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The purpose of the study was to apply a Bayesian source attribution model to England
and Wales based data on Salmonella Typhimurium (ST) and monophasic variants (MST),
using different subtyping approaches based on sequence data. The data consisted
of laboratory confirmed human cases and mainly livestock samples collected from
surveillance or monitoring schemes. Three different subtyping methods were used, 7-
loci Multi-Locus Sequence Typing (MLST), Core-genome MLST, and Single Nucleotide
Polymorphism distance, with the impact of varying the genetic distance over which
isolates would be grouped together being varied for the latter two approaches.
A Bayesian frequency matching method, known as the modified Hald method, was
applied to the data from each of the subtyping approaches. Pigs were found to be the
main contributor to human infection for ST/MST, with approximately 60% of human
cases attributed to them, followed by other mammals (mostly horses) and cattle. It
was found that the use of different clustering methods based on sequence data had
minimal impact on the estimates of source attribution. However, there was an impact
of genetic distance over which isolates were grouped: grouping isolates which were
relatively closely related increased uncertainty but tended to have a better model fit.

Keywords: source attribution, Salmonella Typhimurium, Bayesian modelling, SNP distance, multi locus sequence
typing, core-genome multi locus sequence typing

INTRODUCTION

Salmonella is a common cause of foodborne illness in people, with over 90,000 cases reported in
Europe annually (ECDC, 2016). Salmonellosis is typically associated with symptoms of diarrhoea,
fever, and abdominal cramps and is linked to eating contaminated food. Salmonella is the second
most common cause of gastrointestinal illness in the United Kingdom (UK), after Campylobacter.
The number of United Kingdom laboratory reports of Salmonella in people in 2016 was 8,630
(PHE, 2018). However, a prospective community study determined that the true level of Salmonella
infection in the United Kingdom could be five times greater in the community (Tam et al., 2012b).
The main serotypes of Salmonella detected in people are Salmonella Enteritidis (SE) and Salmonella
Typhimurium (ST), and these accounted for∼50% of all non-typhoidal cases in England and Wales
in 2016 (PHE, 2018). SE cases are largely linked to contact or consumption of poultry or eggs,
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whereas ST is present in a wide range of animal species and so it
is more difficult to determine the source of ST cases.

The number of laboratory reports of Salmonella cases reduced
from 12,094 in 2007 to 8,630 in 2016 (PHE, 2018). This
was supported by the results of community cohort studies in
1993–1996 and 2008–2009 which showed that the number of
Salmonella cases had reduced between these two periods from
0.8 to 0.3% (Tam et al., 2012a). The decrease was largely down
to the reduction in cases infected with SE, which reduced from
6,489 to 2,356 during this period, whereas the number of cases
with ST had remained largely stable with ∼1,700 cases each year
on average. It is largely believed that this reduction was due to
the introduction of Salmonella control plans within the poultry
industry, including the use of vaccination, which reduced the
number of human cases related to poultry.

In the late 1990s, monophasic variants of ST (S. 4,5,12:i- and S.
4,12:i-), with the absence of one or both flagellar antigens (second
phase H antigens), were detected in animals and have become
increasingly prevalent, with a subsequent rise in human cases
being infected with these monophasic variants (EFSA, 2012).
Monophasic ST (MST) had been detected in the United Kingdom
in the early to mid-1990s but these were likely to have been non-
typable strains, rather than true monophasic variants, lacking
the flagellin B gene (Mueller-Doblies et al., 2018). In the
United Kingdom, veterinary surveillance data indicated that MST
was detected in various livestock species from 2006 to 2013
(Petrovska et al., 2016) but typically at a low overall prevalence,
whereas the prevalence in pigs has been increasing since 2009.
The results from an abattoir study detected a prevalence of
Salmonella of 30.5% in caecal content samples collected from
slaughtered pigs, with∼34.4% of isolates reported as monophasic
variants of ST and 19% as biphasic ST (Powell et al., 2016).

Although reported prevalence of Salmonella spp. varies
among European Member States, pork meat is implicated as
the highest salmonellosis foodborne infection risk to human
health (Food Control Consultants Ltd Consortium [FCC], 2011).
Other sources from the food production chain contribute to a
varying degree to the human infections with ST and MST, and
travel is also considered as an important “source” of sporadic
salmonellosis. Surveillance of Salmonella from United Kingdom
primary production of food animals is necessary for gaining
knowledge on the most important sources or reservoirs of
Salmonella, as well as the principal routes of transmission.

