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ABSTRACT

Listeria monocytogenes is a Gram-positive intracellular foodborne pathogen that can
cause the often fatal disease listeriosis. Various molecular subtyping strategies have been
developed to recognize an outbreak, match case isolates with food and environmental
isolates and discriminate between outbreak isolates and isolates that are not
epidemiologically associated with the outbreak. A recently developed multi-virulencelocus sequence typing strategy (MVLST) was applied to study two recent U.S. multistate
outbreaks, the 1998 hot dog outbreak and the 2002 turkey deli outbreak. MVLST
clarified the epidemiology of these two outbreaks when combined with Epidemic Clone
II (ECII) PCR. MVLST was then used to further analyze a set of representative isolates
from fourteen listeriosis outbreaks and isolates not associated with any of the outbreaks.
The evolutionary clusters identified by MVLST agreed with known lineages and
serotypes of L. monocytogenes. MVLST accurately identified four known epidemic
clones of L. monocytogenes: epidemic clone I (ECI), Epidemic Clone II (ECII), epidemic
clone III (ECIII) and epidemic clone IV (ECIV). MVLST revealed a population structure
of L. monocytogenes similar to those suggested in previous studies. Virulence gene
sequences appear to be excellent molecular markers for identifying epidemic clones and
clarifying the epidemiology of L. monocytogenes.

Sequence analysis of MVLST data identified a minimum of twenty eight single
nucleotide polymorphisms (SNPs) capable of differentiating all isolates, including all
four epidemic clones. Sequence analysis of Genbank data identified three SNPs that can
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separate outbreak clones within ECI and ECIII. A combination of pulsed field gel
electrophoresis (PFGE) and ligation-mediated (LM) PCR identified a SNP in
bacteriophage A118 in L. monocytogenes that can separate outbreak clones within ECII.
SNPs in prophage regions that could separate outbreak clones within ECIII and ECIV
were subsequently identified.

To simplify molecular typing of L. monocytogenes, a multiplex PCR scheme was
developed for simultaneous identification of Listeria spp., L. monocytogenes, serotype 4b
and 1/2a, and ECI, ECII and ECIII. Molecular markers specific for epidemic clones I
(17B), II (LMOh7858_0487-0498) and III (LMOf6854_2467-2472); for serotypes 4b
(ORF2110) and 1/2a (lmo0737); and for L. monocytogenes (lmo2234) and Listeria spp.
(iap) were targeted in this Multiplex PCR scheme. This multiplex PCR scheme can be
used for screening and subgrouping L. monocytogenes before more advanced subtyping
methods are performed.
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Statement of the Problem

Listeria monocytogenes is an intracellular foodborne pathogen ubiquitously found in the
environment, foods and animals including humans. This pathogen causes listeriosis, a
serious disease that has caused significant outbreaks in recent years. Identifying routes
by which L. monocytogenes is transmitted to humans is important for preventing and
controlling listeriosis outbreaks. Various molecular subtyping methods have been
developed for L. monocytogenes including pulsed field gel electrophoresis, multilocus
sequence typing and multi-virulence-locus sequence typing. However, few studies have
validated the epidemiological concordance of these molecular subtyping strategies using
a large set of outbreaks and non-outbreak isolates. Epidemiological concordance
measures the ability of a subtyping method to cluster epidemiologically related isolates.

Currently available molecular subtyping methods are expensive and impractical for local
public health laboratories and the food industry. Molecular subtyping is always an extra
and optional step following species identification. As a result, the number of isolates
subtyped is limited, which makes identification of routes of transmission difficult.
Therefore, an inexpensive, fast and reliable method is needed as a first-step screening
method for subtyping Listeria monocytogenes.

1

CHAPTER 1

Review of Literature

Submitted to be published as a chapter entitled “Strain Typing Techniques” in The
Handbook of L. monocytogenes, Donald Liu (ed.)

2

1.1 INTRODUCTION

Listeria monocytogenes is a gram-positive intracellular foodborne pathogen that can
cause the sometimes fatal disease listeriosis among high risk populations. It is found in a
wide variety of reservoirs and sources in food processing plants and contaminates readyto-eat (RTE) foods such as soft cheeses, milk, deli meats and hot dogs. Although USDA
and FDA have a zero tolerance policy for L. monocytogenes in RTE food products,
numerous listeriosis outbreaks have been reported in recent years (Kathariou, 2003).
Because listeriosis has a long incubation period (3-60 days), it is often difficult to identify
sources and routes of transmission by conventional epidemiological investigations
(Wiedmann, 2002). Therefore, molecular subtyping strategies targeting various genetic
markers have been utilized to recognize an outbreak, match case isolates with food and
environmental isolates, and discriminate between outbreak isolates and non-outbreak
isolates (Kathariou, 2002).

Listeriosis outbreaks are usually caused by a small fraction of strains in the entire
population of the species. Among 13 serotypes of L. monocytogenes, strains belonging to
serotypes 4b, 1/2a and 1/2b are associated with the vast majority of listeriosis outbreaks
and sporadic cases (Nelson et al., 2004). Most major outbreaks were caused by a small
number of epidemic clones of L. monocytogenes and most outbreak strains belong to
serotype 4b (Kathariou, 2003). Early multilocus enzyme electrophoresis (MEE)-based
subtyping (Bibb et al., 1990) and restriction enzyme analysis (Wesley and Ashton, 1991)
showed that strains from many different outbreaks were closely related even though those
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outbreaks were geographically and temporally distinct. These findings were also
supported by data generated using ribotyping (De Cesare et al., 2001), virulence gene
polymorphism analysis (Wiedmann et al., 1997) and pulsed-field gel electrophoresis
(PFGE) (Buchrieser et al., 1993; Jacquet et al., 1995; Brosch et al., 1996; Kathariou,
2002). Kathariou (2002) subsequently compared these studies and defined four epidemic
clones of L. monocytogenes (ECI, ECIa, ECII and ECIII). Among these epidemic clones,
ECI appears to be a cosmopolitan clonal group composed of serotype 4b strains involved
in several major outbreaks including the coleslaw (Nova Scotia, 1981), soft cheese
(Switzerland, 1983-1987 and California, 1985), and pork-tongue (France, 1992)
outbreaks (Kathariou, 2002). Genetic markers unique to this epidemic clone were also
identified (Zheng and Kathariou, 1995). ECIa, another serotype 4b cluster, caused a pate
outbreak (UK, 1988), a vegetable outbreak (Boston, 1983) and a milk outbreak (Boston,
1983). ECII is considered a newly emerged epidemic clone, which was first observed in
the 1998-1999 US multistate outbreak associated with contaminated hotdogs (Kathariou
et al., 2006). Isolates in this outbreak had unique ribotype and PFGE patterns that were
not identified in previous outbreaks (Kathariou, 2002). Multi-virulence-locus sequence
typing (MVLST) and ECII PCR profiling were recently used to demonstrate that ECII
isolates were also involved in the 2002 US multistate listeriosis outbreak associated with
turkey deli meat (Chen et al., 2005). Genome microarray analysis confirmed that isolates
from these two outbreaks were closely related and belonged to a single clonal group
(Kathariou et al., 2006). Genetic markers unique to this epidemic clone were also
identified (Evans et al., 2004; Kathariou et al., 2006). Although no routes of transmission
between outbreaks within each epidemic clone were identified, the fact that various
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molecular subtyping methods consistently identified the epidemic clones strongly
suggested that outbreaks within each epidemic clone were closely related. In contrast to
ECI, ECIa and ECII isolates, ECIII isolates are serotype 1/2a isolates associated with the
hot dog (US, 1989) and the turkey deli meat (US, 2000) outbreaks (Kathariou). The
genetic characteristics of isolates from these two outbreaks have not been extensively
studied. However, they were considered epidemiologically related because they were
found in the same food processing plant and had identical PFGE patterns using different
restriction enzymes (Kathariou, 2003). Given the ubiquitous nature of L. monocytogenes
in food processing plants, its ability to grow in foods at refrigeration temperatures and the
difficulty of detecting routes of transmission, it seems reasonable that previously or
newly identified epidemic clones and outbreak strains will likely be implicated in future
listeriosis outbreaks. Therefore, identification and tracking of epidemic clones and
outbreak strains remain critical for investigating and preventing listeriosis outbreaks.

The purpose of this chapter is to describe the principles and advancements in strain
typing methods that have been applied for subtyping Listeria monocytogenes. Strain
typing is the process by which a bacterial species can be further separated into different
subgroups or strains. A direct function of strain typing is to discriminate between
different strains that belong to the same genus and/or species. Typing techniques have
undergone extensive improvements and many new methods have evolved with
significantly enhanced performance in terms of various criteria. Our understanding of the
epidemiology, evolution, phylogenetics and the population genetics of L. monocytogenes
has greatly evolved with the development of these advanced strain typing techniques.

5

1.2 STRAIN TYPING TECHNIQUES

1.2.1 Applications of strain typing techniques

Three major applications of strain typing are in taxonomy, epidemiology and phylogeny
(evolutionary genetics). Taxonomy, also known as (bio)systematics, is the practice and
science of classification of organisms based on their common characteristics (Van
Belkum et al., 2001). A species is considered a group of isolates with a common origin
or ancestry as demonstrated by a discrete typing unit. However, it is still controversial as
to whether a clear and strict species definition should be used in case of bacteria, as
various pieces of evidence for overlapping populations have been discovered (Van
Belkum et al., 2001). Good strain typing data always reveal variations at the subspecies
level; therefore, analysis of typing data using phylogenetic approaches is useful for
taxonomy. Ribosomal RNA genes have traditionally been used as taxonomic markers
because these genes are present in all cells, show little or no evidence of horizontal gene
transfer and possess both conserved and variable domains (Lane et al., 1985). However,
many new strain typing methods have provided novel insights into the already assigned
species, and many species have been reassigned based on new strain typing data.
Therefore, selection of proper targets, quality of the typing data, and analysis of the
typing data are critical for correct classification of microbial species.

New strain typing strategies have evolved that improve discrimination at the subspecies
level. The process of strain typing at the subspecies level is often referred to as
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subtyping. Evolutionary genetics involves the analysis of subtyping data with the goal of
inferring evolutionary history (phylogeny) that can explain these subspecies variations
(Gurtler and Mayall, 2001). Population genetics involves studying the relationships of
various subgroups within a population (i.e., genus and/or species). Many phylogenetic
computational algorithms have been developed to infer evolutionary history based on
subtyping data. Different algorithms do not always produce concordant results,
especially when the targets of the subtyping methods undergo extensive inter-genomic
DNA recombination via conjugation, transformation, transduction and /or intra-genomic
recombination (Van Belkum et al., 2001). However, recently developed strain typing
techniques have greatly enhanced our understanding of the evolution and population
genetics of L. monocytogenes (Doumith et al., 2004; Ward et al., 2004; Nightingale et al.,
2005).

Although strain typing methods have been used to study the taxonomy and phylogeny of
L. monocytogenes, it has mostly been applied to studying the epidemiology of listeriosis
and most literature has focused on utilizing strain typing techniques for this purpose.
Understanding the basic principles of epidemiology is important for scientists who are
developing subtyping strategies. Unlike evolutionary genetics, which focuses on longterm evolution, molecular epidemiology must focus on short-term evolution of
microorganisms in order to track the transmission of certain clonal groups during weeks,
months or a few years. Also a big difference between molecular epidemiology and
evolutionary genetics is that molecular epidemiology is somewhat empirical as will be
discussed later. Riley (2004) gave a detailed review of the principles of molecular
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epidemiology of infectious diseases. Some basic principles of molecular epidemiology
discussed in that book have been incorporated into and expanded in this chapter.

1.2.2 Important definitions and basic principles of molecular epidemiology

Epidemiology is defined as the study of the distribution and determinants of infectious
diseases (Riley, 2004). Some goals of epidemiology include the identification of physical
sources, routes of transmission of infectious agents, distribution and genetic relationships
of different subgroups, etc. Some basic terms and/or concepts in epidemiology are
defined in Table 1.1 and should be reviewed before studying epidemiological subtyping.
Some of these definitions were proposed by the European Study Group of
Epidemiological Markers (ESGEM) and the Molecular Typing Working Group of the
Society for Healthcare Epidemiology of America (Struelens, 1996), some were proposed
by Riley (2004) and some are proposed in this chapter.

The terms epidemic and outbreak are often used interchangeably. However, to avoid
confusion, the two concepts can be distinguished to differentiate between long-term and
short-term spread of an epidemic clone, respectively. The U.S. Centers for Disease
Control and Prevention has defined all isolates belonging to the same outbreak as the
“outbreak strain” (Graves et al., 2005), even though they may exhibit slightly different
subtypes, and thus can be considered different strains. Given the existence of these
slightly different genetic subtypes within epidemic clones and the assumption that all
isolates associated with an outbreak are clonally related, we propose “outbreak clone”
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(Table 1.1) as a more appropriate term than “outbreak strain” when referring to these
slightly different strains within an outbreak.

Before subtyping techniques were developed and applied to the field of epidemiology,
epidemiologists relied solely on conventional epidemiological data to track outbreaks.
Conventional epidemiological surveillance systems monitor the unusual temporal
increases in the number of cases. However, they have some limitations that can be
overcome by strain typing methods. A good example of the use of strain typing
techniques in an outbreak investigation was described by Bender et al. (2001). The
authors incorporated pulsed field gel electrophoresis (PFGE) into the surveillance system
for Salmonella enterica serotype Typhimurium in the State of Minnesota from 1994 to
1998 and concluded that PFGE patterns aided them in assigning priorities for treating
patients, focusing investigations, and avoiding unnecessary investigation of concurrent
increases in unrelated patterns. In contrast, conventional surveillance caused unnecessary
investigation of epidemiologically unrelated outbreaks. Routine PFGE typing allowed
the detection of four out of six community-based outbreaks that would not have been
detected by traditional surveillance methods, because PFGE efficiently separated
outbreak-related isolates from sporadic-case isolates. In contrast, conventional
surveillance systems did not have enough sensitivity to detect outbreaks involving
common serotypes, especially for those outbreaks with few cases spanning a period of
several weeks. PFGE typing allowed investigators to intervene to stop transmission from
a variety of sources of infection. In one case, PFGE data were instrumental in the recall
of a contaminated commercial product (Bender et al., 2001). A common conventional
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epidemiological approach is to use questionnaires to determine the likely source of an
outbreak. One problem with questionnaire-based studies is that patients often cannot
remember what they ate and when they ate the food. This is especially a problem with
listeriosis outbreaks because the incubation period for humane listeriosis can vary from 7
days up to 60 days (Wiedmann, 2002). Also, because of the long incubation period of
listeriosis and the fact that only specific portions of the population are susceptible,
listeriosis outbreaks often appear to occur over a wide geographical and temporal range
(i.e., multistate outbreaks). Thus, timely detection of the outbreak is often problematic
using conventional epidemiological approaches (Wiedmann, 2002). Molecular subtyping
of L. monocytogenes isolates from patients can allow rapid detection of widespread
clusters of listeriosis cases and facilitate outbreak recognition and control. Therefore,
strain typing techniques have dramatically enhanced our ability to investigate listeriosis
outbreaks (Wiedmann, 2002).

A basic assumption in the field of molecular epidemiology is that isolates which are part
of the same chain of transmission are the descendents of the source strain and thus can be
referred to as a clone (Wassenaar, 2003). An empirical guideline is that epidemic isolates
within a clonal group always have identical or very similar subtypes and the threshold
similarity used to define a clonal group varies between different species and the strain
typing techniques utilized. In reality, bacteria are not always totally clonal because
recombination can constantly alter their clonal population structure (Feil et al., 2001).
During the spread of the source strain or even during the isolation, passage and storage of
isolates in laboratories, minor genetic variations may occur in the genomes of isolates
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within the same epidemic clone. Therefore, a good epidemiological subtyping scheme
must be able to demonstrate the close relatedness of these clonal subtypes even though
they possess minor genetic differences. Therefore, it is important that epidemiological
typing methods target markers that are epidemiologically relevant and the speed at which
the molecular markers undergo genetic changes should match the scope and purpose of
the relevant study. Thus, long-term epidemiological studies and short-term outbreak
investigations may require targeting different markers that evolve at different rates. To
properly select stable and epidemiologically relevant markers for epidemiological typing,
an understanding of the physiology, evolution and genomic structure of the target bacteria
is essential. It is notable that the evolutionary relationship between different bacterial
isolates might not necessarily be concordant with the epidemiological relatedness in the
case of outbreaks with two or more independent sources. However, in the case of the
more common, single-source foodborne disease outbreaks like listeriosis, the
evolutionary relationship is usually concordant with the epidemiological relatedness of
clonal bacterial strains.

There are two other applications of molecular subtyping methods related to epidemiology.
First, some subtyping methods can differentiate virulent and non-virulent bacterial strains
and identify subtypes and clonal groups that have the ability to cause human disease.
Identification, characterization and tracking of these virulent epidemic strains/clones
facilitate the prevention and control of potential outbreaks. Second, subtyping data can
also be used to detect the routes by which foodborne pathogens are transmitted
throughout the food system. Strains in the same chain of transmission in food processing
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plants are presumed to be clonally related and have identical or close subtypes. For
example, various strain typing techniques have been developed to detect routes of
transmission of L. monocytogenes in shrimp, salmon, meat and vegetable processing
plants (Destro et al., 1996; Senczek et al., 2000; Dauphin et al., 2001 and Aguado et al.,
2004) and fish slaughter and smoking houses (Wulff et al., 2006). Identifying the routes
by which L. monocytogenes is transmitted to finished products in processing plants will
facilitate establishment of effective intervention strategies to prevent food contamination.
These types of studies can improve our understanding of the ecology of L.
monocytogenes in food processing plants, which can also lead to more effective
intervention strategies. However, routine testing of L. monocytogenes in food processing
environments is not mandated by US Department of Agriculture and Food and Drug
Administration (Tompkin, 2002), therefore, a limited number of L. monocytogenes
isolates from food processing environments are available for this type of study.

1.2.3 Performance criteria of strain typing techniques

This chapter focuses on molecular epidemiology, which can be defined as the use of
molecular biology to study the distribution and determinants of infectious diseases (Riley,
2004). The following performance criteria have been proposed for molecular
epidemiological typing methods.

Typeability. Strains in the targeted population can be typed by a specific subtyping
method, which means the markers targeted need to be present in as many strains as
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possible. The following are some examples of low typeability: 1) Some E. coli strains do
not have H antigens and thus cannot be assigned a serotype and 2) Strains that do not
have plasmids cannot be subtyped by plasmid profiling.

Reproducibility. A subtyping method should have both inter- and intra-laboratory
reproducibility. This criterion is related to the stability of the genetic markers, which is
affected by the type of genetic changes involved. For example, single-base mutations
tend to be relatively rare and thus are more stable, while recombination events due to
mobile genetic elements such as plasmids, bacteriophages and transposons occur more
frequently, and thus are relatively less stable and reproducible. These latter
recombination events are known to occur during regular laboratory handling of bacterial
cultures and thus tend to affect both inter- and intra-laboratory reproducibility.

Discriminatory power (D). Discriminatory power describes the ability of a subtyping
system to generate distinct and discrete units of information from unrelated isolates
(Struelens, 1996).

In order to track the routes of transmission of outbreaks, high discriminatory power is
needed to separate outbreak-related isolates from non-related isolates. Therefore,
discriminatory power is one of the most important criteria for molecular subtyping
methods. In many cases not all strains in one species of a bacterial pathogen are virulent.
Subtyping schemes are needed to differentiate pathogenic from non-pathogenic strains,
track virulent clones and identify subpopulations that are specific to certain hosts or
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environments (Riley, 2004). Early subtyping methods generally lacked enough
discriminatory power to separate epidemiologically unrelated isolates and therefore,
discriminatory power has been the main criterion of various subtyping studies in the past
three decades. Hunter and Gaston (1988) proposed a numerical index (Simpson’s Index,
see below) for discriminatory power which is based on the probability that two unrelated
isolates sampled from the test population will be placed into different typing groups.
This index has subsequently been used in various studies to compare the relative
discriminatory power of different strain-typing techniques.
Simpson’s Index

D = 1−

S
1
n j (n j − 1)
∑
N ( N − 1) j =1

(N: total number of test strains; S: total number of subtypes; nj: the number of strains
belonging to the jth subtype)

Epidemiological concordance (E). Epidemiological concordance, sometimes referred
to as epidemiological relevance, describes the ability of a typing system to correctly
classify into the same clone all epidemiologically related isolates from a well-described
outbreak (Struelens, 1996). Therefore, an epidemiologically concordant subtyping
method should be able to: 1) cluster isolates that are epidemiologically related with a
particular epidemic/outbreak and 2) separate these isolates from those that are not related
to the same epidemic/outbreak (Chen et al., 2005). Epidemiological concordance was not
addressed in many early molecular subtyping studies, which only evaluated
discriminatory power. However, epidemiologists rely on methods with high
epidemiological concordance to detect a cluster of isolates with closely related subtypes
for early recognition of outbreaks and subsequent tracking of the source strain. A
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subtyping method with too high discriminatory power may fail to detect such clusters
(Sauders et al., 2003). Therefore, too much or too little discriminatory power is not
desirable. It should always be remembered that a valid typing technique is ultimately
judged by its ability to generate results that consistently explain observations made in the
real world (Foxman et al., 2005).

Portability. With the development of international and national food manufacturing and
distribution systems, many foodborne outbreaks appear as multistate outbreaks. Some
epidemics are even multi-national. Therefore, the combined effort of health agencies
from all different geographic areas is needed to control and investigate these
outbreaks/epidemics. This challenge requires that subtyping data be easily exchanged
electronically.

