLEE has been virtually replaced by
multi-locus sequence typing (MLST) (Maiden et ai,
population structure.

1998) for studies inferring

MLST is a typing method that determines the full or partial

nucleotide sequence of six to nine housekeeping genes. Several MLST schemes have
been initiated for Salmonella that vary in the number and type of genes sequenced
(Kidgell et al, 2002; Kotetishvili et ai, 2002; Sukhnanand et al, 2005; TankouoSandjong et ai,

2007).

The most widely used scheme is based on the partial

amplification of seven housekeeping genes (Kidgell et ai, 2002). This MLST scheme
is used in conjunction with a website hosted by the Max-Plank Institute (www.mlst.net).
This database allows laboratories to add their strains to the database, as well as extract
genetic information on strains gathered by laboratories around the world. This data can
be inputted into many population genetic programs to infer genetic relationships.

Initial population studies on S. enterica and members of the SARA and SARB
collections utilising MLEE indicated that the genetic structure of the subspecies
enterica is largely clonal - where a particular serotype is associated with only one or a
few genotypes that are distributed worldwide (Beltran et al., 1988; Reeves et al., 1989;
Selander et al., 1990a; Selander et ai, 1990b; Boyd et ai, 1993). MLST studies also
indicate that the majority of serotypes are associated with one, or a few closely related
sequence types. Recently, however, the level of clonal structure within the subspecies
enterica has been questioned, as recombination among strains is thought to be more
extensive than originally thought (Kotetishvili et ai, 2002; Brown et ai, 2003; Falush
et ai, 2006; Octavia & Lan, 2006). However, there is little evidence for recombination
among the subspecies of S. enterica (Falush et al. 2006).

Chapter One: General Introduction

Salmonella and Virulence
Hosts acquire S. enterica via the ingestion of contaminated food or water (Grassl &
Finlay, 2008) or via host-host transmission (Darwin & Miller, 1999). The majority of
human food-borne illness due to S. enterica results from the ingestion of contaminated
poultry products, pork and vegetables (Lynch et al., 2006).

In the United States,

approximately 99 % of reported human isolates belong to the subspecies

enterica

(CDC, 2007). There are only a handful of reported cases where the subspecies other
than enterica,

have been implicated in causing illness in humans, and these are

generally in children and immuno-compromised individuals (Ma et al., 2003; Lourenfo
et al., 2004). The subspecies enterica is also responsible for Salmonella infections in
domesticated animals such as swine, poultry and cattle (Baumler et al, 1998). Despite
the fact that all S. enterica subspecies are commonly isolated from reptiles, very few
cases of disease associated with Salmonella

have been reported in this host group

(Ramsay et al., 2002; Bemis et al, 2003; Bemis et al., 2006).

Members of the subspecies enterica are capable of causing a variety of disease
syndromes in humans and other mammals, such as enteric fever, bacteremia,
enterocolitis and focal infections (Darwin & Miller, 1999).

The type of disease is

determined by the virulence of the strain and the host species it is infecting (Mirold et
al., 2001; Cobum et a!., 2007). For example, the serovar Dublin causes bacteremia and
abortion in cows, while the serovar Choleraesuis causes septicemia in pigs (Baumler et
al., 1998), however both serovars cause bacteremia in humans (Fierer & Guiney, 2001).
In humans, most serotypes only cause gastroenteritis, while specific serotypes cause
enteric fever (Typhi, Paratyphi A and C, and Sendai) (Cobum et al., 2007).

Most

serotypes infect a broad range of hosts, though some serotypes of the subspecies
enterica exhibit a marked degree of host specificity (Baumler et al, 1998; Kingsley &
Baumler, 2000). For example, S. enterica serovar Typhi is strongly associated with
virulence in humans whilst S. enterica serovar Gallinarum causes disease in chickens.

Symptoms of a typical Salmonella infection usually appear 6 - 4 8 hours after ingestion
of S. enterica.

Symptoms include headache, abdominal pain, diarrhoea and vomiting.

Often the diarrhoea may contain blood, lymphocytes and mucous (Darwin & Miller,
1999), though symptoms usually disappear within a week. In the most severe cases,
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hospitalisation is required. The symptoms of a typhoid infection usually appear 1-3
weeks after ingestion (WHO), and include high fever, often accompanied by headache,
abdominal pain, and some individuals experience rose coloured spots on their chest
(CDC). If untreated, the fever can last for months and up to 20 % of people die from
complications of the infection (CDC).

A large number of genes are thought to contribute to the ability of Salmonella to cause
disease. These genes are found in clusters called Salmonella pathogenicity islands (SPI)
(Blanc-Potard et ai, 1999). In 2004, at least twelve different Salmonella pathogenicity
islands were known (Hensel, 2004), however since then, additional SPI's have been
described (Vemikos & Parkhill, 2006).
throughout the genus Salmonella

Many pathogenicity islands are distributed

(SPI-1, SPI-3, SPI-4 and SPI-5), however, other

pathogenicity islands (SPI-2, SPI-6, SPI-7, SPI-8, SPI-9, SPI-10, SGI-1

{Salmonella

genomic island I) and the HPI (High Pathogenicity island)) have only been found in
certain subspecies or serovars of Salmonella.

At present, it is believed that the gene

regions within SPI-1, SPI-2 and SPI-4 are conserved (Amavisit et ai, 2003), whereas
gene regions in SPI-3 and SPI-5 are variable (Blanc-Potard et ai, 1999; Knodler et ai,
2002; Amavisit et a/., 2003).

SPI-1 is the most well studied pathogenicity island.

The acquisition of the type III

secretion system encoded in SPI-1 has been considered a quantum leap in the evolution
of S. enterica as a pathogen (Groisman & Ochman, 1996).

The genes in this

pathogenicity island govern the ability of Salmonella to enter mammalian epithelial
cells (Mills et al, 1995; Galan, 1996). SPI-2 is thought to enable cells to survive within
macrophages (Ochman et al, 1996; Shea et ai, 1996), whereas the only gene currently
associated with virulence in SPI-3 is thought to be required for growth in macrophages
and systemic virulence (Fierer & Guiney, 2001). Although SPI-1 and SPI-3 are found
in both species of Salmonella and SPI-2 is found in all subspecies of S. enterica, it is
not yet known why the subspecies enterica is the only subspecies to have expanded into
mammals, with the ability to cause disease.
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Salmonella Epidemiology
The transmission of S. enterica in the farm environment is of considerable importance
as animals such as pigs, cattle and chickens are a potential source of
infection for humans.

Accordingly, the epidemiology of S. enterica

Salmonella
within the

agricultural sector is well studied. Numerous factors are thought to be responsible for
the prevalence of S. enterica in the farm environment including: farm hygiene and
management practices (Berends et al., 1996; Barber et al, 2002; Radke et al, 2002)
where the frequency with which animals and equipment are moved between pens or
pastures may influence the prevalence of S. enterica', herd size, where larger herd sizes
generally have higher incidences of S. enterica (Huston et al, 2002; Fossler et al,
2005); and the type of feed given to the animals, where farms feeding dry feed as
opposed to liquid feed have a higher incidence of S. enterica (Beloeil et al., 2004;
Bahnson et al., 2006; Farzan et al., 2006). Further, the prevalence of S. enterica on
farms varies with season, where the incidence of S. enterica has been found to increase
with an increase in ambient temperature (Oloya etal., 2007; Pangloli et al., 2008).

S. enterica is able to persist in the farm environment in a number of ways. Firstly, it
can be isolated from many locations within the farm environment, such as dust, food
troughs, food stuffs, and floors (Davies & Wray, 1996; Barber et al., 2002; Weigel et
al., 2007). In these habitats it has been shown to persist for extended periods (Sandvang
et al., 2000; Baloda et al., 2001), even in the absence of any faecal inputs (Davies &
Breslin, 2003). The other manner in which S. enterica persists in the farm environment
is in farm animal vectors such as flies, birds, rodents and other mammals (Barber et al,
2002; Davies & Breslin, 2003; Liebana et al, 2003; Weigel et al., 2007), which
continue to disseminate and spread S. enterica into the environment. The importance of
moisture for S. enterica survival has also been observed; where higher recovery rates of
S. enterica in slurry and agriculture amended soils are found when the moisture content
of the substrate in question is high (Holley et al., 2006). Similarly, outside the farm
environment, S. enterica is seldom isolated from soils unless soil moisture levels are
high (Thomason et al, 1975; Thomason et al, 1977).

Unlike Escherichia

coli, which is thought to have limited survival in the external

environment, S. enterica survives for long periods outside of the host (Winfield &
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Groisman, 2003). Numerous mechanisms for the enhanced survival of S. enterica in the
external environment have been examined. The outer surface structures of S. enterica
are thought to aid in its persistence in the external environment. Cells expressing Thin
aggregative fimbriae (Tafi) (Collinson et al., 1991) are able to form patterned,
aggregative colonies (termed rdar morphotypes due to the appearance of red, dry and
rough when grown on media containing congo red) (Collinson et al, 1993; Romling et
al., 1998) under nutrient-limiting conditions. Thus far, the rdar morphotype has been
shown to enhance the resistance of S. enterica to desiccation (White et al., 2006).
S. enterica has also been found to produce an 0-antigen capsule, which is also thought
to aid in persistence in the external environment (Gibson et al., 2006).

Further, the

0-antigen capsule and Tafi have been found to aid in the attachment and colonisation of
plants (Barak et al., 2005; Barak et al., 2007). The ability of S. enterica to survive
digestion by soil protozoa such as Acanthamoeha

spp. (Gaze et al., 2003), and

Tetrahymena spp. (Brandl et al., 2005), is also thought to increase its persistence in the
external environment. Another means that S. enterica may survive harsh environmental
conditions such as nutrient deprivation and desiccation, is by entering a dormant state
(Roszak et al., 1984; Cho & Kim, 1999).

Tiliqua rugosa
The sleepy lizard, Tiliqua rugosa, is a viviparous skink (Cogger, 1992) that is common
throughout the southern part of the arid and semi-arid zones of Australia (Figure 1.1)
(Henle, 1990).

The sleepy lizard is large, long-lived (Bull, 1995) and mainly

herbivorous (Henle, 1990; Dubas & Bull, 1991), with adults reaching up to 325 mm
snout vent length (SVL), and weighing between 500 - 900 g (Figure 1.2) (Bull et al.,
1991). Although the lizards are primarily herbivorous as adults, their diet can include
invertebrates such as grasshoppers (Bull & Pamula, 1998) and land snails (Satrawaha &
Bull, 1981). Lizards reach maturity by their 3''' or

year (Bull, 1987), and the highest

mortality occurs in juveniles (Henle, 1990), where it is estimated that only 4 % of
juveniles survive to adulthood (Bull, 1995). However, the estimated annual survival of
adults is between 80 - 90 % and their lifespan is thought to range between 20 - 50 years
(Bull, 1995). The population size is thought to remain relatively stable within the Mt.
Mary population (Bull, 1987).
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Figure 1.1.

Distribution map of Tiliqua

rugosa

in Australia.

The areas shaded in black depict the

distribution.

Sleepy lizards are mainly active between late winter and early summer (late August November). Lizard activity is limited between November and January, and minimal in
all other seasons (Firth & Belan, 1998).

Lizard activity is driven by both the

availability of food and by the ambient air temperature. From late winter to late spring,
herbaceous annuals, the major food source of sleepy lizards, are plentiful (Dubas &
Bull, 1991) and the ambient temperature is warm enough for lizards to sustain activity
(Firth & Belan, 1998). As temperatures increase in late spring and early summer, lizard
activity declines as the increasing temperature leads to the die off of the herbaceous
annuals, limiting the food and water supply of the lizards.

From mid to late summer

not only is food and water limited, but temperatures are so high that the lizards must
seek refuge in cooler micro-habitats, such as burrows, in order to minimise water loss
(Bull et al,

1991; Firth & Belan, 1998; Kerr et al,

2003; Kerr & Bull, 2004a).

Although the temperatures in autumn are often similar to that in spring, the low
availability of food is thought to be responsible for the limited activity (Firth & Belan,
1998).

In winter, the low ambient air temperature constrains lizard activity (Firth &

Belan, 1998; Kerr & Bull, 2004b). In drought conditions, both male and female activity
is severely reduced throughout spring due to lack of food (Kerr & Bull, 2006b).

Figure 1.2. The host species, the sleepy lizard, Tiliqua

rugosa.
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Lizards maintain long-term, stable home-ranges (Bull & Freake, 1999; Kerr & Bull,
2006a), which overlap extensively (Kerr & Bull, 2006b). There is no difference in the
size of the home-range of males and females (Kerr & Bull, 2006a).

Female home

ranges rarely overlap those of other females, however male-male home range overlap
and male-female overlap is common (Kerr & Bull, 2006a). There is little evidence of
territorial defence (Bull, 1987). Within the home range, there are between two and four
areas of core activity, which are usually centred around a refuge site (Kerr & Bull,
2006a). Typical refuge sites include corrugated tin, rabbit warrens, wombat burrows,
piles of dense vegetation and large bushes (Henle, 1990; Kerr & Bull, 2006a). These
core areas shift within a season and between seasons (Kerr & Bull, 2006a). The daily
maximum temperature is a predictor of lizard microhabitat use (Kerr & Bull, 2006c),
and typically, as the season gets hotter lizards often retreat to their refuge sites, where
they are subject to lower temperature fluctuations and lower maximum temperatures
(Kerr et a/., 2003).

Sleepy lizards form monogamous partnerships for approximately six to eight weeks
before mating, and these partnerships reform over successive years (Bull, 1988; Bull et
al., 1998; Bull, 2000). The amount of time the partners spend together varies, however,
over 50 % of the activity time each day is spent together (Bull et al., 1991). When
separated, lizards find each other by following trails, often tongue-flicking the ground,
using airborne signals and searching of familiar sites (Bull et al., 1993a).

Males are

more active than females in spring before mating occurs (Bull et al., 1991), however,
after mating, males decline in activity and females become more active (Bull et al.,
1991; Kerr & Bull, 2006b). After mating has occurred, the pairs separate (Bull, 1987;
Bull, 1988). The gestation period is approximately 4-5 months and females produce 1-3
live young in late summer or early autumn (Bull et al., 1993b). In drought conditions,
reproductive activity is severely reduced (Kerr & Bull, 2006b).

Research Aims
There have been very few studies concerning the ecology of a bacterial species
inhabiting free-living host populations, or the ecology of S. enterica in a non-pathogenic
state. Thus, the basic goal of this research was to document the ecology and life history
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characteristics of S. enterica in free-living hosts. My study had two main parts. The
first examines the distribution and genetic structure of S. enterica isolated from freeliving animal hosts living in Australia. The second investigates the ecology and life
history characteristics of S. enterica inhabiting a natural host population, the sleepy
lizard, Tiliqua rugosa.
The second chapter of this thesis addresses the first theme, in which I document the
prevalence of S. enterica in free-living animals, sampled from the four main climatic
regions of Australia. I further investigate the genetic structure of all S. enterica isolates
recovered, and compare these isolates to isolates of S. enterica recovered from a single
population of sleepy lizards, and to the worldwide database. The third and fourth
chapters address the second theme. A survey of radio-tracked lizards within a single
population of sleepy lizards was monitored for several years in order to document the
dynamics and clonal composition of S. enterica. The results of this survey are
highlighted with respect to the temporal dynamics and spatial distribution of four
subspecies of S. enterica recovered from this lizard population. This survey raised a
number questions concerning the dynamics of S. enterica, and some of these questions
were further explored through a series of field based in vivo experiments, the results of
which are presented in the fourth chapter. The final chapter synthesises the results of
the third and fourth chapter in an effort to describe the ecology of S. enterica in this
population of sleepy lizards, and further discusses how the life history characteristics of
this species are likely to contribute to its success as a pathogen.
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Chapter Two
Distribution and genetic composition of Salmonella enterica in
Australian fauna
Introduction
Salmonella enterica is most commonly known for the diseases it causes in humans and
their domesticated animals. However, reptiles are a major carrier of S. enterica, where
all six subspecies of S. enterica have been isolated.

Studies have documented

S. enterica in reptile hosts from many locations around the world including Australia,
South America, Africa, North America and Europe (Kourany & Telford, 1981; Madsen
et ai, 1998; Thomas et al., 2001; Briones et al., 2004; Hahn et al., 2007), with most
reptiles thought to carry S. enterica without any sign of illness.

In a study on members of the family Enterobacteriaceae from Australian mammals,
Gordon & FitzGibbon (1999) demonstrated that members of the Enterobacteriaceae are
non-randomly distributed with respect to the host and geographic locality from which
they were isolated.

Gordon & Lee (1999) also demonstrated that both host and

geographic locality accounted for a significant proportion of the genetic diversity in
some enteric species.

Little information has been gathered on the distribution of

S. enterica in a broad range of asymptomatic hosts. Thus, it is not known to what extent
host species and geographic locality may influence the distribution and genetic diversity
of S. enterica.

A number of studies have documented the genetic structure of members of the
Salmonella

reference collection B (SARB) and clinical strains of the S.

enterica

subspecies enterica using multi-locus enzyme electrophoresis (MLEE) (Beltran et al.,
1988; Reeves et al., 1989; Selander et al, 1990a; Selander et al., 1990b; Beltran et al.,
1991; Boyd et al, 1993). These genetic studies have shown that many serovars of the
subspecies enterica are clonal, for example Typhimurium is monophyletic, while other
serovars such as Derby and Newport are polyphyletic. However, very little research has
focussed on the genetic structure of any of the other five S. enterica subspecies.
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Further, few studies have focussed on the genetic structure of non-epidemic subspecies
enterica strains isolated from wild hosts.

This study documents the prevalence of Salmonella

enterica

vertebrate and invertebrate hosts sampled from across Australia.

in 2,574 individual
Most hosts have no

human association, however a small number of hosts have been sampled in urban
environments. The genetic composition of the S. enterica isolates recovered from the
survey is also undertaken, using the multi-locus sequence typing (MLST) scheme of
Kidgell et al. (2002), based on the partial amplification of seven housekeeping genes:
aroC, dnaN, hemD, hisD, purE, sue A and thrA.

In addition, the genetic composition of

S. enterica isolates sampled from a single population of sleepy lizards, Tiliqua
in South Australia, is analysed.
worldwide

Salmonella

rugosa,

The resulting genetic data is then compared to the

enterica

database

hosted

by

the

Max-Plank

institute

(http://web.mpiib-berlin.mpg.de/mlst/dbs/Se«?£'r/ra).

Materials and Methods

Bacterial Collection
Samples from the sleepy lizards were collected from a single population located in a
semi-arid region in the mid-north of South Australia described by Bull (1981).

This

sampling effort is part of a long-term study on the transmission dynamics of S. enterica
in this sleepy lizard population. The remaining animal samples were collected in an ad
hoc manner from a variety hosts collected from across Australia (Gordon & Cowling,
2003) (Appendix 1.1).

Bacterial samples were collected from sleepy lizards directly from the cloaca. Samples
from all other animals were collected either directly from the rectum/cloaca or from
freshly deposited

faecal matter.

All

samples were collected using a sterile

swab/transport tube system containing Aimes transport agar (Power & McCuen, 1988).
Samples were sent to the Australian National University within approximately one week
after collection and processed immediately.
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Bacterial Isolation
The transport swab was dilution streaked directly onto a MacConkey agar plate.
Following overnight incubation at 37 "C, a single representative of each colony
morphology type present on the plate was chosen and was dilution streaked onto
another MacConkey agar plate and incubated overnight at 37 °C. This procedure was
repeated. A single colony was taken from each plate and inoculated in 5 ml of Luria
Burtani broth overnight at 37 °C in an incubator/shaker at 200 rpm. A 1.5 ml aliquot of
inoculated culture was then transferred to a sterile storage tube containing 100 |ul of
glycerol and stored for later use at - 80 "C.

Bacterial Identification
S. enterica isolates were preliminary identified based on their biochemical profile. All
isolates that tested negative for oxidase and indole production but positive for hydrogen
sulphide

production

(Ewing,

1986)

were

typed

using

the

BBL

Crystal

Enteric/Nonfermenter ID kit in conjunction with the BBL crystal system electronic code
book (Becton Dickinson) in order to confirm their species identification.

DNA Extraction
A sub-sample of freezer culture of each S. enterica isolate was dilution streaked onto a
MacConkey agar plate and incubated overnight at 37 °C. A single colony from the
MacConkey agar plate was inoculated in 10 ml of Luria Burtani broth overnight at
37 °C and shaken at 200 rpm.

DNA was extracted from 50 jal of overnight culture

using DNAzol® (Invitrogen) according to the manufacturers protocol.

Multi-Locus Sequence Typing
Multi-locus sequence typing was used to confirm the subspecies identity of 68
S. enterica isolates recovered from the single population of sleepy lizards, and all
S. enterica isolates recovered from animals in Australia. Amplification was performed
on fragments of the following seven housekeeping genes: aroC (chorismate synthase),
dnoH

(DNA

polymerase

dehydrogenase), purE
dehydrogenase),

sucA

III

beta

subunit),

thrK

(aspartokinase+homoserine

(phosphoribosylaminoimidazole carboxylas), hisY^ (histidinol
(alpha

(uroporphyrinogen III cosynthase).

ketoglutarate

dehydrogenase),

and

hemD

PCR and sequencing primers are described in
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Kidgell et al. (2002). For all isolates of the subspecies diarizonae, sequencing primers
were used for both PCR amplification and sequencing of d n a ^ , and the reverse PCR
primer was used to sequence hisD.

PCR amplification was performed using a 20 )ul reaction mix containing 1.2 )JI of
template DNA, 0.2 |ul of Platinum® Taq (1.25 U), 0.8 (il of each forward and reverse
primer (10 pmol ml"'), 3.2

25mM MgCb, 4

5 x buffer (67 mM Tris-HCl, 16.6 mM

[NH4]2S04, 0.45 % Triton X-100, 0.2 mg gelatin ml"' and 0.2 mM dNTP's) (Fisher
Biotec), and 9.8 )al ultra pure water (Fisher Biotec). Amplification conditions were: 1
cycle at 95 °C for 12 mins; 25 cycles of 94 °C for 30 s; 55 °C for 30 s; 68 °C for 3 min;
and 1 cycle at 72 °C for 10 mins. The annealing temperature for aroC was 63 °C. The
resulting PCR products were purified using 1-2 |il of EXOsapit® (USB), according to
the manufactures protocol, and used as template in the sequencing reactions.

Sequencing was performed using BigDye® Terminator Chemistry (Applied Biosystems,
Inc., Foster City, Calif) and an ABl Prism® 3100 Genetic Analyser (Applied
Biosystems Inc). Sequencing reaction mixes of 20 |il contained: 1 )al DNA template
(10-20 ng), 1 |il BigDye, 4.5

BigDye Terminator v3.I sequencing buffer, 1 |il (3.2

pmol"') specified primer and 12.5

ultra pure water (Fisher Biotec). Cycle conditions

for sequencing were as follows: 25 cycles of 96 °C for 10s; 50 °C for 5s and 60 °C for
4 mins.

Sequences were assembled and trimmed to the specified length using SequencherT"^ v 3
(Genes Codes Corporation).

Nucleotide data of the seven housekeeping genes were

concatenated and analysed in PAUP version 4.0b 10 (Swofford, 1997).

Informative

nucleotide bases were analysed in BAPS 3.2 (Corander & Marttinen, 2006; Corander et
al., 2006) and STRUCTURE 2.0 (Pritchard et al., 2000; Falush et al., 2003).
Phylogenetic trees (Neighbour Joining Method (NJM) and Unweighted Pair Group
Method with Averages (UPGMA)) were constructed using MEGA 4.0 (Tamura et al.,
2007). The data collected as part of this study was compared with the data available in
the S. enterica MLST database (http://web.mpiib-berlin.mpg.de/mlst/dbs/Senterica).
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Virulence Gene Detection
S. enterica isolates belonging to the subspecies enterica were screened for the presence
of seven virulence genes {stn, fliC, sipB, sipC, sopB, sopE\

and ^pvR).

