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Editorial on the Research Topic
Pathogen Genomics: Empowering Infectious Disease Surveillance and Outbreak Investigations

Comparative microbial genomics analysis by high-throughput whole-genome sequencing (WGS)
offers exquisite resolution for epidemiological investigations of infectious disease. This approach
has revolutionized outbreak detection and monitoring of transmission dynamics of infectious
agents and antimicrobial resistance across humans, animals, and environment. The objective of
this Research Topic was to assemble articles on genomic epidemiological approaches to identify
sources and mechanisms of transmission of infection and antimicrobial resistance. Leading experts
discuss advances in fine-tuning the WGS laboratory workflows and bioinformatics for analyzing
viral, bacterial, and protozoan genomic data as well as best available WGS data sharing and
vizualization tools for infectious disease surveillance and control. The Research Topic consists
of 13 articles on public health applications of comparative genomics of key human and zoonotic
pathogens, including Original research, Reviews, Systematic Review and Curriculum, instruction,
and pedagogy reports.

The ongoing COVID-19 pandemic underlines the crucial need for open access to advanced
viral infectious disease surveillance systems that integrate genomic and epidemiological data on
epidemic pathogens in real-time. Theys et al. review cutting-edge phylodynamic analysis tools and
visualization solutions for translating these data into information for disease control decisions
by public health and health policy professionals. They discuss bioinformatics platform use for
temporal and spatial visualization through examples for tracking viral disease dissemination across
populations and monitoring viral evolution and adaptation.

Hendriksen et al. describe the value of bacterial genomics for monitoring the global threat
of antimicrobial resistance by efficient and rapid identification of genetic determinants of drug
resistance. They review the operational characteristics, functionalities, strengths, and limitations of
bioinformatics tools and knowledge bases accessible online for these purposes. They offer their
expert perspective for standardization of analytical pipelines and database validation for more
robust genomic-enhanced antimicrobial resistance surveillance.

Ribeiro Duarte et al. report on their e-learning and crowdsourcing pedagogic experience to
explore expectations and opinions as well as educate academic, public health, and food safety
professionals on the potential of microbial metagenomics in surveillance of pathogens and
antimicrobial resistance. They ran a blended training exercise followed by massive open online
interactive course to disseminate metagenomics knowledge and skills to a global audience of
research and surveillance experts and gather their opinions. A majority of participants expected a
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slow transition to metagenomics for surveillance and food safety
risk assessment subject to further harmonization of experimental
protocols and interpretation of results.

The value of next-generation sequencing technologies for
surveillance and study was reviewed for several human
pathogens. Clostridioides (Clostridium) difficile is an important
enteric pathogen in the healthcare setting where it causes
both sporadic and epidemic infections with substantial morbi-
mortality. It is increasingly frequent as a community-acquired
pathogen although infection sources remain elusive. In a
mini-review, Janezic and Rupnik summarize the WGS-based
typing schemes for C. difficile and compare the merits of
single nucleodide variant typing and core genome multilocus
sequence typing (cgMLST) methods for surveillance and cluster
investigations. They highlight how WGS-based studies help
elucidating the global population structure of C. difficile,
mapping the intercontinental spread of epidemic lineages,
resolving relapses, and reinfections in recurrent disease and
evaluating the effect of disease prevention measures. Knight
and Riley review the diverse ecological reservoirs of C. difficile
from a One-Health perspective. Micro-evolutionary studies
are revealing how the open pan-genome of several successful
zoonotic lineages that have adapted to different ecological
niches. This foster their global spread between food animals and
farm environment to humans under the selective pressure of
antimicrobial use in livestock and human medicine.

van der Werf and Kodmon report on a systematic review
of three international tuberculosis outbreak investigations that
were supported by WGS-based typing. WGS data analysis
from different sequencing platforms used the SNV mapping
approach with diverse bioinformatics tools. WGS analysis was
helpful in supporting evidence from epidemiological data for
delineating outbreak-related-cases and excluding unrelated ones.
Further standardization of WGS methodology and data sharing
procedures is desirable for tuberculosis control.

Morris et al. assess the state-of-the-art genome sequencing
methods for Cryptosporidium species identification and
genotyping in the public health setting. Technical hurdles relate
to genomic DNA extraction, sequencing depth, and assembly.
Biological complexity is challenging due to sexual recombination
of the parasite and multiplicity of infection in humans and
animals. While WGS is not yet feasible for routine genotyping,
the increasing volume of Cryptosporidium genome data available
from diverse hosts and geographical sources is helping design
novel genotyping markers and better understand its population
diversity and virulence variation.

Seth-Smith and Egli have examined current evidence on high-
resolution typing of Corynebacterium diphtheriae using WGS
for surveillance of this re-emerged pathogen in low incidence
settings and describe international networks supporting this
new approach to the control of diphtheria. The authors review
the phylogeny of this diverse species and explain how the
timing of disease can be inferred from WGS data. They argue
that de-centralized sequencing strategies with redundancy in
sequencing capacities, followed by data exchange, may be a
valuable future option, especially as WGS becomes more available
and portable.

Several contributions to this Research Topic have focused
the attention on the added value of genomic surveillance for
controlling foodborne diseases. Chattaway et al. describe the
transformational impact of WGS on reference microbiology
practice and public health laboratory surveillance for Salmonella.
They document experience from Public Health England and
review challenges of implementing WGS as a routine country-
wide reference laboratory service. Their experience started
in 2014 and led to the radical transformation of public
health practice based on the integrated and cross-disciplinary
analysis and decision-making. The authors explain how this
transformation led to improved accuracy of results, reduced turn-
around times of reports and better recognition and monitoring
of smaller and geographically dispersed outbreaks of common
Salmonella serovars and outbreaks of prolonged duration. They
outline the PHE approaches to the bioinformatics pipelines,
detection of antimicrobial resistance in foodborne bacteria and
integrated analysis of data. The authors also remind us about
the essentiality of inter-agency sharing and comparisons of
microbiological, epidemiological, and food chain analyses for
effective food safety and control.

These messages are reinforced and expanded by Gerner-Smidt
et al. from the US Centers of Disease Control and Prevention
who presented compelling evidence for the One Health approach
to foodborne surveillance. They argue that such an approach
takes public health surveillance to the next level as many
foodborne outbreaks ultimately originate from animal or
environmental sources. The authors illustrate the power of
this approach in helping to successfully solve several persistent
community outbreaks, including polyclonal listeriosis associated
with contaminated ice cream, multidrug resistant Salmonella
Heidelberg linked to contaminated chicken, an outbreak caused
by six serotypes of Salmonella associated with consumption
of an imported herbal supplement, and multidrug resistant
Campylobacter linked to contact with puppies sold by a specific
pet store chain. Such outbreaks are significantly more complex
than typical point source outbreaks and might be difficult to
solve using traditional epidemiological approaches. This paper
presents examples of how WGS surveillance enables flexible
outbreak case definitions and efficient epidemiological traceback.

An insightful report from the Austrian Agency for Health
and Food Safety led by Pietzka et al. demonstrates the potential
of genome sequencing in identifying sources of outbreaks of
listeriosis. The authors utilized a core genome MLST scheme
based on 1,701 target genes to type over six thousand isolates of
Listeria monocytogenes from human and food associated sources.
The typing results helped to identify a community outbreak in
eastern Austria and trace back the source of the outbreak to one
meat-processing company. The whole-genome sequence based
typing yielded better accuracy and higher discriminatory power
than pulsed-field gel electrophoresis as well as higher laboratory
throughput at a lower cost. These findings are of particulars
relevance to public health microbiologists as the growing
proportion of elderly citizens drives up listeriosis notifications
across many countries in the EU and Northern America.

Seth-Smith et al. aim to improve our understanding of
whole genome sequencing protocols employed for laboratory
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surveillance. The authors evaluated three popular library
preparation protocols based on enzymatic fragmentation which
are fast and require minimal amounts of genomic DNA. They
provided in-depth analysis of WGS results obtained from
libraries prepared by Nextera XT (Illumina), Nextera Flex
(Illumina), and QIAseq FX (Qiagen) protocols using a set
of 12 reference strains representing pathogenic bacteria with
different DNA guanine-cytosine (GC) content. The results
suggest that Nextera Flex and Qiaseq FX are less sensitive
than Nextera XT to variable GC content. Interestingly, more
alleles were detected in the cgMLST analysis with these
two best library preparation protocols, producing better
discrimination of closely related genomes. Furthermore,
these protocols achieved a more complete representation of
accessory genes and ensured the detection of every antibiotic
resistance gene from short read data with coverage of 50
or higher.

We hope both public health professionals and clinicians will
find this issue useful for their practice. The editorial team thanks

external reviewers for their constructive criticism and hopes that
this issue of Frontiers in Public Health will assist healthcare
professionals and scientists involved in translational research and
genomics-informed public health laboratory surveillance and will
be of interest to everyone who is passionate about international
efforts to control communicable diseases.
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Whole-Genome Sequencing as Tool
for Investigating International
Tuberculosis Outbreaks: A
Systematic Review

Marieke J. van der Werf* and Csaba K6dmén

European Centre for Disease Prevention and Control, Stockholm, Sweden

Background: Whole-genome sequencing (WGS) can support the investigation of
tuberculosis (TB) outbreaks. The technique has been applied to estimate the timing and
directionality of transmission and to exclude cases from an investigation. This review
assesses how WGS was applied in international outbreak investigations and discusses
the advantages and challenges of the application of WGS.

Methods: Databases were searched for reports on international TB outbreak
investigations. Information was extracted on: Why was WGS applied?; How was WGS
applied?; Organizational issues; WGS methodology; What was learned/what were the
implications of the WGS investigation?; and challenges and lessons learned.

Results: Three studies reporting on international outbreak investigations were identified.
Retrospective WGS sequencing was performed in all studies and prospective typing in
two to study TB transmission. In one study, WGS data were produced centrally (i.e., in
one laboratory) and analysis was done centrally. In two studies, WGS data production
was done in a decentralized manner, and analysis was centralized in one laboratory. Three
groups of professionals were involved in the international outbreak investigation: public
health authorities, laboratory experts, and clinicians. The reported WGS methodology
applied differed between the studies in some aspects, e.g., sequencing platform;
quality measures, percentage of the reference genome covered, and the mean genomic
coverage; analysis, use of a reference genome or de novo assembly; and software used
for alignment and analysis. In all three studies, in-house scripts were used for variance
calling, and the single nucleotide polymorphism (SNP) approach was used for analysis.
All outbreak investigation reports stated that WGS refuted suspected transmission events
and provided supporting evidence for epidemiological data. Several challenges were
reported of which most were not related to WGS. The only challenge related to WGS
was the timeframe of getting WGS data if WGS is not routinely performed.

Conclusions: WGS was considered a useful addition in international TB outbreak
investigations. Further standardization of the WGS methodology and good structures
for international collaboration and coordination are needed to take full advantage of this
new technology. Whether the use of WGS results in earlier detection of cases and thus
limits transmission still needs to be determined.

Keywords: whole-genome sequencing, outbreak, tuberculosis, multicountry, international, cluster, Europe
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WGS for Tuberculosis Outbreaks

INTRODUCTION

Rationale

Tuberculosis (TB) is an infectious disease caused by the
Mpycobacterium  tuberculosis complex. It is airborne and
transmitted through droplet aerosols containing the bacillus.
Globally it is estimated to have caused disease in 10 million
people in 2017 and is one of the top 10 causes of death
worldwide (1).

Investigation of TB outbreaks in TB high burden countries
is often limited to the investigation of household and close
contacts, especially children under the age of 5 years (2).
TB control in low TB incidence countries aims at stopping
TB transmission and thus focusses on investigation of TB
outbreaks next to early diagnosis and treatment of TB. With
international travel infectious diseases cross borders and cause
disease outbreaks affecting people living in different countries.
To control international disease outbreaks identification of cases
in two or more countries has resulted in international disease
outbreak investigations aiming at identifying additional cases
and preventing further spread (3, 4). Also for TB, international
outbreak investigations have been conducted (5-8).

The International Health Regulations (IHR) oblige countries
to notify the World Health Organization of all events which
may constitute a public health emergency of international
concern within 24 h of assessment (9). In the European Union
a similar system was created in 1998, the Early Warning and
Response System, which is a tool with restricted access for
monitoring public health threats (10). International TB outbreak
investigations have started with a notification in EWRS (7).
Both the IHR notification system and the EWRS allow for
early notification and bring into permanent communication
competent public health authorities in countries and others
responsible for determining the measures, which may be required
to protect public health.

The World Health Organization defines a disease outbreak as
the occurrence of disease cases in excess of normal expectancy!
Before the availability of molecular typing, outbreaks were
defined as two or more TB cases with known exposure to each
other by sharing enclosed airspace in the same period. Currently,
information from molecular typing is added to epidemiological
information to confirm linkage between patients.

Molecular typing methods for TB include I1S6110 restriction
fragment length polymorphism, spoligotyping and mycobacterial
interspersed repetitive units-variable number tandem repeat
(MIRU-VNTR). These methods have been applied to outbreak
investigations and provided useful additional information for
TB control (5, 11-13). Since the complete genome sequence of
M. tuberculosis was first described in 1998 (14), whole-genome
sequencing (WGS) has been added to the toolbox for outbreak
investigation. Several studies showed that WGS has a higher
discriminatory power and subdivides clusters defined by other
genotyping methods (15-17).

Recently WGS has been applied in the investigation of
national outbreaks. In several investigations WGS was used to

1 http://www.who.int/environmental_health_emergencies/disease_outbreaks/en/.

estimate the timing and directionality of transmission within
clusters defined by spoligotyping and/or 24-loci MIRU-VNTR
(13, 18-21); however, not always successfully (19, 20). In another
investigation of an outbreak of extensively drug-resistant TB
(XDR-TB) in London, the use of WGS confirmed the link
between cases and guided early patient treatment (22). WGS has
also helped in excluding cases from an investigation and thus
to focus resources on the investigation of cases that were more
likely to have been part of the transmission network (23). With
WGS becoming more widely applied experience with using WGS
for national outbreak investigations will quickly grow (24). WGS
has also been applied for the investigation of international cross-
border TB outbreaks (6-8). However, the added value of WGS for
outbreak investigations remains unclear.

Objectives

- To assess how WGS has been applied in international TB
outbreak investigations; and

- To determine the advantages and challenges of the application
of WGS in international TB outbreak investigations.

Research Question
Is WGS a useful tool for international TB outbreak investigations,
and what are the advantages and challenges?

METHODS
Study Design

In this systematic review, we examined studies reporting on an
international M. tuberculosis complex outbreak investigation in
humans using WGS. We included all study types in all types
of populations.

Systematic Review Protocol
The review protocol was registered in PROSPERO, registration
number CRD42018107259.

Search Strategy

The search strategies combined the concepts of WGS with
surveillance/outbreak and TB and was set up on 13 August 2018
(Appendix 1). Controlled vocabulary (i.e., MeSH and Emtree
terms) and natural vocabulary (i.e., keywords) in multiple field
search combinations were used to represent the concepts in
the search strategies. Automatic email updates were set up in
all the databases to continue receiving new results from the
designed searches. These alerts were monitored until 5 February
2019. Additional supplementary searches have been performed
by backward and forward citation chasing of the included
references on 4 February 2019. No language or date restrictions
were applied.

Data Sources
We searched PubMed, EMBASE, and Scopus.

Eligibility Criteria
Records were eligible for inclusion if they reported on a study in
humans, covered M. tuberculosis complex, applied WGS, and the
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outbreak investigation was performed by two or more countries.
We included all study types in all types of populations.

Study Selection

Studies were imported into an EndNote X7 database and
duplicates were removed. MW and CK independently screened
the titles and abstracts to identify potentially eligible studies. The
full text of potentially eligible studies was reviewed in duplicate
by MW and CK against the eligibility criteria. Discrepancies were
resolved by discussion between the reviewers.

Data Extraction

MW extracted data from selected studies using a predefined data
extraction form. CK checked the data extraction. Inconsistencies
were resolved by discussion. For each study, we extracted the
author name, year, and countries involved in the outbreak
investigation. Thereafter, we extracted information on: Why
was WGS applied?; How was WGS applied?; Organizational
issues; WGS methodology; What was learned/what were the
implications of the WGS investigation?; and challenges and
lessons learned. No formal study quality assessment was
performed, as any description of an international outbreak
investigation was relevant for our review with the main limitation
of studies being that not all areas of interest were described as is
reported in the results.

Definitions

We defined an international outbreak investigation as activities
undertaken to establish the existence of an outbreak, describe the
outbreak, and to identify the source, transmission mechanism,
and contributory factors, as a basis for outbreak response
involving two or more countries [adjusted from (25)].

Data Analysis

We summarize the extracted information using the themes:
reason for WGS; WGS application; WGS methodology;
organizational issues; implications of the WGS investigation; and
challenges and lessons learned.

Ethics Statement

This review used published data and ethical review was
not required.

RESULTS

Study Selection

The search strategy identified 572 unique records (Figure 1). Of
these four were selected based on title and abstract. Studies were
excluded because they did not cover: humans (39 records); M.
tuberculosis complex (55 studies); WGS (140 studies); outbreak
investigation (262); or two or more countries (69 studies). Three
records were errata. After the full text assessment, three records
fulfilled the eligibility criteria. One record was excluded from
further analysis because it was not an outbreak investigation (17).

Synthesized Findings
The included studies reported on outbreak investigations
involving European countries and Israel and covered three (6),

four (8), and 12 (7) countries. The outbreak investigations
included patients diagnosed between 2010-2014, 2015-2016, and
2016-2017, respectively.

Reason for WGS

In all three outbreak reports WGS was applied to study TB
transmission. Walker et al. (7) further specified that the aim of the
outbreak investigation, including the application of WGS, was to
elucidate the origin of the cluster, identify possible locations of
transmission, and interrupt further transmission.

WGS Application

In none of the reported international outbreak investigations
WGS was used as a routine investigation method for TB in all
involved countries. Therefore, studies used specific criteria to
select TB cases for whom WGS data needed to be collected.
Criteria included a specific spoligotyping and/or 24-loci MIRU-
VNTR patterns and/or drug resistance profile. Popovici et al. (8)
also used place as a criterion (i.e., connected to a university in
Romania). Cases identified in the contact investigation were later
added to the WGS investigation. Retrospective WGS was applied
in all three studies; two studies also performed prospective WGS
of strains identified during the investigation (7, 8).

WGS data were produced centrally in one laboratory and
analysis was done centrally in the study by Fiebig et al. (6).
In the other two studies WGS data production was done in
a decentralized manner and analysis was centralized in one
laboratory. In addition to WGS data, all studies also collected
epidemiological information including travel information.

Organizational Issues

In the countries included in the outbreak investigations, three
groups of professionals were involved: national and local public
health authorities (6-8); experts from (national reference)
laboratories (6-8); and clinicians (7).

None of the studies reported on issues related to shipping of
strains, e.g., method, costs, and duration. The two studies that
used prospective WGS sequencing in addition to retrospective
sequencing information did not report on the time till WGS
results were available (7, 8). Popovici et al. (8) reported, that it
takes several months before the results are available if WGS is not
routinely available in the country. None of the studies in which
WGS information was exchanged between countries reported on
the methods or tools used for WGS data exchange.

WGS Methodology

In the outbreak investigation reported by Fiebig et al. (6)
WGS was performed in one laboratory, whereas in the other
two outbreak investigations WGS was performed in several
laboratories. All but the laboratory of the Public Health Agency
of Sweden used an Illumina sequencing platform (6-8), Table 1.
In two outbreak investigations (6, 7) reads were mapped to the M.
tuberculosis H37Rv reference genome, whereas in Popovici et al.
(8) de novo assembly was used in addition to mapping against
a reference genome (unspecified). Fiebig et al. (6) specified
the percentage of the reference genome covered and the mean
genomic coverage, i.e., at least 45 times. The percentage of the
reference genome covered was not reported by the other two
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FIGURE 1 | PRISMA flowchart.

studies where WGS was performed in different laboratories.
Walker et al. (7) aimed for a mean coverage of 20-50 times.
Programs used for alignment and analysis were similar in the
studies of Fiebig et al. (6) and Walker et al. (7). In all three studies,
in-house scripts were used for variance calling and the analysis
used a single nucleotide polymorphism (SNP) approach. The
maximum difference in SNPs to define a cluster was not reported
in Popovici et al. (8), and was five SNPs in Walker et al. (7) and
12 SNPs in Fiebig et al. (6).

Implications of WGS
According to all three studies, WGS provided useful information
for the outbreak investigation (Table2). The outbreak

investigation studies reported that WGS refuted suspected
transmission events based on epidemiological or MIRU-
VNTR information and thus focussed the investigation. WGS
also provided supporting evidence for epidemiological data.
Walker et al. (7) reported that WGS helped in identifying
the direction of transmission and in identifying additional
links/missing cases. Furthermore, it provided information
about the origin of the strain and where transmission is
likely ongoing.

None of the studies provided evidence that WGS was essential
for successful control of the outbreak. Also, no changes in
TB prevention and control practices or in TB laboratory and
surveillance were reported.
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TABLE 1 | Whole-genome sequencing methodology applied to international tuberculosis outbreak investigations.

Whole-genome sequencing Fiebig (6) Walker (7) Popovici (8)
methodology
Sequencing platform lllumina llumina and lon Torrent (Sweden) lllumina and lon Torrent (Sweden)

Reference genome

% of the reference genome covered
Coverage depth

Programs used for alignment and
analysis

Mapping against M. tuberculosis
reference strain H37Rv

>99% of reference genome
At least 45 times

SARUMAN exact alignment tool
In-house Perl scrips for variance

calling Bionumerics software (Applied
Maths NV, Belgium)
Analysis approach SNP mapping
Maximum SNP or allelic difference 12 SNPs

thresholds to define cluster

Mapping against M. tuberculosis
reference strain H37Rv

Mapping against unspecified
reference genome and de novo
genome assembly

Not reported
Mean 20-50 times
Burrows-Wheeler Aligner version

Not reported
Not reported
CLC Assembly Cell v 4.4.2 In-house

0.7.12-r1039; Genome Analysis script

Toolkit; SAMtools Custom Perl scrips

for variance calling PhyIML 3.1 and

Bionumerics 6.7

SNP mapping SNP mapping
5 SNPs Not reported

SNR single nucleotide polymorphism.

TABLE 2 | Implications of whole-genome sequencing in international tuberculosis outbreak investigations.

Implications of WGS investigation Fiebig (6) Walker (7) Popovici (8)
Guiding contact investigation No* No No
Identification of possible direction of transmission No Yes Not reported
|dentification of additional links or missing cases No Yes Not reported
Identification of places of transmission No Yes Not reported
Refuting suspected transmission based on epidemiological or MIRU-VNTR information Yes Yes Yes
Supporting evidence for information from epidemiological data Yes Yes Yes

Successful control of the outbreak

Changes in TB prevention and control practices or TB laboratory and surveillance systems

Not reported Not reported Not reported

Not reported Not reported Not reported

MIRU-VINTR, Mycobacterial interspersed repetitive units-variable number tandem repeat; TB, Tuberculosis; WGS, Whole-genome sequencing.
“Contact investigation was completed before initiation of the international outbreak investigation.

Challenges and Lessons Learned

Several challenges were reported in the three international TB
outbreak investigations of which most were not related to
WGS. First, the collected information on epidemiological links
was difficult to interpret and it was often not known whether
absence of a link meant that there was indeed no link, or
that it was unknown or not reported (6). Also, a challenge in
transferring patient reports was noted (6). Collection of travel
information is often not a routine component of an outbreak
investigation, and it was reported as challenging (7). The only
challenge specifically related to WGS was the timeframe of
getting WGS data, if WGS is not routinely performed for
tuberculosis strains in the country. Experience from the outbreak
investigation reported by Popovici et al. (8) showed that it
took several months to get the WGS results and to have a
link confirmed.

The main lesson learned in all three outbreak investigations
was the importance of establishing collaboration and
coordination between institutions in different countries
involved in the investigation. This also needs a secure system for
the exchange of patient data among the involved countries.

DISCUSSION

Summary of Main Findings

Three studies reporting on international TB outbreak
investigation using WGS were identified. The WGS methodology
used for the outbreak investigation, i.e., sequencing platform,
quality indicators such as genomic coverage, and scripts for
variance calling, differed to some extent. In addition, the
maximum difference in SNPs to define a cluster was different in
the two studies that reported SNPs thresholds. WGS was a useful
tool for international TB outbreak investigations according
to the three studies. However, none of the studies provided
evidence that WGS was essential for successful control of the
outbreak or provided evidence on the cost-effectiveness of WGS
for international outbreak investigations.

Reason for WGS

By applying WGS in international outbreak investigations
researchers and experts hoped to obtain additional information
on transmission that would help in controlling the outbreak.
WGS can provide more information than any of the other typing
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methods used for studying TB transmission since it has a higher
resolution. It has been shown that WGS can divide clusters
identified by other methods into sub-clusters (16, 17), and can
identify transmission missed by conventional epidemiological
investigations (26). Furthermore, WGS can provide supporting
evidence, complementary to temporal- and contact tracing data,
to identify the most likely direction of transmission (27, 28).

WGS Application

WGS was not a standard typing method in all countries involved
in the international outbreak investigations (6-8). Thus, WGS
information was not readily available for all cases and WGS
had to be done specifically for strains suspected to be part of
the outbreak. This required a decision on the type of cases for
which WGS information was to be collected. Restricting the
collection of WGS information to specified cases introduces a
risk of missing transmission events. This risk might be relatively
low if the cases are selected based on a specific MIRU-VNTR
pattern. A population based study from the Netherlands reported
86% concordance between MIRU-VNTR and WGS, although the
percentages of cases clustered by MIRU-VNTR was almost twice
as high (25% by MIRU-VNTR vs. 14% by WGS). In addition,
clustering was only shown by WGS and not by MIRU-VNTR for
8 of 76 isolates included in the WGS cluster (29). These potential
transmission events would thus have been missed, if the cluster
definition was based on MIRU-VNTR pattern only.

Recently, the number of laboratories able to perform WGS has
increased rapidly in the European Union (30), providing more
countries access to WGS and facilitating WGS of all identified
TB cases. Therefore, application of criteria for selecting cases for
WGS and thus potentially excluding cases may not be needed
anymore in the near future.

Organizational Issues

International TB outbreak investigations require the involvement
of different types of stakeholders. All three outbreak investigation
studies described the involvement of public health authorities
and laboratory experts. Depending on how the (public) health
system in countries is organized an international outbreak
investigation will need the involvement of both national and local
level public health authorities.

All three studies concluded that collaboration and
coordination between all institutions involved in the
investigation is essential. Our organization, the European Centre
for Disease Prevention and Control (ECDC) was involved in the
coordination of two of the international outbreak investigations
(7, 8). Given the mandate of ECDGC, i.e., supporting the response
to public health threats in the European Union (31), this supra
national organization can play a role in the coordination of
outbreak investigations next to other organizations such as the
World Health Organization. To ensure effective and efficient
international collaboration, mechanisms for collaboration and
communication should be further developed.

To be able to rapidly and efficiently investigate potential
international TB outbreaks mechanisms for exchange of samples
and/or data (including patient data) should be in place. None
of the included studies reported on mechanisms for sample
or data exchange. Given that patient information would need

to be exchanged these exchanges need to be done in a secure
way ensuring that data protection and privacy regulations such
as the European Union regulation 2016/679 on the protection
of natural persons with regard to the processing of personal
data and on the free movement of such data (32) are adhered
to. Currently, data can be exchanged among European Union
countries in a secured way through the Early Warning and
Response System (33, 34). Communication between countries
can also be done in the framework of the International Health
Regulation (9).

WGS Methodology

In two studies (7, 8) WGS data production was done in several
laboratories. Since WGS is not standardized for TB (35) this
entails a risk that WGS data produced by different laboratories
are not 100% comparable. All laboratories will start with genomic
DNA from M. tuberculosis but may use different protocols for
library construction prior to sequencing and library preparation
methodology has been shown to play an important role in WGS
data quality and may thus influence the results (36, 37). Also, data
analysis and interpretation has not been standardized.

Some WGS quality control indicators have been proposed
and used (38). These include assessment of the quality of
genomic DNA, average depth of genome coverage, and percent
of reference genome covered. Fiebig et al. (6) reported on quality
targets for percent of the reference genome covered and coverage
depth, whereas the two studies that had WGS performed in
different laboratories did not report on specific quality targets
(7, 8). To ensure comparability of data generated by different
laboratories to enable the investigation of outbreaks that go
beyond the coverage area of one laboratory there is a need
for minimal set of quality standards. The EU wide project
EUSeqMyTB (35) will develop the minimal set of standards for
WGS methodology to be used in routine European Union level
TB molecular surveillance activities.

To ensure that results from laboratory tests are of high quality,
reliable, and comparable, external quality assessment is used.
Within the European Union, the European Reference Laboratory
Network for TB organizes external quality assessment for TB
diagnosis and resistance testing and for MIRU-VNTR (39, 40).
Recently, the Network established an external quality assessment
scheme for WGS. A first pilot was performed in 2015 using five
samples with known mutations in genes associated with drug
resistance. Participating laboratories were asked to report all the
mutations detected in these genes and the results were compared
to the results of the reference laboratory. In this first pilot study,
most laboratories missed a number of mutations that had been
identified by the reference laboratory and found a variety of
additional mutations not found by the reference laboratory. In
the second WGS external quality assessment round in 2016
participating laboratories were asked to report the WGS data they
felt important. The results showed that reporting of mutations
at specified loci identified as significantly associated with drug
resistance was highly diverse by the participating laboratories. In
2017, participants were asked to identify any mutations strongly
associated with drug resistance and to report their position in the
respective gene. In addition, laboratories were asked to identify
DNA specimens they considered either identical or genetically
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closely related. This round was also the first where the WGS
external quality assessment results were scored and certificates
issued. The external quality assessment scheme for TB WGS
developed by the European Reference Laboratory Network for
TB seems to be one of the first attempts for assessing the
quality of WGS for a specific pathogen although the need for
external quality assessment or proficiency testing for WGS of
pathogens has been identified earlier (41, 42). In general, only few
experiences with external quality assessment schemes for WGS
have been published (43, 44).

In the framework of the EUSeqMyTB pilot project (35) a
comparison of different WGS analysis pipelines was undertaken
using fastq files from a well-defined set of isolates. This analysis
showed that some pipelines identify more SNPs then others.
The main question that needs to be answered is whether
different analysis pipelines result in different conclusions about
transmission and relatedness.

In the identified international outbreak investigations,
analysis of WGS data was performed centrally in one of the
participating laboratories using a SNP-based in-house analysis
pipeline. The use of in-house analysis pipelines prohibits easy
comparison of results between studies. An alternative approach
would be the use of a common nomenclature based on a
standardized allele numbering system, which would facilitate
exchange of information. For TB a core genome multilocus
sequence typing (cgMLST) has been proposed and a web-based
nomenclature server is available (45).

Implications of WGS

All three studies reported on advantages of using WGS in
international outbreak investigations. Applying WGS in national
outbreak investigations has also shown benefits. In the UK,
it was shown that using WGS in a multidrug-resistant TB
outbreak investigation allowed to exclude one-third of cases from
the investigation (23). Resources could thus be focussed. Use
of WGS has allowed verification of clusters, i.e., it confirmed
that cases were part of a single transmission chain (19) and it
identified missed transmission events (26). Reports on national
outbreak investigations have also shown that WGS can indicate
the direction of transmission (21, 28, 46). However, this does not
seem to be the case in all settings (20).

Challenges and Lessons Learned

The main challenges reported in the three international outbreak
investigations (6-8) were related to the collection and exchange
of epidemiological and travel information. Above we discuss
solutions for these challenges. If WGS was not routinely
performed, it did take considerable time to get the WGS results
since re-culturing of samples was required (8). The increase in
the number of countries that have access to WGS may result in
routine performance of WGS on all TB samples and thus timely
availability of the information (30).

LIMITATIONS

We aimed to collect and abstract information from studies
reporting on international outbreak investigations using

WGS on: Why was WGS applied?; How was WGS applied?;
Organizational issues; WGS methodology; What was
learned/what were the implications of the WGS investigation?;
and challenges and lessons learned. We searched PubMed,
EMBASE, and Scopus but did not search for studies reporting
on international outbreak investigations using WGS in the gray
literature. We therefore might have missed studies reporting
on the application of WGS in international TB outbreak
investigations and thus not have identified all information on
Why was WGS applied?; How was WGS applied?; Organizational
issues; WGS methodology; What was learned/what were the
implications of the WGS investigation?; and challenges and
lessons learned.

We used a detailed data collection tool. Not all information
was reported by the included studies (Tables 1, 2). This may
bias our analysis. Furthermore, only three studies were identified
that reported on the use of WGS for international outbreak
investigations. Since outbreak investigations are a routine
activity for public health experts, more international outbreak
investigations may have used WGS without being published in
(scientific) reports. Thus, some important experiences may have
been missed in this analysis.

CONCLUSIONS

WGS seems to be a promising tool for international outbreak
investigations. WGS methodology needs to be standardized
further, especially quality control, analysis, and interpretation,
to Dbetter support cross-border collaboration in outbreak
investigations. It also allows for the prediction of drug resistance
and therefore testing practices have already changed in some
countries (24), making WGS information also available for
outbreak investigations. However, the advantages for public
health still need to be determined. More specifically, does the use
of WGS result in earlier detection of cases, which belong to the
same transmission chain, and thus limit transmission and result
in smaller clusters?
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In Austria, all laboratories are legally obligated to forward human and food/environmental
L. monocytogenes isolates to the National Reference Laboratory/Center (NRL) for
Listeria. Two invasive human isolates of L. monocytogenes serotype 1/2a of the same
pulsed-field gel electrophoresis (PFGE) pattern, previously unknown in Austria, were
cultured for the first time in January 2016. Five further human isolates, obtained from
patients with invasive listeriosis between April 2016 and September 2017, showed this
PFGE pattern. In Austria the NRL started to use whole-genome sequencing (WGS) based
typing in 2016, using a core genome MLST (cgMLST) scheme developed by Ruppitsch
et al. 2015, which contains 1701 target genes. Sequence data are submitted to a publicly
available nomenclature server (Ridom GmbH, Minster, Germany) for allocation of the
core genome complex type (CT). The seven invasive human isolates differed from each
other with zero to two alleles and were allocated to CT1234 (declared as outbreak strain).
Among the Austrian strain collection of about 6,000 cgMLST-characterized non-human
isolates (i.e., food/environmental isolates) 90 isolates shared CT1234. Out of these, 83
isolates were traced back to one meat processing-company. They differed from the
outbreak strain by up to seven alleles; one isolate originated from the company’s industrial
slicer. The remaining seven CT1234-isolates were obtained from food products of four
other companies (five fish-products, one ready-to-eat dumpling and one deer-meat)
and differed from the outbreak strain by six to eleven alleles. The outbreak described
shows the considerable potential of WGS to identify the source of a listeriosis outbreak.
Compared to PFGE analysis, WGS-based typing has higher discriminatory power, yields
better data accuracy, and allows higher laboratory through-put at lower cost. Utilization of
WGS-based typing results of human and food/ environmental L. monocytogenes isolates
by appropriate public health analysts and epidemiologists is indispensable to support a
successful outbreak investigation.

Keywords: whole-genome sequencing, pulsed-field gel electrophoresis, outbreak investigation, public health
laboratory capacity, public health surveillance
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Listeria Outbreak Investigation Using WGS

INTRODUCTION

Listeriosis is a relatively uncommon disease, which typically
causes a severe disease in a high portion of cases and deaths in
susceptible population subgroups (1, 2). Listeriosis is a foodborne
illness of major public health concern because of the severity
of its complications (infections of the central nervous system,
septicemia, gastroenteritis and abortion), a hospitalization rate
of 98.6% and a case-fatality ratio of 13,8%, as reported by the
EU summary report on zoonoses, zoonotic agents and food-
borne outbreaks from 2017 (3). The surveillance of listeriosis
in the European Union/European Economic Area (EU/EEA)
focuses on the severe invasive forms of the disease for which
the risk groups are mainly elderly and immunocompromised
persons, pregnant women and infants. In 2017, 2,480 confirmed
cases of invasive listeriosis were reported by 28 EU/EEA
countries, resulting in an overall notification rate of 0.48 per
100,000 population (3). The increasing trend in the number
of listeriosis cases in the EU/EEA, probably also due to the
increased population size of the elderlies (4, 5), is worrying and
calls for utmost attention to be placed on the prevention and
control of the disease and outbreaks. The European Center for
Disease Prevention and Control (ECDC), the European Food
Safety Authority (EFSA) and the European Union Reference
Laboratory (EU-RL) for L. monocytogenes have set up a joint
database collecting, on a voluntary basis, combined Ascl/Apal
PFGE profiles for PFGE typing data for human, food, animal
and environmental isolates from public heath institutes and
food safety and veterinary authorities to enable detection of
listeriosis outbreaks affecting several countries (6). However,
technical development is evolving fast and whole genome
sequencing (WGS)-based typing methods replaced pulsed-
field gel electrophoresis (PFGE) as the gold-standard showing
higher accuracy and a superior discriminatory power (7). The
outbreak described here, illustrates impressively the considerable
potential of WGS based typing to elucidate the source of a
listeriosis outbreak.

BACKGROUND TO
OUTBREAK INVESTIGATION

In Austria, laboratories have a legal obligation to forward human
and food/environmental L. monocytogenes isolates derived from
official controls as well as from ownchecks to the NRL. In
January 2016, two human isolates of L. monocytogenes serotype
1/2a of the identical pulsed-field gel electrophoresis (PFGE)
pattern, previously unknown in Austria, were cultured for
the first time. Two environmental isolates of unknown origin,
were obtained in January and February 2016, and another 24
food/environmental isolates were obtained between September
2016 and December 2017. In addition five further human isolates
from patients with invasive listeriosis, isolated between April
2016 and September 2017 were obtained. All isolates showed
this new PFGE pattern. The food and environmental isolates
originated from six different laboratories. From January to
August 2018, further 69 food/environmental isolates possibly

related to the outbreak were sent to the National Reference
Laboratory (NRL) for Listeria. In summary, a total of 95 non-
human isolates together and seven human outbreak isolates were
typed by using WGS cgMLST analysis. No reliable information
was available on patients’ relevant food consumption.

On 25 January 2018, Austria launched an Urgent Inquiry (UI-
460) in The Epidemic Intelligence Information System (EPIS),
a web-based communication platform that allows nominated
public health experts to exchange technical information to assess
whether current and emerging public health threats have a
potential impact in the European Union. Aim of the outbreak
investigation was to identify the source(s) and to recommend
the appropriate public health measures for preventing further
cases. Thirteen countries (Denmark, Finland, France, Germany,
Ireland, Italy, Luxembourg, The Netherlands, Norway, Slovenia,
Spain, Sweden and the United Kingdom) answered via the
platform and eight countries reported cases with at least six
allelic differences to the Austrian outbreak cluster. Raw data
of the sequences were provided from the countries, which
allowed a direct comparison with the Austrian database. Eight
non-human strains isolated in France and the Netherlands
were reported in the European Union Reference Laboratory for
Listeria monocytogenes technical report [EURL Lm 2018 (8)]
to form a cgMLST cluster with five to seven pairwise allele
differences against the outbreak strain.

MATERIALS AND METHODS

Origin of Isolates, Cultivation, and
Genomic DNA Isolation

In Austria, Listeria isolates obtained from food and
environmental samples, as well as human isolates, must be
sent to the NRL for Listeria by legislation. The non-human
isolates are anonymized, provided with unique identifier and
information on the type of food matrix only (e.g., meat-product,
diary-product, vegetable-product, food-environment) by the
sending primary food laboratories. Isolates are cultivated on

RAPID’L.Mono agar plates (Biorad, Munich, Germany) for
species confirmation and subsequently subcultured overnight

on Columbia Broth (BD Difco Heidelberg, Germany) for
extraction of high molecular weight genomic DNA using the
HMW MagAttract kit (Qiagen, Hilden, Germany) according to
the instructions of the manufacturer for Gram positive bacteria.

Whole Genome Sequencing and

Data Analysis

Whole genome sequencing was performed as described
previously (9). Briefly, for sequencing, an Illumina MiSeq
platform (Illumina Inc., San Diego, CA, USA) was used. Library
preparation was carried out using Nextera XT according to
the instructions of the manufacturer (Illumina Inc., San Diego,
CA, USA). For assembly into draft genomes, raw reads were de
novo assembled using SPAdes version 3.11.1 (10). Contigs were
filtered for a minimum coverage of 5-fold and minimum length
of 200 bp, which resulted in 26-187 contigs at a coverage of
46-148-fold. Classical multilocus sequence typing (MLST) data
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according to Ragon et al. (11) and genoserotyping data according
to Hyden et al. (12) were de novo extracted from WGS sequence
data. Assessment of the core genome multilocus sequence typing
(cgMLST) results was done using Ridom SeqSphere+ software
version 5.1.0 as described by Ruppitsch et al. (13). All isolates
had 98.1-99.8% good targets and a minimum spanning tree
(MST) was generated in Ridom SeqSphere+ version 5.1.0 for
visualization of strain relatedness. For comparison and data
harmonization SeqSphere+ results were compared to the Pasteur
cgMLST scheme (7) and GenomeGraphR (14). The sequences
have been deposited in DDBJ/EMBL/GenBank under the project
number PRJNA434392. Raw sequence data for each strain were
deposited under SRA accession numbers (Table 1).

SNP analysis was done with GenomeGraphR Beta 2.7 [Sanaa
et al. (14)] using the default settings and a cluster threshold
definition of 12 SNPs. All strains were compared with the isolates
present in the database.

RESULTS

Austria reported a suspected outbreak due to L. monocytogenes
serotype 1/2a of the same PFGE pattern, including seven patients
of invasive listeriosis, having occurred in eastern Austria between
2015 and 2017. The cgMLST typing of the seven human invasive
isolates revealed a genetically tight cluster, complex type 1234
(CT1234), which corresponds to CT1170 of Institut Pasteur
cgMLST scheme [Moura et al. (7)], with zero to two allelic
differences from each other. SNP analysis revealed that our
clinical isolates differed from each other by 1-4 SNPs. In addition,
the closest clinical strain clustering with our isolates differed by
11-12 SNPs and therefore confirmed the CT1234.

On 26 January 2018, the Austrian Ministry of Health
mandated the Austrian Agency for Health and Food Safety
(AGES) to investigate this suspected outbreak. A confirmed
outbreak case was defined as a patient with invasive listeriosis,
positive for L. monocytogenes cgMLST CT1234 isolate, which
differed by <2 alleles from a representative outbreak isolate
by using cgMLST, and with a disease onset on or after 1
January 2015.

The aforementioned seven patients fulfilled the definition of
a confirmed outbreak case. Patients were 29-97 years old (mean:
68; median: 73), five females and two males, with disease onset
between November 2015 and September 2017 and residence
in three of the nine Austrian provinces. Figure 1 depicts the
outbreak cases by month of diagnosis and province of residence.

Among the Austrian genome database of about 6,000
non-human isolates (i.e., food/environmental isolates, collected
between 2015 and 2018), 90 isolates shared genoserotype IIa,
MLST CC155, and c¢gMLST CT1234. Out of these, 83 isolates
were traced back to a meat-processing company (companyA;
CoA) in eastern Austria. These food/environmental isolates
differed from the outbreak strain by zero to seven alleles and
one isolate, originated from the company’s industrial slicer.
The remaining seven CT1234 isolates were obtained from
food products of four other companies (five fish-products, one

TABLE 1 | Accession numbers of sequences available at NCBI Sequence Read
Archive (SRA).

ID Accession no.  cgMLST MLST CC Genoserotype
5F_CoA SRR6740436 1234 155 lla
6F_CoA SRR6740437 1234 165 lla
3E_CoA SRR6740438 1234 155 lla
4E_CoA SRR6740439 1234 155 lla
1E_uk SRR6740440 1234 155 lla
2E_uk SRR6740441 1234 155 lla
7H SRR6740442 1234 155 lla
4F_CoA SRR6740443 1234 155 lla
1F_CoA SRR6740444 1234 155 lla
2F_CoA SRR6740445 1234 155 lla
15F_CoA SRR6740446 1234 165 lla
16F_CoA SRR6740447 1234 165 lla
9F_CoA SRR6740448 1234 155 lla
10F_CoA  SRR6740449 1234 155 lla
7F_CoA SRR6740450 1234 155 lla
8F_CoA SRR6740451 1234 155 lla
13F_CoA  SRR6740452 1234 155 lla
14F_CoA  SRR6740453 1234 155 lla
11F_CoA SRR6740454 1234 155 lla
12F_CoA SRR6740455 1234 155 lla
3F_CoA SRR6740456 1234 165 lla
28F_CoA SRR6740457 1234 165 lla
19F_CoA  SRR6740458 1234 155 lla
18F_CoA  SRR6740459 1234 155 lla
17F_CoA  SRR6740460 1234 155 lla
4H SRR6740461 1234 155 lla
3H SRR6740462 1234 155 lla
2H SRR6740463 1234 155 lla
1H SRR6740464 1234 155 lla
6H SRR6740465 1234 155 lla
5H SRR6740466 1234 165 lla
90F_CoA  SRR8184623 6743 37 lla
56F_CoA  SRR8185109 1234 155 lla
55F_CoA  SRR8185110 1234 155 lla
58F_CoA  SRR8185111 1234 155 lla
57F_CoA  SRR8185112 1234 155 lla
52F_CoA  SRR8185113 1234 155 lla
51F_CoA  SRR8185114 1234 155 lla
40F_CoA SRR8185115 1234 155 lla
39F_CoA  SRR8185116 1234 155 lla
38F_CoA SRR8185117 1234 155 lla
37F_CoA SRR8185118 1234 165 lla
36F_CoA  SRR8185119 1234 155 lla
35F_CoA  SRR8185120 1234 155 lla
34F_CoA  SRR8185121 1234 155 lla
33F_CoA  SRR8185122 1234 155 lla
32F_CoA  SRR8185123 1234 155 lla
31F_CoA  SRR8185124 1234 155 lla
72F_CoA SRR8185125 1234 155 lla
(Continued)
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TABLE 1 | Continued

TABLE 1 | Continued

ID Accession no. cgMLST MLST CC Genoserotype ID Accession No. cgMLST MLST CC Genoserotype

71F_CoA  SRR8185126 1234 155 lla 85F_CoA  SRR8185175 1234 155 lla

74F_CoA  SRR8185127 1234 155 lla 30F_CoA  SRR8185176 1234 155 lla

78F_CoA  SRR8185128 1234 155 lla 86F_CoA  SRR8185177 1234 155 lla

76F_CoA  SRR8185129 1234 155 lla 20F-CoA  SRR8186973 1234 155 lla

27F_nonCoA SRR8185130 1234 155 lla S : : _
BioProject ID: PRINA434392; Title: LIST_2018_CT1234. E_uk, environmental isolate of

77F_CoA SRR8185131 1234 185 lla unknown origin (at the time of submission); E_CoA, environmental isolate, company

73F_CoA SRR8185132 1234 155 lla A-associated; F_CoA, food-isolate, company A-associated; H, human isolate.

54F_CoA SRR8185133 1234 155 lla

53F_CoA SRR8185134 1234 155 lla

89F_CoA  SRR8185135 1234 155 lla ready-to-eat dumpling and deer-meat product each) and differed

B9F_CoA  SRR8185136 1234 155 lla from the main outbreak strain by six to eleven alleles.

70F_CoA  SRR8185137 1234 155 lla Figure 2 illustrates the non-human isolates of the AGES

65F_CoA  SRR8185138 1234 155 lla Listeria strain collection by CT1234 allocation and linkage to the

66F_CoA  SRR8185139 1234 155 lla meat processing company A.

67F_CoA  SRR8185140 1234 155 lla Figure 3 illustrates the MST of the seven human outbreak

68F_CoA  SRR8185141 1234 155 lla isolates, of food and environmental isolates of L. monocytogenes,

61F_CoA  SRR8185142 1234 155 lla comprising company A associated and non-associated

62F CoA  SRR8185143 1234 155 lla CT1234-isolates (CoA, nonCoA), and company A associated,

63F_CoA  SRR8185144 1234 155 lla nonCT1234-isolates.

64F CoA  SRR8185145 1234 155 la In November 2017, a 47-year old male developed signs and

47F_CoA  SRR8185146 1934 155 la symptoms compatible with a non-invasive listeriosis (i.e., febrile

48F CoA  SRR8185147 1934 155 lla gastroenteritis) 7 h after consumption of a pizza with sliced ham

45F CoA  SRR8185148 1034 155 la topping in a restaurant in the Austrian province Tyrol. No patient

46F_CoA SRR8185149 1934 155 la isolate of L.monocytogenes was available. The official sample

43F:CoA SRR8185150 1934 155 la taken from the sliced pizza ham at the restaurant tested positive

44F CoA  SRRS185151 1954 155 I for L. monocytogenes CT1234 with one allelic difference from

MF.CoA  SRRS185152 1934 155 a tthe o.utbreak stra.in. (Figure 3: 28F_(;0A). Tra.ce—back analyses

45F Coh  SRRBIB5153 1034 155 s 1dent1ﬁ(?d the origin of the ham pizza topping from meat-
processing company A.

60F_CoA SRR8185154 1234 155 lla

49F_CoA SRR8185155 1234 155 lla Public Health Measures

S0F_CoA  SRR8185156 1234 195 a Company A implemented control measures including intensified

S9F_CoA  SRR8185157 1234 155 lla environmental disinfection, installation of a new slicer and

83F_CoA  SRR8185158 5758 517 o continuous investigation of environmental swabs and newly

29F_CoA  SRR8185159 6252 185 lla processed food products for Listeria. All food batches had

25F_nonCoA SRR8185160 1234 155 lla to be negative for L. monocytogenes before being released to

24F_nonCoA SRR8185161 1234 155 lla the market. During these activities, further four strains of L.

75F_CoA  SRR8185162 1234 155 lla monocytogenes were found in the tested food products of the

26F_nonCoA SRR8185163 1234 155 lla company. There were of complex types CT6252 (genoserotype

21F_nonCoA SRR8185164 1234 155 lla ITa, MLST CC155), CT6399 (genoserotype IIa, MLST CC451),

5E CoA  SRR8185165 1934 155 la CT6424 (genoserotype IVb, MLST CC1), CT6743 (genoserotype

23; nonCoA SRR8185166 1934 155 la IIa, MLST CC37), different from the outbreak CT, CT1234

29F nonCoA SRR8185167 1034 155 la (Figure 3: food isolates 81F 82F 83F, and 90F). After August

81F CoA  SRR8185168 6399 451 la 2018, the public. bealth authorities found no further L.

82F CoA  SRR8185169 6494 ; b monocytogenes positive food products.

87F_CoA  SRR8185170 1234 155 lla

84F_CoA  SRR8185171 1234 155 lla DISCUSSION

79F_CoA  SRR8185172 1234 155 lla

88F CoA  SRR8185173 1034 155 la Investigation of listeriosis outbreaks is difficult due to the

80F CoA  SRR8185174 1034 155 la multitude of possible food vehicles including a broad range
of ready-to-eat foods. Pulsed-field gel electrophoresis (PFGE)

(Continued) ~ was the gold standard for strain typing (6) but has become
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FIGURE 1 | Outbreak cases of L. monocytogenes CT1234 by month of disease onset and province of residence, 2015-2017, Austria.
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FIGURE 2 | Non-human L. monocytogenes isolates of the AGES strain collection (L.m. CT1234, L.m. nonCT1234) with and without company A

obsolete with the advent of WGS. WGS is highly discriminatory
and superior for allocating listeriosis cases to an outbreak (7,
13). Due to this superiority of WGS it is time to stop PFGE
(Pulsenet Network resolution, ECDC). A dictionary between
PFGE and MLST will allow to screen the PFGE database for
previous strains using WGS specific ST or CC (15). However,
with the limitations of current WGS technology we cannot create
PFGE patterns from WGS data and therefore cannot create
a PFGE-WGS dictionary. Despite the availability of technical
literature on methods for outbreak investigations, there are no
pre-specified formulae to dictate the path that an outbreak
investigation is supposed to take (16). Investigations of listeriosis

outbreaks provide a unique opportunity to gain new scientific
knowledge on the occurrence of L. monocytogenes in the
food-processing setting.

In contrast to Europe, the United States have a zero
tolerance policy for L. monocytogenes in ready-to-eat foods (17).
Commission Regulation (EC) No 2073/2005 of 15 November
2005 on microbiological criteria for foodstuffs requires a
limitation of < 100 CFU/g in ready-to-eat food products able
to support the growth of L. monocytogenes (other than those
intended for infants and for special medical purposes) during
the shelf life, when products are placed on the market; these
particular food products must be tested for the absence of L.
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FIGURE 3 | Adapted minimum spanning tree of the seven human outbreak isolates, the food and environmental isolates of L. monocytogenes, including the company
A associated and non-associated CT1234-isolates (CoA CT1234-isolates and nonCoA CT1234-isolates; n = 90), and the five company A associated

255 nonCon
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2F ponCoA.
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monocytogenes in 25 g before leaving the immediate control of
the producing food business operator. Otherwise a challenge test
which ensures that the limit of 100 cfu/g at the end of shelf-
life will not be exceeded, has to be shown (18). Although the
infective dose of L. monocytogenes is unknown and population
subgroups differ in vulnerability to Listeria monocytogenes in
food, the present European legislation should be sufficient in
controlling foodborne listeriosis.

As a consequence of an earlier outbreak of listeriosis in
Austria (19, 20), the Federal Ministry of Health had classified
600 food-producing facilities as being at high risk of Listeria
contamination and ordered the provinces to conduct inspections
on various control measures in a Key Activity Action Campaign
entitled “Schwerpunktaktion SPA-A-600 in 2014. The province
to which company A was assigned had neglected to complete
this requirement. From 2015 to 2017, only one official sample of
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sliced bacon was obtained on 22 November 2017 by the local food
authority at the meat processing company A. The final report,
outlining the presence of L. monocytogenes in numbers below
100 CFU/g, was not issued until 1 February 2018. Surprisingly,
no challenge test was performed for this food-product, especially
considering that a similar outbreak caused by the consumption of
bacon that was contaminated with L. monocytogenes caused four
fatalities in Bavaria. At the time in 2016, this outbreak led to a
public recall and public warning in Austria (21).

For two decades, PFGE was the reference method for L.
monocytogenes surveillance and outbreak investigation (2, 22).
It is still used for screening but is increasingly replaced by
WGS based typing methods (7, 14, 21, 23-26). WGS based
typing outperforms PFGE with respect to the discriminatory
power, information content, throughput, reproducibility, costs
and inter-laboratory data exchange. However, it is important to
keep in mind that the differences between the cgMLST schemes
of Moura et al. and Ruppitsch et al. can have an impact on the
cluster detection (24). For communication on detected clusters
it is important to know which core genome scheme, assembler,
and assembler version and sequencing technology was used and
which average sequencing coverage was achieved.

