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ABSTRACT This review describes the current state of knowledge regarding the ap-
plication of whole-genome sequencing (WGS) in the epidemiology of Campylobacter
jejuni, the leading cause of bacterial gastroenteritis worldwide. We describe how
WGS has increased our understanding of the evolutionary and epidemiological dy-
namics of this pathogen and how WGS has the potential to improve surveillance
and outbreak detection. We have identified hurdles to the full implementation of
WGS in public health settings. Despite these challenges, we think that ample evi-
dence is available to support the benefits of integrating WGS into the routine moni-
toring of C. jejuni infections and outbreak investigations.
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he ability to conduct epidemiological investigations and to intervene to control and

to prevent foodborne and environmentally transmitted diseases is a major task of
public health authorities. The identification, over a short period of time, of a sudden
increase in the number of expected cases of a disease in a population in a limited
geographical area (point-source outbreak) or clusters of cases with a presumptive
common source not necessarily clustered geographically (diffuse outbreak) depends on
knowledge of the baseline infectious state of the population regarding that disease,
which is usually acquired through surveillance. In this regard, identifying epidemiolog-
ically linked cases and differentiating them from concurrent sporadic incidences are
essential for risk assessment, outbreak investigations, and source attribution for food-
borne pathogens. These processes have relied increasingly on traditional epidemiolog-
ical investigations supplemented with molecular subtyping of the etiological agent,
and no method offers a higher degree of resolution than whole-genome sequencing
(WGS). The recent development of high-throughput sequencing technologies for WGS
(i.e., next-generation sequencing [NGS]) has resulted in large-scale sequencing of
various pathogens. Allowing the detection of all possible epidemiologically significant
variations between strains (1), WGS is progressively replacing traditional typing methods
(serotyping, phenotyping, pulsed-field gel electrophoresis [PFGE], and amplified fragment
length polymorphism [AFLP] analysis) and sequence-based investigations (PCR-based
methods). Moreover, the declining costs of NGS and the availability of benchtop analyzers
are increasingly facilitating the application of WGS for routine surveillance and outbreak
investigations of bacterial and viral infectious diseases by public health authorities (2). As a
result, WGS analysis is currently being used in several countries for real-time surveillance of
Listeria monocytogenes and Salmonella enterica (http://www.fda.gov/Food/FoodScience
Research/WholeGenomeSequencingProgramWGS) (3), and similar approaches for other
foodborne pathogens are expected to come into use shortly. Campylobacter jejuni is
one of the most frequent causes of bacterial gastroenteritis globally; the epidemiology
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of this pathogen is only partially understood, however, and shedding new light on this
area is difficult, as most cases appear to be sporadic and remain unreported (4).
Additionally, the occurrence of immune individuals in the population, coupled with
many possible reservoirs, transmission pathways, and regional epidemiological differ-
ences, make source tracing and risk assessment challenging. To date, the two most
common molecular typing methods, namely, PFGE and the traditional seven-locus
multilocus sequence typing (MLST) scheme, have been essential research tools for
studying the epidemiology of C. jejuni infections and have greatly contributed to
current knowledge regarding the nature of C. jejuni infections in human patients and
potential reservoirs (1). However, these methods have been difficult to implement in
the context of routine surveillance; moreover, limitations of these methods have been
uncovered, suggesting that these methods may be unsuitable as the sole subtyping
methods for assessing epidemiological links among C. jejuni isolates (5-7). Therefore,
developing a new generation of efficient tools for epidemiological surveillance of C.
jejuni is clearly necessary and a high priority in order to overcome the limitations of
available typing methods (1). WGS is set to emerge as the typing method of choice for
C. jejuni outbreak investigations, and it has the potential for implementation in routine
surveillance. However, several issues regarding epidemiology and genomic diversity
need to be addressed before WGS can become a useful and reliable working tool in the
public health sector response to campylobacteriosis. In particular, understanding the
baseline ecological diversity and population structure of C. jejuni and the genomic
diversity within a single human infection is necessary for defining interpretation criteria
for determining whether isolates are likely to be clonal, as would be expected in a
cluster of cases or an outbreak with a common source. In this review, we show how
WGS has improved, or has the capacity to improve, surveillance and outbreak detection
for C. jejuni infections and we discuss how WGS has increased our understanding of
both the evolutionary and epidemiological dynamics of campylobacteriosis caused by
C. jejuni.