PCR was

performed using a total volume of 25 )ul containing: 1.5 ^il DNA template, 0.2 jil of
Platinum® Taq (1.25 U), 3 j^l each of both forward and reverse primers (10 pmol ml"')
(Table 2.1), 3

25mM MgCb, 5

5 x buffer (67 mM Tris-HCl, 16.6 mM [NH4]2S04,

0.45 % Triton X-100, 0.2 mg gelatin ml"' and 0.2 mM dNTP's) (Fisher Biotec), and
9.3 |il ultra pure water (Fisher Biotec). Amplification conditions were: 1 cycle at 95 °C
for 10 mins; 30 cycles of 94 °C for 30 s; 55 °C for 1 min; 72 °C for 1 min; and 1 cycle
at 72 °C for 7 mins (Chen et al, 2005).

Table 2.1. PCR primers used for the detection of seven Salmonella enterica genes associated with
virulence in isolates belonging to Salmonella enterica subspecies enterica.
Primer

Primer Sequence 5'-3'

SopEl-P4

ACACACTTTCACCGAGGAAGCG

SopEl-M2

GGATGCCTTCTGATGTTGACTGG

sipB-F

TGGCAGGCGATGATTGAGTC

sipB-R

CCCATAATGCGGTTCGTTTC

sipC-F

TGCCCTGGCAAATAATGTCA

sipC-R

CATCGATTCGGGTCATATCC

sopB-F

GCTCGCCCGGAAATTATTGT

sopB-R

CCCGCTAAGGCTTTGTTAAG

fliC-F

TACGCTGAATGTGCAACAAA

fliC-R

TACCGTCATCTGCAGTGTAT

ent-F

CATCGCACAGTACCAGATCA

ent-R

GATGCCCAAAGCAGAGAGAT

spvR-F

CGGAAGAATGGCACTCTTAT

spvR-R

GAATGCAGGGTTGGTAATAC

Target
Gene
sopEl

Product
Size (bp)
398

Reference
{Pragere/a/.,2003)

sipB

575

(Chene/ a/., 2005)

sipC

649

(Chene/ a/., 2005)

sopB

699

(Chen et a/., 2005)

fliC

509-515

(Chene? a/., 2005)

stn

537

(Chen et al., 2005)

spvR

462

(Chen et al., 2005)

Serogroup Identification
All S. enterica subspecies enterica isolates were screened by PCR for their serogroup
membership to five of the most common serogroups associated with disease in the
United States: B, Ci, C2, C3 and D (Fierer & Guiney, 2001). Primers for the serogroups
B, C2-C3 and D were described by Luk et al. (1993), and primers for the amplification
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of Ci were described by Hoorfar et al. (1999) (Table 2.2). Two multiplex PCR's were
constructed: B + D and Ci + C2-C3. PGR was performed using a total volume of 20
containing: 1.2

DNA template, 0.2 )LI1 of Platinum® Taq (1.25 U), 0.4

forward and reverse primer (10 pmol ml"'), 3.2 i^l 25mM MgCb, 4

of each

5 x buffer (67

mM Tris-HCl, 16.6 mM [NH4]2S04, 0.45 % Triton X-100, 0.2 mg gelatin m l a n d 0.2
mM dNTP's) (Fisher Biotec), and 9.8 ^il ultra pure water (Fisher Biotec). Amplification
conditions were: 1 cycle at 94 °C for 10 mins; 40 cycles of 94 °C for 40 s, 53 °C for
30 s, 72 °C for 2 min; 1 cycle at 72 °C for 10 mins (Hoorfar et al., 1999).

Table 2.2. PCR screening primers used to assign Salmonella enterica subspecies enterica isolates to the
five serogroups most commonly associated with disease.
Serogroup
B

Primer Sequence 5'-3'

Product Size (bp)

Reference

AGAATATGTAATTGTCAG

882

( L u k e / a / . , 1993)

471

(Hoorfar e/a/., 1999)

820

(LnketaL, 1993)

720

(Luketal., 1993)

TAACCGTTTCAGTAGTTC

c,

GGTTCCATAAGTATATCT
CTGGATACGAACCCGTAT

C2-C3

ATGCTTGATGTGAATAAG
CTAATCGAGTCAAGAAAG

D

TCACGALllACATCCTAC
CTGCTATATCAGCACAAC

Results
Prevalence of Salmonella enterica in Australian Fauna
Definition of Prevalence
This study is part of a wider investigation concerning the distribution and abundance of
several members of the family Enterobacteriaceae in Australian fauna (Gordon &
FitzGibbon, 1999; Gordon & Cowling, 2003; Okada & Gordon, 2003).

As such,

MacConkey media was used for the selective isolation of the Enterobacteriaceae, not
media designed to enrich for S. enterica.

Consequently, only the most abundant

Enterobacteriaceae members of the gut microbiota would have been detected, and any
species representing less than 10 % of the total aerobic population would not be
recovered. This study therefore, documents the prevalence of S. enterica in Australian
fauna in which S. enterica is a dominant member of the aerobic gut microbiota.

The

prevalence rates I report are most likely lower than the prevalence rates reported in
26

Chapter Two: Distribution and genetic composition of S. enterica in Australian fauna

studies focussing specifically on the distribution of S. enterica using enrichment
medium for S. enterica.

Prevalence of Salmonella enterica in Invertebrates, Fish, Amphibians, and Birds
S. enterica was not detected in any of the 60 hosts representing six Orders of
invertebrates examined, nor was S. enterica

detected in any of the 135 hosts

representing nine Species of fish, nor any of the 111 hosts representing 23 Species and
three Families of amphibians (Appendix 1.1). A total of 707 hosts representing 143
avian Species, in 42 Families and ten Orders were examined for the prevalence of
S. enterica. S. enterica was not detected in any avian host.

Prevalence of Salmonella enterica in Reptiles
A total of 446 hosts representing 111 species of reptiles were examined for S. enterica
(Table 2.3). S. enterica was detected in 7.4 % of the hosts examined. The majority of
reptilian Species that harboured S. enterica were lizards (Order Squamata). S. enterica
was not detected in any of the 64 turtle hosts (Order Testudines), representing eight
Species. Only one host from the Order Crocodilia harboured S. enterica.

S. enterica

was not isolated from any snake (Order Squamata). The prevalence of S. enterica was
significantly higher in hosts belonging to the Order Squamata than hosts belonging to
the Order Testudines and the Order Crocodilia (Likelihood Ratio Test: y^Q,) = 12.97, p =
0.0015) (Table 2.3). The majority of S. enterica isolates were from a large skink, T.
riigosa (Order Squamata) (n = 13/33).

Hosts were further partitioned into their sampling localities with respect to the four
main climatic regions of Australia: tropical, temperate, grassland (semi-arid), and arid.
The likelihood of detecting S. enterica in a host differed depending on which climatic
region a host lived in. Hosts living in desert and grassland regions were found to have
the highest prevalence of S. enterica (15.5 % and 18.7 % respectively), compared to
hosts living in temperate and tropical regions (3.3 % and 1 % respectively) (Likelihood
Ratio Test:

= 39.3, p = <0.0001). The majority of S. enterica isolated from hosts

inhabiting grassland regions were from T. rugosa individuals.

If this Species is

eliminated from the data, the prevalence of S. enterica in hosts inhabiting grassland
areas is 10.6 %.
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Table 2.3. The prevalence of Salmonella
Order

Host Family

Testudines
Testudines
Testudines
Crocodilia
Squamata
Squamata
Squamata
Squamata
Squamata
Squamata
Squamata
Squamata

Carettochelydidae
Chelidae
Cheloniidae
Crocodylidae
Boidae
Elapidae
Agamidae
Gekkonidae
Pygopodidae
Scincidae
Typhlopidae
Varanidae

enterica

in Australian fauna

in reptile hosts.

# of Host Species Sampled
1
6
1
2

# of Hosts Sampled

Prevalence % (n=)

1
55
8
33
3
38
24
27
4
239
7
7

0
0
0

1
14
8
13
4
53
5
3

3(1)
0
0
21 (5)
0
25(1)
9(23)
0
43 (3)

Prevalence of Salmonella enterica in Mammals
S. enterica was isolated from 15 mammalian hosts from a total of 1,115 hosts
representing six Orders, 16 Families and 102 Species sampled (Table 2.4). S. enterica
was detected in 1.3 % of the hosts examined.
Table 2.4. The prevalence of Salmonella
Order
Chiroptera
Dasyuromorphia
Diprotodontia
Monotrema
Peramelemorphia
Rodentia

enterica in six mammalian Orders.

# of Host Species Sampled
17
24
25
2
3
31

# of Hosts Sampled
91
399
291
12
20
303

# of Hosts harbouring S.
0
8
5
0
0
2

enterica

Amongst the marsupials (Dasyuridae, Macropodidae and Potoroidae), no difference in
the prevalence of S. enterica could be detected (Likelihood Ratio Test: x^(2) = 0.825, p =
0.6619) (Table 2.5).
Table 2.5. The prevalence of Salmonella

enterica in mammal species.

Order

Family

Host Species

# of Hosts

Prevalence
% (n=)

Dasyuromorphia
Dasyuromorphia
Dasyuromorphia
Dasyuromorphia
Dasyuromorphia
Diprotodontia
Diprotodontia
Diprotodontia
Diprotodontia
Rodentia

Dasyuridae
Dasyuridae
Dasyuridae
Dasyuridae
Dasyuridae
Macropodidae
Macropodidae
Potoroidae
Potoroidae
Muridae

Antechinus
flavipes
Dasycerciis
cristicauda
Dasyurus
halliicatus
Dasyurus
viverrintis
Sminthopsis sp
Macropus
robustus
Onychogalea
fraenata
Bettongia
lestieiir
Potorous
tridactyhis
Rattus fuscipes

23
19
27
43
17
26
11
3
7
84

4(1)
5(1)
15(4)
2(1)
6(1)
10(2)
9(1)
33(1)
14(1)
2(2)
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Genetic Structure of Salmonella enterica
Salmonella enterica in Sleepy Lizards
A total of 168 S. enterica isolates previously recovered from sleepy lizards from Mt.
Mary, South Australia, were initially typed by multi-locus enzyme electrophoresis
(MLEE) (Parsons, 2004). Tree building methods (NJM and UPGMA) revealed that the
168 isolates fell into one of four distinct clusters. A subset of 68 of the 168 isolates,
representing the diversity present, was chosen for MLST analysis to confirm the identity
of the clusters. The resulting nucleotide sequence data was combined with the sequence
data in the S. enterica MLST database, and in conjunction with the biochemical profiles
of each of the isolates (Ewing, 1986), revealed that the 68 isolates belonged to four of
the six subspecies of S. enterica: enterica, salamae, diarizonae, and houtenae (Figure
2.1). The 68 isolates were represented by 11 sequence types (STs) (Table 2.6). The
subspecies enterica was the most diverse, the 22 isolates represented by six STs. The
subspecies diarizonae and houtenae were the least diverse, each represented by a single
ST.

Table 2.6. The number of isolates and the number of Sequence Types (STs) belonging to each of the
four subspecies of Salmonella enterica revealed by multi-locus sequence typing, recovered
from Tiliqua rugosa individuals located in Mt. Mary, South Australia.
Subspecies

# of Strains Analysed

# of Sequence Types

enterica

22

6

diarizonae

21

1

salamae

19

3

houtenae

6

I
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enterica

diarizonae
0 005

Figure 2.1.

Neighbour joining tree (Kimura 2-parameter) of all Salmonella

enlerica

Sequence types

recovered from Australian vertebrates and the Tiliqua rugosa population at Mt, Mary. The
tree is based on the concatenated nucleotide sequences of seven genes (3336 nucleotide
bases). The subspecies enterica
diarizonae

in purple.

is shown in blue, salamae

in red, houtenae

in green, and

The prefixes mi and ma denote Sequence types isolated f r o m

mammals, r denotes Sequence types isolated from reptiles, and the prefixes s, e, d and h
denote Sequence types isolated from the Mt. Mary Tiliqua rugosa population.
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Salmonella enterica in Australia Fauna
The survey of Australian fauna for the prevalence of S. enterica yielded 24 isolates from
reptiles and 15 isolates from mammals'. MLST analysis revealed that the 39 isolates
recovered were represented by 28 STs (Appendix 1.2). The relationship among these
STs and the STs observed in the Mt. Mary sleepy lizard population is depicted in Figure
2.1. The most common S. enterica subspecies recovered from Australian hosts was
enterica,

the 36 isolates identified were represented by 26 STs.

diarizonae

The subspecies

was isolated from two reptiles, represented by a single ST, and the

subspecies houtenae was isolated from only one reptile.

Although the subspecies

salamae was common in the Mt. Mary sleepy lizard population, no isolate from any
other reptile or mammalian host sampled from across Australia belonged to this
subspecies. The subspecies enterica was the only subspecies isolated from mammals.

A comparison of the STs observed in the Mt. Mary sleepy lizard population with the
STs recovered from other parts of Australia revealed that some STs were shared. The
single houtenae

ST collected from a dragon, Tympanocryptis

diemensis,

in the

Australian Capital Territory (ACT), was identical to the houtenae ST present in the Mt.
Mary sleepy lizard population. Of the six subspecies enterica STs recovered from the
sleepy lizard population, three were shared with hosts in the Australian survey. An ST
was observed in the Mt. Mary sleepy lizard population and in a skink,

Ctenotus

pantherinus, sampled in the Simpson Desert, Queensland. Another subspecies enterica
ST was observed in the Mt. Mary sleepy lizard population and in a sleepy lizard
sampled in the ACT. Only one ST was shared between the sleepy lizard population and
a mammalian host, a burrowing bettong, Bettongia lesueur, sampled from Barrow
Island, Western Australia. The single diarizonae ST recovered from the sleepy lizards
in the Mt. Mary population was different to the diarizonae ST recovered from two
skinks, Egernia whitii, collected from the same population in the ACT.

In addition to the subspecies enterica ST shared between a sleepy lizard and a bettong,
two other STs were shared between both reptile and mammalian hosts. An ST was
observed in three lizard species, Ctenotus pantherinus,

' T h e isolates f r o m Tiliqua rugosa

Varanus brevicauda,

Varanus

individuals recovered f r o m Mt. Mary in the Australian survey w e r e not included

in this analysis
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acanthurus, as well as in a marsupial carnivore, Dasyurus hallucatus.

The other ST was

shared between a lizard, Egernia whitii, and the small marsupial carnivore, Antechinus
flavipes.

Salmonella enterica - Australia vs the World
The nucleotide sequence data for all isolates recovered from hosts in Australia were
combined with the sequence data available in the S. enterica MLST database.
among strain relationships are depicted in Figure 2.2.

The

As previously observed, all

isolates fell into one of the six recognised subspecies of S. enterica.

The majority of

STs (79 %) recovered from Australian hosts were not present in the S. enterica database
(Table 2.7).

Similarly, all STs of the subspecies salamae, diarizonae and houtenae

were novel. All three novel salamae STs and approximately half of the novel enterica
and diarizonae STs were a result of novel alleles at one or more of the seven loci rather
than new combinations of previously described alleles.
subspecies houtenae

In contrast, the single

ST represented a novel combination of previously described

alleles.

Substructure in Salmonella enterica Subspecies enterica
The subspecies enterica was the most common subspecies of S. enterica recovered from
Australian vertebrates. Falush et al. (2006) analysed STs of the subspecies enterica in
the MLST world database and found that these STs could be divided into two clades,
designated as clades A and B, using the population assignment program, STRUCTURE.
The data available in the MLST database was reanalysed using STRUCTURE and
BAPS, as the number of STs in the database had increased since the analysis of Falush
et al. (2006). This analysis again revealed that the subspecies enterica could be divided
into two clades (Figure 2.3). The majority (62 %) of the 511 subspecies enterica STs in
the world database were assigned to clade A, 26 % were assigned to clade B, and 12 %
could not be assigned to either clade.

In contrast, the majority (67 %) of the 58

Australian subspecies enterica isolates were assigned to clade B, 29 % were assigned to
clade A, and two isolates (3 %) representing a single ST could not be assigned to a
clade.
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enterica
indica
sal.

diarizonae

anzonae

S. bongori
01

Figure 2.2. Neighbour Joining Tree (Kimura 2-parameter) displaying all sequence types representing the
six subspecies of Salmonella enterica and Salmonella bongori from the Salmonella
MLST database and from this study.

enterica

The tree is based on the concatenated nucleotide

sequences of seven genes (3336 nucleotide bases). Blue = enterica. Red = salamae. Light
purple = diarizonae. Green = houtenae, black = bongori, dark green = arizonae, dark purple
= indica.
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Table 2.7. The number of alleles of each gene recovered from the multi-locus sequence typing analysis. The data is divided into Australian data (data from this study) and
World data (data from the MLST database, http://web.mpiib-berlin.mpg.de/mlst/dbs/Senterica).

The data is further divided into each of the subspecies within both

the Australian and World data. The nucleotide diversity is presented for each gene, which was calculated using the combined Australian and World data in Mega
4.0.

diarizonae
# of Alleles

total

total

total

salamae
total

diarizonae

World Data
houtenae
enterica

salamae

total

total

total

total

6

9

1 (0)
1 (0)

3(2)

6

153

3(1)

8

154

3

8

21 (5)

1 (0)

2(1)

1

107

6

6

2(0)

24(8)

20

176

5

8

1 (0)

19(4)

1 (0)
1 (0)

3(1)

pure

2(1)

6

144

5

6

sue A

2(0)

16(4)

1(0)

3(2)

9

135

6

9

17(5)

1(0)

2(1)

5

136

4

9

29 (23)

1 (1)

3(3)

20

511

12

12

aroC

0.006 (0.002)

0,009 (0,002)

0.005 (0.002)

0.011 (0.003)

dnaN

0,005 (0.001)

0,012 (0,003)

0.001 (0.001)

0.006 (0.002)

hemD

0.000 (0.000)

0,010(0,003)

0.005 (0.002)

0.005 (0.002)

aroC

2(0)t

19(3)

dna^

2(1)

24(5)

hemD

1 (0)

hisD

thrA

1 (0)
2(2f

#ofSTs
Nucleotide Diversity

Australian Data
enterica
houtertae

hisD

0.006 (0.002)

0,017 (0,003)

0.004 (0.002)

0.006 (0.002)

pure

0.001 (0.001)

0,015 (0,003)

0.005 (0.002)

0.004 (0.002)

sucA

0.024 (0.003)

0,010(0,002)

0.004 (0.002)

0.007 (0.002)

thrA

0,001 (0.001)

0.016(0.003)

0.002 (0.001)

0.006 (0.002)

t The number of novel alleles, i.e. alleles not present in the database as of 15 June 2008.
§ The number of novel STs, i.e. STs not present in the database as of 15 June 2008.
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Clade A

Clade B

Figure 2.3. Neighbour joining tree (Kimura 2-parameter) of all sequence types of Salmonella

enterica

subspecies enterica from the Salmonella enterica MLST database and this study. The tree
is based on all concatenated nucleotide sequences of seven genes (322 informative sites).
Clade A = Pink, Clade B = Green, Typhi = Red, Unassignable = Blue.

Isolates recovered from reptiles or mammals in this study could be members of either
clade A or B. However, isolates from reptiles were over-represented in clade B. Of the
43 isolates recovered from reptiles, 79 % were members of clade B, whilst only 38 % of
the 13 isolates from mammals were assigned to clade B (Likelihood ratio:

= 7.31, p

= 0.0069). Clade membership was independent of the climatic region where the isolate
was recovered.

In order to further characterise traits of isolates belonging to clade A and B, the
biochemical profile of the 58 Australian subspecies enterica isolates was determined.
In addition, the 58 isolates were screened for the presence of seven virulence-associated
genes, and their membership to one of five serogroups, determined by PCR screening
approaches.
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Of the 30 biochemical traits tested in the BBL Crystal Enteric/Nonfermenter ID kit, the
production of P-glucuronidase was found to differ between the two clades. All isolates
in clade A were negative for (3-glucuronidase production, whilst all isolates from clade
B were positive (Likelihood ratio: x^i) = 53.85, p = < 0.0001).

Isolates belonging to the two clades were further characterised by the presence of the
virulence genes sipB, sipC, sopEl, sopE,fliC,

stn and 5/?vR. Among the 58 isolates, 12

different virulence profiles were observed. The gene spvR was only detected in three
mammal isolates representing one ST, belonging to clade A. There was no difference
between the two clades in the frequency of any other virulence gene (Table 2.8).

Table 2.8. The percent positive for seven virulence genes screened for Salmonella enterica subspecies
enterica isolates recovered from both mammals and reptiles. The p values represent the chisquare test for a difference in the frequency of each virulencc gene between clade A and
clade B.
Virulence Genes (% + ve)
SipB

sipC

sopE\

sopB

fliC

stn

spvR

Clade A ( n = 17)

94

94

47

100

18

94

18

Clade B (n = 39)

97

97

62

100

13

100

0

Unassignable (n = 2)

100

100

0

100

0

100

0

0.555

0.555

0.315

n/a

0.641

0.119

0.006

P>x'

Only 18 of the 58 S. enterica subspecies enterica isolates could be assigned to one of
the serogroups B, Ci, C2-C3 and D by PCR (Table 2.9). The two serogroups B and Ci
were distributed in both clades, while the serogroups C2-C3 and D were only observed
in strains belonging to clade A.

Overall, there was a significant difference in the

frequency of serogroup membership (including the isolates not assigned to a serogroup)
between members of clades A and B (Likelihood Ratio Test: x^i) = 21.20, p < 0.0003).
Of the 39 clade B isolates, 82 % could not be assigned to one of the serogroups B, Ci,
C2-C3 or D, whilst 46 % of group A isolates were not assigned to a serogroup.

The results of the multi-locus sequence typing analysis for all isolates, and the clade
membership, virulence profile, and serogroup membership for isolates of the subspecies
enterica, are presented in Appendix 1.2.
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Table 2.9. The number of Salmonella

enterica subspecies enterica isolates and Sequence Types (STs)

assigned to each O serogroup by PCR in clade A and clade B.
# Isolates Clade A

# of STs Clade A

# of Isolates Clade B

# of STs Clade B

B

1

1

5

2

c,

6

2

2

1

C2-C3

2

2

0

0

D

2

1

0

0

Unassignable

6

4

32

14

Serogroup

Discussion

Distribution of Salmonella enterica in Australian Fauna
This work is part of a broader study documenting the prevalence of members of the
Enterobacteriaceae from Austrahan fauna. As such, the sampling techniques utilised
were selective for members of the Enterobacteriaceae family. Only those members of
the Enterobacteriaceae that were present as dominant members of the host's gut
microbiota would be isolated. Thus, the prevalence rates of S. enterica from free-living
Australian hosts are most likely lower than those studies that use isolation techniques
that enrich for S. enterica.

S. enterica was detected in 48 of the 2, 574 vertebrate and invertebrate hosts sampled
from across Australia.

5. enterica was isolated from reptile and mammalian hosts,

though the overall prevalence was much lower in mammals than in reptiles. S. enterica
was not detected in any invertebrate, amphibian, fish or bird. Of the reptiles examined,
there was a non-random distribution of S. enterica with respect to host type, where
S. enterica was predominately isolated from lizards though was not detected in any
snake or turtle. Previous studies have also documented a non-random distribution of
other members of the Enterobacteriaceae with respect to host type from free-living
Australian hosts, such as Escherichia

coli (Gordon & Cowling, 2003), Hafnia

alvei

(Okada & Gordon, 2003) and Klebsiella oxytoca (Gordon & FitzGibbon, 1999).

