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SUMMARY

The epidemiological investigation of a foodborne outbreak, includ-
ing identification of related cases, source attribution, and develop-
ment of intervention strategies, relies heavily on the ability to subtype
the etiological agent at a high enough resolution to differentiate re-
lated from nonrelated cases. Historically, several different molecular
subtyping methods have been used for this purpose; however, emerg-
ing techniques, such as single nucleotide polymorphism (SNP)-based
techniques, that use whole-genome sequencing (WGS) offer a reso-
lution that was previously not possible. With WGS, unlike traditional
subtyping methods that lack complete information, data can be used
to elucidate phylogenetic relationships and disease-causing lineages
can be tracked and monitored over time. The subtyping resolution
and evolutionary context provided by WGS data allow investigators
to connect related illnesses that would be missed by traditional tech-
niques. The added advantage of data generated by WGS is that these
data can also be used for secondary analyses, such as virulence gene
detection, antibiotic resistance gene profiling, synteny comparisons,
mobile genetic element identification, and geographic attribution. In

addition, several software packages are now available to generate in
silico results for traditional molecular subtyping methods from the
whole-genome sequence, allowing for efficient comparison with his-
torical databases. Metagenomic approaches using next-generation
sequencing have also been successful in the detection of noncultur-
able foodborne pathogens. This review addresses state-of-the-art
techniques in microbial WGS and analysis and then discusses how
this technology can be used to help support food safety investigations.
Retrospective outbreak investigations using WGS are presented to
provide organism-specific examples of the benefits, and challenges,
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associated with WGS in comparison to traditional molecular subtyp-
ing techniques.

INTRODUCTION

Foodborne pathogens are major causes of morbidity and mor-
tality throughout the world, and the ability to conduct epide-

miological investigations and intervene in foodborne illnesses is a
critical part of the existing public health infrastructure. Molecular
subtyping of the etiological microorganisms is an important tool
for such investigations. At any time, several strains of a given food-
borne pathogen may be cocirculating through a population and
this redundancy can confound epidemiological investigations.
Subtyping strategies are used to identify organisms to a higher
phylogenetic resolution than the species level so that cooccurring
outbreaks can be differentiated, sources of contamination can be
identified, and intervention strategies can be enacted. To be use-
ful, subtyping schemes must be able to clearly and accurately re-
solve the relatedness of several microbial isolates, so that linked
cases are identified and included in the investigation. It is equally
important that concurrent, nonrelated, and sporadic cases can be
differentiated from outbreak cases so as not to confound the in-
vestigation. The latter is becoming increasingly important since
the complexity of the modern food supply chain is vast and food
products and ingredients can be sourced from locations distrib-
uted over entire continents and unrelated outbreaks may geo-
graphically and temporally overlap. High-resolution subtyping
should result in more cases linked to defined outbreaks and more
confidence in the identification of outbreak sources. Second- and
third-generation sequencing platforms have advanced microbial
whole-genome sequencing (WGS) to the point where it has be-
come available for routine use in research and reference laborato-
ries and etiological microorganisms can be sequenced in real time
during an outbreak. The data, once analyzed and interpreted, can
then be readily used in investigations. WGS surveillance of food-
borne pathogens is already being applied routinely by several na-
tional authorities, including the Food and Drug Administration
(FDA) in the United States, Public Health England, and the Stat-
ens Serum Institut in Denmark (1). WGS is fast and cheap and
produces subtyping and phylogenetic resolution on a scale that
was never before achievable, even when combining the results of
several other molecular subtyping schemes. In this review, we ex-
amine numerous ways in which WGS can contribute to the man-
agement of foodborne microbial hazards.

SUBTYPING TECHNIQUES

In outbreak investigations of bacterial foodborne illnesses, cul-
ture-dependent methods are generally used to obtain an isolate
from the implicated food products, production facilities, and af-
fected individuals—isolation is still critical because of the legal
implications associated with any regulatory actions or public
health interventions taken. After this initial step for culturable
organisms, and as a starting point for nonculturable organisms
(e.g., norovirus [NoV]) phage typing, serotyping, or molecular
methods can be used to subtype the strain. Molecular subtyping
techniques can be divided up into techniques that use amplifica-
tion, restriction digestion, or DNA sequencing, as deemed appro-
priate to the pathogen under investigation.

Serotyping

Serotyping is a method of grouping microorganisms on the basis
of the reaction between a given antiserum and cell surface anti-
gens that allows classification to the subspecies level. The sero-
typing of most bacterial species is based on the detection of
flagellar and somatic antigens (2), though capsular antigens
may also be used (3). Serotyping of Clostridium botulinum, how-
ever, relies on the detection of different types of neurotoxin but
also uses serology (4).

Phage Typing

Phage typing has been used as an epidemiologic tool to differen-
tiate isolates of Salmonella and Escherichia coli O157:H7 beyond
the serotype level for several decades (5–7). Phage typing relies on
the detection of bacterial lysis by a specific standardized phage (6).
Though of limited discrimination, phage typing has been used in
combination with verotoxin typing to identify linked cases of E.
coli O157:H7 infection (8). Highly clonal Salmonella serovars re-
quire additional subtyping during large-scale surveillance efforts,
and phage typing was useful for this (9). However, the use of phage
typing was ultimately limited because it has poor resolving ability,
is expensive, and requires technical expertise (10).

Amplification-Based Techniques

Amplification-based techniques include variable-number tan-
dem repeat (VNTR), amplified fragment length polymorphism
(AFLP), and PCR amplification methods. In addition to subtyp-
ing, PCR amplification can also be used to identify specific inter-
esting genes, such as virulence factors or antimicrobial resistance
(AMR) genes. VNTR utilizes highly repetitive DNA regions in
bacterial genomes (11). Repetitive regions are highly variable in
terms of the number of copies, even in related strains, and differ-
ences in the number of repeats can be used to delineate clonal and
nonclonal isolates; although to gain increased discrimination,
multiple loci must be used for what is referred to as a multiple-
locus VNTR analysis (MLVA) (12). In this technique, nonvarying
PCR primers bind to sequences that flank the repeat array to allow
for efficient amplification of the repeat motif, the PCR products
are separated, and strains are differentiated on the basis of ampli-
con size. VNTR/MLVA was commonly used during the early to
mid-2000s, and there were several method comparison studies
that indicated that VNTR/MLVA produced more discriminatory
results than pulsed-field gel electrophoresis (PFGE), which is still
widely used (13–15). AFLP combines PCR amplification with
restriction enzyme (RE) digestion. The bacterial genome is first
digested with a RE, and then primers that contain a sequence
complementary to the restriction site are used to amplify the
restriction fragments. To reduce the number of restriction frag-
ments, primers typically contain one to three additional random
nucleotides on the 3= end to interact with nucleotides inside the
adapter fragment (16). In addition, a feature of amplification pro-
filing is that important genes such as virulence factors or AMR
genes can be incorporated into a typing scheme (17, 18).

Restriction Digestion-Based Techniques

Restriction digestion-based techniques include two commonly
used techniques based on restriction fragment length polymor-
phism (RFLP): ribotyping and PFGE. In RFLP subtyping, bacte-
rial genomic DNA is digested with a restriction endonuclease and
the DNA fragments are separated by gel electrophoresis. However,
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depending on the enzyme, �100 fragments can be produced,
making the comparison of strains problematic. There are two
ways to deal with this issue: using a rare-cutting enzyme and spe-
cialized electrophoresis to separate large fragments (e.g., PFGE) or
transferring the DNA fragments to membranes and then hybrid-
izing them with a labeled probe for specific fragments such as
ribosomal RNA genes (e.g., ribotyping). PFGE was introduced 2
decades ago and remains the “gold standard” for molecular typing
methods for foodborne pathogens by PulseNet International,
which is discussed in detail in the next section. Using PFGE, bac-
terial isolates that differ by a single genetic event (two or three
band differences) are defined as closely related, while multiple
band differences are indicative of unrelated strains (19). In addi-
tion, the background history of the isolates under investigation is
taken into consideration, for example, organism variability, the
prevalence of PFGE patterns, and the length of an ongoing out-
break (20). However, since PFGE relies on gel electrophoresis and
the resolution of large bands, it is not sensitive enough to detect
single nucleotide polymorphisms (SNPs).

Ribotyping relies on differences in the genomic location and
number of rRNA genes for genotyping. Unlike PFGE, ribotyping
uses a frequently cutting enzyme, but probe DNA is used to label
certain bands, making them distinguishable (21). Variability in
the number of rRNA genes, as well as size variability in the de-
tected bands, leads to discrimination between bacterial strains. It
is generally well accepted that the resolution available through
ribotyping is not as high as that of PFGE (22).