Based on the current cgMLST analysis of the human outbreak
isolates, a difference from each other by only zero to two alleles,
and of the majority of the outbreak associated food-isolates, a
difference by zero to four alleles should be considered to increase
the specificity of linking isolates to L. monocytogenes outbreaks.
WGS data not only allow to infer phylogenetic relationships
but also to filter for additional information like serotypes (12),
virulence- and resistance-genes (7).

Although it is known that SNP analysis provides maximal
discriminatory power, results are difficult to standardize and
interpret (27). Moreover, the analysis based on single nucleotide
polymorphisms (SNPs) showed here identical results to the
ones obtained by cgMLST. Expansion of the classical MLST
principle to a genome wide gene-by-gene comparison allowed the
establishment of databases based on well-defined core genome
or whole genome MLST schemes (7, 13, 24, 28). The setup
of open accessible databases (Listeria monocytogenes cgMLST
at https://www.cgmlst.org/ncs/schema/690488/, BIGSdb-Lm at
http://bigsdb.pasteur.fr/listeria) allows the comparison and
sharing of data between public health laboratories worldwide
and facilitates international source tracking and multinational
outbreak investigation (29, 30). These new WGS databases,
although only 3 years old, already harbor nearly twice the
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Clostridium difficile is toxin-producing antimicrobial resistant (AMR) enteropathogen
historically associated with diarrhea and pseudomembranous colitis in hospitalized
patients. In recent years, there have been dramatic increases in the incidence and severity
of C. difficile infection (CDI), and associated morbidity and mortality, in both healthcare
and community settings. C. difficile is an ancient and diverse species that displays
a sympatric lifestyle, establishing itself in a range of ecological niches external to the
healthcare system. These sources/reservoirs include food, water, soil, and over a dozen
animal species, in particular, livestock such as pigs and cattle. In a manner analogous
to human infection, excessive antimicrobial exposure, particularly to cephalosporins, is
driving the expansion of C. difficile in livestock populations worldwide. Subsequent spore
contamination of meat, vegetables grown in soil containing animal feces, agricultural
by-products such as compost and manure, and the environment in general (households,
lawns, and public spaces) is contributing to a persistent community source/reservoir
of C. difficile and the insidious rise of CDI in the community. The whole-genome
sequencing era continues to redefine our view of this complex pathogen. The application
of high-resolution microbial genomics in a One Health framework (encompassing clinical,
veterinary, and environment derived datasets) is the optimal paradigm for advancing
our understanding of CDI in humans and animals. This approach has begun to yield
critical insights into the genetic diversity, evolution, AMR, and zoonotic potential of
C. difficile. In Europe, North America, and Australia, microevolutionary analysis of the
C. difficile core genome shows strains common to humans and animals (livestock or
companion animals) do not form distinct populations but share a recent evolutionary
history. Moreover, for C. difficile sequence type 11 and PCR ribotypes 078 and 014, major
lineages of One Health importance, this approach has substantiated inter-species clonal
transmission between animals and humans. These findings indicate either a zoonosis
or anthroponosis. Moreover, they challenge the existing paradigm and the long-held
misconception that CDI is primarily a healthcare-associated infection. In this article,
evolutionary, and zoonotic aspects of CDI are discussed, including the anthropomorphic
factors that contribute to the spread of C. difficile from the farm to the community.

Keywords: evolution, transmission, Clostridium difficile, one health, livestock, zoonosis
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INTRODUCTION

Last year was the 40th anniversary of the publication in 1978
of a series of papers from several research groups that provided
proof that Clostridium difficile caused pseudomembranous colitis
(1-4). While the spectrum of gastrointestinal disease caused by
C. difficile has broadened significantly since then, for much of
those 40 years C. difficile was thought of as causing disease almost
exclusively within high-risk hospitalized patient populations (5).
In evolutionary terms, 40 years is a negligible length of time.
The Clostridia are an ancient prokaryotic lineage, estimated
to have diverged from the bacterial domain 2.34 Ga (billion
years) ago around the time when concentrations of molecular
oxygen in the atmosphere began to increase (6). With the
advances of next-generation sequencing, the taxonomy of the
Clostridia is currently undergoing a major revision. Indeed, given
the significant differences between C. difficile and some other
pathogenic clostridia, it has been proposed that it be renamed
Clostridioides difficile (7). While this has caused some angst in the
C. difficile community, both names are currently viewed as being
“validly published” and therefore acceptable (8).

In recent years, the vast majority of emerging or re-emerging
infections have been vector-borne or zoonoses—animal diseases
that are transmissible to humans (9). Most attention has focused
on viral infections because of highly publicized outbreaks; SARS,
avian influenza, and Ebola. However, disease associated with
C. difficile infection (CDI) has killed more people worldwide
in the last 15 years than all these viral infections combined,
around 30,000 per year in the USA alone according to the CDC
(10). CDI should always have been considered a zoonosis, either
direct or indirect. In some definitions of zoonoses, non-human
animal hosts play an essential role in maintaining the infection in
nature and humans are only incidental hosts. In CD], all animals
(human and non-human) are likely hosts; the wide variety of
animals from which C. difficile has already been isolated suggests
this (11).

What then is the natural history of CDI following exposure
to C. difficile? C. difficile is ubiquitous in the environment.
C. difficile colonizes the gastrointestinal tracts of all animals
during the neonatal period, multiplies, and is excreted, but
cannot/does not compete well when other bacterial species start
to colonize. The exact timing of this change is not clear, but
it is probably linked to changes in diet in babies, i.e., weaning.
Through a process known as colonization resistance, a well-
developed microbiota provides protection against overgrowth
of C. difficile by inhibiting germination, vegetative growth, and
toxin production (12). In human and non-human animals,
antimicrobial exposure creates an environment that could be
thought of as mimicking the neonatal gut—characterized by an
underdeveloped microbiota and consequently reduced or absent
colonization resistance. In such a compromised host gut, C.
difficile spores rapidly germinate and begin to produce potent
cytotoxins (toxin A and toxin B) which cause extensive colonic
inflammation and epithelial tissue damage, the net effect being
a rapid fluid loss into the intestinal lumen which manifests as
diarrhea (13). Some strains also produce a binary toxin, an ADP-
ribosyltransferase that causes actin cytoskeletal disruption, and is

associated with more severe CDI, a higher case-fatality rate and
refractory disease (14).

When those antimicrobials were cephalosporins in the 1980s
and 90s, antimicrobials to which C. difficile is intrinsically
resistant, there was an expansion of CDI in hospitals
that continues today. Since the 1990s in North America,
cephalosporins have been licensed for use in food animals. There
has been an amplification of C. difficile in food animals since
then, with subsequent contamination of meat, and vegetables
grown in soil containing animal feces. In some animals such as
piglets, there is overt disease with significant impact on industry.
“Animal” strains of C. difficile are now infecting humans. C.
difficile ribotype (RT) 027 was found in animals in North America
in the early 2000s (15) but probably moved from animals to
humans a decade earlier around the time that RT027 developed
resistance to fluoroquinolone antimicrobials (16). This strain was
likely to have initially caused infections in the community at a
time when community-acquired (CA) CDI [defined as cases with
symptom onset in the community or <48h after admission to
a healthcare facility (17)] was thought infrequent, and diarrhea
in the community was rarely investigated. The mutation to
fluoroquinolone resistance and high use of fluoroquinolones
drove RT027 spread, in North America and later Europe, once it
entered the hospital system (16). A similar process now appears
to be occurring with C. difficile RT078, another animal strain
that has increased significantly as a cause of CA-CDI in Europe
over the last 10 years (18, 19). C. difficile continues to expand
in food animal populations, driven by cephalosporin use, and
animal strains of C. difficile are driving the worldwide increase
in CA-CDIL

The whole-genome sequencing era continues to redefine
our view of this complex pathogen. The application
of high-resolution microbial genomics in a One Health
framework (encompassing clinical, veterinary, and environment
derived datasets) is the optimal paradigm for advancing our
understanding of CDI in humans and animals. This approach
has begun to yield critical insights into the genetic diversity,
evolution, AMR, and zoonotic potential of C. difficile. In this
review, evolutionary and zoonotic aspects of CDI are discussed,
including the anthropomorphic factors that contribute to the
spread of C. difficile from the farm to the community.

Community-Acquired CDI

Surveillance data indicate that CA-CDI comprises a significant
fraction of total CDI cases and that the incidence of CA-CDI
has been increasing globally (20). In the United States, CA-CDI
accounts for around a third of all CDI cases and increased 4-
fold during the period 1991-2005 (18, 21-24). In another US
study, comparable incidence rates for CA-CDI and hospital-
associated CDI (HA-CDI) were reported (11.2 cases/100,000
person-years and 12.1 cases/100,000 person-years, respectively)
(18). A recent European multi-center study (97 hospitals in 34
European countries) found 14% of 506 cases were classified CA-
CDI (25). In Australia, data from 2011 to 2012 showed CA-
CDI accounted for up to a quarter of all cases (26% of 5,109
CDI cases) and has been increasing in recent years (26-28).
More recent studies from the USA report higher proportions
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of CA-CDI around 40% (24). Many studies have noted that
individuals with CA-CDI often do not have the “classical”
risk factors for CDI acquisition and are generally younger,
healthy, and female, without contact with hospitalized patients
nor prior antimicrobial exposure (5, 20, 29). In up to 40% of
CA-CDI cases, infection is more severe and there are adverse
outcomes (hospitalization, treatment failure, complications,
colectomy, and recurrence) (19, 30). Notably, C. difficile strains
acquired in the community can differ in genotype from
predominant hospital strains (31), however, C. difficile RT078
(see below) has emerged as a significant pathogen associated
with both HA- and CA-CDI in the Northern Hemisphere
(21, 24, 32-35).

Zoonotic and Environmental Sources of

C. difficile

C. difficile shows remarkable adaption to life within a diverse
array of natural and host environments, including its primary
habitat the mammalian gastrointestinal tract (as a commensal
and/or pathogen), and several secondary habitats such as water,
soil, and compost. We have previously reviewed aspects of C.
difficile prevalence, pathogenicity and antimicrobial resistance
(AMR) in non-human reservoirs (36), as have others including
excellent reviews by Rodriguez et al. (11) and Candel-Pérez et al.
(37). Here we will briefly summarize the key prevalence and
molecular data that suggest a zoonotic origin for CDI. Figure 1
summarizes C. difficile prevalence data in farm animals, food
and the environment taken from 86 studies in 23 countries
worldwide (15, 38-122). In many of these studies, differences in
C. difficile prevalence, strain lineage, toxigenic status, and AMR
were identified. These were influenced by a variety of factors
including the age of the animal, geographic region, methods used
for isolation (e.g., sample type, spore selection, enrichment vs. no
enrichment) and veterinary and agricultural practices [see recent
reviews (11, 37)].

C. difficile is known to colonize numerous food-producing
animals including pigs, cattle, sheep, lambs, and poultry.
Neonatal animals are viewed as significant reservoirs for C.
difficile (Figure 1). Prevalence in domestic pigs and piglets
averages around ~43%, ranging from 0% [Belgium and
Switzerland (98, 103)] to ~50% [USA and Slovenia (61, 70)]
and 100% [Spain and The Netherlands (62, 68)]. In cattle and
calves, C. difficile prevalence averages around 14%, ranging from
0.5% [Switzerland (98)] to ~20% [Italy, Belgium and the USA
(43, 46, 103)] to ~50% [Australia and Canada (38, 40)]. On
average, a lower prevalence has been reported in ovine hosts
[sheep and lambs, ~6% (77)] with prevalence in poultry [hens,
broiler chickens] varying considerably [0.3% in the USA (82), to
29.0% in Zimbabwe (83) and 62% in Slovenia (80), mean ~19%].
Due to an absence of colonization resistance afforded by a mature
intestinal microflora, during the first weeks of life neonatal
pigs and calves are susceptible to disease caused by C. difficile.
Although data is limited for calves (46) the pathophysiology of
CDI in piglets is well-described; diarrhea, dehydration, weight
loss, enteritis histologically similar to human lesions, and high
mortality (123-125).

Other non-human animal reservoirs of C. difficile include
cats and dogs (prevalence 0-100%), horses and foals (3-
33%) and numerous wild animal species including rabbits,
zebra, kangaroos, birds, shrews, Kodiak bears, racoons, camels,
donkeys, feral swine, elephants, ibex, molluscs, tamarin monkeys,
chimpanzees and, most recently, polar bears (0-100%) (37, 126,
127). The most common C. difficile lineage identified in many
of these animal studies is multilocus sequence type (MLST, ST)
11, predominated by RT078 and its close relatives RTs 033, 045,
066, 126, 127, and 288 (all binary toxin positive, toxinotype V
and cause CDI in humans) (Figure 1). Surprisingly, in Australia,
the predominant RT found in pig herds is RT014, one of the
most common strains causing CDI in humans worldwide (128)
(see below).

C. difficile has been recovered from meats and plant-
based foods sourced from processing plants, shops, farms and
markets throughout Europe, North America and the Middle
East (Figure 1). These include retail meat (veal, beef, pork,
lamb, chicken, goat, buffalo, and turkey), seafood (salmon, perch,
clams, shrimp, and mussels), and salads and vegetables (lettuce,
pea sprouts, ginger, carrots, potatoes, onions, and spinach). As
is the case with farm animals, the prevalence of C. difficile in
food varies widely with food type and geographic origin. A high
prevalence of C. difficile in retail pork, beef, and chicken has been
reported in the USA (42%) but studies elsewhere report a much
lower prevalence (Taiwan, 23%; Cote d’Ivoire, 14%), especially in
Europe (~3.0%) (105, 129, 130). The prevalence of C. difficile
in seafood varies considerably from ~5.0% in Canada, USA
and Wales (99, 108, 118) to ~50.0% in Italy where its presence
has been tentatively linked to sewage contamination in local
rivers (95). Similarly, the prevalence of C. difficile on vegetables
varies from 3 to 8% in North America and Europe [ready to
eat salads (85, 101, 107, 109, 111, 118)] to 20-56% in Australia
[organic beetroot and potatoes (84)] reflecting, possibly, different
methods of processing. The molecular epidemiology of C. difficile
recovered from food largely mirrors that of farm animals (ST11
RTs and common healthcare-associated lineages including 014
and 027, Figure 1).

Farm to Fork: Agricultural Practices
Presenting a Risk for CA-CDI

In its spore form, C. difficile persists in various different natural
ecosystems [soil, rivers, oceans, lakes, and sediments (114-
116, 118, 119)], animals and food (11), and many abiotic
environments for example toilets, floors, sinks, and soles of shoes
(112, 113, 131). The high transmissibility of the spore (132)
combined with its inherent resilience to desiccation, extremes of
temperature, and disinfection (133) facilitates the transmission
of C. difficile between these ecosystems. C. difficile spores
could be transmitted from the farm environment to humans
through a number of mechanisms including direct contact,
airborne dispersal, avian, rodent or arthropod vectors (134-137),
contamination of meat with feces during slaughter (53, 138)
and via animal effluent or effluent by-products such as compost
(139). However, CDI is a complex phenomenon encompassing
pathogen, host, anthropomorphic and environmental factors,
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FIGURE 1 | Global prevalence of C. difficile in farm animals, food and the environment. Data were taken from 86 studies in 23 countries worldwide (15, 38-122).
Categories: Poultry (hens and broilers, Seafood (salmon, perch, clams, shrimp, and mussels), Meat (veal, beef, pork, lamb, chicken, goat, buffalo, and turkey),
Vegetables (salads, lettuce, pea sprouts, ginger, carrots, beetroot, potatoes, onions, and spinach), Household (sandbox, shoes, toilet, vacuum, sink, floor), and
Natural Environment (compost, lawn, soil, sediment, lake, and river). Two-letter country codes (International Organization for Standardization, ISO): AU, Australia; BE,
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America; ZW, Zimbabwe. NAP, North American Pulse Type. RT027 and all ST11 RTs listed are binary toxin-positive.
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and our understanding of CDI transmission dynamics between
production animals and humans is nowhere near perfect. Within
Australia, two agricultural practices have been identified which
present a credible risk for transmission of C. difficile causing
CA-CDIL: (i) slaughtering of neonatal animals destined for
human consumption, and (ii) the recycling of effluent for
agricultural purposes such as manufacturing compost which is
then disseminated into the community setting (140, 141).

The prevalence of C. difficile in Australian veal calves
is high although this decreases significantly with increasing
age of the animal; 56% from <7-day-old calves, 3.8% in 2-
6 month-old calves, and 1.8% in adult cattle (38). The C.
difficile population within these cattle was dominated by ST11
RTs that all cause disease in humans. Moreover, at slaughter,
the prevalence of C. difficile in calve feces was 60.0% and a
significant proportion of calf carcasses (25.3%) was positive
(with a spore concentration of 33 CFU/cm?), as a result of
spore contamination from gastrointestinal contents during the
slaughter process (138). As before, clinically important ST11
RT lineages dominated (138). Australia is one of the very few
countries that cull male neonatal dairy calves (veal calves), a
practice that exists because they are born male and considered
surplus to industry requirements. With C. difficile prevalence
highest in this neonatal period (127), the unique slaughter
age of these animals presents a significant and perhaps under-
appreciated risk for contamination of carcasses during the
slaughter process. Further, C. difficile spores contaminating
carcases would likely survive chilling, freezing, and cooking
processes (142-145) and may compromise the quality of veal
for domestic and export markets. To date, C. difficile has not
been recovered from retail meat in Australia although only
limited surveys have been undertaken mainly on meat from adult
animals. Consumer demand for newborn veal in Australia is low
and thus there is likely to be limited exposure of consumers to
contaminated meats. However, Australia is the third largest beef
and veal producer in the world (146), exporting 1.9 million tons
of beef and veal per annum to over 100 countries, particularly in
Africa, Asia and the Middle East. It is possible that contaminated
Australian veal may be contributing to CDI in these regions,
however, with the exception of Taiwan where ST11 strains are
commonly reported in humans with CDI and farm animals
(64, 102, 147), CDI surveillance is lacking in many of these
countries. Whatever the level of risk to the domestic and export
consumer, it is possible that it can be significantly mitigated by
increasing the age that the animal is slaughtered to >3 or more
weeks (38).

In the case of Australian piglets and dissemination of the
major healthcare-associated lineage RT014, a growing body of
evidence points to zoonotic transmission extending from the
farrowing shed to the community. First, Australian piglets are
major amplification reservoirs for C. difficile (67% prevalence
nationwide with RT014 comprising 23% of isolates) (52). Second,
whilst suckling age piglets are not slaughtered for meat on a large
scale, C. difficile spores are abundant in treated biosolids, effluent,
and piggery wastewater (121, 148-150). These by-products of the
pig industry are subsequently recycled to pasture and agriculture
for composting and direct irrigation/fertilization of crops and

lawn. Third, C. difficile has been recovered from 30% of “high-
street” retail compost samples in Australia (122), 59% of new
roll-on lawn samples in Australia (151) and 20% of various
root vegetables from mainstream and organic markets (84). Both
lawn and organic vegetables are invariably grown in compost/soil
containing animal manure. In these studies, RT014 comprised 7,
39,and 10% of isolates, respectively. Finally, the use of potent, late
generation cephalosporins in human and veterinary medicine is a
major driver of (i) C. difficile colonization and onset of disease in
pigs; (ii) amplification and persistence of C. difficile in piggeries;
(iii) spill-over of spores into the environment; and (iv) onset of
CDI in the community (135, 140, 141).

GENOMIC INSIGHTS INTO THE
EVOLUTION AND TRANSMISSION OF
C. DIFFICILE IN ANIMALS AND HUMANS

Microevolution in the C. difficile

Core Genome
The next generation sequencing era has seen the development of
exquisitely sensitive, cost-effective, and rapid, benchtop whole-
genome sequencing (WGS) technologies. Combined with new
WGS-based genotyping tools, these technologies are shaping
the future of infectious diseases surveillance. Core genome
single nucleotide variant (SNV) analysis is an ultra-fine scale
discriminatory method that uses WGS to detect transmission
and outbreaks of bacterial pathogens (152, 153). SNV analysis is
restricted to the non-repetitive, non-recombinative core genome
which contains essential genes common to all isolates under
analysis that are often vertically inherited and most likely to have
the strongest signal-to-noise ratio for inferring phylogeny (152,
153). For C. difficile, SNV analysis uses a fixed-rate molecular
clock derived from serial isolation of strains from clinical cases,
estimated to be in the region of 1.47 x 1077 to 5.33 x 107/
mutations per site per year, to identify signatures of plausible
clonal transmission (154, 155). This equates to 1-2 SNVs per
genome per year. For studies of C. difficile transmission, a clonal
group is therefore defined as two or more strains differing by
<2 SNVs in their core genome, with >10 SNVs used as a
threshold for genetically distinct isolates (154-157). For longer-
term ecological studies, these thresholds may not hold true as
the genetically quiescent nature of C. difficile spores may result in
underestimating the evolutionary distance between strains (19).

The ultra-fine scale resolution of this technique is superior
to conventional C. difficile typing methods including PCR
ribotyping, pulsed-field gel electrophoresis (PFGE), MLST,
Rep-PCR, toxinotyping, and amplified fragment-length
polymorphism (AFLP) fingerprinting (152). It also shows
discriminatory power comparable, and in some cases superior,
to multilocus variable-number tandem repeat analysis (MLVA)
(152, 157) and the recently developed core genome MLST
scheme (158). Supplementary Table 1 provides a summary of
bioinformatics tools and algorithms involved in a C. difficile
SNV pipeline.

For C. difficile, SNV-based typing has been used to study
the microevolution of CDI in the hospital setting (154)
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and to investigate localized transmission and international
dissemination of major clinically important lineages such as
RTs 027 (16) and 017 (159). But as outlined below, this
approach has also been used to delineate cryptic transmission
pathways of C. difficile between animals, humans, and their
shared environment. In doing so, these genomic studies have
redefined our understanding of the ecology and evolution of this
complex species.

C. difficile RT078

C. difficile RT078 belongs to evolutionary clade 5 and is the
principal ST11 sublineage (Figure 2). Between 2005 and 2008,
RT078 rose from 11th to become the 3rd most frequently
encountered RT in European hospitals (25), an increase
particularly evident in the Netherlands where, from 2005 to
2008, Dutch hospitals would see the total prevalence of RT078-
associated cases increase from 3 to 13% (32). These RT078 cases
of CDI were in younger patients and with community-onset
(32, 33). Comparable rates have been found in North America
(21, 24, 35) with one study reporting 46% of all RT078 isolates
were community acquired (160). As with many toxigenic C.
difficile RTs, RT078 can be carried asymptomatically (161, 162).
C. difficile RT078 has established significant reservoirs in North
American, European, and Asian pigs and cattle and is often
reported as the dominant type irrespective of age, diarrheal
status or other farm-specific factors (37, 127). In an important
Dutch study of C. difficile spore acquisition, Hopman et al. (68)
demonstrated that piglets delivered by cesarean-section were
C. difficile-negative yet were rapidly colonized with C. difficile
RT078 spores within 48 h.

The virulence potential of RT078 has been likened to that of
epidemic RT027 with which it shares similar genetic features.
These include the major virulence genes tcdA, tcdB, and cdtA/B
involved in toxin production, and an aberrant toxin regulator
gene tcdC (deletions, nonsense mutations, and premature stop
codons) leading to a reduction in log phase repression of toxin
expression. The role for the latter in the observed hyper-virulent
disease phenotype seen also in RT078 infections i.e., more toxin,
increased mortality and morbidity, remains speculative (32, 163—
167). C. difficile RT078 strains are often multidrug-resistant
(MDR) (161, 168) and, compared to other RTs, including RT027,
show remarkable resilience to extremes of temperature (80 to
96°C) and water treatment processes (142, 143, 145). It has also
been proposed that the emergence and global dissemination of
RT078 in humans is linked to an enhanced ability to metabolize
the food additive trehalose (169). These virulence and survival
traits may explain the successful dissemination of this lineage in
production animals and humans worldwide. Unsurprisingly, it
has received major attention as a potentially zoonotic lineage.

Zoonotic Transmission of C. difficile RTO78

Between Humans and Animals

Genetic studies using MLST, MLVA, Rep-PCR and AFLP
fingerprinting have all provided significantly higher strain
resolution of RT078 populations compared to conventional PCR
ribotyping. In 2010, Bakker et al. (170) found 85% of RT078
isolates of human and porcine origin in the Netherlands were
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FIGURE 2 | Evolutionary clade 5. Maximum-likelihood phylogeny based on
concatenated MLST allele sequences (seven loci, 3,501 bp) for 32 known
clade 5 STs. For global phylogenetic context, well-characterized
representatives of major MLST clades C1 (ST54, RT012), C2 (ST1, RT027),
C3 (ST22, RT023), and C4 (ST37, RT017) are also shown. Branches for clade
5 are shown in red. The inset box highlights major ST11 RT sublineages of
clinical and agricultural/livestock importance with associated toxin gene
profiles and graphical representation of 16s—23s rRNA PCR ribotyping
banding patterns.

genetically related and, in many instances, indistinguishable by
high-resolution MLVA. In 2012, Stabler et al. (171) used MLST
to analyse 385 C. difficile isolates from different geographical
locations (Europe, North America, and Australia) and sources
(human, food, and animal). Strains of RT078 from humans, food
and animals, some from different countries and continents, were
indistinguishable (all sharing seven identical housekeeping genes,
ST11) (171). More recent work from Taiwan showed RT078
isolated from pig farms shared identical Rep-PCR fingerprints
as RT078 strains derived from humans with CDI in hospitals in
the same region (64). Similarly, in Spain, RT078 of human and
animal origin were clustered together by AFLP (172). Evidence
from Japan suggests RT078 has been introduced from Europe.
Usai et al. found Japanese pig RT078 strains clustered (by MLVA)
with European human and pig RT078 strains (86), and Niwa et al.
found a single MLVA cluster of RT078 responsible for five cases
of colitis in Japanese racehorses (173). Both pigs and racehorses
are internationally traded in Japan; thus, RT078 may have been
imported into Japan from Europe via live animals.

Natural and diverse reservoirs of RT078 support the
hypothesis that CDI may have a zoonotic origin. To date, a
few key WGS-based studies have led to significant advancement
in understanding the true zoonotic potential and evolution of
the RT078 and its close relatives. In 2013, Knetsch et al. (161)
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used core genome SNV typing to compare 65 C. difficile RT078
isolates of human and porcine origin sourced over a 10-year
period in The Netherlands. Using Bayesian techniques, an RT078
population-specific mutation rate was estimated to be 2.72 x
1077 substitutions per site per year, equating to around 1 SNV
per genome per year—a figure comparable with earlier estimates
(154, 155). A core genome phylogeny showed isolates of human
and porcine origin clustering together. Notably, the analysis
showed a pair of human and pig isolates from the same pig farm
in The Netherlands to be indistinguishable (zero SNV difference
in their core genome). Working in pig husbandry or living in (or
visiting) areas with a high density of pigs increased the risk of
acquiring C. difficile due to exposure to pig feces (161). Whilst
the transmission of RT078 between a pig and pig farmer within
the confines of a pig-rearing facility might not be that surprising,
it was nonetheless the first ever confirmation that interspecies
transmission of C. difficile had occurred (161). The exact mode
of transmission between these species remains unclear. Whilst
these data appear to support the theory that CDI is a zoonosis,
a common environmental source, asymptomatic carriage and/or
zooanthroponotic (human to animal) transmission cannot be
ruled out.

In 2017, the same authors (174) extended these findings.
They investigated microevolution in the core genome of 248 C.
difficile RT078 strains sourced from humans and animals in 22
countries. This study provided the first estimate of the global
RT078 population structure and yielded new insights into the
potential and extent for zoonotic spread. Extensive clustering of
C. difficile RT078 from human clinical cases and food animals was
observed, with clear instances of interspecies clonal transmission,
only this time, the significant clustering of clones supported
evidence of bidirectional spread of C. difficile RT078 between
production animals and humans. Moreover, there was only
limited geographic clustering with clones of C. difficile RT078
spread multiple times across multiple towns, countries and
continents, in particular between North America and Europe:
one example was the transmission of an RT078 clone between
an animal in Canada and humans in the United Kingdom.
This indicated interspecies transmission of C. difficile RT078 was
not restricted to a local population of humans and production
animals, as previously shown in the 2014 Dutch study. Together,
these data revealed a highly linked intercontinental transmission
network of C. difficile RT078 between humans and animals and
provided further evidence that CDI has a significant zoonotic
component (174). Yet it also showed that, in contrast to another
classic enteric pathogen Salmonella enterica which has distinct
animal- and human-associated populations, C. difficile RT078
appeared to be a clonal population moving frequently (and likely
over long time periods) between production animal and human
hosts, with no geographical constraints.

ST11 Is a Heterogeneous Lineage of Major
One Health Importance

ST11 is an ancient evolutionary lineage comprising at least
a dozen CDTT ribotypes that cause CDI in humans with
significant ecological niches in production animals worldwide

(175) (Figure 2). As is apparent, and for good reasons, there has
been a strong focus on the ST11 sub-lineage RT078, however,
until recently, little was known about the evolutionary history
and zoonotic potential of other ST11 RTs. Our recent study
(175) addressed this knowledge gap, using WGS to investigate
population structure and clonal transmission in over 200 strains
of major ST11 RTs 078, 126, 127, 033, and 288 sourced from
human and veterinary/environmental origin across Australia,
Asia, Europe, and North America. A core genome phylogeny
showed the global ST11 population structure largely mirrored
RT sub-lineage, with discrete evolutionary clusters congruent
with RTs 078/126, 127, 033/288. Core genome SNV analysis
found multiple instances of inter- and intra-species clonal
transmission in all RT sub-lineages. Interspecies clonal groups
comprised C. difficile isolates derived from health care facilities
and farm animals spread across different states, countries,
and continents, often without any healthcare association. Our
findings independently confirm and extend the work of Knetsch
et al. (161, 174) revealing a globally-disseminated network
of C. difficile ST11 clones with the capability and proclivity
for reciprocal zoonotic and/or anthroponotic transmission.
Moreover, this study showed for the first time that non-RT078
ST11 strains such as RTs 126, 127, 033, and 288 also display a
high zoonotic potential and should also be considered lineages of
emerging One Health importance.

Antimicrobial Resistance and ST11

Evolution

Antimicrobials are a crucial component in the pathogenesis of
CDI; they play a central role in the establishment of infection and,
paradoxically, remain the preferred option for treatment (176).

AMR is, therefore, a key factor driving epidemiological
changes in CDI (1). As we have seen with virulent C. difficile
RT027 epidemic lineage, outbreaks emerge when the inherent
resistance of C. difficile to cephalosporins is combined with
acquired resistance to high-risk antimicrobials known to incite
CD], such as fluoroquinolones (16). In all the above WGS-based
studies of RT078 and ST11, substantial AMR repertoires were
identified. In the Dutch study (161), interspersed throughout
the RT078 phylogeny were clones common to humans and
livestock harboring identical mobile genetic elements (MGEs)
conferring resistance to streptomycin (Tn6235, aphAI™) and
tetracycline (Tn6190, tetM™) (161). In the later study by Knetsch
et al. (174), the global population of RT078 contained a broad
array of AMR genes encoding resistance to aminoglycosides
and streptothricin (aph3'-III, ant6'-Ib, Sat4A), erythromycin
(ermB™), and tetracycline (tetM, tetO, tet32, tetd0, tet44). The
gene cdeA encoding a multidrug efflux transporter was found in
all isolates (174).

In our STI1 study (175), half of all strains showed
phenotypic resistance to one or more of tetracycline,
moxifloxacin, erythromycin, and clindamycin, of which a
quarter, predominantly RTs 126/078, were resistant to >3 of
these agents. Underscoring this resistance was an array of
AMR genetic loci including chromosomal mutations in gyrA/B
(fluoroquinolone resistance) and MGEs conferring resistance to
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macrolides and lincosamides (Tn6194; ermB™), and tetracycline
(Tn6190; tetM™ and Tn6164; tet44™), the latter a 106 kb genetic
island apparently specific to RT078 (177). This was the first such
report of Tn6194 from animals in the world. This element is
the most common ermB-containing element found in human
clinical isolates in Europe and is a defining genetic feature of
epidemic RT027 (16, 178, 179). A phenotypically silent vanB2
transposon (likely from Enterococcus faecalis) was also found
in a C. difficile RT033 strain isolated from an Australian veal
calf at slaughter (180). Another common ruminant species
Erysipelothrix rhusiopathiae appeared to be the origin of the
numerous aminoglycoside resistance gene clusters present in all
ST11 sub-lineages.

In a compelling new study, Dingle et al. (181) present a
strong case for antimicrobial selection influencing the recent
evolutionary history of C. difficile RT078. A time-scaled
phylogeny built from the core genome of over 400 international
C. difficile RT078 strains revealed three major clonal expansions
(a rapid, recent international spread of RT078 clones). Two-
thirds of all RT078 were tetracycline resistant. Remarkably, a
common ancestor of each clonal expansion had independently
evolved tetracycline resistance via the acquisition of distinct
tetM alleles carried on closely related Tn916-like elements,
an analogous situation to the emergence of fluoroquinolone
resistance in RT027 (16). The parallel tetM associated clonal
expansions were estimated to have occurred sometime around
the year 2000, at a time when the number of RT078-associated
clinical cases (at least in Europe) started to increase. Moreover,
the three tetM alleles show significant homology (97-100%
sequence identity) with fetM genes belonging to established
zoonotic species such as E. faecalis, Escherichia coli, and
Streptococcus suis—further supporting an agricultural origin for
RT078. The authors note that S. suis has striking parallels with
C. difficile RT078—it is a globally disseminated human pathogen
which has established substantial reservoirs in pigs and has
displayed recent increases in tetracycline resistance (182, 183).
In summary, these phylogenetic data are consistent with an
evolutionary response to tetracycline selective pressure. The
inappropriate and overuse of tetracycline in animal husbandry is
well-recognized (184). This selective pressure, combined with the
rapid, international spread of C. difficile RT078 via the food chain
and other agricultural vectors provides a plausible explanation for
the clinical prominence of this lineage in humans.

Interspecies Transfer of C. difficile RT014

Between Humans and Animals

C. difficile RT014 is a toxigenic (ATBTCDT™) and highly
successful lineage of C. difficile belonging to MLST clade 1.
RTO014 is consistently among the most common RTs causing
CDI in European healthcare systems, and in Australia it has
been the most prevalent RT causing human infection for many
years, accounting for ~25% of all CDI cases (10, 185-188). The
zoonotic potential of this RT was initially thought to be quite low
as its prevalence in production animals in Europe was low and
it was absent from livestock in Asia. In Australia, there was a
completely different and intriguing story. In 2013, a nationwide

cross-sectional study of C. difficile in 21 pig farms in Australia
found RT014 to be the most prevalent RT in neonatal pigs aged
<14 days, accounting for 23% (n = 26/154) of isolates (52).
With rates of CDI in Australia increasing markedly in recent
years (24% in 2011-2012 alone) and a significant rise in CA-
CDI (26), the establishment of significant RT014 reservoirs in
porcine populations in Australia suggests zoonotic transmission
as a plausible source of human infection.

To examine the true extent of genetic relatedness, a collection
of 40 contemporaneous isolates of RT014 of human and porcine
origin in Australia were subjected to WGS (128). A total of
three distinct STs were identified in this RT014 collection (STs
2, 13, and 49), and in each, human and porcine populations
were intermingled, signaling a very recent shared ancestry.
A phylogeny based on evolution in 1,260 core orthologous
genes (1,019,160 bp, ~25% of bases in an average C. difficile
genome) showed geographically and temporally unconstrained
clustering of human and animal C. difficile RT014 strains in
all three STs again supporting a close genetic relationship.
Finally, a phylogeny-based on evolution in non-recombinant
1,287 core genome SNVs provided ultra-fine scale resolution
of the RT014 population, identifying multiple instances of
plausible interspecies clonal transmission. In total, 42% of C.
difficile RT014 strains from humans with CDI showed a clonal
relationship (differing by no more than two SNVs in their
core genome) with one or more RT014 strains derived from
pigs. Remarkably, many RT014 clones originated from pigs
and humans in states separated by thousands of kilometers,
collected many months apart, and half of the human isolates
in these clonal groups originated from cases classified as CA-
CD], representing the acquisition of CDI outside of the hospital
system (Figure 3). Long range transmission of C. difficile RT014
clones suggests direct contact between humans and colonized
livestock is perhaps unlikely, and there was no evidence here.
Given what we know of the C. difficile colonization-transmission
cycle in the farrowing environment and wider livestock industry,
it is conceivable that over an extended period there has been
frequent long-range indirect interspecies transmission through
human exposure to contaminated retail meat but more likely
contaminated piggery by-products such as manure and compost
in the community setting (Figure 3). Indeed, genomic studies
from the USA and Europe have shown that the household
environment and pet dogs are colonized with C. difficile
RT014/ST2 representing reservoirs of RT014 in the community
(124, 125).

The C. difficile Pan-Genome: Insights Into
the Ecology of a Complex Pathogen

A bacterial pan-genome describes the full complement of genes
in a species or individual phylogenetic lineage. It comprises a core
component (those genes present in all strains) and an accessory
or adaptive component (genes absent from one or more strain
or unique to a particular strain) (189). Early microarray-based
studies estimated the C. difficile pan-genome to be comprised of
9,640 coding sequences (CDS) with a core genome component
many orders of magnitude lower at 600-3,000 CDS (190-192).
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A C. difficile RT014 clonal group ST13 C. difficile RT014 clonal group ST2
Origin ST TP State Site Date CDI Origin ST TP State _ Site Date CDI
Human 13 A+B+CDT- NSW HCF1 Nov-12 HA-CDI Human 2  A+B+CDT- SA HCF2 Apr-13 CA-CDI
Human 13 A+B+CDT- SA HCF2 Dec-12 HA-CDI Human 2  A+B+CDT- VIC HCF4 Nov-12 CA-CDI
Human 13 A+B+CDT- NSW HCF3 Mar-13 HA-CDI Human 2  A+B+CDT- VIC HCF4  Nov-12 HA-CDI
Pig 13 A+B+CDT- NSW Farm1 Apr-12 Human 2  A+B+CDT- VIC HCF4  Nov-12 HA-CDI
Pig 13 A+B+CDT- NSW Farm1 Apr-12 Human 2  A+B+CDT- NSW HCF5 Nov-12 CA-CDI
Pig 13 A+B+CDT- NSW Farm1 Apr-12 Human 2 A+B+CDT- QLD HCF6 Jan-13 CA-CDI
Pig 13 A+B+CDT- SA Farm2 Jun-12 Human 2  A+B+CDT- NSW HCF7 Dec-12 INDET
Pig 13 A+B+CDT- NSW Farm3 Apr-12 Human 2  A+B+CDT- QLD HCF8 Jan-13 CA-CDI
Human 2  A+B+CDT- QLD HCF9 Nov-12 CA-CDI
Pig 2 A+B+CDT- SA Farm2 Jun-12
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FIGURE 3 | Transmission networks and community reservoirs of C. difficile RTO14 in Australia. (A) summary of ST13 (n = 8) and ST2 (n = 10) RTO14 clonal groups
found in pigs and humans with CDI in Australia, adapted from Knight et al. (128). A clonal group is defined as two or more strains differing by <2 SNVs in their core
genome. HCF, healthcare facility; NSW, New South Wales; SA, South Australia; VIC, Victoria; QLD, Queensland; INDET, indeterminate. (B) summary of RTO14
ecological niches in Australia. TKnight et al. (186); 2Collins et al. (188); 3Knight et al. (52); *Moono et al. (151); ®Lim et al. (84); SLim et al. (122).
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More recent WGS based studies of RT014 (128), RT078 (174),
and ST11 (175) from humans and animals have provided further
insights into the genetic diversity, plasticity and ecology of
zoonotic C. difficile lineages.

Analysis of 44 Australian RT014 genomes (STs 2, 13, and
49) revealed a large pangenome (7,587 genes) comprising a
core genome of 2,296 genes (30.3% of the total gene repertoire)
and an accessory genome of 5,291 genes (128). Moreover, the
human and porcine populations shared near identical proteomes
(128). The global RT078 population (248 genomes from four
continents) possessed a large pangenome of 6,239 genes with a
core genome of 3,368 genes (53.9% of the total gene repertoire)
and an accessory genome of 2,871 genes (174). Finally, the global
ST11 population (207 genomes from four continents including
RTs 078, 126, 127, 033, and 288) was defined by a massive pan-
genome (10,378 genes), a remarkably small core genome of 2,058
genes (only 19.8% of the gene pool) and an accessory genome
of 8,320 genes (175). In the case of RT014 and ST11, power-law
regression analysis determined the pangenomes to be “open,”

that is, size increases indefinitely when adding new genomes. For
example, in the ST11 analysis, after sequencing over 200 genomes
there is an average of 16 new genes contributed to the gene pool
with each additional sequenced strain (175).

The size and openness of a pan-genome is also a very
useful proxy for characterizing the lifestyle of a bacterial species
(193). The pan-genome data derived from these zoonotic and
agricultural-associated C. difficile lineages predict a species
with a sympatric lifestyle, occupying niches in extremely
diverse environments that are enriched with mixed microbial
communities of prokarya and archea (193). This is true of C.
difficile, a versatile species which shows extraordinary adaption
to multiple ecosystems including the gastrointestinal tract of
multiple mammalian hosts, and several secondary habitats
such as water, soil, and composts and invertebrate species
(179). In contrast to allopatric and intracellular species such
as Rickettsia rickettsii and Chlamydia trachomatis, which have
small closed pan-genomes and live in isolated niches with
limited exchange with the global microbial gene pool, sympatric
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species like C. difficile (and C. botulinum) have larger, more
complex open pan-genomes. Sympatry also means a higher
frequency of gene acquisition events and a higher probability
of acquiring parasitic DNA i.e., transposons and bacteriophages,
both contributing to an increase in pan-genome size (193,
194). Indeed, underscoring the substantial genetic diversity
in these zoonotic C. difficile lineages were large and diverse
collections of clinically important prophages of the Siphoviridae
and Myoviridae (128, 175) and AMR genetic elements (128, 174,
175). As corroborated by Dingle et al. in RT078 (181), many
of these underlying AMR elements show evolutionary origins
in commensal species residing within the gut of farm animals.
Examples being macrolide resistance genes from Campylobacter
coli (cryptic), aminoglycoside, and streptothricin genes cassettes
from E. rhusiopathiae, and a plethora of tetracycline resistance
genes from S. suis, E. faecalis, Megasphaera elsdenii, C. jejuni,
and C. perfringens (128, 161, 174, 175). Moreover, AMR elements
Tn6194 (ermB™) and Tn5397 (tetM™) are capable of intra-species
transfer to different C. difficile RTs and even inter-species transfer
to other genera (16, 191, 195).

Together, the phylogenetic, pangenome, and AMR data show
that these zoonotic C. difficile lineages have the capability
and propensity to move between humans, production animals,
and their shared environment. By occupying niches within
multiple host species, these C. difficile lineages are able
to access and exchange DNA with an enormously diverse
metagenome, particularly the ruminant gut and soil microbiota.
Such promiscuous behavior provides C. difficile with a potential
selective advantage over taxa inhabiting the same gut ecosystem,
be it the pig, cow or human intestinal tract, therefore greatly
enhancing their ability to adapt to fluctuating environmental
factors and their likelihood of success.

Finally, in the case of ST11, it is remarkable that even after
sampling >200 ST11 strains from over a dozen unique RT
sub-lineages spread over four different continents; the complete
gene complement of this lineage was not captured (175). With
over 420 STs and >600 RTs currently recognized, it is likely
that the complete species pan-genome for C. difficile could be
astonishingly high. Such enormous diversity is more typical for
phylogenetic distances between genera within a family, rather
than strains within a species (179). In light of recent calls for
taxonomic revisions (196-199), it is possible that C. difficile may,
in fact, be a complex of sub-species divided along the major
evolutionary clades.

FUTURE DIRECTIONS AND CHALLENGES

The One Health paradigm is a philosophical approach to
improving and safeguarding the health of humans, animals and
the environment and, importantly, recognizes that these three
areas are inter-related (200). Specifically, improved treatment of
disease common to humans and animals can be achieved through
the application of interdisciplinary approaches between human
and veterinary medicine, and the analysis of environment-
derived isolate datasets. In this regard, CDI is the quintessential
One Health issue (141). As we have highlighted here, the
application of high-resolution microbial genomics in a One
Health framework is the optimal paradigm for advancing our

understanding of CDI in humans and animals. Together, this
body of evidence challenges the existing paradigm and long-
held conception that CDI is primarily a healthcare-associated
infection and provides compelling evidence that CDI has a
significant zoonotic component. More important, these findings
should stimulate new discussions about One Health focused
interventions for CDL

Collaboration between human and veterinary medicine will
be essential if we are to safeguard the health of humans and
production animals (141). First and foremost, measures which
reduce the levels of C. difficile spores in the piggery environment
are of paramount importance, not only for mitigating the
risk of community acquisition but also for improving animal
health (141). In human medicine, these measures comprise
stringent infection control policies such as case isolation, reduced
use of late-generation cephalosporins, hand hygiene and deep
environmental cleaning (201, 202). Analogous interventions
have been employed in the veterinary hospital setting with a
significant reduction in CDI cases (203); however, the vast scale
of modern production animal systems may hinder successful
implementation. Also, the frequent disagreement between
clinicians, veterinarians and the livestock industry regarding
appropriate risk management of C. difficile in animal populations
remains an additional, significant hurdle to overcome (141, 204).

With several candidate C. difficile vaccines in development
(205), immunization of livestock could be a highly effective
way to reduce the overall prevalence of C. difficile and is a good
example of an integrative One Health approach to tackling CDI
(141). Finally, continued genetic and phenotypic surveillance
of C. difficile is critical to an enhanced understanding of
epidemiological and genetic factors contributing to the
emergence, evolution, and spread of CDI (152, 179). Crucially,
if we are to identify improved infection prevention and
control strategies, and public health interventions designed to
mitigate the risk of C. difficile transmission, it is imperative
that such studies should have a strong One Health focus
by including analysis of C. difficile strains derived from
humans, animals and food, and their shared environment.
As much of the focus to date has been on the STI1 group
and RTO014, future studies should examine the potential for
clonal relationships between other lineages circulating in
clinical and animal/environmental settings. As illustrated
by the studies highlighted in this review, WGS will play
a central role in this, providing a level of discrimination
far beyond that achievable by conventional molecular
typing methodologies.
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Infections caused by pathogens commonly acquired from consumption of food are not
always transmitted by that route. They may also be transmitted through contact to
animals, other humans or the environment. Additionally, many outbreaks are associated
with food contaminated from these non-food sources. For this reason, such presumed
foodborne outbreaks are best investigated through a One Health approach working
across human, animal and environmental sectors and disciplines. Outbreak strains
or clones that have propagated and continue to evolve in non-human sources and
environments often show more sequence variation than observed in typical monoclonal
point-source outbreaks. This represents a challenge when using whole genome
sequencing (WGS), the new gold standard for molecular surveillance of foodborne
pathogens, for outbreak detection and investigation. In this review, using recent examples
from outbreaks investigated in the United States (US) some aspects of One Health
approaches that have been used successfully to solve such outbreaks are presented.
These include using different combinations of flexible WGS based case definition, efficient
epidemiological follow-up, traceback, surveillance, and testing of potential food and
environmental sources and animal hosts.

Keywords: whole genome sequencing (WGS), outbreak, one health, zoonotic, food, environment, animals,
investigation

INTRODUCTION

Infections caused by pathogens commonly transmitted by food are common, potentially all
preventable and therefore of major public health importance. They are a problem all over the world
affecting all parts of society in developing and developed countries (1). Although mostly presenting
as a self-limiting diarrheal illness, more severe illness requiring hospitalization is frequently seen.
Foodborne illness caused by certain pathogens, e.g., Listeria monocytogenes, carry a significant
mortality. Outbreaks are common with ~1,000 outbreaks being investigated in the US every year
(2). Foodborne pathogens can be any infectious agent, e.g., bacteria, parasites, virus, and prions,
even though this review focuses on bacterial pathogens.

In the US approximately one in six persons acquires a foodborne illness every year (3).
However, it needs to be kept in mind that not all infections caused by pathogens commonly
transmitted through food are actually foodborne. Although illness is often caused through ingestion
of contaminated food, the primary reservoir of these pathogens is rarely food but rather animals,
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water or the environment. The reservoir of pathogens like
non-typhoidal Salmonella, E. coli, Campylobacter, and Yersinia
is primarily zoonotic, i.e., wildlife, pets, or food production
animals. Listeria monocytogenes is ubiquitous and may be found
in the environment, animals and food. A classical example
of a waterborne pathogen is Vibrio spp. but many foodborne
enteric pathogens may also be transmitted through contaminated
recreational or drinking water. Ill humans can also infect
each other. Thus, infection caused by pathogens commonly
transmitted by food is a classic example of a One-Health
challenge. The One Health concept includes the health of
humans, animals and the environment. In this paper, the focus
is on human infections. If public health investigators only focus
their attention to food sources and vehicles when investigating
potential foodborne outbreaks, they will miss opportunities
to identify primary sources and prevent further illness and
outbreaks from animal or environmental sources. Even when the
vehicle is foodborne, e.g., meat from a specific supplier, a proper
conducted investigation should include a root cause analysis. For
example, in addition to removing a vehicle from the market, a
thorough trace-back of the vehicle to the primary production
should be performed, e.g., to the farm and the suppliers of that
farm, even if the ultimate source is in a different country or on
a different continent. This can best be achieved through a One
Health approach to investigation working across human, animal,
and environmental sectors and disciplines.

With the introduction of affordable and fast next generation
sequencers in the early 2000s, WGS has revolutionized molecular
epidemiology and laboratory surveillance of infections caused
by pathogens commonly transmitted though food providing
public health researchers with a tool of unprecedented precision
and discrimination for subtyping. Additionally, WGS may
provide a wealth of information at the push of a button that
exceeds what in the past was typically gathered using traditional
phenotypic and genotypic tests in public health laboratories
e.g., species identification, serotype, pathotype, virulence profile,
antimicrobial resistance, and plasmid content to name a few.
A description of the analytical tools is beyond the scope of
this paper and may be found elsewhere (4-6). Using WGS,
public health scientists typically detect outbreaks by looking
for tight clusters of infections caused by a specific pathogens
in time and space typically differing by <10 single nucleotide
polymorphisms (SNPs) or 10 alleles by core genome multi-
locus sequence typing (cgMLST) analysis (7). This is the typical
scenario of a monoclonal outbreak from a point source that has
been contaminated because of a single event (8-12). However,
in many outbreaks with a zoonotic or environmental source, the
outbreak strains have persisted in their hosts and reservoirs and
therefore have time to diversify beyond what is expected in a
point source outbreak (13, 14). In such outbreaks, the source may
also be contaminated with more strains leading to polyclonal,
possibly multi-species outbreaks. Detecting and investigating
such outbreaks pose specific challenges. In this paper, a number
of such outbreaks that recently have been investigated in the US
will be reviewed with an emphasis on their characteristics as
experienced with WGS using the cgMLST subtyping approach
used by PulseNet, the US molecular subtyping network for

foodborne disease surveillance (15), and how the challenges of
their interpretation was overcome.

A PERSISTENT POLYCLONAL OUTBREAK
OF LISTERIOSIS ASSOCIATED WITH
CONTAMINATION OF ICE CREAM
PRODUCTION PREMISES

In 2015, Listeria monocytogenes was isolated from a number of
samples of ice cream from a distribution center (https://www.
cdc.gov/listeria/outbreaks/ice-cream-03-15/index.html). Some
of these isolates matched four clinical isolates from a single
hospital in Kansas collected during the past year by PFGE and
WGS; a fifth clinical case in the hospital was infected with
an unrelated strain. The particular brand of ice cream was
regularly served in milkshakes at the hospital and all cases were
considered nosocomially acquired. This led to the inspection
of the company’s production facilities in three states by local
authorities and the Food and Drug Administration (FDA)
over the next months. Numerous samples from the production
facilities and products from two states were positive for Listeria
in low numbers (16). All of the new isolates were compared
against the PulseNet database using PFGE and WGS. Five
clinical isolates from patients in three states matched product
or production environment isolates by WGS spanning the years
2010-2014. Researchers from FDA compared the sequences
of 137 food and environmental and nine clinical isolates (17).
This analysis included the four clinical isolates from the hospital
outbreak that matched any food or environmental isolates. The
isolates represented 13 PFGE patterns but were clustered in only
two groups by SNP analysis, one corresponding to the hospital
cluster in Kansas and the other containing the historical clinical
isolates from three states. All isolates belonged to sequence
type (ST) 5 of clonal complex 5 (CC5) of lineage I, molecular
serogroup IIb (serotypes 1/2b, 3b, or 7). The isolates within the
clusters differed from each other by up to 29 SNPs and between
each cluster by 40-52 SNPs. A summary of the Centers for
Disease Control and Prevention’s (CDC) cgMLST analysis with
representative isolate sequences of the outbreak isolates using
the PulseNet customized version of the Pasteur scheme (18) is
shown in Figure 1.