The reported prevalence of S. enterica in a particular host group can vary substantially
among studies. Many factors may be responsible for this variation, such as sampling
technique (eg. selective vs non-selective media), host species biology, habitat (human
disturbed and undisturbed), and the time of year in which sampling takes place.
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Reptiles are considered a major host of S. enterica, and S. enterica has previously been
described in lizards, turtles, snakes and crocodiles (Kourany & Telford, 1981; Briones
et al, 2004; Herrera-Leon et a!., 2005; Hahn et al., 2007; Hidalgo-Vila et ai, 2007;
Hidalgo-Vila et al., 2008). Interestingly, S. enterica was not detected in any snake or
turtle in this study.

The observed prevalence of S. enterica in free-living birds and

mammals in Australia is similar to what has previously been reported (Jones & Twigg,
1976; Hernandez et al, 2003; Lillehaug et al., 2005).

S. enterica is rarely isolated from free-living mammalian and avian hosts, though it is
well established that intensively farmed domesticated animals such as pigs (Rajic et ai,
2005; Farzan et al., 2006), cattle (Davison et al., 2005; Pangloli et ai, 2008) and
chickens (Shivaprasad, 2000; Guard-Petter, 2001) may harbour S. enterica.

Farm

vectors such as flies, rats, mice and foxes can acquire S. enterica from the farm
environment (Barber et al., 2002; Liebana et al., 2003; Weigel et ai, 2007), which they
may then disseminate into other habitats. In addition, contaminated agricultural run-off
may flow into aquatic systems, increasing the prevalence of S. enterica in these
environments (Ceballos et al., 2003). This spread of S. enterica from agricultural areas
to more pristine habitats may increase the transmission of S. enterica to wild hosts, and
may partially explain the observed differences in the prevalence rates of S. enterica in
many host groups. Human population densities in non urban regions are significantly
lower in Australia compared to most other countries, especially the developed countries
of the northern hemisphere.

The majority of the hosts sampled during this study

inhabited areas relatively free of human activity, and this may partly explain the
apparent absence of S. enterica from certain host groups in this study, such as snakes
and turtles.

It is possible however, that more subtle factors relating to host specificity are operating.
For example, the turtles found in Australia and Papua New Guinea are unique to this
region (Cogger, 1992) and whilst most Australian snakes are members of the family
Elapidae (eg. Cobras), snakes belonging to this family are less common in North
America and Europe. S. enterica is reported to be common in captive turtle and snakes
(Geue & Loschner, 2002; Pasmans et al, 2005), though few Australian species are
exported, and no surveys of S. enterica

in captive snakes or turtles have been
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undertaken in Australia. Experimental infection studies are the only means to test if the
apparent rarity of S. enterica in Australian snakes and turtles is a consequence of host or
environment related factors.

The prevalence of S. enterica in reptiles in Australia is, in part, explained by the
geographical location of the host. Reptiles living in desert or grassland regions were
more likely to harbour S. enterica than those living in tropical or temperate regions.
This apparent non-random distribution may also explain the absence of S. enterica in
snakes and turtles, as these hosts were sampled from tropical and temperate regions.
Host locality has previously been found to influence the distribution of some members
of the Enterobacteriaceae isolated from Australian mammals (Gordon & FitzGibbon,
1999; Gordon & Cowling, 2003). For example, E. coli is unlikely be isolated from a
desert-dwelling host (Gordon & Cowling, 2003) and K. pneumoniae is most frequently
isolated from hosts living in the Australian tropics (Gordon & FitzGibbon, 1999). The
increased prevalence of S. enterica in hosts from desert and grassland regions may
partly be explained by the ability of S. enterica to survive in the non-host environment
for a considerable period, as compared to a species like E. coli (Winfield & Groisman,
2003).

S. enterica may be able to survive in the external environment where other

species may not, and thus the higher incidence of S. enterica in hosts inhabiting the
desert and semi-arid regions may be a consequence of both its survival ability and the
lack of exposure of a host to other enteric species.

Distribution of the Salmonella enterica Subspecies
The multi-locus sequence typing results of the 107 isolates of S. enterica collected from
Australian vertebrate hosts recovered four of the six described S. enterica subspecies;
enterica, salamae, diarizonae and houtenae.

The subspecies, enterica, diarizonae, and

houtenae, were each recovered from multiple host species. However, the subspecies
salamae, one of the most common subspecies detected in the sleepy lizard population of
Mt. Mary, was not detected in any other host species. The most common subspecies to
be detected in Australian reptiles was the subspecies enterica, an observation that
accords with the results of many other reptile surveys (van der Walt et al,

1997;

Madsen et a!., 1998; Briones et al, 2004; Chambers & Hulse, 2006; Hidalgo-Vila et al,
2007). The subspecies enterica is the only subspecies to be predominately associated
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with mammals, (Aleksic et al., 1996), and was the only subspecies of S. enterica to be
isolated from mammals in this study.

Genetic Diversity
The subspecies enterica accounts for over half of the known S. enterica serovars (CDC,
2007), which includes the most medically significant. Consequently, the majority of
S. enterica strains in the world MLST database belong to the subspecies

enterica.

Strains belonging to the other five subspecies of S. enterica and the species S. hongori,
are seldom responsible for human disease and account for only 2 % of the strains in the
database.

Thus, it is perhaps not surprising that the subspecies enterica is the most

genetically diverse of all S. enterica

subspecies in the database.

However, the

subspecies enterica was also the most genetically diverse of the four subspecies
recovered in this study, while very little genetic diversity was observed in the other
three subspecies.

The subspecies enterica and salamae recovered in this study increased the genetic
diversity of these subspecies in the database. For both subspecies, the great majority of
STs recovered were not recorded in the database, and over 25 % of the alleles observed
at the seven loci were novel. With the exception of one allele of dnaH, all of the alleles
observed for diarizonae and houtenae were already present in the database. Isolates of
the subspecies houtenae, diarizonae and salamae recorded in the database have been
recovered from diverse geographic regions including Europe, Africa, North America,
South America and Australia, collected over a period of approximately 60 years. Thus,
the low genetic diversity within each of these subspecies is not likely to be the result of
a sampling artefact. However, very few studies of the genetic diversity of S. enterica
have targeted isolates from reptiles. That is, hosts that are most likely to harbour the
non-enterica subspecies, and as such, the apparent lack of diversity may be a result of
the small sample size from these hosts.

Genetic Structure of Salmonella enterica Subspecies enterica
Falush and colleagues (2006) were the first to demonstrate, using MLST data, the
existence of two clades of the subspecies enterica.

This study has confirmed the

existence of these two clades in both the MLST world database (expanded since the
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Falush et al. (2006) study) and isolates collected during the course of this study. The
subspecies enterica isolates recovered from Australian hosts were further characterised
phenotypically, genotypically and with respect to their host distribution.

Isolates

belonging to each clade could be distinguished phenotypically by their ability to
produce p-glucuronidase. All members of clade A were positive for ^-glucuronidase,
while all members of clade B were negative.

Although isolates recovered from

mammals and reptiles may belong to both clades, the majority of reptile isolates were
members of clade B, indicating that isolates belonging to clade B may largely be reptileadapted. Overall, compared to clade A isolates, members of clade B were less likely to
be members of the five 0-serogroups most commonly associated with disease in the
United States (Fierer & Guiney, 2001), and did not carry the virulence gene, 5yovR.
These results suggest that members of clade B, at least in this study, may be less likely
to cause disease than members of clade A.

The majority of S. enterica isolates in the database belong to clade A, whereas just over
a quarter of the isolates recovered from this study were members of clade A.

This

difference may reflect the source of the isolates, as the majority of isolates in the
database are clinical, whereas the isolates recovered from this study have been collected
from free-living hosts.
subspecies

enterica

The results of this study suggest that the two clades of the
may

occupy

different

ecological

niches,

as

they

phenotypically, genotypically, and with respect to their host specificity.

differ
Further

characterisation of the subspecies enterica clade A and B isolates collected from other
geographic locations is required to determine the generality of the results observed in
this study.
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Chapter Three
Temporal dynamics of Salmonella enterica in a population of
sleepy lizards, Tiliqua rugosa
Introduction
The majority of research on Salmonella

enterica has focussed on chnical strains that

cause disease in humans and their domesticated animals.
enterica

However, the strains of S.

that cause disease are a distinct subset of strains, and may not reflect the

population structure and ecology of the entire species. In recent years, researchers have
studied commensal bacterial species isolated from both human and non-human hosts.
This research indicates that understanding the ecology of a bacterial species not only
requires a knowledge of the bacterial species itself, but also a knowledge of the host
species from which it is isolated (Gordon & Cowling, 2003; Okada & Gordon, 2003;
Gordon et ai, 2005; Clermont et al., 2008).

Numerous factors influence the ecology of an enteric species. Some members of the
family Enterobacteriaceae have shown a preference for particular types of hosts, for
example, Escherichia
both Citrobacter

coli is prevalent in mammals, whilst rare in reptiles. In contrast,

freimdii

and Hafnia

alvei are predominantly commensals of the

reptilian gastrointestinal tract (Okada & Gordon, 2003). Additionally, differences in the
biology and locality of mammalian hosts have been shown to account for differences in
the prevalence, genetic structure, and thermal niches of many enteric species (Gordon &
FitzGibbon, 1999; Gordon & Lee, 1999; Okada & Gordon, 2001; Gordon & Cowling,
2003).

Not only do certain factors influence an enteric species' ecological niche, Maynard
Smith (1991) proposed that different subgroups of a bacterial species are adapted to
particular ecological niches. Indeed, Gordon & Cowling (2003) found that the different
subgroups of E. coli are non-randomly distributed in Australian mammalian species.
Similarly, Okada & Gordon (2003) found that the two genetic groups of H. alvei are
non-randomly distributed in regards to the host-taxonomic group from where they were
isolated. Further, subgroups of a bacterial species may have distinct ecological niches
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in the external environment, for example sequence clusters of Bacillus simplex

were

non-randomly distributed in regards to the environmental habitat in which they were
isolated (Koeppel et al., 2008).

S. enterica

is commonly known as a pathogen of man and domesticated animals.

However, reptiles are a major carrier of S. enterica, and all subspecies of 5. enterica and
S. bongori have been isolated from reptiles without any apparent signs of disease
(Briones et al, 2004; Herrera-Leon et al., 2005; Pasmans et al., 2005; Hidalgo-Vila et
al., 2007). Studies focussing on commensal S. enterica strains have only documented
its presence or absence in a particular host at a single point in time (Kourany & Telford,
1981; Briones et al., 2004; Hahn et al., 2007; Hidalgo-Vila et al., 2007). However, few
studies have examined the ecology and life history characteristics of any of these
commensal S. enterica strains.

An understanding of the transmission dynamics of a species in a non-pathogenic state
may help to identify the major factors influencing its ecology. A single population of
sleepy lizards, Tiliqua rugosa, is known to harbour multiple subspecies of S. enterica
(Chapter Two).

Thus, I am able to examine the dynamics of multiple S.

subspecies at both the population and individual level.

enterica

Further, the sleepy lizard

population at Mt. Mary, South Australia has been studied over a number of years, and
consequently there is a wealth of information concerning the spatial organisation and
behaviour of the lizards.

Materials and Methods
Ethical permission has been granted for this research under Flinders University Project
Code E204.

Study Area
The 120 km^ Mt. Mary study area described by Bull et al. (1981) and Petney & Bull
(1984) was utilised among the years 2000 and 2006. The vegetation of the study area is
typical of an Australian semi-arid region, predominately consisting of chenopod
bushland {Mariana
Casuarina.

sedifoUa),

with patches of mallee scrub {Eucalyptus

spp.) and

During spring, open areas support a range of herbaceous annual plants. The
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long term average rainfall at Bundey Bore in the period 1970 - 1997 was 287 mm (Kerr
& Bull, 2006b).
averaged

The annual rainfall during the course of this study (2000-2006)

192 mm.

The lower than average rainfall was in large part due to

exceptionally low rainfall in 2002 and 2006, 87 and 110 mm respectively.

In this

region of Australia most rainfall typically occurs during the winter and early spring
(Figure 3.1).

Winter minimum temperatures are around 5-10 °C, whilst summer

maximums are in excess of 30 "C (Figure 3.2).
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Figure 3.1. Precipitation (mm) recorded from the rain gauge at Bundey Bore Station homestead, Mt.
Mary, South Australia between January 2000 and December 2006.
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Figure 3.2. Seasonal temperature changes between 2001 and 2003 recorded by a Hobo data logger at
Bundey Bore Station homestead, Mt. Mary, South Australia. The gap in the graph is due
to missing data.

A smaller study site, designated as Population One, within the Mt. Mary study area was
utilised in the years 2001, 2002, and 2006 (Figure 3.3). The dimensions of this study
site were approximately 1918 m x 715 m and was located ~4 kms west of Bundey Bore
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Station (33°55'S, 139°2rE). There is a dam in the study site that provides water for
those Hzards living close to it, however the amount of water available varies throughout
the year in response to rainfall.

4

Legend
Lizard location

N

-IF i g u r e 3.3.

An overview of the Mt. Mary study area, South Australia (33°55'S, i39°2rE). The red dots
indicate the location of the lizards sampled in Population One.

Sampling
The study was conducted between early spring and early summer of each year (22"'' of
September to the l?"" November 2000; 26"' of September 2001 to the l?"" of January
2002; 23''* of August to the 4* December 2002; IS"' of September to the 3''* of
December 2003; 18"' of October to the 3"^ December 2004; 1 of September to the 14'^
December 2006), coinciding with the highest peak of lizard activity in the year (Bull,
1987; Firth &Belan, 1998).
All lizards sampled in the years 2000, 2003 and 2004, were sampled by random
encounter by driving along roads within the Mt. Mary study area (Bull & Pamula,
1998). A total of 43 samples from 43 lizards were collected on three separate sampling
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occasions in the year 2000. A total of 77 samples from 76 lizards were collected on
four separate sampling occasions in 2003. In 2004, samples were collected weekly and
a total of 376 samples were taken from 339 individuals.

In the years 2001, 2002 and 2006, lizards were captured within the Population One
study site and were fitted with 3.6 g radio-transmitters at the start of the activity season
(Sirtrack, New Zealand). Radio-transmitters were attached to the lateral surface of the
tail using adhesive tape (Leukoplast®).

Lizards were released and regularly located

using a receiver (Teletronics, AZ, USA) and an antenna (Sirtrack, New Zealand). Each
time a lizard was located, the location was recorded using a Garmin (GPS 76) Global
Positioning System (GPS) and information such as the lizard's activity, partner status
and microhabitat (ground cover, dominant vegetation, and slope) was recorded.

A

cloacal sample was taken at every capture.

In 2001, 179 cloacal samples from 51 individuals (25 males and 26 females) were
collected on six separate sampling occasions (~3 weeks apart).

In 2002, 151 cloacal

samples were collected from 38 individuals (20 males and 18 Females) on seven
separate sampling occasions (~3 weeks apart).

In 2006, 372 cloacal samples were

collected from 29 sleepy lizards (18 males and 11 females), sampled up to three times
per fortnight. The differences in the numbers of males and females collected in 2006
may reflect the abundance of the two sexes in the environment and the activity of each
of the sexes at the beginning of the season. At the start of the season males are much
more likely to be active (Bull et ai, 1991), hence we are more likely to find males.

Bacterial Isolation and Identification
All cloacal samples from sleepy lizards were collected using a sterile swab/transport
tube system containing Aimes transport agar (Power & McCuen, 1988).

Samples

collected between the years 2000 - 2004 were sent to the Australian National University
within approximately one week of collection and processed immediately.

Bacterial

isolation between the years 2000 and 2004 was aimed at isolating members of the
Enterobacteriaceae, not specifically S. enterica.

Therefore, selective media for the

isolation of Enterobacteriaceae was used.
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The transport swab was dilution streaked directly onto a MacConkey agar plate.
Following overnight incubation at 37 "C, a single representative of each colony
morphology present on the plate was chosen and dilution streaked onto another
MacConkey agar plate and incubated overnight at 37 T . This procedure was repeated.
A single colony was then taken from each plate and incubated in 5 ml of Luria Burtani
broth overnight at 37 T

in an incubator/shaker at 200 rpm.

A 1.5 ml aliquot of

inoculated culture was transferred to a sterile storage tube containing 100 ^il of glycerol
and stored for later use at - 80 "C. S. enterica isolates were preliminarily identified as
those isolates positive for Hydrogen Sulphide (H2S) production and negative for indole
production (Ewing, 1986). The identification of isolates with these characteristics were
confirmed using the BBL Crystal Enteric/Nonfermenter ID kit in conjunction with the
BBL crystal system electronic code book (Becton Dickinson) for their correct species
identification.

Bacterial isolation in 2006 utilised media designed to maximise the chance of isolating
S. enterica.

Samples from 2006 were processed on the day of collection. The cloacal

swabs were streaked directly onto one-third of a MacConkey agar plate and dilution
streaked for the remainder of the plate, in addition, the swabs were vortexed in 3 ml of
Rappaport-Vassiliadis broth (Merck), a medium designed to enrich for S. enterica (van
Schothorst & Renaud, 1983).

Both the broth culture and the MacConkey agar plate

were incubated overnight at 37 °C.

The following day, 20 |il of the inoculated

Rappaport-Vassiliadis culture was dilution streaked onto a MacConkey agar plate and
incubated at 37 °C. The next day, up to 10 presumptive S. enterica colonies (selected
based on colony morphology) were transferred onto a H2S agar plate and incubated
overnight at 37 °C. Colonies that were H2S positive were tooth-picked onto a Luria
Broth agar plate, incubated overnight at 37 °C, wrapped in Nesco Film® and stored at 4
°C for further identification in the laboratory.

Subspecies Identification
A method was required to determine the subspecies membership of an isolate without
resorting to multi-locus sequence typing.
partial

biochemical

profile of an

The method developed was based on the

isolate

and

the restriction

fragment

polymorphism (RFLP) analysis of a fragment of the housekeeping gene mdh.

length
The
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techniques used and the results of the method development will be presented here rather
than in the results section of this chapter.

Biochemical characterisation. The ability of an isolate to utilise dulcitol and melibiose
as growth substrates and to produce p-glucuronidase can be used to distinguish among
most of the subspecies of S. enterica found at the study site (Ewing, 1986). The ability
to exploit dulcitol or melibiose was determined by inoculating cells into 96 well plates
(Nunc™) containing 200 ^il of phenol red broth base (BBL) with either dulcitol or
melibiose (5 mg/ml).

The ability of an isolate to produce (3-glucuronidase was

determined using Rainbow® agar 0157 (Biolog).

Rainbow® agar contains two

chromogenic substrates that are specific for the enzymes: p-galactosidase and (3glucuronidase. A subset of 28 S. enterica isolates collected from sleepy lizards were
tested for P-glucuronidase activity using the BBL Crystal Enteric/Nonfermenter ID Kit.
A total of 11 isolates were negative for the production of P-glucuronidase while 17
were positive for the production of p-glucuronidase. All 11 p-glucuronidase negative
isolates formed yellow colonies on a Rainbow® agar plate, whilst the 17 P glucuronidase positive isolates formed pink/purple colonies.

As there was a 100 %

agreement between the two tests, all isolates were tested for their ability to produce P glucuronidase on Rainbow® Agar.

Genetic characterisation. Preliminary tests using REP, ERIC and RAPD approaches
failed to reliably discriminate among the subspecies. The next step was to determine if
partial sequencing of a single gene would allow for reliable discrimination. A total of
five Salmonella enterica housekeeping genes {aceK, gapA, gnd, mdh and put?) were
examined from the corresponding nucleotide sequences from all available S. enterica
subspecies downloaded from Genbank® (accession numbers: oceK: SEU43344 SEU43359; gapA:

STYGAPAA - STYGAPAP; gnd:

SEU14504 - SEU14509; mdk.

SEU14474 - SEUI4502,

SEU0476I - SEU4769, SEU0477I - SEU04776,

SEU04778 - SEU04784; putP: STYPUTB - STYPUTP). The available data for each
gene was subdivided into ~ 500 bp segments and phylogenetic trees were created for all
of the gene segments using PAUP version 4.0b 10 (Swofford, 1997). The ~ 500 bp gene
fragments that yielded the highest bootstrap support for the nodes defining the S.
enterica subspecies were putP and mdh, and mdh was chosen for further analysis.
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Primers were designed that produced a 326 bp fragment of mdh for all subspecies and
which, based on the available sequence data, was able to discriminate between the
subspecies (Table 3.1).

Table 3.1. Primers sequences used to amplify a 326 bp region of the Salmonella enterica mdh gene for
both PCR and sequencing reactions.
Gene

Sequence

Reference

mdh-f

5'-CACGCTGGATATCATCCGCT-3'

(Brown e? a/., 2003)

mdh-r

5'-CCTTCCACATAGGCGCATTCC-3'

This smdy

As sequence data was only available for a small number of isolates of each of the
subspecies, a further 168 S. enterica isolates collected from sleepy lizards in Mt. Mary
South Australia were sequenced for mdh. Multi-locus enzyme electrophoresis data for
12 loci was available for all 168 isolates as well as their biochemical profile for dulcitol,
melibioise and ^-glucuronidase (Parsons, 2004).

Isolates were grown overnight in Luria Burtani broth at 37 °C. DNA was extracted
from 50 |il of overnight culture using DNAzol® (Invitrogen) according to the
manufactures protocol. The primers used for amplification of a 326 bp region of the
mdh gene are described in Table 3.1.
reaction mix containing 1.2

Amplification was performed using a 20

of template DNA, 0.2

of Platinum® Taq (1.25 U), 0.8

)ul each of both forward and reverse primers (10 pmol ml"'), 3.2

25mM MgCb, 4 |il 5

X buffer (67 mM Tris-HCl, 16.6 mM [NH4]2S04, 0.45 % Triton X-100, 0.2 mg gelatin
ml

and 0.2 mM dNTP's) (Fisher Biotec), and 9.8 |il ultra pure water (Fisher Biotec).

PCR amplification conditions were: I cycle at 95 °C for 12 mins; 25 cycles of 94 °C for
30 s; 55 °C for 30 s; 68 °C for 3 min; and 1 cycle at 72 °C for 10 min. The PCR
products were cleaned up and used as templates for both the forward and reverse
sequencing reactions.

Sequencing was performed using the BigDye® Terminator

Chemistry (Applied Biosystems, Inc., Foster City, Calif) and an ABI Prism® 3100
Genetic Analyser (Applied Biosystems Inc).
contained 1

Sequencing reaction mixes of 20 |ul

purified PCR product (10-20 ng), 1

BigDye, 4.5 ^il BigDye

Terminator v3.1 sequencing buffer, 1 |al (3.2 pmol"') specified primer, and 12.5 )LI1 ultra
pure water (Fisher Biotec). Cycle conditions for sequencing are as follows: 25 cycles of
96 °C for lOs; 50 °C for 5s and 60 °C for 4 mins.

Sequences were assembled and
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trimmed to 323 bp using SequencherT^ v 3 (Genes Codes Corporation).

Nucleotide

data was analysed in PAUP version 4.0b 10 (Swofford, 1997).

The nucleotide sequence data for this 323 bp fragment of mdh revealed that the 168
isolates clustered into four distinct clades with very high bootstrap support (data not
presented). Cluster identity was determined by comparing the biochemical profile of
the isolates in each cluster with the published biochemical profiles of each subspecies
(Ewing, 1986) and with the previously published sequence data in Genbank®. The 168
S. enterica isolates consisted of 64 isolates of the subspecies enterica, 48 of the
subspecies salamae, 52 isolates of the subspecies diarizonae, and four isolates of the
subspecies houtenae.

