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Preface

While the first two complete bacterial genome sequences were published in 1995
and whole genome sequencing (WGS) has since changed the landscape of microbi-
ology, this technique had long been a privilege of sequencing centers and mainly
served the purpose of scientific research. The applied use of WGS, for example, in
the field of food safety and public health, had been prohibitive due to its high cost,
lengthy procedure, and technical challenges in data analysis.

Recent advances in so-called next-generation sequencing (NGS) technologies
have transformed the once centralized resource into a viable and practical tool for
microbial identification and characterization, which is becoming increasingly acces-
sible to individual laboratories around the world. The democratization of WGS has
opened new avenues for studying, tracking, and controlling foodborne pathogens,
which, as reflected in this book, is most evident in public health surveillance and
outbreak investigation of foodborne infectious diseases.

By providing a timely summary of recent proceedings, case studies, opin-
ions, and trends, we hope that this book will present to food safety and public
health professionals a snapshot of the emerging and fast-developing field of
applied genomics of foodborne pathogens. It is of course impossible to exhaus-
tively summarize all aspects of this field. And like any book on the topics of
genomics and bioinformatics, it is challenging to keep up with the latest devel-
opments due to the fast-evolving nature of the technologies and disciplines. In
this sense, this book would best serve as a guide and a stepping stone to a large
and increasing body of literature, many of which are works from contributors of
this book.

We are deeply grateful to our contributors who are frontline practitioners, lead-
ing subject matter experts, and critical players in the exciting endeavor of trans-
forming public health microbiology with WGS.
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We greatly appreciate the vision, support, cooperation, and tolerance of the staff
of Springer Nature —in particular our executive editor Susan Safren and our project
coordinator Michael Koy, who managed the entire project and made this book
possible.

Griffin, GA, USA Xiangyu Deng
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Chapter 1

Role of Whole Genome Sequencing
in the Public Health Surveillance
of Foodborne Pathogens

Peter Gerner-Smidt, Heather Carleton, and Eija Trees

Introduction

Public health departments have a critical role in promoting health and preventing
illness and injury in the society. They do this through ongoing surveillance and
investigation of public health emergencies such as outbreaks. This way, risk and
protective factors for illnesses and injuries are identified and recommendations to
avoid and prevent them may be made to regulators and other decision makers.

Public health laboratories are crucial for the preparedness and response to bacte-
rial foodborne infections by providing data for laboratory based surveillance, labo-
ratory confirmatory data for other surveillance systems, e.g., clinical notification,
and confirmation of the identity of isolates submitted from clinical laboratories, and
detection and isolation of foodborne pathogens from clinical specimens, and food
samples of public health importance not handled by other laboratories.

Current Workflows in the Public Health Laboratories

Clinical laboratories typically submit specimens and isolates to the public health
laboratories as part of voluntary or legally mandated laboratory surveillance but also
for reference testing to assist them in identifying or confirming the identity of patho-
gens they have isolated. The public health laboratories typically identify the genus
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and species of all the isolates they receive. Additionally, the isolates are further char-
acterized in different ways as part of the laboratory surveillance specific to the patho-
gens in question, e.g., serotyping of Salmonella, Shiga toxin-producing E. coli
(STEC), Shigella, Vibrio and Listeria; virulence characterization of e.g., any diar-
rheagenic E. coli pathotype (STEC, enteropathogenic E. coli [EPEC], enterotoxi-
genic E. coli [ETEC], enteroaggregative E. coli [EAEC], enteroinvasive E. coli
[EIEC] and Shigella) or Vibrio spp.; antimicrobial susceptibility testing of Salmonella,
E. coli, Campylobacter, and other pathogens; high discriminatory subtyping for out-
break detection and investigation. Many different methods of varying complexity are
used for these purposes. They include among others growth characteristics on simple
and complex media, fermentation tests and other biochemical reactions, agglutina-
tion with diagnostic antisera, immunofluorescence and other immune assays, cell
culture assays, protein electrophoretic assays and molecular assays. As the genetic
determinants for the different phenotypic tests have been identified, some of them
have been replaced by molecular PCR or DNA hybridization assays directed at these
targets; such tests have because of their simplicity and accuracy since the 1980s
replaced traditional methods for species identification, serotyping and virulence
characterization of foodborne pathogens in many public health laboratories. Such
assays are also increasingly used for screening for multiple pathogens in the clinical
specimens, e.g., in stool samples in order to identify specimens most likely to contain
pathogens for culture. These diagnostic panels have also been introduced commer-
cially in the clinical laboratories for culture independent diagnostics of enteric infec-
tions in recent years.

In the most recent decades molecular methods have taken over for routine high
discriminatory subtyping of foodborne pathogens for outbreak detection and inves-
tigation; pulsed field gel-electrophoresis (PFGE) is a nearly universal method that
has become the de facto standard for outbreak surveillance of almost any bacterial
pathogen and has been used in PulseNet [1], the national subtyping network for
molecular surveillance of foodborne infections in the United States, since 1996.
PFGE has in recent years been supplemented with multi locus variable number of
tandem repeats analysis (MLVA) for specific pathogens [2], e.g., E. coli O157,
Salmonella ser. Typhimurium and Enteritidis.

Since foodborne infections do not respect any borders because of international
trade and travel, an infection detected in one country may have its origin in a coun-
try thousands of miles away, and a broadly distributed food may cause outbreaks in
multiple countries at the same time. In order to detect and investigate international
outbreaks it is critically important that public health laboratories collaborate and use
the same methods for characterization and subtyping of foodborne pathogens [3].
Most serotyping schemes, e.g., the Kaufmann—White scheme for Salmonella, are
therefore standardized internationally and most public health laboratories doing
high discriminatory subtyping of foodborne pathogens use the PulseNet protocols
for PFGE or protocols that are compatible with them.

Most methods have been developed and are used for the characterization of a
single or a few pathogens, only. The turn-around time for the full characterization in
the public health laboratories ranges typically from 4 days to several months
depending on the pathogen and the strain. Thus, the workflows in the public health
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laboratories are many, variable and complex and require substantial subject matter
expertise about each pathogen under surveillance in order to be able to interpret the
results correctly. Laboratory surveillance is for these reasons today extremely com-
plex and costly. Most of the new methods that have been introduced in the public
health in the past have added new workflows to the surveillance and have therefore
not resulted in cost savings or simplification of workflows.

The Ideal Public Health Laboratory System

In the public health laboratory ideally all work with every pathogen should be con-
ducted in a single, simple workflow. All information generated should be backwards
compatible with older methods in order not to lose any historical information. The
information should include data of all degrees of complexity and differentiation
capabilities from simple identification of the genus and species at the population
level to specific strain level characteristics used for outbreak detection and investi-
gation. Data generated in one laboratory must be compatible with data on the same
strains generated in any other laboratory to ensure efficient detection of local,
national or global outbreaks. For the same reasons, data should be shared freely
among the public health laboratories. In order to ensure efficient communication
about the spread of specific clones of foodborne pathogens and for outbreak inves-
tigations, the nomenclature of strain types must be stable, standardized and interna-
tionally recognized. The methods must be user-friendly, fast, economical and
equally applicable to local, national and international investigations. Since public
health microbiologists in general have basic laboratory skills and often little under-
standing of bioinformatics and high performance computing (HPC) is not available
in most public health laboratories, analytical tools for data must be tailored to this
situation, i.e. the analysis should be designed to be used by people with limited
insight into complex analytical approaches and without the need for high perfor-
mance computing. For the most basic needs a black box approach is sufficient but
the data generated should also be available for more detailed mining by analytical
experts, e.g., bioinformaticians. Finally, data generated at all levels should have a
high level of epidemiological concordance.

Only a few of these requirements are fulfilled in public health laboratories today.
However, whole genome sequencing (WGS) shows promise as a method for strain
characterization that could fulfill all or almost all of these criteria.

Whole Genome Sequencing in Public Health

Many of the WGS analytical tools for reference identification and characterization of
foodborne pathogens have already been developed and are available to the scientific
community on the web, e.g., those available in the Center for Genomic Epidemiology
(CGE) tool box (https://cge.cbs.dtu.dk/services/) described in a different chapter in
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this book [4]: SpeciesFinder, a 16s rRNA-based tool for species identification;
VirulenceFinder, that identifies virulence genes and their variants in E. coli;
PlasmidFinder, a tool for the identification of plasmids in Enterobacteriaceae;
ResFinder that identifies acquired resistance determinants to name a few. Similar tools
have also been developed for molecular serotyping of Salmonella serotypes [5] and E.
coli serotypes (SeroType Finder; https://cge.cbs.dtu.dk/services/SerotypeFinder/).
A drawback of any molecular system developed to predict a specific phenotype is that
not all genes are expressed or more than one gene representing different phenotypes,
e.g., serotypes, might be present in a strain but only one of them is expressed confus-
ing the interpretation of the result [5]. For the most part, the issue of expression of the
genes detected is not a problem but for surveillance it may be critical to know at least
the proportion of genes that might not be expressed. For example, for antimicrobial
resistance monitoring it will be critical to establish a sentinel surveillance system,
where a random representative sample of the isolates are tested by traditional suscep-
tibility testing methods in addition to WGS to detect changes in expression that leads
changes in therapeutic options and to detect hitherto unknown resistance mechanisms
since the genotypic system can only detect resistance markers that are already known.

Many schemes for multi locus sequence typing (MLST) based on a few house-
keeping or virulence genes were developed in the 1990s and 2000s [6]. Originally,
the alleles were determined by sequencing short PCR amplicons of the genes/loci
used in these schemes. Today it is cheaper to sequence the whole genome and extract
the gene sequences than to amplify and sequence the specific sequences for each
scheme. For this reason, MLST today is performed by WGS in most laboratories.

Many of the web-sites allow batching of isolates to be characterized. However,
in order to characterize an isolate by more tools, the user will have to log in to each
tool separately. This limits the utility of the tools in the public health routine work-
flow where isolates typically are queried for multiple characteristics since it is cum-
bersome to query multiple sites separately.

So far, WGS has mostly been used for subtyping to investigate outbreaks in pub-
lic health laboratories but not to detect them. Exceptions are recently established
surveillance of listeriosis in Denmark (http://www.ssi.dk/English/News/EPI-
NEWS/2014/No%?2018%20-%202014.aspx) and the United States (http://www.
cdc.gov/amd/project-summaries/listeria.html) and a pilot study on surveillance of
STEC in Denmark [7]. Most experience comes from retrospective studies which
may indicate the potential of the use of WGS for outbreak investigations but not
prove the actual public health impact of the new technology [8—13]. Another weak-
ness of the retrospective investigations is that the data can only be interpreted with
existing epidemiological information available whereas when used in a real-time
the WGS may be used to guide the epidemiological investigation thereby further
illustrating the power of the tool. However, all studies so far have shown that WGS
has equal or better resolution than the current reference methods, e.g., PFGE and
MLVA. This is also true for very clonal pathogens, e.g., Salmonella enterica ser.
Enteritidis [14, 15]. Theoretically, restriction polymorphisms as detected by PFGE
or variations in the number of tandem repeats at different loci as detected by MLVA
may be predicted from WGS; however, in practice this is not possible since accurate


https://cge.cbs.dtu.dk/services/SerotypeFinder/
http://www.ssi.dk/English/News/EPI-NEWS/2014/No 18 - 2014.aspx
http://www.ssi.dk/English/News/EPI-NEWS/2014/No 18 - 2014.aspx
http://www.cdc.gov/amd/project-summaries/listeria.html
http://www.cdc.gov/amd/project-summaries/listeria.html

1 Role of Whole Genome Sequencing in the Public Health Surveillance of Foodborne... 5

assemblies of the whole genome are needed to predict both the PFGE and MLVA
profiles and for PFGE the genome sequence ideally needs to be closed, which rarely
happens. Therefore, other approaches based on single nucleotide polymorphism
(SNP) analysis or MLST analysis of all genes (whole genome [wg] MLST) or the
core genes (core genome [cg] MLST) present in the isolates have been used.

Unlike PFGE and MLVA, SNP and MLST data are phylogenetically informative,
i.e. represent evolution. This is helpful when assessing possible epidemiological
relationships of isolates that show variations in their subtype, as phylogenetic relat-
edness cannot be inferred from PFGE patterns alone without epidemiological infor-
mation that suggest a relationship.

So far, SNP-based approaches have mostly been used for outbreak investigations
[8,9, 11, 12]. Their strengths are that they are very powerful and can be used if one
has at least one good reference sequence to align the SNP’s against, unless a reference-
free approach is performed like kSNP or kmer’s, though kSNP and kmer’s have lower
resolution than reference based SNP methods. Open source software may be used as
well as a number of commercial “off-the-shelf” software. The current weaknesses of
the SNP-based approaches are that they require specific bioinformatics skills from the
person performing the analysis, access to high performance computers, either in house
or via broadband Internet; additionally, analysis can be slow to perform depending on
the number of isolates compared Results generated using different analytical pipelines
or with SNP’s aligned against different reference sequences are not directly compa-
rable and for that reason the SNP-profile of a strain cannot be named unambiguously,
which makes communication of results with other actors in the outbreak investigation
and the public difficult. Because of the current complex analysis, need of bioinformat-
ics expertise and lack of a stable nomenclature, SNP analysis is suboptimal for routine
use in public health. However, the approach may be used when other sequence-based
approaches, e.g., MLST approaches, have not been developed or do not have adequate
resolution.

The current alternative to the SNP-analysis is MLST analysis (Table 1.1).

MLST analysis in its most extensive forms, cgMLST and wgMLST, are extremely
powerful subtyping tools with a discriminatory power that does not seem to be any

Table 1.1 Key features of SNP and MLST approaches of importance to public health

SNP approaches MLST approaches
Epidemiological concordance High High
Stable nomenclature No Yes
Reference characterization: Identification, No Yes
serotyping, virulence and antimicrobial resistance
markers
Speed Slow SNP calling, | Slow allele calling,
slow analysis fast analysis
Local computing requirements Medium-high Low
Local bioinformatics expertise Yes No
Curation of database No Yes
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Genes: rpoB House keeping» ribosomal §> core genome ) whole genome
16S rDNA gene MLST (r) MLST (cg)MLST (wg) MLST

Number of

genes queried: 1-2 7 53 1300-2000 >3000

Example of

nomenclature:  E. coli ST127 rST512 cST832 wST2153

Fig. 1.1 Tiered characterization of foodborne pathogens by whole genome sequencing using a
gene—gene/MLST approach

different from that of SNP analysis and hence suitable for high discriminatory sub-
typing [6, 13, 16, 17]. Since the method is assessing allelic variations in the genes,
it is possible to tailor the discriminatory power of the system to fundamentally dif-
ferent surveillance activities, e.g. trend analysis, microbiological food source attri-
bution or outbreak detection, by designing systems that include different numbers
of genes/loci [6]; the discriminatory power increases as the number of genes/loci are
increased, e.g., traditional house-keeping gene MLST that typically assess varia-
tions in seven genes has fairly low discriminatory power, ribosomal RNA MLST
(rgMLST) that includes 53 genes has higher discrimination, and schemes including
all the core genes or the full pan genome (cgMLST or wgMLST) have the highest
discriminatory power (Fig. 1.1).

Since each subtype at every level is defined by a well characterized set of alleles,
each subtype may be named unambiguously with a name that will not change as more
strains are added to the database or comparisons change, i.e., MLST leads to stable
nomenclature, which is highly desirable for communication purposes in public health.
Additionally, by designing a system of subtypes by increasing discriminatory power,
the relatedness of isolates may be depicted by comparing their names, i.e., the more
sequence types shared between isolates, the closer related they are. Another advantage
of this tiered MLST approach is that it provides more options for subtyping for differ-
ent purposes, e.g., while cgMLST or wgMLST might be optimal for outbreak detection
and investigations, less resolution using 7-gene MLST or rgMLST might be more
appropriate for attribution analysis (predicting the food sources of sporadic infections
from comparison of the subtypes of clinical isolates with those from food production
isolates) [18]. Another advantage of the MLST approach is that once the alleles have
been identified and stored in a database, analysis may be performed on standard low-
capacity laboratory computers using commercial over the shelf software (COTS), e.g,
SeqSphere + (Ridom® GmbH, Miinster, Germany), or BioNumerics (Applied Maths,
Austin, TX) or using web-applications e.g. PubMLST (http://pubmlst.org/databases.
shtml) by personnel with little or no bioinformatics expertise. A current limitation of
the MLST approach are that a comprehensive allele database of genes representing the
full diversity of the organism needs to be constructed before it can be used and that this
database needs to be curated to identify, confirm and name new alleles. Building the
allele database is no trivial task since it typically is based on high quality, assembled
sequences of often several 100 reference strains. Though, once the database has been
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created, alleles of test isolates may be assigned either from raw reads or assemblies and
most curation of the databases may be automated. However, to be useful for interna-
tional surveillance the database will need to be standardized internationally with stan-
dardization of quality measures for allele and locus definitions. Establishing such
databases is under way in a collaboration between PulseNet International and partners
in international reference laboratories and academia for Listeria monocytogenes,
Campylobacter, E. coli and Shigella, and Salmonella. International collaboration is not
just necessary because of the need for international standardization but also because the
task is so big and resource intensive that no single institution may lift it alone.

Combining Reference Characterization and Subtyping
in Whole Genome Sequencing Based System for Public Health

In the ideal system for public health laboratory surveillance, raw WGS data are auto-
matically submitted to and stored in a public repository, e.g., Sequence Read Archive
(SRA) at National Center for Biotechnology Information (NCBI). Next the raw reads
are automatically trimmed, assembled as necessary and gene by gene information is
extracted, named and returned to the public health user, who may further analyze the
data for public health purposes, e.g., outbreak detection and investigation. A practi-
cal setup is shown in the diagram in Fig. 1.2.

Database managers Sequencer
and end users

LIMS

!

Raw sequences ",

External storage :
NCBI, ENA, BaseSpace W

Genus/species  7-gene MLST
Serotype rMLST

PH databases Pathotype cMLST

Closed Virulence wgMLST

Resistance

Calculation engine
Trimming, mapping, de novo

% =le | assembly, SNP detection,
| 5 allele detection
Nomenclature serv:rk——--'/ RS Ideally public domain
Allele databases Data pathway :
Ideally public domain Proposed data pathway

Analysis request

Fig. 1.2 Whole genome sequencing workflow in a public health laboratory network working with
foodborne pathogens
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When a sample is loaded to the sequencer, all metadata related to the sample
and relevant to public health is entered into the public health database. Once the
isolate has been sequenced and the output passes defined quality criteria, the raw
sequences are uploaded to a public repository, e.g., SRA at NCBI, along with as
many associated metadata as possible, excepting confidential information and
information that might hamper the public health response if shared publically.
Then, analysis requests are submitted by an end-user or automatically to a high
performance computing cluster, the ‘calculation engine’, which downloads the
raw reads from the public repository, then trims the reads, assembles them as
necessary and the relevant gene and allele information is extracted. The extracted
information is then passed through a curated database that contains all sequence
information about known genes and alleles (‘nomenclatural server’), and trans-
lates the sequence information to gene, gene variant (e.g., for genus/species iden-
tification, serotyping, virulence characterization and antimicrobial resistance
marker identification) and allele names (for MLST analysis) which are then trans-
ferred to the local public health database, which contains all the associated meta-
data needed for public health action. Specific reference characteristics of the
isolates may then also be transferred to a LIMS-system if these data are to be
reported to the laboratory that submitted the isolate if the laboratory does not have
direct access to the public health database. New alleles are named automatically
in the nomenclatural server if specific quality criteria are met, or the sequences are
flagged for manual identification and naming by the curators of the national data-
base. The curators of the national databases also perform cluster searches to iden-
tify national clusters that would not be identified by local end-users. The end-user
may also perform SNP analysis on the reads through the calculation engine if the
MLST analysis does not provide unequivocal answers.

The calculation engine and the nomenclatural server should ideally be placed
in public domain. Neither contains confidential information and free sharing of
the data on the nomenclatural server is critical to ensure international compati-
bility and the use of the same unified nomenclature globally. These resources
will this way be available to lesser resourced public health laboratories and to the
whole scientific community. Ideally, the data in these resources should be in a
format that does not require the use of specific software. The nomenclatural data-
base needs to be curated in real-time to ensure its usefulness for outbreak inves-
tigations and the curators should be subject matter experts from international
reference laboratories.

The public health databases are closed and only accessible for their public health
users with one in each national/local public health laboratory and in regional public
health institutions as needed. The data in the public health databases may be ana-
lyzed on standard laboratory computers using standard MLST and database software
by the end-user with no specific bioinformatics skills. The raw sequence data may
also be extracted through the public health databases from the repository for research
purposes or for more specific analysis, e.g., SNP analysis, when the MLST fails or
produce ambiguous results.
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Conclusions

The system described above fulfills all requirements for the ideal public health iso-
late characterization system except for backwards compatibility with PFGE and
MLVA. However, as part of the construction and validation of the nomenclatural
MLST database numerous well characterized strains from previous outbreaks and
sporadic isolates representing the full diversity of foodborne pathogens will be ana-
lyzed and sequenced thereby enabling correlation of the most important PFGE and
MLVA profiles to MLST clones. The system may with the few reservations regard-
ing possible lack of expression of some genes, e.g., resistance genes, replace all the
characterization of foodborne pathogen cultures in most public health laboratories.
This will represent a paradigm shift in public health microbiology and lead to cost
savings compared to the existing surveillance. It is estimated that WGS represents a
cost savings of characterizing Campylobacter and Shiga toxin-producing E. coli
(STEC) of 50-55 % considering reagent and supply costs alone (Table 1.2).

The savings might not be as big for all pathogens but the amount of information
that will be made available for surveillance, all in real time, will dramatically
increase, e.g., antimicrobial resistance and subtyping data will become available on
all isolates. This will greatly improve the utility of the data: more outbreaks will be
detected and with the higher resolution provided by WGS, isolates that could not be
separated by PFGE or MLVA may be differentiated thus helping to focus limited
epidemiological resources to clusters that are most likely to represent outbreaks;
microbiological attribution of the most important food sources of sporadic infections
will become possible; and it will become possible to more accurately follow trends
of specific organisms, plasmids or transmissible traits, e.g., antimicrobial resistance
or virulence genes enabling early recognition of emerging problems so they may be
addressed faster; finally, our understanding of the epidemiology of foodborne ill-
nesses will greatly increase through correlation of systematically collected epide-
miological information with the sequence information. This way new microbiological

Table 1.2 Costs of supplies for routine characterization of Campylobacter and Shiga toxin-
producing E. coli (STEC) using traditional methods and whole genome sequencing (WGS) using
an MiSeq sequencer (Illumina Inc, San Diego, CA, USA)

Campylobacter Campylobacter STEC STEC
Characterization | (traditional) (WGS) (traditional) (WGS)
Identification $74.20 $60
Serotyping $159
Virulence PCR $10
MLST $71.80
PFGE $30
MLVA $15
Total $146.00 $73 $274 $123
Cost savings 50 % 55 %
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risk factors or potential targets for vaccines to control foodborne disease could be
identified thereby facilitating their control. The future is here.

Disclaimers
The findings and conclusions in this chapter are those of the author and do not nec-
essarily represent the official position of the Centers for Disease Control and
Prevention.

Use of trade names is for identification only and does not imply endorsement by
the Centers for Disease Control and Prevention or by the U.S. Department of Health
and Human Services.
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Chapter 2
Global Microbial Identifier

Peter R. Wielinga, Rene S. Hendriksen, Frank M. Aarestrup, Ole Lund,
Saskia L. Smits, Marion P.G. Koopmans, and Jgrgen Schlundt

Introduction

Human and animal populations increasingly share a number of emerging and re-
emerging infections including infections that are exchanged between these popula-
tions (i.e. zoonotic infections) either directly or indirectly through food or vectors.
Recent global outbreaks, such as SARS (Severe Acute Respiratory Syndrome), avian
influenza (H5N1), pandemic (swine)influenza (HIN1) and MERS (Middle East
Respiratory Syndrome) have rightfully received global attention, both in relation to
the disease burden, the risk of rapid spread and the additional economic cost relative
to travel and trade restrictions. To complete the picture of the disease burden and
economic cost of human disease related to animals a number of endemic human
infections that are continuously transferred from animals (e.g. salmonellosis, brucel-
losis, campylobacteriosis, rabies, cysticercosis) should also be considered. It is esti-
mated that more than six out of every ten emerging infectious diseases in humans are
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spread from animals [1]. A number of factors, including poverty, increasing popula-
tion density, disruption of wildlife habitats, increased food trade and changes in food
preservation and consumption habits have resulted in increased risks of contraction
of infectious diseases and subsequently their potential global spread. Globally, about
23 % of all deaths are caused by infectious diseases, with the most significant burden
in developing countries [2]. Nearly all of the most important human pathogens are
either zoonotic or originated as zoonoses [3—6]. Striking examples include HIV/
AIDS and Spanish influenza, which started by interspecies transmission of the caus-
ative agents [7—10] and have caused millions of deaths worldwide and more recently
SARS and MERS coronaviruses and HIN1 and H5N1 influenza A viruses.

Detection and surveillance form the backbone of all systems currently used to
control infectious diseases worldwide. However, surveillance is still typically tar-
geted at a relatively limited number of specified diseases, and, maybe more impor-
tantly, there is a very significant global disparity in national disease detection
systems and methodology. In particular, public health efforts and patient treatment
are hampered by different obstacles: the use of different, specialized, expensive and
difficult-to-compare detection techniques; a lack of collaboration between different
microbiological fields; (inter)national politics on the disclosure of (patient) infor-
mation and research data; intellectual property rights; and, a lack of sufficient diag-
nostic capacities particularly in developing countries. A more effective and rational
approach to the prevention of microbial threats is essential at the global level.
Efforts to mitigate the effects of infectious threats, focusing on improved surveil-
lance and diagnostic capabilities, are crucial [11]. With recent technological
advances and declining costs in the next generation sequencing field, these tools
will play an increasingly important role in the surveillance and identification of new
and previously unrecognized pathogens in both animals and humans but also for
identification and characterization of traditional pathogens. Inherently an enormous
increase in microbial whole genome sequences (WGS) is to be expected, providing
a wealth of information to aggregate, share, mine and use to address global public
health and clinical challenges. The goals of the Global Microbial Identifier (GMI)
initiative in this respect will be outlined below.

Next Generation Sequencing and Whole Genome Sequencing:
A New Potential for Integrated Surveillance of Infectious
Diseases

Surveillance is a key component of preparedness for infectious diseases, and is done
globally to monitor trends in endemic diseases (e.g. influenza, dengue, salmonello-
sis), to monitor eradication efforts (polio, measles, brucellosis), or to signal unusual
disease activities. Molecular diagnostic tools, which rely on the recognition of short
pieces of unique genome sequence (e.g. PCR and microarray (biochip) technologies)
and provide sensitive and specific detection and sufficient genetic diversity for sub-
typing, are used routinely in clinical diagnostic and surveillance settings. Although
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the partial genome information, such as epidemiological markers, often is sufficient
for patient management and basic surveillance objectives, from a public health per-
spective the increasing capacity for more extensive sequencing most likely will
increase the depth of information gathered on pathogens and disease. Recombination
and reassortment of viral genomes for instance may generate future threats; influenza
A viruses for example are able to undergo reassortment if a single cell is concurrently
infected with more than one virus [12]. These reassortment events can dramatically
change the evolution of influenza A viruses in a certain host and lead to new epidem-
ics and pandemics. Such events may easily be missed when surveillance is relying on
molecular diagnostic tools that target small microbial genome fragments.

Whole genome sequencing (WGS) is a laboratory process that determines the
complete genome sequence of an organism under study providing significantly more
information than routine molecular diagnostic tools. This can have important impli-
cations; for instance during the recent outbreak of MERS coronavirus in the Middle
East, analysis of small genome fragments did not provide sufficient phylogenetic
signal for reliable typing of virus variants [13]. Classically, whole microbial genome
sequences were determined by PCR and Sanger sequencing. Nowadays next genera-
tion sequencing (NGS) techniques are used increasingly in the human medical sci-
ences, and are now also widely used to identify and genotype microorganisms in
almost any microbial setting [14—17]. There are different NGS techniques targeting
single microorganisms or a complete metagenome in a sample through methods
unrelated to specific sequence recognition.

A cascade of technological NGS advancements both in the analytical sequencing
field (e.g. pyro- and nanopore sequencing) and in the information technological (IT)
field (e.g. increasingly faster and cheaper internet, computing rates and storage capac-
ities; and the development of NGS software tools) has decreased the cost of WGS
much faster than predicted 10 years ago (Fig. 2.1). Today, the actual cost of sequenc-
ing an average bacterial genome of 5 Mb would in practise cost between USD 50-100.
It is estimated that both the price and the speed of WGS analyses will decrease to a
point where it can seriously compete with traditional routine diagnostic identification
techniques. The enormous potential of WGS in the surveillance of infectious diseases
[18,19] has been demonstrated in many studies now including the tracking and tracing
of the cholera outbreak in Haiti in 2010 [20], the Enterohaemorrhagic Escherichia coli
( EHEC) outbreak starting in Germany in 2011 [21] and others e.g., [22,23]. During
the EHEC outbreak, scientists from around the globe performed NGS and shared their
results for analysis. The collaboration between these researchers allowed for joint and
rapid analysis of the genomic sequences, revealing important details about the
involved new strain of E. coli, including why it demonstrated such high virulence.
Similar collaborations exist globally during emerging viral infections such as MERS
coronavirus. Continuing innovations, however, are required to allow NGS techniques
to become standard in clinical practice. In addition, hurdles regarding ethical, legal,
social and societal issues need to be overcome.

It seems certain that NGS techniques will play an increasingly important role in the
identification of new and previously unrecognized pathogens and inherently a large
increase in the total amount of microbial whole genome sequences is to be expected.
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Fig.2.1 NGS cost per raw magabase of DNA sequence. Taken from the National Human Genome
Research Institute (http://www.genome.gov/sequencingcosts/)

As a consequence of the steadily decreasing costs of WGS, an increasing number of
microbiological laboratories have embarked on WGS projects to characterize own
stocks of infectious agents in their existing biobanks. This in turn generates huge
amounts of genomic data in private databases as well as significantly increased num-
bers of genomes to the global DNA databases such as GenBank. This genomic infor-
mation is, however, not fully interconnected and in most cases not accompanied with
sufficient (national or international) metadata. The need to integrate these databases
and to harmonize data collection has been generally recognized by the scientific com-
munity for some time [24]. Further integration of these databases and linking the
genomic data to metadata for optimal prevention of infectious diseases, and to make
it fit for other uses including routine diagnostics, is the new challenge.

Notably, while future use of WGS is likely to boom in developed countries, an even
more dramatic change in developing countries creates a potential for a significant
diagnostic leap-frog in these countries. While current diagnostic methods are diverse
and require a lot of specialized training, NGS holds the potential of a simple one-size-
fits-all tool for diagnosis of all infectious diseases, thereby dramatically improving
public health in developing countries. At a systemic level, the use of NGS will enable
uniform laboratory-, reporting- and surveillance-systems not only relative to human
health, but reaching out to the identification of microorganisms in all other habitats,
including animals and the environment: a true ‘One Health’ approach [25]. At the
same time the development of new centralized and de-centralized diagnostic systems


http://www.genome.gov/sequencingcosts/

2 Global Microbial Identifier 17

will be significantly simplified with the potential of real-time characterization of
microorganisms in individual, local decentralized labs with sequencers and internet
link-up. Recent studies have shown that it is possible to determine the species, type as
well as the antimicrobial/antiviral susceptibility of both bacterial and viral pathogens,
even when using sequencing directly on clinical samples [18, 26]. This would be even
more valuable for clinical laboratories in developing countries that do not currently
have the same diagnostic capacities as most developed countries.

As NGS technology spreads more globally, there is an obvious potential to
develop a global system of whole microbial genome databases to aggregate, share,
mine and use microbiological genomic data, to address global public health and clin-
ical challenges, and most importantly to identify and diagnose infectious diseases.
Such a system should be deployed in a manner which promotes equity in access and
use of the current technology worldwide, enabling cost-effective improvements in
plant, animal, environmental and human health. If the system is set up in an ‘open
access’ format it would likely enable comprehensive utility of NGS in developing
countries, since the development of open databases and relevant algorithm platforms
at the global level would enable immediate translation of sequence data to microbial
identity and antimicrobial resistance pattern. In general, it is necessary to have a
comprehensive database of all known microbial DNA sequences to make full use of
locally derived DNA sequence to identify and characterize your isolate microbio-
logically and epidemiologically. A global system, supported by an internationally
agreed format and governance system, will benefit those tackling individual prob-
lems at the frontline (clinicians, veterinarian, epidemiologists, etc.) as well as other
stakeholders (i.e. policy-makers, regulators, industry, etc.). By enabling access to
this global resource, a professional response on health threats will be within reach of
all countries with (even relatively simple) basic laboratory infrastructure.

The Global Microbial Identifier (GMI) Initiative

The GMI initiative attempts a description of the landscape and opportunities of the
global NGS/WGS field and suggests a collaborative effort to bring together different
microbiological fields with the purpose of creating a global microbial identifier
(GMI) tool on the basis of WGS data. To achieve this, GMI envisions a WGS data-
base and analytic tools that are used and maintained by multidisciplinary researchers,
clinical microbiologists, food scientists, (bio)informaticians, veterinarians, physi-
cians, and other stakeholders. This database should be useful for basic research and
for identification and disease diagnosis of any possible microorganism. In September
2011 the first international GMI conference was organised in Brussels! to discuss the
possibility to use WGS as a microbiological diagnostic tool on a global scale [27]. At

!Perspectives of a global, real-time microbiological genomic identification system —implications
for national and global detection and control of infectious diseases. Consensus report of an expert
meeting 1-2 September 2011, Bruxelles, Belgium. Available at http://www.globalmicrobialidenti-
fier.org.
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this stage several preconditions for a successful initiation of an initiative of this sort
seemed to have been met: (1) WGS had become mature and a potential serious alter-
native for other genotyping techniques, (2) the price of WGS had been falling dra-
matically and was now in some cases below the price of traditional methods, (3) vast
amounts of IT resources and a fast internet had become available in most parts of the
world, and (4) suggestions had been made that a One Health (human/animal)
approach could enable improved control of infectious diseases [28].

Currently, GMI organizes annual meetings to discuss progress and future develop-
ment. These meetings are organised and attended by a number of scientists and policy
makers from around the world, including the World Health Organization (WHO), the
UN Food and Agricultural Organization (FAO), the World Organisation for Animal
Health (OIE), the United States Food and Drug Administration (US FDA), the
European Commission (EC), the United States Centers for Disease Control and
Prevention (CDC), the European Centre for Disease Prevention and Control (ECDC),
the National Food Institute of Denmark, the European Food Safety Authority (EFSA)
and several other universities, food research institutes and public health institutions.
The general conclusion of the first meeting was that the spread of the WGS technol-
ogy for microorganisms should be linked to the establishment of a global genomic
database for microorganisms. This would entail an interactive, global, open source
database supported by scientists from all regions of the world and from all fields,
including human health, animal health, food safety and environmental health, and
holding information on bacteria, viruses, fungi as well as parasites, together with
important metadata relating to host information, environmental factors, sequencing
methods, and other microbiological and epidemiological details. The structure and
platform of the database(s) should be such that it could be used by different software
tools (algorithms etc.) to generate meaningful results from data in the database.

Landscaping the Global Microbial WGS Field

The current steep rise in the potential of NGS has led to several developments around
the globe: new fields of science have been strengthened (e.g. bioinformatics and its
subfields); established scientific fields utilize NGS in novel ways; new WGS soft-
ware tools are put online every week; multiple companies offer NGS and WGS
equipment and services; and also at governmental level, NGS is considered in the
continuous quest for public health efficiency improvements. These developments
make NGS grow from a basic research tool into a mature general purpose tool; how-
ever, the constant danger is that cross-talk between these separate initiatives wanes in
typical silo-fashion and that all technical development takes place in the western
world (+ China), which might lead to a strong underuse of the total WGS potential.

While many researchers, clinicians as well as public and animal health profes-
sionals have made statements in support of the dramatic new potential, there cur-
rently is still no coherent description of the global (diagnostic) landscape of WGS
and how it could best take over from the traditional techniques, as well as the poten-
tial benefits and costs of such development at a global scale. At the same time it
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should be realized that the free sharing of genomic data will meet significant obsta-
cles, both from the research, the public health—and the food production communi-
ties. Important examples, which can already be envisioned, are: (a) the general
reluctance of researchers to share data before publication, (b) the reluctance of gov-
ernments and institutions to share data when competing interests are in play (e.g.
trade, tourism etc.), (c) legal and ethical issues including personal information con-
fidentiality and intellectual property rights [29-31].

There is a need to further analyze this landscape. Such analyses should include
identifying all stakeholders and their use of NGS, describing the technical and politi-
cal needs, characterizing the potential future clinical and public health systems
enabled by WGS, and in the process, specifically considering the need for capacity
building in this area for developing countries [28]. A number of different scientific
fields should be included in the analysis (e.g. public health, food safety and produc-
tion, animal health, environmental health, bioinformatics, clinical science, biotech-
nology etc.). Likewise different societal sectors should be considered (e.g. healthcare,
food and healthcare industry, agriculture, commerce, as well as developmental eco-
nomics etc.). A description of existing WGS initiatives within different microbio-
logical specializations (virology, bacteriology, parasitology etc.) will be key to
understanding this field, as will be a thorough description of existing and future NGS
potential in laboratory settings in developing countries.

GMI the Network

Following the inception of GMI in 2011, GMI has grown as a global network of
scientists and other experts committed to improving global infectious disease and
food safety prevention using WGS. A charter has been drawn up in which the net-
work partners have agreed on its mission and vision (http://www.globalmicrobiali-
dentifier.org/). In short, the mission is to build a global network for microbiological
identification and infectious disease surveillance using an open and interactive
worldwide network of databases for standardized identification, characterization
and comparison of microorganisms through whole genome sequences of microor-
ganisms. GMI’s vision is a world where high quality microbiological genomic
information from human, food, animal and plant domains is shared globally to
improve public health, healthcare, a healthy environment and safer food for all.
The GMI network essentially is a global network of stakeholders that take part in
shaping how the database and its supporting structures can best be defined, set up and
used. Figure 2.2 shows a simplified impression of GMI: the GMI users, the database(s),
the GMI software pipelines and other analytical tools, and the GMI organization. The
users include anybody using the GMI database such as medical and veterinary labs,
physicians and veterinarians, public health institutes, food science and industry etc.
The GMI database is defined as all the microbiological WGS data and the linked
metadata that can be accessed by GMI software. GMI software includes any software
tool or software pipeline designed to interact with the GMI database to produce
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Fig. 2.2 Schematic outline of GMI

results, e.g., genome assembly, data comparison, disease diagnosis, resistance predic-
tion, simple data extraction, data viewing etc. The GMI organization includes the
people creating the database(s), people helping the development of the necessary soft-
ware, and people active in the GMI working groups and steering committee.

GMI is now a global initiative with a defining Charter, annual conferences, a
website and regular newsletters.? The eighth global GMI conference (GMI8) was
held in May 2015 in Beijing, China, and GMIO took place in FAO in Rome, Italy in
May 2016. GMI is organized through a Steering Committee overseeing four work-
ing groups and supported by an executive office. The four working groups are: (1)
Political challenges, outreach and building a global network; (2) Repository and
storage of sequence and meta-data; (3) Analytical hard- & software and (4) Ring
trials and quality assurance.

GMI the Database

The proposed GMI database will consist of all the microbiological WGS data, both
annotated (including reference strains) and un-annotated, together with the relevant
metadata, all to be accessed by GMI software. Questions related to the status,

*Homepage: http://www.globalmicrobialidentifier.org/.
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separation and encryption of metadata within the database system need further con-
sideration, including international and national political debate. While the ultimate
aim might be one database or a federated database system? enabling fast identifica-
tion through the comparison of a new isolate with many existing reference genomes
worldwide, this system could be too complicated initially. Given the right tools, how-
ever, this technical complication may be neutralized and a federated system may
even allow faster identification by parallel computing. The likely and preferable
development in this area will depend on many other factors, including the available
software and the state of global internet infrastructure.

A global reference database may be supported by additional database(s) to do the
follow-up analysis after a first identification has been achieved, and these databases
could potentially be located elsewhere. Considering the technical challenge of com-
plete genome assembly, it becomes important to consider which level of (un-assembled)
rough data can be input for assembly and analysis with GMI tools? This issue will
potentially disappear when more powerful software is developed. Currently, however,
these issues are still bottlenecks when quick turnaround of data analysis is demanded.

Compared to a federated system, centralized storage has several advantages. It will
be a one stop shop and its openness may be preserved by the government(s) support-
ing the database. The creation of a centralized system would not prevent the future
addition of regional/local databases to the structure to create a federated database
system, which may potentially become necessary anyway if the future amount of data
becomes too large for a single location. Such additional, federated databases may also
be commercial, and this may hold both risks as well as advantages. The key will most
likely be that the software adding and retrieving data can reach all relevant informa-
tion. This means that either the software needs to handle multiple formats used by
different databases, or the data structures of different databases should be similar. In
addition, commercial databases should address how they can be accessed by GMI
software and how users pay for their database use. Clearly this involves many contro-
versial issues. Commercial involvement may on the one hand put limitations on the
development of the GMI database and the speed at which it will evolve. On the other
hand, in economic terms it will have a great spin-off in terms of companies that may
offer services to and depend upon the GMI database, in a way somewhat similar to the
functionality of the internet at present. Such spin-off activity may be beneficial for the
quality and quantity of the use of the database. Taken together these are all important
issues that GMI aims to discuss and solve through the work of its different work
groups and through open discussion and interaction with all stakeholders in the field.

GMI the Software

In addition to the database, a proper functioning GMI system needs software. This
software could be located as part of the database in a way similar to software offered
by NCBI and linked to GenBank, such as BLAST, and other parties may also offer

3 A system in which several databases appear to function as a single entity.
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software that uses the data from the GMI database to generate comparisons and anal-
yses that the GMI community asks for. An example of this could be the ResFinder
software from the Center for Genomic Epidemiology at the Technical University of
Denmark (see Table 2.2), which can be used to predict antibiotic resistance profiles
from WGS data [18]. On the internet there is a wealth of such tools available and new
bioinformatics tools are constantly released, either under an open source license or
as commercial software packages or services. The current list of tools is very long
and includes many different packages able to perform many different analyses.
Unfortunately, there is a lack of coordination and awareness among developers and
users. Some tools have been a repetition of already developed tools; some have over-
lapping analyses; and some are simply outdated already when they occur. On the
other hand it is a welcome development that the bioinformatics community is flour-
ishing with an abundance of tools, and GMI could take up the task of providing a
portal to help users navigate among tools. Table 2.1 provides a list of several of these
tools and links to webpages important for the field of WGS microbiology.

