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A B S T R A C T

Between 1991 and 2014 the per capita notification rate of salmonellosis in Australia increased from 31.9 to 69.7
cases per 100,000 people. Salmonella Typhimurium accounted for nearly half the human cases until the end of
2014. In this study, we used cluster analysis tools to compare S. Typhimurium isolates from a chicken-meat study
with those reported to the National Enteric Pathogen Surveillance System (NEPSS) from the coincident human
and non-human populations. There was limited phage type diversity within all populations and a lack of spe-
cificity of MLVA profiling within phage types. The chicken-meat study isolates were not significantly clustered
with the human cases and at least 7 non-human sources, based on typing profiles (PT/MLVA combination), could
be implicated as a source of human cases during the same period. In the absence of a strong surveillance system
representative of all putative sources, MLVA and phage typing alone or in combination are insufficient to
identify the source of human cases.

1. Introduction

The 2010 global human health impact of all foodborne associated
Salmonella enterica infections was estimated to be the equivalent of 6.43
million (95% UI: 3.1–13.2 million) disability adjusted life years (Kirk
et al., 2015). Between 1991 and the end of 2014 the per capita notifi-
cation rate of salmonellosis in Australia increased from 31.9 to 69.7
cases per 100,000 people (Department of Health and Ageing) with
Salmonella enterica subsp. enterica serovar Typhimurium the most fre-
quently identified cause of foodborne salmonellosis. The proportion of
cases attributable to this serovar appeared to be slowly increasing, from
42% in 2010 to 48% in 2015 (OzFoodNet, 2010, 2015). In contrast, the
rate of foodborne salmonellosis has either declined or remained static in
most other developed countries (Table 1) (Department of Health and
Ageing; European Food Safety Authority, 2014, 2015; FoodNet, 2015;
The Institute of Environmental Science and Research Ltd, 2015;
Wingstrand et al., 2015). In contrast to other major poultry producing
countries, Salmonella enterica subsp. enterica serovar Enteritidis is not
considered to be endemic in the Australian commercial poultry industry
and most human cases are attributed to overseas travel (Biosecurity
Australia, 2008). A recent introduction of a novel phage type (PT 7a)

into the poultry industry is currently undergoing eradication
(Communicable Diseases, 2019).

In 2011, 7.5% of human salmonellosis in Australia could be at-
tributed to a source based on epidemiological investigation of clustered
cases with the same or similar Salmonella phenotype and genotype.
Where a single source was identified, eggs and poultry meat were fre-
quently implicated. Of those identified outbreaks 53% (26/49) were
attributed to eggs and 16% (8/49) to poultry meat. The remaining
92.5% of Salmonella associated cases of human gastroenteritis could not
be attributed to a single food source (Green and Fitzsimmons, 2013;
OzFoodNet, 2015). The characterization of Salmonella serovars by
phenotyping and genotyping methods such as phage typing (PT), pulse-
field gel electrophoresis (PFGE), multi-locus variable-number tandem-
repeats analysis (MLVA), multi-locus sequence typing (MLST) and now
whole genome sequencing (WGS), have become standard techniques for
investigating the epidemiology of Salmonella spp. and associated food-
borne outbreaks of human salmonellosis in Australia and elsewhere
(Achtman et al., 2012; Leekitcharoenphon et al., 2014; Ross et al.,
2011; Wuyts et al., 2013). The advantages and disadvantages of each
technique have been reviewed previously and it is generally agreed that
MLVA profiling is the most discriminatory method for clonal point
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source outbreak investigations, but its value in complex epidemiolo-
gical investigations over protracted time periods or in general surveil-
lance is not clear (Baggesen et al., 2010; Boxrud et al., 2007; Rabsch,
2007; Sabat et al., 2013).

In Australia there is no nationally coordinated active surveillance
program for Salmonella in food or food animals (Animal Health
Australia, 2017). Multiple sources of passively acquired data are col-
lated to provide national surveillance information. Food businesses,
such as poultry meat processors, must test food products in accordance
with the food safety legislation as part of HACCP based third party
audited quality assurance programs that are monitored by food safety
regulators (Food Standards Australia New Zealand, 2012). Two national
reference laboratories provide Salmonella serotyping and phage typing
services and this data is collated into both the National Enteric Pa-
thogen Surveillance System (NEPSS) for enteric diseases (Department of
Health and Ageing, 2007) and the National Notifiable Diseases Sur-
veillance System (Department of Health and Ageing). Investigation of
notifiable foodborne disease events in humans is conducted by state
health departments and members of OzFoodNet (Department of Health
and Ageing, 2007).

