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Nontyphoidal Salmonella (NTS) is a frequent cause of diarrhea around the world, yet in many African countries
it is more commonly associated with invasive bacterial disease. Various source attribution models have been
developed that utilize microbial subtyping data to assign cases of human NTS infection to different animal pop-
ulations and foods of animal origin. Advances in molecular microbial subtyping approaches, in particular
whole-genome sequencing, provide higher resolution data with which to investigate these sources. In this review,
we provide updates on the source attribution models developed for Salmonella, and examine the application of
whole-genome sequencing data combined with evolutionary modeling to investigate the putative sources and
transmission pathways of NTS, with a focus on the epidemiology of NTS in Africa. This is essential information
to decide where, what, and how control strategies might be applied most effectively.
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Nontyphoidal Salmonella (NTS), which includes all se-
rotypes of Salmonella enterica except Typhi, Paratyphi
A, Paratyphi B, and Paratyphi C, is a common cause of
bacteremia worldwide, particularly in Africa, with the
global burden of disease estimated at 3.4 million cases
per year [1]. The majority of human NTS infections
in industrialized countries cause enterocolitis and are
believed to come through the food chain [2]. Source at-
tribution, where human cases are partitioned to specific
animal reservoirs and food-related sources [3], has been
widely employed as a tool to prioritize interventions [4].
Both epidemiological and microbiological data have
been used in source attribution models; other methods
include outbreak analysis and intervention studies [3].
The most common source attribution approaches

utilize microbial subtyping data, comparing the identi-
ties and frequencies of subtypes found in human and
other sources.

There are many different methods of microbial sub-
typing (Figure 1): phenotypic methods, which include
serotyping and antimicrobial resistance (AMR) typing,
whereas genotypic methods include pulsed-field gel
electrophoresis (PFGE) and multilocus sequence typing
(MLST). The application of MLST, for example, has
allowed the identification of a particular Salmonella
Typhimurium variant, sequence type (ST) 313, as one
of the most common causes of invasive NTS in sub-
Saharan Africa, one that is rarely seen outside this re-
gion [5]. Barco et al [6] reviewed the advantages and
disadvantages of each of these subtyping methods,
and their application to Salmonella source attribution.
Of the molecular tools available, whole-genome se-
quencing (WGS) provides the greatest resolution for
microbial subtyping; the additional information it pro-
vides prompted the development of new analytical tools
to examine the evolution and dissemination of bacteria
and identify the sources and transmission pathways of

Correspondence: Alison E. Mather, BSc, MSc, PhD, Department of Veterinary Medicine,
University of Cambridge, Madingley Road, Cambridge CB3 0ES, UK (am2382@cam.ac.uk).

Clinical Infectious Diseases® 2015;61(S4):S259–65
© The Author 2015. Published by Oxford University Press on behalf of the Infectious
Diseases Society of America. All rights reserved. For Permissions, please e-mail:
journals.permissions@oup.com.
DOI: 10.1093/cid/civ727

Salmonella Transmission in Africa • CID 2015:61 (Suppl 4) • S259

 by guest on N
ovem

ber 22, 2015
http://cid.oxfordjournals.org/

D
ow

nloaded from
 

mailto:am2382@cam.ac.uk
mailto:journals.permissions@oup.com
http://cid.oxfordjournals.org/


bacterial pathogens, including NTS. As the cost of WGS, partic-
ularly for bacteria, is decreasing and is ever more feasible for
very large numbers of samples, we focus on this subtyping
method.

First, we examine the various source attribution models that
have been developed and applied to NTS. Second, we cover
studies that have used non-WGS molecular approaches to ex-
amine multihost source attribution of NTS in Africa. Finally,
we cover the application of WGS to study source attribution,
with the focus on NTS in Africa.

SOURCE ATTRIBUTION MODELS THAT UTILIZE
ROUTINELY COLLECTED MICROBIAL
SUBTYPING DATA

Here we review methods applied to NTS subtyping data where
the distribution of subtypes isolated from human clinical sam-
ples is compared with the distribution from animal fecal

samples and food products. These models provide estimates
of the number of human NTS cases attributable to each
“source” (usually defined as an animal reservoir or a food prod-
uct), but do not consider human-to-human transmission. For
more detailed reviews of these methods, see [4, 6].