DEFINING THE BASELINE GENOMIC DIVERSITY OF C. JEJUNI

Assessing the genomic diversity present in a C. jejuni population is critical for
deducing whether genomic differences between any two C. jejuni isolates are suffi-
ciently small for assuming a high likelihood of epidemiological relatedness, i.e., whether
the isolates share a source. An important consideration that has rarely been discussed
in the literature is the potential for heterogeneity in the levels of genetic diversity
observed within various lineages in the C. jejuni population. However, defining such
diversity is necessary for accurate interpretation of the observed genetic relatedness
among isolates; if the lineage diversity is generally low, then the observed genetic
distance between two isolates might fall below the presumed cutoff value for cluster
definition even in the absence of epidemiological linkage. Evidence for variations in
genetic diversity among C. jejuni lineages is mounting. For instance, Kovanen and
colleagues found limited genomic diversity within three common sequence types (STs),
namely, ST-230, ST-267, and ST-677, while ST-45 was considerably more diverse and
was separated into three main sublineages (8). In a follow-up publication, Llarena et al.
investigated the nature of the population structure of ST-45 clonal complex (CC),
focusing on identifying a possible spatial-temporal evolutionary signal. The authors
found that the occurrence and strength of the geographical signal varied between
sublineages of ST-45 CC strains, but they could not find evidence of a temporal signal
(6). In addition, the authors unexpectedly identified certain sublineages of ST-45 with
extremely similar genomes regardless of the time and location of sampling. These
successful monomorphic clones were persistently isolated from animal hosts and
human patients over a decade, from several countries around the world (6). There is no
reason to think that clonal dispersal is limited to certain sublineages of ST-45. Indeed,
in a recent publication, the clonal expansion during the 1970s of the highly virulent
ST-8 lineage, which is now causing vast numbers of ovine abortions in the United
States, was reported (9). The presence of clonal populations makes genomic distinction
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between epidemiologically associated and nonrelated isolates difficult and can ad-
versely affect the use of WGS methodology in surveillance and outbreak investigations
for public health purposes; more studies exploring the genomic diversity and possible
occurrence of clonal subpopulations in other C. jejuni lineages are needed to resolve
this predicament.

GENOMIC DIVERSITY DURING C. JEJUNI INFECTION AND COLONIZATION

The genomic variants that accumulate during human passage should be considered
when the level of genetic similarity between epidemiologically linked isolates is being
established. The generation of diversity in this population is dependent on the muta-
tion rate and mutational patterns of C. jejuni. The fixation of such mutations is
determined by evolutionary processes such as genetic drift, the bottleneck effect, and
selection and can be observed due to host adaption (10). WGS has been applied to
study the genomic diversity and changes that can accumulate during human infection
(11, 12) and animal colonization (13, 14). The genomic changes that occurred during
host passage (either human or animal) were small and, except for rare single nucleotide
variants (SNVs) at one or two loci, limited to indels in homopolymeric tracts in
contingency loci. These frameshift mutations were generally found in genes regulating
phase variations of surface structures and therefore are likely to play an important role
in host adaptation (11-14). Furthermore, these mutations accumulated rapidly in the C.
jejuni population infecting a single individual, even in the absence of selective pressure,
demonstrating mutation rates between 10 and 100 times faster than mutation rates in
other parts of the genome (10). Due to their intrinsic genetic instability, variations
observed in these genomic regions cannot be used to infer epidemiological relation-
ships between isolates. Therefore, to ensure that the genetic signals used for tracing
and source attribution of isolates are independent of genomic changes introduced by
the host, such homopolymeric tracts should be excluded from genome comparisons in
the context of public health investigations (7, 8, 15, 16).

