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14.1 Introduction

The rapid detection and typing of DNA belonging to known and emerging
pathogens represents one of the most fundamental and frequently encountered
tasks by state and national health laboratories. Over the past decade, next generation
sequencing (NGS) platforms have been incorporated into a range of public health
programs responsible for surveilling, detecting, and investigating/responding to
infectious disease outbreaks. NGS has been rapidly integrated into the field of
pathogenic foodborne microbiology as both a primary and supportive detection
tool and is routinely used in the analysis of isolates from many prominent foodborne
bacterial pathogens including Salmonella, Listeria, Escherichia coli, Shigella, and
neurotoxigenic Clostridium. Collectively, 31 major foodborne pathogens are
estimated to result in 9.4 million instances of illness leading to 55,961
hospitalizations and 1351 deaths per year in the United States; figures dwarfed by
estimates over the same period for unspecified agents responsible for 38.4 million
cases of acute gastroenteritis, 473,832 hospitalizations, and 5072 deaths [1, 2]. The
relatively well-defined and studied major foodborne pathogens often are associated
with established regulatory procedures for their detection and verification and are
often the focus of major public health programs. A number of these bacteria have
been the subject of large multi-center NGS-enabled whole genome sequencing
(WGS) initiatives, which have begun to fundamentally change the landscape of
disease surveillance. While a diversity of factors is responsible for the many cases of
acute gastroenteritis with unspecified etiology, the possibility exists that a substantial
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number are attributable to uncharacterized, cryptic, or conditional pathogens that
currently evade identification. The steady growth in WGS and metagenomic
sequence data from pathogenic and non-pathogenic organisms already has provided
critical insight into horizontally mobile genomic elements and revealed that some
critical virulence factors may have a broader distribution than was previously
understood.

NGS is a transformative technology, and the sequence data produced by NGS are
impacting the field of pathogen detection in profound ways. This chapter explores
what NGS platforms are, the types of sequence data they can produce, and how
sequence data are being leveraged to enhance the detection of foodborne bacterial
pathogens. In the first part of the chapter we begin with a brief history of the
emergence of NGS technology and its early integration into the field of bacterial
pathogenesis. Next, we provide an overview of core concepts used in the preparation
of nucleotide data for whole genome sequencing before transitioning into an over-
view of several commonly encountered NGS platforms and the state of the sequence
data that is produced by them.

In the second half, we focus on the utilization of NGS data as a tool for pathogen
typing and detection. The process by which viruses, organisms, and/or their toxic
factors drive pathogenesis can be immensely complex and diverse. Although WGS
can be highly complementary to pathogen detection goals, there is no one-size-fits-
all answer for how to utilize WGS data. Options will differ based on a range of
factors that are often specific to the organism genome being sequenced. To provide a
broad overview we discuss gnome assembly and the applications of NGS data in the
context of two foodborne pathogens, Salmonella enterica (S. enterica) and Clostrid-
ium botulinum (C. botulinum). These two organisms differ substantially in regard to
underlying biology, disease outbreak frequency, pathogenesis, and detection goals.
These differences allow us to explore the immense variety of options an investigator
faces once WGS data are acquired, highlight how these data can be applied to
detection goals, and demonstrate how these goals can vary from organism to
organism. We explore (1) the use of WGS as a high-resolution molecular typing
tool, (2) its compatibility with other typing schemes, (3) and ways to utilize the data
encoded within the genome to detect and explore virulence factors.

14.2 Next Generation Sequencing: Background and History

The most approachable use of NGS technology lies in the ability of most modern
platforms to rapidly and accurately produce WGS data. For culturable bacteria,
modern NGS platforms can generate WGS data suitable for de novo genome
assembly or resequencing purposes within a timeframe of several hours to several
days [3]. Reference-based resequencing approaches map sequenced reads to an
already existing genome assembly, usually for purposes of variant detection or
rapid typing as part of an established bioinformatics workflow. De novo sequencing
is computationally driven, direct assembly of sequenced reads into larger contiguous
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sequences. Although conceptually distinct, these applications are not mutually
exclusive, and resequencing is often used following de novo assembly as part of
an iterative approach to acquire a more accurate, consensus assembly. Most NGS
platforms perform WGS by utilizing a random sequencing approach to generate
large quantities of sequenced reads that are later computationally reassembled into a
contiguous sequence, or contig. The value of this approach was demonstrated when
investigators at The Institute for Genomic Research utilized random sequencing to
assemble the complete bacterial genome of the pathogen Haemophilus influenzae in
1995 [4]. WGS data produced by most NGS platforms require a similar process of
post-run assembly of sequenced reads. Pre-NGS, WGS projects relied predomi-
nantly on automated capillary sequencing or automated Sanger/ddNTP sequencing.

Though the 1990s and early 2000s, time and labor costs associated with preparing
clone libraries for sequencing kept genome scale sequencing projects out of reach for
most laboratory groups that were not solely dedicated to genomic projects. Most
modern NGS platforms are optimized in ways that substantially simplify the library
preparation steps prior to sequencing. The massively parallel nature and increased
processing ability of NGS technologies enables accurate, high quality sequencing to
occur in a timeframe of days or weeks, instead of the months or years required for
earlier projects. Compared to automated Sanger/ddNTP sequencing, these platforms
are fast, cost effective, and accessible to researchers in a range of settings. There is
some sequence accuracy tradeoff, which we discuss as part of our overview of
several sequencing platforms, and there can be challenges present in the storage,
analysis, and effective utilization of produced data. However, the approachability of
NGS has resulted in its rapid integration as an indispensable tool in the field of
pathogen detection.