A Bayesian model was developed by Hald et al [7] to estimate
the contribution of different food sources to the burden of NTS
in Denmark, using serotyping data collected as part of routine
surveillance. The Hald model is similar to the “Dutch model”
[8], which uses a frequentist approach to attributing the relative
contribution of different sources by comparing the frequency of
human cases caused by different NTS types with their relative
prevalence in animal reservoirs and food products. The original
Hald model and a modified version of the Dutch model [8] in-
clude weights for the amount of food consumed, and provide
estimates of the number of NTS cases attributable to, for exam-
ple, eggs, broiler chicken, pork, and beef. The inclusion of food
weights has been shown subsequently to be important for the

Figure 1. Schematic representation of nontyphoidal Salmonella (NTS) source attribution methods discussed in this review. Methods in the left-hand
column do not explicitly model the connection between human and animal derived isolates, in contrast to methods on the right. The center column
lists typing schemes and the NTS source attribution methods in which they have been used. The comparative methods involve direct visual comparison
between human (H) isolate types and the types of isolates derived from putative sources (A, B, . . .). The Dutch/Hald methods quantitatively compare
distributions of isolate types obtained from putative sources with those obtained from humans. The asymmetric island method is a population genetic
approach that allows for the movement of NTS between putative sources. Unstructured phylogenetic methods use genotypes to produce a dendrogram,
the shape of which is used to qualitatively assess potential sources. Structured phylogenetic approaches jointly infer both the phylogenetic relationship of
genotyped isolates and the transmission history of the sampled data, allowing for quantitative assessment of potential sources. Abbreviations: AI, asym-
metric island; AR, antimicrobial resistance; MLST, multilocus sequence typing; MLVA, multilocus variable-number tandem repeat analysis; PFGE, pulsed-
field gel electrophoresis; SA, source attribution; WGS, whole-genome sequencing.
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Dutch model but not the Hald model, allowing nonfood sources
such as wildlife and water to be considered in the latter [9].
Modified versions of the Hald model have improved perfor-
mance and robustness (eg, [10]), enabling it to be applied to
other foodborne zoonoses (eg, [10]), and modeling temporal
trends in attribution [11].

More recently, an alternative source attribution model, the
asymmetric island (AI) model [12], was applied to NTS geno-
typed using multilocus variable-number tandem repeat analysis
(MLVA) [13]. In contrast to the Dutch and Hald models, the AI
model explores the evolutionary history of the set of human and
source isolates and, because it is based on different underlying
assumptions to the Dutch and Hald models, it can be used for
high-resolution data and in multimodel comparisons [11, 13].

In a further development, the AI and modified Dutch models
have been used to refine case-control studies by assigning cases
to putative sources before modeling the relative contribution of
risk factors to each “source-assigned” set of cases. These studies
provide greater power to identify the contribution of more pre-
cisely defined risk factors, such as the consumption of raw or
undercooked eggs (eg, [14]).

These models are applicable to any disease manifestation,
and could be applied to NTS in Africa; cases could be analyzed
separately according to whether they are diarrheal or invasive,
or considered in a combined analysis to assess whether trans-
mission pathways or sources differ according to disease out-
come. The source-assigned case-control study can be a useful
way of looking at more precisely defined risk factors for subsets
of outcomes, and has the advantage that sources, pathways, and
risk factors, the latter 2 encompassing modes of transmission,
can be considered together.

NON-WGS MOLECULAR APPROACHES FOR
MULTI–HOST SPECIES SOURCE ATTRIBUTION
IN NTS IN AFRICA

Source attribution models as described above have not yet been
applied to NTS in Africa, but a number of studies using molec-
ular techniques other than WGS, predominantly PFGE or
MLST, have examined the role of animal reservoirs (Table 1).
In these studies, dendrograms demonstrating the genetic simi-
larity of the isolates were constructed using various methods
to cluster the PFGE patterns or concatenated MLST allele
sequences [15].

With the exception of one study [18], the predominant obser-
vation from these studies is that the salmonellae found in hu-
mans were different from those found in animals, although
the numbers of isolates examined were generally low. However,
these results do not exclude animals as a reservoir of human
NTS infections. In the study comparing Salmonella Enteritidis
from humans and captive wild animals, the similarity of the iso-
lates was suggested to be due to a common dietary component
of poultry meat [19]. Parsons et al [20] demonstrated that
Salmonella Typhimurium ST313, described as adapted to hu-
mans [5], can infect chickens and cause invasive disease. There-
fore, there is the potential for an unrecognized animal,
potentially poultry, reservoir of NTS.