The whole field of “analytical tools” is currently developing fast and there are
many different and new initiatives. Ideally, there is a need for simplicity and some
of the individual tools developed are being sequentially combined into analytic
pipelines. However, there is still much effort needed in this field, because not all
programs are compatible with each other, some are not user friendly, are not main-
tained or are only available on specific platforms. GMI work groups 3 and 4 have
taken initiative to investigate what is available and what would be necessary to have
for a GMI database to function as a general diagnostic tool. Further advances in the
software tools should aim at answering specific questions from the different fields
of microbiology. Important advances in this area will be to generate more user
friendly software to take the tools that now mainly are geared towards the bioinfor-
matics and basic science communities, to the first-line users (clinicians and public
health and food safety professionals) e.g. to help the clinical field with disease diag-
nosis or to help with complicated global tracking and tracing analyses relative to
food contamination or infectious diseases. User friendliness would increase the use
of the GMI database and thereby its value. It may be envisioned that this may come
through the combination of apps and online software tools generated for use on
(super) computers down to smart phones. In addition, bringing together different
software routines that currently need to be run separately, will contribute to this.
The chapter on comparative genomic epidemiology (CGE) elsewhere in the book
gives an extensive overview and discussion of CGE tools for WGS microbiology.

Metadata and Depth of Analysis

Metadata is data that describes other data, and in many cases represent data that are
necessary to make epidemiological sense of WGS data. Metadata relative to the
sequence data of a clinical isolate in the database would for instance be patient demo-
graphics, geographical location and method of isolation etc. The more details there
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Table 2.1 Short overview of some of the WGS analysis tools found on the internet

Tool

Link

Short description

Online analysis tools

http://molbiol-tools.ca/

Lists numerous bioinformatics tools

VFDB

http://www.mgc.ac.cn/VFs/

This database provides BLAST-based
identification of virulence genes in 26
genera of bacterial pathogens. The
database aims at being the most
comprehensive database of virulence
factors and hence also contains, for
instance, hypothetical proteins

ResFinder

http://cge.cbs.dtu.dk/
services/ResFinder/

ResFinder identifies acquired
antimicrobial resistance genes in total or
partial sequenced isolates of bacteria

ARDB

http://ardb.cbcb.umd.edu/

A manually curated database (ARDB)
unifying most of the publicly available
resistance genes and related information.
Regular BLAST and RPS-BLAST tools
would help the user to identify and annotate
new potential resistance genes by blasting
against ARDB DNA or protein sequences.
Has not been maintained since 2009

BTXpred

http://www.imtech.res.in/
raghava/btxpred/

The BTXpred server aims at predicting
whether an amino acid sequence is a
bacterial toxin or not, whether it is an
endo- or exotoxin, and the function of
exotoxins. It requires amino acid
sequences as input

RASTA-Bacteria

http://genowebl.irisa.fr/
duals/RASTA-Bacteria/

RASTA-Bacteria is aimed at the
identification of TA modules (toxins/
antitoxin modules)

The comprehensive
antibiotic resistance
database

http://arpcard. mcmaster.ca/

The RGI provides automated annotation of
your DNA sequence(s) based upon the
data available in CARD, providing
prediction of antibiotic resistance genes

t3db

http://www.t3db.org/

t3db is a database containing toxins and
targets along with detailed information
collected from various sources. It does not
focus solely on bacterial virulence factors,
but includes pollutant, pesticides, and
drugs. Also, it is very strict with the
inclusion of toxins and only includes
toxins for which the structure is known

DBETH

http://www.hpppi.iicb.res.
in/btox/

DBETH is a database of bacterial
exotoxins for humans. As it requires
amino acid sequences as input

VICMpred

http://imtech.res.in/
raghava/vicmpred/

VICMpred is an SVM-based method for
prediction of toxins (and other functional
proteins) based on amino acid sequence

(continued)
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Table 2.1 (continued)

Tool Link Short description
Samtools http://samtools. SAM Tools provides various utilities for
sourceforge.net/ manipulating alignments in the SAM
format, including sorting, merging,
indexing and generating alignments in a
per-position format
Figtree http://tree.bio.ed.ac.uk/ Tree viewer
software/figtree/
Velvet (combined http://bioinformatics.net. de novo assembler
with au/software.
VelvetOptimiser) velvetoptimiser.shtml
BWA http://bio-bwa.sourceforge. | Sequence mapper
net/
AdapterRemoval https://github.com/ Trimming and adapter removal from raw
slindgreen/ read data
AdapterRemoval

are in the metadata the more detailed the tracking and tracing of microorganism can
be. However, a higher level of detail can also result in political and/or privacy/ethical
complications, especially for the people publishing the data [29]. Without metadata,
one would have a ‘genotype’ database only containing peta- to exabytes of WGS
data. This would already be a giant step for mankind as we will discover many new
genomes and microbial communities. However, to use genomes for infectious dis-
ease investigation and epidemiology, metadata are essential. The list and structure of
metadata should be concise and include only what is defined as essential while
excluding redundant or unethical information. For instance, making a distinction
between men and women, children and the elderly would be very informative and
may be essential for clinical data. However, it would be under discussion whether to
include race in the list of metadata, even though there might be situations imaginable
for which having such metadata would help solve scientific questions. Also, different
fields of research or policy making may have use for different metadata. For instance,
economists studying the economic cost of a certain disease will be interested in the
number of outbreaks and relations between different economically important sectors
e.g. specific food or food preparing sectors, while public health specialists and clini-
cians might be more interested in resistance phenotypes, treatment options etc.

In general, it is thus essential to generate a list of metadata that can be considered
essential for each sample. In addition, per discipline this list may be extended with
field specific metadata which are essential for each individual field. Also, there
should be a list of metadata to be avoided by GMI. Such thinking would bring us
roughly three lists of metadata: the minimal essential, the field specific list, and the
list of metadata to be excluded. To help the discussion on this one may categorize
each of these three lists further into essential and optional data. Table 2.2 gives a
very basic and simplified example of how such lists might look like to help the dis-
cussions on what these lists should finally comprise. Generating the different field
specific list in a collaborative manner as done in GMI will potentially be beneficial
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Table 2.2 Example of types of metadata that may be valuable for the GMI database

General metadata

Examples work field specific metadata

Not essential for
GMI

Clinical examples

Food examples

Essential

Submitters contact info
Submitters identifier
Unique GMI identifier
Name organism

Name strain

Alias(es)

Date isolated

Attribute package (if
pathogenic type of
pathogen)

Isolation source

Cultured Yes/No
Geographical origin of the
sample (Country and City)
Lab strain Yes/No
Reference strain Yes/No

Host (human/
animal)

Host sex

Host age range
Host age

Name(s) disease
Zoonotic Y/N
Resistance profile
Treatment options
Confirmation tests
Confirmation tests
results

Short (standard) case
description
Outbreak Y/N, plus
code

Specific name source
GPS location source
Climate type source
Location in source
depth

Zoonotic Y/N
Resistance profile
Virulence
Confirmation tests
Confirmation tests
results

Outbreak Y/N, plus
code

Commercial source
Y/N

Producer (kept
secret?)

Short case description

Race host

HIV status host
Links to hosts
social network
profile

Optional

Colony color

Description of the sample/
source/strain

Detailed geographical
origin of the sample (GPS
coordinates etc)

Growth rate

Growth on cell lines

Outbreak code
Growth rate

Growth on cell lines
PFGE pattern codes
Serovar

Outcome other tests
Suggestion for
further testing

Short (standard) case
description

Host (human/animal)
Host Sex

Host age range
Host age

Name(s) disease
PFGE pattern codes
Serovar

Growth rate

Colony color
Growth on cell lines
Suggestions for
further testing Short
(standard) case
description

Occupation of
host

Use in terror
attack

These are examples of metadata that different microbiological fields would like to collect and
serves to illustrate the concept. Further discussion in GMI will be needed to generate agreed lists
of metadata required for each microbiology field, and as the technology progress these list may

have to be updated

for the end results, since different sectors would be able to follow each other’s prog-
ress and may minimize redundancy in the different lists. Furthermore, it should be
decided which data should be collected but kept confidential and only accessible by
the submitter and others with permission of the submitters. For instance, should it
be open source information if a specific producer is linked to a specific microorgan-
ism and/or outbreak, or should such data be managed (and kept secret or open) by
the relevant regulatory agencies?
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There are a number of technical questions adding to the complexity of the issue.
Should reference strain data have a different set of metadata than the metadata
required when submitting and/or comparing one’s samples to the GMI database?
And, where to best store all the metadata? The different types of metadata originat-
ing from different fields might be centrally stored which will have advantages for
retrieving and working with them, and for ensuring the open source character of the
database. However, this is not necessary and by using the right identifiers, different
metadata databases may be generated that connect to a central WGS database.
Central storage of all kinds of metadata may bring the advantage of having a one
stop shop for everything, and it may help to find new cross links between data from
different fields. It may, however, also lead to confusion when users are overloaded
with too much information that is not necessary for their purpose.

Quality Assurance and Testing

Investigating whether GMI users will be able to perform DNA extraction, library
preparation, the actual sequencing, the assembly and phylogenetic analysis following
different laboratory protocols, software tools, and sequence platforms will enable an
evaluation of the reliability of submitted sequence data to a GMI database [32]. GMI
aims to assist laboratories and partners globally to perform NGS to the highest quality
level, and to prepare for this GMI in 2013 conducted a survey to identify the intended
end-users, priority organisms, and quality markers for proficiency testing [33]. GMI
in 2014 performed a pilot proficiency test with a limited number of laboratories to test
the developed IT system and corresponding protocol. The GMI 2015 proficiency test
was fully rolled out by December 15 (supported by the EU/COMPARE programme
(www.compare-europe.eu) and the USFDA GenomeTrakr and Microbiologics®. This
first global proficiency test in this area had a focus on Salmonella enterica, Escherichia
coli and Staphylococcus aureus, and allowed for sign-up for each species separately
(see www.globalmicrobialidentifier.org). 55 laboratories, from all continents, signed
up for the test. The main objective of this proficiency test was to assess the feasibility
of achieving reliable laboratory results of consistently good quality within the area of
DNA preparation, sequencing, and analysis (e.g. for the use relative to phylogeny,
MLST, resistance genes etc.). This will in time ensure or enable harmonization and
standardization of whole genome sequencing and data analysis, with the final aim to
produce comparable data for the GMI initiative, and thereby consistent data for the
GMI database. A further objective is to assess and improve the data uploaded to data-
bases such as NCBI, EBI and DDBJ. Therefore, the laboratory analysis work per-
formed for this type of proficiency testing should be done employing the methods
routinely used in the individual laboratories. The proficiency testing performed in this
area has consisted of two wet-lab and one dry-lab components targeting Salmonella,
E. coli and S. aureus. The wet-lab components assess the laboratories’ ability to per-
form DNA preparation, sequencing procedures and analysis of epidemiological mark-
erswhereasthedrycomponentassessestheabilitytoanalyseawhole-genome-sequencing
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dataset and distinguish between clonally related and sporadic genomes. At present
(September 2016) the GMI2016 proficiency testing is ongoing. The future vision of
the proficiency testing is to target lower priority bacterial pathogens as well as to
develop a parallel proficiency testing regime targeting viruses (http://www.globalmi-
crobialidentifier.org/News-and-Events/Previous-meetings/7th-Meeting-on-GMI).

Other laboratory methods are being discussed and optimized for use in GMI,
including consideration of how to include other types of microorganisms in profi-
ciency tests and how to initiate parallel viral pilot proficiency test schemes includ-
ing RNA methods.

Next to quality assurance at the laboratory level it will be important to have a
reliable source of analytical tools that cover the different tasks requested by the
GMI users and are of sufficient quality to be used in different (sometimes more
sensitive) settings than basic research, for instance in clinical settings. GMI aims to
define the functional requirements for these tools from the perspective of end-users
(clinical, public health, research) in terms of applications needed (identification,
outbreak detection etc.) and priority microorganisms and diseases. To do so, GMI
maps the currently available analytical software tools as well as developments in the
field and benchmark them against the needs of GMI end-users in order to identify
implementation gaps and projects that may fill those gaps. By this mapping effort
and through software testing, GMI aims to construct a central portal of tools, to
indicate a quality level, and state the usefulness and the user friendliness of the dif-
ferent tools for the different GMI end-users. Through this effort it will be possible
to provide guidance for further development of (new) analytical tools.

In addition to the development of these testing schemes, which will get a more
permanent shape and place in the future GMI network, GMI plans to design in silico
pilots using realistic scenarios based on and using data from a previous infectious
disease outbreak or another event (http://www.globalmicrobialidentifier.org/News-
and-Events/Previous-meetings/7th-Meeting-on-GMI). The goal of these pilots will be
to help shape the process and the form that the GMI tools take, develop training skills
and increase the participation level. In particular, this would be important to increase
the participation level of members that currently lack the necessary laboratory capac-
ity including members from many developing countries. These pilots will address
several important issues and may help answer some important questions such as: How
well does data transfer work? How well does data analysis, including species identifi-
cation and outbreak clustering, work? What are the biggest challenges for coordinat-
ing an analysis that is highly dependent on metadata? What are the minimum standards
required to run the system? And finally, what might be the gain in turn-around time?

Concluding Remarks

Several already existing internet-based genomic tools and databases have been
presented and discussed at GMI global meetings—all of which are generally
aimed at improving (inter)national detection and identification of different types
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of microorganisms. For instance, the global programme PulseNet compares the
PFGE ‘DNA fingerprints’ of bacteria from patients to find clusters of disease that
might represent unrecognized outbreaks (http://www.cdc.gov/pulsenet/). MLST-
net can be used to compare various bacteria on the basis of multilocus sequence
typing (MLST) analysis (http://www.mlst.net/). EuPathDB (http://eupathdb.org/
eupathdb/) and ZoopNet [34] are portals for accessing genomic-scale and MLST
datasets, respectively, which are associated with eukaryotic parasites. And
NoroNet is a network of public health institutes and universities sharing virologi-
cal, epidemiological and molecular data on norovirus and includes a tool for
Norovirus identification and epidemiology on the basis of sequence comparison
(http://www.rivm.nl/en/Topics/N/NoroNet). In contrast to GMI these earlier net-
works had to focus their effort on a single technique and often a limited group of
microorganisms to make comparisons possible. With the arrival of cost-effective
NGS and WGS this is no longer necessary; the different microbiological fields
may now work together and different WGS analytical tools can be exchanged to
maximize efficiency. Many of these earlier networks are now trying to make the
move from traditional techniques to NGS. For example, PulseNet investigates
how to use WGS and potentially metagenomics to replace PFGE and thus have a
culture independent and faster technique (see: http://www.cdc.gov/pulsenet/next-
generation.html). In such transitions it is important to implement new techniques
in a way such that the old and new techniques are comparable and no data are lost.

GMI is an initiative open to anyone interested and many of the people associated
with the networks summarized above have actually participated in the initiation and
development of GMI. The work of GMI is to promote inter-disciplinary and inter-
national discussion of potential synergistic solutions to optimize the use of WGS
globally. This process will take time and although some work may progress quickly
(e.g. proficiency testing) for other issues more time is needed, as is inter-
governmental debate and agreement. The roadmap for the development of the data-
base that has been proposed with a vision of constructing an international system by
2020 is as follows:

* Development of pilot systems.

* Initiation of appropriate ‘legal entity’, with the formation of an international core
group and governance structure

e Analysis of the present and future landscape to build the database

* Diplomacy efforts to bring the relevant groups together

e Development of a robust IT-backbone for the database

e Development of novel genome analysis algorithms and software

* Construction of a global solution, including the creation of networks and regional
hubs

Initiatives with similar or overlapping goals as GMI have emerged and should be
used to explore the opportunity for collaboration and synergy. Examples of such
initiatives are the global alliance for genomics and health (http://genomicsand-
health.org/) and that of Google Genomics (https://developers.google.com/genom-
ics/), both mainly focusing on human genomics, and the initiatives of CDC to use
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WGS in parallel to their PFGE diagnostics and in their AMD programme (Advanced
Molecular Detection) as well as the creation of the USFDA Genome Trackr
Network, linking public health and university laboratories that collect and share
genomic and geographic data from foodborne pathogens. GMI is presently in con-
tact with these initiatives in order to investigate the potential for collaboration and
synergy in the area of NGS/WGS use in microbiological identification and research
as well as in genomic epidemiology and food microbiology.
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Chapter 3

The Use of Whole Genome Sequencing

for Surveillance of Enteric Organisms

by United States Public Health Laboratories

David Boxrud and William J. Wolfgang

Introduction

Enteric pathogens are a major source of human illness causing an estimated 9.4 mil-
lion episodes of foodborne illness, 55,961 hospitalizations, and 1351 deaths [1] in
the US annually. Identification of the sources of foodborne illness is important in
order to implement measures to control and prevent future cases of disease.

WGS of microorganisms is an advancing technology that has the ability to revo-
lutionize foodborne disease surveillance. WGS has been used previously in a vari-
ety of ways including tracking a nosocomial outbreak of carbapenem-resistant
Klebsiella pneumoniae [2], identifying an outbreak of Mycobacteria tuberculosis
overa 21 year period [3], tracking an outbreak of methicillin-resistant Staphylococcus
aureus in a neonatal unit [4], performing molecular surveillance on 2009 H1 influ-
enza [5], and characterization of Ebola virus [6, 7].

Whole genome sequencing (WGS) will transform how the public health system
performs foodborne disease surveillance. In the future, WGS will be performed on
all PulseNet organisms in order to serotype, subtype, identify virulence markers and
identify antibiotic resistance mechanisms. WGS will efficiently perform several
critical tasks necessary for foodborne disease surveillance. This approach will likely
reduce cost while increasing the ability of Public Health Laboratories (PHLs) to
identify foodborne outbreaks. This chapter examines current practices, benefits, and
challenges of implementing WGS for surveillance of enteric organisms in US pub-
lic health laboratories.
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Traditional Foodborne Disease Subtyping Methods

One goal of enteric pathogen surveillance is to identify groups of enteric organisms
with a common type that indicates that the organisms may have a common origin.
Once pathogens are identified that are likely to have originated from a common
source, the cases can be interviewed to attempt to determine the source of the illness.

Historically, phenotypic methods have been used to type enteric pathogens.
Salmonella serotyping is the most common phenotypic typing method, however
many other phenotypic methods have been used including biotyping, antibiotic sus-
ceptibility testing and phage typing [8]. While these phenotypic methods yield
important information about the agents, they often yield inadequate diversity to aid
in outbreak investigations and are not useful as a robust typing method.

Genotypic typing methods have been used with varying levels of success.
Multiple-locus variable-number tandem repeat analysis [9], Ribotyping [10, 11],
plasmid typing [8, 12], array hybridization, and Polymerase Chain Reaction finger-
printing methods such as Amplified Fragment Length Polymorphism [13, 14] have
also been used to type enteric organisms. All of these methods have challenges that
make them sub-optimal as a typing method. The most common issue is the lack of
subtype discrimination necessary to resolve isolates involved in an outbreak from
the sporadic isolates. Additionally, some methods have a lack of subtype stability,
an inability to type all isolates, and poor epidemiological concordance.

The inception of PulseNet revolutionized enteric pathogen subtyping. PulseNet
utilizes Pulsed-Field Gel Electrophoresis (PFGE) in a standardized process through-
out a network of participating laboratories [15, 16]. The standardization coupled
with improved cluster investigation on a local and national level in the US and
Canada has allowed the detection of many local and national outbreaks including
Listeria monocytogenes in cantaloupes [17], Salmonella Typhimurium in peanut
butter [18], and E. coli 0157:H7 in ground beef in Colorado, US [19].

Despite the successes that PulseNet has had using PFGE, PFGE does have
drawbacks. PFGE is difficult to standardize between laboratories, is relatively
slow, and is labor-intensive. In addition, some pathogens such as Salmonella
Enteritidis (S. Enteritidis) are very clonal by PFGE, which makes it difficult to
identify cases that have come from a common source. Approximately 75 % of the
S. Enteritidis organisms in the PulseNet national database are comprised of the
four most common PFGE patterns (US Centers for Disease Control and Prevention
(US CDC), personal communication). For S. Enteritidis and other clonal organ-
isms, WGS offers the promise of higher discriminatory power compared to PEFGE
[20-29] (see case study 1).

In addition to providing low diversity for some organisms, there are also instances
where PFGE provides too much discrimination within an outbreak. This phenome-
non is illustrated in a 2002 E. coli O157:H7 outbreak due to contaminated ground
beef in Colorado, US [30]. The initial investigation focused on a single PFGE pattern
that was identified in several clinical cases. The investigation identified ground beef
from a specific producer as the likely source. Testing of the ground beef revealed
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several closely related PFGE patterns in the product. Cases with indistinguishable
PFGE patterns are investigated as possibly epidemiologically related. In this out-
break, the case definition prevented identification of additional cases which may
have been critical to more rapid identification of this outbreak. In S. Enteritidis,
closely related PFGE types may be harbored in a single WGS cluster (see case study
2) [27]. In case study 2, using the genomic type generated by WGS would allow
greater clarity of subtypes to include at the outset of the investigation. These exam-
ples illustrate that PEGE does not always have good concordance with epidemiologi-
cal information. A method that could better identify isolates that come from a
common source would greatly benefit more rapid detection of outbreaks.

The desired typing method for outbreak identification would have the following
qualities: stability of the pattern over a short period of time, typeability (all isolates
should be able to be typed), yield a high amount of discrimination, have a high amount
of epidemiological concordance (agree with available epidemiology data) and to
reproducibly assign the same type when an isolate is tested multiple times [31].
Additional convenience criteria include: the method should be flexible enough to type
different species and strains, should be rapid, and reagents and equipment should not
be overly expensive. Additionally, the method should be easy to use and the results
should be easy to interpret, total test cost should be reasonable, and the method should
be amenable to computerized analysis and incorporation into electronic databases.
For a method to be used by multiple facilities as a national network the results must
be able to be obtained and analyzed by multiple facilities and still yield consistent
results. Early results from retrospective and prospective studies indicate WGS typing
will meet most of these criteria (Jones et al. unpublished data; [24, 25].

WGS as a Subtyping Method for Surveillance

As a prelude to adopting WGS for foodborne surveillance, retrospective studies
have demonstrated its utility in terms of stability, typeability, discriminatory power,
and most importantly, epidemiological concordance in important foodborne disease
pathogens including S. Enteritidis [27, 29, 32], E. coli O157 [33-35], S. Newport
[36], S. Typhimurium [37], S. Montevideo [21, 23], E. coli 026 [38], and Listeria
monocytogenes [39]. These studies are invaluable to our understanding of WGS
data from actual outbreaks. Some of these studies helped to identify previously
unidentified routes of transmission as well as provide information on whether tem-
porally associated outbreaks are from the same source.

A significant challenge for any subtyping method is using the method in combina-
tion with case exposure data to prospectively identify outbreaks. Achieving prospec-
tive identification of outbreaks ensures that the method has high epidemiological
relevance and is also practical to perform in real-time. WGS is beginning to be used
prospectively for selected species and serotypes to identify outbreaks. In the US, the
CDC and some PHLs have began routinely performing WGS in addition to PFGE in
real-time on L. monocytogenes in 2013. Because all L. monocytogenes cases in the
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US are interviewed with a standard, in-depth interview form as part of the Listeria
Initiative [40], it is expected that this study will be highly informative with regard to
epidemiological concordance. Indeed preliminary data has already shown WGS to
be more effective at identification of outbreaks than PFGE by identifying more out-
breaks from fewer cases (US CDC, personal communication). In Denmark, WGS
was also performed prospectively on 46 verocytotoxin-producing E. coli in 2012
[28]. The authors concluded that WGS produced results that were in agreement with
epidemiology and produced results faster and at a lower cost compared to traditional
methods. Additional prospective studies are needed to demonstrate the utility of
WGS to identify enteric outbreaks in a timely and cost effective manner in the PHL
setting. Currently, several US states (New York (NY), Wisconsin, Minnesota (MN),
Washington) are collaborating on a prospective analysis project of S. Enteritidis. The
participating states are performing WGS at their facility and the sequence analysis is
performed at New York’s Wadsworth Center. These ongoing studies are expected to
inform the development of a national surveillance system.

Current Workflow for WGS-Based Surveillance in Wadsworth
Center/NY State Dept. of Health

At the Wadsworth Center/New York State Department of Health (WCNYSDOH),
there are three principal WGS projects which each employ different work flows, to
sequence enteric organisms; (1) An in house project to sequence all S. Enteritidis iso-
lates in real-time; (2) A US CDC supported initiative to sequence selected enteric
organisms in real-time; (3) A US Food and Drug Administration (FDA) supported
“GenomeTrakr” project to sequence historical environmental isolates to build a national
and international reference database (http://www.fda.gov/Food/FoodScienceResearch/
WholeGenomeSequencingProgramWGS/ucm363134.htm). Currently, all sequencing
is performed in house on the Illumina MiSeq™ sequencer platform and sequence data
is streamed to Illumina’s BaseSpace™. The three projects, as well as other bacterial
and viral samples, are mixed on sequencing runs to optimize multiplexing (see below
for discussion). Notably, all sequence data from these three projects and a subset of the
associated metadata is made publicly available at National Center for Biotechnology
Information (NCBI) in as close to real-time as is possible.

In the first project, since the fall of 2013 all clinical S. Enteritidis received
through the WCNYSDOH PulseNet laboratory have been sequenced in real-time.
Samples are accessioned through our PulseNet laboratory where PFGE is performed
and PFGE patterns are uploaded to the PulseNet National Database. Once PFGE
patterns have been assigned by the US CDC, the WCNYSDOH PulseNet laboratory
releases all S. Enteritidis to the Enteric Genomics laboratory through an in house
designed and supported Clinical Laboratory Information System (CLIMS). Because
sequence data will be made public in real-time, to assure confidentiality, these sam-
ples are given anonymous IDs by the CLIMS. Samples are sequenced in batches
once a week. DNA is extracted using the Qiagen Blood and Tissue kit™ and the
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DNA submitted to the Wadsworth Center Applied Genomics Technology Core for
sequencing. At the Core, sample libraries are prepared using the Nextera XT DNA
Library Preparation™ kit and combined with other samples to multiplex between
16 and 20 bacterial samples on a run. Sequences are streamed to BaseSpace™ and
shared with the appropriate parties through BaseSpace™. Once the run is com-
pleted, samples are checked for quality based on US CDC developed standard oper-
ating procedure (SOPs) (current quality metrics include 30x average depth for
Salmonella sp., Q30=75 %, >75 % of clusters pass filter). If quality metrics are not
met the deoxyribonucleic acid (DNA) sample is re-sequenced. Metadata and its
associated sequence data are submitted directly to NCBI (https://submit.ncbi.nlm.
nih.gov/subs/sra/) and shortly thereafter become publicly available. The accession
numbers and metadata are manually confirmed once the Biosample and sequence
reads are released at NCBI. Biosample and Sequence Read Archive (SRA) acces-
sions numbers are recorded in CLIMS.

For these studies, data is analyzed using an in house pipeline that performs refer-
ence based high-quality single nucleotide polymorphism (SNP) analysis. The out-
put from the pipeline is then used to identify either new clusters, composed of as
few as two isolates, or additions to existing named clusters. Groups of isolates fall-
ing within 0—6 SNPs of one another are designated a cluster number (GC-XXX).
The clusters IDs as well as sequencing statistics and methods are recorded for each
sample in CLIMS.

The 0-6 SNP diversity cut-off for a cluster was obtained through retrospective
analysis of 10 epidemiologically defined single source outbreaks from WCNYSDOH
[27] and MN PHL [29] in which there was a maximum of three SNP differences
within an outbreak (see also case studies below). However, it is expected that this
number will be refined as laboratories gain practical experience with WGS as a typ-
ing method and as different methods of identifying SNPs are utilized.

In the second study through the US CDC Advanced Molecular Detection (AMD)
initiative, all clinical isolates of Listeria monocytogenes and non-O157 Shiga-toxin
producing E. coli received through the WCNYSDOH PulseNet laboratory are
sequenced. In addition, sequencing is performed on sample requested by the US
CDC for Salmonella and E. coli O157. For these samples, the US CDC creates an
anonymized ID. Samples are extracted and DNA sequenced in real-time and are
multiplexed with other samples. Once the sequence data has been streamed to
BaseSpace, Quality Assurance and Quality Control (QC/QA) is performed follow-
ing the US CDC SOP. For samples that pass quality metrics, a biosample accession
number is requested from NCBI. Once the metadata associated with the biosample
accession at NCBI is confirmed, the Biosample # is uploaded to the PulseNet
national database by the Wadsworth PulseNet laboratory. The US CDC is respon-
sible for uploading the sequence data from BaseSpace to NCBI. The US CDC also
performs sequence analysis and returns either SNP based trees or Whole Genome
Multilocus Sequence Typing (wgMLST) trees for relevant cluster investigations.

In the third project, historical environmental enteric isolates are sequenced for
the US FDA GenomeTrakr project. These isolates are selected either from the
WCNYSDOH repository or are solicited from partners. Upon request, an anonymized


https://submit.ncbi.nlm.nih.gov/subs/sra/
https://submit.ncbi.nlm.nih.gov/subs/sra/

38 D. Boxrud and W.J. Wolfgang

Fig. 3.1 Workflow Workflow
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isolate ID is generated by the US FDA and the metadata is submitted for these isolates
to the US FDA. Based on the metadata, the US FDA approves sequencing of the iso-
lates to ensure temporal, spatial, and subtype diversity in the GenomeTrakr database.
The US FDA then registers the biosample accessions for these isolates. The biosample
accession is returned and added to the MiSeq sequencing worksheet. DNA is extracted
for isolates well in advance of the sequencing run. This allows us additional flexibility
to fill out sequencing runs of our real-time projects with GenomeTrakr samples when
the numbers fall below 16-20 isolates, permitting efficient use of the sequencing
reagents. MiSeq runs and projects are shared through Base Space with the US
FDA. An automated pipeline at the US FDA performs QA/QC and uploads sequence
and metadata to NCBI. Data analysis is performed in the NCBI pathogen pipeline
(http://www.ncbi.nlm.nih.gov/projects/pathogens/).

Currently, turn-around time from DNA extraction to analysis is about 1 week
(Fig. 3.1). Performing library preparation work immediately after DNA extraction
can shorten the turn-around time such that samples submitted on Monday could be
reported on Thursday or Friday. A further decrease in turn-around time of 16 h can
be achieved by switching from 2 x 250 Illumina read kits to 2 x 150 reads kits, how-
ever, this would result in a concomitant decrease in the output so may not be suitable
for some applications.

Additional factors such as time from collection to accessioning, re-isolation,
and characterization in the laboratory (at the WCNYSDOH PFGE analysis is
completed and report to US CDC prior to DNA extraction for WGS, and batching
all add substantially to turn-around time. Thus, in the real world, turn-around
times will be considerably longer but would be expected to decrease as the system
matures. This could be achieved by batching two or three runs each week and
eliminating the upfront PFGE analysis and proceeding directly to WGS after
accessioning.
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Three WGS Case Studies

Case Study 1, a Retrospective Study that Resolved a Cluster
in an Endemic PFGE Type

In September of 2010, the Connecticut Department of Health, US identified an outbreak
of S. Enteritidis affecting a number of residents of a long-term care facility (LTCF) in
Fairfield County (“Salmonella Enteritidis Outbreak: Long Term Care Facility as Sentinel
for a Community Outbreak” http://www.ct.gov/dph/lib/dph/infectious_diseases/
ctepinews/vol31no10.pdf). Additionally, there was an epidemiological link to a pastry
from a NY bakery that was shared with a number of residents and was the putative
source of the infection, though the pastry was never confirmed as the source for the ill-
nesses. Three long-term care facility residents and four NY state residents tested posi-
tive for S. Enteritidis which had identical PFGE patterns (JEGX01.0004) that were
epidemiologically linked (Table 3.1, indicated in ‘Epidemiologically Linked’ column).

This cohort was chosen as a proof of principle investigation because the PFGE
subtype, JEGX01.0004, is seen in about 50 % of all S. Enteritidis typed in NY and
in the US PulseNet databases. As such, this PFGE type is generally uninformative
unless there is a marked increased frequency of appearance.

All S. Enteritidis isolate with PFGE pattern JEGX01.0004 s received at the
WCNYSDOH from August through October of 2010 (plus some additional isolates
from 2011) were selected for sequencing. The DNA from 36 isolates were extracted
and run in house on an Ion Torrent sequencer (samples are listed by date and county
of isolation Table 3.1). High quality SNP based phylogenetic trees were created as
described by Den Bakker et al. [27]. All seven epidemiologically linked isolates
were in a single well supported clade with less than 1 SNP average difference (range
0-3 SNPs) between isolates in the clade [27]. Importantly, the analysis revealed
nine additional patient samples that were part of the outbreak clade, with a diversity
of 0-3 SNPs (indicated in WGS related column). These additional samples were
collected in the surrounding community at the same time as the outbreak in the
LTCF. Had this information been available at the time of the outbreak it would have
potentially aided in traceback investigation to identify the source.

This study illustrated that WGS allowed resolution of genomic clusters within an
endemic PFGE pattern allowing greater resolution and significantly improved clus-
ter detection.

Case Study 2 a Near Real-Time Study that Revealed Multiple
PFGE Types in a Single Genomic Cluster

In June of 2012, the US CDC initiated a multi-state outbreak investigation of S.
Enteritidis associated with ground beef distributed principally in the northeast US
(http://www.cdc.gov/salmonella/enteritidis-07-12/map.html). ~ Shortly after the


http://www.ct.gov/dph/lib/dph/infectious_diseases/ctepinews/vol31no10.pdf
http://www.ct.gov/dph/lib/dph/infectious_diseases/ctepinews/vol31no10.pdf
http://www.cdc.gov/salmonella/enteritidis-07-12/map.html

40 D. Boxrud and W.J. Wolfgang

Table 3.1 Samples linked to the LTCF outbreak by epidemiology and by WGS in the case study 1
cohort

Isolation date County Epidemiologically linked | Clustered by WGS
8/8/10 Nassau - -
8/10/10 Cattaraugus - -
8/16/10 Suffolk - -
8/22/10 Out-Of-State - -
8/26/10 Rockland - -
9/10/10 Putnam - +
9/10/10 Putnam - +
9/11/10 Putnam - +
9/12/10 Greenwich CT + +
9/12/10 Westchester + +
9/12/10 Westchester + +
9/13/10 Washington - +
9/13/10 Westchester + +
9/13/10 Westchester + +
9/13/10 Erie - -
9/14/10 Erie - -
9/15/10 Orange - -
9/16/10 Greenwich CT + +
9/16/10 Westchester - -
9/17/10 unknown + +
9/20/10 Westchester - +
9/22/10 Putnam - +
9/28/10 Putnam - +
10/4/10 Westchester - -
10/8/10 Putnam - +
10/27/10 Westchester - -
10/29/10 Nassau - +
2/1/11 Onondaga - -
2/21/11 Westchester - -
7/13/11 Rockland - -
7/22/11 Yates - -
9/6/11 Erie - -
10/5/11 Suffolk - -
10/9/11 Madison - -
10/22/11 Onondaga - -

+ Linked by epidemiology or clustered by WGS
— Putative sporadic isolate

All sample are PFGE pattern JEGX01.0004
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Fig. 3.2 Analysis of SE isolates associated with an outbreak from ground beef. (a) WGS SNP
based phylogenetic analysis showing the clade harboring all of the outbreak isolates sequenced at
the Wadsworth Center. There is 0-3 SNPs diversity in this clade. All isolates in the clade are
JEGXO01.0009 except as indicated. (b) PFGE of JEGX01.0009, JEGX01.0843 and JEGX01.0968
isolates from the clade. In the WGS analysis JEGX01.0843 and JEGX01.0968 are zero SNPS
distant from two JEGX01.0009 isolates

outbreak began, 10 of the 20 S. Enteritidis isolates recently received at WCNYSDOH
were sequenced [27]. Eight isolates were PFGE pattern JEGX01.0009, one was
JEGX01.0843 and another isolate was JEGX01.0968. One of the isolates was isolated
from the suspect hamburger (Fig. 3.2). The average SNP diversity within this outbreak
was 1.2 SNPs (range of 0-3 SNPs). Interestingly, the SNP profile for the JEGX01.0843
and JEGX01.0968 (red arrows on figure) isolates were the same as two of the pattern
JEGXO01.0009 isolates, suggesting all four isolates had a common genomic backbone.
De novo assembly of genomes of the JEGX01.0843 and JEGX01.0968 isolates
revealed one or more large plasmids in each that were absent from all pattern
JEGX01.0009 isolates in this clade. Thus, genomically defined outbreak clusters can
harbor multiple PFGE subtypes. Furthermore this situation occurs frequently. In an
ongoing study analyzing WGS S. Enteritidis, about 20 % of all WGS clusters (defined
as well supported clades with six or less SNP diversity) have mixed PFGE types.

Case Study 3: a Real-Time Analysis of a Cluster Associated
with Bean Sprouts

In the fall of 2014, the US CDC in collaboration with the US FDA, identified a
US multi-state outbreak of S. Enteritidis. PFGE pattern JEGX01.0001, associ-
ated with bean sprouts (http://www.cdc.gov/salmonella/enteritidis-11-14/index.
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Fig. 3.3 WGS SNP based phylogenetic analysis dendrogram illustrating the tight clustering of
isolates (0-3 SNPs diversity) associated with the bean sprout outbreak

html). This outbreak sickened 115 people in 12 US states, 22 of whom resided
in NY. WCNYSDOH sequenced 14 patient isolates in real-time using the in
house protocol (described above). The mean turn-around time from extraction
of DNA to cluster analysis was 9.8 days (range of 8—15 days). All isolates fell
in a well-supported clade with a mean SNP diversity of <1.0 SNP (0-3 SNPs
range) (Fig. 3.3). Interestingly the last isolate we received (NY-swgs1619) was
collected in mid-February, approximately 3 weeks after the outbreak appeared
to be over.

For all three case studies, SNP diversity for an epidemiologically well-defined
outbreak from a single source was remarkably low (range 0-3 with a mean of
around 1 SNP). Similar results were obtained for seven other historical outbreaks
from cases in MN with strong epidemiological data (Jones et al. unpublished).
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Current State of Whole Generation Sequencing at Public
Health Laboratories

In December 2014, the Association of Public Health Laboratories completed a sur-
vey of PHLs to understand the use of WGS in PHLs and concerns PHLs have with
this new technology (http://www.aphl.org/AboutAPHL/publications/Documents/
ID_NGSSurveyReport_52015.pdf#search=next%20generation%20survey %20
results). The survey showed that 21 US state public health laboratories had WGS
instrumentation and nine additional US state public health laboratories will pur-
chase an instrument within the next 12 months. No local public health laboratories
had a WGS instrument but three were planning on purchasing an instrument in the
next 12 months. Reasons cited for not purchasing an instrument include: lack of
funding, wanting applications to be more fully developed before purchasing, the
expense of the instrument and insufficient staff to add new methods. The survey
showed that PHLs are struggling to identify applications other than foodborne dis-
ease surveillance for WGS. Additional concerns from PHLs include data storage
and transmission, potential privacy issues with sharing of metadata, data analysis
and training.

Challenges to US PulseNet Laboratories of Adopting WGS
Cost and Efficiency

There are significant challenges for US PulseNet laboratories as the technology to
perform surveillance evolves from PFGE to WGS. Cost is one of the principal
concerns. New equipment and the associated reagents are expensive compared to
traditional methods. Most PHLs do not have the funding in their budgets to pur-
chase this equipment without help from another agency. Reagent costs are also
quite significant. It is likely, but is not assured, that cost will decrease over time as
technology evolves. Currently, it costs approximately 100 USD for reagents to
perform WGS on a single Salmonella isolate. This price assumes optimal multi-
plexing of WGS (on a MiSeq sequence platform) balancing cost against number of
sequencing reads needed to obtain the required depth and coverage of the genome.
It does not include labor costs.

Some PHLs from less populated US states will have challenges achieving effi-
ciency with WGS (see discussion above in WCNYSDOH workflow). Some US
states only receive a few 100 isolates of US PulseNet organisms in a year. This cre-
ates a dilemma of performing smaller batches of WGS, which will increase the
costs significantly, or delaying WGS until a large batch is available which would
decrease timeliness of the testing. Delaying testing will make it more difficult to
identify outbreaks. There are a few approaches that can be taken to increase effi-
ciency while ensuring a reasonable turnaround time. One approach is to perform
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WGS on non-PulseNet pathogens. Mycobacterium tuberculosis, viruses, and inva-
sive bacteria are a few options. Another possibility to improve WGS efficiency is
outsourcing; smaller PHLs could partner and send bacteria to larger PHLs to per-
form sequencing. This approach would not require purchasing of expensive WGS
equipment and infrastructure and would not require advanced WGS training for lab
staff at smaller PHLs. However, this approach would delay time to results and would
prevent smaller PHLs from developing new technology infrastructure which may be
detrimental as institutions in general adopt genomic technologies. It is likely that
both approaches will be necessary in some US states.

Bioinformatic Analysis of Data

Additional challenges for PHLs as they adopt WGS technology is bioinformatic
analysis, storage, and sharing of data. Although a variety of approaches for analy-
sis of WGS data are well understood, a single approach that best serves a surveil-
lance need has not been determined. Furthermore, it is likely that different
organisms will benefit from using different analytical methods. Current WGS
analysis requires a high level of expertise in bioinformatics as well as specialized
software and infrastructure not available in most PHLs (see an exception in NYS
in workflow section). Software to analyze WGS sequences that does not require a
high level of bioinformatics is a necessity if WGS is going to be adopted as the
subtyping method by PulseNet laboratories. Storage of data will likely occur at
NCBI reducing the need for onsite storage capacity. Data transmission capacity
must exist and has been a stumbling block for some PHLs implementation of
WGS. Lastly, it is unlikely a single means for interpreting WGS will be arrived at
soon. For now and into the near future, refining the interpretation of the output of
these pipelines will be an iterative process (see below) as more samples and differ-
ent organisms are analyzed prospectively.

As bacterial subtyping technology changes from PFGE to WGS, it is going to be
critical to understand new subtyping techniques in an epidemiological context. The
major goal of subtyping of foodborne pathogens is to identify cases that may have
become ill from a common source. PFGE is the traditional subtyping method for
PulseNet. Through years of investigation, public health laboratorians were able to
interpret PEGE patterns to understand when investigation of a common source clus-
ter was necessary [41—43]. Laboratorians were able to infer likely cases associations
by the similarities of enteric bacteria isolated from the cases. While these interpretation
guidelines may have not always created the correct answer, at least the rules that
laboratories utilized were understood. With the advent of WGS, new interpretation
guidelines will need to be developed. Question such as how many genetic differences
(SNPs or alleles) expected to be seen among isolates during an outbreak, the amount
of genetic differences one would see between outbreak and non-related isolates of
the same species and serotype will be vital to understanding future technologies.
These important questions can only be answered using isolates linked to well-char-
acterized epidemiological data.
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One strategy is to perform retrospective studies that include isolates from an
outbreak (preferably several outbreaks), isolates that are known to not be related
and isolates from an ill individual over time. These studies have been performed for
S. Enteritidis ([27, 29], and case studies). Information obtained from these studies
can be used to interpret WGS data, however it is likely that there will be different
interpretation criteria for different species so these studies will need to be performed
on multiple species and serotypes.