2. Materials and methods

2.1. Chicken meat study

A prospective cohort study investigating the transmission of
Salmonella enterica within a single vertically integrated poultry en-
terprise was conducted between January 2013 and September 2014
(Crabb et al., 2018a, 2018b). Poultry supplied from this enterprise
comprise ∼7% of Australian chicken meat production. Environmental
samples from the parent and broiler generation, hatchery and proces-
sing sites (60% of all locations) within the enterprise were collected for
the duration of the study. Thirty-six percent of all samples collected
(1503/4219) were positive for salmonellae of which 65% of those
serotyped were identified as Salmonella enterica subsp. enterica serovar
Typhimurium. The subset of isolates selected for this current analysis
comprised all S. Typhimurium isolates (n=421) fully identified using
the same phage typing and MLVA profiling methodology as isolates
reported to the NEPSS. A full description of the integration is published
elsewhere, but in brief the integration operates with separate sites for
parent breeder production (rearing and egg production), the hatchery,
broiler production and meat processing (Crabb et al., 2018a, 2018b).

Information on the study design, sampling methods and sample pro-
cessing are available online at dx.doi.org/0.17504/protocols.io.
n6zdhf6, dx.doi.org/10.17504/protocols.io.n6pdhdn and dx.doi.org/
10.17504/protocols.io.n6sdhee.

2.2. Human and non-human surveillance data

A de-identified extract of S. Typhimurium human and non-human
(animal, food, or environment) records submitted to the NEPSS from
January 2013 through September 2014, were obtained. A total of 3950
human and 558 non-human records were available for analysis. Human
records include culture positive salmonellosis cases reported to NEPSS,
while the non-human records include all Salmonella isolates from
sources other than humans reported to NEPSS. Non-human sources
include food, animal, and environmental samples from all possible
sources across Australia. Metadata for each S. Typhimurium record was
limited to date of isolation, phage type, MLVA profile and origin
(human or non-human).

2.3. Statistical analysis

All statistical analyses were conducted in the R statistical package
unless otherwise stated (R Core Team, 2016). Ecological diversity and
cluster analysis was conducted using the R libraries “vegan” (Oksansen
et al., 2017), “BiodiversityR” (Kindt and Coe, 2005), “FactoMineR” (Le
et al., 2008), “factoextra” (Kassambara and Mundt, 2017) and
“pvcluster” (Suzuki and Shimodaira, 2015).

2.4. Sample size estimates

The null hypothesis under investigation was that there was no dif-
ference in S. Typhimurium typing profiles (PT, MLVA or combined PT/
MLVA) between population groups. To ensure the sample size within
each group was sufficient to detect a difference between two popula-
tions with 95% confidence and 80% power, the source population
variation for each typing method (PT, MLVA, PT/MLVA) was estimated
using the Shannon-Weiner Index of diversity (H ́ ) (Magurran, 1998).
This variation was used to estimate the sample size required to detect a
true difference between populations using an ANOVA power calcula-
tion for multiple group comparison (Kindt and Coe, 2005). As more
within-population (s2= 21.1) than between-population (s2= 2.0–3.0)
variance was observed using PT/MLVA combinations it was estimated
that at least 50 isolates per group were required to provide sufficient
analytical power for between group comparisons. Sources within the
non-human NEPSS dataset with less than 50 samples within a category
were aggregated resulting in four groups for comparison with the
human and chicken-meat study isolates: bovine (n=256), poultry
(n= 200), companion animal (n= 44) and other (n=102).

2.5. MLVA profile analysis

MLVA analysis and visualization of the resulting single and double
locus variant minimum spanning trees (MST) was conducted using the
goeBURST algorithm in “Phyloviz 2.0” (Feil et al., 2004; Nascimento
et al., 2017; van Belkum et al., 2007).

2.6. Cluster analysis

The S. Typhimurium typing matrices, PT, MLVA or PT/MLVA, were
normalized using a species profile transformation for each typing
method to remove the effect of extremely high or low abundance typing
profiles while maintaining the original composition of the source ma-
trices (Legendre and Gallagher, 2001). The adequacy of normalization
was tested using the Shapiro test and examination of the qqplot
(Borcard et al., 2011). Euclidean distances were calculated on these
transformed matrices. The difference in S. Typhimurium population

Table 1
Comparison of per capita (100,000) notifications of human salmonellosis
(1990–2014)a.