The first standalone next generation sequencer, the Life Sciences
454 pyrosequencer, became available in 2004. By 2008 the field consisted of a
diverse collection of platforms, many operating in fundamentally different ways but
all achieving the common task of producing DNA sequence data through means
faster and cheaper than previous options [5, 6]. As an emerging technology, NGS
adoption was not immediate. Well into the start of the NGS era, the whole genome of
the Bacillus anthracis Ames Ancestral strain, utilized as part of the comparative
genome study linked to the ‘Amerithrax’ investigation, was sequenced via automated
capillary sequencing [7, 8]. Nonetheless, the ‘Amerithax’ case demonstrated the
power of whole genomic data to resolve sequence differences between very closely
related strains and the potential application of bacterial WGS data as an investigatory
tool. Even low coverage WGS via capillary sequencing is cost prohibitive for most
sequencing projects. As NGS products continue to mature as a technology,
specialized pathogen oriented datasets that combine detailed isolate collection
metadata, isolate WGS, and rapid phylogenetic analysis have been developed and
are beginning to shape the future of pathogen detection, outbreak response, and
source tracking.

While most modern sequencing platforms provide fast and accurate data, there
are several important considerations when selecting a platform depending on
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intended purpose. Key factors for WGS include genome size, sequencing coverage,
the number of cultured isolates that require sequencing, the nature of data generated
by the sequencing platform, and the availability of computing resources for assem-
bling and interpreting the whole genomic data. Table 14.1 provides a brief overview
of some of the most frequently encountered NGS platforms in use today. Each NGS
platform/family of platforms determines sequence through substantially different
means and prior to sequencing, extracted DNA is subjected to a library preparation
step which ensures the DNA is physically structured in a way that is conducive to
platform operation. Broadly, short-read sequencers such as the Illumina MiSeq,
NextSeq, and MiniSeq platforms generate copious quantities of short reads that
can be mapped against reference sequences or used to create de novo assemblies that
assemble into multiple contigs. Long-read sequencers, including the Pacific
Biosciences (PacBio; Menlo Park, California, US) and Oxford Nanopore platforms
(Oxford, UK), can produce long reads for scaffolding genomic regions together and
with sufficient coverage depth, produce de novo assemblies consisting of a closed
genome. We discuss in detail the types of output that can be expected from the
platforms covered in the table but first provide a brief introduction to some of the
core concepts necessary for conducting a successful sequencing run.

14.3 Core Concepts in Sequencing

The laboratory wet work process of sequencing the genome of an organism for
purposes of bacterial WGS often follows a set path. A bacterial isolate of interest is
cultured on solid media and grown to desired cell density. Genomic DNA is
extracted, quantified, prepared as a genomic library, and ultimately input into a
sequencing platform which generates sequenced nucleotide reads as an output.
Although we will describe these concepts assuming a typical WGS protocol, many
are general terms that are broadly applicable to many types of sequence output.

14.3.1 Genome Size and %GC Content

Genome size, the sum of DNA in an organism measured in nucleotide basepairs
(bp) varies substantially across and within the major domains of life. As of August
2017, complete genomes in NCBI/Genbank ranged in length for viruses, including
viroids, from 220 to 2,473,870 bases and for prokaryotes from 112,031 to
16,000,000 bp. In the case of viral and prokaryotic genomes, genome sizes and
the amounts of coding DNA increase in a mostly proportional linear fashion. On the
other hand, eukaryotic genomes are extremely variable in size and often contain
large amounts of non-transcribed DNA with regulatory or unknown functions
[9]. For smaller eukaryotic genomes, e.g. those of some yeasts, WGS with the
intention of de novo assembly may be a readily accessible but there are additional
complexities by the potentially diploid+ nature of these organisms [10]. Special
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consideration of sequencing platform, data capacity, and bioinformatic support
should be taken for projects aimed at sequencing eukaryotic pathogens such as
protozoa and fungi with genomes longer than 20–25 Mbp. Figure 14.1 provides a
model visualization of a closed bacterial genome with the length of 4,500,000 bp that
is fairly typical of an average bacterial genome. An additional feature, %GC
nucleotide content should also be considered prior to sample preparation as some
sequencing platforms can have markedly different error profiles depending on the
sequence composition of the loaded nucleotides. Whether empirically determined
via prior sequencing or approximated from a near or distant relative organism,
approximate genome length and GC% content can help to achieve the appropriate
coverage necessary for acquiring informative NGS data.

Fig. 14.1 Circos plot of a 4.5-Mbp bacterial chromosome. Solid black bands represent a closed
annotated genome assembly generated from long-read sequencing on a Pacbio platform.
Fragmented inner bands are sequences from a contig MiSeq short-read assembly, locally aligned
against the closed genome. Yellow bands highlight the location of identical IS21 insertion
sequences throughout the genome, discussed in Fig. 14.2
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14.3.2 Coverage

In the context of WGS, coverage generally refers to the mean read depth across a
given genome assembly. Calculated by the formula developed by Lander and
Waterman, referred to as coverage redundancy, coverage is the product of read
length by read count, over the genome size of the organism being sequenced
(Eq. 14.1) [11].

Coverage ¼ Read length bpð Þ � Number of Reads

Genome Size
ð14:1Þ

Greater coverage, when equitably distributed across a de novo assembly, can
improve de novo assembly quality and promote more accurate variant detection in
reference-based assemblies. Depending on platform read length, accuracy, and the
nature of the sequenced genome itself, greater coverage can to an extent lead to
more complete assemblies composed of longer and less numerous contigs. This
can lead to de novo genomic assemblies that are closer representations of complete
chromosomes or plasmids. Non-NGS de novo WGS assemblies tend to have
coverage in the range of 5–20X, largely due to the costs associated with higher
coverage. Modern NGS platforms are, by operator specification, often capable of
producing coverage of bacterial genomes in the range of 101–103X. What constitutes
desirable coverage is circumstantial and depends on the goals of the operator. More
observations of a given site can increase the confidence of the assembly algorithm in
interpreting the validity of a consensus sequence presented by the majority of
overlapping reads, provided those reads are uniquely mapping, informative reads
[12]. Contig extension, which is handled differently by various assembly programs,
requires that the read stem from a template sequence belonging to a sufficiently
unique genomic locus. This tends to be an issue with any repetitive nucleotide
sequence that exceeds the length of the average read produced by the sequencing
platform. Any read lacking some portion of genomic sequence flanking the repetitive
sequence is uninformative and often leads to observable coverage spikes in mapped
reads against the repetitive region. For purposes of sample multiplexing and efficient