Once retrospective studies are performed to understand how to effectively inter-
pret WGS data for outbreak investigations, prospective data analysis is needed on an
on-going basis to iteratively validate outbreak cluster criteria. To achieve this
requires good case exposure data. High quality epidemiological exposure data is not
obtained in all jurisdictions but will be critical for evaluating new subtyping meth-
ods. Performing WGS without a standardized and tested strategy to interpret data
will lead to poor harmonization of data across jurisdictions and a less effective
system for surveillance.

Prioritization of Additional Clusters

WGS based surveillance vastly improves resolution and the granularity of cluster
data. For instance, during surveillance of S. Enteritidis in NY state using WGS over
a period of a year and a half, 40 genomic clusters were resolved with six SNPs or
less diversity in the endemic JEGX01.0004 PFGE pattern. In total, 84 genomic
clusters were identified over this time as compared to five non-endemic clusters
detected by PFGE. In principle the improved resolution should aid epidemiologists
in traceback investigations. While this improved resolution is welcome in a limited
resource environment where it is impossible to follow up on all these leads, it also
creates challenges. How to prioritize these clusters to allow efficient use of resources
is an outstanding problem.

The laboratory could prioritize clusters for reporting to epidemiologists based on
variables such as SNP diversity (how many SNPs between isolates to define a clus-
ter), the number of isolates in a cluster (the more the better), length of time between
acquiring isolates within the cluster (the shorter the better). This approach of identi-
fying factors to prioritize cluster investigation has been performed successfully for E.
coli 0157 [44] and Salmonella [45]. In a retrospective analysis of PFGE cluster char-
acteristics that predicted successful epidemiological outcomes, Round’s et al. [45]
showed that clusters with four or more samples are more likely to result in identifica-
tion of an outbreak source. In addition those in which three samples were received
within a week were also more likely to be resolved. It seems reasonable to expect that
similar criteria will need to be established for WGS data in order to manage the
increased number of clusters detected and to establish priorities for their follow-up.
Optimally, additional resources would be incorporated into foodborne epidemiology
so all clusters could be investigated as soon as they are identified.

The WCNYSDOH analyzed the impact of changing the number of SNPs used
to define a cluster (SNP diversity) in a phylogenetic dataset from S. Enteritidis
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Table 3.2 Number of clusters detected as SNP diversity (number of SNPs between isolates in a
cluster) is changed in a dataset from S. Enteritidis collected in real-time over a one and a half year
period

Percent of clusters compared to
SNP diversity Number of clusters SNP diversity of 5
0 38 45
1 63 76
2 76 94
3 83 101
4 85 105
5 84 100
6 83 101
7 81 102
8 82 99
9 81 101
10 84 96

collected in real-time over a period of 18 months. Lowering the SNP diversity
threshold from 5 to O SNPs resulted in detecting about 45 % fewer cluster being
detected (Table 3.2). But this effect was not linear and once SNP diversity was
raised to two SNPs there was little change in the number of clusters detected.
Because we know from retrospective studies that outbreaks can have a SNP diver-
sity of up to three SNPs, lowering our cutoff below this level will likely lead to
missing outbreak cases. Hence reducing SNP diversity may not be a useful means
to prioritize clusters.

QA/QC

WGS technologies and data analysis and interpretation are likely to evolve signifi-
cantly in the next few years. Improved turn-around time, reduced costs, and increased
accuracy can be expected. However, this creates a challenge to surveillance systems
based on the technology that is evolving rather than a stable technology such as
PFGE.

To achieve continuity within the public health network, PHLs are required to
maintain quality standards for all laboratory testing to ensure the accuracy,
reliability and timeliness of patient test results regardless of where the test was
performed. Most PHLs use Clinical Laboratory Improvement Amendments (CLIA)
or College of American Pathologists (CAP) standards to evaluate tests quality.
Expected quality measurements will need to be established for WGS subtyping
methods for surveillance so that inter-laboratory comparison of sequences can be
analyzed. At this time such standards do not exist. Further complicating the devel-
opment of standards is that it is expected the WGS methods, reagents, databases
and equipment will change significantly in the upcoming years. In view of this it is
essential that physical as well as analytical standards be developed and validated so
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that future performance can be interpreted in relation to past performance. National
Institute of Standards and Technology (NIST), NCBI, US CDC, and US FDA in
collaboration with state institutions are starting to address this issue.

Similarly, it will be a challenge for PHLs to stay current on advancing methods
and technologies while still maintaining performance standards. It will be important
for PHLSs to thoughtfully consider how they will respond to technology advances to
stay current and to ensure the quality of their testing.

The Promise of Uniform Workflows and the Reality

Surveillance by WGS holds the promise of a simplified workflow. With the excep-
tion of DNA extraction, which varies based on cell wall properties, and the number
of templates sequenced (depends on genome size and desired sequencing depth)
protocols for a given sequencing platform can be highly uniform for all bacteria
assayed. In contrast, PFGE requires different enzymes for each organism and
MLST and MLVA require specific primer sets for each organism precluding pro-
cessing multiple species in a single workflow. Once WGS is completed, data trans-
mission, analysis, reporting may also be completed in a standardized manner
simplifying these processes as well. Thus once surveillance has transitioned to
WGS uniform workflows in all aspects of the process should produce cost and time
savings, increased capacity, and as described above improved resolution of out-
breaks and outcomes.

To achieve the promise of uniform workflows, best practices need to be estab-
lished. Best practices can only be agreed upon once standard quality metrics are
established (see above). At this time federal and state entities have established
standards in an ad hoc manner. This results in extra work for implementation of
WGS in the public health laboratory that must accommodate varying protocols and
standards depending on whom they are serving. For instance, at the WCNYSDOH,
transmission and analysis of sequence data performed on patient specimens for the
US CDC or for internal projects are handled differently (see workflow description
above). For GenomeTrakr studies, yet another workflow is implemented. This
results in some redundancy and inefficient use of resources. However, this some-
what chaotic state of affairs can be tolerated for the time being with the expectation
such experimentation will inform the establishment of future best practices for
uniform workflows.

The genomic era of public health science is here. Abundant data now exists to
demonstrate that the technology will improve subtyping for surveillance of clonal
organisms. Furthermore, increased efficiencies are expected as the same datasets
can be parsed to identify serotype, virulence markers, and antibiotic resistance
mechanisms. Yet a great deal of uncertainty still surrounds the endeavor and causes
concern among practitioners. As we move forward we must implement standards
and determine best practices. Without the assurance of these beacons of the past, the
way forward is unclear and rapid progress to achieve the promise of the microbial
genomic era is jeopardized.
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Chapter 4
Bioinformatics Aspects of Foodborne
Pathogen Research

Henk C. den Bakker, Laura K. Strawn, and Xiangyu Deng

Introduction

In the early days of the genome revolution Luscombe et al. proposed to define
bioinformatics as ‘(the field) conceptualizing biology in terms of macromolecules
(in the sense of physical-chemistry) and then applying “informatics” techniques
(derived from disciplines such as applied mathematics, computer science, and sta-
tistics) to understand and organize the information associated with these mole-
cules, on a large-scale’ [1]. Translated to the present day, bioinformatics is a field
that involves algorithm-, pipeline- and software development, analysis, transfer
and storage/database development of omics data. Most of these aspects of bioinfor-
matics are discussed in other chapters of this book; Good examples of web-based
pipelines can be found in Chapter 5, while examples of the bioinformatics aspects
of RNA sequencing are given in Chapter 10.

In this chapter we will focus on several general aspects of bioinformatics approaches
and how they are used to probe different aspects of the biology and epidemiology of
foodborne pathogens.
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Sequencing Technologies

The last decade has seen the emergence of several Next Generation Sequencing
(NGS) technologies, also referred to as high-throughput sequencing technologies,
as opposed to the until then low throughput, but dominant, automated Sanger tech-
nology [2]. The most prominent improvement of NGS technologies on automated
Sanger technology is that they produce massive amounts of data at greatly reduced
per base-pair sequencing cost, making it possible to sequence complete microbial
genomes at a price comparable to traditional subtyping methods such as Pulsed
Field Gel Electrophoresis (PFGE) or multi-locus sequence typing (MLST). While
several technologies have been commercially available (see [2] for a review), three
technologies currently dominate the field of microbial genomics; (1) Illumina, (2)
TonTorrent, and (3) Pacific Biosciences. Both Illumina and Ion Torrent can be clas-
sified as short read sequence technologies, producing large numbers of short (up to
300 bp for Illumina and 400 bp for Ion Torrent) reads. The Ion Torrent technology
relies on so-called ‘semiconductor’ sequencing, while the Illumina platform relies
on a ‘sequencing by synthesis’ based technology, using reversible (fluorescent)
terminators. The Ion Torrent is prone to homopolymeric tracts length related errors
[3], and while reads generated on any of the Illumina sequencers are characterized
by a high accuracy, they are not free from errors, and may display more subtle
sequence motif related errors [4, 5]. Pacific Biosciences sequencing relies on a
single molecule real-time (SMRT) sequencing technology. This sequencing plat-
form has the possibility to produce long reads (>10 kbp) with relatively low per
read accuracy, however, consensus accuracy is high [6]. In addition to base com-
position of sequences, base modifications (e.g., methylation) can be inferred [7]
from data generated with SMRT sequencing.

Bioinformatics Approaches

Raw sequencing reads need to be properly processed before biological information
can be extracted and interpreted. Two categories of bioinformatics methods are
often used to analyze microbial sequencing data, read mapping approaches and de
novo approaches.

Read Mapping Based Approaches

Read mapping based approaches rely on the alignment (mapping) of large numbers
(typically in the hundreds of thousands) of raw sequence reads to a (preferably com-
pletely sequenced) reference genome. Bowtie 2 [8] and BWA [9] are the most com-
monly used read mapping algorithms for short read data, such as those produced by
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the Illumina platforms. Both algorithms rely on a Burrow-Wheeler transform to index
the reference genome, followed by alignment of the sequence reads using a relaxed,
quality-aware algorithm [8, 9]. Due to the relative speed and low memory require-
ments, read mapping approaches are commonly used in small genomic variant (single
nucleotide polymorphisms, small insertions or deletions) detection pipelines [10, 11].
Another important application relying on reference mapping is RNA seq as discussed
in Chapter 10.

De Novo Approaches

Some major disadvantages of read mapping based approaches is the reliance on a
good reference genome; appropriate finished reference genome sequences (i.e.,
genome sequences of strains closely related to the subtype being researched) are not
always available, genomic regions present in the query strain but not in the reference
strain will not be included in the analyses and regions of high divergence may make
the mapping process difficult and downstream analyses less reliable [12]. Several
approaches have been developed to infer genomic variants de novo which require
minimal or no assembly of the original reads. An example of one of these approaches
is kSNP [13, 14], an k-mer based approach, or Cortex_var, an approach which relies
on the construction of de Bruijn graphs to infer genomic variants [15, 16].

De Novo Assembly and the Basics of Comparative Genomics

De novo assembly consists of the (partial) reconstruction of a genome out of raw
reads. Currently, most modern assemblers rely on one of two algorithmic princi-
ples; (1) overlap, layout and consensus (OLC) approaches and approaches relying
on an assembly graph, in most cases a De Bruijn graph. OLC-based methods have
traditionally been used for Sanger sequencing datasets and are currently used in
assembly software such as Celera [17], EDENA [18] and MIRA [19]. OLC-based
assemblers are currently making a resurgence with the emergence of ultra-long
(i.e. several kilo-basepairs or more) sequence read technologies, such as Pacific
BioSciences and Oxford Nanopore, which can greatly facilitate de novo genome
assembly with or without the polishing of high quality short reads to correct the
still error-prone long reads The most commonly used software for de novo assem-
bly is De Bruijn graph based. Reads are broken up in smaller kmers, and these
kmers are used to construct an assembly graph from which the final genome
assembly will be deduced. In a theoretical situation, this graph would form a per-
fect circle representing a bacterial chromosome or plasmid; however, in reality
due to the existence of repeat regions and sequencing errors this graph becomes
more complex, displaying ‘bubbles’ due to sequence errors in the middle of reads,
cycles due to repetitive sequence and spurs, caused by sequence errors at the end
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of a read. A critical factor in the use of de Bruijn based assemblers is the choice
of the length of the k-mer, being of importance for the length and accuracy of the
final contigs in the assembled genome. While this was particularly critical for
early De Bruyn assemblers, such as Velvet [20], this issue has been largely over-
come by the use of multiple k-mers in the approaches used in next generation De
Bruijn assemblers such as SPAdes [21].

Comparative Genomics

Genome annotation is the process of identifying and labeling relevant genomic fea-
tures on a genomic sequence [22, 23]. While the manual annotation of a bacterial
genome was a long and labor-intensive process in the early days of genome sequenc-
ing [24-26], automated annotations can be generated within days or minutes with
current tools such as RAST [27] and Prokka [23]. Most annotation pipelines use
software such as Glimmer [28] or Prodigal [29] for initial model-based gene predic-
tion. Coding sequences are then annotated by similarity to (preferably curated) data-
bases and additional information of other features (such as rRNAs and tRNA)
predicted by additional software tools can be added. A hierarchal approach of gene
annotation is employed in Prokka [23], starting with annotation by sequence homol-
ogy to a smaller trustworthy database, moving to annotation based on medium-
sized but domain-specific databases, and finally to curated models of protein
families. Genes that do not match any of these gene annotation models are then
annotated as hypothetical proteins.

Automated genome annotations can be used for additional gene orthology based
research, such as research focused on the pan-genome of a genus or species [30].
Traditionally this kind of analyses is based on orthology searches to determine the
presence/absence of gene families in the genomes of related bacterial strains. Most
orthology searches, such as those implemented in OrthoMCL [31] or the ITEP
pipeline [32], employ the Markov Cluster Algorithm (MCL) [33], an algorithm
that can be used to perform clustering of networks. This algorithm has been used
for more than a decade now for the assignment of proteins into families based on
precomputed sequence similarity information (i.e., BLAST or other similarity dis-
tances). Most pipelines rely on an initial all-against-all comparison with BLAST or
BLASTP [34], making orthology analyses computationally intensive and therefore
prohibitive when larger numbers of genomes are involved. Roary [35], employs
CD-HIT [36] to rapidly cluster sequences before the BLAST step, thereby reduc-
ing the numbers of sequences that are used in the BLAST and MCL step, which
makes it possible to perform analyses on hundreds of genomes with limited com-
putational resources and with a limited amount of time. Results of gene orthology
analyses are typically gene presence matrices and/or gene alignments, which can
be used for further sequence based analyses (e.g., recombination and Darwinian
selection analyses).
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Phylogenetics

Phylogenetics studies the evolutionary history of groups of organisms, such as
populations and species [37]. These evolutionary histories are inferred on the
basis of homologous information, which translates mostly to aligned sequences
(nucleotide or amino acid sequences) in bacterial genomes, but can also be based
on binary patterns of gene presence or absence as inferred by the orthology analy-
ses described in the previous section. Evolutionary relationships are generally
depicted as phylogenetic trees or networks [38]. Methods of phylogenetic tree
inference differ based on the optimality criterion used to determine the most plau-
sible tree given the data. The most commonly used criteria are (1) parsimony, a
criterion which favors the tree minimizing the evolutionary changes, (2) distance
criteria, favoring trees minimizing evolutionary distances, such as total SNP dif-
ferences or distances adjusted using evolutionary models, (3) the maximum likeli-
hood criterion, which favors the tree maximizing the likelihood of observing the
data given a model of molecular evolution and (4) Bayesian methods, which favor
the trees with the highest posterior probability given the data and a model of
molecular evolution (Felsenstein 2004). While generally different optimally crite-
ria lead to similar phylogenetic trees when the phylogenetic signal of the dataset
is strong, different optimality criteria suffer from specific artifacts under different
scenarios. An example of such an artifact is long-branch attraction; an artifact
which is observed in parsimony (Felsenstein 2004) and Bayesian phylogenetics
[39] in which topologies that group long branches together are favored. Maximum
likelihood methods seem most robust to these artifacts. While implementations of
maximum likelihood used to be very computationally intensive, rapid algorithms
ML algorithms have been introduced such as RAXML [40], Garli [41] and PhyML
[42], making ML a feasible option for phylogenetic inference in bacterial genom-
ics and outbreak surveillance.

A current common practice in ML and Bayesian phylogenetics based on bac-
terial whole genome data is the use of input matrices which consist entirely of
variable sites from a whole genome alignment, whereas millions of homologous
(mostly invariant) sites are excluded from the analysis. Sequence data without
invariable sites are suffering from an acquisition or ascertainment bias [43] and
most models of molecular evolution make the assumption that invariable sites
are included in the analysis, and exclusion of invariable sites without proper
correction for this bias can lead to branch length overestimation and biases in
phylogeny inference [44]. RAXML [40] and BEAST [45] are examples of cur-
rent software which have implemented the ability to use models that account for
ascertainment bias. While ascertainment bias may not be a problem in phyloge-
netics when applied in outbreak investigations, where the prime goal is to iden-
tify clusters of closely related strains potentially involved in an outbreak, it may
be more of an issue in studies trying to infer the evolutionary history of a group
of organisms.
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Homologous Recombination

Phylogenetic methods, with the exception of certain network approaches [38], oper-
ate under the assumption that the evolutionary history of a group of organisms can be
represented as a non-reticulate, bifurcating tree. Homologous recombination, the
replacement of an endogenous genomic region with a piece homologous, exogenous
DNA, usually from a closely related organism, violates this principle, and could
potentially distort phylogenetic inference, leading to biased estimates of branch
lengths, artifactual signals of population expansion [46], false inference of positive
selection [47, 48], and unreliable reconstruction of the tree topology [49]. Several
bioinformatics tools (e.g., ClonalFrameML [50], Gubbins [51], BRATNextGen [52])
have been developed to detect and in most cases correct for the effect of homologous
recombination in genome scale phylogenies. Interestingly, Hedge and Wilson [53]
show that while homologous recombination badly distorts branch lengths in phylo-
genetic trees, the accuracy of the reconstruction of evolutionary relationships seems
to be robust to the influence of homologous recombination.

Genomic Epidemiology of Foodborne Pathogens

While WGS and bioinformatics have been applied to studying foodborne pathogens
in the early 2000s [24, 25, 54], it was the emerging practice of NGS technologies in
foodborne pathogen surveillance and outbreak investigation that started to change
the landscape of food safety and public health microbiology. The term “genomic
epidemiology” has been increasingly used to describe the application of NGS in
accessing, indexing and analyzing DNA sequence features of epidemiologic impor-
tance. Genomic elements that vary in rates of mutation in bacterial evolution supply
ample targets for epidemiologic investigations at different temporal and geographi-
cal scales. Genetic determinants of certain phenotypes (e.g., serotype and antimi-
crobial resistance) provide the possibility of in silico prediction of clinically
important phenotypic traits. Since whole genome sequences contain the entirety of
genetic information of an organism, of which DNA markers of any sort become
mere subsets, NGS promises a comprehensive platform for public health microbiol-
ogy that provides a one-stop shop for various subtyping and characterization targets.
For example, WGS can both help solve outbreaks by affording high discriminatory
power in differentiating closely related isolates and assist in tracking epidemiologic
trends by monitoring antibiotic/antimicrobial resistance. WGS also comes with
backward compatibility and future extensibility to any existing and potential typing
schemes as the complete set of DNA variations across entire genomes are made
available for analysis.

In depth discussion of public health applications of NGS can be found in Chapters
1, 2, and 3 of this book and examples of bioinformatics tools for genomic epidemi-
ology investigation will be provided in Chapter 5.
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Routine and widespread application of WGS in foodborne pathogen surveil-
lance requires methodological standards that can be practiced among laboratories.
Rapid evolution of sequencing technologies and their analytical roots in bioinfor-
matics make standardization a particular challenge. Comparative studies have been
frequently performed to evaluate major and newly developed sequencers [3, 55].
While Illumina platforms have become the de facto standard for foodborne illness
diagnosis and surveillance, new generation technologies are emerging such as the
Oxford Nanopore based, thumb drive sized Minlon device whose utility in out-
break investigation has been recently demonstrated [56]. Compared with the eval-
uation of sequencing technologies where explicit quality attributes are available,
benchmarking of bioinformatics tools for WGS data analysis can be more chal-
lenging. For general analyses including de novo genome assembly, read mapping
and variants calling, multiple tools exist and oftentimes no single tool outperforms
others with all data sets [57]. Further complexity can be generated when several
software tools are combined into a workflow or pipeline—the workforce in public
health laboratories that turns WGS data into epidemiologically relevant results
such as phylogenetic trees. For example, the United States Centers for Disease
Control and Prevention and the United States Food and Drug Administration each
has individually developed a pipeline for SNP-based subtyping and phylogenetic
analysis [10, 11].

A particular debate regarding the standard bioinformatics approach for WGS-
based subtyping of foodborne pathogens has been focused on two methods,
whole genome SNP typing (WGST) and whole genome multilocus sequencing
typing (wgMLST). WGST has been the dominant method for phylogenetic anal-
ysis of WGS data. As stable phylogenetic markers [58], SNPs can be identified
from whole genomes to allow robust evolutionary analysis and high resolution
subtyping. However, WGST does not produce easily communicable nomencla-
tures. The set of polymorphic sites for subtyping, usually SNPs located in con-
served parts of the genomes (i.e., core genome) to be analyzed, is subject to
change when different groups of strains are investigated, making definitive nam-
ing of subtypes difficult. As standard nomenclature is important for coordinated
surveillance, wgMLST has been recently proposed as a whole genome scale
upgrade from the well-established multilocus sequencing typing (MLST) system
[59]. A core genome (i.e., genes conserved among all strains of, typically, a bac-
terial species) version of wgMLST (core genome MLST or cgMLST) has been
developed for L. monocytogenes [60]. In comparison with WGST, wgMLST
allows definitive naming of sequence types by querying against a precompiled
database of alleles. However, wgMLST may not be as discriminatory as WGST
since intergenic regions with informative mutations are typically excluded from
allele databases. Also, wgMLST can lead to simplification of allelic differences
as multiple mutations can be collapsed into a single sequence type. Despite the
shortcomings and the fact that allele databases for major foodborne pathogens
are still being developed, it is anticipated that wgMLST will become the routine
and primary method for WGS-powered pathogen surveillance at PulseNet (per-
sonal communication with Peter Gerner-Smidt).
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Microbiome Research and Foodborne Pathogens

Next generation sequencing (NGS) driven microbiome research has revolutionized
our understanding of microbial ecology and the role of the microbiome in human
health. One of the big advantages of methods used in microbiome methods is that
they represent so-called culture-free methods, i.e., these methods do not rely on
selective media or other culturing steps, making it possible to study unculturable
organisms and study otherwise culturable organisms without the bias introduced by
the use of selective media. While culture free methods hold great promise, they have
yet to be widely adopted in research on foodborne pathogens.

General Principles and Pipelines

Application of NGS in microbiome research generally relies on one of two strate-
gies; (1) amplicon sequencing or (2) sequencing of total DNA of a microbial com-
munity, also known as metagenomics or “full shotgun metagenomics” [61]. Both
approaches start with the extraction of total DNA of a sample of interest. Care
should be taken to use an extraction protocol that efficiently extracts DNA from a
wide taxonomic variety of microorganisms, without bias for certain taxonomic
groups [62]. Amplicon sequencing starts with the PCR amplification, generally
one of the hypervariable subregions of the small ribosomal subunit (16S) for bac-
teria and subsequent generation of sequencing libraries, while shotgun metage-
nomic libraries are made without an amplification step. Both approaches have
their advantages and disadvantages; Amplicon sequencing requires smaller quan-
tities of input DNA, and because a specific gene can be targeted (e.g., using
generic primers targeting prokaryotic 16S regions), most of the sequence output
will be derived from the microbiome, without inclusion of sequenced DNA of a
host of DNA associated with a food source. Using PCR amplification of a specific
target can however bias the obtained microbiome data to species that are more
easily amplified with the primers used, even though generic primers are used.
Another disadvantage is that the 16S target region is not informative enough to
distinguish between taxa that may be of interest in food safety research. The small
(<500 bp) 168 regions generally sequenced in Illumina experiments do not con-
tain enough information to distinguish between genera in the Enterobacteriaceae,
which contains pathogens such as Salmonella enterica and Escherichia coli. This
can be potentially overcome in the near future if long read technologies (Pacific
Biosciences SMRT sequences, Oxford Nanopore) are used; however, the use of a
single gene may still be problematic in foodborne pathogen research. For instance,
the divergence observed in the entire (~1500 bp) 16S rRNA region between patho-
genic and non-pathogenic Listeria species (such as L. monocytogenes and L.
innocua) is extremely low, making it difficult to distinguish them based on rRNA
regions alone [63].
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Popular pipelines used for 16S amplicon datasets are QIIME [64] and Mothur
[65]. Both pipelines apply clustering algorithms (such as uClust or uSearch [66]) at
specific levels of sequence divergence to assign sequence reads to individual
Operational Taxonomic Units (OTUs). Alternatively reads can be mapped against a
reference database such as Greengenes [67], RDP [68] or one of the curated data-
bases of the National Center for Biotechnology Information. Dependent on the
database used this approach can be applied to amplicon as well as full shotgun
metagenomics and is applied in software such as Megan [69].

An alternative approach in full shotgun metagenomics is to assemble the reads
into contigs, which can then be more accurately identified to species. While gen-
eral purpose assemblers including SPAdes [21] can be used for this purpose, com-
putationally efficient assemblers such as MEGAHIT [70] and metaSPAdes [71] are
more suitable for this approach. Assemblies usually result in a collection of contigs
representing bacterial genomes; these contigs can be binned into groups represent-
ing individual genomes based genome abundance (as deduced from read depth)
and tetranucleotide frequency, a strategy that has been successfully applied in the
MetaBAT tool [72].

Examples of Microbiome Approaches in Study of Foodborne
Pathogens and Spoilage Organisms

A major motivation of using microbiome approaches to detect and identify food-
borne pathogens is the increasing popularity of culture-independent diagnostics [73].
Surveillance networks are facing an increasing risk of losing the opportunity to
obtain cultures as clinical laboratories adopt culture-independent methods. Without
isolates to perform subtyping and other assays, such as antimicrobial susceptibility
testing, the ability to conduct surveillance and outbreak investigation may be com-
promised. Metagenomics is becoming a potential solution to this challenge by char-
acterizing the entirety of genetic materials directly from a specimen with the purpose
of extracting as much information of specific pathogens. During a retrospective
investigation of the 2011 outbreak of Shiga-toxigenic Escherichia coli (STEC)
0104:H4 in Germany, microbiomes of fecal specimens obtained from patients were
characterized by high-throughput sequencing [74]. From the majority of the samples,
the genome of the outbreak strain was recovered by a greater than 1x coverage. This
study demonstrated the potential of culture-independent, metagenomics diagnosis of
foodborne pathogens from microbiologically complex clinical samples.

There are currently a limited number of microbiome studies focusing on food-
borne pathogens, as compared to other areas of genomic research; however, it is
worth noting that metagenomics analysis requires comprehensive reference data-
bases of microbial genomes. From this perspective, ongoing efforts in WGS of major
foodborne pathogens are setting the foundation for future application of metagenom-
ics in public health.
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Furthermore, some studies addressing questions about bacterial spoilage organ-
isms can be easily translated to foodborne pathogen related research and are hence
included in this section. Among some of the earlier microbiome studies involving
foodborne pathogens is a study by Williams et al. [75] on the influence of season,
irrigation, leaf age and Escherichia coli inoculation on the bacterial diversity in the
lettuce phyllosphere. An interesting finding of this study was that even though E. coli
presence was low (<0.001 % of the total reads) even in inoculated plants, microbial
community differences could be found between plants with and without inoculation
of E. coli O157:H7, suggesting the presence of E. coli affects the microbial commu-
nity. Therefore, a better knowledge about the influence of pathogens on the micro-
biota in foods and food related environments may help to predict the presence of
these pathogens, even when the level of contamination is low. Bokulich et al. [76]
used a microbiome data and a Bayesian approach implemented in SourceTracker
[77] for predicting routes of contamination with spoilage organisms. While most
studies in the literature use sequencing reads generated with the Roche 454 and the
IMlumina platform, relatively few use other platforms. One study worth mentioning is
the study of Hou et al. [78], which applies Pacific Biosciences SMRT sequencing
perform an amplicon sequencing study based on full 16S gene length reads. This
study shows the promises of newer long read technologies in microbiome research.
Lastly we want to mention the study of Leonard et al. [79] in which the sensitivity of
a metagenomic shotgun sequencing method of detecting contaminating Shiga toxin-
producing Escherichia coli on bagged spinach is explored. The authors show that for
proper detection at lower contamination levels (10 CFU/100 g) a (short) enrichment
is still necessary for detection in the metagenomic sample.

In summary, the field of bioinformatics is rapidly evolving, as new sequencing
technologies and new applications of NGS sequencing technologies are introduced,
and older algorithms are improved in speed and efficiency. It is changing the way
research is performed in microbiology, epidemiology and outbreak detection, and
the field of foodborne pathogens.
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Introduction

Human and animal health worldwide is increasingly threatened by new and re-
emerging epidemics and foodborne pathogens, placing a burden on health and
veterinary systems, reducing consumer confidence in food, and negatively affect-
ing trade, food chain sustainability and food security. Rapid identification of
emerging and foodborne pathogens and subsequent provision of timely insights
into the modes of transmission, prevention, and control, pathogenesis, and clini-
cal impact of such diseases is essential to reduce the impact, time, and costs of
disease outbreaks.
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A potential breakthrough is offered by the revolution in genome technology,
leading to increasing speed and reducing costs of sequencing. As the common
denominator to all pathogens and hosts, regardless of species and domain, is the
presence of a genome, the ability to rapidly determine the sequence provides a
common language by which data on pathogens can be compared. Such a single
technology applicable to different disciplines (bacteriology, virology, parasitol-
ogy) and domains (human, food, animal, environment) would facilitate global
cross-cutting collaboration and information exchange (integrated surveillance),
leading to rapid and coordinated responses to novel and known health threats as
they emerge [1].

Conditional to this success is the capacity to generate and analyze the complex
genome data in a manner that addresses clinical and public health questions reliably
and timely. Thus, one of the biggest obstacles for the implementation of Whole
Genome Sequence (WGS) data in clinical, animal and food microbiological labora-
tories is the absence of bioinformatics expertise to handle the vast amount of data.
If we can provide reliable real-time bioinformatics services for frontline diagnos-
tics, we might also be able to capture this information globally and thus create real-
time global surveillance.

Center for Genomic Epidemiology (GGE) at the Technical University of Denmark
was initiated in 2010 to provide a proof of concept for this. The center was funded by
a grant from the Danish Council for Strategic Research. It had Prof. Frank
M. Aarestrup as the coordinator and Prof. Ole Lund as the deputy coordinator.

Basically, the aim of CGE was to develop methods that use WGS data for
discovering the content of a sample (typing), predict its pathogenic potential, and
which antimicrobials it might be resistant towards (phenotyping). For epidemio-
logical purposes, it was furthermore the aim to develop methods for examining
the evolutionary relationship of the isolate vs. other samples. Table 5.1 provides
an overview of the 16 methods that have so far been developed at CGE, and
which are all made public available via easy-to-use web-services. Each method
is described in more detail in the remainder of the chapter. Further, throughout
the chapter the use of the web-services is exemplified with a case story employ-
ing WGS data from verotoxigenic Escherichia coli (VTEC) (see the boxes).
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Name of method Description URL Publication
CSIPhylogeny SNP-based creation https://cge.cbs.dtu.dk/ | Published Aug 2014
of phylogenetic trees | services/ PMID: 25110940 [2]
CSIPhylogeny
KmerFinder Species identification | https://cge.cbs.dtu.dk/ | Published Jan 2014
by co-occurring services/KmerFinder | PMID: 24172157 [3]
16-mers
MLST Multilocus sequence | https://cge.cbs.dtu.dk/ | Published Apr 2012
typing services/MLST PMID: 22238442 [4]
MyDbFinder Identification of genes | https://cge.cbs.dtu.dk/ | Published here
in user-made database | services/MyDbFinder
NDtree Creation of https://cge.cbs.dtu.dk/ | Published Feb 2014
phylogenetic trees services/NDtree PMID: 24505344 [5]
PanFunPro Groups homologous https://cge.cbs.dtu.dk/ | Published Dec 2013
proteins based on services/PanFunPro [6]
functional domain
content
PathogenFinder Prediction of https://cge.cbs.dtu.dk/ | Published Oct 2013
pathogenic potential services/ PMID: 24204795 [7]
PathogenFinder
PlasmidFinder Plasmid identification | https://cge.cbs.dtu.dk/ | Published Apr 2014
in Enterobacteriaceae | services/ PMID: 24777092 [8]
PlasmidFinder
pMLST PMLST of plasmids https://cge.cbs.dtu.dk/ | Published Apr 2014
in Enterobacteriaceae | services/pMLST PMID: 24777092 [8]
Reads2Type Species identification | https://cge.cbs.dtu.dk/ | Published Feb 2014
on client computer services/Reads2Type | PMID: 24574292
ResFinder Identification of https://cge.cbs.dtu.dk/ | Published Nov 2012
acquired services/ResFinder PMID: 22782487 [9]
antimicrobial
resistance genes
SerotypeFinder WGS-based https://cge.cbs.dtu.dk/ | Published May 2015
serotyping of services/ PMID: 25972421 [10]
Escherichia coli serotypefinder
SnpTree SNP-based creation https://cge.cbs.dtu.dk/ | Published Dec 2012
of phylogenetic trees | services/snpTree PMID: 23281601 [11]
SpeciesFinder 16S rRNA-based https://cge.cbs.dtu.dk/ | Published Feb 2014
species identification | services/ PMID: 24574292 [12]
SpeciesFinder
TaxonomyFinder Taxonomy https://cge.cbs.dtu.dk/ | Published Feb 2014
identification using services/ PMID: 24574292 [12]
functional protein TaxonomyFinder
domains
VirulenceFinder Identification of https://cge.cbs.dtu.dk/ | Published Feb 2014

virulence genes in E.
coli

services/
VirulenceFinder

PMID: 24574290 [5]
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VTEC Case Study

Verocytotoxin-producing E. coli (VTEC), also commonly referred to as Shiga
toxin-producing E. coli (STEC) is a gastrointestinal pathogen, which causes
disease due to production of verocytotoxins as well as several other virulence
factors [13, 14]. Some VTEC cause severe infection with bloody diarrhea and
at times life-threatening Hemolytic Uremic Syndrome (HUS) [15]. Around
5-10% of VTEC infections lead to the development of HUS, and although
most patients recover within a few weeks, it can be fatal or lead to permanent
kidney damage. VTEC is usually contracted by ingestion of contaminated
food or water, or through person-to-person contact, and it is estimated that
265,000 VTEC infections occur each year in the US [16]. In Denmark, rou-
tine typing of VTEC infections for surveillance is carried out at Statens Serum
Institut (SSI). It includes serotyping (O:(K):H), which identifies the
Lipopolysaccharide (O-antigen), capsular (K) antigen, and the flagellar (H)
antigen. Isolates are further examined for -glucuronidase activity, haemoly-
sin production, and for the production of verocytotoxin, as well as for specific
virulence factors, most importantly, verotoxin 1 (v£x/), verotoxin 2 (v£x2) and
intimin (eae), which are detected by DNA hybridization, and further subtyp-
ing of the verocytotoxins is carried out by PCR. Isolates of the same serotype
with similar toxin profiles and phenotypic features that are considered to be
potential outbreak isolates are further subjected to PFGE typing for compari-
son. Due to the many different analysis that are necessary for accurate routine
typing and surveillance, it is time-consuming, laborious and costly. Thus, as a
proof-of-concept that WGS-based typing of VTEC could be an attractive
alternative, real-time WGS-based typing of VTEC were performed during
7 weeks, in parallel to the routine typing carried out at SSI. The study included
a set of 46 suspected VTEC isolates and has previously been described [5].
Throughout this chapter, the same set of suspected VTEC isolates are used to
exemplify the use and output of selected CGE web-services.

Prokaryotic Taxonomy

From a pragmatic point of view “the ultimate goal of taxonomy is to construct a
classification that is of operative and predictive use for any discipline in microbi-
ology and that is also essentially stable” [17]. Most taxonomists agree that phy-
logeny —the study of the evolutionary history of organisms—should be the
underlying basis of taxonomy. Historically, the first attempts on bacterial classifi-
cation were based on morphology, later the phylogenetic reconstructions were
based on physiological properties. A milestone in classification of prokaryotes
was the introduction of 16S rRNA sequence data [18] and it has dominated molec-
ular taxonomy since. Tremendous amounts of 16S rRNA gene sequence data are
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available in public databases [19, 20]. Several concerns about its use have, how-
ever, been raised. These include low resolution [21, 22], the presence of several,
and sometimes-different 16S rRNA genes in some genomes [23], and the fact that
the 16S rRNA gene only represents a tiny fraction of microbial genomes [24]. The
introduction of WGS data enables alternative approaches for prokaryotic classifi-
cation that utilize a larger portion of the genome. At CGE, a number of methods
using WGS data have been implemented. Some examine only the 16S rRNA gene
(SpeciesFinder and Reads2Type), while others take a larger portion of the genomes
into account (TaxonomyFinder and KmerFinder) [25].

SpeciesFinder

SpeciesFinder predicts prokaryotic species based on the 16S rRNA gene. For this
purpose, it uses a database of 16S rRNA genes isolated from reference genomes
with annotated species [25]. The predicted species of a query genome is selected
as the annotated species of the reference genome with the most similar 16S rRNA
gene. The SpeciesFinder web-service exemplifies the most basic version of the
generally simple CGE user interface (Fig. 5.1). The user only has to select the
input file (short sequence reads in FASTQ format or a draft genome in FASTA
format) containing the DNA sequence of the query isolate and click the “Submit”
button.

Center for Genomic Epidemiology

Home Services Instructions Output

SpeciesFinder 1.2

185 rANA based species identification
View the yersion history of this sarver.

¥ isclate File

Name Size Progress Status

Fig. 5.1 User interface of the SpeciesFinder web-service. Using the “Browse” button the input file
(short sequence reads in FASTQ format or a draft genome in FASTA format) containing the DNA
sequence of the query isolate is selected. Then, the “Submit” button is clicked
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VTEC Case Study: Identifying the Species Using SpeciesFinder

One of the suspected VTEC isolates (C757-12) [5] was run through the
SpeciesFinder web-service to confirm the species as E. coli. Like the input
page of the web-service, the output page is very simple (Fig. 5.2). Besides the
predicted species and the GenBank accession number of the reference genome
on which the prediction is based, the confidence level of the result is marked
as PASS or FAIL; if the prediction is based on a similarity between the 16S
rRNA gene of the SpeciesFinder database and the 16S rRNA gene of the
query genome above 98 % identity on nucleotide level, the confidence of
result is listed as “PASS”. Otherwise it is listed as “FAIL”.

SpeciesFinder is available at https://cge.cbs.dtu.dk/services/SpeciesFinder.

Reads2Type

Similar to SpeciesFinder, the 16S rRNA gene forms the basis of the Reads2Type
method. However, instead of examining similarity across the entire gene, the method
employs a small, pre-made database of species-specific 50-mers (stretches of DNA
with the length of 50 nucleotides) from within the gene. Further, for the
Enterobacteriaceae family, the GyrB gene is used as the species-specific marker
gene, not the 16S rRNA gene. When using the Reads2Type web application, this
small database of species-specific 50-mers is automatically transferred into memory
and all computations are done on the computer of the user. This is an advantage,
since it means that the much larger data amounts that the query genome sequence
data represents do not need to be transferred from the computer of the user to the
central server. Besides minimizing data transfer, bottleneck problems on the server
are also avoided. The minimization of the data transfer may be particularly advanta-
geous for users with limited Internet access [25].

Center for Genomic Epidemiology

SpeciesFinder-1.2 Server - Results

| Species | Match Confidence of resuit

Fig. 5.2 The SpeciesFinder output when the suspected VTEC isolate C757-12 [5] is used as input.
The output includes the predicted species (Species), the accession number of the reference genome
on which the prediction is based (Match), and the level of confidence of the prediction (Confidence
of result)
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Reads2Type is available at https://cge.cbs.dtu.dk/services/Reads2Type.

TaxonomyFinder

The pan-genome of a given taxonomic group of genomes (phylum, genus, species)
consists of a set of conserved genes, genes that are present in some, but not all
genomes, and genes that are specific for particular strains. The typical approach for
taxonomy prediction is using evolutionary conserved genes; such as 16S rRNA or a
set of ‘housekeeping’ genes as in MLST (see below). However, taxonomic classifi-
cation can also be performed using taxa-group specific proteins, which is the
approach applied by TaxonomyFinder.

The TaxonomyFinder specific protein database was created using PanFunPro (Pan-
genome analysis based on functional profiles) [6], homology detection, and a protein
annotation tool. PanFunPro can be used for core-, pan- and accessory genome analy-
sis, such as estimation of life’s set of core genes, prediction of chromosome-specific
families [26], analysis of differences between probiotic and pathogenic strains [6], as
well as estimation of taxonomy-group specific proteins. Briefly, a set of proteins from
a number of prokaryotic genomes are searched for functional domains using the
InterProScan software [27] against the three Hidden Markov Model (HMM) collec-
tions: PfamA, SuperFamily and TIGRFAM. Subsequently, non-repeating and non-
overlapping functional domains within each protein are combined into functional
profiles, using the information of one database at a time, with respect to the order of
scans. Homologous proteins are grouped into protein families, based on functional
profiles. Next, taxa-specific profiles are predicted. A profile is considered to be spe-
cific, if it is 100 % conserved among the set of query genomes (genomes within a taxo-
nomic group), and absent in the rest of the analyzed genomes. However, this approach
may not be feasible if the number of members in the taxonomic group is very high,
such as in the Firmicutes and Proteobacteria phyla, or Escherichia genus. Under
these circumstances, the requirement is lowered, meaning that profiles remain specific
to the taxonomic group, but may be missing in several genomes within the group.

TaxonomyFinder implements taxonomy prediction on species and phylum level.
The database includes 33 phylum-specific and 1242 species-specific profile sets.
Additionally, TaxonomyFinder provides protein annotation for the submitted isolate
based on functional profiles.

PanFunPro is available at https://cge.cbs.dtu.dk/services/PanFunPro.

TaxonomyFinder is available at https://cge.cbs.dtu.dk/services/TaxonomyFinder.