The fifth Kansas hospital isolate is not included in the figure
since it belongs to a different lineage, ST and serotype, lineage II,
ST573 and serotype 1/2a, and differs by 1,290-1,377 alleles from
any other outbreak isolate. This analysis are generally consistent
with the FDA SNP analysis (17). Two clusters are seen, one
containing the four Kansas hospital patient isolates and food
and environment isolates from one plant and the other the five
historical clinical isolates and the non-human isolates from the
other facility. Isolates in each cluster differ from each other by
up to 16 and 10 alleles, respectively. The two clusters differed
by up to 123 alleles. The genetic differences observed within
each cluster is slightly higher than typically is observed for point
source outbreaks. However, the allele differences between the
two clusters were twice as high than observed in the FDA SNP
analysis and an average number of allele differences of more than
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100 alleles are higher than typically observed between isolates
that could be related epidemiologically (7). This speaks against
the hypothesis of a recent common origin of the two clones.
By phenotypic serotyping the isolates in the Kansas hospital
cluster was 1/2b whereas those in the “historical cluster” was
3b. Sequence types (from 7 house-keeping gene MLST) (19)
associated with serotype 1/2b strains often also contain serotype
3b strains (CDC, unpublished observation) so although we have
never observed two Listeria serotypes in a tight monoclonal
outbreak it is possible that strains of serotype 1/2b may evolve
to serotype 3b or vice versa. Although no attempt has been
made to use the data as a “molecular clock” to characterize the
divergence of the two clusters in this clone, it is not impossible
that the clusters could have originated from the same strain
at some point in the fairly recent past. It could have been
introduced in the two plants at the same time or first in one
facility and then shortly thereafter from the first facility to the
second. The strains may then have diversified further in each
plant. Even though the products seem to have been almost
uniformly contaminated (16), the contamination levels in the
products were so low to rarely cause disease. Such “low and slow”
outbreaks, i.e., outbreaks that go on for a long time with clinical
cases occurring within long intervals, could not be detected or
were not further pursued in the past because of the poorer

resolution of PFGE. With the superior resolving power of WGS,
this has now changed. This challenges the time aspect of a typical
outbreak investigation, i.e., a cluster of clinical illness in space
and time. A typical monoclonal point source outbreak evolves
quickly over days to a few months. However, this outbreak shows
that the time aspect of the clustering may be much longer, i.e.,
years. This outbreak is also noteworthy for two other aspects:
(1) both clusters were detected by matching food/environmental
isolates to clinical cases, and (2) the diversity by PFGE was
higher than observed by WGS; at least 16 different PFGE profiles
were observed by PulseNet, whereas WGS indicated that two
possibly related clones caused it with one case patient harboring
a third unrelated strain. It is well-known that PFGE diversity
is driven by loss or acquisition of mobile genetic elements and
not by mutations. In their study of this outbreak, Chen et al.
(17) observed that loss or gain of prophages could explain
some of the PFGE variations. Such gains and losses typically
occur during long term in vivo propagation of a strain and
therefore supports the notion that the outbreak strain evolved
over the years and it likely was present in the production plants.
Gains and losses of mobile genetic elements are usually not
reflected in a SNP or cgMLST analysis since such sequences
are often filtered out before analysis because they distort the
phylogenetic signal.
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A PERSISTENT POLYCLONAL MULTI
DRUG RESISTANT OUTBREAK OF
Salmonella ser. HEIDELBERG LINKED TO
CHICKEN FROM SINGLE PRODUCTION
COMPANY

This outbreak was investigated using PFGE, the PulseNet
primary subtyping method at the time it happened. After the
outbreak was over, WGS was conducted on a small sample
of 30 isolates representing all PFGE patterns and sources, and
representative antimicrobial susceptibilities (https://www.cdc.
gov/salmonella/heidelberg-10-13/index.html). The investigation
began after a cluster of infections caused by Salmonella
ser. Heidelberg of a rare PFGE pattern (PulseNet pattern
JF6X01.0258) was detected by PulseNet in 2013 (20). At the same
time, a chicken breast retail sample from a production company
A cultured positive for the same strain. During a few months
following the detection of the outbreak, six additional clusters
of clinical isolates were identified. Some of the PFGE patterns
in these clusters were similar to the original outbreak pattern
(differing by up to three bands) and since the patients clustered
in time, geographic distribution and food history with patients
from the first cluster, all seven clusters were merged into the
investigation. Six out of seven outbreak strains were found in
left-over raw chicken from patient homes and from products
from three production establishments of company A. A total of
634 outbreak related patients were identified in 29 states and
Puerto Rico. Antimicrobial susceptibility testing of patient and
product isolates showed numerous profiles with isolates being
pan-susceptible, resistant to one, two, three, or more classes

of antimicrobials with weak correlation between resistance
profile and PFGE pattern. Following recalls and operational
adjustments at company A, the outbreak was declared over a
year later.

A small sample of outbreak related isolates from patients
with exposure to chicken from company A and product
samples were sequenced to shed further light on the outbreak
strains (Figure 2).

Clustering was performed by cgMLST using the PulseNet
scheme, which contains the same loci as the Enterobase scheme
(21). Isolates of the same PFGE pattern clustered together but
two subclusters (subclusters 3 and 5) contained isolates with
two PFGE patterns intermingled. Food isolates intermingled
with patient isolates of the same PFGE pattern by WGS.
Considering the whole outbreak cluster, isolates differed by up
to 58 alleles and within each subcluster by up to 24 alleles.
Using ResFinder (22) and PlasmidFinder (23), 14 different
resistance determinants, conferring resistance to seven different
drug classes, were identified; eight different plasmid types were
identified including common multi drug resistance plasmids, e.g.,
IncHI2, Incll, and IncA/C2 confirming the diversity observed by
the other method. Due to the small sample of isolates that were
sequenced, the sequence variation was likely underestimated.
Salmonella ser. Heidelberg is commonly associated with chicken.
In this outbreak, the outbreak strains had probably been present
in the production system for long time, likely years, giving
them ample time to diversify and acquire/lose plasmids and
with them resistance determinants. It is likely that fewer case-
patients would have been recognized in this outbreak if cgMLST
alone had been used to detect and delineate it because of the
high sequence diversity among subclusters displaying the same
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PFGE pattern. Thus, this is an example of an outbreak where a
subtyping method with poorer discrimination than WGS, i.e.,
PFGE, better identifies its full extent. It is likely that by WGS
small subclusters of highly similar isolates e.g., associated with
restaurant or other local events, would have been identified and
perhaps linked to products from company A. However, linking
them all together and identifying other outbreak related ser.
Heidelberg isolates among the large background of sporadic
infections caused by this serotype, would be a daunting if not an
impossible task.

A Salmonella OUTBREAK INVOLVING SIX
SEROTYPES ASSOCIATED WITH
CONSUMPTION OF A HERBAL
SUPPLEMENT FROM SOUTH EAST ASIA

In early 2018, a tight cluster of Salmonella ser. I 4,[5],12:b:-
(monophasic Paratyphi B var. L(+) tartrate+ [formerly Java])
was identified by PulseNet (https://www.cdc.gov/salmonella/
kratom-02-18/index.html). The investigation soon confirmed
it as an outbreak and pointed to an unusual vehicle, an
opiod agonistic herbal supplement, kratom (Mitragyna speciose
also known as thang, kakuam, thom, ketum, and biak) sold
as powder, capsules, or tea. Leftover and unopened kratom
products were tested by local authorities and FDA for Salmonella
contamination and a number of different serotypes were
identified. The outbreak strain was confirmed in the product
by PFGE and WGS. A search of the PulseNet national
database identified potential case patients infected with some of
these additional serotypes, including Salmonella ser. Heidelberg,
Javiana, Okatie, Thompson, and Weltevreden dating back to
the beginning of 2017. Among these serotypes, Javiana and
Heidelberg are among the 20 most common among clinical
cases in the US, I 4,[5],12:b:-, Thompson and Weltevreden
less common but still among the 100 most common serotypes,
whereas Okatie is rare with 0-6 annual clinical cases typically
reported (https://www.cdc.gov/nationalsurveillance/pdfs/2016-
Salmonella-report-508.pdf). The outbreak investigation was
expanded to include these serotypes. No particular brand of
the product could be implicated but the product was recalled
from the market by several distributors and retailers, including
on-line businesses. In total, 199 cases were identified from
41 states (https://www.cdc.gov/salmonella/kratom-02-18/index.
html). Figures 3A,B shows cgMLST trees of representative
isolates from patients and kratom of ser. I 4,[5],12:b:- and
Okatie. Most of the I 4,[5],12:b:- isolates (Figure 3A) formed
a tight subcluster with no more than one allele difference and
this cluster lead to the identification of the source. However,
another subcluster contained isolates differing by up to 25
alleles and an additional two isolates differing from the clustered
isolates by up to 552 alleles. The ser. Okatie isolates were
loosely clonal (Figure 3B). Of this serotype, 10 clinical isolates
and 10 product isolates were sequenced differing from each
other by up to 78 alleles; four subclusters were identified each
containing isolates that differed by up to 2, 8, 9, and 13 alleles,

respectively. Of note, each subcluster contained both clinical and
product isolates.

The cgMLST results of the four other serotypes showed loose
clustering in between what was seen with the two serotypes in
the figures with more than 10 allele differences typically seen in
monoclonal Salmonella outbreaks.

Kratom is grown and harvested in several countries in
South East Asia and the sale and distribution systems are not
transparent. Thus, it is possible that product for sale in the
US originated from multiple producers in different countries
and that the same product could contain kratom from more
than one source. This likely explains why so many serotypes
were involved. It may be speculated that the cluster caused by
Salmonella ser. 1 4,[5],12:b:- have recently contaminated kratom
from one producer since it was tightly clonal, whereas the
other serotypes may have been present in the production or
distribution systems longer giving them time to diversify or have
resulted in different contamination events at multiple producers.
Because of the observed strain diversity with all serotypes it is
unlikely that all clinical case-patients could have been identified
without the availability of product isolates. However, the cluster
associated with ser. Okatie could have been and actually was
detected before the ser. I 4,[5],12:b:- cluster by serotype-based
laboratory surveillance without considering WGS since it is so
rare in the US. However, the association to kratom was not
established before the serotype was detected in the product and
the patients interviewed about that exposure. This serotype has
scarcely been reported in the scientific literature but could have a
focus in South East Asia.

A POLYCLONAL OUTBREAK OF
MULTIDRUG RESISTANT Campylobacter
LINKED TO CONTACT WITH PUPPIES
SOLD IN A SPECIFIC PET STORE CHAIN IN
THE US

This outbreak was investigated and included illnesses reported
over 2 vyears from 2016 to 2018 (https://www.cdc.gov/
campylobacter/outbreaks/puppies-9-17/index.html). One-
hundred and eighteen cases of illness caused by Campylobacter
jejuni were identified in 18 states. The isolates were resistant to
7-9 antimicrobials including the drugs commonly used to treat
patients with severe illness, e.g., azithromycin, ciprofloxacin
and tetracycline. This particular multidrug resistant pattern
was very rare in the US when compared to data from the
National Antimicrobial Resistance Monitoring System (https://
www.cdc.gov/narms/index.html). Infection was associated
with contact to puppies sold in a specific pet store chain.
Fifty-six clinical and puppy isolates were sequenced and
analyzed by cgMLST using the PulseNet customized version
of the Oxford scheme (24). A sample representing the full
diversity observed in the outbreak is shown in Figure4. At
least three outbreak clusters were identified among the patient
isolates. Two of the clusters (cluster 2 and 3) also contained
puppy isolates.
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In the cgMLST analysis for this paper, cluster 1 contained
clinical isolates that differed by up to 23 alleles; the second
cluster contained clinical and puppy isolates that differed by
up to 8 alleles, and the last cluster also consisted of clinical
and puppy isolates differing from each other by up to 28
alleles. All isolates were multidrug resistant as determined
by WGS using ResFinder, which produced similar resistance
profiles by phenotypic antimicrobial resistance testing examined
on select isolates. For a small subset of isolates, long read
sequencing was used to determine the genetic context of

resistance determinants. These determinants were found to be
located on the chromosome, or on a plasmid, or on both,
or missing altogether. While some determinant’s location, for
example the tetO gene, tended to sort according to clonal group
(plasmid for cluster 1 and 2, plasmid and chromosome for
cluster 3), other genes’ location, including several aminoglycoside
resistance genes, did not sort by cluster. Moreover, at least one
isolate had no plasmids but had all of the resistance determinants
seen in this outbreak on its chromosome. Thus, there was no
apparent correlation between plasmid content and resistance,
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but the resistance pattern itself was relatively stable among
outbreak isolates.

MULTIPLE OUTBREAKS OF
SALMONELLOSIS LINKED TO SMALL PET
TURTLES, 2015-2016

Contact to reptiles is a well-known risk factor for salmonellosis.
Outbreaks associated with contact to small pet turtles are
common [(25, 26), https://www.cdc.gov/salmonella/agbeni-08-
17/index.html]. Their characteristics are similar and here we
focus on four multi-state outbreaks caused by Salmonella in
2015-16 (26) and in particular, the WGS results in one of them,
a polyclonal outbreak, caused by ser. Pomona and Poona. The
investigation began as a follow-up on a consumer complaint
about a child who had acquired a Salmonella infection from
a small turtle acquired at a flea market of a serotype involved
in turtle associated outbreaks years earlier (25). The PulseNet
national database was checked for PFGE clusters the past
year of serotypes previously linked to turtles. This way, four
multistate outbreaks with 143 case patients from 25 states of
three serotypes, Sandiego, Pomona and Poona, representing
six PFGE patterns were identified. This outbreak investigation
included testing of human, animal and environmental isolates.
Nineteen Salmonella isolates were cultured from the pond water
of four turtle production farms in Louisiana and from turtles
and water tanks from eight cases. Since turtles from the US
are exported all over the world, international inquiries and
literature review were conducted resulting in the identification
of one potential PFGE matching patient isolates in Chile and

four in Luxembourg. The patients from Chile and two from
Luxembourg had confirmed exposure to turtles. Of the 116 US
patients with information available, 56 (48%) reported exposure
to turtles. PFGE could not separate isolates from patients
reporting contact to turtles from isolates from patients with no
turtle contact. WGS was then used to test if isolates associated
with different sources could be differentiated by this method.
cgMLST results of isolates of ser. Poona and ser. Pomona from
the biggest of the outbreaks [outbreak 2 in (26)] are shown in the
Figures 5A,B.

The Poona isolates were loosely clustered in two tighter
subclusters. Overall isolates differed by up to 12 alleles whereas
isolates in the two tighter subclusters differed up to seven and
five alleles, respectively. All isolates except one had the same
PFGE pattern JL6X01.0104; one isolate, in the first subcluster, had
a different PFGE pattern JL6X01.0554. Subcluster 1 contained
isolates from Luxembourg, clinical isolates from the US and
a turtle tank water isolate from a patients home. The second
subcluster also contained patient isolates from the US and
one turtle tank water isolate. Whereas, the allele variation in
each subcluster was <10 alleles typically observed in point
source outbreaks, each of them could have been detected by
WGS. Because they were less related between clusters, an
association between them to the same source might not have
been suspected without additional information, i.e., exposure
information and/or a non-human isolate linking them to turtles.
The isolates from Luxembourg were obtained in 2012 and 2013
indicating that the ser. Poona isolates from 2015 to 2016 had
hardly evolved.

The Pomona isolates all displayed the same PFGE profile
and formed two tight subclusters and three isolate that
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appeared unrelated to the two subclusters. The first subcluster
contained clinical isolates from patients with turtle exposure
and isolates from turtles, pond, and tank water; the subcluster
also contained the patient and associated turtle isolate from
Chile from 2014 (2493-2014 and 2492-2014 in the figure).
The sequences in this subcluster differed from each other by
up to seven alleles. Isolates in the second subcluster differed
by up to four alleles. It only contained clinical isolates and
all patients reported no turtle exposure. A common exposure
between patients in this subcluster was never identified. The
three non-clustered isolates were a turtle isolate (2016K-
0057) from an earlier outbreak in 2012 and two current
clinical isolates.

DISCUSSION

A well-functioning surveillance system that integrates elements
from public and animal health and the food production is
optimal to detect, investigate, and solve infections commonly
transmitted through food (27). The examples provided in this
paper illustrate that zoonotic outbreaks and outbreaks with a
persistent environmental focus, which is typical for outbreaks
in the One-Health context, are often not tightly monoclonal
and may therefore be difficult to recognize through laboratory
based surveillance by whole genome sequencing (WGS). This
technology provides so much resolution that outbreaks that
are caused by strains that have had time to evolve in the
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environment or in their natural hosts can be seen to have
more variation than observed in typical point-source outbreaks.
Using a One-Health approach in an integrated surveillance
system, epidemiologic information, and isolates from animal
and environmental sources, can greatly add to the ability to
discriminate relatedness to clinical outbreak isolates. A number
of different approaches may be used to detect, delineate, and
investigate these outbreaks.

Considering additional information extracted from the
sequencing information may help identify outbreaks, e.g.,
serotype information about an outbreak strain for a rare
serotype such as Salmonella ser. Okatie that was associated
with the outbreak linked to kratom described before. However,
additional information may also cause confusion. For example,
detailed information about resistance markers and plasmids
can be confusing since these markers often not stable traits.
However, despite such diversity multidrug resistance was helpful
in recognizing and investigating two of the outbreaks described
before: the Salmonella ser. Heidelberg associated with chicken
from one production company, and the Campylobacter outbreak
linked to pet store puppies. Similarly, PFGE may be used
the same way. During the past 5 years, PFGE has remained
the primary subtyping method in PulseNet with WGS used
as a secondary confirmatory method except for Listeria where
both methods have been used concomitantly for real-time
surveillance. Campylobacter isolates are rarely subtyped in
PulseNet unless an outbreak is suspected by other methods, e.g.,
like a cluster of multidrug resistant cases in the puppy outbreak.
In the examples provided in this paper, PFGE mostly provided
too much discrimination between isolates or the opposite, failed
to differentiate isolates that were unrelated: multiple PFGE
patterns were identified in the Campylobacter outbreak but only
three clones were observed by WGS with so much variation
in two of them that it would have been difficult to recognize
them without additional resistance and exposure information.
The outbreak was eventually confirmed by isolating the outbreak
clones in pet store puppies and puppies owned by ill people. In
the Listeria outbreak, enormous diversity was observed by PFGE,
whereas WGS easily defined three outbreak clones/strains. In the
turtle Poona outbreak subcluster described before, WGS helped
differentiate PFGE clustered isolates from patients without
contact to turtles from patients who had this exposure.

If a persistent or zoonotic focus for foodborne pathogens
is suspected, the sequencing cluster definition may be relaxed.
This may be done by initially looking for tight monoclonal
clusters, e.g., differing by up to 10 alleles/SNPs, spanning a
short time span since logically isolates from patients getting ill
at the same time has a higher likelihood of originating from a
point source, which could be a sub cluster of a larger zoonotic
outbreak. Once the outbreak is recognized, and the initial patient
interviews indicate that exposure to animals or an environmental
source could be the vehicle, the case definition may be expanded
in increments to include isolates that differ from the index
cluster by for instance 25, 50, and 100 alleles or SNPs. Without
associated epidemiological information, this approach may result
in the inclusion of too many epidemiologically unrelated isolates
during the outbreak investigation diluting any epidemiological

signal that may be present. Therefore, foodborne, zoonotic,
and environmental exposure information and isolates from
food, zoonotic, and environmental sources should be used to
determine different allele or SNP cutoffs choosing the values that
provide the strongest epidemiological association. The utility of
having access to sequencing information from potential sources
is also extremely useful when working on an outbreak with a
zoonotic or environmental focus. However, the ability to gather
this information from animal isolates can be limited, as there
often are few animal isolates available for comparison purposes
during outbreaks, unless additional efforts are undertaken to
collect them. This is at variance with clinical isolates, which are
routinely collected by public health laboratories and sequenced
to obtain additional information. Representative enteric bacterial
isolates collected from animals are not routinely sequenced in the
US. As shown in all the outbreaks described before, obtaining
isolates from the potential sources was helpful to confirm the
vehicle and also to facilitate recognition of the outbreak (the
Listeria outbreak) or define its full scope (the ser. Heidelberg
outbreak and the Salmonella outbreak linked to kratom). Thus,
the importance of using a One-Health or farm to a table approach
with efficient trace back when investigating outbreaks caused
by pathogens commonly transmitted through food cannot be
over emphasized.

International outbreaks caused by foodborne pathogens are
common and WGS has the potential of bringing their recognition
to the next level as more laboratories implement WGS in their
routine surveillance. Until now most international outbreaks
have been recognized by linking national outbreaks to each other
when one country is investigating an outbreak with possible
international spread and contacts other countries. Public health
authorities in another country or countries may be contacted
directly if there is a strong suspicion that the source of the
outbreak is present in that country/those countries. Alternatively,
the country may send out an inquiry through international
rapid alert systems, e.g., the European RASSF system (https://
ec.europa.eu/food/safety/rasff_en), or alert WHO through the
IHR system (28). However, the information is more commonly
shared broadly through listservs or data sharing boards,
e.g., the European Center for Disease Prevention & Control
(ECDC) EPIS system (29), the WHO INFOSAN (https://www.
who.int/foodsafety/areas_work/infosan/en/) or the PulseNet
International forum (30). The countries who receive this
information are expected to report whether they are investigating
a similar outbreak or see the frequency of the outbreak strain
at a higher than usual rate in their surveillance of clinical and
non-human surveillance isolates. If a country routinely uses a
low discriminatory subtyping method for laboratory surveillance,
e.g., species or serotype, this kind of comparison is insensitive and
countries with one or a few outbreak related isolates are likely to
overlook them. For instance, two of the outbreaks described here,
the kratom and turtle-associated Salmonella outbreaks, were
linked to globally distributed vehicles and yet, only two countries
reported cases associated with turtle outbreak and no cases linked
to kratom were detected outside the US. Another weakness of
the international inquiry approach is that the comparison is
not performed until an investigation is well under way in one
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country thereby delaying the investigation. Any country should
ideally be able to access subtyping information on isolates from
other countries in order to recognize international outbreaks fast.
Except for the US and Canada who since 2005 have had access
to each other’s PulseNet databases, no other countries shared
molecular surveillance data this way in real-time until the advent
of WGS.

The potential of WGS to transform detection and
investigation of international outbreaks was realized already
in 2011 when scientists from what was later established as
the Global Microbial Identifier (GMI) initiative met with the
European commission in Brussels. The outcome of the meeting
was published as a white paper (31). GMI envisions a global
system of DNA genome databases for microbial and infectious
disease identification and diagnostics fully embracing the
One-Health concept. Sharing of surveillance sequence data with
the global scientific community supports the mission of public
health institutions and the One Health concept by facilitating
early recognition and investigation of international outbreaks
that a country is impacted by and therefore need to know about
in order to act to protect its citizens. A global system for sharing
of genomic data will benefit those tackling individual problems at
the frontline, clinicians, veterinarians, environmental scientists,
as well as policy-makers, regulators, and industry. By enabling
access to this global resource, a professional response on health
threats will be within reach of all countries with basic laboratory
infrastructure (http://www.globalmicrobialidentifier.org/).
PulseNet expanded on that vision in 2017 (32) suggesting a
global system of databases containing data extracted from raw
sequences of foodborne pathogens using standard analytical
pipelines including the cgMLST pipelines used by PulseNet USA
in this paper. The advantage of storing data extracted using
standardized methods is 2-fold, (i) the data volume is greatly
reduced enabling its exchange over slow internet connections,
which is still the standard in many developing countries, and
(ii) the data are standardized and can be used with minimal
additional processing by any PulseNet participant ensuring
fast comparison of data from databases in different regions of
the world. Also, similar to PulseNet practices, realizing this
global vision would likely be aided by additional laboratories
submitting raw sequence files of all isolates obtained as part of
routine surveillance in real-time to public repositories, e.g., the
European Nucleotide Archive (ENA), the DNA Data Bank of
Japan (DDBJ) or the GenomeTrakr databases in the Sequence
Read Archive (SRA) at the National Center for Bioinformatics
Information (NCBI). However, this is currently not possible
for institutions in many countries for different reasons, e.g.,
protection of personal identifiable information (PII), intellectual
property rights, or protection against scientific parasitism,
i.e,, publication of analyzed data generated by others without
permission. The federal agencies in the US including CDC,
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Genomic and epidemiological monitoring have become an integral part of our response
to emerging and ongoing epidemics of viral infectious diseases. Advances in
high-throughput sequencing, including portable genomic sequencing at reduced costs
and turnaround time, are paralleled by continuing developments in methodology to infer
evolutionary histories (dynamics/patterns) and to identify factors driving viral spread in
space and time. The traditionally static nature of visualizing phylogenetic trees that
represent these evolutionary relationships/processes has also evolved, albeit perhaps
at a slower rate. Advanced visualization tools with increased resolution assist in drawing
conclusions from phylogenetic estimates and may even have potential to better inform
public health and treatment decisions, but the design (and choice of what analyses
are shown) is hindered by the complexity of information embedded within current
phylogenetic models and the integration of available meta-data. In this review, we discuss
visualization challenges for the interpretation and exploration of reconstructed histories
of viral epidemics that arose from increasing volumes of sequence data and the wealth
of additional data layers that can be integrated. We focus on solutions that address joint
temporal and spatial visualization but also consider what the future may bring in terms of
visualization and how this may become of value for the coming era of real-time digital
pathogen surveillance, where actionable results and adequate intervention strategies
need to be obtained within days.

Keywords: visualization, phylogenetics, phylogenomics, phylodynamics, infectious disease, epidemiology,
evolution

1. VIRUS EPIDEMIOLOGY AND EVOLUTION

Despite major advances in drug and vaccine design in recent decades, viral infectious diseases
continue to pose serious threats to public health, both as globally well-established epidemics
of e.g., Human Immunodeficiency Virus Type 1 (HIV-1), Dengue virus (DENV) or Hepatitis
C virus (HCV), and as emerging or re-emerging epidemics of e.g., Zika virus (ZIKV), Middle
East Respiratory Syndrome Coronavirus (MERS-CoV), Measles virus (MV), or Ebola virus
(EBOV). Efforts to reconstruct the dynamics of viral epidemics have gained considerable attention
as they may support the design of optimal disease control and treatment strategies (1, 2).
These analyses are able to provide answers to questions on the diverse processes underlying
disease epidemiology, including the (zoonotic) origin and timing of virus outbreaks, drivers of
spatial spread, characteristics of transmission clusters and factors contributing to enhanced viral
pathogenicity and adaptation (3-5).
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Molecular epidemiological techniques have proven to be
important and effective in informing public health and
therapeutic decisions in the context of viral pathogens (6, 7),
given that most of the viruses with a severe global disease
burden are characterized by high rates of evolutionary change.
These genetic changes are being accumulated in viral genomes
on a time scale similar to the one where the dynamics
of population genetic and epidemiological processes can be
observed, which has lead to the definition of viral phylodynamics
as the study of how epidemiological, immunological, and
evolutionary processes act and potentially interact to shape
viral phylogenies (8). As such, phylogenetic trees constitute a
crucial instrument in studies of virus evolution and molecular
epidemiology, elucidating evolutionary relationships between
sampled virus variants based on the temporal resolution in the
genetic data of these fast-evolving viruses that allows resolving
their epidemiology in terms of months or years. Through
the integration of population genetics theory, epidemiological
data and mathematical modeling, insights into epidemiological,
immunological, and evolutionary processes shaping genetic
variation can be inferred from these phylogenies. The field of
phylodynamics has generated new opportunities to obtain a more
detailed understanding of evolutionary histories—through time
as well as geographic space—and transmission dynamics of both
well-established viral epidemics and emerging outbreaks (9, 10).

The ability of molecular epidemiological analyses, and
phylodynamic analyses in particular, to fully exploit the
information embedded in viral sequence data has significantly
improved through a combination of technological innovations
and advances in inference frameworks during the past decades.
From a data perspective, genomic epidemiology is becoming
a standard framework driven by high-throughput sequencing
technologies that are associated with reduced costs and
increasing turnover. Moreover, the portability and potential of
rapid deployment on-site of these new technologies enable the
generation of complete genome data from samples within hours
of taking the samples (11). This rising availability of whole-
genome sequences increases the resolution by which historical
events and epidemic dynamics can be reconstructed. From
a methodological perspective, new developments in statistical
and computational methods along with advances in hardware
infrastructure have allowed the analysis of ever-growing data
sets, the incorporation of more complex models and the
inclusion of information related to sample collection, infected
host characteristics and clinical or experimental status (generally
known as metadata) (9, 10, 12, 13).

In contrast to a marked increase in the number of software
packages targetting increasingly efficient but complex approaches
to infer annotated phylogenies by exploiting genomic data
and the associated metadata, the intuitive and interactive
visualization of their outcomes has not received the same degree
of attention, despite being a key aspect in the interpretation
and dissemination of the rich information that is inferred.
Phylogenies are typically visualized in a rather simplistic manner,
with the concept of depicting evolutionary relationships using a
tree structure already illustrated in Charles Darwin’s notebook
(1837) and his seminal book “The Origin of Species” (14). Early

phylogenetic tree visualization efforts constituted an integral
part of phylogenetic inference software packages and as such
were restricted to simply showing the inferred phylogenies on
a command line or in a simple text file, often even without an
accompanying graphical user interface. The longstanding use of
phylogenies in molecular epidemiological analyses has however
led to the emergence of increasingly feature-rich visualization
tools over time. The advent of the new research disciplines such as
phylogenomics and phylodynamics necessitated more complex
visualizations in order to accommodate projections of pathogen
dispersal onto a geographic map, ancestral reconstruction of
various types of trait data and appealing animations of the
reconstructed evolution and spread over time. Tree visualizations
resulting from these analyses are also complemented by visual
reconstructions of other important aspects of the model
reconstructions, such as population size dynamics over time,
transmission networks and estimates of ancestral states for traits
of interest throughout the tree (15).

Across disciplines, adequate visualizations are pivotal to
communicate, disseminate and translate research findings into
meaningful information and actionable insights for clinical,
research and public health officials. The aim to improve data-
driven decision making fits within a broader scope to establish a
universal data visualization literacy (16). To this end, enhancing
collaborations and dissemination of visualizations is increasingly
achieved through sharing of online resources for hosting
annotated tree reconstructions (17), online workspaces (18) and
continuously updated pipelines that accommodate increasing
data flow during infectious disease outbreaks (19) (see further
sections for more information and examples of these packages).
Given the plethora of options for presenting and visualizing
results, and its importance for effectively communicating with
a wide audience, choosing the appropriate representation and
visualization strategy can be challenging. Recent work on this
topic focuses on navigating through all the available visualization
options by offering clear guidelines on how to turn large datasets
into compelling and aesthetically appealing figures (20).

2. AFRAMEWORK FOR VISUALIZATION

A large array of software packages for performing phylogenetic
and phylodynamic analyses have emerged in the last decade,
in particularly for fast-evolving RNA viruses [see (10) for a
recent overview]. A more recent but similar trend can be
seen for methodologies and applications aimed at visualization
of the output of these frameworks. In addition to the
need to communicate these outputs in a visual manner,
an increasing recognition for the added value of adequate
visualization for surveillance, prevention, control and treatment
of viral infectious diseases has resulted into the merging of
data analytics and visualization, with the visualization aspect
being increasingly considered as an elementary component
within all-round analysis platforms. This review illustrates the
evolution in phylogenetically-informed visualization modalities
for evolutionary inference and epidemic modeling based on
viral sequence data, evolving from an initial purpose to serve
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basic interpretation of the results to an in-depth translation of
complex information into usable data for virologists, researchers
and public health officials alike. Novel features and innovative
approaches often stem from a community need, which can be
translated into a specific challenge to be addressed by current and
future software applications. Throughout this article, we discuss
some of the major bottlenecks for interpretation and visualization
of phylodynamic results, and subsequently solutions that have
addressed or can address these challenges.

A closer inspection of how tools for manipulation,
visualization and interpretation of evolutionary scenarios
have steadily grown over time reveals different trends of interest.
First, visualization needs for phylodynamic analyses are very
heterogeneous in nature, driven by the intrinsic objective
to better understand viral disease epidemiology. Due to the
increasing complexity and interactivity of the various aspects
that make up phylodynamic analyses, the gradual change in
visualization tools has resulted in a wide but incomplete range
of solutions provided (illustrated by the Wikipedia list of
phylogenetic tree visualization software!). Software applications
for phylodynamic analyses have extended into investigations
of population dynamics over time, trait evolution and spatio-
temporal dispersal, while still using a phylogenetic tree as
their core concept. While we will focus predominantly on the
concept of a phylogenetic tree as the backbone of phylodynamic
visualization, these analyses also produce other types of output
that go beyond visualizing phylogenies, especially when it
comes to trait data reconstruction. Second, the continuing
advances in visualization—which try to keep up with increasing
complexities in the statistical models employed—not only result
in more features being available for end users to exploit, they
may also come at an increased cost in terms of usability and
responsiveness. Formats for input and output files have increased
in complexity, from simple text files to XML specifications and
(Geo)JSON file formats for geographical features. Reading,
understanding and editing such files may prove to be a
challenging task for practitioners. However, most visualization
tools do not expose these complexities to their users and offer
an intuitive point-and-click interface and/or drag-and-drop
functionality for customizing the visualization (18). Despite
such intuitive interactivity, intricate knowledge and a certain
amount of programming/scripting experience is often required
for those users who want to customize and/or extend their
visualization beyond what the application has to offer. Third,
visualization goals tend to become context-dependent in that not
all phylodynamic analyses deal with the same sense of urgency,
with established epidemics requiring different prevention and
treatment strategies than outbreak detection and surveillance.
For example, in established epidemics (e.g., HIV-1) thefocus
may be on identifying (important) clusters within a very large
phylogeny (17), whereas analyses in ongoing outbreaks often
determine whether newly generated sequences correspond to
strains of the virus known to circulate in a certain region and try
to establish spillover from animal reservoirs (21). Finally, despite
the major achievements so far, visualization tools are reaching

1 https://en.wikipedia.org/wiki/List_of_phylogenetic_tree_visualization_software

the limits of their capacity to comprehensibly present analysis
results of large datasets. Promising developments and strategies
are becoming available that move visualization beyond the goal
of communicating and synthesizing results, and actively play
an important role in providing analytics to better understand
evolutionary and demographic processes fueling viral dispersal
and pathogenicity.

3. VISUALIZATION CHALLENGES AND
SOLUTIONS

Phylogenetic tree visualizations have played a central role
since the earliest evolutionary and molecular epidemiological
analyses of fast-evolving viral pathogens. The first computer
programs aimed at constructing phylogenies [e.g., PAUP*; (22,
23), and PHYLIP; (24)] were only equipped with minimal
tree drawing and printing facilities, limited by the available
operating systems and programming languages of that time.
Standalone, phylogenetically-oriented programs [e.g., MUST;
(25) and later on Treeview; (26)] were specifically developed
to interact with tree reconstruction output and to ease tree
editing and viewing. Even as phylogenetic inference became
inherently more sophisticated, for example with the development
of Bayesian phylogenetic inference and the release of initial
versions of MrBayes (27) which contained sophisticated search
strategies to ensure finding the optimal set of phylogenetic trees,
these software packages still contained their own text-based tree
visualization component(s).

However, over time a wide range tree visualization software
has been released, offering a continuous increase of tree
visualization and manipulation functionalities. These packages
have been developed as either standalone software packages
or have been integrated into larger data management and
analysis platforms [e.g., MEGA (28)]. The numerous all-round
programs available to date offer a range of similar basic tree
editing capabilities including the coloring and formatting of
tree nodes, edges and labels, the addition of numerical or
textual annotations, searching for specific taxa as well as the
re-rooting, rotation and collapsing of clades. Different tree
formats can be imported and again exported to various textual
and graphical formats (e.g., vector-based formats: portable
document format (pdf), encapsulated postscript (eps), scalable
vector graphics (svg), ...). A limited set of applications
provide more advanced visualization functionalities that enable
interactive visualization and management of highly customized
and annotated phylogenetic trees. Nevertheless, major hurdles
still exist that hinder adequate communication and interpretation
of phylodynamic analyses. These hurdles mainly relate to
the scalability of the visualization, highlighting uncertainty
associated with the results and the interactive rendering of
available metadata. Recent innovative developments attempt to
tackle these bottlenecks, although some tools are specifically
directed toward addressing a single (visualization) challenge. We
here provide an overview of such challenges, along with examples
of figures generated by software packages that aim to tackle these
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challenges. Note that all of our visualization examples are shown
in the Evolving visualization examples section below.

First, a major challenge is the ever-increasing size of data
sets being analyzed, leading to difficulties with navigating
through the resulting phylogenetic trees and to problems
with interpreting the inferred dynamics, not only from a
computational perspective (e.g., to render large images in a timely
manner) but also from the human capability to deal with high
levels of detail. Software packages that mainly aim to visualize
phylogenetic trees as well as those that target more broad
analyses have implemented various solutions to accommodate
systematic exploration of large phylogenies. Dendroscope (29)
was one of the first visualization tools aimed at large phylogenies,
with its own format to save and reopen trees that had been
edited graphically, offering a magnifier functionality to focus
on specific parts of the (large) phylogeny. Follow-up versions
(30) focused on rooted phylogenetic trees and networks, and
offered parallel implementations of demanding algorithms for
computing consensus trees and consensus networks to increase
responsiveness. Phylo.io (31) improves the legibility of large trees
by automatically collapsing nodes so that an overview of the tree
remains visible at any given time. iTOL [(18), but see below]
and IcyTree (32) also provide intuitive panning and zooming
utilities that make exploring large phylogenetic trees of many
thousands of taxa feasible. The PhyloGeoTool [(17); also see
Figure 4] eases navigation of large trees by performing an a
priori iterative clustering of subtrees according to a predefined
diversity ratio, as well as pre-rendering the visualization of
those subtrees enabling fluent navigation. PastML (33) allows
visualizing the tree annotated with reconstructed ancestral states
as a zoomable HTML map based on the Cytoscape framework
(34). PastView (35) offers synthetic views such as transition maps,
integrates comparative analysis methods to highlight agreements
or discrepancies between methods of ancestral annotations
inference, and is also available as a webserver instance. Grapetree
(36) initially collapses branches if there are more than 20,000
nodes in the tree and then uses a static layout that splits the tree
layout task into a series of sequential node layout tasks. With
the development of many packages targetting the visualization of
large phylogenies in recent years, the question arises whether they
will continue to be maintained and extended with novel features.

A second challenge lies with the fact that phylogenies
represent hypotheses that encompass different sources of error,
and the extent of uncertainty at different levels should be
presented accordingly. Bootstrapping (37) and other procedures
are often used to investigate the robustness of clustering in
estimated tree topologies,, Numerical values that express the
support of a cluster are generally shown on the internal
nodes of a single consensus summary tree [e.g., FigTree;
(38)] or by a customized symbol [e.g., iTOL; (18)]. Although
conceptually different, posterior probabilities on a maximum
clade credibility (MCC) tree, majority consensus tree or other
condensed trees from the posterior set of trees resulting from
Bayesian phylogenetic inference can be shown in a similar
manner. An informative and qualitative approach to represent
the complete distribution of rooted tree topologies is provided
by DensiTree [(39); also see Figure 10], which draws all trees in

a set simultaneously and transparently, and the different output
visualizations highlight various aspects of tree uncertainty.
For time-scaled phylogenetic trees, uncertainty in divergence
time estimates of ancestral nodes (e.g., 95% highest posterior
density (HPD) intervals) is usually displayed with a horizontal
(node) bar (see Figure 1 for an example). Additionally, ancestral
reconstructions of discrete or continuous trait states at the inner
nodes of a tree are increasingly facilitated by various probabilistic
frameworks, and these inferences are also accompanied by
posterior distributions describing uncertainty. To visualize this
uncertainty, PastML (33) inserts pie charts at inner nodes to
show likely states when reconstructing discrete traits such as the
evolutionary history of drug resistance mutations, while SpreaD3
(40) is able to depict uncertainty of continuous traits, e.g., as
polygon contours for (geographical) states at the inner nodes [see
(40) for an example]. Much like the visualization packages that
focus on large phylogenies (see above), the applications listed
here have their own specific focus with sometimes limited overlap
in functionality.

A third challenge consists of the visual integration of
metadata with phylogenetic trees—often in the form of
either a discrete and/or continuous trait associated with each
sequence—which is in part related to the previous challenge
concerning uncertainty of trait reconstructions. Incorporating
virus trait information (e.g., drug resistance mutations, treatment
activity scores) or host characteristics (e.g., gender, age, risk
group) in phylogenetic inference can substantially facilitate the
interpretation for end users and accelerate the identification
of potential transmission patterns. Tree reconstruction and
visualization software generally share a set of basic operations
for coloring taxa, branches or clades according to partial or
exact label matches. While these annotations can be performed
manually using a graphical user interface, this can be time-
consuming and is prone to errors. Hence, several software
programs offer functionalities to automate the selection and
annotation of clades of interest, for example through the use
of JavaScript libraries [e.g., PhyD3; (41), SpreaD3; (40)]—
also see Figure 3—or Python toolkits [e.g., ETE; (42), Baltic;
(43)]. Alternatively, drag-and-drop functionality of plain text
annotation files generated with user-friendly text editors facilitate
this process, as is for example the case in iTOL (18). These
scripting visualization frameworks also foster more intense tree
editing through their functionalities to annotate inner nodes,
clades and individual leaves with charts (pie, line, bar, heatmap,
boxplot), popup information, images, colored strips and even
multiple sequence alignments. Even more advanced integration
efforts entail the superimposition of tree topology with layers
of information on geographical maps, such as terrain elevation,
type of landcover and human population density [e.g., R package
seraphim; (44, 45)].

Finally, visualization and accompanying interpretation are
a critical component of infectious disease epidemiological
and evolutionary analyses. Indeed, many researchers use
visualization software during analyses for data exploration,
identifying inconsistencies, and refining their data set to ensure
well-supported conclusions regarding an ongoing outbreak. As
such, the visualizations themselves are gradually refined and
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improved over the course of a research project, with the final
figures accompanying a publication often being post-processed
versions of the default output of a visualization package or
customly designed to attract a wide audience, both through
the journal’s website and especially social media [see e.g.,
(5)]. On the other hand, the advent of one-stop platforms
[MicroReact; (46) and Nextstrain; (19, 47), also see Figure 5] that
seamlessly connect the different steps of increasingly complex
analyses and visualization of genomic epidemiology and
phylodynamics allows automating this process. Applications that
are exclusively tailored toward tree manipulation and viewing
are starting to offer management services and registration of
user accounts [iTOL; (18)], while command-line tools (Gotree;
https://github.com/evolbioinfo/gotree) aimed at manipulating
phylogenetic trees and inference methods (PASTML; (33)
increasingly enable exporting trees that can directly be
uploaded to iTOL, supporting the automation of scripting
and analysis pipelines.

4. EVOLVING VISUALIZATION EXAMPLES

In the previous sections, we have already covered a wide range
of software packages for visualizing phylogenetic trees as well
as their associated metadata, which may or may not be used in
a joint estimation of sequence and trait data [for an overview
of integrating these data types in various inference frameworks
for pathogen phylodynamics, we refer to (9)]. We here organize
our visualization examples into different broader categories:
different approaches toward visualizing associated trait data
with a focus on phylogeography (Figures 1-3), browser-based
online applications (Figures 4, 5), applications that use existing
libraries such as those available in R, Python and JavaScript for
example (Figures 6, 7), non-phylogenetic visualizations typically
associated with pathogen phylodynamics (Figure 8), and finally
custom-written code or applications that focus on assessing
phylogenetic uncertainty (Figures 9, 10).

As a first example, we illustrate the development of innovative
visualization software packages on the output of a Bayesian
phylodynamic analysis of a rabies virus (RABV) data set
consisting of time-stamped genetic data along with two discrete
trait characteristics per sequence, i.e., the sampling location—in
this case the state within the United States from which the sample
originated—and the bat host type. This RABV data set comprises
372 nucleoprotein gene sequences from North American bat
populations, with a total of 17 bat species sampled between 1997
and 2006 across 14 states in the United States (52). We used
BEAST 1.10 (51) in combination with BEAGLE 3 (13) to estimate
the time-scaled phylogenetic tree relating the sequences, along
with inferring the ancestral locations of the virus using a Bayesian
discrete phylogeographic approach (53) and, at the same time,
infer the history of host jumping using the same model approach.
Upon completion of the analysis, we constructed a maximum
clade credibility (MCC) tree from the posterior tree distribution
using TreeAnnotator, a software tool that is part of the BEAST
distribution. This MCC tree contains at its internal nodes the
age estimates of all of the internal nodes, along with discrete

probability distributions for the inferred location and host traits
at those internal nodes.

Figure 1 shows the visualization of the MCC tree in FigTree,
with internal nodes annotated according to the posterior
ancestral location state probabilities within the MCC tree file.
As expected, one can observe that posterior support for the
preferred ancestral location decreases from the observed tips
toward the root, in other words the further we go back in time,
the more uncertain the inferred location states become. All of
the information required to make the FigTree visualization in
Figure 1 is contained within a NEXUS file, containing all of the
ancestral trait annotations, which we use as the (only) input for
the FigTree (38). The standard Newick file format itself does not
contain such trait annotations but remains in popular use for
storing phylogenetic trees and is hence supported by most (if
not all) phylogenetic visualization packages. In general however,
Newick and other older formats (e.g., NEXUS) offer limited
expressiveness for storing and visualizing annotated phylogenetic
trees and associated data, which has lead to extensions for this
format being proposed [e.g., the extended Newick format; (54)].
FigTree allows users to upload annotation information for the
sequences in the analyzed alignment in the form of a simple tab-
delimited text file, and a parsimony approach can be used to infer
the most parsimonious state reconstruction for the internal nodes
from those provided for the tips. iTOL (18) is another application
that can take an MCC tree as its input file and allows annotating
branches and nodes of the phylogenetic tree using descriptions
provided through the use of simple text files in which custom
visualization options can easily be declared (Figure 2). iTOL is
even suited for showing very large trees (with more than 10,000
leaves) with Webkit-based browsers—such as Chromium/Google
Chrome, Opera and Safari—offering the best performance.

Newer input/output file formats for phylogenetic trees and
their accompanying annotations, including the XML-based
standards PhyloXML (55) and NeXML (56), have the benefit
of being more robust for complex analyses and easier to
process and extend. In particular, applications of phylodynamics
aimed at reconstruction and interpretation of spatio-temporal
histories have become broadly and increasingly applied in
viral disease investigations. The incorporation of geographical
and phylogenetic uncertainty into molecular epidemiology
dynamics is now well-established (53, 57), and dedicated
developments from a visualization perspective have soon
followed to accommodate the outcomes of these models. Early
attempts include the mapping of geo-referenced phylogenetic
taxa to their geographical coordinates [e.g., GenGis; (58),
Cartographer; (59)], while more recent efforts of joint ancestral
reconstruction of geographical and evolutionary histories enable
visual summaries of spatial-temporal diffusion through the
interactive cartographic projection using GIS- and KML-based
virtual globe software (60). The latest developments generalize
toward interactive web-based visualization of any phylogenetic
trait history and are based on data-driven documents (D3)
JavaScript libraries and the JSON format to store geographic
and other tree-related information (40). As an example, we
have created a web-based visualization of our analyzed RABV
data set by loading the obtained MCC tree into the SpreaD3
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FIGURE 1 | FigTree allows visualizing various tree formats, including maximum clade credibility trees from Bayesian phylogenetic analyses (38). External and internal
nodes can easily be annotated using the information in the source tree file, and the time information within the tree allows adding a time axis which facilitates
interpretation. Annotations shown here for the RABV data set are the 95% highest posterior density (HPD) age intervals and the most probable ancestral location state
at each internal node, with the circle width corresponding to the posterior support for the internal location state reconstruction.

(40) phylodynamic visualization software package (see Figure 3).  the estimated location of origin in the state of Arizona and
SpreaD3 actually consists of a parsing and a rendering module,  tracking the RABV spread as it disperses to all of the 14 states
with the former obtaining the relevant information out of  in our data set.

the MCC tree and the latter converting this information into The SpreaD3 visualization in Figure3 is an example of
a (Geo)JSON file format, potentially in combination with a  an increasing trend toward web-based software tools that can
geographic map, which can easily be downloaded from websites ~ run in any modern browser, making them compatible with
offering GeoJSON files of different regions of the world and  all major operation systems, without requiring any additional
with different levels of detail. The generated output consists of  software packages to be installed by the user. A distinction can
an in-browser animation that allows tracking a reconstructed  be made between browser-based tools that are able to work
epidemic over time using a simple slider bar, with the possibility =~ without internet access [Phylocanvas; (http://phylocanvas.org),
to zoom into specific areas of the map. In Figure 3, we show  phylotree.js; (61), IcyTree; (32), SpreaD3; (40), PhyloGeoTool;
the reconstructed spread of RABV across the United States at  (17), see Figure4] or that are only accessible online [iTOL;
four different time points throughout the epidemic, starting with ~ (18), phylo.io; (31)]. Web-based visualization platforms enhance
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FIGURE 2 | Interactive tree of life [[TOL; (18)] visualization of the MCC tree for RABV. Rather than exploiting the annotations within an MCC tree, iTOL allows importing
external text files with annotations through an easy drag-and-drop interface. We have here colored the tip nodes according to the bat host species (outer circle) as
well as the sampling location (inner circle) corresponding to each sample. Many visual aspects can be set this way and an extensive online help page is available.

collaborations and output dissemination in a very efficient
and simple manner through their ability to share web links
of complex and pre-annotated tree visualizations. Transferring
genomic data and associated data to an online service may invoke
privacy issues which is not the case for tools that execute data
processing purely on the client side. By contrast, online accessible
visualization tools such as iTOL (18) offer tree management
possibilities to organize and save different projects, annotated
datasets and trees for their users. These online packages typically
also provide export functionalities to facilitate the production
of publication-quality and high-resolution illustrations [see also
MrEnt; (62), Mesquite; (59)], directed toward end-users with
minimal programming experience.

SpreaD3 also illustrates the growing movement toward
animated visualizations over time and (geographic) space and
as such focuses entirely on the visualization aspect of pathogen
phylodynamics. Recently, entire pipelines have emerged that

include data curation, analysis and visualization components,
with Nextstrain as its most popular example (19). On the
data side, Python scripts maintain a database of available
sequences and related metadata, sourced from public repositories
as well as GitHub repositories and other (more custom-made)
sources of genomic data. Fast heuristic tools enable performing
phylodynamic analysis including subsampling, aligning and
phylogenetic inference, dating of ancestral nodes and discrete
trait geographic reconstruction, capturing the most likely
transmission events. The accompanying Nextstrain website
(https://nextstrain.org/) provides a continually-updated view of
publicly available data alongside visualization for a number of
pathogens such as West Nile virus, Ebola virus, and Zika virus.
For the latter virus, we provide the currently available data
visualization in Nextstrain (at time of submission) in Figure 5,
showing a color-coded time-scaled maximum-likelihood tree
alongside an animation of Zika geographic transmissions over
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FIGURE 3 | Projecting an MCC tree onto a geographic map using SpreaD3 (40). In a discrete phylogeography setting, as is the case here, the ancestral location
states are combined with coordinates corresponding to the states in the US from which the RABV samples were obtained. We use centroid coordinates for the US
states to enable this visualization. SpreaD3 animates the reconstructed virus dispersal over time, and we here show four snapshots (starting from the estimated origin
of the epidemic at the root node) that capture the reconstructed dispersal over time and geographic space, i.e., in 1860, 1940, 1980, and the “present” (mid 2005).
The transitions between the US states are colored according to the US state of destination for that particular transition, whereas the size of the circles around a

time as well as the genetic diversity across the genome. Analysis
of such outbreaks relies on public sharing of data, and Nextstrain
has taken the lead to address data sharing concerns by preventing
access to the raw genome sequences, and by clearly indicating
the source of each sequence, while allowing derived data—such
as the inferred phylogenetic trees—to be made publicly available.
We note that these animated visualizations by their very nature
do not easily yield publication-ready figures, requiring alternative
approaches to be devised. Animations resulting from software
packages such as SPREAD, SpreaD3 and Nextstrain can be hosted
on the authors’ website or they can be captured into a video
file format and uploaded as supplementary materials onto the
journal website. Alternatively, screenshots of the animation can
be taken at relevant time points throughout the visualization
and subsequently post-processed to include in the main or
supplementary publication text.

Finally, browser-based packages such as SpreaD3 employ
JavaScript libraries (e.g., D3) to produce dynamic, interactive
data visualizations in web browsers, known specifically for
allowing great control over the final visualization. Custom
programs are also typically written in R as a long list of popular
R libraries are readily available, with ggplot2 quickly rising to
popularity and finding use in both R and Python languages. A
system for declaratively creating graphics based on The Grammar
of Graphics (63), ggplot2 was built for making professional
looking figures with minimal programming efforts. Figure 6

shows an example of ggtree, which extends ggplot2 and is
designed for visualization and annotation of phylogenetic trees
with their covariates and other associated data (48). A recent
software package that is implemented in JavaScript and Python
is PastML (33), which uses the Cytoscape.js library (64) for
visualizing phylogenetic trees (Figure 7). Given that these types
of libraries contain many tried-and-tested functions that save
substantial time when creating novel software packages, future
visualization efforts are likely to see increased usage of readily
available visualization libraries in programming languages such
as R, Python and JavaScript.

5. OTHER COMMON VISUALIZATIONS IN
PHYLODYNAMICS

Phylogenies reconstructed from viral sequence data and their
corresponding annotated tree-like drawings and animations lie
at the heart of many evolutionary and epidemiological studies
that involve phylogenomics and phylodynamics applications.
Additional graphical output can be generated using visualization
packages that focus on other aspects than the estimated
phylogeny, but that are however in some manner dependent
on the phylogeny. Coalescent-based phylodynamic models that
connect population genetics theory to genomic data can infer
the demographic history of viral populations (65), and plots of
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visual navigation of the entire phylogenetic tree.

FIGURE 4 | The PhyloGeoTool offers a visual approach to explore large phylogenetic trees and to depict characteristics of strains and clades—including for example
the geographic context and distribution of sampling dates—in an interactive way (17). A progressive zooming approach is used to ensure an efficient and interactive

the effective population sizes over time—such as the one shown
in Figure8 for our RABV data set, which uses the Skygrid
model (50) and its accompanying visualization in Tracer (49)—
are commonly used to visualize the inferred past population size
dynamics (50, 66, 67).

A variety of other summary statistics computed over the
course of a phylogeny also benefit from visual representations,
such as for the basic reproduction number and its rate
of change as a function through time (68). Closely related
are lineage-through-time plots (69) that allow exploring
graphically the demographic signal in virus sequence data
and revealing temporal changes of epidemic spread. Neher
et al. (70) plotted cumulative antigenic changes over time by
integrating viral phenotypic information into phylogenetic trees
of influenza viruses, thereby providing additional insights into
the rate of antigenic evolution compared to representations
of neutralization titers that are traditionally transformed
into a lower-dimensional space (71, 72). Another example
relates to reconstructions of phylogeographic diffusion in
discrete space, where patterns of migration links are typically
projected into a cartographic context, but quantitive measures

are additionally computed including the expected number
of effective location state transitions (known as “Markov
jumps”). Information on migrations in and out of a location
state can be obtained by visualizations of the number of
actual jumps between locations as well as the waiting times
for each location, either as a total or proportionally over
time (73-76).