Close inspection of the mdh sequences in

S e q u e n c h e r ^ i ^

v 3 (Gene Codes Corporation)

revealed that the restriction enzymes Hind III and Hae III are able to distinguish among
the subspecies, enterica, salamae and diarizonae (Table 3.2).

T a b l e 3.2. N u m b e r of b a n d s visualised on an electrophoresis gel for the restriction e n z y m e s Hind III and
Hae 111 for each of the four subspecies of Salmonella

enterica

isolated f r o m Tiliqua

rugosa

individuals at Mt. Mary, South Australia.
Subspecies

Hind\\\

Hae\\\

R F L P Profile

enterica

1

1

11

diarizonae

2

2

22

salamae

2

1

21

houtenae

1

1

11

Although these two restriction enzymes cannot distinguish between isolates belonging
to the subspecies enterica and houtenae, the biochemical profiles of these two groups
are different.

Isolates of the subspecies houtenae are (3-glucuronidase and dulcitol

negative, while the majority of enterica isolates are (3-glucuronidase positive and almost
always dulcitol positive. Further, houtenae isolates are very uncommon, accounting for
2.4 % of the 168 isolates.

Subspecies assignment. Restriction digests of the 323 bp region of the mdh gene using
Hind III and Hae III in conjunction with the biochemical tests of ^-glucuronidase
55

Chapter Three: Temporal dynamics of S. enterica

in a population of lizards

(Rainbow agar®, Biolog), dulcitol, and melibiose are sufficient in separating S. enterica
isolates recovered from sleepy lizard individuals at Mt. Mary, South Australia, into the
previously recognised subspecies with a high degree of accuracy (Table 3.3).

Table 3.3.

The biochemical reactions of the 168 Salmonella

enterica

isolates recovered from

Tiliqua

rugosa individuals at Mt. Mary, South Australia.
Subspecies

N

RFLP Profile

Dulcitol

Melibiose

P-glucuronidase

+/- ( % +)

+/- ( % +)

+/- ( % +)

enterica

64

II

+ (97 %)

+ (77 %)

+ (88 %)

salamae

48

21

+ (100%)

- (0 %)

- (29 %)

diarizonae

52

22

-(10%)

+ (96 %)

+ (100%)

houtenae

4

II

- (0 %)

+ (100 %)

- (0 %)

To determine the subspecies membership of the isolates collected in 2006, their
biochemical

(dulcitol, melibiose and ^-glucuronidase)

and RFLP profile were

determined. The method for RFLP analysis was as follows: Isolates were grown on
Luria Broth agar plates at 37 °C overnight. The following day, a single colony was
placed into a microfuge tube containing 50 |il of ultra pure water and then vortexed.
Microfuge tubes were placed in a heating block at 105 °C for 15 mins and then
centrifuged at 13 0000 rpm for 1 min. A 5 )LI1 aliquot of the supernatant was used as
DNA template and added to the reaction mix for amplification. The 18 |il reaction mix
consisted of: 5

of template DNA, 0.14 ^il of Platinum® Taq (1.25 U), 2

each of

both forward and reverse primers (10 pmol ml"'), 3.4 |al 25mM MgCb, 3.4 |il 5 x buffer
(67 mM Tris-HCl, 16.6 mM [NH4]2S04, 0.45 % Triton X-100, 0.2 mg gelatin ml

and

0.2 mM dNTP's) (Fisher Biotec), and 1.06 |il ultra pure water (Fisher Biotec).

PCR

amplification conditions were: 1 cycle at 95 °C for 12 mins; 25 cycles of 94 °C for 30 s;
55 °C for 30 s; 68 °C for 3 min; and 1 cycle at 72 °C for 10 min. The amplified product
was divided in half To each half, the restriction enzyme mix of either Hind III or Hae
III was added. The 1.75 |il restriction enzyme mix consisted of 0.15

ultra pure water

(Fisher Biotec), 1 ^il 10 x restriction buffer (Promega), 0.1 |al BSA (Bovine Serum
Albumen) and 0.5 |il restriction enzyme (Promega).

The restriction digest mix was

incubated at 37 °C between 1 and 4 hours. Electrophoresis was carried out using 2 %
agarose gels stained with 2

ethidium bromide.

Gels were visualised and

photographed using an ultraviolet trans-illuminator.
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Results
Prevalence of Salmonella enterica in Tiliqua rugosa Individuals
The prevalence of S. enterica in each month of the activity season was analysed for the
years 2000 - 2006.

Experimental manipulation of the gastrointestinal flora was

performed for all lizards captured in 2005, and as such, these lizards are not considered
in any analysis in this chapter. The probability of isolating S. enterica from a sleepy
lizard varied temporally (Figure 3.4: Nominal Logistic Regression; Likelihood Ratio
X^i) = 25.90, p = <0.0001).

In each year, the proportion of lizards harbouring S.

enterica followed the trend of lizard activity.

As lizard activity increased from

September to October/November, so did the proportion of lizards harbouring S.
enterica. Lizard activity declined in December, and in most years, so did the proportion
of lizards harbouring S. enterica.

Sleepy lizards are generally inactive in winter, and

during the winter of 2002, S. enterica could not be detected in any of the 27 cloacal
samples, despite the fact that the same lizards were sampled in January of 2002, and S.
enterica was detected in 71 % of these lizards. The higher prevalence observed in 2006
was not due to the fact that in this year the cloacal samples were enriched for S.
enterica, as the prevalence data is based on the results of the isolations on MacConkey
agar, as was done in previous years. Rather, the higher prevalence in 2006 was likely
due to the unusually warm winter weather that year, which induced lizard activity to
commence earlier than usual (data not presented).
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Figure 3.4. The probability of detecting Salmonella enterica in an individual Tiliqua rugosa in the Mt
Mary study area. South Australia, in 2001, 2002, 2003, 2004, 2006.
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Subspecies Dynamics
Annual Variation
Samples collected in the years 2001, 2002 and 2006 from Population One were
examined to determine if there were any shifts in the relative abundance of the three
common S. enterica subspecies in a single population of sleepy lizards over several
years. Data from the years 2000, 2003 and 2004 were excluded as lizards were sampled
from a broader population that varied from year to year.

The subspecies houtenae

isolates were also excluded due to how infrequently these isolates were recovered. On
each sampling occasion in 2006, multiple isolates of S. enterica were collected from
every lizard, whilst in 2001 and 2002, only one isolate of each colony morphology was
selected from a sample. Therefore, in order to justifiably compare the abundance of the
subspecies in Population One across the years 2001, 2002 and 2006, only one isolate
per lizard per sample was selected at random from the 2006 dataset.

The 421 positive S. enterica samples recovered from 87 lizards revealed that the
subspecies salamae was the most common, representing 45 % of the isolates, while the
subspecies enterica represented 34 %, and diarizonae 20 %. There was a significant
difference in the relative abundance of each of the subspecies among years (Figure 3.5:
Likelihood ratio;

= 21.76, p = 0.0002).

However, there was no significant

difference in the relative abundance of the subspecies between 2001 and 2002. In 2006,
there was a significant increase in the relative abundance of salamae from 2002, and a
concomitant decrease in the frequency with which enterica and diarizonae

were

isolated.
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Figure 3.5.

enterica U diarizonae

Relative abundance of the three subspecies of Salmonella

enlerica isolated from Tiliqua

rugosa individuals from Population One in 2001, 2002 and 2006.
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Within Host Dynamics of the Salmonella enterica Subspecies
In the 2006 activity season, 28 sleepy lizards were intensively sampled in order to
investigate the temporal dynamics of the subspecies within a host. Analysis of the data
revealed that for seven of the lizards only a single subspecies was ever detected, e.g.,
lizard 9291 (Figure 3.6). The majority (n = 16) of lizards acquired at least one other
subspecies over the course of the activity season, e.g., lizard 11547 (Figure 3.6). For
five of the lizards it appeared that one subspecies replaced another during the activity
season e.g., lizard 9000 (Figure 3.6).

Overall, the cumulative fraction of lizards that had hosted more than one subspecies
increased over the course of the activity season, such that by the end of the season, 23 of
the 28 lizards harboured, or had harboured, more than one subspecies (Figure 3.7).
However, there was no change in the average number of subspecies (richness) detected
in a host over the course of the activity season (Figure 3.7).
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Figure 3.7.

The left axis represents the cumulative total of Tiliqua rugosa individuals that acquired
another subspecies of Salmonella enterica over the lizard activity season in 2006. The right
axis represents the species richness, the average number of Salmonella enterica subspecies
detected in a host in each sample of the activity season.
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Figure 3.6.

The temporal diversity of the Salmonella

enterica subspecies for each Tiliqua

rugosa

individual over the activity season in 2006. Samples were collected ~ 4 days between the
I ? * of September and the M * December 2006. The first column represents each lizard
number whiit each subsequent column represents a sample.
subspecies: Yellow = enterica. Blue = diarizonae.

Each colour represents a

Red = salamae.

Black =

houtenae.

White = No S. enterica detected, Grey = lizard not sampled. The amount of each colour
in each sampling box represents the relative abundance of each of the subspecies
detected in the sample.
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Subspecies Co-occurrence Within a Host
In 2006, the 28 radio-tagged lizards were sampled on 372 occasions and S. enterica was
detected in 270 of these samples. Overall, 2,574 isolates of S. enterica were collected
and assigned to a subspecies. Multiple subspecies were detected in 39 (14 %) of the
270 samples and the probability of detecting multiple subspecies within a host depended
on the subspecies present (Figure 3.8).

For example, the subspecies salamae was

detected on 149 occasions (Figure 3.6), and was found with another subspecies 19 % of
the time (Figure 3.8). By contrast, on the 52 occasions where the subspecies diarizonae
was recovered, it co-occurred with another subspecies 40 % of the time (Figure 3.8).
The subspecies houtenae was isolated with another subspecies 88 % of the time, though
it was only isolated eight times from two lizards.

• Single

Figure 3.8.

Multiple

The frequency of isolating each of the subspecies of Salmonella

enterica from Tiliqua

rugosa individuals either alone or in conjunction with another subspecies (diarizonae

n=

52, enlerica n = 100, salamae n = 149, houtenae n= 8). Multiple = isolated with another
subspecies in sample; Single = subspecies isolated alone in sample.

The results presented in Figure 3.8 suggest that the subspecies are not co-occurring at
random within a host.

To investigate this more closely, association statistics were

calculated for each of the subspecies combinations (Table 3.4). The joint occurrence of
all possible three way and four way subspecies combinations were not considered, as
these combinations were seldom observed: 4 out of 270 samples.

The subspecies

combinations of enterica and salamae, and enterica and diarizonae were found to cooccur less often than expected by chance (Table 3.4), whilst the subspecies diarizonae
and salamae were found to co-occur as often as expected by chance (Table 3.4).
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Table 3.4. Likelihood ratio tests to determine if the subspecies of Salmonella enterica co-occur in a host
at random.
Species 1

Species 2

X'

P>X'

49.3

p < 0.0001

11.1

p = 0.0006

2.7

p = 0.0982

enterica
+

salamae

diarizonae

-

+

11

136

-

83

133

+

4

46

-

90

223

diarizonae
salamae

+

15

132

-

35

181

Spatial Structure
The geographic location of a lizard in Population One was determined each time it was
sampled. To determine if the S. enterica subspecies were non-randomly distributed in
the environment, an analysis was conducted where the year of sampling (2001, 2002,
2006), as well as the lizard's position in an east-west and a north-south direction were
used as predictor variables in a nominal logistic regression model. The analysis was
restricted to the subspecies enterica, salamae and diarizonae,
observed.

as houtenae was rarely

Year as well as lizard location was found to predict the subspecies most

likely to be observed in a lizard (Table 3.5; Nominal Logistic Regression: x" = 73.65, p
= <0.0001).

However, the significant interaction terms indicate that the spatial

distribution of the subspecies differed among years (Table 3.5).

Table 3.5. The results of the likelihood ratio tests in a nominal logistic regression model to determine the
factors influencing the distribution of the Salmonella enterica subspecies enterica,

salamae

and diarizonae in Population One.
Source
year
easting
year* easting
northing
year*northing
easting*northing
year*easting*northing

Nparm
4
2
4
2
4
2
4

df
4
2
4
2
4
2
4

X'
12.38
16.95
26.87
11.35
9.79
2.00
2.33

P>X"
0.0147
0.0002
<.0001
0.0034
0.0441
0.3678
0.6758

In 2001 and 2002, lizards sampled in the western part of the study site were more likely
to harbour the subspecies enterica compared to lizards living in the eastern portion of
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the Study site (Fig. 3.9). The opposite pattern occurred for isolates belonging to the
subspecies diarizonae,

while the subspecies saJamae was distributed throughout the

study site. The patterns observed in 2006 indicate that lizards sampled in the northern
end of the study site were more likely to harbour the subspecies salamae
diarizonae,

and

while lizards in the eastern portion were more likely to harbour the

subspecies enterica (Figure 3.9).
The spatial patterns observed in 2006 varied from those observed in 2001 and 2002.
However, in all years salamae was distributed across the study site and

diarizonae

appeared to be mapping onto those areas of the study site with Casuarina stands. Only
the subspecies enterica appeared to shift its distribution between 2001-2002 and 2006
(Figure 3.9).
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Figure 3.9. Non-parametric density plots showing the regions of the highest density for each Salmonella enterica subspecies isolated from Tiliqua rugosa individuals
in each year of sampling in Population One.
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Discussion
The work presented in this chapter aimed to identify the key factors influencing the
dynamics of four subspecies of Salmonella enterica', enterica, diarizonae, salamae and
houtenae, recovered from a single population of sleepy lizards, Tiliqiia rugosa.

Lizard

activity was found to influence the probability of a lizard harbouring S. enterica, while
the location of the lizard within the study site influenced the type of S. enterica
subspecies it harboured. Multiple subspecies could co-occur within a host, although the
most likely outcome was for a host to harbour only one subspecies. These results will
be discussed in detail below.

The probability of detecting S. enterica in a sleepy lizard is dependent on the time of
year in which sampling takes place, and reflects the activity and feeding patterns of the
lizards.

Lizards are most active in spring, as air temperatures are mild and there is

abundant vegetation (Firth & Belan, 1998), the main food source for the sleepy lizard
(Dubas & Bull, 1991).

In early summer, lizard activity begins to decline as

temperatures rise and food availability decreases, and by mid to late summer extreme
temperatures and limited food forces lizards to seek refuge, where they are relatively
inactive (Bull et al., 1991; Firth & Belan, 1998; Kerr et ai, 2003; Kerr & Bull, 2004).
Lizards remain largely inactive throughout autumn and winter (Firth & Belan, 1998;
Kerr & Bull, 2006b).

The proportion of lizards in which S. enterica was detected mirrors host activity. As
lizard

movement

increases

within

the

activity

season

from

September

to

October/November (Kerr & Bull, 2006), so does the proportion of lizards in which S.
enterica is detected. Lizard activity declines in summer, and in most years, so does the
proportion of lizards in which S. enterica is detected. S. enterica could not be detected
in any lizard sampled in winter, during the period of inactivity, and at the beginning of
the following spring, S. enterica can be detected in only a small fraction of the sleepy
lizard population.

The sleepy lizard population is relatively stable (Bull, 1987; Bull, 1995), in which few
births or deaths occur in any given year. In a population with these characteristics, the
likelihood of a lizard harbouring S. enterica is likely to be dependent on three main
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factors: exposure,

establishment

and

persistence

(Gordon

&

Cowling,

2003).

S. enterica can be acquired from the environment through the ingestion of contaminated
material (Chiodini & Sundberg, 1981), and for sleepy lizards, this can only occur during
periods of activity. As lizards increase their activity and feeding through spring, they
will also increase their likelihood of exposure to S. enterica.

Thus, the increase in the

proportion of lizards harbouring S. enterica in spring is likely to be attributable to the
acquisition of S. enterica cells from the environment.

For a bacterial population to establish in the gut, the gains due to cell division must
exceed the rate at which cells are lost through defecation (Topiwala & Hammer, 1971;
Baltzis & Fredrickson, 1983; Freter et ai, 1986; Ballyk & Smith, 1999; Stemmons &
Smith, 2000; Ballyk et ai, 2001). Feeding provides nutrients that are required by both
the host and the bacteria inhabiting the gut.

The ambient air temperature, while

affecting a lizard's core body temperature (Firth & Belan, 1998), and, in turn,
influencing lizard activity and metabolic levels, will also play a role in cell division, as
S. enterica cell division is temperature dependent (Bronikowski et a!., 2001). Thus, the
spring activity and feeding period is the time when lizards are most likely to ingest S.
enterica cells, and the time when these ingested cells are most likely to establish and
persist within the gut.

By contrast, little food enters the gut in the period from late summer through to the
following spring. The lack of food in this period results in the lack of exposure of
lizards to S. enterica, and suggests that the loss of S. enterica is due to the rate of S.
enterica

cell mortality in the gut exceeding the gains due to cell

division.

Consequently, the extent and duration of the decline in the prevalence of S. enterica in
the lizard population may be determined by the duration of the non-feeding period.

A lizard's location within the study site determines the subspecies it is likely to harbour.
The spatial patterns observed in each year suggest that the non-random distribution of
the subspecies in the study site may be explained, in part, by habitat structure.

The

subspecies diarizonae was largely isolated from lizards inhabiting areas of the tree,
Casuarina (Fig 3.10a), though not the habitat dominated solely by bluebush, Mariana
sedifolia (Fig. 3.10b). In contrast, enterica and salamae could be isolated from either
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habitat type. Areas of Casuarim

within the study site provide shade, which will create

under story microhabitats that are cooler and less exposed to UV radiation, compared to
the bluebush dominated habitat that is far more open and exposed. The association of
the subspecies diarizonae with Casuahna

suggests that it may be more sensitive to

environmental extremes than the subspecies enterica and salamae.

Figure 3.10.

(a) An area of the study site dominated by Casuarina.
dominated by bluebush, Mariana

(b) An area of the study site

sedifolia.

It is the particular behaviour of the aptly named sleepy lizard that enables the clear
spatial patterns of the subspecies within the study site to be observed. Sleepy lizards
occupy small but stable home ranges of approximately 4 ha, which an individual
occupies for several years (Figure 3.11) (Bull & Freake, 1999; Kerr & Bull, 2006a).
Thus the scale of a lizard's home range is small, relative to the scale at which the
vegetation changes within the study site. The non-random spatial distribution of the
subspecies is unlikely to have simply occurred as a result of some chance event that
occurred in the past and that has been maintained by the lizards restricted movement
patterns. Although lizard activity is largely confined to its home range, each lizard's
home range overlaps extensively with those of its neighbours (Figure 3.11) (Kerr &
Bull, 2006b). Therefore, over time any non-random distribution resulting from a chance
event would eventually be lost.
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Figure 3.11. The distribution and home ranges of selected Tiliqua rugosa individuals within Population
One.
taken.

The h o m e ranges presented include those lizards in which > 10 observations were
Each of the coloured areas corresponds to 95 % of the total area of each lizard's

home range. Each marker corresponds to a sampling location.

As the activity season progressed, most lizards in the population were found to have
harboured more than one subspecies of S. enterica.

Although most lizards in this

population were exposed to multiple subspecies throughout the activity season, on
average, a single subspecies was detected in the majority of lizards.

Previous work

indicates that one bacterial species may be competitively dominant over another
species, for example, Gordon & FitzGibbon (1999) found that if Escherichia coli was
detected in a mammalian host, it was unlikely that any other member of the
Enterobacteriaceae would be detected. Further, there is extensive evidence to suggest
that certain strains of a species can reduce the colonisation of strains of the same species
(Hassan & Curtiss III, 1994; Cerquetti & Gherardi, 2000; Foster et a/., 2003). Although
we know virtually nothing of the ecological or life-history characteristics of the various
subspecies of S. enterica, there is no reason to believe that they are functionally
equivalent in the gastro-intestinal tract of a sleepy lizard.

Indeed, the biochemical

characteristics of each of the subspecies are quite distinct (Ewing, 1986).
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In 2006, the subspecies enterica was observed to co-occur with another subspecies less
often than expected by chance. However, there was no difference between the observed
and expected frequency with which salamae and diarizonae were found to co-occur in a
host.

Is this observation a consequence of competitive interactions between the

subspecies within the host gut, or a consequence of the non-random spatial distribution
of the subspecies within the environment? The available evidence would suggest that
the latter is the most likely explanation.

The extent of overlap of the subspecies

diarizonae and salamae in the study site appears to be greater than the overlap of
enterica with either of salamae or diarizonae (Figure 3.9). Consequently, it might be
expected that a greater fraction of the lizard population is exposed to the subspecies
salamae and diarizonae rather than to enterica and salamae, or enterica and diarizonae.

This survey has raised a number of questions concerning the transmission dynamics of
S. enterica in this population of sleepy lizards. Addressing some of these questions was
the goal of the experiments described in the next chapter.
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Chapter Four
The dynamics of the Salmonella enterica subspecies within a
host and the external environment
Introduction
Salmonella enterica is a significant cause of human food-bome illness throughout the
world.

The majority of Salmonella infections are caused by ingesting contaminated

food, usually pork, poultry and vegetables (Lynch et ai, 2006; Heaton & Jones, 2008).
Accordingly, the farm environment and agricultural practices have been extensively
studied in order to prevent S. enterica contamination in the food chain (Gray et ah,
1996; Funk et al, 2001; Jensen et ai, 2006; Weigel et at., 2007). Reptiles are also a
major carrier of S. enterica, and pet reptiles have been identified as a source of host-host
S. enterica

infection in humans (Woodward et ai,

1997; Mermin et ai,

2004).

Although all six subspecies of S. enterica have been isolated from reptiles (Geue &
Loschner, 2002; Briones et al, 2004; Herrera-Leon et ai, 2005; Hidalgo-Vila et al,
2007), very little is known on the ecology or life history characteristics of any of the
subspecies isolated from these hosts.

The previous chapter presented the results of a survey of S. enterica in a population of
sleepy lizards, Tiliqua rugosa. The results of this chapter indicate that the likelihood of
a lizard harbouring S. enterica varied seasonally, which correlated with the activity
patterns of the lizards.

Further, the likelihood of a lizard harbouring a particular

subspecies of S. enterica was determined by its location within the study site. Finally,
although some lizards were found to simultaneously harbour multiple subspecies of
S. enterica,

there was evidence to suggest that the subspecies enterica

competitively dominant relative to the subspecies diarizonae and salamae.

may be

The results

of the survey work raised many questions concerning the transmission dynamics and
survival of S. enterica in both the lizard gastro-intestinal tract and in the external
environment.

Consequently, I decided to undertake several field-based and in vivo

experiments in order to more specifically investigate certain aspects of the ecology of
S. enterica in this population of lizards.
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The first experiment was undertaken in order to further develop an understanding of the
transmission dynamics of S. enterica. That is, what is the rate at which lizards acquire a
S. enterica population, and what are the factors that influence the rate of acquisition?
For example, male and female sleepy lizards are known to have quite different seasonal
activity patterns (Bull et ai, 1991), which may lead to different rates of 5. enterica
acquisition between the sexes. To address this question, male and female lizards from
two populations were captured, treated with antibiotics to eliminate their S. enterica
populations, and radio tagged so that their bacterial populations could be monitored
weekly throughout the activity season.