PulseNet

There are two basic requirements of source attribution; the first is
subtyping, and the second is a system that allows for effective
communication of typing data so that authorities have access to
real-time information on national (or international) outbreak
events. This led to the development of PulseNet. BioNumerics
(Applied Maths) is a software package that is used to consistently
analyze PFGE patterns, and these patterns are then uploaded to
PulseNet. The power of the PulseNet system is that all participat-
ing laboratories perform analysis with the same algorithm(s), mo-
lecular standards, and protocols so that comparisons of genetic
profiles across jurisdictions and countries can be easily performed
(23). Under this model, international databases of the molecular
profiles of a variety of foodborne pathogens can be generated and
maintained. It is also important to note that the attribution of a
particular PFGE molecular profile to an outbreak cluster is
weighed against additional evidence such as epidemiological data.

In 1993, �700 people fell ill in the United States after consum-
ing burger patties contaminated with E. coli O157:H7. PFGE was
used to determine that the bacteria sourced from hamburger
matched the strain causing illness in humans, and scientists at the
U.S. Centers for Disease Control (CDC) realized that the outbreak
could have been identified earlier if public health laboratories had
been able conduct PFGE and share results in real time (24, 25). In
1995, the CDC and the Association of Public Health Laboratories
(APHL) selected state laboratories to participate in a network pilot
aimed at disease surveillance; this pilot ultimately lead to the be-
ginnings of PulseNet (26). Currently, PulseNet USA is headquar-
tered at the CDC in Atlanta, GA, and consists of �83 state public
health laboratories in seven regions. PulseNet is able to quickly
group individuals that probably consumed the same contami-
nated food or that were exposed in some way to a foodborne

pathogen. Later, it was recognized that food supply globalization
could play a major role in foodborne illness and PulseNet In-
ternational was created to include other countries. Currently,
PulseNet International consists of members from Africa, the Asia
Pacific region, Europe, Latin America and the Caribbean, the
Middle East, the United States, and Canada.

PulseNet generally tracks PFGE patterns but also supple-
ments PFGE with additional MLVA subtyping; it is also cur-
rently considering how WGS will be integrated into its plat-
form. E. coli, Campylobacter, Listeria monocytogenes, Salmonella,
Shigella, Vibrio parahaemolyticus, and Cronobacter isolates are
currently characterized through PulseNet.

Sequencing-Based Techniques

Microbial genome sequences contain variability between isolates
because of mutation accumulation and recombination; and the
sequence variability that exists can be exploited when developing
molecular typing schemes. Each subtyping scheme based on DNA
sequencing relies on the detection and cataloguing of SNPs—vari-
ations that occur at single base positions when comparing multi-
ple genomes. When a SNP within a gene is found in at least two
isolates, the version of the gene with the SNP is described as an
allele. Multilocus sequence typing (MLST) is based on allele vari-
ance in a small set of housekeeping genes. Alleles typically corre-
spond to phylogeny (27). MLST is typically carried out by a low-
throughput technique such as Sanger sequencing, where each of
the genes in the typing scheme will be sequenced from end to end.
The gene sequences are compared against an established database,
such as pubMLST/BIGSdb, to determine the individual alleles and
thereafter the multilocus sequence type (ST) of the isolate. It is
now cheaper to sequence an entire genome by massively parallel
sequencing than to sequence the MLST genes individually (Fig. 1);
therefore, there are several user-friendly platforms that are able to
calculate STs from a whole genome sequence, such as the Center
for Genomic Epidemiology (28). Isolates having matching STs are
defined as clonal— having a common ancestor (29).

Single Nucleotide Polymorphism-Based Analysis

SNPs can occur in genes, in noncoding regions, or in the mobile
genetic elements of a genome. SNPs that occur within genes can be
synonymous if they do not change the coding sequence or non-
synonymous if a SNP changes the amino acid sequence. If there
are more nonsynonymous than synonymous SNPs, the popula-
tion is said to be under diversifying selection. The term informa-
tive SNP, also called parsimony informative SNP, is used to de-
scribe a SNP that is shared by two or more strains in an alignment
and therefore supports the phylogenetic grouping of two or more
isolates (30). To detect SNPs, a comparison must be made via a
pairwise alignment of two or more genomes or sections of multi-
ple genomes (i.e., all open reading frames [ORFs], MLST genes, or
random 1,000-bp fragments) (Fig. 2), and several programs are
available for this purpose (i.e., BLAST, Mauve, Muscle, ClustalW,
FSA, MAFFT). Aligning whole genomes is possible, although it is
computationally intensive and minimally informative if the ge-
nomes being aligned are not nearly identical. One of the least
computationally intensive ways to detect SNPs is reference-
guided assembly. After the reads have been mapped to a reference
genome, a SNP caller can be used to identify the SNPs between the
genomes; however, this introduces the issue of reference bias, and
the choice of reference genome is extremely important (31). It is
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also possible to do a SNP analysis of de novo-assembled genomes.
This approach requires that the assembled contigs are annotated,
and then ORFs are compared to related ORFs and screened for
SNPs (30) (Fig. 2).

SNP-based analysis is an accurate way to determine the phylo-
genetic relationships of two or more genomes. Traditional MLST
relies heavily on the presence SNPs among a few conserved genes
to assign a ST to a given genome. However, new sequencing tech-
nologies now support the development of extended MLST frame-
works. Core genome MLST (cgMLST) compares all of the genes
present in every genome of microbes of a specific phylotype,
known as the core genome, against each other and identifies the
presence of SNPs, and then isolates are subtyped on the basis of
this larger data set (32, 33) (Fig. 3). SNPs within the accessory
genome can also be compared; however, this type of analysis re-
quires that the isolates being compared both contain the accessory
genes in question and could only be used to delineate closely re-
lated isolates (34) (Fig. 3).

Extended MLST can provide insight into the phylogeny of a
group of isolates. However, it raises an important question: how
many SNPs are required to conclude that two strains are related?
Although several studies have been done surrounding this topic,
the answers are complex and no consensus has been established.
For example, epidemiologically linked L. monocytogenes isolates
examined in one retrospective study differed by �10 core genome
SNPs (35). In the same study, two isolates recovered a day apart

from the same patient differed by 21 SNPs (35). Conversely, a
different study reported that two L. monocytogenes isolates that
originated in the same processing plant but were isolated 12 years
apart varied by as little as one core genome SNP, though a phage
sequence included in both genomes differed by 1,274 SNPs (34). A
retrospective study of 183 sequenced E. coli O157:H7 isolates with
known epidemiological linkages defined linked isolates as having
fewer than five SNP differences, and on average, only one SNP
difference was found between isolates from patients belonging to
the same family (36). A precise criterion for ruling isolates in or
out of an outbreak on the basis of SNP analysis has yet to be
defined and universally accepted. In considering the examples
listed above, it is important to note that SNP calling varies on the
basis of several factors, including definition of the core genome,
species, choice of reference genome, choice of SNP caller and SNP
calling parameters, sequencing metrics, how many isolates are in-
cluded in the analysis, and the nature of the outbreak, so care must
be taken when comparing the numbers of SNPs being found
through retrospective work across studies because of the variabil-
ity of the ways in which they are found. Standardization is re-
quired. Several questions have also been asked about the reliability
and reproducibility of SNP-based analysis, what level of variability
is expected from instrumentation error, and how much variation
arises during subculturing. Allard et al. tried to address these ques-
tions by passaging a single Salmonella isolate four times on solid
medium, sequencing four colonies from each passage, and finally

FIG 1 First-, second-, and third-generation sequencing platforms are currently available, and each has distinct advantages and disadvantages. First-generation
sequencers, including the ABI capillary sequencer, are characterized by high accuracy and a relatively long read length; however, these systems are not amenable
to high-throughput sequencing. Second-generation platforms include MiSeq, HiSeq, and NextSeq from Illumina, as well as Ion Torrent from Thermo Fisher
Scientific. These platforms use massively parallel sequencing to achieve high throughput and have high base-calling accuracy; however, sequencing reads are short
and this can result in split contigs in repetitive regions during sequence assembly. Third-generation sequencers, including PacBio from Pacific Biosciences and
MinION, PromethION, and SmidgION from Oxford Nanopore Technologies, are able to sequence single-molecule templates, which results in very long read
length at a high throughput. Third-generation sequencers have a very high error rate relative to the other technologies. Currently, the optimal sequencing
platform is highly dependent on the desired applications.
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sequencing the same colony four times. No SNP variation was
observed in this set of experiments after homopolymeric se-
quences and SNPs adjacent to breakpoints were removed (30).