Salmonella Typhimurium and MST have more than one
animal host reservoir and even though ST is a closely related
group, they contain variants that exhibit distinct phenotypes
associated with virulence and epidemiology. Source attribution
approaches to quantifying the importance of different sources
and transmission routes amongst animals, direct animal
transmission or through the food chain to humans, are important
for policy makers to understand where to target interventions,
and also for prevention of outbreaks and sporadic foodborne
infections. One common approach to source attribution is the
frequency-matching methods, which infer the overall source
attribution by comparing the relative frequency of animal isolates
of the same subtype as human isolates. A source attribution
method based on frequency matching that has been used in

many countries both in Europe (Hald et al., 2007; Mughini-Gras
et al., 2014) and elsewhere (Mullner et al., 2009; Glass et al.,
2016) is a Bayesian approach first developed for Denmark (Hald
et al., 2004). Subtyping of isolates for source attribution has
usually been carried out using phenotypic data, such as serotype
or phagetype. However, the additional data generated by the
increasing use of whole genome sequencing (WGS) of bacterial
pathogens leverages WGS variation data to track genotypes in
their host populations and into the food chain. This enables
the relating of important genotypic differences to phenotypes
associated with foodborne pathogens, and thus may allow for a
development of more accurate source attribution models.

Due to the emergence of MST in animals and people, it is
important to ascertain the most likely animal sources of ST and
MST cases in the United Kingdom. It is hoped that with the
increased specificity provided by WGS sequencing techniques,
it will be easier to highlight which sources are a risk to human
health. The aim of this study was to apply the modified version
of the Hald model (Mullner et al., 2009) to United Kingdom
data from England and Wales, where subtyping was carried out
using sequence data.

MATERIALS AND METHODS

An overview of the main activities involved in data collection,
processing and source attribution modelling is given in Figure 1,
with details given for each of the individual steps below.

Sequenced Population
The selection criteria for inclusion and minimum required
animal and human sample sizes was defined by the COMPARE
project1 benchmarking study workgroup (Munck et al., 2020a).

1https://www.compare-europe.eu/about

FIGURE 1 | Overview of steps undertaken to perform source attribution using
sequence data from S. Typhimurium isolates from England and Wales.
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A set of sequenced isolates of ST and MST strains from 596
human and 327 animal sources were collected from England
and Wales. The animal isolates were available through national
surveillance/monitoring/control programs/research projects
conducted between 2014 and 2016. The set criteria by the
COMPARE project were to include, where possible, a minimum
sample size of 25 isolates per animal species, per country, per
year. Laboratory isolations of Salmonella from British livestock
are reportable under the Zoonoses Order (1989) and samples
are either sent to Animal and Plant Health Agency (APHA)
laboratories or isolations must be reported to APHA. However,
only a subset of these Salmonella isolates are sent for sequencing,
typically in outbreaks or for research purposes, with only a small
population randomly selected each year for sequencing.

All sequenced human ST and MST isolates of human cases
from England and Wales during the years 2014–2016 were
evaluated in the study. The information on the identifiers of the
sequenced isolates available in the public domain was obtained
from Public Health England (PHE). The sequence data of 596
human isolates was downloaded from EBI2 and serotyped in silico
using SeqSero (Zhang et al., 2015), to confirm the serotype.

To reduce the chances of human to human spread being the
source, non-index cases that were defined as part of an outbreak
by PHE were omitted. Additionally, cases that had reported
foreign travel prior to illness were also omitted from the dataset.

DNA Extraction, Whole Genome
Sequencing and Quality Control
Overnight cells of the selected animal isolates were pelleted by
centrifugation and re-suspended in 0.5 mL 0.1 M PBS (pH7.2)
solution. Genomic DNA was extracted using the ArchivePure
DNA Cell/Tissue (1 g) kit (5 Prime, Gaithersburg, United States).
Extracted genomic DNA was fragmented, tagged for multiplexing
with the Nextera XT DNA Sample Preparation Kit (Illumina,
United Kingdom) and sequenced at the APHA on the Illumina
MiSeq platform using 150 base paired-end reads according to
the manufacturer’s instructions. Quality control and filtering
of the sequenced 327 animal and 596 human genomes was
performed at the Computerome facility at the DTU3 using the
FoodQC pipeline (Zhang et al., 2015). Briefly, BBDuk program4

was used to remove the contaminating Illumina adapters and
to filter out bases with the PHRED score below 20. Only reads
that were longer than 50 bases after these operations were
retained (if just one of a pair of reads was under 50 bases,
the other read in the pair was also removed). FastQC 0.11.55

was used to visually assess the quality of reads before and after
trimming. The retained reads were de novo assembled using
SPAdes 3.11.0 (Bankevich et al., 2012), and the quality of the
assemblies was assessed in Quast 4.5. (Gurevich et al., 2013).
An isolate was retained if its assembly comprised less than
500 contigs larger than 500 bases, was associated with an N50
value above 30,000, assembly size was approximately 5 million