WGS AND SOURCE ATTRIBUTION

In this section, we outline various techniques applied to WGS
data in the pursuit of source attribution. Where relevant, we
focus on examples where these techniques have been applied

Table 1. Studies Using Non–Whole Genome Sequence Molecular Methods to Examine Nontyphoidal Salmonella in Multihost
Populations in Africa

Population Examined
(No. of Isolates) Country

Molecular
Method Used Conclusion(s) Reference

Humans (14), domestic
animals (21)

The
Gambia

MLST No relatedness in genotypes from humans and associated
animals

Dione et al [15]

Humans (151), animals/
environment/food (78)

Kenya Plasmid typing,
PFGE

No significant relatedness between salmonellae from humans
and from animals, environment, food; common plasmid in
MDR Salmonella Typhimurium and Salmonella Enteritidis from
humans and some chickens

Kariuki et al [16]

Humans (225), animals/
environment/food (10)

Kenya Plasmid typing,
PFGE

Greater similarity of salmonellae between pediatric cases and
their family members than with those from animals,
environment, food

Kariuki et al [17]

Humans (19), animals
(383)

Burkina
Faso

PFGE Salmonella Typhimurium isolates from poultry (n = 4) and
humans (n = 13) clustered by PFGE patterns; some clustering
of domestic animal and hedgehog isolates

Kagambega
et al [18]

Humans (196), captive
wild animals (5)

South
Africa

PFGE Similarities between Salmonella Enteritidis isolates from humans
and captive wild animals

Smith et al [19]

Abbreviations: MDR, multidrug resistant; MLST, multilocus sequence typing; PFGE, pulsed-field gel electrophoresis.
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to WGS data of NTS in Africa. In the context of NTS disease in
Africa, the human population is believed to be a greater source
of NTS than any animal reservoir [17], and therefore, in this
review, we are expanding the scope of source attribution to in-
clude the contribution of human-to-human transmission and
the role of geographical location.

Comparative Genomics
Comparative genomics is an approach in which WGS assem-
blies of different organisms are directly compared. This can in-
clude identifying genes or genetic elements that are present,
absent or rearranged between genomes, and a comparison of
gene numbers and genome size. In doing so, inferences about
the evolutionary history of the bacteria can be made. However,
there is always a risk that the particular genomes being com-
pared are not representative of the species or subtype of interest.
This approach has proven useful in identifying genetic elements
in NTS associated with adaptation to different hosts, which
often manifests as gene acquisition and/or functional gene
loss. By comparing the genomes of a host generalist, Salmonella
Enteritidis, and host specialists, Salmonella Gallinarum (birds)
and Salmonella Dublin (cattle), Langridge et al [21] identified
that increasing host specialization was associated with gene deg-
radation, particularly in metabolic pathways. These patterns
may help identify other serotypes under the process of host spe-
cialization, and particular patterns of gene degradation may
help source attribution analyses by identifying potential reser-
voir populations.

Inference by Phylogeny
A common use ofWGS data is in the estimation of transmission
chains, often assessed through the inspection of a phylogenetic
tree, generated from single-nucleotide polymorphism (SNP) in-
formation and the genetic distance between isolates. Different
methods of tree construction incorporate various models of
evolution, including neighbor-joining, maximum likelihood,
or Bayesian approaches. Visual examination of the degree to
which isolates from different backgrounds cluster can help
infer sources and transmission. The utility of this approach
has been demonstrated through the investigation of an outbreak
of Salmonella Heidelberg in the United States involving con-
taminated ground turkey [22]; the phylogenetic tree illustrated
that outbreak isolates were more similar to each other than to
nonoutbreak isolates, even though they clustered more closely
with nonoutbreak isolates by PFGE pattern and AMR profile.
Thus, the finer resolution of the SNP data provided a more ac-
curate indication of the isolates’ epidemiological relatedness
than the other typing methods.

Importantly, even if direct transmission pathways are present,
without further information, it is difficult to ascertain the direc-
tion of transmission—clustering of similar isolates from

different backgrounds is not sufficient to attribute source.
More formal methods of integrating WGS data and informative
epidemiological data have been developed (eg, [23]), which can
allow for more robust inference.

Ancestral State Reconstruction
WGS data have also been used to evaluate historical transmis-
sion, looking at the entire evolutionary history of an organism.
Ancestral state reconstruction, which can be achieved through
parsimony- or likelihood-based approaches, involves assigning
a character state to the ancestral organisms in a phylogenetic
tree, represented by the internal nodes and branches [24].
This character may represent geographical location, host type,
disease outcome, or any other state that potentially partitions
the pathogen population. While the parsimony methods aim
to minimize the overall number of state changes, likelihood-
based approaches allow the incorporation of different models
of evolution. Many of these models assume that samples are col-
lected randomly from the pathogen metapopulation without re-
gard for the value of the character state. Violations of this
assumption could lead to incorrect inferences regarding the
type state at the root of the tree, and may therefore bias trans-
mission and source attribution studies. Alternative methods
based on the structured coalescent (eg, [25]) are not reliant
on this assumption, and additionally provide estimates of
host-specific effective pathogen population sizes. Likelihood-
based methods also exist that are capable of drawing direct in-
ferences regarding important epidemiological parameters such
as the basic reproduction number, R0 [26].