METHODS OF MICROBIAL WGS

First Generation—the Sanger Shotgun Approach

The shotgun approach of WGS and assembly was carried out by
Sanger sequencing, which relies on the selective incorporation of
chain-terminating dideoxynucleotides by DNA polymerase dur-
ing DNA replication (37) (Fig. 1). During the early days of this
technology, dideoxynucleotides were radiolabeled to allow for de-
tection and manual determination of the consensus sequence
(37); however, Applied Biosystems (ABI) later introduced fluores-
cent base labeling, which allowed automation of the process and
subsequently higher throughput (38). Automated Sanger se-
quencing was the sequencing platform of choice for almost 20
years and was used to sequence the first finished human genome.
In 1995, the first bacterial genome sequence, for Haemophilus in-

fluenzae, was published, and it was sequenced by the Sanger
method (39). Specifically, in this approach, genomic DNA from
H. influenzae was isolated, randomly sheared, and cloned into a
plasmid vector. The resulting vectors were transformed into host
E. coli cells and propagated, plasmid DNA was extracted, and in-
sert DNA from H. influenzae was sequenced from both ends
(called “random shotgun” sequencing), producing sequence
lengths of about 460 bp per clone. This was a monumental task
and required the production and sequencing of 9,500 E. coli clones
to obtain a draft genome with 5� consensus coverage. This work
also knowingly left 37% of the genome unsequenced (39). Despite
this method’s being labor intensive, hundreds more bacterial ge-
nomes, including those of Mycobacterium tuberculosis, Yersinia
pestis, E. coli K-12, Bacillus subtilis, and Treponema pallidum, were
sequenced this way over the next few years (40–44).

The relatively high throughput of automated the Sanger se-
quencing led to the birth of bioinformatics as a mechanism to
assemble the shotgun sequences into genomes and later to help

FIG 2 Analysis of SNP variation within a genome sequence can be used to compare isolates on a phylogenetic basis and draw conclusions about the relatedness
of strains. However, there are various methods of detecting SNPs, and different methodologies can result in different conclusions. After sequencing, genomes can
be assembled by either a reference-guided or a de novo approach. A common method of SNP detection based on a reference-guided assembly is to assemble
sequencing reads to the reference genome and then detect SNPs based on nucleotide differences between the reference and the assembly. After de novo assembly,
a commonly used approach is to use a concatenated sequence of each of the core genes in a genome and call SNPs based on this pseudoreference genome. The
optimal SNP detection approach will depend on the desired application of the data. Reference-guided assembly is a much less computationally intensive method.
However, in a reference-guided assembly, reads from regions in the genome being assembled that are not present in the reference genome will be discarded. In
addition, regions present in the reference genome that are not present in the genome being assembled will result in alignment gaps.

Food Safety and Genome Sequencing

October 2016 Volume 29 Number 4 cmr.asm.org 841Clinical Microbiology Reviews

http://cmr.asm.org


make sense of rapidly accumulating sequence data. During the
first generation of microbial WGS, there was a strong emphasis on
closing or finishing genomes and the first software packages were
designed to assist in this endeavor (45). First-generation assembly
programs (Allora, Celera Assembler, and TIGR Assembler) used
an overlap-layout-consensus algorithm and were optimized to
work with the high-accuracy long reads produced during Sanger
sequencing (46). The first H. influenzae bacterial genome (1.83
Mbp) was closed after initial assembly with the TIGR Assembler
into 140 contigs with 98 sequence gaps, and various algorithms
were then used to map and fill physical gaps, while sequence gaps
were closed by primer walking (39).

Second Generation—Massively Parallel Sequencing

Massively parallel or next-generation sequencing (NGS) was first
introduced by Roche in the form of the 454 GS20 in 2005 (47) and
was followed by Illumina’s genetic analyzer (GA) II in 2007 (Fig.
1). The early versions of NGS platforms came with several hurdles
to routine WGS of microorganisms. For example, short sequenc-
ing reads, 110 bp for the 454 GS20 system and 35 bp for the GA II,
required the development of novel assemblers optimized for the
assembly of short-read sequences. In addition, each of these plat-
forms had a massive footprint and price tag. However, by 2010,
benchtop versions of these and other sequencing platforms (454
GS-FLX Titanium and 454 GS-FLX Junior [Roche], MiSeq and
HiSeq [Illumina], SOLiD 3 [Life Technologies], and Ion Torrent
[Thermo Fisher Scientific]) were available to most microbiology
laboratories, leading to an explosion in the number of microbial
sequences available for comparative analysis, epidemiological in-
vestigations, and ecological studies. Each NGS platform had a
slightly different approach to DNA preparation, sequencing, im-
aging, and analysis (reviewed extensively in reference 48). Varia-
tion in approaches resulted in each platform having different
strengths and weaknesses. The 454 platforms produced longer
reads, which improved mapping in repetitive regions; however,
they suffered because of high reagent cost and high error rates in
homopolymer regions and produced less data per run than their
competitors. By the end of 2013, Roche had announced that 454
Life Science was shutting down and that 454 GS FLX Titanium

system support would stop in mid-2016. As of early 2016, the Ion
Torrent S5 platform is able to produce 400-bp reads but produces
about half as much data per run (6 to 8 Gb) as the Illumina MiSeq
platform, which produces only slightly shorter reads (300 bp) and
is now very widely used in the field (48).

The major shortcoming of all second-generation sequencing
platforms is a relatively short read length, and genome assembly
algorithms built for the assembly of Sanger data do not perform
well with the short-read data produced by second-generation plat-
forms (49). In addition, the closed genomes produced during the
first wave of microbial sequencing can now be used as a scaffold on
which to guide the assembly of short-read data, for the first time
giving scientists the choice between de novo and reference-guided
genome assembly methods (Fig. 2). De novo genome assembly can
be done by a variety of assemblers that are based on de Bruijn
graph assembly (50), such as SPAdes (51) and Velvet (52). Refer-
ence-guided assembly maps short sequence reads by assessing the
placement of each read against the reference genome and calcu-
lating the probability of its match with the reference. These align-
ments are then used to construct a novel consensus sequence for
the sequence data. There are several different reference-guided
assemblers, including Burrows-Wheeler Aligner (53), Novoalign,
MOSAIK, and SMALT, and each uses a different algorithm: Bur-
rows-Wheeler Transform, global Needleman-Wunsch (54),
banded Smith-Waterman (55), and short-word hashing/Smith-
Waterman, respectively (56). Reference-guided assembly is much
less memory intensive and requires less computing power; in ad-
dition, more data are provided than when using de novo assem-
blies, particularly when sequence coverage is low (57). However,
reference-guided assembly introduces large biases toward the ref-
erence genome and several types of data are missed, including
some SNPs (31) (Fig. 2), structural variations (rearrangements)
(58), and repetitive regions, making downstream synteny analysis
inaccurate. In response, newer tools (i.e., reference-assisted chro-
mosome assembly [59] and Ragout [58]) have been designed to
reduce bias by simultaneous alignment with multiple reference
genomes. Illumina has recently introduced a new library prepara-
tion technique combined with a downstream software package

FIG 3 Pangenome, core genome, and accessory genome are commonly used terms in genomics. Pangenome refers to all of the genes that occur in a given
phylotype. For example, each gene identified in any L. monocytogenes genome is part of the L. monocytogenes pangenome. In this visualization, genes 1 to 7 are
part of the pangenome. The core genome is defined as all of the genes that are present in all of the members of a given phylotype. In this example, genes 1, 2, and
7 are all part of the core genome. The core genome will always be smaller than the pangenome. The term accessory genome is used to refer to genes present in an
organism, or group of organisms, that are unique to that organism or group. Accessory genes are part of the pangenome but not the core genome. In the image,
genes 4 and 6 are part of the accessory genome of group 2, gene 5 is the accessory genome of group 1, gene 3 is the accessory genome of group 4, and group 1 does
not have any accessory genes.
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that has had success making synthetic long reads up to about 18
kbp in length (60), and this may help to counter problems with
assembling complex, highly repetitive genomes and help Illumina
compete with the newer third-generation sequencing techniques.

Second-generation sequencing gave rise to the proliferation of
available draft genomes, where genomes that are sequenced to a
high coverage depth but not closed, are submitted to databases,
and are used for downstream analysis. This has generated an on-
going debate in the field of microbial genetics about the allocation
of resources: is it better to close a lower number of genomes (45,
61), or should a higher number of genomes be sequenced to draft
status (62)? Draft genomes are sufficient for the majority of anal-
yses, including virulence factor identification, phylogenetics, and
MLST; however, closed genomes are required for genomic island
identification (63), characterization of repetitive elements, and
sometimes structural rearrangements (64).