Fig. 14.2 Pileup of short reads mapped against the closed reference genome showing an Insertion
Sequence of the IS21 family. Blue reads represent those that map to a single genomic location,
whereas yellow reads represent those that map to multiple (in this instance 10, Fig. 14.1) separate
sites throughout the genome. Extended, repetitive genetic elements are often responsible for
termination of contig extension in assemblies based on short reads alone
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use of often expensive sequencing reagents, coverage should be estimated before
sequencing. Additional factors such as sample/library preparation involving a PCR
amplification step can contribute to over-representation of select sequences in the
sequenced reads, amplicon and shotgun-based libraries may demonstrate different
error profiles [13, 14]. The operator can determine an appropriate coverage depth for
their sequencing needs. The other variable of the Lander-Waterman equation, read
length, tends to be much more sequencing platform-specific. We discuss read length
and read accuracy in the context of specific NGS platforms.

14.3.3 Accuracy

Accuracy, the ability to correctly determine the nucleotide present at a given locus,
is affected by both the accuracy of the sequencing platform and the actions of
the computational assembly process on the sequenced output. In Table 14.1, we
provide a brief overview of several modern sequencing platforms frequently used
for bacterial WGS. Platforms differ in the types of error profiles they exhibit.
Some platforms have variance in read accuracy when challenged with difficult
polynucleotides, including those that are compositionally biased (e.g., high/low
GC content, homopolymers, highly repetitive DNA). Others are associated with
error profiles that are relatively unbiased towards nucleotide composition, but
display much lower initial read accuracy and must be compensated through
increased coverage. Genomic DNA library preparation is often highly prescribed;
routinized protocols ensure, for instance, that the DNA sample that is ultimately
input into the platform is the correct length, concentration, single/double stranded,
and properly ligated with adaptors. A PCR amplification step may or may not be part
of the process of preparing the sample. While beneficial in that PCR can often allow
for sequencing from a smaller starting amount of DNA, PCR can also lead to the
generation of PCR-induced mutations and the under/over representation of certain
sequences based on nucleotide content [15]. This is more likely to be a concern
during work with short-read sequencers from the Illumina and Ion torrent platforms,
which often utilize a PCR step as part of the library preparation process [14, 16,
17]. Although not necessarily a problem, a PCR step may impact quality of the
resulting assembly in certain circumstances. The long-read sequencers from the
Pacific Biosciences and Oxford Nanopore platforms tend to have low raw-per-read
accuracy relative to the short-read platforms with unbiased and biased errors
respectively.

14.4 Short-Read Sequencing

A wide variety of sequencing platforms exist and many determine nucleotide
sequence through fundamentally different chemical processes. One way of
demarcating platforms is to consider the types of output they provide and how that
output relates to the project goals of the user. Several families of sequencing
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platforms, notably the Ion torrent and Illumina products, generate short sequenced
reads generally in the range of �500 bp that tend to assemble into genomic
assemblies composed of contigs. Shorter reads are often suitable for de novo
assembly of small genomes, and resequencing functions when one has a closed or
scaffolded genome and wants to increase coverage over certain regions or across the
entire assembly. Bacterial genomes assembled from short reads alone will typically
assemble into contigs. Depending on the reason why the contig ended, increased
coverage may result in an assembly with fewer and longer contigs, particularly if a
region simply was not sufficiently sequenced due to low coverage. But if the contig
terminates because of a repetitive DNA sequence that exceeds the average read
length, extra coverage depth is unlikely to result in an assembly that further
integrates that contig into a longer sequence.

The Ion Torrent platforms (https://www.thermofisher.com) operate via semicon-
ductor chips with emulsion-based, clonally amplified, bead-bound single-stranded
nucleotide sequences. The chips are flooded with dNTPs in a set sequence and
sensors are positioned to detect hydrogen released from the synthesis reaction that
occurs when the cognate base is made available to the template-bound polymerase
[18]. In Illumina platforms (https://www.illumina.com), at the start of sequencing,
the sample DNA has been fragmented, flanked by adaptor sequences, and exists in
single-stranded form. At the start of the sequencing run, an indexed end of the
ssDNA fragment becomes bound to the flow cell. This step is followed by local
bridge amplification of the DNA fragment, ultimately leading to the creation of a
discrete cluster region on the flow cell consisting of many copies of the amplified
fragment. The polymerase binds the complement of the adaptor not bound to the
flow cell, bases containing labeled fluorophores that block the 30 hydroxyl groups are
added, excited/imaged, and cleaved of the fluorophore, regenerating the 30 hydroxyl
[3]. This process continues for a user specified and kit/platform limited number of
cycles.

The applications of reference mapped and de novo genome assemblies produced
by short reads are numerous. A closed genome is often unnecessary for identification
of the organism at the species rank, and short-read assembles often prove suitable for
more complex typing schemes. During work with an assembly derived from a pure-
culture isolate, a simple nucleotide BLAST database search using a large contig is
often sufficient for a match at the genus/species rank. A local BLAST query against a
large curated 16S rRNA dataset such as Silva (https://www.arb-silva.de/) can also be
particularly informative. A variety of approaches are potentially available, including
single nucleotide polymorphism (SNP)-based trees, core genome multi-lous
sequence typing (cgMLST), MLST, and k-mer-based trees. It is not uncommon
during an outbreak investigation for a large number of specimens to be collected.
The short-read platforms tend to have well-developed options for multiplexing large
numbers of isolates on a single sequencing run, allowing for parallel sequencing of
isolate’s genomes and more efficient use of resources (Table 14.2).
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14.5 Long-Read Sequencing

One of the drawbacks of short-read sequencing is that de novo assemblies utilizing
only short reads rarely assembly into a closed genome for most bacterial and
eukaryotic organisms. Closed genome assemblies from short-read data often rely
on a reference or additional targeted sequencing methods. The primary reason for
this drawback is that if a repetitive region of DNA exceeds the average read length
produced by the sequencer, a large quantity of reads will appear identical and the
computational assembly program is unable to appropriately place them in the
assembly.