2https://www.ebi.ac.uk/ena/data/view/PRJNA248792
3https://www.computerome.dk
4https://jgi.doe.gov/data-and-tools/bbtools/bb-tools-user-guide/bbduk-guide/
5http://www.bioinformatics.babraham.ac.uk/projects/fastqc/

bases, and the average coverage across the genomes was higher
than 30×.

Sequence Typing by cgMLST, HierCC,
7-loci MLST, and SNP
Distance–Preparation of Inputs for the
Bayesian Source Attribution Models
The core genome Multi-Locus Sequence Typing (cgMLST)
profiles were generated at the DTU utilizing the 3002 locus
Salmonella Enterobase cgMLST scheme (Alikhan et al., 2018) in
Bionumerics version 7.6 (Applied Maths, Sint-Martens-Latem,
Belgium). A further filtering step was implemented at this stage
to exclude isolates with more than 5% missing data resulting
from too low genomic coverage at the cgMLST loci (i.e., no
reliably assigned alleles at more than 2852 out of 3002 core
genome loci). Subsequently all retained human and animal
isolates were grouped into core genome sequence types using
Enterobase6 such that all isolates with identical allele profiles
across all 3002 cgMLST loci were assigned the same sequence
type. A hierarchical clustering algorithm in Enterobase7 was
then applied on the sequence types to cluster isolates into four
disparate Hierarchical clustering classes (HCC) at 10, 20 50,
and 100 cgMLST allele differences representing most and least
genetically homogenous isolates, respectively. The sequence types
based on 7-loci MLST scheme were assigned to all isolates using
MOST (Tewolde et al., 2016). SnapperDB software (Dallman
et al., 2018) was used to assign a single nucleotide polymorphism
(SNP) address to each selected human and animal isolate based
on their SNP distance using Salmonella Typhimurium LT2
(AE006468) as reference. The “genetic distance” (number of SNP
differences) is calculated between all pairs of isolates within the
specific eBG. Hierarchical grouping of isolates into clusters based
on increasing levels of similarity is performed by calculating the
pairwise SNP distance for each pair of isolates in the analysis
set and performing a single linkage clustering at 250, 100, 50,
25, 10, 5, and 0 SNPs from the deduced distance matrix (SNP
address). The resultant “SNP address” provides an isolate level
nomenclature where two isolates with the same SNP addresses
have 0 SNP differences (Achtman et al., 2012). The range of
SNP/CgMLST differences considered for the subsequent source
attribution analysis was restricted to those ranges between 10
and 100, as it was considered that differences of 5 or less
would be too discriminatory and ranges over 100 would link
together a high proportion of isolates that were not genuinely
epidemiologically linked.

Bayesian Model
The analysis was based on the Hald model of source attribution
(Hald et al., 2004), with the modifications suggested in a previous
study (Mullner et al., 2009), allowing for the use of typed
sequence data. Briefly, the model uses the relative frequency of
occurrence of Salmonella subtypes in the animal and human case
data to infer the proportion of human cases that derive from each

6https://enterobase.warwick.ac.uk/species/index/senterica
7https://enterobase.readthedocs.io/en/latest/features/clustering.html
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animal source. It is assumed that human cases from source i and
subtype j, Oij, follow a Poisson distribution with mean λij, which
was given by:

λij = pijqiaj

where pij represents the prevalence of type i in food type j, qi
represents the relative virulence of each bacterial subtype, and
aj represents the relative likelihood of infection for each food
source. The prevalence pij was itself given by the product of two
factors, πj, the prevalence in food source j and rij, the relative
prevalence of type j in source i.

Each pij was estimated following the approach described in a
previous study (Mullner et al., 2009), for the scenario where only
positive cases were subtyped. For this, beta distributions for each
pij were derived from the observed number of positive samples
of each type and each food source, assuming a vague prior for
the prevalence in each food source (πj ∼beta(1,1)) and a vague
Dirichlet prior for each rij.