The inference of transmission trees and networks (“who
infected whom and when”) using temporal, epidemiological
and genetic information is an application of phylodynamics
that has made substantial methodological progress in the
last decade (77-79). Different from phylogenetic trees that
represent evolutionary relationships between sampled viruses,
transmission trees describe transmission events between hosts
and require visualizations that are tailored to the analysis
objectives (80-82). Consensus transmission trees, such as
maximum parent credibility (MPC) trees (80) or Edmonds’
trees (83), visually alert the user on putative infectors (indicated
with arrows), corresponding infection times and potential super-
spreaders. (80) use the Cytoscape framework (34) for drawing
the transmission trees, and a similar adaptation of the original
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FIGURE 5 | Focusing on real-time tracking of several viruses, Nextstrain (19) provides up-to-date visualizations of phylogenetic and phylogeographic analyses, the
latter with an animation over time similar to SpreaD3 (40). Shown here is the current situation for Zika virus evolution, based on analyses of 506 genomes sampled
between February 2013 and September 2017 from 32 countries around the world (see the figure legend), corresponding to samples taken in 6 different regions of the
world: China, Southeast Asia, Japan and Korea, Oceania, South America, and North America.

biological network-oriented framework has been done by PastML
(33) (see above).

Finally, in order to compare two or more trees that
are estimated from the same set of virus samples, but
differ in the method used for tree construction or in the
genomic region considered, tanglegrams provide insightful
visualizations. The most popular use case is the comparison
of two trees displayed leaf-by-leaf-wise with differences in
clustering highlighted by lines connecting shared tips (84).
Alternatively, tanglegrams allow mapping tree tip locations
to mapped geographical locations using GenGis (58, 85).
The Python toolkit Baltic (https://github.com/evogytis/baltic)
provides functionalities to draw tangled chains, as shown in
Figure 9, which are advanced sequential tanglegrams to compare
a series of trees (43, 86). The use of phylogenetic networks,
which are a generalization of phylogenetic trees, can also
visualize phylogenetic incongruences, which could be due to
reticulate evolutionary phenomena such as recombination (e.g.,
HIV-1) and hybridization (e.g., influenza virus) events (30,
32, 87). Tanglegrams and related visualization of sets of trees
[e.g., DensiTree (39); see Figure 10] provide a qualitative and
illustrative comparison of trees, buy this may prove to be less

suited for the interpretation of extremely large trees or sets
of trees. Recent quantitative approaches allow the exploration
and visualization of the relationships between trees in a multi-
dimensional space of tree similarities, based on different tree-
to-tree distance metrics that identify a reduced tree space
that maximally describe distinct patterns of observed evolution
[Mesquite; (88), R package treespace; (89, 90)].

6. CONTEXT DEPENDENCE OF
VISUALIZATION REQUIREMENTS

We have discussed a wide range of visualization packages for
phylogenetic and phylodynamic analyses that allow improving
our understanding of viral epidemiological and population
dynamics. While these efforts may ultimately assist in informing
public health or treatment decisions, visualization needs can
differ according to the type of virus epidemics studied and
questions that need to be answered. For example, the required
level of visualization detail is high for (re-)emerging viral
outbreaks when actionable insights should be obtained in a
timely fashion in order to control further viral transmissions,
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FIGURE 6 | R package ggtree (48) visualization of a phylogenetic tree constructed from publicly available Zika virus (ZIKV) genomes. ggtree allows similar advanced
customized visualization of phylogenetic trees as e.g., iTOL, but by means of the traditional R scripting language. In this figure, tree leaves are colored according to
continent of sampling, with a size corresponding to the host status and shape indicating the completeness of the CDS, using a cutoff of 99% of nucleotide positions
being informative. A heatmap was added to denote the presence of amino acid mutations at three chosen genome positions. Finally, a particular clade was
highlighted in blue based on a given internal node and two additional links between chosen taxa were added.
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FIGURE 7 | PASTML summary visualization of the ancestral reconstruction of state locations of the ZIKV dataset used in Figure 6. The top-down visualization
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the same ancestral state which is indicated on top of the dot. In this type of visualization, a compressed representation of the ancestral scenarios is visualized that
highlights the main facts and hides minor details by performing both a vertical and horizontal merge [out see (33)]. The branch width corresponds to the number of
times its subtree is found in the initial tree, and the circle size at a tip is proportional to the size of the compressed (or merged) cluster.
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with real-time tracking of viral spread and the identification of
sources, transmission patterns and contributing factors being
key priorities (91). As a result, software packages that aim to
address these questions are typically developed with an explicit
emphasis on speed through the use of heuristics, and stress
the importance of connectivity and interactivity to quickly
respond to the availability of new data in order to develop
novel insights into an ongoing epidemic. One-stop and fully-
integrated analysis platforms such as MicroReact (46) and
Nextstrain (19) adhere to these needs by providing the necessary
visualizations of virus epidemiology and evolution across time
and space, and by implementing support for collaborative
analyses and sharing of genomic data and analysis outputs. A
strategy of interest in these settings is the ability for phylogenetic
placement of novel sequence data (92, 93), for example when
updated outbreak information suggests specific cases should
be investigated but the reconstruction of a new phylogeny
is not desirable, as this may prove too time consuming. To
avoid such de novo re-analyses of data sets, software tools
such as iTOL (18) and PhyloGeoTool (17) offer functionalities

to visualize placements of sequence data onto an existing
phylogeny. A key future challenge of these approaches is
to assess and visualize the associated phylogenetic placement
uncertainty, or if this information would be unavailable to at
least indicate the various stages in which novel sequences were
added onto the (backbone) phylogeny. While methodological
developments are rigorous in their accuracy assessment—for
example through simulation studies—and may even provide
visual options for representing the placement uncertainty [see
e.g., (92)], visualization packages themselves do not offer an
automated way of assessing or conveying this information and as
such may project overconfidence of the power of the phylogenetic
placement method used. Additionally, other flexible visualization
options based on real-time outbreak monitoring can be of great
interest such as highlighting locations from which cases have
been reported but for which genomic data are still lacking, to
clarify the potential impact of these missing data on the currently
available inference results.

Investigations of more established epidemics usually involve
much larger sample sizes, are more retrospective-oriented in
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FIGURE 8 | Population (size) dynamics over time visualization of our RABV
analysis (previous section) using Tracer (49). This type of output does not
directly depend upon the estimated MCC tree, but rather on the estimated
(log) population sizes of the Skygrid model (50), which are provided in a
separate output file by BEAST (51).

design and incorporate more heterogeneous information, and
therefore benefit from more extended visualization frameworks.
For most of these globally prevalent pathogens, clinical and
phenotypic information is often available and questions relate
to the population- or patient-level dynamics of viral adaptation
and the identification of transmission clusters. For example,
the selection of the virus strain composition of the seasonal
influenza vaccine is informed by analyses and visualizations
of circulating strains and their antigenic properties using
the nextflu framework (47, 91). Other diverse examples
include investigations of the impact of country-specific public
health interventions on transmission dynamics (94, 95), the
identification of distinctive socio-demographic, clinical and
epidemiological features associated with regional and global
epidemics (96-99) and large-scale modeling of epidemiological
links among geographical locations (100-102). In these settings,
relevant software packages should consider the scalability of large
phylogenies and allow user-friendly exploration of heterogeneous
and customized annotations. Overall, it is anticipated that
future work on visualization tools, accompanying analysis and
visualization software developments as described above, will
result in a merging of these two epidemic perspectives, with the
development of context-independent visualization software tools
that can handle both scenarios equally well.

7. CONCLUSIONS

Viral pathogens, in particular RNA viruses, have been responsible
for epidemics and recurrent outbreaks associated with high
morbidity and mortality in the human population, for a duration
that can span from hundreds of years [e.g., HCV (103) and
DENV (104)] to decades [e.g., HIV-1 (3)]. RNA viruses are
known for their potential to quickly adapt to host and treatment
selective pressure, but their rapid accumulation of genomic
changes also provides opportunities to study their population
and transmission dynamics in high resolution. Consequently,

the fields of phylogenomics and phylodynamics play a pivotal
role in studies on epidemiology and transmission of viral
infectious diseases, and have advanced our understanding of the
dynamical processes that govern virus dispersal and evolution at
both population and host levels. Compared to the tremendous
achievements in the performance of evolutionary and statistical
inference models and hypothesis testing frameworks, software
packages and resources aimed at visualizing the output of
these studies have experienced difficulties to handle the
increasing complexity and sizes of the analyses, for example
to display levels of uncertainty and to integrate associated
demographic and clinical information. Accurate and meaningful
visual representation and communication are however essential
tools for the interpretation and translation of outcomes into
actionable insights for the design of optimal prevention,
control and treatment interventions. With a plethora of
applications for phylodynamics having been introduced in the
last decades, in particular tailored toward reconstructions of
spatiotemporal histories—which start to become useful in public
health surveillance—visualization has substantially grown as an
elementary discipline for investigations of infectious disease
epidemiology and evolution. An extensive array of software and
tools for the manipulation, editing and annotation of output
visualizations in the field of pathogen phylodynamics is available
to date, characterized by varying technical specifications and
functionalities that respond to heterogeneous needs from the
research and public health communities.

The increasing recognition for visualization tools in support
of viral outbreak surveillance and control has stimulated the
advent of more complex and fully integrated frameworks
and platforms, all the while focusing on user experience and
ease of customisation. We anticipate that future visualization
developments will take further leaps in this ongoing trend by
tackling remaining challenges to display increasing amounts of
dense information in a human-readable manner and introducing
concepts from new disciplines such as visual analytics. In
particular, high expectations are stemming from the ensemble
of visualization methods that allow users to work at, and
move between, focused and contextual views of a data set
(105). Large scientific data sets with a temporal aspect have
been the subject of multi-level focus+context approaches for
their interactive visualization (106), which minimize the seam
between data views by displaying the focus on a specific situation
or part of the data within its context. These approaches are
part of an extensive series of interface mechanisms used to
separate and blend views of the data, such as overview+detail,
which uses a spatial separation between focused and contextual
views, and zooming, which uses a temporal separation between
these views (105). Phylogenetic trees can be interactively
visualized as three-dimensional stacked representations (107).
The field of phylogenomics and phylodynamics visualizations
will increasingly implement and adapt technologies from other
disciplines, as already illustrated by tools and studies using the
network-oriented Cytoscape package (33, 34, 78), or through
the use of virtual reality technologies including customizable
mapping frameworks and high-performance geospatial analytical
toolboxes. As such, concomitant to the ongoing developments
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FIGURE 9 | Tanglegrams are typically shown in a side-by-side manner, in order to easily and visually identify differences in clustering between two or more phylogenetic
trees, for example when inferred from different influenza proteins (PB1, PB2, PA, HA, NP, NA, M1, and NS1). Such a series of trees can also be visualized in a circle
facing inwards with a particular isolate highlighted in all plotted phylogenies (left figure), or with all isolates interconnected between all proteins (right figure).

FIGURE 10 | Bayesian phylogenetic inference software packages generate a large number of posterior trees, potentially annotated with inferred ancestral traits. This
collection of trees is often summarized using a consensus tree, allowing to plot a single tree with posterior support values on the internal nodes. DensiTree enables
drawing all posterior trees in the collection; areas where a lot of the trees agree in topology and branch lengths show up as highly colored areas, while areas with little
agreement show up as webs (39). We refer to Figure 2 for the color legend of the host species, as the legend drawn by DensiTree was not very readable and could
not be edited (in terms of its textual information).

in sample collection and sequencing, the design of more applications that will collaboratively foster visualizations that
complex analytical inference models and powerful hardware  track virus epidemics and outbreaks in real-time and with
infrastructure will be complemented by a new era in visualization ~ high resolution.
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SEARCH STRATEGY

An initial but already comprehensive list of publications was
compiled from backward and forward citation searches of
the various visualization software packages the authors have
(co-)developed, as well as those packages that the authors have
used throughout their academic career. Complementing this
already extensive list, we searched PubMed and Google Scholar,
which keeps track of arXiv and bioRxiv submissions and hence
decreased the risk of missing potential publications. Additional
supplementary searches have been performed by backward
and forward citation chasing of all of the included references
throughout the writing process of writing the manuscript for the
initial submission on April 7th 2019. No date restrictions were
applied, but only visualization packages and publications written
in English were considered.
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Corynebacterium diphtheriae (C. diphtheriae) is a relatively rare pathogen in most
Western countries. While toxin producing strains can cause pharyngeal diphtheria with
potentially fatal outcomes, the more common presentation is wound infections. The
diphtheria toxin is encoded on a prophage and can also be carried by Corynebacterium
ulcerans and Corynebacterium pseudotuberculosis. Currently, across Europe, infections
are mainly diagnosed in travelers and refugees from regions where diphtheria is
more endemic, patients from urban areas with poor hygiene, and intravenous drug
users. About half of the cases are non-toxin producing isolates. Rapid identification
of the bacterial pathogen and toxin production is a critical element of patient and
outbreak management. Beside the immediate clinical management of the patient, public
health agencies should be informed of toxigenic C. diphtheriae diagnoses as soon as
possible. The collection of case-related epidemiological data from the patient is often
challenging due to language barriers and social circumstances. However, information on
patient contacts, vaccine status and travel/refugee route, where appropriate, is critical,
and should be documented. In addition, isolates should be characterized using high
resolution typing, in order to identify transmissions and outbreaks. In recent years, whole
genome sequencing (WGS) has become the gold standard of high-resolution typing
methods, allowing detailed investigations of pathogen transmissions. De-centralized
sequencing strategies with redundancy in sequencing capacities, followed by data
exchange may be a valuable future option, especially since WGS becomes more
available and portable. In this context, the sharing of sequence data, using public
available platforms, is essential. A close interaction between microbiology laboratories,
treating physicians, refugee centers, social workers, and public health officials is a
key element in successful management of suspected outbreaks. Analyzing bacterial
isolates at reference centers may further help to provide more specialized microbiological
techniques and to standardize information, but this is also more time consuming
during an outbreak. Centralized communication strategies between public health
agencies and laboratories helps considerably in establishing and coordinating effective
surveillance and infection control. We review the current literature on high-resolution
typing of C. diphtheriae and share our own experience with the coordination of a
Swiss-German outbreak.

Keywords: Corynebacterium diphtheriae, diphtheria, surveillance, public health, whole genome sequencing,
molecular epidemiology, toxin

Frontiers in Public Health | www.frontiersin.org 12

August 2019 | Volume 7 | Article 235


https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org/journals/public-health#editorial-board
https://www.frontiersin.org/journals/public-health#editorial-board
https://www.frontiersin.org/journals/public-health#editorial-board
https://www.frontiersin.org/journals/public-health#editorial-board
https://doi.org/10.3389/fpubh.2019.00235
http://crossmark.crossref.org/dialog/?doi=10.3389/fpubh.2019.00235&domain=pdf&date_stamp=2019-08-21
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles
https://creativecommons.org/licenses/by/4.0/
mailto:adrian.egli@usb.ch
https://doi.org/10.3389/fpubh.2019.00235
https://www.frontiersin.org/articles/10.3389/fpubh.2019.00235/full
http://loop.frontiersin.org/people/93056/overview
http://loop.frontiersin.org/people/362316/overview

Seth-Smith and Egli

WGS Diphtheria Surveillance

INTRODUCTION

In recent years, rare but hypervirulent pathogens have been
increasingly reported in specific geographic regions (1, 2), often
associated with refugees and asylum seekers (3), but also in other
high-risk populations including hospitalized patients (4, 5), the
elderly, and newborns (6, 7). Reports of infections in refugees
over the past decade have included Borrelia recurrentis (8),
methicillin resistant Staphylococcus aureus (S. aureus) (MRSA)
(9, 10), and toxigenic Corynebacterium diphtheriae (11). In
2016, the European Center for Disease Control (ECDC) warned
about increased rates of cutaneous C. diphtheriae infections in
Europe due to the refugee crisis (12). This pathogen came back
into the focus of attention as it is (i) associated with severe
infections in humans, including respiratory diphtheria (13-15);
(ii) highly transmittable, indicated by the basis reproduction
number with mean 7.2 (16); and (iii) known to cause larger
outbreaks (17-19). For nearly two decades, in most high-
income countries, cases have been reported rarely, occasionally
in travel returners (20-24), drug users and homeless people
(25-29). In the last few years, in contrast, cutaneous, and
respiratory infections have predominantly been reported in
refugees (16, 30-38).

Providing state-of-the-art diagnostics for rare and unexpected
pathogens can be a challenge for the clinician (39) and the routine
microbiology laboratory (40-42). Often specific diagnostic
tests are only available in reference laboratories, thus further
delaying efficient therapy, surveillance reporting, and outbreak
management. Once the pathogen is cultured and identified,
molecular typing technologies, such as whole genome sequencing
(WGS), allow a detailed comparison on the genomic level with
high resolution (43-45). In the case of C. diphtheriae, high-
resolution typing is helpful to (i) provide the epidemiological
broader context (35) and (ii) include or exclude transmission
events between patients (30, 31).

WGS specifically, gives the highest resolution typing, and can
help to identify potential sources and transmission routes as part
of modern surveillance technologies. Recent comparisons using
WGS data analyzed by core genome MLST (cgMLST) or single
nucleotide polymorphisms (SNP)-based methods have shown
significant improvements over older technologies (46, 47). The
advantages of using WGS for high-resolution typing has been
seen in several pathogens, being particularly helpful in settings
with (i) highly similar isolates over a long time period e.g.,
Legionella pneumophila within a city (48) or C. difficile (49, 50),
(ii) a low endemic epidemiological background, but multiple
clusters of patients from high endemic region with potential
transmission events e.g., C. diphtheriae (31) or M. tuberculosis
(51), and (iii) high endemic burden, where transmission events
cannot easily be separated based on classical epidemiological
information alone.

Alongside the availability of rapid diagnostic tests and
high-resolution typing, surveillance programs are an important
cornerstone of public health, as the associated framework allows
data collection, communication, and coordination of public
health interventions. Of note, to date no global or European
surveillance network exists which integrates both classical and

molecular epidemiological data into a single real-time updated
platform. Future surveillance programs may not only incorporate
baseline features of an isolate such as sequence type and presence
or absence of the tox gene, but also more detailed genomic
analysis and a virulence factor profile. The aim of this would
be to better assess the potential of a strain to cause outbreaks
with more severe clinical phenotypes. In this review article,
we will focus on C. diphtheriae as a re-emerging but rare
pathogen, and will discuss the various aspects of classical and
molecular epidemiology utilizing new sequencing technologies
for surveillance.

MICROBIOLOGY AND PATHOGENICITY OF
C. diphtheriae

Corynebacterium diphtheriae was first isolated in 1884 by
Loeffler (52). The classical presentation is pharyngeal diphtheria,
a toxin-mediated infectious disease of the upper respiratory
tract. The hallmark feature is an inflamed pseudo-membrane
on the pharynx, potentially causing asphyxia (13). Beside
respiratory infections, C. diphtheriae may cause skin infections
and other invasive diseases such as endocarditis, osteomyelitis,
and septic arthritis (53-58). At the moment, non-toxigenic
cutaneous diphtheria is the most prevalent clinical presentation
(24, 39, 57, 59, 60). Wound infections often occur with
other skin pathogens, such as Streptococcus pyogenes or S.
aureus (28, 31). Cutaneous diphtheria may be a source of
toxigenic pathogens and may be transferred to other body sites
then potentially causing respiratory diphtheria. Therefore, even
wound infections with non-toxigenic strains might ideally be
considered to be reported to surveillance programs in order
to identify carriers, clusters of potential transmissions, and
high-risk groups.

Microbiology

The species C. diphtheriae is divided into four biochemical
biovars—belfanti, gravis, intermedius, and mitis (15, 61).
Although the biochemical distinctions are not reliable, for
historical reasons reference laboratories still use them. Recently,
two distinct subspecies have been proposed based on genomic
features: C. diphtheriae subsp. diphtheriae and C. diphtheriae
subsp. lausannense. Of interest, members of the newly described
subspecies lausannense show a larger genome size and are
enriched in genes related to transport and metabolism of lipids
and inorganic ion (62). On the other hand, the new subspecies
lacks all genes involved in the synthesis of pili, molybdenum
cofactor, and nitrate reductase. Closely related to C. diphtheriae
are two zoonotic pathogens, C. ulcerans and C. pseudotuberculosis
(63), both of which can acquire the toxin gene via a phage
(64). Increasing numbers of toxigenic C. ulcerans infections have
been reported (65, 66) e.g., in the UK (67), but these pathogens
remain rare in the clinic. Host jumps from domesticated and wild
animals to humans have been postulated (63, 68, 69). If either
C. ulcerans or C. pseudotuberculosis is diagnosed, the isolate
should be tested for the presence of the toxin and reported in
surveillance programs.
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Virulence Factors

The f3-corynephage encodes the diphtheria toxin, and can be
transmitted between isolates. The §3-corynephage may pose a
survival benefit for the bacterium by increasing the effectiveness
of transmission by helping to cause local tissue damage (14, 70).
The DtxR regulator is present elsewhere in the genome, and
controls the transcription of the toxin gene (tox). This regulator
is a key determinant for iron homeostasis (71). Iron is crucial
for a number of cellular functions and the expression of a toxin
in situations with low iron concentrations might help pathogens
to compete with the host for iron or release iron via lysis of
host cells. Of particular importance are pili encoded by spa
operons (spaABC, spaDEF, and spaHIG), which contribute to
the interaction with the host. Gain or loss of the function of
these genes correlate to the number and expression of pili on
the cell surface—especially the major pilin genes spaA, spaD,
and spaH. The spaA- spaD- and spaH-type pili interact with the
pharyngeal, laryngeal, and lung epithelial cell types, respectively
(72). Pilus expression may strongly influence the virulence of a
strain (73-78), especially in combination with the presence of the
tox gene.

Diagnostic Aspects

Specific culture media such as tellurite agar improves the
culture of C. diphtheriae (61, 79)—although the agar adds
some selection, most diagnostic laboratories do not carry the
agar as part of routine stock. The three species of interest, C.
diphtheriae, C. ulcerans, and C. pseudotuberculosis, can be reliable
identified with matrix-assisted laser desorption ionization time-
of-flight mass spectrometry (MALDI-TOF MS) (80-82). More
specialized laboratories have the capacity to detect the presence
of the diphtheria toxin either by PCR or measurement of toxin
production by a modified Elek test (31, 83, 84). Other virulence
factors such as pili are generally not determined in routine
diagnostics. A survey of the diphtheria surveillance network
(DIPNET) indicated that many centers were not able to isolate
the target organisms, and most found difficulties differentiating
them from specimens that contained Corynebacterium striatum,
a commensal contaminant (85). More recently, an ECDC
technical report on the diagnostic gaps has been published
(86). Regular workshops and external quality assessments are
important aspects in maintaining diagnostic quality for rare
pathogens in the context of a surveillance program.

THE RETURN OF AN OLD FOE

Importance of Vaccination

In 2016 the EDSN reported 47 laboratory confirmed cases
of C. diphtheriae and C. ulcerans in European countries—
corresponding to an overall notification rate below 0.01 cases
per 100,000 people (66). In contrast, worldwide, 7097 diphtheria
cases were reported in 2016, mainly in low-income countries
(www.who.it). In the 1900s—1950s, infections with C. diphtheriae
were among the most severe infections during childhood,
especially in pre-school children where case fatality rates of 2—
25% were reported (87, 88). Prior to the availability of toxoid-
vaccines, nearly 70% of the cases were in children younger than

15 years of age (89). With the introduction of vaccines in the
1940s and 1950s, a significant decrease in incidence was observed
(87, 88, 90-93), although no controlled clinical trial to evaluate
the efficacy of the toxoid-vaccines in preventing diphtheria has
ever been performed.

The current WHO recommendation states that a series of
three toxoid-vaccine doses should be provided, starting at six
weeks of age, with additional booster doses based on local
epidemiology (94). Vaccine effectiveness is high after three or
more doses, ranging from 96 to 98% (95, 96). Although not
assessed in routine, an antitoxin level of 0.01 IU/mL provides the
lowest level of protection, 0.1 IU/mL is considered a protective
level, and levels of >1.0 IU/mL result with long term protection
(61). Interestingly, two cases of fatal diphtheria in patients with
antitoxin levels above 30 IU/mL have been reported, suggesting
that no absolute protection exists (97). Although immunization
programs of infants started in the late 1970s, the vaccine coverage
rates of infants in developing countries increased only slowly
from 46% in 1985 to 79% in 1992 (98). If vaccines rates in
the general population are too low, herd immunity fails to
protect the non-vaccinated population, resulting in outbreaks
with the potential for high mortality in younger and older
age groups. An assessment of the immunity against a series of
pathogens in adult asylum seekers in the Netherlands showed
median 82% seroprotective anti-toxin titers against diphtheria
(99). Although diphtheria vaccine rates in infants range from
89 to 98% in most European countries, a recent meta-analysis
showed that vaccine rates against diphtheria and tetanus toxoids,
and acellular pertussis (dTap) in healthcare workers was only
45.1% in the US and 63.9% in France (100). In Luxembourg only
2.5% of individuals under the age of 20 were seronegative, while
42% of individuals over the age of 40 years were seronegative
(101). Similar low seroprotection rates have been documented
in China, where only 34.1% of subjects older than 40 years were
seroprotected (102). The reason for low seroprotection in some
population groups in countries, where the vaccine is available,
may result in a decrease in circulating toxigenic C. diphtheriae
isolates (89), resulting in (i) an increase in non-toxigenic cases
(103), and (ii) lower natural boost effects of antibody titers
against the toxin (104). Especially in the adult population,
gaps in herd immunity have been described due to waning
of protective antibodies either from lower natural exposure
or booster-vaccination. It has been found that the diphtheria
vaccination only prevents symptomatic infection, and does not
inhibit carriage or transmission of the pathogen. Miller and
colleagues have shown that a high percentage of C. diphtheriae
carriers were fully vaccinated, suggesting that antibodies against
the toxin does not inhibit nasopharyngeal colonization (93).
Based on this data, we may conclude that adults and the elderly
are at higher risk of C. diphtheriae infection. Regular assessment
of seroprotection rates in a given population should be a part of
surveillance programs.

Changing Epidemiology

In the 1960-1970s, any outbreaks described in high income
countries were smaller (92, 105-108) in comparison to the larger
outbreaks which occurred in the late 1990s and early 2000s,
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particularly in countries of the former Soviet Union (17-19, 109-
113). A very large outbreak affected states of the former Soviet
Union with more than 150,000 infected people and between
3,000 and 5,000 deaths (18). In this outbreak, a high proportion
of adults were affected, potentially due to disruption of health
services resulting in poor vaccine coverage (114, 115) and
reduced “natural” exposure over the preceding decades, resulting
in antibody titers below protective levels (116-118). In recent
years, multiple outbreaks, or potential transmission clusters have
been reported in: Bangladesh (119, 120), Brazil (121), Colombia
(122), Germany (30, 35), India (123-125), Indonesia (126), Laos
(127), Norway (128), Nigeria (129), Poland (130), Spain (38),
South Africa (36, 131), Syria (132), Switzerland (31), Thailand
(114), the United Kingdom (37), Venezuela (133, 134), and
Yemen (135). The global list of affected countries indicates that (i)
the disease is remains poorly controlled, (ii) the main burden lies
in low-income countries, and (iii) local and global surveillance
should be intensified in order to better control the disease.

EPIDEMIOLOGY: FROM CLASSICAL TO
MOLECULAR

Some of the key factors driving the spread of hypervirulent
pathogens include poor vaccine rates, waning antibody titers,
reduced access to healthcare, failing, or collapsing healthcare
systems, poor hygiene, transfer of patients between healthcare
institutions, changes in travel behaviors, increased traveling to
high endemic regions, and migration from high endemic regions
due to violent conflicts or for economic reasons (136-138).
The development of effective preventative strategies to reduce
the impact of hypervirulent bacteria should, as for multidrug
resistant (MDR) pathogens, have a top global priority among
public health experts, clinical microbiologists, and infectious
diseases physicians. The basis for preventative strategies relies on
two key elements: classical and molecular epidemiological data.

Classical epidemiological methods are used to investigate
an unexpected frequency of specific pathogens clustering
within a certain time and/or geographical range. Determining
a case definition is an important first step. Cases have
to be confirmed, background rates established, and patient
data collected via, for example, structured questionnaire, and
accessing detailed medical history. Thus, a hypothesis for
the disease transmission can be formulated and potential
sources named (139, 140). Although classical epidemiological
methodologies provide tremendously important information,
data collection is often challenging due to delayed or incomplete
reporting of cases, lack of centralized communication strategies,
especially at the beginning of an outbreak, vague medical history,
language barriers, and cultural differences. Especially in the case
of refugees, where classical epidemiological data are often not
reliable, available or re-constructible, in many cases classical
methods cannot provide the required data.

Molecular epidemiological methods are based on detailed
comparison of pathogens, using some or all of the genomic
information. The relatedness of pathogens can be visualized
in trees, thereby helping to cluster isolates and provide

information on potential molecular epidemiological links.
Several genotyping approaches have been used for C. diphtheriae
including ribotyping, amplified fragment length polymorphisms,
PFGE, random amplified polymorphic DNA (RAPD), clustered
regularly interspaced short palindromic repeat (CRISPR)-based
spoligotyping and MLST (141-149). Some typing methods show
better resolution than others: ribotyping outperforms PFGE
and AFLP in terms of discriminatory power (143). Ribotyping
was for many years considered the gold-standard before the
introduction of a robust MLST approach. Many ribotypes were
allocated a geographical name based on the location of the initial
isolate, however some followed an arbitrary nomenclature (144).
CRISPR-based spoligotyping can offer additional resolution
within ribotypes, and be used successfully to further characterize
outbreak-associated strains (147, 148): the epidemic strains
from the former Soviet Union belonged to two ribotypes
(St. Petersburg and Rossija) that could be subdivided into 45
additional spoligotypes (146, 147). Data from various outbreaks
shows the relative high molecular diversity of isolates indicating
that new strains are emerging regularly within this species (150).

A robust MLST scheme was developed in 2010, including
the genes atpA, dnaE, dnaKk, fusA, leuA, odhA, and rpoB (www.
pubmlst.org/cdiphtheriae). The advantages of an MLST scheme
include transferability and comparability. The sequence types
were shown to be consistent with the previously determined
ribotypes and offered higher resolution in most cases (141).
MLST diversity has grown continuously, with 608 types currently
categorized (March 2019). Of note, the MLST scheme lacks the
biochemical correlation of the biovar system and STs have not
been able to be associated with a more severe clinical phenotype
(141, 151, 152).

Comparison of the performance of various typing techniques
is important, as low resolution typing methods may overcall
transmission events masking the real transmission steps and
potentially delaying the identification of the source. Stucki
et al. showed this for M. tuberculosis transmissions events
in Switzerland, where a VNTR low-resolution typing gave
evidence of a significantly higher rate of transmissions events
in comparison to WGS based typing on the same set of isolates
(153). Similarly, C. diphtheriae SNP-based WGS comparisons
improved the typing resolution in comparison to cgMLST (35).

WHOLE GENOME SEQUENCING OF C.
diphtheriae

The first complete genome sequence of C. diphtheriae (strain
NCTC13129) was analyzed in 2003, a UK clinical isolate
containing a series of pathogenicity factors including iron-uptake
systems, adhesins and fimbrial proteins (154). The genome of
C. diphtheriae is 2.45 Mbp with a G+C content of 53.5%
(154). Through WGS analysis we can determine the presence of
virulence factors such as the toxin gene (and f3-corynephage) and
pili, and genes encoding antimicrobial resistance determinants
(62, 155, 156). During outbreak and public health investigations,
WGS SNP-based typing clearly shows important benefits due
to its high resolution (31). Although MLST may be more cost
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effective, MLST data can also be extracted from WGS data,
providing the ST as well as high resolution phylogeny and
additional important genetic information. WGS can identify
additional toxins and adherence factors, which may allow the
generation of a specific risk profile for the pathogen.

Comparative studies have shown that the species has a
set of ~1,630 core genes which almost every representative
of this species possesses [60% of the genome], and a
relatively large, open pan-genome (155, 156). The difference
in genome content across the species is largely due to the
presence of genomic islands, prophages, transposons, restriction-
modification systems, and CRISPR elements. Horizontal transfer
substantially helps to shape the bacterial genome (62, 155).
Some of the identified genomic islands carry genes for
siderophore synthesis and transportation and degradation
of polysaccharides, and heavy metal resistance. Interestingly,
prophages are genetically more similar within specific clusters
of bacterial isolates than between clusters, suggesting that
prophages do not randomly mix between isolates, but rather
cluster within specific clades (31, 157, 158).

While MLST analysis first suggested, that there is significant
recombination within C. diphtheriae (141), this has been
confirmed through analysis of whole genome sequences (159).
Recombination plays an important role in bacterial evolution
and has been linked to increased virulence in some pathogens
(160-162). Especially in the upper respiratory tract, where C.
diphtheriae can form a colonizing state, horizontal gene transfer
can commonly happen (163). WGS allowed to study genetic
ancestry of multiple bacterial species—including C. diphtheriae.
This challenged sometimes our current understanding and
groups based on biochemistry or serotypes may change. As an
example, it has also been shown that biovars of C. diphtheriae
do not correlate to genetic ancestry (152, 159). In recent years,
several cohorts of C. diphtheriae isolates have been analyzed using
WGS (30, 31, 35, 36, 62, 152, 155, 156, 164-167). Comparison of
WGS data across a species generally uses one of two approaches:
cgMLST, or SNP-based variant calling across the whole genome
based on a reference, which provides more information and
higher resolution. Dangel et al. have generated a cgMLST scheme
including 1553 target loci and an extended cgMLST scheme
including 2154 target loci, providing higher resolution (35).

cgMLST and SNP-based analyses of all publicly
available whole genome sequences (Figures1l, 2 and
Supplementary Table 1) shows vast diversity, and geographic
mixing: isolates identified in Malaysia, India, Australia, and
Switzerland are found throughout the trees. Relatively few
cgMLST clusters are defined at the five allele cut off, yet some
clades/clusters clearly show geographic association, such as those
from South Africa, Belarus and Germany (35), suggestive of
local outbreaks. The largest clade of highly related isolates, at
the top of Figure 2, includes those from Germany, Poland, the
UK and the former Soviet Union, suggesting that these may
have had a common source, but spread prior to diagnosis (This
clustering is not represented in the minimum spanning tree
of Figure 1). However, the dates of the isolates in this clade
range from 1996 to 2017, also suggesting some stability of the
isolates over time. This is also evidenced as closely related

isolates throughout the tree may have been isolated many
decades apart.

Clustering and Likelihood of Transmission
There is an ongoing debate about defining diversity thresholds
to separate clusters of pathogens. Determining a threshold
of diversity to reliably describe a transmission cluster is a
question commonly asked, yet difficult to answer, particularly in
recombinogenic bacteria. Dangel et al. defined a cluster in their
cgMLST scheme as five or fewer allele differences, with higher
resolution of subclusters analyzed through an extended cgMLST
scheme (35).

In order to determine a reliable cut-off, it is beneficial
to combine the genomic analysis with more classical
epidemiological data, which significantly contributes to
understanding the transmission risks. However, in the literature
and epidemiological data associated with WGS, few such
cases have been described: in one case of direct transmission
between siblings, the isolates show no allele differences in the
defined core genome or accessory genome (30); and one case
of direct transmission from mother to twin newborns showed
a single SNP between the isolates on a whole genome level
(unpublished data) and zero allele differences in the cgMLST
scheme (Figure 1).

During our study on isolates from refugees in Basel, we asked
ourselves if the observed whole genome diversity of 50-150 SNPs
within clusters could represent a recent transmission event. We
considered two different mutation rates representing extremes
of plausible ranges, and estimated the approximate transmission
dynamic. Even using a very high mutational rate of 0.00018
substitutions/bp/year, the estimation indicated that transmission
occurred more than four to 6 weeks prior to sampling. In
that paper, we played with substitution rates an picked the
mutation rate of Helicobacter pylori, in order to have a highly
conservative estimated if the transmission occurred on European
ground to trigger potential outbreak investigations. This helped
to exclude a transmission event within Europe, as the affected
refugees arrived 2 weeks prior in South Italy (31). Analyzing these
clusters by cgMLST shows that the isolates diverge by 0-4 alleles
(Figure 1), within the cluster threshold, despite possessing at
least 50 SNP differences and not representing recent transmission
(31). This exemplifies the increased resolution of using whole
genome SNP-based methods, and the difficulty of inferring direct
transmissions from cgMLST data alone. As C. diphtheriae can
also undergo recombination, it is crucial to consider a recent
recombination by studying the distribution of SNPs across the
genome: if many SNPs cluster in one or more genomic loci, then
a recombination event is likely to have occurred, bringing the
putative transmission event more recent.

SURVEILLANCE

Although country specific surveillance systems for hypervirulent
pathogens such as C. diphtheriae exist, the interoperability of data
and the exchange across countries presents problems (170). In
2014, a WHO-recommended surveillance standard of diphtheria
was published. This included a case definition, laboratory
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FIGURE 1 | Minimum spanning tree showing relationship of all available Corynebacterium diphtheriae genomes by cgMLST. All C. diphtheriae assemblies

available from NCBI on 27.02.2019 were retrieved, and compared to isolates from our laboratory, as well as all reads available from NCBI on 08.10.2018, and those
published, which were assembled using unicycler (168), and duplicate samples removed, giving n = 419 genomes. The cgMLST scheme of (35) was used within
Ridom SeqSphere+ v4.1.6, with clusters given between nodes with five or fewer differences. Nodes are colored according to country of isolation.

criteria for diagnosis, and minimum data elements which
should be collected (171). Similarly, the ECDC has established
a surveillance program for diphtheria. Founded in 1993 as
European Laboratory Working Group in Diphtheria in 2006 it
became the European Diphtheria Surveillance Network (EDSN,
www.ecdc.europa.eu) (172). The network provides valuable
information and aims to standardize surveillance activities and
ensure availability of more comparable data between countries.
It also includes laboratory components focusing on trainings
and external quality assessments (EQAs), strengthening the
laboratory capacity to characterize isolates and develop novel
tools for molecular typing of C. diphtheriae.

While the EDSN provides an important framework for
surveillance of C. diphtheriae, in the current refugee crisis,

multi-national coordination of outbreak investigation is clearly a
challenge. Rapid and effective mechanisms of communication are
crucial. Patients may be evaluated several times on their journey,
and the same pathogen may be isolated in different countries. A
recent report on the tracing of an MDR M. tuberculosis cluster
was very well-coordinated by a joint effort from multiple centers
(51). Similarly, for C. diphtheriae, we directed an investigation
with multiple refugees presenting with wound infection across
different hospitals and diagnostic laboratories in Switzerland
in 2015 (31). In both situations, a multi-national taskforce
organized a coordinated effort to collect isolates and information,
using case report forms to collect structured epidemiological
information on migration routes, vaccine status, and other
affected travelers.
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FIGURE 2 | Phylogenetic overview of all available C. diphtheriae genomes. All C. diphtheriae reads available from NCBI on 08.10.2018 were retrieved, and those
published, and compared to isolates from our laboratory, as well as all assemblies available from NCBI on 27.02.2019, which were shredded to reads using wgsim in
samtools (https://github.com/Ih3/wgsim), and duplicate samples removed, giving n = 419 genomes. All reads were mapped against the reference genome
CP003210 (155) within CLC Genomics Workbench 10.1.1, also used to generate a single nucleotide polymorphism (SNP) phylogeny with parameters that differed
from the default as: variant calling with 10x minimum coverage, 10 minimum count and 70% minimum frequency, and SNP tree creation with 10x minimum coverage,
10% minimum coverage, 0 prune distance and including multi-nucleotide variants (MNVs). Metadata was retrieved from the NCBI database and was associated with
the phylogeny using phandango (169). Colors use the same key as Figure 1; years are shown on a continuous scale. The bottom clade shows the clearly separate
cluster proposed as C. diphtheriae subsp. lausannense.

Individual responsible experts, such as representatives of the =~ implementation of WGS. Such analysis offers improvements over
EDSN or reference laboratories, should be assigned in each  the current model of global tracing of large clonal clusters toward
country in order to keep track of potential movements of  fine-tuned strain discrimination. At the same time, a multicenter
refugees. In the C. diphtheriae situation, refugees were rapidly  evaluation of recently developed inexpensive and discriminatory
lost to follow-up, for example due to relocation in other = VNTR and CRISPR methods is warranted to see if and how
refugee centers. Communication to refugee center responsible  they could complement regional surveillance (150). Beside the
personnel and physicians should be established. The molecular ~ molecular definition of an outbreak, a centralized database
epidemiology of diphtheria would certainly benefit from  allows running the standardized bioinformatic algorithms and
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thereby may provide a benefit for investigations. Isolates could
be registered with particular coded identifiers to avoid re-
sequencing the same isolate (173).

To date, no database can integrate classical epidemiological
data in the form of coded patient identification, vaccine
status, potential exposures, spatiotemporal information of
cases, socioeconomic and immunological data on a population
level, with high-resolution molecular epidemiological data
from sequenced strains. We are developing such a platform,
initially for MDR pathogens (173), which could easily be
expanded to hypervirulent species including C. diphtheriae. This
Swiss Pathogen Surveillance Platform (www.spsp.ch) aims to
integrate all relevant data in the near future, thereby providing
various stakeholders with important information in real-time.
Such a platform may provide a public health data sharing
hub not only for Switzerland, but for European countries
and beyond.

Warning Systems

In many countries, reporting of C. diphtheriae cases to public
health authorities is mandatory. Information is collected and
reported back to the diagnostic laboratories and infectious
diseases specialist in order to heighten awareness. Various
email alerting system for surveillance exists, one of the most
well-known being PROMED (https://www.promedmail.org/), a
subscription service which has been in place since the early
2000s (174). Those warning systems collect information from
media reports, official reports, online summaries, local observers,
subscribers, and others. However, those services rely on reporting
toward the service and also inaccurate interpretation and
privacy issues may be an issue. Nevertheless, there is still
room for faster, more targeted and international ways of
communication to be established. The connection of various
data sources will require the usage of standardized and specific
epidemiological ontologies being used across various databases
such as SNOMED CT (www.snomed.org) or IRIDA (www.irida.
ca). The ethical and legal implications of such big-data driven
surveillance programs need to be clarified in the near future.
Clearly individual patient data should be protected, but those
rights should be balanced in situations where outbreaks with
hypervirulent pathogens may put the general population at risk—
in the case of C. diphtheriae the risk for the general healthy
population in Western countries seems rather low and therefore
surveillance efforts should rather focus on at-risk populations.
Social media may be used to generate epidemiological data
but could also be used as a tool to inform the general
public and health care specialists. We could imagine internet-
based warning systems being combined with a more detailed
platform allowing clinicians to assess classical and molecular
epidemiological aspects.

Machine Learning for Investigation and
Surveillance of Rare Pathogens

In the near future, we can foresee interconnected databases
containing epidemiological data on individual cases, incidence
rates of particular infections, spatiotemporal clusters, WGS data,

travel and migration information, social and print media reports,
and vaccine rates in populations. These may then be used for
machine learning based epidemiological surveillance, such as that
recently published on prediction of dengue outbreaks (175).

Machine learning based algorithms may also be used to
predict the case severity of a particular infection based on NGS
and other clinical data, as similar performed by Njage et al.
in the case of shigatoxigenic E. coli (176). Bacterial genome
wide association studies (GWAS) using machine learning in
C. diphtheriae may help to identify critical biomarkers, linking
bacterial genomic features such as virulence or resistance with
specific host outcomes. Such work often requires hundreds to
thousands of bacterial genomes to compensate for host variability
effects (177) as shown for M. tuberculosis, Campylobacter spp.
and Bordetella spp. (178-180).

The advances in machine learning algorithms may allow the
development of revolutionary surveillance programs, potentially
providing valuable information to public health policy makers
about potential epidemiological trends and risks for the
general public. Although such databases are likely to first
be established for more common epidemic scenarios such as
annual influenza, MDR pathogens, and foodborne pathogens,
particular risks may also be calculated for rare pathogens
such as measles, ebola, or hypervirulent bacteria such as
C. diphtheriae. As we live in an increasingly globalized
world with rapid spread of pathogens, new concepts for
epidemiological surveillance are needed, to enable rapid and
effective interventions.

CONCLUSIONS

Corynebacterium diphtheriae is reemerging in clinics in high
income countries, partly as a result of refugee movement,
and requiring greater awareness of the issue. WGS offers
the opportunity to describe potential transmission events
and infection sources with the highest resolution. Data
provided from molecular typing methods should, where
possible, be analyzed in the context of classical epidemiological
information, for which information has to be rapidly shared
with local public health authorities. In addition, surveillance
for C. diphtheriae and other re-emerging hypervirulent
pathogens would benefit from rapid data collection and
sharing platforms sharing information on classical and
molecular epidemiology.
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Whole genome sequencing (WGS) has become the new gold standard for bacterial
outbreak investigation, due to the high resolution available for typing. While sequencing is
currently predominantly performed on lllumina devices, the preceding library preparation
can be performed using various protocols. Enzymatic fragmentation library preparation
protocols are fast, have minimal hands-on time, and work with small quantities of
DNA. The aim of our study was to compare three library preparation protocols for
molecular typing: Nextera XT (lllumina); Nextera Flex (lllumina); and QlAseq FX (Qiagen).
We selected 12 ATCC strains from human Gram-positive and Gram-negative pathogens
with %G+C-content ranging from 27 % (Fusobacterium nucleatum) to 73% (Micrococcus
luteus), each having a high quality complete genome assembly available, to allow
in-depth analysis of the resulting lllumina sequence data quality. Additionally, we selected
isolates from previously analyzed cases of vancomycin-resistant Enterococcus faecium
(VRE) (n =7) and a local outbreak of Klebsiella aerogenes (n = 5). The number of
protocol steps and time required were compared, in order to test the suitability for
routine laboratory work. Data analyses were performed with standard tools commonly
used in outbreak situations: Ridom SegSphere+ for cgMLST; CLC genomics workbench
for SNP analysis; and open source programs. Nextera Flex and QIAseq FX were found
to be less sensitive than Nextera XT to variable %G+C-content, resulting in an almost
uniform distribution of read-depth. Therefore, low coverage regions are reduced to
a minimum resulting in a more complete representation of the genome. Thus, with
these two protocols, more alleles were detected in the cgMLST analysis, producing a
higher resolution of closely related isolates. Furthermore, they result in a more complete
representation of accessory genes. In particular, the high data quality and relative
simplicity of the workflow of Nextera Flex stood out in this comparison. This thorough
comparison within an ISO/IEC 17025 accredited environment will be of interest to
those aiming to optimize their clinical microbiological genome sequencing.

Keywords: NGS, next generation sequencing, library, lllumina, whole genome sequencing, comparison, bacteria,
prokaryotes
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WGS Library Protocol Evaluation

INTRODUCTION

Whole genome sequences currently provide the highest
resolution for typing bacterial pathogens. The implementation
of next generation sequencing (NGS) in routine clinical
microbiology laboratories provides the foundation to analyze
bacteria with high resolution, reproducibility and accuracy.
Decreasing costs and increasing ease of implementation
through increasingly flexible platform options, means that more
laboratories will seek this technology over time.

Whole genome sequencing (WGS) has shown its value
in molecular epidemiology, from seminal papers on MRSA
and Mycobacterium tuberculosis helping to trace and resolve
epidemics (1, 2), to implementation in routine laboratories (3—
5), and local molecular epidemiological studies (6, 7). Methods
of analysis range from determination of multi-locus sequence
type (MLST; low resolution) through core genome MLST
(cgMLST; high resolution) to whole genome phylogenies based
on single nucleotide polymorphisms (SNPs; highest resolution).
Using WGS in outbreak detection ideally takes account of all
mutations and genomic variability in order to fully resolve
outbreak scenarios and transmission chains (5, 8-11). Factors
encoded within the genomes, such as antimicrobial resistance
(AMR) and virulence factors, can also be determined from
good quality assemblies (3-5, 12). Quality assurance, backward
compatibility, communication between experts in different
fields, and reporting to clinicians are issues currently being
addressed (13-17).

Behind all these analyzes lies the all-important data. Several
technologies have been used over the past decade for WGS: Ion
Torrent PGM, Roche 454, PacBio and most recently Oxford
Nanopore Technologies. But it is predominantly data from
Mlumina machines, from the MiniSeq, MiSeq, NextSeq, or HiSeq
platforms, that is used for molecular epidemiology or bacterial
genomics, as evidenced by the vast amounts of Illumina data
deposited in databases (>90% at the Short Read Archive). Prior
to the sequencing step, DNA libraries need to be made, protocols
for which can vary greatly. Given the relatively high cost of library
preparation compared to sequencing, and the time required to
perform it, library preparation is a critical and rate-limiting step.
Although many aspects of WGS can be optimized for routine
diagnostic microbiology (17), to date few studies have addressed
the data quality produced by different library methods.

Mechanical shearing of DNA often offers the most even
and controllable DNA fragmentation (18), but requires high
amounts of input DNA and hands-on time. Automation
of mechanical shearing is problematic, limiting throughput.
The most popular and implementable library protocols use
proprietary transposases to cleave the DNA and ligate the
adapters in one step, a method which is rapid but dependent
on the DNA/enzyme concentration ratio, and is subject to
sequence bias. The impact of this bias on the %G+C rich
Mpycobacterium tuberculosis genome has been explored, and the
TruSeq (Illumina) method, involving mechanical shearing of
DNA, was found to be superior to the enzymatic Nextera XT
(Ilumina) (19). On the AT-rich Plasmodium falciparum genome,
Nextera was again found to give highly biased results (20). This

phenomenon has also been observed in human leukocyte antigen
(HLA) genotyping (21).

With QIAseq FX, Qiagen have recently released a library
preparation protocol that is based on fully enzymatic
fragmentation (nuclease). The advantage of this approach
is that the efficiency of the fragmentation is not as strongly
affected by %G+C-content as the transposase from the Nextera
XT approach. As QIAseq FX uses only an enzyme and not a
whole complex, the adaptor ligation must then be applied in a
separate step (QIAseq FX DNA Library Handbook). Another
recent launch, Nextera Flex (Illumina) is also a transposome
based library preparation kit, promising consistent yield and
fragment size, and less sequence bias (22). The development over
Nextera XT involves bead-conjugated transposomes, meaning
that the tagmentation sites are positionally better defined by the
DNA binding to the beads.

The costs of the different compared kits are quite similar,
and up-to-date prices are listed on the manufacturer’s websites.
Currently, the difference across all is <20%. Some laboratories
implement protocols using lower reagent volumes to reduce the
per sample costs, however this study used the manufacturer’s
standard protocols.

Our aim was to compare the data quality from three
commercial library preparation kits, for use in clinical routine
microbiology WGS. The optimal protocol is rapid, performs
consistently across all genome types without optimization, and
produces high quality data for both rapid and reliable outbreak
analysis and AMR gene detection.

MATERIALS AND METHODS

Strain Selection

In order to evaluate the usability of the different library
preparation kits, we made a selection of 12 ATCC strains
representing Gram-positive and negative pathogenic bacterial
species, with a high range of %G+C-content (Table1). A
complete high-quality reference genome exists for each strain.
Additionally, we included seven local patient isolates of
Enterococcus faecium and five isolates from a Klebsiella aerogenes
outbreak from 2018.

DNA Extraction and Sequencing

All work was performed in an ISO/IEC 17025 accredited
environment, although only the Nextera XT protocol is currently
accredited. DNA from all isolates was extracted by Qiagen EZ1
(Qiagen, Hilden, Germany) using the DNeasy blood and tissue
kit (Qiagen), from a single colony. Prior to this, some isolate
were subject to pretreatment: Mycobacterium tuberculosis was
inactivated at 95°C for 1h and disrupted in a TissueLyser
(Qiagen) for 2 min at highest frequency; Streptococcus pyogenes
was pre-treated with the TissueLyser (Qiagen) for 2min at
frequency 30; Staphylococcus were pre-treated with lysozyme und
lysostaphin for 30 min at 37°C; all other bacteria were pre-treated
using Proteinase K for 10 min at 56°C. Extracts were quantified
by Qubit (Invitrogen), separated into three aliquots, and frozen
at 20°C.
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TABLE 1 | List of sequenced isolates, characteristics, reference genomes, and sample accessions.

Unique name Species DNA extraction Reference %G+C- content Reference Number of reads produced Sample
conczentration used reference sequence accession
(ng/l) accession
XT Flex Qia
ATCC25586 Fusobacterium 36.4 ATCC25586 27.15 NC_003454.1 1,16,59,182 54,71,621 38,92,304 ERS3207828
nucleatum (SAMEA5402510)
ATCC700819 Campylobacter 34.2 ATCC700819 30.55 NC_002163.1 51,04,723 80,67,749 5,37,051 ERS3207833
jejuni (SAMEA5402515)
ATCC25923 Staphylococcus 88.4 ATCC25923 32.86 NZ_CP009361.1, 90,93,138 57,42,025 71,39,563 ERS3207824
aureus NZ_CP009362.1 (SAMEA5402506)
ATCC29212 Enterococcus 39.8 ATCC29212 37.35 NZ_CP008816.1, 71,99,132 68,06,105 69,81,047 ERS3207826
faecalis NZ_CP008815.1, (SAMEA5402508)
NZ_CP008814.1
ATCC19615 Streptococcus 20.8 ATCC19615 38.48 NZ_CP008926.1 78,95,584 60,46,735 94,81,835 ERS3207823
pyogenes (SAMEA5402505)
ATCC25845 Prevotella 92.0 ATCC25845 40.98 NC_014370.1, 69,938,760 21,62,813 52,57,867 ERS3207831
melaninogenica NC_014371.1 (SAMEA5402513)
ATCC25922 Escherichia coli 27.2 ATCC25922 50.37 CP009072.1 64,19,681 53,21,879 61,12,711 ERS3207827
(SAMEA5402509)
ATCC700603 Klebsiella 42.8 ATCC700603 57.73 NZ_CP014696.2, 48,25,887 58,53,388 84,17,937 ERS3207829
quasipneumoniae NZ_CP014697.2, (SAMEA5402511)
NZ_CP014698.2
ATCC25177 Mycobacterium 1.2 ATCC25177 65.61 NC_009525.1 47,94,204 96,95,720 2,54,69,645 ERS3207832
(H37Ra) tuberculosis (SAMEA5402514)
ATCC27853 Pseudomonas 42.4 ATCC27853 66.08 CP015117.1 45,32,729 48,88,025 68,12,269 ERS3207825
aeruginosa (SAMEA5402507)
ATCCBAA-67 Burkholderia 72.0 ATCCBAA-67 66.42 NZ_CP016442.1, 87,99,551 55,77,758 63,87,296 ERS3207822
stabilis NZ_CP016443.1, (SAMEA5402504)
NZ_CP016444 1
ATCC4698 Micrococcus 45.6 ATCC4698 73.00 CP001628.1 50,81,588 93,96,130 85,84,319 ERS3207830
luteus (SAMEA5402512)
NMB004374 Enterococcus 55.8 Aus0004 37.80 NC_017022.1 53,87,832 52,12,078 77,60,492 ERS3207811
faecium (SAMEA5402493)
NMB004375 Enterococcus 55.8 Aus0004 37.80 NC_017022.1 52,85,502 44,62,856 55,05,430 ERS3207812
faecium (SAMEA5402494)
NMB004376 Enterococcus 55.4 Aus0004 37.80 NC_017022.1 49,36,762 28,48,407 88,145 ERS3207813
faecium (SAMEA5402495)
NMB003061 Enterococcus 56.2 Aus0004 37.80 NC_017022.1 41,98,651 52,13,009 84,72,370 ERS3207814
faecium (SAMEA5402496)
NMB003076 Enterococcus 47.2 Aus0004 37.80 NC_017022.1 61,97,648 64,57,841 75,28,868 ERS3207815
faecium (SAMEA5402497)
(Continued)
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ERS3207818

1,09,31,859

78,95,179

9,64,566

NC_015663.1

55.00

KCTC2190

25

Klebsiella

NMBO004428

(SAMEA5402500)
ERS3207819

aerogenes
Klebsiella

67,01,5637 60,70,575

4,27,144

NC_015663.1

55.00

KCTC2190

29

NMB004429

(SAMEA5402501)
ERS3207820

aerogenes
Klebsiella

NC_015663.1

55.00

KCTC2190

24.8

NMB004430

38,92,829 69,09,301

33,39,975

(SAMEA5402502)
ERS3207821

aerogenes
Klebsiella

86,19,114 56,84,285

46,70,831

NC_015663.1

55.00

KCTC2190

28.2

NMB004431

(SAMEA5402503)

aerogenes

Libraries were created from the aliquots using Nextera
XT (“XT”; Mlumina), Nextera DNA Flex (“flex”; Illumina) or
QIAseq FX (“Qia”; Qiagen). The recommended amounts and
concentrations of DNA for each protocol were used where
possible (1 ng for XT, 100 ng for Flex, 200 ng for Qia). To simulate
a more realistic situation for M. tuberculosis, for which DNA
extraction is not trivial, we used less DNA for the three kits (1
ng for XT, 10 ng for flex, 10 ng for Qia).