Third Generation—Single-Molecule Sequencing

Third-generation sequencing platforms can address the problems
inherent to short sequence reads by sequencing long single mole-
cules in real time (Fig. 1). Single-molecule sequencing was intro-
duced in 2008 by Helicos BioSciences Corporation and was ini-
tially used to sequence a viral genome (65) but quickly progressed
into parallel sequencing and the sequencing of a human genome
(66). However, the short reads produced by the Helicos platform
(averaging 32 bp) (66) did not differentiate this technology from
its second-generation counterparts, and it was no match for the
single-molecule real-time (SMRT) sequencing platform (PacBio)
introduced by Pacific Biosciences in 2009, which was able to reg-
ularly produce reads exceeding 1 kb (67), and Helicos filed for
bankruptcy in late 2012. In 2014, Oxford Nanopore launched the
MinION access program. Oxford Nanopore’s mission is to allow
routine WGS anywhere with minimal reagents and sequencing
equipment. The advantages of having real-time sequencing avail-
able anywhere, even given limited resources, were demonstrated
during the West African 2014-2015 Ebola outbreak, where the
Nanopore platform was used to support monitoring and surveil-
lance of the transmission chains and the evolution of the virus at
the height of the outbreak (68, 69).

However, what second-generation sequencing lacked in se-
quence read length, third-generation sequencing appears to lack
in accuracy. In comparison, the second-generation Illumina
MiSeq platform has an error rate of 0.58% and the PacBio plat-
form’s error rate is 14%. This has led to the development of bioin-
formatic approaches to appropriately call insertion, deletion, and
SNP variations despite the high error rate. Third-generation se-
quencers rely on high-coverage consensus to correct for sequenc-
ing error and correctly call variants. As an example, during the
Ebola outbreak, variants were called only on the basis of a log
likelihood ratio of �200 and a coverage depth of �50, and SNPs
were called only in regions covered by �20 nanopore reads where
the SNP was seen in at least 20% of the reads (68).

Despite the rapid emergence of third-generation technologies
for routine studies and surveillance, in 2016, these second- and
third-generation technologies should be viewed as complemen-
tary rather than successive for several reasons. Short read length
limits the ability of second-generation sequencers to successfully
assemble highly repetitive regions and closed bacterial genomes.
SMRT sequencing is currently more expensive than second-gen-
eration sequencing, has high sequencing error, and generates sig-

nificantly less coverage. However, SMRT sequencing is able to
produce long enough reads that even challenging bacterial ge-
nomes, with several repeat regions or low GC content, can readily
be sequenced to a closed status (48, 70). Therefore, a potential
strategy would be to generate a closed-genome scaffold using a
third-generation technology and then generate deep coverage by
using a second-generation technique for accurate SNP analysis.
This is referred to as hybrid sequencing. Several assemblers have
been built to work with hybrid data (i.e., PBcR), and bacterial
genomes have been successfully closed by using this approach
(71). However, using hybrid sequencing requires the added work
of preparing two libraries, and when the appropriate amount of
data is gathered by SMRT sequencing, these data independently
yield better closed assemblies than hybrid data do (72). The opti-
mal ways of combining sequencing data may shift in the future if
the cost associated with PacBio sequencing declines, if the Nano-
pore becomes widely adopted by microbiologists, or if a separate
technology that can combine high accuracy with long reads
emerges.

Standards for Quality and Quantity

The field of microbial genetics currently lacks universal standards
regarding WGS quality, including acceptable sequencing results,
coverage depth, and assembly quality. The National Center for
Biotechnology Information (NCBI) has minimum requirements
for submission, including that vector and linker DNA be removed
from the final assembly and that contigs be at least 200 bp in
length, but data that conform to these standards can differ drasti-
cally in quality—and the quality of assembly can be hard to judge.
The Genomics Standards Consortium is an open-membership
group that is helping to drive standardization activities (73). The
N50, which is similar to the mean of lengths but assigns more
weight to larger contigs, is sometimes used to assess assembly
quality (74, 75). However, the practical implications of this value,
such as what N50 value is required to yield an assembly with a
complete gene for every gene in a core genome, have yet to be
determined. Attempts have been made to make recommendations
such as the best assembly software and what parameters to use.
However, the answers to these questions depend on the species,
the sequencing platform, and the assembler; changing any of these
parameters can cause the quality of the assembly to vary widely
(74, 75).

EXAMPLES OF WGS IN EPIDEMIOLOGICAL INVESTIGATIONS

L. monocytogenes

L. monocytogenes causes serious infections that can result in a
range of clinical illnesses, including invasive bacteremia, menin-
goencephalitis, spontaneous abortion in pregnant females, and
potentially death (76). Epidemiological investigations of L. mono-
cytogenes present several specific challenges. The incubation pe-
riod of listeriosis is long; while it is approximately 21 days on
average, it can be up to 70 days after exposure. This aspect is
significant, as it can affect the accuracy of food histories patients
are able to provide, as well as the availability of food samples (77).
L. monocytogenes also has the ability to persist in food processing
for years, and persistent contamination has been liked to intermit-
tent illnesses that can span years (78, 79). Outbreaks that include
few cases and occur years apart are difficult to link via epidemio-
logical investigation, and PFGE offers little help, since mobile ge-
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netic elements, present in the L. monocytogenes accessory genome,
change frequently and confound analysis through overdiscrimi-
nation (80). L. monocytogenes also has a highly stable core genome,
and this means that finding high similarity in a core genome SNP-
based analysis does not necessarily establish a link between strains
(34, 81). However, retrospective studies have shown that WGS has
clear advantages over all other molecular tools in epidemiological
investigations and specific analyses are being developed to over-
come existing issues.

Since case fatality rates can be high during L. monocytogenes
outbreaks, infections are generally monitored by public health
facilities (82). The resources available to these monitoring systems
have, in several instances, been leveraged to conduct several ret-
rospective and prospective surveillance studies that compare the
accuracy of SNP-based subtyping to that of traditional methods.
The Australian Listeria reference laboratory compared the typing
results for 97 isolates obtained by WGS to those of PFGE, MLST,
MLVA, and PCR serotyping and found that SNP analysis could
easily differentiate between epidemiologically linked and un-
linked cases with identical PFGE patterns (35). In addition, this
study verified that in silico tools could be used to generate data
comparable to PFGE, MLST, and PCR serotyping results from a
sequence, but because of the short length of the Illumina MiSeq
sequence reads and the highly repetitive nature of MLVA regions,
in silico MLVA was not feasible (35). In Austria and Germany,
seven cases of listeriosis occurred between April 2011 and July
2013. Isolates from these cases all shared a serotype (1/2b), a PFGE
pattern, and an AFLP pattern that were indistinguishable from
those of isolates obtained from five food producers, making it
impossible to differentiate linked and sporadic cases or elucidate
the source of the outbreak on the basis of traditional techniques
(83). WGS of each of the seven human isolates, as well as 10 food
isolates, was performed. On the basis of cgMLST, four cases were
linked to each other, as well as a soft cheese product and a ready-
to-eat (RTE) meat product, both of which were found on the
grocery bills of each of the outbreak patients. Three cases were
clearly distinguishable as a separate outbreak (83).

Overdiscrimination by PFGE can occur when L. monocytogenes
isolates with a close ancestor in common differ by three or fewer
bands. This shift in PFGE bands can result from a single genetic
event, like the movement of a mobile genetic element. WGS has
been shown to readily overcome problems associated with PFGE
overdiscrimination in L. monocytogenes. As an example, in 2008,
Canada experienced a large outbreak of listeriosis associated with
RTE cold cut meat products. During the outbreak investigation,
two distinct AscI PFGE patterns emerged; however, WGS analysis
revealed that a 33-kbp prophage and a 50-kbp putative mobile
genetic element accounted for the different AscI patterns and led
to the conclusion that three distinct but clonal strains were in-
volved in this outbreak and all originated from the same source
(80). PFGE overdiscrimination also makes differentiating persis-
tent contamination by L. monocytogenes from reintroduction in
food-associated environments difficult. Different PFGE patterns
suggest reintroduction; however, if WGS reveals that the differ-
ence in PFGE pattern is caused by a single mobile element, this
suggests persistent contamination. A retrospective study exam-
ined persistent L. monocytogenes contamination in a deli setting
and showed several PFGE patterns, suggesting reintroduction.
However, cgMLST of the same samples showed that the strains
were clonal and secondary analysis of the sequence data revealed

that differing PFGE patterns were due to loss or gain of prophage
regions—allowing the authors to conclude that persistent coloni-
zation was the likely issue (81). Resolving these differences would
help food-processing facilities identify problems in their biosecu-
rity and lead to a better understanding of underlying problems to
take the necessary steps to prevent future contamination events.