Practical concerns (ease of use, cost and high throughput)

Various practical

concerns need to be addressed for all subtyping methods. A subtyping strategy that
utilizes complicated and expensive technologies may have excellent discriminatory
power and epidemiological concordance, however if it is too expensive and not easy to
perform, then the accessibility of this subtyping scheme may be limited, especially to
small food companies, local health agencies and community microbiology laboratories
(Van Belkum, 2003). In this case, epidemiologists may fail to identify many local
outbreaks in a timely manner, thus leading to multistate outbreaks. Therefore, simple and
inexpensive molecular subtyping methods have important roles in epidemiological
investigations. High throughput is another important criterion for molecular subtyping
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methods. High-throughput methods can analyze a large number of samples quickly and
thus, the cost per sample is usually much lower than that with low-throughput methods.
High-throughput methods can be used by state and federal health agencies to analyze
large sample sets. Other types of high throughput methods, such as whole genome
microarray analysis, can measure variations in large portions of the whole genome, but
the number of isolates that can be tested is limited due to the high costs associated with
microarrays (Van Belkum, 2003).

To evaluate the performance criteria of subtyping schemes, the first important step is to
select the proper strains for validation. The test strains need to include isolates from a
few well-characterized outbreaks and also isolates that are not related to these outbreaks.
These latter isolates should be geographically and temporally distinct from those that are
associated with outbreaks. It is also preferable that these isolates come from various
sources and lineages from the whole population and should not be epidemiologically
related. A common mistake in developing subtyping methods is to attempt to
differentiate all isolates in a collection, even though some isolates may be related. This is
especially important when developing subtyping methods for epidemiological
investigations, these methods should cluster those isolates that are epidemiologically
related. However, it is often not clear whether or not isolates are truly related (Riley,
2004). Therefore, isolates are often presumed to be related or unrelated based on their
origin and source information. When selecting well-characterized outbreaks for
evaluation of new molecular subtyping methods, it is recommended that several
outbreaks caused by a single epidemic clone be selected. Evidence has shown that some
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epidemic clones of certain microorganisms (i.e. L. monocytogenes) caused multiple
outbreaks that were separated by several years (Kathariou, 2002). Successful
identification of these epidemic clones will greatly contribute to studies on the
distribution, risk factors and molecular determinants of infectious diseases. A sufficient
number of diverse isolates representing the entire population is needed in order to
generate convincing results in these studies. In the case of L. monocytogenes, a
validation study would ideally select isolates from all 3 genetic lineages and all serotypes,
except those serotypes that are very rare. More serotype 1/2a, 1/2b and 4b isolates should
be selected, because they are associated with most clinical cases. The selection of
isolates should include those from environmental, animal, food and clinical sources. The
International Life Sciences Institute (ILSI) has a standard L. monocytogenes strain
collection which includes 25 genetically diverse isolates representing all 3 genetic
lineages and 21 isolates from 9 major listeriosis outbreaks (Fugett et al., 2006). These
isolates have been well-characterized by serotyping, ribotyping and PFGE. The 25
genetically diverse isolates are classified into 23 ribotypes and 25 pulsotypes and all
isolates within the same outbreak have identical ribotypes and pulsotypes. To allow
comparison between laboratories, it is recommended that subtyping studies utilize the
ILSI standard strain collection. There is no universal rule regarding the total number of
isolates used in a given study. However, in many recent subtyping studies more than 100
isolates were analyzed (Ward et al., 2004; Chen et al., 2007; Ducey et al., 2007).
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1.2.4 Selection of molecular markers for subtyping L. monocytogenes

Different strain typing techniques often have different targets which have been selected
by scientists based on certain criteria. These targets are often molecular markers which
are polymorphic in the whole population and thus, each variant is specific to a certain
subtype. The targets determine the performance of strain typing techniques and good
strain typing techniques should target molecular markers that match the purpose of the
study.

Early strain typing methods targeted phenotypes such as growth, morphological and
biochemical characteristics (i.e. sugar fermentation) to differentiate bacterial strains.
However, these phenotypes can be affected by many confounding variables such as
growth conditions and therefore, are often not stable and reproducible markers. With the
development of molecular biology techniques, scientists were able to target genetic
markers of microorganisms which are not easily affected by laboratory handling and
culture conditions. These genotypic methods enhanced discriminatory power because
DNA polymorphisms that do not change the phenotype could be detected. All DNA
polymorphisms between different isolates are determined by differences in their genomic
sequences. However, when genotypic methods were first developed, direct measurement
of DNA sequences was not practical due to the high costs involved. Therefore, scientists
utilized technologies such as arbitrary primers, restriction enzymes, hybridization and
PCR to convert DNA sequence polymorphisms into differences in electrophoretic gel
patterns or hybridization patterns. With the development of DNA sequencing
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technologies, subtyping methods emerged which directly targeted partial genomic DNA
sequences. Now subtyping methods have evolved to target a substantial portion of the
whole genome and their performance has been greatly enhanced by various advanced
technologies. In general, molecular subtyping techniques can be divided into five
categories based on the genetic markers and technologies utilized: 1) PCR-based; 2)
Restriction pattern-based; 3) Repetitive element-based; 4) Hybridization-based; and 5)
DNA sequence-based.

1.2.5 Major strain typing techniques for L. monocytogenes

Strain typing methods have been developed and improved over the last three decades, and
each method has its advantages and disadvantages. Thus, it seems that no one method is
perfect for all species and purposes. In this chapter, methods that have proved useful for
L. monocytogenes typing will be discussed.

1.2.5.1 Phenotypic methods

Phenotypic methods distinguish isolates by their phenotypes, which are a result of gene
expression. These methods are generally only useful for species identification because
their discriminatory power within the same species is limited (Riley, 2004). Subtyping
based on biochemical characteristics can be costly and time-consuming, depending on the
biochemical tests selected (i.e. serotyping) and typeability is still limited for many
methods. Also, the metabolic activities of microorganisms are greatly affected by growth
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conditions. Many confounding variables associated with biochemical characteristics may
provide false discrimination (Tenover et al., 1994). For example, antimicrobial
susceptibility typing has been applied to L. monocytogenes but it does not always provide
consistent results (Romanova et al., 2002). Overall, phenotypic methods are often not
reproducible, because phenotypes are due to gene expressions which are influenced by
growth conditions and can suffer from phenotype switching of bacteria (Tardif et al.,
1989). Common phenotypes used for subtyping L. monocytogenes include, but are not
limited to, surface antigen structures, virulence, plasmid profiles, phage profiles and
sugar metabolism profiles. Major phenotypic methods used for typing L. monocytogenes
at the subspecies level will be discussed below.

Serotyping Serotyping is one of the most commonly used phenotypic methods for
subtyping gram-negative bacterial pathogens such as Salmonella and pathogenic
Escherichia coli. Serotyping is also an important tool for epidemiological studies of L.
monocytogenes. Serotyping targets antigenic variations on cell surfaces, including
somatic (O), capsular (K) and flagellar (H) antigens. Different tertiary structures of these
antigens react with specific polyclonal and monoclonal antibodies from the bloodstream
of an animal host. Different strains can then be assigned serotypes based on their
reaction patterns with a panel of antibodies. Major limitations of serotyping are that it is
expensive and time-consuming due to the need to maintain and handle polyclonal or
monoclonal antisera, and therefore is mostly accessible to large reference laboratories
which perform routine serotyping. Another problem associated with serotyping is that
antigens from different strains may cross react with different antibodies and some strains
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may not express typing antigens on their surfaces (Riley, 2004). However, serotyping
has performed well for subtyping L. monocytogenes. Serotyping of L. monocytogenes
was started as early as 1969 (Seeliger et al., 1969). McLauchlin and Jones (1998) later
described a standard serotyping protocol for L. monocytogenes which identified 13
serotypes (1/2a, 1/2b, 1/2c, 3a, 3b, 3c, 4a, 4b, 4ab, 4c, 4d, 4e, 7) based on the
combination of O antigen and H antigen structures (Table 1.2). Most isolates reported in
the literature are typeable using this serotyping protocol and cross reactions between
serotypes of L. monocytogenes does not appear to be a major problem. However,
serotyping of L. monocytogenes yields relatively low discriminatory power. For example,
most listeriosis outbreaks are caused by strains from serotypes 4b, 1/2a. and 1/2b, which
makes serotyping of limited use for epidemiological investigation purposes (Kathariou,
2002). In 1996, WHO performed a multicenter international subtyping study for L.
monocytogenes using serotyping (Schonberg et al., 1996). The inter-laboratory
reproducibility was only 61.3% and the intra-laboratory reproducibility ranged from 33 to
100% depending on different serotypes, with a median value of 91%. However,
serotyping has been used to evaluate the epidemiological concordance of many other
molecular subtyping methods. Molecular subtyping methods which provide data
concordant with serotyping are generally believed to be epidemiologically and
phylogenetically meaningful (Nadon et al., 2001; Nightingale et al., 2005; Chen et al.,
2007).

Phage typing Before genotypic subtyping methods were widely used, phage typing
was an important epidemiological typing tool for L. monocytogenes. Phage typing
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separates bacterial pathogens into subspecies based on their susceptibility to lysis by a
panel of bacteriophages (Loessner and Busse, 1990). Previous studies have identified
more than 40 L. monocytogenes phages with different host ranges (Capita et al., 2002).
Isolates are differentiated based on their patterns of susceptibility to different phages.
Ralovich et al. (1986) demonstrated the usefulness of phage typing for epidemiological
investigation of L. monocytogenes and showed that phage typing and serotyping were
concordant. Although phage typing only had limited discriminatory power, it improved
subtyping by providing further discrimination between strains with the same serotype,
especially serotype 4b which includes most listeriosis outbreak-associated isolates.
Audurier et al. (1984) utilized 27 phages to subtype listeriosis outbreak isolates and
concluded that phage typing had acceptable reproducibility and discriminatory power.
Rocourt and her colleagues established the International Center for Listeria Phage Typing
to study listeriosis outbreaks (Rocourt and Catimel, 1989). Phage typing was the first
subtyping method to show that listeriosis outbreaks were mostly foodborne (Audurier et
al., 1984). In 1996, WHO performed a multicenter international subtyping study on
phage typing using an international phage set and concluded that phage typing had many
disadvantages (Bille and Rocourt, 1996). For example, not all L. monocytogenes strains
were typeable by phage typing and inter and intra-laboratory reproducibility were
relatively low because of some unstable phages. Phage typing was also labor intensive
and required specialized skills. The study finally concluded that it was difficult to
compare phage typing results between different laboratories and therefore standardization
was required. However, phage typing has the advantage of allowing analysis of a large
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set of isolates. For example, Rocourt et al. (1985) analyzed more than 16,000 isolates by
phage typing in one year.

Plasmid profiling

Plasmid profile typing was evaluated for subtyping L.

monocytogenes in some studies. It was of limited use because not all L. monocytogenes
isolates contain plasmids and thus plasmids are not stable targets. Lebrun et al. (1992)
found that around 28% of L. monocytogenes test strains contained plasmids and among
them only 13% of outbreak strains contained plasmids. In addition, isolates can gain or
lose plasmids during regular laboratory operations. For example, in the 1998 multistate
listeriosis hot dog outbreak, some outbreak isolates contained plasmids while others did
not (Nelson et al., 2004; Chen, unpublished data, 2006). However, McLauchlin et al.
(1997) reported that plasmid subtyping can be combined with antibiotic resistance typing
to provide acceptable discriminatory power for subtyping L. monocytogenes.

The phenotypic methods described above, serotyping, phage typing and plasmid profiling,
have provided some degree of discrimination of L. monocytogenes at the subspecies level
and have enhanced our understanding of the epidemiology of listeriosis outbreaks.
However, the typeability, reproducibility and discriminatory power of these methods are
still not satisfactory in many cases.

Multilocus Enzyme Electrophoresis (MEE)

Phenotypic methods underwent a major

breakthrough with the invention of multilocus enzyme electrophoresis (MEE) typing.
MEE differentiates different isolates by the electrophoretic mobility of major metabolic
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enzymes (Bibb et al., 1990). Briefly, water soluble enzymes are obtained from cell
culture, separated by electrophoresis and stained. The amino acid sequences determine
the electrostatic charges of the proteins and therefore variations in amino acid sequences
may be reflected by differences in the mobility of the enzymes. The different mobilities
of different enzymes produce a protein banding pattern (subtype) which is unique to each
isolate. MEE has been applied to a variety of bacterial pathogens such as Escherichia
coli, Salmonella spp., Haemophilus influenzae, Neisseria meningitides, Streptococcus spp.
and provides very good discriminatory power. In one of the earliest applications of MEE
for L. monocytogenes, Piffaretti et al. (1989) identified 45 subtypes from 175 isolates of L.
monocytogenes. MEE was then used to help identify routes of transmission of human
listeriosis outbreaks and sporadic cases. Boerlin and Piffaretti (1991) utilized MEE to
analyze 181 isolates of L. monocytogenes from a variety of sources and concluded that
food processing environments were important sources of contamination for meat products.
Overall, MEE has enhanced typeability, reproducibility and discriminatory power,
compared to earlier phenotypic typing methods. In 1989, MEE was used to clarify the
population structure of L. monocytogenes and indicated that L. monocytogenes can be
classified into at least two genetic divisions, with division I containing serotype 1/2a and
division II containing serotypes 1/2b, 3b, and 4b (Bibb et al., 1989). This finding was
later confirmed and expanded using many other subtyping schemes (Ward et al., 2004;
Chen et al., 2007). To assess the reproducibility and discriminatory power of MEE for
subtyping L. monocytogenes, Caugant et al. (1996) performed an international
multicenter study and revealed that reproducibility was still a problem for all laboratories.
Among the 11 pairs of duplicate strains, only part of them were identified as identical in 7
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laboratories, and some presumably epidemiologically unrelated strains were found to
possess identical MEE types. The discriminatory power of MEE (from 0.827 to 0.925 in
different laboratories) was relatively low for L. monocytogenes compared to other
bacterial pathogens, probably because of the highly clonal nature of L. monocytogenes.

Many other phenotypic methods have been applied to L. monocytogenes, such as
biotyping (Notermans et al., 1989), antibiotic-resistance typing (Harvey and Gilmour,
2001) and monocin typing (Wilhelms and Sandow, 1989; Harvey and Gilmour, 2001).
However, they have not been widely applied and therefore are not discussed here.
Readers are referred to the original articles above for details.

1.2.5.2 Genotypic methods

1.2.5.2.1 PCR based.

Random Amplified Polymorphic DNA (RAPD) RAPD is a PCR technique widely
used for subtyping various bacterial pathogens. Unlike conventional PCR, the DNA
fragments targeted by RAPD are unknown and arbitrary PCR primers are used. The
arbitrary primers are usually 10 mer long and are designed by the researcher or can be
randomly generated by computer. The arbitrary primer can simultaneously anneal to
multiple sites in the whole genome and generate multiple PCR amplicons. These
products can then be separated by gel electrophoresis and the banding patterns of
different isolates compared. Since different strains have different whole genome DNA
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sequences, RAPD-PCR is expected to generate different banding patterns between
different strains. Williams et al. (1990) and Welsh and McClelland (1990) first described
this technique and found that polymorphisms generated by RAPD can be useful markers
for subtyping microorganisms. Mazurier and Wernars (1992) evaluated the
epidemiological relevance of RAPD using well-characterized outbreak isolates of L.
monocytogenes and found that RAPD correctly classified 92 out of 102 isolates into
corresponding epidemic groups. However, the discriminatory power of RAPD was not
very high in some cases. For example, Lawrence et al. (1993) identified 33 RAPD
profiles from 91 isolates of L. monocytogenes and identical RAPD profiles were observed
in isolates from different serotypes, especially isolates belonging to serogroup 4, and
RAPD could not efficiently distinguish some serotype 4b isolates. Czajka and Batt (1994)
compared serotyping, MEE and RAPD using multiple arbitrary primers for subtyping
isolates from listeriosis cases and found that RAPD with multiple arbitrary primers had
enhanced discriminatory power and could separate isolates with identical serotypes or
MEE types. In 1996, WHO performed a multi-center international study on RAPD
typing of L. monocytogenes (Wernars et al., 1996). Like some other subtyping methods
such as phage typing and MEE, reproducibility remained a problem for RAPD. The
overall concordance between results from different laboratories varied from 32% to 85%.
The low reproducibility was mainly due to the inconsistent quality and concentration of
DNA template, the variable quality of the reagents and thermocyclers, and variability in
the skills of the operators (Wernars et al., 1996). Therefore, although RAPD is rapid and
simple, the difficulty with standardization limits it application for molecular subtyping of
L. monocytogenes.
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Multiplex PCR Multiplex PCR may not provide sufficient discriminatory power for
subtyping purposes, however, Nightingale et al. (2007) combined multiplex PCR with
sigB sequencing for subtyping L. monocytogenes and improved discriminatory power to
0.91. Chen and Knabel (2007) developed a multiplex PCR scheme for simultaneous
species identification of L. monocytogenes and genotyping of three epidemic clones of L.
monocytogenes, which caused many major listeriosis outbreaks. The low cost and
simplicity of multiplex PCR make it potentially useful as a first-step screening method
for subtyping large numbers of isolates during outbreak investigations before more
expensive methods such as PFGE and sequence-based typing are performed.

1.2.5.2.2 Restriction pattern-based methods

Amplified fragment length polymorphism (AFLP) AFLP is a highly discriminatory
subtyping method which was first described by Zabeau and Vos (1993). With AFLP,
genomic DNA is purified and treated with two restriction enzymes and then two different
restriction-specific adaptors are ligated to ends of the restriction fragments. PCR primers,
which are complementary to the adaptors, are designed to selectively amplify the ligated
restriction fragments. The PCR amplicons are then analyzed by gel electrophoresis and
gel patterns (polymorphisms between and within restriction sites) are used to assign
subtypes. Ripabelli et al. (2000) and Guerra et al. (2002) both developed AFLP schemes
for subtyping L. monocytogenes and found that although not discriminatory enough,
AFLP results were congruent with serotyping, phage typing and other subtyping methods
and confirmed the 3 genetic lineages of L. monocytogenes. Keto-Timonen et al. (2003)
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subsequently improved AFLP by careful selection of restriction enzymes. The
discriminatory power of their AFLP scheme was over 0.999 and the results were
congruent with PFGE. They concluded that AFLP is a highly discriminatory and
reproducible subtyping scheme, which is faster and less labor-intensive than PFGE.
Fonnesbech et al. (2004) systematically compared AFLP with PFGE, ribotyping, RAPD
and restriction fragment length polymorphism (RFLP) using the same set of L.
monocytogenes isolates. The authors concluded that AFLP provided discriminatory
power which was comparable to PFGE, RAPD and RFLP; however, none of these
methods provided a completely correct picture of the clonal relationship of L.
monocytogenes isolates. They concluded that these molecular subtyping methods needed
to be combined with each other to identify the clonal relationship between different L.
monocytogenes isolates. A major disadvantage of AFLP is that it requires DNA
purification, restriction, and ligation of adaptors which are technically demanding.
Internal variabilities due to incomplete digestion and /or ligation are known to affect the
final banding pattern (Riley, 2004).

Restriction Fragment Length Polymorphism (RFLP)

RFLP is another subtyping

technique which targets the polymorphisms within and between restriction sites. Briefly,
genomic DNA is purified from cell cultures and cut into fragments using restriction
enzymes, and the fragments separated using gel electrophoresis. Different strains can
differ in the distances between restriction sites or in the sequences in the restriction sites,
and thus yield different gel patterns. The number of restriction sites in the whole genome
varies from 10 to 1000 depending on the type of restriction enzyme used. Some
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“frequent cutter” restriction enzymes can produce more than 1000 fragments with
different sizes. Some “rare cutters” can produce around 10 fragments with sizes ranging
from ca. 500 bp to ca. 800, 000 bp.

Because conventional gel electrophoresis is of limited resolution, there are generally
three different strategies to perform RFLP analysis. First, PCR can be used to amplify a
specific section of the whole genome and the section is then analyzed by RFLP using
frequent-cutting restriction enzymes. Second, the whole genome can be analyzed using
frequent-cutting restriction enzymes followed by gel electrophoresis and southern
blotting using probes specific to certain genes. When the probes target ribosome RNA
genes the method is known as ribotyping (Jacquet et al., 1995). Third, the whole genome
can be analyzed using rare-cutting restriction enzymes, which yield fragments with sizes
up to 800 Kb (macrorestriction). Conventional gel electrophoresis is not able to resolve
these large fragments, therefore (as discussed below), a special technique, called pulsed
field gel electrophoresis (PFGE) is required to separate these large fragments.

PCR-RFLP

PCR-RFLP was used for molecular subtyping of L. monocytogenes in

some early studies (Wiedmann et al., 1997; Paillard et al., 2003). Different genes are
selected for this analysis, among which virulence genes and important surface protein
genes are the most popular when subtyping L. monocytogenes (Vines et al., 1992;
Wiedmann et al., 1997). Multiple restriction enzymes are used to enhance the
discriminatory power of PCR-RFLP. PCR-RFLP targeting certain genes can generate
data which are phylogeneticly neaningful. For example, in 1992, PCR-RFLP analysis of
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four virulence genes classified L. monocytogenes into 2 subdivisions with division I
containing serotypes 1/2a, 1/2c and 3c and division II containing serotypes 1/2b, 3b and
4b (Vines et al., 1992). This classification expanded previous findings concerning the
population structure of L. monocytogenes by MEE (Bibb et al., 1989) and was
subsequently confirmed by many other molecular subtyping methods.