APPLICATION OF WGS OF C. JEJUNI IN POINT-SOURCE OUTBREAK
INVESTIGATIONS

Several studies have aimed to investigate the applicability of WGS analysis in
identifying clonal C. jejuni isolates in point-source outbreaks, and the retrospective
examination of foodborne and waterborne outbreaks of campylobacteriosis has gained
significant research attention. This work has clearly shown that, regardless of the
methodology used, the genomic diversity among epidemiologically linked isolates
within an outbreak investigation is limited to a few changes, which mainly affect
homopolymeric runs. Revez et al., analyzing a milk-borne outbreak, observed up to 3
SNVs and phase variations in 12 loci between the milk- and patient-derived isolates,
using a PubMLST-hosted whole-genome multilocus sequence typing (wgMLST) schema
featuring 1,738 loci (15). A similar number of genomic differences (3 SNVs) was
observed between one human isolate and the assumed source isolate in a waterborne
outbreak (7). Further studies have confirmed the initial findings of Revez and colleagues
(7, 15). Zhang et al. identified up to seven allele differences between clonal isolates
collected from three waterborne outbreaks, using a reference-based gene-by-gene
approach (defined as ad hoc analysis) with the program Genome Profiler (https://
sourceforge.net/projects/genomeprofiler) (17). Lahti and colleagues, investigating an
Australian outbreak associated with chicken paté by using a reference-based core-
genome MLST analysis implemented in SeqSphere+ (Ridom GmbH), with a total of
1,271 shared loci, described a maximum of 1 allele difference between the clinical
isolates (18). Furthermore, four isolates associated with the Walkerton outbreak in
Canada differed from one another by a total of 15 SNVs, corresponding to an average
of ~4 allele differences, using a 732-core-gene schema (19). In all of those studies,
epidemiologically linked strains were clearly separated from nonrelated control strains.
Due to variations in the numbers of genes analyzed and the overall genetic diversity of
the studied strains, the allelic differences between control strains and outbreak-
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associated strains varied between 10 to 15, as observed in the Australian and the
Canadian studies (18, 19), and 454, as described in the Finnish milk outbreak (15). In
real-life settings, however, the possibility that the variation observed among isolates
within an outbreak might represent the genomic variation present in the initial
inoculum, due to mixed-strain coinfection, cannot be excluded. The circulation of more
than one strain might complicate the correct clustering of cases during an investigation
and thus should be taken into consideration during specification of the case definition
for the outbreak. For example, the number of observed genomic differences between
the assumed source isolate and a second human outbreak isolate analyzed by Revez et
al. exceeded what might be expected to accumulate over the course of the outbreak, being
similar (69 SNVs) to what was observed between the water isolate and a chicken strain
obtained 12 years later (7). In addition, an Australian study that investigated a foodborne
outbreak by extrapolating SNVs using Snippy 3.0 (https://github.com/tseemann/snippy)
reported the circulation of at least two different strains among patients, one showing
SNVs in the range of 3 to 8 and the second up to 30 (20).