Priors for both qi and aj followed that suggested in Mullner
et al. (2009). Prior distributions for qi of bacterial strain type
parameters were modelled hierarchically, with log(qi)∼N(0,τ),
so that the overall mean of the qi would equal 1 but with
variation between subtypes given by τ, which itself had a relatively
uninformative prior (gamma with both parameters equal to 0.01.
Each aj followed an exponential (0.002) prior, which was fairly
uninformative but prevented very large values of the aj.

The Bayesian source attribution model depended on the
infection prevalence in each of the animal sources. Data
availability for estimation of infection prevalence in the animal
sources varied between animal types (Table 1), and given the
uncertainty in the prevalence estimates, results were initially
produced assuming vague priors for the prevalence for all animal
species (using beta distributions for the prevalences with both
parameters set equal to 1, which is uniform between 0 and
1). However, to determine the impact of this assumption on
the source attribution, informative priors were obtained where
possible and the model re-run using these. The most robust
data source was for pigs, where a Bayesian model was used to
infer prevalence from a recent abattoir survey where three tests
were applied in parallel to slaughter data (Powell et al., 2016).
Infection prevalence for poultry (layers, broilers, and turkeys)

was estimated using data from Salmonella National Control
Programmes, taking into account the sensitivity of the tests
(Arnold et al., 2009; Arnold et al., 2014). Estimates for cattle
and sheep were taken from data on the proportion of positive
Salmonella submissions to surveillance, and an estimate of the
sensitivity of this surveillance by comparing the proportion of
positive samples from Salmonella submissions and an abattoir
prevalence survey for Salmonella in cattle and sheep in 2003,
and taking into account the sensitivity of the test (Arnold et al.,
2015). For game birds and pets it was felt that insufficient data was
available to inform a prior for infection prevalence and so these
were kept as vague priors.

All calculations were performed in WinBUGS 1.4, using a
burn-in of 5,000 iterations followed by 20,000 iterations of the
model. To assess convergence, the model runs were performed
several times with different starting values followed by inspection
of the history of each parameter and the use of the Gelman-
Rubin statistic.

The fit of each model to the data was assessed by the use
of Bayesian p-values, which are a measure of model fit based
on Pearson chi-square statistics (Gelman et al., 2003), where a
low p-value represents a poor fit of the model to the data. The
WinBUGS code for the model was adapted from a previously
supplied code (Nerette et al., 2008).

RESULTS

Summary of Sequenced Isolates
Included in Analysis
To create a population of sequenced isolates from animals that
could represent the major food animal reservoirs and thus reflect
what humans are exposed to either through consumption of food
or direct exposure to infected animals, genomes of 327 isolates
from seven different groups of animal species were evaluated
for inclusion in the study. The animal food sources included
in the model were: chickens (broilers and layers), cattle, game
birds, turkeys, pigs, and sheep, and an “other mammals” category
was also included, which represented human exposure through
contact with animals, such as horses and other companion
animals. A total of 280 animal isolates selected for the study

TABLE 1 | Priors used for animal infection prevalence for a Bayesian source attribution model for Salmonella Typhimurium (including monophasic variants) in Great Britain.

Animal source Prior prevalence (%) (95% CrI) Beta prior Source

Broilers 0.31 (0.19–0.30) Beta(14,4143) Data from NCP in GB

Cattle 0.38 (0.03–0.57) Beta(18, 4431) Abattoir survey (Milnes et al., 2008) and APHA surveillance reports (APHA,
2014, 2015, 2016)

Game birds Non-informative Beta(1,1)

Layers 0.21 (0.11–0.48) Beta(22, 3698) Data from NCP in GB

Other mammals Non-informative Beta(1,1)

Pigs 27.4 (21.0–51.7) Abattoir survey (Powell et al., 2016)

Sheep 0.12 (0.05–0.27) Beta(7, 5582) Abattoir survey (Milnes et al., 2008) and APHA surveillance reports (APHA,
2014, 2015, 2016)

Turkey 0.38 (0.17–0.38) Beta(7, 1676) Data from NCP in GB

NCP, National Control Programme; GB, Great Britain.
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period reached the selected sequence data quality threshold
(85.6% of all sequenced animal isolates). These included 163
isolate from pigs (58.2%), 42 from other mammals (15.0%), 20
from cattle (7.1%), 18 from game birds (6.4%), 14 from turkeys
(5%), 9 from broilers (3.2%), 7 from sheep (2.5%), and also 7 from
commercial egg-laying flocks (Supplementary Table 1). A total
of 109 were ST strains and 171 were MST variants. Comparisons
to the proportion of all English and Welsh surveillance isolates
suggests that the sequenced dataset was generally representative
of isolates collected during that period, although there were fewer
cattle isolates and more from game birds (APHA, 2014, 2015,
2016; Table 2). The resulting total of animal isolates included in
the analysis, by species and Salmonella type (whether ST or MST),
is shown in Supplementary Table 1.