There are many situations in which a closed genome is highly desirable for
investigating the pathogenicity of an organism. For instance, many virulence factors
are horizontally trafficked on composite transposable elements. For instance, it may
be of interest to examine the full length of that mobile sequence for unique virulence
factors, to determine whether it is on plasmid or chromosomal sequence, or explor-
ing flanking genes for comparative genome analysis. Although increasing coverage
depth may be sufficient to ensure the entirety of the sequence assemblies on a single
contig, if it is composed of largely non-redundant nucleotides, longer reads are
necessary to overcome longer repeat regions. Mobile genetic elements can operate
in ways that substantially increase nucleotide sequence redundancy across a genome.
Bacterial ISs often fall in the range of 1–2 kbp in length, which is in excess of the
average read length produced by most non-paired end short-read sequencers
[19]. Some have a copy-paste duplication feature that enables further propagation
of the redundant sequence throughout the genome [20]. Through exploitation of
endogenous and transferred homologous DNA repair processes, insertional and
chromosomal material can be duplicated and altered in numerous ways [21]. As
illustrated by Fig. 14.1, examination of the ends of contigs generated from de novo
assembly of MiSeq 250-bp paired reads often align with annotated insertional
sequence transposase coding sequences that are present at many different sites
throughout the bacterial genome. Several sequencing platforms produce reads that
average in the range of 5–100 kbp, which is often sufficient to overcome repetitive
sequences and produce complete bacterial genomes.

The PacBio RS-II and Sequel platforms can produce a wide range of read lengths
depending on user library preparation, with the longest 5% exceeding 35 kbp. As a
result, the platform is quite attractive for generating closed bacterial genomes and
plasmids. The raw reads have a fairly high single pass error rate of 11–15%, which
consists primarily of indel type errors [22, 23]. Each base would have roughly an
11–15% chance of being erroneous if one were only evaluating a single-sequenced
read produced by the polymerase. These errors are reported to be unbiased in regards
to the nucleotide content. The circular nature of SMRT-bell library enables multiple
sequencing passes, allowing for generation of subreads that can be utilized for
determination of the consensus nucleotide at a given site during genome assembly
[22]. In concert with the data acquired from parallel sequencing reactions
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overlapping the same site(s), which further contribute to coverage depth, final
assemblies attain accuracy in excess of 99.999% [22, 24]. Figure 14.2 shows a
close up of MiSeq short reads mapped to the PacBio consensus sequence of
Fig. 14.1. The yellow pileup represents non-specific reads that map to the template
in multiple locations across the genome. This particular pair of genes encodes an
IS21 insertion sequence, which reoccurs seven times with 100% nucleotide identity
throughout the genome. Such features often result in contig termination or
misassembly in short-read-only assemblies that lack a reference sequence. Long-
read sequences are often critical to studies seeking to perform the highest resolution
typing possible between closely related bacteria of the same species and those
studying broad genomic arrangement.

Although all previously discussed platforms have operated in distinct ways, they
all utilize the principle of sequencing by synthesis. The DNA sample of interest is
prepared in a way conducive to platform operation, and the platform determines the
sequence by synthesizing a complement to the input DNA. The relatively new
Oxford Nanopore MinIon platform instead operates by utilizing biological pores
and measuring changes in conformation associated with each nucleotide that passes
through them, in effect bypassing the need for synthesis on of the input molecule
[25]. Error rates in sequenced reads are in the range of 12–35% during a
2-dimensional (2D) double pass sequencing run [26, 27]. MinION reference consor-
tium data from 2017 utilizing the new R9.0 chemistry had a total 2D error rate in
reads of 7.5% and were associated with bias towards reads with greater GC content
as the run progressed [28]. A reported de novo assembly of a 4.6-Mbp Escherichia
coli genome with 30� coverage achieved an accuracy of 99.4% [29]. Low accuracy
and a developing bioinformatic suite has so far mostly relegated MinION use to
reference mapping or the scaffolding of contigs produced by other platforms. This is
likely to change as the platform becomes better established and the chemistry
continues to be updated. MinION determines base identity as a nucleotide passes
through a nanopore and past changes to the pore have had significant impacts on
accuracy [28, 30].

The low cost, rapid library preparation, real-time accessible, long reads produced
by the MinIon make it a unique addition to the existing field of NGS platforms. In
one study, the longer reads were used to scaffold across a repeat region in Salmo-
nella typhimurium unable to be resolved using short-read data alone, in turn
enabling investigation of an antibiotic resistance island [31]. A hospital-based
study tracking a Salmonella disease outbreak in multiple patients, using cultured
sample derived from patient stool, was able to acquire sufficient data to identify the
sample as a Salmonella sp. in 20 min, and as serovar Enteritidis within 40 min of
sequencing [32]. Several studies utilizing Illumina platform short reads to polish
accuracy coupled with long-read scaffolding produced by the MinION were able
to assemble a closed bacterial chromosome and a variety of closed plasmids
[33, 34].
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14.6 Using Next Generation Sequencing Data for Pathogen
Detection

Short-read sequencing is generally the starting point for most bacterial sequencing
projects. Short-read sequencing platforms tend to allow for the multiplexing of large
numbers of isolates at coverage levels acceptable for de novo assembly or read
mapping within a single run. Short reads have generally proven more cost effective
than their long-read counterparts in terms of both capital and reagent cost. De novo
assemblies built fromWGS data produced by short-read sequencers are sufficient for
purposes of gross identification at the genus/species rank, gene annotation, and
investigation of gene products, and can be subjected to a number of traditional and
NGS enabled subtyping methods. Long-read sequencers can produce output that can
assemble into a closed genome. A closed genome can be used to enable high
resolution typing by serving as a reference for very closely related isolates, and
allow for the investigation a variety of genomic features and organizations including
many associated with pathogenesis and horizontal gene transfer.