KmerFinder

In their groundbreaking paper from 1977, Woese and Fox uncovered Archea as a
separate branch in the tree of life [28]. As a measure of genetic relatedness, they
used the number of co-occurring kmers in 16S (18S) rRNA genes. Kmers are


https://cge.cbs.dtu.dk/services/Reads2Type
https://cge.cbs.dtu.dk/services/PanFunPro
https://cge.cbs.dtu.dk/services/TaxonomyFinder

72 M.V. Larsen et al.

stretches of DNA with the length of k nucleotides (Woese and Fox used the term
oligonucleotides). Taking advantage of the availability of complete prokaryotic
genomes, KmerFinder uses a similar approach for identifying the species, but
extends the analysis to kmers across the entire genome. More specifically,
KmerFinder relies on a database of reference genomes with annotated species [25]
that are each split into overlapping 16-mers with step-size one. This means that if
the first 16-mer of a reference genome is initiated at position N and ends at position
N+ 15, then the next 16-mer is initiated at position N+ 1 and ends at position N+ 16
etc. To reduce the size of the final 16-mer database, only 16-mers with the prefix
ATGAC are kept. For the prediction of the species of a query genome, the genome
is likewise split into overlapping 16-mers and the species is predicted to be identical
to the species of the reference genome with which it has the highest number of
16-mers in common regardless of position.

VTEC Case Study: Identifying the Species Using KmerFinder
The suspected VTEC isolate (C757-12) [5] was run through the KmerFinder
web-service using the scoring method “winner takes it all”. KmerFinder offers
two different scoring schemes: “standard” and “the winner takes it all”. In the
standard scoring scheme, all identical Kmers between the query sequence and
the reference genomes are reported and statistics are calculated based on this.
When choosing “the winner takes it all” scoring scheme, the output for the top
hit (the reference genome in which the highest number of identical 16-mers with
the query sequence was found) is the same as for the standard scoring scheme.
But for the following significant hits, only 16-mers that were not found before
are counted. This scoring scheme leads to the indication of whether or not (and
to which extent) the query sequence is chimeric— with two or more origins.

Figure 5.3 shows the KmerFinder output page. The “Hit” is the genome in
the reference database with which the query genome (the suspected VTEC
isolate, C757-12) has most co-occurring 16-mers. Hence, according to
KmerFinder, the predicted species is E. coli.

For another suspected VTEC isolate, C484-12 [5], KmerFinder found that
the isolate was actually a Morganella Morganii. This was later confirmed and
the isolate was excluded from the remainder of the study.

KmerFinder is available at https://cge.cbs.dtu.dk/services/KmerFinder.

Performance of Methods for Species Identification

The performances of the above-mentioned four methods for species identification
have been evaluated in terms of accuracy and speed [25]. More than 11,000 isolates
covering 159 genera and 243 species were used in the evaluation. Datasets of both
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KmerFinder 2.0 resuits:
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Fig. 5.3 The KmerFinder output when the suspected VTEC isolate C757-12, with serotype
0103:H2 [5], is used as input. The columns of the output table contain, among others, the name of
the reference genome with which the query genome has the highest number co-occurring 16-mers
and a link to the sequence of the genome (first column; Hit) The remaining columns contain statis-
tics on the 16-mers used for the comparison. A full description of the content of all columns can
be found here: http://cge.cbs.dtu.dk/services/KmerFinder/output.php

short sequence reads and assembled draft genomes were included. The results indi-
cated that methods, which only sample chromosomal, core genes (e.g. SpeciesFinder
and Reads2Type) had difficulties in distinguishing closely related species. As an
example, SpeciesFinder had problems distinguishing Yersinia pestis from Yersinia
pseudotuberculosis and Mycobacterium tuberculosis from Mycobacterium bovis.
Overall, the performances of SpeciesFinder and Reads2Type were found to be simi-
lar, ranging from 76 to 87 % correct species identification, when tested on the three
different evaluation sets. TaxonomyFinder, on the other hand, had a higher perfor-
mance, ranging from 85 to 95 % correct species identification. KmerFinder had the
highest performance with 93-97 % correct identifications. The species that all meth-
ods had problems distinguishing were typically within the Bacillus genus or
Escherichia coli— Shigella spp. mix-ups. Rather than pointing to flaws in the meth-
ods, these misclassifications are likely to highlight sub-optimal conventional clas-
sification: Species belonging to the Bacillus cereus group are notoriously difficult to
distinguish, as they are genetically very similar. It has hence been suggested that all
members of the B. cereus group (including B. cereus, Bacillus anthracis, and
Bacillus thuringiensis) should be considered to be B. cereus and only subsequently
differentiated by their content of plasmids [29]. Likewise, although Shigella spp.
has for many years been considered a sub-strain of E. coli and the separation is
mainly historical [30, 31], the practical implications of renaming it are considered
insurmountable.

The speed of the four methods for species identification was likewise tested on
both assembled draft genomes and short sequence reads (see Table 5.2). Since the
actual speed experienced by the user will depend on, for instance, the network
bandwidth capacity of their computer and the number of jobs queued at the server,
it is the relative speed of the different methods in comparison to each other that
should be noted, not the absolute speed. KmerFinder was found to be the fastest
method, while TaxonomyFinder was the slowest. In contrary to the other methods,
TaxonomyFinder does not work on the nucleotide sequence directly, but rather on
the proteome, utilizing functional protein domain profiles for the species prediction.
Hence, in return for the extra time, the user is rewarded with an annotated genome.
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Table 5.2 Speed of four methods for whole genome-based species identification

Method Speed on draft genomes (mm:ss) Speed on short reads (mm:ss)
SpeciesFinder 00:13 3:14

Reads2Type NA® 1:20

TaxonomyFinder 11:33 NA*

KmerFinder 00:09 03:10

iReads2Type only takes short sequence reads as input, while TaxonomyFinder only takes assem-
bled draft genomes as input

Subtyping

Once the species of the organism of interest has been identified, the next step is typi-
cally to identify the strain. A number of methods have been proposed—and are in
use—for the purpose of differentiating microorganisms beyond the level of species or
subspecies. Some of these methods are phenotype-based, e.g., phage-typing and sero-
typing, while others are founded on the genomes of the organisms. In 1998 a scheme
for subtyping on the basis of internal nucleotide sequences of a small number of
housekeeping genes was proposed for Neisseria meningitidis [32]. Unique sequences
(alleles) for each housekeeping gene (locus) are assigned a random integer number
and a unique combination of alleles at each locus, an “allelic profile”, defines the
sequence type (ST). The procedure is called multilocus sequence typing (MLST) and
has been adopted to close to 100 additional microorganisms besides N. meningitidis.
These additional microorganisms are mainly bacteria, but MLST schemes for fungal
species have also been developed. The MLST allele sequences and ST profile tables
are stored in curated databases hosted at different sites around the world, and made
collectively available via the pubMLST site (http://pubmlst.org). One of the great
advantages of MLST is that it is standardized and the nucleotide sequence of a par-
ticular allele of a particular locus is unambiguous, thus requiring a minimum of sub-
jective interpretation by the person carrying out the analysis. For a handful of species,
e.g., Escherichia coli [33, 34] and Clostridium difficile [35, 36], different groups have
developed different MLST schemes, each employing a slightly different set of loci.
But besides these inexpedient causes of confusion, MLST and the sequence types
provide clinical microbiologists, food safety authorities and everyone else working
with microorganisms a standardized way of performing subtyping and naming the
bacteria. The latter is also extremely useful for communicative purposes.

The MLST Web-Service

Due to the above-mentioned advantages of MLST, it was for several years consid-
ered the gold standard of typing, even though it was traditionally carried out in a
time-consuming and expensive manner. With the advent of next generation sequenc-
ing technologies, other typing schemes that take a larger proportion of the genome
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into account are expected to become predominant; e.g., SNP, wgMLST or, cgMSLT
based. Nevertheless, the first web-service made available by CGE was one that
could perform MLST on the basis of WGS data [4]. The purpose of developing this
web-service was less to confirm the importance of MLST as a reference genome
typing method, but rather to enable comparison of isolates based on WGS data with
those analyzed earlier by more traditional methods. In other words, the purpose was
to provide backwards compatibility, while in parallel using WGS-based MLST as a
spearhead for implementation of routine-use of WGS.

For use by the CGE MLST web-service, all MLST databases are automatically
downloaded from the pubMLST.org site once a week. As input, the MLST web-
service can receive either short sequence reads or assembled draft genomes. In the
case of short sequence reads, they are assembled to draft genomes before the analy-
sis [4]. Applying the user-specified MLST scheme to the input data, the best-
matching MLST alleles is then found using BLAST [37]. Finally, the sequence type
is determined by the combination of identified alleles. Currently (Oct. 2014), 116
different schemes are available for bacterial and fungal species, and more are being
added, as they are developed and incorporated in pubMLST.org.

VTEC Case Study: Identifying Sequence Type Using the MLST
Web-Service

A suspected VTEC isolate (C770-12) [5] was run through the MLST web-
service using the E. coli #1 MLST scheme. Figure 5.4 shows the output of the
service. Below the listed predicted Sequence Type, a table shows the best-
matching allele in the MLST database for each of the seven loci, along with
information on the quality of the match.

By clicking the “extended output” button it is possible to examine the
alignment between each of the MLST alleles and the corresponding sequences
in the query sequence. Figure 5.5 shows the alignment of the reca locus, in
which one gap occurs in the query sequence. All the suspected VTEC isolates
were sequenced on an IonTorrent PGM sequencer, which is known to produce
a large number of false-positive indels.

The remaining “Finder-tools” described below also all have the option to
examine the actual alignments by selecting the extended output format.

*HSP: High-scoring Segment Pair. BLAST term that refers to the length of
the alignment between the allele from the MLST database and the corre-
sponding nucleotide sequence in the query genome.

The MLST web-service is currently (end-2015) the second-most used web-service
provided by CGE (the most used web-service being ResFinder). From Sep. 2012 to
Oct. 2015, the service was used more than 50,000 times in total. Examining the litera-
ture citing the CGE MLST web-service indicates that the service has most often been
used for typing E. coli, S. enterica, and S. aureus (for examples see [3, 38—40]).
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Fig. 5.4 Output from the MLST web-service when the suspected VTEC isolate, C770-12 [5], was
run through the service using the E. coli #1 MLST scheme. Rows describing perfect matches
between alleles in the database and the query sequence are colored green. In perfect matches the
% identity is 100, the HSP* length equals the allele length, and there are no gaps. Rows describing
imperfect matches are red
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Fig. 5.5 Pairwise-alignment of the reca-2 allele from the MLST database and the corresponding
sequence in the C770-12 isolate
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The MLST web-service is available at https://cge.cbs.dtu.dk/services/MLST.

Serotype

Serotyping has since its development in the 1940s become the gold standard for
typing of several important pathogens, e.g. E. coli and Salmonella. Classical sero-
typing relies on serological detection of antigenic surface structures.

Serotyping of E. coli

For E. coli the most important antigens in typing are the somatic lipopolysaccharide
O-antigen and the flagellar H-antigen. In order to transform this classical, pheno-
typic typing method into the WGS era, SerotypeFinder was constructed for WGS-
based serotyping of E. coli [10]. The tool utilizes the O-antigen processing genes of
wzx, wxy, wzm, and wzt to predict O-types and the flagellin genes fliC, flkA, flIA,
flmA, and flnA for prediction of H-types. The SerotypeFinder database includes
gene variants covering all 53 known H-types as well as all 188 known O-types, with
the exception of O14 and O57.

The SerotypeFinder outputs O-types on basis of O-type specific gene variants,
either by the combination of the variants detected by wzx and wzy, or by wzm and
wzt. With a few exceptions, the two genes, e.g. wzx/wzy, output the same O-type,
whereas in some cases the O-type will be predicted from just one of these gene vari-
ants. The H-type is predicted in SerotypeFinder by fliC gene variants alone, when
this gene is the only flagellin gene present in the genome that is examined, whereas
in cases of both a fliC and a non-fliC (flkA, fllA, flmA, flnA) gene being present, the
non-fliC is set to predict the phenotype.

The SerotypeFinder is very robust and provides results directly comparable to
the conventional serotyping of E. coli. In addition, it offers H-typing of all non-
motile E. coli as well as O-typing of some rough strains that cannot be serotyped by
conventional serotyping.

The SerotypeFinder is available at: https://cge.cbs.dtu.dk/services/SerotypeFinder.

Serotyping of Salmonella

Serotyping has likewise traditionally been a cornerstone in the surveillance of
Salmonella. As for E. coli, the monitored antigens are the lipopolysaccharide
O-antigen (encoded by the rfb gene cluster) and the flagellar H-antigen (encoded by
the fliC and fliB genes). Researchers at the Center for Food Safety, University of
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Georgia have developed a method, which is based on mapping of the raw reads from
a sequencing run to curated databases of alleles of the rfb gene cluster and the fliC
and fliB genes for WGS-based serotyping of Salmonella [41]. Although not having
been involved in the development of the SeqSero web-service, CGE hosts the ser-
vice, which is able to use raw sequence reads as well as assembled draft genomes as
input.

The SeqSero web-service is available at: https://cge.cbs.dtu.dk/services/SeqSero
and https://www.denglab.info/SeqSero.

Plasmids

Just as clones of bacteria might spread and are important to track, e.g., to find the
source of an outbreak, so might plasmids spread horizontally among bacteria, confer-
ring specific properties to their hosts. For the molecular epidemiological investiga-
tions of the major plasmid incompatibility groups among Enterobacteriaceae,
plasmid-typing methods have been developed [42]. The initial method was developed
to detect the replicons (part of the origin of replication and/or the replicase gene) of
plasmids of the 18 major incompatibility (Inc) groups found in Enterobacteriaceae,
but was extended and now contains 25 different replicons. Based on a database of 116
replicon sequences extracted from 559 plasmids, the PlasmidFinder method employs
a BLAST-based search engine similar to the CGE MLST implementation for identifi-
cation of plasmids [8]. For plasmid multilocus sequence typing (pMLST), a weekly
updated database is furthermore generated from www.pubmlst.org/plasmid and inte-
grated into a separate web-service named pMLST.

VTEC Case Study: Identifying Plasmids Using PlasmidFinder

Results of the PlasmidFinder web-service, when the isolate C757-12 [5] is
used as input is shown in Fig. 5.6. Two plasmids (or actually replicons) were
found: /1 and FIB(AP001918).

PlasmidFinder is available at https://cge.cbs.dtu.dk/services/PlasmidFinder.
The pMLST web-service is available at https://cge.cbs.dtu.dk/services/pMLST.

Phenotyping

Once the isolate is identified with adequate resolution, its potential phenotype can
be investigated. For this purpose, we have developed a number of methods that typi-
cally search the input genome for the presence of particular genes that, if expressed
at adequate levels, are likely to result in a particular phenotype of the isolate.


https://cge.cbs.dtu.dk/services/SeqSero
https://www.denglab.info/SeqSero
http://www.pubmlst.org/plasmid
https://cge.cbs.dtu.dk/services/PlasmidFinder
https://cge.cbs.dtu.dk/services/pMLST

5 The CGE Tool Box 79

PlasmidFinder Results

SETTINGS:
Selected %ID threshold: 95.00

—mm-m-
IncFIB{APD01918) 96.63 682/ 682 contigDD064 20697..21376 APQ01918

extended output

Fig. 5.6 Results of the PlasmidFinder web-service. Note that it is the identified replicons (part of
the origin of replication and/or the replicase gene) that are reported, not the entire plasmids

ResFinder

If the isolate is a pathogen, it is of importance to find out how it can be treated. To
this end, a method for identification of acquired antimicrobial resistance genes was
developed. The method is called ResFinder [9]. A major effort was initially put into
compiling a curated database, based on public databases as well as on scientific
papers. The database contains genes for the 13 major antimicrobial agent groups
(Aminoglycosides, Beta-lactamases, Fluoroquinolone, Fosfomycin, Fusidic Acid,
Glycopeptides, Macrolide-Lincosamide-StreptograminB, Nitroimidazole, Phenicol,
Rifampicin, Sulfonamide, Tetracycline, and Trimethoprim) and is updated continu-
ously. Query genomes are examined for the presence of any of these genes using the
BLAST-based search engine.

VTEC Case Study: Identifying Acquired Antibiotic Resistance Genes
with ResFinder

All the suspected VTEC isolates were examined for the presence of acquired
antibiotic resistance genes. Overall, the isolates only contained very few of
these genes. Figure 5.7 shows the results for C659-12 [5], which contained
three genes known to confer resistance towards aminoglycosides.

Concerns have been raised that an assigned genotype may not always correspond to
the actual phenotype, for instance due to mutations outside a particular gene, but
affecting the expression of the gene product. A study was therefore conducted to
compare antimicrobial resistance geno- and phenotypes. A surprisingly high con-
cordance (99.74 %) was found between phenotypic and predicted antimicrobial sus-
ceptibility. Although the results were promising, it should be noted that the study
was conducted in a population with relatively low levels of resistance, and lower
levels of concordance may be found in other populations. It should likewise be
noted that ResFinder is only able to discover antimicrobial resistance due to acquired
antimicrobial resistance genes, not, e.g., point mutations in chromosomal genes.
Nevertheless, it was concluded that genotyping using whole-genome sequencings is
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ResFinder-2.1 Server - Results

837/837  contigod220  1080.1912  Aminoglycoside resistance  0q0,

e gise Alternate name: aph(6)-ld
laadA? 10000 789/789 contigd0096  5041.5629

Fig. 5.7 An extract of the result from the ResFinder service when the C659-12 isolate is used as
input. Besides the name of the resistance genes found (Resistance gene), the %identity between the
gene in the ResFinder database and the corresponding sequence in the input isolate is shown
(%identity). Also shown is the Query/HSP Length, where Query length is the length of the best
matching resistance gene in the database, while HSP length is the length of the alignment between
the best matching resistance gene and the corresponding sequence in the genome (also called the
high-scoring segment pair (HSP)). The name of the contig and the position in the contig is also
shown. Finally, the predicted phenotype based on the identified resistance gene is shown, as is the
reference Genbank accession number according to NCBI of the resistance gene in the database

a realistic alternative to surveillance based on phenotypic antimicrobial susceptibil-
ity testing [43].

ResFinder is currently the most frequently used web-services provided by CGE
having been used almost 60,000 times by Oct. 2015, since its publication in end-
2012. A review of the literature citing ResFinder shows that the method has so far
mainly been used for identifying antimicrobial resistance genes in gram-negative
bacteria, e.g., K. pneumoniae (for instance [44]), E. coli (see for instance [45]), and
S. enterica (see for instance [46]).

ResFinder is available at https://cge.cbs.dtu.dk/services/ResFinder.

MyDbFinder

To accommodate that researchers may have interests in particular sets of genes, for
which there is no in-house CGE databases, a special version of ResFinder, called
MyDbFinder, was developed. Using this service, the user can generate their own
database containing genes of interest, for which the program should search. The
database must contain the DNA sequences of the genes that the user wishes to
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>Seql

ACTCGCGATCCGCATAGCGCATCGCATG

>Seq?2 optional comment
ATGAAAACAATGATTTATCCTCACCAATATAATTATATCAGATCGGTTATT
TATGCGGCAATGATTTATCCTCACCAATGATGAGAGAGCAGATACTCTTTG
AACAAAGARAATTGAAGCAATACTTAATAARATTT

Fig. 5.8 Two DNA sequences in FASTA format

search for. As ResFinder, MyDbFinder uses BLAST to identify the genes in the
query WGS data and outputs the best matching genes from the user’s database. It is
possible to select different settings depending on how strict an output is wanted.

How to Make a Database for MyDbFinder

The database should be made in a text editor (Notepad, TextEdit or equivalent) and
must consist of DNA sequences in FASTA format. A sequence in FASTA format
begins with a header, which is a single line description, followed by lines of sequence
data in single-letter nucleotide code (A, T, C, and G). The header line always starts
with a “>” (greater than) symbol, which distinguishes this line from the lines con-
taining the sequence data. Note that empty lines are not accepted in FASTA files.

Figure 5.8 exemplifies two DNA sequences in FASTA format:

When making a database the user should be aware that MyDbFinder only shows
the first word of the header (the characters until the first space) for outputted genes,
thus different genes/sequence names without spaces are recommended.

MyDbFinder is available at https://cge.cbs.dtu.dk/services/MyDbFinder.

VirulenceFinder

The same BLAST-based methodology as above is also used for prediction of viru-
lence factors in verotoxigenic E. coli on the basis of a database of known E. coli
virulence genes [5]. In the study for which this VirulenceFinder tool was devel-
oped, it was used to examine 46 suspected VTEC isolates (the same isolates that
are used throughout this chapter to exemplify the output of CGE web-services).
VirulenceFinder quickly and accurately detected eae, ehxA, and vix genes and was
in addition more robust in assigning correct vzx subtypes than routine typing.
Although poor sequencing quality and overall low coverage for some isolates
caused VirulenceFinder to miss the detection of a few genes, it overall detected
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the presence of many other important virulence genes, thus giving much more
information on the virulence profiles of the isolates than was obtained by routine

typing [5].

VTEC Case Study: Identifying Virulence Factors Using
VirulenceFinder

The suspected VTEC isolates were examined for the presence of known viru-
lence genes using VirulenceFinder. Figure 5.9 shows the results when using
the isolate C892-12 [5] as input. Routine typing had assigned this isolate as
vix2d, while the subtype found by VirulenceFinder was vix2g (reported in the
column “protein function”). Retyping at SSI confirmed the subtype detected
by VirulenceFinder. In a few other instances, where results obtained by rou-
tine typing and VirulenceFinder were not in agreement, poor WGS data qual-
ity was usually the cause.

VirulenceFinder is available at https://cge.cbs.dtu.dk/services/VirulenceFinder.

PathogenFinder

Whereas VirulenceFinder looks for the presence of known virulence factors previ-
ously described in the literature, Andreatta et al. took a radically different approach
for determining the pathogenic potential of an organism [47]. In the study from 2010,

VirulenceFinder-1.5 Server - Results

SETTINGS:
Selected %ID threshold: 85.00

Virulence - E. coli

Virulence GueryHSP Accession
m
UUpfA 110000 | 573/573 conbig00003 | 165975.166547 | Longpolarfimbriae APOI0S53

stx2 99.84 I 124271242 contigd00s3 757..1998 Out 5-8, variant g AB048227

Fig. 5.9 Output of the VirulenceFinder service, when the C892-12 isolate was used as input. The
columns correspond to those provided by the ResFinder tool, except for the “Protein function”
column
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genomes from gamma-proteobacteria were first grouped into those originating from
pathogenic vs. non-pathogenic bacteria. Next, the genomes were examined for the
presence of gene families that were statistically associated with being found in either
the pathogenic or non-pathogenic groups. To the best of our knowledge, this is the
first example of the use of machine learning techniques for determining the pheno-
type based on whole genome sequences. The method has later been extended to be
applicable for all species of bacteria and made publicly available as the PathogenFinder
method [7]. Since the method relies on groupings of proteins, without considering
their annotated function (or even if they have any) or known involvement in pathoge-
nicity, it can also aid the discovery of novel pathogenicity factors.
PathogenFinder is available at https://cge.cbs.dtu.dk/services/PathogenFinder.

Phylogeny

Nucleotide sequences have long been used to classify the species and taxonomy of
bacteria and other organisms. But until recently it was only a few genes, including
the 16s rRNA gene, that were used for making phylogenies. However, since the
price of whole genome sequencing has gone down, whole genome based phylogeny
has become increasingly used for both typing of bacteria and for disease outbreak
detection. Previously phylogeny was mostly used to divide samples into families
and species. But if the method is exact enough, it can even be used to follow and
detect disease outbreaks. If, for example, WGS data from a number of samples from
different patients are available, and the strains only differ by a few nucleotides, the
strains are likely to have originated from the same strain, and hereby it can most
likely be concluded that all the patients were contaminated from the same source.
Another option that becomes possible when WGS data is available is to upload the
data to a large database with good annotations and metadata, and make a phyloge-
netic tree of all similar strains. In this way, it might be possible to identify the pos-
sible contamination source.

SNPtree, CSIPhylogeny, and NDtree

At CGE, three tools based on Single Nucleotide Polymorphisms (SNPs) are avail-
able, which accept both short sequence reads as well as assembled genomes as
input. The SNP tools are useful for identifying SNPs in closely related strains. The
first developed tool was snpTree [11]. This tool first maps the query genomes to a
reference genome selected by the user; either by MUMMER [48] (assembled
sequences) or BWA [49] (short sequence reads). The reference genome can either
be selected from the CGE database or uploaded by the user. After the mapping, the
program localizes SNPs in the genomes by use of SAMtools [50] and nucmer [48].
Following the localization of all SNPs, they are filtered based on user-specified
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settings. Default settings can also be used, which include a sequencing depth of ten
and a minimum distance of ten bases between the SNPs. The SNPs that pass the
filtering criteria for each genome are then concatenated to a continuous sequence,
and a phylogenetic tree is made based on this multiple alignment. The output files
include the alignment in different formats, the tree file, a file showing the individual
SNPs in the genomes, VCF! files for each genome and a matrix with the difference
between the genomes [11].

snpTree is widely used for genome analysis of different species. In 2014 Guio
et al. [51] used snpTree to find 218 non-synonymous SNPs in the genome of
Mycobacterium tuberculosis that could confer resistance towards antibiotics. The
service has also been used by Teo et al. [52] to characterize an emerging new patho-
gen in the hospital environment, Elizabethkingia anopheles.

CSIPhylogeny is a further development of snpTree. CSIPhylogeny identifies the
SNPs in the same way as snpTree, but is more strict when it comes to filtering
(removing) the SNPs. SNPs are filtered if their mapping quality (which is calculated
using BWA [49]) is below certain thresholds: If the SNP quality is below 30, or if
the sequencing depth is below 10. SNPs are also removed in the filtering step if they
are less than ten base pairs from the nearest SNP. Finally a Z-score is calculated for
each SNP, which has to be above 1.96, for the SNP to be kept. The Z-score is calcu-
lated using the following equation:

Z=(X-Y)/sqrt(X+Y) (5.1

Here X is the number of reads, having the most common nucleotide at that position,
and Y the number of reads with any other nucleotide [2, 5]. CSIPhylogeny has the
same output files as snpTree.

The main difference between snpTree and CSIPhylogeny lies in the site valida-
tion performed by CSIPhylogeny. The validation consists of checking all positions
in the analysis and only using those that are considered valid in all the isolates ana-
lyzed. The snpTree method performs no validation and assumes all non-SNP posi-
tions to be valid, i.e., positions where no SNPs are found or where SNPs has been
ignored are assumed to be identical to the base in the reference sequence. This
assumption is inconsequently if the isolates compared (including the reference
strain) are very closely related. However, the less related the compared isolates are
the bigger the consequences will be, because more and more non-SNP positions
will not be valid either due to low quality or simply because the DNA in which a
SNP is found does not exist in all the genomes of the isolates.

The snpTree server is now deprecated and will no longer be updated. It will
remain online, but the CSIPhylogeny server is the recommended tool.

Our third server for constructing phylogenetic trees is NDtree, which constructs
the trees based on the number of nucleotide difference found between genomes [5].
It is intentionally made as simple as possible to study which features are important
for making accurate phylogenies. NDtree can find a reference genome automati-

'VCF (Variant Call Format) files specify a type of text files used for storing sequence variation.
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cally using KmerFinder, or may be given a reference sequence by the user. NDtree
then maps the query reads to the reference sequence. This is done by splitting the
reference sequence and the reads into 17-mers and storing them in a hash table. The
17-mers from the reads are then mapped to the reference to find a match, which is
then extended to an optimally scoring ungapped alignment using a match score of 1
and a mismatch score of —3. If the match score is greater than 50 the alignment is
used in the SNP calling. A position is significant if the Z-score, as described above
in Eq. (5.1), is more than 1.96 and X is ten times larger than Y. If no base can be
called based on the above criteria, an “N” is put in the sequence and the position is
not used for phylogeny. These called sequences are then compared pairwise, count-
ing the nucleotides that differ. An option can be chosen so all positions called in a
given pair of sequences are used, even if that position is not called in one or more of
the other sequences. In this case it is advised to increase the Z score cutoff to 3.29.
After the pairwise comparisons, the tree is build from the distance matrix, using the
UPGMA or neighbor joining (NJ) packages from Phylip. It is recommended to use
the UPGMA if the samples are taken at the same time, and otherwise NJ. NDtree
output files include the tree file in newick format and the distance matrix.

CSIPhylogeny and NDtree have recently been shown to be more accurate than
the older SNPtree method and should be the preferred tools for phylogeny [2].

VTEC Case Study: Determining Phylogeny Using NDtree

The phylogeny of the suspected VTEC isolates was examined using NDtree
(see Fig. 5.10). The isolates clustered completely according to serotype, and
a clear concordance between serotype and MLST type could be observed.
Further, there was a complete agreement with the epidemiological informa-
tion and the observed clustering [5].

snpTree is available at https://cge.cbs.dtu.dk/services/snpTree.
CSIPhylogeny is available at https://cge.cbs.dtu.dk/services/CSIPhylogeny.
NDtree is available at https://cge.cbs.dtu.dk/services/NDtree.

Metagenomic Samples

Much attention has recently been given to the possibility of diagnosing diseases
based on metagenomic samples, since this is faster and simpler than having to
initially isolate the bacteria. Hasman et al. [3] were to the best of our knowledge
the first to show that metagenomic samples (in this case urine) could be used to
diagnose a pathogen without prior knowledge about which species it was. It was
found that WGS improved the identification of the cultivated bacteria, and an
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Fig. 5.10 Phylogeny of a subset of the suspected VTEC isolates according to the NDtree method.
The tree has been constructed on basis of genome assemblies. Isolates known to be epidemiologi-
cally related are shown in the same color, with the red group constituting known outbreak isolates
[53]. Serotypes and MLST types are shown for all isolates

almost complete agreement between phenotypic and predicted antimicrobial sus-
ceptibilities was observed [3]. Metagenomic analysis could also be used for moni-
toring purposes and was recently applied to the analysis of toilet waste from 18
international airplanes arriving in Copenhagen, Denmark. It was found that genes
encoding antimicrobial resistance were more abundant and also of higher diver-
sity in the planes from South Asia compared to North America. Likewise, the
waste from the planes from South Asia indicated a higher presence of S. enterica
and norovirus. Conversely, the waste from North America contained more
Clostridium difficile [54].

Work in Progress

Besides finalizing a web-service, which will enable analysis of data from metage-
nomic samples, several other web-services are in development and expected to
be published shortly. These include a method for identification of genes related
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to restriction-modification systems, pathogenicity islands in S. enterica, and the
prediction of the bacterial host of bacteriophages based on the genome sequence
of the bacteriophage. To supplement the many stand-alone web-services, we are
currently working on a number of improvements that will make the experience
even more user-friendly. Specifically, we will include the possibility of batch-
uploading several isolates in one go, followed by the automatic execution of
several of the analytic tools for typing and phenotyping, and finally a graphical
visualization of all isolates on a world map. Furthermore, we will add the option
for registered users to manage their sequence data files and keep record of their
results. These features are in dire need and their implementation will hopefully
make the use of WGS for the analysis of pathogenic microorganisms even faster
and more convenient.

Conclusion

Since the start of CGE, a large number of methods have been developed for the
purpose of determining the species and subtypes of microorganisms, predict their
phenotype, and investigate their phylogeny for epidemiological purposes. The
methods have been made publicly available via web-services that are designed to
be easy to use/“plug and play” —also for non-bioinformaticians. We will continue
to update our existing methods as well as implement new ones, hopefully facilitat-
ing that the community can take full advantage of the genomics era.

Conclusion: VTEC Case Study

As a proof-of-concept that WGS-based typing of VTEC could be an attractive
alternative in surveillance, real-time WGS-based typing of VTEC was per-
formed during 7 weeks, in parallel to the routine typing carried out at SSI. The
study included a set of 46 suspected VTEC isolates that were analyzed using
the CGE tools. Overall, the results were concurrent with the routine typing,
and the phylogenetic relationship determined was in agreement with epide-
miological data. Furthermore, a small ongoing VTEC outbreak [53] was also
easily distinguished by the WGS approach. We conclude that WGS-based
typing of VTEC is an advantageous alternative to the current routine typing,
producing comparable typing results faster and at a similar cost. For complete
WGS-based VTEC surveillance WGS O:H serotyping is also needed, which
we currently developing.
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Chapter 6
Genomic Diversity in Salmonella enterica

John Wain and Justin O’Grady

Introduction

There are two species within the genus Salmonella (bongori and enterica) that
occupy different ecological niches and are genomically distinct—S. bongori has
evolved to exploit cold blooded animals, as a host, through the acquisition of genes
encoding specialised effector proteins secreted through the same Salmonella secre-
tion systems as S. enterica [1]; S. bongori is not well studied. On the other hand
there is a wealth of knowledge about the biology of S. enterica, an important human
and animal pathogen, which is now being translated into new methods for diagnos-
ing individuals and tracking outbreaks. There have been many books and chapters
on Salmonella over the past decade but the field is moving fast and this chapter will
focus on new technology and the translation of that technology into clinical practice
and public health benefit.

Genetic Variation Within Salmonella enterica

Salmonella enterica is split into sub-species as shown in Fig. 6.1. The six subspe-
cies can be differentiated by many tests including their genetic content [2] and
multi locus sequence typing [3]. The S. enterica sub-species enterica (also known
as subspecies I) has been studied in much more detail because strains from this
sub-species cause most of the Salmonella infection in man and farmed animals; it
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Fig. 6.1 Overview of the current classification of Salmonella enterica

contains over 1500 serotypes (also called serovars if formally accepted in standard
nomenclature). Strains from within a single serotype show different levels of varia-
tion. Some (monomorphic) serotypes contain a single strain in a single lineage
most often adapted to a single host (e.g., S. Typhi) whilst other (polymorphic) sero-
types contain multiple lineages of strains which may or may not be host adapted
(e.g., S. Choleraesuis). The level of genomic variation present within a serotype
can be driven by the biology of the serotype; recent acquisition by S. Agona of
indels (51 bacteriophages, ten plasmids, and six integrative conjugational ele-
ments) has led to high diversity according to pulsed-field gel electrophoresis
(PFGE) [4] but resulting in inaccurate clustering by PFGE —there is no evidence
of selection and so we must assume that this variation is transient and will not
become fixed in the population. The level of genomic diversity may also be because
of the methods used for defining the serotype. Serotyping depends on antibody
based detection of surface antigens and antibody preparations against different
antigens have different levels of specificity depending on the strains available for
removing cross reacting antibodies. This non-standard level of selectivity within
each antibody preparation naturally leads to non-standard variation within each
serotype and is a problem when assessing new methods for typing and tracking if
traditional serotyping is used as a gold standard. However, we need to name
Salmonella. The cause of a bacterial infection needs to be identified so that we can
correctly diagnose the infection the next time the bacterium is isolated and also for
risk assessment when bacteria are identified from food. It is not realistic to expect
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to define the level of genomic variation expected within a group of bacteria which
have been given a name (e.g., a serotype) because groups of bacteria with the same
name do not all cause the same disease nor are they all adapted to the same host in
the same way —i.e., niche adapted. The genetic variation present in niche adapted
bacteria is intrinsically variable because; different niches provide access to differ-
ent levels of diversity; different bacteria became host adapted at different time
points; the population supported by different niches varies in size and there is dif-
ferent selection pressures in different niches. Even in the absence of selection
genetic diversity is a function of time multiplied by population size; therefore it is
naive to expect that the genetic variation within each group we are trying to name
will be constant. For outbreak investigation the situation is different, we need to
sub-type, at a more granular level, to distinguish between the last common source
of two strains so that we can tell if they are from the outbreak under investigation
or not. It is, again, impossible to define a level of variation which can define the
strains as outbreak or non-outbreak from all outbreaks because, although for
Salmonella a point source (single strain) is often the cause, outbreaks have differ-
ent characteristics; size of outbreak; and how long the outbreak continues. It is
with this background in mind that we need to look at how to develop, and interpret
the data on genetic variation in Salmonella.

Host Adaptation and Host Restriction vs Identification
and Typing

Salmonella evolve through a process of diversification from a point source followed
by colonisation of a new niche by a strain capable of doing so [5]. There are two
likely events which result in the exploitation of a new niche. Firstly, chance—a
serotype which comes into contact with a new host is already capable of colonising
it. If this is a rare event then only one strain will pass through this bottleneck and
most likely become isolated from other members. In time, if the strain adapts
through alteration of O and H antigens, it will be recognised as a new serotype and
the whole population of that serotype will be clonally derived from a single ances-
tor. If many strains can colonise the new host a variety of strains go through the
bottleneck and adapt through convergent evolution to the most successful type
capable of infection in the population of the new host. The second possibility is that
it is the acquisition of a new trait (virulence factor) allows a specific strain of the
serotype to colonise the new host. In this case, again, the bottleneck allows diver-
gence of the strain away from the other members of the serotype. Superimposed
onto this background is the possibility of convergent evolution, where two different
organisms colonise the same niche (e.g., S. Typhi and S. Paratyphi A) [6].
Superimposed on the purifying selection of adaptation to niche is also a diversifying
selection on the antigens. Host immune responses are aimed at the O and H antigens
and so changes in these antigens can allow the pathogen to escape destruction by the
host. This can occur through regulated changes in phase, through changes in the
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amino acid structure of each antigen—seen particularly in flagella genes —but may
be the result of horizontal exchange of flagella genes which leads to the same fla-
gella antigen occurring in non-related Salmonella backgrounds.

Salmonella enterica Subspecies Enterica Serotype Enteritidis,
an Example of a Monophyletic Group of Strains

S. Enteritidis is the most common Salmonella serotype isolated from human dis-
ease globally [7] and is responsible for approximately 60 % of Salmonella infec-
tions in humans, making it the leading cause of salmonellosis in Europe [8]. The
S. Enteritidis population, as with other monomorphic bacterial populations [9]
contains insufficient variation for differentiation of strains using traditional typing
methods so that improved subtyping of isolates is needed to support classical
epidemiological data for the detection of outbreaks and identification of the vehi-
cle of infection [10]. The Kaufman-White scheme defines S. Enteritidis by the
presence of the O9 somatic antigen and a single flagella antigen, phase 1, g.m.
The serotype can be isolated from many animal species including cows [11], pigs
[12], guinea pigs [13] and even hedgehogs [14]. Molecular analysis reveals non-
host adapted adhesion factors [15] and yet the overwhelming majority of infec-
tions seen in humans is from chickens [16], suggesting that at some level S.
Enteritidis is adapted to birds. Sub-typing using traditional methods has always
been problematic for S. Enteritidis [10, 17] and plasmid profiling is often used to
define an outbreak strain [18]. Phage typing and pulsed-field profiles of frag-
mented chromosomal DNA are not useful for outbreak investigation [19] and
multi-locus variable number tandem repeat (VNTR) typing (MLVA), whilst use-
ful, does not allow the identification of all outbreaks [20]. Multi-locus sequencing
typing (MLST) of seven housekeeping genes reveals several sequence types (STs)
within the group the S. Enteritidis group; one dominant ST (ST11) is linked
through an alteration in one allele only to several single locus variants [21]—this
is good for serotype definition (all singe locus variants from STs existing in the
database can be identified as S. Enteritidis) but is not good for outbreak investiga-
tion (the majority of isolates, whether epidemiologically associated or not, have
the same ST). Only whole genome sequencing [22] shows promise for improving
typing. For a century S. Enteritidis has been considered as closely related to (other
bird adapted, serotypes) S. Pullorum and S. Gallinarum [23] and sequence based
studies of host adaption for this group [24] have confirmed the relationship.
Detailed studies looking at genomic diversity suggest that the S. Enteritidis popu-
lation consists of two clades [25]: a classical clade and a second clade; S
Gallinarum and S, Pullorum have most likely evolved from the second clade.
Granular typing at this resolution, together with host colonisation studies, should
eventually lead to resolution of the link between bacterial genetics and host colo-
nisation and adaptation—understanding this is key to being able to interpret the
fine typing data generated by whole genome sequencing.
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There are of course, even for “good” serotypes always occasional strains which
have the same antigenic profile but are entirely unrelated but this is easily detected
by MLST [21].

The serotype S. Enteritidis is a clonally derived, monophyletic, group of bacte-
rial strains showing exquisite host adaptation. Therefore S. Enteritidis is an easily
defined serotype that represents a group of strains that all cause a similar infection
and studies of evolution and host adaptation are straight forward. However, it is
clear that for subtyping during outbreak investigation of S. Enteritidis, we need to
detect recently acquired genetic diversity such as plasmid carriage or single
nucleotide polymorphisms (SNPs) and that this is best achieved by genome
sequencing [26].

Salmonella enterica Subspecies Enterica Serotype Montevideo,
an Example of a Polyphyletic Group of Strains

Isolations of S. Montevideo rank amongst the top 10 serotypes of Salmonella iso-
lated from food borne outbreaks in both Europe and the USA. The serotype is split
by MLST into at least three sequence types which, although related, do not share
alleles and so this serotype does not conform to the definition of monomorphic
[21]. Outbreaks however, are difficult to investigate because of the lack of variation
in circulating strains, which are usually from the same MLST group. As with S.
Enteritidis, S. Montevideo has a reputation, particularly the USA, as being difficult
to sub-type. Traditional methods, such a PFGE, fail to distinguish between isolates
and alternatives are actively being sought. Whole genome sequencing is, therefore,
an obvious choice for the investigation of outbreaks of S. Montevideo. The suc-
cessful investigation of an outbreak caused by isolates with a single PEFGE pattern
[27] illustrates the utility of whole genome sequencing for this serotype. Further
analysis of the population structure of S. Montevideo by whole genome sequencing
[28] reveals that the variation between the previously described sub-groups of
Montevideo is driven by large chromosomal deletion/insertion events of bacterio-
phage and plasmid associated sequence and, perhaps more significantly, the varia-
tion within each cluster is mainly through SNPs. Fortunately for the investigation
of outbreaks caused by this serotype there is enough variation, even in the core
genome, to differentiate outbreak strains from non-outbreak strains within a
ST. This work [28] was very thorough and compared results from previous genome
sequencing studies to show that if the analysis is standardised through protocol
control then the resulting phylogeny, and so the epidemiological investigation, is
independent of the sequencing method. They were able to “...effectively delineate
the scope of the outbreak.” This is an important finding as it demonstrates that
whole genome sequence typing can be used, at least in Salmonella outbreaks, as
part of the outbreak definition. Whilst this may be true for the monomorphic sero-
types of Salmonella enterica more needs to be done to understand the less well
delineated serotypes.
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Salmonella enterica Subspecies Enterica Serotype
Typhimurium, a “Challenging” Group of Strains

Strains of serotype S. Typhimurium show much more diversity than strains of S.
Enteritidis (personal experience). The population structure, by MLST, has a few
more sequence types in the major cluster than for S. Enteritidis (28 vs 21) but there
is nothing obvious from the MLST data which would explain the difference in vari-
ation experienced by microbiologists. What is clear is that some of the sequence
types linked to the major cluster actually have a different phenotype. For example,
sequence type ST128 is a single locus variant of the most common sequence type,
ST19, but consists of pigeon adapted S. Typhimurium strains, also defined by phage
typing as DT2. It seems that S. Typhimurium, although a very well defined group,
conceals biological differences within its ancestry which may not have had time to
emerge as new sequence type clusters or serotypes. This is also reflected in the use-
fulness of phage typing and MLVA when investigating outbreaks; both have proven
to be very useful tools [17, 29]. However, this situation can change. For example,
the emergence of a dominant phage type (DT170, accounting for around 40 % of
S. Typhimurium isolates) [30] threatens the utility of phage typing and MLVA in
Australia; the spread of ST313 across sub-Saharan Africa threatens our ability to
track local outbreaks and trace the source of contamination in the food chain [31];
and the emergence of monophasic strains in pigs (with no expression of flagella
proteins of the second phase) threaten our ability to give strains of S. Typhimurium
the correct serotype designation [32].