In each year of the survey the subspecies of S. enterica found in this lizard population
were non-randomly distributed across the study site. The occurrence of the subspecies
diarizonae appeared to map quite strongly onto a specific habitat structure, as it was
isolated from lizards inhabiting sheltered regions of the study site, predominately in
areas where Casuarina was abundant. The differences in vegetation cover across the
study site will produce quite different microhabitats, which may affect the survival and
distribution of the S. enterica subspecies in the external environment. Consequently, an
experiment was designed to examine how varying levels of shade and ambient
temperature affect the three most common subspecies of S. enterica recovered from this
population of sleepy lizards: diarizonae, salamae and enterica.

Finally, 1 wished to determine if the apparent non-random patterns of subspecies cooccurrence in these lizards was a consequence of competitive interactions occurring
among the subspecies in the gut, or could be explained by the non-random distribution
of the subspecies in the external environment. To address this question I manipulated
the S. enterica population in the lizard gut.

This was achieved by experimentally

inoculating a lizard with an already established S. enterica

population, with a

biochemically different S. enterica strain. After inoculation, lizards were sampled every
two days and the outcome of the challenge strain was determined.

This chapter is organised such that I will present the methods, results and a brief
discussion for each of these experiments separately.
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Acquisition of Salmonella enterica

Materials and Methods
Study Sites
The study site, Population One, previously described in Chapter Three, was again
utilised in this study in conjunction with a new study site, designated as Population
Two. Population Two was located ~ 722 m west of Population One, and the dimensions
of the site were approximately 1117 m x 639 m. The habitat structure of the two study
sites is similar, in that both sites have areas dominated by Casuarina,
dominated by bluebush.

and areas

However, Population Two consisted of a greater area of

Casuarina than did Population One and the bluebush dominated areas of Population
Two supported a greater area of herbaceous annuals and grasses than did Population
One. This second study site was initiated so that a greater number of lizards could be
included in the study.

Antimicrobial Susceptibility Testing
In order to monitor the acquisition of S. enterica by sleepy lizards over the course of
their activity season, it was first necessary to eliminate S. enterica that lizards may have
harboured.

To accomplish this, antibiotics were required, and this necessitated

discovering which antibiotics S. enterica harboured by this population of lizards were
susceptible to.

A total of 49 S. enterica isolates recovered from sleepy lizards were screened for
antimicrobial resistance using BD BBL™ Sensi-Disc™ antimicrobial susceptibility discs.
The 49 isolates represented sixteen isolates of the subspecies enterica,

seventeen

isolates of the subspecies diarizonae, fifteen isolates of the subspecies salamae and one
isolate of the subspecies houtenae.
gentamicin (10

|Lig),

A total of fifteen antimicrobials were tested:

cefepime (30 |ig), clindamycin (2 ng), canamycin (30 (j,g),

erythromycin (15 )ug), trimethoprim (5 jig), novobiocin (30 )u.g), ampicillin (10 |ag),
streptomycin (10 ng), neomycin (30 ^g), nitrofurantoin (100 |ig), spectinomycin (100
l^g), cefotaxime (30 jug) and norfloxacin (10 |ug).
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Each S. enterica isolate was grown in 10 ml of Luria Burtani Broth overnight at 37 °C
in an incubator/shaker at 200 rpm. An aliquot of overnight culture was spread evenly
onto a Mueller-Hinton plate (Merck), and then eight antimicrobial discs were placed
onto each plate and incubated overnight at 37 °C.

The diameters of the zones of

inhibition were used to determine the isolates susceptibility to each antimicrobial
according to the manufacturers protocol.

All 49 S. enterica isolates were susceptible to 11 of the 15 antibiotics tested. Of the
remaining antibiotics, all isolates were resistant to clindamycin (2 ^g), approximately
half of the isolates (26/49) were resistant to erythromycin (15 ^g), 9/49 to novobiocin
(30 ng), and 1/49 to ampicillin (10 |ig). A total of five antibiotic resistance profiles
were generated from this data (Table 4.1).

Table 4.1. The five antibiotic profiles and the number of isolates belonging to each profile of the 49
Salmonella
houtenae

enterica

isolates screened representing four subspecies, enterica,

and salaniae,

Australia.

recovered from Tiliqua rugosa

diarizonae,

individuals at Mt. Mary, South

The antibiotic profiles represent the diversity of isolates that were resistant or

susceptible to four antibiotics: CC = clindamycin (2 |ig), E = erythromycin (15 |ig), NB =
novobiocin (30 |ag), AM = ampicillin (10 ^g). 0 = resistant, 1 = susceptible.
Antibiotic Profile
CC

E

NB

AM

0
0
0
0
0

0
0
0
1
I

0
0
1
0
1

0
I
1
1
1

diarizonae
n=
0
1
6
2
8

enterica
n=

salamae
n=

houtenae
n=

# isolates in each profile

1
0
7
0
8

0
3
6
2
4

0
0
1
0
0

1
4
20
4
20

All isolates were highly susceptible to streptomycin. This antibiotic is not absorbed by
the gut and primarily targets gram-negative bacteria, and consequently was the
antibiotic chosen to eliminate a lizard's S. enterica population.

Lizard Tracking and Bacterial Sampling
Commencing the S"" of September 2005, lizards were captured at the two study sites,
fitted with radio-transmitters as described in Chapter Three, and treated with
streptomycin (Sigma).

Lizards were orally treated with four doses of 0.5 ml

streptomycin (500 mg/100 ml sterile ddH20), with each dose administered two days
apart. Cloacal samples were taken at each treatment, and after four cloacal samples in a
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row tested negative for S. enterica,
enterica.

lizards were classed as treated and free of S.

All lizards remained in the field during the antibiotic treatment regimen.

A total of 26 lizards (16 males and 10 females) were captured and treated from
Population One and 27 individuals (12 males and 15 females) were captured and treated
from Population Two. Three lizards that did not harbour S. enterica at the beginning of
the activity season were used as controls to determine the acquisition rates of S. enterica
in un-treated lizards.

Lizards were sampled weekly until the 8"" of December 2005, and once between the 10'^
and 14* of January 2006. Each time a lizard was located, its geographic location was
recorded using a Garmin (GPS 76) Global Positioning System (GPS) and information
such as the lizard's activity, partner status and microhabitat (ground cover, dominant
vegetation, and slope) was recorded. A cloacal sample was taken at every capture. The
methods for the sampling procedure, bacterial isolation, biochemical and genetic
characterisation were performed as described in Chapter Three.

Environmental Sampling
Environmental samples were collected from both study sites.

The environmental

samples included plant (stem, leaf, roots, flowers), soil, water (collected from the dam
and from pools of water after a rain event), insects (ants), and faeces (kangaroo,
wombat, and sheep). All samples were processed in the same manner, however all plant
material, insects and faecal matter were crushed with a mortar and pestle using aseptic
techniques before addition to the selenite broth. Samples (~ 1 g faeces, 1 g soil, 1 g
plant material, crushed insect, or 1 ml of water) were transferred into 9 ml of Selenite
Broth (Difco), vortexed thoroughly and then incubated overnight between 16-20 hours
at 37 °C.

An aliquot of 20

of inoculated selenite broth was transferred onto

MacConkey agar plate and was dilution streaked. This plate was incubated overnight at
37 °C and the following day any suspect colonies were further analysed for their
utilisation of H2S. Colonies positive for H2S utilisation were stored on Luria Broth agar
plates for further identification in the laboratory.
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Results
Acquisition of Salmonella enterica
The antibiotic treatment did not successfully eliminate S. enterica in ten of the 53
lizards and as a result, these lizards have been excluded from all analyses.

The ten

lizards included six males from Population One and two males and two females from
Population Two.

To determine the factors influencing the acquisition of S. enterica by sleepy lizards, an
analysis was conducted where the amount of time that had elapsed since antibiotic
treatment, lizard's sex and population membership were used as predictor variables in a
nominal logistic regression model (Table 4.2). Not surprisingly, in each population, the
proportion of lizards harbouring S. enterica increased as the amount of time that had
elapsed since antibiotic treatment increased (Figure 4.1, Figure 4.2; Table 4.2).
However, the majority of lizards in both populations acquired S. enterica after a
significant rainfall event (> 50 mm) that occurred in mid November (Figure 4.1, Figure
4.2).

There was an effect of population in the probability of a lizard acquiring S.

enterica (Table 4.2), where a greater fraction of lizards harboured S. enterica in
Population Two than Population One. There was no difference in the rate of acquisition
of S. enterica between males and females in Population Two, though the acquisition
rates differed between males and females in Population One (Nominal logistic
regression; Likelihood ratio: x\i) = 15.4, p = <0.0001), where males had a much lower
acquisition rate of S. enterica.

This sex difference was mostly due to the fact that in

three of the ten males in this population, S. enterica was never detected. There was no
difference in the observed acquisition of S. enterica between the three control lizards
and the antibiotic treated lizards (Figure 4.1, Figure 4.2).

Table 4.2.

Resuhs of a nominal logistic regression analysis showing the effect tests of the factors
predicting the acquisition of Salmonella enterica in TiUqua rugosa individuals in Population
One and Population Two at Mt. Mary, South Australia.
Factor
sex
timeposttreatment
sex*timeposttreatment
population
sex*population
timeposttreatment*population
sex*timeposttreatment*population

Nparm
1
1
1
1
1
1
1

df
1
1
1
I
1
1
1

x'
0.67
99.60
1.58
15.83
3.53
1.69
3.62

P>X
0.4130
<0.0001
0.2092
<0.0001
0.0603
0.1938
0.0572
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Samples post-rainfall

Samples pre-rainfall

Control
12730

I

I

I

Izn
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Figure 4.1. Temporal dynamics of the Salmonella enterica subspecies in Tiliqua rugosa individuals located in Population One. Each block represents a sample, where lizards
were sampled every week of the activity season (September-December). Yellow = enterica. Red = salamae. Blue = diarizonae.

Black = houtenae. White = no 5.

enterica isolated. Grey = lizard was not sampled. The amount of colour in each sampling box represents the relative frequency of each of the subspecies found in
the sample. The orange line represents time after antibiotic treatment. The green line represents the large rainfall event.
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Lizard
10662
11564
5419
12071
12448
999
9528
10427
10829
9510
9525
10493
12111
6202
11922
11838
9523
9529
6063
11345
12302

Sex

Antibiotic Treatment

Samples post rainfall

Samples pre-rainfall

F

F
F
F
M
M
M
M
M
M
M
M

Control
4878 M
12513 M

Figure 4.2. Temporal dynamics of the Salmonella

enterica subspecies in Tiliqua rugosa individuals located in Population Two. Each block represents a sample, where lizards

were sampled every week of the activity season (September-December). Yellow = enterica.

Red = salamae.

Blue = diarizonae.

Black = houtenae.

White = no S.

enterica isolated, Grey = lizard was not sampled. The amount of colour in each sampling box represents the relative frequency of each of the subspecies found in
the sample. The orange line represents time after antibiotic treatment. The green line represents the large rainfall event.
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Salmonella enterica Subspecies Acquisition
At the beginning of the activity season in 2005, hzards that harboured S.

enterica,

predominately harboured the subspecies salamae (Figure 4.1 and 4.2). After antibiotic
treatment, the acquisition of each of the subspecies was recorded (Figure 4.1 and 4.2).
The subspecies houtenae was excluded from the following analyses as too few isolates
of this subspecies were observed.

The likelihood of a lizard harbouring a particular

subspecies appeared to be independent of the population in which it was living, its sex,
as well as the time that had elapsed since antibiotic treatment (Nominal logistic
regression: Likelihood ratio: sex, x ^ i n 0-81, P = 0.6686; time post treatment, x^d =
0.42, p = 0.8105; population, x^i) = 2.64, p = 0.2673).

Co-occurrence of Salmonella enterica Subspecies in a Host
After antibiotic treatment, the 40 radio-tagged lizards were sampled on 381 occasions
and S. enterica was detected in 98 of these samples. Overall, 891 isolates of S. enterica
were collected and assigned to a subspecies. Multiple subspecies were detected in 29
(30 %) of the 98 samples.

Association statistics were calculated to determine if the

subspecies co-occurred together at random.
combination diarizonae

In Population One, only the subspecies

and enterica was observed to co-occur more often than

expected by chance (Table 4.3).

However, in Population Two, the subspecies

combinations diarizonae and enterica, and enterica and salamae were found to cooccur more often than expected by chance, while the subspecies salamae

and

diarizonae were found to co-occur as often as expected by chance (Table 4.4).

Table 4.3.

Likehhood ratio tests to determine if the subspecies of Salmonella

enterica co-occur in a

Tiliqua rugosa host at random in Population One.
Species 1

Species 2

x"

P > X'

0.36

p = 0.5489

4.99

p = 0.0255

1.70

p = 0.1928

enterica
+
salamae

diarizonae

+

2

15

-

13

162

+

4

12

-

11

165

diarizonae
salamae

+

3

14

-

13

162

81

Chapter Four: The dynamics of the S. enterica subspecies within a host and the external environment

Table 4.4.

Likehhood ratio tests to determine if the subspecies of Salmonella

enterica co-occur in a

Tiliqua rugosa host at random in Population Two.
Species 1

Species 2

P>X"

enterica

salamae

diarizonae

+

-

+

9

9

-

25

136

+

6

8

-

28

137

10,06

P = 0.0015

4.63

P = 0.0314

3.2

P = 0.0733

diarizonae
salamae

+

0

18

-

14

147

Spatial Distribution of Salmonella enterica Subspecies
The geographic location of a lizard in each study site was determined each time it was
sampled. To determine if the S. enterica subspecies were non-randomly distributed in
the environment, an analysis was conducted where the lizard's position in the study site
in both the east-west and north-south direction were used as predictor variables in a
nominal logistic regression model.
enterica, salamae and diarizonae,

The analysis was restricted to the subspecies

as houtenae was rarely observed. Each population

was analysed separately. Analysis on an isolates subspecies membership in conjunction
with its geographic coordinates revealed that the probability of isolating a particular
subspecies in Population One depended on a lizards location in the north-south
direction, but not on its east-west direction in the study site (Figure 4.3: Nominal
logistic regression; Likelihood ratio: easting, x'(2) = 0.37, p = 0.8294; northing, x^i) =
6.72, p = 0.0348).

The analysis on an isolates subspecies membership in conjunction with its geographic
coordinates for lizards in Population Two revealed that the probability of isolating a
particular subspecies depended on a lizards location in the east-west direction, but not
on its north-south direction in the study site (Figure 4.3: Nominal logistic regression;
Likelihood ratio: easting,

= 8.23, p = 0.0164; northing,

= 1-64, p = 0.4404).
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Environmental Sampling
A total of 49 water, 72 plant, 65 insect and 83 faecal samples did not yield any S.
enterica.

Of the 448 soil samples, five were positive for S. enterica.

All positive soil

samples were collected from under a lizard that was inactive under a bush.

Discussion
The acquisition of S. enterica by lizards in both Population One and Population Two
was associated with a significant rainfall event (> 50 mm) in early November. Prior to
the rainfall event, very few lizards had acquired S. enterica, though soon after the
rainfall event, the majority of lizards acquired S. enterica.

There was no change in

vegetation at either study site after the rainfall, thus the sudden acquisition of 5. enterica
does not appear to be related to a novel food source. The large rainfall event may have
driven the acquisition of S. enterica by lizards in both populations in a number of ways,
two of which are i) through the movement of S. enterica from surrounding areas into the
two study sites, or ii) triggering a cellular response in dormant S. enterica cells in the
environment, enabling transmission to the host.

Many studies have linked an increase in the recovery of S. enterica in water bodies to
heavy rainfall (Dondero et al., 1977; Polo et al., 1999; Baudart et ah, 2000; MartinezUrtaza et al., 2004). However, most of these studies have been conducted near human
habitation and/or agricultural areas, thus the increase in the abundance of S. enterica
with heavy rain is thought to be attributable to storm water run-off from contaminated
environments entering the watershed (O'Shea & Field, 1992; Baudart et al, 2000).
There is no permanent human presence in the Mt. Mary study area and although sheep
are grazed in the area, their densities are low. Sheep have been known to harbour a
particular serotype of diarizonae, though this serotype is uncommon, and has typically
been recovered from sheep herds in northern Europe (Davies et al., 2001; Alvseike &
Skjerve, 2002; Sandberg et al., 2002; Alvseike et al., 2004). Faecal samples of sheep
and wildlife in the area, predominately kangaroos and wombats, revealed that these
hosts are unlikely to harbour S. enterica at Mt. Mary. The results of Chapter Two
further indicate that kangaroos and wombats are not common reservoirs of S. enterica
and therefore sleepy lizards are the most common reservoirs of S. enterica in Mt. Mary.
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Most, but not all lizards in the two populations were treated with antibiotics.

The

rainfall event caused the extensive movement of topsoil and litter, and therefore could
have moved S. enterica cells from areas occupied by infected lizards to areas occupied
by the antibiotic treated animals. However, this scenario would require relatively high
levels of S. enterica contamination in the few areas occupied by treated lizards. Despite
extensive sampling, S. enterica was seldom detected in soil or litter samples. Thus, it
seems unlikely that movement of S. enterica cells by rainfall alone could have caused
the increase in the number of lizards acquiring a S. enterica population.

Bacteria have numerous survival strategies to cope with stress in the non-host
environment (Roszak & Colwell, 1987). Many bacterial species are thought to enter a
dormant state in response to harsh environmental conditions such as nutrient
deprivation and desiccation (Roszak et al., 1984; Oliver et al., 1995; Besnard et ai,
2000; Heim et ai, 2002). Bacterial cells in this state are often referred to as 'viable but
not culturable' (VBNC). In a VBNC state, cells cannot be cultured by standard culture
methods, though are metabolically active (Ravel et al, 1995). There is extensive data
to suggest that S. enterica Typhi and Typhimurium, as well as other serotypes, are able
to enter a VBNC state (Roszak et al., 1984; Caro et al., 1999; Cho & Kim, 1999;
Asakura et al., 2002). The infectivity of VBNC S. enterica Typhimurium cells is shown
to be greatly reduced in studies on mice, where cells can neither establish nor cause
disease (Caro et ai, 1999; Smith et al., 2002). Thus, prior to the rainfall event, lizards
may have been ingesting VBNC S. enterica cells that could not colonise the host. The
rainfall event may have activated the S. enterica cells in the environment, and in this
active state, are able to colonise a host.

Although why rainfall would result in the

resuscitation of S. enterica cells is unknown, and there is little data concerning the
factors that lead to the re-activation of VBNC cells in the environment. Previously soil
moisture has been shown to be a key determinant of S. enterica survival (Holley et al.,
2006), although it is not known if this alone is a sufficient stimulus for VBNC
S. enterica cells.

The subspecies were previously found to be non-randomly distributed in the study site
of Population One (Chapter Three). The results of this chapter further indicate that the
subspecies are non-randomly distributed in the environment, and again the subspecies
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diarizonae was more likely to be detected in lizards inhabiting areas of Casiiarina.

As

was also previously observed in Chapter Three, the co-occurrence of some subspecies
combinations was found to be non-random.

The results presented in Chapter Three

suggested that the co-association among the subspecies were negative, especially
combinations involving enterica.

However, the results of this chapter suggest that this

is not the case, as in Population Two, enterica was found to be positively associated
with salamae and diarizonae.

This would suggest that the association patterns of the

subspecies observed are not driven by competitive interactions occurring in the gut, but
rather by the non-random distribution of the subspecies in the environment.

Challenge Experiment and Feeding Experiment

The aim of the challenge experiment was to determine if different strains of S. enterica
could co-exist within a host, or if strains of one subspecies would eventually drive
strains of another to extinction. In order to achieve this aim, a set of lizards with an
already established S. enterica population, were challenged with a S. enterica strain
with a different biochemical profile, and the relative abundance of cells with the
different biochemical profiles were monitored over time.

Additionally, a small diet

manipulation experiment, the feeding experiment, was undertaken that did not involve
challenging the lizards with a different strain of S. enterica, but which simply monitored
the lizard's S. enterica population when fed on a meat diet. These two experiments
shared many common elements, and as such, I have presented the methods and results
concurrently, followed by a joint discussion.

The major limitation of both experiments is that they could only be performed in the
field. Field conditions are very primitive as compared to laboratory-based experiments,
and as such, many variables could not be controlled, i.e. temperature. Additionally, this
study was conducted in a drought year, and, as such, lizard activity was minimal.
Consequently, few lizards could be captured, which reduced the sample size and meant
that only one replication of each experiment could be conducted.

Living conditions at the field site meant that the genetic characterisation of the lizard's
initial S. enterica population could not be performed, and therefore S. enterica could
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only be characterised biochemically.
performed under field conditions.

Further, only several biochemical tests can be
Although these biochemical characteristics can

differentiate between some of the subspecies of S. enterica found in this population of
sleepy lizards, they cannot alone reliably assign all isolates to a subspecies (Table 3.3).
Thus, in the challenge experiment, when challenging a lizard's established S. enterica
population, 1 could only be certain of challenging the population with a biochemically
different S. enterica strain, not necessarily one of a different subspecies. Accordingly,
both experiments were conducted with these limitations in mind.

Materials and Methods
Challenge experiment
Capture
Lizards were captured by random encounter along roadside verges in areas near to the
Mt. Mary study site. At each capture, the lizards' location was recorded using a Garmin
(GPS 76) Global Positioning System (GPS), to enable lizards to be returned to their site
of capture at the end of the experiment.

Lizards were placed in animal boxes and

transported to the field house within two hours of capture.

Housing
Lizards were housed in pre-existing individual pens constructed of Corflute® walls and
concrete floors. A total of three sets of pens with slightly different measurements were
used in the experiment: Set 1: Four pens 1.15 m long x 0.66 m wide with 0.6 m high
walls; Set 2: Five pens 1.15 m long x 0.75 m wide with 0.6 m high walls; Set 3: Twenty
pens 0.85 m long x 0.5 m wide with 0.62 m high walls.

Each lizard pen contained a rock shelter and water dish. Lizard pens were disinfected
(Black and Gold: Eucalyptus Disinfectant) just prior to a lizard occupying the pen. On
the day of capture, lizards were weighed and their sex was determined. Lizards were
bathed and scrubbed in a bucket of mild disinfectant just prior to placement into the
pens. Once housed, lizards were provided with water ad libitum.

Pens were checked

several times a day and all faecal matter was removed at each inspection and the site of
defecation was cleaned with 70 % ethanol.

Lizard pens were disinfected (Black and

Gold: Eucalyptus Disinfectant) every two days.
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Diet
Sleepy lizards, although described as omnivorous, are predominately herbivorous, with
a diet consisting of plant material such as flowers, berries, leaves and shoots (Dubas &
Bull, 1991).

Occasionally sleepy lizards eat invertebrates (Satrawaha & Bull, 1981;

Bull & Pamula, 1998) and dead animals, if available (personal observation).

Lizards

were provided with 10 g of thawed frozen mixed vegetables (Black and Gold: carrot,
cauliflower, broccoli, peas and com) every two days. After two weeks, the diet of half
of the lizards was changed to 10 g of dog food (Black and Gold: Beef Variety) every
two days. This was performed to determine if a diet change could change the dynamics
of the challenge or the initial S. enterica population.

Challenge Strains
The challenge strains used in this experiment were one of each of the S.
subspecies enterica, diarizonae

enterica

and salamae, previously isolated from this population

of lizards (Table 4.5).

Table 4.5. The biochemical profile of each challenge strain used to inoculate Tiliqua rugosa individuals
in the challenge experiment.
Strain
enterica
salamae
diarizonae

H2S
1
1
1

p-glucuronidase
1
0
1

Dulcitol
1
1
0

Profile
elll
slOl
dllO

Each of the three S. enterica challenge strains was grown in 10 ml of Luria Burtani
broth for 24 hours at room temperature (18 - 25 °C) prior to inoculation.