Each pool of libraries was loaded and sequenced separately
on a NextSeq 500 device (cluster densities: XT 202, flex 189, Qia
244 K/mm?) and were sequenced using 2 x 151 bp paired end
reads, within the Division of Clinical Microbiology, University
Hospital Basel. The data was demultiplexed using bcl2fastq
(version v2.17.1.14; Illumina).

Genomic Data Quality Analysis

Reads were trimmed using trimmomatic (version 0.38)
(23) using default parameters (ILLUMINACLIP:2:30:10
SLIDINGWINDOW:4:15 MINLEN:125), and randomly
subsampled using seqtk (version 1.3-r106, -s100; https://github.
com/lh3/seqtk) to provide mean 10, 20, 50, 100, and 200-fold
coverage of the genomes.

Assemblies were produced by unicycler (v0.3.0b) (24), with
assembly parameters derived using QUAST (version 5.0.2) (25).
The annotation was performed using Prokka (version 1.13) (26).
AMR genes were predicted by using ABRicate (version 0.8.10;
https://github.com/tseemann/abricate) with the NCBI database
(accession: PRINA313047).

Reads from ATCC strains were mapped using BWA (version
0.7.17) (27) against the complete references with all replicons
concatenated (Table 1). The read depth at the different positions
was determined using pilon (version 1.23). The insert size was
calculated from the sam files using an in-house python script
(https://github.com/danielwuethrich87/collection/blob/master/
scripts/parse_sam_for_insertsize.py). The base-composition at
the difference positions within the reads was calculated using
FastQC (version 0.11.5; https://www.bioinformatics.babraham.
ac.uk/projects/fastqc/) on the mapped 10-fold subsampled reads
from ATCC25586.

K-mer signatures of sub-sampled reads and corresponding
reference genomes were computed with Sourmash v2.0.0 (28)
using the suggested MinHash resolution (1000:1 compression
ratio) and a k-mer size of 31. The k-mer signature of
the subsampled assemblies was assessed with the Jaccard
distance metric, which is calculated by asking how many
k-mers are shared between two samples vs. how many k-
mers in total are in the combined samples [(Samplel N
Sample2)/(Samplel U Sample2)]. A Jaccard distance of 1 means
the samples are identical; a Jaccard distance of 0 means
the samples are completely different. Overlaps with reference
genome were also calculated in terms of containment [(Samplel
N Sample2)/Samplel].

The orthologous groups were determined using the stand-
alone Roary pipeline v3.12.0 (29), which takes annotated
assemblies in GFF3 format produced by Prokka as above.
Principal component analysis (PCA) was performed on the
output table of gene presence/absence and the coordinates of the
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first two principal components (weighted by the proportion of
variance explained) were used to calculate the distance of each
sample from the reference as a metric to determine the similarity
in terms of gene content.

Outbreak Analysis

For outbreak isolate genomes, data was analyzed in Ridom
SeqSphere+ v4.1.6 for Enterococcus faecium cgMLST (30), and
Klebsiella aerogenes cgMLST using an ad-hoc scheme comprising
3282 target loci based on the KCTC2190 genome (NC_015663.1)
and 41 additional genomes from NCBI. Additionally, MentaLiST
(version 1.0.0) (31) was used to identify the cgMLST alleles from
the Enterococcus faecium isolates.

CLC Genomics Workbench 10.1 was used to generate Single
Nucleotide Polymorphism (SNP) phylogenies. Mapping was
performed using default parameters, variant calling used the
parameters: 10x min coverage, 10 min count and 70% min
frequency. SNP trees used a neighbor joining method: minimum
coverage 10, minimum coverage 10%, minimum z-score 1.96,
multi-nucleotide variants included. The mapping reference
for the Klebsiella aerogenes outbreak was that of KCTC2190,
accession number CP002824.

The Enterococcus faecium data was also analyzed using snippy
(version 4.3.6, -minfrac 0.8; https://github.com/tseemann/
snippy) for SNP calling comparing to the Aus0004 as reference
(accession number NC_017022.1) For the phylogenetic analysis,
only the core genome SNPs were used. The phylogenetic tree
was calculated using the neighbor joining tree algorithm of the
scikit-bio (version 0.2.0) package (http://scikit-bio.org/).

RESULTS

Library Preparation and Ease of Use in

Routine Laboratories

We selected three different rapid library preparation kits, all of
which are based on enzymatic fragmentation: Nextera XT (“XT”),
Nextera DNA Flex (“flex”), and QIAseq FX DNA (“Qia”) as they
each provide a complete solution kit. The required DNA input
amount of the three kits is very variable: XT needs exactly 1 ng of
input DNA; Qia and flex support a wide range of DNA inputs that
can affect the library preparation. The insert size of the Qia kit
can be controlled by adjusting the fragmentation time and DNA
input amount (1-1,000 ng). Flex accepts a wide range of input
DNA (1-500 ng) resulting in the same insert size (300-350 bp).
However, in Qia and flex, different DNA input amounts require
the number of cycles in the PCR amplification step to be adjusted.
Qia also supports a PCR free protocol if more than 100 ng are
applied. We decided to use 1 ng of input DNA for XT, 100 ng for
flex and 200 ng for Qia. This amount of DNA is reliably produced
by our routine DNA extraction techniques, and simplifies the
Qia protocol through elimination of PCR. For M. tuberculosis
we used only 10 ng for Qia and flex. For the Qia protocol we
were aiming for a fragment peak size of 550 bp by using 6 min
fragmentation time for 100 ng and 10 min for the 10 ng input.
The other kits do not allow specific adjustments for fragment
length in the standard protocol. Each of the final libraries using
XT and Qia were quantified and the 24 samples were equimolarly

pooled. As sample normalization is already included in flex, we
pooled the samples by taking the same volume from each library.

The application of the three kits revealed their strengths and
weaknesses in the laboratory. For routine work, time is of course
a major factor. The provider of all three kits state that the library
preparation takes 2.5 h. However, we were only able to reach this
time with XT, and only if time taken for DNA quantification
before and after is not included. We also have to mention that
the XT protocol has been established in our laboratory for 3
years and therefore the technicians are highly experienced. The
Qia and flex protocols both took ~4 h. The Qia kit requires long
fragmentation time (~60 min) and ligation time (45 min). It also
has to be considered that if the input DNA amount of Qia is
below 100 ng, PCR and clean-up must be included, which adds
a further 90 min. For flex, the resuspension of the beads with the
transposomes requires optimization, as they stick to the walls of
PCR plates. Saving hands-on time, especially with larger sample
numbers, flex includes bead-based concentration normalization.
Also of importance in routine laboratory work, the Illumina
kits provide plenty of consumable, which allows for potential
inaccurate pipetting and still allows the indicated number of
samples to be processed. In contrast, the Qia fragmentation
mixture volume delivered in the kit was too limited and resulted
in the sequencing failure of one sample (NMB004375).

Taken together, XT has the most convenient protocol to use in
the laboratory. However, flex provides some features that allow
a very streamlined process. Even though the flex protocol takes
longer than XT, the wide range of DNA input amount and the
normalized output can lead to a significant time gain. The Qia
protocol take also longer than the XT protocol and needs more
adjustments according to the DNA input amounts. On the other
hand, it offers the easy adjustment of insert sizes.

Genome Coverage Evaluation of ATCC

Strains

As a first estimate for the quality of the sequencing we mapped
the reads of the ATCC strains against their published reference
genomes. For this purpose, we aligned the 100-fold subsampled
reads from each sample to the reference and visualized the read
depth distribution (Figure 1A). The read depth is most variable
using XT. This is especially obvious in genomes with low %G+-C-
content, resulting in many genomic regions with low coverage.
Qia and flex, on the other hand, show a more even distribution of
read depth in all samples and therefore provide a more complete
representation of the genomes. The unevenness of coverage is
less pronounced in genomes with G+C-content of 40% or more:
these show similar pictures with XT, flex and Qia.

Based on the alignments of the reads to the reference genomes
we calculated the insert sizes of the different library preparation
kits (Figure 1B). With XT we see a clear trend that the genomes
with higher %G+C-content have larger insert sizes, showing
again that this method is highly sensitive to %G~+C-content. The
insert sizes of the flex and Qia are stable across the different
genomes, with the exception of the low input Mycobacterium
tuberculosis, and seem unaffected by %G+C-content. Using flex,
the insert sizes are well above 300 bp, which allows an optimal use
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FIGURE 1 | Quality assessment of WGS data. (A) The reads of the three library kits subsampled to 100-fold were mapped against the 12 reference genomes and the
read depth called was measured. The colors indicate the different library preparation kits. The x-axis reflects the position along the genomes and the y-axis the read
depth. (B) The insert size of the different libraries was calculated using the alignment of the paired-end reads to the reference. The boxplots represent the calculations
from the different species, with the lowest %G+C-content on the left, and the highest on the right. In the boxplots the lower and upper hinges correspond to the first
and third quartiles. The whiskers are located at 1.5x of the interquartile range. (C) The base composition of all the nucleotide sites in the reads was determined. The
bases on the left side show the composition around the fragmentation site.

of 151 x 151 paired-end reads. With Qia we have an insert size
slightly above 200 bp, despite having aimed for 400 bp (550 bp
fragment size). This value should be able to be adjusted through
in-depth protocol optimization.

Looking at %G+C-content variation within the reads
(Figure 1C), overall the reads produced by Qia and flex are
closer to the actual genomic %G+C-content than those from
XT. Focusing on the beginning of the reads, which represent the
fragmentation sites, flex and XT give a strong variation of the
%G+-C-content, which is characteristic for the transposome used
by Nextera. Surprisingly this fragmentation preference does not
affect the read depth distribution of flex. Using Qia we see that
the beginning of the reads are very similar to the %G+C-content
of the genomes.

Evaluation of Assembly Quality

In order to study the genome representation in the different
library preparation kits, we analyzed the subsampled reads of the
ATCC strains at mean 10, 20, 50, 100, and 200-fold coverage.

K-mer containment was used to compare the k-mers in the
reads of the difference subsamples against the k-mers in the
reference assemblies (Figure 2A). With this analysis we found
that, using Qia and flex with an average read depth of 10-fold,
more than 99% of all k-mers were found in most of the genomes.
At 50-fold with these two kits, k-mers were already completely
saturated, indicating that all the genome is represented. XT shows
a different picture: while increasing read depth increases the
percentage of k-mers found, the k-mer pool of the reference is
not completely represented using XT even with 100 and 200-
fold coverage, indicating that there will always be regions absent,
leading to incomplete representation of the genome.

De novo assembly of the subsampled reads was performed,
and the k-mers of the assemblies compared to those from the
references using the Jaccard index (Figure 2B). This analysis
shows a similar picture. Qia and flex show a good representation
of the genome with a 50-fold coverage upwards, whereas using
XT with 100-fold and 200-fold coverage, reads do not completely
represent the genome.
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Assembly quality measures (NG50, number of contigs,
genome representation, mismatches) were calculated using
Quast (Figure S1). With increasing coverage, contig length
(NG50) increases, as does genome fraction compared against
the reference genomes, the number of contigs in the assembly
decreases, and so do the number of mismatches called between
the assemblies and the references. This analysis again shows
that we can obtain an almost complete representation of the
genome with 50-fold coverage using Qia and flex; XT on the other
hand needs 100-fold or more coverage. In order to compare the
gene content of assemblies from the different library preparation
kits and subsamples, we performed a PCA on the presence
and absence of orthologous groups (Figure S2). In general, we
found that low coverage assemblies (10- and 20-fold) are more
likely to result in different gene content (less genes) to the
references, which cluster with the high coverage assemblies.
However, we also found that in strains with low %G+C-
content (<50.37%; ATCC25586, ATCC700819, ATCC25923,
ATCC29212, ATCC19615, ATCC25845, and ATCC25922) the
genes found in the XT assemblies, even at high coverage, are
separated from the references, Qia and flex assemblies.

AMR genes were analyzed in the published complete ATCC
reference genomes and the assemblies from our experiment,
using ABRicate (Table2). We found that we can find every
resistance gene from flex and Qia reads if the coverage is 50-
fold or over. With XT many genes are not found with a coverage
of 50-fold and some genes are even absent from the assemblies
produced from a coverage of 100 or 200-fold.

Estimation of Coverage Required for
cgMLST Analysis

In 2018, we sequenced, as routine, several cases of vancomycin-
resistant Enterococcus faecium (VRE) and a small outbreak
of Klebsiella aerogenes (K. aerogenes) that was not associated
with our hospital. For this study, we selected five K. aerogenes
isolates and seven VRE isolates to evaluate the performance

of the three kits on samples from the routine «clinical
microbiology laboratory.

After subsampling, we typed the seven VRE strains using
the cgMLST scheme of Enterococcus faecium, in the commercial
software Ridom SeqSphere+, and using the open source software
MentaLiST. In order to determine the resolution, we compared
the number of core genes found in each sample and subsample
(Figures 3A,B). Using reads from Qia and flex libraries, most of
the core genes are found with a 50-fold coverage and over. With
XT, over 25% of the core genes are not identified using a coverage
of 50-fold, and 10-20% are still missing at 100-fold coverage.

For the five K. aerogenes we created an ad-hoc cgMLST scheme
using Ridom SeqSphere+. In comparison to the VRE, 50-fold
coverage was sufficient for all three kits to assign alleles to over
85% of core genes (Figure 3C). As K. aerogenes has a higher
%G+C-content than E. faecium, we have seen that this results in
more equal genome coverage from all kits, especially XT, leading
to better assemblies and increased core gene identification.

Analysis of Vancomycin-Resistant

Enterococcus faecium Isolates

A previous investigation showed an outbreak of VRE from
Switzerland carried the same MLST type (ST796) as an outbreak
in Australia (32-34). Out of this investigation we selected four
isolates from an outbreak, as well as three isolates (ST117) from
an example of in-patient acquisition of a vancomycin-resistance
carrying transposon (Tn1549) in the same strain background.
To test the performance of the different kits we aligned the
reads against a reference (Aus0004) for the construction of a
SNP scheme. For the analysis we only selected SNPs from the
core genome to reduce false SNPs caused by the distance to the
reference. Using high coverage samples (>50-fold Qia, 50-fold
flex, 100-fold XT), we found more than 2,000 SNPs between the
isolates of ST117 and ST796. In contrast, within each sequence
type only 1-2 SNP differences were identified (Figure S3A). All
strains showed the same distance to the reference at the root of
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TABLE 2 | Prediction of AMR determinants in sequenced ATCC strains compared to reference genomes.

ATCC strain Resistance mechanism* Automatically detected in
XT Flex Qia
Name % coverage % identity 10 20 50 100 200 10 20 50 100 200 10 20 50 100 200
ATCC25177 aac(2’)-Ilc 100 100 Y Y Y Y N Y N Y Y Y Y Y Y Y Y
erm(37) 100 100 Y Y Y Y Y Y Y Y Y Y N N Y Y Y
blaA 100 100 Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y
ATCC25922 blaEC-5 100 100 Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y
ATCC25923 tet(38) 100 100 2 2 2 2 Y N Y Y Y Y Y Y Y Y Y
fosD 100 79.05 N N N N Y Y Y Y Y Y Y Y Y Y Y
ATCC27853 fosA 100 98.53 Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y
catB7 100 99.22 Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y
blaOXA-396 100 100 Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y
aph(3’)-lib 100 98.39 Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y
blaPDC-303 100 99.92 [P Y Y Y Y Y Y Y Y Y Y Y Y Y Y
ATCC29212 dfrE 100 97.98 Y Y Y Y Y Y Y Y Y Y P Y Y Y Y
tet(M) 100 100 Y Y Y Y Y P Y Y Y Y Y Y Y Y Y
Isa(A) 100 99.8 Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y
ATCC700603  blaOKP-B-23 100 99.42 Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y
0qxAT0 100 93.79 Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y
ogxB11 100 95.94 Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y
fosA 100 95.24 P Y Y Y Y Y Y Y Y Y Y Y Y Y Y
blaSHV-18 100 100 Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y
ant(2”)-la 100 100 Y Y Y Y Y N Y Y Y Y Y Y Y Y Y
aphA16 100 100 N N 2 2 Y N Y Y Y Y 2 Y Y Y Y
aadA10 100 87.59 N Y Y Y Y N Y Y Y Y Y Y Y Y Y
blaOXA-2 100 100 N Y Y Y Y N Y Y Y Y Y Y Y Y Y
gacEdeltal 100 100 N Y Y Y Y N Y Y Y Y Y Y Y Y Y
sult 100 100 N Y Y Y Y N Y Y Y Y Y Y Y Y Y
ATCC700819  blaOXA-605 99.75 99.63 P N N Y Y Y Y Y Y Y Y Y Y Y Y
ATCCBAA-67  penA 95.74 84.89 Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y

*All under 70% coverage and/or 70% identity were screened out. Y, identified; N, not identified (red); F, partial (yellow); 2, split over 2 contigs (yellow). **This sequence also assembled
a contig of 896 bp which is predicted to carry a dfrC resistance determinant: % coverage 91; % identity 76.

the tree (Figure S3B). However, if we also include samples with
lower sequencing depth (<20-fold Qia, <20-fold flex, <50-fold
XT), we find a higher diversity in the pairwise comparison of the
strains (Figure S3C): up to 49 SNPs among ST117 isolates, and
in up to 51 SNPs among the ST796 isolates. This is an indication
that we are discovering falsely called SNPs. The neighbor joining
phylogeny also shows that that subsamples with lower sequencing
depth have a smaller distance to the root, as not all SNPs are called
(Figure S3D). Therefore, we conclude that we can improve SNP
typing: lowering the number of falsely called SNPs and increasing
the number of “real” SNPs, by using higher sequencing coverage,
and Qia and flex Kkits.

We identified AMR genes in the VRE isolates (Table S1).
Using Qia and flex, all AMR genes are found if at least a coverage
of 50-fold is used. For XT, a coverage of at least 100-fold is needed
to ensure the detection of all genes.

Analysis of Klebsiella aerogenes Outbreak
Analysis

Five K. aerogenes isolates from a small outbreak were investigated
using the commercial software Ridom SeqSphere+ for cgMLST,
and CLC genomics for SNP analysis. The cgMLST analysis gave

the same results for the all library kits at 200-fold (Figure 4A),
showing small numbers of allelic discriminations between the
isolates. Using lower coverage subsampled datasets, the number
of identified allelic differences becomes smaller (Figure S4).
Using flex, all the strains could be differentiated even with 10-
fold coverage, which was not the case for Qia and XT, where
isolates began to collapse into clusters. In the SNP analysis we did
not find any differences between the kits with 200-fold coverage
(Figure 4B), with each identifying 15 SNPs separating the five
isolates. However, if we perform the analysis with the lower
subsampled reads, again the resolution declines (Figure 4C). We
could still capture the whole diversity using flex with 100-fold and
50-fold coverage, and Qia with 100-fold. Using XT we identified
13 and 14 SNPs (1 SNP was falsely called) in the 100-fold and
50-fold dataset, respectively.

DISCUSSION

Sequence Quality

This in-depth comparison of three commercial library
preparations kits shows the superiority of the Qia and flex
kits over XT concerning the quality of the data produced.
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FIGURE 3 | cgMLST alleles identified from the patient isolates. The different subsamples (x-axis) were used to determine of the alleles of the core genome. The
different strains are depicted as bars. The y-axis shows the percentage of core genes that can be used for allelic typing. The colors indicate the different library
preparation kits. The E. faecium isolates were analyzed using Mentalist (A) and Ridom SegSphere+ (B). The K. aerogenes isolates were analyzed only using Ridom
SeqgSphere+ (C). The failed Qia library is labeled with “*”.

Through our strategic study design, including a range of human
pathogens, we have shown that these two methods produce high
quality NGS data that represent the whole genome, at a mean
coverage of at least 50-fold. The fragmentation step of these
methods is highly stable to variability in the %G+C-content
in the genome, resulting in almost even distribution of read
depth. In contrast, XT is highly affected by the %G+C-content
variation within and between the genomes. This results in
an incomplete representation of the genome, especially if
lower read depths (<100-fold) are used. Therefore, we suggest
that, while Qia and flex libraries can be relied on at mean
coverages 50-fold and above, a higher sequencing depth for
libraries prepared with XT is required (over 100-fold), which
will affect the number of samples that can be pooled on a
sequencing run (TableS2). This is crucial for the highest
resolution of typing, and for comprehensive surveillance of
genomic elements such as AMR and virulence genes. We
note that we found limitations of the XT data in terms of
genome representation in some cases even at a mean read depth
of 200-fold.

Our study protocol used a single DNA extraction protocol,
and as such we cannot exclude that the tested kits show a
different performance with other protocols. Additionally, we
conducted this study without technical replicates, therefore
variability between batches could not be assessed.

Outbreak Investigation

The investigations of the E. faecium and K. aerogenes patient
isolates show the strength of WGS for bacterial typing. Even
though the three kits are based on significantly different
enzymatic and chemical reactions, the typing results are identical
between the methods at high coverage. If the data quality is low,
resolution is lost, both in cgMLST and SNP analysis. This is a very

important finding for typing laboratories, and especially large-
scale projects that want to compile NGS data from nationwide
labs to establish national surveillance (35). In all settings,
however: local, national or global, the quality control and
bioinformatic analysis remain key for epidemiological analysis,
as low-quality data can affect the outcomes by lowering the
resolution or allowing the false calling of SNPs.

Usability in the Laboratory

The evaluation of the usability in the laboratory showed that
XT is the quickest protocol (2.5h). The core protocols of
Qia and flex take a least 1h longer. However, in the flex
protocol, library normalization is included, which reduces
the time needed to pool the libraries. This protocol also
offers a flexible input amount (50-500 ng) that does not
require optimization, saving time in the DNA preparation.
However, if <50 ng is available, the number of PCR cycles
has to be increased. The Qia protocol needs an accurate
measurement of the input DNA, as the resulting fragmentation
depends on the DNA amount. If <100 ng input DNA
is used, additional PCR and clean-up steps are required
that prolong the library preparation by a further 60-90 min.
Therefore, XT is superior in time efficiency, but closely followed
by flex.

The fragment length is also a very important factor in the
sequencing process. Libraries with insert sizes that are smaller
than the read length lead to overlaps in the reads pair and
therefore loss of sequence information. Fragment length also
affects the cluster density calculation, the clustering efficiency
and the sequencing depth. If the fragment length is stable
across different sample types, the amount of DNA is sufficient
data to calculate the molarity and therefore the number of
clusters. Long fragments lead to inefficiency in the clustering
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FIGURE 4 | Analysis of the K. aerogenes outbreak isolates. (A) The isolates (200-fold subsamples) were analyzed using cgMLST in Ridom SegSphere+ and are
depicted in a minimum spanning tree (MST). The isolates are shown as circles. If two strains are identical they collapse into one circle. The numbers on the lines
connecting the different circles show the number of different alleles between two isolates (not to scale). (B) The genomic distances between the isolates (200-fold
subsamples) is show as a phylogenetic tree representing all SNP differences across the whole genome. (C) SNP numbers across the tree called using the different
subsamples.

and can result in very low cluster densities; short fragments
can lead to over clustering and the failure of a run. Therefore,
it is important to produce a stable insert size for the libraries,
independent of the input DNA. Our comparisons showed that
the insert length in Qia and flex are stable across varying
%G+C-content. The insert size from the XT is much more
affected by the %G+C-content. In our experience with XT,
we obtain much higher cluster densities (occasionally leading
to over clustering) when sequencing AT-rich species such as
Campylobacter, as opposed to Klebsiella. It is worth mentioning
that we suggest to use 2 x 150 bp reagent kits for these libraries,
as the tested libraries generally show an insert size of <350
bp. We do not recommend using the MiSeq Reagent Kit v3
(600-cycle) for these libraries, as it produces 2 x 300 bp reads,
and the resulting read pairs would overlap with libraries of
this length.

Current trends indicate that WGS will be used more often
in routine diagnostics and therefore also the number of samples
processed will increase. Thus, an implementation of the library
preparations kits on automated liquid handling systems will
reduce the time and cost associated with this technology. All three
protocols discussed in this study can be implemented on liquid
handling systems that are equipped with a thermocycler and a
magnetic stand.

We have summarized the important features of the different
kits that should support other labs in deciding on the most
appropriate library preparation kit (Table 3).

FINAL CONCLUSION

The evaluation of the three kits clearly showed that the data
quality from libraries made with Qia and flex are superior
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TABLE 3 | Key features of the compared library preparation kits.

Nextera XT Nextera DNA Flex QlAseq FX
Time required 2.5h 4h 4h
DNA input amount range (ng) 1-1 1-600 1-1,000

Adjustments required for variable No variable input supported
input
Insert size behavior Affected by DNA input amount and

%G+C-content
Available barcodes 384

Limitations Highly affected by input DNA

Key advantage Simple protocol

Special feature Fast protocol

PCR cycles required to be adjusted,
using <50 ng

Barely affected by the input DNA

384

Bead-linked transposomes (BLT)
handling needs practice

Highly standardized output (input
DNA independent)

Produces normalized libraries (>~100
ng input DNA)

Additional PCR step is required if
using <100 ng (+ 90 min)

Affected by DNA input amount

96
Reagent volumes are tight

PCR-free (>100 ng input DNA)

Insert size can easily be adjusted to
needs

Data quality Highly variable read depth High quality data High quality data
Recommended read depth G+C < 50%: 200 x 50 x 50 x

G+C > 50%: 100 x
to those from XT. The comparison of laboratory processes FUNDING

of the Qia and flex kits shows that flex is superior, as the
protocol needs very few adjustments, and less hands-on time for
routine questions. Therefore, flex best enables streamlining of the
laboratory processes for WGS in the context of surveillance.
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The recent advancements in rapid and affordable DNA sequencing technologies have
revolutionized diagnostic microbiology and microbial surveillance. The availability of
bioinformatics tools and online accessible databases has been a prerequisite for this. We
conducted a scientific literature review and here we present a description of examples of
available tools and databases for antimicrobial resistance (AMR) detection and provide
future perspectives and recommendations. At least 47 freely accessible bioinformatics
resources for detection of AMR determinants in DNA or amino acid sequence data have
been developed to date. These include, among others but not limited to, ARG-ANNOT,
CARD, SRST2, MEGARes, Genefinder, ARIBA, KmerResistance, AMRFinder, and
ResFinder. Bioinformatics resources differ for several parameters including type of
accepted input data, presence/absence of software for search within a database of
AMR determinants that can be specific to a tool or cloned from other resources, and
for the search approach employed, which can be based on mapping or on alignment.
As a consequence, each tool has strengths and limitations in sensitivity and specificity
of detection of AMR determinants and in application, which for some of the tools have
been highlighted in benchmarking exercises and scientific articles. The identified tools
are either available at public genome data centers, from GitHub or can be run locally.
NCBI and European Nucleotide Archive (ENA) provide possibilities for online submission
of both sequencing and accompanying phenotypic antimicrobial susceptibility data,
allowing for other researchers to further analyze data, and develop and test new tools.
The advancement in whole genome sequencing and the application of online tools for
real-time detection of AMR determinants are essential to identify control and prevention
strategies to combat the increasing threat of AMR. Accessible tools and DNA sequence
data are expanding, which will allow establishing global pathogen surveillance and AMR
tracking based on genomics. There is however, a need for standardization of pipelines
and databases as well as phenotypic predictions based on the data.

Keywords: global, antimicrobial resistance, surveillance, genomic, bioinformatics tools, microbiology
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Bioinformatics Resources for Prediction of AMR

INTRODUCTION

The science of infectious disease, along with other medical
and biological specialties, is undergoing rapid change brought
on by the advent of affordable whole genomic sequencing
(WGS) technologies (1-3). These technologies are rapidly
gaining acceptance as routine methods, and in the process, are
transforming laboratory procedures.

The amount of bacterial genomic data being generated
is immense. As of this writing, for example, over 190,000
Salmonella genomes alone are in the public domain with
hundreds being added weekly. A complete genomic DNA
sequence represents the highest practicable level of structural
detail on the individuating traits of an organism or population.
As such, it can be used to provide more reliable microbial
identification, definitive phylogenetic relationships, and a
comprehensive catalog of traits relevant for epidemiological
investigations. This is having a major impact on outbreak
investigations and the diagnosis and treatment of infectious
diseases, as well as the practice of microbiology and epidemiology
(4). Furthermore, DNA sequences are a universal dataset from
which, theoretically, any biological feature can be inferred.
In clinical applications, this includes the ability to detect
antimicrobial resistance (AMR), and to track the evolution and
spread of AMR bacteria in a hospital or the community.

AMR is a global health problem that contributes to tens
of thousands of deaths per year [Chaired by Jim O’Neill,
(5)]. Historically, AMR has been detected as a measurement
of the growth inhibitory effects of a chemotherapeutic agent
on a bacterial population cultured under specific laboratory
conditions. Despite some ancillary enhancements, clinical
laboratories to this day rely mainly on diffusion and dilution
methods to guide clinical therapy and to monitor AMR over
time. Accumulating data show that AMR can be accurately
predicted from the genomic sequence for many bacteria. The
sequence-based approach to AMR detection requires robust
bioinformatics tools to analyze and visualize the genomic
structure of the microbial “resistome,” defined by AMR genes
and their precursors (6). This review summarizes the state of the
science in using single isolate WGS to track global AMR.

THE ADVANTAGES OF WHOLE GENOME
SEQUENCING

A major advancement enabling resistome surveillance is the
demonstrated power to predict AMR from genomic data alone.
Several studies including those focused on foodborne pathogens
and Enterobacteriaceae have shown a high concordance (>96%)
between the presence of known AMR genes or mutations
and Minimum Inhibitory Concentration (MIC) of several
antimicrobials at or above the epidemiological cut-off value or
clinical breakpoint for resistance. High sensitivity of >87%,
defined by the ability to correctly identify AMR determinants
associated with an antimicrobial resistance phenotype (true
positive rate) and high specificity of >98%, defined by the
ability to correctly identify the absence of AMR determinants

in an antimicrobial susceptible phenotype (true negative rate),
have been observed depending on the bacterial species analyzed
(Table 1) (7-18). Furthermore, a growing body of data shows
that it is possible to predict AMR, and perhaps the MIC of an
antimicrobial, applying machine or deep learning to genome
sequence data (19-21). The comparison between phenotype and
genotype as well as the application of machine or deep learning
are however still in their infancy and additional data on bacterial
species beyond the foodborne pathogen domain are needed.

The most obvious advantage of WGS for microbial typing
and AMR surveillance is the unprecedented level of detail
in one assay that can be used to describe current trends
and distinguish emerging tendencies (22). AMR bacteria can
be typed and traced by specific allele profiles, rather than
just according to phenotypic patterns by drug class. This is
exemplified by a study of emerging aminoglycoside-resistant
Campylobacter in the USA, where WGS revealed that the rising
trend was driven by nine different resistance alleles, six of
which had never been detected in Campylobacter previously
and would not have been found easily using PCR (10).
Similarly, in one of the first large-scale applications of WGS
to investigate a drug-resistant foodborne outbreak in the US in
2011, inconsistent resistance patterns among indistinguishable
PFGE types of Salmonella serovar Heidelberg were revealed by
sequence analysis to be a polymicrobic contamination event,
involving various combinations of plasmids and strain types (23).

DNA sequence-based surveillance makes it possible also to
define multidrug-resistance (MDR) with much greater precision
compared to phenotypic tests (22). It has long been a common
practice to define MDR as resistance to compounds from three or
more drug classes (24), a definition with limited practical value.
Bioinformatic analysis can reveal the co-carriage of specific genes
underlying different MDR patterns, allelic trends over time, their
genetic context including the potential for horizontal transfer,
and their distribution by source. In addition, the presence of
co-resistances not assayed on standard drug panels is revealed,
such as disinfectant and heavy metal resistance. This level of
“deep surveillance” can uncover other potential drivers of AMR
persistence and evolution, and the opportunity for a more refined
microbial risk analysis based on the association of resistance traits
with specific sources.

ONLINE RESOURCES FOR IN SILICO
ANTIMICROBIAL RESISTANCE
DETECTION

The high level of agreement between phenotype and genotype
coincides with the development of new and updated versions
of bioinformatics tools to predict AMR, and the maturation
of well-curated AMR gene databases. In principle, in silico
AMR detection is performed by using a search algorithm to
query input DNA or amino acid sequence data for the presence
of a pre-determined set of AMR determinants contained in
AMR reference databases (Figure 1). This can be performed
using proprietary systems offered by commercial companies or
open-access systems requiring different levels of user expertise.
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TABLE 1 | Concordance between phenotypic susceptibility testing and WGS based predicted antimicrobial resistance.

No. of AST
pathogens method

No. of
antimicrobials

Pathogen Bioinformatic tool Sequencing data Concordance Sensitivity Specificity Comment References

10" UISIOUOL MMM | Y)eaH 1land Ul SIeluol-

22 8oy | £ 8Wn|oA | 61.0g Jequisides

2013 S. Typhimurium 49 MIC 17 ResFinder Assembled, Velvet 99.74% Disagreement: 7 isolates (7)
E coli 48 including 6 E. coli resistent to
. Spec
E. faecalis 50 14
E. faecium 50
2013 E. coli (ESBL) 74 DD 7 BLASTN, selected panel  Assembled, Velvet 96% 97% VM rate: 1.2%/M rate: 2.1% 8)
K. pneumonia 69
(ESBL)
2014 S. aureus 501 DD/MIC 12 BLASTN, selected panel  Assembled, Velvet 97% 99% VM rate: 0.5%/M rate: 0.7% (©)]
(Vitek)
2016 C. jejuni 32 MIC 9 BLASTX Assembled, 99.2% Lower concordance to (10)
C. coli 82 CLC-bio Gen, Azi, Clin, Tel
2016 S. enterica 104 MIC 14 ResFinder/ Assembled, 99.0% 99.2% 99.3% Lower concordance to (11)
ARG-ANNOT/ CLC-bio
536 CARD/BLAST 97.6% 98.0% aminoglycosides/B-lactams
2017 E. coli 31 MIC 4 Custom DB based on 87% 98% Neg. predictive value: 97% (12)
K. pneumonia 24 ARDB/CARD/B- Pos. Predictive value: 91%
. lactamase
P, aeruginosa 22
allelles
E. cloacae 13
2017 S. enterica 50 MIC 4 ResFinder/ Assembled, SPAdes 98.4% Disagreement: (13)
E. coli 50 6 PointFinder 2/2 C.jejuni to FQ/ERY
C. jejuni 50 5 E. coli to COL (pmrB)
2018 E. faecalis 97 MIC 11 ResFinder/NCBI Assembled, 96.5% (14)
E. faecium 100 Pathogen DB/BLAST CLC-bio
2018 S. aureus 501 DD/MIC 12 GeneFinder/ FASTQ/assembled, 98.3% Disagreements: (15)
491 Mykrobe/ BLAST 0.7% predicted resistant
397 MIC Typewriter 0.6% predicted susceptible
2018 M. tuberculosis 10,209 MGIT 4 Cortex Assembled 89.5% 97.1%/99.0% predicted R/S (16)
960 4 97.5%/98.8% predicted R/S
4 94.6%/93.6% predicted R/S
4 91.3%/96.8% predicted R/S
2019 H. pylori 140 MIC 5 ARIBA FASTQ 99% Phenotype issues to (17)
(E-test) metronidazole

1) ESBL: Extended Spectrum Beta-Lactamase, 2) MIC: Minimum Inhibitory Concentration, 3) DD: Disk diffusion, 4) VM: Very Major, 5) M: Major, 6) R/S: Resistant/Susceptible, 7) SPEC: Spectinomycin, 8) GEN: Gentamicin, 9) AZI:

Azithromycin, 10) CLIN: Clindamycin, 11) TEL: Telithromycin, 12) FQ: Fluoroquinolone, 13) ERY: Erythromycin, 14) COL.: colistin.
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FIGURE 1 | The principle of in silico AMR determinant detection using a search algorithm to query input DNA.

Plain language report
of identified AMR genes

Open-access systems are available at public genome data centers
such as the Center for Genomic Epidemiology (CGE) http://
www.genomicepidemiology.org/ online or downloadable for
local install from github (https://github.com/), bitbucket (https://
bitbucket.org/account/user/genomicepidemiology/projects/DB)

and similar.

The various bioinformatics software can process sequence
data either as reads or as assemblies (25). Generally, available
resources do not include quality control of input sequence
data thus it is the users’ responsibility to ensure the quality
of submitted sequences or assemblies. When using assembly-
based methods, differences among assemblers may compromise
comparability of the outcome (15, 26). Following assembly, the
most common approaches to compare the input data with the
AMR reference databases rely on BLAST and Hidden Markov
Model searches, among others. BLAST-based tools can give
different outputs based on default settings for gene length and
percentage of similarity. This can negatively affect specificity
if the settings are too low or too high. Moreover, assembly-
based methods are computationally demanding. Despite these
caveats, assembly-based methods may have an added value
in an AMR surveillance context as they allow analysis
of the genetic context of the AMR genes such as their
presence on mobilizable potential. Read-based methods may
use different tools to align reads to AMR databases, including
Bowtie2, BWA, and KMA (25). Recently, the KMA (k-
mer alignment) has been develop to map raw reads directly
against redundant AMR databases (27). The KMA tool was
developed specifically for rapid and accurate bacterial genome
analyses in contrast to other mapping methods such as BWA
that were developed for large reference genome, such as
the human genome and subsequently applied empirically to
microbiology (27). KMA uses k-mer seeding to speed-up
mapping and the Needleman-Wunsch algorithm to accurately
align extensions from k-mer seeds. Multi-mapping reads are
resolved using a novel sorting scheme (ConClave scheme) to
ensure an accurate selection of templates (27). Read-based
methods allow identification of AMR genes present in low

abundance which might be overlooked where assemblies are
incomplete (25).

Independent of the bioinformatics approach chosen, the
performance of in silico AMR prediction is critically dependent
on the availability of accurate AMR databases. AMR reference
databases can be subdivided into solutions specialized for
detection of resistance to specific antimicrobials and/or in
specific bacterial species or in solutions allowing detection of
virtually any possible AMR determinant in any DNA/amino acid
sequence. Besides their focus area, AMR reference databases
have important differences which users need to acknowledge
for choosing the optimal fit-for-purpose database. First, AMR
reference databases differ for criteria of inclusion of entries. For
example, entries in CARD must have been published in scientific
literature. In ResFinder, publication is not a strict requirement.
Genes must have a GenBank number and expert review of the
GenBank entries. Also, the types of entries differ across databases,
with most databases including AMR genes and only a few
databases including mutations of chromosomal genes mediating
AMR. Finally, the available AMR databases differ regarding the
format of the entries (fasta, json, etc.), the possibility of download,
and the availability and frequency of curation (Table 2).

At present, at least 47 online available resources for in silico
AMR prediction are published in the scientific literature (13,
26, 28-63) (Table 2). They range from basic AMR reference
databases that can be embedded in the user’s own bioinformatics
pipeline, to systems having a well-curated database with
integrated search tools. These bioinformatics resources have
interfaces of different complexity that require different skills in
bioinformatics and microbiology for performing the sequence
analyses and interpreting the results (Table 2). As the features
of these systems differ widely, the outputs obtained by different
tools may not be fully comparable. Moreover, employing the
same tool for different input formats of the same data (e.g., raw
reads vs. assembled sequences, trimmed vs. non-trimmed reads;
assemblies obtained by different software, etc.) can produce
different results (64). A reliable genomic approach to assaying
AMR gene content requires accurate curated reference databases
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TABLE 2 | Open-access resources for in silico antimicrobial resistance detection in bacteria.

Name Target Software Database Input Link Year of  Curation References
sequence development (last update)
Type Downloadable? Source Downloadable Type Format
ABRES Finder  General AMR Profile HMM No Own No Amino acid  FASTA http://scbt.sastra.edu/ 2017 Not specified Unpublished
ABRES/index.php
ABRICATE General AMR BLAST Yes ResFinder, Yes Nucleotide ~ FASTA https://github.com/ 2016 2019 Unpublished
CARD, tseemann/abricate
ARG-ANNOT,
NCBI
AMRFinder,
EcOH,
PlasmidFinder,
Ecoli_VF and
VFDB
ARDB General AMR BLAST Yes Own Yes Nucleotide ~ FASTA https://ardb.cbcb.umd. 2009 2009 (28)
edu/
ARG-ANNOT  General AMR - - Own Yes - - Discontinued 2014 2018 (29)
ARIBA General AMR (single  Minimap, Yes Derived from No Nucleotide ~ FASTQ https://github.com/ 2017 2019 (30)
isolate sequences) Bowtie2 ARG-ANNOT, sanger-pathogens/
CARD, ariba
PlasmidFinder,
ResFinder,
VFDBP;
customizable
CARD General AMR BLAST, RGI Yes Own Yes Nucleotide, FASTA https://card.mcmaster. 2013 2019 (31)
amino acid ca/home
IRIDA plugin General AMR RGl, staramr Yes CARD, Yes Nucleotide ~ FASTQ https://github.com/ 2019 2019 Unpublished
AMR detection PointFinder, phac-nml/irida-plugin-
PlasmidFinder amr-detection
and ResFinder
Kmer resistance General AMR KMA Yes ResFinder Yes Nucleotide ~ FASTA, FASTQ https://cge.cbs.dtu.dk/ 2016 2019 (26)
services/
KmerResistance-2.2/
MEGARes General AMR BWA Yes Derived from Yes Nucleotide ~ FASTQ https://megares. 2016 2016 (32)
(AMRplusplus) ARG-ANNOT, meglab.org/
CARD, NCBI
Lahey Clinic
beta-lactamase
archive,
ResFinder®
(Continued)
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TABLE 2 | Continued

Name Target Software Database Input Link Year of  Curation References
sequence development (last update)
Type Downloadable? Source Downloadable Type Format
NCBI General AMR BLAST, HMMER Yes Own Yes Nucleotide, FASTA, GFF https://www.ncbi.nim. 2017 2019 (33)
AMRFinder amino acid nih.gov/pathogens/
antimicrobial-
resistance/AMRFinder/
Noradab General AMR BLAST No Derived from Yes Nucleotide, FASTA http://noradab.bi.up. 2018 Not specified (34)
ARDB and amino acid ac.za/
CARDP
Patric General AMR BLAST Yes Own Yes Nucleotide, =~ FASTA https://www.patricbrc. 2004 2019 (35)
amino acid org/
ResFinder General AMR BLAST, KMA Yes Own Yes Nucleotide ~ FASTA, FASTQ https://cge.cbs.dtu.dk/ 2012 2019 (36)
services/ResFinder/
SRST2 General AMR BOWTIE2 Yes Derived from Yes Nucleotide ~ FASTA, FASTQ https://github.com/ 2014 2019 (37)
ARG-ANNOTP and any other  katholt/srst2
format readable
by BOWTIE2
SSTAR General AMR BLAST Yes Derived from Yes Nucleotide ~ FASTA https://github.com/ 2015 2018 (38)
ARG-ANNOT tomdeman-bio/
and Resfinder® Sequence-Search-
Tool-for-Antimicrobial-
Resistance-SSTAR-
INTEGRALL AMR genes and BLAST No Own Yes Nucleotide ~ FASTA http://integrall.bio.ua. 2008 2019 (39)
associated integrons pt/?
MvirDB AMR genes, protein BLAST No Derived from Yes Nucleotide, ~ FASTA Discontinued (http:// 2007 Not specified (40)
toxins and virulence Tox-Prot, amino acid mvirdb.lInl.gov/)
factors for bio-defense SCORPION, the
applications PRINTS
virulence factors,
VFDB, TVFac,
Islander, ARGO
and a subset of
VIDAP
BacMet Biocide and metal BLAST No Own Yes Nucleotide, =~ FASTA http://bacmet. 2013 2018 (41)
resistance amino acid biomedicine.gu.se/
ResCap Antibiotic, heavy metal BLAST, Bowtie2 Yes Derived from Yes Nucleotide ~ FASTA, FASTQ https://github.com/ 2017 2017 (42)
and biocide resistance ARG-ANNOT, valflanza/ResCap
CARD, RED-DB,
ResFinder,
Bacmet?
(Continued)
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TABLE 2 | Continued

Name Target Software Database Input Link Year of Curation References
sequence development (last update)
Type Downloadable? Source Downloadable Type Format
ARGO Beta-lactam and - - Own - - - Discontinued (http:// 2005 - (43)
vancomycin resistance bioinformatics.org/
argo/beta/
antibioticresistance.
php)
RED-DB Beta-lactam, BLAST No Own Yes Nucleotide, = FASTA http://www.fibim.unisi. ~ 2007-2013  Not specified Unpublished
glycopeptide, amino acid it/REDDB/
aminoglycoside,
tetracycline,
sulphonamide,
macrolide, lincosamide,
streptogramin b,
oxazolidinone and
quinolone resistance
Tetracycline Macrolide, lincosamide, — - Own Yes - - https://faculty. Not specified 2019 Unpublished
MLS streptogramin and washington.edu/
nomenclature  tetracycline resistance marilynr/
B-lactamases  B-lactamases - - Own Yes - - http://ifr48.timone. Not specified Not specified Unpublished
Database univ-mrs.fr/beta-
lactamase/public/
BLAD B-lactamases - - Own No Nucleotide, FASTA http://www.blad.co.in/ 2012 Not specified Unpublished
amino acid
BLDB B-lactamases BLAST No Own Yes Nucleotide, FASTA http://bldb.eu/ 2017 2019 (44)
amino acid
CBMAR B-lactamases BLAST No Own Yes Nucleotide, ~ FASTA http:// 2014 2014 (45)
amino acid proteininformatics.org/
mkumar/lactamasedb/
LacED B-lactamases BLAST No Own Yes Amino acid  FASTA http://www.laced.uni- 2009 Not (46)
stuttgart.de/ specified®
AMRtime AMR genes in DIAMOND Yes CARD Yes Nucleotide ~ FASTQ https://github.com/ 2017 2019 (47)
metagenomic data beiko-lab/AMRtime
DeepARG AMR genes in BLAST, Yes Derived from Yes Nucleotide,  FASTA, FASTQ https://bench.cs.vt. 2017 2019 (48)
metagenomic data DIAMOND RDB, CARD, amino acid edu/deeparg
UNIPROTP
GROOT AMR genes in LSH Forest Yes Derived from Yes Nucleotide FASTQ https://github.com/will- 2018 2019 (49)
metagenomic data indexing ARG-ANNOT, rowe/groot
CARD, Resfinder
SARG AMR genes in BLAST, Yes Derived from Yes Nucleotide  any format is https://smile.hku.hk/ 2016 2019 (50)
(ARGs-OAP; metagenomic data HMMER, ARDB and supported SARGs
ARGpore) UBLAST CARDP
SEAR AMR genes in BLAST, Yes ARG-ANNOT  Yes Nucleotide ~ FASTQ Discontinued (https:// 2015 2018 (51)
metagenomic data BWA-MEM github.com/will-rowe/
SEAR)
(Continued)
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TABLE 2 | Continued

Name Target Software Database Input Link Year of Curation References
sequence development (last update)
Type Downloadable? Source Downloadable Type Format
ShortBRED AMR genes in BLAST, Yes Derived from Yes Amino acid ~ FASTA http://huttenhower.sph. 2015 2019 (52)
metagenomic data USEARCH ARDB and harvard.edu/shortbred
CARDP
Mustard AMR determinants in -~ BLAST No Derived from Yes Nucleotide, FASTA http://mgps.eu/ 2017 2017 (53)
the human gut Resfinder, amino acid Mustard/
microbiota ARG-ANNOT,
the Lahey Clinic
(http://www.
lahey.org/
studies/),
RED-DB (http://
www.fibim.unisi.
it/REDDBY),
Marilyn Roberts’
website for
macrolides and
tetracycline
resistance
(http://faculty.
washington.edu/
marilynr/) and
different
functional
metagenomics
studiesP
FARMEDB AMR genes discovered BLAST No Own Yes Nucleotide, FASTA http://staff.washington. 2016 Not Unpublished
by functional amino acid edu/jwallace/farme/ specified®
metagenomics index.html
ResFams AMR genes discovered — - Derived from Yes - - http://www.dantaslab. 2014 2018 (54)
by functional CARD, LacED, org/resfams
metagenomics Lahey
beta-lactamases
(now at NCBI)P
ResFinderFG AMR genes discovered BLAST Yes Own No Nucleotide ~ FASTA, FASTQ https://cge.cbs.dtu.dk/ 2016 Not specified Unpublished
by functional services/ResFinderFG-
metagenomics 1.0/
Galileo AMR AMR genes in BLAST Yes Own Yes Nucleotide ~ FASTA https://galilecamr. 2017 Not (55)
(MARA, RAC)  Gram-negative bacteria (ATTACCA) arcbio.com/mara/ specified3
LREfinder Linezolid resistance in - KMA Yes Own Yes Nucleotide ~ FASTA, FASTQ https://cge.cbs.dtu.dk/ 2019 2019 (56)

enterococci

services/LRE-finder/
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TABLE 2 | Continued

Name Target Software Database Input Link Year of  Curation References
sequence development (last update)
Type Downloadable? Source Downloadable Type Format
MUBII-TB-DB ~ AMR mutations in BLAST No Own No Nucleotide ~ FASTA https://umr5558- 2013 Not specified (57)
Mycobacterium bibiserv.univ-lyon1.fr/
tuberculosis mubii/mubii- select.cgi
Mykrobe AMR in Mycobacterium Own (based on Yes Own Yes Nucleotide ~ FASTQ http://www.mykrobe. 2015 2019 (58)
tuberculosis and de Bruijn graph) com/
Staphylococcus aureus
TBDReaM AMR in Mycobacterium — - Own Yes - - https://tbdreamdb.ki. 2009 2014 (59)
tuberculosis se/Info/
PointFinder Selected mutations in - BLAST, KMA Yes Own Yes Nucleotide ~ FASTA, FASTQ https://cge.cbs.dtu.dk/ 2017 2019 (13)
chromosomal genes of services/ResFinder/
Escherichia coli,
Salmonella sp.,
Campylobacter sp.,
Staphylococcus
aureus, Enterococcus
sp., Mycobacterium
tuberculosis, Neisseria
gonorrhoeae
SCCmec Finder SCCmec elementsin = BLAST, KMA Yes Own Yes Nucleotide ~ FASTA, FASTQ https://cge.cbs.dtu.dk/ 2016 2018 (60)
Staphylococcus aureus services/
SCCmecFinder/
U-CARE AMR in Escherichia coli BLAST No Own Yes Amino acid ~ FASTA http://www.e- 2013 Not specified (61)
bioinformatics.net/
ucare/
ARGDIT Toolkit for validation - Yes - - Nucleotide, FASTA https://github.com/ 2018 2019 62)
and integration of AMR amino acid phglab/ARGDIT
gene database
ARG-miner Robust and - - Derived from Yes - - https://bench.cs.vt. 2018 2019 (crowd- (48)
comprehensive ARDB, edu/argminer/#/home curation)
curation ARG-ANNOT,
of AMR gene CARD,
databases DeepARG-DB,
MEGARes,
NDARO,
ResFinder,

SARG, UniProtP

aYes, standalone version is available (usually in Bitbucket or in GitHub) either with or without a corresponding web version; no, only web version is available.

bCuration to avoid redundancies and remove selected sequences (see respective references for details).
CActive, based on authors’ knowledge; discontinued databases may still be available for download via WayBack Machine.
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that should be synchronized and harmonized in a way to
ensure comparable outputs worldwide. Once that is achieved, the
bioinformatics method of monitoring will undeniably lead to a
paradigm shift in the way that we conduct AMR surveillance
and compare results internationally. Importantly, the currently
available tools may detect new gene variants, but they are
not presently equipped to detect new AMR genes. Identifying
novel resistance elements from genomic data is being pursued
using iterative kmer-based analytics and other machine learning
schemes but these strategies still require well-characterized
reference genomes with phenotypic data for training (11, 19-21).

BENCHMARKING OF BIOINFORMATICS
TOOLS TO DETECT ANTIMICROBIAL
RESISTANCE DETERMINANTS

Benchmarking exercises are important to assess the performance,
and reliability of the available bioinformatics tools which have
different complexity in design and function.

Designing and executing a benchmarking trial offers several
challenges. At a recent meeting (October 2017) organized by the
European Commission Joint Research Center, the challenges of
designing a benchmarking strategy for assessing bioinformatics
tools to detect AMR determinants was discussed (65). Here,
several challenges were identified, and considerations discussed
which included: (1) the origin of the dataset tested; (2) sustainable
reference datasets; (3) quality of the test genomes; (4) what
determinants to include in a dataset; (5) the, expected result;
and (6) performance thresholds. The sequence dataset could
either be real or artificially composed. In both cases, this will
have implications for accurate benchmarking. A real dataset
needs to be properly characterized and the true reference result
defined. Furthermore, a real dataset may be biased in content
for certain resistance determinants, such as mutations in the
ampC promoter of E. coli, and thereby affect some bioinformatics
tools more than others (26). In contrast, a simulated dataset
needs to be accurate and correct but also contain a variety of
different determinants or mechanisms. Ideally, a combination
could be applied designing a desired benchmarking dataset to
represent real-life scenarios aligned with the test objective (e.g.,
only focused on extended spectrum B-lactamases). The scope of
bacterial species represented can also influence the results (65).