Country Notifications per 100,000 people (% Salmonella Typhimurium)

1990's 2000 2010 2013–14

Australiab 31.9 (42) 32.2 54.0 (48) 69.7
USAc 14g 14 18 15
New Zealandd _ 48 (51) 26 (52) 21 (41)
Denmarke 82h (32) 43 (19) 29 (32) 20 (38)
EUf _ 35i (13) 22 (22) 20 (20)

a Rates are sourced from national surveillance reports.
b (Department of Health and Ageing).
c (FoodNet, 2015).
d (The Institute of Environmental Science and Research Ltd, 2010).
e (Wingstrand et al., 2015).
f (European Food Safety Authority, 2012, 2015). Between country compar-

isons are indicative only; Country and time comparisons of reported data is
limited as methodologies for calculating incidence, sampling and reporting vary
between countries and years.

g 1994.
h 1996.
i 2006.
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diversity was evaluated by measuring the ecological distance (dissim-
ilarity) between sources, where the ecological distance between sources
sharing many S. Typhimurium variants was small and the distance
between sources sharing only a few variants was large. This is a mea-
sure of the correlation between two locations, or sources in this case.
Hierarchical clustering was conducted using complete linkage on the
transformed matrix. The significance of the clustering correlation was
conducted using multiscale bootstrapping (n=1000) to estimate the
approximately unbiased (AU) P-value and 95% confidence intervals. If
the AU P-value was greater than 95% then clustering was supported by
the data (Suzuki and Shimodaira, 2015).

2.7. Principal component analysis

The ecological distance between sites was further evaluated using
principal component analysis (PCA). The number of significant com-
ponents was assessed using the broken stick test (Legendre and
Legendre, 2012). Principal components were significant where the cu-
mulative eigenvalue was greater than the equivalent broken stick value,
sufficient to include no less than 75% of the total variance and visua-
lized using a screeplot (Borcard et al., 2011). Typing profiles sig-
nificantly contributing to the ordination were identified using the circle
of equilibrium and their square cosine values (Kassambara, 2017;
Legendre and Legendre, 2012).

3. Results

3.1. Chicken meat study

A total of 421 S. Typhimurium chicken-meat isolates were used for
this comparison. Briefly, phenotyping (PT) and genotyping (MLVA) of
the S. Typhimurium isolates identified 8 phage types with 41 MLVA
profiles or 62 PT/MLVA combinations. Nearly 80% of these isolates
were either DT135 (19.6%) or PT135a (59.9%) (Table 2). MLVA pro-
files were not specific to individual phage types with more than 83% of
the MLVA profiles detected in more than one phage type.

3.2. Human isolates (NEPSS dataset)

Between January 2013 and September 2014, 3950 human isolates
of S Typhimurium were fully characterized in the NEPSS dataset. Sixty-
two phage types were reported and the top five most frequently iden-
tified phage types, DT9, DT135, PT135a, DT170 and DT44 comprised
85% of the isolates (Table 2). Phage types DT12, DT3, DT141 and
DT193 were the next most frequently reported (7.8%) phage types,
with the remaining 53 phage types (Other) comprising less than 1% of
the isolates each. A total of 918 MLVA profiles and 1076 PT/MLVA
combinations were described in this human dataset (Table 3).

3.3. Non-human isolates (NEPSS dataset)

For the coincident sampling period of the chicken meat-study, 558
non-human isolates of S. Typhimurium from 25 different sources were
submitted to the NEPSS database; Bovine and poultry sources com-
prised 82% of all isolates (Table 2). A total of 34 phage types with 313
MLVA profiles and 371 PT/MLVA combinations were described
(Table 3). As with the human dataset, the top five most frequently
identified phage types accounted for a large proportion of the cases
(72%). The top four phage types were the same as the human isolates
(DT9, DT135, PT135a, DT170), but the fifth most frequently detected
phage type was DT141. The remainder of the top ten most frequently
reported phage types differed by source and were not reported with the
same frequency as those detected in humans: DT197, RDNC, DT29,
DT8, DT4.