Ribotyping

With ribotyping, chromosomal DNA is digested by a frequent-cutting

restriction enzyme and small DNA fragments are produced. DNA is then analyzed by
Southern blotting with rRNA probes to generate unique banding patterns. An automated
ribotyping system, the DuPont Qualicon RiboPrinter®, is used to generate and analyze
these banding patterns. Automated ribotyping has been applied to subtyping a variety of
foodborne pathogens including L. monocytogenes (Destro et al., 1996; Wiedmann et al.,
1997; De Cesare et al., 2001; Nadon et al., 2001). A web-based database
(www.pathogentracker.net) has been developed to allow exchange of ribotyping data and
other subtyping data from various foodborne pathogens, including L. monocytogenes. In
1996, WHO performed a multi-center evaluation of ribotyping using well-characterized
epidemiologically related L. monocytogenes isolates (Swaminathan et al., 1996). The
discriminatory power of ribotyping for L. monocytogenes, as measured by Simpson’s
index, ranged from 0.83 to 0.88 for six laboratories, indicating relatively poor
discriminatory power (< 0.95) according to the consensus subtyping guideline proposed
by ESGEM (Struelens, 1996). Ribotyping was found to provide unacceptable
discriminatory power for serotype 4b isolates of L. monocytogenes, which are involved in
many listeriosis outbreaks (De Cesare et al., 2001). The relatively low discriminatory
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power of ribotyping for subtyping L. monocytogenes was subsequently confirmed by
Sauders et al. (2003) and Nightingale et al. (2005) who found that identical ribotypes
could be found in different clonal groups of L. monocytogenes and thus ribotyping tended
to overestimate the clusters of listeriosis isolates. However, ribotyping had good intraand inter-laboratory reproducibility (De Cesare et al., 2001). Wiedmann et al. (1997)
utilized ribotyping and PCR-RFLP based on virulence genes to further separate isolates
that were previously identified as belonging to division II of L. monocytogenes into two
distinct genetic lineages containing mainly epidemic and animal isolates, respectively.
This finding led to our current understanding of the population structure of L.
monocytogenes with lineage I containing serotypes 1/2b, 4b and 3b; lineage II containing
serotypes 1/2a, 1/2c and 3c, and lineage III containing serotypes 4a, 4b, and 4c.
Ribotyping has also been used to successfully determine the distribution of L.
monocytogenes strains in food processing plants (Destro et al., 1996; Kabuki et al., 2004).

Pulsed Field Gel Electrophoresis (PFGE) PCR-RFLP and ribotyping have enhanced
discriminatory power, epidemiological concordance, reproducibility and typeability
compared to phenotypic methods. These methods have aided the epidemiological
investigation of listeriosis outbreaks for many years and have also clarified the population
structure of L. monocytogenes. However, their discriminatory power can be insufficient
for epidemiological investigation in some situations. This observation is probably
because researchers only target restriction enzyme polymorphisms in a few genes of the
genome. PFGE targets restriction enzyme polymorphisms spanning the whole genome
and thus improved the overall performance of fragment-based subtyping methods,
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especially the discriminatory power. As a result, macro-restriction PFGE is currently
CDC’s “Gold Standard” subtyping method for investigating the molecular epidemiology
of foodborne pathogens, including L. monocytogenes. Schwartz and Cantor (1984) first
described the use of PFGE as a method for separating large DNA fragments which could
not be resolved by conventional gel electrophoresis. Under conventional gel
electrophoresis conditions DNA fragments above 30-50 kb migrate with similar mobility
and can not be accurately separated. During PFGE the electric field is periodically
reoriented, which forces DNA fragments to change direction and thus, large fragments
can be separated from each other according to their molecular weight (Fig. 1.1). To
prevent mechanical shearing, chromosomal DNA used for PFGE analysis must be
prepared using special procedures. To accomplish this task, a bacterial suspension is
mixed with melted agarose and immobilized after the agarose solidifies, creating an
agarose plug. Bacterial cells within the agarose plug are then subjected to a lysis solution
and then bacterial genomic DNA is digested by a rare-cutting restriction enzyme
(macrorestriction). The plugs, containing the purified and digested DNA, are placed into
wells in an agarose gel and separated by PFGE. The above steps are relatively laborintensive, which is why PFGE is relatively time-consuming compared to other methods.

Since it was invented in the late 1980s, PFGE has proven to be very useful for
investigating foodborne disease outbreaks, including those due to L. monocytogenes.
Brosch et al. (1991) described for the first time the application of PFGE using ApaI, SmaI
and NotI for subtyping L. monocytogenes serotype 4b isolates and showed that PFGE
provided very high discriminatory power. Buchrieser et al. (1991) subsequently applied

32

PFGE to L. monocytogenes serogroup 1/2 and 3 and obtained satisfactory discriminatory
power. Buchrieser et al. (1993) applied PFGE to listeriosis outbreak investigations and
demonstrated its utility in grouping epidemiologically related isolates and tracking
outbreak sources. In 1996, WHO performed a multicenter L. monocytogenes PFGE
subtyping study using ApaI, SmaI and AscI (Brosch et al., 1996). The inter-laboratory
reproducibility ranged from 79% to 90% and most epidemiologically related isolates
were correctly clustered by all four laboratories. This study confirmed the conclusions of
previous studies that PFGE is a highly discriminatory and reproducible method for
subtyping L. monocytogenes and that PFGE was a major improvement over earlier
fragment-based subtyping methods.

In 1996, US CDC established PulseNet, a national subtyping and surveillance system for
the detection and tracking of foodborne outbreaks in the U.S. involving public health and
food regulatory agency laboratories coordinated by CDC. In this network, participating
laboratories utilize standardized PFGE protocols to subtype foodborne pathogens such as
Escherichia coli O157:H7, Salmonella, Shigella, Listeria monocytogenes, and
Campylobacter jejuni. PFGE patterns are submitted electronically to a shared database at
CDC, which allows rapid exchange and comparison of nationwide subtyping data. After
PulseNet was introduced, many more outbreaks were detected and more outbreak sources
were successfully identified. All 50 U.S. states participated in the PulseNet system in
2001 and the number of PFGE patterns submitted to the database reached 270,000 in
2005 (Gerner-Smidt et al., 2006). The PulseNet system has now expanded to include
Canada, Europe, Asia Pacific and Latin America (http://www.cdc.gov/pulsenet/). Graves
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and Swaminathan (2001) described CDC’s standardized PFGE protocol for subtyping L.
monocytogenes using two restriction enzymes. The primary enzyme, AscI (Fig. 1.2), is
used for initial determination of the relatedness of different isolates. PFGE banding
patterns generated by AscI have fewer bands with larger sizes and thus are more easily
analyzed than those generated by the secondary enzyme, ApaI (Fig. 1.3), which is used to
confirm the results of the primary enzyme and achieve further discrimination. Insertion
and deletion of mobile genetic elements in L. monocytogenes are known to affect PFGE
patterns (Doumith et al., 2006). Since small fragments generated by ApaI-PFGE are
comparable to the size of many deletions and insertions, ApaI-PFGE patterns can be
affected by these changes and therefore are not as stable as those generated by AscIPFGE (Graves et al., 2005).

Although PFGE provides excellent discriminatory power for subtyping L. monocytogenes,
PFGE banding patterns are ambiguous and sometimes difficult to accurately interpret.
Tenover et al. (1995) proposed the following criteria for interpretation of PFGE banding
patterns: 1) isolates that are indistinguishable from the source strain are part of the
outbreak; 2) isolates that differ from the outbreak strain by 2 to 3 band differences in
PFGE banding patterns are probably part of the outbreak; 3) isolates that differ from the
outbreak strain by 4 to 6 band differences in PFGE banding patterns are possibly part of
the outbreak; 4) isolates that differ from the outbreak strain by more than 7 band
differences in PFGE banding patterns are not part of the outbreak. The “Tenover
Criteria” were subsequently used in many studies in the 10 years following their
publication. However, various studies have since shown that the Tenover Criteria do not
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apply in all situations. For example, Barrett et al. (2006) found that different PFGE
patterns were present in a single chain of Escherichia coli O157 transmission and
suggested that the source of this outbreak would likely have been unidentified if
epidemiologist relied solely on PFGE data. In this case, PFGE was too discriminatory
and separated isolates in the same outbreak clone. Sauder et al. (2003) found that when
subtyping outbreak isolates of L. monocytogenes, PFGE was too discriminatory and thus
may miss clusters caused by clonally related isolates that may not have an identical
pulsotype. PFGE sometimes can detect small genetic differences that are not
epidemiologically significant. On the other hand, an identical pulsotype is sometimes
detected in two samples that are not epidemiologically linked (Maslanka et al., 1999). In
the case of some other foodborne pathogens PFGE did not provide enough discriminatory
power (Liebana et al., 2002; Clark et al., 2003). For example, Gerner-Smidt et al. (2006)
found that PFGE did not provide satisfactory discriminatory power when studying certain
groups of Salmonella enterica and it was often not possible to separate potential
outbreak-related isolates from sporadic isolates. Barrett et al. (2006) concluded PFGE
data alone can not prove an epidemiological connection, and therefore PFGE results must
be combined with conventional epidemiological data to confirm the true epidemiology.
PFGE utilizes gel banding patterns to infer the genetic relatedness of different bacterial
isolates. However, Davis et al. (2003) found that similarity coefficients between two gel
patterns were not good measures of genetic relatedness, because matching bands do not
always represent homologous genetic material and there are limitations to the power of
PFGE to resolve bands of nearly identical size. The authors suggested that a combination
of analyses, using six or more restriction enzymes, might provide a more reliable estimate
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of genetic relatedness without reference to epidemiological data. Singer et al. (2004)
explored the possible reasons for the discrepancies between PFGE banding patterns and
genetic relationships using computer-simulated populations of Escherichia coli isolates
with a known genetic relationship and found that PFGE cannot accurately infer the true
genetic relationship among the simulated populations. The study suggested that the
performance of PFGE depended on the restriction enzyme used, but the use of multiple
enzymes significantly improved the correlation between PFGE banding patterns and the
true phylogenetic relationship. Because of these limitations, scientists have
recommended that the Tenover Criteria only be applied to short-term outbreak
investigations (< 1 year) when there is already an implied epidemiological linkage
(Barrett et al., 2006).

Fragment-based subtyping methods that utilize PCR technology sometimes suffer from
poor reproducibility, due to the internal variability of PCR and restriction analyses. The
same PCR test on the same culture in different operations may generate slightly different
patterns due to the variability of primers, enzymes, buffer, thermocycler and DNA
template. Gel electrophoresis also has internal variability such as uneven lane-to-lane
migration of DNA fragments and variation in intensity of bands in separate runs (Riley,
2004). The presence of multiple bands with similar sizes also confounds the gel pattern
analysis. Therefore, many commercial software packages have been developed to aid gel
banding pattern recognition and analysis. However, the analysis of gel banding patterns
using commercial software is not always reliable and the usefulness and reliability of
currently available software is still being debated. Cardinali et al. (2002) compared three
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analytical systems for DNA banding patterns of Cryptococcus neoformans and found that
different algorithms provided slightly different topologies using the same set of isolates.
However, Gerner-Smidt et al. (1998) concluded that the computer software were robust
and performed well after evaluating two commercial software packages. Rementeria et al.
(2001) conducted a thorough comparison and evaluation of three commercial software
packages for analysis of gel banding patterns for RAPD and PFGE. The authors found
general agreement between different software and visual observation, but slight
discrepancies still existed. The authors finally concluded that computerized analyses
based on gel banding patterns “do not provide an indisputably correct analysis in
genotype definition”. The computerized analysis of different gel images must go through
a normalization process which needs to be supervised by operators and all programs
require operators to make decisions at some steps, and thus the final results are subjective.
Singer et al. (2004) found that subjectivity can possibly influence the divergence between
gel banding patterns and the true genetic relationship of isolates. A commonly used
algorithm for analysis of banding pattern data is Unweighted Pair Group Method with
Arithmetic Mean (UPGMA) analysis, which is based on the number of different bands
and the number of common bands. However, UPGMA itself is not a good algorithm for
inferring the genetic relationship between different bacterial strains, therefore, it is
difficult to accurately infer relatedness of isolates (Nei and Kumar, 2000). Duck et al.
(2003) showed that parameters of computer software need to be optimized for each
species to compensate for the various intra- and inter-gel variations in PFGE libraries,
and that the algorithms used for gel analysis still need to be improved. Therefore, Van
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Belkum et al. (2001) suggested that an output with numbers or characters are preferred
over gel banding patterns for molecular subtyping strategies.

Another limitation of fragment-based methods such as AFLP, RAPD and PFGE is that
the mechanisms of the variations detected by these methods are poorly understood, which
makes it difficult to infer genomic changes between different isolates from gel banding
patterns. This limitation was recently overcome by the application of sequence-based
typing approaches, because DNA sequences can be used for direct analysis of
evolutionary relationship between different bacterial isolates. Overall, electrophoretic
banding patterns used in various fragment-based methods are not phylogenetically
meaningful and have proven not to be epidemiologically meaningful under some
circumstances. As a result of these limitations, CDC started to look for second
generation subtyping methods with both high discriminatory power and high
epidemiological relevance for the PulseNet system (Gerner-Smidt et al., 2006; HyytiaTrees et al., 2006).

Despite the disadvantages discussed above, fragment-based subtyping methods,
especially PFGE have proven very useful in many circumstances and have greatly
facilitated the epidemiological investigation of listeriosis outbreaks. Another major
advantage of PFGE is that it has been used to subtype tens of thousands of isolates
worldwide in the past few decades with the implementation of PulseNet. Therefore, the
very large database of clinical, food and environmental isolates greatly aids any
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epidemiological investigations and also helps us understand the long-term transmission of
important infectious agents.

1.2.5.2.3 Repetitive element-based typing

Repetitive-PCR (Rep-PCR) Rep-PCR typing has been applied to the epidemiological
typing of L. monocytogenes in numerous studies. Jersek et al. (1999) developed a RepPCR scheme targeting short repetitive extragenic palindromic (REP) elements and
enterobacterial repetitive intergenic consensus (ERIC) sequences in L. monocytogenes
and found that its discriminatory power was very high (0.98). Chou and Wang (2006)
compared PFGE and Rep-PCR using a set of 128 L. monocytogenes isolates from human
and various seafood sources and demonstrated that Rep-PCR had similar discriminatory
power to PFGE. Van Kessel et al. (2005) further improved Rep-PCR by automation.

Multiple-Locus Variable-Number Tandem Repeat Analysis (MLVA)

The

development of MLVA, a revolutionary breakthrough in subtyping methods, is based on
repetitive elements. MLVA is one of CDC’s candidates for second generation molecular
subtyping. MLVA targets Tandem Repeat (TR) polymorphisms at multiple loci in the
genomes of different bacterial pathogens. PCR primers are designed to amplify all
possible TRs in the chromosome based on whole genome sequences. The size and
number of repeats at each locus are then analyzed by computer and combinations of these
repeats define MLVA types (MTs). TRs are well recognized as containing phylogenetic
signals because the repeats sometimes are targets of evolutionary events, such as

39

mutation and recombination, and these evolutionary events may change the size and
number of the repeats. The number of such repeats at a specific locus is similar among
isolates that are closely related and varies between unrelated isolates. TRs also correlate
with many genomic changes essential for bacterial survival under stress conditions. Such
changes include deletions, insertions and mutations that affect gene regulation, antigenic
shifts and inactivation of mismatch repair systems (Hyytia-Trees et al., 2006). TRs
actually play an important role in the adaptation of bacteria, especially those with small
genomes (Hyytia-Trees et al., 2006). Therefore, MLVA is expected to provide relatively
accurate information about the genetic relatedness between different bacterial strains.
Unlike PFGE, the targets of MLVA are specific TRs that can be PCR amplified using
primers that are designed based on whole genome sequences. Therefore, MLVA is easier
to interpret than PFGE, because the fragments generated by MLVA are of known size
and sequence. In addition, the essential steps in MLVA are multiplex PCR and capillary
electrophoresis, which are very easy to perform, standardize and automate, making
MLVA a potentially high-throughput subtyping strategy. The final results in MLVA are
sizes of each TR loci (Fig. 1.4), and therefore, it is easier to compare than gel banding
patterns generated by other fragment-based methods. Like other subtyping schemes,
stability of targets is important for development of reproducible and epidemiologically
relevant MLVA schemes. Some TRs are very unstable and thus may separate isolates
within the same outbreak clone, which would confound the study of long-term
epidemiology. Some extremely unstable TRs may even change during regular laboratory
culturing and thus affect the reproducibility of MLVA.
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Another potential drawback of MLVA is that since the primers for amplifying the TRs
are designed based on currently available whole genome sequences, it may not be
possible to successfully amplify all TRs from all strains in the same species, thus
typeability might be an issue. For example, an insertion within a TR would confound the
analysis of the size of the TR. Therefore, selection of TRs for MLVA typing and design
of PCR primers are critical to an epidemiologically relevant MLVA scheme. Intensive
evaluation and validation are also needed for each MLVA scheme. MLVA has been
applied to many foodborne pathogens such as Enterococcus faecium, Escherichia coli,
Salmonella spp., Bacillus anthracis and L. monocytogenes and has been proven to yield
very high discriminatory power. Hyytia-Trees et al. (2007) evaluated the epidemiological
relevance of a MLVA scheme for Escherichia coli O157:H7, and claimed MLVA
possessed promising epidemiological relevance by correctly clustering isolates belonging
to eight well-characterized outbreaks. The first MLVA scheme for subtyping L.
monocytogenes was described by Murphy et al. (2006). This MLVA scheme targeted six
TRs and correctly separated unrelated food isolates and clustered all serotype 4b isolates.
MLVA was also shown to be able to discriminate isolates of the same serotype and
correlated with PFGE data from the same set of isolates. However, the study only used
45 isolates of L. monocytogenes. More well-characterized isolates are needed to further
evaluate the utility of MLVA typing for epidemiological investigation of L.
monocytogenes. Although MLVA is a fragment-based method, the utilization of
meaningful molecular markers, PCR and capillary electrophoresis generates a more
phylogenetically meaningful and non-ambiguous output, which provide a major evolution
over other fragment-based subtyping methods.
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1.2.5.2.4 Hybridization-based typing

Another type of molecular subtyping method is based on hybridization using a panel of
subtype specific DNA probes. Different strains have their own specific genomic regions
and may react with the panel of probes to generate different patterns. Liu et al. (2006)
developed a southern-hybridization scheme using several serotype, lineage and virulence
specific probes and correctly classified lineage III isolates of L. monocytogenes into three
subgroups. The performance of hybridization-based typing methods is determined by the
number and selection of appropriate specific probes. When the number of probes is high,
the technology is referred to as DNA array technology. Rudi et al. (2003) developed a
DNA array scheme for subtyping L. monocytogenes using 29 sequence specific
oligonucleotide probes targeting well-characterized virulence genes. The method
provided comparable discriminatory power to AFLP. Doumith et al. (2006) developed an
array typing scheme and demonstrated its usefulness in epidemiological investigation of
listeriosis outbreaks. The authors concluded that a big advantage of the array typing
scheme over PFGE is that the genetic basis of strain variations can be inferred from the
hybridization patterns.

DNA microarrays DNA microarrays are an extension of the hybridization-based array
technology. It is a powerful tool for molecular subtyping microorganisms. Thousands of
oligonucleotide probes are designed, based on whole genome sequences, and spotted onto
small solid surfaces, such as glass, plastic and silicon chips. The genomic DNA of
“unknown” isolates are extracted, labeled and hybridized to the oligonucleotide array.
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DNA microarrays can detect the presence or absence of genomic regions that are
complementary to the oligonucleotide probes, which allows identification of sequences
unique to each strain. The length of the oligonucleotide probes can vary depending upon
the different markers targeted. For example, if the lengths of the oligonucleotides are
small enough, microarrays can detect single-nucleotide mutations. The biggest advantage
of microarrays over other methods is that they can simultaneously detect variations (i.e.
chromosomal rearrangements and insertion/deletions) throughout the entire genomes of
many isolates. It can be used as a high-throughput subtyping tool with a low cost per
sample. However, the overall cost of microarrays is still very high, and data analysis is a
major challenge. When genomic DNA hybridizes to the array, not all regions generate
absolute positive and negative signals. Random partial hybridization creates noise which
can pose a problem regarding the reproducibility of microarray data. Therefore, how to
filter out this noise and target only the true signals is the key to successful microarray
analysis. Different materials and the labeling effects of different dyes can generate
artifacts and therefore, microarray procedures must be standardized and data need to be
normalized. A program “Minimum Information about a Microarray Experiment”
(MIAME) was proposed to facilitate reproducible and unambiguous interpretation of
microarray data (Brazma et al., 2001). The proposed principles include experimental
design; samples used; extract preparation and labeling; hybridization procedures and
parameters; measurement data, specifications and array design (Brazma et al., 2001).

Microarrays have been widely used for molecular classification and genomic mutation
studies. Borucki et al. (2004) developed a mixed-genome microarray containing 629
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probes for subtyping L. monocytogenes. The mixed-genome array provided high
epidemiological relevance by correctly grouping isolates from well-identified outbreaks
and was more discriminatory than ribotyping and MLST, using six housekeeping genes.
The microarray generated data that were congruent with PFGE, ribotyping and serotyping
and also had acceptable reproducibility. The authors concluded that microarrays seem to
be a promising method for subtyping L. monocytogenes. Kathariou et al. (2006) used a
microarray based on chromosomal sequences to confirm that the 1998 and 2002
listeriosis outbreaks were caused by a single epidemic clone, ECII.