Primary Population Characterisation and Inoculation
Prior to the inoculation of the challenge strain, the biochemical profile of the lizard's
initial S. enterica

population needed to be determined.

To achieve this, bacterial

samples were collected from all lizards directly from the cloaca using sterile cotton
swabs at least three times within two weeks prior to the challenge inoculation.

The

swabs were inoculated into 3 ml Rappaport-Vassiliadis broth (Merck) (van Schothorst
& Renaud, 1983), vortexed and incubated overnight at 37 "C. The following day, 20
of the inoculated broth was dilution streaked onto a MacConkey agar plate. This plate
was incubated overnight at 37 "C and the following day up to ten presumptive
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S. enterica isolates from each MacConkey agar plate, based on colony morphology,
were further identified by their biochemical profile.

The ability of each isolate to produce hydrogen sulphide (H2S) and ^-glucuronidase,
and utilise dulcitol was determined.

H2S production was assessed based on the

appearance of black colonies on a H2S agar plate after overnight incubation at 37 °C.
The production of p-glucuronidase was determined by the colour of the colonies grown
on a Rainbow® agar 0157 plate (Biolog) after overnight incubation at 37 "C. Purple
colonies represent the ability of an isolate to produce ^-glucuronidase, while yellow
colonies represent the inability of the isolate to produce ^-glucuronidase. The ability of
an isolate to utilise dulcitol was determined by the growth of the isolate on a minimal
media agar plate containing dulcitol (5 mg/ml) after incubation overnight at 37 °C.
Although the colony morphology of some Citrobacter spp resemble S. enterica and can
produce H2S (Ewing, 1986), Citrobacter spp grow as blue-grey colonies on Rainbow®
agar (Biolog), thus can be distinguished from S. enterica.

The results of the

biochemical tests yielded three profiles (Table 4.6).

Table 4.6.

Biochemical differentiation of Salmonella

enterica

isolates recovered from Tiliqua

rugosa

individuals. I = positive, 0 = negative.
H2S
i
1
I

p-glucuronidase
i
0
1

Dulcitol
1
1
0

Profile
m
101
110

Subspecies
enterica (69 % ) t or salamae (31 %)
salamae (93 %) or enterica (1 %)
diarizonae (85 %)

t Percentage of isolates of each subspecies previously genetically characterised with this profile

Once the biochemical profile of the lizard's initial S. enterica

population was

established, lizards were inoculated orally with 1 ml of a S. enterica challenge strain
(Table 4.5), that was biochemically distinct to their current S. enterica population
(Table 4.7). This typically results in a lizard being inoculated with 2.0x10^ cells. Three
lizards, harbouring biochemical profiles most likely representing the subspecies of
either enterica, diarizonae or salamae, were not challenged.
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Table 4.7. The possible combinations of a lizard's initial Salmonella

enterica biochemical profile and

the possible 5. enterica challenge biochemical profile a lizard could be inoculated with.
Initial S. enterica Profile

Possible Challenge Profile

111

slOl o r d l l O

101

elll ordllO

110

slOl o r e l l l

111 and 101

dllO

101 and 110

elll

111 and 110

slOl

Sampling
After inoculation, lizards were sampled every two days for four weeks.

Cloaca!

samples were taken using sterile cotton swabs and were directly inoculated in 3 ml
Rappaport-Vassiliadis broth. Bacterial isolation and biochemical characterisation were
performed as described above.

Release
Lizards were released after approximately six weeks to the place of capture using the
capture information stored on the Garmin GPS 76.

Feeding Experiment
All methods for capture, housing, bacterial sampling, isolation and identification are
described in the Challenge Experiment. To ascertain the biochemical profile of each of
the lizards S. enterica population prior to the initiation of the diet change, two samples
were collected from each lizard. After the initiation of the dog food diet, lizards were
sampled every two day for ten days.

Diet
Sleepy lizards were provided with 10 g of thawed frozen mixed vegetables (Black and
Gold: carrot, cauliflower, broccoli, peas and com) for five days prior to the start of the
experiment. Once the experiment began, lizards were fed 10 g of dog food (Black and
Gold: Beef variety) every day for ten days. Two lizards remained on a diet of 10 g
thawed frozen mixed vegetables per day throughout the experiment.
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Release
Lizards in the feeding experiment were housed for three weeks and then released to the
place of capture using the capture information stored on the Garmin GPS 76.

Results
Challenge Experiment
A total of 25 sleepy lizards were captured for this experiment: 22 of which were
inoculated with a challenge strain, and three that were not challenged.

Table 4.8

presents the number of lizards with each biochemical profile prior to the inoculation,
and the number of lizards inoculated with the appropriate challenge strain.

The

biochemical characterisation of the lizards initial S. enterica population revealed that
most harboured a population with a profile ' 111' at the time of capture (Table 4.8). Ten
lizards harboured more than one biochemical variant of S. enterica prior to inoculation
(Table 4.8).

Table 4.8. The total number of lizards harbouring each biochemical profile prior to the inoculation of the
challenge strain, and the number of lizards inoculated with each challenge strain.
Inoculated with
initial S. enterica profile

diarizonae

enterica

salamae

(dllO)

(el I I )

(slOI)

Total

no

.

.

1

1

III

2

-

5

7

101

.

4

-

4

111/110

-

-

3

3

111/101

6

.

.

6

101/110

-

Total

1

-

1
22

After inoculation with the challenge strain, lizards were sampled every two days and the
outcome was scored (Figure 4.4). The criterion for establishment of the challenge strain
was that the challenge strain had to be detected more than eight days post inoculation
(PI) and on multiple sampling occasions. Based on this criterion, the challenge strain
established in 59 % of the lizards. The most common outcome observed was that the
challenge strain co-existed with the primary strain (Figure 4.4). The challenge strain
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could not be detected in two lizards and in six lizards the challenge strain was only
detected on a single occasion. There was insufficient data to determine if one of the
challenge strains was more likely to establish than another.

A total of eleven lizards experienced a diet change from vegetables to dog food. Of
these eleven lizards, the challenge strain was detected in seven lizards prior to the diet
change. The challenge strain did not establish in the other four lizards pre or post the
diet change, and thus, the enforced diet change did not appear to change the outcome of
the challenge.

In four of the lizards, S. enterica cells with a biochemical profile(s) different from the
lizard's initial S. enterica population, and different from the biochemical profile of the
challenge strain, were observed. Lizard 12, which was never intentionally inoculated,
harboured cells of a single profile for most of the experiment. However, towards the
end of the experiment, cells of two different biochemical profiles were detected.
Similarly, lizard 10409 appeared to harbour the same biochemical profile for the entire
experiment, but cells with another profile were detected on one occasion.

It is not

known if these observations were a consequence of the lizard acquiring a novel strain
from the environment, a 'contaminant', or a result of the appearance of a strain that was
always present in the gut, but usually at a frequency too low to be detected. Although
the appearance of the 'novel' strains generally occurred towards the end of the
experiment, these events did not appear to be associated with the change in diet
experienced by some of the lizards (Figure 4.4).
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Lizard

Initial

Challenge Diet Switch
DF
V
V
DF
V

H
c

1
m

1

i j i
wr.
n

1
m

V

1
DF
DF
DF
DF
DF
DF
DF

DF
DF

V
V
V

Figure 4.4. The temporal diversity of the biochemical strains of Salmonella enterica isolated from lizards in the challenge experiment. Each block represents a sample, where
lizards were sampled every two days for four weeks. The colour of the samples refer to each biochemical profile: el 11 = yellow, si01 = red, dl 10 = blue, no S.
enterica isolated = white, biochemical profile could not be determined = grey. The amount of colour in each sampling box represents the relative frequency of each of
the biochemical profiles found in the sample. DF - lizards that had their diet switched to dog food; V - lizards that remained on a vegetable diet. The green line
represents the day of diet change for those lizards in which this is applicable.
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Feeding Experiment
The purpose of the feeding experiment was to determine if switching the lizards diet
dramatically could induce a change in the S. enterica strain composition in a lizard's
gut. Due to the drought inhibiting lizard activity in the season, a sample size of only 28
could be achieved in this experiment, and it could not be replicated.

Cloacal samples were collected every two days throughout the experiment and the
biochemical profile of ten S. enterica isolates from each of the lizards was determined
(Figure 4.5). In 19/28 cases, a biochemical strain that was different to the lizard's initial
S. enterica population was detected, and most changes occurred soon after the switch to
the dog food diet.

It is difficult to ascertain whether this is due to the dog food

changing the gut dynamics of the lizards, changing competitive interactions amongst the
strains in the gut, or due to contamination from the environment. Nor was there any
clear pattern in the nature of the switches that occurred. For example, strains with a
profile '111' were as likely to replace strains with the biochemical profile '110' as
strains with a profile o f ' 110' was to replace '111'.

An interesting pattern emerged at day six of the diet change, where many samples were
negative for S. enterica (Figure. 4.5). Of the 56 samples taken before day six, 86 %
were positive for S. enterica, though after day six, S. enterica could be detected in only
57 % of the samples (Likelihood ratio: x ^ u = 11-72, p = 0.0006).
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Lizard

Before

After

18
19
23
25
2790
4374
10203
1000
5116
2304
31

10011

22
2055
2102
10166
2459
Controls

2117
4148;

Figure 4.5.

Temporal diversity of the biochemical strains recovered from lizards in the feeding
experiment before and after the diet change. The left column indicates the biochemical
strain the lizards harboured before the experiment. Lizards were sampled every two days,
and each box of the graph displays the biochemical strain the lizard harboured on each
sampling occasion. Yellow = e l l 1, Red = slOl, Blue = d l l O , grey, biochemical profile
could not be determined, and white = no Salmonella

enterica isolated.

The amount of

colour in each sampling box represents the relative frequency of each of the biochemical
profiles found in the sample.

Discussion
The inoculation of pigs or poultry with a non-pathogenic strain of the S. enterica
subspecies enterica, followed by a pathogenic strain of the subspecies enterica, has
shown that competitive exclusion does not occur, but the pathogen has a reduced
capability of causing disease (Hassan & Curtiss III, 1994; Cerquetti & Gherardi, 2000;
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Foster et ai, 2003). However, there is no data on the ability of the other subspecies of
S. enterica to colonise a host when a strain of S. enterica is already present.

In this study, the lizard's initial S. enterica population was challenged with either one of
the S. enterica

subspecies enterica,

diarizonae,

or salamae.

In most cases, the

challenge strain was detected on at least one occasion, and appeared to establish in just
over half of the lizards.

Although the challenge strain frequently established, the

challenge and the resident strain were most commonly found to co-exist in the host.
There was insufficient data to determine if one of the subspecies was dominant over
strains with a different biochemical profile (likely to be a different subspecies), however
the outcomes of this experiment do demonstrate that if any competitive dominance
hierarchy does exist, it is not absolute. That is, there were examples of each subspecies
coexisting with strains of different biochemical types. Whilst the feeding experiment
was not designed to examine subspecies interactions, the results also show that there
appears to be little, if any, competitive hierarchy among the different biochemical types
of S. enterica.

The available data in Chapter Three suggested that the subspecies enterica was found to
co-occur with another subspecies in a host less often than expected by chance.

This

might suggest that the subspecies enterica may be more competitively dominant than
the other subspecies of S. enterica.

However, in the antibiotic treatment experiment, in

Population Two, subspecies combinations involving enterica were observed to co-occur
within a host more frequently than expected by chance (Chapter Four).

Finally, the

challenge and feeding experiments provide little evidence for the existence of a
dominance hierarchy among the subspecies.

Therefore, the non-random co-occurrence

of the subspecies in a host at Mt. Mary is most likely a consequence of the non-random
spatial distribution of the subspecies within the study sites.

In the challenge experiment, several of the lizards were found to harbour a S. enterica
strain that was biochemically different to their initial or challenge strain. Further, two
of the lizards that were not challenged were found to harbour biochemical strains that
were different to their initial S. enterica population.

Additionally, over half of the

lizards in the feeding experiment harboured a different biochemical strain(s) to their
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initial S. enterica population. The two most likely explanations for these results are: i)
the 'novel' strain was present initially, but at frequencies too low to be detected, or ii)
contamination from the external environment. Given the nature of the patterns observed
in the data, it is difficult to speculate which of these explanations is the more likely.
Indeed both factors were probably operating in these experiments.

For example, for

lizard 13 (Figure 4.4), two biochemically different S. enterica strains were both present
prior to the challenge, and after the challenge fluctuated in their relative abundance and
could not always be detected.

By contrast, the most likely explanation for the

appearance of S. enterica in lizards 2102 and 2549 (Figure 4.5) is contamination, as,
despite enrichment, S. enterica was not detected in these animals in the four previous
samples.

The long-term survival of S. enterica in the external environment has

previously been reported in agricultural settings (Davies & Wray, 1996; Sandvang et
al,

2000; Baloda et ai,

2001; Davies & Breslin, 2003), even despite repeated

disinfection and cleaning (Funk et al., 2001; Pedersen et al, 2008). Similarly, even
though the pens were disinfected every two days, environmental contamination is likely
to have occurred in both experiments.

Although these novel strains may impact the

likelihood of establishment of the challenge strains, the experiments demonstrate that
multiple biochemical types of S. enterica can co-exist in a host.

In the feeding experiment, the proportion of samples in which S. enterica could be
detected decreased quite abruptly a week after the lizard's diet was changed from
vegetables to meat. This outcome was not observed during the challenge experiment in
those lizards that also experienced a similar shift in diet.

Consequently, it is not

obvious what factors might have accounted for the apparent loss of S. enterica from so
many lizards. Compared to the lizards used in the challenge experiment, the animals in
the feeding experiment were caught later in the season. The summer during which this
experiment was undertaken was extremely dry, and as a result, the lizards in the feeding
experiment had not been feeding to any great extent prior to their capture.

Further,

because the feeding experiment was conducted later in the year than the challenge
experiment, the lizards in the feeding experiment experienced significantly higher
ambient temperatures while in their pens.

During the warmer parts of the summer

season, sleepy lizards normally spend much of their time in burrows (Kerr et al, 2003;
Kerr & Bull, 2004). Conditions in a burrow would be cooler than those experienced by
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the lizards in their pens. As a result of these factors, it is possible that the lizards used
in the feeding experiment were in a different physiological state, which, in turn may
have influenced the ability of S. enterica to establish and persist.

Survival Experiment

The results of Chapter Three suggested that the subspecies diarizonae was more likely
to be detected in lizards inhabiting areas with a dense vegetation cover. The purpose of
this experiment was to determine if the survival characteristics of the subspecies
enterica,

diarizonae

and salamae

differ in the external environment, and if their

survival is affected by the degree of shading. To accomplish this, strains of S. enterica
were inoculated onto cotton tips and these tips were placed in experimental arenas with
different levels of shade.

Materials and Methods
Cotton Tip Inoculation and Experimental Design
A total of 39 Salmonella

enterica

strains representing 13 strains of each of the

subspecies enterica, salamae and diarizonae, previously isolated from sleepy lizards at
Mt. Mary, were grown in 10 ml Rappaport-Vassiliadis broth and shaken for 24 h
between 1 8 - 2 5 °C.

There were two replicates of each of the 39 strains. Each strain-replicate combination
was initiated by transferring a 50

aliquot of the overnight culture into a randomly

selected well in a 96 well plate (Nunc™) (Figure 4.6).
assigned wells were filled with 50

A total of nine randomly

of un-inoculated Rappaport-Vassiliadis broth and

nine randomly assigned wells were left empty. A total of 87 cotton tips were inserted
into holes in a block of wood (Figure 4.7), positioned such that the tips corresponded to
the wells of the plate that contained media. After all 87 cotton tips were inserted into
the block of wood, the block was turned upside down and the cotton tips were dipped
into the wells of the plate. This procedure typically results in about 1.0x10^ cells being
transferred to the cotton tip. Following inoculation of the cotton tips, the block of wood
was assigned to a shade treatment. This procedure was repeated 50 times as 10 blocks
were required for each of the five shade treatments.
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Figure 4.6. The 96 well plate set up for the survival experiment, where each circle represents a well in
the Nunc™ plate.
diarizonae

The colours correspond to each of the subspecies and the controls:

= blue, enterica = yellow, salamae = red, field control = green, and laboratory

control = purple.

The nine cotton tips inoculated in Rappaport-Vassiliadis broth only were used as
controls in the field in order to detect any contaminated that might have occurred in the
field.

Figure 4.7.

The 87 cotton tips inserted into the block of wood prior to inoculation with media, the
missing cotton tips correlate with the wells used as laboratory controls.

The five shade treatments were: 0 %, 30 %, 50 %, 70 % and 80 % shade, where shade
cloth designed to produce the appropriate shade cover were used for the treatments 30
%, 50 %, 70 % and 80 % shade (The Shade Centre, Queensland). The shade cloth was
held three centimetres above the cotton tips, measuring approximately 86 x 62 cm.
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extending well beyond the 10 blocks of wood.

Hobo® data loggers recorded the

temperature at each shade level for the duration of each experiment. The experiment
was repeated three times.

Sampling and Survivorship
Each experiment began at 20:30 h.

At each sampling point, one block of wood

containing 87 cotton tips was selected from each shade treatment. The wooden block
was turned upside down, dipped three times into the wells of a plate containing 200
of Rappaport-Vassiliadis broth per well, and incubated overnight at 37 °C. Following
incubation, each well in the plate was visually scored for the presence of growth
(turbidity).

There were nine wells in each plate that contained media but were not

'inoculated' with a cotton tip. These wells served as a means of determining if the
media became contaminated.

Sampling intervals were as follows:
1st Experiment: 12 h, 24 h, 36h, 48 h, 60 h, 72 h, 84 h, 96h, 108 h, 120 h.
2nd Experiment: 12h, 18 h, 24 h, 36 h, 42 h, 48 h, 60 h and 72 h.
3rd Experiment: 12 h, 24 h, 36 h, 40 h, 48 h, 60 h, 66 h, 72h, 84 h, 96 h.

Statistics
(S)
Survival analyses using a Weibull model of survivorship were performed using JMP
7.01 (SAS Institute). The input data was the number of cotton tips where either growth
or no growth was observed for each of the sampling points. Wilcoxon tests were used
to determine if there were any differences among the S. enterica subspecies in their
survival characteristics for each shade treatment, and Wilcoxon tests were also used to
determine if there were any differences in survival among shade treatments for each of
the subspecies. The differences in subspecies survival were illustrated by plotting the
predicted proportion of cotton tips resulting in growth as a function of time for each
shade treatment as implemented in JMP® 7.01.

In the Weibull survival model, the

parameter |3 quantifies to what extent the risk of mortality increases with time.

The

parameter p was estimated for each shade treatment-subspecies combination and the
extent to which shade treatment and subspecies explained the variation in p was
determined using an analysis of variance in JMP® 7.01.
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Results
All three experiments were performed over seven weeks. The temperatures and
environmental conditions varied between each experiment (Figure 4.8.), where the
mean temperature of the third experiment was much higher than for the first two
experiments (Table 4.9). Within each experiment, the five shade treatments produced
different ambient temperatures under the shade cloth and the 80 % shade treatment
resulted in ambient temperatures about 3 °C cooler than the 0 % shade treatment (Table
4.9).

Time
- 1st Experiment

2nd Experiment

3rd Experiment

Figure 4.8. The ambient air temperatures over the course of each of the three survival experiments,
where the ambient air temperature is recorded every 15 mins. The data presented
represents the 0 % shade treatment for each experiment.
Table 4.9. Mean temperature differences between each shade treatment and 0 % shade for each of the
three experiments. The mean temperamre averages the temperature measurements taken
every 15 mins 24 h each day for the duration of the experiment.
Mean temperamre difference compared to 0 % shade
Shade treatment comparison Experiment One Experiment Two Experiment Three
+0.6
-1.1
-1.0
30%
-1.9
-0.5
-1.3
50%
-3.4
70%
-3.0
-2.5
80%
-3.2
-2.4
-4.2
Mean Temperature
21.6
23.8
33.9
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Control Results
Of the 1,080 swabs that served as controls to detect field contamination, less than 1 %
(n=10) became contaminated, and none of the un-inoculated wells designed to detect
contamination in the lab became contaminated. As a result, contamination either in the
field or in the lab did not significantly impinge on the outcomes of the survival
experiments.

Experiment One
The degree of shading significantly influenced the survival characteristics of each of the
subspecies (Table 4.10). Not surprisingly, survival increased with the amount of shade
provided (Table 4.10, Figure 4.9). There were significant differences in the survival of
the three subspecies, where the subspecies diarizonae had the poorest survival of the
subspecies in each of the shade treatments (Table 4.10). No differences in survival
could be detected among the three subspecies at the shade treatments 0 %, 30 %, and 50
%, however, differences were detected at the 70 % and 80 % shade treatments (Table
4.10, Figure 4.9).

Table 4.10. The average predicted time (hours) at which 50 % of the swabs failed to produce growth in
Experiment One. The P values in the column Subspecies Effects are from a Wilcoxon test
to determine if there were differences among the Salmonella

enterica subspecies in their

survival characteristics (Weibull Model) for each shade treatment, whilst the P values in the
row Shade Effects present the results of the Wilcoxon tests to examine for differences in
survival among shade treatments for each of the subspecies.
salamae

Subspecies Effects

X + se

X ± se

x ± se

p>x'

0%

69.93 ± 2.20

67.07 ± 2.24

69.50 ± 2.21

0.5219

30%

72.86 ±2.21

66.79 ± 2.24

71.21 ±2.18

0.0768

50%

74.34 ±2.16

71.I2±2.I9

75.10 ±2.20

0.3297

70%

79.36 ± 2 . 2 5

70.58 ±2.21

76.85 ± 2 . 2 6

0.0088

80%

84.51 ±2.15

75.19 + 2.17

84.07 ± 2.22

0.0016

Shade Effects P > x^

<0.0001

0.0105

<0.0001

Shade Treatment

enterica

diarizonae
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30%

50%
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80 % shade

Figure 4.9. The fraction of swabs failing to yield growth as a function of time for each of the three
subspecies

of

Salmonella

enterica

at

all

shade

treatments

in

Experiment

One.

Red = diarizonae, green = enterica, blue = salamae.
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Experiment Two
Rain interrupted this experiment 48 h after it had been initiated.

Consequently, the

experiment was terminated at this time, as the rain may have led to the cotton tips
becoming contaminated.

As a result of this experiment being terminated early, its

outcomes cannot be directly compared to those of experiments one and three. However,
the data available up to 48 h showed a significant difference in the survival of the
subspecies at all shade levels greater than 0 % shade (Table 4.11).

Whilst survival

tended to increase with increasing amounts of shade, a significant shade effect was only
observed for the subspecies enterica (Table 4.11). Again, the subspecies diarizonae had
the poorest survival in each of the shade treatments.

Table 4.11. The average predicted time (hours) at which 50 % of the swabs failed to produce growth in
Experiment Two. The P values in the column Subspecies Effects are from a Wilcoxon test
to determine if there were differences among the Salmonella

enterica subspecies in their

survival characteristics (Weibull Model) for each shade treatment, whilst the P values in the
row Shade Effects present the results of the Wilcoxon tests to examine for differences in
survival among shade treatments for each of the subspecies.
Shade Treatment

enterica

diarizonae

X ± se

X ±se

salamae
X

±se

Subspecies effects
P>x'

0%

37.19 ±0.91

33.77 ± 1.09

36.38 ± 0 . 9 6

0.0556

30%

1,1.1 A ±0.92

33.97 ± 1.08

36.74 ± 0.96

0.0224

50%

37.97 ±0.91

33.97 ± 1,08

36.66 ±0.98

0.0127

70%

39.39 ±0.97

35.93 ±0.98

37.47 ± 0 . 9 6

0.0036

80%

40.18 ±0.93

36.08 ± 0.97

38.00 ± 0.96

0.0049

Shade Effects P > x^

0.0174

0.3428

0.3727

Experiment Three
The maximum temperatures observed during this experiment were substantially higher
than those observed during the other survival experiments.