3.4. Phage typing and MLVA profiling

A comparison of the most frequently reported phage types in the
NEPSS dataset identified a large amount of MLVA diversity within each
phage type (H'= 5.89) (Supplementary Table 1). Phage types with the
most MLVA diversity were DT9 and PT135a, while DT44 had the least
diversity. The most frequently detected MLVA profiles in 2013 were
also the most frequently detected profiles in 2014, but not all the MLVA
profiles detected in 2013 were present in 2014. The proportion of
profiles present in both years varied by phage type and ranged from 9 to
29%. Hierarchical cluster analysis identified a single cluster containing
DT193 and DT170 PT/MLVA combinations (AU > 0.991, 95%CI:
[0.985, 0.997]) but did not strongly support clustering of the other PT/
MLVA combinations within the dataset (Fig. 1).

Table 2
Comparison of Salmonella Typhimurium phage types (%) detected in the human and non-human NEPSS dataset and the chicken meat study (2013–14).

Source Population No. Salmonella Typhimurium isolates (%) detected in each source

DT9 DT170 DT135 PT135a DT44 Other Total

Humana 992 (25) 643 (19) 745 (19) 787 (20) 201 (5) 579 (15) 3947
Bovineb 58 (23) 39 (15) 9 (4) 34 (13) 12 (5) 104 (41) 256
Poultryb 54 (27) 48 (24) 41 (21) 22 (11) 14 (7) 21 (11) 200
Companionb 11 (26) NDd 10 (23) 10 (23) 2 (5) 11 (26) 44
Otherb 18 (18) 4 (4) 18 (18) 23 (23) 3 (3) 36 (35) 102
Chicken Meatc 9 (2) NDd 82 (20) 251 (60) NDd 79 (18) 421

a Human NEPSS.
b Non-human NEPSS.
c Chicken meat study.
d No isolates of this phage type detected.

Table 3
Number of unique Salmonella Typhimurium phage types and MLVA type de-
tected within the human and non-human NEPSS dataset and the chicken meat
study (2013–14).

Source Population No. unique Salmonella Typhimurium phenotypes identified

Phage
Type

MLVA
Types

PT/MLVA
combinations

Total
Isolates

Humana 62 918 1076 3947
Bovineb 23 156 163 256
Poultryb 19 113 123 200
Companionb 13 35 35 44
Otherb 17 50 51 102
Chicken Meatc 8 41 62 421
Total 66 1066 1286 4970

§No isolates of this phage type detected.
a Human NEPSS.
b Non-human NEPSS.
c Chicken meat study.
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There was significant overlap between phage types and MLVA
profiles, with multiple MLVA profiles contained within each of the
phage type confidence ellipses (Fig. 2). Only subsets of the PT/MLVA
combinations (DT9, PT135a and DT170) were well defined within the
PCA. Ten significant principal components explained only 24.7% of the
variance between phage type and MLVA profiles (Supplementary
Table 2), indicating that MLVA profile is poorly correlated with phage
type.

3.5. Comparison of S. Typhimurium sources

All MLVA patterns were linked into a single MST; 984 MLVA pro-
files were linked by a single locus, 72 by two loci and 9 by three loci.
Phage types within the MST were largely clustered but DT135 and
PT135a were identifiable within multiple clusters within the MST
(Fig. 3). Non-human NEPSS isolates were scattered within the human
isolates (Fig. 4), particularly the bovine origin isolates which appear
across all branches of the MST. In contrast, the chicken-meat study
isolates were tightly clustered within the tree. Hierarchical clustering

and PCA demonstrated that there was a difference between the typing
methods (PT, MLVA or PT/MLVA combinations) in the clustering of S.
Typhimurium isolates by source. Clustering of companion animal and
other source isolates (Supplementary Fig. 1A) were strongly supported
by phage typing (AU > 0.980, 95% CI: [0.970, 0.990]), the clustering
of companion animal and chicken-meat study isolates (Supplementary
Fig. 1B and Supplementary Fig. 1C) were strongly supported by MLVA
typing (AU > 0.972, 95% CI: [0.962, 0.982]) and PT/MLVA combi-
nations (AU > 0.988, 95% CI: [0.980, 0.996]). PT/MLVA combination
clustering (Supplementary Fig. 1C) also supported clustering of human
and poultry isolates (AU > 0.862, 95% CI: [0.854, 0.870]), but clus-
tering of bovine and other sourced isolates was poorly supported
(AU > 0.816, 95% CI: [0.806, 0.826]).