This is particularly the case when the underlying genomic diversity in bacteria of
a given species is vast or unknown. Botulinum neurotoxin (BoNT), the causative
agent of foodborne botulism, is the most potent known biological toxin as estimated
by its LD50 [35]. BoNT is produced by several species of clostridia including the
polyphyletic C. botulinum from the bont gene, which generally occurs within
horizontally trafficked gene clusters roughly 15 kbp in length [36]. Despite most
bont gene clusters sharing a conserved gene organization/synteny, they often lack
broad nucleotide identity. At least eight antigenically distinct BoNT serotypes have
been identified and hybrid toxins derived from recombination between serotypes
also exist; amino acid identity across serotypes can be as low as ~30% [37–40]. The
bont gene clusters can be part of chromosomes, plasmids, and phages; bi/tri-toxin
producing strains of C. botulinum containing multiple bont clusters within the same
genome have been reported [41]. The relatively limited availability of complete
genomes (25 in GenBank as of August 2017), rarity of outbreaks, and shear number
of potential combinations of species/strain and toxin serotypes, would generally
favor de novo assembly over read mapping when evaluating a newly sequenced
isolate or strain genome. Short-read sequencing is generally a strong starting point
and with sufficient coverage may result in the inclusion of the entire toxin cluster in a
single contig. Long-read sequencing might also be beneficial to ensure the toxin
cluster(s) are complete, and can be analyzed with less ambiguity as to their genomic
contexts. Additionally, horizontally mobile elements often co-occur at the flanks of
the toxin clusters and can frequently terminate contig extension during assembly or
result in misassembly. The pathogen genome being sequenced can have unique
implications for sequencing, but a de novo assembly produced from short reads is
often a strong place to start.

If a wealth of high quality reference genomes already exist, short-read data can be
sufficient to infer important genomic organizations with high confidence based on
read mapping against a reference sequence. Read mapping is routinely utilized to
determine the presence or absence of certain genes and genomic regions reads from
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S. enterica relative to reference strains and plasmids [42, 43]. The read-mapped
consensus sequence, in the absence of large quantities of unmapped reads and large
coverage gaps, can be used to generate a SNP matrix from variant SNPs between the
mapped isolate short reads and the closed reference genome. The SNP matrix can be
used to calculate distance to generate a phylogeny. Creating a SNP matrix is a
complex process and is generally only desirable in situations during which 10s–100s
of closely related isolates differ from a closed reference genome at only several
hundred SNPs [44]. The resolution provided between strains at this level is unrivaled
and allows for extremely detailed subtyping between highly clonal isolates. To
explore the relationship between 47 isolates of Listeria monocytogenes derived
from clinical and food samples in association with a listeriosis outbreak and their
relationship to several isolates from a separate outbreak that appeared identical by
Pulsed-Field Gel Electrophoresis (PFGE), Chen and colleagues determined closed
genome sequences for a pair of isolates to serve as high-quality references and to
clarify several putative prophage regions. A SNP-based distance matrix was able to
discriminate between the two outbreak strains [45]. When integrated into a database
containing a wealth of sequenced clinical, food, and environmental isolate genomes
and collection metadata, the subtyping resolution provided by NGS revolutionized
outbreak response and outbreak detection. Currently this approach is mostly limited
to several heavily sequenced pathogen genomes. However, increasing access to
NGS technology, the emergence of a low cost long-read sequencer, and the immense
growth in publicly available sequence data may soon make high-resolution
subtyping available and attractive to a broader range of investigators.

Bacterial genomes are haploid and should be invariant in regard to nucleotide
composition at a given site if the sample was derived from pure culture. Novel
mutations may arise during the culturing process and each platform has its own
quirks regarding raw read accuracy. Assuming the absence of sample contamination
or extremely low coverage, these features are unlikely to interfere with generation of
an assembly sufficient for gross identification at the genus/species rank. For certain
WGS detection goals, such as the precision subtyping of isolates of the same species
through a SNPmatrix, it is important to have an awareness of how sample preparation
and platform selection can impact accuracy. Short reads can be useful, even when the
research goals might strongly suggest the value of obtaining a closed genome. Short-
read sequences can be used to reduce, or alter, the error profile present in the closed
genome sequence(s). The SPAdes genome assembler (http://cab.spbu.ru/software/
spades/) allows hybrid assemblies that can utilize both long and short reads from the
platforms surveyed above [46], whereas the program Pilon can use high coverage
short reads from a short-read sequencer to detect and correct variants within larger
contigs, scaffolded assemblies, or closed bacterial genomes [47].

In terms of software for de novo whole genome assembly, investigators are
presented with a wealth of options. We will not delve too deeply in to this topic,
but we provide a brief overview of options. Many NGS platforms offer packages
that provide options for accessing an in-house or affiliated assembly suite for use
with the data created by their sequencers. Consolidated commercial assembly suites
such as CLC genomics workbench (QIAGEN Bioinformatics, Denmark) and
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Geneious (Biomatters, New Zealand) provide support for a wide range of read types.
Additionally, an extremely wide variety of freely available assembly programs, such
as Velvet and SPAdes, are available [46, 48]. Of the last category, several options
provide graphic user interfaces, but many require use of a command-line and Unix
shell. Depending on intended application, it may be of additional benefit to review
the manual and/or documentation of the assembly program being used. Assembly
programs often operate using either an overlap-layout-consensus or de-bruijn-graph
based algorithm which can impact computational performance and assembly quality
[49]. While beyond the scope of our review, how the assembly program interacts
with factors including the genomic makeup of the sequenced organism and the
sequencing platform can significantly impact the completeness and accuracy of the
final assembled genome.

Over the past decade, NGS has mostly played a supportive role in pathogen
detection. NGS is frequently performed on a microbial culture that has already been
selectively isolated and uses either as an additional confirmatory test alongside other
tests [e.g., metabolic tests, primer specific polymerase chain reaction (PCR)], or for
typing purposes after the identity has been largely confirmed by other means. We
will explore how NGS has been integrated into existing typing schemes using
Non-typhoidal salmonellae, the leading cause of bacterial foodborne illness, as an
illustrative example.