The degree of shading

influenced the survival characteristics of each of the subspecies, although the extent of
the effect was not significant for the subspecies diarizonae (Table 4.12).

Again,

survival increased with the amount of shade provided (Table 4.12, Figure 4.10). No
differences in survival could be detected among the three subspecies at the shade
treatments 0 %, 30 %, and 50 %, however, differences were detected at the 70 % and
80 % shade treatments (Table 4.12, Figure 4.10). The subspecies diarizonae had the
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poorest survival of the subspecies in each of shade treatments.

Table 4.12. The average predicted time (hours) at which 50 % of the swabs failed to produce growth in
Experiment Three. The P values in the column Subspecies Effects are from a Wilcoxon test
to determine if there were differences among the Salmonella

enterica subspecies in their

survival characteristics (Weibull Model) for each shade treatment, whilst the P values in the
row Shade Effects present the results of the Wilcoxon tests to examine for differences in
survival among shade treatments for each of the subspecies.
enterica

Shade Treatment

diarizonae

salamae

Subspecies Effects

X ±se

X ±se

X ±SQ

P>x'

0%

59.54 ± 1.45

57.37 ± 1.49

58.56 ± 1.46

0.5639

30%

61.61 ± 1.44

58.24 ± 1.48

61.60 ± 1.43

0.1385

50%

62.56 ± 1.43

60.79 ± 1.45

61.40 ± 1.44

0.6675

70%

65.79 ± 1.55

60.22 ± 1.52

64.80 ± 1.55

0.0136

80%

70.24 ± 1.60

62.87 ± 1.54

66.21 ± 1.57

0.0029

Shade Effects P > x^

<0.0001

0.0614

0.0016

To examine the effects of shade treatment and subspecies simultaneously, the parameter
ln(P), which describes the extent to which the mortality risk increases with time, was
used as the response variable in an analysis of variance. The results of these analyses
reflect the results of the Wilcoxon tests reported in Tables 4.10-4.12.

A significant

subspecies effect was always observed, and except for the abbreviated 2"'' experiment, a
significant effect of shade treatment was also detected (Table 4.13).

In these

experiments there appeared to be no significant interaction between subspecies and
shade treatment on the survival of S. enterica (Table 4.13).

Table 4.13.

The results of an analysis of variance model with In (P) as the response variable, to
determine the factors that influence the survival of Salmonella

enterica for each of the

three experiments.
Experiment One

Experiment Two

Experiment Three

F ratio

Prob> F

F ratio

Prob> F

F ratio

Prob> F

2

7.1524

0.0138

14.2761

0.0016

14.5039

0.0015

Shade

1

33.1448

0.0003

0.3288

0.5804

19.2285

0.0018

Subspecies * Shade

2

0.2988

0.7488

3.0353

0.0983

0.1928

0.8280

Source

d.f.

Subspecies
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Red = diarizonae, green = enterica, blue = salamae.

106

Chapter Four: The dynamics of the S. enterica subspecies within a host and the external environment

Discussion
The survival experiments were undertaken to determine if the response of S. enterica
cells varied with the degree of exposure, and if the subspecies membership of the cells
influenced their survival. It is important to note that the term 'survival' does not
necessarily refer to cell death. The inability to detect viable S. enterica cells after a
certain period may have been a consequence of a cell entering a viable but
nonculturable state (Oliver, 2005).

In all experiments and at all shade treatments, the subspecies diarizonae had the lowest
survival rate, and enterica the highest, although the difference in the survival of cells of
the subspecies salamae and enterica were marginal. As expected, survival increased as
the amount of shade provided increased. Previous studies have documented that high
UV levels (Nyeleti et ai, 2004) and desiccation (White et al, 2006) negatively affect S.
enterica survival. However, it is not known to what extent the increased survival at
higher shade levels is a consequence of reduced UV exposure, desiccation, or
temperature.

The majority of experimental studies documenting the survival of S. enterica in the
external environment have typically focussed on the pathogenic serovars of S. enterica
subspecies enterica such as Typhimurium (Chandler & Craven, 1980; Holley et ai,
2006).

The results of this study indicate that the subspecies have different survival

characteristics in the external environment.

In each study site, the nature of the

environment in a lizard's home range determined the subspecies it was likely to harbour
(Chapter Three, Chapter Four). The subspecies diarizonae was predominately isolated
from lizards inhabiting areas of Casuarina,

whereas the subspecies enterica and

salamae were isolated from a variety of vegetated habitats at Mt. Mary (Fig 3.10). The
shade provided by Casuarina

is likely to provide a bacterium with cooler soil

temperatures, lower levels of UV, and reduced temperature fluctuations compared to
many other areas. The observation that cells of the subspecies diarizonae are most
susceptible to adverse environmental conditions accords with the observation that this
subspecies is most likely to be detected in lizards living in areas with heavy vegetation
cover within Population One and Population Two.
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Chapter Five
General Discussion
The Ecology of Salmonella enterica in a Population of Sleepy Lizards, Tiliqua
rugosa
The transmission of S. enterica, at both the species and subspecies level, in the sleepy
lizard population at Mt. Mary, involves the cycling between two distinct habitats, the
host and the external environment. At Mt. Mary, lizards live in a variety of habitats
such as vegetated areas dominated by bluebush (Figure 5.1a), Casuarina or mallee, as
well as areas that have been cleared of standing vegetation for pastoral purposes (Figure
5.1b). S. enterica appears to be absent in areas lacking standing vegetation, as it was
not detected in any of the fourteen hosts living in such areas (data not presented). This
was despite the fact that these hosts were sampled at the end of October, when the
proportion of sleepy lizards harbouring S. enterica is typically at its peak (Chapter
Three). In areas cleared for pastoral use, the ground cover consists of grasses and
herbaceous annuals, though the grasses are sparsely distributed and the annuals
generally die back by late spring. Consequently, most of the soil is exposed to the full
effects of the sun, where soil temperatures at 5 cm of depth can exceed 60 °C during the
height of summer (unpublished data). Thus, while S. enterica can persist in some
exposed semiarid habitats (Figure 5.1a), it may not be able to survive the harshest
environments (Figure 5.1b).

Figure 5.1. (a) An area of the study site with vegetation cover (b) An area in Mt. Mary cleared for
pastoral use.
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In the areas suitable for S. enterica survival, the likelihood of detecting S. enterica in a
sleepy lizard is related to the activity and feeding patterns of the host (Chapter Three).
Sleepy lizards are active in spring when herbaceous plants, their main food source are
abundant, and the ambient air temperature is conducive for lizard activity (Firth &
Belan, 1998). Activity is minimal in summer and autumn, and lizards are inactive in
winter (Firth & Belan, 1998). The likelihood of detecting S. enterica in a host increased
as spring progressed, and decreased as lizard activity declined with the onset of summer
(Chapter Three).

The sleepy lizard population at Mt. Mary is relatively stable (Bull, 1987; Bull, 1995),
and as such, the likelihood of a S. enterica population establishing in a host is dependent
on three main factors: exposure, establishment and persistence (Gordon & Cowling,
2003). The rate at which lizards are exposed to S. enterica will depend on how active
the lizards are, and more importantly, their rate of feeding. These factors explain the
increase in the prevalence of S. enterica during spring. Once exposed, S. enterica will
establish and persist in the gut provided that its replication rate is greater than the rate at
which cells are lost through defecation (Topiwala & Hammer, 1971; Baltzis &
Fredrickson, 1983; Freter et al., 1986; Ballyk & Smith, 1999; Stemmons & Smith,
2000; Ballyk et aL, 2001).

The rate at which cells divide will depend on the

concentration of resources available, and the temperature of their environment.

In

spring, feeding leads to the continual addition of nutrients into the gut, and during their
active season, a lizard's body temperature generally exceeds 30 °C.

The prevalence of S. enterica in the sleepy lizard population generally peaked in late
spring-early summer, before declining as the summer progressed, and was seldom
detected in lizards during the winter (Chapter Three).

The decline in S. enterica is

almost certainly a result of S. enterica populations being lost from the lizards. Sleepy
lizards may spend as much as eight months of the year with few feeding opportunities.
This, coupled with the reduced body temperature of the lizards over winter, would result
in the death rate of cells in the gut exceeding their rate of replication. Consequently, the
proportion of lizards harbouring S. enterica at the beginning of spring is most likely
dependent on the duration of the lizard's inactive period.
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The absence of S. enterica in lizards in winter may also indicate that S. enterica persists
in the gut, but at frequencies so low it cannot be detected. However, this appears to be
unlikely.

If S. enterica

survives in a host over winter, a large number of lizards

harbouring S. enterica should be observed shortly after the start of the activity season.
Such an outcome was not observed in any year, and it typically took several weeks for
S. enterica to be observed in a host once it became active.

The nature of the dynamics of S. enterica in a lizard, coupled with the highly variable
climate of semi-arid Australia would lead to the prediction that the prevalence of S.
enterica in the sleepy lizard population should vary greatly from year to year.

For

example, years with good winter rainfall and a warm spring results in lizard activity
commencing early, and if followed by a cool summer, the prevalence of S.
could approach 100 %.

enterica

By contrast, poor winter rains and rapidly rising temperatures

would result in an abbreviated activity period and few lizards would acquire S. enterica.
These predictions accord with the survey data, as the fraction of lizards harbouring S.
enterica by the end of the activity period varied from about 55 % to 90 % (Figure 3.4).

All enteric bacteria exist in two habitats, the host and the environment external to the
host (Savageau, 1983). For a species such as E. coli, cells enter the environment at a
high rate, due to high gut turnovers of their mammalian hosts, and the fact that most
hosts in a population harbour E. coli largely throughout their life (Hartl & Dykhuizen,
1984).

As E. coli has a poor survival rate in the external environment (~l-2 days)

(Hartl & Dykhuizen,

1984), the cell densities in the external environment are

maintained by high inputs via the host faeces. By contrast, the rate at which S. enterica
cells enter the environment at Mt. Mary is likely to be low. The gut turnover rate of a
sleepy lizard is slow (96 hours) (Eggler, 1987; Arena, 1991), lizards only harbour S.
enterica for part of the year, and not all hosts harbour S. enterica.

Consequently,

relative to a species like E. coli, the ability of S. enterica to persist at Mt. Mary is likely
to be far more dependent on its ability to survive in the external environment.

The long-term persistence of S. enterica has previously been reported in agricultural
settings (Sandvang et al., 2000; Davies & Breslin, 2003; Pedersen et al., 2008).

For

example, S. enterica has been found to persist in certain manure-treated soils for 180
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days (Holley et al., 2006). My study demonstrates just how extreme the environments
in which S. enterica persists can be (Figure 5.1). How S. enterica cells survive in the
external environment is not well understood. However, a number of mechanisms have
been suggested. One such mechanism is the ability of S. enterica cells to persist in soil
protozoa, where they can survive ingestion by protozoan species such as Acanthamoeba
spp. (Gaze et al,

2003) and Tetrahymena

spp. (Brandl et al., 2005).

Another

mechanism proposed for the increased persistence of S. enterica is their attachment to,
and colonisation of, plant structures. Not only has S. enterica been found associated
with the rhizosphere, but it also appears that S. enterica

can form endophytic

associations with plants (Dong et al., 2003; Barak et al., 2005; Barak et al., 2007). The
colonisation of the internal structures of plants is thought to offer S. enterica cells
protection from environmental stresses. The outer surface structures of S. enterica cells
have also been demonstrated to contribute to S. enterica's persistence. Certain cells of
S. enterica express Thin aggregative fimbriae (Tafi) (Collinson et al., 1991).

Cells

expressing Tafi have been shown to form aggregations (termed rdar morphotypes
(Collinson et al., 1993; Romling et al., 1998)) under nutrient limiting conditions. These
aggregations are thought to enhance the cells resistance to desiccation (White et al.,
2006). It has also been suggested that S. enterica cells enter a dormant state, termed
viable but nonculturable (VBNC), in response to adverse environmental conditions such
as nutrient deprivation and desiccation (Roszak et al, 1984). Cells in a VBNC state are
metabolically active, though cannot be cultured by current techniques (Ravel et al,
1995).

The factors responsible for the resuscitation of VBNC cells are currently

unknown, or if in fact, VBNC cells can be resuscitated at all.

S. enterica has previously been isolated from a number of habitats in the external
environment such as soil, water and plants (Thomason et al, 1975; Polo et al., 1999;
Dong et al., 2003). Although extensive environmental sampling was undertaken at Mt.
Mary, S. enterica was rarely detected in environmental samples. The few times it was
detected were from soil samples taken from beneath an inactive lizard.

Thus, the

pathway for transmission of S. enterica from the environment to the sleepy lizard host
remains unclear.

However, an increased period of S. enterica transmission was

observed (Chapter Four), where many lizards in the two populations acquired S.
enterica after a large rainfall event, though few lizards had acquired a S. enterica
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population prior to the rainfall. Rainfall induces lizards to become active throughout
the year, even in climatic conditions not normally conducive to lizard activity (Kerr &
Bull, 2004). Standing water within the study sites is not accessible to all lizards.
Rainfall events are the only time in which many lizards have direct access to water,
which they gain by drinking water collected in puddles, and also by ingesting the algae
Nostoc commune, that they eat as both a food and water source (Kerr & Bull, 2004).
N. commune is a 'terrestrial' algal species that has the ability to survive long periods of
desiccation and can very rapidly become metabolically active following exposure to
water (Scherer et al., 1984). It may be that rainfall also resuscitates VBNC S. enterica
cells allowing them to establish in the lizard gut once ingested.
The Salmonella enterica Subspecies
The subspecies of S. enterica clearly represent distinct sequence clusters (Boyd et ah,
1996; Falush et al., 2006). The subspecies also differ in their biochemical
characteristics (Ewing, 1986), and their propensity to cause disease (Aleksic et al.,
1996). All subspecies share a common host, reptiles, though the subspecies enterica is
the only subspecies to expand its host range to include mammals (Baumler et al., 1998).
My study shows that the other subspecies of S. enterica may also have distinct
ecological characteristics.
This study clearly demonstrates that the subspecies diarizonae has different survival
characteristics in the external environment when compared to the subspecies enterica
and salamae (Chapter Four). These differences result in diarizonae having a more
restricted habitat distribution than the other subspecies (Chapter Three, Chapter Four).
Within the host environment, no discemable competitive dominance hierarchy among
the subspecies could be detected, though it may be that the subspecies differ in their
ability to survive in the gut when the lizards are not feeding.
The subspecies salamae, while the most common subspecies isolated from the sleepy
lizard population (Chapter Three), was not isolated from any other host species in the
vertebrate survey (Chapter Two). Why this very common subspecies with survival
characteristics similar to those of enterica was not detected in the wider survey of
reptiles is unknown. However, it may indicate that salamae exhibits a greater degree of
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host specificity than the other subspecies.

The sleepy lizard is a very atypical

Australian lizard, in that they are essentially herbivorous as adults (Dubas & Bull,
1991). Consequently, one possible explanation for its absence in the vertebrate survey
may be that salamae is adapted to hosts with this unusual biology.

Future Directions
Although the results of the field and experimental studies have raised many questions
and suggested numerous areas for future research, 1 feel that the most critical questions
to be addressed relate to the survival of S. enterica cells in both the host and the external
environment.

My study has demonstrated the ability of S. enterica

to survive in harsh external

environments for extended periods. However, the results of my study also indicate that
S. enterica seems to be unable to persist in non-feeding hosts over winter. It is not yet
understood why S. enterica cells can apparently persist in an environment where they
are subjected to extreme temperatures, desiccation and UV exposure, yet not survive in
a host environment that, in terms of the physical environment, is relatively benign.
There have been no studies at the individual host level that have determined the length
of time S. enterica

is capable of persisting in a vertebrate host.

It may be that

S. enterica, compared to some strains of E. coli that have been found to persist for up to
six years in a human host (Clermont et al., 2008), is unable to persist for extended
periods in the host environment.

Additional studies that focus on the persistence of

individual genotypes of each of the subspecies in a host are required.

Despite the fact that S. enterica is persisting in the external environment, it has not yet
been established how it is accomplishing this. It does not appear to be persisting in a
culturable state as a plant endophyte or within soil protozoa, as it was never detected in
plant tissues or in soil samples.
S. enterica.

Amoebae were never specifically isolated or tested for

However, amoebae were probably present in the soil samples. The sample

preparation technique and culture conditions are likely to have resulted in the death of
the amoebae and the subsequent release of S. enterica cells if they were present.
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The inability to detect S. enterica cells in the environmental samples may also indicate
that S. enterica is persisting in a VBNC state. My study suggests that moisture (rainfall)
might resuscitate nonculturable cells, as many lizards were found to harbour S. enterica
immediately after a major rainfall event, though not before.

Although why rainfall

would resuscitate S. enterica cells allowing them to be ingested by the lizard and then
establish in the gut, is unknown, particularly when the resuscitation of S. enterica cells
does not appear to occur simply by being ingested by the host.

Further studies

examining the mechanisms by which S. enterica cells alter their physiology during
times of stress and the manner in which they return to a metabolically active state are
required.

The ability of S. enterica to survive in the external environment is a key component of
the biology of S. enterica that make it a significant problem for human health and
agriculture.

A greater understanding of how S. enterica persists in the external

environment should allow the agricultural industry and health sector to more accurately
manage S. enterica

transmission and prevent both production losses and disease

outbreaks.
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Appendix 1.1. Index of all species sampled in the invertebrate and vertebrate survey of Australia.
Host Class
Insecta

Malacostraca
Actinopterygii

Host Order

Host Family

Coleoptera
Diptera
Hymenoptera
Lepidoptera
Orthoptera
Isopoda
Atheriniformes

Melanotaeniidae

Clupeifonnes
Perciformes

Clupeidac
Gobiidae
Percichthyidae
Terapontidae

Osteichthyes

Silurifonnes

Plotosidae

Amphibia

Salientia

Bufonidae
Hylidae

Myobatrachidae

Reptilia

Crocodilia

Crocodylidae

Squamata

Agamidae

Host Species

Melanotaenia
splendida latei
Melanotaenia sp
Nemalalosa erebi
Chlaniydogohius
eremius
Macquaria amhigua
Bidyanus welchi
Leipothewpon
unicohur
Scortum barcoo
Porochilus
argenleus
Bufo marinus
Cydorana longipes
Litoria adelaidensis
Liloria bicolor
Litoria caerulea
Litoria en'ingii
Litoria gracilenta
Litoria infrafrenata
Litoria pallida
Litoria sp nov
Litoria splendida
Litoria fallax
Litoria rubella
Arenophryne
rotunda
Crinia remota
Heleioporus
albopunctatus
Mixophyes
faseiolatus
Neobatrachus
centralis
Notaden bennetti
Notaden nichollsi
Spicospina
flammocaerulea
Uperoleia inundata
Uperoleia sp. Nov.
Crocodylus
johnstoni
Crocodylus porosus
Amphibolurus
norrisi
Ctenophorus
isolepis
Ctenophorus
reticulatus
Ctenophorus
scutulatus
Diporiphora
winneckei

# Hosts
sampled

# Hosts
harbouring

Prevalence

17
1
6
19
4
13
1

0
0
0
0
0
0
0

0
0
0
0
0
0
0

1
29
1

0
0
0

0
0
0

59
13
23

0
0
0

0
0
0

6
2

0
0

0
0

2
2
4
1
9
1
2
31
1
3
1
1
1
1

0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0

3

!

0
0

0
0

1

0

0

1

0

0

1
37
1

0
0
0

0
0
0

1
5
23

0
0
0

0
0
0

10
10

1
0

10
0

8

2

25

1

1

ICQ

1

0

0

1

1

100
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Host Class

Host Order

Host Family

Boidae
Elapidae

Gekkonidae

Pygopodidae

Scincidae

Host Species

Lophognalhus
longirostris
Pogona harhata
Pogona minor
Morelia spilota
Acanthophis
pyrrhus
Acanthophis wellsi
Cacophis
squamuhsus
Demansia calodera
Echiopsis curia
Furina ornate
Parasuta gouldii
Pseudechis
porphyriacus
Pseudonaja textiles
Rhinoplocephalus
bicolour
Rhinoplocephalus
nigrescens
Simoselaps
anomalus
Simoselaps
hertholdi
Sula Jdsciata
Diplodactylus
hyrnei
Diplodactylus
conspicillatus
Diplodactylus elderi
Diplodactylus
granariensis
Diplodactylus
mitchelli
Diplodactylus
polyophthalmus
Diplodactylus
savagei
Diplodactylus
stenodactylus
Diplodactylus
womheyi
Gehyra variegata
Heteronotia binoei
Oedura lesueurii
Strophurys
(Diplodactylus)
spinigerus
Aprasia repens
Delma nasuta
Delma pax
Pygopus nigriceps
Bassiana
Carlia jarnoldae
Carlia munda
Cryptoblepharus
carnabyi
Cryptoblepharus
plagiocephalus
Ctenotus a f f .
Rohustus
Ctenotus ariadnae

# Hosts
sampled
1

# Hosts
harbouring
S. enterica

Prevalence

0

0

0
1
0
0

0
100
0
0

0
0

0
0

0
0
0
0
0

0
0
0
0
0

0
0

0
0

0

0

0

0

0

0

0
0

0
0

0

0

0
0

0
0

0

0

0

0

0

0

0

0

0

0

0
0
0
0

0
0
0
0

6
2
2

0
0
1
0
0
0
0
0

0
0
100
0
0
0
0
0

1

0

0

1

0

0

1

0

0

16

10

11
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Host Class

Host Order

Host Family

Host Species
Clenotus atlas
Ctenolus delli
Ctenotus duricola
Ctenolus dux
Ctenotus helenae
Ctenotus impar
Ctenotus lelenae
Clenotus
pantherinus
Ctenotus rohustus
Ctenolus saxatilis
Ctenotus
taeniolatus
Egernia depressa
Egernia Formosa
Egernia inornata
Egernia pilbarensis
Egernia pulchra
longi
Egernia saxatilis
Egernia whitii
Eremiascincus
fasciotatus
Eulamprus
healH'olei
Eulamprus sp
Eulamprus
tympanum
Glaphyromorphus
gracilipes
LamprophoUs
delicata
LamprophoUs
guichenoti
Lerista desertorum
Lerista
distinguenda
Lerista lahialis
Lerista
lineopunctulata
Lerista
macropisthopus
Lerista microtis
Lerista Muelleri
Lerista praepedita
Menetia greyii
Morethia
boulengeri
Morethia hutleri
Morethia ruficauda
Niveoscincus
mierolepidotus
Niveoscinus
mettalicum
Notoscincus hutleri
Proahlepharus
reginae
Pseudemoia
entreeasteauxii
TiUqua
multifasciata
TiUqua rugosa
TiUqua scincoides