One approach has been to apply discrete phylogenetic diffu-
sion models within a time-scaled Bayesian framework, allowing
the reconstruction of ancestral states incorporating a variety of
population size change models and evolutionary clocks [27].
This method was used to estimate the cross-species transmis-
sion dynamics of Salmonella Typhimurium DT104 in animals
and humans in Scotland [28]. By reconstructing the ancestral
host population states throughout the tree and calculating Mar-
kov jumps, which provide estimates of unobserved transmission
events, relatively few cross-species transmissions were identified
in this setting. Markov rewards, which estimate the amount of
time the model spent in each host state, can be used to infer
which populations may act as sources and which may act as
sinks, that is, receiving immigration of the organism of interest
from the source population. In this study [28], the Markov re-
wards indicated that the model spent significantly more time in
the human state, suggesting that the local animal population
was unlikely to be the major source of DT104 for the humans.

WGS and NTS Source Attribution in an African Context
The source attribution and WGS examples described above
have been conducted predominantly in industrialized countries.
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There are not as many examples utilizing WGS in an African
NTS context, but where it has been applied, it has provided
powerful insights into the epidemiology of NTS in this region.

Comparative Genomics
This approach has used to understand how NTS in Africa has
evolved and adapted. Although Salmonella Typhimurium in
general has a wide host range and causes enterocolitis, there
are several subtypes that are more host-restricted [21]. In
sub-Saharan Africa, NTS is a frequent cause of invasive disease,
in particular, ST313. [5].Detailed investigation into the genomes
of the ST313 variant indicated a genomic signature of host-
adaptation similar to that observed in Salmonella Typhi,
Salmonella Paratyphi, and Salmonella Gallinarum [5, 29]. This
is evidenced by chromosomal degradation in terms of increased
numbers of pseudogenes and deletions. This pattern of host
adaptation, and the lack of occurrence of ST313 in nonhuman
hosts, suggests that human-to-human transmission is the
predominant pathway for this pathogen [29].

Inference by Phylogeny
This approach has been applied to examine NTS from human
immunodeficiency virus (HIV)–infected and -uninfected adults
and children in Malawi [30],where a lack of clustering by age or
HIV status suggested that the patients had acquired their NTS
from a common source, and/or that NTS was freely circulating
among this patient population. In a study of invasive Salmonella
Bovismorbificans from the same region [31], strains of this or-
ganism with highly conserved genomes could be found in the
Malawian bacteremia cases and also in 4 isolates from animals
in the United Kingdom, despite the human and animal cases
being separated by >2 decades and different continents. This
further illustrates that similarity of organisms infecting different
host populations does not necessarily indicate a causal link be-
tween them.

Ancestral State Reconstruction
This method has been used in a manner of source attribution in
terms of geography, likely representing human-to-human
transmission, by investigating the country origins of the pre-
dominant invasive clone in sub-Saharan Africa, Salmonella
Typhimurium ST313. Okoro et al [32] demonstrated that the
majority of these cases were caused by 2 distinct genetic lineages
that emerged relatively recently, and were temporally associated
with the HIV epidemic. By applying a discrete phylogenetic dif-
fusion model to isolates from 7 different sub-Saharan countries,
the authors proposed the ancestral origin for one of the lineages
as Malawi and, for the second lineage, the Democratic Republic
of the Congo. Numerous estimated transmissions between
countries for both lineages were also estimated, followed by
local expansion [32]. This study confirmed an epidemic in

this region of invasive NTS caused by ST313, with the greater
resolution of WGS allowing this ST to be separated into 2 lin-
eages with different evolutionary histories; identification of the
pathways of transmission may help inform control strategies.