14.7 Applications of Sequencing Data for Pathogen Detection

14.7.1 Salmonella enterica in a Public Health Context

Non-typhoidal Salmonella are estimated to be responsible for one million annual
cases of foodborne illness in the United States and are the leading cause of hospitali-
zation amongst 31 foodborne pathogens [2]. As highly prevalent bacterial pathogens
associated with significant morbidity, salmonellae’s historic and continuing impor-
tance as a pathogen avails the investigator access to a wealth of data concerning
the detection, identification, and epidemiological typing of Salmonella. In a case of
suspected foodborne Salmonella, well established, selective isolation protocols from
a wide variety of foods are readily available, as are serological tests, metabolic tests,
and visual guides for identifying typical/atypical colony morphology [50]. These
methods for isolation and confirmation are well established and validated. Despite
having undergone revisions over time, changes tend to be incremental resulting in
a set of stable, streamlined, and regulatory compliant methods that are accessible
by local and clinical health authorities. Although these procedures reliably provide
genus confirmation, the selective isolation process alone is generally insufficient for
detailed further typing at the species/subspecies ranks. Concerted efforts to surveille
Salmonella to investigate and prevent their entry into the food supply have been
ongoing for 70 years. The ability to categorize and differentiate Salmonella strains is
central to an effective surveillance program and a multitude of salmonella typing
schemes have been used in pursuit of the best means of differentiating between strains
(Fig. 14.3).
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14.7.2 WGS and Specialized Epidemiological Databases Enable
Pathogen Typing at Unparalleled Resolution

Outbreak response is bolstered substantially through the coupling of surveillance
metadata with accurately, and specifically typed outbreak isolates. In the U.S.,
national surveillance efforts for salmonellae were first established in 1963 [51]. Ini-
tial surveillance provided valuable insight into the complex ecology of Salmonella
as pathogens within the food supply ranging from improved understanding of what
constituted high risk foods, the impact of mechanized processing activities, and the
potential utility of exploiting biochemical differences between strains, trace
contaminated foods back to their probable source [52–54]. Utilizing serotyping
data, surveillance efforts in the 1960s–1980s were occasionally able to trace food
back to their probable source across international borders, though most source
tracking successes from this time period occurred at the national level
[55, 56]. The increasing globalization of the food supply chain coincided with
an increase in the frequency and scale of foodborne salmonellosis outbreaks
[57]. Greater diversity in the supply chain and increased opportunities for exchang-
ing products and pathogens placed further emphasis on the importance of being able
to discriminate between salmonellosis outbreak strains.

14.7.3 Salmonella Serotyping and Inferring Salmonella Serotyping
via PCR

Salmonella classification/typing by serotype under the White-Kauffmann-Le Minor
scheme organizes Salmonella strains by surface antigen [58–60]. The method
predates DNA based molecular methods, remains in practice today, and illustrates
how advances in molecular typing methodologies can build upon one another. As of
the last major WHO update in 2007, 2557 S. enterica serovars were described based
on a combination of O, H, and Vi antigens [59]. The subtyping process takes several
days, is labor intensive, and often proves impractical to perform on more than a small
fraction of individual isolates associated with a given disease outbreak.

A variety of approaches, including specialized high-throughput mechanical/
automated serotyping, PCR-based methods, and most recently NGS have been
used to decrease the time and labor necessary to determine serotype [61–
63]. Allele-specific PCR methods were developed that target the genes encoding
the antigenic determinants enabling inference of serotypes from analysis of PCR
amplicon band patterns on electrophoretic gel. Such methods are reported to have
reduced the time from start to finish to 5 h with high concordance between physical
typing and the PCR method (108 of 111 tested isolates in one such study)
[61]. Comprised of the entire genomic nucleotide content of a given organism or
even a given cell, WGS data provides unparalleled insight into the gene content,
organization, and predicted coding sequences present. Most allelic typing schemes
are or can be made compatible with WGS data.
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14.7.4 Inferring Salmonella Serotype via WGS Assembly

The Seroseq webserver accepts WGS reads in fastq file format and assigns
Salmonella serotypes by searching for the specific alleles associated with the fliC,
fljB, and rfb genes that encode the serovar-determinative proteins [63]. NGS allows
the preparation and multiplexed whole genome sequencing of 100s of individual
Salmonella isolates at once. Although the preparation time involved for WGS on a
short-read sequencer with high capacity for multiplexing, such as the Illumina
benchtop platform family, for 100–200 samples is generally several days, it can be
conducted by a single individual using a streamlined process that does not require
the use of primer-specific PCR in conjunction with gel electrophoresis to visualize
results. With WGS involved as a routine part of outbreak response, this approach
allows an assessment of serotype from many samples that would not have been
subjected to serological analysis. This inclusion also enables generation of trees that
reflect antigenic, rather than phylogenetic ancestral traits, which enable tracking
horizontally mobilized genes including those that confer antibiotic resistant and
virulence traits.

14.7.5 NGS Data Can Often Be Integrated with Existing Allelic PCR
Based Typing Schemes

Most short-read assemblies of salmonella isolates are equally amenable to MLST,
cgMLST, and any sort of allele-based typing scheme that the user desires. Some
have argued for the replacement of Salmonella serotyping with an MLST scheme
composed of allelic variants of several well conserved housekeeping genes that
together provide a level of discriminatory capacity. This method is generally more
consistent with phylogenetic trends observed when using higher resolution methods
[64]. The value of WGS data is that they allow the investigation of both the
phylogenetic ancestry of the organism and the phylogeny of any subset of nucleic
acids common to the isolates being investigated. The National Antimicrobial Resis-
tance Monitoring System (NARMS) characterizes and monitors spread of antimi-
crobial resistance (AMR) genes. Investigators were able to compare rapidly the
antimicrobial resistance profile of 640 Salmonella isolates by searching against
several AMR databases with 90% correlation between genotype and in-vitro tested
phenotype [65]. Specialized datasets such as those specializing in AMR grow in
value as more functionally characterized genes/protein-encoding sequences are
entered into them. In such a setting, discordance between phenotype and genotype
can lead to novel discoveries and flag flaws in predictive workflows. Furthermore,
this setting enables the utilization of sequence data in conjunction with associated
gene products and other publicly available sequence data that can provide critical
insight into pathogenesis at the molecular level.
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14.7.6 WGS Is an Unparalleled Tool for High Resolution Bacterial
Subtyping