Another advantage of microarray technology is that it does not require prior knowledge
of genome sequences of test strains and it will reveal a large number of previously
unidentified genomic regions that are specific to various species and sub-species and
therefore may be functionally important. Doumith et al. (2004) developed a DNA
microarray based on whole genome sequences of two L. monocytogenes strains and
macroarray analysis identified many lineage and serotype specific genomic regions in
more than 100 different test strains of L. monocytogenes.

Major phenotypic and genotypic methods have been discussed regarding their application,
advantages and disadvantages. In some studies, phenotypic and genotypic methods were
combined to achieve better discrimination. For example, Liu et al. (2006) combined PCR,
Southern blotting and sugar metabolism to subtype L. monocytogenes lineage III isolates.
Rudi et al. (2003) described an interesting approach which combined genotypes and gene
expression patterns of hly genes for subtyping L. monocytogenes. The significance of this
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study was that the subtyping scheme directly targeted virulence properties. However, the
phylogenetic trees produced by the genotype and gene expression patterns were not
concordant.

1.2.5.2.5 DNA sequence-based typing

From the mid 1990s, DNA sequence-based subtyping methods have gained in popularity
due to the increased availability of whole genome sequences, high and unambiguous
information content of sequence data, increased cost-efficiency, speed of DNA
sequencing, and the ability to analyze and share sequence data via the internet (Chan et
al., 2001). In general, sequence-based methods are more reproducible and accurate than
fragment-based methods, because PCR and DNA sequencing are inherently specific and
highly informative, while fragment-based methods tend to be more ambiguous and less
informative. However, there are thousands of genes in a typical bacterial genome and it
is difficult to find a single gene that can represent the whole organism. Genes that
undergo intensive recombination are unsuitable for inferring genetic relatedness of
different strains. Sequence typing strategies that target multiple genes that are not subject
to recombination were subsequently developed to prevent this problem (Lemee et al.,
2005)

One of the earliest applications of sequence-based typing of L. monocytogenes was
described by Rasmussen et al. (1995). Three virulence genes (fla, hly and iap) and the
23S rRNA gene were sequenced in a set of L. monocytogenes isolates from various
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serotypes and origins and the results were congruent with PFGE, serotyping and MEE.
More importantly, the evolutionary analysis based on DNA sequences revealed for the
first time that L. monocytogenes could be divided into three evolutionary lineages.

Multilocus Sequence Typing (MLST), MLST, which evolved from multilocus enzyme
electrophoresis (MEE), was originally developed by Maiden et al. (1998). Unlike MEE,
which targets the electrophoretic mobility of multiple enzymes, MLST directly targets the
sequences of housekeeping genes, which are essential for cell survival and reproduction.
In brief, 6-14 genes are selected from the whole genome of the bacterial species, internal
fragments (400-600 bp) of each gene are sequenced and the concatenated sequences are
used for discrimination between different strains. To avoid problems with horizontal
gene transfer, the 6-14 genes are generally selected so that they are evenly distributed
throughout the genome. Fragments with a size of 400 to 600 bp are selected because they
can be easily sequenced by rapid automated sequencing (Fig. 1.5, Table 1.3). One of the
major advantages of sequence-based methods over fragment-based methods is that DNA
sequences can be used for direct and reliable phylogenetic analysis, and therefore, are
expected to provide more accurate information on the relatedness of different strains.
Sequence data are also more portable and unambiguous than fragment-based data and
thus are easier to compare and interpret. MLST is not only suitable for epidemiological
typing, but also suitable for studying the population structure and genetics of bacterial
species, which in turn can help scientists understand the distribution and long-term spread
of epidemic clones. MLST has been applied to various foodborne pathogens including
Staphylococcus aureus, Streptococcus pyogenes, E. coli O157:H7, Salmonella spp. and L.
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monocytogenes, and has greatly facilitated our understanding of the population genetics
of these species. Salcedo et al. (2003) developed a MLST scheme using 9 housekeeping
genes for L. monocytogenes and identified 29 sequence types from 62 isolates. They
found that MLST results were congruent with PFGE results. Meinersmann et al. (2004)
developed a MLST scheme for subtyping L. monocytogenes using hypervariable
housekeeping genes which improved discriminatory power. Selection of proper genes is
the key to a MLST scheme. Housekeeping genes evolve relatively slowly and thus are
highly conserved. Therefore, while they are good markers for studying the population
structure of bacterial pathogens, they lack the ability to discriminate between closely
related strains. To enhance the discriminatory power of MLST, Cai et al. (2002)
incorporated virulence genes into a MLST scheme for subtyping L. monocytogenes and
separated 15 isolates into 14 sequence types. Zhang et al. (2004) subsequently developed
a MLST scheme, termed multi-virulence-locus sequence typing (MVLST), which was
based solely on virulence gene sequences. MVLST was able to separate 28 diverse L.
monocytogenes isolates into 28 sequence types and was more discriminatory than ApaIPFGE. Virulence genes are believed to be more susceptible to recombination than
housekeeping genes and that is probably why virulence genes were not at first
incorporated into MLST schemes to study the molecular epidemiology of L.
monocytogenes (Cooper and Feil, 2004). Chen et al. (2007) evaluated the
epidemiological relevance of MVLST using 106 well-identified outbreak and nonoutbreak isolates of L. monocytogenes and showed that the discriminatory power of
MVLST was 0.99 according to Simpson’s Index and the epidemiological concordance
was 1.00 according to the formula provided by ESGEM (Struelens, 1996). MVLST
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correctly identified three known epidemic clones (ECI, ECII, ECIII), redefined another
epidemic clone (ECIV), and correctly clustered isolates into the three known evolutionary
lineages (I, II, III) of L. monocytogenes (Chen et al., 2007). MVLST results were
congruent with most fragment-based methods and was the first sequence typing scheme
that identified the three known epidemic clones of L. monocytogenes. Unlike other
fragment-based methods, MVLST did not need to be combined with other subtyping
methods to provide accurate information on epidemic clones, serotypes and lineages of L.
monocytogenes (Chen et al., 2007).

Sequence-based typing is a newly developed subtyping method which targets
polymorphisms in DNA sequences, of which single nucleotide polymorphism (SNP) is an
important type. While whole genome sequencing is still relatively expensive and
impractical for molecular epidemiology, direct detection of SNPs has evolved as a nextgeneration subtyping strategy. SNP typing takes advantage of rapid advancements in
genomic sequencing technologies. Unlike direct sequencing of a fragment in the genome,
SNP typing directly targets single nucleotide polymorphisms (SNPs) in the whole
genome, and thus has the potential to be more rapid and cost-efficient than MLST-based
subtyping schemes. SNP typing lends itself to high-throughput formats, in contrast to
traditional subtyping methods, such as PFGE and MLST. Major SNP typing techniques
are discussed below and readers can refer to Sobrino et al. (2005) and Dearlove et al.
(2002) for a detailed review of current well-developed SNP typing techniques. There are
two major types of SNP typing techniques: allele specific hybridization and primer
extension.
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Hybridization-based SNP typing Allele specific hybridization is based on
hybridization to genomic regions that differ at the SNP site using probes specific to each
allele. Taqman® SNP assay (Appliedbiosystems, CA) is a representative of this type of
SNP technique (Livak et al., 1995). The Taqman® assay targets binary SNP sites and is
based on the 5’ nuclease activity of Taq polymerase. Two probes that differ at the SNP
site are designed with one matching the test allele of the targeted SNP and the other probe
matching the control allele. The two probes are labeled by different fluorescent dyes
attached to their 5’ end and a quencher attached to its 3’ end. The quencher inhibits the
fluorescence by the fluorescence resonance energy transfer (FRET) probe. A primer
binds upstream of the targeted SNP and Taq polymerase initiates DNA extension. If the
probe matches the test strain, then DNA synthesis extends to the SNP site and Taq
polymerase cleaves and releases the 5’ fluorescent end of the FRET probe, which results
in fluorescence (Fig. 1.6). The Taqman® assay is fast, accurate and permits high
throughput. It can detect up to 100 SNPs within hours. The advantages of this assay,
compared to other SNP assays, are that it only requires a one-step enzymatic reaction and
all reactions use universal PCR conditions. The workflow is very simple and can be
easily automated. However, the multiplex ability of the Taqman® assay is limited and
therefore the cost is high, compared to some other SNP detection methods. Some other
SNP typing methods, based on allele specific hybridization, include but are not limited to
LightCycler® (Lareu et al., 2001), molecular beacons (Tyagi et al., 2000) and dynamic
allele-specific hybridization (Howell et al., 1999).
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An extension of allele-specific hybridization is microarray-based hybridization which is
also called microarray resequencing (Sobrino and Carracedo, 2005). In this strategy,
hundreds to thousands of allele-specific oligonucleotides are designed and attached to a
solid support and are then hybridized with fluorescent genomic fragments containing
SNP sites. This method can detect many SNPs from a large portion of the whole genome.
Zhang et al. (2006) developed a SNP typing scheme using microarray resequencing
which targeted 906 SNPs in E. coli O157. This typing scheme allowed discrimination of
11 outbreak-associated isolates and provided insights on the genomic diversity and
evolution of E. coli O157. One disadvantage of this method is that it is technically
demanding with an overall high cost. The GeneChip® (Affymetrix) system improves the
performance of this technology by utilizing a tiling strategy (Wang et al., 1998) and has
been applied to genotyping various organisms.

There are two variants of hybridization-based SNP typing methods. One is allele specific
oligonucleotide ligation (Landegren et al., 1988). In brief, a probe common to both
alleles is designed and binds to the immediately downstream regions of the SNP and two
allele specific probes with the 3’ end nucleotide complementary to each allele of the SNP
compete to anneal to the DNA regions immediately upstream of the common probe. The
allele specific probe matching the SNP will ligate to the common probe in the presence of
ligase. The ligation products are then amplified by PCR. SNPlexTM genotyping system
(Applied Biosystems, CA) is representative of this technology. Allele-specific ligation
products are detected by PCR using ZipChuteTM probes which are fluorescently labeled
and hybridized to the complementary sequences that are part of allele specific amplicons.
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These probes are eluted and detected by electrophoresis using Applied Biosystem’s 3730
or 3730xl DNA Analyzers. The major advantage of the SNPlexTM system is that it can
detect up to 48 SNPs per reaction, and therefore, it is suitable for large scale SNP analysis.
However, the design and optimization of the multiplex system is time consuming. Vega
et al. (2005) reported a comparison between Taqman® and SNPlexTM typing. The
concordance between these two methods was 99%. The overall cost of SNPlexTM typing
is higher than Taqman® typing, but the cost per SNP is lower. Other allele specific
ligation-based SNP strategies include but are not limited to Illumina genotyping (Illumina
Inc. www.illumina.com), genotyping using Padlock probes (Nilsson et al., 1994) and
sequence-coded separation (Grossman et al., 1994).

The other variant of hybridization-based SNP typing methods is based on invasive
cleavage. The Invader® assay (Third WaveTM Technology, www.twt.com) is
representative of this SNP typing strategy currently used in many clinical diagnostics.
An invading probe, complementary to the upstream sequence of the SNP site, binds to the
PCR-amplified DNA template. Another allele-specific probe is designed so that the 3’
region is complementary to the downstream sequence of the SNP site (including the SNP
site) and the 5’ region (arm) is not complementary to DNA template. When the allelespecific probe binds to the DNA template, it will overlap with the invading probe and the
structure can be recognized and cleaved by the Flap endonuclease, releasing the 5’ arm of
the allele-specific probe. The arm sequence then binds to a complementary FRET probe
and forms an invasive cleavage structure. A cleavase enzyme recognizes the structure
and cuts the FRET probe, releasing the fluorescent dye. The advantage of invader assays
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is that the PCR amplification of template DNA and subsequent SNP detection occur in
the same tube, thus it is labor-efficient; however invader assays can not be multiplexed.

Primer extension-based SNP typing Primer extension is based on the principle of PCR
technology. A primer binds to the DNA region upstream of the SNP site and is extended
by a single ddNTP specific to the SNP site using DNA polymerase. This technology is
also called minisequencing. SNaPshotTM multiplex SNP typing (Applied Biosystems,
CA) is one of the most common commercial technologies based on minisequencing. In
this typing system, several fragments of genomic DNA are targeted and amplified by
multiplex PCR. The SNaPshotTM primers are designed to anneal immediately upstream
of the SNP site and are extended by one fluorescently labeled dideoxy nucleotide
(ddNTP). Different ddNTPs are labeled by different dyes and emit light with different
wavelengths. The reaction is performed using a DNA sequencer and subtypes are
determined by the color and size of fluorescent fragments. Several primers can be
multiplexed into one SNaPshotTM reaction for simultaneous detection of several SNPs.
Hommais et al. (2005) developed a SNaPshotTM typing system targeting 13 SNPs for
subtyping Escherichia coli and demonstrated that the results of Snapshot typing were
consistent with results obtained by MEE and ribotyping. The SNaPshotTM multiplex
system has a relatively low cost, but it requires prior PCR amplifications and purification
of genomic regions containing SNP sites. Other minisequencing-based SNP detection
methods include, but are not limited to matrix assisted laser desorption/ionization time of
flight mass spectrometry (MALDI-TOF MS) (Haff and Smirnov, 1997), Sequenom
MassARRAY (Sauer et al., 2000), arrayed primer extension (APEX) (Shumaker et al.,
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1996) and Luminex xMAP fluorescent polystyrene microspheres (Luminex Corporation)
(Ducey et al., 2007). Ducey et al. (2007) developed a SNP typing method utilizing
Luminex xMAP technology for subtyping L. monocytogenes isolates and the strategy
provided good discriminatory power when analyzing lineage I isolates of L.
monocytogenes.

Pyrosequencing is another popular minisequening SNP detection method based on primer
extension. The technology utilizes an enzyme cascade system and generates a light
signal whenever a dNTP binds to the DNA template (Fig. 1.7). In brief, sequencing
primer is mixed with DNA template, DNA polymerase, ATP sulfurylase, luciferase and
apyrase, adenosine 5´ phosphosulfate (APS) and luciferin. Deoxyribonucleotide
triphosphates (dNTP) are then added to the reaction, one base solution (A, T, G, or C)
after the other, with washing in between. If a specific nucleotide base can bind to the
DNA template, equimolar pyrophosphate (PPi) will be released and subsequently
converted to ATP by ATP sulfurylase in the presence of APS. ATP then helps convert
luciferin to oxyluciferin which generates visible light. The intensity of the light
(represented by the height of the peak in light analysis software) is proportional to the
number of dNTPs incorporated. Pyrosequencing allows cheap, fast and accurate
sequencing of genomic regions up to 50 bp long and is a good alternative for DNA
sequencing. It is especially suitable for SNPs which are close together. Actually, an
ultra-high-throughput automated pyrosequencing system, Genome Sequencer 20™
System, was developed by 454 Life Sciences (Branford, CT), and has been used for
whole genome sequencing. Whole genome sequences of L. monocytogenes have recently
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been completed using the Genome Sequencer 20™ System in a short time and at low cost
(Nyren, 2006).

Selection of the appropriate SNP typing strategy Various SNP typing technologies
have been developed in the past few years. Different SNP typing techniques have their
own merits and disadvantages. Practical concerns are critical factors when choosing a
SNP typing assay because the cost of SNP typing is still relatively high, compared to
conventional typing techniques, such as PFGE and MLST. Common considerations
include cost (overall cost and cost per SNP), labor and time efficiency, multiplexing,
level of throughput and instrument requirements. Allele-specific hybridization-based
techniques like the Taqman® assay are easy to perform because PCR and hybridization
occur in the same reaction and samples do not need prior and post treatment. However,
their ability to be multiplexed is limited, and thus, the cost can be high when a large
number of SNPs need to be analyzed. Pyrosequencing and invader assays are both easy
to perform, but cannot be easily multiplexed. However, their cost is lower than allelespecific hybridization-based technologies. Minisequencing assays like SNaPshotTM have
a relatively low cost and can be multiplexed to further reduce cost, thus making it useful
for screening large number of SNPs. However, the optimization of multiplex systems can
be time-consuming and multiplexing will reduce the flexibility of combining different
SNPs. Also, DNA templates need to be pre-amplified and purified before
minisequencing reactions are carried out. Pati et al. (2004) performed a direct
comparison between invader assay, SNaPshotTM typing and pyrosequencing and found
that invader typing was the most accurate with the lowest cost. SNaPshotTM typing and
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pyrosequencing had similar performance, but the cost of SNaPshotTM typing was higher
than the other two methods. SNaPshotTM uses standard DNA sequencers; Taqman® uses
standard real-time thermocyclers and invader assays use a standard fluorescent
spectrophotometer. These instruments are readily available in many research and public
health laboratories. In contrast, microarray-based analyses require special instruments
which are not widely available. Other major disadvantages of microarray-based SNP
assays are problems associated with reproducibility and data analysis, as discussed in the
microarray section. It is expected that with the development of genomic technologies, the
throughput of SNP typing assays will increase rapidly. The cost of setting up equipment
and reagents, such as probes and chips, are also expected to decrease dramatically in the
near future (Dearlove, 2002).

Careful selection of highly-informative SNPs and design of SNP typing primers are the
key to accurate and cost-efficient SNP typing schemes. Although whole genome
sequence data and MLST data are increasingly available for SNP identification, SNPs
that are identified based on only a few whole genome sequences may not be
representative of the entire population. The genomic locations of the SNPs are also
important. SNPs harbored in repeat regions or highly recombinogenic regions would
probably not be useful for epidemiology or evolutionary genetics. The MLST database is
another useful source for SNP identification. The DNA alignments in the MLST
database generally contain sequences from more than 50 isolates, and therefore, SNPs
identified based on these alignments would be expected to provide high discriminatory
power. However, an internal problem with any SNP typing strategies is that with the
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evolution of genomes, new SNPs may emerge and therefore, SNPs typing schemes based
on currently available SNPs may not be able to detect those new outbreak clones.
Therefore, SNP typing still cannot replace DNA sequencing for epidemiological typing.

The above new high-throughput typing technologies provide the advantage of targeting
many more markers than conventional molecular subtyping methods, and therefore, are
expected to be more discriminatory. They can also overcome the loci bias that MLST
may have. However, their overall high cost may compromise their wide application in
nationwide surveillance systems such as PulseNet. For epidemiological typing purposes,
if a confined region of a whole genome can provide epidemiologically relevant data, then
targeting whole genome variations may be unnecessary and/or confounding. For
example, whole genome variations may be random and may not correlate with the
epidemic properties of the bacterial species. Therefore, incorporation of these variations
may increase “noise” and confound data interpretation (Wassenaar, 2003).

1.2.6 Identification of genetic relatedness of strains

Determination of genetic relatedness and cluster analysis between different bacterial
strains is important for epidemiological investigation. This genetic relatedness is often
determined using phylogenetic analysis. Cluster analysis of epidemic isolates is needed
for scientists to recognize an outbreak from seemingly unrelated sporadic cases. Cluster
analysis also is needed to identify the routes of transmission of the source strain from a
large number of background strains. This analysis is especially important because
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genetic relationship identified by molecular subtyping methods may reveal hidden routes
of transmission that can not be identified by conventional epidemiology. Phylogenetic
analysis of bacterial isolates is important for outbreak detection and source tracking. For
single source outbreaks, the clonal relationship between isolates is determined using
phylogenetic analysis. Phylogenetic analysis can help diferentiate the outbreak/epidemic
clone from various background isolates and/or study the emergence and long-term
transmission of certain infectious agents. Furthermore, a phylogenetic analysis is needed
if we want to estimate the congruence of different subtyping methods. Therefore, it is
necessary for molecular epidemiologists to have a basic understanding of the principles
of evolutionary analysis (i.e. phylogenetic tree construction). However, it should be
remembered that minor genetic variations in outbreak clones can occur in a relatively
short time span (days to months). Whereas major changes typically span thousands to
millions of years during the long-term evolution of species. Phylogenetic trees of isolates
are often presented as either radial or conventional dendrograms (Fig. 1.8). There are
many algorithms proposed for tree construction and basic principles and commonly used
methods will be discussed below. Various computer software packages have been
developed for cluster analysis (Table 1.4). Readers can refer to Karlin and Cardon (1994),
Nei and Kumar (2000) and Whelan et al. (2001) for details. Major software programs
used for evolutionary analysis were discussed by Excoffier and Heckel (2006). Generally,
phylogenetic analysis algorithms are based on a set of assumptions regarding the
dynamics of the evolutionary process and the major task is to convert the molecular data
sets (containing A, T, G, C or 20 amino acids), gel electrophoresis banding patterns or
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hybridization patterns into evolutionary distances which are represented by branch
lengths in a tree.

There are two major approaches for analyzing strain relatedness: phenetic and cladistic
approaches (Riley, 2004). Phenetic approaches do not make assumptions on the overall
evolutionary process and isolates are clustered based on overall similarities, which are
given numerical values using mathematical formulas. Two major phenetic approaches
are the Unweighted Pair-Group Method using Arithmetic Averages (UPGMA) and the
Neighbor-Joining (NJ) method. Before discussing these two tree-building methods, it is
necessary to discuss the algorithms used to transfer molecular data (DNA sequence or gel
banding pattern) to numerical similarities.