Lack of SNP diversity within the L. monocytogenes core genome
means that high cgMLST similarity between human and food iso-
lates is not necessarily confirmation of a causal link (34). At the
same time, horizontal gene transfer (HGT) and mobile genetic
elements can make significant contributions to genomic diversity
within the accessory genome (84, 85) (Fig. 3). Therefore, WGS
results must be carefully analyzed and interpreted. For example, in
the United States, a sporadic case of listeriosis in 1988 was linked
to an outbreak in 2000, and both originated from the same pro-
cessing plant. Analysis by cgMLST showed that a single synony-
mous SNP was the only difference between a 1988 human isolate
and a 2000 food isolate, and only 11 SNPs differed among the four
genomes sequenced in the study (34). However, 1,274 SNPs were
observed between the 1988 and 2000 comK accessory prophage
sequences—which allows the strains to be clearly differentiated
(34). A separate retrospective study of persistent L. monocytogenes
contamination in a deli setting also revealed that L. monocytogenes
isolates from geographically and temporally different delis had
identical or nearly identical (0 to 1 SNP difference) cgMLST re-
sults, further cautioning against establishing linkages based solely
on low SNP variance within the core genome (81). Here it is im-
portant to note that other analyses that incorporate the whole
genome—such as synteny, clustered regularly interspaced palin-
dromic repeat (CRISPR)-associated locus subtype sequences, and
the sequences of mobile genetic elements— can be used to supple-
ment cgMLST analysis to interpret WGS. This interpretation,
along with epidemiological data, can delineate L. monocytogenes
strains during outbreak investigations (86).

Salmonella enterica

The genus Salmonella is divided into two species, S. enterica and S.
bongori. S. enterica, is one of the most prevalent foodborne patho-
gens in the world and causes 11% of all food-related deaths glob-
ally (87). There are six subspecies of S. enterica (I, II, IIIa, IIIb, IV,
and VI); however, most nontyphoidal salmonellosis is caused by
subspecies I, which is additionally divided into �1,500 serovars
defined by the detection of flagellar and somatic antigens (2). The
antigen used in serovar typing seems to be reflective of evolution-
ary relatedness in some serovars but not others. For example, S.
Newport has at least three distinct lineages and is polyphyletic
(88), while S. Enteritidis (89), S. Typhimurium (90, 91), and S.
Montevideo (30) are highly clonal. The genomic homogeneity
implicit in highly clonal serovars makes traditional molecular sub-
typing methods inadequate for differentiation in outbreak inves-
tigations and makes WGS particularly attractive for subtyping this
pathogen (92). As an example, S. Enteritidis is the most common
cause of salmonellosis (93), and 85% of isolates can be classified
into just five PFGE patterns. Anecdotally, this means that, for
example, the New York State Department of Health receives 350
to 500 S. Enteritidis isolates a year, �50% of which are of a single
PFGE type (JEGX01.0004); additionally, �30% are of a single
MLVA type (89). Subtyping methods that use WGS have been
shown to successfully delineate clonal S. enterica serovars where
traditional techniques cannot; several examples are discussed in
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this section. WGS has also been used to link historical cases of
salmonellosis to current outbreaks, which was not previously pos-
sible through the use of PFGE (94).

During an S. Enteritidis outbreak in Connecticut and New York
in 2010, several isolates were obtained during the defined out-
break period and all had the same PulseNet (JEGX01.0004) PFGE
pattern; WGS, followed by SNP-based phylogenetic analysis, was
able to produce a well-defined clade for epidemiologically defined
outbreak isolates and readily differentiate between outbreak and
concurrent sporadic cases (92). In Belgium in 2014, there were
several cases of infection with S. Enteritidis; the isolates were of
phage type 4a and had the same MLVA profile, though the epide-
miological investigation indicated that there may have been two
independent sources. cgMLST analysis placed the isolates into two
separate clades and confirmed that two overlapping outbreaks
were taking place. A maximum of two SNP difference based on
pairwise alignment of human and food isolates was observed in
the first clade, no SNP differences were observed in the second,
and 53 SNPs between the two were detected (95). In a retrospec-
tive study, 55 isolates from seven S. Enteritidis outbreaks could be
accurately grouped into clades by cgMLST; each outbreak had
four or fewer SNP differences between isolates, but there was an
average of 42.5 SNPs differentiating outbreak clades (96). In a
different study, 52 S. Enteritidis isolates from 16 outbreaks were
analyzed by cgMLST, MLVA, CRISPR-MVLST, and PFGE in tan-
dem to compare the effectiveness of cgMLST with that of estab-
lished techniques. Phylogenetic inference based on cgMLST accu-
rately predicted which strains belonged to each of the 16
outbreaks; in comparison, the next most accurate technique,
MLVA, correctly grouped only 6 of the 16 outbreaks (97). From
the 10 outbreaks that were not correctly grouped by MLVA, 8
grouped with isolates from other outbreaks and in 2 instances
isolates from the same outbreak did not form a group with each
other (97). In 2014, a hospital network in the United Kingdom
observed a spike in S. Enteritidis infections in several hospitals
and within communities serviced by the hospitals. Prospective
WGS using the Illumina MiSeq platform was able to determine
if cases were part of the outbreak and establish phylogenetic
information after only 18 h (98). Retrospective analysis of the
same samples was done with the Oxford Nanopore to evaluate
this emerging technology. Nanopore data were analyzed in real
time during sequencing, and identification to the species level
was available after 20 min, the serotype was available after 40
min, and within 2 h, it could be determined if the strain was
part of the outbreak (98).

In a Danish study, 18 isolates from six S. Typhimurium out-
breaks were compared to 16 unrelated strains. Phylogenetic
analysis based on cgMLST retrospectively identified outbreak
cases with 100% accuracy, and outbreak clades differed by 5 to
12 SNPs, while unrelated isolates differed by 15 to 344 SNPs
(99). In a larger study of 57 isolates of S. Typhimurium from
five outbreaks, cgMLST demonstrated high-resolution subtyp-
ing, as all of the isolates from four outbreaks differed by only
one or two SNPs, although isolates from the fifth outbreak
differed by only 12 SNPs (100). cgMLST has also been evalu-
ated for the ability to group outbreak cases from nonrelated
isolates within the same phage type—in this case, DT 8. DT 8
isolates were highly clonal, with only 342 SNPs differentiating
all DT 8 strains; however, outbreak clades were clearly defined
and differed by a maximum pairwise distance of 3 SNPs (101).

WGS has also been shown to have value for the identification
and source attribution of laboratory-acquired salmonellosis,
which is complex, given the number of strains to which a tech-
nician can be exposed (102).

The S. Heidelberg serovar is also clonal, and most isolates have
the same PFGE profiles. A retrospective study conducted in Que-
bec, Canada, compared 46 isolates from three outbreaks and
found that SNP-based analysis was able to correctly place the out-
break isolates into three clades. Within the outbreak clades, iso-
lates differed by 1 to 4 SNPs, while �59 SNPs were observed
among the three previously indistinguishable outbreaks, which
had the same PFGE and phage type (103).

S. Montevideo was the causative agent of a large outbreak in the
United States in 2009-2010 that reportedly affected nearly 300
people and confounded conventional epidemiological traceback.
On the basis of patient histories, spiced meat appeared to be the
causative agent of this outbreak; however, each isolate had a single
PFGE pattern (JIXX01.0011) that was also associated with a 2008
outbreak caused by contaminated pistachios (104, 105). SNP-
based analysis was able to readily differentiate clinical, environ-
mental, and foodborne isolates from the spiced meat outbreak
from other S. Montevideo isolates with the same PFGE patterns,
including isolates from the pistachio outbreak (30).

S. Newport is polyclonal and has a high degree of genomic di-
versity, and phylogenetically distinct lineages of S. Newport can be
more closely related to other serovars than to each other (106).
However, cgMLST had been demonstrated to provide more accu-
rate delineation of S. Newport than serovar identification, PFGE,
or MLST (89). For example, in Europe, the whole genomes of 24
clinical S. Newport isolates involved in an outbreak caused by
contaminated melon were sequenced. Nineteen were identical af-
ter SNP-based analysis, and the remaining five differed by only a
single SNP, while nonoutbreak S. Newport strains differed by sev-
eral thousand SNPs (107).

Since serotyping remains a gold standard in food safety man-
agement of Salmonella, several software packages that are capable
of accurately predicting Salmonella serotypes on the basis of WGS
data have been developed. SeqSero is a web application that is able
to determine the serotype of Salmonella isolates from both raw
sequencing reads and whole-genome assemblies with an accuracy
of 92 to 99% (108). The Salmonella In Silico Typing Resource
(SISTR) is an online platform that allows users to upload assem-
bled genomic data and then predicts the serotype (with 94.6%
accuracy), performs MLST and cgMLST, and allows users to view
their sequence in a broad phylogenetic context (109). While this
software currently provides typing information, it is also being
updated to provide AMR profiling and detect virulence genes
(109). The Metric-Orientated Sequence Typer can also estimate a
serovar on the basis of a short-read sequence, but users must
download the program from github and run it from a command
line interface, making it less accessible (110).