The human dataset included 596 genomes of which 294
(49.3%) reached the selected sequence data quality threshold for
the study. A further 21 (7.1%) were omitted as they were found
not to have been sampled in the years of interest (2014–2016),
47 (16.0%) had reported foreign travel, 44 (15.0%) were non-
index cases that were part of an outbreak, 5 (1.7%) had reported

foreign travel and were also part of an outbreak. The remaining
177 isolates were selected for use in the source attribution analysis
and included 83 ST strains and 94 MST variants.

Summary of Results From WGS Based
Typing Methods
Three different WGS based typing methods were applied to
establish the genetic relatedness amongst the sequenced human
and animal isolates, 7-loci MLST, cgMLST and SNP address.
Of the different typing approaches, 7-loci MLST had the fewest
number of subtypes and had the greatest number of animal
isolates that were of the same subtype as a human isolate (i.e.,
the sum of the human cases attributable to an animal source)
(Table 3). Both SNP distance and HCC approaches had more
human isolates attributable to animal sources isolates as the
clustering/SNP distance thresholds for isolates to be grouped
together increased. However, increasing the SNP distance
threshold had a much larger impact on the number of human
and animal isolates that were of the same subtype than increasing
the HCC threshold. HCC consistently grouped more isolates

TABLE 2 | Comparison of the distribution of Salmonella Typhimurium and monophasic variants in different in animal sources from routine surveillance and those selected
for whole genome sequencing.

Animal species/
Salmonella type

Salmonella isolations reported from routine surveillance % of animal type
from overall total

% in sequenced
dataset

2014 2015 2016 Total

Cattle 95 14.1% 7.1%

Stm 25 17 20

4,5,12:i- 8 6 6

4,12:i- 5 4 4

Sheep 17 2.5% 2.5%

Stm 3 0 10

4,5,12:i- 0 1 0

4,12:i- 0 2 1

Pigs 387 57.5% 58.2%

Stm 75 42 43

4,5,12:i- 36 39 47

4,12:i- 26 49 30

Chickens 33 4.9% 5.7%

Stm 2 6 7

4,5,12:i- 10 0 1

4,12:i- 2 3 2

Turkeys 38 5.6% 5.0%

Stm 1 2 2

4,5,12:i- 17 8 4

4,12:i- 3 0 1

Horses 84 12.5% 15.0%*

Stm 21 17 17

4,5,12:i- 12 5 5

4,12:i- 3 3 1

Game birds 19 2.8% 6.4%#

Stm 6 3 2

4,5,12:i- 0 0 0

4,12:i- 0 0 8

Stm = Salmonella Typhimurium. *Figure relates to all Other Mammals. #Figure relates to all game birds.
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TABLE 3 | Number of subtypes and animal samples of the same subtype as a
human isolate for subtyping by SNP distance (SNP), 7 loci MLST, and hierarchical
clustering (HCC) of core-genome MLST data.

Subtyping
method/
distance

Total number
of subtypes

Number of
attributable

subtypes

Number human
samples

attributable (out
of 177)

Percent human
samples

attributable

SNP10 231 8 19 10.7

SNP25 99 7 88 49.7

SNP50 67 8 104 58.8

SNP100 47 7 108 61

MLST 10 3 172 97.2

HCC10 122 9 91 51.4

HCC20 68 8 125 70.6

HCC50 45 9 139 78.5

HCC100 28 11 155 87.6

than SNP distance, especially for low distance thresholds. The
number of attributable subtypes (i.e., the number of subtypes
that had both animal and human isolates) did not vary greatly
between the SNP distance and hierarchical clustering approaches,
but there were fewer for 7-loci MLST, it having only two
attributable sequence types.

Results From Bayesian Source
Attribution Model
The largest contributor to human infection from ST (including
MST) was pigs, which was likely to have caused the majority of
human cases (Table 4 and Figure 2). Other mammals and cattle
were the next largest contributors. Game birds and sheep were
estimated to contribute the least to human infection.