So, our current capability to track, trace and investigate S. Typhimurium is suf-
ficient but may not be so for much longer. In Australia, an investigation of S.
Typhimurium DT170 using whole genome sequencing revealed that the method has
strong utility in outbreak investigation [33] but also raised questions on how to
decide the cut-off necessary for a rule-out decision: not outbreak associated. Isolates
of S. Typhimurium from within each of five different outbreak investigations dif-
fered, on average, by three or four single nucleotide polymorphisms (SNPs) in the
core genome (underlining the importance of sequencing accuracy) whereas between
outbreaks there was 10—20 SNPs. Whilst this is useful for epidemiology, new ways
of analysing the differences between genomes which do not rely on the use of genes
shared by all members of the group under investigation are required. In Australia,
the current population structure of S. Typhimurium is the result of “right time right
place” events which allow strains to expand clonally without advantage or selection.
The genetic diversity seen is, therefore, the result of drift and so represents the clock
rate for mutations occurring in the background of the strains.

The investigation of S. Typhimurium sequence type ST313 isolates from sub-
Saharan Africa however, tells a very different story [34]. Two closely related lineages
of S. Typhimurium emerged but the second lineage replaced the first in under
10 years. We believe this was the result of the acquisition of plasmid borne genes.
Within single countries the usual pattern was for S. Typhimurium to occur as a dis-
crete event, followed by spread within the country. For some countries the strain was



6 Genomic Diversity in Salmonella enterica 97

introduced more than once. As the strain spreads more widely we would expect more
commonly to find multiple strains co-located geographically. Independent acquisi-
tion of a Tn21 element encoding MDR genes into different sites of the resident plas-
mids may have facilitated transmission but the later acquisition of a plasmid borne
chloramphenicol resistance gene by a lineage II strain resulted in the clonal replace-
ment of lineage I. This probably occurred between 2003 and 2005 and the link is
supported by phylogenetic analysis of plasmids from ST313 strains which matched
the phylogeny of core genes on the chromosome. Such powerful selection can result
in phenotypes being generated by single genetic events without there being any
impact on the phylogenetic signal. An association between acquisition of plasmids
and increased transmission has also been observed in S. Typhi [35]. Acquisition of an
antibiotic resistance plasmid often converts a susceptible strain to a resistant strain—
but the name of a group of bacteria does not change because they have become
resistant to antibiotics, however, if the difference is host range then the situation is
less clear. If S. Typhimurium ST313 has, as some suggest, become adapted to the
human host and transmission is mainly human to human then this conflicts with our
current understanding that S. Typhimurium are animal pathogens which transmit to
humans as zoonotic infections. The importance of understanding the biology of a
serotype is illustrated by the investigation of the monophasic S. Typhimurium
DT191a [36] which was focused on mice even though the main risk factor from
trawling questionnaires was ownership of reptiles. The decision to investigate mice
was taken because prior knowledge of the biology of S. Typhimurium suggested
reptiles were unlikely to be the primary source of this Salmonella serotype and led to
the tracking of the infection source to feeder mice imported into the UK.

Another apparent link between genetic structure and virulence in S. Typhimurium
is the emergence of monophasic isolates [29, 36-39]. Reference laboratories across
the world name strains using the Kaufman and White Scheme which defines S.
Typhimurium by the antigenic structure 4:i:1,2. Several laboratories reported the
emergence of isolates which were 4:i:-, that is they had no second phase for the
flagella antigen. Investigation of the fIjB gene [40, 41], which encodes the phase II
antigen, revealed multiple genetic mechanisms for this phenotype and the possible
association of a new genomic island. Phage types were mostly typical of S.
Typhimurium and MLST clustered the strains amongst typical S. Typhimurium
STs. A survey of isolates in the UK [29] concluded: “Monophasic variants of
serovar Typhimurium have already caused substantial outbreaks in several countries
and continue to pose a public health risk. Reliable detection of monophasic variants
of serovar Typhimurium is important to ascertain the impact the emergence of these
strains is having on the food chain and the number of human infections, and to
monitor control efforts. Legislation of the EU has now been redrafted to include
serovar 4:i:- in actions taken to detect and control Salmonella serovars of public
health significance in laying hens (Commission Regulation (EU) No. 517/2011). In
order to more accurately identify these isolates, the UK reference laboratory has
been determining the full antigenic structure of all presumptive O:4 isolates since
the beginning of 2012 in addition to performing phage typing for identification of
serovar Typhimurium and its variants. At present molecular methods will not be
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applied due to the large number of isolates received in the laboratory, but new
sequence based methods for identification of serovar Typhimurium and its variants
will be assessed as they become available.”

Whole genome sequencing is now, in 2015, being used to assess these strains in
the UK. Several points arise from all of the work on monophasic S. Typhimurium.
It is clear that these isolates are derived from different lineages within the S.
Typhimurium population and the genetic event giving rise to each monophasic phe-
notype are different, therefore these organisms do not constitute a recent ancestral
group and so cannot be differentiated from other S. Typhimurium phylogenetically.
Furthermore, monophasic isolates have been isolated from a range of hosts and so
do not seem to show, as a group, any specific host adaptation. However, large scale
genomic investigation into monophasic S. Typhimurium is currently underway in
the UK and early analysis would suggest that there is granularity within the group
and that there may be selection for growth in certain hosts. If this turns out to be true
then a new sub-group of host adapted S. Typhimurium could emerge to take its place
alongside DT2 and ST313.

Salmonella enterica Subspecies Enterica Serotype
Choleraesuis, an Example of a Polyphyletic Group
of Strains with Different Host Adaptations

The serotype 6/7:c:1,5 has been split into two biotypes using the phenotypic tests
dulcitol and tartrate: S. Paratyphi C (associated with a form of enteric fever in
humans) and S. Choleraesuis (septicemia in swine and immunocompromised
humans). There is a very rare third biotype, Typhisuis (chronic paratyphoid/caseous
lymphadenitis in swine), which is largely ignored in clinical and veterinary medi-
cine. Some S. Paratyphi C isolates express the Vi capsular antigen and so can be
recognised directly but further biotyping using H,S production and mucate utilisa-
tion are used to subdivide S. Choleraesuis into: sensu stricto, Kunzendorf and
Decatur. Using MLST [21] S. Paratyphi C is found as a distinct sequence type cluster
but is closely related to both S. Typhisuis, and Choleraesuis. Even the distinction
between var Kunzendorf and var sensu strictu within Choleraesuis can be recognised
by MLST, suggesting a different ancestry for these biotypes. However, S. Choleraesuis
var. Decatur is very variable and has no common ancestry; this biotype consists of
isolates from at least seven unrelated sequence types. The assignment of isolates of
S. Decatur, S. Paratyphi C and S. Choleraesuis to the same serotype is, therefore,
misleading. Sequencing has helped to explain why such different strains have the
same antigenic formula; the nucleotide sequence of the fliC allele encoding Hc is
variable (there are 12 amino acid differences in the He fliC allele). Although matched,
statistically meaningful, comparisons with other fliC alleles have not been carried
out, there would seem to be much more variation than seen in the Hd fliC allele for
S. Typhi. Whole genome sequencing has not been reported for this group at the date
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of publication but it is clear that the routine use of the technology would easily
reclassify the 6/7:c:1,5 organisms into more useful groups with biological signifi-
cance. Choleraesuis is now a rare serotype in Europe and America and so sub-typing
is not an issue. Outbreak investigation is made easier when rare strains are identi-
fied—it is clear that the strain is part of the outbreak, because there are no non-out-
break strains of the same serotype circulating. However, the main concern with S.
Choleraesuis is tracking the transmission of isolates through the food chain. Although
there is enough genetic diversity for this to be a straight forward task we do not yet
know where to put the cut-off in diversity between strains that are part of a transmis-
sion chain and those that are not. The Choleraesuis group of organisms contains one
large cluster of strains as defined by MLST which includes var sensu strictu and var
Kunzendorf. These are all linked in a network though single locus variants and the
genomic diversity has not yet been defined —this work still needs to be done for this
potentially fatal pathogen.

The Special Case of Salmonella that Cause Human Enteric Fever

There are only two serotypes of Salmonella that reliably cause enteric fever in
humans: S. Typhi, and S. Paratyphi A. The other paratyphoid serotypes (S. Paratyphi
B and C) are not well defined as serotypes and cause a disease clinically distinguish-
able from classic enteric fever. In this section, therefore, we shall focus on S. Typhi
and S. Paratyphi A. Both can be food borne pathogens and for both the population
structure is monomorphic.

The emergence of S. Paratyphi A occurred around 450 years ago and its adaptation
to the human host is ongoing and is mainly through recent events [42] suggesting that
host adapted Salmonella serotypes arise through chance environmental events, includ-
ing geographical spread and/or transmissions to naive hosts and then adaption and or
mutation. Population genome data suggests that S. Typhi is older than S. Paratyphi A
and the event which allowed the ancestor of Paratyphi A to colonise humans may have
been the acquisition of a significant portion of the S. Typhi genome [43]. Since that
event, local variation arose with only transient advantage being gained and the loss of
most mutations through purifying selection—which removes the disadvantageous
mutations through competition and cost. Recent changes in the genomes of S.
Paratyphi A include multiple mutations and acquisitions or losses of genes including
bacteriophages, genomic islands and plasmids. For S. Paratyphi A there are 1560
acquired genes in the accessory genome: plasmid genes are found as 11 separate gene
clusters; bacteriophage genes are present in 23 regions of the chromosome; and there
are two gene clusters integrated into the chromosome [42]. Gain, and survival, of the
same genetic change in different strains is indicative of selection, suggesting that the
cargo genes (non-viral genes associated with bacteriophage sequence; or non-plasmid
genes associated with plasmid sequence) have changed the bacterial phenotype in a
way which resulted in positive selection. It is noteworthy that only the plasmid genes
show this tendency. Furthermore, there are no known virulence genes described and
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the variation is seen mainly in the tips of the phylogenetic tree (suggestion recent
acquisition) which may be pruned if not under positive selection.

For S. Typhi, the emergence of an epidemic clone may change this situation. S.
Typhi is a monomorphic serotype which emerged at least 50,000 years ago [44] for
which the last common ancestor remains extant [45]. This means there has been no
genetic sweep since S. Typhi emerged and that all strains have survived and spread
across the globe. Diversity was, presumably, driven initially by the colonisation of
humans by a common ancestor, isolation from other Salmonella in a host adapted
niche, and expansion in population size. Host restriction of S. Typhi to humans
came later, driven by the lack of purifying selection, in the absence of competition,
and accumulated gene loss mainly through pseudogene formation. The impact of
antibiotic use, however, may be changing this picture. Antibiotic resistance emerged
almost immediately after the introduction of chloramphenicol for the treatment of
typhoid fever [46]. These early chloramphenicol resistant strains had an associated
cost—in the 1970s treatment of patients infected with chloramphenicol resistant S.
Typhi responded more quickly to trimethoprim therapy than did the patients infected
with susceptible strains [47]. In the 1990s, however, the situation changed; in
Pakistan, patients with multi-drug resistance plasmids where harder to treat with
cephalosporin antibiotics than plasmid free strains, even though both types of iso-
late were equally susceptible [48]. The plasmid containing strains also gave higher
counts in the blood than plasmid negative strains suggesting that, unlike S. Paratyphi
A, a strain with increased virulence had emerged [49]. Further work identified a new
clone of S. Typhi, haplotype; H58, spreading globally, which had very little varia-
tion at the genome level [50]. This has practical implications for public health. The
reservoir for S. Typhi in the human population is carriers and sequencing of isolates
from carriers (not published) and a case for which there has been direct transmission
shows only 0-3 SNPs in the 4 megabases or so of core sequence. As the H58 clone
spreads, it seems inevitable that the genetic variation in the population of S. Typhi
as a whole will decrease. The recent use of long range sequencing with nanopore
technology [51] to identify the presence, location and structure of a genomic island
may give us a way forward. The S. Typhi story is a warning, the variation in core
genes between S. Typhi H58 strains may not be sufficient for epidemiological inves-
tigation of outbreaks nor for the tracking of food contamination globally. This major
bacterial pathogen, once easily characterised by low resolution methods such as
PFGE, could become intractable, through the global sweep of a single clone.

Detecting the Variation in Salmonella

The variation between Salmonella serotypes detectable by antigen recognition is
also definable by straight forward genome sample sequencing techniques. Sample
sequencing involves the sequencing of selected regions of the bacterial genome. If
the regions selected are conserved then discrimination is low but the clustering is
robust and related to ancestry (e.g. MLST). On the other hand, if the region selected
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is highly variable then a higher index of discrimination is possible but the relation-
ship between isolates is not as clear. This is the basis of virulence typing, where the
genotype may predict the clinical phenotype but there is little phylogenetic context.
Regions of intermediate variability have also been suggested for typing. A sequence-
based ribo-typing method that uses sequence variation in the 16S-23S intergenic
spacer region shows promise and, in conjunction with virulence typing, has been
applied for subtyping within the S. Enteritidis serotype [52, 53].

Serotype recognition is straight forward and many techniques have been devel-
oped and discussed in pervious reviews. The bottom line is that any method which
gives you a phylogenetic signal will correctly identify the “good” serotypes, which
is the vast majority of serotypes. To try to recreate the Kaufman and White scheme
with a molecular scheme seems pointless however, when some serotypes are clearly
collections of unrelated strains, unrelated by ancestry and host range. However, for
backwards compatibility it is important to be able to recognise the Kaufman and
White serotypes whilst naming the strains and assigning them to more appropriate
groups. Whole genome sequencing will allow this [54]. Assessing variation in the
core genome (genes shared by most individuals being typed) allows a phylogenetic
classification and the population will cluster at the serotype level. However, valid
concerns around the choice of core genes remain. For MLST seven conserved genes
are used but there are 69 Salmonella specific genes and so the sample could be
expanded but still allow all Salmonella to be typed [55]. Leekitcharoenphon [54]
used the 69 conserved genes to create a consensus tree; in this tree the S. enterica
sub-species arizonae (an entirely separate sub-species from enterica) clustered with
the S. enterica subspecies enterica strains. Their conclusion that the variation in the
69 genes present across Salmonella distorts the true differences between the sub-
species (they are conserved after all) and so should not be used for typing at this
level. Instead, they used an alternative approach, known as pan-genome analysis i.e.
the absence of genes, as well as the variation in those present, was used to assess
genome similarity. The method worked but some are concerned that the quantitative
nature of the comparison may be lost. Where the differences (as between serotypes)
are clear then this approach gives a more robust tree (boot strap values for deep
branches are typically very strong) and the reduction in computational power look-
ing for presence or absence is very attractive to the reference laboratory. There is,
however, a trade-off; the impact on the tree of the presence or absence of a gene is
not related to the number of genetic events. A large deletion event removing 20
genes or so would have a much higher impact than a small deletion creating a pseu-
dogene and yet both represent a single event. On the other hand, the relative
occurrence of quantifiable single genetic events, whilst excellent for studies of evo-
lution, as it represents the molecular clock and so the time since the last common
ancestor for two strains, may not represent the differences that we need to assess
public health strategy. The algorithms written to handle genomic data need to be
carefully thought through and a welcome development is the suggestion for utilisa-
tion of standard operating procedures [56]. The methods need to be used more in
real situations in order to assess their discriminatory power and reproducibility, and
so determine the utility of the clustering generated.
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An alternative approach, kSNP [57] compares similarity between regions k base
pairs long in different strains and locates them on a reference genome, not to define
them as SNPs but rather to allow the correct k-mer to be identified. This method is
not influenced by errors in the reference genome where every isolates seems to have
a SNP compared to the erroneous base called in the reference. This method was
used to investigate the variation in the S. enterica population through time showing
that most diversity is recently acquired in a very similar pattern to the S. Paratyphi
A population. The method can be automated and seems to suggest a way forward
for analysing the tens of thousands of genomes being generated by national refer-
ence laboratories.

Future Directions for Salmonella Investigations

Intestinal infectious disease reference laboratories, from the USA and the UK, are
now using whole genomes sequencing of isolates as the method of choice for iden-
tifying bacterial pathogens and for sub-typing during outbreak investigation. The
methods are quicker, cheaper and more information rich than the current typing
methods. The issues of how to analyse the data to give the most reliable identifica-
tion will inevitably involve the rewriting of the Kaufman-White scheme for sero-
type designation. The, now dated, method of MLST gave us a glimpse at how this
might be achieved through phylogenetically relevant methods but also opened our
eyes to the importance of understanding the biology behind the variation as well as
the impact of the variation on the biology of the strains. Genetic variation for
Salmonella is not a continuum of mutations accumulated over time. Lineage-
through-time plots show periods of elevated serotype diversification followed by
long periods of relatively lower but constant diversification [42, 57]. On a phyloge-
netic tree this manifests as several early branches which extend and then bificate
into the leaves near the tips of the lines. The explanation for this pattern has come
from work on S. Paratyphi A—the same pattern is seen within this serotype [42].
Variation arises which may allow niche exploitation and the increase in population
size provides a very strong positive selection for that mutation such that the change
sweeps through the entire population other mutations confer an advantage only
under certain circumstance (e.g. resistance to toxins), some have a cost and some
are neutral. Many mutations are acquired somewhere in the growing population and
most are weeded out through the purifying selection of competition which reduces
the frequency of strains with mutations that reduce biological fitness. Recently
acquired variation remains extant in the population until removed by purifying
selection or allowed to sweep the entire population—so that strains with the new
allele replace all other strains. Mutations which have no cost and no benefit accumu-
late at the rate of the molecular clock and can act as a marker of age. We need to
understand these mechanisms of the generation of genetic variation and the impact
on biological fitness, then we can exploit fully the massive opportunity afforded by
while genome sequencing of every referred isolate.
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Antibiotic resistance is yet another phenotype under variable selection pressure.
The presence of a resistance phenotype can confer absolute advantage (survival vs.
death) in the presence of the antibiotic or have no impact if the antibiotic to which
resistance is encoded is not used—long term survival of antibiotic resistance genes
depends on “selfish” behaviour and requires an advantage to be conferred, or least no
cost, in the absence of the antibiotic. If a biological cost is incurred, not constant for
all genes nor mobile elements, and the yet the gene remains it he population then the
gene could be an addiction system (cost to the host on loss of the gene) [58]. In order
to best manage antibiotic use then susceptibility/resistance needs to be assessed as a
continuous phenotype to monitor trends rather than a dichotomous variable based on
the prediction of treatment outcome. This will require new techniques to be devel-
oped alongside the new sequence based identification and typing methods.

The naming of isolates has to be clinically and biologically relevant in terms of
niche occupation as well as in terms of ancestry, all we need is an accurate sequence
of the entire genome and an understanding of the biology of the variation seen in the
sequence of the population. Perhaps the next step in the development of identifica-
tion and typing tools is the generation of sequence directly from clinical samples
[59]. Nanopore technology promises long reads at an affordable price on a machine
which can be used in any laboratory [51]. Currently Pacific Biosytems long read
technology allows genomes to be assembled into a single read for a chromosome or
a plasmid [60]. If nanopore technology can reach the same quality of data, or Pacific
Biosystems launch a benchtop machine, then whole chromosomes could be gener-
ated directly from stool and fed into the systems currently under development for
sequence analysis. Although currently a research tool advances in nucleic acid
extraction and detection protocols and particularly in pathogen DNA enrichment
promise great advances in infectious disease control [61]. Coupled with new DNA
sequencing technology this would generate data in real time for clinical manage-
ment of humans and animals, and for outbreak investigation and public health
management.
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Chapter 7

Verocytotoxin-Producing Escherichia coli
in the Genomic Era: From Virulotyping
to Pathogenomics

Valeria Michelacci, Rosangela Tozzoli, Alfredo Caprioli,
and Stefano Morabito

Verocytotoxin Producing E. coli: From the Origin
to the “Next” Era

Escherichia coli is an ubiquitous bacterial species representing an important
component of the microbiota in both human and animal hosts. At the same time, it
is one of the most diffuse bacterial species in many environmental niches, including
surface water and soil. Horizontal gene transfer (HGT) played a key role in deter-
mining the success of E. coli as ubiquitous bacterial species. Mobile genetic ele-
ments (MGE), including plasmids, bacteriophages and pathogenicity islands,
accumulated into the E. coli genome and favoured the selection of the most suitable
individuals to colonize new ecological niches.

In the human host, E. coli strains are commensals and exert a beneficial effect.
However, some individuals evolved the capability to harm and cause disease, fol-
lowing the acquisition of virulence determinants through the HGT.

Verocytotoxin-producing E. coli are iconic of this evolutionary pathway. In late
1970s, Konowalchuck and colleagues discovered that certain Escherichia coli
strains produced a potent cytotoxin inducing a cytopathic effect on Vero cells mono-
layers [1, 2]. The toxin was named “Vero cell toxin” and the bacteria “verocytotoxin-
producing E. coli” (VTEC). In 1983 an E. coli strain belonging to a rare serotype,
O157:H7, was recognized as the causative agent of haemorrhagic colitis and haemo-
lytic uremic syndrome during the investigations on two outbreak episodes [3, 4].
Since then, VTEC belonging to the same serotype have become increasingly com-
mon as food-borne pathogens and nowadays O157:H7 is one of the most common
VTEC serotypes causing severe disease in humans, followed by VTEC from a dozen
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of additional serogroups, including 026, O111, 0103, 0145, 0121 and 045 among
others [5-8], altogether termed as enterohaemorragic E. coli (EHEC) [9, 10].

VTEC 0157 and possibly other VTEC serogroups are zoonotic pathogens.
Ruminants have been recognized as their natural reservoir and excrete the pathogen
into the environment with their faeces. Human infections occur via ingestion of raw
or undercooked contaminated food and via contact with colonized animals and con-
taminated environment.

Clinical manifestations of VTEC infection range from asymptomatic carriage to
uncomplicated diarrhoea, haemorrhagic colitis (HC) and the life-threatening haemo-
Iytic uremic syndrome (HUS) [6, 9, 11]. This wide spectrum of symptoms, in addi-
tion to difficulties in the diagnostic procedures used to identify these pathogens [12],
causes these infections to be overlooked, especially the less severe forms, making the
burden of VTEC disease largely underestimated. Culture-based detection of patho-
gens from either clinical specimens or food samples usually relies on the availability
of selective and/or differential media, but VTEC detection can’t benefit from such an
approach. As a matter of fact, VTEC are mostly indistinguishable from commensal
E. coli by culturing with the exception of E. coli O157:H7, which generally possess
peculiar phenotypic properties (inability to ferment sorbitol, absence of beta-gluc-
uronidase activity, resistance to cefixime and potassium tellurite).

Beside the diagnosis of infections and food testing, the inability to distinguish
between pathogenic and harmless E. coli strains affects the surveillance and the
monitoring of this pathogen. For a VTEC strain to be characterised, the most mean-
ingful approach resides in the identification of virulence genes, or the so-called
“virulome” [13, 14]. Such genes include the determinants encoding the
Verocytotoxins (VT) and several other virulence factors involved in the efficient
colonization of VTEC in host gut [13, 15-18]. The definition of the VTEC virulome
is still an ongoing process. It started soon after their discovery with the identifica-
tion of the bacteriophages conveying the VT-coding genes [18] and continued with
the identification of many accessory pathogenicity islands, such as the LEE locus
[16] and the O-islands (OI) 122 [15, 17] and 57 [13]. Nevertheless, the VTEC viru-
lome seems to be even more complex both in its size and pathogenetic potential, as
it is witnessed by the genomic information derived from the determination of the
first whole genome sequences of VTEC O157 [19, 20] and the advent of the “Next
Generation Sequencing” era.

VTEC Pathogenomics and the Problem of Its Classification

VTEC is a highly heterogeneous group of pathogenic E. coli, comprising strains
with different genetic and phenotypic features, and characterised by diverse combi-
nations of virulence determinants, which may be related to the observed wide range
of symptoms associated with VTEC disease.

VT-phages are the main virulence-associated MGE of the VTEC virulome and
have a high degree of variation in their genomes [21]. Two main types of VTs have
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been recognized, VT1 and VT2 [22], which are antigenically distinct [22, 23]. The
identification of VT-genes (vtx) allowed the development of molecular tools for the
detection of VTEC [18, 24-26], which involved the use of DNA probes at the begin-
ning but later transitioned to PCR amplification of specific parts of the VT-coding
genes [27, 28]. Nowadays, this approach has been upgraded with tools able to iden-
tify the numerous subtypes and variants of each main VT type, including three sub-
types of VT1 (VTla, VT1c and VT1d) and seven subtypes of VT2 (VT2a, VT2b,
VT2c, VT2d, VT2e, VT2f and VT2g) [29, 30], constituting a means to better char-
acterise VTEC strains. As a matter of fact, a VTEC strain can produce either VT1 or
VT2 alone or both in different combinations of type/subtype, even though some of
these can be more frequent in certain VTEC subpopulations. In particular, several
studies have indicated that the presence of some vix2 genes subtypes, namely vix2a
and vix2c, is strongly associated with VTEC strains causing serious illness [29, 31].

Although the VTs represent the major virulence trait of VTEC, their sole produc-
tion seems to be not sufficient to cause illness, at least the most severe forms. Indeed,
for the disease to become apparent, the effective colonization of the host gut must
be ensured. Most of the VTEC associated with HC or HUS, also termed EHEC,
produce a typical hystopathological lesion to enterocytes termed “attaching and
effacing” (A/E). A/E is characterized by the effacement of the microvilli brush bor-
der and the presence of microfilamentous structures, known as pedestals, which
protrude from the cell surface and intimately accommodate the adhered bacteria
[16]. The ability to cause the A/E lesion is governed by several genes present on a
35 Kbp pathogenicity island called the Locus of Enterocyte Effacement (LEE),
which was first described in Enteropathogenic E. coli (EPEC) [32], another group
of diarrheagenic E. coli, and later shown to be present in other bacterial pathogens,
including EHEC and bacteria belonging to other enterobacteriaceae species, such as
Citrobacter freundii, Hafnia alvei and Escherichia albertii [33-36].

The LEE locus conveys the genes encoding a type III secretion system (TTSS),
a complex molecular structure allowing the injection of bacterial effectors directly
into the host cell, and the genes eaeA and tir encoding an outer membrane protein
called intimin, which mediates the intimate attachment of the bacterium to the
enterocyte surface, and its translocated receptor, respectively [37]. As with the
VT-genes, the eaeA gene presents a considerable diversity in the nucleotide sequence
[33, 38, 39], resulting in several distinct intimin types classified with a nomencla-
ture system based on the Greek alphabet [40, 41]. Some intimin types are generally
associated with certain VTEC groups, such as intimin y produced by serogroups
0157, O111, and O145, and intimin & possessed by VTEC serogroups O103 and
O121 [41]. It has been hypothesised that the different intimin types confer to the E.
coli strains different tissue tropism. In fact EPEC strains, which produce f intimin,
have been shown to colonise almost all regions of the small bowel, while the colo-
nization of y intimin-positive EHEC seems to be restricted to the follicle-associated
epithelium of the Peyer’s patches [42].

It has been suggested that LEE-positive VTEC such as the EHEC serotypes
0O157:H7,026:H11,0103:H2, O111:NM, O121:H19, and O145:NM are more com-
monly associated with HUS and outbreaks than LEE-negative VTEC serotypes [10,
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15, 43]. This assumption seems not to be absolute though. As a matter of fact, some
LEE-positive VTEC identified in animal reservoirs belong to serogroups that have
never been detected in human cases of disease [44, 45], while VTEC lacking this
pathogenicity island have been isolated from cases of HC and HUS [46-49]. These
observations suggest that, in addition to the LEE locus, other genetic elements may
also constitute the VTEC virulome.

Unravelling the complete mechanism of VTEC pathogenesis and the complex
structure of VTEC genomes is therefore pivotal to a comprehensive definition of the
strains that may be considered as pathogenic to human beings.

The Discovery of the Mosaic Nature of VTEC Chromosome
and the Attempts to Define Pathogenic VTEC
in the Pre-NGS Era

In the early 2000s, Hayashi et al. [19] published the whole genome sequence (WGS)
of the EHEC O157:H7 RIMD 0509952 strain (also termed O157 Sakai), which had
caused a huge outbreak of infections in 1996 in Japan affecting more than 6000
schoolchildren [50]. In the same period, the genome of the O157:H7 strain EDL.933,
isolated from Michigan ground beef and linked to a multi-state outbreak of HC in the
United States in 1982 [4], was sequenced and annotated [20]. These studies revealed
that horizontal gene transfer played a far more extensive role in VTEC O157 evolu-
tion than expected [19, 20, 51] and opened the way to the age of VTEC genomics.
The analysis of the two VTEC genomes in comparison with that of the E. coli K12
reference strain MG 1655 [52] revealed for the former a genome of more than 5 Mbp
and highlighted the existence of a 4.1 Mbp backbone shared between MG1655 and
EDL933. The VTEC O157 genome contained 177 unique “O-islands” (OI) while the
K12 MG1655 strain had 234 “K-islands” [20]. A similar picture was depicted for the
RIMD 0509952 strain, whose chromosome is 5.4 Mbp in length, with similar pres-
ence of backbone and strain-specific segments [19]. As a whole, about 20 % of the
VTEC 0157 genome was specific to individual strains. This large amount of acces-
sory DNA comprises both the main known virulence-associated genetic elements,
such as the LEE locus and the VT-converting phages, and many other MGEs that
could encode additional virulence factors or other properties involved in the pathoge-
netic mechanism or the survival of the bacterium in the environment or the food
chain. As a matter of fact, only 40 % of the open reading frames (ORFs) identified in
the OI of the VTEC O157 EDL933 strain has been assigned with a putative function
[20]. In the EDL933 strain, apart from the LEE locus, some other Ols larger than
15 Kbp have been regarded as pathogenicity islands (PAIs) since they encode puta-
tive virulence factors, have a GC content lower than the average of the E. coli chro-
mosome, and are inserted in or close to tRNA loci [53]. In particular, the attention of
the investigators was drawn by a 22-Kbp genomic island, designated as OI-122 in
strain EDL933 [20]. This island contained the 5° region of the efal/lifA gene, whose



7 Verocytotoxin-Producing Escherichia coli in the Genomic Era. .. 113

product has been described to reduce the immune response of the host upon EPEC
infection and to be involved in the ability to adhere to cultured epithelial cells [54,
55]. After the identification of the efal/lifA gene, two independent studies investi-
gated the role of OI-122 in VTEC evolution [15, 17] and came to the conclusion that
this OI has co-evolved with the LEE locus in VTEC and EPEC strains [17] and that
it is part of the most pathogenic VTEC virulome [15].

The growing knowledge of the VTEC virulome led to the concept of “seropa-
thotype” (SPT) [15], which became a means to define different VTEC types. It
consisted in grouping VTEC serotypes based on their reported frequencies in human
illness (in qualitative terms such as ‘“high,” “moderate,” or “rare”), their known
associations with outbreaks and with severe disease, such as HUS and HC, and on
the presence of the LEE locus and the OI-122 [15]. The derived classification
scheme divided VTEC into five SPT (A-E), in a decreasing rank of pathogenicity
(Table 7.1, modified from EFSA [12]).

SPT-A comprises serotypes O157:H7 and O157:NM, which are the most com-
mon causes of outbreaks and HUS, while SPT-B includes the remaining VTEC of
the EHEC group such as serotypes O26:H11, O103:H2, O111:NM, O121:H19 and
O145:NM. SPT-C includes LEE-negative VTEC, such as those of serotypes
091:H21 and O113:H21, which are sporadically isolated from HUS. SPT-D con-
tains many VTEC serotypes isolated from diarrhoea but not associated with HUS or
HC, while the SPT-E group contains animal isolates that have never been described
in human disease [15, 56].

The SPT-based classification of VTEC is helpful to assign most of the VTEC
strains isolated from human disease to a category, but it lacks the capacity of proac-
tively assigning a risk rank to VTEC isolated from the vehicles of infections. This
is largely due to the many gaps in our knowledge of the features that make a VTEC
strain pathogenic and is the subject of the large on-going debate in both scientific

Table 7.1 Classification of VTEC serotypes into seropathotypes

Virulence markers
Severe OlI-
SPT | Incidence Outbreaks disease | vtx eae | 122 | Serotypes
A High Common Yes vix2 but + + O157:H7, O157:NM
may also
carry
vix1
B Moderate Uncommon | Yes vixl and/ |+ + 026:H11, O103:H2,
or vix2 O111:NM,
O121:H19, O145:NM
C Low Rare Yes vixl and/ |+/— | +/— |091:H21, 0104:H21,
or vix2 O113:H21, O5:NM,
O121:NM, O165:H25
D Low Rare No vixl and/ | +/— |- Multiple
or vix2
E Non-human | NA NA vixl and/ | +/—- |- Multiple
only or vix2
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and regulatory contexts that aims at deploying measures to mitigate the risk of
VTEC infection for human beings. As an example, the European Food Safety
Authority (EFSA) considered the SPT classification as the basis for defining patho-
genic VTEC and identifying the VTEC populations to be monitored in food vehi-
cles to protect consumers’ health [12]. The discussion group involved in the
production of the opinion analysed the data on human infections collected by the
European Centre for Disease prevention and Control (ECDC) in the time period
2007-2010 and concluded that, based on the current knowledge, it was not possible
to fully define a human pathogenic VTEC and that probably a dynamic molecular
approach taking into consideration the evolving information on the VTEC virulome
would better fit the scope of defining the pathogenic VTEC in the future.

Identification of New and Emerging VTEC Through WGS

DNA sequencing technologies have leapfrogged in the recent years towards the pro-
duction of affordable benchtop instruments to produce DNA sequences from entire
genomes, de facto opening the “Next Generation Sequencing” (NGS) era. The
genomes of multiple bacterial strains can be simultaneously deciphered and covered
at a good depth by operating the current NGS platforms in single runs, producing raw
sequencing data in less than 24 h. Even though the NGS technology is continuously
improving, some aspects still need to be addressed before the approach can be used
as a routine tool for surveillance of pathogenic microorganisms. The length of the
sequencing reads remains a crucial factor for minimizing the number of gaps in draft
genomes assembled from the raw sequencing reads. Additionally, the presence of
DNA regions exchanged among bacteria via HGT hinders the assembly and interpre-
tation of sequencing data, due to the existence, in these MGE, of similar stretches of
sequences repeated in multiple positions throughout the genome. As a result, the
assembled contigs (i.e., DNA fragments assembled from sequencing reads) are often
interrupted at the MGE [57]. This is particularly true when analysing the genomes of
pathogenic Escherichia coli strains, e.g. VTEC, which are characterized by a high
degree of genomic plasticity and contain a large fraction of MGE. In fact, consider-
ing the whole population of pathogenic E. coli, it has been estimated that approxi-
mately 26 % of the complete E. coli pangenome is made up by “volatile” genes
conferring pathotype/strain specificity [58, 59].

The study of the VTEC O104:H4 strain that caused a severe food-borne outbreak
of haemorrhagic colitis and haemolytic uremic syndrome in Germany and France in
2011 marked the first application of the NGS technology in the investigation of a
multinational outbreak of E. coli. The episode involved a total of 4033 cases, compris-
ing 901 HUS and 50 deaths [60, 61]. The outbreak strain was an Enteroaggregative
E. coli (EAEC) that was able to both display the typical stacked brick pattern of adhe-
sion on cultured cells monolayers and produce Verocytotoxin (VT) [62]. Such unfamil-
iar combination of virulence features, caused by the acquisition of a VT-converting
phage by an EAEC, accounted for the high virulence of the strain as shown by the high
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number of HUS cases in not immune-compromised adults [63]. Tracing-back investi-
gations have allowed attributing the source of the outbreak to sprouts produced with
fenugreek seeds imported from Egypt [61, 64]. The combination of the high pathoge-
nicity of the strain with its accidental dissemination through the food chain resulted in
the largest outbreak due to VT-producing E. coli ever registered in Europe.

During this outbreak, the value of NGS technology in understanding the viru-
lence, origins and epidemiology of this novel pathogen was readily demonstrated
[65-68]. Several research groups sequenced the genome of VTEC O104:H4 strains
isolated from patients involved in the outbreak in a few days after the first alert. Of
particular interest, a crowdsourcing was set up within days on a public website for
sharing the results from the genomic analyses, involving the participation of many
European groups [69]. These analyses revealed a strong similarity of the genomic
backbone of the outbreak strain with that of an historical O104:H4 EAEC isolate,
the strain 55989, with major differences residing in the plasmid content and the
exclusive presence of a VT2-coding phage in the outbreak strain [66—68]. In the
latter, the VT-coding genes were carried by a lambdoid phage integrated in the wrbA
locus, a genomic hotspot for phage insertions, and produced the VT2a subtype toxin
[66], one of the subtypes most frequently found in VTEC strains isolated from
severe cases of disease [31]. The genes encoding the enteroaggregative adhesion
phenotype, such as those producing the AAF/I fimbriae, were harboured on a
83 Kbp plasmid similar to that found in classical EAEC strains, suggesting the ori-
gin of the outbreak strain from an event of VT-phage acquisition, probably from a
bovine source [70], by a typical EAEC. Interestingly, a second large plasmid of
90 Kbp was identified, harbouring the genes conferring the ESBL resistance pheno-
type [66—68]. The latter trait is becoming a matter of increasing concern in EAEC
strains [71] and at the same time an uncommon feature in VTEC strains [72].

During the investigation on the German outbreak of 2011, the genome of another
historical E. coli 0104 strain, HUSECO041, isolated from a sporadic HUS case in
Germany in 2001 [66] was also completely sequenced and compared with the 2011
outbreak strain by Multi Locus Sequence Typing using all the identified genes of the
core genome (cgMLST). This investigation suggested that the two isolates might
belong to a highly pathogenic O104:H4 VT-producing EAEC clone not distantly
related to the 55989 reference EAEC O104:H4 strain [66].

The prompt release of the whole genome sequence of the strain responsible for
the 2011 German outbreak boosted the development of diagnostic tools. As an
example, a novel diagnostic application was invented using the draft whole genome
assemblies made available through the E. coli O104:H4 Genome Analysis Crowd-
Sourcing Consortium website [73]. The PCR-based application involved iterative
primers design and alignment predictions. Each primer pair was selected not only
by virtue of its ability to recognize sequences on the target genome, but also with
respect to its inability to map on the genomes of other 69 E. coli strains used as a
negative control panel. This application provides a good example of the possibilities
offered by the NGS technologies. The proposed opportunity to design tools for
detecting specific strains without the need of targeting a predefined genomic feature
is promising. It could avoid the need to perform computationally intense and time
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consuming genome-to-genome alignments while allowing the in silico development
of diagnostics without a thorough knowledge of the target microorganism [73].

The release of the whole genome sequence of the O104:H4 strain from the 2011
outbreak not only guided the development of diagnostic tools, but also set the basis
for comparative studies aiming at investigating the evolutionary mechanisms behind
its emergence. The genomic studies converged on the analysis of the sequences of
the few other strains available in the public repositories that shared the peculiar
characteristics of the O104:H4 outbreak strain.

The first isolation of an EAEC strain producing VT2 dates back to 1992, when a
VTEC O111:H10 strain (formerly typed as O111:H2) was reported as being the
causative agent of an outbreak of haemolytic uremic syndrome in France [74].
Moreover, after the German outbreak of 2011, two other strains showing the same
combination of virulence genes were isolated from as many human cases of disease
and subjected to whole genome sequencing. The first isolate, a VT-producing EAEC
O111:H21, caused a sporadic HUS case in Northern Ireland in 2012 [75]. The sec-
ond one, of serotype O127:H4, was isolated from a small HUS outbreak in Italy in
2013 [76]. Recently, it has been shown that the excision of the VT-encoding bacte-
riophage harboured by the VT-producing EAEC O111:H10 can be induced and that
the phage itself can be used for efficaciously infecting E. coli strains belonging to
different diarrheagenic E. coli [76]. The genome of this phage was completely
sequenced [77] and showed 99 % of sequence identity with the bacteriophage har-
bouring the vtx2 genes in the VT-producing EAEC O104:H4 strain responsible for
the German outbreak occurred in 2011 (Acc. No. NC_018846) [78]. A further com-
parison was carried out between these two phage sequences and the WGS of the
other known VT-producing EAEC in order to assess if the VT-phages present in
these peculiar VTEC strains shared common features and could thus provide hints
on their origin and evolution. Surprisingly, all the VT-phage sequences were almost
identical, displaying more than 99 % sequence similarity, with the exception of the
VT2-coding bacteriophage harboured by the O111:H21 strain isolated in Northern
Ireland [76, 77]. The latter appeared to be completely different from the phages in
all the other strains, with the exception of a short DNA stretch of 8 Kbp comprising
the vix2 genes, providing evidence that at least two different populations of
VT-converting phages have been able to stably infect EAEC strains [76, 77].

The finding of a nearly identical VT-phage in EAEC strains belonging to three
different serotypes, namely O111:H10, O104:H4 and O127:H4 was puzzling. In
fact, since the strains were isolated during a more than 20 year time span and the
phages are usually very variable [21], the observation suggested that such VT-phages
could be kept under a strong selective pressure impeding the accumulation of
sequence variations.

The availability of WGS of VT2-phages from VT-producing EAEC strains
allowed their genomic comparison with those from the VT-phages of typical VTEC
strains. Such a strategy showed the presence of a short sequence fragment uniquely
associated with the phages present in EAEC strains and encoding a tail fiber. As it
has been reported that the interactions between phage tail fibers and bacterial host
proteins contribute to the success of the infection [79], it is conceivable, although
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not confirmed yet, that differences in such phage proteins may contribute to define
VT-phages tropism for E. coli recipients [77].

The studies on VT-phage genomes showed how an NGS-based approach could
be funnelled towards the investigation of specific aspects of pathogenic E. coli
evolution.