E. coli

E. coli can be an innocuous part of the intestinal microbiome, but
certain isolates have the pathogenic potential to cause significant
illness. Diarrheal E. coli can be divided into six major pathotypes:
enteropathogenic E. coli (EPEC), Shiga toxin-producing E. coli
(STEC), Shigella/enteroinvasive E. coli, enteroaggregative E. coli,
diffusely adherent E. coli, and enterotoxigenic E. coli (ETEC)
(111). Pathotypes do not form phylogenetic clades (112), but
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rather, E. coli genomes are particularly plastic and rapid gains and
losses of genetic material are associated with equally rapid changes
in virulence potential (113). The dynamic nature of the E. coli
genome leads to an exceedingly small core genome but a large
pan-genome, relative to other foodborne pathogens (114). Most
of the definable virulence factors in E. coli are on mobile genetic
elements and readily travel between E. coli strains by HGT. For
example, while most toxin genes and colonization factors required
for ETEC pathogenesis are carried by plasmids (115), the locus of
enterocyte effacement, which is required for EPEC pathogene-
sis and is also carried by some STEC isolates, is located on a
pathogenicity island (116) and the Shiga toxin involved in
STEC pathogenesis is encoded by a bacteriophage (117). While
WGS and SNP-based analysis are able to delineate E. coli out-
breaks and rapidly determine if isolates belong to a particularly
virulent lineage (118), currently, the most valuable role for
WGS in E. coli management is the rapid and reliable detection
of virulence genes.

The detection of virulence genes in E. coli typically has, until
recently, relied on phenotypic tests such as hemolysis, the cell
culture assay for toxins, or PCR-based amplification of virulence
genes (119). Completion of these typing tests (including PFGE,
MLST, PCR, and serotyping) would generally take �5 days, while
WGS can provide analogous data in 3 days (120). In the latter
scenario, a novel approach is used to interpret data during an
ongoing Illumina MiSeq run and can correctly identify virulence
genes in STEC only 4.5 h after the sequencing run is started (121).
Studies that compare routine virulence gene typing with WGS and
in silico typing have found that the two methods produce almost
identical results (�90% concordance) (120, 122). The discordant
results that do occur are attributed to limitations in the assembly
of short-read sequences (122), and this issue will probably be re-
solved by third-generation sequencing or the improvement of
short-read assembly. User-friendly websites are available for au-
tomatic detection of virulence gene presence from WGS data; a
popular one is VirulenceFinder (120). SuperPhy is an online plat-
form that also detects virulence determinants, including Shiga
toxin subtypes, in E. coli genomes but also goes several steps fur-
ther and identifies AMR markers and known statistical correla-
tions with geographic source, genotype, host, source, and phylo-
genetic clade (123). Web tools are also available for in silico
serotyping of E. coli, and these tools report very accurate results
compared to traditional serotyping (98 to 99% agreement) (124).
WGS data can also be used in comparative genomic approaches to
identify gene clusters that are responsible for changes in virulence
in a particular lineage. As an example, a comparison of STEC
associated with an outbreak with a high proportion of cases devel-
oping hemolytic-uremic syndrome (HUS) and STEC not associ-
ated with HUS identified several novel plasmids and fimbrial
genes that were later investigated for roles in the observed increase
in virulence (125).

Beyond the rapid detection of virulence genes, WGS, followed
by SNP-based analysis, can also be used to build high-resolution
phylogenies that provide insight into the relatedness of strains
during outbreak investigations. MLVA has the highest discrimi-
natory power of traditional typing methods for E. coli; however,
SNP-based analysis had been consistently shown to provide better
resolution (122). For example, in 2009, the United Kingdom had a
large outbreak of STEC serotype O157:H7, which infected 93 peo-
ple (126). Retrospective WGS was able to help determine that

contamination by a single successful strain had spread through an
entire farm to several animals before the first human case of EHEC
infection (127). Each isolate involved in this outbreak was of se-
rotype O157:H7 and ST11; therefore, the resolution necessary to
make this conclusion by either of these techniques would not have
been possible (127). Furthermore, only 9 to 25% of the STEC
isolates in the United Kingdom are linked to an identified out-
break, with the rest of the cases assumed to be sporadic, and spo-
radic cases are rarely attributed to a source (36). Each clinical E.
coli isolate is phage typed in the United Kingdom; however, the
majority of isolates are PT8 or PT21/28, and therefore, this tech-
nique also provides insufficient resolution to connect sporadic
cases (128). However, when 242 isolates responsible for appar-
ently sporadic cases were retrospectively subjected to WGS, 136
were shown to be linked to an outbreak and differed by fewer than
five SNPs (36). These results indicate that WGS can identify E. coli
outbreaks that occur below the limit of detection by other typing
tools. In a different retrospective analysis, SNPs were detected in a
sample set of 11 groups of two or more epidemiologically linked
isolates. Epidemiologically linked isolates formed phylogenetic
clades with 100% bootstrap support that differed by fewer than
four core genome SNPs (122).

The whole genomes of isolates from the largest E. coli O157:H7
outbreak in Alberta, Canada, were retrospectively sequenced, and
the results of a SNP-based phylogenetic analysis were compared to
those of MLVA, PFGE, and gene profiling of 49 STEC virulence
genes. Isolates from the outbreak contained multiple yet closely
related PFGE and MLVA patterns, while gene profiling was unable
to differentiate outbreak isolates from unrelated sporadic cases
(129). SNP-based phylogeny was able to place all epidemiologi-
cally linked outbreak isolates into one well-defined clade where
isolates differed by 0 to 5 SNPs and differed from clades of con-
current but epidemiologically unlinked isolates by 231 to 257
SNPs (129).

Campylobacter

Campylobacteriosis, caused by Campylobacter jejuni (90%) and
Campylobacter coli (10%), is the most common cause of self-lim-
iting bacterial gastroenteritis globally and is also probably highly
underreported (130). Campylobacter isolates are highly genetically
diverse and regularly undergo horizontal genetic exchange; this
diversity confounds the development of reproducible typing
schemes, which are essential in both epidemiology and disease
control (131). However, despite high levels of genetic exchange,
Campylobacter populations are highly structured into clonal com-
plexes of related bacteria that have an ancestor in common and
have other properties, like host association range and virulence
potential, in common (132, 133). It is likely that finding ways to
intervene in the food chain to reduce the prevalence of Campylo-
bacter in food-producing animals is the only way to reduce infec-
tions. To assess the effectiveness of interventions, WGS and sub-
sequent SNP analysis are invaluable (134). Traditional MLST is
useful in assigning isolates to clonal complexes, particularly be-
cause the same MLST scheme is used for both C. jejuni and C.
coli—which allows comparison of inter- and intraspecies diversity
(135); however, it is unable to establish relationships within and
between clonal complexes (134). cgMLST is able to provide reso-
lution within clonal complexes and information on the related-
ness of clonal complexes and therefore provides better genetic
attribution with respect to the source than MLST does, and this
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leads to a better understanding of the effectiveness of interven-
tions (134).

WGS typing has been repeatedly shown to be more discrimina-
tory than the traditional Campylobacter MLST, PFGE, and flaA
typing methods (136). A retrospective study from Finland showed
that 80% of C. jejuni clinical isolates are associated with only three
clonal complexes (ST45, ST283, and ST677), demonstrating that
MLST has a limited ability to determine if cases are sporadic or
associated with other cases (137). However, cgMLST can provide
enough resolution to reveal distinct clades within clonal com-
plexes, genetically link apparent sporadic infections, and identify
a common infection source (137). For example, comparative
genomics was used to identify the proportion of human cases
originating from chicken consumption versus swimming water.
Since only four STs (ST45, ST230, ST267, and ST677) covered
most of the isolates, MLST was unable to help identify the source
of the human infections. However, WGS was able to link 24% of
human cases directly to contaminated chicken slaughter batches
and no cases were linked to swimming water (138), indicating that
other sources of C. jejuni infection probably exist. While it was
previously thought that epidemiologically linked isolates with the
same or similar PFGE profiles were closely related and were ex-
pected to be the expansion of a single clone, it is now known that
PFGE tends to overestimate the clonal relationships between
Campylobacter isolates (139–141). For example, in a large water-
borne outbreak of C. jejuni in 1998, several isolates were obtained
from patients and the environment that were all of Penner sero-
type 12 and ST45 and had nearly identical KpnI and ScaII profiles
(142). However, WGS of these isolates revealed that two patient
strains, which were both epidemiologically related to the contam-
inated water, were genetically distinct enough to be considered
different strains, indicating that the water probably harbored mul-
tiple contaminants (141).