The quality and type of sequence data are also important
factors. This also needs to mimic a real-life scenario where
genomes will differ in error rates, read lengths, and read
quality and may be raw reads or assemblies. The robustness
of bioinformatics tools will differ in performance when dealing
with low quality genomes and assemblies compared to optimal
conditions (26, 65).

Prior to executing a benchmarking exercise, the reference
AMR classes need to be determined as to whether all
known or acquired determinants will be included, or only
specific mechanisms such as certain enzymes, efflux pumps,
mutations/single nucleotide polymorphisms (SNPs), upregulated
or downregulated genes or porins. Ideally, the bioinformatics
tools should enable the detection of all known determinants if

used for surveillance or guiding clinical treatment unless the
scope is different and agreed upon (65).

Since the main objective of a benchmarking exercise is to
assess the ability of the bioinformatics tool to provide reliable
analysis of AMR gene content, it is vital that the concordance is
high between the reference result and the expected outcome (65).
The sensitivity is especially important as the misidentification
of a resistant strain is more consequential than the finding
of silent resistance genes in phenotypically susceptible isolates.
As previously mentioned, discrepancies observed between
phenotypic reference result and the expected genomic outcome
is often due to incorrect phenotypic antimicrobial susceptibility
test data.

Assessing the performance of bioinformatics tools is often
based on a comparison between the genotypic and phenotypic
results and a calculation of the specificity, sensitivity, positive
predictive (PPV) and negative predictive values (NPV),
accuracy [Simple Matching Coefficient (SMC)] and performance
[Matthew’s Correlation Coefficient (MCC)] followed by
a comparison of these parameter’s between the different
bioinformatics tools (26, 66).

Surprisingly, only a few studies have benchmarked
bioinformatics tools against each other to detect AMR
determinants. 24 used two previously published pair-end
Miseq datasets (7, 8) of 196 genomes of four species and 143
genomes from two species (five species in total), respectively.
Phenotypic susceptibility test data was used as the reference
result in predicting AMR determinants when benchmarking the
KmerResistance vers 1.0 (target only enzymes) (70% identity
and 10% depth corr (co-occurrence of K-mers), ResFinder
vers. 2.0 (target only enzymes) [98% identity and 60 coverage
(assembly/BLAST)], and SRST2 (90% identity 90% coverage)
(clustering/Bowtie2). To further challenge the sensitivity, the
datasets were down-sampled to 1% of the reads and re-analyzed.
Overall, the three bioinformatics tools performed equally well
with almost the same accuracy, SMC and performance, MCC
testing the two datasets; SMC and MCC were app. 96% and
0.90 for the Stoesser et al. collection, respectively whereas the
SMC and MCC ranged from 98 to 100% and 0.91 to 0.99
for the Zankari et al. collection, respectively with the lowest
performance by SRST2 and the highest by KmerResistance (26).
The KmerResisance tool performed significant better than the
two others when data were contaminated or down-sampled to
contain a few reads—all bioinformatics tools performed best
using raw reads input data (26).

Another study (ENGAGE) (66) evaluated the Public Health
England’s GeneFinder tool, which targets enzymes and some
chromosomal point mutations for fluoroquinolone resistance
using two HiSeq datasets, 125 Salmonella genomes and
164 E. coli genomes of which a large proportion harbored
upregulated ampC-mediated resistance to extended spectrum
cephalosporins. ResFinder provided the highest accuracy,
SMC and performance, MCC predicting resistance in the
E. coli genomes and GeneFinder for Salmonella genomes.
The correlation to phenotypic susceptibility testing was for
Salmonella spp. Ninety percent for all bioinformatics tools but
higher for GeneFinder specifically for fluoroquinolones. The
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accuracy, SMC revealed to be lower in E. coli than testing
Salmonella for all bioinformatics tools due to the bias of the
E. coli dataset containing a high number of upregulated ampC
genotypes not predicted by any of the bioinformatics tools (66).
Hunt et al. similarly benchmarked the same bioinformatics tools
as in Clausen et al. including also the ARIBA tool (30). The
ARIBA tool contain in addition to enzymes also chromosomal
point mutations thus, outperforming both KmerResistance (26)
and SRST2 (37).

Following the benchmarking described above, both the
ResFinder and the KmerResistence bioinformatics tools have
been updated. Thus, the Resfinder tool now includes a
number of chromosomal point mutations such as those to
detect resistance to colistin, fluoroquinolones, etc. Overall, the
benchmarking exercises revealed that all bioinformatics tools
evaluated performed almost similarly good but were affected by
the type and quality of input data.

In an assessment of the accuracy of NCBI's AMRFinder, a
2018 study by Feldgarden et al compared it with a 2017 version
of ResFinder (33). AMRFinder was evaluated first using a set of
6,242 genomes with 87,679 AST data points for 14 antimicrobial
drugs. Overall, 98.4% were consistent with predictions. When
compared with ResFinder, most gene calls were identical. While
there were 1,229 gene symbol differences, 81% were attributed to
differences in database composition. AMRFinder and ResFinder
use HMM- and BLAST-based approaches, respectively, and
are the commonly used resources for genome-based AMR
tracking. Synchronized harmonization of the databases, as is
done globally with genomic sequence databases, is needed to
minimize inconsistent outputs due to algorithmic differences.

ENSURING HIGH QUALITY GENOMIC
DATA BY PROFICIENCY TESTING

Standardization of WGS procedures from DNA preparation to
the final genome is paramount to ensure reliable prediction of
AMR determinants for surveillance and clinical purposes. To
ensure the production of reliable high quality genomic data,
laboratories routinely performing WGS should participate in
laboratory proficiency testing (PT) or external quality assurance
systems (EQAS) (67, 68). For decades, global and regional EQAS
in phenotypic AST of foodborne pathogens has been conducted
to ensure the quality of performed dilution and diffusion AST
(69-71). There is an urgent need to also establish a mechanism
to provide a global proficiency testing in the area of WGS to
establish standardization in the field (68). This goal is part of
the charter of the Global Microbial Identifier (GMI), launched
in 2011, to help establish a “global system of DNA genome
databases for microbial and infectious disease identification and
diagnostics” (https://www.globalmicrobialidentifier.org/).

In 2014, GMI launched its first pilot PT in WGS lead by the
DTU and US FDA to trial test the WGS platforms, procedures,
test material and the functionality of the assessment pipeline
(72). In 2015, a full roll-out of the pilot was delivered by
GMI to a global audience. The GMI continued to provide
proficiency testing in 2016 and 2017. Cultures and pure DNA for

library construction were provided to participating laboratories
for DNA purification, library preparation, and WGS followed
by in silico prediction of wgMLST and AMR determinants.
The genomes and analysis were submitted to DTU for quality
control assessment using closed genomes of the test strains as a
reference. The quality control assessment was facilitated by an
in-house developed PT QC pipeline measuring a large number of
parameters. These included the numbers of reads after trimming,
unmapped reads, map to the total reference DNA, reference
chromosome, reference plasmids; proportion of reads that map
to reference chromosome; coverage of the reference chromosome
and reference plasmids; depth of coverage of total DNA, reference
chromosome, and reference plasmids; Phred quality score (Q
score), total size and proportion of assembly map to the reference
DNA, number of contigs including above a length above 200 bp,
N50, and NG50. Underperformance was observed and reported
in each trial mainly caused by laboratory contamination or
poor performance.

DATA SHARING —PUBLIC/PRIVATE

An important element of genomics as a tool for AMR surveillance
and diagnostics is that, once data quality standards are met,
the data set is platform-independent, discrete and portable.
The analytical outputs and data sharing then become the most
important considerations (Figure 2). A plethora of international
and governmental position papers have stressed the need for
global cooperation and data sharing to combat infectious diseases
and worsening antimicrobial resistance (73-82). Countries have
different levels of legal restriction on the sharing of medical
information and biological material with potential commercial
value or compliance to the EU General Data Protection
Regulation. While the legal issue may be more intractable, the
public health advantages to global data sharing are obvious. In the
US, where fewer restrictions are in place, WGS data from national
surveillance systems are continuously placed in the public
domain both for public health purposes, and for exploitation by
innovators to develop and update new technologies. This permits
global access to information on common microbiological threats,
something that will become more important as travel and trade
increase and as new threats arise.

ONLINE REPOSITORIES TO HOST AND
LINK GENOME AND ANTIMICROBIAL
SUSCEPTIBILITY DATA

Concurrently with the vast amount of genomic data being
produced, traditional antimicrobial susceptibility testing is being
conducted in parallel on a large scale. Up until recently, it
was only possible to submit and store DNA sequence data in
the International Nucleotide Sequence Database Collaboration
(INSDC), whereas all AST data was stored separately in closed
local or national repositories. Furthermore, not all genomic
data is submitted to the online open genomic repositories of
INSDC and shared globally due to difficulties to submit, a lack of
appreciation for its value, access to local or national repositories,
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FIGURE 2 | The sequence-based monitoring approach to track global antimicrobial resistance using bioinformatics tools.

fear of being data being published by others, or privacy of
the data (83). Nonetheless, today the NCBI and the European
Bioinformatics Institute (EMBL-EBI) can accommodate AST
data along with the WGS information, to facilitate a global
monitoring of AMR in bacteria to strengthen global public
health (84, 85).

EUROPEAN NUCLEOTIDE ARCHIVE
REPOSITORY

At European Nucleotide Archive (ENA), a mechanism to host
and link submitted genomic and AST data has been developed
by the EU COMPARE partners and EMBL-EBI (85). Briefly,
the EMBL-EBI system allows submitted genomes and associated
metadata in the ENA to be stored as open access or privately
in a secured login protected repository with named data hubs
(86). The system is designed to accommodate submission of
susceptibility data from both dilution or diffusion methods.
Novel software has been developed to validate conformity of
the AST data to ensure harmonization of the data (85). The
submitted genomic and AST data could be analyzed by using
existing bioinformatics infrastructure and implemented cloud-
based bioinformatics workflows in specific an extended version
of the Bacterial Analysis Pipeline consisting of ContigAnalyzer-
1.0, KmerFinder-2.1, MLST-1.6, ResFinder-2.1, VirulenceFinder-
1.2, PlasmidFinder-1.2, pMLST-1.4 (87) with the inclusion of
also the cgMLSTFinder 1.0. The submitted data could be queried
and downloaded in multiple ways including via the Pathogen
Data Portal for surveillance, identification, and investigation
https://www.ebi.ac.uk/ena/pathogens/home. Subsequently, the
data could be visualized by using a developed Notebook tool
integrated the Pathogen Data Portal to query and display all

typing data including distribution of the phenotypic AST data
enable a potential real time monitoring of AMR (85). The
advantage of the data hub model and similar embassy cloud
system is the possibility for privacy to control own data having
restricted access to only owners or collaborators while analyzing
or publishing the data or await less political sensitivity due to
GDPR which all a major barriers in data sharing (88-90).

NATIONAL CENTER FOR
BIOTECHNOLOGY INFORMATION
REPOSITORY

The National Center for Biotechnology Information (NCBI) is
the US member of the INSDC and part of the United States
National Institutes of Health, and houses hundreds of thousands
of bacterial genomes from around the world. Sequences are
submitted from global research studies, but the majority are from
national public health surveillance programs with systematic
sampling schema. With the expansion of WGS capacity, the
number of genome submission is expected to rise soon to over
100,000 annually from US sources alone.

To help make these large datasets accessible, the NCBI
Pathogens page (https://www.ncbi.nlm.nih.gov/pathogens/) was
developed. This resource is designed for exploring the genomic
features of various bacterial pathogens. These include major
foodborne and zoonotic pathogens, such as Salmonella enterica,
Escherichia coli, and Campylobacter spp. Included in these
datasets is a variety of metadata, including strain ID, source,
date collected, geographical location, antimicrobial resistance,
and more. This page was established in collaboration with
GenomeTrakr, an international consortium of laboratories
organized by the U.S. Food and Drug Administration (FDA) that
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collect and sequence bacterial strains from a variety of food and
environmental sources (91).

A major feature of the Pathogens page is the phylogenetic
trees, as genomes are arranged into clusters based on relatedness
according to SNPs. These allow users to explore and interpret
the relatedness of bacterial strains. These have provided a robust
database of bacterial species that can be used for genomic
comparisons with isolates collected from human patients. This
information can be used to help identify foodborne disease
outbreaks and support regulatory actions by the FDA.

Another major aspect of the Pathogens page is the AMR
reference gene database mentioned above (33). The tool,
AMRFinder is automatically run on all genomes submitted
to NCBI, resulting in AMR genotype outputs that identify
resistance genes from each sequence (33). This, combined with
the phylogenetic tree outputs, allows for identification and
potential prioritization of investigations into resistant outbreaks
of pathogenic organisms.

The NCBI Pathogens web portal also contains phenotypic
information, when submitters of these data choose to include
it. Over 7,000 isolates now have phenotypic MIC data
associated with them, allowing users to interrogate the data
for various resistance phenotypes, including those conferred by
mutations not tracked presently by the genotypic outputs of
AMRFinder (33).

To help make the resistance information accessible, the
US Food and Drug Administration developed a tool called
ResistomeTracker (https://www.fda.gov/animal-veterinary/
national-antimicrobial-resistance- monitoring-system/global-
salmonella-resistome-data). This suite of data dashboards
is focused exclusively on analysis and visualization of AMR
genes extracted from the complete genomes at the NCBIL
ResistomeTracker was developed for the U.S. National
Antimicrobial Resistance Monitoring System (NARMS) to
better understand the epidemiological aspects of resistance by
making the large amounts of resistome data accessible to a broad
user audience. This includes the identification of new resistance
determinants, differences in the prevalence of resistance genes
among various food commodities, and geographical spread over
time. Additionally, continuous updates to ResistomeTracker
enable users to detect early resistance threats. ResistomeTracker
allows for user-directed queries of the data that are informative
for individual interests. Because it is linked directly to the NCBI
pathogen database, it allows the user to begin a query with a
specific resistance allele, and end with a phylogenetic analysis
of related strains. It currently is focused on foodborne bacteria,
but can be modified to exploit and genome for resistance
gene content.

USING WGS IN AMR SURVEILLANCE

In the United States, national laboratory capacity for AMR
monitoring and WGS is growing. It consists of federally
coordinated networks operated by State public health
laboratories and Universities. The Centers for Disease Control
and Prevention (CDC) coordinates the Antibiotic Resistance

Laboratory Network (ARLN) to rapidly detect emerging
resistance threats in healthcare, food and the community.
Among many activities, this comprehensive network performs
WGS for numerous pathogens, including all isolates of
Mycobacterium tuberculosis. WGS is used also as a routine
method to characterize Neisseria gonorrhoeae, and other major
pathogens, including those involved in outbreaks.

The National Antimicrobial Resistance Monitoring System
(NARMS) is a long-standing program focused on bacteria
transmitted commonly through food (92). NARMS is a
partnership of the CDC, the FDA and United States Department
of Agriculture Food Safety and Inspection Service (FSIS); it is
focused on tracking resistance in enteric bacteria from humans,
retail meats and food animals, respectively. NARMS began
systematic WGS of Salmonella in 2013 and has incorporated
WGS data for Salmonella and Campylobacter in its reports
since 2014. Online tools enable users to examine resistance
trends at the genetic level using various query filters. These
tools provide graphical visualizations of the genotypes behind
changing resistance patterns over time by source and serotype.

As national resistance surveillance matures to better fit the
One Health model, animal pathogens and environmental testing
are beginning. In the US, the Department of Agriculture National
Animal Health Laboratory Network (NAHLN) and the FDA
Veterinary Laboratory Investigation and Response Network
(Vet-LIRN) are starting to gather resistance information and
WGS data on pathogens from food animals and companion
animals, respectively. The US Environmental Protection
Agency (EPA) conducts periodic water surveys that includes
detection of resistance genes. While in the early stages,
national public health surveillance programs using DNA
sequence information will continue to expand and permit
new associations to be inferred from resistomic analyses of
the data.

In Europe, its mandatory by law, Directive 2003/99/EC
(https://eur-lex.europa.eu/eli/dir/2003/99/0j) for Member States
(MSs) to monitor AMR phenotypically by MIC determination
in Salmonella, Campylobacter, and E. coli obtained from
healthy food-producing animals and from food. The monitoring
also include a specific monitoring of extended-spectrum
beta-lactamase (ESBL)-, AmpC- and carbapenemase-producing
Salmonella and indicator commensal E. coli stipulated in
the Commission Implementing Decision 2013/652/EU of 12
November 2013 (http://data.europa.eu/eli/dec_impl/2013/652/
0j). The data collection on human diseases including AMR from
MSs is optimal and based on either MIC or disk diffusion
and conducted in accordance with Decision 1082/2013/EU
(http://data.europa.eu/eli/dec/2013/1082/0j).

A number of MSs providing data for the specific monitoring of
AmpC- and carbapenemase-producing Salmonella and indicator
commensal E. coli from healthy food-producing animals
and from food, has expressed an interest to replace the
mandatory phenotypic MIC determination with WGS due to
this already been implemented locally in the specific MSs.
Thus, in the preparatory work of updating the Commission
Implementing Decision 2013/652/EU coming into force in
2021, the preliminary draft of the technical specifications on
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harmonized monitoring of resistance in zoonotic and indicator
bacteria from food-producing animals and food from EFSA
suggested to allow replacing MIC determination with WGS
combined with using the CGE ResFinder tool till 2025 (36). From
2025, the using of WGS combined with using the CGE ResFinder
tool will be mandatory for the specific monitoring of AmpC- and
carbapenemase-producing Salmonella and indicator commensal
E. coli from healthy food-producing animals and from food
and considered to be expended replacing all phenotypic MIC
determinations as well as species identification. The resulting
AMR determinant profile will be submitted to EFSA and
used to predict the phenotype which will be reported in the
European Union summary report on antimicrobial resistance
in zoonotic and indicator bacteria from humans, animals and
food. It will be optional for the individual MSs to also submit
the DNA sequences and metadata data to ENA. Its believed
that all MSs by 2015 have acquired WGS and conducing
bioinformatics analysis of DNA sequences of single isolates for
monitoring purposes.

AMR SURVEILLANCE USING
METAGENOMICS

Current AMR surveillance often focuses on few pathogens
mainly based on passive reporting of phenotypic laboratory
results for a few selected specific pathogens as in the
Danish monitoring system, DANMAP https://www.danmap.
org/, leading to a narrow pathogen spectrum that does not
capture all relevant AMR genes. The majority of AMR genes may
be present in the commensal bacterial flora of healthy humans
and animals or the environment.

Metagenomics techniques, using short-read next-generation
sequencing data, benefit from the ability to quantify thousands
of especially transmissible resistance genes in a single sample
without any prior selection of which genes to look for. Moreover,
it can provide additional information about the presence of
bacterial species, pathogens and virulence genes and the data can
be re-analyzed, if novel genes of interest are identified.

It was recently shown that metagenomics is superior to
conventional methods for AMR surveillance in pig herds (93),
useful for comparing AMR across livestock in Europe (94), as well
as investigations related to epidemiological data (95). The utility
for surveillance of global AMR gene dissemination through
international flights (96) and using urban sewage to determine
the local and global resistome has also been proven (97, 98).

Metagenomics will sequence all DNA present in the sample
including food and host DNA, which may result in low
sensitivity. Quantitative PCR procedures, including large
scale capture PCR methodologies have been developed,
likely providing higher sensitivity (42). However, these
methodologies have not been compared with respect to
sensitivity and specificity.

In the future the application of metagenomics directly on
samples from healthy and clinical ill individuals and animals
as well as potential reservoir might results in the ultimate
One Health surveillance of AMR allowing determination of all

resistance genes and their context in all reservoirs. However,
as for single isolates different pipelines and databases are also
used for such metagenomics studies and there is a need for
global standardization.

PERSPECTIVES

An important advantage of using WGS technologies in detecting
and tracking AMR is the opportunity to expand it to align
with a One Health surveillance framework and allowing for
exact comparisons across reservoirs. This cannot be done
using WGS only on the phenotypic antimicrobial class level,
but at the exact genetic mechanism level. This One Health
goal has so far been impeded by the high cost of testing
animal and environmental samples using classical methods
based on metabolic and biochemical characterization. As the
NGS technology becomes more affordable, it will become
more common to use metagenomics to explore the potential
role of different environments in the ecology of resistance.
Thus, One Health monitoring is now poised to evolve into
nucleotide surveillance of complex microbial ecosystems. And
to the extent that the data can be generated and reported
without delay, it appears that something analogous to a
“weather map” of infectious diseases and resistance is possible.
This was not practicable in the past, where ad hoc gene
detection was the norm and PFGE was the typing tool
of choice.

CONCLUSION

The advancement in whole genome sequencing and the
application of online tools for real-time detection of AMR
determinants is essential for control and prevention strategies to
combat the increasing threat of AMR. We identified a number of
accessible tools available in the prediction of AMR determinants
to support expanding to establish global pathogen surveillance
and AMR tracking based on genomics. In addition, we identified
a number of preceding requirements for a successful transition
such as curated AMR databases ensuring a high concordance
between pheno- and genotypes, benchmarking designs, PT
schemes, sharing options etc. There is however, a vital need for
standardization of pipelines and databases as well as phenotypic
predictions based on the genomic data.
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Clostridioides difficile is an important nosocomial pathogen increasingly observed in the
community and in different non-human reservoirs. The epidemiology and transmissibility
of C. difficile has been studied using a variety of typing methods, including more recently
developed whole-genome sequence (WGS) analysis that is becoming used routinely
for bacterial typing worldwide. Here we review the schemes for WGS-based typing
methods available for C. difficile and their applications in the field of human C. difficile
infection (CDI). The two main approaches to discover genomic variations are single
nucleotide variant (SNV) analysis and methods based on gene-by-gene comparisons
(frequently called core genome or whole genome MLST, cgMLST, or wgMLST). SNV
analysis currently provides the ultimate resolution, however, typing nomenclature and
standardized methodology are missing. On the other hand, gene-by-gene approaches
allow portability and standardized nomenclature, and are therefore becoming increasingly
popular in bacterial epidemiology and outbreak investigation. Two commercial software
packages (BioNumerics and Ridom SeqgSphere+) and an open source database
(EnteroBase) for allele and sequence type determination for C. difficile are currently
available. Proof-of-concept WGS studies have already enabled advances in the
investigation of the population structure of C. difficile species, microevolution within the
epidemic strains, intercontinental transmission over time and in tracking of transmission
events. WGS of clinical C. difficile isolates demonstrated a considerable genetic diversity
suggesting diverse reservoirs for CDI. WGS was also shown to aid in resolving relapses
and reinfections in recurrent CDI and has potential for use as a tool for assessing hospital
infection prevention and control performance.

Keywords: Clostridioides (Clostridium) difficile, wgMLST, cgMLST, typing, CDI, SNV

INTRODUCTION

Clostridioides (Clostridium) difficile is currently one of the most important human pathogens (1).
The majority of C. difficile infections (CDI) is still identified or associated with the healthcare
environment, though the incidence of community CDI is rapidly increasing. Because of its
importance as a nosocomial pathogen, the development of different typing methods was needed to
identify and control hospital transmissions and outbreaks. Several typing schemes were introduced
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for C. difficile; among early phenotypic methods serotyping
was used widely, but subsequently replaced by pulsed-field gel
electrophoresis (PFGE) and finally by PCR ribotyping which is
the current gold standard for C. difficile typing (1-3). However,
apart from multi locus sequence typing (MLST), standardization
of all established typing methods has been difficult and inter-
laboratory comparisons hampered (2).

Although these methods have contributed greatly to
understanding of the epidemiology of CDI, they usually do not
have sufficient discriminatory power to distinguish between
closely related stains needed for outbreak investigations and
to understand transmission events. With development of new
sequencing methodologies, there is now the possibility to
sequence and compare whole bacterial genomes and not rely
only on a single or a few genomic loci to address the genetic
relatedness of strains. Therefore, the genome-wide sequence
analysis is now frequently used for molecular typing to provide
accurate and reproducible investigation of the relatedness of
isolates with the highest level of genetic resolution (4).

Here we will review studies on the development and
implementation of typing methods based on whole genome
sequencing (WGS) and their applications, focusing mainly on
healthcare-associated CDI. Proof-of-concept studies have already
demonstrated the general applicability of WGS-based typing
for investigation of global and national surveillance of C.
difficile epidemiology, and have expanded our understanding
of transmission dynamics and recurrent infections. All these
aspects will be reviewed here. However, use of WGS for strain
characterization such as analysis of virulence and resistance gene
pool and evolutionary aspects will not be covered in this review.
C. difficile is commonly isolated also from animals and the
environment and the paper by Knight and Riley in this special
issue (5) will cover applications of comparative genomics from
this perspective.

COMPARATIVE GENOMICS AND TWO
DIFFERENT APPROACHES FOR WGS
TYPING

For the principles of next-generation sequencing technologies
and bioinformatic processes, from the raw sequence data to the
genomes, the reader is referred to other recent reviews (4, 6).

To determine the genomic similarities and differences
between investigated isolates (e.g., to determine which strains
could be clonal) different comparative genomics approaches are
available. They differ mainly in methodologies used, easiness
of data sharing and their discriminatory power. Below we will
briefly describe the two of most commonly used approaches
for typing of isolates for epidemiological surveillance purposes.
The first one is based on comparison of differences in single
nucleotide polymorphisms (SNPs), also called single nucleotide
variant (SNV) sites. The second approach is based on analysis of
multiple genes across the whole genome, so called gene-by gene
or allele-based approaches. This is also designated core genome
(cg) or whole genome (wg) multi locus sequence typing (cgMLST
or wgMLST) (Figure 1).

SNV Approach—When Are Two Strains

Clonal?

Strain typing based on core genome SNVs (cgSNVs) is currently
considered as a method with very high discriminatory power,
since it allows us to distinguish between isolates if their genomes
differ in a single nucleotide (7). In this approach, short reads
(data generated from sequencing of short genomic fragments) or
assembled contigs (longer contiguous sequences of overlapping
reads) are mapped against the genome of a reference strain
to identify differences in coding and non-coding regions. This
process is named variant calling (8). The pipeline that has been
widely used for SNV analysis of C. difficile includes mapping of
short reads to a reference genome, variant calling, filtering of
high quality SNVs, and identification and removal of putative
recombination regions. The result is a concatenated set of high
quality SNVs present in the core genome (part of genome that
is common to all comparing isolates). The number of SNV is
subsequently used to asses genetic relatedness of isolates (9-11).
Relationships between isolates can be visualized by constructing
phylogenetic trees to help us understand transmission networks.

The choice of the reference strain can have significant impact,
especially on the resolution of SNV-based approaches. The
reference strain should be closely related to the isolates included
in the comparison since only the regions present in the reference
strain will be used for variant calling. Therefore, the more distant
the reference sequence the more regions will be omitted from the
analysis. Also, a standardized nomenclature would be difficult to
adopt since there are multiple algorithms used to analyze SNVs.
For this reason, SNV calling is a very useful method for local
transmission analysis but not as appropriate for global strain
comparisons, unless the genome sequences are made publicly
available. However, in this case, the genomes still need to be
(re)analyzed locally (8).

The commonly adopted way to determine relatedness of
strains in the SNV approach is to count the number of SNV
differences between two sequences (SNV threshold). However, it
is important to note that proposed criteria of SNV relatedness
should not be taken as the absolute rules but should be considered
as a guide (8). To determine the SNV threshold, it is important
to know the evolutionary rates, ie., the rate at which the
particular bacterial genome evolves (12). This can be estimated
from longitudinal sampling from infected individuals and then
assessing the number of accumulated substitutions in the genome
over time (9).

By comparing genome sequences of the first and the last
isolate obtained from individual patient (samples were collected
at a median interval of 51 days), an evolutionary rate of 0.74
SNVs (95% confidence interval, 0.22-1.40) per genome per
year and a mean within-host diversity of 0.30 SNVs (95% CI,
0.13-0.42 SNVs) were determined, in the study by Eyre et al.
(10). Similar estimations of C. difficile evolutionary rates were
obtained in other studies, either by using serial samples from
the patients with recurrent or on-going CDI and/or in in vitro
gut models (9, 10, 13). By using this prediction of evolutionary
rate, the guideline for two isolates being clonal, or genetically
related (are most probably a result of direct transmission), is
that there are <2 SNVs between their sequenced genomes. For
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CCCGGCAATCCTCGGGACATCCCTGTCCGAGCGTCAATGCCACCCCAAAGCACGGCTAGTGTGTTCGGCCGCCGTCCACCCCGACCGCGGGGCAGAC

CCCGGCATTCCAGGGGGCATGCCTGTCCGAGCGTCATTGCCACCCCTAAGCACGGCTTGTGTGTTGGGCCGCCGTCCCCCCCGACCCCGGGGGAGAC
CCCGGCATTCCGGGGGGCATGCCTGTCCGAGCGCCATTGCCACCCCTAAGCACGGCTATTGTGTTGGGCCGCCGACCCCCCCGACCCCGGGGGAGAC
CCCGGCATTCCAGGGGGCATGCCTGTCCGAGCGTCATTGCCACCCCTAAGCACGGCTTTTGTGTTGGGCCGCCGTCCCCCCCGACCCCGGGGGGGAC

CCCGGCATTCCAGGGGGCATGCCTGTCCGAGCGTCATTGCCACCCCTAAGCACGGCTTTTGTGTTIGGGCCGCCGTCCCCCCCGACCCCGGGGGGGAC

FIGURE 1 | Comparison of allele-based and SNV-based typing approaches. cgMLST, wgMLST, and SNV approaches are based on the genome-wide analysis and
MLST includes only seven housekeeping genes. Note that strains B, C, and D are identical in MLST approach (same allelic profile in seven genes) and both are the
same MLST-ST; but they would differ in cgMLST, strain C and D having identical cgMLST allelic profile, and strain B differs from C and D in three additional genes. In
the SNP-based approach, short reads are aligned to a reference genome and the nucleotide differences in both coding (light blue boxes) and non-coding regions
(excluding horizontally acquired elements and putative recombination regions) are determined. The number of SNV differences between the pairs of isolates is

cgMLST

wgMLST
SNV

wgMLST

Accessory genes

SNV matrix
5
2 5
2 3 0

genetically unrelated isolates >10 SNVs are expected (10). This
SNV relatedness criterion has now been widely accepted for
transmission networks and outbreak investigations, and used in
several studies that will be presented later in this review.

Gene-by-Gene Comparison, cgMLST, and

wgMLST

Cg- or wgMLST typing works on the same principles as the
classical MLST, described by Maiden et al. (14), a comparison
of strains based on sequence differences in a pre-defined set of
housekeeping genes/loci. Usually seven housekeeping genes/loci
are included in MLST schemes for most bacteria, including C.
difficile (15). For each of the seven loci, the different sequences are
assigned distinct allele numbers and the alleles at each genes are
described as the allelic profile (Figure 1). Finally, for each allelic
profile (the series of seven allele numbers) a unique sequence type
(ST) is determined (14).

Because only a small number of genes are included in the
analysis, MLST usually does not have sufficient discriminatory
power to differentiate between closely related strains, e.g., strains
that belong to the same PCR ribotypes, which makes this
method insufficient for investigations of transmission events.

To overcome this, an extension of MLST using a genome-wide
gene-by-gene allele calling of hundreds or thousands of loci, so-
called cgMLST and wgMLST was developed (16). The cgMLST
scheme utilizes comparison of the non-repetitive genes that are
conserved in all the members of a species, so called core genes. On
the other hand, wgMLST examines a greater number of loci, and
includes accessory genes as well as the core genes; these are genes
that are variably present across a species (Figure 1), including
also repetitive genes and pseudogenes (4).

Available Schemes for C. difficile
WGS-Based Typing

For C. difficile, three publicly available schemes are available for
cg- and/or wgMLST typing, and analysis can be performed either
by using commercial software (BioNumerics, Applied Maths or
SeqSphere+, Ridom) or by a freely accessible online resource
(EnteroBase). Additional new schemes are being developed
(https://www.biorxiv.org/content/10.1101/686212v1?rss=1). The
cgMLST scheme for C. difficile include 2270 loci (60.4%
of the genes present in strain 630; SeqSphere; https://www.
cgmlst.org/ncs/schema/3560802/) (17). wgMLST is available in
Enterobase and in BioNumerics where, together with 1,999
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core genes, another 6,713 accessory genes are included in the
analysis http://www.applied-maths.com/sites/default/files/extra/
Release-Note- Clostridium-difficile- schema.pdf.

The advantage of cgMLST and MLST is that sequences and
allelic profiles of strains can be compared via the internet with
central databases enabling uniform typing nomenclature that
facilitate international comparability of typing data (16, 17). On
the other hand, wgMLST might offer greater resolution between
closely related strains, but the nomenclature is not standardized.
However, EnteroBase contains all publically available genomic
sequences (uploaded from public archives and assembled into
annotated draft genomes), and therefore wgMLST data can be
compared to all previously published C. difficile genomes and
interpreted within a global context (18).

In contrast to SNV, the allele-based approaches do not
need the genome of a closely related reference strain for the
initial alignment of reads or contigs. Also, in the allele-based
approach, both mutation (usually resulting in a single SNV) and
recombination (that is more likely to introduce multiple deletions
or insertions within allele) are counted as a single evolutionary
event, meaning that there is no need to apply additional steps to
identify and remove putative recombination regions (9, 19).

To test the discriminatory power and applicability of cgMLST
to differentiate closely related strains, Bletz et al. (17) reanalyzed
data from published outbreak investigations. With cgMLST they
were able to differentiate among epidemiologically related strains
and the conclusions were in concordance with the published SNV
analysis. By re-analyzing two different outbreak investigations
and considering the guide for number of SNV expected in
genetically unrelated and related isolates (=10 SNV and <2
SNVs, respectively) (10), the authors proposed a threshold of
>7 alleles difference for strains being unrelated and <6 alleles
for strains that are likely to be clonal. With this threshold, the
cgMLST predicted the same clusters of related strains as SNV
analysis. All strains within the defined threshold were assigned
to the same cgMLST cluster type (CT) (17).

CURRENT IMPLEMENTATION OF WGS
TYPING IN HUMAN CDI

The feasibility of using WGS of C. difficile genomes
on benchtop sequencing platforms for transmission
investigation to rapidly distinguish between outbreak
and non-outbreak cases in a clinically relevant
timescale was first demonstrated in 2012 in a pilot
study conducted by Eyre et al. (20). Since then
SNV-based analysis has been widely adopted for
CDI  surveillance and has revealed some novel
understandings about transmission dynamics and recurrent
infections (Table 1).

Source Identification for Hospital CDI
Cases

Traditionally, most cases of CDI have been thought
to be acquired within the hospital environment,
where transmissions occurs by horizontal spread from

symptomatic patients (39, 40). However, assessment of CDI
transmission in hospital settings by classical genotyping
approaches was hampered by the low discriminatory
power of used methods and by the number of patients
that carry endemic genotypes, either PCR ribotypes or
STs (9).

To assess the role of symptomatic patients in the transmission
of C. difficile in the hospital environment Eyre et al. (10),
sequenced genomes of C. difficile isolates from 1,223 patients
with CDI. In this study, only 35% (n = 333) of isolates could
be genetically linked (had <2 SNV) to at least one other isolate
from a symptomatic patient and for 36% (n = 120) of these cases
no plausible epidemiological link could be identified. Isolates
from almost half (45%) the patients were genetically unrelated
(>10 SNPs) to any other previous case, meaning that these
patients had likely acquired C. difficile from sources other than
symptomatic patients. These findings suggest that there are
rather diverse reservoirs of C. difficile and that transmissions
other that those occurring between symptomatic patients within
the hospital settings should be considered (e.g., asymptomatic
patients, animals, households, and environmental sources) (10).

The role of asymptomatic patients in the transmission of C.
difficile was explored by WGS in another study conducted by
Eyre et al. (22), which demonstrated that although asymptomatic
carriage is common, transmission from asymptomatic carriers
is likely to be infrequent. In a similar Canadian study, slightly
higher linkage rates were reported, where 46 and 52% of CDI
cases could be linked to previous symptomatic and infected or
colonized patients, respectively (36).

A study conducted in a single hospital demonstrated that
a diverse set of isolates can be found also among children
with CDI and that C. difficile transmissions, direct or indirect,
between children with CDI are even less frequent (12.5%) than
transmissions among adult CDI patients (35).

Several other studies have also addressed the questions
of importance of other non-hospital reservoirs in C. difficile
transmission and are reviewed in more details by Knight and
Riley in this issue (5).

Use of WGS for Study of CDI Recurrences

Within 2 months after treatment of an initial CDI episode,
up to 25% of patients develop recurrent infection (41).
Recurrent infection can be due to reinfection (CDI caused
by newly acquired strain) or relapse (CDI caused by the
original strain). Discrimination between relapses and reinfection
usually does not have direct clinical implications and will
not affect treatment. However, it might be important for
controlling CDI, either through interventions to manage C.
difficile transmission, or treatment policies (25). Several studies
have already demonstrated usefulness of WGS comparisons in
understanding the epidemiology of CDI recurrences (23-26). In
these studies, the authors used similar approaches as described
for transmission studies. In case of reinfections, isolates from
the initial and following episodes were expected to be genetically
unrelated, differing >10 SNVs, and in case of relapses, the
isolates would be clonal, differing in <2 SNVs (23). All studies
that explored the source of recurrent infection demonstrated
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TABLE 1 | WGS-based studies of C. difficile transmissions, outbreaks, or recurrences.

References Aim Country Description

Didelot et al. (9) Transmission UK Microevolutionary analysis of C. difficile (assessment of within-host evolutionary rate) and use of
whole-genome sequencing for studying C. difficile transmission.

Eyre et al. (20) Transmission UK A proof-of-principle study to investigate potentials of benchtop sequencers in routine clinical practice to
investigate transmissions. Example of small cluster of genetically (MLST) identical C. difficile strains that
could be differentiated with WGS.

Eyre et al. (10) Transmission UK Investigating the role of symptomatic patients in the transmission of C. difficile. Study also demonstrates
that in the settings with standard infection control most cases of infections are acquired from other
sources, not symptomatic cases.

Eyre et al. (21) Mixed UK Describing new algorithm for detection of mixed CDI in clinical samples from whole genome sequencing

infections data.

Eyre et al. (22) Transmission UK Investigating the role of asymptomatic patients in the transmission of C. difficile.

Eyre et al. (23) Recurrence UK Use of WGS to determine if the reductions in recurrence of CDI observed with fidaxomicin occurred by
preventing relapse, reinfection or both. Study demonstrated that fidaxomicin was superior to
vancomycin in treating recurrent CDI.

Mac Aoga’in et al. (24) Recurrence Ireland Use of WGS of C. difficile to discriminate between relapses and reinfections, and putative patient-patient
transmission events in Ireland.

Kumar et al. (25) Transmission UK A WGS to track the transmission of C. difficile PCR ribotype 027 within single hospital in UK, and to
distinguish between the relapses and reinfections.

Sim et al. (26) Recurrence USA Use of WGS to determine the rate of relapse and reinfection in patients with recurrent CDI.

Mawer et al. (27) Transmission UK Exploring the role of symptomatic patients that are toxigenic strain positive but fecal toxin negative in
transmissions of C. difficile.

Eyre et al. (28) Transmission UK Use of WGS as surveillance tool to assess infection control effectiveness in hospitals by identifying the
extent of hospital-acquired CDI transmissions within hospitals.

Stoesser et al. (29) Transmission UK Investigation of genetic overlap of infant and regional C. difficile strains in Oxfordshire.

Donskey et al. (30) Transmission USA Transmission of C. difficile from colonized or infected long-term care facility residents.

Endres et al. (31) Outbreak USA Environmental transmission of C. difficile PCR ribotype 027 at a long-term care facility.

Eyre et al. (32) Transmission UK WGS to analyze distinct patterns of C. difficile PCR ribotype spread across Europe.

Halstead et al. (33) Transmission UK WGS to investigate if asymptomatic carriers contribute to nosocomial CDI.

Isidro et al. (34) Outbreak Portugal Genomic investigation of C. difficile PCR ribotype 017 outbreak strains.

Kociolek et al. (35) Transmission USA Transmission of CDI among symptomatic children.

Kong et al. (36) Transmission Canada Investigation of transmission patterns between infected and colonized patients.

Williamson et al. (37) Transmission USA Transmission of PCR ribotype 027 within healthcare facility and comparison to global collection of

ribotype 027 isolates.

Garcia-Fernandez et al. (38) Transmission Spain

Routes and frequencies of transmission of C. difficile in a tertiary-care hospital in Madrid.

that the majority of recurrent episodes are caused by primarily
infecting strain, meaning that relapses are more common than
reinfections (23-26).

BACKWARD COMPATIBILITY BETWEEN
WGS AND MLST

Currently, an assortment of classical and WGS-based typing
methods is used for investigations of C. difficile epidemiology (2).
Reverse compatibility of WGS with traditional typing methods
is therefore important to compare the genotypes obtained with
different approaches and to compare newly sequenced strains
to existing and historical strains (42). From WGS data, seven
MLST loci can be easily extracted to determine the allelic profile
and ST. For ST calling directly from draft genomes a publically
available PubMLST.org database can be used (43). SeqSphere
and BioNumerics also enable ST determination directly from
WGS data.

WHY CAN PCR RIBOTYPE NOT BE
DETERMINED WITH WGS

PCR ribotyping has become a method of choice for typing of
C. difficile in the majority of laboratories (2, 44). The method is
based on analysis of banding patterns of PCR-amplified internal
transcribed spacers (ITS) located between 16S and 23S rRNA
genes in ribosomal operon. In C. difficile, as in many other
bacteria, the ribosomal operon is present in several copies in the
genome and different copies differ in the length of ITS (45) and,
due to intraspecific diversity of ITS, PCR ribotyping is a good
method for C. difficile genotyping (2).

In contrast to MLST-ST, PCR ribotype cannot be directly
determined from WGS. Regions that are amplified in PCR
ribotyping are repetitive and it is not possible to map short
sequence reads generated by NGS correctly to such repetitive and
modular regions (45, 46). To assign a PCR ribotype to a new ST or
cgMLST cluster type, a representative strain would still need to be
PCR ribotyped. But with the advances in NGS technologies (e.g.,
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PacBio and Nanopore), read lengths are continually increasing
(4). The availability of very long and very precise sequences will
ultimately enable the in silico PCR ribotyping.

The ability to predict PCR ribotypes from whole genome
sequencing data remains controversial. While the genome
sequences of strains belonging to the same PCR ribotype mostly
group together, it is important to appreciate the differences
between a true ‘PCR ribotype determination’ and ribotype
inferred from genome sequencing data. Firstly, while grouping
of strains with identical PCR ribotype is to be expected,
there are exceptions and similarity of genome sequences of
two different PCR ribotypes has been documented (36 and
unpublished data). Secondly, due to limitations of short read
sequencing explained above, comparison of two genomes shows
only similarities in large part of genome, but not necessarily
in the regions that are actually used for PCR ribotyping
(i.e. ITS). Therefore, it is important to differentiate between
ribotypes determined by actual PCR ribotyping and putative
PCR ribotypes based on genome similarity, but excluding
rDNA regions.
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The use of whole genome sequencing (WGS) as a method for supporting outbreak
investigations, studying Salmonella microbial populations and improving understanding
of pathogenicity has been well-described (1-3). However, performing WGS on a discrete
dataset does not pose the same challenges as implementing WGS as a routine, reference
microbiology service for public health surveillance. Challenges include translating
WGS data into a useable format for laboratory reporting, clinical case management,
Salmonella surveillance, and outbreak investigation as well as meeting the requirement
to communicate that information in an understandable and universal language for
clinical and public health action. Public Health England have been routinely sequencing
all referred presumptive Salmonella isolates since 2014 which has transformed our
approach to reference microbiology and surveillance. Here we describe an overview
of the integrated methods for cross-disciplinary working, describe the challenges and
provide a perspective on how WGS has impacted the laboratory and surveillance
processes in England and Wales.

Keywords: WGS, genomic typing, molecular epidemiology, Salmonella, SNP typing

INTRODUCTION

Public Health England’s (PHE) Gastrointestinal Bacterial Reference Unit (GBRU) receives
approximately 10,000 presumptive Salmonella isolates each year from diagnostic microbiology
laboratories, private laboratories and food, water and environmental laboratories for confirmation
of identity and typing. Of the average 8,500 individual case reports of salmonellosis in England
and Wales annually, ~95% of clinical diagnostic isolates are sent to the reference laboratory
for confirmation and further typing. The reporting of Salmonella isolated from human clinical
diagnostic samples in public health laboratories is mandatory under national legislation (4, 5).
Prior to the introduction of WGS, presumptive Salmonella isolates were identified and
characterized using a variety of methods including assaying biochemical properties (6), real-time
PCR (7), phenotypic microarrays (Omnilog), and serology (8, 9). Further discrimination for select
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serovars was routinely carried out using phage-typing (PT)
(10) and suspected outbreak isolates were reactively subjected
to pulsed-field gel electrophoresis (PFGE) (11) or multi-locus
variable number of tandem repeats analysis (MLVA) (12).
The approach of using multiple laboratory techniques for the
characterization of Salmonella was highly specialized, laborious,
time consuming and open to interpretation error. When the
option of using a Whole Genome Sequencing (WGS) approach to
streamline laboratory processes, reduce processing time, improve
the fine typing discriminatory power for surveillance and
outbreak detection in real-time became available, PHE utilized
the opportunity to assess its potential in a public health setting.

In 2014, GBRU began evaluating and validating WGS
methods as a replacement for conventional confirmation and
further characterization methods for Salmonella spp and began
reporting results derived from WGS analysis routinely for
surveillance purposes from April 2015 (13). The implementation
of this methodology has required a change in how we approach
our testing processes, the reporting of microbiological data,
the integration with epidemiological data and application
of cross-disciplinary working encompassing microbiological,
bioinformatics and epidemiological expertise. Here, following
4 full years of implementation in England and Wales, we
describe an overview of our experiences to date, provide a
perspective on our approach to maximize the utility and
benefits, present on overview of WGS data generated between
April 2016 and March 2018 and describe some of the
limitations and challenges in implementing WGS for routine
Salmonella surveillance.

PHES WGS IMPLEMENTATION APPROACH

Identification of Salmonella and the

Bioinformatics Pipeline Process

Presumptive Salmonella isolates are submitted by frontline
testing laboratories to the Salmonella Reference Service for
confirmation and further characterization (Figure 1). On receipt
the DNA is extracted using the Qiasymphony automated DNA
extraction machine [Qiagen, UK] and sequenced using the
Mlumina HiSeq 2500 platform in rapid run mode (2 x 100 bp
reads). The samples are batched with other pathogen isolates
received for sequencing for the maximum capacity of 96
isolates per lane, per flowcell. The quality of raw FASTQ files
is evaluated using an in-house program, qa_and_trim, which
determines the metric yield of the sample (where yields of
data from an isolate are below 150 Mb and are repeated) and
trims the files using Trimmomatic (14) (using the parameters
LEADING:30, TRAILING:30, SLIDINGWINDOW:10:20, and
MINLEN:50). All subsequent analysis is carried out on the
trimmed files. As previously described, the PHE KmerID
pipeline (https://github.com/phe-bioinformatics/kmerid) is used
to compare the sequenced reads with published genomes to
identify the bacterial species and Salmonella subspecies (13).
The quality of the sample is further evaluated by MLST
using the Achtman seven gene scheme (15) (MOST, https://
github.com/phe-bioinformatics/MOST) (16). Each sample is

assigned a “traffic light” color depending on its coverage
metrics: Green-maximum percentage non-consensus depth
<15%, minimum consensus depth >2, percentage coverage
= 100%, and that the ST determination has not failed;
amber-maximum non-percentage consensus depth is >15% or
minimum consensus depth is between 0 and 2 (inclusive);
red-percentage coverage <100% or the ST determination
has failed.

Salmonella serovar determination is predicted based on the
Salmonella eBURST group (eBG) or Sequence Type (ST) (15) and
checked against a validated PHE database (13). Validation of eBG
and ST for inferring serovar is an ongoing process and currently
requires a minimum of three isolates within that group to have
been validated with the SeqSero profile (17) and confirmed with
full phenotypic serology of both the somatic and flagella antigens
(8, 9). Partial phenotypic serology is also currently performed
when STs contain more than one serovar (polymorphic) or where
referring primary diagnostic laboratories refer mixed cultures or
they indicate conflicting serology results on the request form.
To ensure reports are kept within TAT, where there are novel
STs, the isolate is assigned an internal temporary ST until
it has been submitted to a public repository and assigned a
standard ST. The temporary ST is then overwritten with the
new ST.

Microbial fine typing is achieved by utilizing the high
discriminatory power of single nucleotide polymorphisms
(SNP). A bioinformatics application, SnapperDB has been
developed to quantify SNP relatedness and derive an isolate
level nomenclature termed the “SNP Address” (18). This
applies multi-threshold single linkage clustering to describe
an isolate’s position in the population structure of a given
Salmonella eBG. Single-linkage clustering is performed at
seven descending thresholds of SNP distance; 250, 100, 50,
25, 10, 5, and 0. This clustering results in a discrete
seven-digit code where each number represents the cluster
membership at each descending SNP distance threshold.
Maximum likelihood phylogenies of selected strains of interest
are constructed based on SNPs extracted from SnapperDB using
RaxML v8.2.8 (19).

Turnaround times (TATs) before WGS averaged around
20 days from isolate receipt to reporting of validated results;
Biochemistry—5-28 days, Serotyping—3-21 days, PT—3-10
days, PFGE—7-10 days. The average TAT for results utilizing
WGS is now 10 days but these reports can be issued in as
little as 6 days and can replace all of the previous methods.
The reduced TAT and improvement of laboratory typing data
has improved the outbreak investigation process since data is
received quicker for analysis and case definitions have been
refined and based on the enhanced granularity of the typing. The
validation process for reporting laboratory results has remained
the same with a two stage process involving the technical
and medical validator checking the validity and quality metrics
(such as the yield) of the WGS data and other performed
tests for Salmonella identification. Participation in External
Quality Assessment (EQA) schemes remain the same with the
addition of specific EQAs now in place for cluster detection via
genomic methods.
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FIGURE 1 | Flow Chart of Service Provision and information workflows between PHE and external organizations for Saimonella reference microbiology and
surveillance. NHS, National Health Service; FW&E, Food, Water and Environmental; PHE, Public Health England; GBRU, Gastrointestinal Bacteria Reference Unit;
WGSDU, Whole Genome Sequencing Delivery Unit; LIMS, Laboratory Information Management System; GDW, Gastro Data Warehouse; SGSS, Second Generation
Surveillance System; NCBI, National Center for Biotechnology Information; SRA, Short Read Archive; Gl, Gastrointestinal; FS, Field Services; HPT, Health Protection
Team; EPIS, Epidemic Intelligence Information System; RASFF, Rapid Alert System for Food and Feed; EHO, Environmental Health Officers; FSA, Food Standards
Agency; APHA, Animal and Plant Health Agency; ECDC, European Center for Disease Prevention and Control; EFSA, European Food Safety Authority; DEFRA,
Department for Environment, Food and Rural Affairs. Databases/Platforms include GDW, LIMS, EPIS, RASFF, and Enterobase.

Antimicrobial Resistance and Clinical

Interpretation

Using WGS data, genetic antimicrobial resistance (AMR)
determinants are sought using reference mapping approaches
as previously described (20, 21). Resistance genes are identified
by comparison to an in-house curated library collated from
publicly accessible databases (PRJNA313047) (22, 23).
Known chromosomal mutations, acquired resistance genes

and resistance-conferring mutations relevant to P-lactams
(including carbapenems), fluoroquinolones, aminoglycosides,
chloramphenicol, macrolides,
trimethoprim, and fosfomycin and acquired genes associated
with colistin resistance are included in the reference database.
Genotypic markers to infer phenotypic antimicrobial resistance
have been recently validated (20, 21) but further work is
required to translate this into a clinically useful format

sulphonamides, tetracyclines,
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(24). Phenotypic antimicrobial sensitivity testing (AST) are
carried out to provide minimal inhibitory concentrations
(MICs) (according to EUCAST guidelines http://www.eucast.
org/clinical_breakpoints/). These are provided for clinical
management where requested by diagnostic laboratories and a
percentage of Salmonella are routinely phenotypically tested to
check clinically important (e.g., bacteraemia or treatment failure
cases) isolates and for horizon scanning purposes to detect novel
and /or emerging mechanisms of resistance.

Reporting Results and Integrated Analysis
of the Data

Frontline diagnostic laboratories report the isolation of
Salmonella spp to PHE via the Second Generation Surveillance
System (SGSS), a database that stores and manages data on
laboratory isolates and results, and is the preferred method for
capturing routine laboratory surveillance data on all infectious
diseases and antimicrobial resistance from laboratories across
England (25). This data is used for the monitoring of the overall
number of Salmonella isolated at frontline laboratories and the
number of isolates referred to GBRU. WGS results (ST, eBG,
serovar, and SNP address) populate a Laboratory Information
Management System (LIMS) at the Salmonella reference
laboratory, where they are validated and reported to the sending
clinician (Figure 1). The WGS data are currently only available
via a restricted access web-based system, the Gastro Data
Warehouse (GDW), a secure, encrypted, rationalized database
containing results on all isolates processed by GBRU (Figure 1).
PHE staff access data for cases within their region(s) on GDW
via a web-enabled interface through which line-listings of case
epidemiological data and sequencing results can be extracted
based on case demographic and/or sequencing results, such as
inferred serovar, ST, or SNP address. GDW also contains a cluster
extraction functionality which allows users to search for SNP
clusters based on desired temporal, size, and SNP distance level
thresholds. This allows real-time surveillance of microbiological
clusters by regional and national teams in line with the TAT
stated above.