While there were no major differences between
source attribution estimates for the different clustering
methods/distances, there were some differences in the findings.
The source attribution estimate for game birds varied from
2.3% (SNP distance of 10 to group isolates) to 6.0% (SNP, HCC
distance of 100 to group isolates) (Table 4). Source attribution
estimates for sheep tended to be higher using the hierarchical

clustering data (core genome MLST) than 7-loci MLST or
SNP distance. Other mammals had a higher estimate of source
attribution for SNP10 than any other clustering approach.
Increasing the SNP distance to group isolates tended to increase
the source attribution estimate for pigs slightly, although
there was no corresponding pattern for HCC as the clustering
distance increased.

The use of informative priors for the animal prevalence only
had a small effect on the source attribution estimates (Figure 3A)
or the subtype virulence estimates (Figure 3C) but had a large
impact on the animal source factors (Figure 3B). The animal
source factor looks at whether the source attribution is in line
with or differs from what would be expected according to
the relative infection prevalence in the source. Therefore, the
changes in the animal source factors reflects the relative difference
between the informative and vague prior for infection prevalence,
with pigs having the highest prevalence for the informative prior,
this had the greatest impact when amended to a vague prior.

In terms of model fit (using the Bayesian p-value), all
subtyping methods resulted in a p-value of >0.05 (Table 4),
so there was no strong evidence of a lack of fit of the models
to the data. The greatest p-values (suggesting the better fit)
resulted from HCC10 and SNP10 i.e., the subtyping methods
with the greatest discriminatory power. While MLST, which
had the least discriminatory power, had the joint equal lowest
Bayesian p-value, there was no clear pattern of discriminatory
power versus model fit for the other subtyping methods. The
HCC typing approach tended to have higher p-values than its
SNP equivalent for the same genetic distance, suggesting it to
be a slightly superior approach based on model fit alone. As an
additional check, correlation between parameter estimates were
estimated and found to be low for most pairwise parameters
combinations (Supplementary Figure 1, Supplementary Data).

DISCUSSION

The present study has used subtyping methods based on
sequence data to cluster isolates and then apply a frequency
based Bayesian model to infer source attribution, known as

TABLE 4 | Source attribution (%) and model fit (in terms of Bayesian p-value) for England and Wales from Salmonella Typhimurium and monophasic variants, estimated
from a Bayesian model applied to three different methods of strain typing.

Source Source attribution by clustering method and distance (%)

SNP 7-loci MLST HCC

10 25 50 100 10 20 50 100

Broilers 5.0 3.2 3.6 3.4 3.4 4.1 3.3 3.2 3.4

Layers 3.7 3.1 2.4 3.0 2.7 3.1 9.1 9.2 3.0

Turkey 6.5 5.8 4.5 5.8 5.1 7.0 6.0 6.7 5.8

Game birds 2.3 3.6 4.0 6.0 5.8 5.7 2.8 2.7 6.0

Cattle 5.0 7.9 8.3 7.0 7.3 6.9 10.0 10.2 7.0

Pigs 48.2 56.9 59.3 57.7 57.3 56.9 58.9 58.5 57.7

Sheep 2.3 1.4 1.1 2.5 2.8 2.2 2.6 2.6 2.5

Other mammals 24.2 17.0 16.1 13.9 15.0 13.2 6.5 6.2 13.9

Bayesian p-value 0.13 0.06 0.08 0.09 0.06 0.16 0.09 0.13 0.09
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FIGURE 2 | Estimated source attribution for Salmonella Typhimurium (including monophasic variants) for (A) isolates typed using core-genome MLST data and (B)
isolates typed by SNP distance or 7-loci MLST (Other M = other mammals, Game = game birds).

the Hald model. The advantage of the Hald model is that is
a transparent, well established approach that can be used in
tandem with more complex methods to provide comparison
and validation. It also provides additional estimates, i.e., source
specific and subtype specific relative risks, along with the source
attribution. The disadvantage of the approach is that it can only
infer source attribution for the animal subtypes where there
is a corresponding human case of that subtype. Alternative
approaches to source attribution which attempt to allocate a
source for all the human isolates have recently been developed
based on machine learning (Lupolova et al., 2017; Munck et al.,
2020a,b) or on multinomial logistic regression (Guillier et al.,
2020). These methods attempt to determine host specific features
of the core genome or accessory genes that can then be used
to infer the source of each human isolate. Another approach
recently applied to ST/MST isolates from Denmark (Merlotti
et al., 2020), involves creating a network where the isolates are
the nodes and isolates are considered linked if their genetic
distance is below a specified threshold, the idea being that
isolates from the same source will cluster together. This approach
has some elements in common with the Bayesian approach
applied in this study, in that in both approaches a threshold
measure of genetic distance is applied in order to subtype or
cluster the isolates, although the attribution calculation methods
differ. It would be useful to apply these different approaches
together with the modified Hald approach to make a comparison
of the performance of each method; this is the subject of a
current research study. In particular, one feature of the Bayesian
approach that is not replicated in the alternative, recently

developed methods, is that the Bayesian approach allows the use
of informative priors, which is particularly useful in representing
the infection prevalence in the different sources. The alternative
methods implicitly assume that the training data set represents
the epidemiology of Salmonella in the sources included, and it
would be useful to see whether this impacts the source attribution
estimates.