# Hosts
sampled

# Hosts
harbouring

Prevalence

1
1
1
3
2
1
1
7

0
0
0
0
0
0
0
2

0
0
0
0
0
0
0
29

1
1
9

0
1
0

0
100
0

1
1
2
1
1

0
0
0
0
0

0
0
0
0
0

12
5
2

0
3
1

0
60
50

29

0

0

20

0

0

1

0

0

8

0

0

23

0

0

1
1

0
0

0
0

4
2

0
0

0
0

1

0

0

1
3
1
2
1

0
0
0
0
0

0
0
0
0
0

1
3
7

0
0
0

0
0
0

2

0

0

1
1

0
0

0
0

11

1

9

1

1

100

44
2

13
0

30
0

S. enterica
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Host Class

Host Order

Host Family

Typhlopidae

Varanidae
Testudines

Carettochelydidae
Chelidae

Cheloniidae
Petroicidac

Pomatostomidae
Plilinorhynchidae

Pycnonotidae
Zosteropidae
Cacatuidae
Psittacidae

Host Species
Tympanociyplis
diemensis
RamphotypMops
ammodytes
Ramphotyphlops
australis
Ramphotyphlops
hraminus
Ramphotyphlops
gtypus
Ramphotyphlops sp
Varanus acanthunis
Varanus hrevicauda
Varanus goiildii
Caretlochelys
insculpta
Chelodina sp
Elseya dentata
Emydura macquarii
Emydura sp
Emydura victoriea
Chelonia mydas
Taeniopygia guttata
Eopsaltria australis
Heteromyias
alhispecularis
Melanodryas
cucuUata
Microeca fdscinans
Petroica goodenovii
Petroica multicolor
Petroica rosea
Tregellasia capito
Tregellasia leucops
Pomatostomus
superciUosus
A iluroedus
crassirostris
Chlamydera
maculata
Ptilonorhynchus
violaceus
Pycnonotusjocosus
Zoslerops lateralis
Eolophiis
roseicapillus
Barnardius
zonarius
Cacatua galerita
Cacatua leadhealeri
Glossopsitta
concinna
Melopsittacus
undulalus
Neophema
splendida
Nymphicus
hollandicus
Platycercus
caledonicus
Platycercus elegans
Platycercus eximius

# Hosts
sampled

# Hosts
harbouring

Prevalence

1

I

100

2

0

0

2

0

0

1

0

0

1

0

0

1
1
4
2
1

0
1
1
0

1

0
100
25
50
0

9
21
4
18
3
8
7
17
2

0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0

1

0

0

2
4
1
2
1
5

0
0
0
0
0
0
0

0
0
0
0
0
0
0

2

0

0

3

0

0

54

0

0

1
11
2

0
0
0

0
0
0

4

0

0

2
1
1

0
0
0

0
0
0

6

0

0

1

0

0

4

0

0

1

0

0

3
3

0
0

0
0

1

S. enterica
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Host Class

Host Order

Strigifomies
Struthionifonries
Mammalia

Monotremata
Monotremata
Chiroptcra

Dasyuromorphia

Host Family

Host Spccies

Psephotus
haemalonotus
Psephotus varius
Trichoglossiis
chlorolepidotus
Trichoglossus
haematodus
Podargidae
Podargus strigoides
Tytonidae
Tylo alba
Dromaiidae
Dromaius
novaehollandiae
Omithorhynchidae Ornithorhynchus
anatinus
Tachyglossidae
Tachyglossus
aculealus
Molossidae
Mormopleinis sp
Rhinolophidae
Rhinolophus
megaphyllus
Vespertilionidae
ChaUnohhus morio
ChaHnolohus
gouldii
Nyclophilus
geoffroyi
Nyclophilus gouldi
Nyclophilus major
Nyclophilus
timoriensis
Scoleanax
meppellii
Scoleanax halsloni
Scolorepens greyii
Scolorepens orion
Vespadelus
baverstocki
Vespadelus
darlingloni
Vespadelus regulus
Vespadelus
\'ulwrnus
Dasyuridae
Aniechinus hellus
Aniechinus flavipes
Aniechinus minor
Aniechinus sluarlii
Aniechinus
swainsonii
Dasycercus
crislicauda
Dasyuivs geoffroii
Dasyurus
hallucalus
Dasyurus maculalus
Dasyurus viverrinus
Ningaui ridei
Paranlechinus
hilarni
Phascogale
lapoalafa
Planigale ingrami
Sarcophilus harrisii
Sminthopsis
dolichura
Sminthopsis
macroura

# Hosts
sampled
4

# Hosts
harbouring
S. enlerica
0

0

1
3

0
0

0
0

14

0

0

3
2
4

0
0
0

0
0
0

3

0

0

9

0

0

2
1

0
0

0
0

7
8

0
0

0
0

24

0

0

7
2
1

0
0
0

0
0
0

1

0

0

3
3
1

0
0
0
0

0
0
0
0

12

0

0

2
16

0
0

0
0

5
23
8
72
44

0
1
0
0
0

0
4
0
0
0

19

1

5

9
27

0
4

0
15

23
43
9
9

0
1
0
0

0
2
0
0

1

0

0

1
89
2

0
0
0

0
0
0

2

0

0

Prevalence
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Host Class

Host Order

Diprotodontia

Host Family

Burramyidae
Macropodidae

Petauridae
Phalangeridae

Phascolarctidae
Potoroidae

Pseudocheiridae
Vombatidae

Peramelemorphia

Pcramelidae

Rodentia

Muridae

Host Species

Sminthopsis murina
Sminlhopsis
virginiae
Sminlhopsis sp
Sminthopsis
youngsoni
Bmramys parvus
Cercartetus nanus
Lagorchestes
hirsutus
Macropus
aniilopinus
Macropus
bernardus
Macropus eugenii
Macropus giganteus
Macropus robuslus
Onychogalea
fraenala
Pelaurus breviceps
Petaurus gracilis
Trichosurus
arhemensis
Trichosurus caninus
Trichosurus
vulpecula
Phascolarctos
cinereus
Bellongia lesueur
Betlongia
penicillala
Potorous tridact}ius
Pseudocheirus
peregrinus
Lasiorhinus krefftii
Lasiorhinus
lalifrons
Isoodon obesulus
Isoodon macrourus
Perameles nasuta
Maslacomys fuscus
Melomys hurtoni
Melomys cen'inipes
Mesembriomys
macrunis
Mus domeslicus
Mus musculus
Notomys alexis
Nolomys cervimis
Notomys fuscus
Nolomys milchellii
Pogonomys
moUipHosus
Pseudomys
apodemoides
Pseudomys deserlor
Pseudomys fumeus
Pseudomys
graciUcaudatus
Pseudomys
hermannsburgensis
Pseudomys
laborifex

# Hosts
sampled

# Hosts
harbouring
S. enterica

Prevalence

5
2

0
0

0
0

1
5

1
0

100
0

11
2
6

0
0
0

0
0
0

2

0

0

1

0

0

13
24
26
11

0
0
2
1

0
0
10
9

5
10
1

0
0
0

0
0
0

60
52

0
0

0
0

18

0

0

3
15

1
0

33
0

11
3

1
0

9
0

10
7

0
0

0
0

8
4
8
33
2
2
1

0
0
0
0
0
0
0

0
0
0
0
0
0
0

2
10
40
1
2
7
2

0
0
0
0
0
0
0

0
0
0
0
0
0
0

1

0

0

21
1
4

0
0
0

0
0
0

35

0

0

1

0

0
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Host Class

Host Order

Host Family

Host Species

Pseudomys nanus
Pseudomys patrius
Pseudomys
shorlridgei
Rallus fuscipes
Raltus leucopus
Rallus lutreolus
Raltus raltus
Zyzomys argurus
Zvzomys woodwardi

# Hosts
sampled

# Hosts
harbouring

Prevalence

I

0

8

0

0

1

0

0

2

0

84

2

2

0

0

20

0

0

7

0

0

14

0

0

1

0

0
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Appendix 1.2. The results of the multi-locus sequence typing analysis for all 107 Salmonella enterica isolates recovered from Australian reptiles and mammals.
The table presents each isolates subspecies membership, the host and sampling locality from which it was isolated, ST designation, and the allele
designation for each allele. For the subspecies enterica, the clade and serogroup membership as well as the presence or absence of each virulence
gene are presented.

enterica

Strain
ID
mi376

enterica

r295

enterica

r571

enterica

r716

enterica

r291

enterica

r343

enterica

e31

Diporiphora
winneckei
Tiliqua rugosa

enterica

e08

Tiliqua

enterica

e29

TiUqua rugosa

Subspecies

Host Species
Dasyurus
hallucatus
Ctenotus
pantherinus
Varanus
brevicauda
Varanus
acanthurus
Pogona minor

rugosa

Host
Locality
Kakadu
National
Park. NT
Learmouth,
WA
Simpson
Desert
Tom Price,
Learmouth,
WA
Sandridge
desert Qld
Mt Mary
SA
Mt Mary
SA
Mt Mary

Virulence Genes*
si/)B
sop
fliC

silt

so/) El

1

1

1

0

1

0

0

1

1

1

0

1

1

4

0

1

1

1

0

I

0

13

4

0

1

1

1

0

1

0

210

35

208

0

1

1

1

0

1

0

208

210

35

82

0

1

1

1

0

1

1

25

118

10

13

4

0

1

1

1

0

1

0

14

23

127

6

7

22

0

1

1

1

0

1

0

117

14

23

127

6

7

22

0

1

1

1

0

1

0

CI

117

162

21

66

8

19

2

0

1

1

1

0

1

1

CI

117

162

21

66

8

19

2

0

1

1

1

0

1

1

B

13

109

49

207

12

13

16

0

1

1

1

0

1

0

1008

B

13

12

25

212

149

206

4

0

1

1

1

0

1

0

1009

A

17

2

15

124

8

2

18

0

0

0

1

0

1

0

1010

B

17

203

202

204

64

200

202

0

1

1

1

0

1

1

1011
1011

B
B

17
17

203
203

8
8

204
204

64
64

200
200

202
202

0
0

1
1

1
1

1
1

0
0

1
1

1
1

ST*

Clade'

Serogroup'

aroC

Multi-locus sequence typing genes
hemD
hisD
purE
sucA
</«oN

lhr\

spvR

343

B

B

11

10

25

118

10

13

4

0

343

B

B

11

10

25

118

10

13

4

343

B

B

11

10

25

118

10

13

343

B

B

11

10

25

118

10

1002

B

11

169

204

16

1003

B

11

169

38

1004

B

B

11

83

462

A

CI

117

462

A

CI

1006

A

1006

A

1007

sipC

DA

enterica

mi352

Antechinus
flavipes
Egernia whitii

enterica

r596

enterica

mi384

Dasyurus
hallucatus

enterica

r595

enterica

r593

enterica

r503

Eremiascincus
fasciolatus
Ctenophorus
isolepis
Tiliqua rugosa

enterica
enterica

r308
e07

TiUqua rugosa
Tiliqua rugosa

Penola
Forest, SA
Namadgi
NP, ACT
Kakadu
National
Park, N.T.
Simpson
Desert
Simpson
Desert
Lake
Cargelligo,
NSW
ACT
Mt Mary
SA
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stn

so.

0

1

0

1

0

1

0

1

1

1

1

0

1

1

1

1

1

1

1

1

1

1

1

1

0

22

0

1

1

1

0

1

0

10

3

0

1

1

1

0

1

0

12

105

4

0

1

1

1

0

1

0

62

12

58

3

0

1

1

1

0

1

1

17

209

33

23

137

0

1

1

1

0

1

1

142

17

213

207

58

4

0

1

1

1

0

1

0

41

42

43

12

9

12

2

0

1

1

1

0

1

0

B

42

46

48

149

40

35

4

0

1

1

1

1

1

1

1023

B

42

46

48

149

40

35

4

0

1

1

1

1

1

0

1023

B

42

46

48

149

40

35

4

0

1

1

1

1

1

0

spvR

sipC

sipB

sop

fliC

200

202

0

1

1

1

0

5

19

12

0

1

1

1

0

138

5

19

12

0

1

1

1

0

48

16

40

13

3

0

1

1

1

0

202

48

16

40

13

3

0

1

1

1

0

139

174

68

132

133

9

168

0

1

1

1

AB

139

174

68

132

133

9

168

0

1

1

1015

A

144

212

46

62

76

2

206

1

1

1015

A

144

212

46

62

76

2

206

1

1015

A

144

212

46

62

76

2

206

1016

A

206

161

45

43

90

205

440

A

140

105

85

93

14

1018

B

209

83

96

13

1019

B

125

63

205

1020

B

157

11

1021

B

39

82

A

1023

17

203

8

204

64

CI

2

15

21

138

A

CI

2

15

21

1013

B

CI

201

202

1013

B

CI

201

578

AB

578

TUiqua rugosa

Mt Mary
SA
Manjimup,
WA
Glenreagh,
NSW
Mt Mary
SA
Mt Mary
SA
Barrow
Island, WA
Barrow
Island, WA
Kakadu
National
Park, N.T.
(#34)

1011

D

1012

A

1012

Kioloa,
NSW
Port
Headland,
WA
Simpson
Desert
Kakadu
National
Park, N.T.
Sandridge
desert, Qld
Simpson
Desert
Sandridge
desert, Qld
Ord river,
WA
Barrow
Island, WA
Mt Mary
SA
Mt Mary

enterica

mil65

enterica

mi239

Sminthopsis
(delichura?)
Rattus fuscipes

enterica

e03

TUiqua rugosa

enterica

el2

TUiqua rugosa

enterica

nii721

enterica

mi727

enterica

mi265

Macropus
robustus
Macropus
robustus
Dasyurus
hallucatus

enterica

mi295

enterica

mi309

Potorous
tridactylus
Rattus fuscipes

enterica

r553

Delma pax

enterica

r572

enterica

mi421

Varanus
brevicauda
Dasyurus
hallucatus

enterica

r350

enterica

ma476

enterica

r347

enterica

r954

enterica

mi707

enterica

el8

Crocodylus
porosus
Bettongia
lesueur
TUiqua rugosa

enterica

e23

TUiqua rugosa

TUiqua
muhifasciata
Dasycercus
cristicauda
Varanus gouldi

Virulence Genes*
IhrA

rfnaN

Host

enterica

Multi-locus sequence typing genes^
sucA
hemD
A/sD
purE

aroC

Host Species

Strain
ID
e09

Subspecies

C2-C,

C2-C3

131

Subspecies

aroC

Multi-locus sequence typing genes®
rfnaN hemD hisD purE
suc\

B

42

46

48

149

40

1023

B

42

46

48

149

1024

A

D

48

208

206

1024

A

D

48

208

1025

A

48

50

A

Learmouth,
WA
Sandridge
desert, Qld
Pilbara, WA

1027

IhrA

spvR

35

4

0

40

35

4

0

215

212

204

207

0

206

215

212

204

207

0

214

203

119

211

119

118

0

5

21

18

9

6

12

17

0

B

84

161

25

211

41

23

204

0

1027

B

84

161

25

211

41

23

204

0

1028

B

84

76

38

149

12

13

4

0

Simpson
Desert
Mt Mary
SA
Mt Mary
SA
Mt Mary
SA
Mt Mary
SA
Mt Mary
SA
Mt Mary

1029

B

84

76

38

42

12

13

4

0

1029

B

84

76

38

42

12

13

4

0

1029

B

84

76

38

42

12

13

4

0

1029

B

84

76

38

42

12

13

4

0

1029

B

84

76

38

42

12

13

4

0

1029

B

84

76

38

42

12

13

4

0

1029

B

84

76

38

42

12

13

4

0

1029

B

84

76

38

42

12

13

4

0

1029

B

84

76

38

42

12

13

4

0

1029

B

84

76

38

42

12

13

4

0

Tiliqua rugosa

Mt Mary
SA
Mt Mary
SA
Mt Mary
SA
Mt Mary

1029

B

84

76

38

42

12

13

4

0

Tiliqua rugosa

Mt Mary

1029

B

84

76

38

42

12

13

4

0

enterica

Strain
ID
e24

Host Species
Tiliqua rugosa

enterica

e30

Tiliqua rugosa

enterica

rl59

enterica

rl60

enterica

mi469

Pseudemoia
entrecasteauxii
Pseudemoia
entrecasteauxii
Dasyurus
viverrinus

enterica

ma873

enterica

r292

enterica

r313

enterica

r707

enterica

r758

enterica

eOl

Onychogalea
fraenata
Ctenophorus
reticulatus
Ctenophorus
isolepis
Ctenotus
saxatilis
Ctenotus
pantherinus
Tiliqua rugosa

enterica

e04

Tiliqua rugosa

enterica

ell

Tiliqua rugosa

enterica

el4

Tiliqua rugosa

enterica

el6

Tiliqua rugosa

enterica

e20

Tiliqua rugosa

enterica

e21

Tiliqua rugosa

enterica

e22

Tiliqua rugosa

enterica

s23

Tiliqua rugosa

enterica

e25

enterica

e26

Host
Locality
Mt Mary
SA
Mt Mary
SA
Namadgi
NP. ACT
Namadgi
NP, ACT
Vale of
Belvoir,
Tasmania,
Avocet, Old

ST*

Clade'

1023

Serogroup'

B

sipC

Virulence Genes*
sipB sop fliC

sm

sopE\

132

salamae

Strain
ID
s02

Tiliqua

salamae

s03

TUiqua rugosa

salamae

sl4

Tiliqua

rugosa

salamae

sl7

Tiliqua

rugosa

salamae

sl9

Tiliqua

rugosa

salamae

s20

TUiqua rugosa

salamae

s22

Tiliqua

rugosa

salamae

s24

Tiliqua

rugosa

salamae

s28

Tiliqua

rugosa

salamae

s29

Tiliqua

rugosa

salamae

s31

Tiliqua

rugosa

salamae

s32

Tiliqua

rugosa

salamae

s04

Tiliqua

rugosa

salamae

sl2

Tiliqua

rugosa

salamae

sl6

Tiliqua

rugosa

salamae

sOl

Tiliqua

rugosa

salamae

s09

Tiliqua

rugosa

salamae

sl3

Tiliqua

rugosa

salamae

sl8

Tiliqua

rugosa

salamae

s30

Tiliqua

rugosa

salamae

s33

Tiliqua

rugosa

Subspecies

Host Species
rugosa

Host
Locality
Mt Mary
SA
Mt Mary
SA
Mt Mary
SA
Mt Mary
SA
Mt Mary
SA
Mt Mary
SA
Mt Mary
SA
Mt Mary
SA
Mt Mary
SA
Mt Mary
SA
Mt Mary
SA
Mt Mary
SA
Mt Mary
SA
Mt Mary
SA
Mt Mary
SA
Mt Mary
SA
Mt Mary
SA
Mt Mary
SA
Mt Mary
SA
Mt Mary
SA
Mt Mary
SA

Virulence Genes*

Multi-locus sequence typing genes^
sucA
hemD
hisD
purE

thr\

18

203

201

132

18

203

201

27

132

18

203

201

82

27

132

18

203

201

200

82

27

132

18

203

201

1030

200

82

27

132

18

203

201

1030

200

82

27

132

18

203

201

1030

200

82

27

132

18

203

201

1030

200

82

27

132

18

203

201

1030

200

82

27

132

18

203

201

1030

200

82

27

132

18

203

201

1030

200

82

27

132

18

203

201

1031

203

176

27

205

200

24

91

1031

203

176

27

205

200

24

91

1031

203

176

27

205

200

24

91

1032

25

204

200

203

18

201

91

1032

25

204

200

203

18

201

91

1032

25

204

200

203

18

201

91

1032

25

204

200

203

18

201

91

1032

25

204

200

203

18

201

91

1032

25

204

200

203

18

201

91

ST*

Clade'

Serogroup'

aroC

(/rtflN

1030

200

82

27

132

1030

200

82

27

1030

200

82

1030

200

1030
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diarizonae

Strain
ID
dOl

Tiliqua rugosa

diarizonae

e02

Tiliqua rugosa

diarizonae

d02

Tiliqua rugosa

diarizonae
diarizonae

d03
d04

Tiliqua rugosa
Tiliqua rugosa

diarizonae

d08

Tiliqua rugosa

diarizonae

d09

Tiliqua rugosa

diarizonae

dlO

Tiliqua rugosa

diarizonae

dll

Tiliqua rugosa

diarizonae

dl2

Tiliqua rugosa

diarizonae

dl3

Tiliqua rugosa

diarizonae

dl4

Tiliqua rugosa

diarizonae

dl5

Tiliqua rugosa

diarizonae

dl6

Tiliqua rugosa

diarizonae

dl7

Tiliqua rugosa

diarizonae

dl8

Tiliqua rugosa

diarizonae

d20

Tiliqua rugosa

diarizonae

d21

Tiliqua rugosa

diarizonae

d22

Tiliqua rugosa

diarizonae

r609

Egernia whitii

diarizonae

r610

Egernia whitii

Subspecies

Host Species

Host
Locality
Mt Mary
SA
Mt Mary
SA
Mt Mary
SA
Mt Mary
Mt Mary
SA
Mt Mary
SA
Mt Mary
SA
Mt Mary
SA
Mt Mary
SA
Mt Mary
SA
Mt Mary
SA
Mt Mary
SA
Mt Mary
SA
Mt Mary
SA
Mt Mary
SA
Mt Mary
SA
Mt Mary
SA
Mt Mary
SA
Mt Mary
SA
Namadgi
NP, ACT
Namadgi
NP, ACT

aroC

Multi-locus sequence typing genes^
i/naN hemD hisD purE sucA

thrA

1033

33

26

30

25

21

27

28

1033

33

26

30

25

21

27

28

1033

33

26

30

25

21

27

28

1033
1033

33
33

26
26

30
30

25
25

21
21

27
27

28
28

1033

33

26

30

25

21

27

28

1033

33

26

30

25

21

27

28

1033

33

26

30

25

21

27

28

1033

33

26

30

25

21

27

28

1033

33

26

30

25

21

27

28

1033

33

26

30

25

21

27

28

1033

33

26

30

25

21

27

28

1033

33

26

30

25

21

27

28

1033

33

26

30

25

21

27

28

1033

33

26

30

25

21

27

28

1033

33

26

30

25

21

27

28

1033

33

26

30

25

21

27

28

1033

33

26

30

25

21

27

28

1033

33

26

30

25

21

27

28

1034

145

210

30

55

21

87

28

1034

145

210

30

55

21

87

28

ST*

Clade'

Serogroup'

spvR

sipC

Virulence Genes*
sipB sop fliC

stn

so/)El
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Virulence Genes*

Multi-locus sequence typing genes
Subspecies
houtenae

Strain
ID
r666

Host Species

houlenae

hi

Tympanocryptis
diemensis
Tiliqua rugosa

houtenae

h2

Tiliqua

rugosa

houtenae

slO

Tiliqua

rugosa

houtenae

h3

Tiliqua

rugosa

houtenae

el3

Tiliqua

rugosa

houtenae

h4

Tiliqua

rugosa

Host
Locality
Namadgi
NP, ACT
Mt Mary
SA
Mt Mary
SA
Mt Mary
SA
Mt Mary
SA
Mt Mary
SA
Mt Mary
SA

aroC

</«aN

hemn

hisD

purE

sucA

IhrA

1035

128

119

100

27

22

129

30

1035

128

119

100

27

22

129

30

1035

128

119

100

27

22

129

30

1035

128

119

100

27

22

129

30

1035

128

119

100

27

22

129

30

1035

128

119

100

27

22

129

30

1035

128

119

100

27

22

129

30

ST'

Clade'

Serogroup'

.?/>vR

sipC

sipB

sop

fliC

sin

sopEl

® Multi-locus sequence typing scheme by Kidgell et al. (2002). M L S T database is hosted by the Max-Plank Institute (http://web.mpiib-berlin.mpa.de/mlst/dbs/Scntcrica).
Alleles above 200 are novel alleles recovered in this study, alleles under 200 match the alleles in the database
• The presence of genes associated with virulence
* Sequence types above 1000 are novel sequence types recovered in this study. All sequence types under 1000 are sequence types in the MLST database.
' C l a d e membership as assigned by S T R U C T U R E and BAPS
' Serogroup membership by PCR
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