Phenetic approaches first convert DNA sequence data or gel banding patterns to
numerical values of genetic distance. Various mathematical formulas for calculating
evolutionary distance have been explored. Although there are still controversies
regarding which methods are the most accurate and reliable, some methods are generally
believed to be useful for calculating genetic distances from DNA sequence data. The
simplest method of calculating divergence between two microorganisms is using the
number of different nucleotides between homologous sequences. A ratio of the number
of different nucleotides between two sequences to the total number of nucleotides are
calculated and called p distance. Another model, the Jukes and Cantor’s model (Jukes
and Cantor, 1969) modifies the equation of p distance and is expected to be a more
accurate estimate of the true genetic distance. However, the above methods assume that
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substitutions are random; the nucleotide frequency is 0.25 for each of the A, T, G and C;
each substitution is independent of the preceding nucleotide; and the substitution rates are
equivalent which ignores the difference between transition and transversion mutations.
Some of these assumptions are easily violated in the real evolutionary process, especially
when evolutionary distances between highly divergent taxa are calculated. A simple
example is that the rate of transition is often higher than the rate of transversion.
Kimura’s Two-Parameter model (Kimura, 1980) was developed to take the difference
between transition and transversion into account. However, even transitional mutations
(or transversional mutations) may occur at different rates. In summary, the substitution
rates of different nucleotide pairs (i.e. A to T, G to C, A to G, T to C) can all be different
and can also be influenced by the nucleotide frequencies of A, T, G and C in specific
sequences. More recent models such as Tajima and Nei’s model (Nei and Tajima, 1985),
Tamura’s model (Tamura, 1992) and Tamura and Nei’s model (Tamura and Nei, 1993)
combined parameters for differences in substitution rates and differences in nucleotide
frequencies to estimate substitution rates. The above models generally performed well;
however, they all ignored the fact that the rates of substitution also vary with the genomic
locations of the nucleotide sites. For this reason, gamma distances for each of the above
models were developed for estimating rates of substitution (Nei and Kumar, 2000). In
recent years, more complicated models, such as logDet (Zharkikh, 1994) and paralinear
models (Lake, 1994) have been proposed. Interestingly, these complicated models do not
necessarily perform better than much simpler models, even though they significantly
increase the computational load (Nei and Kumar, 2000).
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A variety of formulas have been developed to calculate indices that measure genetic
distance or similarity between different gel banding patterns or hybridization patterns.
The calculation is based on the presence and absence of positive signals (bands or
hybridization) between two strains (i and j). Several index calculation methods have
been proposed (Riley, 2004; Carrico et al., 2005).

Dice index or coefficient:

SD =

Jaccard index:

SJ =

Ochiai index:

SO =

Sneath and Sokal index:

S SS =

Simple matching index:

S=

ni + n j
2nij + ni + n j

ni
nij + ni + n j

nij
(nij + ni )(nij + n j )
2(nij + n0 )
2(nij + n0 ) + ni + n j

nij + n0
ni j + ni + n j + n 0

nij: number of common positive signals present in both patterns (the positive signals
(bands or hybridization) are listed according to their positions, presence of a positive
signal in the same position of two strains is called a common positive signal)
ni : number of positive signals present only in strain i
nj : number of positive signals present only in strain j
n0: number of common negative signals in both strains (knowledge of all possible
positions is needed to calculate this value.)
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It is generally believed that when analyzing gel electrophoretic banding patterns the
number of bands absent from both strains (n0) does not provide meaningful results and
therefore the Sneath and Sokal index and the Simple matching index are used less
frequently (Riley, 2004; Carrico et al., 2005). In contrast, the number of common
negative signals is used when calculating indices based on hybridization patterns. As
discussed above, the similarity indices calculated by computer software need to be
visually cross-examined by investigators, and the strain relatedness determined by
similarity indices is only a reference for inferring the epidemiological relationship of
different bacterial isolates (Riley, 2004). Again, scientists need to combine conventional
epidemiological data with similarity indices to determine the epidemiological relationship
between bacterial strains. A common question in cluster analysis using gel banding
patterns is what threshold value of similarity should be used to define an outbreak clone
or epidemic clone, and certainly depends on the discriminatory power of the subtyping
method. For example, when ribotyping is used for L. monocytogenes, the threshold value
should probably be 100% for identifying clones, but PFGE based on different restriction
enzymes may have different threshold values.

UPGMA is one of the first and simplest algorithms for cluster analysis of different strains
based on the numerical values of genetic distance (Nei and Kumar, 2000). It is a
sequential clustering algorithm and relationships between taxonomic units are identified
in order of similarity, and the phylogenetic tree is built stepwise. UPGMA calculates the
average genetic distance between different clusters, and different taxa in the same cluster
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are considered to have identical genetic distances to a taxon outside of the cluster (which
is called ultrametric). This may not hold true in real world situations. As stated above,
UPGMA is commonly used to analyze gel banding patterns obtained by ribotyping,
RAPD and PFGE. However, it does not always construct reliable trees, especially when
the taxa are not closely related and/or when there is recombination between two
sequences. However, if a validated phenogram containing a collection of wellcharacterized isolates is available, UPGMA is useful for assigning any new taxa into the
phenogram.

Neighbor-joining (NJ) is one of the most commonly used methods for tree construction
(Nei and Kumar, 2000). It is a bottom-up clustering method used for the stepwise
construction of phylogenetic trees. Neighbor-joining has been shown to construct trees
that are statistically consistent under many models of evolution, and it is believed to
construct the true tree with a high probability, given the existence of sufficient data. The
neighbor-joining algorithm is very efficient and very large data sets can be analyzed in a
relatively short period of time, which is computationally prohibitive for other
phylogenetic analysis algorithms such as maximum parsimony and maximum likelihood.
Other phenetic algorithms include, but are not limited, to Minimum Evolution (ME) and
Least Square (LE). Readers are referred to Kumar and Nei (2000) for detailed
descriptions of these algorithms.
Another approach for constructing phylogenetic trees is the cladistic approach, by which
the similarity of different taxa is determined by a certain evolutionary model or theory,
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instead of mathematical values. Two typical cladistic approaches include Maximum
Parsimony (MP) and Maximum Likelihood (ML).

Maximum Parsimony (MP) is a widely used tree-building method (Persing; et al., 2003).
This method constructs a tree which requires the smallest number of character state
transitions (i.e. nucleotide substitutions, or changes in antibiotic resistance) to explain the
whole evolutionary process. While MP is useful in many circumstances (i.e.
morphological data), it might construct incorrect topologies if the number of sequences is
large and the number of nucleotides is small. Also, MP cannot always construct
statistically consistent trees in the case of short-branch or long-branch attractions. MP is
also not as computationally efficient as NJ.

Maximum Likelihood (ML) is another popular method used to make inferences about
parameters of the underlying probability distribution from a given data set (Persing; et al.,
2003). This method calculates the probability that the proposed topology and the
evolutionary process generate the observed data set. The topology and the evolutionary
process with a higher probability of producing the observed data set are preferred and the
method searches for the tree with the highest probability or likelihood. ML considers the
rate of nucleotide substitution. The biggest advantage of ML over other tree-building
methods is that it is statistically meaningful and it is very robust to many violations of the
assumptions in the evolutionary model. However, it is computationally intensive and
impractical for large data sets. ML is generally used to infer phylogenetic relationships
using nucleotide sequences and is not suitable for analyzing gel banding patterns or
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hybridization patterns. However, a variant of the ML method, Bayesian analysis, has
recently been developed for relatedness analysis based on gel patterns or hybridization
patterns (Yang and Rannala, 1997).

Because no true phylogenetic topologies are available, it is impossible to determine
which tree-building method produces the most accurate tree and in many cases, different
tree-building algorithms will generate dendrograms with different structures based on the
same set of molecular data. If possible, multiple tree construction methods should be
used on the same data set, and if they all produce a similar topology, then this
“consensus” tree is expected to be reliable.

When recombination is frequent among the whole population, the genetic relationship
between closely related isolates can still be reliably estimated because they are
descendents of a recent ancestor and are expected to have less recombination. However,
the genetic relationship of those distantly related isolates can be obscured by
recombination over the long term. Fortunately, epidemiologists do not always need
information on the relatedness between different lineages of the whole population. What
is most important is the ability to cluster identical or closely related isolates in order to
understand the spread of a few epidemic clones.
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1.3 CONCLUSIONS

This chapter attempted to highlight the basic principles and applications of strain typing
techniques in the fields of taxonomy, epidemiology, and population genetics with a focus
on molecular epidemiology of L. monocytogenes. Strain typing techniques have evolved
by targeting various genetic markers with more advanced molecular biology technologies.
The discriminatory power, epidemiological concordance, reproducibility and typeability
of strain typing methods have recently been significantly enhanced due to numerous
advances in genomics, molecular technologies, instrumentation and computer and
software capabilities. Genetic markers have evolved from a few protein structures/gene
sequences to whole genome hybridizations or SNPs.

Understanding the strengths and weaknesses of each subtyping method is not only critical
to the selection of the appropriate subtyping method, but also enhances study design and
data interpretation. A summary of common subtyping methods with their relative
performances in various proposed criteria is presented in Table 1.5. With the rapid
development of novel molecular biology technologies and our enhanced understanding of
the genomic structures and functions of bacterial pathogens, more advanced subtyping
strategies that target highly relevant molecular markers are expected to be developed.
Therefore, understanding the basic principles of marker selection and interpretation of
molecular subtyping data is of critical importance. This chapter has provided some
insights into what performance characteristics a subtyping method should possess when
applied to specific subtyping criteria and applications. Combining multiple subtyping
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techniques is often beneficial since none of them are perfect for all applications. For
example, although fragment-based methods are generally believed not be able to provide
accurate information on genetic relatedness, the combination of results from different
fragment-based methods can successfully reveal the population structure and epidemic
clones of L. monocytogenes. Combining subtyping schemes typically increases
discriminatory power and provides much more accurate clustering of isolates.

It is notable that the introduction of molecular subtyping methods has greatly changed the
scope of epidemiology and facilitated the understanding of population structure and the
long-term and short-term evolution and transmission of L. monocytogenes and various
other infectious agents. The choice of specific strain typing methods depends on the
scope and purpose of the investigation. The ultimate goal of strain typing is often to
identify the epidemiological relationship between bacterial strains. Different
computational algorithms and computer software packages have been developed to
identify strain relatedness based on output data generated by various subtyping methods.
However, the strain relatedness revealed by specific strain typing methods is not
necessarily the actual epidemiological relationship of different bacterial strains. In many
cases, strain typing data are used as a basis to support conventional epidemiological
findings during outbreak investigations (Riley, 2004). However, in many cases, strain
typing data can reveal epidemiological relationships that can not or were not detected by
conventional epidemiology. It should always be kept in mind that whenever possible,
molecular epidemiology and conventional epidemiology must complement and support
one another in order to ensure accurate epidemiology.
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Table 1.1 Important definitions in epidemiology
Term

Definition

Reference

Isolate

A collection of cells derived from a primary colony growing on a solid media on
which the source of the isolates was inoculated

(Struelens,
1996)

Strain

Isolates that have distinct phenotypic and/or genotypic characteristics from other
isolates from the same species

(Struelens,
1996)

Source Strain

The original strain that is spread and causes an outbreak or epidemic

This chapter

Clone

A strain or group of strains descended asexually from a single ancestral cell (source
strain) which have identical or similar phenotypes or genotypes as identified by a
specific strain typing method

(Struelens,
1996)

Outbreak

An acute appearance of a cluster of an illness caused by an outbreak clone that
occurs in numbers in excess of what is expected for that time and place

(Riley, 2004)

Outbreak
clone

A strain or group of strains descended asexually from a single ancestral cell (source
strain) that are involved in one outbreak

This chapter

Epidemic

One or more outbreaks caused by an epidemic clone that survives and spreads over a
long period of time

(Riley, 2004)

Epidemic
clone

A strain or group of strains descended asexually from a single ancestral cell (source
strain) that are involved in one epidemic and can include several outbreak clones

(Riley, 2004)

Pandemic

An epidemic that spreads globally and may last for years

(Riley, 2004)
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Table 1.2 Serotype designations of L. monocytogenes, adapted from
McLauchlin and Jones (1998).

Serotype

O antigens

H antigens

1/2a

I II III

AB

1/2b

I II III

ABC

1/2c

I II III

BD

3a

II III IV

AB

3b

II III IV XII* XIII*

ABC

3c

II III IV XII* XIII*

BD

4a

III V* VII IX

ABC

4ab

III V VI VII IX X

ABC

4b

III V VI

ABC

4c

III V VI

ABC

4d

III V* VI VIII

ABC

4e

III V VI VIII* IX*

ABC

7

III XII XIII

ABC

* factors that are not always present
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Table 1.3 Genes and intergenic regions of L. monocytogenes that have been targeted in various MLST schemes

Category

Gene

Encoded Protein

Housekeeping
genes

prs
recA
abcZ
bglA
cat
dapE
dat
ldh
lhkA
pgm
sod
gyrB
hisJ
cbiE
rnhB
truB
ribC
comEA
purM
aroE
hisC
addB
gap
Prs
purM
ribC
betL
gyrB*
pgm
recA

Phosphoribosyl synthetase
Recombinase A
ABC transporter
Beta-glucosidase
Catalase
Succinyl diaminopimelate dessucinylase
D-amino acid aminotransferase
L-lactate dehydrogenase
Histidine kinase
Phosphoglucomutase
Superoxide dismutase
DNA gyrase subunit B
Histidinol phosphate phosphatase
Precorrin methylase
Ribonuclease H rnh
tRNA pseudouridine 55 synthase
Riboflavin kinase and FAD synthase
Integral membrane protein ComEA
phosphoribosylaminoimidazole synthetase
5-enolpyruvylshikimate-3-phosphate synthase
Histidinol-phosphate aminotransferase
ATP-dependent deoxyribonuclease (subunit B)
Glyceraldehyde 3-phosphate dehydrogenase
Phosphoribosyl pyrophosphate synthetase
Phosphoribosylaminoimidazole synthetase
Riboflavin kinase and FAD synthase
Glycine betaine transporter BetL
DNA gyrase subunit B
Phosphoglycerate mutase
Recombinase A

Size of Fragment
analyzed (bp)
957
7047
552
417
501
480
484
354
488
364
420
627
530
537
275
880
885
482
720
951
809
1048
569
663
714
639
650
708
768
655
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Percentage of
Polymorphic sites (%)
4.9
10.2
6.1
5.0
7.8
8.3
12.4
4.3
3.5
4.4
2.9
6.3
13.9
19.3
14.6
20.4
17.5
19.3
20.8
20.4
17.4
17.7
1.6
6.9
20.4
15.9
7.8
4.9
4.4
7.3

Reference
(Cai et al., 2002)
(Cai et al., 2002)
(Salcedo et al., 2003)
(Salcedo et al., 2003)
(Salcedo et al., 2003)
(Salcedo et al., 2003)
(Salcedo et al., 2003)
(Salcedo et al., 2003)
(Salcedo et al., 2003)
(Salcedo et al., 2003)
(Salcedo et al., 2003)
(Meinersmann et al., 2004)
(Meinersmann et al., 2004)
(Meinersmann et al., 2004)
(Meinersmann et al., 2004)
(Meinersmann et al., 2004)
(Meinersmann et al., 2004)
(Meinersmann et al., 2004)
(Meinersmann et al., 2004)
(Meinersmann et al., 2004)
(Meinersmann et al., 2004)
(Meinersmann et al., 2004)
(Meinersmann et al., 2004)
(Meinersmann et al., 2004)
(Meinersmann et al., 2004)
(Nightingale et al., 2005)
(Revazishvili et al., 2004)
(Revazishvili et al., 2004)
(Revazishvili et al., 2004)
(Revazishvili et al., 2004)

Virulenceassociated
genes

actA
inlA
sigB
inlB
inlC
prfA
lisR
clpP
dal
actA
inlA
sigB
actA
hlyA

Protein involved in actin tail formation
Internalin A
Stress responsive alternative sigma factor B
Internalin B
Internalin C
listeriolysin positive regulatory protein
two-component response regulator
ATP-dependent Clp protease proteolytic
subunit
alanine racemase
Protein involved in actin tail formation
Internalin A
Stress responsive alternative sigma factor B
Protein involved in actin tail formation
listeriolysin O precursor

1929
2235
780
433
418
469
448
419

14.3
8.3
10.1
12.24
8.31
8.10
14.1
9.6

(Cai et al., 2002)
(Cai et al., 2002)
(Cai et al., 2002)
(Zhang et al., 2004)
(Zhang et al., 2004)
(Zhang et al., 2004)
(Zhang et al., 2004)
(Zhang et al., 2004)

441
561
771
666
963
830

19.1
16.5
9.3
5.7
10.1
3.8

(Zhang et al., 2004)
(Nightingale et al., 2005)
(Nightingale et al., 2005)
(Nightingale et al., 2005)
(Revazishvili et al., 2004)
(Revazishvili et al., 2004)

8.4
10.7

(Cai et al., 2002)
(Cai et al., 2002)

Intergenic
Mpl-hly intergenic
335
regions
Hly-plc intergenic
242
* The same genes that are analyzed in different studies were listed in different rows.
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Table 1.4 Commonly used software packages for phylogenetic analysis

Software
MEGA
Clustal X
PHYLIP
PAUP*

Website
http://www.megasoftware.net
http://bips.u-strasbg.fr/fr/Documentation/ClustalX/
http://evolution.gs.washington.edu/phylip.html
http://paup.csit.fsu.edu/

MacClade
PAL
Bionumerics

http://macclade.org/
http://www.cebl.auckland.ac.nz/pal-project/
http://www.applied-maths.com/bionumerics/bionumerics.htm

1

NJ, Neighbour Joining

2

ME, Minimum Evolution

3

ML, Maximum Parsimony

4

UPGMA, Unweighted Pair Group Method with Arithmetic Mean

5

ML, Maximum Likelihood

6

LS, Lease Square
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Major functions
NJ1, ME2, MP3, UPGMA4
NJ
ME, MP, ML5
ME, LS6, MP, ML,
Bayesian
Macintosh friendly
NJ, LS, ML
UPGMA, NJ, MP, ML

Table 1.5

Subtyping
Methods
Serotyping
Phage
typing
Plasmid
profile
MEE
RAPD
Rep-PCR
MLVA
PFGE
AFLP
PCR-RFLP
Automated
ribotyping
Microarray
MLST
MVLST
SNP
Typing

Comparison of major strain typing methods in terms of performance on various criteria

Targets
Surface antigen structures
Susceptibility to phages

Type of Data
Output
Character
Binary

Discriminatory
Power
Low
Low

Epidemiological
Concordance
Low
Low to medium

Number and size of plasmids

Banding pattern

Low

Size of major metabolic
enzymes
Polymorphism within and
between arbitrary priming
regions
Repetitive elements

Protein gel banding
pattern
DNA gel Banding
pattern
DNA gel Banding
pattern
Number

Variable number of tandem
repeats
Polymorphism within/
between restriction sites in
whole genome
Polymorphism within
/between restriction sites
Polymorphism within/
between restriction sites in
specific genes
Polymorphism within
/between restriction sites in
RNA genes
Specific genomic regions
Housekeeping gene sequences
Virulence gene sequences
Single nucleotide substitutions

Typeability
medium
medium

Cost

Low to medium

Reproducibility
Medium
Low to
medium
Medium

low

low

Moderate

Medium

High

High

Medium

Moderate

Medium

Medium

High

Medium

Moderate

Medium

High

low

High

High

High

Medium

DNA gel Banding
pattern

High

Medium to High

Medium to
high
Medium to
high
Medium to
high

High

Medium

DNA gel Banding
pattern
DNA gel Banding
pattern

Moderate to high

Medium

High

Medium

Moderate

Medium

Medium to
high
High

High

Medium

DNA gel Banding
pattern

Moderate

Medium

High

High

Medium

Hybridization
pattern
DNA sequences
DNA sequences
Single nucleotide
substitution

High

High

High

High

High

Moderate to high
High
High

Medium to high
High
Medium to High

High
High
High

High
High
High

Medium to high
Medium to high
High
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Medium to high

(b)
ApaI-PFGE

(a)
AscI-PFGE

Figure 1.1 Typical PFGE gel images of L. monocytogenes (adapted from Graves and
Swaminathan (2001). Lane 1 represents molecular marker, Lanes 2 to 7 represent
different samples. Banding patterns are used to distinguish different isolates.
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Cleavage Position

Length of sequence
(bp)

Length of sequence
(bp) (sorted)

461298
508175
547300
548754
618675
855646
902725
1632323
1748183
2102341
2337957
2457754
2574381
2905307

461301
46877
39125
1454
69921
236971
47079
729598
115860
354158
235616
119797
116627
330926

729598
461301
354158
330926
236971
235616
119797
116627
115860
69921
47079
46877
39125
1454

PFGE

Figure 1.2 In silico restriction map and PFGE of AscI based on the whole genome
sequence of L. monocytogenes strain 4b F2365 (generated from www.in-silico.com).
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Cleavage position

Length of sequence
(bp)

Length of sequence
(bp) (sorted)

58116
58814
60601
64135
64833
66620
138830
171093
270990
388108
532266
814525
1182910
1183568
1242029
1247109
1385129
1392746
1541155
1542942
1543640
1645832
1647619
1648317
1651403
1838854
2062449
2208507
2210545
2211243
2260161
2309420
2391246
2438934
2440972
2441670
2479139
2641515
2656866
2905304

58122
698
1787
3534
698
1787
72210
32263
99897
117118
144158
282259
368385
658
58461
5080
138020
7617
148409
1787
698
102192
1787
698
3086
187451
223595
146058
2038
698
48918
49259
81826
47688
2038
698
37469
162376
15351
248438

368385
282259
248438
223595
187451
162376
148409
146058
144158
138020
117118
102192
99897
81826
72210
58461
58122
49259
48918
47688
37469
32263
15351
7617
5080
3534
3086
2038
2038
1787
1787
1787
1787
698
698
698
698
698
698
658