The main contributors to human ST/MST infection were
found to be pigs in this study, by far the greatest source,
followed by other mammals and cattle. A study looking at source
attribution for ST/MST in Denmark similarly found pigs to be
the greatest contributor, with 53% of human cases estimated to
be from Danish pigs, and 16% from imported pigs (Munck et al.,
2020b). However, this finding in the present study is dependent
on the representativeness of the source data used as inputs to
the source attribution model. The initial target of having 25
samples per animal source was not met as there were very few
sequenced isolates of ST/MST in some of the sources, and the
large estimate of the source attribution for ST/MST from pigs
was driven by the large number of samples from pigs. The Hald
method depends upon both the infection prevalence of ST/MST
in the animal source population and the distribution of subtypes
within that source in the population. Where there are few samples
for a particular source, then it is possible that the distribution of
subtypes is poorly characterized, creating the possibility that its
attribution is underestimated in the model. This means that there
is uncertainty in the estimates of source attribution derived in
the present study due to data limitations. In theory, sequencing
all the samples from a particular animal source should avoid the
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FIGURE 3 | Comparison of estimates from a Bayesian source attribution model for England and Wales when using informative and non-informative priors on (A) the
source attribution estimates for each animal source (B) animal source dependent factors, which is a summary measure of the ability of the source to act as a vehicle
for human infection, and will depend on human consumption/contact with the animal source, and the environment provided for the bacteria through
storage/preparation and (C) relative virulence by subtype, which is a measure of the relative ability of the subtype to cause human disease based on a combination
of pathogenicity, survivability and virulence (Other M = other mammals, Game = game birds), the seven different SNP10 types were arbitrarily labelled 1–7.

lack of representativeness, but in practice only a proportion of
the infected animals will be detected by surveillance, especially
where animals are asymptomatic. This is a difficult problem to
currently overcome, and will affect all source attribution methods
based on microbial subtyping. In the present study we tried to
improve representativeness by sampling over 3 years to increase
the number of samples per animal source, and further sampling
and sequencing in future years should increase the sequenced
isolates per animal source and assist representativeness, as long
as there are no temporal trends in the subtype distribution
in the population.

The source attribution estimates from the present study
were found to be similar for the subtyping method and the
various genetic distances used to cluster isolates. On this basis,
one might suggest that those subtyping methods which had
the greatest number of animal isolates of the same type as
human isolates would be the favoured approach, as this leads
to more animal isolates contributing to the final estimates and

consequently reduced uncertainty (Figure 1). However there is
a risk that the subtyping methods that group together isolates
that are potentially genetically distant, especially 7-loci MLST,
100SNP, and 100HCC, could in some cases lead to misleading
results. Hence there was a trade off in varying the genetic
distance over which isolates were subtyped. Increasing the genetic
distance led to more animal source isolates being of the same
type as a human isolate, thus reducing uncertainty in the
source attribution estimates (Figure 1). Reducing the genetic
distance, led to greater certainty that subtypes contain genuinely
related isolates, but led to more human subtypes having no
corresponding animal isolates of the same type, and resulted in
greater uncertainty in the source attribution estimates. The level
of uncertainty shown in Figure 1 is that derived from the number
of samples contributing to the estimates, but there is additional
uncertainty in that some subtyping approaches may be grouping
together isolates that are not genuinely related. This could
lead to misclassification of isolates leading to incorrect source
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attribution. Such uncertainty is problematic to quantify, and the
optimal genetic distance over which to group together isolates
would be a useful area of further research. One possible way to
investigate this would be to apply source attribution approaches
to outbreak data, where tracings have been undertaken and
the sources of infection are known, at least for a proportion
of the human cases. This would allow for comparison of the
model attribution estimates with the observed data for a range of
different thresholds, and could also allow comparison of different
source attribution approaches.