Vibrio cholerae

On 12 January 2010, a magnitude 7.0 earthquake, centered near
Port-au-Prince, struck Haiti and resulted in infrastructure dam-
age including crippled sanitation systems that contributed to a
devastating cholera outbreak starting in October. According to the
Pan American Health Organization, this outbreak, which is still
ongoing, has sickened �750,000 Haitians and killed 9,068 to date
(143). In the first few weeks of the outbreak, the U.S. CDC ana-
lyzed the strain by PFGE and evidence suggested that the etiolog-
ical strain originated in South Asia and was probably brought to
the region by United Nations (UN) workers; however, several ar-
gued that this was not conclusive, as PFGE does not yield a de-
tailed enough fingerprint for such a conclusion (144). Indepen-
dent researchers proposed that, instead of human introduction,
the cause was climate change that led to increases in temperature
and salinity in the river estuaries around the Bay of Saint Marc in
Haiti, leading to the competing climate hypothesis (145, 146). The
main challenge in Vibrio outbreak source tracing is that the most
common PFGE patterns tend to drift over the course of an out-
break, indicating that multiple concurrent outbreaks may be oc-
curring, a possibility that, in this case, also challenged the single-
source introduction hypothesis (147). Given the political and legal
ramifications of aid workers being the source of this outbreak, a
more detailed analysis of this outbreak by WGS was required.

V. cholerae can be classified into serogroups on the basis of the
somatic (O) antigen, and at least 155 serogroups have been re-

ported (148). Serogroup O1 isolates were responsible for all epi-
demic and endemic cholera cases until 1993, when serogroup
O139 emerged and was linked to a cholera outbreak centering in
Bangladesh and India (149). These serotypes can be further de-
fined by biotyping into El Tor (hemolytic) and classical (nonhe-
molytic) (150). With only two circulating serogroups of V. chol-
erae responsible for the majority of illness, serotyping is not
specific enough to trace outbreaks caused by this species. PFGE
has been studied and validated extensively for use in the epidemi-
ological surveillance of V. cholerae (151). The SfiI PFGE pattern of
the Haitian strains was KZGS12.0088, and the NotI pattern was
KZGN11.0092; however, from 2005 to 2010, strains with the same
PFGE pattern had been isolated in Sri Lanka, India, Cameroon,
Nepal, and Pakistan (152); therefore, PFGE results could not in-
dependently lead to a definitive conclusion about the origin of the
cholera outbreak. The use of whole-genome MLST demonstrated
that Haitian outbreak strains clearly formed a clade with strains
isolated from Bangladesh (153). However, the strains used for
comparison were isolated in Latin America in 1991 and South Asia
in 2002 and 2008 and there was no guarantee that the strains
circulating at those times were the same as the strains circulating
in 2010. WGS of 24 V. cholerae genomes that were circulating in
Nepal in the months leading up to the outbreak was performed
(154). On the basis of a phylogenetic analysis of 184 parsimony-
informative SNPs, three Nepalese isolates were differentia-
ted from the Haitian isolates—which were identical to each
other— by a single SNP, providing strong evidence that this clonal
group was the source of the 2010 Haitian outbreak (154). As the
outbreak continued, by 2012, various PFGE pattern combina-
tions, serotypes, and antibiotic susceptibility patterns had been
identified in V. cholerae isolates from Haiti; which led some
investigators to question if multiple simultaneous outbreaks
were taking place (146). However, the results of a WGS analysis
of 23 V. cholerae isolates from 2010 to 2012 in Haiti supported
the conclusion that the outbreak was clonal and that Nepalese
isolates were the closest relatives, despite the presence of mul-
tiple PFGE patterns (147). This study was also important be-
cause WGS was performed in conjugation with bioinformatic
analysis and the results were used to infer a molecular clock,
which determined that the most recent common ancestor of
the Haitian and Nepalese strains was estimated to be between
23 July and 17 October 2010. This aligned the cholera outbreak
in Nepal and the arrival of Nepalese soldiers in Haiti with the
start of the Haitian outbreak (145). WGS provided particularly
strong evidence that Nepalese UN peacekeeping troops
brought cholera to Haiti (154–156). The intricacies of this out-
break could not have been solved and the source of the con-
tamination would not have been conclusively identified with-
out the use of a WGS typing approach.

Foodborne Viruses

Viruses are the greatest reservoirs of genetic diversity on the planet
(157), and they are constantly evolving under strong selection
pressure (158). Viral WGS is now being used to provide informa-
tion about the total viral population within infected organisms or
environmental samples, and because of deep coverage at each po-
sition, second- and third-generation sequencing can be employed
to identify the source and direction of transmission in an outbreak
situation, which can aid in forensic investigation and intervention
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(159). This became apparent during the 2014-2015 Ebola out-
break (68, 69).

NoV is a highly infectious and rapidly evolving RNA virus that
is responsible for the majority of acute gastroenteritis cases
around the world (160–162). There is no vaccine or therapeutic
intervention available to prevent or control NoV infections.
Therefore, the development of a control strategy requires under-
standing of the sources of contamination and the mechanisms of
new transmissions. To investigate the NoV transmission events
and to examine interhost dynamics of NoVs, WGS was used to
analyze genomic variations among three linked patients (163).
Each recipient’s major nonsynonymous variant was found to be
identical to a minor variant isolated from the donor. In other
words, a donor’s minor variant may become the major variant in
the recipient. This finding indicates that a strong bottleneck effect
occurs in person-to-person transmission of NoVs. Viral WGS also
has been used in source attribution during nosocomial transmis-
sion of NoV to immunocompromised patients in a United King-
dom hospital (164). Phylogenetic patterns and SNP-based analy-
sis demonstrated that two out of three patients on the same ward
were infected with closely related viruses, which indicated either
nosocomial transmission or a single source of contamination of
these two patients (164).

Hepatitis A virus (HAV)-associated foodborne outbreaks are
frequently reported worldwide (165, 166). HAV is a nonenvel-
oped, single-stranded, positive-sense RNA virus that belongs to
the Picornaviridae family. In 2013, a large outbreak of HAV was
reported in Italy that involved 1,202 cases (167, 168). Further
study led to the hypothesis that the outbreak could be linked to
frozen berries from two independent sources. To understand the
relationship between these two potential sources, viral WGS was
used. HAV was propagated on fetal rhesus monkey kidney cells
inoculated with each of two samples and then sequenced via am-
plicon sequencing (169). SNP differences were not detected in the
variable region (VP1-2A) when the two berry samples were com-
pared to the clinical sequence, strongly indicating that the berries
were the source of the outbreak (169).

Recently, there has been a suggestion of a correlation of beef
consumption with an increased risk of colorectal cancer (170,
171). A potential explanation for this link is the presence in
beef products of oncogenic viruses, such as polyomaviruses,
that survive cooking (171). The presence of polyomaviruses
was investigated by sequencing the metagenome of retail meat
products after virion enrichment (172). Three polyomaviruses
were identified by this study: bovine polyomavirus 1 (BoPyV1),
BoPyV2, and BoPyV3 (172). BoPyV2 is phylogenetically re-
lated to Merkel cell polyomavirus and raccoon polyomavirus,
both of which are shown to cause cancer in their native hosts
(172). BoPyV2 has also been identified in retail meat products
in San Francisco; however, it should be noted that neither of
these studies has proven a conclusive link between virus infec-
tion and cancer (173).

Human adenoviruses (HAdVs) are among the most abundant
enteric viruses in water. HAdV is a nonenveloped DNA virus with
a genome composed of one double-stranded DNA chain contain-
ing 35 to 37 kbp, depending on the virus type (174). The clinical
manifestations of HAdV infections vary from an absence of symp-
toms in healthy carriers to death in immunocompromised indi-
viduals. HAdVs can also be associated with enteric diseases (174).
In the past, PCR and Sanger sequencing approaches were em-

ployed to detect HAdV contaminations in waste and river water
matrices. However, these methods identify only a limited number
predominant species, while water samples may contain multiple
viral strains (175). Amplicon sequencing of the nonconserved
hexon gene was used to improve the detection and identification
of HAdV diversity in wastewater and river water matrices, and this
provided high enough resolution to discriminate all 54 subtypes of
HAdV (176).

Bridging the Gap with Historical Techniques

As sequencing-based technologies progress and bioinformatic
analyses become commonplace, WGS is set to become the domi-
nant typing method for investigating foodborne outbreaks and
microbial contamination. Thus, it will become increasingly im-
portant to link WGS data to data in traditional typing databases
such as PulseNet and PubMLST. This will allow for new WGS data
to be placed into the proper historical context and enhance the
capability to respond to outbreak events. One method of accom-
plishing this is to retrospectively sequence culture collections, as
the FDA is doing as part of their GenomeTrakr network (177).
Another method is to generate in silico results for traditional typ-
ing methods from WGS data, and several software packages are
now available to do this (35). As mentioned earlier, MLST data
can be readily extracted from assembled WGS data (28). The Mi-
crobial In Silico Typer (MIST) is a highly customizable tool that
can be used to yield in silico results for one or more typing assays
that are user defined. The MIST has been used successfully to
generate VNTR and MLVA data for L. monocytogenes and to de-
termine the pathotypes of E. coli isolates (178). Other software
packages previously discussed in earlier sections, such as SISTR
and SuperPhy, also have functions that can generate serovar/sero-
type predictions and help to compare current isolates in a histor-
ical context (109, 123). Beyond generating comparable results for
historical techniques, several software platforms that attempt to
predict if an isolate is pathogenic on the basis of its whole genome
sequence are now becoming available and include Pathogen-
Finder 1.1 (179) and the NCBI Pathogen Detection pipeline (http:
//ncbi.nlm.nih.gov/pathogens/).