APPLICATION OF WGS IN SURVEILLANCE OF C. JEJUNI INFECTIONS AND
DETECTION OF DIFFUSE OUTBREAKS

In the absence of comprehensive and systematic surveillance, the detection of
diffuse outbreaks is difficult, as these cases are masked against the background of
sporadic cases. Earlier studies verified the existence of diffuse outbreaks of campylo-
bacteriosis by demonstrating the presence of temporal, spatial, and genotypic clusters
among apparently sporadic cases. Such clusters were several times more common than
point-source outbreaks (21-23). High-resolution genotyping can improve the detection
of clusters with diffuse epidemiological signals. Since WGS offers the highest possible
discriminatory power, the integration of genome sequencing in surveillance would be
expected to facilitate the identification of possible case clusters, which should allow for
the implementation of more effective intervention strategies targeted at the preven-
tion and control of cases of campylobacteriosis. Some studies have already examined
the use of genomics in Campylobacter surveillance, and all applied a wgMLST meth-
odology (24). Cody and colleagues performed the first real-time genomic epidemio-
logical investigation of C. jejuni strains collected through a surveillance program, using
a hierarchical wgMLST approach (25). In the first all-against-all analysis, BIGSdb Genome
Comparator (26), implemented in PubMLST (http://pubmist.org), was used to extract
the 1,026 loci shared among the 379 investigated isolates obtained from the Oxford-
shire monitoring program from a total of 1,643 loci listed in the Gundogdu schema
(http://pubmlst.org/campylobacter) (25). Based on the level of genomic diversity ob-
served among isolates collected from a single patient, the cutoff value for investigating
the presence of possible clusters was set to 20 allele differences among the 1,026
shared loci (25). A follow-up wgMLST analysis, again using the Gundogdu schema, was
used to define diversity within the clusters identified. With this approach, the authors
were able to identify temporally associated clusters of strains from cases demonstrating
no apparent epidemiological links but showing similar levels of genetic diversity, as
observed for same-patient isolates (differences of 3 to 14 loci among 1,478 to 1,586
shared loci) (25). As observed in point-source outbreaks (7, 15, 17), the loci that
recurrently showed variations between same-patient isolates and epidemiologically
linked isolates were homopolymeric tracts in contingency genes. Similar results were
reported by Kovanen et al., who also used a hierarchical wgMLST approach to inves-
tigate the genomic relationships of apparently sporadic cases collected during a
seasonal peak in Finland (8). The authors clustered the isolates based on the 7-locus
MLST scheme and subsequently performed an ad hoc wgMLST analysis, using BIGSdb
(26) to extract allele information for all 1,738 loci for each ST group. This approach
allowed the authors to identify subclusters of isolates (which varied in only a few loci)
obtained from cases spread over a large geographical area, despite lacking an apparent
epidemiological link (8). In their subsequent study, Kovanen and colleagues attempted
to identify the possible sources of these predicted diffuse outbreaks, again applying a
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hierarchical wgMLST approach for each ST group and using the reference-based
gene-by-gene method implemented in the Genome Profiler software (16, 17). There-
after, the authors manually screened for allele differences using a 5-SNV cutoff value,
while excluding indels in homopolymeric tracts, to define clusters of genetically
indistinguishable isolates (16). When accounting for temporal clustering, the authors
were able to link up to 24% of the human cases to specific chicken slaughter batches
(16). To identify the possible existence of a diffuse outbreak, Fernandes et al. applied
the method introduced by Cody and colleagues (25) to compare C. jejuni isolates
collected through a surveillance program with a reference population of nonrelated
isolates from the same lineage (ST-21) (27). The authors showed that 20 of the 23
apparently sporadic cases were indeed part of a cluster, with less than 8 (mean of 4)
allele differences across 1,577 shared loci. Simultaneously, the authors demonstrated
that the genetic distance between the cluster isolates and the reference population was
at least 20 alleles (27). The results from those studies support the idea that putative
diffuse outbreaks have a clear impact on the epidemiology of campylobacteriosis and
that, by integrating WGS in the surveillance of C. jejuni infections, we can potentially
distinguish between clustered and sporadic cases. The common belief is that the
gene-by-gene method is more suitable for this task than an SNV-calling approach, since
the gene-by-gene approach is efficient, easy to automate, computationally less inten-
sive, and less likely to be affected by multi-SNV import resulting from allelic replace-
ment due to homologous gene transfer (24). Although a consensus regarding the
analytical (experimental and bioinformatic) pipeline to use in the gene-by-gene ap-
proach and the interpretation criteria are still under evaluation, it seems clear that
hierarchical wgMLST methodology (8, 16, 25), in which a first-level genomic clustering
based on a core set of loci is followed by an ad hoc analysis with an increased number
of loci for added discriminatory power, will be the basic approach for these types of
investigations.