The difficulty of choosing the appropriate level of
discriminatory power of subtyping approaches has been
previously discussed in de Knegt et al. (2016), where a Multiple
Locus Variable Number Tandem Repeat Analysis (MLVA)
approach was used to type SE and ST samples in Denmark. In
this earlier study it was pointed out that at least the use of such
typing approaches allows the model fit using different levels of
discriminatory power to be compared, and for one to choose
the one with the best fit. Using model fit as the criterion in the
present study would suggest the use of the more discriminatory
methods (Table 4). The use of MLVA has also been used for
source attribution in Italy (Barco et al., 2015), this study using the
asymmetric island approach to estimate source attribution for
ST/MST, and finding a similar proportion of ST/MST attributed
to pigs in Italy as the present study found for GB.

A key uncertainty in the model is the source of the human
subtypes that occurred in humans alone. Even the subtyping
approaches (e.g., 7-loci MLST or HCC100) that allowed for a
relatively diverse set of isolates to be grouped together still had
human isolates with no corresponding animal match. It is unclear
whether these subtypes that occur in humans alone are from
sources other than the animal ones considered in the present
study or whether they are from less frequent types that occur in
an animal source but was not in the subset of animal samples
that were sequenced, which for most species was a very low
number in this study. In practice, obtaining a representative set
of animal samples that allows for comprehensive representation
of the subtypes will be difficult as the level of surveillance
varies between farm animal species, and even where National
Control Programmes are carried out e.g., for Salmonella in
poultry, sensitivity of the sampling methods is not high (Arnold
et al., 2014). It should also be noted, that until sequencing is
completed on all animal isolates, there is a risk that the sequenced
population will be biased and more reflective of those related
to human or animal outbreaks or those sequenced due to their
unusual nature (e.g., antimicrobial resistance pattern). In fact,
routine sequencing of all human isolates has taken place at PHE
since April 2014, but currently sequencing is used for targeted
investigations in animals.

There was considerable uncertainty in the estimation of the
animal prevalence for each animal source. The source attribution
and virulence factors appeared to be robust to the priors for the
animal prevalence; in addition to the beta(1,1) and informative
priors for prevalence, beta(0.5, 0.5) priors were also tried and
made insignificant difference to the estimates (results not shown).
This suggests that the key requirement for the estimation of these
from sequenced animal isolates is a representative sample that
covers the major subtypes rather than an accurate estimation

of animal prevalence. However, the food source factors were
sensitive to the priors for animal prevalence. Source attribution
was the primary interest for the present study, but in other
contexts there could be interest in the food source factors
themselves, for example in ascertaining whether any particular
sources are inherently more likely to be a vehicle for Salmonella
transmission to humans than others, especially if one could
also take into account the level of human exposure e.g., levels
of consumption for foodborne sources. There was particular
uncertainty in the estimates of prevalence for cattle and sheep,
where passive surveillance data needed to be relied upon (e.g.,
APHA, 2016). Also, there are few data sources with which to
estimate the prevalence for game birds and other mammals. For
other mammals and game birds there are some data sources
which can give an idea of the level of Salmonella occurrence.
For example, for cats and dogs, there has been recording of
the number of positive submissions for Salmonella through the
SAVSNET scheme (Arsevska et al., 2017), and for horses and
game birds there is similarly diagnostic submission data to APHA
(APHA, 2014, 2015, 2016) but it is difficult to translate the
number of diagnostic submissions for these species into actual
animal infection prevalence.

The other mammals category was found to be an important
source of human exposure to ST/MST in this study. It is likely
that the major contributor to this is horses. In terms of confirmed
laboratory diagnoses of ST/MST from livestock, horses had the
second highest number after pigs between 2014 and 2016 (APHA,
2014, 2015, 2016). Other contributors to humans from the other
mammals category are cats and dogs, but in a recent study these
were found to have a low occurrence of ST/MST, with less than
1% of gastroenteritis submissions resulting in a positive test for
Salmonella, and only a minority of those were ST/MST (Arsevska
et al., 2017). The accuracy of the prediction of the source of
human exposure using the Bayesian approach may increase with
re-defining the model by increasing the number of isolates in each
of the tested category and improving their representativeness of
infections in the population.

CONCLUSION

In conclusion, a Bayesian model has been piloted for source
attribution using WGS data. This found that pigs were found to
be the main contributor to human infection for ST/MST, followed
by other mammals and cattle in the study period, although there
is uncertainty in these estimates due to difficulties in robustly
characterizing the subtype distribution for animal sources with
low prevalence of these serovars or were less likely to have
isolates selected for sequencing. It was found that the use of
different clustering methods based on sequence data had minimal
impact on the overall findings of the study, although the genetic
distance over which isolates were grouped had an impact on the
uncertainty estimates.
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