Although collection of metadata is an invaluable tool in source tracking, it is only as
useful as the resolving power of the typing method used. Pulsed-Field Gel Electro-
phoresis (PFGE), a method developed to separate large nucleic acids, typically
utilizes a restriction digest that generates a unique pattern on an electrophoretic gel
and often comparison of the pattern is sufficient to distinguish between different
Salmonella strains [60]. In the U.S., PFGE has been heavily utilized for Salmonella
typing as part of the PulseNet surveillance network and within 5 years of operation,
PulseNet USA contained 110,000 PFGE Salmonella profiles [66, 67]. Although
generally able to discriminate between Salmonella strains, PFGE can be insufficient
when very closely related strains are analyzed and lacks the resolution necessary to
indicate differences between isolates from the same outbreak [68, 69]. To further
bolster its discriminatory capacity, PulseNet incorporated additional amplicon based
methods for Salmonella. One such typing scheme, multi-locus variable number
tandem repeat analysis (MLVA), is PCR ¼ based and utilizes predesigned primers
that produce amplicons that vary in size if variation in repeat length is present across
strains. Due to the high concordance between MLVA and PFGE results and the
increased resolution of MLVA over PFGE, MLVA may be used following PFGE to
increase resolution between visually non-discernable strain pulsed-gel profiles [69].

NGS both bolsters and disrupts previous typing schemes for salmonellae. NGS
enables the rapid whole genome sequencing (WGS) of Salmonella, and virtually any
culturable bacterial organism. One can directly compare two or more Salmonella
strains/isolates across all available sites, and this is readily achieved through a whole
genome SNP analysis using high quality reference strains. For typing purposes, the
resolution of WGS data alone is theoretically equal to the total nucleotide count
present in the genome assembly, including the chromosome and the sum of any
present plasmids. Salmonella genomes typically range in length from 4.4 to 5.8 Mbp
[70]. The data produced through cross-genome analysis of WGS data allow for
greater resolution than previously discussed methods, and can differentiate between
Salmonella strains that cannot be distinguished by PFGE. An early application of a
WGS as a subtyping tool was demonstrated through its ability to distinguish
Salmonella Montevideo isolates, which generally appear identical in PFGE. WGS
of 47 strains of Salmonella Montevideo led to the identification of 23 informative
SNPs that concurred with their respective disease outbreaks upon analysis within a
derived phylogenetic tree [68].

As of 2018, 5 years after its creation, the GenomeTrakr database contained
just over 105,000 genomes of S. enterica isolates. Government and academic
laboratories now routinely use WGS as part of their pathogen detection workflows
and the scale of this cooperation and the accessibility of the data continue to grow.
The pathogen detection (https://www.ncbi.nlm.nih.gov/pathogens/) data are further
enhanced by a wealth of metadata that enables rapid outbreak response and new
avenues for outbreak prevention [71]. Greater resolution allows for more precise
matching between environmental, food, and clinical samples.
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14.7.7 WGS, Public Databases, and Bioinformatics Enable New
Means for Discovering Putative Virulence Factors

Returning to the example of foodborne botulism, the preformed BoNT is the
causative agent and detection protocols generally focus on identifying the BoNT
serotype as it is often the primary indicator of disease phenotype, duration and
progress [72]. Contrary to salmonellosis, foodborne botulism detection methods
generally prioritize toxin detection and serological typing first, with a secondary
emphasis on isolating and growing the organism. WGS has provided insight into the
horizontal transfer, recombination, and evolution of BoNTs. Over the past decade
alone, NGS has led to the discovery of new hybrid toxins, silent toxins, novel
serotypes, and the discovery of BoNT-like toxin homologs in organisms beyond
members of the genus Clostridium. In doing so, NGS has forced a spirited debate
over the very definition of a BoNT serotype and demonstrated how the targeted
sequencing of known pathogens supports this work.

14.7.8 Role of WGS in Investigating a Hybrid Botulinum Toxin
Consisting of Two Serotypes

In 2013, investigators described a novel botulinum toxin produced by a bivalent
Group I C. botulinum strain isolated from infant stool in a case of infant botulism.
Initial efforts to serologically type the toxins using Centers for Disease Control and
Prevention (CDC)-provided monovalent polyclonal antibodies for known serotypes
A–G resulted in identification of a B serotype toxin and an unknown toxin
non-neutralized by the antibodies referred to as BoNT/H [37]. WGS of the clostrid-
ium strain revealed that the coding sequence for the unknown BoNT serotype had a
mosaic/hybrid composition similar to that of BoNT/F and BoNT/A serotypes.
Subsequent investigation indicated the BoNT/H type toxin can be neutralized with
BoNT/A antitoxin [38, 39]. Debate persists over nomenclature, the use of research
vs. non-research antitoxins in achieving neutralization, antitoxin dosage and
potency, and whether the BoNT/FA(H) hybrid represents a novel serotype in its
own right [73]. However, determination of the BoNT/FA(H) hybrid nature via WGS
meaningfully informed neutralization research that could augment treatment of
BoNT/FA(H) intoxination or intoxination by closely related homologs should they
emerge again in the future.