PFGE

Figure 1.3 In silico restriction map and PFGE of ApaI based on the whole genome
sequence of L. monocytogenes strain 4b F2365 (generated from www.in-silico.com).
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Figure 1.4 Typical capillary electrophoresis output of one multiplex PCR reaction of Multilocus Variable Number Tandem Repeat
(Image provided by Kate Volpe Sperry from North Carolina State Laboratory of Public Health, Raleigh, NC). The numbers above the
peaks and on the X axis represent the size in nucleotides (nt) of each fragment. The fragments with sizes of multiples of 10 nts are
size standards. Other fragments represent amplicons from multiplex PCR designed to amplify each repeats. Lm-32, lm-23, lm-3 and
lm-15 are four tandem repeat loci analyzed by multiplex PCR. The sizes of PCR amplicons are used to calculate the number of
repeats in each locus. The Y axis represents intensity of fluorescent signals in fluorescent units.
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Chromosomal DNA

Amplify 400-600 bp
internal fragments of 6
to 14 genes selected
from the genome

Sequence these fragments on both strands

For each gene, align sequences from all isolates

Assign alleles of genes for each isolate based on the alignment
1/2a
J0161
EGDe
J2-039
J1-051
F2365

Comparison of allele profiles of different isolates
0.005

Figure 1.5 Flow diagram of MLST (adapted from Feil and Spratt (2001))
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Figure 1.6 Flow diagram of Taqman® SNP typing (adapted from
www.appliedbiosystems.com)

(A) Primer pair amplifies the target and the fluorescent labeled probe bind to the middle
of the PCR amplicon. The probe has a fluorescent molecule (reporter) attached facing
the forward primer and a quencher is attached on the other side of the probe. The
fluorescent molecule does not show fluorescence because of the nearby quencher.
(B) If the probe sequence matches the PCR amplicon, probe binds to the amplicon and
the extension of forward primer cuts the fluorescent molecule from the probe.
Fluorescent molecule shows fluorescence after released and stay away from the quencher.
If the probe sequence has a mismatch to the PCR amplicon, probe does not bind to the
amplicon and the extension of forward primer does not cut the fluorescent molecule from
the probe. The match probe and mismatch probe are labeled by different fluorescent
molecules (VIC and FAM, respectively).
91

Template
Primer

Figure 1.7 Flow diagram of pyrosequencing (adapted from www.pyrosequencing.com).
A primer anneals to one strand of a PCR amplified DNA template, and they are incubated
with DNA polymerase, ATP sulfurylase, luciferase and apyrase, adenosine 5´
phosphosulfate (APS) and luciferin. Deoxynucleotide triphosphates (dNTP) is then
added to the reaction and incorporated into the DNA template by DNA polymerase. The
incorporation releases pyrophosphate (PPi). ATP sulfurylase then converts PPi to ATP in
the presence of adenosine 5´ phosphosulfate. Luciferase then converts this ATP into
luciferin that generates visible light which can be detected by a charge coupled device
(CCD) camera. Unincorporated dNTPs and excess ATP are degraded by apyrase.
Addition of dNTPs is performed one at a time. As the process continues, the
complementary DNA strand is entended and the nucleotide sequence is determined from
the visible light signals.
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Figure 1.8 Conventional (a) and radial (b) dendrograms of Neighbor-joining trees of a
group of L. monocytogenes isolates (Chen et al., 2007). Note: The two unrooted trees are
equivalent.
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2.1 ABSTRACT

Multi-virulence-locus sequence typing (MVLST) was used to analyze isolates from two
major U.S. listeriosis outbreaks in 1998 and 2002 that were due to consumption of
contaminated hot dogs and turkey deli meat, respectively. MVLST demonstrated high
epidemiological relevance and indicated that the two outbreaks were the result of one
epidemic.
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2.2 INTRODUCTION

Listeria monocytogenes can reproduce in a wide variety of reservoirs within food processing
plants and contaminate many foods, including Ready-to-Eat (RTE) meat and poultry
products. Despite implementation of HACCP and strengthened government regulations (i.e.
“zero-tolerance” policy for L. monocytogenes in RTE foods) in the meat and poultry industry,
significant listeriosis outbreaks have been reported in recent years. In 1998, a multistate
listeriosis outbreak due to consumption of hot dogs caused 100 illnesses and 21 deaths (CDC,
1999). Another multistate listeriosis outbreak in 2002 due to consumption of turkey deli
products caused 53 illnesses and 11 deaths (CDC, 2002). Foodborne listeriosis generally has
a long incubation period (7-60 days), which makes source tracking by classic epidemiological
approaches difficult. Both DNA fragment-based and sequence-based molecular subtyping
methods have been used to investigate listeriosis outbreaks. Among these methods, pulsedfield gel electrophoresis (PFGE) is currently the U.S. Centers for Disease Control and
Prevention’s (CDC’s) “gold standard” method for epidemiological investigation of foodborne
pathogens (Swaminathan et al., 2001). Recently, multi-virulence-locus sequence typing
(MVLST) was developed by Zhang et al. (2004) for subtyping L. monocytogenes and
provided higher discriminatory power than PFGE when analyzing genetically diverse L.
monocytogenes isolates. The purpose of the present study was to use MVLST to investigate
the epidemiology of the 1998 and 2002 U.S. multistate listeriosis outbreaks.
There are several basic concepts and premises of epidemiological investigation. Outbreaks
are defined as an acute appearance of a cluster of an illness caused by a source strain that
occurs in numbers in excess of what is expected for that time and place (Riley, 2004).
However, the same source strain may survive and spread over a long period of time and cause
several outbreaks, resulting in an epidemic. A basic premise is that isolates that are part of
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the same chain of transmission, are the descendents of the source strain and can be referred to
as a clone (Ørskov and Ørskov, 1983). An important function of molecular subtyping is to
accurately identify the clonal relationship among isolates so that it can provide early
recognition of outbreaks and help identify routes of transmission. Therefore, the most
important criterion for molecular subtyping is epidemiological relevance, which we define
here as the ability to: 1) cluster isolates that are epidemiologically associated with a particular
epidemic/outbreaks and 2) separate these isolates from those that are not epidemiologically
associated with the same epidemic/outbreaks.

2.3 MATERIALS AND METHODS

Ten L. monocytogenes isolates from the 1998 U.S. multistate listeriosis outbreak and eleven
isolates from the 2002 U.S. multistate listeriosis outbreaks were selected and obtained from
the Listeria collection at CDC. All isolates were previously identified by CDC as being
involved in these outbreaks through classic epidemiological investigations and by PFGE
using two different restriction enzymes (AscI as the primary enzyme and ApaI as the
secondary enzyme) (Table 2.1). Bacterial strains were grown at 37oC on trypticase soy yeast
extract agar. Bacterial genomic DNA was extracted using an UltraClean Microbial DNA
extraction kit (Mo Bio Laboratories, Solana Beach, CA.). Intragenic regions of the six
virulence genes (prfA, inlB, inlC, dal, clpP, dal) were targeted and sequenced as previously
described by Zhang et al.(2004). Multiple sequence alignments and phylogenetic analysis
were performed using molecular evolutionary genetics analysis software (MEGA version 3.0)
(Kumar et al., 2004).
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2.4 RESULTS AND DISCUSSION

MVLST results are shown in Table 2.1. All J and H isolates were compared with 28
epidemiologically unrelated L. monocytogenes isolates from Zhang et al. (2004) in the same
phylogenetic context (Fig. 2.1). All H and J isolates from the two recent U.S. outbreaks had
identical sequences in the six virulence loci and thus were assigned to the same sequence type
(Table 2.1) belonging to genetic lineage I (Fig. 2.1). Based on Wassenaar’s theory that
isolates that are indistinguishable by a subtyping method are clonally related (Wassenaar,
2003), isolates from the 1998 and 2002 outbreaks were considered an epidemic clone (Fig.
2.1). Kathariou (2002) previously assigned the 1998 outbreak isolates as belonging to
epidemic clone II (ECII). Evans et al. (2004) subsequently found that two L. monocytogenes
serotype 4b-specific genomic regions (4bSF7 and 4bSF18) adjacent to internalin A (a
virulence determinant) were not amplified by ECII PCR. In the present study, both J and H
isolates were subjected to ECII PCR as described by Evans et al. (2004). All J and H isolates
were negative by ECII PCR, while other 4b isolates resulted in positive amplifications (Table
2.1). These results independently confirmed our MVLST findings that J and H isolates
represented a unique epidemic clone, ECII.

In the present study, MVLST was able to identify isolates as belonging to one epidemic clone,
while AscI-PFGE was able to identify and separate isolates from the two different outbreaks.
In contrast, some isolates between the two outbreaks (i.e. H7596 and J1925) had the same
ApaI-PFGE pattern (Table 2.1). In addition, many isolates within each outbreak had different
ApaI-PFGE patterns (i.e. three clinical isolates H7550/H7355/H7557 in the 1998 outbreak).
Although Tenover et al. (1995) proposed that isolates with one to three band differences in
PFGE profiles would probably belong to the same outbreak, this criterion has been
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challenged by some researchers and may not hold true in some cases. For example,
Maslanka et al. (1999) suggested that isolates with PFGE similarity values of less than 100%
may not be epidemiologically related. In addition, one or two band differences in PFGE
profiles are considered significant in CDC’s PulseNet protocol (Graves et al., 2005) and may
not suggest an epidemic or outbreak. Therefore, ApaI-PFGE confused the epidemiology of
the two outbreaks. Similarly, in contrast to MVLST, neither AscI-PFGE nor ApaI-PFGE
revealed a clonal relationship between isolates from the two outbreaks (Table 2.1).
In the present study, MVLST possessed excellent epidemiological relevance because it
provided high discriminatory power when differentiating unrelated isolates, and demonstrated
the clonality of epidemic/outbreak isolates (Fig. 2.1). The reason for this is because the six
genes in MVLST showed significant variation among genetically diverse isolates (Zhang et
al., 2004) and perfect sequence identity within all isolates from the 1998 and 2002 outbreaks.
Among the six selected genes, prfA, inlB and inlC have critical functions in intracellular
survival and virulence of L. monocytogenes (Kreft and Vazquez-Boland, 2001) and lisR, dal
and clpP play an important role in L. monocytogenes stress tolerance and virulence (Cotter et
al., 1999). Therefore, these virulence genes would be expected to be conserved among
epidemic isolates. Although almost all L. monocytogenes harbour the above genes, only a
small subpopulation of L. monocytogenes serotype 4b strains are known to cause the vast
majority of listeriosis outbreaks (Kathariou, 2002). The difference between outbreak isolates
and non-outbreak isolates may be partially due to sequence variations in their virulence
(associated) genes. The recombination rates of the six genes analyzed would be expected be
low, because recombination in these genes would make virulent strains less virulent and thus
tend to purge them from the outbreak setting (Smith et al., 2000). This speculation is
supported by a recent study which suggested that L. monocytogenes lineage I is a clonal
lineage (Meinersmann et al., 2004) with a relatively low frequency of recombination.
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The choice of molecular epidemiological marker(s) is critical for maximizing
epidemiological relevance. PFGE targets DNA variations at multiple endonuclease
restriction sites and genomic deletions, insertions and rearrangements that may not always
correlate with epidemic properties and thus may yield data that are not epidemiologically
relevant. The premise of using two enzymes for PFGE analysis is that use of one enzyme is
sometimes not sufficient to differentiate epidemiologically-unrelated isolates (Graves and
Swaminathan, 2001). In the present study, the addition of the secondary enzyme ApaI-PFGE
provided higher discriminatory power than AscI-PFGE, but confounded the epidemiology of
the two outbreaks by both separating isolates within the same outbreak and clustering isolates
between the two outbreaks. Unlike PFGE, MVLST targets genes that are functionally
associated with bacterial virulence, which enhances its epidemiological relevance. In this
study, MVLST clarified how MVLST and AscI-PFGE complement one another, because
MVLST identified the epidemic and AscI-PFGE identified each two outbreaks. In addition to
the selected six virulence genes, other virulence genes and genes responsible for transmission
of L. monocytogenes might also be important epidemic factors and can be incorporated into a
multi-epidemic-locus sequence typing (MELST) strategy. We hypothesized that MELST
might further improve epidemiological relevance and ultimately provide an ideal tool for
investigating the epidemiology of L. monocytogenes and potentially other pathogens.
In the present study, MVLST indicated that the two U.S. multistate outbreaks represented an
epidemic, even though classic epidemiology and PFGE did not suggest any links between the
two outbreaks. Many possible vectors exist for transmission of L. monocytogenes between
meat plants including trucks, meat, pallets and people. Further clarification of the
epidemiology of epidemic clones by MVLST or MELST might allow development of
intervention strategies for controlling future epidemics and outbreaks of L. monocytogenes.
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Table 2.1 PFGE patterns, serotypes, MVLST sequence types and ECII PCR profiles of
Listeria monocytogenes isolates analyzed in this study
a

Isolate

a

Source

a

AscI pattern

a

ApaI pattern

a

b

Serotype

MVLST ST

ECII specific PCRc
4bSF7

4bSF18

H isolates from 1998 U.S. multistate listeriosis outbreak
H7355

Human

GX6A16.0002

GX6A12.0057

4b

19

-

-

H7550

Human

GX6A16.0002

GX6A12.0002

4b

19

-

-

H7557

Human

GX6A16.0002

GX6A12.0003

4b

19

-

-

H7969

Food

GX6A16.0002

GX6A12.0057

4b

19

-

-

H7596

Food

GX6A16.0002

GX6A12.0003

NTd

19

-

-

H7738

Food

GX6A16.0002

GX6A12.0004

4b

19

-

-

H7762

Food

GX6A16.0002

GX6A12.0004

4b

19

-

-

H7858

Food

GX6A16.0002

GX6A12.0002

4b

19

-

-

H7961

Food

GX6A16.0002

GX6A12.0004

4b

19

-

-

H7962

Food

GX6A16.0002

GX6A12.0002

4b

19

-

-

J isolates from 2002 U.S. multistate listeriosis outbreak
J1703

Human

GX6A16.0235

GX6A12.0003

4b

19

-

-

J1735

Human

GX6A16.0235

GX6A12.0003

4b

19

-

-

J1736

Human

GX6A16.0235

GX6A12.0003

4b

19

-

-

J1776

Human

GX6A16.0235

GX6A12.0003

4b

19

-

-

J1815

Environmental

GX6A16.0235

GX6A12.0057

4b

19

-

-

J1816

Environmental

GX6A16.0235

GX6A12.0003

4b

19

-

-

J1817

Environmental

GX6A16.0235

GX6A12.0003

4b

19

-

-

J1927

Food

GX6A16.0235

GX6A12.0003

4b

19

-

-

J1925

Food

GX6A16.0235

GX6A12.0003

4b

19

-

-

J1926

Food

GX6A16.0235

GX6A12.0003

4b

19

-

-

J1928

Food

GX6A16.0235

GX6A12.0003

4b

19

-

-

a

Isolates and information (sources, serotypes) were obtained from CDC. PFGE patterns of isolates from the
1998 and 2002 outbreaks are reported with standard PulseNet nomenclature: GX6, L. monocytogenes; A16 and
A12 indicate AscI and ApaI restriction enzymes, respectively; five-digit number designations indicate
sequentially assigned pattern numbers for each unique pattern in the PulseNet database.
b
MVLST sequence types were assigned according to Zhang et al. (2004).
c
PCR results obtained with primers designed for fragments 4bSF7and 4bSF18. -, negative PCR results.
d
NT, Nontypeable.
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Figure 2.1 Neighbour-joining tree of all Listeria monocytogenes isolates based on p distance
of the concatenated sequences (total of 2641 bp) of six loci. Bootstrap values (1,000
replications) are shown at the interior branches.
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3.1 ABSTRACT

A recently developed multi-virulence-locus sequence typing (MVLST) method showed
improved discriminatory power for subtyping genetically diverse Listeria monocytogenes
isolates and allowed identification of epidemic clone II isolates associated with two recent
U.S. multistate listeriosis outbreaks. To evaluate the ability of MVLST to distinguish other
epidemic clones and outbreak strains of L. monocytogenes, 58 outbreak-related isolates from
14 outbreaks and 49 unrelated isolates were analyzed. Results showed that MVLST provided
very high discriminatory power (D = 0.99), epidemiological concordance (E = 1.0), stability
and typeability. MVLST allowed accurate identification of three previously known epidemic
clones (epidemic clone I, II and III) and redefined another epidemic clone (epidemic clone IV)
in serotype 4b of L. monocytogenes. A set of 28 single nucleotide polymorphisms (SNPs)
differentiated all epidemiologically unrelated isolates. A subset of 16 SNPs differentiated all
epidemic clones and outbreak strains. Phylogenetic analysis showed congruence between
MVLST clusters, serotypes and previously defined genetic lineages of L. monocytogenes.
SNPs in virulence genes appear to be excellent molecular markers for the epidemiological
investigation of epidemics and outbreaks caused by L. monocytogenes.
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3.2 INTRODUCTION

Listeria monocytogenes is a Gram-positive intracellular foodborne pathogen that can cause
the sometimes fatal disease listeriosis among high risk populations. It is found in a wide
variety of reservoirs and sources in food processing plants and contaminates ready-to-eat
(RTE) foods such as soft cheeses, milk, deli meats and hot dogs. Although USDA and FDA
have a zero tolerance policy for L. monocytogenes in RTE food products, numerous listeriosis
outbreaks have been reported in recent years (Kathariou, 2003). Because listeriosis has a
long incubation period (3-60 days), it is often difficult to identify sources and routes of
transmission by conventional epidemiological investigations (Wiedmann, 2002). Therefore,
molecular subtyping strategies targeting various genetic markers have been utilized to
recognize an outbreak, match case isolates with food and environmental isolates, and
discriminate between outbreak isolates and non-outbreak isolates (Kathariou, 2002).

Listeriosis outbreaks are usually caused by a small fraction of strains in the entire population
of the species. Among 13 serotypes of L. monocytogenes, strains belonging to serotypes 4b,
1/2a and 1/2b are associated with the vast majority of listeriosis outbreaks and sporadic cases
(Nelson et al., 2004). Most major outbreaks were caused by a small number of epidemic
clones of L. monocytogenes and most outbreak strains belong to serotype 4b (Kathariou,
2003). Early multilocus enzyme electrophoresis (MEE)-based subtyping (Bibb et al., 1990)
and restriction enzyme analysis (Wesley and Ashton, 1991) showed that strains from many
different outbreaks were closely related even though those outbreaks were geographically and
temporally distinct. These findings were also supported by data generated using ribotyping
(De Cesare et al., 2001), virulence gene polymorphism analysis (Wiedmann et al., 1997) and
pulsed-field gel electrophoresis (PFGE) (Buchrieser et al., 1993; Jacquet et al., 1995; Brosch
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et al., 1996; Kathariou, 2002). Kathariou (2002) subsequently compared these studies and
defined four epidemic clones of L. monocytogenes (ECI, ECIa, ECII and ECIII). Among
these epidemic clones, ECI appears to be a cosmopolitan clonal group composed of serotype
4b strains involved in several major outbreaks including the coleslaw (Nova Scotia, 1981),
soft cheese (Switzerland, 1983-1987 and California, 1985), and pork-tongue (France, 1992)
outbreaks (Kathariou, 2002). Genetic markers unique to this epidemic clone were also
identified (Zheng and Kathariou, 1995). ECIa, another serotype 4b cluster, caused a pate
outbreak (UK, 1988), a vegetable outbreak (Boston, 1983) and a milk outbreak (Boston,
1983). ECII is considered a newly emerged epidemic clone, which was first observed in the
1998-1999 US multistate outbreak associated with contaminated hotdogs (Kathariou et al.,
2006). Isolates in this outbreak had unique ribotype and PFGE patterns that were not
identified in previous outbreaks (Kathariou, 2002). Multi-virulence-locus sequence typing
(MVLST) and ECII PCR profiling were recently used to demonstrate that ECII isolates were
also involved in the 2002 US multistate listeriosis outbreak associated with turkey deli meat
(Chen et al., 2005). Genome microarray analysis confirmed that isolates from these two
outbreaks were closely related and belonged to a single clonal group (Kathariou et al., 2006).
Genetic markers unique to this epidemic clone were also identified (Evans et al., 2004;
Kathariou et al., 2006). Although no routes of transmission between outbreaks within each
epidemic clone were identified, the fact that various molecular subtyping methods
consistently identified the epidemic clones strongly suggested that outbreaks within each
epidemic clone were closely related. In contrast to ECI, ECIa and ECII isolates, ECIII
isolates are serotype 1/2a isolates associated with the hot dog (US, 1989) and the turkey deli
meat (US, 2000) outbreaks (Kathariou). The genetic characteristics of isolates from these
two outbreaks have not been extensively studied. However, they were considered
epidemiologically related because they were found in the same food processing plant and had
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identical PFGE patterns using different restriction enzymes (Kathariou, 2003). Nelson et al.
(2004) identified SNPs unique to each of the epidemic clones by comparing whole genome
sequences of representative isolates from each of the epidemic clones. Given the ubiquitous
nature of L. monocytogenes in food processing plants, its ability to grow in foods at
refrigeration temperatures and the difficulty of detecting routes of transmission, it seems
reasonable that previously or newly identified epidemic clones and outbreak strains will
likely be implicated in future listeriosis outbreaks. Therefore, identification and tracking of
epidemic clones and outbreak strains remain critical for investigating and preventing
listeriosis outbreaks.