Fig. 1. Hierarchical cluster (correlation) dendrogram of PT/MLVA combina-
tions using multiscale bootstrapping support for clusters. Clusters with ap-
proximately unbiased P-values (AU) greater than 95% are strongly supported. A
single cluster containing DT170 and DT193 is statistically supported by the
dataset (Highlighted in red). (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)

Fig. 2. Principal Component Analysis of individual samples by PT and MLVA
profile. Individual locations represent the position of the MLVA profile and
phage type in a two-dimensional space with 95% confidence ellipses around
individual MLVA patterns with the same phage type. The variation explained
within each dimension is low, this is highlighted by the large confidence el-
lipses around many of MLVA profiles and overlapping of phage type ellipses,
indicating that MLVA profile is not unique to specific phage types.

Fig. 3. MLVA profile minimum spanning tree (MST) with all NEPSS human and
non-human plus chicken-meat study isolates. All data combined into a single
MST with 984 MLVA profiles joined by a single locus within the MLVA profile.
MLVA profiles are coloured by the Salmonella Typhimurium phage type of the
isolate.

Fig. 4. MLVA profile minimum spanning tree (MST) with all NEPSS human and
non-human data plus the chicken-meat study isolates. All data is combined into
a single MST with 984 MLVA profiles joined by a single locus within the MLVA
profile. MLVA profiles are colored by source of isolate.
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3.6. Principal component analysis by source

PCA determined that the chicken-meat study and companion animal
isolates clustered separately from isolates from all other sources. All the
variance in the Salmonella Typhimurium typing (PT/MLVA combina-
tion) by source was explained in 5 principal components, with 2 com-
ponents explaining 82% of the variation (Supplementary Table 3). The
chicken-meat study isolates and the companion animal cases are clus-
tered separately (different quadrants) from the bovine, human, poultry
and other sources of Salmonella Typhimurium (Supplementary Fig. 2).
The chicken-meat study isolates contained more variation than any
other source, indicating that the chicken-meat study isolates were sig-
nificantly different from the remaining sources.

3.7. Comparison of chicken-meat isolates with NEPSS dataset

Four of the five most frequently detected S. Typhimurium phage
types identified in the chicken-meat study were also detected in the
human NEPSS dataset (PT9, DT135, PT135a and DT193) (Table 2). The
number of isolates (511 (12.9%)) in the NEPSS dataset exactly
matching those found in the chicken-meat study were identified in
seven other sources, including humans, but only 24 of the 62 PT/MLVA
combinations identified matched those in the NEPSS dataset exactly.
The four largest clusters containing chicken-meat study isolates iden-
tified in the MST were assessed further (Table 4). These four clusters
included 465 human cases, from 4 to 6 sources including the chicken-
meat study. Between 14 and 23 PT/MLVA combinations were identified
within each of the clusters, indicating that limiting cluster identification
or putative source to a single matching PT or PT/MLVA combination is
flawed. Only 74/465 (15.9%) of these human cases could be temporally
(occurring within a month of detection in either the chicken-meat or
the human population) associated with cases from the chicken-meat
study.

4. Discussion

This study highlights several critical limitations with the epide-
miological investigation of potential sources of S. Typhimurium using
the available passive surveillance data, particularly for the non-attri-
butable cases which comprise up to 93% of human salmonellosis in
Australia (Green and Fitzsimmons, 2013; OzFoodNet, 2015). Firstly, the
variation in phage types present in the human and non-human datasets
is small. Four phage types (DT9, DT135 and PT135a, DT108/170) were
the most frequently detected in both years in all datasets, including the
chicken-meat study (except DT108/170). These dominant phage types
are routinely identified in Australia from many sources as indicated in
the results presented here, and in other surveillance reports and studies
(Heuzenroeder et al., 2013; Powling, 2012, 2013). Ninety percent of the
phage types (56/62) comprised only 10% of the isolates reported within
the NEPSS dataset. The predominance of a few phage types means that

additional typing methodologies are essential for further differentiation
of isolates, to enable clustering of isolates to a common source.

Hierarchical clustering and principal component analysis demon-
strated the non-specificity of the phage type and MLVA profiles. Only
24% of the variation between isolates is explained by the use of MLVA
profiles for describing the S. Typhimurium isolates reported to the
NEPSS database, indicating that MLVA type is not specific to phage
type, which is consistent with the biology of the tandem-repeats region.
MLVA profiling increases the apparent diversity of the phage types, but
as the MLVA profiles are not unique to phage type, it does not improve
attribution of the cases to a single source. These results are consistent
with the findings of our previous study (Crabb et al., 2018a, 2018b) and
demonstrate that the use of MLVA profiling and phage typing on their
own or in combination are insufficient, in the absence of strong addi-
tional epidemiological evidence such as temporal or spatial clustering,
for source attribution.