BoNT’s are significantly diverse across serotypes at the primary amino acid level
but substantially conserved in regard to core motifs and domains. Naturally occur-
ring recombinants such as BoNT FA(H) demonstrate that hybrid serotypes can be
capable of causing disease. Some serotypes, including BoNT/C, BoNT/D, and
BoNT/G, have rarely, if ever been associated with a human case of botulism, though
BoNT/C/D and their hybrids are major sources of botulism in wild animals and
livestock [74–77]. WGS has revealed that such multivalent clostridium strains such
as that producing BoNT/FA(H) and BoNT/B are not particularly unusual, and B
serotype clusters with nonsense mutations have also been observed in a number of
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isolates [78]. While not human disease causing, toxin fragments and non-implicated
serotypes may remain relevant through their capacity to recombine with serotypes
more frequently responsible for botulism outbreaks. Heptavalent botulinum anti-
toxin (HBAT), an equine polyclonal treatment against BoNT serotypes A–G, is the
primary treatment for foodborne botulism in the US [79]. Assuming hybrid toxins
remain antigenically similar enough to their constituent serotypes, existing poly-
clonal antitoxin treatments should have the capacity to bind novel hybrid types.
HBAT is effective against BoNT/FA(H) [80]. However, WGS has also revealed that
additional antigenically distinct serotypes exist. Bioinformatics analysis of WGS
data revealed in 2017 the first novel BoNT serotype discovered since 1970 [40, 81].

14.7.9 Discovery of a Novel Botulinum Neurotoxin Serotype via
Nucleotide/Protein Databases

A novel serotype, BoNT/X was recently described and represents the first to be
identified through bioinformatics. C. botulinum strain 111 was initially isolated from
a case of infant botulism in 1996 and was observed, at the time, to test positive for
BoNT/B [40, 82]. A closed genome assembly ofC. botulinum strain 111 was released
publically by NCBI in 2015 with a plasmid-borne BoNT/B2 toxin gene cluster and
a previously undiscovered chromosomal BoNT toxin gene cluster containing a
putative BoNT with low identity but broad homology to all known serotypes
[AP014696.1]. Experiments utilizing partial and sortase linked recombinant BoNT/
X found that it cleaves several traditional and non-traditional SNARE substrates, is
antigenically distinct from known serotypes, and causes flaccid paralysis in labora-
tory mice [40]. It remains unknown whether BoNT/X is expressed by C. botulinum
strain 111. The ongoing investigation into BoNT/X highlights how bioinformatics-
driven investigation of WGS data can allow detection and subsequent analysis of
cryptic virulence factors that may not be detectable through other means. BoNT/X
evaded detection in the 1990s and was captured through WGS conducted 20 years
later. Within 2 years of the sequence being made public, researchers had
bioinformatically characterized, artificially synthesized, recombinantly expressed,
and demonstrated the enzymatic functionality of a novel BoNT serotype.

14.7.10 Identification of Botulinum Neurotoxin-Like Proteins
in Bacteria Beyond Genus Clostridium

Interestingly, both the BoNT FA(H) and BoNT X toxins were discovered in
dual toxin-producing strains of C. botulinum. The bont gene cluster exists within
flanking ISs, prophages, and plasmids suggesting some degree of horizontal mobil-
ity. A complete toxin cluster encoding an enzymatically functional botulinum toxin
was recently identified on a plasmid of an Enterococcus faecium isolate that was
obtained from cattle feces [83]. Like BoNT/X, this cryptic toxin was identified
through bioinformatics driven investigation of sequence databases. Even more
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divergent BoNT-like-encoding sequences with broad homology to those encoding
BoNT have been identified in a range of bacteria [84–86]. Although some of these
organisms, including Enterococcus andWeissella, share a similar ecological niche as
Clostridium and require similar strict anaerobic conditions for growth, others do not.
The sudden marked growth in the apparent prevalence and diversity of botulinum
toxin homologs is unlikely to be an isolated occurrence. The increased diversity and
depth of sequence databases is revealing that many important virulence factors may
have similarly complex horizontal distributions.

Understanding the horizontal transfer of critical virulence factors, coupled with a
large global database of sequence data, can provide new insight into virulence factor
evolution and potentially flag emerging or previously unknown pathogens for further
investigation. In the case of botulinum neurotoxin, this coupling has led to the
discovery of distant toxin homologs in bacteria of unrelated species. WGS opens
new avenues of cross-species investigation into horizontally transmitted genes and
gene products that include many fundamental molecular building blocks that enable
bacterial pathogens to cause disease. WGS allows not only the investigation and
comparative analysis of the nucleotides present within the sequenced isolate
genome, but also the investigation of its gene products, and the utilization of any
associated metadata. The integration of these data in the fields of outbreak detection,
response, and prevention have enabled the development of robust public health
programs.

14.8 Conclusions

NGS has become a technology central to pathogen detection and characterization.
WGS is a useful tool for high resolution typing of closely and distantly related
bacterial pathogens, and has already changed the landscape of disease surveillance.
In contrast to the previous high-resolution typing standard, PFGE, WGS also
produces an abundance of data at the gene/allele level that can provide in-silico
backwards compatibility with PCR-based typing methods such as MLST. For
closely related isolates for which suitable reference sequences exist, a variety of
SNP-matrix based typing schemes can be used and for those lacking such reference
sequences, a cgMLST approach can provide excellent resolution. In addition,
continued advances in NGS technology are beginning to provide a growing number
of investigators access to the long reads necessary to generate high quality reference
genomes. Data begets data and give rise to new applications of those data. The
growth of public sequence databases and specialized pathogen tracking databases
with detailed collection metadata inspire myriad new research activities into patho-
gen behavior, ecology, and evolution.

Over the past decade NGS enabled WGS has rapidly progressed from an experi-
mental technology to a core technology for disease surveillance, response, and
prevention. Exciting new applications of NGS technology beyond WGS are now
being explored for their potential to augment outbreak response. Sophisticated
metagenomic approaches are being increasingly explored as a potential means of

332 T. G. Wentz et al.



direct detection of pathogens in suspected contaminated substrate with the potential
to speedup or bypass the culturing process. RNA-sequencing and ribosomal
profiling allow for genome-wide investigation of transcriptional and translational
activity which may eventually enable large-scale quantitative analysis of virulence
factor expression across outbreak isolates. WGS has invigorated new research on
pathogenicity and the future will hold new applications that will arise from this
dynamic new technology. Sequencing technology continues to improve at a rapid
rate. As the field continues to mature one can also expect to see sequencers emerge
that can work with smaller inputs and provide actionable data with quicker turn
around and reduced costs.
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