Routine surveillance and monitoring of Salmonella trends for
general surveillance and risk assessment purposes is still carried
out at the serovar level. SNP typing is routinely undertaken for
the most commonly reported eBGs, and new eBGs/STs can be
added to the routine pipeline as necessary; currently 86% of
isolates received undergo SNP typing in real time. For those
eBG not subject to SNP typing, the exceedance algorithm applied
on the SGSS data is still used for outbreak detection at the
serovar level (26). Where a potential outbreak event is detected,
retrospective SNP typing of all the isolates within the ST/eBG
is undertaken to refine outbreak detection and prospective SNP
typing becomes routine. The SNP address is now utilized by PHE
epidemiologists and microbiologists as the primary method for
identifying microbiological clusters of gastrointestinal infections
in England to detect potential outbreak events. Case isolates that
fall within a 5-SNP single linkage cluster are considered likely to
be exposed to a common source of contamination. The number
of SNPs within a 5-SNP linkage cluster will vary depending on

the size, type, source, and length of the outbreak. For example
an international outbreak of S. Enteritidis, spanning over 3 years,
had two distinct 5-SNP single linkage clusters even though they
were from the same source of eggs from Poland. Cluster 1 had
a maximum SNP distance of 18 SNPs whereas Cluster 2 had
37 SNPs (27). Validation studies (28) and prospective use in
outbreak investigations (29, 30) indicate that the 5-SNP level is
suitable for detection of salmonellosis cases that are likely to be
epidemiologically linked and share a common exposure or source
of infection.

In order to analyze and act on the data in real time in
a systematic manner and manage the high volume of data
generated by WGS, an automated reporting system, the “SNP
Cluster Tool,” has been developed using the statistical software
R (31). The tool identifies and extracts epidemiological and
sequencing data for clusters of two or more cases which cluster
at the 5-SNP level where at least one case has been reported
in the preceding week. Clusters are automatically summarized
by rule-based categories in terms of case demographics (age,
sex, geographic distribution, and travel history) and cluster-
level characteristics (size, period of time since the first case
was reported and cluster growth rate). The resultant summary
tables are distributed on a weekly basis to microbiologists
and epidemiologists working on Salmonella surveillance at the
national and at the regional level. This automated approach
facilitates rapid cluster assessment and prioritization of clusters
requiring further investigation. The 5-SNP level is used primarily
as an initial cluster extraction and assessment threshold but
subsequent analysis of the cluster epidemiology and phylogeny
may result in this threshold being extended as guided by
the epidemiology. Where warranted this may even lead to
the subsequent selection of more than one epidemiologically
or phylogenetically related 5-SNP cluster to define the case
definition for an outbreak investigation (29, 32). A key
difference in defining SNP-clusters both microbiologically
and epidemiologically compared to previous typing methods
and epidemiological approaches is that the microbiological
characterization is considered sufficiently discriminatory that
clusters are usually defined independently of time. Therefore, in
most national outbreaks we apply non time-limited, phylogeny-
based case definitions and, in addition, no longer apply some
traditional exclusion criteria such as travel history.

Phylogenetic trees are generated for clusters which have
been prioritized for further assessment. Phylogenetic analysis
provides insight into the genetic relationship between outbreak
isolates which may reveal underlying epidemiological processes
or sampling dynamics (33). In addition, phylogenetic context
determined through assessing available epidemiological data
for isolates related at a wider genetic threshold may assist
hypothesis generation may assist hypothesis generation in
terms of geographical origin or potential source. Phylodynamic
reconstruction using Bayesian evolutionary analysis (34) may
also be deployed in outbreak settings to estimate the temporal
origin of the outbreak strain and to identify changes in
population size over time. These approaches can be particularly
valuable for outbreaks with long durations and where the
assessment of the success of interventions is needed (27).
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PHE also make validated FASTQ sequences publically
available (Figure 1) by routinely uploading Salmonella sequence
data to NCBI BioProject PRJNA248792 (https://www.ncbi.
nlm.nih.gov/bioproject/?term=PRJNA248792). Basic metadata is
provided including the Month/Year, Country, Isolation source
(e.g., human, animal, food), serovar and ST. As of 20th March
2019, 45,413 SRA experiments are available for analysis. Data
from NCBI is routinely imported to Enterobase, so that other
organizations can utilize its online tools such as analyzing
population structures (Figure2) or utilizing cgMLST tools
and compare PHE genomes with their own data in outbreak
detection. This enables any user to have access to the data for
comparison analysis and has enabled real-time comparison of
outbreaks at the international level.

Experiences and Outputs of WGS

Implementation at PHE 2016-2018

WGS has not yet fully replaced traditional typing methods, a
review of the 17,899 confirmed Salmonella laboratory results
reported between April 2016 and March 2018 indicated that
89.1% of Salmonella serovars were reported by eBG/ST inference
alone while the other 10.9% were reported on the antigenic
phenotype (Figure 3).

Of the 17,899 reports, a total of 4,096 (22.8%) isolates
required further microbiological tests including serology and
PCR (Figure 3). The main reasons for additional serological
testing included novel STs, mixed cultures referred by the sending
laboratory and polymorphic Salmonella (more than one serovar
within a ST) (Figure 3).

Out of the 17,899 isolates reported between April 2016- March
2018,2,128 (11.8%) were tested phenotypically for AST (Table 1).
There were no resistant Salmonella detected using phenotypic
methods that were missed using WGS surveillance during this
period, although results continue to show that genotypic AMR
mutations do not always express phenotypically (20, 21). The
use of WGS has enabled real-time, high throughput, routine
surveillance of resistance determinants to detect emerging
threats, such as the confirmation of the first ESBL S. Typhi case
in the UK (35). A useful benefit of genotypic characterization of
AMR determinants is the ability to rapidly add additional gene
targets to the database, enabling rapid screening of thousands of
isolates in a short period of time. In 2015, PHE demonstrated
the use of WGS for rapid screening of the genomes of
~24,000 Salmonella enterica, E. coli, Klebsiella spp., Enterobacter
spp., Campylobacter spp. and Shigella spp. to identify novel
transmissible colistin resistance (mcr-1) in 15 human and food
isolates (36). Another example of utilizing WGS AMR data has
been monitoring of emerging resistance to a first-line antibiotic
azithromycin in Salmonella spp (37).

Since implementing WGS methods in April 2014, Salmonella
reporting trends in England and Wales have been generally
consistent with previous years. However, assessing laboratory
data using eBG rather than serovar has shown that analysis
of the data at the serovar level doesn’t optimally reflect the
incidence of genetically related groups. Assessment of eBGs
reported between April 2016 and March 2018 shows that eBG

4 (S. Enteritidis, 4,866 isolates), eBG 1 (S. Typhimurium, 3,025
isolates) and eBG31 (S. Infantis,469 isolates) constitute the main
burden of salmonellosis in England and Wales (Figure 2) as also
reflected in analysis at the serovar level (5,240, 3,649, and 540
serovar reports, respectively). However, for polyphyletic serovars
(serovars found in multiple eBGs), for example S. Newport,
“rank” in terms of number of reports varies substantially when
comparing the traditional serovar (671 isolates) to the multiple
eBGs of which it is comprised. S. Newport was the third most
commonly reported serovar between April 2016 and March 2018,
however is comprised of multiple eBGs (eBG 2,3,7,35), with the
most commonly reported S. Newport eBG (eBG3) being the 14th
most commonly reported eBG (244 isolates) overall (Figure 2).

Of the 17,899 isolates reported from April 2016 to March 2018,
13,948 Salmonella isolates clustered with at least one other isolate
at the 5-SNP level. These formed 2,007 clusters, distributed across
46 eBGs (Table 2). This time period was selected to identify the
number of active clusters (i.e., the number of clusters with at least
one new case added), however cluster statistics were analyzed
using all cases with membership in the cluster regardless of when
the result was reported. The majority of reported clusters were
small, with only 29% of clusters constituting five or more cases
(range: 2-423 cases, median: 3 cases). When these clusters were
analyzed including all cases in the 5-SNP cluster, including those
prior to March 2018, fifty-eight percent of clusters contained
cases reported over a period of time exceeding 3 months (range:
0.03-115 months [linked to historical cases in these clusters],
median: 6 months). Clusters of eBG4 (S. Enteritidis) constitute
the majority of the longest duration clusters, and there is evidence
gained from retrospective sequencing and analysis of isolates
from 2008 to 2015 that an outbreak linked to feeder mice has
persisted have persisted for over 10 years to date (38).

DISCUSSION

Improvement in Reference Services

Including Diagnostics

Implementation of WGS has transformed reference
microbiology services both in terms of improved accuracy
of results (13), and reduced turnaround times by ~50%. Further
reduction of TATs is possible but we are currently limited by the
requirement to batch process samples and the continuation of
additional phenotypic work. As routine WGS is implemented
for more organisms across PHE, the increase in numbers will
enable increased sequencing runs and hence a reduction in
TATs. The simplification of sample processing also reduces the
potential for laboratory errors and minimizes staff exposure
to pathogens thereby improving safety practices. In addition,
we have utilized the sequence data generated through routine
testing to develop specific, rapid real-time PCR tests to assist in
the management of patients including for the rapid differential
diagnoses of typhoidal from non-typhoidal Salmonella (39) and
to detect azithromycin resistant infections (in house assay).
This has had a direct clinical impact as same day testing can
be provided for urgent clinical cases. It is also worth noting
the rapidly developing technology of desktop and nanopore
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FIGURE 2 | Population structure of 16,854 Salmonella isolated from humans and submitted to PHE from local and regional hospital laboratories in England and Wales

sequencing becoming available to clinical laboratories. As these
technologies become more affordable and common in clinical
practice, real-time diagnostic sequencing will be able to identify
pathogens, detect virulence factors and drug resistance markers
to support clinical treatment. Currently local laboratories are
legally required to notify PHE of the isolation of Salmonella
sp. from a human sample; although further characterization is
not mandated in the current legislation (4, 5). Fortunately, the
majority (>95%) of isolated Salmonellae are currently sent to
the reference laboratory for further typing to enable a robust
national surveillance system. A move to sequencing occurring
locally could pose a risk to a cohesive, representative national
data set due to the lack of legal basis for such, though we think
it likely that a system for sequence sharing would be set up to
address this. However, even with the implementation of PCR
which has been in place for over a decade, not all frontline
laboratories use this technology. Benchtop sequencing is unlikely

to have a large impact on the current reference services model in
the short term with the current infrastructure in place.

Enhanced Surveillance and Outbreak

Investigation
Although published evidence does not yet support the use
of WGS-inferred antimicrobial susceptibility to guide clinical
management of individual cases (24), studies have shown WGS to
be an extremely rapid, robust, accurate tool for AMR surveillance
in food-borne pathogens such as Salmonella spp. (20, 21). It
is expected that information derived from WGS-based studies
will increasingly be used to inform public health interventions
aimed at limiting further dissemination of AMR genes in
foodborne pathogens.

Considering the variability in eBG for some serovars
(Figure 2), assessing Salmonella trends by eBGs, where available,
may be more appropriate than by serovar, as differentiation by
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Overview of Saimonella reports — methodology for Serovar Identification
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FIGURE 3 | Overview of Salmonella reports and methodology for serovar identification, April 2016-March 2018.

serovar does not optimally define the population heterogeneity
to the level possible using eBG. Therefore, we are moving more
to the use of eBG and in future eBG/ST for general surveillance,

trend monitoring and outbreak detection based on exceedance
algorithms. This work is still underway to integrate into routine
surveillance systems.
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TABLE 1 | Current criteria for selection of Salmonella isolates for phenotypic
antimicrobial sensitivity testing by in-agar dilution.

Criteria No. isolates tested 1

April 2016-31 March
2018

All'S. Typhi isolates 457

All S. Paratyphi A isolates 284

All S. Paratyphi B isolates 36

All' S. Paratyphi C/Choleraesuis and variants of 6

6,7:C:1,5 isolates

Non-typhoidal Saimonella (NTS) Bacteremia’s 433

Invasive or complex NTS clinical cases (from patient 103

sources other than feces and blood and by request).

Food, animal and environmental Salmonella isolates 161

From analysis of Salmonella sequencing data: all 200

isolates that genotypically show the presence of one

or more extended spectrum B-lactamase genes

From analysis of Salmonella sequencing data: all 163

isolates that genotypically show the presence of one

or more extended spectrum B-lactamase genes

From analysis of Salmonella sequencing data: all 1

isolates that genotypically show the presence of one

or more Carbapenamase resistance genes

From analysis of Salmonella sequencing data: all 240

isolates that genotypically show the presence of two

or more macrolide resistance genes

From analysis of Salmonella sequencing data: all 45

isolates that genotypically show the presence of one

or more colistin resistance genes

Total No. Isolates 2,128

Table summarizing the current criteria for phenotypic testing of isolates for antimicrobial
resistance testing (AST) and the numbers tested for AST of the 17,899 isolates reported
between April 2016 and March 2018. Note, not all resistance gene markers will
express phenotypically. Numbers are the total tested, not necessarily the number with
antimicrobial resistance.

The high-resolution typing provided by WGS for routine
surveillance is facilitating the improved detection of smaller and
geographically widespread clusters of common serovars such as
S. Enteritidis and—especially for common strains. In these cases,
the detection of a national outbreak would not have been possible
without the use of WGS to delineate the outbreak strain from
background numbers of commonly reported serovars/serovar
and phage type combinations, and WGS can provide a much
more refined case definition (38). Previous methods such as
PT did not provide information on genotypic relationships and
with common PTs, outbreak strains may have been overlooked
particularly with ongoing outbreaks involving multiple PTs. In
addition, cases have been epidemiologically investigated that
were not genetically linked to the outbreak strain (38). Although,
PFGE and PulseNet has been the backbone in the detection and
sharing of outbreaks (https://www.cdc.gov/pulsenet/pathogens/
pfge.html) on a global scale, there have been occasions where
PFGE has not always been useful in detecting the same clone
(40). The introduction of WGS in PHE and other agencies
has enhanced the way we compare outbreak isolates and has

facilitated an understanding of sources of outbreaks that would
not have been possible with previous typing methods (30, 32, 33).

Data Accessibility and Integration of Cross
Disciplinary Working

Key to the integration of epidemiology and phylogenetic
information at PHE is data management and real time
accessibility via the GDW database (Figure 1), as well as the SNP
address nomenclature. The use of WGS generates a huge volume
of data that requires further assessment by epidemiologists to
determine if there is a need for action/outbreak investigation.
The large amount of sequencing data generated for analysis each
week necessitated the development of automated data extraction
and analysis tools that have the capacity to deal with large
amounts of data to aid rapid assessment and prioritization for
further investigation. The sharing of the summary outputs of
clusters and access to the WGS results integrated with basic
case epidemiological data in a single database accessible by
microbiologists, bioinformaticians and epidemiologists at the
local, regional and national level means that local, regional and
national teams are able to interpret fine typing microbiological
data together with epidemiological data as part of routine
surveillance, and target their investigations/resources where cases
are most likely linked to a common source of contamination.
A welcome consequence of implementing WGS has been
closer working between public health infectious disease experts
resulting in an enhanced, multidisciplinary approach to GI
surveillance and outbreak investigation (Figure 1).

Inter-agency sharing and comparisons of microbiological,
epidemiological, and food chain analysis results is necessary
for effective food safety and control of zoonotic diseases
at the UK and at the international level. The comparison
of WGS results enhances effective assessment of cross-
border threats and participation in multi-country outbreak
investigations. Sharing raw sequence data, along with utilizing
international information platforms supported by European
Center for Disease Prevention and Control (ECDC) for the
sharing of microbiological and epidemiological information, has
proved successful for collaborative multi-agency, multi-country
outbreak investigations (32, 33, 41).

Gaps, Limitations, and Future Work

As with any new system, there are limitations and there is
room for improvement. A robust microbiological surveillance
system depends upon high isolate referral rates, so, while
there is currently high coverage for human diagnostic samples,
there are laboratories (particularly in the private sector)
that do not refer food isolates for further characterization.
Consequently, crucial information from the food chain
that could help inform hypothesis generation and target
outbreak investigation and food chain analysis is being
missed. Currently there is no system in place for routine
sharing of animal data outside of outbreak investigations
but PHE are addressing this together with the Animal and
Plant Health Agency (APHA). In addition, the potential
move to culture-independent diagnostic tests for GI
pathogens by hospital laboratories threatens to reduce the
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TABLE 2 | Characteristics of Salmonella WGS clusters, England, April 2016-March 2018.

eBG* Serovar Clusters Cluster size Cluster duration (months) Cluster cases per week
Median Min Max Median Min Max Max
4 Enteritidis 616 3.0 2 423 10.00 0.03 115.00 9.0
1 Typhimurium 606 3.0 2 165 4.00 0.03 74.00 5.0
31 Infantis 75 2.0 2 61 4.00 0.03 41.00 3.0
13 Typhi 67 3.0 2 112 12.00 0.10 72.00 2.0
11 Paratyphi A 59 3.0 2 36 15.00 0.13 64.00 2.0
29 Stanley 52 2.0 2 9 3.00 0.03 39.00 3.0
54 Agona 51 2.0 1 72 5.00 0.03 89.00 2.0
5 Java 45 2.0 2 13 5.00 0.03 47.00 2.0
56 Kentucky 37 2.0 2 28 8.00 0.03 40.00 2.0
9 Virchow 35 2.0 2 38 13.00 0.07 46.00 2.0
22 Hadar 34 2.5 2 17 5.00 0.07 41.00 3.0
138 Typhimurium 34 2.0 2 8 0.73 0.03 28.00 3.5
24 Braenderup 30 25 2 69 7.00 0.03 49.00 3.5
206 Bareilly 30 2.0 2 27 5.00 0.03 39.00 2.0
3 Newport 25 2.0 2 20 2.00 0.03 38.00 2.0
7 Newport 22 2.5 2 16 1.50 0.03 34.00 2.0
34 Bovis morbificans 18 2.5 2 24 6.00 0.10 38.00 2.5
62 Mbandaka 17 2.0 2 5 7.00 0.03 35.00 2.0
247 Mikawasima 16 3.0 2 16 1.00 0.16 24.00 4.0
44 Oranienburg 13 4.0 2 19 15.00 0.49 43.00 1.0
49 Chester 13 3.0 2 32 19.00 0.03 42.00 2.0
2 Newport 12 3.0 2 45 7.00 0.03 42.00 2.0
35 Newport 10 2.0 2 5 3.00 0.20 27.00 1.5
4 Oranienburg 10 3.0 2 29 2.00 0.03 17.00 2.0
65 Anatum 9 2.0 2 3 0.72 0.03 15.00 2.0
205 Weltevreden 7 2.0 2 7 0.66 0.03 13.00 2.0
12 Brandenburg 6 3.0 2 5 4.00 0.16 10.00 2.0
64 Kottbus 6 2.5 2 7 0.64 0.20 12.00 1.5
17 Javiana 5 3.0 2 4 7.00 0.03 35.00 2.0
61 Litchfield 5 2.0 2 4 5.00 1.00 37.00 1.0
70 Virchow 5 3.0 2 7 1.00 0.10 2.00 2.0
164 Kentucky 5 2.0 2 3 12.00 0.16 29.00 1.0
26 Heidelberg 4 2.0 2 3 0.71 0.03 3.00 2.0
32 Java 4 2.0 2 3 0.29 0.03 2.00 1.0
67 Give 4 9.0 2 17 10.00 0.03 17.00 1.5
271 Indiana 4 7.0 2 28 9.00 0.03 17.00 2.0
291 Kedougou 4 3.0 2 50 15.50 0.36 27.00 2.0
421 Adjame 3 5.0 4 0.69 0.23 1.00 1.0
270 Liverpool 2 4.0 3 6.34 0.69 12.00 2.0
292 Agbeni 2 3.5 2 10.00 1.00 19.00 1.0
57 Derby 1 2.0 2 12.00 12.00 12.00 1.0
244 Derby 1 20.0 20 20 40.00 40.00 40.00 1.0
264 Derby 1 5.0 5 30.00 30.00 30.00 1.0
1483 Abony 1 4.0 4 4 28.00 28.00 28.00 1.0
1992 Carno 1 12.0 12 12 5.00 5.00 5.00 1.0

Table describing the characteristics of Salmonella whole sequencing genome clusters in order of decreasing cluster burden by eBG (*‘where the eBG is not defined, the ST will be
specified). Each eBG is characterized in terms of the number of clusters detected during the surveillance period (with the data for each cluster including isolates falling into the clusters
outside the study period), the number of cases within clusters, the age of the cluster in months and the number of cases detected per cluster per week. The maximum cluster duration
will date back to any historical strains that have been sequenced and fall into the cluster.

Frontiers in Public Health | www.frontiersin.org 129 November 2019 | Volume 7 | Article 317


https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles

Chattaway et al.

Transformation: Reference Microbiology via WGS

representativeness of WGS data as isolates would not always
available for sequencing.

Although a small number of isolates are still being fully
phenotypically serotyped due to validation of novel STs
(Figure 3), in silico serotyping methods such as SeqSero
(17) or SISTR (42) hold great promise in providing a
direct replacement for prediction of individual somatic and
flagella antigens, as currently defined by the Kaufmann-
White-Le Minor scheme. It should be noted however
that genotypic prediction does not always correlate to
phenotypic expression which is problematic for defining
novel Salmonella strains. We recognize that continuing to
perform phenotypic serology routinely is not desirable or
sustainable and we aim to cease all traditional serotyping
methods in future.

Additional limitations include the necessity of pure
cultures required for DNA extraction as contamination
will interfere with bioinformatic outputs including accurate
sequence typing, fine typing results of SNP analysis and
correct calling of AMR gene determinants. Batch processing
of samples is still required for sequencing to improve
efficiency and maintain cost-effective operations; as a
result, TATs are typically in excess of 7 days and in urgent
typhoidal cases, PCR (39) is still required to provide a
preliminary identification.

Recent publications (20, 21) have demonstrated the utility
of WGS-inferred antimicrobial susceptibility for clinical
management, rapid surveillance initiatives and monitoring of
emerging resistance. It is acknowledged that novel mechanisms
of resistance could be missed using genotypic determination
of AMR and how the presence of AMR determinants relates
to MICs is as yet still not fully understood, therefore a certain
level of phenotypic testing is still required. MIC prediction by
WGS and machine learning is currently being investigated (43),
where the observed MIC is underpinned by genetic factors
encoded in the DNA, prediction should be possible and a
potential model for the future. It is crucial to perform active
curation of the resistance gene databases to maintain the high
sensitivity of genotypic prediction especially due to novel,
emerging resistance mechanisms. Our in-house pipeline, for
instance, does not detect impermeability or efflux pumps as these
mechanisms are not always encoded by a single gene that can be
easily detected.

The SNP address derived from the PHE pipeline has
been utilized to identify microbiologically linked cases
through collaborative working and sharing of sequence
data in international outbreak investigations. However, there
are multiple different pipelines and nomenclatures used in
different organizations, so WGS results may not always be
easily communicated between agencies using different systems
in the initial stages of detection and assessment of threats.
Real-time multi-country comparison of WGS data remains
challenging, and the future use of harmonized typing schemes
and supporting infrastructure is welcomed (44, 45) and
validation studies have already begun (46). One example is the
NCBI Pathogen Detection Portal (https://www.ncbi.nlm.nih.
gov/pathogens) and is a working example of close to real-time

comparison system for surveillance of bacterial pathogens
using WGS. There are multiple caveats, such as making the
data public and being able to interpret phylogenetic trees
but this approach does work and an open framework for all
to access.

The high volume of clusters detected each week and
longevity of some clusters due to persistent
of contamination can be challenging in terms of
consistent resource allocation. A high-level of expertise
is required to interpret WGS data in combination with
epidemiological evidence.

sources

CONCLUSION

The Whole Is More Than the Sum of Its
Parts

The integration of routine WGS as a replacement for
traditional microbiological methods has revolutionized
reference microbiology and impacted real-time surveillance
of gastrointestinal  pathogens for improved public
health outcomes. PHE have now implemented routine
WGS methods for Salmonella (13), Shigella (47, 48),
Campylobacter, Escherichia (48, 49), Listeria (50), Vibrio
(51), and Yersinia species (52). It is envisioned that WGS
methods will be implemented for all gastrointestinal
bacterial pathogens services at PHE within the next
few years.

The large volume of data generated by the use of WGS
has required additional tools be developed to facilitate
surveillance, cluster assessment and prioritization, and outbreak
detection; using these tools these processes have become more
discriminatory and can occur in near real-time compared to
previous typing methodologies. This has improved outbreak
detection, hypothesis generation, and source attribution in ways
not previously possible.

The posting of sequences on a publicly accessible database
means other countries can compare with their in-house databases
and has facilitated substantial international collaboration that
would not have possible if all data was only kept in-house.

International harmonization of WGS typing methods
for surveillance is crucial and still in the development
phase.  Close collaboration  between  epidemiologists,
bioinformaticians, microbiologists, clinicians and food safety
experts is essential to maximize the public health potential
provided by WGS.
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The protozoan parasite Cryptosporidium is an important cause of diarrheal disease
(cryptosporidiosis) in humans and animals, with significant morbidity and mortality
especially in severely immunocompromised people and in young children in low-resource
settings. Due to the sexual life cycle of the parasite, transmission is complex. There
are no restrictions on sexual recombination between sub-populations, meaning that
large-scale genetic recombination may occur within a host, potentially confounding
epidemiological analysis. To clarify the relationships between infections in different
hosts, it is first necessary to correctly identify species and genotypes, but these
differentiations are not made by standard diagnostic tests and more sophisticated
molecular methods have been developed. For instance, multilocus genotyping has been
utilized to differentiate isolates within the major human pathogens, Cryptosporidium
parvum and Cryptosporidium hominis. This has allowed mixed populations with multiple
alleles to be identified: recombination events are considered to be the driving force
of increased variation and the emergence of new subtypes. As yet, whole genome
sequencing (WGS) is having limited impact on public health investigations, due in part
to insufficient numbers of oocysts and purity of DNA derived from clinical samples.
Moreover, because public health agencies have not prioritized parasites, validation has
not been performed on user-friendly data analysis pipelines suitable for public health
practitioners. Nonetheless, since the first whole genome assembly in 2004 there are now
numerous genomes of human and animal-derived cryptosporidia publically available,
spanning nine species. It has also been demonstrated that WGS from very low numbers
of oocysts is possible, through the use of amplification procedures. These data and
approaches are providing new insights into host-adapted infectivity, the presence and
frequency of multiple sub-populations of Cryptosporidium spp. within single clinical
samples, and transmission of infection. Analyses show that although whole genome
sequences do indeed contain many alleles, they are invariably dominated by a single
highly abundant allele. These insights are helping to better understand population
structures within hosts, which will be important to develop novel prevention strategies
in the fight against cryptosporidiosis.

Keywords: cryptosporidium, public health, genotyping, genome, sequencing, multiplicity of infection

Frontiers in Public Health | www.frontiersin.org 133

December 2019 | Volume 7 | Article 360


https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org/journals/public-health#editorial-board
https://www.frontiersin.org/journals/public-health#editorial-board
https://www.frontiersin.org/journals/public-health#editorial-board
https://www.frontiersin.org/journals/public-health#editorial-board
https://doi.org/10.3389/fpubh.2019.00360
http://crossmark.crossref.org/dialog/?doi=10.3389/fpubh.2019.00360&domain=pdf&date_stamp=2019-12-11
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles
https://creativecommons.org/licenses/by/4.0/
mailto:Rachel.Chalmers@wales.nhs.uk
https://doi.org/10.3389/fpubh.2019.00360
https://www.frontiersin.org/articles/10.3389/fpubh.2019.00360/full
http://loop.frontiersin.org/people/783184/overview
http://loop.frontiersin.org/people/636474/overview

Morris et al.

Sequencing Cryptosporidium for Public Health

INTRODUCTION

The parasite Cryptosporidium is a protozoan that occurs
worldwide, and can cause the diarrheal disease cryptosporidiosis
in humans and animals (Figurel). The life cycle of
Cryptosporidium (Figure 2a) (1) is completed within a single
host. Both the asexual phase, and the production of thin-walled
oocysts that enable autoinfection, mean the numbers of parasites
are increased from possibly single figures in the initial infection,
to result in clinically significant infections and the shedding
of vast numbers of oocysts in feces (2). These shed oocysts
have thick walls, conferring protection for the four infective
sporozoites contained within, and enabling long-term survival,
environmental transmission, and resistance to commonly used
disinfectants including chlorine (3, 4). This means that, in
addition to the variety of hosts that act as direct sources of
infection (Figure 1; Table1), contaminated food, water, or
environmental vehicles are involved in transmission and need to
be considered and investigated for effective disease control and
prevention of outbreaks of cryptosporidiosis (5).

Human cryptosporidiosis is usually a gastrointestinal disease,
although there is some evidence for respiratory cryptosporidiosis
in some populations (6). Symptoms ranging from mild to
severe depending upon a number of factors, including the
host’s age, immune status, nutrition, genetics, and the site
of infection, as well as the infecting species and variant of
Cryptosporidium (7-9). Clinical symptoms include diarrhea,
abdominal pain, vomiting, nausea, and low-grade fever, which,
although prolonged (2 weeks is not unusual) are generally
self-limiting in immune competent hosts. However, infection
can be more problematic and even life-threatening in some
severely immunocompromised individuals, and in malnourished
young children (10). There are few options for treatment or
prevention. Recent studies have shown that in some low-resource
countries, where access to safe drinking water, sanitation,

Humans

FIGURE 1 | Transmission of Cryptosporidium spp. leading to human
cryptosporidiosis, arrow thickness represents likely global importance of
source hosts.

hygiene, and healthcare is often poor, Cryptosporidium is one
of the most important causes of moderate-to-severe diarrheal
disease and death in young children (11, 12). Furthermore,
long-term effects of infection such as malnutrition, growth,
and cognitive deficits have been described, highlighting the
socio-economic impact on the adverse outcomes of infection
(10). A vicious cycle of malnutrition and diarrhea can become
established with detrimental effects on these societies (13). For
these reasons, Cryptosporidium was included in the World Health
Organization’s Neglected Diseases Initiative in 2004 (14), which
served to raise awareness of the need for international and
national investments in prevention and control.

Thirty-nine species of Cryptosporidium have been described
at the time of writing (Table 1), but not all cause human disease.
The vast majority of human cryptosporidiosis is caused by
the zoonotic species Cryptosporidium parvum or anthroponotic
Cryptosporidium hominis, with multiple variants that can cause
varying severity of symptoms. The diagnostic target of laboratory
tests, and those used to detect Cryptosporidium in water, is
the oocyst, using stained microscopy or immunologically-based
assays, or the sporozoite DNA. Routinely applied tests are
not able to differentiate species, and molecular methods are
needed to investigate true relationships between infections and
contaminants and thus elucidate the complex transmission of
Cryptosporidium. A range of samples need to be investigated,
from feces (e.g., stools, diapers, livestock dung, manure, slurry,
runoff, and wild life droppings), to contaminated water and food,
but these present challenges to detection and genotyping. At
present, amplification by culture is not an option in this context,
and finding oocyst targets, which may be in low concentration in
the sample matrix, can be a hit-and-miss affair. Recent advances
in molecular methods generally, and particularly in genomics,
have increased the amount of data available particularly on the
major pathogenic Cryptosporidium species (Table 1). Continued
generation and accessibility of genomic data will potentially
improve the public health response to cryptosporidiosis by
identifying new targets for incorporation into diagnostic and
genotyping assays (15). Putative virulence and host adaption
factors have been proposed (16), and potential chemotherapeutic
targets and vaccine candidates are being sought (10, 17) and
identified [e.g., (18)].

INTRODUCTION TO CRYPTOSPORIDIUM
GENOTYPING

To identify Cryptosporidium species, genotyping was undertaken
initially using conventional PCR combined with either restriction
fragment length polymorphism (RFLP) or Sanger sequence
analysis, most commonly of the 18S rRNA gene (19). The 18S
rRNA gene includes conserved regions interspersed with highly
polymorphic regions and is currently considered to provide
the definitive sequences for discriminating Cryptosporidium
species. It is present in multiple copies (5 per sporozoite; 20
per oocyst) facilitating the development of sensitive assays,
which is especially important for testing samples such as water
where small (but potentially significant) numbers of oocysts
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FIGURE 2 | (a) The life cycle of Cryptosporidium (1). Oocysts (A) are ingested by the host, most likely as a mixed population of different genotypes; haploid

sporozoites (B) (variants are represented by red and blue) excyst and invade the brush border of epithelial cells; each sporozoite develops into a haploid trophozoite

with a prominent nucleus (C); the trophozoite undergoes merogony by mitosis to form a type | meront (D,E); up to eight haploid merozoites (F) are released, invade
(Continued)
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FIGURE 2 | another cell and undergo merogony again to form either further type | meronts (dotted line) or type Il meronts (G), which release four haploid merozoites
(H) and form either microgamonts (1) that become multinucleate and mature to form muiltiple haploid microgametes (J) by mitosis, or a haploid macrogamont (K).
Microgamonts are released and potentially each fertilize a macrogamont to form a diploid zygote which undergoes sporogony by meiosis to produce either thin-walled
oocysts (L) containing four haploid sporozoites that can autoinfect the host (dotted line), or thick-walled oocysts (M) that are shed in the feces ready to transmit four
haploid sporozoites to a new host (the purple circle represents an oocyst that is the product of fertilization between the red and blue genotypes). (b) A simplified
schematic of genetic recombination in Cryptosporidium, potentially generating variation between sporozoites within oocysts. In a mixed infection population, different
fertilization scenarios potentially occur—between the same genotypes (resulting in identical daughter sporozoites) or between different genotypes, as in the example
shown, that result in a variety of outcomes depending on the random genetic exchange, or lack of, that occurs during meiosis. For simplicity only two example
chromosomes are shown with DNA from different genotypes represented by blue and red. The diploid zygote contains duplicate pairs of chromosomes, one set from
each parent cell; during interphase (In) the DNA in each chromosome s replicated to produce two identical sister chromatids held together with a centromere; in
prophase | (Pr I) the chromosomes start to condense and pair up with the homologous chromosome from the other parent cell, and cross-over can occur resulting in
an genetic exchange; during metaphase | (Me |) the paired chromosomes line up along the center of the cell and microtubules connect the centromeres to the
centrosomes (shown in green); during anaphase | (An ) each complete set of chromosomes (still paired as sister chromatids) are pulled toward each centrosome—the
chromosomes from either parent are randomly combined at this phase introducing a further opportunity for recombination (a blue and a red chromosome are drawn
to each centrosome in this example); in telophase | (Te I) the chromosomes start to unravel and cytokinesis starts to split the cell into two, resulting in two haploid cells;
in prophase Il (Pr Il) the chromosomes condense again; during metaphase Il (Me Il) the chromosomes line up along the center of the cells and microtubules connect
the centromeres to the centrosomes; this time during anaphase Il (An Il) the sister chromatids are separated and pulled apart toward the centrosomes, creating new
daughter chromosomes; finally in telophase Il (Te Il) the chromosomes unravel and cytokinesis starts to split the cells, which in the case of this example due to the
crossover event in prophase |, results in four genetically different haploid sporozoites. Depending upon whether random genetic exchanges take place between
chromosomes from different genotype parents (either in prophase | or anaphase I) the resulting haploid sporozoites can either be all different, two pairs of identical
sporozoites that are different from each parent, or two pairs of identical sporozoites that are the same as the two parents.

may be present. Species-level genotyping has provided improved
understanding of human epidemiology in some countries,
streamlined by the use of real-time PCR (see below). DNA
extraction methods from stool and gene targets have been
reviewed in detail by Khan et al. (17).

Beyond the species-level, Sanger sequencing part of the gp60
gene is most commonly used for further discriminating some
Cryptosporidium species, including C. parvum and C. hominis
(19-21). The gp60 gene is hypervariable both between and
within Cryptosporidium species, and the presence of a highly
variable serine repeat region in most species enables further
discrimination (19). For nomenclature of gp60 subtypes, the
reader is referred to a review of molecular epidemiologic tools
by Xiao and Feng (19). The use of this locus as a subtyping
marker has been questioned as it is associated with host cell
invasion, and therefore can be considered a virulence factor
under selective pressure. Nevertheless, as shown below, it may
still be an appropriate target for interrogation as a phenotype
determining biomarker. Another issue arises from the use of
a single locus; this may not be appropriate due to the genetic
recombination that occurs within Cryptosporidium populations
during the sexual stage of the life-cycle (Figure 2b). Whilst not
likely or expected between different species, this may occur in
populations of mixed subtypes of the same species (22-25). This
necessitates the investigation of multiple loci to reveal a more
accurate estimate of diversity and population structure (19, 26),
and would confer greater discrimination for characterization of
isolates (26, 27).

The reality is that genotyping tools are not currently
widespread in their application for public health purposes and in
most countries Cryptosporidium is under-diagnosed and isolates
are not characterized (28). In low-resource countries where
surveillance data are lacking, research studies have found that
C. hominis or human-adapted C. parvum subtypes predominate
(29, 30). C. parvum can also be the main species detected in
some urban settings with no animals close to residences, further
suggesting anthroponotic rather than zoonotic transmission (29).

These findings indicate that measures to improve sanitation
and hygiene would have greatest impact in these settings. Not
only is there a high prevalence of Cryptosporidium in these
populations, but there is also greater diversity within these
species, especially noticeable in C. hominis, than is seen in
industrialized countries (17, 31).

Genotyping in Cryptosporidium
Surveillance and Outbreaks

The aim of genotyping in the public health context is
to understand transmission and to improve the detection
resolution, investigation, and interpretation of waterborne,
zoonotic, person-to-person, and foodborne outbreaks. The
potential impact lies in:

o Identifying the Cryptosporidium species and subtypes that
most commonly cause human cryptosporidiosis, and their
demographic and temporal-spatial distribution

e Monitoring for the emergence of new species and subtypes in
human infection

e Improving detection,
of outbreaks

e Increasing the sensitivity of epidemiological investigations to
identify links and risk factors, and identify the source of
outbreaks and contamination.

investigation, and interpretation

In most countries, routine surveillance captures Cryptosporidium
as an organism, but not species. Where genotyping is used to
inform public health, it is mainly in industrialized countries
but the framework varies. For example, in England and
Wales, clinical diagnostic laboratories have been sending
Cryptosporidium-positive stools for genotyping for many years,
both for molecular surveillance and for outbreak investigations,
and most diagnostic stools are genotyped (5, 32). In France,
testing for Cryptosporidium is not part of routine diagnostic
parasitological testing, but a national network of sentinel
laboratories was established to test for and genotype new and
outbreak cases of cryptosporidiosis (ANOFEL Cryptosporidium
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TABLE 1 | Cryptosporidium species, their major hosts, oocyst dimensions,
reported human infectivity and availability of genome data.

Cryptosporidium Mean oocyst Major Infections Genomes
species dimensions host(s) reported in  available
(m) humans (accession
number)
C. alticolis 54 x 49 Voles No No
C. apodemi 4.2 x 4.0 Mice No No
C. andersoni 7.4 %55 Cattle Yes (rarely) PRJNA354069
C. avium 6.3 x 4.9 Birds No No
C. baileyi 6.2 x 4.6 Birds No PRJNA222835
C. bovis 49 x 4.6 Cattle Yes (rarely) No
C. canis 5.0 x 4.7 Canids Yes No
(occasionally)
C. cuniculus 56 x 5.4 Lagomorphs, Yes PRJINA315496
Humans (occasionally)
C. ditrichi 4.7 x 4.2 Mice Yes (rarely) No
C. ducismarci 50x 4.8 Tortoises No No
C. erinacei 49 x 4.4 Hedgehogs  Yes (rarely) No
C. fayeri 4.9 x 4.3 Marsupials Yes (rarely) No
C. felis 4.6 x 4.0 Felids Yes No
(occasionally)
C. fragile 6.2 x5.5 Toads No No
C. galli 8.3 x 6.3 Birds No No
C. homai Data not Guinea Pigs  No No
available
C. hominis 49 x 5.2 Humans Yes PRJEB10000
(commonly)  PRJINA13200
PRJNA252787
PRJNA222836
PRJNA222837
PRJNA307563
PRJNA253838
PRJNA253839
PRJNA253834
C. huwi 46 x 4.4 Fish No No
C. macropodum 54 x49 Marsupials No No
C. meleagridis 52 x 46 Birds, Yes PRJINA222838
mammals (occasionally) PRJNA315503
PRJNA315502
C. microti 4.3 x 4.1 Voles No No
C. molnari 4.7 x 4.5 Fish No No
C. muris 7.0x 5.0 Rodents Yes (rarely) PRJNA32283
PRJINA19553
C. occultus 52 x49 Rodents Yes (rarely) No
C. parvum 50 x 4.5 Mammals Yes PRJNA144
(commonly)  PRJINA320419
PRJNA439211
PRJINA253848
PRJNA253843
PRJNA253845
PRJNA253836
PRJNA253840
PRJINA253846
PRJNA253847
PRJNA320419
PRJNA315506
PRJNA437480
PRJNA315504
PRJNA315508
PRJINA315507
PRJNA315505
PRJINA13873
(Continued)

TABLE 1 | Continued

Cryptosporidium Mean oocyst Major Infections Genomes
species dimensions host(s) reported in available
(rm) humans (Accession
number)
C. proliferans 7.7 x 5.3 Rodents, No No
maybe Equids
C. proventriculi 7.4 x 5.7 Birds No No
C. rubeyi 4.7 x 4.3 Squirrels No No
C. ryanae 3.7 x 3.2 Cattle No No
C. scrofarum 52 x 4.8 Pigs Yes (rarely) No
C. serpentis 6.2 x 5.3 Reptiles No No
C. suis 46 x 4.2 Pigs Yes (rarely) No
C. testudinis 6.4 x 5.9 Tortoises No No
C. tyzzeri 4.6 x 4.2 Rodents Yes (rarely) No
C. ubiquitum 50 x 4.7 Mammals Yes PRJNA534291
(occasionally) PRJNA315509
PRJINA315510
C. varanii 4.8 x 4.7 Reptiles No No
C. viatorum 54 x 4.7 Humans, Yes PRJUNA492837
Rodents (occasionally)
C. wrairi 5.4 x 4.6 Guinea Pigs  No No
C. xiaoi 39 x 34 Sheep, Goats No No

National Network, 2010). The Netherlands, Sweden and Scotland
also use sentinel laboratories to provide sporadic and outbreak
samples for genotyping in reference laboratories (28). In the USA,
the Centers for Disease Control and Prevention is developing
CryptoNet, a molecular-based surveillance system aimed at the
systematic collection and molecular characterization of isolates
using 18S rDNA PCR-RFLP and gp60 sequencing (https://www.
cdc.gov/parasites/crypto/cryptonet.html). In Germany, Norway,
Spain, Ireland, Northern Ireland, Australia, and New Zealand,
Cryptosporidium genotyping has been used in epidemiological
research projects and/or for supporting outbreak investigations
(28, 33, 34), while the focus in Asia, Africa, and South
American countries has been on molecular epidemiological
research (29, 30, 35).

Molecular surveillance data in the United Kingdom (UK)
for example has shown that >95% of cases are caused by C.
hominis or C. parvum. Two seasonal peaks in cases occur, with C.
parvum consistently causing the majority of cases in spring and
C. hominis predominating in the autumn peak, with much higher
rates of foreign travel also reported during this second period
(32, 36-38). A similar temporal pattern has been reported in New
Zealand (39), but contrasts with the epidemiology in Ireland,
where there is no autumn peak and C. parvum predominates
all year (33, 40). This is likely due to the highly rural socio-
geography of Ireland and the greater potential of zoonotic
transmission, a feature also seen in rural regions of Great Britain
(36, 38). In the UK, the highest incidence of cryptosporidiosis is
in children under 5 years, with a second smaller peak in adults
in their 20s and 30s; in England and Wales in the period 2000 to
2003, C. hominis predominated in infants and the 30-39 year age
group (32), and in children <10 years and adults in the period
2004 to 2006 (37), suggesting transmission between children and
caregivers. In Ireland, where C. parvum predominates, the adult
peak does not appear but this may be a testing bias (33, 40).
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Although the sentinel surveillance in France is not wholly
representative of the French population due to the structure of
the network resulting in the inclusion of a higher proportion
of hospitalized cases (70%), particularly over-representing the
proportion of HIV-infected patients, certain trends are noticeable
(ANOFEL Cryptosporidium National Network, 2010). There
appears to only be a late summer/autumn peak each year, but the
case numbers per month were too low to determine any species-
related seasonality. However, C. parvum was more prevalent
each year compared to C. hominis (54.2 vs. 36.5%) and with
the remaining 9.4% representing other species (particularly C.
felis). The seemingly high number of unusual species were mainly
found in the over-represented immunocompromised patients
(82.8%), which may explain their higher prevalence than in the
UK for example.

In the Netherlands, only an autumn peak in case numbers
is present in surveillance data, and the predominant species
infecting people does not seem to be stable between years. One
study undertaken between 2003 and 2005 reported a higher
prevalence of C. hominis (70.3%) than C. parvum (18.7%), with
9.9% cases having both species, and a single case of C. felis (41).
The infecting species was significantly associated with patient
age, with children (aged 0-9 years) more frequently infected with
C. hominis and adults (over 25 years old) more frequently with
C. parvum (41). However, over a 3-year study from April 2013,
C. parvum was most prevalent in years one and two, but in
year three (April 2015 to March 2016) C. hominis predominated
and cases did not decline toward the winter as they had done
in previous years (42). Whether these apparent shifts were a
function of fluctuating participation in the sentinel scheme or
another reason is not known. In England and Wales apparent
shifts have also been seen; from 2000 to 2003 the ratio of C.
parvum:C. hominis nationally was close to 1, but in the period
2004-2006 it was 1:1.5, most noticeable in 2005 when it was
1:2.3 and major C. hominis outbreaks may have influenced the
distribution (37). The UK and the Netherlands both reported
an excess in cases of C. hominis with similar epidemiology in
the latter part of 2015, and despite gp60 sequencing identifying
subtype IbA10G2 and enhanced surveillance, no explanation was
found. This was the second time an international C. hominis
excess had been reported; in the late summer of 2012 the
Netherlands, UK, and Germany reported similarly unexplained
increases (43).

In the United States (US) national cryptosporidiosis
surveillance through CryptoNet is in its infancy, but there
seems to be a high diversity of Cryptosporidium species and
subtypes causing human cryptosporidiosis compared to other
industrialized nations (19). While C. hominis and C. parvum
cause the majority of cases, unusual species such as C. ubiquitum
and the chipmunk genotype are also seen, particularly in
rural areas and may suggest an important role of wildlife in
transmission, either directly or through drinking untreated water
(19). While general surveillance of Cryptosporidium species and
genotypes in the US is still fairly new, outbreak surveillance
has been carried out for many years through the National
Outbreak Reporting System (NORS). Analysis of 444 outbreaks
of cryptosporidiosis between 2009 and 2017 demonstrated most

were in the autumn and caused mainly by waterborne and
person-person transmission (44). Molecular data are available
for some of the outbreaks on the NORS website https://wwwn.
cdc.gov/norsdashboard/. Genotyping data for 131/178 (74%)
outbreaks in the same time period in England and Wales
showed 69 were caused by C. parvum (which caused all animal
and environmental contact and food-borne outbreaks, and a
minority of recreational water outbreaks), 60 were caused by
C. hominis (most of the recreational water and all person-to-
person spread outbreaks) and in two outbreaks both species
were identified (5). Both C. parvum and C. hominis caused
drinking waterborne outbreaks. Gp60 sequencing established
linkage between cases and suspected sources in nine animal
contact, three swimming pool, and one drinking water outbreaks
(5). Thus, the public health benefits of identifying infecting
species and subtypes lie in the ability to identify and strengthen
epidemiologic links between cases, and in indicating possible
exposures and sources to inform outbreak management (5).
However, the ability to differentiate zoonotic and anthroponotic
C. parvum routinely in all cases would be useful.

Identification by sequencing has established that unusual
species of Cryptosporidium, previously considered without
zoonotic potential, can infect people. Enhanced surveillance
has provided some understanding of the transmission of these
infections. In the UK, cases with unusual species often reported
zoonotic exposures; contact with unwell pets was a significant
association, and in particular, contact with cats was reported
by significantly more cases with C. felis (45). Genotyping C.
ubiquitum from patients in the US revealed mainly the rodent-
adapted subtype families (XIIb-XIId) in contrast to the UK
where infections were mainly the ruminant-adapted XIIa subtype
family (19, 46).

The potential for outbreaks is not limited to C. parvum
and C. hominis. In 2007 Cryptosporidium cuniculus (previously
rabbit genotype) was first identified in a patient during routine
molecular surveillance in the UK (47). The following year
an investigation into a drinking water quality incident in
England established that oocysts detected in treated water
were C. cuniculus. Soon afterwards, primary and secondary
C. cuniculus cases appeared in the supplied local population,
with the same gp60 subtype, VaA18 (48). Importantly, matching
the Cryptosporidium isolated from the drinking water, the
remains of a rabbit discovered in a chlorine contact tank,
and the case samples provided strong evidence for waterborne
transmission. This was the first outbreak reported to have
caused cryptosporidiosis where the etiological agent was a
species other than C. parvum or C. hominis, and established C.
cuniculus as a human pathogen. It re-enforced the importance
of protecting water supplies not only from livestock and sewage
contamination, but also from wildlife.

Sequencing of the gp60 gene has identified changes in the
circulation of predominant subtypes, and the emergence of
virulent subtypes. C. hominis IbA10G2 continues to predominate
in northern Europe, but in the US in 2007, 40 of 57 sporadic cases
from four states were a rare subtype, IaA28R4, with IbA10G2
accounting for just eight cases (49). Since 2013, TaA28R4 has
been displaced by IfA12G1R5 as the predominant C. hominis
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genotype in the US associated with both sporadic and outbreak
cases (19). In Africa and Asia there is greater variation in
C. hominis subtypes. For example, in Bangladesh where C.
hominis is the most common species (>95% of cases) and the
seasonality demonstrates a summer peak corresponding to the
monsoon, gp60 analysis revealed 13 different subtypes over a
2 year period (31). Some, for example IaA18R3 and IbA9G3
were present year on year, but other subtypes predominated in
some years and disappeared in subsequent years (e.g., IdA15G1
was very common in 2015, but not in 2016 when IaA19R3 and
IeA11G3T3 were dominant), indicating a dynamic and frequent
transmission (31).

In Europe there is more variation among C. parvum than
C. hominis, although ITaA15G2R1 and ITaA17GI1RI1 are often
(but not always) the most common (5, 19, 50). Genotyping
has increased our capacity to detect, investigate and interpret
outbreaks. For example, in 2012, C. parvum IIaA15G2R1 was
used as part of the case definition in an analytical study to
investigate a large outbreak (>300 cases) across England and
Scotland. A statistically significant association was identified
with consumption of pre-cut, bagged mixed salad leaves from
a specific national retailer (51). Also in 2012, an outbreak in
schoolchildren was associated with a visit to a holiday farm in
Norway (52). Genotyping of isolates from cases and potential
animal sources on the farm revealed the same rare subtype of
C. parvum, ITaA19GIR]I, in the cases, lambs and goat kids (52).
The same holiday farm was also involved in a previous outbreak
in 2009 and the same subtype was identified retrospectively,
suggesting that in the absence of newly introduced subtypes,
existing subtypes can be stable and circulate on the farms for
many years (52).

Although gp60 sequencing has played an important role in
refining epidemiological investigations, it is somewhat surprising
that there is no standardized multilocus genotyping scheme for
Cryptosporidium surveillance and outbreaks. Additionally, the
lack of suitable markers has hampered our understanding of
the main transmission pathway (zoonotic or anthroponotic) of
Cryptosporidium species and subtypes. As discussed in this paper,
genomics has an important role to play in the identification
of new markers and the development of a MLG scheme, and
the aspiration is that application would eventually become
nationally systematic.

Multilocus Genotyping

Currently multilocus genotyping (MLG) is mainly applied to
study the population structure of Cryptosporidium spp. with
few reports describing its utility in surveillance or outbreaks.
One example is an investigation into a Swedish swimming
pool outbreak in 2002, where multilocus genotyping revealed
two concurrent C. parvum outbreaks, with different subtypes
linked to the use of either the indoor or outdoor pool,
indicating multiple contamination events (53). In England, the
epidemiological association of C. parvum cases with a drinking
water supply was strengthened by MLG (54). However, more
often investigations have explored the population structure and
biology of Cryptosporidium.

In 2015, Widmer and Caccio investigated the relationship
between sequence and length polymorphism within a set of
biomarkers in the Cryptosporidium genome. They compared
genetic distances of sequence and length polymorphism, finding
that there was a weak correlation between the two distance
measures. Their results also indicated that the resolution of
Cryptosporidium population structure was dependent on the
genotyping method used (55). Differences in varying extents of
host-associated (56, 57) and geographical segregation (24, 58-
60), and the extent of panmixia vs. clonality, depending on
the population studied (21), have been reported. For example,
in Spain, C. parvum in cattle herds was reported to show a
panmitic population structure contrasting with sheep where C.
parvum populations appeared more clonal (19, 61, 62). This may
have been a function of the predominance of C. parvum gp60
subtype family (IId) in sheep in the study region of Northeastern
Spain (63) as IId has been reported to be clonal in other
regions/countries (64).

Pamixia in Cryptosporidium spp. may reflect the increased
potential for genetic recombination between more diverse
isolates than is available in these supposed clonal populations of
parasites. The presence of mixed populations with multiple alleles
is the driving force of increased variation and the emergence
of new subtypes due to recombination events (65-67). In some
studies, for example in Scotland C. hominis populations have
shown clonality (58), but in a cohort of children in Peru,
genetic recombination was detected in some C. hominis IbA10G2
samples using MLST of 32 polymorphic loci, despite the overall
clonality of the C. hominis population (65).

However, with the vast majority of C. hominis isolates in many
areas, including northern Europe and Australia, demonstrating
the dominant IbA10G2 (21) the potential for recombination
with other more diverse subtypes may be reduced through lack
of exposure in those regions. In contrast, the wide variety of
different C. parvum subtypes usually present in local geographic
areas make mixed populations more likely. This has been
suggested in a study of the global population structures of
both Cryptosporidium species, where samples from Uganda
showed similar panmitic population structures, contrasting with
C. hominis samples from the United Kingdom and C. parvum
from New Zealand which showed much more clonal population
structures (68). The authors suggest that both C. parvum and
C. hominis population structures appear to be shaped by local
or host-related factors rather than being species-specific (68).
This was borne out by a study in Sweden that applied a nine-
locus SNP-based method to differentiate C. hominis IbA10G2
and grouped 44 isolates, from 12 countries (including 7 non-
European), into 10 MLSTs with known epidemiologically-linked
samples clustering together; geographical clustering was not
obvious, however the numbers of isolates from each country were
small (69). In the USA, the emergence and spread of C. hominis
IaA28R4 was investigated by sequencing eight loci (67). Of 95
C. hominis samples (62 TaA28R4 samples) from four states, the
sequence diversity identified two clear sub-populations separated
geographically between Ohio and three southwestern states,
and suggested that the Ohio subpopulation was a descendant
of the subpopulation in the southwestern states. Furthermore,
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genetic recombination was seen to occur in JTaA28R4 isolates and
was likely an important factor in its emergence (67), a finding
supported by a comparative study of the genome along with the
previously dominant IbA10G2 subtype (70).