This analysis is limited by the quantity of the source information
obtained from the non-human NEPSS data. There were nearly as many
cases from a single source, the chicken meat study (n=421), as from
the NEPSS non-human dataset (n=558), indicating the relative pau-
city of non-human data available for comparison for the coincident
period. Despite 25 isolate sources being present within the non-human
NEPSS dataset, most isolates were from bovine (46%) and poultry
(36%) sources. Grouping of source isolates (n≅ 50) was required to
ensure that clustering or PCA analysis was conducted with sufficient
power to determine any associations between sources. This conse-
quently caused loss in resolution within the dataset as most groups
contained fewer isolates than required for robust analysis and conse-
quently attribution is biased to those isolate sources comprising the
majority of the dataset. The results of source attribution using similarly
sparse datasets should therefore be interpreted with caution in light of
these results. The data contained within the non-human database is
comprised of opportunistically collected isolates that may have been
obtained during trace-back outbreak investigations, or from animal
disease cases submitted for Salmonella typing (Department of Health
and Ageing, 2007; Forsyth et al., 2006). There is no nationally co-
ordinated structured surveillance for Salmonella spp. in food animals in
Australia (Department of Health and Ageing). Thus, the non-human
NEPSS dataset is not a representative sample of all possible sources for
source attribution of human cases. Therefore, the attribution of human
cases to only those sources contained within the non-human dataset
should be made with extreme caution in the absence of supporting
epidemiological data.

The comparison of the chicken meat isolates with those identified
within the NEPSS database confirmed that isolates detected in the
chicken-meat study may be entering the human population and con-
tributing to human infection. However, the identification of multiple
potential sources of the same or very similar S. Typhimurium isolates
(PT/MLVA combination) at the same time indicates that incorrect
source attribution is probable when utilizing retrospectively collected

Table 4
Cluster identification and temporal comparison of chicken meat study isolates with matching MLVA profiles and phage types to human cases.

Cluster ID Year Human Cases Human and Non-Human NEPSS Data Chicken Meat

No. Sources MLVA Phage
Types

PT/MLVA
Combinations

Attributable cases/total cases (within
clusters)

No. variants present/total
variants

1 2013 80/2109 6 8 6 19 0/54 0/5
2 2013 76/2109 5 28 8 33 0/76 1/1
3 2013 45/2109 4 12 6 19 25/39 1/11

2014 75/1841 4 14 7 21 49/63 2/8
4 2013 65/2109 5 8 6 14 0/25 0/8

2014 124/1841 6 17 8 24 0/109 0/10
All 2013–2014 511/3950 7 1066 66 1286 111/171 11/51

∗2014 is only partial to the end of September.
†MLVA presented using Australian reporting method as reported to NEPSS.
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passive surveillance data. The low temporal association between a well
sampled potential source and human cases emphasizes the limitations
of passive surveillance and the current tools available for typing.

The rapid introduction of tools such as whole genome sequencing is
necessary to differentiate their true relationships. The disparity be-
tween the NEPSS poultry and the chicken-meat study with the human
isolates (demonstrated by different clustering) and confirmation bias
(human isolates clustered with poultry isolates) indicated within the
MST, indicates that substantial source information is missing. All
comparisons were made using both the chicken meat study isolates
from the field study, plus all the non-human results available in the
NEPSS surveillance system for the contemporaneous period. The NEPSS
chicken isolates, comprise more than one third of the isolates available
for comparison. The addition of the study isolates does not improve the
resolution of the human cases indicating that unknown sources remain.
The disparity between the NEPSS poultry and the chicken-meat study
with the human isolates (demonstrated by different clustering) and
confirmation bias (human isolates clustered with poultry isolates) in-
dicated within the MST, indicates that substantial source information is
missing. These results support some previous findings (Fearnley et al.,
2011; South Australia Health, 2014) and confirm that much remains
unknown about sources of S. Typhimurium in Australia. This would
likely explain why human cases mostly remain unattributed to a source.

5. Conclusion

A single large source of isolates (chicken-meat study) available for
comparison demonstrated with high confidence that these isolates were
not a significant source of human infection and that multiple sources of
Salmonella Typhimurium with the same typing profiles exist at the same
time. This study highlights the limitations of the current epidemiolo-
gical tools available for the identification of salmonellosis cases non-
attributable to a source and the necessity of the rapid introduction of
alternate typing methods, such as whole genome sequencing, for the
identification of all isolates and attribution of cases to a potential
source.
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