APPLICATION OF WGS IN C. JEJUNI SOURCE ATTRIBUTION AND ANALYSIS OF
HOST ADAPTATION

Identification of the most frequent transmission routes and foodborne sources of
campylobacteriosis is of utmost importance for prioritizing food safety interventions
and setting public health goals. C. jejuni has complex epidemiology, and transmission
can occur in numerous ways, including contaminated food, water, and raw milk and
direct animal and environmental contact. To overcome this problem, methods to
quantify the relationships between human patient data and possible infection reser-
voirs, transmission routes, and risk factors have been developed (28). Approaches based
on genotypic methods compare the proportions of C. jejuni subtypes for different
sources and reservoirs with those for isolates collected from human patients. These
methods rely on different subtypes having different abilities to colonize different hosts
or ecological restrictions preventing an equal subtype distribution between reservoirs,
which is often referred to as host adaptation (29). Adaptation to a specific host might
result in the selection of reservoir-associated traits, such as the presence of specific
genes or clusters of genes (29). Although source attribution models using WGS data as
input have yet to be applied to campylobacteriosis cases, phylogenic and population
structure analyses of C. jejuni isolates collected from different studies have been used
to trace the sources of sporadic cases, as described above (16). Furthermore, major
efforts have been devoted to detecting and elucidating the mechanisms of host
adaptation in C. jejuni with the use of WGS, especially identifying host-specific traits (29,
30). The discovery of such loci gained or lost makes these genetic elements possible
targets for source tracking; the genetic make-up of a human isolate could theoretically
help determine the source of that isolate. We are still far from that possibility, however,
as only a few host-associated loci have been found in C. jejuni. Furthermore, the high
prevalence and wide distribution of so-called “generalist lineages” complicate source
attribution, due to their lacking genetic responses to host colonization (31). For
instance, Dearlove and colleagues found that ST-21 CC and ST-45 CC undergo rapid
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host switching, which appears to erode the development of host signals; therefore,
WGS appears no more informative than 7-gene MLST in defining the source of
infections for generalist lineages (31).

CONCLUSION

A significant challenge in Campylobacter research has been the lack of the system-
atic surveillance required to monitor emerging trends in the epidemiology of campy-
lobacteriosis. In large part, this is due to the significant resources required to deploy
subtyping methods for routine analysis of strains, particularly given the limited success
of these approaches in epidemiological investigations. In this context, the various
studies highlighted in this review suggest the benefits of integrating WGS in the routine
surveillance of C. jejuni infections. Furthermore, international standardization is needed,
due to the global and regional nature of campylobacteriosis, and WGS allows full
comparability of molecular data for strains collected from different areas, as facilitated
by public databases. However, several key issues will need to be addressed before the
full potential of these approaches can be realized. A fundamental hurdle to the
implementation of WGS is the limited knowledge regarding the genetic diversity within
C. jejuni populations. Undeniably, the successful development of criteria for case cluster
definition will require species-specific context based on a detailed understanding of the
C. jejuni population structure, including genetic variations within and between lineages.
This, in turn, will require a critical mass of WGS data from isolates with high-quality
metadata from surveillance efforts worldwide, including data on isolates from both
point-source and diffuse outbreaks. Moreover, studies to determine the optimal reso-
lution depth of WGS data interpretation, to balance the power to resolve isolates from
the main C. jejuni lineages while also allowing the detection of clusters of epidemio-
logically linked strains from outbreaks and source-to-patient transmission events, will
be required. The latter might include creating and agreeing on a suitable nomenclature
system for tracking and communicating C. jejuni trends worldwide. Finally, the devel-
opment of approaches for the standardization of data analysis tools is warranted, since
this would facilitate comparisons of isolates at the national and international levels,
simplifying global sharing of data. Regardless of the existing hurdles, current evidence
suggests that routine analysis of C. jejuni isolates using WGS is likely to provide
fundamental insights regarding various aspects of the biology and epidemiology of this
important pathogen, underscoring the benefits of implementing WGS in the service of
public health.
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