As a matter of fact, the use of NGS technology enabled fast characterization of
the VT-converting phages harboured by EAEC strains and allowed making hypoth-
eses on the mechanisms underlying the evolution of the VT-producing EAEC.

The results of the studies on EAEC and their VT-phages also ignited the debate
on whether VTEC do represent a distinct class of E. coli able to produce VTs or
rather they have to be considered as variants of other pathogenic E. coli groups with
augmented pathogenicity, generated by the acquisition of a VT-phage.

NGS: A Promising Subtyping Approach to the Real Time
Surveillance and Monitoring of VTEC Infections

The application of NGS to bacterial typing, taking advantage of its impressive dis-
criminatory power, is as attractive as its ability to allow deciphering of the virulence
of a bacterial strain.

Molecular typing techniques have been developed and widely used in the last 20
years to characterise bacterial isolates and provided essential tools for surveillance
and monitoring of pathogenic bacteria and early detection of outbreaks. This
approach has been recently acknowledged and enforced at the EU level for the con-
trol and monitoring of food-borne infections caused by pathogens such as
Salmonella, Listeria and VTEC in the perspective of outbreak preparedness [80]. In
2013, the European Food Safety Authority received the mandate from the European
Commission to provide technical support for the collection of molecular typing data
offood/animalisolates of Salmonella, Listeriamonocytogenes and VTEC. Previously,
the European Centre for Disease prevention and Control (ECDC) had been appointed
to collect similar information from clinical isolates. The molecular typing informa-
tion hosted in the two databases will be the basis for a joint investigation of clusters
of bacterial profiles involving those from human cases of disease and from non-
human sources. The molecular typing data collection program is currently accept-
ing bacterial molecular profiles obtained through standardized typing methods, such
as Pulsed Field Gel Electrophoresis (PFGE) and, limited to Salmonella isolates,
Multi Locus Variable number tandem repeats Analysis (MLVA). Although based on
the use of “first generation” typing techniques, those being already standardized and
largely in use in the EU, the molecular typing data collection program does not
reject the possibility of upgrading to the more modern and sophisticated typing
approaches based on WGS in the future [81]. Nevertheless, for their adoption in
routine surveillance and monitoring, both the NGS technologies and data analysis
should be streamlined and used by a wider spectrum of laboratories.
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To respond to the strategic needs related with the introduction of NGS into public
health microbiology, ECDC has already appointed an Expert Group on the
“Introduction of Next Generation typing methods to surveillance of Food- and
Waterborne Disease (FWD)”, with the aim of depicting an NGS-based FWD
Surveillance Strategic Framework for guiding future implementation of new molec-
ular/genomic typing technologies for surveillance and outbreak investigation of
FWD at national and European level. The activity of this group has led to the publi-
cation in October 2015 of the “Expert opinion on the introduction of next-generation
typing methods for food-and waterborne diseases in the EU and EE” (available at
the ECDC webpage: http://ecdc.europa.eu/en/publications/Publications/food-and-
waterborne-diseases-next-generation-typing-methods.pdf).

With entire genomes sequenced, the analysis of the variability is extended to
single nucleotidic polymorphisms (SNPs) occurring at any position on the micro-
bial genome. This approach increases the discriminatory power of the typing tech-
niques, but may also complicate the interpretation of the results. In order to reduce
the resulting complexity of the phylogenetic analyses, whole genome MLST
(wgMLST) schemes are currently being developed for several bacterial pathogens,
aiming at identifying only the differences (SNPs, insertions and deletions) present
in the coding regions [82—-84]. For typing some bacterial species the use of a “core
genome MLST” (cgMLST) has also been proposed, interrogating the alleles of all
the core genes identified upon comparison with a comprehensive species-specific
database of core genes only [85-88].

The challenge of using schemes based on the whole genome SNPs (wg-SNPs) for
typing VTEC is linked to the need to come to a consensus on the number of SNPs
defining a cluster given the high variability characterising this bacterial species [89,
90]. For typing E. coli strains, including VTEC, the possibility to use simplified
allelic variation patterns, such as those derived from wgMLST or cgMLST, may be
more appropriate. It has to be considered, however, that it could be challenging defin-
ing either the borders of the different E. coli pathotypes’ genomes, being many genes
often shared among different groups [57, 91], or identifying the core genome of a
bacterial species whose pan-genome includes today about 20,000 genes [59].

In 2014 the first attempt at comparing the performance of conventional methods
and whole genome sequencing for characterizing and typing VTEC strains was pub-
lished [89]. The authors demonstrated the suitability of the NGS-based approach in
the identification of the virulence genes content and for MLST typing and [92], at the
same time observed a cluster of VTEC O157 genomic profiles possibly identifying
an outbreak of infections by applying the wg-SNPs typing approach to characterise
all the VTEC strains isolated in a 7 weeks sampling period. This observation strength-
ened the usefulness of a “near real-time” surveillance of VTEC infections through
the NGS-based subtyping of the infecting strains with respect to the use of other
methods such as serotyping, dot blot-based virulotyping and conventional PEGE that
would have led to a similar result but in a much longer period of time [89].

Recently, other studies have explored the application of the SNPs analysis to the
investigation of outbreaks of VTEC O157 infections. One of these studies was suc-
cessful in identifying two different clones of isolates that had caused two distinct
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outbreaks of infections that had previously been considered as a single episode
being the cases reported in the UK in the same period (September 2013) and caused
by VTEC O157 belonging to the same phage type (PT2) [93]. The same SNP-based
typing approach was also used to retrospectively analyse collections of VTEC O157
strains held at the Public Health England [94, 95]. Such piece of research led to the
conclusion that using the SNPs analysis would allow identifying more clusters of
isolates, compared to traditional typing techniques [94]. In one of these studies, the
authors also attempted to establish a threshold of five SNPs to identify epidemio-
logically related isolates [94].

An additional study describing an extensive analysis of VTEC O157 circulating in
the Great Britain and introducing an interesting algorithm for computing the genomic
differences needs to be mentioned. In this piece of research, SNPs were used to
describe the population structure of VTEC O157 based on clonal groups. In detail, a
hierarchical single linkage clustering was performed on the pairwise SNP difference
between the strains at various distance thresholds (A250, A100, A50, A25, A10, A5,
AO0), resulting in unique keys assigned to the SNPs profiles. The key has been termed
SNP address and represent the first proposal for a SNP-based nomenclature [96].

Although all the mentioned studies have provided evidences that the SNPs analy-
sis may be useful for outbreak investigation and surveillance studies, it is important
to note that most of them were successful in detecting clusters of VTEC O157
strains, which are known to have emerged more recently than VTEC belonging to
other serogroups and therefore being much more homogeneous [97], intrinsically
reducing the complexity of the typing results.

Only one study based on SNP-typing has been published so far with the purpose
of profiling epidemiologically related non-O157 VTEC strains [98]. The isolates
investigated were VTEC 026 isolated from two outbreaks with strong epidemio-
logical and microbiological evidence. The authors observed that the isolates from
both the episodes showed, within each group, a maximum of three SNPs difference
when the VTEC 026 strain 11368 was used as reference for the SNP identification
[98]. This finding is interesting but it should be extended to a wider population of
strains before considering it as a threshold for the identification of clusters of cases
of VTEC 026.

All the aforementioned studies demonstrated the suitability of SNP-based typing
for the identification of VTEC O157 and 026 clusters in limited settings but may
not prove efficacious in surveillance or monitoring systems where the observations
are extended to wider VTEC populations over the time. As a matter of fact, all the
proposed approaches were reference-based and only used the portions of the genome
in common between a fully annotated reference genome and the isolates assayed for
the SNPs identification. This strategy has some limitations. In fact, the genomic
plasticity of this bacterial species is expected to cause the field isolates to quickly
diverge from the reference used, which would reduce the portion of genome sub-
jected to SNPs identification in turn reducing the discriminatory power of the whole
typing system.

More extensive studies should be carried out to assess the suitability of reference-
based SNPs analysis for the purpose of replacing the current methodologies used
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for VTEC typing. Reference-free analytical pipelines should also be developed and
evaluated for their ability to produce meaningful typing results in order to increase
the possibility for the SNP-typing to convert from a promising approach to a factual
tool for the monitoring and the surveillance of VTEC infections.
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Chapter 8
Campylobacter

Noel McCarthy

Introduction

The genus Campylobacter from the delta-epsilon group of proteobacteria, are micro-
aerophilic, Gram-negative, flagellate, spiral bacteria. Campylobacter jejuni is the
leading cause of bacterial food-borne diarrhoeal disease throughout the world. C.
Jjejuni is primarily a cause of gastroenteritis with onset 2—5 days following infection
[1]. Laboratory confirmed cases in one large study from the United Kingdom (UK)
typically reported diarrhoea (95 %), abdominal pain (85 %) and fever (78 %) and less
commonly vomiting (35 %) and bloody diarrhoea (27 %), with factors such as young
age and large infecting dose associated with more severe disease [2]. Ten percent of
these cases were admitted to hospital. This disease spectrum was based on labora-
tory confirmed cases in a high-income country. Symptoms are likely to be less severe
and certainly hospitalisation rates lower among non-laboratory confirmed clinical
cases. Extra-intestinal infection is rare [3, 4] but non-infectious extra-intestinal com-
plications may occur in the weeks following infection notably reactive arthritis and
the neurological condition of Guillain-Barré syndrome. Reactive arthritis incidence
post gastroenteritis has been estimated at between 1 and 5% [5] and C. jejuni infec-
tion may be the most common preceding infectious cause [6] of reactive arthritis.
The differential risk for Guillain-Barré syndrome by serogroup [7, 8] supports the
application of whole genome sequencing (WGS) to characterise strain characteris-
tics associated with complications more fully, with no evidence for or against
pathogen subtype predicting other complications. The closely related species
Campylobacter coli also causes substantial human disease, perhaps 10 % of the total
burden of human campylobacteriosis [9] although there is a limited evidence base
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comparing illness across species with routine laboratory identification often ending
at the genus level. Because isolation procedures are generally optimised for C. jejuni
and C. coli [10] it is likely that other members of the genus contribute a greater pro-
portion of illness than is recognised, at least in some parts of the world [11, 12], with
most evidence to date for Campylobacter upsaliensis [13, 14] for which the clinical
picture may also be more severe with for example bacteraemia occurring more com-
monly [13] and more recently reports indicating that Campylobacter concisus may
be a significant cause of human bacterial gastroenteritis [12]. The advent of genome
based molecular tools may support improved detection of the wide range of other
species in human samples and in foods [15] and clarify which of these are associated
with disease in humans. Partial genome sequencing approaches initially applied to
C. jejuni [16] and C. coli [17] were later extended across other species [18]. Although
this chapter focuses mainly on C. jejuni and C. coli the general approaches described
are also applicable across other species and are likely to contribute to the identifica-
tion of other species in potential sources [15] as well as in cases of human
infection.

Future Applications of Genomics

The likely areas for the early application of genomics in the pathogens on which
this chapter focuses are: (1) enhancement of descriptive epidemiology to refine and
answer outstanding questions in this area; (2) attribution of human infection to
source; (3) identification and investigation of outbreaks; and (4) studies of particu-
lar features such as antimicrobial resistance, virulence and factors affecting food
chain survival. Epidemiology: a seasonal peak during summer was an early finding
in the study of campylobacteriosis [19, 20] and has been described widely since
then [21, 22] with a sudden very sharp increase, often doubling the weekly inci-
dence of reported infection over the course of 2 weeks at the same time each year
[21] in most temperate countries. Seasonal variation in clonal groups across the
seasons [23] suggest that WGS may contribute to improved understanding of the
biology of this feature as well as potentially contributing to understanding of other
temporal and geographical patterning of human campylobacteriosis that appear to
vary by subtype [23]. Attribution: identification of the sources of infection of food-
borne zoonoses with more than one animal host or environmental reservoir [24] can
guide disease control interventions. Although a lot is known about the main sources
of human campylobacter infection from a combination of analytical epidemiology,
observation of natural experiments, risk assessment and microbial typing much
uncertainty still remains on the quantitative contribution of different sources and
transmission routes. Contaminated poultry is widely identified as the most impor-
tant source, followed by infection from ruminant sources and then a wide range of
other wild animal and environmental sources contributing less certain numbers of
cases [25]. Seven locus multilocus sequence type information has been extensively
exploited in attributing C. jejuni and C. coli [26-28] to the main sources of human
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infection. There is some evidence from population genetic analyses of multilocus
sequence type (MLST) data and WGS analysis that more accurate attribution may
be possible using whole genome data [29, 30]. The transmission routes from reser-
voir sources to humans are unclear with potential for cross contamination in kitch-
ens being important [31, 32] as well as some evidence for environmental
transmission from food animals to humans in addition to transmission via contami-
nated food [33, 34]. Although this evidence shows that food animal strains can be
transmitted by routes other than food consumption outdoor exposures are in general
more strongly associated with acquisition of environmentally associated subtypes
and cases in pet owners have been reported to be associated with subtypes carried
by pets [34, 35]. Whether pathogen genomics can contribute to elucidation of dif-
ferent transmission routes is uncertain and depends on the rate of detectable genetic
change during transmission. Differential survival of Campylobacter subtypes
through food processing has been reported [36] suggesting that some information
may be available from WGS studies across the food chain but the practical utility of
this is unclear. Qutbreak detection: although pulse field gel electrophoresis has not
been effective in identifying outbreaks of Campylobacter, in contrast to the
PulseNet findings for other bacteria [37, 38], there is some evidence that population
based genomic surveillance can identify outbreaks [39]. However this data also
suggests that single strain outbreaks may generally be both small and uncommon
[39]. Particular features: alongside these broader themes extensive application of
genomics to pathogens should allow identification of the genetic basis for a wide
range of specific features such as antimicrobial resistance and virulence. Here the
capacity of WGS to assay both individual genetic determinants of, for example,
virulence and the wider evolutionary context of the isolate from analysis across the
rest of the genome is particularly important. After a brief review of MLST and
WGS applications to date the main body of this chapter considers how WGS may
address these four themes.

Applications of Genome Sequencing to Campylobacter to Date

The first sequenced genome of Campylobacter [40] was followed shortly after by a
widely accepted MLST scheme [16]. Together these have provided the basis for
demonstrating the value of population genetic approaches to the population level
study of Campylobacter species compared to typological approaches, allowing for
example improved source attribution as noted above. Although there has been very
limited published whole genome based work on large sample collections to date,
with most work restricted to 7-locus MLST, some insights into both source attribu-
tion [30] and outbreak detection [39] have already been demonstrated using WGS.
This early work motivates further application of these approaches. Equally impor-
tantly this work has both identified the reliability of Illumina sequencing to produce
relatively complete high quality coverage of the genome efficiently [39], and high-
lighted the combination of appropriate sampling frames and analytical approaches
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that will be required alongside genome sequencing to answer the range of questions
that are open to WGS technologies.

Issues in and Approaches to Applying WGS to Campylobacter
Epidemiology, Attribution, Outbreak Detection and Other
Areas

Descriptive Epidemiology of Campylobacter

The substantial seasonal peak in humans [21] is a leading unresolved question in the
basic descriptive epidemiology of human campylobacteriosis. Complexities to this
include some variation in the seasonality when different age groups are considered
separately [41]. A parallel seasonal peak in chickens is one possible driver of this
[42]. However given, for example, a wider range of subtypes in the chicken
Campylobacter population and more stability in these over 3 years than among the
isolates from humans [43] the seasonal peaking of human infection at this time may
involve sources other than foodborne transmission from poultry. Application of
MLST has identified the substantial contribution of a single clonal group identified
by ST-45 and ST-283 complex to the human summer peak [9, 23], a clonal group
with a wide host range [44-46]. However it is not known whether this is due to
increased transmission to humans from the same sources as at other times of year or
different additional sources of this clonal group during summer months. Findings to
date therefore suggest that the additional information accessible via WGS, in com-
bination with well sampled studies, should clarify this question for this clonal group
and allow fuller investigation of the wide range of clonal groups which have season-
ally varying patterns. Joint analysis of WGS data alongside other epidemiological
factors such as age and urban-rural classification of residence of human cases will
be required given the association of seasonal patterns with these patient characteris-
tics. In addition the seasonal ecology in natural reservoirs and seasonal variation in
transmission between and from them must be mapped out to allow robust conclu-
sions on the processes driving the temporal pattern of human disease overall and
among different sections of the human population. The underlying assumption to the
contribution of WGS in this is that it will allow the identification of lineages associ-
ated with different potential sources of human infection.

Similarly the geographic patterning identified as present, but generally weak,
among many host species will be amenable to more refined assessment with WGS
data from large well sampled isolate collections [23, 29, 47, 48]. Most sampling to
date has been in industrialised countries. Alongside the relatively modest geo-
graphic effects observed overall there is evidence that some lineages, not yet widely
identified elsewhere, comprise a substantial proportion of human disease in
individual countries. This has been observed in both industrialised [49] and less
industrialised countries [50]. Studies integrating temporal, geographical and bacte-
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rial population genetic data across multiple datasets before WGS data have allowed
additional insights including demonstration of the mutual dependence in the rela-
tionship between season, geography and bacterial populations [23]. The critical
work to allow use of WGS data to support improved understanding of the basic
descriptive epidemiology of Campylobacter is therefore the assembly of exten-
sively sampled structured datasets, with epidemiological information for each iso-
late, and the development of systems to share and jointly analyse these data.

Source Attribution

Host association of some genotypes showed that subtype based attribution might be
feasible for Campylobacter [51]. However, in contrast to for example Salmonella
[52], no robust methods of indexing associations was described and no method
developed to use the observed host association to attribute human campylobacterio-
sis to source before the advent of MLST. The advent of MLST allowed population
genetic analysis of multi-locus genetic information as well as attribution based on a
summary type. Critically, this demonstrated that summary type is not the most effi-
cient approach to predicting the source of human infection. Analysis that consid-
ered each of the seven MLST loci separately allowed more accurate prediction [29].
Investigation of the basis for this result suggested that it was due to this approach
being able to use information generated by lateral gene transfer within different host
species [29] as summarised in Fig. 8.1 (from Emerg Infect Dis. 2007;13:267-72).

The resulting inference that the number of loci at which an isolate appears to
have imported genes most commonly present in, for example, chicken derived iso-
lates allows to predict an increased probability of origin in that host reservoir has
informed the model based analysis attributing human infection to sources that are
the current standard in this area [26-28, 53]. Multi-host lineages may be particu-
larly common across farmed animals making host attribution based on imported
genes important in monitoring the control of foodborne disease. Although these
approaches are informative there is substantial residual uncertainty as to source for
individual isolates after MLST based prediction [29]. However the identification
that the lateral gene transfer signal indexed by seven gene MLST contributes to
source attribution also suggests that more accurate attribution will be possible with
large WGS datasets allowing information on the likely origin of a far greater num-
ber of laterally transferred genes to be considered and used. This assumes that their
behaviour mirrors that of the seven housekeeping loci in the MLST scheme. To date
no large whole genome reference datasets have been used to test this prediction. In
contrast marked genetic differentiation among, for example, some apparently wild
bird restricted lineages [48] supports more accurate attribution even when using a
summary measure of MSLT type alone and the improvements that will be possible
from fuller WGS information for attribution of these are uncertain.

In addition to this neutral model population genetic approach, whole genome
datasets allow investigation of host association based on selection, thus allowing
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Fig. 8.1 Prediction of source of origin within the sequence type ST-21 complex. (a) Observed
accuracy of prediction by analysis of imported alleles (arrow) compared with distribution of values
obtained by permuting host labels so that the alleles varying from central genotype are not infor-
mative on host of origin. (b) Prediction of origin by using only alleles for which substantial refer-
ence information is available. Light lines indicate alleles different from ST-21 present mainly in
chickens in the reference population (i.e., an allele that would predict chicken origin); dark lines
indicate alleles present mainly in bovids (i.e., predicts bovid origin). Light boxes indicate STs
found only in chickens, dark boxes indicate STs found only in bovids, and boxes with light and
dark shading indicate STs found in bovids and chickens (from Emerg Infect Dis.
2007;13:267-72)

integration of this aspect of biology in population genetic analysis. One study seek-
ing the strongest signal of host association across the genome identified the potential
for genes involved in vitamin B5 synthesis to predict host through population genetic
analysis. The study confirmed better growth in a vitamin B5 depleted environment
for cattle origin isolates than chicken origin and proposed that this may reflect the
different diets of farmed poultry where vitamin B5 is likely to be present given a
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high cereal content in diet, than cattle where it is not [30]. Different gyrA alleles, that
encode resistance to fluoroquinolone antimicrobials have also been identified as
associated with host of origin [54]. Taken together these findings from recombina-
tion signal in MLST housekeeping genes, vitamin B5 biosynthesis genes, and allelic
forms of gyrA show the extent of information that may be present to predict host
across a genome, and the different biological processes that may be producing the
resulting host prediction signal. Synthesis of these different forms of information,
with analyses based on models appropriate to the biology generating each of them is
likely to be a central challenge in the use of whole genome sequence data to predict
source of human infection even when extensive reference datasets are in place.

Several additional issues may affect accuracy of attribution. WGS may allow
more refined insight into geographical structuring of Campylobacter populations as
noted when considering epidemiology. Although generally relatively weak com-
pared to host association as assayed by MLST geographic associations do appear to
exist within host reservoirs [23, 29]. Moreover these differences can cause bias in
attribution when the source populations are not geographically matched to those to
which cases were exposed [55]. When geographical effects have been clarified
adjustment of analyses may be possible to allow some use of the maximum avail-
able reference data. In addition to correcting for geographical effects the geography
of origin may itself be of importance in disease control. In the same way that a
particular association of human disease with one of the three main poultry produc-
ers in New Zealand was possible using seven gene MLST analysis [49] attribution
to particular national or sub-national origin may be more practicable using WGS
and could inform control and monitoring programmes where such geographical
information on source is important. Alongside optimising analysis, WGS data may
also help to clarify the limits of genome based attribution for some sources. The
greater sharing of Campylobacter populations between phylogenetically distant
food animals [56] in comparison to, for example, wild birds [48] may reflect fre-
quent transmission across host species in the farm setting so that the period of time
spent in the most recent host species may not be producing the dominant signal.
Reliable identification of the most recent genetic changes may not be possible and
indeed may not always be informative of the most recent host. Variation in transmis-
sion routes by season and over longer time periods may also produce bias if not
considered in analysis. Lastly, the absence of sampling of all possible sources of
infection means that it is not possible to attribute appropriately to all sources. The
relatively recent identification and sequencing of a vole associated isolate [57] that
was very different to populations from other animal hosts emphasises that our envi-
ronmental sampling remains incomplete. Overall therefore source attribution
requires not only the application of WGS to isolates but a mapping out of underly-
ing associations that can confound apparent host association and methodological
developments to appropriately incorporate genomic signals of phylogeny, and
lateral gene transfer alongside other data supporting prediction of source.
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Outbreak Detection and Investigation

The sources of Campylobacter outbreaks in the UK and the United States of America
(USA), the countries with the most extensive available published data, have moved
from being most typically waterborne to foodborne [32, 58—61]. Among foods, milk
associated outbreaks have been common and generally associated with unpasteur-
ised milk or failures of pasteurisation, but these have also decreased proportionately
over time [32, 59, 62] with poultry consumption becoming more prominent [60].
Outbreaks reported from other industrialised countries have also mainly resulted
from contamination of water, milk or chicken and with evidence of cross contamina-
tion in some investigations [62]. However, the most striking feature of outbreaks in
this pathogen compared to other food borne disease pathogens is how few are
detected against a large background of apparently sporadic cases. For example in
two studies, UK reviews reported that outbreaks comprised only 0.2 % [59] and
0.4 % of cases [32], respectively. The first population based application of WGS to
human surveillance provided further evidence that large single strain outbreaks are
uncommon, supporting a view that the lack of detected outbreaks is not just a feature
of inadequate surveillance but appears to reflect the occurrence of only few single
strain outbreaks, at least at a local level [39]. This analysis also emphasised the
capacity for WGS to discriminate between isolates. Across the 1026 loci compara-
ble across all 379 isolates in the study pairwise comparison showed differences at
877 loci on average. In contrast repeated isolations from the same patient varied at
between three and 14 genes in analyses using all 1643 loci with information avail-
able indicating both the marked diversity of the population and close relationship
between isolates that are truly closely epidemiologically related. A similarly close
relationship has been confirmed among 20 isolates from different patients in a con-
firmed outbreak [63]. These initial studies thus suggest that integration of WGS in
outbreak surveillance is likely to be effective in outbreak detection if applied but
that the yield might be limited which questions the cost-benefit balance of the wide-
spread application to this common pathogen when considering outbreak detection
alone. The absence of systematic WGS surveillance opens questions as to the extent
to which sentinel surveillance may usefully detect outbreaks as well as monitoring
overall sources of population infection. For example the substantial contribution to
a large increase in disease burden in New Zealand of a single strain as indexed by
seven-locus MLST that was partially linked to a single poultry producer [26] could
be interpreted as a large sustained national outbreak. A limited WGS sentinel sur-
veillance scheme would be likely to have detected this early and could have contrib-
uted substantially to intelligence to guide and monitor control interventions.

The attribution of a large proportion of apparently sporadic campylobacteriosis to
chicken [27, 28, 49] and the findings in New Zealand raise the question of whether
widely dispersed outbreaks associated with widely distributed foods might contribute
to substantially to the burden of apparently sporadic disease [64]. Campylobacter,
with a capacity to contaminate food and to then persist but not to multiply [65, 66], in
combination with a relatively low infectious dose [67—69], might be expected to be
particularly prone to producing outbreaks resulting from contamination high up in the
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food chain. Subsequent wide distribution could mean that spatial clustering among
cases is unlikely and temporal clustering may be limited (Fig. 8.2). These outbreaks
would be difficult to detect by classical epidemiological means but potentially ame-
nable to the integration of WGS even in a sentinel surveillance design [39, 64]. The
occurrence of some smaller outbreaks with clustering across classical epidemiologi-
cal parameters within a larger diffuse outbreak may help detection and investigation
when these are correctly linked together (Fig. 8.2) as evidence in the investigation of
a widespread atypical foodborne verocytotoxin producing E. coli outbreak [70].

The most obvious potential source of such “outbreaks”, where several cases are
infected from a common source high in the food chain is via contaminated poultry.
However, other possible sources could include for example, contaminated incom-
pletely pasteurised milk or milk products [63]. Integrating WGS into systematic or
even sentinel surveillance could act as a safeguard against the development of sub-
stantial undetected outbreaks far up the food chain. This function of WGS surveil-
lance assumes that outbreaks will be single strain or at least include a dominant
single strain or set of strains [63]. The capacity of such human sentinel surveillance
to contribute to public health intelligence will be far greater if it is undertaken along-
side food source WGS surveillance. This could allow both the prediction of likely
host source based on WGS based attribution as described above and possibly direct
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linkage back to a specific source if host source monitoring is sufficiently intensive
allowing identification of epidemiologically related strains on farms, foods and in
the faeces of human cases. At current costs such farm to human faeces monitoring
is unlikely to be extensive. However, given substantial testing by industry as well as
regulatory authorities a collaborative data sharing model may make a partial form of
such surveillance possible in some countries in the near future. Alongside extensive
sampling requirements such surveillance would pose analytical challenges. Given
the diversity of Campylobacter genomes, large diverse datasets cannot currently be
compared in a way that also allows fine discrimination to confirm that isolates are
closely related. This therefore requires some form of hierarchical comparison strat-
egy to effectively link isolates across surveillance systems [39, 71]. Additionally,
the detection of outbreaks associated with contamination high in the food chain may
be complicated by evolution of pathogens along the food chain. There is no data to
support interpretation of the extent to which isolates from a distant contaminated
source may nonetheless be very similar or may have undergone relatively substan-
tial evolution. The biology of Campylobacter with a lack of growth on foodstuffs
might be predicted to produce little genetic change but this remains uncertain in the
absence of empirical evidence. Investigation of such outbreaks if detected, where
WGS data can be analysed in the context of other epidemiological information, is
likely to provide useful estimates of the genomic changes that occur in these con-
texts. If outbreaks with a structured distribution network, such as that shown in
Fig. 8.2 are identified and investigated by methods including WGS it may be pos-
sible to identify whether isolates that are epidemiologically closer (e.g. from cases
in the sub-outbreak associated with Caterer X) are also detectably clustered within
the outbreak as a whole by WGS. Fully addressing these questions will require the
development of improved food chain mapping in outbreaks to support the joint anal-
ysis of genetic distance and distance in the food chain.

Just as the cost-effectiveness of integrating WGS into the surveillance of
Campylobacter is uncertain, the investigation of small outbreak signals suggested
by clustering of highly similar isolates in genomic space and other dimensions such
as time also raises questions of appropriate resource use. The arguments for such
investigations include that they may help disease control activities, that the causes
of small outbreaks may overlap with the causes of true sporadic cases and therefore
the bulk of human infection, and that small outbreaks may be detectable subsets of
larger diffuse outbreaks. Against it are the costs and the likelihood that even after
full investigation the sources of small outbreaks are often incompletely identified.

Virulence, Antimicrobial Resistance and Other Specific Areas
in the Genome Era

Approaches to studying the virulence of pathogens using WGS are developing rap-
idly. These include methodological approaches to apply genome wide association
studies (GWAS) to microbial pathogens [72] and practical applications assaying
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virulence factors by genomic comparisons across the genus Campylobacter [73]
focussed on a single clonal complex within C. jejuni [74] and even a single strain
[75]. Substantively, these genome wide studies of virulence support a model of hori-
zontal gene transfer as the main mechanism for evolution of virulence in
Campylobacter, or at least those aspects of virulence studied. Methodologically,
joint comparison of both highly clonally related and clonally distant strains is a
common feature across these examples which mainly focus on genomic compari-
sons. These analyses may be particularly efficient in detecting virulence evolving
by lateral gene transfer while other approaches may be better at identifying other
mechanisms. The single strain focussed work also included a multi-omics approach
to demonstrate both up and down regulation of a range of metabolic pathways in a
virulent strain as indexed by transcriptomic and proteomic analyses [75]. Separate
work on this strain has also suggested that methylation may be a factor in it’s patho-
genic phenotype (an association with abortion in sheep) [76] highlighting that
genome methylation, an area where bacterial genome sequencing approaches are
increasing in sophistication [77], may contribute to virulence in Campylobacter as
may post-transcriptional RNA methylation [78]. These early analyses demonstrate
the power of both breadth and depth based approaches to assaying virulence factors
in the genome and their associated biology. Given the increasing facility of genome
sequencing large populations of isolates the critical factors supporting analysis
across this breadth of data will be the development and validation of methods and
the availability of phenotypic data associated with isolates. Two of the examples
cited [74, 75] used comparison with C. jejuni subsp doylei as a comparator with
known high virulence. Although this is currently an efficient pragmatic approach it
is clearly limited and can pick out as virulence associated any genes present in a
strain under study and this typically virulent clade, whether these genes are indi-
vidually associated with virulence or not. More systematic collection of phenotypic
data across large sampled populations of genome sequenced isolates including phe-
notypic measures of virulence is essential. The structured sampling and analytical
approaches to identifying virulence are likely to also allow the reliable identification
of other features such as survival in the food chain and antimicrobial resistance.
Although antimicrobial treatment is not usual in the clinical care of human cam-
pylobacteriosis antimicrobial resistance in this pathogen remains an area of interest
for several reasons. Firstly, as outlined above resistance associated mutations may
contribute to the attribution of strains to host species of origin [54] emphasising that
resistance is patterned across the natural host ecology of Campylobacter. Secondly,
the large numbers of humans infected and sampled and wide range of wild and
domesticated animal host species sources of this Campylobacter species make it a
potential model genus for understanding gene flow between other species and
humans and the impact of animal treatment on transmission of antimicrobial resis-
tance elements to humans. Thirdly, resistance elements transmitted to humans and
more particularly between other animal species, may transfer to non-Campylo-
bacter species of greater clinical or economic importance [79]. Studies using MLST
to map the population structure in relation to antimicrobial resistance [79-84] have
identified a range of patterns supportive of clonal spread of resistance [82-85]
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although findings consistent with recurrent de-novo evolution and lateral gene
transfer are also reported [80, 81] with one study identifying stronger antimicrobial
resistance associations with sources of isolation than genotype [86] suggesting that
clonal expansion was not a dominant process of spread of resistance in the sample
studied. Almost all of these mechanisms are likely to be important given the very
different ecologies and antimicrobial pressures experienced by Campylobacter
populations in different reservoirs and transmission systems. The capacity of WGS
to simultaneously assay the genetic patterns of resistance and a detailed population
structure, as indexed across the rest of the genome, is likely to be particularly
important in understanding the generation, spread, and sometimes loss of antimi-
crobial resistance in Campylobacter. Although there is already substantial evidence
for the association of resistance among food animals [84, 85, 87] and some studies
demonstrating antimicrobial resistance differences in food animal origin isolates
compared to wild animal or environmental isolates [83, 86] the process of genera-
tion and transmission of resistance is very incompletely understood. The detailed
phylogeny alongside direct genomic evidence for resistance available from WGS is
likely to substantially transform this understanding. As already undertaken for
other pathogens [88] a process of mapping the genetic basis of resistance against
phenotypically demonstrated resistance is a critical early step to fully exploiting
WGS to study the pattern and spread of resistance. Additionally, the inferences will
depend on the sampling frame generating sequenced isolates. Sampling across
human, food chain and wild animal and environmental settings will be needed to
map the generation and flow of resistant strains and resistance elements. Studies on
bacterial populations with known antibiotic use exposures will be required to
extend this work to understand the relationship between these exposures and the
pattern of antimicrobial resistance produced, evidence that could guide interven-
tions to reduce resistance.

Conclusion

Although most of the current and potential developments described above require
the availability of WGS from cultured isolates the parallel developments, in part
arising from genome data, of improved PCR diagnostics [89] may be employed
increasingly. The clinical predictive values of such tests when positive is uncertain
and susceptible to the effect of frequent carriage of Campylobacter not causing
disease reducing test specificity [89]. Evidence that even with culture asymptomatic
infection and carriage may be common is an important context for interpreting such
results. Tests using PCR may extend the detectability of asymptomatic carriage
increasing this effect. Quantification or culture confirmation may help interpretation
of positive molecular tests for the presence of Campylobacter DNA. Additionally
confirmation by culture could mitigate the negative impact of the expansion of
direct molecular tests in clinical or food chain settings on the availability of isolates
for WGS characterisation. Until direct WGS is possible on clinical and food
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samples, maintenance of culture for either primary identification or confirmation of
positive tests will be needed to support the generation of the potential benefits out-
lined above. In the longer term both metagenomics approaches and individual strain
WGS direct from clinical and other samples may supersede these caveats and allow
much fuller understanding that currently available genomic approaches.
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Chapter 9
Genomics and Foodborne Viral Infections

Saskia L. Smits and Marion P.G. Koopmans

Background

Foodborne illness or disease remains a major public health problem globally with
substantial economic impact. It results from the consumption of contaminated food
or water containing pathogenic bacteria, viruses, or parasites as well as chemical or
natural toxins. Acute gastroenteritis is the most common clinical manifestation of
foodborne disease, and diarrhoea, characterized by frequent loose or liquid bowel
movements, is a common cause of death in developing countries and the second
most common cause of morbidity and mortality in young infants worldwide with up
to 0.8—1.5 million deaths each year [1-7]. High population density, limited access
to clean water, frequent flooding and poor sanitation render surface water bodies in
developing countries particularly vulnerable to faecal contamination, leading to a
high prevalence of diarrhoeal diseases in both children and adults when untreated
water is used for food preparation or drinking. In industrialized countries, where
sanitation is widely available, access to safe water is high and personal and domes-
tic hygiene is relatively good, diarrhoeal diseases remain a significant cause of mor-
bidity among all age groups. In the majority of cases, symptoms are brief, and
patients do not require medical attention. Though typically self-limited, infectious
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diarrhoea episodes result in millions of physician visits annually. A range of patho-
gens has been associated with foodborne illness, but a handful of organisms cause
the majority of acute gastroenteritis cases [8, 9]. It was not until 1972 that viruses
were implicated as aetiological agents in diarrhoea; Norwalk virus was identified in
the faeces of patients with diarrhoea, followed by rotaviruses in 1973, and enteric
adeno- and astroviruses in 1975 [10-13].

Foodborne viral transmission can occur by consumption of food handled by
infected food handlers, by contamination of food during the production process (for
instance through contaminated water), or by consumption of products of animal
origin harbouring a zoonotic virus (Fig. 9.1). Food handler—associated foodborne
illness results from the manual preparation of food by an infected food handler
shedding viruses, usually resulting in limited outbreaks [14], although their size
may be substantial depending on the nature of the contamination. A problem is that
food-handlers may transmit viruses before showing symptoms, or have asymptom-
atic infections [15, 16]. Food contamination can also occur during primary produc-
tion, as has been observed in particular in fresh produce such as berries and green
onions, or bivalve filter-feeding shellfish. Here the nature of contamination is
dependent on location of the production area and nature of sewage contamination.
In contrast to food handler—associated contamination, production process contami-
nation events may involve multiple pathogens present in sewage, including animal
viruses [17-23]. Zoonotic foodborne infection occurs when meat, organs, or other
products from an infected animal are consumed. For viruses, this may be the least
common mode of transmission, although the potential for such transmission is a
cause for concern with every emerging disease outbreak.

Foodborne pathogens share the mode of transmission (fecal-oral) and their ability
to infect hosts following oral inoculation. Symptoms may arise from replication and

%| Food-handler || Production process || Zoonotic transmission

Fecal-oral
transmission

Hepatitis A virus Rotavirus
Hepatitis E virus Norovirus
I Foodborne viral infection

Fig. 9.1 Foodborne viral illness. Foodborne viral transmission can occur by consumption of food
handled by infected food handlers, by contamination of food during the production process (for
instance through contaminated water), or by consumption of products of animal origin harbouring
a zoonotic virus. Foodborne pathogens share the mode of transmission (fecal-oral) and their ability
to infect hosts following oral inoculation. Symptoms may arise from replication and the ensuing
damage and inflammatory responses in the intestinal tract, but also from generalised infection as
observed for instance for orally transmitted hepatitis viruses
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the ensuing damage and inflammatory responses in the intestinal tract, but also from
generalised infection as observed for instance for orally transmitted hepatitis viruses
(hepatitis A and E), or neurotropic enteroviruses. The greatest burden of foodborne
viral disease has been attributed to noroviruses and hepatitis A (Fig. 9.1). In addition
to these endemic pathogens, the potential for foodborne transmission is a key question
in every emerging disease outbreak. In fact, zoonotic emerging infections can be
introduced into the population through food preparation or consumption, although
these risks are minimal with proper food preparation. Commonly studied in relation
to food are viruses from the families Picornaviridae (polio-, entero-, coxsackie-, echo-,
and hepatitis A viruses), Reoviridae (rotaviruses), Adenoviridae (adenoviruses 40, 41
primarily), Caliciviridae (noro- and sapoviruses), Hepeviridae (hepatitis E virus), and
Astroviridae (Mamastroviruses). They replicate initially in the intestinal tract, are
environmentally stable, are shed in high numbers in the faeces of infected individuals
with up to 10" virus particles per gram of stool being documented, and are highly
infectious with only 10-100 viral particles required for transmission [24, 25]. There is
no systematic surveillance for foodborne viral diseases, despite the high burden of
disease estimates from some countries [8, 26, 27]. The Food epidemiology reference
group (FERG) of the World Health Organisation is currently preparing a global bur-
den of foodborne disease estimate, but the underlying systematic reviews have already
signalled large data gaps, particularly from resource limited regions [28].

A combination of factors is responsible for the lack of knowledge of the true
incidence of foodborne viral illness. A case of foodborne illness is only identified
when a patient falls ill, seeks medical help and undergoes diagnostic testing which
leads to identification of the aetiological agent. For some pathogens with long incu-
bation periods (e.g. hepatitis A and E), even when diagnosed, identification of a
food source may be extremely difficult due to the long delay between exposure and
symptom onset. A third factor compromising the ability to detect foodborne disease
is the high rate of asymptomatic infections associated with some pathogens.
Therefore, linked cases are difficult to detect. These challenges in diagnosis of food-
borne diseases are illustrated by the fact that “unrecognized agents” account for up
to 81 % of all U.S. foodborne illnesses and hospitalizations and 64 % of deaths [8,
27, 29]. Rapid population growth and urbanization, deforestation, invasion of previ-
ously pristine habitats for agriculture, and increasing demand for animal protein all
likely contribute to increased emergence of novel infectious disease threats, while
climate change and the increasing global connectedness and mobility facilitate their
global spread [30]. Consequently, the pattern of disease outbreaks has changed,
from localized clusters of disease in confined populations to dispersed outbreaks
with excellent opportunity for further transmission. Similarly, a transition is
observed from localized foodborne epidemics to diffuse international foodborne
outbreaks due to globalization of the food market [31]. The foodborne nature is
often disguised by person-to-person transmission after the initial infection(s)
because of the highly infectious nature of most foodborne viral pathogens. Some of
these viruses are of major public health concern amongst others because of their
food- or waterborne nature, low infectious dose required for infection and serious
health-related implications and associated costs.
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As in every disease outbreak, including foodborne viral disease outbreaks, the
following are some of the most urgent questions to answer: Is the group of ill per-
sons normal for the time of year and/or geographic area or is something extraordi-
nary occurring? If so, which pathogen(s) is causing the disease? Who gets infected?
How do people get infected? What is the source of infection? What are transmis-
sion routes? How can infection be prevented, treated and/or contained? An inte-
grated multidisciplinary approach utilizing expertise in several areas will be
required to understand the dynamics of foodborne viral infection and to mitigate
potential effects of future threats. Major challenges regarding recognizing, detect-
ing, characterizing, and effectively responding to foodborne viral threats to health
exist, which will be outlined in this chapter, with a focus on how genomics-based
tools are a potential candidate to respond to some of these challenges in the field of
foodborne viruses.

Foodborne Viruses: What Is Known

Viruses pose a substantial global health burden to humans and the list of human
viral infections is ever-changing and continually growing [32]. Mortality in humans
from recently emerged viral diseases ranges from a few hundred in the case of
severe acute respiratory syndrome (SARS) coronavirus to millions of people from
acquired immunodeficiency syndrome (AIDS), caused by human immunodefi-
ciency virus (HIV). We are continuously facing novel pathogens, most of which are
zoonotic or originated as zoonoses before adapting to humans [33-35], a proportion
of which are likely transmitted via food and/or water [30]. Breakthroughs in the
field of metagenomics have had far-reaching effects on the identification and char-
acterization of newly emerging viral pathogens and on the recognition that a grow-
ing number of diseases that were once attributed to unknown causes are actually
directly or indirectly caused by viral agents [32]. Many previously unknown viruses
have been characterized in human stool in recent years including sali-, cosa-, bufa-,
picobirna-, reco-, anello-, hepatitis E, astro-, and polyomaviruses of which the clini-
cal disease spectrum, route of transmission, and foodborne nature remains to be
elucidated [36—43]. For some of the “older” viruses, such as norovirus and hepatitis
A virus, the foodborne risk of transmission is clearly recognized, for others such as
adeno- and astroviruses the picture is less clear.