USES OF WGS BEYOND HIGH-RESOLUTION SUBTYPING

Microbial Risk Assessment

Microbial risk assessments support the process of deciding
whether to withdraw a food from the market during an out-
break event or assessing the effectiveness of intervention strat-
egies along the farm-to-fork continuum (1). Several pheno-
typic markers, including virulence factors, host adaptation,
stress resistance, and AMR, are important to microbial risk
assessment, since they focus attention on microbial subpopu-
lations that pose the most risk to human health (180). How-
ever, the potential uses of WGS in microbial risk assessment,
beyond strain identity and clustering, are still unclear. The
number of hazards identified by traditional phenotypic meth-
ods is dwarfed by those extracted from WGS data (181), and
determining which information is most useful is difficult.
However, for genotypic data to be useful to food safety author-
ities and policy makers, there must be an established way to use
genotypic data to predict a phenotype that can accurately pro-
duce a true measure of risk, which is an active area of research
(1). In addition, appropriate statistical methodology for the
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application of complex WGS data in risk assessment must be
developed (181).

Geographic Source Attribution

Globalization of the food supply has created a situation where
food- and waterborne outbreaks can take place on an interna-
tional scale. In addition, the ingredients in a single food product
may be sourced from different international locations, making
source attribution particularly complicated in these situations.
There is, however, substantial evidence that WGS data can be used
to help predict the geographic origins of pathogenic isolates—and
that this information can aid substantially in outbreak delinea-
tion. The idea that geographic source attribution could be success-
ful came in 2012 during retrospective WGS. In that study, a Sal-
monella Bareilly outbreak in the United States was successfully
linked by WGS to a scraped tuna product imported from India
on the basis of sequence similarity to a 5-year-old historical
isolate from the FDA archives that was collected from a pro-
cessing facility �8 km away from the source of the 2012 out-
break (182). In addition to this initial observation, later studies
have shown that geographic source attribution can be useful as
a tool for delineating geographically dispersed outbreaks.

C. botulinum represents a group of spore-forming bacteria that
are capable of causing fatal foodborne infection/intoxication. A
recent study demonstrated that SNP analysis could resolve isolates
by the geographic location of the origin of the outbreak (183).

On the basis of the evidence that WGS data can be used in
geographic source attribution, the FDA has introduced the Ge-
nome Trakr network, which is predicated on the idea that the
FDA’s historical isolate collection could be sequenced, ar-
chived, and ultimately used to provide investigators with geo-
graphic clues surrounding the sources of large outbreaks (177).
This would provide faster responses and intervention during
large outbreaks. The SISTR platform has also been expanded to
provide geographic predictions based on WGS of Salmonella
isolates (109). However, it should be noted that these tools are
only as good as the databases, and continual expansion of ge-
nome sequences from new and historical isolates is critical to
future accuracy.

In Silico AMR Prediction

In addition to providing high-resolution typing schemes, WGS
data are immediately available for secondary analyses. While tra-
ditional AMR testing is time-consuming and expensive, food-
borne bacterial isolates can now be examined in silico for the pres-
ence of AMR genes immediately after sequencing. Several online
software packages have been created to identify AMR genes in
whole or partially assembled genomes, including the Resistance
Gene Identifier (RGI) in the Comprehensive Antimicrobial Resis-
tance Database (CARD) (184), the Antibiotic Resistance Database
(ARDB) (185), and the Resistance Gene Finder (ResFinder) data-
base (186). These databases vary in size and specificity. The ARDB
contains 23,137 known resistance genes from 1,737 bacterial spe-
cies, the CARD contains 4,221 gene that are responsible for resis-
tance to many antibiotic classes, and the ResFinder database con-
tains 1,800 resistance genes from 12 different antimicrobial classes
(187). These tools have been reported in additional studies to have
high concordance with phenotypic resistance. For example, a
Danish study in which 200 foodborne isolates were phenotypically
tested for susceptibility to 14 to 17 antibiotics showed that The

ResFinder database was 99.7% accurate when predicting AMR
and only struggled when predicting spectinomycin resistance in E.
coli (188). AMR gene databases can also be downloaded, and ge-
nomes can be searched for resistance markers with custom scripts;
this method appears to have good accuracy. For example, a study
of Campylobacter AMR reported a 95.4 to 100% correlation be-
tween phenotypic and genotypic testing results, dependent on
which antibiotic was evaluated (189). Different work on E. coli
demonstrated a 97.8% correlation between phenotypic and geno-
typic testing results, where again the only discordant results were
attributed to streptomycin (190). In addition to the fact that
resistance to some antibiotics is harder to detect via genotypic
methods, there are other limitations to WGS for antibiotic re-
sistance prediction that must be addressed. For example, in
members of the family Enterobacteriaceae, carbapenem resis-
tance can result because of a combination of porin loss and
extended-spectrum beta-lactamases enzymes but not because
of either separately, and in silico detection algorithms struggle
with situations like this (191). The genes underlying novel re-
sistance mechanisms must also be identified in the laboratory
before being added to the databases (192), and this represents a
substantial amount of work.

METAGENOMICS AND CULTURE INDEPENDENCE

Metagenomic analysis, culture-independent analysis of the ge-
netic material of all of the microbial DNA in a given environment,
is often used to refer both to 16S rRNA gene amplification and
subsequent sequencing and to “true” metagenomics, where all of
the DNA extracted from a sample is sequenced. For food safety
testing, current 16S rRNA sequencing protocols are not useful,
since the short sequence reads provided by current next-genera-
tion sequencers are too short to correctly resolve closely related
pathogenic and nonpathogenic species (e.g., L. monocytogenes and
L. innocua [193]). This may change as third-generation sequenc-
ers are optimized for 16S rRNA sequencing or other more phylo-
genetically informative markers are further developed for ampli-
con sequencing. However, true metagenomic sequencing is
already offering a culture-independent alternative for direct de-
tection of pathogens in food in the case of nonculturable viruses
and parasites (194). This technique may eventually be extended to
culturable bacteria to decrease detection time and cost; however,
there are numerous valid concerns about receiving positive signals
because of the presence of DNA rather than a viable organism
(195).

Culture-independent diagnostic testing will introduce ma-
jor challenges to platforms that allow real-time communica-
tion of outbreak information, such as PulseNet. The concern is
that as clinical settings switch to the use of rapid, nonculture
tests, there will be fewer (or no) isolates from patients with
foodborne illnesses. The CDC is currently working with the
APHL, regulatory agencies, diagnostic kit manufacturers, and
clinicians to ensure that positive test results will be followed by
the collection of samples to allow for recovery of the bacterial
pathogen.

CONCLUSIONS

The molecular landscape in food safety investigation is rapidly
changing from the use of traditional molecular subtyping meth-
ods to WGS-based typing methods (Fig. 4). This change repre-
sents a shift from techniques that use discrete categorical indexing
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(i.e., a PFGE pattern, multilocus ST, or serotype) to a more con-
tinuous, custom-designed, and arguably infinitely flexible index
(number of SNP differences) to define the relatedness of two isolates.
This has brought about a transition period. This transition period is
giving researchers the opportunity to address important issues such
as standardization, quality control, methodology, and regulatory use.
Currently, interpretation of WGS data requires the judgement of ex-
perts in the field such as epidemiologists, bioinformaticians, and mi-
crobiologists. It is also noteworthy that WGS has not and will not
replace a good epidemiological investigation, but instead, the two
must be thought of as complementary data sets for rapid delineation
of outbreak events. The increased resolution provided by WGS pro-
vides epidemiologists with information that will help to link cases that
would have been overlooked as sporadic in the past. WGS data can
also be used for secondary analysis such as evaluating the effectiveness
of contamination intervention strategies in the farm-to-fork-to-flush
continuum, detection of AMR genes, and geographic source attribu-
tion. Several software packages are now available to aid in this analy-
sis, and novel ones are continually being developed. In addition, from
a strictly technical perspective, we are years away from being able to
conduct culture-independent investigations and it is important that
sequencing not completely displace culturing, as obtaining an isolate
is still an important part of microbiology and secondary analysis.
Because of the declining costs, increased resolution, and value-added

secondary analysis NGS approaches offer to food safety, these mod-
ern approaches will continue to replace traditional molecular subtyp-
ing methods and drive improvements in global food safety.
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