Considerations for Transmission or Source Attribution Studies
With WGS
There are several factors that must be carefully considered when
undertaking a source attribution analysis using WGS data. The
first relates to the organism of interest itself. Phylogenetic meth-
ods naturally depend on a robust phylogeny, which is construct-
ed using the genetic diversity between isolates. With highly
similar genomes, such as those that might be expected during
an outbreak, it is difficult to identify true phylogenetic relation-
ships; if multiple relationships between isolates are possible,
techniques that do not take into account this uncertainty may
provide misleading inferences. This is where additional infor-
mation, such as the sampling date, may be particularly useful.
Another potential issue is the diversity of infecting organisms
within a host. For diagnostic purposes, typically only one colony
of an isolated bacterium is selected for further testing. For acute
infections that do not feature a component of long or asymp-
tomatic carriage, the bacterial within-host diversity would be
expected to be relatively low. However, for some bacteria such
as Staphylococcus aureus or Mycobacterium tuberculosis, where
long periods of latency or carriage can occur, individuals may be
infected with a “cloud of diversity”, and the population bottle-
necks that correspond to a transmission event may make tracing
that transmission difficult [33].What is also difficult to define is
a cutoff for the number of SNPs that defines the same strain; in a
study that examined 141 S. aureus isolates from a single individ-
ual (a dog), 78% of isolates were differentiated from each other
by ≤2 SNPs [33]. However, the human in that study who was
the source of the dog’s predominant infection was co-colonized
with 2 clades of S. aureus; thus, characterization of a single iso-
late would have only had a 45% chance of correctly identifying
this individual as the source.

It is also important to consider whether or not a transmission
has occurred. With invasive NTS disease in sub-Saharan Africa,
patients typically experience multiple recurrences [34]. Using
phylogenetic information derived from WGS, one study
found that 78% of these recurrences were due to recrudescence,
rather than reinfection [34], and that 13 of the 14 immunocom-
promised patients experienced recrudescence events. In trans-
mission studies covering short time periods, this phenomenon
should not be forgotten, as it could potentially artificially in-
crease the estimated numbers of transmissions.

One of the most critical issues in conducting source attribu-
tion, regardless of the typing or analytical method employed, is
that of sample selection. If the true reservoirs or sources are not
adequately and robustly sampled, then incorrect inferences can
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be drawn. At a smaller scale, key individuals within the trans-
mission chain may not be included in the sample—these indi-
viduals have been termed “epidemiological dark matter” [35].
This can be extended into estimating the effect of a “ghost pop-
ulation,” a reservoir for which no sampling data are available
[36]. The impact these gaps have on estimating sources and
sinks of infection will depend on whether the scale being exam-
ined is local and recent, or over a bacterium’s evolutionary his-
tory, where sampling is not expected to be as comprehensive.
Various methods of estimating the number of gaps in transmis-
sion chains have been developed and applied to different path-
ogens (eg, [37]). Modeling the sensitivity of cross-species
transmission estimates to various factors has suggested that lim-
ited sampling, unbalanced sampling, recent introduction of the
pathogen, and low genetic diversity can potentially bias the es-
timates of such transmission [38].

Finally, it is important to remember that all of the techniques
described above are only powerful tools to identify trans-
mission pathways when there are good epidemiological data
available, including spatial, temporal, and host characteristics.
The information provided by WGS is thus complementary to
epidemiological data, rather than an outright replacement. In
resource-poor settings, it may not be possible to carry out
WGS on sufficiently large and representative samples to allow
inference for transmission and source attribution. However,
data frommultiple WGS studies can be used to identify markers
for host association [39], which in turn could be used to develop
cheaper, rapid assays for deploying in Africa and similar
settings.

CONCLUSIONS

In this article, we have provided updates on other reviews of
source attribution methods for NTS [4, 6]. What we have
added to these discussions is an expanded consideration of
the use of WGS, and how it can and has been used to examine
NTS in different host populations. We focus on NTS in Africa,
where the sources and transmission patterns are not currently
well characterized, and unlike outside of Africa, human-to-
human transmission likely plays a significant role, particularly
for Salmonella Typhimurium ST313. However, to exclude de-
finitively an animal reservoir of NTS, there is a need to conduct
larger, more extensive surveys in animal populations, and also
in other potential reservoirs, such as the environment. The
choice of analytical approach will depend on resources and
the availability of routinely collected surveillance data. If the
disease is endemic and there is robust surveillance of multiple
potential reservoirs, the Hald or AI models using serotypes or
MLST profiles would be informative. Otherwise, or in addition,
WGS studies including human cases and targeted animal reser-
voirs could help identify the relative importance of transmission

pathways. The outcomes of these analyses could be used to in-
form targeted controls in the food chain, if transmission is pre-
dominantly zoonotic, or a vaccine strategy, if transmission is
predominantly anthroponotic. Furthermore, WGS-based struc-
tured phylogenetic studies could also be used to infer R0 in dif-
ferent hosts, enabling detailed follow-up assessment of vaccine
efficacy. Given the public health burden of NTS in Africa and
elsewhere, accurately determining where the disease is coming
from and how it spreads is essential information to decide
where and which control strategies might be applied most
effectively.
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