Both DNA fragment-based and sequence-based molecular subtyping methods have been used
to investigate listeriosis outbreaks. Two of the most important criteria for selecting molecular
typing methods are discriminatory power and epidemiological concordance (Struelens, 1996;
Riley, 2004). Discriminatory power describes the ability of a subtyping method to generate
distinct and discrete units of information from unrelated isolates, whereas epidemiological
concordance describes the ability of a typing system to correctly classify into the same clone
all epidemiologically related isolates from a well-described outbreak (Struelens, 1996).
Therefore, an epidemiologically relevant subtyping method should be able to: 1) cluster
isolates that are epidemiologically related with a particular epidemic/outbreak and 2) separate
these isolates from those that are not related to the same epidemic/outbreak (Chen et al.,
2005). Different subtyping methods target different molecular markers (i.e. housekeeping
genes; virulence genes; restriction sites; 16S and 23S RNA genes) and yield different
epidemiological relevance. PFGE targets variations within and between restriction sites and
provides high discriminatory power, therefore, it is currently the U.S. Centers for Disease
Control and Prevention’s (CDC’s) gold standard method for epidemiological investigation of
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foodborne pathogens (Graves and Swaminathan, 2001). Multilocus sequence typing
(MLST), which targets housekeeping genes, was developed by Maiden et al. (1998) to
overcome the technical difficulties and limitations of fragment-based methods. MLST has
proven very useful for studying the population structures of bacteria, including various
foodborne pathogens (Spratt and Maiden, 1999). Recent studies have shown that antigen
genes and virulence genes may provide additional genetic markers. Feavers et al. (1999)
supplemented MLST with antigen gene sequences to study an outbreak of meningococcal
disease. A recent study of methicillin-resistant Staphylococcus aureus demonstrated that
sequence variations in three virulence-associated loci could be used to identify epidemic
clones and study the epidemiology of this pathogen (Gomes et al., 2005). Packard et al.
(2004) also suggested that sequencing several virulence genes of Bordetella pertussis
provided data that were useful for epidemiological investigation of this pathogen. An MLST
scheme based solely on sequence analysis of 6 virulence genes, multi-virulence-locus
sequence typing (MVLST), was recently developed and used to subtype a limited number of
genetically diverse isolates of L. monocytogenes (Zhang et al., 2004). MVLST provided
greater discriminatory power than ApaI-PFGE (Zhang et al., 2004). MVLST was
subsequently used to analyze isolates from two U.S. multistate listeriosis outbreaks
associated with contaminated hotdogs in 1998-1999 and turkey deli meat in 2002 (Chen et al.,
2005). In that study, MVLST demonstrated that both outbreaks were caused by one epidemic
clone, ECII. However, the cApacity of MVLST to differentiate multiple epidemic clones and
outbreak strains of L. monocytogenes has not yet been evaluated. Therefore, the objective of
the present study was to determine whether MVLST can differentiate multiple epidemic
clones and outbreak strains of L. monocytogenes from a large number of listeriosis outbreaks
and distinguish them from isolates that were presumably unrelated to those
epidemics/outbreaks.
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3.3 MATERIALS AND METHODS

Bacterial isolates and DNA extraction. Isolate identification numbers, sources and subtype

data are given in Table 3.1. A total of 66 isolates were obtained from the Listeria collection
at CDC (Atlanta, GA), ILSI (International Life Sciences Institute) North America Listeria
strain collection (ERIC FUGETT, 2006) at Cornell University (Ithaca, NY) and a meat
processing plant in Oklahoma. Among these isolates, 34 outbreak isolates were involved in
eleven listeriosis outbreaks with two or more matched isolates belonging to each of the
outbreaks. Isolates from these outbreaks were well-characterized and identified as being
involved in each outbreak by CDC, WHO and Health Canada. Among them, isolates from
eight outbreaks (Table 3.1) were designated by ILSI as the standard set of isolates for
evaluation and validation of molecular subtyping methods. Three isolates were associated
with another three listeriosis outbreaks with one isolate belonging to each of the outbreaks.
The isolates from each of the outbreaks came from foods, environments or patients. Isolates
from ten outbreaks were identified as belonging to ECI, ECIa, ECII or ECIII in previous
reports (Kathariou, 2002; Kathariou, 2003; Chen et al., 2005). Another 29 genetically diverse
isolates without known epidemiological links to each other or to any of the outbreaks were
selected and obtained from Listeria collection at the Food Safety Laboratory at Cornell
University. Most isolates were previously analyzed by serotyping and ribotyping and
represented 8 serotypes and 3 lineages of L. monocytogenes. The isolates were originally
collected at different times from various sources including animals (sheep, turkey, bovine and
caprine), food processing environments (equipment, drain, floor, etc.), finished food products
(salmon, beef, turkey, etc.), non-food processing environments (soil and sidewalk) and
patients. Bacterial isolates were stored in tubes of 15% glycerol at -80 ℃ and grown at 37 ℃
overnight on Trypticase soy yeast extract agar plates (Difco Laboratories, Becton Dickinson,
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Sparks, MD). Overnight cultures were adjusted to an optical density of 0.2 at 650 nm, which
is equivalent to approximately 107 CFU/ml. For all isolates, bacterial genomic DNA was
extracted using an UltraClean Microbial DNA extraction kit (Mo Bio Laboratories, Solana
Beach, CA) and stored at −20 ℃ before use.

Selection of genes and intragenic targets. Six virulence genes (prfA, inlB, inlC, dal, clpP,

lisR) were selected for MVLST analysis as described previously (Zhang et al., 2004).
Internal regions (ca. 500 bp) in each gene were amplified and sequenced as described below.
To confirm that the original 6-gene MVLST strategy accurately detected epidemic clones,
intragenic regions of two additional virulence genes (inlA and actA) from 14 outbreak strains
were also analyzed.

PCR amplification and purification of PCR amplicons. PCR primers for all eight

virulence genes (Table 3.2) were designed using Primer 3 software (http://wwwgenome.wi.mit.edu/cgi-bin/primer/primer3_www.cgi) on the basis of the published whole
genome sequence of L. monocytogenes strain F2365 and were synthesized at the
Pennsylvania State University Shared Nucleic Acid Facility. All PCR amplifications were
performed with a hot start (95 ℃ for 15 min) prior to 30 cycles of amplification at 94 ℃ for
30 s, 55 ℃ for 30 s, and 72 ℃ for 1 min, with a final extension at 72 ℃ for 7 min using
Qiagen HotStarTaq PCR kits (Qiagen Inc., Valencia, CA) in a Mastercycler thermocycler
(Eppendorf Scientific, Hamburg, Germany). To ensure accurate sequencing, PCR products
were loaded on a 2% UltraClean agarose gel (Mo Bio Laboratories) and electrophoresed at
120 V for 45 min with 0.5 × Tris-Borate-EDTA (TBE) running buffer. DNA bands (ca. 500
bp) were then excised from the gel and purified using QIAquick gel extraction kits (Qiagen
Inc., Valencia, CA).
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DNA sequencing. DNA cycle-sequencing reactions (CSRs) were performed at the

Pennsylvania State University Shared Nucleic Acid Facility using a MJ Research Tetrad
Thermal Cycler, 3´BigDye-labeled dideoxynucleotide triphosphates (v 3.1 dye terminators)
and protocol #43032337 (Applied Biosystems, Foster City, CA). CSR products were
separated and analyzed on an ABI 3730XL DNA Analyzer using the ABI Data Collection
Program (v 2.0). Data were analyzed with ABI Sequencing Analysis software (v 5.1.1).
Both forward and reverse PCR primers (Table 3.2) were used as sequencing primers in
separate runs. Ambiguous sites were sequenced at least three additional times to reduce
sequencing error. Gene sequences were deposited into GenBank with accession numbers
from EF062596 to EF062801.

Sequence analysis. Sequence analysis was performed on a total of 107 isolates including 66

isolates from the present study (Table 3.1); 20 presumably unrelated isolates from Zhang et al.
(2004); and 21 ECII isolates from Chen et al. (2005). Multiple sequence alignments were
performed using molecular evolutionary genetic analysis software (MEGA version 3.0)
(Kumar et al., 2004). Sequence types were assigned as previously described (Zhang et al.,
2004). Briefly, different allelic sequences (with at least a one-nucleotide difference) were
assigned arbitrary numbers. For each isolate, the combination of 6 alleles defined its allelic
profile and a unique allelic profile was designated as a sequence type (ST). MEGA 3.0 was
used to construct a neighbour-joining (Kumar et al., 2004) tree of L. monocytogenes isolates
using the number of nucleotide differences in the concatenated sequences (total of 2,628 bp)
of 6 loci, with 1,000 bootstrap tests. An unrooted tree was constructed because a suitable
outgroup that is closely related to L. monocytogenes and contains homologous sequences to
all 6 virulence genes is not available.
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Calculation of discriminatory power (D) and epidemiological concordance (E). A total

of 63 presumably unrelated isolates were used to calculate discriminatory power (D) using
Simpson’s index as described by(Hunter and Gaston, 1988). These 63 isolates included 49
isolates without known epidemiological links and 14 isolates representing each of the 14
outbreaks. They represent different sources, serotypes, ribotypes and lineages of L.
monocytogenes. Thirty-four well-characterized and matched isolates from eleven listeriosis
outbreaks were used to evaluate the epidemiological concordance of MVLST.
Epidemiological concordance was calculated using the formula developed by the European
Study Group on Epidemiological Markers (ESGEM) for each of the outbreaks (Struelens,
1996).

3.4 RESULTS

Table 3.1 shows the sequence types of all 66 isolates (37 outbreak isolates and 29 nonoutbreak isolates) that were sequenced in the present study. Sequence analysis was
performed on MVLST data from a total of 107 isolates. Fig. 3.1 shows the phylogenetic
clustering of 86 isolates based on MVLST, (66 isolates from the present study and 20 nonoutbreak isolates from Zhang et al. (2004). Isolates from Chen et al. (2005) were found to
share identical ST to the newly sequenced ECII isolates and thus were not included because
of limited space. A maximum parsimony tree was also constructed based on the
concatenated sequences and a similar tree topology was observed (data not shown).
The 63 isolates selected for evaluating discriminatory power were representative of different
serotypes, lineages and ribotypes of L. monocytogenes and were presumed to be unrelated.
MVLST identified 54 sequence types from the 63 isolates. Many epidemiologically
unrelated isolates differed by only one nucleotide difference in the virulence gene sequences.
Examples included BL0003 and BL9401; BL0035 and BL0050; BL0019, BL0031 and
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BL0034; BL0006 and BL0037. Among the 49 isolates that were not related to the outbreaks,
three isolates from the same food processing plant (BL0006, BL0007 and BL0028) had the
same MVLST sequence type, ribotype and pulsotype. BL0035, BL0044 and BL0048 also
had the same MVLST sequence type. Using Simpson’s index (Hunter and Gaston, 1988), the
discriminatory power (D) of MVLST was calculated to be 0.99.

Analysis of all outbreak isolates revealed that they had identical MVLST sequence types
within each outbreak (Table 3.1). Using the formula for epidemiological concordance (E)
developed by ESGPM (Struelens, 1996), E for MVLST was calculated to be 1.0 for each of
the outbreaks. Surprisingly, MVLST sequence types were also identical between different
outbreaks within each of the three well-identified epidemic clones (ECI, ECII and ECIII) and
thus clustered isolates in each epidemic clone (Table 3.1, Fig. 3.1). The isolates from the
coleslaw outbreak (Canada, 1981), the two soft cheese outbreaks (California, 1985 and
Switzerland, 1983-1987) had an identical sequence type (MVLST 20). The additional
isolates from the hotdog outbreak (US multistate, 1998-1999) and the turkey deli meat
outbreak (US multistate, 2002) sequenced in this study had an identical sequence type
(MVLST 19) as the ECII isolates sequenced in the study of Chen et al. (2005). The isolates
from the hotdog outbreak (US, 1989) and the turkey deli outbreak (US, 2000) also had an
identical MVLST sequence type (MVLST 1). MVLST identified another epidemic cluster
(MVLST 21), which included isolates from the vegetable outbreak (Boston, 1979) and the
pate outbreak (UK, 1989) from ECIa (Table 3.1). Kathariou (Kathariou, 2003) defined ECIa
as including the vegetable outbreak (Boston, 1979), the milk outbreak (Boston, 1983) and the
pate outbreak (UK, 1989) based on MEE and ribotyping (ribotype DUP-1042B) (De Cesare
et al., 2001). However, both MEE and ribotyping have relatively low discriminatory power.
For example, the ribotype DUP-1042B was found in the North Carolina outbreak (BL9201
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and BL9202), animal (BL 0005 and BL0025) and sporadic case (BL0030) isolates in the
present study. This ribotype was also found in various animal and environmental isolates and
even in some serotype 1/2b isolates (Nightingale et al., 2005) and therefore, this ribotype was
not unique to the three outbreaks. MVLST results showed that isolates from the Boston milk
outbreak have different sequence types from the isolates from the Boston vegetable outbreak
and the UK pate outbreak and therefore it was not considered as belonging to this epidemic
clone. The phylogenetic tree (Fig. 3.1) also revealed that ECII seemed to be more closely
related to ECI than this epidemic clone. Therefore, based on our MVLST results we renamed
EC1a to ECIV and excluded the Boston milk outbreak from this epidemic clone. Isolates
from the remaining five outbreaks analyzed in the present study could not be assigned to any
of the four epidemic clones, therefore, they were considered single-outbreak strains or
outbreak clones (Table 3.1, Fig. 3.1).

A minimum of 28 nucleotide substitutions were identified which provided the same
discriminatory power as MVLST (D = 0.99) (Table 3.3). A minimum of 16 nucleotide
substitutions were subsequently identified which differentiated all epidemic clones and
outbreak strains and separated them from all other unrelated isolates. These 16 nucleotide
substitutions provided a discriminatory power of 0.97 and an epidemiological concordance of
1.0.

To confirm that the 6-gene MVLST correctly differentiated epidemic clones and outbreak
strains, two additional virulence genes (inlA, actA) were selected and sequenced for isolates
from all fourteen outbreaks. Similar to the original 6 MVLST genes, all isolates within the
same epidemic/outbreak had identical sequences in inlA and actA and isolates from different
epidemics/outbreaks had different inlA and actA sequences.
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The neighbour-joining tree based on MVLST revealed three main clusters supported by
bootstrap values of 96, 99 and 99, respectively (Fig. 3.1). Cluster I contained isolates from
serotypes 4b, 3b, and 1/2b; cluster II contained isolates from serotypes 1/2a and 1/2c and
cluster III contained isolates from serotypes 4a, 4b and 4c (Fig. 3.1). These three clusters
corresponded to the three previously identified genetic lineages (I, II, and III) of L.
monocytogenes (Fig. 3.1). MVLST results also showed congruence with serotypes of L.
monocytogenes. Specifically, MVLST grouped all 56 serotype 4b isolates (except for isolates
BL0004 and BL0042) into a single large cluster as supported by a bootstrap value of 96 (Fig.
3.1). MVLST grouped all 1/2b isolates and a serotype 3b isolate into a single cluster,
although the bootstrap value was only 39. MVLST clustered all serotype 4a isolates,
although one serotype 4b isolate (BL0042) was also grouped in the same cluster (Fig. 3.1).
MVLST did not separate serotype 1/2a and 1/2c isolates into two distinct clusters, but all
serotype 1/2c isolates were in the same cluster and separated from most serotype 1/2a isolates
(Fig. 3.1).

Sequence variations in the original 6 MVLST loci of all 107 L. monocytogenes isolates were
determined (Table 3.4). The percentages of polymorphic nucleotide sites ranged from 8.10%
for prfA to 19.05% for dal and the nucleotide diversity ranged from 0.017 for prfA to 0.067
for dal. However, the 6 MVLST genes showed low levels of diversity among lineage I
isolates. Specifically, virulence gene sequences were highly conserved among the serotype
4b isolates, with no nucleotide polymorphism observed within each epidemic clone. The
percentages of polymorphic nucleotide sites ranged from 0 for clpP to 1.84% for inlB among
serotype 4b outbreak isolates (Table 3.4). The nucleotide diversity ranged from 0 for clpP to
0.0036 for inlB. Although clpP showed no polymorphism among outbreak isolates of
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serotype 4b, it showed moderate polymorphism among isolates of different serotypes or
lineages.

3.5 DISCUSSION

A set of criteria (discriminatory power, typeability, reproducibility, stability and
epidemiological concordance) have been established to evaluate different molecular
subtyping methods (Struelens, 1996; Struelens et al., 1998; Aires-de-Sousa et al., 2006).
Discriminatory power (D) is the probability that two unrelated strains sampled from the test
population will be placed into different typing groups (Hunter and Gaston, 1988). When
discriminatory power is evaluated, isolates are selected to represent geographically,
temporally and genetically distinct subtypes from the entire population, which are
presumably unrelated (Struelens, 1996). A good subtyping method must provide high
discriminatory power to distinguish epidemiologically unrelated isolates (Fussing et al., 1998;
Gerner-Smidt et al., 2006). High discriminatory power is also important for studying
population structures of bacterial pathogens (Maiden et al., 1998). In the past two decades,
researchers have targeted various genetic regions to increase discriminatory power of
subtyping methods (Meinersmann et al., 2004; Keys et al., 2005). However, high
discriminatory power does not guarantee that the subtyping method can provide
epidemiologically relevant information. For example, if a molecular subtyping method is too
discriminatory, it may generate discrete subtypes among epidemiologically related isolates,
and thus fail to identify an ongoing outbreak. Barrett et al. (2006) found that different PFGE
patterns were present in a single chain of Escherichia coli transmission and suggested that the
source of this outbreak might have been unidentified if epidemiologists had relied solely on
PFGE data. Molecular subtyping methods with too high discriminatory power may not be
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useful for assessing long-term epidemiology (Coenye and LiPuma, 2002), especially when
global distribution of clonal groups of infectious agents is explored because these methods
cannot establish genetic relationships and gain general insights about isolates from diverse
areas (Maiden et al., 1998).

Epidemiological concordance, sometimes referred to as epidemiological relevance (Hunter
and Gaston, 1988; Brosch et al., 1996; Cai et al., 2002; Hyytia-Trees et al., 2006), is another
important criterion for evaluating molecular subtyping methods for epidemiological
investigation. ESGEM (Struelens, 1996) defined epidemiological concordance as the
probability that epidemiologically related isolates from presumably single-clone outbreaks
are determined to be similar enough to be classified into the same clone. Therefore, the
concept of epidemiological concordance was distinguished from discriminatory power.
Epidemiological concordance drew less attention than discriminatory power in early studies
of molecular subtyping (Cai et al., 2002; Foley et al., 2004; Zhang et al., 2004), but has been
emphasized recently (Hyytia-Trees et al., 2006). Hyytia et al. (2006) used epidemiological
relevance as an important criterion when evaluating Multiple-Locus Variable-Number
Tandem Repeat Analysis (MLVA) as a second generation subtyping method for PulseNet.
They claimed MLVA possessed promising epidemiological relevance by correctly clustering
isolates belonging to eight well-characterized Escherichia coli O157:H7 outbreaks. Chiou et
al. (2006) demonstrated that by successfully identifying Shigella isolates from 4 outbreaks,
inter-IS1 spacer polymorphisms were good molecular markers for detecting and tracing the
spread of S. sonnei strains over periods of months or years (Chiou et al., 2006). Therefore, as
suggested by ESGEM (Struelens, 1996), both high discriminatory power and high
epidemiological concordance are essential criteria for molecular subtyping methods.
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In the present study, MVLST sequence types were identical within each epidemic clone and
outbreak strain and therefore provided data with high epidemiological concordance (E = 1.0).
It is noteworthy that the sequences of all 8 virulence genes (6 MVLST genes plus actA and
inlA) were identical within previously identified epidemic clones I, II and III (Table 3.1, Fig.
3.1). A review of the concepts of epidemic, outbreak and clone suggest that MVLST results
are epidemiologically meaningful. An outbreak is defined as a cluster of cases of a disease
caused by a source strain in excess of what is expected during a specified period of time
(Riley, 2004). An epidemic can be confined in time and place and represent an outbreak, be
more widespread in time and place and represent an epidemic, or be a pandemic if it spreads
globally (Riley, 2004). A clone has been defined as a group of isolates descended from a
recent common ancestor which possesses similar genetic characteristics (Ørskov and Ørskov,
1983). Therefore, isolates that are part of the same chain of transmission within an
epidemic/outbreak can be referred to as a clone (Chen et al., 2005) and according to
Wassenaar (2003) these isolates often have identical or similar subtypes. Riley (2004)
proposed a working definition of a clone as a group of isolates whose discrete typing data are
indistinguishable or similar by a specific subtyping method in an epidemiological setting.
Based on the MVLST results in the present study, it is reasonable to define an epidemic clone
of L. monocytogenes as epidemic isolates descended from a common ancestor whose
virulence gene sequences remain identical over time and place. Further research is needed to
determine whether or not other virulence gene sequences in L. monocytogenes are identical
within epidemic clones and outbreak strains. It was actually surprising that no sequence
variation was observed in the virulence loci between outbreaks spanning up to 11 years (1989
US outbreak and 2000 US outbreak caused by ECIII). This was especially surprising for inlA,
inlB and inlC as they code for surface proteins which were thought to be hypervariable
(Cabanes et al., 2002; Nelson et al., 2004). One possible explanation for this high virulence
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gene sequence conservation within epidemic clones is that virulence genes carry critical
functions for causing epidemics and thus may be under strong selective pressure to remain
unchanged. This is supported by the low dN/dS ratios (less than 1) of all virulence genes
analyzed in this study. Merino et al. (2002) identified a MutSL mismatch repair system in L.
monocytogenes and demonstrated that this system kept the gene sequences and virulence
highly conserved in pathogenic strains during in vivo passage in mice. Another possible
reason for this lack of virulence gene sequence variation within epidemic clones is that the
epidemic clones might have evolved relatively recently. Various factors may act together to
cause this conservation in virulence gene sequences.