Rotavirus

Although rotaviruses are not generally considered primary foodborne pathogens,
because person-to-person transmission seems to be the main route of transmission
in developed countries, contaminated water sources are considered to be an impor-
tant source of rotavirus transmission in developing countries [44]. Rotaviruses are
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non-enveloped double-stranded segmented RNA viruses from the family Reoviridae.
The genus Rotavirus contains eight species numbered A—H of which A-C are
encountered in humans [45]. Rotavirus A infection is the most common cause of
severe gastroenteritis in infants and young children worldwide. Rotavirus B has
been found mainly in adults with diarrhoea in China, Bangladesh and India. The
viral nucleocapsid outermost layer contains two structural proteins VP4 and VP7
that define the serotype of the virus and are considered critical in vaccine develop-
ment; more than 40 serotypes have been identified [46]. By the age of five nearly
every child has been infected with rotavirus A at least once, the majority of which
is anticipated to be symptomatic. The spectrum of rotavirus A disease ranges from
mild watery diarrhoea to severe diarrhoea with vomiting and moderate fever.
Infection can result in death due to dehydration and electrolyte imbalance that is
profuse and life threatening amongst others due to the action of a unique virus
encoded enterotoxin NSP4 [47]. The severe impact is primarily observed in young
children <2 years of age and can be treated by oral rehydration therapy. Symptoms
generally resolve within 3—7 days. Subsequent infections occur from birth to old
age but natural immunity renders most of these infections asymptomatic. Rotavirus
A is shed in high concentrations in the stool of infected persons and is transmitted
via the oral-faecal route with <100 virus particles being sufficient for transmission
[45, 48, 49]. Infections occur mainly in late winter or early spring in Europe and
colder/drier times of the year in the tropics [50-52]. Rotavirus A vaccines were
introduced in 2006, but prior to vaccination policies, rotaviruses caused ~3 million
disease episodes per annum in the USA, requiring 500,000 visits to physicians and
60,000 hospitalisations, leading to 20—40 deaths [45, 53—57]. Similar observations
were done in Europe [58, 59]. In developing countries rotavirus A infections cause
millions of diarrhoea cases, almost two million hospitalizations and an estimated
453,000 infections result in the death of a child younger than 5 years of age annually
worldwide [6, 44, 60]. The introduction of proper hygienic measures, clean drink-
ing water, oral rehydration therapy and rotavirus A vaccines reduced disease burden
in both developed and developing countries [45].

Norovirus

Noroviruses are positive-stranded RNA viruses belonging to the family Caliciviridae.
The genus Norovirus is divided into seven genogroups (GI-GVII) that are further
subdivided into numerous genotypes [61]. The GI, II, and IV are capable of infect-
ing humans [62], and GII.4 has been associated with the majority of global out-
breaks since the mid-1990s. The other genogroups have not been detected in
humans, but systematic studies evaluating their role are lacking. Norovirus infec-
tions are a leading cause of gastroenteritis outbreaks among all age groups and are
transmitted directly from person to person and indirectly via contaminated water
and food [63, 64]. They are extremely contagious requiring low viral loads for trans-
mission and are common in closed settings such as healthcare facilities, cruise
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ships, and nursing homes [24]. The infection can cause nausea, vomiting, watery
diarrhoea and abdominal pain, although asymptomatic infections are common [48].
The disease is usually self-limiting, and severe illness is rare in developed countries.
Ahmed and coworkers noted a gradient of decreasing prevalence from community
to outpatient to inpatient groups, which supports the notion that norovirus is a more
common cause of mild acute gastroenteritis [28], although in the USA norovirus
infections result in ~70,000 hospitalizations and 800 deaths yearly [65-67]. In
developing countries, noroviruses are estimated to cause more than 200,000 deaths
annually among children younger than 5 years of age, and it is predicted that these
viruses will become the predominant cause of diarrhoea in all age groups worldwide
once rotavirus infection is controlled through vaccination [68—71]. The economic
impact of foodborne related norovirus gastroenteritis outbreaks is high with an esti-
mated $2 billion healthcare related costs in the USA alone [72].

Hepatitis A Virus

Hepeatitis A is a liver disease caused by hepatitis A virus, a non-enveloped positive-
stranded RNA virus belonging to the family Picornaviridae. Humans are the only
naturally known reservoir for hepatitis A viruses and ~5 % of foodborne viral dis-
ease is attributed to hepatitis A virus infection [29]. The virus is spread via the
faecal-oral route and the disease is closely associated with inadequate sanitation,
poor personal hygiene, and limited access to clean water [73—75]. In developing
countries, most children are infected with hepatitis A virus by the age of 10 years
and the disease is usually asymptomatic in this age group. Epidemics in these coun-
tries are practically non-existent as older children and adults are immune to reinfec-
tion. In countries with improved sanitary conditions and transitional economies, the
rate of infection in young children is lower, resulting in a higher susceptibility of
older children and adults and larger outbreaks of disease. The incubation period is
14-28 days and symptoms range from mild to severe, and can include fever, mal-
aise, loss of appetite, diarrhoea, nausea, abdominal discomfort, dark-coloured urine
and jaundice which last for up to 8 weeks. Some 10-15 % of people experience a
recurrence of symptoms during the 6 months after the initial infection and fulminant
hepatitis and acute liver failure occurs although rarely and is most common in the
elderly [4, 76]. In developed countries, hepatitis A infection is uncommon and pre-
dominantly associated with high-risk groups, such as people travelling to areas of
high endemicity. Hepatitis A viruses are stable in the environment and can resist
food-production processes routinely used to inactivate and/or control bacterial
pathogens. Seroprevalence data indicate tens of millions infections yearly and an
estimated 1.4 million clinical cases occur yearly worldwide which have significant
social and economic impact [77]. Improved sanitation, food safety and vaccination
are the most effective ways to prevent hepatitis A virus infection [75].



9 Genomics and Foodborne Viral Infections 151
Hepatitis E Virus

Hepeatitis E virus is a positive-stranded RNA virus with a genome of ~7.2 kb belong-
ing to the family Hepeviridae. Four major genotypes are discerned and novel lin-
eages of hepatitis E viruses have been identified in rabbits, rats, wild boar, ferrets
and possibly foxes more recently [78—84]. Different genotypes of hepatitis E virus
determine differences in epidemiology; genotype 1 is usually seen in developing
countries and causes community-level outbreaks while genotype 3 is usually seen in
developed countries and rarely causes outbreaks. Hepatitis E virus is transmitted via
the faecal-oral route primarily via faecal contamination of water supplies, shellfish
and contaminated animal meat, and possibly through zoonosis from pigs. Human-
to-human transmission of the virus is rare. Outbreaks and sporadic cases occur
worldwide; the virus is most prevalent in East and South Asia and endemic in Asia,
Africa and Mexico [85]. An estimated 20 million hepatitis E infections occur world-
wide yearly, which are usually self-limited and resolve within 4-6 weeks. Over
three million cases of acute fulminant hepatitis E however occur resulting in over
50,000 deaths [4, 86]. Infection with hepatitis E virus is frequent in children in
developing countries, but the disease is mostly asymptomatic or causes a very mild
illness without jaundice. It causes acute sporadic and epidemic viral hepatitis most
commonly in young adults aged 15-40 years with symptoms including jaundice,
anorexia, hepatomegaly, abdominal pain and tenderness, nausea, vomiting, and
fever that last for up to 2 weeks. A unique disease profile has been observed in preg-
nant women, where infections with HEV often result in fulminant liver failure, still-
birth and death in 25% of cases. Treatment and vaccines are unavailable, but
currently in development [87].

Enteric Adenovirus

Adenoviruses (Family Adenoviridae) are non-enveloped single-stranded DNA
viruses with a genome of ~26—48 kb. Adenoviruses infecting humans belong to the
genus Mastadenovirus and over 50 serotypes are differentiated based on neutraliza-
tion assays. Adenoviruses are highly stable in the environment and are thought to
spread via respiratory droplets and the faecal-oral route. Adenovirus infections are
usually subclinical but certain types are associated with disease which can range
from respiratory disease, keratoconjunctivitis, to gastrointestinal disease [88].
Especially human adenoviruses F types 40 and 41 are associated with diarrhoea in
young children with acute gastroenteritis and are another major cause of infantile
viral diarrhoea in developing countries, following rota- and noroviruses. Symptoms
include watery diarrhoea with mucus, fever, dehydration, abdominal pain, and vom-
iting lasting for 3—11 days [89].
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Astrovirus

Astroviruses (Family Astroviridae) are non-enveloped positive-stranded RNA
viruses with a genome of ~7-8 kb. Classically, eight human serotypes have been
described, although since 2008 a large increase in detection of different human
astrovirus variants is observed. Human astroviruses spread via the faecal-oral route
via contaminated water and/or food and are an important cause of gastroenteritis in
young children worldwide. Most astrovirus infections are not severe, self-limited
and do not require hospitalization. Disease symptoms can include diarrhoea, fol-
lowed by nausea, vomiting, fever, malaise and abdominal pain, which last for 3—4
days. The majority of children have acquired astrovirus antibodies by the age of 5
and, looking at the pattern of disease, it suggests that antibodies provide protection
through adult life, until the antibody titre begins to decline later in life [90].

Enterovirus Including Poliovirus

Enteroviruses are a genus of positive-stranded RNA viruses in the family
Picornaviridae with a genome of ~7.5 kb. They are divided in at least 12 species
containing over 100 (sero)types. Enteroviruses affect millions of people worldwide
each year, are spread through the faecal-oral route, and cause a wide variety of
symptoms ranging from mild respiratory illness (common cold), hand, foot and
mouth disease, acute hemorrhagic conjunctivitis, aseptic meningitis, myocarditis,
severe neonatal sepsis-like disease, and acute flaccid paralysis. Historically, the
most prominent member was poliovirus, causing a disabling paralytic illness that
has largely been eradicated in most countries through vaccination. Human enterovi-
rus 71 (EV71) epidemics have affected many countries in recent years. Infection
commonly causes hand, foot and mouth disease in children, but can result in neuro-
logical and cardiorespiratory complications in severe cases. Genotypic changes
through inter- and intratypic recombination have been observed, giving rise to seri-
ous outbreaks with mortality rate ranging from 10 to 25.7 % [91]. With the emer-
gence of highly pathogenic EV 71 and widespread epidemics, there is great interest
in development of an effective EV 71 vaccine and antiviral strategies. In addition,
enterovirus 68 has recently emerged as an important cause of severe respiratory
disease worldwide [92-96].

As described above, many viruses are able to spread via the faecal-oral route and
many more can be detected in human stool in both healthy and diseased adults
[36—43, 97-99]. Frequently, the mode of transmission, disease potential and inci-
dence levels of newly recognized viruses detected in stool samples are unknown but
potential for food-borne transmission exists. How do we deal with that?
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Foodborne Viral Disease Surveillance: Recognition/
Identification

Adequate health crisis management is largely dependent on early detection of
potential public health threats. At present, early cluster identification is notoriously
difficult as many diseases are not notifiable, diagnostics can be relatively slow and
biased for what we know, and clusters are not recognized when patients attend dif-
ferent healthcare facilities. One of the most overlooked but crucial aspects in iden-
tifying a potential foodborne related incident is the role that medical practitioners,
veterinarians and epidemiologists, in other words the gatekeepers play in recogniz-
ing idiopathic disease cases or more than average occurrences of certain disease
symptoms [40]. This is not a trivial task as these professionals need to recognize
relatively uncommon or completely new infectious diseases, on the basis of chang-
ing clinical and epidemiological trends or a “gut-feeling”, as syndromic surveil-
lance systems targeting non-respiratory disease are sparse. Integrated networks for
syndrome surveillance in combination with routine diagnostic surveillance activi-
ties for known pathogens in theory would aid in identification of threats which may
otherwise fly under the radar. To date, however, no precise and consistent global
baseline syndromic surveillance exists, with the exception of the sentinel surveil-
lance system for influenza. Reliable estimates of the global burden of foodborne
viruses are important in order to assess their impact, to advise policy-makers on
cost-effective interventions [100], but also to recognize the extraordinary events that
signal a potential food-related viral outbreak. The question, however, is how to
organise such systems given the ever expanding list of known and potential food-
borne viruses.

Classically, many viral pathogens were detected through culture-based and
immunological methods, which shifted to molecular detection methods such as
polymerase chain reaction (PCR) in more recent years ([101]; Fig. 9.2). The clinical
molecular virology field was greatly affected by the development of applications
involving viruses that do not proliferate in standard cell cultures and quantitative
molecular assays (real time PCRs) that provided medically useful tools in assessing
viral load, patient prognosis, treatment response, and antiviral resistance [101].
Currently, the field is moving towards assays that allow detection of multiple
viruses. Multiplex PCR assays allow detection of a number of different viruses in a
single reaction (e.g. ID-Tag Respiratory Virus Panel Assay identifying influenza A
virus [H1, H3, and H5]; influenza B virus; parainfluenza virus types 1, 2, 3, and 4;
adenovirus; rhinovirus/enterovirus; RSV A; RSV B; hMPV; and coronavirus
[SARS-CoV, NL63, 229E, OC44, and HKU1] [TM Bioscience, Toronto, Canadal).
Generic PCR assays are PCR assays specific for a broader taxonomic range than
one virus species (e.g. a whole genus or family of viruses), which allows detection
of new virus species within already known viral families [41, 102]. These technolo-
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Fig. 9.2 Viral detection methods. Classically, many viral pathogens were detected through
culture-based and immunological methods, which shifted to molecular detection methods such as
polymerase chain reaction (PCR) in more recent years. Currently, the field is moving towards
assays that allow detection of multiple viruses by multiplexing real time PCRs and application of
viral metagenomics tools

gies are aiming to decrease time and effort in demonstrating the presence of a known
pathogen in clinical samples, although sometimes at the cost of losing some sensi-
tivity [40, 41]. The limitations of the multiplex or generic PCR assays become read-
ily apparent as multiple different viruses or previously unknown viruses can be
present in complex biological samples and continuous updating of the assays is
required as viruses, especially RNA viruses, are constantly evolving. In addition, in
a diagnostic setting discrimination between subtypes or genera of viruses requires
additional labour-intensive procedures based on partial genome characterization as
is currently done for example for noroviruses, hepatitis A viruses and enteroviruses,
for final diagnosis.

With the increasing resolution and use of molecular detection and sequencing,
there is great potential for integrated genomic surveillance. The NoroNet network
(http://www.rivm.nl/en/Topics/N/NoroNet) in Europe and Asia, and CaliciNet
(http://www.cdc.gov/norovirus/reporting/calicinet/index.html) in the US have been
developed to aggregate genomic information of noroviruses causing disease out-
breaks across the world. In depth bioinformatics analysis of data collected over the
course of 10 years has shown the potential merit of genomic surveillance for detec-
tion of diffuse foodborne outbreaks [31, 103—105]. Similarly, a regional genomic
surveillance database was developed for hepatitis A, enabling cluster analysis as a
powerful tool to support outbreak investigations and detect hidden foodborne dis-
ease clusters [106]. While these systems target individual pathogens, viral metage-
nomics tools are a potential candidate to respond to the challenge of obtaining
epidemiological estimates on the global disease burden and associated health-related
costs of a whole range of (potential) foodborne viruses. Sequence-independent
amplification of nucleic acids combined with next-generation sequencing technol-
ogy and bioinformatics analyses or viral metagenomics is a relatively new promis-
ing strategy for rapid identification of pathogens in clinical and public health
settings. The detection of viruses using an unselective metagenomics approach has
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been hampered by the generally small size of virus genomes compared to bacterial
or eukaryotic hosts. The detection is facilitated by enriching for viruses using filtra-
tion and nuclease treatments to remove bacterial and human nucleic acids whereas
viral nucleic acid is retained through protection by the viral capsids and/or mem-
brane envelopes. In contrast to classical molecular detection techniques that identify
a single virus species or virus family, viral metagenomics allows the characteriza-
tion of numerous known pathogens simultaneously and also novel pathogens that
elude conventional testing. This approach has already resulted in the identification
of a plethora of previously unknown human and animal viruses, many of which
have been found in diarrhoea specimens [36—43, 78, 82, 102, 107]. It may approach
sensitivity of routine diagnostic real time PCR assays used classically for virus
diagnosis [108—110] with the added value of virus type information becoming avail-
able simultaneously. In addition, the cost of next-generation sequencing is dropping
steadily and steeply each year outpacing Moore’s Law. Although computational
resources required for analysis of the vast amount of data are often not included in
the calculations, the overall costs will likely be able to compete with conventional
viral diagnostic molecular methods in the not so distant future in terms of cost and
sensitivity, although not yet in speed.

To obtain insight into the baseline circulation of foodborne viruses and the bur-
den of associated disease, a large and systematic set of enteric samples from around
the globe from a large range of different individuals with and without (underlying)
disease should be analysed. Human exposure to viral infection and susceptibility to
virus-associated disease is dependent on numerous factors, including age, lifestyle,
diet, geographic location, climate and season, pre-existing immunity and even host
microbiome [107]. Furthermore, the human gut virome is not static and will vary
over time due to ongoing zoonotic transmission events from animal reservoirs,
increasing globalization, changes in food preference, demographic shifts in human
populations, and human intervention strategies [25, 40, 41, 107]. However, with the
foreseen further implementation of genomic technologies in routine clinical set-
tings, a huge potential surveillance repository is developing. Its validity will depend
on the ability to capture meaningful metadata, but the NoroNet and CaliciNet exam-
ples have shown that widespread hidden foodborne outbreaks can be detected with
sequence data with minimal associated data. Obviously, the validity of such surveil-
lance programs should be carefully evaluated against the current standards to ensure
that they provide the necessary information in a timely, efficient, and cost-effective
manner [111].

In conjunction with the amount of surveillance data that is required and the huge
amount of data generated by next-generation sequencing, the availability of rela-
tively simple user-friendly bioinformatics tools, curated databases of full and partial
viral genome sequences, analysis pipelines, and computational infrastructure are
crucial and at present largely under development. One example is COMPARE [A
COllaborative Management Platform for detection and Analyses of (Re-)emerging
and foodborne outbreaks in Europe] which is a collaboration between founding
members of the Global Microbial Identifier (GMI) initiative (http://www.globalmi-
crobialidentifier.org) and institutions with hands-on experience in outbreak detection
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and response. GMI was established in 2011 with the vision to develop the potential
of breakthrough sequencing technologies for the field of infectious diseases through
a joint research and development agenda, with applications in clinical and public
health laboratories across the world. In order to achieve that long-term goal, the GMI
group aims to promote development and deployment of novel applications, data
sharing and analysis systems across the diversity of pathogens, health domains and
sectors. The COMPARE project is set up to put this vision into action in Europe. It
aims to improve rapid identification, containment and mitigation of emerging infec-
tious diseases and foodborne outbreaks by developing a cross-sector and cross-
pathogen analytical framework with globally linked data and an information sharing
platform that integrates methods for collection, processing and analysing clinical
samples with associated (clinical and epidemiological) data with state of the art tech-
nologies, such as next generation sequencing, for the generation of actionable infor-
mation for relevant authorities in human and animal health and food safety.
Assuming the major hurdles towards implementation can be overcome, the com-
bination of sustained virus surveillance (both syndrome and diagnostic) with next
generation sequencing approaches and a standardized global analytical framework
with associated clinical and epidemiological data would provide insight into (1)
pathogens or combinations thereof involved in disease burden, (2) as yet unidentified
pathogens and zoonotic events, (3) effects of vaccination or other interventions on
incidence levels and whether other pathogens fill the niche that vaccination leaves
behind, and (4) geographic difference in virus-associated disease burden. This
knowledge would in turn guide development and deployment of vaccines and other
intervention strategies. Well, everyone has a wish-list and end-goals ... what is the
practical translation of viral metagenomics in foodborne viral diseases at present?

Use of Genomics-Based Tools for Foodborne Viral Disease
Outbreak Detection: Identification/Characterization

Syndrome surveillance has been used for early detection of disease outbreaks, includ-
ing food-related incidents, to follow the size, spread, and tempo of outbreaks, to mon-
itor disease trends, and to provide reassurance that an outbreak has not occurred. An
example is an outbreak of acute norovirus gastroenteritis in a boarding school in
Shanghai in 2012, where a diarrhoea syndrome surveillance system covering a dozen
sentinel hospitals in Shanghai reported to the Pudong District Center for Disease
Control and Prevention (PDCDC) that more than 100 students at a boarding school
had developed symptoms of diarrhoea and vomiting within 3 days [112]. A current
practical translation of viral metagenomics, which due to its unselective nature allows
the characterization of numerous known pathogens simultaneously, is to use it as an
identification tool to unravel the causative viral agent. In the cases in Shanghai, an
epidemiological study focusing on a number of viruses (and bacteria) with standard
molecular assays subsequently implicated norovirus as the etiological agent [112].
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At present, viral metagenomics is mostly used in hindsight to obtain whole viral
genome sequences for tracking-and-tracing purposes and to obtain epidemiologi-
cal information after the virus was identified by more standard molecular assays.
In epidemiology, identifying pathways of infectious disease transmission allows
amongst others quantification of incubation periods, heterogeneity in transmission
rates, and duration of infectiousness, which are important parameters to identify
potential points of control and predict future spread of viruses. However, food-
borne viral outbreaks are notoriously difficult to recognize, and tracking and trac-
ing potential contacts is logistically challenging and often inconclusive. A variety
of data sources can be exploited for attempting to uncover the spatio-temporal
dynamics and transmission pathways of a pathogen in a population, by combining
disease symptoms, data from contact tracing, results of diagnostic tests and,
increasingly, pathogen genetic sequences [113, 114]. Identification of related
nucleotide sequences of viruses in patients, also referred to as cluster detection, is
an important tool in outbreak investigations in modern day public health and clini-
cal laboratories especially in cases that prove difficult to unravel such as diffuse
food-borne outbreaks involving several countries [104]. Norovirus genotype pro-
files have been used for example to estimate the foodborne proportion of norovirus
outbreaks, excluding food handlers as a source of contamination [31, 104, 105].
Preferentially, cluster detection-based approaches and epidemiological inferences
are done on whole viral genome sequences, as it provides the most detailed view.
Next generation sequencing techniques have been used for tracking purposes in
hepatitis A virus (HAV) foodborne outbreaks showing that whole HAV genome
analysis offers a more complete genetic characterization of HAV strains than short
subgenomic regions [115], although for many viruses partial phylogenetic infor-
mative genomic regions can be sufficient for answering the basic tracking-and-
tracing questions in an outbreak scenario, with the added advantage of being
relatively simple allowing local public health laboratories with limited resources to
perform the assays [104, 115].

For informing measures for control of foodborne viral diseases, it is critical to
understand the epidemiology in more detail and to accurately identify who-infected-
whom, which is usually difficult as data about the location and timing of infections
can be incomplete, inaccurate, and compatible with a large number of different
transmission scenarios. A number of approaches have been developed that combine
genetic and epidemiological data to reconstruct most likely transmission patterns
and infection dates [113, 114, 116-119]. These tools may allow for epidemiological
studies in real time during outbreaks, which can be used to inform intervention
strategies and design control policies [120, 121].

The new developments in data generation with new sequencing possibilities in
combination with epidemiological data provide a challenge for existing platforms
aiming to enlarge the knowledge on geographical and temporal trends in the emer-
gence and spread of (foodborne) virus infections, such as the ECDC Food- and
Waterborne Epidemiology Intelligence Platform (FWD-EPIS) [122], The European
Surveillance System managed by ECDC (TESSy; http://ecdc.europa.eu/en/activi-
ties/surveillance/Pages/index.aspx), The European Commission Early Warning and
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Response System (EWRS) [123] and Rapid Alert System for Food and Feeds
(RASFF; http://ec.europa.eu/food/safety/rasff/index_en.htm), NoroNet, and WHO
networks among others. In addition to these existing systems, there is a multitude of
other existing (inter)national databases and networks that have in common that they
are widely accepted and used by the scientific and public health community and
authorities for exchange of sequence-based data and other relevant structured and
semi-structured information of relevance to human health, animal health and/or
food safety. None of these is currently capable of handling the complex data from
next generation sequencing platforms, but ensuring interoperability of these data-
bases and compatibility of analytical workflows and data information sharing sys-
tems will be crucial in order to ensure translation to actionable data.

Viral Metagenomics and Control of Foodborne Viral Illness:
Characterization/Containment

For food safety at present, an integrated system for monitoring of specific food
safety threats exists in Europe, which involves sampling and pathogen characteriza-
tion largely through species specific assays for a subset of major pathogens across
the food chain, and linking and analysis of these data to study trends, detect diffuse
outbreaks, and monitor effects of control measures [124]. Molecular typing plays a
crucial role in this system, but relies among others on the willingness of clinicians
to refer patients for laboratory diagnostics and of these laboratories to refer isolates
to public health laboratories for typing. The changing clinical practice, with rapid
transition from culture-based methods to molecular detection, challenges this
decade-old model of disease surveillance [125]. In addition, these surveillance sys-
tems are less suited to capture the “new generation” of outbreaks, related with the
global food market, as illustrated by recent examples of international diffuse food-
borne outbreaks showing the vulnerability of the European population and industry
for novel food-borne diseases [25, 106, 126, 127]. The currently used microbiologi-
cal control criteria are not suitable for monitoring of presence or absence of emerg-
ing disease risks, and recent studies have shown vast underestimation of levels of
contamination for many human pathogens, but also raise questions about the inter-
pretation of molecular detection data in relation to consumer risk [128, 129].
Improvements in the microbiological safety of food have largely been shaped
through response to disease outbreaks. Resources for foodborne diseases have been
directed mainly to well-known foodborne pathogens and monitoring in the food
chain has been implemented based on a farm-to-fork approach [25] by encouraging
improvement of hygiene measures and incorporating Hazard Analysis Critical
Control Points (HACCP) principles that identify potential contamination hazards
and focus on subsequent control and prevention. The latter requires methods for
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detection of foodborne pathogens and evidence of their disease association. Most of
the microbiological quality control criteria on a global scale rely on standard counts
of coliform bacteria as a measure of faecal contamination. Needless to say that these
criteria are inadequate for protection against foodborne viruses. Viral metagenom-
ics would theoretically be an option to obtain information regarding viral presence
in food. However, microbiological testing of food in general has some limitations as
a control option. These are constraints of time, as results are not available until sev-
eral days after testing as well as difficulties related to sampling as small food sam-
ples may not be representative for entire lots, analytical methods and the use of
indicator organisms and reference standards. Therefore, it has been argued that
there are no practical systems for providing safety or assurance of safety by micro-
biological end-product testing and viral metagenomics approaches would not
change the existing pitfalls.

Concluding Remarks

At present, foodborne pathogen surveillance activities are usually the responsibility
of local government departments and are non-existent or at sub-optimal level in
both developed and developing countries, are confined to pathogens with known
economic impact, and suffer from a lack of integration on a global scale. With the
continuing globalization of the food market and changing trends in eating habits
[25], it is unsurprising that the general public is faced with an increasing rate of
“food safety scares”. In order to turn the tide, a huge global effort in virus syndrome
and diagnostic surveillance is required, which is justified in the light of global health
impact in general, and timely with the development of new metagenomics tools that
hold the promise of not only identifying viral pathogens, but possibly the complete
microbiome in a single assay. This does not apply to foodborne viral diseases alone.
The interrelatedness of animal and human health with global interconnectedness in
the twenty-first century is drawing all health related issues together as never before
[33]. The combination of sustained pathogen surveillance in animals, humans,
plants, environment and food alike with next generation sequencing approaches and
a standardized global analytical framework with associated clinical and epidemio-
logical data would provide insight into pathogen incidence, level of co-infections
and their correlation to clinical disease instead of focusing on one or a few patho-
gens as is classically done (Fig. 9.3). This information is crucial in deciding which
pathogens provide the most substantial health risk, for evidence-based risk assess-
ments for policy development and to implement preventive measures.
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Fig. 9.3 Foodborne viral illness. Schematic overview of the main pillars required for an integrated
multidisciplinary approach with a combination of sustained pathogen syndrome and diagnostic
surveillance, genomics-based tools, and standardized global analytical networks gathering clinical,
epidemiological and genetic data alike would be required to understand the dynamics of foodborne
viral infection and to mitigate potential effects of future threats
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Chapter 10
Transcriptomics and Proteomics of Foodborne
Bacterial Pathogens

Joelle K. Salazar, Yun Wang, and Wei Zhang

Introduction

This chapter focuses on the applied transcriptomics and proteomics of foodborne
bacterial pathogens, including Salmonella enterica, Listeria monocytogenes, and
Escherichia coli. The first part of the chapter discusses the transcriptomic tech-
niques of RNA-seq and chromo immunoprecipitation (ChIP)-seq as related to food-
borne pathogen studies. The second section of the chapter describes the proteomic
techniques mass spectrometry and protein microarrays. Special attention is given to
methodology of each technology, applications of the techniques from the recent
literature, and specific limitations and challenges that each technique faces, along
with future perspectives.

Transcriptomics

RNA Sequencing

Regulation of gene expression in bacteria is paramount for bacteria to adapt to envi-
ronmental stresses, and allow persistence, pathogenicity, and virulence in a host.
DNA microarray technology has been a popular tool used by researchers to study
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the transcriptome and the regulation of gene expression in microorganisms. A
microarray consists of millions of nucleotide probes attached to the surface of a
small glass slide. This technology can be used to comparatively analyze the tran-
scriptomes of two different organisms, or the same organism under different experi-
mental conditions or treatments. In recent years, this technology is no longer the
most desirable in the toolbox for bacterial transcriptomic characterization due to
many inherent technical limitations, such as the need of a reference genome for
probe design and the high cost and complexity for manufacturing custom microar-
rays that fit individual research needs. A newer technology, referred to as RNA
sequencing or ‘RNA-seq’, is built upon next-generation sequencing (NGS) plat-
forms, which was first introduced in 2008 to study the transcriptomes of
Saccharomyces cerevisiae [1] and Schizosaccharomyces pombe [2]. RNA-seq
requires simple steps of total RNA extraction of the organism of interest, cDNA
synthesis, and preparation of the cDNA depending on the desired sequencing plat-
form. The first application of RNA-seq on a prokaryotic organism was for the dis-
covery of new genes in Sinorhizobium meliloti [3]. Since then, numerous studies
have deployed RNA-seq technology to characterize transcriptional landscapes of
bacteria, including foodborne pathogens such as Salmonella enterica, Listeria
monocytogenes, Escherichia coli, Campylobacter jejuni, and others. RNA-seq has
aided in uncovering transcriptional regulations and thus a myriad of information
about the persistence, pathogenicity, and virulence of these foodborne bacterial
pathogens.

Methodology of RNA-Seq Technology

RNA-seq technology for bacteria starts with extraction of total RNA from a culture,
either by using a commercially available kit, or by standard phenol/guanidine iso-
thiocyanate methods. Contaminating DNA is removed by digestion with DNAse to
obtain purified RNA. Since rRNA and tRNA constitute roughly 95 % of total bacte-
rial RNA, these functional RNAs should be removed before sequencing using a
commercially available kit or other published methods [4-6]. Next, if transcript
directionality is not a concern in a particular study, the mRNA is converted to
double stranded cDNA by reverse transcriptase. In the case where directionality is
of a concern, only first strand cDNA synthesis is conducted [7, 8]. The cDNA is
then prepared according to the specific sequencing platform to be used. For exam-
ple, in Illumina sequencing, cDNA fragments are end-repaired, followed by ade-
nylation of 3’ ends. Specific adapter sequences are ligated to the 3’ ends and PCR
is used to amplify the fragments using primers with complementary sequences to
the adapters. For multiplexing, specific index sequences are added to the primer
sequences; indices allow for differentiation of samples when multiple samples are
analyzed together. Figure 10.1 depicts an overview of a typical RNA-seq sample
preparation.
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Fig. 10.1 Overview of RNA-seq sample preparation

Sequencing Platforms

As of today, the three most commonly used NGS platforms include Roche 454,
Applied Biosciences SOLiD, and Illumina, although Illumina by far has the monop-
oly. Roche 454 technology employs emulsion PCR technology coupled with pyro-
sequencing. Applied Biosciences SOLiD sequencing also utilizes emulsion PCR,
but uses arrays of beads called microreactors [9]. Illumina sequencing technology,
unlike Roche 454 and SOLID, utilizes isothermal bridge amplification along with
fluorescent reversible terminator sequencing in a reaction chamber, or flow cell
[10]. DNA molecules are denatured, resulting in single-stranded fragments, which
are added to the flow cell. The DNA strands adhere to the flow cell surface via
complementary oligonucleotides to one of the adapter sequences. The DNA strands
are then clonally amplified by bridge amplification, where each strand folds over
and binds to the second complementary oligonucleotide on the flow cell. Clusters
are formed by amplification of the DNA molecules. The reverse strands are cleaved
and washed off, resulting in only the forward strand remaining on the flow cell.
Sequence analysis occurs by the incorporation of fluorescent nucleotides, which
bind to their complementary counterpart on the growing strand. For paired-end
sequencing, DNA fragments are bridge amplified and the forward strand is cleaved
and washed off, followed by sequence analysis as before. The Illumina platform
also utilizes multiplexing technology, where multiple samples with different indices
can be run together on one flow cell. The Illumina MiSeq system produces four mil-
lion reads with a read length of 300 bp (Table 10.1). For the Illumina HiSeq 2500
instrument, three billion reads are produced with 150 bp read length.

Analysis of RNA-seq data involves processing raw sequenced reads, mapping
the reads to a reference genome, and reporting gene expression. All processed reads
include a base call and a quality score. Based on the quality scores and the sequenc-
ing platform used, the reads are trimmed to eliminate low-quality reads. Read pro-
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Table 10.1 Comparison of NGS platforms

Platform Roche 454* SOLiD® Tllumina®?
Amplification Emulsion PCR Emulsion PCR Bridge amplification
Sequencing chemistry | Pyrosequencing Ligation Reversible terminator
Detection method Chemiluminescence Fluorescence Fluorescence

Current read length 800 bp 35 bp 300 bp©, 150 bp¢
Reads per run 1 million 1.4 billion 4 million®, 3 billion¢
Data generated per run | ~1 Gb ~150 Gb ~2 Gbe, ~600 Gb¢
Run time ~24h 8 days ~24 b, 11 days!
Error rate 0.10% ~2-4% 0.80 %<, 0.26 %*

“Roche 454 Genome Sequencer FLX
®Applied Biosystems SOLiD 5500xl1
‘Illumina MiSeq

Mlumina HiSeq 2500

cessing also involves de-multiplexing if different index sequences were used. All
processed reads are then mapped to a reference genome, or if no reference genome
is available, assembled de novo. Once assembled, gene expression values can be
reported; such metrics include RPKM (reads per kilobase per million mapped reads)
[11, 12] and gene expression index (GEI) (normalized reads per kilobase) [13]. A
number of commercially and publically available software tools are available for
RNA-seq analysis. A comprehensive listing of software tools can be found at the
Sanger Institute (www.sanger.ac.uk) and Bioconductor (www.bioconductor.org)
websites. Some of the main tools for analysis are listed in Table 10.2.

Applications of RNA-Seq

Myriad studies have looked at the transcriptomic profiles of bacteria, including
foodborne pathogens, under different treatment conditions (i.e. under stressed con-
ditions or in different food matrices) using DNA microarray technology [32-39]. In
recent years, RNA-seq has been the method of choice for studying bacterial global
gene expression profiles. For example, Oliver et al. [40] utilized Illumina technol-
ogy to characterize the transcriptome of L. monocytogenes and a mutant strain
which lacked sigma factor B, an important transcriptional regulator. The authors
discovered that during stationary phase, 96 genes were upregulated in the wild-type
strain, showing that these genes are dependent on regulation by sigma factor B.
RNA-seq has been used to study pathogen response to the food matrix environ-
ment, providing insights into how these bacteria are able to survive and persist
under suboptimal conditions. For instance, Deng et al. [41] studied the transcrip-
tome of S. enterica serovar Enteritidis under desiccation and starvation stress in
peanut oil. In this study, peanut oil was used as a substitute for peanut butter, a vec-
tor linked to multiple outbreaks of salmonellosis. The authors determined that less
than 5 % of the Enteritidis genome was transcribed under desiccation stress in pea-
nut oil, as compared with 78 % in Luria-Bertani broth. Some of the genes discov-
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Table 10.2 Brief list of bioinformatics tools for analysis of RNA-seq data

Application Software tool References
Quality control and read filtering FastQC [14]
FreClu [15]
RNA-SeQC [16]
RSeQC [17]
ShortRead [18]
Trimmomatic [19]
Pre-processing data DeconRNASeq
FLASH [20]
Short alignment Bowtie [21]
BWA [22]
GNUMAP [23]
RazerS [24]
Quantitative analysis Cufflinks [25]
DESeq [26]
EGDE-pro [27]
DEGseq [28]
Visualization tools Artemis [29]
IGV [30]
GenomeView [31]

ered to be transcribed under dessication stress encoded proteins for stress response
to temperature shifts, including heat shock sigma factor RpoH [42] and an extreme
heat and cell envelope stress sigma factor RpoE [43]. Other studies of Salmonella
in low water activity foods have investigated the transcriptomic response of the
bacterium to desiccation stresses. These stress-induced proteins aid in resistance
and the survival of the pathogen in low water activity food products. This was the
first study of RNA-seq to characterize a bacterial transcriptome associated with a
food matrix. In another study, Brankatschk et al. [44] used RNA-seq to study the
transcriptome of S. enterica serovar Weltevreden during alfalfa sprout colonization.
The authors deduced that approximately 4 % of genes were transcribed at higher
levels during colonization, including those for attachment, motility, and biofilm
formation.

The ability of foodborne pathogenic organisms to resist disinfectants or antimi-
crobial compounds is also an important mechanism of persistence in the food pro-
cessing environment. Often, industry settings use disinfectants, sanitizers, and
antimicrobial agents to prevent pathogen contamination of food products. Feng
et al. [45] used RNA-seq to study the transcriptome of Cronobacter sakazakii, a
foodborne pathogen linked to outbreaks of infant formula [46], under unfavorable
stressed conditions. The study focused on the use of two garlic-derived organosul-
fur compounds as antimicrobial agents against C. sakazakii. The agents were effec-
tive in the inactivation of the pathogen; in the presence of the compounds, a set of
133 genes were significantly downregulated. These genes encode proteins with
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roles in motility, oxidioreductase activity, and biosynthetic processes. Another study
by Fox et al. [47] investigated the transcriptional differences between a persistent
and a non-persistent strain of L. monocytogenes in the presence of a sublethal quan-
tity of a quaternary ammonium compound, benzethonium chloride. Comparison of
the gene expression profile of the persistent strain of L. monocytogenes in the pres-
ence of benzethonium chloride and that of the non-persistent strain revealed that 63
genes were significantly upregulated. These included genes encoding metabolism
regulators, transport and binding proteins, cofactor biosynthesis proteins, and
osmotic stress proteins. Another study on the transcriptome of a persistent strain of
L. monocytogenes exposed to biocide stress was conducted by Casey et al. [48]. The
study found that the pathogen responded to biocide stress by upregulating genes
involved in processes such as peptidoglycan biosynthesis, chemotaxis and motility,
and carbohydrate uptake. These studies aid in elucidating the mechanisms by which
some foodborne pathogens are capable of surviving in food processing environ-
ments in the presence of disinfectants and antimicrobial agents.

RNA-seq has also been a useful tool to study virulence and pathogenicity of
foodborne pathogens during infection and colonization within the host. Studies with
transcriptome sequencing have been beneficial in discovering the molecular deter-
minants that are required for infection. Taveirne et al. [49] studied the transcriptome
of C. jejuni during colonization of host chicken cecum. The authors found that over
250 genes were differentially expressed during passage through the host, including
genes encoding proteins in biosynthetic processes, energy and metabolism, motility,
stress response, and transport. The findings aid in elucidating how this pathogen is
capable of surviving and adapting to the host environment. Jin et al. [50] used RNA-
seq to study the transcriptome of E. coli during infection of bovine mammary epi-
thelial cells. The study concluded that the host cells played a role in immunity and
development when challenged with the pathogenic bacteria. Kroger et al. [51] stud-
ied the transcriptomic landscape of S. enterica Typhimurium under 22 different
infection-related conditions, including conditions representing the intracellular life
of the pathogen. During the change from normal to stressed conditions, such as
osmotic, anaerobic, nitric oxide, and peroxide shocks, the expression of 15-25 % of
all genes changed within 10 min. This represents the ability of S. Typhimurium to
quickly respond to a changing environment. Mraheil et al. [52] studied L. monocy-
togenes during growth in macrophage cells and deduced that 29 regulatory RNAs,
including some small non-coding antisense RNAs, were expressed during intracel-
lular infection of the pathogen. The expression of these regulatory RNAs was deter-
mined to be necessary for efficient intracellular growth, and aid in the pathogen’s
ability to switch from an extracellular to intracellular lifestyle.

Limitations and Challenges
Some of the challenges associated with RNA-seq lie in library preparation, efficient

mRNA enrichment and issues with polarity in cDNA synthesis, as well as in bioin-
formatics analysis. Bacterial total RNA consists mainly of rRNA and tRNA,
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meaning that a large proportion of total RNAs must be removed for efficient tran-
scriptome analysis [53]. mRNAs comprise only 1-5 % of total RNA, so enrichment
of mRNA is a challenging and important step. Methods to deplete rRNA and tRNA
have been developed, including use of a terminator 5’-phosphate-dependent exo-
nuclease treatment [54, 55], or the use of biotinylated probes that selectively bind
rRNA molecules (i.e. Epicenter Ribo-Zero rRNA Removal Kit). Strand-specificity
is also a limitation with some cDNA synthesis methods. Generally, enriched single-
stranded mRNA molecules are converted to cDNA using random hexamer primers.
This does not provide directionality to the resulting double-stranded cDNA mole-
cules. Lack of this information makes some downstream computational analysis
difficult (i.e. alignment to a reference genome). Efforts have been made in provid-
ing directionality in RNA-seq studies [8, 56, 57]. Another challenge in RNA-seq is
how to store, retrieve, and process the large amounts of data resulting from sequenc-
ing if sufficient computation power is not available. Once reads are adequately qual-
ity checked according to various metrics and trimmed, they must be mapped and
aligned to a reference genome, and quantitatively analyzed for differential expres-
sion. Different tools are available for each step in the analysis pipeline and results
may vary depending on the application used; Williams et al. discusses a thorough
analysis of challenges associated with RNA-seq data [58] and presents recommen-
dations to improve sample quality, read alignment, and assigning reads to genes or
transcripts.