For disease surveillance and outbreak investigations, there is
a need to establish a common multilocus genotyping scheme
to track the sources and spread of infection. In a review
published in 2012, Robinson and Chalmers reported that
different combinations of loci and methods of analysis had
been used, with very few groups using comparable loci (27).
For public health purposes it is desirable to have consensus
to enable cross-boundary comparisons and investigations and
track international spread. An initiative funded by EU COST
Action FA1408 “A European Network for Foodborne Parasites:
Euro-FBP” (http://www.euro-tbp.org) enabled a workshop to
be held between 23 scientists and experts in public and
animal health from 12 European countries and the USA on
Cryptosporidium genotyping (71). The participants discussed
the need for, and potential directions of, a standardized typing
scheme specifically for surveillance and outbreak investigations.
There was general agreement that a robust multilocus genotyping
scheme should be developed through collaborative laboratory
studies, to standardize a method for meaningful interpretation of
genotype occurrence and distribution trends, and where possible
incorporate into national surveillance programs (71). To achieve
this multiple markers spread, sufficiently across the genome, are
required. The recent generation of genome data facilitates the
identification of markers that show potential to be combined
for MLG investigations specifically for surveillance and outbreak
investigations (15).

WHOLE GENOME SEQUENCING

While we aspire to using WGS routinely in public health
investigations of Cryptosporidium cases in the way it is applied to
some bacterial pathogens (72-74), the reality is that this is still a
way oft. Direct sequencing would provide timely investigation of
public health incidents, but it poses a challenge for this parasite;
it is difficult to culture and bioinformatics pipelines have not
been validated for public health purposes as Cryptosporidium has
suffered from lack of prioritization in genomics programs.

The first technical problem is the amount of DNA that is
required. Although this varies depending on the technology
used, for example, the Nextera XT DNA kits that have been
used in several publications require 1 ng of DNA, and as each
oocyst contains 40 fg of DNA it means that 2.5 x 10 oocysts
are required without losses and in a practical volume (75). To
generate sufficient DNA, oocysts may be propagated through
animals, but Cryptosporidium populations have been shown
to change through natural host-based preferential selection of
individual subtypes or further recombination into new subtypes.
For example, the “isolate” that provided the first reference C.
hominis genome in 2004 (TU502) was subsequently serially
propagated in gnotobiotic pigs over many years resulting in a
different subtype in 2012, which was likely due to the original
population being overgrown by another contaminating isolate
(76). Additionally, the availability of host animals appropriate to
the Cryptosporidium species in question (Table 1), and the ethics,

time and cost resources that are associated with propagation are
prohibitive. As propagating oocysts is not a practical solution,
obtaining enough clinical sample is the next hurdle, as the volume
of stools often submitted is very small. Purity is also a challenge
because feces is the starting point, so Cryptosporidium DNA is
overshadowed by non-target DNA from the biome and host.
Lack of purity has been overcome by the combination of several
techniques including harvesting by flotation, further purifying
by immunomagnetic separation and using the natural chlorine
resistance of Cryptosporidium oocysts to surface-sterilize them
with bleach (75, 77).

The sufficiency of available Cryptosporidium DNA has
also been addressed through the use of whole genome
amplification (WGA) techniques, which now mean that very
small amounts of DNA, even from single oocysts, can be used
for genome sequencing (77, 78). Guo et al. used WGA to
enrich Cryptosporidium DNA from six discrete species/genotypes
extracted from 24 human and animal fecal samples (77).
The results were encouraging, showing that Cryptosporidium
DNA was significantly enriched, allowing for coverage of
> 94% of the genome (77). This ability to whole genome
sequence from very low numbers of oocysts is a development
that may help when investigating environmental samples and
other transmission pathways. Additionally, it may also alleviate
problems encountered when whole genome sequencing a mixed
population of oocysts. The concern that WGA could result in
higher numbers of errors introduced into the genome sequence
due to the fidelity of the enzymes used is also unfounded.
The presence of four sporozoite genomes in a single oocyst
helps, as any errors introduced in the first cycle are unlikely
to occur at exactly the same place in more than one genome,
so subsequent copies from the other genomes (containing the
correct sequence) should overshadow any errors. Although WGS
technology has developed and some of the technical hurdles
have been overcome to enable direct sequencing (75, 77, 78),
we are still not at a point where it can be used to inform
in real-time for meaningful surveillance or during outbreak
investigations. Aside from technical and resource issues, the
lack of user-friendly, validated pipelines specifically designed
to generate data in a form that is useful to public health
practitioners during the management of incidents, make direct
whole genome sequencing currently impractical. Nevertheless,
genomic data are being used for biomarker discovery and to
understand genetic diversity in parasite populations in different
settings. These developments are described below, and arise from
the progression of Cryptosporidium whole genome sequencing
and assembly over the last two decades.

Progression of Whole Genome Sequencing

and Assembly

Attempts to sequence the genome of Cryptosporidium began
in the early 2000s. Initial attempts involved cloning sheared
fragments into plasmid vectors and Sanger sequencing. This
approach resulted in > 9x coverage of the genome and yielded
a fragmented assembly of 221 contigs of length > 5 kbp (79).
A more advanced sequencing project was undertaken to resolve
gaps, using large C. parvum fragments contained within lambda
DASH 11 libraries, and sequence missing DNA using a primer
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walk strategy (79). The completed genome of C. parvum (Iowa
II) along with a preliminary annotation was first published in
2004 by Abrahamsen et al. (80) who passaged oocysts through
an animal donor to produce enough parasitic material for the
extraction and purification of sufficient amounts of DNA. A
random shotgun sequencing approach was used, which yielded
a complete genome with coverage of 13x over 18 large contigs
(80) and was shortly followed by the publication of the first
draft genome of C. hominis (TU502) in late 2004. However, this
C. hominis genome proved to be much more fragmented than
that of C. parvum, resulting in a sequence consisting of 1,422
contigs (81).

In 2015, the C. parvum (Iowa II) reference genome was
reassembled and reannotated, and a new C. hominis reference
genome (UdeAO1) published (82). The updated assembly
resolved all eight chromosomes from the 18 scaffolds in the
previous genome, representing the first chromosome level
assembly of C. parvum. The reannotation effort increased
the number of putative genes from 3807 to 3865 for
C. parvum lowa II, and predicted the presence of 3819
genes in C. hominis UdeAOl (82). In 2016, Ifeonu et al.
reassembled and reannotated the C. hominis TU502 genome,
along with producing new draft genomes of human isolated
C. hominis (UKH1) and C. meleagridis (UKMEL1) along with
the avian species Cryptosporidium baileyi (TAMU-09Q1) (83).
The C. hominis TU502 genome proved to be a considerable
improvement on the previous 2004 version, being much more
complete, and reducing the number of contigs down to 119.
Annotation was facilitated by the RNAseq data generated from
the oocyst stage of both C. hominis and C. baileyi, predicting the
presence of 3745 protein coding genes in C. hominis TU502 and
3765 in C. hominis UKH1 (83).

As can be seen in Table 2, there is little difference between
the genomes of C. parvum and C. hominis. They exhibit 95—
97% DNA sequence identity; with 11 protein-coding sequences
identified only in C. hominis and 5 in C. parvum, and no large
indels or rearrangements apparent (84). The high conservation
in the C. hominis genomes generated from European samples
compared to the much more polymorphic C. parvum does not
appear to be expressed in general observations on structure
and base representation as illustrated in Table 2, suggesting
that phenotypic differences are potentially due to more subtle
sequence divergence (SNPs and Indels) and gene expression.
This further illustrates the importance of large-scale sequence
comparison of Cryptosporidium species to elucidate potentially
exploitable variation. Widmer et al. identified a number of highly

divergent genes by comparison of the genomes of C. parvum gp60
subtype Ilc and the Iowa II reference (85). Further investigation
reveals that genomic evolution was largely reductive, resulting
in Cryptosporidium depending mainly on host cells for basic
nutrients (86).

As more genomes are becoming available at an ever-
increasing rate, researchers are able to explore further the
biology and evolution of Cryptosporidium. Recently, Nader et al.
(87) used 21 whole genome sequences to show the existence
of two subspecies lineages of C. parvum (C. parvum parvum
and C. parvum anthroponosum) with different host-adapted
infectivity. Additionally, they identified some of the historic
genetic exchanges that have occurred between these lineages
and C. hominis during the evolution of these different species
and subspecies, even suggesting rough time-lines for when these
events occurred (87, 88).

In an important epidemiological development, Gilchrist et al.
(31) used the methods described by Hadfield et al. (75), to study
the genetic diversity of C. hominis in slum dwelling infants in
Dhaka, Bangladesh, over a 2-year period. As mentioned above,
they found that C. hominis was more abundant during the
monsoon periods and showed high levels of diversity at gp60
locus. Furthermore, WGS revealed extensive SNP diversity, and
very high levels of variation at seven distinct loci. They also
detected high levels of recombination within the C. hominis
populations, evidenced by linkage disequilibrium decay. The
genetic diversity of C. hominis encountered in the Bangladesh
study was found to be far greater than that seen in northern
Europe, where the predominant C. hominis IbA10G2 subtype
is highly conserved at the genome level (50, 71). This study
reveals the importance of high-throughput, wide scale genomic
sequencing and analysis in elucidating the complex population
structure of the parasite worldwide (31).

In another study, WGS was also used for a comparative
genomic analysis between two subtypes of C. hominis that
have been dominant in the US at various times, IbA10G2
and IaA28R4, and C. parvum (70). Their genome comparison
revealed evidence of genetic recombination in the two C. hominis
subtypes, and also some unique genetic differences between
C. hominis and C. parvum, and multigene families that may
contribute to the host variation between these two species (70).

Genome Availability

The advent of the new techniques to facilitate the DNA
extraction, enrichment, sequencing, and assembly of high
quality Cryptosporidium genomes from clinical samples, provides

TABLE 2 | The progression of C. hominis and C. parvum whole genome assembly from initial attempts in 2004 to the completed genomes in 2015 and 2016 (80-83).

Feature C. parvum lowa C. hominis C. hominis C. parvum lowa C. hominis
11 (2004) TU502 (2004) UdeA01 (2015) 11 (2015) TU502 (2016)
Genome length 9.10 Mbp 9.16 Mbp 9.05 Mbp 9.10 Mbp 9.10 Mbp
Coding genes (% genome) 3807 (75.3%) 3994 (69%) 3819 (75.4%) 3865 (75.7%) 3745 (77.8%)
GC content 0.3 0.32 0.32 0.32 0.3
Introns 0.05 0.05-0.20 0.109 0.108 not reported
Fragments 18 1422 8 8 119
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coverage typically exhibited from many clinical isolates. Reads were mapped using Bowtie v2.3.3.1 (93) and visualized using Integrative Genomics Viewer v2.4.16 (94).
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an opportunity to greatly expand the number of genomes
available. An EU funded collaboration (Aquavalens project,
www.aquavalens.org) between several institutions generated 27
assemblies of C. parvum, C. hominis, Cryptosporidium viatorum,
C. ubiquitum, C. cuniculus, and C. meleagridis directly from
clinical isolates using the DNA extraction and purification
protocol described by Hadfield et al. (75) and Nader et al.
(87). Under another EU funded project, COMPARE (https://
www.compare-europe.eu/), 31 new C. parvum and 19 new
C. hominis genome assemblies were generated from clinical
isolates, using the DNA extraction and purification protocol
described by Hadfield et al. (75), and the DNA enrichment
protocol described by Guo et al. (77). A further 14 C. hominis
genomes, representing 9 different gp60 subtypes, have also been
published (89) and are available as a Bioproject (PRJNA307563)
on the National Center for Biotechnology Information (NCBI)
online databases. Currently, whole genome assemblies of isolates
from human and animal derived Cryptosporidium spanning 9
species, are available as Bioprojects on NCBI databases (see
Table 1), but this number is rapidly increasing as methods
and technology become more available. The Cryptosporidium
genomics resource CryptoDB (http://cryptodb.org/), provides
access to species including C. hominis, C. parvum, other zoonotic
species including C. meleagridis, and host-adapted species rarely
found in humans (Cryptosporidium muris, Cryptosporidium
andersoni, C. baileyi, and Cryptosporidium tyzzeri) and provides
analytical tools to mine and compare the genomes sequences
and their functionality (90, 91). A number of unassembled,
unprocessed raw read sequences are also publically available via
online repositories such as GenBank and the Welcome Trust
Sanger Institute FTP servers.

Sequencing Using Long-Read Technology

Recently, there have been attempts to generate Cryptosporidium
sequences using long-read technology, such as MinION by
Oxford Nanopore, and Pacific Biosciences. There exist a few
draft genomes from long reads generated by PacBio, but most
are yet unpublished. However, a C. parvum PacBio sequence is
available on the Welcome Trust Sanger Institute FTP servers
(ftp://ftp.sanger.ac.uk/project/pathogens/Cryptosporidium) that
was generated to map shorter Illumina reads to during the study
in Dhaka that explored the genetic diversity of C. hominis (31).

Currently, there have been no successful attempts at sequencing
the genome using the MinION platform published. This is likely
due to the large amount of DNA required to generate such reads
using this particular technology, which is a known difficulty
associated with Cryptosporidium genomic sequencing.

Pitfalls in Genome Assembly
Morris et al. have outlined difficulties associated with generating
reliable and accurate genome assemblies from clinical isolates
of Cryptosporidium (92). They demonstrated that the issues
surrounding extracting sufficient DNA from clinical isolates
resulted in highly uneven depth of coverage across the genome
(for an example, see Figure 3) which can be seen in sequences
generated from clinical isolates by a number of research teams.
This, in tandem with the large number of low complexity regions
within the Cryptosporidium genome, results in widespread
genome misassembly when using the Spades assembler (95). Peng
et al. further proposed an approach to generating reliable draft
assemblies from clinical samples, and demonstrated how accurate
resolution of low complexity regions are essential for biomarker
discovery using the Iterative De-Bruijn Assembler (IDBA) (96).
Assembly of C. parvum and C. hominis is facilitated by high
quality reference sequences (C. parvum lowall and C. hominis
UdeA01) which allow for reference-guided assembly. This,
however, is not the case for other species of Cryptosporidium. It
is therefore important to consider whether a reference guided
assembly should be attempted, and what reference genome to
use. The application of an inappropriate reference sequence may
result genome assembly errors.

APPLICATIONS, FUTURE ISSUES, AND
RESEARCH DIRECTIONS

With the recent expansion in the number of available raw read
archives and genome assemblies generated from clinical samples,
further in silico investigation can be carried out in an attempt to
resolve a number of biological questions, such as:

e Can biomarkers differentiate  genetic lineages of
Cryptosporidium spp. virulence or pathogenicity, and
therefore act as targets for diagnostic interrogation or
novel therapeutics?
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e How much variability exists within intergenic regions in
species of Cryptosporidium?

e To what extent do multiple sub-populations of
Cryptosporidium spp. exist within an infected host
and in single clinical samples and impact of these
during onward transmission and even the evolution of
the parasite?

Biomarker Discovery and Analysis

The state of Cryptosporidium genotyping is far from resolved, and
there is still a large amount of work to be done regarding the
discovery, assessment, and selection of suitable biomarkers and
genotyping conventions. Subsequent to the increasing availability
of genomes is a bottle-neck in the analysis of these data, and there
is a need to develop time-efficient, computationally inexpensive
and high-throughput (automated) methods of genome analysis.
“In house” pipelines have been used for biomarker detection
and analysis. A typical example was reported by Perez-Cordon
et al. (15), who used Tandem Repeats Finder (TRF) (97) to
detect Variable Number Tandem Repeat (VNTR) regions within
the genome of Cryptosporidium parvum lowa II isolate and
aligned them to homologues within a dataset of genomes
generated by Hadfield et al. (75). This pipeline consisted of three
primary steps:

1. Tandem Repeat (TR) identification in a reference genome.

2. Discovery of the TR’s around the genome of a dataset of
assembled genomes.

3. Assessment of these TRs for variation and subsequent viability
as Biomarkers.

Using this pipeline, bioinformatic analysis of the Hadfield dataset
alone has yielded a large number of novel VNTR regions (15),
some of which compare favorably to the commonly used gp60
marker in their ability to resolve discrete subtypes of C. parvum.
Automating pipelines, can utilize the increasing amounts of
whole genome sequence data available for Cryptosporidium
allowing for the discovery of novel VNTRs in a high-
throughput manner.

In addition to novel VNTR markers, genome analysis of
other Cryptosporidium species and genotypes can allow for the
redescription of known markers in these for the development
of new subtyping tools. One example, is with the zoonotic
species Cryptosporidium ubiquitum, where the homolog of gp60
was diverse from those of C. hominis and C. parvum so could
not be used to differentiate isolates (46). Li et al. used whole
genome sequence data to identify and develop a gp60 subtyping
tool that allowed the differentiation and showed apparent host-
adaptation (46). Another example, described the development
from whole genome sequencing data of a two marker subtyping
tool (gp60 and a mucin protein gene) for the zoonotic chipmunk
genotype I (98).

When developing genotyping assays, it is important that
biomarkers are selected so as not to influence the outcome of
the analysis. For example, markers must be distant enough from
each other on the same chromosome or spread over the eight
chromosomes to ensure genetic linkage does not occur, and
markers must give high enough discrimination when combined

to be appropriate for the application in question, such as
demonstrating epidemiological relationships (27, 84).

Multiplicity of Infection in Cryptosporidium
It is both biologically plausible (due to unrestricted sexual
recombination between sub-populations), and there is strong
evidence (described below) that infections can arise from,
and give rise to, multiple sub-populations of Cryptosporidium
spp. which will be present in individual hosts (termed here
multiplicity of infection—MOI) and thus clinical samples. This
is driven by meiotic division in the zygote resulting in potential
re-assortment of chromosomes (Figure 2b). As a result, the
genomes of the haploid sporozoites within an oocyst may
differ from each other and the parent sporozoites. Grinberg
and Widmer demonstrated the common occurrence of MOI
and provided evidence that the degree of MOI may depend
on prevailing transmission patterns within geographical regions
(25). The current approaches of Sanger sequencing results
in the resolution of a single allele at each locus for the
population, which, if MOI is present, would in effect simply
represent the most populous sequence variant at each locus
within the assembly. Grinberg and Widmer illustrated this
from three hypothetical infections (25), but the potential extent
for MOI is theoretically even greater (Figure2b). This may
confound epidemiological analysis, which generally relies on
the assumption that large-scale genetic recombination does not
occur within a host, and that a single host exhibits a single,
clonal population. Furthermore, it has been suggested that MOI
is a driving force behind the evolution of virulence, and has a
complex relationship with both the virulence experienced by the
host, and transmission (99, 100). It is therefore essential that MOI
is well-understood and accounted for in order to develop novel
prevention strategies in the fight against cryptosporidiosis and
other parasitic diseases. The investigation into the impact of MOI
relies on the accurate and reliable detection and discrimination of
discrete populations of parasites, not readily achieved by current
genotyping approaches. There are a few major alternatives to
achieve this:

e Cloning and sequencing key loci to detect variation.

e Isolating and sequencing single oocysts from clinical samples.

e Comparing length polymorphism at multiple loci.

e Investigating sequence variation among reads within
short read archives generated by Next Generation
Sequencing (NGS).

These approaches investigate MOI from very different angles:
variable locus cloning and single cell sequences from an
experimental angle, and length polymorphism and sequence
variation within reads from an in silico angle. This lends them
unique challenges to overcome. By cloning PCR amplicons of
selected loci (gp60 and hsp70) and utilizing Next Generation
Sequencing (NGS), Grinberg et al. reported the presence of
numerous sub-populations within single isolates of C. parvum.
They demonstrated the presence of two hsp70 and 10 gp60 alleles
within their two isolate dataset. Furthermore, they reported that
in both isolates there was a dominant allele, which represented
the majority of the amplicons sequenced (101). Single oocysts
were isolated and sequenced by Troell et al. (78) with a
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view to elucidate these putative intra-isolate sub-populations.
Sequencing 10 oocysts individually resulted in assemblies of
49.4-91.8% of the size of the C. parvum Iowa II reference
genome. By pooling the reads from all 10 oocysts, they generated
a 94.4% complete genome. Variation at multiple loci was
detected between the assembled genomes, verifying the presence
of discrete populations within the “isolate” (78). Analysis of
fragment length polymorphism can highlight MOI, however, due
to PCR-based amplification of the fragments, minority variants
are largely undetectable (25). To compare the results obtained
from Sanger sequencing and NGS, Zahedi et al. investigated
gp60 amplicons from 11 C. hominis, 22 C. parvum, and 8 C.
cuniculus animal samples from Australia and China (102). They
demonstrated that NGS is more effective at resolving the presence
of multiple populations of Cryptosporidium within a sample,
and the extent of MOI There was concordance between the
subtypes identified by both platforms, but additional subtypes
were identified using NGS on C. parvum and C. cuniculus gp60
amplicons, but not C. hominis.

The major issue with the experimental approaches detailed
above is that they are expensive, extremely labor intensive and
time consuming, leading to poor scalability. This leads to a
major problem in generating sufficient data with which to begin
to unravel the role of these parasite sub-populations, and to
understand their overall impact on global public health. It is
expected that they will have roles in affecting transmission
by reducing host-fitness (virulence), and in generating novel

subtypes via sexual recombination. There is therefore a great need
to develop strategies which allow us to carry out investigations in
a high-throughput manner, utilizing the wealth of raw genomic
data is available for Cryptosporidium and other related parasites.
Using biomarkers discovered from the analysis of the increasing
number of high quality genomes, the opportunity arises to start
to investigate MOI using in silico techniques, by mining raw
read sets sequenced from clinical samples for information, which
may have been previously unattainable. This approach involves
three stages:

1. Identification of target regions for read interrogation. It is
essential to select target regions, which are likely to show
variation in-host, and it is therefore wise to select loci which
show large amounts of variation between hosts.

Identification of reads within a single-host read set which have
captured the target region.

Assessment of variation of the target sequence amongst reads
which were identified in step 2.

A high level of variation within a single-host read set indicates
the presence of multiple populations. Preliminary analysis of
the Hadfield et al. dataset (75) indicated extensive variation
at multiple tandem repeat loci around the Cryptosporidium
genome, indicating highly complex in-host population structure.
Results for variance mining at the gp60 locus can be seen in
Figure 4, which shows high levels of fragment length variation.
However, there is invariably a single allele which appears to be
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most frequently exhibited within reads, and therefore considered
dominant. This is in agreement with the findings reported by
others, which show similar population structure (78, 101). There
is, however, a disparity in the extent of MOI in Cryptosporidium
between laboratory evidence by fragment sizing of key loci, and
by mining NGS data. This is potentially due to the limited
sensitivity of such approaches to identify multiple alleles of
similar fragment size. Furthermore, PCR may preferentially
amplify more abundant alleles, resulting in the less abundant
alleles being obscured, as shown by Grinberg et al. who initially
only identified the predominant alleles in their samples by PCR
and Sanger sequencing (101). It may also be the case that such
studies were not designed to detect multiple alleles within a
single sample, and therefore underestimate the incidence of
MOIL. Consequently, care should be taken when interpreting
entirely in silico results in the absence of experimental data. Due
to MOI being a new area of investigation in Cryptosporidium
research, the reliability of in silico approaches to elucidate in-
host population diversity is still unclear, particularly in the
light of studies indicating extensive contamination of samples
(77). Preliminary results, however, appear to make predictions
which are in accordance with experimental and epidemiological
evidence, giving confidence in such data.

Natural transmission studies from analyzing secondary
infections and those in farm settings has shown that dominant
subtypes can be stable for many years or they can vary from
year to year. For example, the outbreaks among visiting children
on a holiday farm in Norway showed the same gp60 subtype,
ITaA19GI1R1, was still circulating over several years and an
investigation into secondary transmission within households
after the children returned home also found the same subtype
(103). While there was no evidence at the gp60 gene of mixed
populations in this example, in farm settings it is common
for multiple subtypes to be present (104, 105). During a
study of household transmission in a rural and urban setting
in Bangladesh, a wide variety of gp60 subtypes were found,
particularly in the urban setting, but often there were concurrent
infections with the same subtype within households and
therefore it was mostly impossible to know the directionality of
transmission (106). Where there were different subtypes within
households it is unclear whether these stemmed from external
sources rather than secondary transmission within the household
(106). However, despite these studies there is a lack of data
from mixed natural infections and the changes or dominance of
subtypes that may occur during onward transmission, something
that warrants further investigation using multilocus tools or
whole genome data. Cama et al. used MLST to characterize
differences in Iowa reference C. parvum isolates that had been
maintained in different laboratories and described differences
that were likely the results of passages through calves infected
with exogenous C. parvum (107). This genetic drift in reference
isolates was also seen with the TU502 reference C. hominis isolate
between 2005 and 2012 following multiple animal passages (76).
Therefore, the implications of MOI for surveillance and outbreak
investigations are uncertain. As drift may happen in the longer
term but not necessarily in the short term, detecting an outbreak

“type” is reasonable, but equally it could be that two cases with
apparently different subtypes are still actually linked if there is
bias in the detection of dominant alleles.

CONCLUSIONS

WGS holds tantalizing promise for better understanding the
transmission of cryptosporidosis, but there are still good reasons
as to why it is not used routinely for diagnostics in a clinical
setting. These include issues with extracting high quality pure
DNA from clinical samples and issues with uneven depth of
read coverage that leads to gaps in the assembled genome
sequence. This later issue has important implications for cost:
reducing costs by sequencing at a low depth of coverage is
problematic, because it will increase the size and frequency of
gaps in the assembled genome sequences. Nonetheless, while
WGS is not yet on the horizon as method for routine clinical
genotyping, it is indirectly having an important influence on
clinical diagnostics. For instance, WGS is being used to guide
and inform the development of MLST schemes, such as those
based on VNTRs and fragment sizing. It is providing key insights
into the evolutionary development of Cryptosporidium, including
the discovery of new subspecies. Perhaps most important in
terms of understanding the transmission of the disease, WGS
is providing key insights into MOI. While evidence for MOI
is occasionally found using fragment sizing, preliminary WGS
analysis shows that is it is much more prevalent than the
evidence from fragment sizing might suggest. WGS shows that
although clinical samples do indeed contain multiple alleles,
a single highly abundant allele usually dominates the data
sets. It is highly likely that only the dominant allele that is
detected via fragment sizing, with the other alleles remaining
undetected. Resolution of these multiple populations is a
stepping-stone to understanding the driving factors behind the
evolution of virulence, and how new subtypes and genotypes arise
in Cryptosporidium.
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and Hygiene, National Food Institute, Technical University of Denmark, Lyngby, Denmark, € Intomics A/S, Lyngby, Denmark

One Health surveillance of antimicrobial resistance (AMR) depends on a harmonized
method for detection of AMR. Metagenomics-based surveillance offers the possibility
to compare resistomes within and between different target populations. Its potential
to be embedded into policy in the future calls for a timely and integrated knowledge
dissemination strategy. We developed a blended training (e-learning and a workshop) on
the use of metagenomics in surveillance of pathogens and AMR. The objectives were
to highlight the potential of metagenomics in the context of integrated surveillance, to
demonstrate its applicability through hands-on training and to raise awareness to bias
factors'. The target participants included staff of competent authorities responsible for
AMR monitoring and academic staff. The training was organized in modules covering the
workflow, requirements, benefits and challenges of surveillance by metagenomics. The
training had 41 participants. The face-to-face workshop was essential to understand
the expectations of the participants about the transition to metagenomics-based
surveillance. After revision of the e-learning, we released it as a Massive Open Online
Course (MOOC), now available at https://www.coursera.org/learn/metagenomics. This
course has run in more than 20 sessions, with more than 3,000 learners enrolled,
from more than 120 countries. Blended learning and MOOCs are useful tools to
deliver knowledge globally and across disciplines. The released MOOC can be a
reference knowledge source for international players in the application of metagenomics
in surveillance.

Keywords: surveilance, metagenomics, MOOC, antimicrobial resistance, one health

!Metagenomics Training Report. Available Online at: http://www.effort-against-amr.eu/page/metagenomics-training-
report.php.
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INTRODUCTION

The dissemination of knowledge on antimicrobial resistance
(AMR) is, like AMR itself, a global, transversal challenge,
and needs to be tackled in collaboration between the public
health, veterinary and food systems, ie., in a One Health
or integrated approach. A One Health AMR surveillance is
challenged by the need to coordinate between surveillance
programmes, distinct for each sector. It is therefore important
to develop harmonized methods for detection of AMR
determinants across sectors (1). In Europe, several initiatives
are contributing to the development of integrated AMR
surveillance, including the European Epidemiologic Network
(Epi—NET),2 the European Union Joint Programming
Initiative on Antimicrobial Resistance (JPIAMR)3, the Joint
Interagency Antimicrobial Consumption and Resistance
Analysis (JIACRA)* and the EU One Health Action Plan
against AMR®.

The development of integrated surveillance depends on
the definition of AMR itself and the choice of a quantitative
measure that can be used for comparisons within and between
different target populations. AMR can be defined based on
established phenotypic thresholds (ie., interpretation of
minimum inhibitory concentration (MIC) or inhibition zone
according to specific guidelines [e.g., CLSI and EUCAST])
and based on gene-centric definitions (2). Traditional AMR
surveillance relies on the monitoring of phenotypic AMR
in indicator organisms (e.g., Escherichia coli) and selected
pathogens (e.g., serotypes of Salmonella enterica subsp.
enterica), while in metagenomic studies the definition of AMR
is gene-centric.

Recent studies have shown that gene-centric AMR
monitoring using whole genome sequencing (WGS) of
isolates can be highly concordant with observed phenotypic
resistance (3-6), although at different levels of accuracy
between antibiotic classes. Gene-centric approaches allow
to differentiate whether AMR 1is due to the presence
of acquired resistance genes or due to mutations in
chromosomal genes, and to identify genes embedded
into mobile genetic elements, which are transferable
among bacteria.

Although such findings encourage the implementation of
WGS in AMR monitoring (7), WGS remains a culture-
based method, which challenges the production of real-time
actionable information.

2EPI-Net: Epidemiologic network. Available online at: https://www.combacte.
com/about/epi-net.

3Joint Programming Initiative on Antimicrobial Resistance (JPTAMR). Available
online at: https://www.jpiamr.eu.

4Analysis of antimicrobial consumption and resistance (JIACRA reports).
Available online at:  https://www.ema.europa.eu/en/veterinary-regulatory/
overview/antimicrobial- resistance/analysis- antimicrobial- consumption-
resistance-jiacra-reports.

5Action at EU level: The new EU One Health Action Plan against Antimicrobial
Resistance. Available online at: https://ec.europa.eu/health/amr/action_eu_en.

Shotgun metagenomics is the culture-independent,
untargeted sequencing of all DNA present in a sample, and
it therefore offers the possibility to investigate taxonomic
composition (including viable and non-viable, culturable, and
non-culturable organisms), to predict microbial functions
(including AMR) and to recover whole genome sequences
(8) (which may reveal yet undiscovered reservoirs of
ARGs). A gene-centric, culture-independent method, such
as metagenomics allows monitoring AMR with a common
measure across surveillance programs, which is independent
of the choice of sector-specific indicator- and pathogenic-
organisms. Indicator organisms, such as E. coli, have often
been selected due to convenience and scalability, and not
necessarily for being the most appropriate organism to monitor
overall AMR trends in a microbial community. Furthermore,
it is possible with metagenomics to investigate interactions
between species in a microbial community (9) which may
determine the occurrence of resistant organisms. Finally, it
also has the potential to overcome infrastructure limitations
hampering reliable AMR surveillance in low- and middle-
income countries, since it requires less tightly controlled
environmental conditions and less diversified laboratory supplies
compared to traditional microbiology methods (10). Finally,
metagenomics surveillance yields data in a standardized format
that can be stored and shared electronically with overall
modest investments.

There are however shortcomings and biasfactors that need
to be taken into account when applying metagenomics (11).
The results may be biased due to sampling (including the
sample matrix) (9, 12), and the community composition
can be affected by sample handling (12, 13). Furthermore,
DNA extraction (12, 14, 15), sequencing library preparation
(16), the sequencing technology (17, 18), the bioinformatics
approach (19), the reference databases used (2), and downstream
statistical analyses (20) may also bias results. Finally, there are
concerns related to the low sensitivity of metagenomics, which
probably constitutes the main obstacle to its application in
AMR surveillance. There is an obvious need for benchmarking
studies targeting different steps of the process and it is essential
to be aware of the importance of method validation and
protocol harmonization.

AMR surveillance is a complex topic under rapid
scientific development, and the potential to embed new
methods into policy in the future calls for an appropriate
knowledge dissemination strategy. Open online education
(e-learning) is an effective, flexible, and cost-efficient way
to disseminate knowledge to a large and diverse range of
target learners, at a global level. The delivery of online
courses has been greatly facilitated by web-based platforms
that host massive open online courses (MOOCs), generally
offered free of charge (21). Blended learning, i.e., a mix of
training delivery formats, allows for the combination of
traditional conceptual lectures delivered through e-learning
with face-to-face sessions of hands-on work with tutor
support'. This facilitates learning in topics where practical
data analysis and data interpretation are relevant, and
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additionally facilitates discussions and networking between
course participants.

There are several internationally available
covering the topics of antimicrobial resistance (21
genomics!®1112:13:14 or One Health!>. However, to the best
of our knowledge, there are no current initiatives to provide
information and training on the use of metagenomics in the
context of AMR surveillance, particularly in a transdisciplinary
way (i.e., covering topics from sampling strategy to data analysis).

The goal of the European project Ecology from Farm to
Fork Of Microbial drug Resistance and Transmission (EFFORT)
is to provide scientific evidence on the epidemiology and
consequences of AMR in the food chain, while implementing
metagenomics'® (22, 23). Within the scope of EFFORT, we
developed a blended training programme on the use of
metagenomics in surveillance of pathogens and AMR to
(1) Highlight the potential of metagenomics in a global,
integrated surveillance context, (2) Demonstrate its applicability
by providing hands-on training on a surveillance case-study, and
(3) Raise awareness for the factors that may bias metagenomics
results!. The training consisted of an e-learning component
delivered 1 month ahead of a one-and-a-half-day hands-on
workshop. After the workshop, we re-evaluated and revised the
e-learning, before its stand-alone launch as a MOOC!.

MOOCs
)6,7,8,9,

PEDAGOGICAL FRAMEWORK

The blended training programme consisted of an e-learning
component and a one-time face-to-face workshop. The resources
used for development of lectures and practical exercises included
peer-reviewed scientific publications and the instructors’ own
expertise. The instructors’ background included a variety of
disciplines, such as bioinformatics, microbiology, epidemiology,

6 Antimicrobial resistance-theory and methods. Available online at: https://www.
coursera.org/learn/antimicrobial-resistance.

7 Antimicrobial & Antibiotic Resistance Courses. Available online at: https:/
www.futurelearn.com/courses/categories/health-and- psychology-courses/
antimicrobial-and-antibiotic-resistance.

8 Antimicrobial Resistance in the Food Chain. Available online at: https://www.
futurelearn.com/courses/antimicrobial- resistance-food- chain.

9Bacterial Genomes: Disease Outbreaks and Antimicrobial Resistance. Available
online  at:  https://www.futurelearn.com/courses/introduction-to-bacterial-
genomics.

19Genomic Data Science Specialization. Available online at: https://www.coursera.
org/specializations/genomic- data-science.

""'Whole genome sequencing of bacterial genomes-tools and applications.
Available online at: https://www.coursera.org/learn/wgs-bacteria.

12Bacterial Genomes: Accessing and Analysing Microbial Genome Data. Available
online at: https://www.futurelearn.com/courses/bacterial-genomes-access-and-
analysis.

BWhole Genome Sequencing: Decoding the Language of Life and Health.
Available ~ online at:  https://www.futurelearn.com/courses/whole- genome-
sequencing.

4Bacterial Genomes: From DNA to Protein Function Using Bioinformatics.
Available online at: https://www.futurelearn.com/courses/bacterial-genomes-
bioinformatics.

15One Health: Connecting Humans, Animals and the Environment. Available
online at: https://www.futurelearn.com/courses/one-health.

16Ecology from Farm to Fork Of Microbial drug Resistance and Transmission
(EFFORT). Available online at: http://www.effort-against-amr.eu.

and veterinary medicine!. The target group of learners included
staff of competent authorities responsible for AMR monitoring
(i.e., veterinary services, food safety authorities and reference
laboratories), as well as academic staff!.

The development of the training was led by the
Research Group for Genomic Epidemiology at the
National Food Institute, Technical University of Denmark

(DTU FOOD), which is the EU reference laboratory
for antimicrobial resistance (EURL-AR) and comprises
multidisciplinary  expertise relevant to metagenomics-

based AMR surveillance. The objective was to cover the
different stages of the workflow in metagenomics-based
surveillance, providing the learners with a practical overview
of how to conduct each step!. Individual lectures from all
instructors were subject to peer-review, to avoid overlaps
and ensure message consistency.

PROGRAMME DEVELOPMENT AND
DELIVERY

Pedagogical Format

E-Learning

The online course was originally organized in “four modules
intended to be delivered over 4 weeks, with a separate
graded assessment after each module. The modules were: (1)
Introduction, (2) From sampling to sequencing, (3) From reads
to results, and (4) Potential of metagenomics for surveillance. On
average, the expected learning time per week was 2 h” minimum!.

The course was implemented and delivered in the platform
Courseral’, which gathers e-learning courses from the world’s
top universities and education providers!. Before its delivery
to the workshop participants, it was offered to a private
group of volunteers, in order to gather feedback. The e-
learning was released 1 month before the workshop. The e-
learning component was subsequently revised and adapted to a
MOOC, with the title “Metagenomics applied to surveillance of
pathogens and antimicrobial resistance,” and it is freely available
at https://www.coursera.org/learn/metagenomics. On Coursera,
public courses run in 4-weeks sessions, and learners in the
same session work through the course together. Sessions start
automatically on a regular schedule, and enrolment for each
session opens and closes automatically’.

Table 1 summarizes the course structure and content, as it
is presently available online. E-learning elements include video
lectures, in-video quizzes, complementary reading, case-study
reports and module assessment quizzes. “Lectures are delivered
in English, with English subtitles, and pdfs from every lecture
are available from the course page. In most videos, non-graded
quizzes are included to ensure the engagement of the learners
in the lecture and consolidate the learning of key concepts.
Reading elements are provided as a complement to most lectures
to reinforce the knowledge transmitted, and eventually provide

7Coursera. Available online at: https://about.coursera.org.
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TABLE 1 | MOOC structure and content and corresponding learners’ feedback (accessed 31/01/2020).

Module Elements Topic Lecture Likes Dislikes
1 lecture Welcome lecture 97 2
2 readings
From sampling to 9 lectures Introduction to metagenomics Introduction to Metagenomics 72
sequencing 9 readings and antimicrobial resistance Considerations and controls for metagenomic/microbiome 52
projects
Introduction to antimicrobial resistance 49
Sampling and sample handling Sampling for surveillance 38
Sampling at farms and slaughterhouses 30 2
Sample storage 19 1
DNA and RNA extraction methods Isolation of DNA from complex samples 27
Sample processing for viral metagenomics 11 1
Sequencing Notes on library preparation 1
Sequencing platforms 29
Module 1 assessment 2 quizzes 59 3
2 readings
From reads to results 6 lectures Bioinformatics concepts and tools General intro to bioinformatics analysis of metagenomics data 24 3
5 readings for metagenomics analysis Overview of available metagenomics analysis tools 23 5
MG mapper 35 1
ResFinder database 20
Demo of metagenomic classification using KRAKEN 12 1
Real example of metagenomic analysis-lessons learned 13 1
Module 2 assessment 1 quiz 25 1
6 readings
Interpretation of results 5 lectures Interpretation of results and Virtual machine setup 5
and potential of 6 readings application of metagenomics in Analysis and visualization of read count data 12
metagenomics for surveillance ) . .
surveillance Metagenomic assembly and binning-reconstructing genomes 23 1
from reads
Application of metagenomics in surveillance-methods 20
Application of metagenomics in surveillance—opportunities 15
and challenges
Module 3 assessment 1 quiz 13 1
3 readings
Final assessment 5 quizzes 23 8
7 readings
1 lecture Farewell lecture 9

Likes/dislikes for each topic include lecture videos and corresponding reading(s), or all elements of a module assessment.

additional information on the topic. Also, a glossary of the terms
used during the course is provided in the first module™!.

The course assessment is divided in three module-specific
graded multiple option quizzes and a final quiz. Each module
quiz includes “questions to assess the theoretical knowledge
obtained in the corresponding module, and questions based on
a surveillance case-study, transversal to the overall course”!. The
case-study material includes an outline of the exercise step at each
module, and module-specific reports for interpretative analysis.
“Quiz questions are presented in a multiple-choice format, some
with a single correct answer, and others with multiple correct
options. In order to complete a module successfully, the learners
are required to answer 80% of the quiz correctly”!.

The final assessment quiz includes questions which require
hands-on work by the learners, similarly to what was required to
the workshop participants. This is expected to improve the active

learning potential of the MOOC. Tutorials for the different steps
of the final quiz (virtual machine setup, introduction, sampling,
quality control, bioinformatics analysis of metagenomics results
and analysis of metagenomics results in a surveillance context) are
provided as additional course elements.

Workshop

Part of the workshop program was based on a recapitulation
of the e-learning and the remaining consisted on new
content, particularly hands-on training, with
sessions following a case-study. Workshop lectures were
complemented with discussion sessions, which were
distributed throughout the programme in order to foster
the exchange of impressions among participants. Two
quizzes, at the beginning and at the end of the workshop,
were used in order to collect the background information

exercise
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of the participants, their feedback on the training and
their opinion on the use of metagenomics for AMR
surveillance. A report on the blended training is available
at the EFFORT website!.

The participants worked in groups during the exercises.
“A virtual machine (including user guide) was built for the
purpose of the workshop to make use of specific software™!,
including FastQC (24) for quality control, MGmapper (25)
for read classification and R (26) for read count analysis and
epidemiological analysis. The participants were also introduced
to and had the opportunity to apply Linux command-
line. They were provided with fictional metagenomics and
epidemiological data of a hypothetical case-study in order
to perform the analyses. Teaching materials are publicly
available at Metagenomics Training Report.

Learning Environment

The e-learning was first delivered in a pilot session to a group of
14 volunteers from the EFFORT consortium to gather feedback
before launching. After launching, it was delivered to a group of
155 registered learners, including all workshop participants!.

“A total number of 41 participants and 7 speakers from
14 countries attended the workshop™. Most participants had
a research and microbiology background, and were employed
at University (52%) or at a Government research institute
(32%). Competent authorities (5%) and the Industry (5%) were
also represented among participants. The two top reasons for
registering on the workshop were “a general interest in the
topic” and “a continuing education for the current job.” These
were followed by “informing current research” and “continuing
education for a future job.”

By January 2020, 52.0% of the MOOC enrolled learners
were students, and the percentage holding a post-graduate
degree, Masters (33.0%) or Doctorate (29.9%), was above
Coursera averages, 25.7 and 4.09%, respectively. The learners
originated relatively more from Europe (32.3%), Africa (9.6%)
and Oceania (3.1%), and less from Asia (24.9%), North America
(22.7%) and South America (7.3%) compared to Coursera
corresponding averages.

Learning Objectives

The learning objectives cover the basics of metagenomics
and the background knowledge necessary to consider the
implementation of metagenomics in surveillance. They are
enumerated for each MOOC module below, as published in the
course platform!”.

Module 1:

e “Distinguish between the concepts of metagenomics and other
microbial genomics

e Give examples of the application of metagenomics

e Critique the need to use controls in different steps of a
metagenomics study

e List types of controls that can be used in a metagenomics study

e Conclude on the advantages of metagenomics for the
surveillance of antimicrobial resistance

e Evaluate how sampling design, sample size, sample
material and sample handling influence the outcome of
a metagenomics study

e Describe current sample processing for bacterial and
viral metagenomics

e Explain different sequencing platforms and their possibilities
regarding metagenomics

e Summarize the impact that library preparation may have on
metagenomics results.”

Module 2:

e “Demonstrate the steps involved in a general bioinformatics
analysis, including quality control and mapping to
different databases

e Outline the principle behind various tools available for analysis
of metagenomics data and explain the situations where each
tool is appropriate to use

e Interpret the outputs of bioinformatics pipelines (read
classification for antimicrobial resistance genes and
bacterial species)

e Interpret the possibilities to use a database of antimicrobial
resistance genes.”

Module 3:

o “Justify the need for epidemiology in surveillance

e Discriminate challenges for the use of metagenomics
in surveillance

e Examine the potential of metagenomics for surveillance of
pathogens and antimicrobial resistance

e Explain the concept of global and integrated surveillance

e Conclude on metagenomics findings together
explanatory data

e Employ methods for analysis and visualization of read counts.”

with

Assessment

E-learning lecture- and quiz-specific feedback was retrieved from
the trial run with volunteers. “The main outcome in terms of
course improvement was the development of complementary
reading material summarizing the content of the lectures, and
the compilation of a glossary”. Both were added to the revised
e-learning version, before release as a MOOC. The Coursera
platform offers several possibilities for learners feedback.
Module-specific feedback obtained from MOOC learners is
presented in Table 1 including “likes” and “dislikes” given for
each course element!.

“Additionally, an interactive voting tool'® was used during the
workshop, at the end of each day, in order to collect feedback
on both components of the training”!. 58% of all workshop
participants had completed the e-learning and 7% planned to
complete it after the workshop. 77% considered the blended
learning more useful than a stand-alone e-learning or workshop.
An online questionnaire was also used for the evaluation of the
workshop and for collecting the participants’ opinions on the
workshop topic. Response rate was 80.5% (33/41 participants).
Respondents assessed again positively the combination of the

18Mentimeter. Available Online at: https://www.mentimeter.com.
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e-learning and the workshop, considering the workshop as an
essential component of the training package. However, many
would have liked to have longer practical sessions’.

At the time of writing (January 2020), the MOOC has run in
22 consecutive 4-weeks sessions, with a total of 3,346 learners
enrolled, including 2,180 active learners (enrolled learners who
have started a course item), of which 186 passed all assessments
and were issued a course certificate. It has been rated as 4.7/5,
with 95% of likes and 5% of dislikes. The highest drop rate
among all eligible learners (81.9%) is in module 1. This is not
surprising, as we expected most learners to explore the course
content before deciding to complete it. Furthermore, it is in
accordance with the 90-9-1 rule that describes most participation
in online communities (90% consume content, 9% engage with
content sporadically, and 1% regularly) (27).

DISCUSSION

Lessons Learned

At the end of the workshop, the majority of the participants
(90.2%) responded that they expected the use of metagenomics in
AMR surveillance to increase, slowly (63.4%) or rapidly (26.8%),
in the near future (Figure 1). The participants were asked to
assess the main challenges and gaps for the implementation of
metagenomics in surveillance (Figure 2), and the results showed
that harmonization of protocols and interpretation of results
(including uncertainty and association of metagenomics data
with risk factors) are considered main hurdles. The lack of
standards and legislation, and the implementation costs were
also mentioned. Infrastructure challenges, such as data sharing
and storage were considered less relevant. Improvement of
metagenomics analysis was also considered by the participants
the priority in order to increase the understanding of
AMR. However, the improvement of surveillance programmes
and international guidelines, and an increase in harmonized
reporting were considered similarly important (results not
shown). Food safety risk assessment was clearly the area where
participants considered metagenomics will have the largest
impact (Figure 3).

RAPIDLY INCREASING
SLOWLY INCREASING | I
UNCHANGED OVER NEXT 5 YEARS |

DECREASING

0% 10% 20% 30% 40% 50% 60% 70% 80% 90%100%

®m What is the trend in using metagenomics in AMR surveillance?

FIGURE 1 | Workshop participants’ opinion on the trend in using
metagenomics in AMR surveillance.

Practical Implications

The future of antimicrobial resistance surveillance needs to
be tackled with a multinational, multidisciplinary One Health
approach (1, 21). While many countries are already engaging
in the use of whole genome sequencing for surveillance (9),
outbreak investigation, source-attribution and microbial risk
assessment (11), the implementation of metagenomics in those
areas still resides in the future due to its novelty, among
other reasons.

One of the main concerns about the routine use of
metagenomics is that it may lead to a decrease in pathogen
isolation from humans and along transmission pathways (9,
11, 28). However, the potential of metagenomics is significant.
It allows the detection of pathogens in mixed cultures,
the identification of (new) non-culturable pathogens, the
characterization of bacterial diversity and its effect on pathogen
presence and diversity, and the characterization of resistomes
and mobilomes (sequences attributed to mobile genetic elements,
involved in horizontal gene transfer). To engage in these
diverse aspects of AMR surveillance and future methodological
options, professionals from a variety of disciplines should co-
develop a joint understanding of the strengths and weaknesses
of this approach. Blended learning courses and MOOCs can
be successfully applied in this context to deliver knowledge,
to provide a platform to engage across disciplines, and to
facilitate peer-learning.

The interaction with the course participants provided
general information on the readiness of the community for
using metagenomics in AMR surveillance. Harmonization of
protocols was highlighted as an important challenge by the
workshop participants. There is a general concern about
the numerous sources of bias in metagenomics studies,
and the need for validation and benchmarking exercises is
recognized (11). Recently, there is a growing number of studies
addressing this concern (29), which represent valuable input
for a conscious application of metagenomics in surveillance.
The lack of standards and legislation, lack of harmonized
reporting and lack of international guidelines were also among
the participants’ apprehensions. Undeniably, metagenomics
conveys sequence data that may contain indication of hazards
which would otherwise not be investigated and/or detected
with isolate-based monitoring methods. Additionally, host
sequence data can potentially allow the identification of human
subjects. These issues must be addressed in international
guidelines developed for the ethical use of metagenomics (28).
Improvement of metagenomics analysis was considered by the
training participants the first priority in order to increase the
understanding of AMR-related outputs (results not shown).
“Improvement” may in this context relate to different factors that
are considered potential limitations of metagenomics studies.
One of the main challenges is that the detected DNA can originate
from both dead and alive cells, which may be perceived as
a shortcoming in the context of policy-based monitoring and
risk assessment studies (11). Potential solutions could be to
complement metagenomics with metatranscriptomics (28) or
to use algorithms that infer microbial population replication
rates from metagenomics data (30). However, the detection of
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FIGURE 2 | Workshop participants’ opinion on the biggest relative challenge to the application of metagenomics in surveillance.
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FIGURE 3 | Workshop participants’ opinion on where to expect the largest relative impact of the use of metagenomics.
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non-viable microorganisms, particularly pathogens, may also
be seen as an opportunity. Although dead bacteria may not
constitute an immediate risk for the exposed population, their
detection is an opportunity to prompt investigation of the source
of contamination and to apply corrective preventive measures
before transmission occurs. In a surveillance program, detecting
the presence of pathogens (eventually carrying high-risk ARGs),
viable or not, should therefore be desired-if the microorganisms
are viable, their spread can be contained; if they are non-viable,
source tracking can be performed and preventive measures
applied to avoid infections. Also, attributing detected ARGs to
their bacterial host, and classifying their transferability between
hosts may be necessary in many circumstances. Metagenomic
assembly and binning (31) help overcoming the first issue, and
many recent developments have contributed to increase the
number of genomes assembled from metagenomics datasets,
including the methods of Hi-C Chromatin conformation capture
(31), DNA methylation profiling (32) and co-assembly and co-
binning (33). A greater challenge remains with the second issue-
disclosing the link between ARGs and mobile genetic elements.
The joint analysis of resistome and microbiome has been used

to investigate the occurrence of horizontal gene transfer, with
recent studies suggesting an infrequent exchange of ARGs
between human gut flora and pathogenic organisms (34, 35).
Another route to address this issue is the use of single cell
sequencing (36, 37). A further concern is that the resolution
in the profiling of resistomes, i.e., the accuracy of ARG typing,
may be insufficient due to a high similarity shared between ARG
reference sequences. This may produce ambiguous alignment,
false negatives due to non-alignment, or false positives due to
misannotation. Recent bioinformatics developments have also
addressed this concern (35, 38). Similarly, the low sensitivity of
metagenomics to capture low abundant ARGs, has also been
recently addressed by combining targeted metagenomics with
novel bioinformatics tools for the analysis of resistomes (39),
however further developments and validation studies are still
needed in order to confidently approach the sensitivity levels
presently achieved with phenotypic methods.

Food safety risk assessment and consumer safety might benefit
from metagenomics, in the participants’ opinion. However,
ARGs detected in metagenomics studies should undergo an
assessment regarding their public health risk potential, since they
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do not all represent an actual hazard (2). The application of
metagenomics in risk assessment is therefore dependent on a
new hazard definition concept, and the nature of the hazard will
determine the nature of the estimated risk. With metagenomics,
“hazard” covers the microbial community, the resistome, and
the potential for horizontal transmission of ARGs. As a result,
risk may refer to the development of disease due to infection
with a resistant pathogen, and/or the spread of ARGs between
pathogens and commensal bacteria in the human host (40).
Traditional microbial risk assessment methods need to undergo
an adaptation in order to accommodate these new considerations
of hazard and risk (40).

We developed and delivered a blended-training on
“Metagenomics applied to surveillance of pathogens and
AMR.” After the training, the e-learning component was revised
and an updated version is now publicly available as a MOOC at
https://www.coursera.org/learn/metagenomics', on which more
than 3,000 learners have already enrolled. The MOOC conveys
the idea of the workflow, the requirements, the benefits and the
challenges of AMR surveillance by metagenomics, which could
help inform the design of future AMR surveillance programs.

Constraints and Future Perspectives
Throughout the training, the main challenge has been to adjust
to the variable level of background and skills of the participants.
In general, the hands-on training was well-received, both during
the workshop, and by the MOOC learners. However, when
technical difficulties arise in operating the software programs
for data analysis, it is difficult to provide adequate support to
those in need. Furthermore, in the context of education at the
global level, the uneven access of learners to infrastructures
(internet bandwidth, computer processor, operating system
and memory) will impact on the learning outcome and the
likelihood of course completion. This mirrors one of the expected
challenges in the implementation of a metagenomics-based
global surveillance-the uneven and variable levels of capacity
among countries.

A future perspective for improvement of the MOOC is
to provide less technically demanding and infrastructure-
dependent practical exercises. Furthermore, we intend to
periodically review the course content and update it following
the latest research developments. For example, many studies
have recently investigated the impact of different normalization
approaches for metagenomics data (41-43), a topic that has
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