ChIP Sequencing

Binding of proteins to DNA molecules within a cell can serve many functions: DNA
synthesis, regulation of transcription and translation, initiation and inhibition of
metabolic pathways, and so on. For foodborne pathogens, protein-DNA interactions
are critical for environmental and in-host survival and subsequent virulence.
Chromatin immunoprecipitation (ChIP) uses specific antibodies to a protein of
interest in vivo to precipitate DNA binding partners. ChIP can be coupled to either
microarray technology (ChIP-Chip) or NGS technology (ChIP-seq). Some of the
first experiments using ChIP technology on bacterial species were ChIP-chip stud-
ies, where probes are spotted onto a microarray, and each part of the genome being
studied is represented by at least one probe. This is referred to as genome “tiling”,
which is uniquely suited to the small size of bacterial genomes. Using ChIP-chip,
studies have looked at the function of various bacterial proteins such as RacA (a cell
segregation protein) in B. subtilis [59, 60], H-NS and StpA (nucleoid-associated
proteins) in S. Typhimurium [61, 62], and H-NS and RNA polymerase in E. coli
[63—-68]. Studies have also uncovered DNA binding partners and consensus
sequences of transcription factors such as Fur in Helicobacter pylori [69], CodY in
B. subtilis [70], LexA in E. coli [71], and SsrB and HilA in S. Typhimurium [72, 73].
Only in the very recent years has ChIP-seq technology been applied to bacteria,
including some foodborne pathogens (see Applications).
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Fig. 10.2 Overview of a ChIP experiment. Protein-DNA complexes are crosslinked (black “x”)
with formaldehyde in vivo. The DNA is sheared by sonication, followed by the addition of an
antibody (yellow) to the protein of interest (blue). The protein-DNA complexes are precipitated
and the DNA is purified

Methodology of ChIP-Seq Technology

A typical bacterial ChIP-seq experiment begins with crosslinking protein-DNA
interactions in vivo. Crosslinking can be achieved with the addition of formalde-
hyde, a small molecule which readily diffuses into the cell. Proteins are crosslinked
directly to DNA, or indirectly to DNA through protein—protein interactions. The
cells are then lysed and DNA is fragmented to approximately 200—500 bp through
the use of sonication or chemical means. Once purified cell lysates are obtained, an
antibody is used to specifically bind to the protein of interest, either directly to the
protein or to a tag on the protein such as FLAG-tag [74] or His-tag [75]. The anti-
body bound DNA-protein complex is then precipitated using Protein A or G beads
coupled to centrifugation or filtration techniques. To decrosslink the protein-DNA
interactions, the samples are heated at 65 °C overnight or boiled for 10 min. The
resulting DNA is purified and analyzed for quality and quantity, generally via gPCR
and the Agilent Bioanalyzer instrument (see Fig. 10.2). To prepare DNA samples
for sequencing, adapters are ligated to DNA molecules and then PCR is used to
amplify the DNA using primers complementary to the adapter sequences. Since a
ChIP experiment generally only produces 1-10 ng of DNA (using approximately
107 cells), the DNA must be amplified to attain enough material before sequencing.
If multiplexing will be used, each sample must be properly labelled using index
sequences. A few commercial ChIP sequencing preparation Kkits are available,
including the TruSeq ChIP Sample Preparation Kit (Illumina, Inc.), the NEXTflex
ChIP-seq Kit (Bioo Scientific Corp.), and the DNA SMART ChIP-seq Kit (Clontech,
Takara Bio Co.) for use with the Illumina NGS platform.
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Initial analysis of ChIP-seq data is not unlike that of RNA-seq: the raw sequenced
reads are processed and checked for quality, and then the reads are mapped to a
reference genome (Fig. 10.3). Since ChIP involves the enrichment of DNA regions
that were directly or indirectly bound to the protein of interest, “peaks” or regions
of the genome with more coverage as compared to a control sample are identified.
The most widely used controls for a ChIP-seq experiment are input (DNA taken
prior to immunoprecipitation) and mock (treated the same way as the immunopre-
cipitated sample but without antibody) samples. The most common software tool
to identify peaks is Model-based Analysis for ChIP-seq or MACS [76]. MACS
uses a dynamic Poisson distribution to identify peaks and the software can be used
with or without a control sample. Other peak identification software include
PeakSeq [77] which takes into account the differences in the mappability (i.e.
alignment of reads, of the genome), FindPeaks [78], and CisGenome [79]. After
peaks are discovered, they must be annotated to determine DNA target regions of
the protein of interest. These targets can be genes, up-stream or down-stream
regions of genes, promoter sequences, or regions inside genes [80, 81]. If the rec-
ognition sequence of the protein of interest is known, this can aid in verifying the
sequencing data. Data can also be verified by electrophoresis mobility shift assays
[82] and DNA footprint assays [83].

Applications of ChIP-Seq

Although there is no technical hurdle in applying ChIP-seq to prokaryotes, studies
are mainly focused on eukaryotic organisms. Only a handful of ChIP-seq studies
have been published on bacteria, and even less on foodborne pathogens. Those that
have been published focused mainly on proteins and transcriptional regulators
involved in environmental survival, and virulence and pathogenicity within a host.
Responding to environmental stimuli and maintaining cell homeostasis are critical
for pathogen survival in various niches. Davies et al. [84] used ChIP-seq to study
the ferric uptake regulator, Fur, in Vibrio cholera. Fur regulates iron transport for
enzymatic functions within the cell and is a key factor in the maintenance of
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homeostasis. The authors discovered many novel Fur-regulated genes, including
those involved in multidrug resistance, chemotaxis, and transport. Since Fur does
not bind to canonical sequences, ChIP-seq was able to predict DNA binding sites
based on peaks associated with open reading frames and sSRNAs. [85] studied AraC,
a transcriptional activator of genes involved in arabinose metabolism in E. coli and
S. enterica and other Enterobacteriaceae. Using ChIP-seq with S. Typhimurium,
the study uncovered two novel AraC-activated genes, aral and araU, which are
likely involved in the transport and metabolism of arabinosides, suggesting that S.
enterica can use arabinosides as a carbon source. The authors compared the DNA
binding sites of AraCin S. enterica and E. coli with those of other Enterobacteriaceae,
including Enterobacter spp., Klebsiella pneumonia, Citrobacter rodentium, and
Cronobacter sakazakii, and identified a conserved consensus sequence. Fitzgerald
et al. [86] published a ChIP-seq study looking at flagella regulation in E. coli K12.
Although K12 is nonpathogenic, FIhDC is conserved as the master flagellar regula-
tor in pathogenic E. coli, S. enterica, and closely related enteric bacteria. Flagella
are known to play a role in bacterial chemotaxis, attachment to surfaces, and in host
cell colonization. Two regulators involved in flagellar synthesis, FIhDC and FliA,
were studied. It has been suggested that these regulators may also be involved in
regulating non-flagellar genes. ChIP-seq revealed four novel FIhDC binding sites,
three in intergenic regions and one inside the gene csgC, and 52 novel FliA binding
sites, 30 of which are inside genes.

Three studies published in 2013 used ChIP-seq with S. enterica to investigate the
regulation of Salmonella pathogenicity islands (SPI), survival and colonization in
host cells, and host immune evasion. Wang et al. [87] used ChIP-seq to study Fis, an
important nucleoid-associated protein which functions as a regulator of transcrip-
tion and virulence in S. enterica. The authors identified 1646 Fis-regulated genes in
S. Typhimurium, including 63 (of a total of 94) SPI-1 and SPI-2 genes. Regulated
genes included nine genes encoding effector proteins which are transported by the
type III secretion system into the host cell, 37 genes encoding needle complex pro-
teins, and six genes encoding regulators. The results were further verified by elec-
trophoresis mobility shift assays and macrophage and epithelial infection assays. A
S. Typhimurium Afis mutant exhibited a significant decrease in the ability to invade
these two cell types, demonstrating that Fis is necessary for invasion and intracellular
replication. Another study looking at SPI-1 regulation in S. Typhimurium was con-
ducted by Petrone et al. [88]. ChIP-seq was used to study the transcriptional activa-
tor HilD, which is known to regulate SPI-1 genes, under conditions associated with
an intracellular host environment. The authors uncovered 17 HilD-binding regions,
of which 11 were novel and nine are located outside of SPI-1. [pxR, one of the novel
regulated genes, encodes a protein responsible for removing the 3’ acyloxyacyl
group of lipid A on LPS [89]. This allows S. Typhimurium to evade the innate
immune response, allowing the pathogen to survive within macrophage cells [90,
91]. A ChIP-seq study on S. Typhimurium by Perkins et al. [92] determined that
OmpR plays a role in host cell colonization. OmpR has previously been determined
to play roles in the regulation of transcription in response to environmental stimuli
such as osmotic stress. ChIP-seq revealed 43 intergenic peaks and seven novel
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OmpR-regulated genes encoding proteins which play a role in sialic acid transport,
an oxidioreductase, and an N-acetylmannosamine-6-P epimerase. These proteins
may aid in the scavenging of nutrients during host cell colonization by S. enterica.

Limitations and Challenges

Some of the challenges associated with ChIP-seq include antibody quality, the
amount of material required for sequencing, adequate controls, and data analysis.
One of the most important aspects when designing a ChIP-seq experiment is to
ensure that the antibody used will precipitate the protein of interest in vivo. Although
there are various commercial antibodies available, not all are validated for ChIP-seq
studies. All antibodies should be verified for effectiveness before beginning a ChIP-
seq experiment, which is time consuming. If the protein of interest does not have an
associated antibody, it may be necessary to add a tag and precipitate with a com-
mercially available monoclonal antibody. When tags are added, changes in the con-
formation and function of the protein may occur, possibly leading to the insufficient
binding of DNA and protein partners. Another drawback with ChIP-seq includes the
amount of material required. Generally, 10-50 ng of sample is required for a
sequencing run. Although amplification via PCR is seen in most protocols (with
15-18 cycles), this amplification can create bias and cycles should be limited.
Therefore, it may be necessary to pool various ChIP-seq studies together to acquire
enough material. To ensure that a ChIP-seq experiment is working, adequate con-
trols should be used, especially in the case of a protein where no target DNA part-
ners are known. A control should consist of a protein or transcription factor in which
some DNA binding partners are known and enrichment can be verified using
qPCR. Another limitation of ChIP-seq is the storage, manipulation, and analysis of
the massive amount of data generated from a sequencing run if adequate computa-
tional power is not available. There is also no community consensus on what data
should be saved (i.e. raw image data, raw sequence reads) or how precisely data
should be analyzed. For the non-bioinformatician, data analysis can always be chal-
lenging as many current software programs are not user-friendly.

Conclusions and Future Perspectives

RNA-seq technology, in only a short period of time, has revolutionized how we
study bacterial transcriptomics. This technology has been beneficial in the annota-
tion of genomes and the identification of new genes. Pathogen responses to environ-
mental stimuli and stresses, along with the switch from an extracellular to
intracellular lifestyle and subsequent pathogenicity have all been analyzed. Results
from these studies have identified novel virulence factors, and have shed light on
how regulation occurs in a variety of foodborne pathogens. Undoubtedly, RNA-seq
experimental design and bioinformatics analysis will continue to improve in the



178 J.K. Salazar et al.

coming years. Analysis of the data obtained by RNA-seq is now possible by
researchers with only modest bioinformatics experiences. Freely available software
tools and interfaces, such as Artemis [93] and Galaxy [94], have made the analytical
process simpler and more intuitive. New ways to utilize RNA-seq technology will
most likely be developed. Such methods will include transcriptomic studies of com-
plex bacterial populations and communities. In addition, the first few manuscripts
studying dual RNA-seq technology [95], in which the transcriptomes of both patho-
gen and host are assayed simultaneously, have just been published; this technology
will aid in the understanding of host-pathogen relationships, colonization, and
pathogenicity.

ChIP-seq provides unprecedented insight into the transcriptional landscape and
cascades of a microorganism. Although few studies to date have used ChIP-seq to
specifically study foodborne pathogens, more studies will undoubtedly be published
in the future. NGS technology is becoming more affordable for investigators, and
the addition of commercially available ChIP-seq kits will streamline the process.
The inclusion of ChIP-seq data into foodborne pathogen research will aid in eluci-
dating the mechanisms by which bacteria are capable of persistence, pathogenicity,
and virulence. The coupling of RNA-seq and ChIP-seq will provide even more
insight into bacterial pathogens.

Proteomics

Cells are constantly integrating external and internal signals to respond appropri-
ately to a changing environment. A large gain of knowledge of the transcriptional
regulation dynamics has been achieved through the advent of microarrays and
sequencing. Although the mRNA levels in a cell reflect the abundance and activity
of their corresponding proteins, proteins are the ones which carry out the cellular
functions and in some cases, the transcript abundance is not sufficient to predict
protein levels in a steady state or in response to stress. The cellular protein pool is
dynamic and complex, including post-transcription processes such as localization,
modification and degradation of the proteins themselves. Therefore, proteomics
deals with the large-scale study of proteins and their interactions which play an
important role in understanding an organism; this area of study is growing rapidly
in recent years. Two-dimensional (2D) gel electrophoresis, mass spectrometry (MS)
and protein microarrays are major techniques used in proteomics studies.
Two-dimensional sodium-dodecyl-sulfate polyacrylamide gel electrophoresis
(2D SDS-PAGE) was introduced to proteomics back in the 1970s [96] and is still
in use even though higher sensitivity techniques such as MS are available. Gel-
based proteomics can be used for analyzing protein expression, quantitation and
post-translational modifications (PTMs). The 2D gel electrophoresis separates pro-
teins based on the amphoteric nature of proteins (isoelectric point) in the first
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dimension and molecular weight separation in the second dimension. The first
dimension separation usually employs isoelectric focusing (IEF, [97]). Basic
groups of proteins become positively charged at acidic pH and acidic groups
become negatively charged at basic pH, therefore the net charge of proteins will
reach zero at their isoelectric point. A gradient of pH is applied to a gel in the first
dimension. When an electric potential is also applied across the gel, proteins will
migrate along the gel and accumulate at their isoelectric point. For the second dimen-
sion separation, SDS electrophoresis is usually used to separate proteins. The pore
size of the gel matrix will result in different migration rates of proteins due to their
different molecular weights when an electric field is applied. Although a 2D gel can
enable visualization and its performance has been improved by a number of technical
advancements since its introduction, it has some limitations when used for proteomics
studies [97]. The dynamic range is limited to visualize proteins at different concentra-
tions. The workable loading capacity of a gel system affects the sensitivity and
dynamic range. In addition, the reproducibility of gels sometimes can be a challenge.
In most cases, 2D gel is coupled with MS to obtain more comprehensive proteomics
information by a series of processes such as 2D gel separations and spot detection
with in-gel digestion and liquid chromatography (LC)/MS processing and analysis.

Mass Spectrometry

Mass spectrometry (MS) has become a key tool in proteomics for the identification
and characterization of proteins including primary sequences, PTMs, protein local-
ization, quantification, and protein—protein interactions [98, 99]. MS-based pro-
teomics has achieved tremendous progress during recent decades since the
development of protein ionization methods, matrix-assisted laser desorption/ioniza-
tion (MALDI) and electrospray ionization (ESI), which was recognized by the 2002
Nobel Prize in Chemistry. This section is focused on MS technology relevant to the
applied proteomics of foodborne bacterial pathogens

Methodology of Mass Spectrometry Technology

The common procedure for MS-based proteomics includes protein extraction and/
or digestion into peptides, protein/peptide separation, protein/peptide ionization,
and then mass-to-charge ratio (m/z) measurements and recordings. Intact cells can
also be directly analyzed using MS [100]. A mass spectrometer consists of three
functional units: an ion source that transfers analyte ions into the gas phase, a mass
analyzer that separates ions by their m/z, and a detector that monitors the number of
ions at each m/z value. The generic processes of several commonly used ionization
methods and mass analyzers are introduced here.



180 J.K. Salazar et al.

Tonization Methods

MALDI and ESI are the two most commonly used techniques for protein or peptide
ionization for mass spectrometric analysis [101-103]. MALDI ionizes samples
which are embedded in a saturated solution of a low-mass organic compound
(matrix). For bacteria, a microbial colony or protein extracts can be analyzed. The
analyte and the matrix co-crystallize and solidify upon drying. A UV laser beam,
usually a nitrogen laser beam (A=337 nm), is then focused on a small spot of the
matrix-analyte crystalline surface and used to irradiate the sample-matrix crystal.
The matrix strongly absorbs around the wavelength of the laser beam. The uptake
of energy results in the sublimation of the matrix and sample into the gas phase, and
a plume with ions from both the matrix and analyte is formed. ESI directly ionizes
liquid samples. Compared to MALDI, ions generated by ESI are stable and not in
an excited state, which are less susceptible to rapid decay [104]. A potential is
applied to a liquid at low flow rates in a capillary needle and results in the dispersion
of the liquid out of the narrow tip of the needle and the formation of charged drop-
lets. The droplets migrate toward a countercharge electrode, driven by the electric
field, and skimmed through a heated nozzle or heated curtain gas. Solvent evapo-
rates and solvent molecules leave the droplet as neutral particles, causing the
increase of charge density at the surface of the droplets. When the charge density
reaches the Rayleigh limit, Coulomb repulsion increases to the same order as the
surface tension, and “Coulomb explosion” further tears the large charged droplets
into smaller droplets. Repeating this process results in droplets small enough to
desorb ions into the ambient gas, and then form “quasi-molecular” ions for mass
analysis [97, 101].

Mass Analyzers

A mass analyzer is a chamber with an electrostatic field to separate ions from the
source depending on their m/z ratio for detection. They are divided into two broad
categories [105]: (1) the scanning and ion-beam mass spectrometers, such as time-
of-flight (TOF) and quadrupole (Q), and (2) the trapping mass spectrometers, such
as ion trap and Fourier transform mass spectrometer (FI-MS) including Orbitrap
and Fourier transform ion cyclotron resonance (FTICR). They can be used alone or
in tandem. The types commonly used in proteomics research are ion trap, TOF,
quadrupole and FTICR [98]. TOF are usually coupled with MALDI for mass mea-
surement of intact peptides, while ESI is mostly coupled with ion-trap (IT) and
quadrupole analyzers [98]. See Table 10.3 for a comparison of mass analyzers.

A TOF analyzer is based on accelerating the ions to high kinetic energy by an
electrostatic field. Because the electrostatic field is constant, the acceleration results
in a specific mass with a specific charge to travel in a different velocity. The ions are
then separated along a flight tube by their different velocities. TOF cannot be
directly coupled with an ESI source. However, a TOF hybrid with another mass
analyzer such as quadrupole or linear ion trap (see in the succeeding paragraphs) is
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Table 10.3 Comparison of common mass analyzers used in proteomics

Mass
Mass Mass accuracy Sensitivity Tandem MS | Ion
analyzer | resolution® (ppm) (mole) m/z range | capability source
IT 1000-1500 100-1000 | Pico 50-2000; | MS" ESI
200-4000
LTQ 2000 100-500 Femto 50-2000; | MS" ESI
(LIT) 200-4000
Q-g-Q 1000 1000-1500 | Atto 50-4000 MS/MS ESI
TOF 10,000— 5-50 Femto No upper | N/A MALDI
20,000 limit
TOF- 10,000— 5-50 Femto No upper | MS/MS MALDI
TOF 40,000 limit
Q-g-TOF | 10,000- 5-50 Atto No upper | MS/MS ESI;
40,000 limit MALDI
LTQ- 50,000— 1-2 Femto 50-2000; | MS" ESI;
FTICR 800,000 200-4000 MALDI
LTQ- 50,000— <5 Femto 50-2000; | MS" ESI;
Orbitrap | 500,000 200-4000 MALDI

“Mass resolution at full width half maximum
N/A not applicable, MS" multi-stage MS, MS/MS two MS in tandem
Reconstructed from Cunsolo et al. [106]

compatible with the EIS source. MALDI coupled with TOF-TOF tandem MS is
often used in proteomics. Two TOF sections are connected with a collision cell
which undergoes “collision-induced dissociation”. This process is used to fragment
proteins/peptides based on the collision between a biomolecular ion with a neutral
atom or molecule [107]. MALDI TOF-TOF provides a powerful tool for de novo
sequencing of peptides from in-gel digestion. In addition, TOF is theoretically capa-
ble of unlimited mass range analyses, and the collision energy used to produce
fragmentation is higher. Thus, TOF-TOF can be used in the analyses of large pep-
tides and intact proteins [106, 107].

A quadrupole mass analyzer uses a strong-focusing alternating gradient field
which is applied along the flight-path in the accelerator [108]. In a mass filter which
uses two-dimensional (2D) quadrupole field, four circular metal rods paired in
opposite directions construct the basic structure of the analyzer. Ions in a specific
range of m/z are selected by choosing a particular pair of constant voltage (U) and
radio-frequency potential (V) applied to the quadrupole structure. The width of the
range depends on the ratio of U/V, which in principle determines the resolution.
Accordingly, ions with different m/z can be selected by changing the magnitudes of
U and V [108]. Triple quadrupole mass spectrometer are commonly used in pro-
teome research: ions of a particular m/z ratio are selected in the first section which
is a 2D quadrupole field (Q), then the ions are fragmented in a collision cell (q), and
the fragments are separated in a third quadrupole (Q) section [98].

Quadrupole ion traps, including 3D quadrupole ion trap (IT) and linear quadru-
pole ion trap (LIT, or linear trap quadrupole, LTQ), share the same principles of



182 J.K. Salazar et al.

field generation as quadrupole mass analyzer. Hybrid quadrupole time-of-fight
(QqTOF) mass spectrometer is commonly used in proteomics. Ions from the
MALDI ion source can be firstly cooled by a collisional damping interface (q) and
then transported through quadrupole (Q) and measured in the TOF section [109], or
ions from the ESI ion source can pass through the first and second sections of a tri-
ple quadrupole and a reflector TOF (TOF with a reflector to compensate slight dif-
ferences in kinetic energy of ions) for the measurement [98]. IT is robust, sensitive,
and moderately inexpensive, but the resolution and mass accuracy is relatively low
[106]. Compared to IT, LTQ has enhanced sensitivity due to the higher injection
efficiencies and ion storage capacities [110].

Trapping mass spectrometers include the quadrupole ion traps mentioned above,
and also Fourier transform (FT) IT (e.g. Orbitrap and FTICR). Orbitrap and FTICR
are based on Fourier transformation of image current of ions to obtain m/z spectra
[97]. Orbitrap uses electric fields to induce the transient image current, while FTICR
employs magnetic fields. Orbitrap is usually connected to a radio frequency-only
LTQ which injects pulsed ion beams into the rapidly changing electric field in the
Orbitrap [111]. Both FT-MS have the strengths of high mass resolution, accuracy
and dynamic range [112]. However, to achieve the high resolution, it usually takes
time to pump down the residual gas [107]. The expenses and relatively low peptide-
fragmentation efficiency should also be considered for routine use [98].

MS-Based Proteomic Analysis Strategies

MS-based proteomics analysis usually embraces two strategies: (1) bottom-up,
which starts with enzymatical or chemical digestion of proteins into peptides which
are then analyzed, or (2) top-down, which analyzes intact proteins. The bottom-up
strategy is common with high-complexity samples in conjunction with large-scale
analyses [105]. Protein samples are extracted from cells and digested to peptides.
Then peptides are separated from the sample by chromatography, ionized, and
introduced to the mass spectrometer. Usually tandem MS with collision activated
dissociation is required. Linear ion trap (LIT), quadrupole-linear ion trap (Q-LIT),
triple quadrupole, Q-TOF and IT-TOF are widely used. The MS data identification
is based on correlating the experimental data to a database such as Genpept [113].
The drawbacks of using this strategy are that there is only a partial identification of
total peptides of a given protein and that there is loss of PTM information [107].
Top-down methods provide advantages such as rapidity, simplified mass spectra,
PTM information, protein—protein complex information, protein quantification, and
tolerance to contaminants [100, 105]. However, there are limitations such as chal-
lenging separation of intact proteins as compared to peptide mixtures. Therefore,
LIT-Orbitrap and LIT-ICR are used due to their capability of using larger protein
quantities and resulting in higher mass accuracy [105]. For direct microorganism
analysis, the top-down strategy can be used to differentiate bacteria at genus, spe-
cies, and strain levels with the identification of a small portion of the proteome
[100]. The expressed sequence tag method and the de novo method are used to
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analyze top-down data [105] The procedure for MS-based food microbial analysis
and strategies are shown in Fig. 10.4.

The use of MS-based techniques in food safety need to address the concerns of
detection, identification, and quantification of food pathogens and a variety of virulence
factors that the pathogens excrete into the food and cell surfaces. Proteomic studies
based on MS have been developed for bacterial profiling for distinguishing different
species and strains, identifying toxins and pathogenicity determinants such as the syn-
thesis of proteins which correlate with virulence under various conditions, and the
interaction between pathogens and their hosts to cause disease [106, 114].

Applications of Mass Spectrometry

Identification of Bacterial Pathogens

MALDI-MS provides a rapid and simplified method to directly analyze, identify
and distinguish pathogenic and nonpathogenic bacteria based on the detection of

high- and low-molecular-weight proteins, called the “fingerprint” of a specific
genus, species or strain [ 100, 115, 116]. Mass spectra can be obtained from unknown
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Fig. 10.4 Generic experimental flowchart of MS-based analysis of bacterial samples, including a
comparison of bottom-up and top-down strategies [100, 106]. MudPIT: multidimensional protein
identification technology
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bacterial samples and processed with an inactivation/extraction procedure. The
spectra reveal some major peptides and proteins, and have the potential to differen-
tiate pathogens based on the profiling spectra containing a series of peaks [115]. By
comparing the mass spectra with reference libraries, the unknown bacteria can be
identified as well [117]. For example, Barbuddhe et al. [115] utilized the chemistry
of ribosomal proteins to identify Listeria species via MALDI-TOF. This procedure
was used to differentiate pathogenic and nonpathogenic species. In addition,
L. monocytogenes isolates were separated up to the level of clonal lineages. The
studies also indicate the potential for tracking foodborne pathogen outbreaks and
facilitating epidemiological studies.

Quantitation of Proteins of Interest

In addition to the qualitative analysis of the proteome, the abundance, distribution,
and stoichiometry are also very important aspects to unveil functional information
such as enzymatic reactions and signaling pathways which depend on proteins. The
measurement of protein concentrations associated with different states, such as
responses to environmental changes, are usually performed in quantitative pro-
teomics. Since MS is highly dependent on the separation of proteins and peptides
prior to mass analysis to obtain unambiguous identification, tandem MS coupled
with liquid chromatography (LC-MS/MS) has especially become the major tech-
nique for proteomics research. However, even the peptides from the same protein
may differ in ion intensities due to charge state, peptide length, amino acid compo-
sition, or PTM [118]. Thus, it is usually required to compare each peptide between
experiments. The relative quantitative methods are used to compare two or more
samples by using either stable isotope labeling approaches or label-free approaches.
Stable-isotope tags are introduced to proteins by metabolic labelling, enzymatic
transfer, or chemical reaction [98]. Based on the differentiation between the heavy/
light isotope pairs in the mass spectrometer, the relative-abundance ratio of labeled
heavy/light peptide pairs is measured. Instead of using isotope tags, label-free meth-
ods use spectrum counting methods or peptide ion intensity methods to determine
the abundance of proteins [105, 118]. The spectrum counting methods use the total
number of fragmentation spectra that map to peptides of a given protein as a quan-
titative measure. Using the peptide ion intensity to compare two or more samples, a
method called “protein correlation profiling” is used to align the total ion chromato-
grams of different samples [119]. While the relative quantification methods are
applied for a large number of proteins in mixture, absolute quantification is also
commonly used, by adding a known quantity of stable isotope-labeled standard
peptide to samples, which determines the quantity of one or a few particular pro-
teins [120]. An approach of constructing a synthetic gene encoding a concatenation
of tryptic standard peptides, which provides multiple peptides of a target protein or
quantification standards for a group of proteins upon digestion, has been developed
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for absolute quantification [121]. The MS-based quantification has been used to
obtain protein profiles of bacteria for studying the response of bacteria to the growth
environment, which is important in controlling food processing conditions. The
molecular basis of Cronobacter sp adaption to heat and cold-stress was investigated
with one C. tfuricensis isolate cultured at different temperatures [122]. iTRAQ (iso-
baric tags for relative and absolute quantification)-labelled whole cells and secreted
proteins were identified and quantified by 2-D LC-MALDI-TOF/TOF MS. The
study reported the changes in protein expressions, including various potential viru-
lence factors, under different growth temperatures which might explain the high
infection potential of C. turicensis. Liu et al. [123] studied the proteome of
Campylobacter jejuni at different times after the infection of cultured mammalian
cells using quantitative LC-MS/MS (LTQ) analysis. The analysis indicated a sig-
nificant metabolic downshift and change in its respiration mode, and provided
potential basis for the future development of antimicrobial strategies which target
the metabolic pathways of the pathogen [123].

Shotgun Proteomics

Due to the limitations of 2D-polyacrylamide gel electrophoresis (PAGE), the devel-
opment of alternative approaches for the separation of complex mixtures has
attracted interest. This has led to the emergence of a new MS-based technique called
shotgun proteomics. Shotgun proteomics techniques are commonly used in quanti-
tative studies. The basis of the procedure is the digestion of a mixture of proteins,
2D chromatography-based separation and tandem MS. The MS data is then ana-
lyzed by computational programs. The 2D chromatography for peptide separation
uses a combination of chromatographic techniques, such as the most popular multi-
dimensional protein identification technology (MudPIT) which consists of a strong
cation exchange (SCX) and a reversed phase (RP) stationary phase packed together.
The MudPIT is loaded with a peptide mixture and placed in line between an HPLC
and tandem MS. The main advantages of MudPIT over 2D-PAGE lie in its improve-
ments in the detection and identification of membrane proteins and low abundance
proteins [124]. Alternative configurations such as affinity chromatography (AC)/
RP, isoelectric focusing (IEF)/RP, and capillary electrophoresis (CE)/RP were also
investigated [125]. GeLC-MS/MS, where proteins are firstly separated on an SDS-
PAGE gel followed by the gel being sliced at specific intervals for analysis, is also
available. After the separation by 2D chromatography, peptides are eluted directly
into tandem MS. Shotgun proteomics are employed in foodborne bacterial studies.
For example, survival mechanisms of E. coli O157:H7 were investigated using
shotgun proteomics-based analysis using isobaric tags for relative and absolute
quantitation [126]. MudPIT and LTQ-Orbitrap tandem MS-based shotgun pro-
teomics were used to reveal the response of L. monocytogenes to the extracellular
pH environment [127].
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Protein—Protein Interactions

Another major application of MS-based proteomics is the analysis of protein inter-
actions. Studying how foodborne pathogens interact with a food matrix or with their
host is crucial for developing food processing and antimicrobial strategies. Protein—
protein interactions are important in the pathogenic processes of bacteria such as
molecular recognition, adherence to host cells, and the regulation of one protein
upon another. MS-based proteomics has become a powerful tool for the identifica-
tion of interacting protein complexes and for interaction profiling. It provides merits
such as the capabilities of analyzing interactions taking place in the native environ-
ment and in cellular locations, using fully processed and modified proteins as affin-
ity reagents, and isolating and analyzing multicomponent complexes in a single
operation [98]. Usually the MS-based protein interaction analysis consists of bait
presentation, affinity purification of the complex, and the analysis of bound pro-
teins. The tandem affinity purification (TAP)-MS is one of the most popular meth-
ods used for purifying protein complexes from their natural environment for
interaction analysis studies. The method uses a fusion protein (bait) including a
calmodulin-binding tag in series with an immunoglobulin-binding tag of protein A,
where the two tags are connected by a sequence which can be cleaved by tobacco
etch virus (TEV) protease [128, 129]. The TAP-fusion is expressed in the host cells,
and a protein complex assembles under physiological conditions, with one protein
being cloned and tagged. The fusion protein along with associated interacting pro-
teins are retrieved from the cells and purified by reactions between the two tags and
immunoglobulin resin and calmodulin resin sequentially. Between the two affinity
purifications TEV proteases cleaves the sequence between the two tags. After the
two purification steps, the elution including the bait and its interacting proteins can
be analyzed by MS. Butland et al. [130] reported the identification of an E. coli
protein interaction by MS using the TAP procedure. Gel-based peptide mass finger-
printing using MALDI-TOF was employed, and gel-free shotgun sequencing (LC-
MS) was used to identify small and lower-abundance proteins. Burnaevskiy et al.
[131] studied the Shigella flexneri virulence factor, invasion plasmid antigen J
(IpaJ), which causes the demyristoylation of human proteins that regulate cargo
transport through the Golgi apparatus. The host protein containing a Strep affinity
tag and tandem MS were used to observe the cleavage of N-myristoylated proteins
which recognized this pathogenic mechanism of Shigella.

Protein Modifications

PTMs are important for cellular processes such as the biological functions of pro-
teins, cellular localization of proteins, and protein complex formations [132]. These
modifications can change the molecular weight and fundamental physical properties
of the proteins. Some examples are phosphorylation (+80 Da), sulfation (+80 Da),
nitration (+45 Da), O-glycosylation (>203 Da), and acylation (>200 Da) [133]. MS
can be employed to determine the type and site of modifications by comparing the
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measured mass and fragmentation spectra with a database search [98]. This analysis
sometimes can be a challenge to MS due to the mass shift in the peptide molecular
weight, the abundance of the modified peptide, the stability of the modification
using MS analysis and the sensitivity affected by the modification [132]. Non-gel
purification methods are usually preferred to minimize the losses in sequence cover-
age for modification-site determination, such as ESI-LC-MS/MS. Gel-based separa-
tion coupled with LC-MALDI-MS is also used in some studies. Four foodborne
bacterial pathogens, C. jejuni, Helicobacter pylori, Aeromonas caviae, and L. mono-
cytogenes, were studied by a top-down MS approach for characterizing their protein
glycosylation using Q-TOF. The flagella of the four pathogens, which are important
for motility, were analyzed and a significant diversity of glycan residues were found
on certain flagella proteins [134]. Macek et al. [135] used a gel-free method of
HPLC coupled with LTQ-FT or LTQ-Orbitrap to identify 103 phosphopeptides
from 78 Bacillus subtilis proteins and 78 phosphorylation sites. The phosphoryla-
tion on serine, threonine, and tyrosine as a key regulatory PTM in bacteria was
investigated. Myriad databases, software and tools used to interpret the PTMs are
currently available, which provide valuable resources for PTM research [136].

Limitations and Challenges

The major challenges of MS-based proteomics are to achieve comprehensive,
reproducible and quantitative description of proteomes with reasonable throughput
[137]. MS-based proteomics datasets tend to be biased against lower abundance
proteins which results in incomplete proteome coverage [118]. In addition, although
studies on protein interactions have matured, coverage is still quite low especially
with interactions between proteins and other molecules and cannot always fully
describe dynamic protein networks [128, 137]. This is greatly attributed to the chal-
lenge of obtaining and isolating affinity molecules for large scale analysis. Also,
studies of some functional proteins such as membrane proteins requires an artificial
environment that mimics the native membrane, therefore some techniques used in
MS can be detrimental to protein activity and stability [138]. Although MS data
analysis is not discussed in this chapter, it should be noted here that enormous
amounts of data are generated by various techniques and experimental designs
bring additional complexity; this requires further development of appropriate statis-
tical approaches, databases and tools to reduce the time and effort required to pro-
vide meaningful interpretations of the results.

Protein Microarray

Protein microarray provides a platform for analyzing thousands of proteins simulta-
neously, which allows for its robust application in proteomics. There are two main
categories of protein microarrays [139]: (1) protein detection, where specific
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protein-capture reagents such as antibodies and aptamers are immobilized on the
arrays, which can specifically recognize particular proteins in complex mixtures,
and detect the abundance and PTMs of the proteins; and (2) protein function deter-
mination, where purified proteins, protein domains or functional peptides are immo-
bilized on the arrays, and their interactions with other proteins, small molecules and
substrates for enzymes are studied.

Methodology of Protein Microarray Technology

For protein detection arrays, there are several common configurations (Fig. 10.5):
(1) target direct labeling, where the target proteins are labeled with tags such as
fluorescent dyes, radioisotopes, and even nanoparticles which have emerged in
recent years. The target proteins can be captured by the immobilized binding mol-
ecules, and detected through the signals from the tags. The readout is usually based
on fluorescence, chemiluminescence, mass spectrometry, radioactivity or electro-
chemistry; (2) label-free, where the detection is based on inherent properties of the
target proteins; (3) sandwich assay, where the target proteins are captured by their
specific binding molecules, followed by the attachment of a secondary labeled mol-
ecule (e.g. antibody) which binds the target; and (4) reverse phase protein blot,
where cell lysates or blood fluid are immobilized on microarray spots and then a
labeled detection molecule (e.g. antibody) is incubated with the complex mixtures
to detect the target protein [140].

For functional microarrays, target-purified proteins, protein domains or func-
tional peptides can be spotted on arrays through various methods (Fig. 10.6): (1)
purified proteins immobilized on chemically functionalized glass slides; (2)
glutathione-S-transferase (GST)-(His)s tagged fusion proteins which can be immo-
bilized on Ni-coated slides; (3) Nucleic acid-programmable protein array (NAPPA),
where plasmid DNAs are spotted on the array instead of purified proteins. The pro-
teins corresponding to the plasmid DNAs are expressed in situ just prior to experi-
mentation with an epitope tag which can be captured by a capture reagent
immobilized on the array with the DNAs; and (4) multiple spotting technique
(MIST), where PCR products are immobilized, and proteins are expressed in situ
[140, 141].

Applications of Protein Microarray

Quantitative Proteomics

Since protein microarrays have many affinity binding reagents immobilized at high
spatial density and each reagent captures its target protein, the captured target pro-

tein is concentrated only in a small area on a microspot. The specific capture of the
target protein also ensures dose-dependent signals. Therefore, the captured proteins
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can be detected and quantified with high signal intensity and low signal-to-noise
ratios [142, 143]. Moreover, the capability of analyzing thousands of different
parameters with robustness allows the application of protein microarrays in the
proteomics studies of foodborne pathogens. Depending on the label used,
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fluorescence, chemiluminescence, mass spectrometry, radioactivity or electrochem-
istry signals can be associated with the quantity of target proteins. Danckert et al.
[144] used protein microarrays to identify and study novel immunodominant pro-
teins of S. Enteritidis. The authors identified proteins such as SEN2278 and
SEN4030 to be involved in immunogenicity and may be potential candidates for S.
enterica-specific diagnosis. Gehring et al. [145] used a sandwich protein microar-
ray for different Shiga toxins for detection and quantitation of E. coli strains. The
assay can be used for detection of the pathogen in clinical and food samples.

For label-free detection, where the measurement is based on inherent properties
of the target proteins such as mass and dielectric properties [140], optical tech-
niques such as surface plasmon resonance (SPR) and ellipsometry and microscopic
techniques such as atomic force microscopy have been integrated with protein
microarrays. In recent years, nanotechnology also finds its way for integration into
protein microarrays. Quantum dots and gold nanoparticles are used as labels, and
electrical property changes in functionalized nanowires due to the binding of a tar-
get protein have been measured for label free detection [140, 146].

PTMs can also be identified by protein microarrays. Antibody-based western
blots have been used to identify PTMs such as tyrosine phosphorylation. However,
some PTMs with small-sized structural motifs may not be recognized due to the
difficulty in generating specific antibodies [147]. Enzymes specific to PTMs have
also been employed to identify PTM sequence motifs [148].

Functional Proteomics

Functional protein microarrays can have various configurations depending on the
applications. The advantages of low reagent consumption, rapid result readouts and
easily controlled experimental conditions allow microarrays to be useful in rapid
screening of large numbers of proteins for their biochemical activities and interac-
tions between proteins and between proteins and other molecules such as nucleic
acids, lipids and small organic compounds [142, 149]. Using functional protein
microarrays to study protein interactions, such as the mechanisms of bacterial drug
resistance and the host immune response towards bacterial pathogens, has contrib-
uted to the design of therapeutic strategies, drug development, and disease diagno-
sis. For example, the interactions between E. coli proteins which mediate the
adhesion of the bacteria to epithelial cells and their ligand were studied by using
protein arrays immobilized with the ligand. Inhibitors of E. coli adhesion were also
screened and quantified by immobilizing the inhibitors on the arrays [150]. The
entire proteome of E. coli K12 was printed on a protein array to screen and identify
biomarkers for inflammatory bowel disease. Interactions between E. coli proteins
and human serum antibodies were analyzed to differentiate responses between
healthy controls, patients with Crohn disease and ulcerative colitis, and new sets of
biomarkers to diagnose these ailments were identified [151]. Liu et al. [152] also
studied E. coli using a protein functional microarray. The authors created an entire
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proteome microarray to determine the functional interactions of CobB, a deacety-
lase. Acetylation and deacetylation plays an important role in many biological pro-
cesses. CobB was determined to interact strongly with proteins such as AccC,
acetyl-CoA carboxyltransferase.

Limitations and Challenges

Compared to 2D gel electrophoresis and mass spectrometry, which can be used to
analyze both known and unknown proteins, protein microarray is better suited for
analyzing a particular target set of known proteins [142]. Accordingly, protein
microarrays are largely dependent on binding molecules such as antibodies and the
affinity of proteins. For some protein targets, high-affinity and high-specificity anti-
bodies are still not available. There are a limited number of studies on the cross-
reactivity of antibodies with other cellular proteins, which hinders the quantitative
analysis of cellular lysates [142]. Sample preparation and spotting also affects the
accuracy and reproducibility of the quantification. For whole-proteome microar-
rays, not only is there the challenge of the isolation of a large number of functional
proteins, but also the challenge of changing structures, functions and abundance of
target proteins which makes downstream analysis extremely complicated. Due to
the complexity of the cellular lysates, more research has been done with cell secre-
tions rather than cellular lysates.

Conclusions and Future Perspectives

Proteomics technology, including MS and protein microarray, is important in the
study of foodborne bacterial pathogens. This technology has changed the way
researchers identify and study proteins. Using MS, studies have determined
sequences of important proteins, PTMs and various other modifications, localiza-
tion of proteins within complex regulatory networks, and protein—protein interac-
tions. MS has also been an important tool for the evaluation and validation of
existing genomic annotations. In the future, strain-typing with MS technology
should provide a more rapid and robust method for clinical microbiology. Strain
identification and subtyping of bacterial pathogens, including antibiotic resistance
profiles, will be more efficient. New techniques of ionization and fragmentation
might enhance the availability of MS analysis for previous undetected peptides. The
development of other non-MS proteomic approaches will provide a complementary
view of whole proteomics technologies. It is expected that advances in data mining
methods, bioinformatics tools, and protein tagging and affinity purification tech-
niques will emerge for future proteomics research. The study of cellular dynamics
at the protein level still has much to achieve in the coming years. Combining
genomic, transcriptomic and proteomic data from the same biological system will
significantly increase our understanding of complex biological process.
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