Among the four epidemic clones of L. monocytogenes, ECI and ECIV caused pandemics
involving outbreaks in Europe and North America. One possible reason that epidemic clones
frequently cause outbreaks is that epidemic clones may have enhanced virulence compared to
isolates that are not associated with epidemics (Tompkin, 2002). If true, enhanced virulence
could be caused by the specific sequences in virulence genes unique to epidemic isolates
(Gray et al., 2004). Although this hypothesis was tested by different researchers, no
conclusive results were obtained (Jeffers et al., 2001; Gray et al., 2004). Another hypothesis
that may explain why certain lineages and strains cause more frequent foodborne illness is
that epidemic clones may have enhanced ability to colonize and persist in food processing
environments during inter-outbreak intervals. This hypothesis is supported by the fact that
ECIII isolates have been found to persist in the same food processing plant over a period of
around 11 years (Kathariou, 2003). Epidemic clones of L. monocytogenes may be
transmitted to other food processing plants by food handlers, transportation vehicles, pallets,
foods and/or food processing equipment (Tompkin, 2002). For instance, ECII isolates may
have been transmitted between meat processing plants both between and within states in the
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U.S. (Chen et al., 2005; Gottlieb et al., 2006). If true, the exact mechanism(s) by which
epidemic clones are transmitted between food processing plants remains unknown yet
intriguing. Another possible explanation is that isolates in these epidemic clones might have
a lower infectious dose than other L. monocytogenes isolates and therefore they are more
likely to cause listeriosis when consumed.

Incorporation of nucleotide substitutions specific for epidemic clones and other outbreak
isolates into a Single Nucleotide Polymorphism (SNP) genotyping strategy may allow rapid
identification of epidemic clones of L. monocytogenes. The set of 16 SNPs which were
capable of differentiating all epidemic clones and outbreak strains in the present study might
yield such a strategy (Table 3.3). Interestingly, although dal provided the largest
polymorphism among all isolates, exclusion of the nucleotide substitution in dal (position
149, Table 3.3) from the SNP analysis only failed to differentiate two unrelated non-outbreak
isolates (data not shown). Therefore, dal might be excluded from future MVLST-based
subtyping schemes to simplify the molecular epidemiological investigation of listeriosis
outbreaks.

In addition to accurately identifying all epidemic clones and outbreak strains of L.
monocytogenes, MVLST clusters I, II and III (Fig. 3.1) also showed congruence with the
three known genetic lineages (Wiedmann et al., 1997; Ward et al., 2004; Nightingale et al.,
2005). Most serotype 4b isolates were grouped into one cluster except for isolates BL0004
and BL0042. These two unusual serotype 4b isolates were identified as lineage III isolates,
which is also in agreement with previous studies (Wiedmann et al., 1997; Nightingale et al.,
2005). All 1/2b isolates were also clustered into one group, but with a low bootstrapping
value of 39. The observed congruence between MVLST and serotype 4b and 1/2b is
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consistent with the clonal population structure of L. monocytogenes lineage I isolates
(Nightingale et al., 2005). The congruence between lineage II and III serotypes and MVLST
sequence types was not as great as between MVLST results and lineage I serotypes. This is
also consistent with a previous finding that lineages II and III are highly diverse with
evidence of horizontal gene transfer (Nightingale et al., 2005), which tends to obscure the
genetic relationship suggested by sequence analysis (Cooper and Feil, 2004). The
congruence between MVLST clusters and lineages of L. monocytogenes argues that virulence
gene sequences contain phylogenetic signals. The phylogenetic tree generated by MVLST
provided information on the clustering of L. monocytogenes from different serotypes and
lineages as supported by high bootstrap values (Fig. 3.1). However, it did not provide
adequate information for studying population biology, evolution history and the genetic
relationship between different lineages of L. monocytogenes because no suitable outgroup
was available to root this tree.

MLST strategies utilizing housekeeping genes have been used to successfully differentiate
and subtype isolates of L. monocytogenes (Salcedo et al., 2003; Revazishvili et al., 2004).
MLST is also very useful for studying population genetics of bacterial species (Enright and
Spratt, 1999). MLST using housekeeping genes provided population structures which were
typically more reliable than other genes (Cooper and Feil, 2004) because housekeeping genes
generally evolve slowly and thus are highly conserved (Meinersmann et al., 2004). However,
their utility for investigating listeriosis outbreaks remains unproven. Salcedo et al. (2003)
and Meinersmann et al. (2004) both developed MLST schemes using housekeeping genes to
subtype L. monocytogenes. They found that MLST provided satisfactory discriminatory
power and reliable population structure, but they did not evaluate the epidemiological
concordance of MLST using outbreak-related isolates. Revazishvili et al. (2004) used four
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housekeeping genes and two virulence genes in a MLST scheme for subtyping L.
monocytogenes. MLST did not show good correlation with serotypes of L. monocytogenes
and failed to cluster isolates within the same lineages (Revazishvili et al., 2004). Attempts at
using MLST for epidemiological typing of other pathogens have not demonstrated that it
provides good epidemiological relevance. For example, Lemee et al. (2004) used
housekeeping genes in a MLST scheme to subtype clinical isolates of Clostridium difficile
and found that MLST sometimes failed to cluster isolates from the same clinical lineages and
also failed to separate isolates from different clinical lineages. Sails et al. (2003) developed a
MLST scheme using housekeeping genes for subtyping outbreak isolates of Campylobacter
jejuni and found that MLST failed to separate some epidemiologically unrelated isolates and
cluster some epidemiologically related isolates. In summary, while MLST using
housekeeping genes is useful for studying population genetics it has not been proven to
provide high epidemiological relevance for investigating L. monocytogenes outbreaks. To
validate this, MLST could be directly compared with MVLST using the same set of isolates
analyzed in the present study.

Fragment-based subtyping methods like PFGE have greatly aided the epidemiological
investigation of foodborne pathogens including L. monocytogenes. While PFGE is highly
discriminatory, it does not always accurately identify the existing epidemic clones of L.
monocytogenes. For example, isolates within the same epidemic clone or outbreak of L.
monocytogenes did not always have an identical pulsotype. The AscI- and ApaI-PFGE
patterns of some isolates from the Canada outbreak and the Switzerland outbreak differed by
2 to 3 bands although these two outbreaks belonged to the same epidemic clone (Buchrieser
et al., 1993). In contrast, the AscI-PFGE patterns of isolates from the outbreaks in California
and North Carolina differed by only one band (Buchrieser et al., 1993), but they did not
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belong to the same epidemic clone (Table 3.1, Fig. 3.1). The AscI- and ApaI-PFGE patterns
of some ECII isolates from the US outbreaks in 1998-1999 and 2002 also differed by 1 to 2
bands (Chen et al., 2005). Some other studies also showed that isolates of L. monocytogenes
that have identical PFGE patterns were found to be epidemiologically unrelated (Lukinmaa et
al., 2004; Okwumabua et al., 2005). Therefore, as suggested by Struelens et al. (1998) and
Foxman et al. (2005), sometimes it is difficult to correlate PFGE band differences to genetic
relatedness of different isolates. AscI-PFGE and ApaI-PFGE provided different levels of
epidemiological relevance when subtyping isolates within individual outbreaks. For example,
in the Switzerland outbreak, and the US outbreaks in 1998-1999 and 2002, isolates within
individual outbreaks had different ApaI-PFGE patterns (Buchrieser et al., 1993; Chen et al.,
2005; Graves et al., 2005), which can lead to incorrect separation of epidemiologically related
isolates from the outbreak and thus confound the epidemiology of these outbreaks (Chen et
al., 2005; Kathariou et al., 2006). In contrast, AscI-PFGE accurately clustered isolates within
individual outbreaks and accurately separated isolates between the two outbreaks, and thus
was useful for short-term epidemiology in this case. Therefore, in the case of ECII outbreaks,
combining MVLST (identification of the epidemic) with AscI-PFGE (separation of outbreaks
within the epidemic) clarified both the long-term and short-term epidemiology of these
listeriosis outbreaks (Chen et al., 2005). Unlike PFGE, isolates within the same epidemic
clone always had the same ribotypes (Table 3.1). However, this can be explained by the
insufficient discriminatory power of ribotyping due to high conservation in 16S and 23S
RNA genes (Struelens, 1998). For example, an isolate from the ice cream outbreak in
Pennsylvania had the same ribotype (DUP-1038B) as ECI outbreak isolates, but this isolate
did not belong to ECI as indicated by MVLST (Fig. 3.1) and various other subtyping methods
(Kathariou, 2003). In another study Nightingale et al. (2005) also reported that L.
monocytogenes isolates with the same ribotype could be found in multiple clonal groups.
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Therefore, an identical ribotype does not always indicate an epidemic clone. PFGE and
ribotyping both target variations within and between restriction sites that are unlikely to
affect the ability of isolates to cause outbreaks. This may explain why fragment-based
subtyping methods, such as PFGE and ribotyping, sometimes cannot provide high
epidemiological relevance.

A basic premise of molecular subtyping is that isolates that are part of the same chain of
transmission are descendents of the source strain and can be referred to as a clone (Chen et
al., 2005). During the spread of the source strain or even during the isolation, passage and
storage of isolates in the laboratories, isolates within the same epidemic clone may obtain
minor genetic variations and thus demonstrate different subtypes (Tenover et al., 1995). A
good subtyping scheme should still be able to demonstrate the close relatedness of the
isolates within the same epidemic clone (Chen et al., 2005). The current 6-gene MVLST
scheme provided subtyping data that agreed with other fragment-based subtyping methods
and also provided very high discriminatory power (D = 0.99) and epidemiological
concordance (E = 1.0). Virulence genes are probably excellent markers for investigating
molecular epidemiology of L. monocytogenes because virulence factors are critical for
causing epidemics and outbreaks of listeriosis. Unlike fragment-based subtyping methods,
MVLST does not need to be combined with other subtyping methods to provide accurate
information on epidemic clones, serotypes and lineages of L. monocytogenes. Furthermore,
MVLST is highly stable and reproducible and the sequence data are unambiguous and
electronically portable (Aires-de-Sousa et al., 2006). In the future, this sequence-based
approach might be enhanced by including other virulence genes and/or other genes
responsible for causing epidemics, such as genes that play a role in virulence gene regulation
and those that help this pathogen to be transmitted to humans (Riley, 2004; Chen et al.,
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2005). For example, genes involved in biofilm formation, competition with other organisms,
resistance to cleaning and sanitizing chemicals and growth of L. monocytogenes in RTE
foods at refrigeration temperatures would be expected to enhance the ability of this pathogen
to be transmitted to humans and cause disease (Tompkin, 2002). Therefore, combining
virulence genes with these additional “transmission” genes might result in a multi-epidemiclocus sequence typing (MELST) strategy. However, it should always be kept in mind that
molecular epidemiology and conventional epidemiology must complement and support one
another in order to ensure accurate epidemiology (Gerner-Smidt et al., 2006).
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Table 3.1 Sources, lineages and subtypes of the 66 representative isolates sequenced in this
study
Isolate ID

Previous IDa

Serotypea

Ribotypea

MVLSTb

4b
4d
4b
4b

DUP-1038B
DUP-1038B
DUP-1038B
DUP-1038

20
20
20
20

4b
4b
4b

DUP-1038B
DUP-1038B
DUP-1038B

20
20
20

4b
4b
4b

DUP-1038B
DUP-1038B
DUP-1038B

20
20
20

I
I
I

4b
4b
4b

DUP-1044
DUP-1044
DUP-1044

19
19
19

I
I
I
I
I
I
I

4b
4b
4b
4b
4b
4b
4b

DUP-1044A
DUP-1044A
DUP-1044A
DUP-1044A
DUP-1044A
DUP-1044A
DUP-1044A

19
19
19
19
19
19
19

II
II

1/2a
1/2a

DUP-1053A
DUP-1053A

1
1

II
II

1/2a
1/2a

DUP-1053Ae
DUP-1053A

1
1

Human
Human
Food

I
I
I

4b
4b
4b

DUP-1042B
DUP-1042B
DUP-1042B

21
21
21

Human

I

4b

DUP-1042

21

I
I
I

4b
4b
4b

DUP-1042B
DUP-1042B
DUP-1042B

31
31
31

I
I

4b
4b

DUP-1042B
DUP-1042B

30
30

I

4b

DUP-1038B

29

II

1/2a

DUP-1030

33

I
I

1/2b
1/2b

DUP-1051B
DUP-1051B

32
32

Sourcea

Lineagea

Epidemic Clone I (Kathariou, 2003)

1981 Canada coleslaw outbreak* (WHO c, Health Canada)
BL1301
FSL J1-108
Human
I
BL1302
FSL J1-107
Human
I
BL1303
FSL J1-003
Human
I
BL1304
FSL N3-008
Food
I
1985 California soft cheese outbreak* (WHO)
BL1201
FSL J1-002
Human
I
BL1202
FSL J1-119
Human
I
BL1203
FSL J1-110
Food
I
1983-1987 Switzerland soft cheese outbreak* (WHO)
BL1101
FSL J1-123
Human
I
BL1102
FSL J1-126
Human
I
BL1103
FSL N3-022
Food
I

Epidemic Clone II (Kathariou, 2003)
1998 Sara Lee hotdog outbreak (CDC)
BL2101
H2444
NAd
BL2102
H3396
NA
BL2103
H6383
NA
2002 US turkey deli outbreak (CDC)
BL2201
J1838
NA
BL2202
J2230
NA
BL2203
J2685
NA
BL2204
J3006
NA
BL2205
J3033
NA
BL2206
J3200
NA
BL2207
J3238
NA

Epidemic Clone III (Kathariou, 2003)
2000 US Turkey deli outbreak* (CDC)
BL3201
FSL R2-603
Food
BL3202
FSL R2-499
Food
1989 US hot dog outbreak* (WHO)
BL3101
FSL N3-031
Food
BL3102
FSL J1-101
Human

Epidemic Clone IV (Kathariou, 2003)
1989 UK pate outbreak* (WHO)
BL4101
FSL J1-129
BL4102
FSL J1-116
BL4103
FSL N3-013
1979 Boston vegetable outbreak
BL4201
FSL J1-220

Other Outbreaks
1983 Boston milk outbreak
BL9101
FSL J1-225
Human
BL9102
FSL R2-578
Human
BL9103
FSL R2-583
Human
2000 North Carolina soft cheese outbreak* (CDC)
BL9201
FSL R2-500
Food
BL9202
FSL R2-501
Human
1987 Pennsylvania ice cream outbreak
BL9301
FSL J1-012
Human
1981 UK Carlisle outbreak
BL9501
FSL J1-105
Human
1994 Illinois chocolate milk outbreak* (WHO)
BL9401
FSL R2-502
Food
BL9402
FSL R2-503
Human
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Non-outbreak Isolates
BL0002
BL0003
BL0006
BL0007
BL0026
BL0027
BL0028
BL0029
BL0030
BL0031
BL0032
BL0033
BL0034
BL0035
BL0036
BL0037
BL0038
BL0039
BL0040
BL0041
BL0042
BL0043
BL0044
BL0045
BL0046
BL0047
BL0048
BL0049
BL0050

a

FSL N1-014
FSL N1-011A
3562
3563
FSL J2-044
FSL N3-010
3564
FSL F2-239
FSL F2-601
FSL H1-030
FSL F2-293
FSL S4-436
FSL H1-051
FSL L3-151
FSL F2-032
FSL F2-373
FSL N4-588
FSL R2-219
FSL F3-831
FSL S6-016
FSL F2-525
FSL F2-663
FSL C1-387
FSL F2-695
FSL F2-655
3569
3571
3580
3583

Food
Environmental
Food environment
Food environment
Animal
Food
Plant B
Food
Human sporadic
Food environment
Food
Environment
Food environment
Food environment
Food
Food
Environment
Food environment
Food environment
Environment
Human sporadic
Human sporadic
Food
Human sporadic
Human sporadic
Food environment
Food environment
Food environment
Food environment

II
I
NA
NA
I
I
NA
I
I
NA
I
NA
NA
NA
II
II
NA
NA
NA
NA
III
II
II
III
III
NA
NA
NA
NA

1/2a
1/2b
NA
NA
4b
4b
NA
1/2b
4b
NA
1/2b
NA
NA
NA
1/2a
1/2a
NA
NA
NA
NA
4b
1/2a
1/2a
4a
NA
NA
NA
NA
NA

NA
NA
DUP-1041
DUP-1041
DUP-1042
NA
DUP-1041
DUP-1042C
DUP-1042B
DUP-1045B
DUP-1031A
DUP-1025A
DUP-1039C
DUP-1039A
DUP-1045B
DUP1039C
DUP-1045B
DUP-1062A
DUP-1045A
NA
DUP-1061A
DUP-1054C
DUP-1039B
DUP-1061A
DUP-1061A
DUP-1030
DUP-1039
DUP-1062
DUP-1023

34
35
36
36
37
38
36
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
45
54
55
56
45
57
58

Isolates and information (sources, serotypes, ribotypes and pulsotypes) were obtained from Cornell Food Safety Laboratory,

US CDC and a meat processing plant.
b

Sequence types were assigned according to Zhang et al. (2004)

c

Health agencies that characterized the outbreaks are included in parenthesis following the name of the outbreaks. Isolates

from the outbreaks followed by an asterisk were designated by ILSI N.A. as standard set of isolates for validating molecular
subtyping methods.
d

NA, Not available

e

Ribotyping patterns followed by a capital letter indicate sub-ribotype (i.e. DUP-1053A is a sub-ribotype of ribogroup

DUP-1053).
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Table 3.2 Primer sequences, size of fragment and percent coverage of complete coding
sequence (CDS) for each gene analyzed in this study

Gene

Size (bp) of
fragment
MVLST genes

Coverage of
complete CDS (%)

PCR and sequencing primers (5´ to 3´)

Reference

prfA

469

65.69

AACGGGATAAAACCAAAACCA (F)
TGCGATGCCACTTGAATATC (R)

(Zhang et al., 2004)

inlB

433

22.87

CATGGGAGAGTAACCCAACC (F)
GCGGTAACCCCTTTGTCATA (R)

(Zhang et al., 2004)

inlC

418

46.91

CGGGAATGCAATTTTTCACTA (F)
AACCATCTACATAACTCCCACCA (R)

(Zhang et al., 2004)

Dal

441

41.10

GGTTTCTGCGTAGCCATTTT (F)
GGAAGGGGTCAATCCATACA (R)

(Zhang et al., 2004)

clpP

419

70.18

CCAACAGTAATTGAACAAACTAGCC (F)
GATCTGTATCGCGAGCAATG (R)

(Zhang et al., 2004)

lisR

448

65.70

CGGGGTAGAAGTTTGTCGTC (F)
ACGCATCACATACCCTGTCC (R)

(Zhang et al., 2004)

GCTTTCAGCTGGGCATAAC (F)
ATTCATTTAGTTCCGCCTGT (R)

This study

Additional virulence genes
inlA

458

19.01

actA

582

32.01

AAGAGGTAAATGCTTCGGACT (F)

ATTCCATTTAGTTCCGCCTGT (R)
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This study

Table 3.3 Nucleotide substitutions at the 28 nucleotide polymorphic sites in the 6 MVLST
genes which were capable of differentiating all epidemiologically unrelated isolates
analyzed in this study
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SNP Locations in the Six Virulence Genes
a

ECIb
ECII
ECIII
ECIV
Boston milkb
NC soft cheese
PA ice cream
IL milk
UK Carlisle

prfA
* *
1 3
8 2
3 1
C C
· ·
· T
· ·
· ·
T ·
· ·
· ·
· ·

BL0002
BL0003
BL0004
BL0005
BL0008
BL0009
BL0010
BL0011
BL0012
BL0013
BL0014
BL0015
BL0016
BL0017
BL0018
BL0019
BL0020
BL0021
BL0022
BL0023
BL0024
BL0025
BL0026
BL0027
BL0028
BL0029
BL0030
BL0031
BL0032
BL0033
BL0034
BL0035
BL0036
BL0037
BL0038
BL0039
BL0040
BL0041
BL0042
BL0043
BL0044
BL0045
BL0046
BL0047
BL0048
BL0049
BL0050

·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·

Isolates

T
·
T
·
T
T
T
·
T
T
T
·
·
T
T
T
·
T
T
T
·
·
·
·
T
·
·
T
·
·
T
T
T
T
T
T
T
T
T
T
T
T
T
T

3
6
3
C
·
·
·
·
·
·
·
·

inlB
*
2 3
5 9
2 1
4 0
3 8
G C G A
· · · ·
· · · ·
· · · T
· · · T
· T · ·
· · · ·
· T · ·
A · A ·

*
3
7
0
G
·
·
A
A
·
·
·
·

·
·
·
·
·
·
·
·
·
·
·
T
·
·
·
·
T
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·

·
·
·
·
A
A
·
·
A
A
·
·
·
·
A
A
·
·
·
·
·
·
·
·
A
·
·
A
·
·
A
A
A
A
·
·
·
A
·
A
A
·
·
A
A
A
A

·
·
·
A
·
·
A
·
·
·
A
·
·
·
·
·
·
·
·
A
·
·
A
A
·
·
·
·
·
·
·
·
·
·
·
·
·
·
A
·
·
A
A
·
·
·
·

*

*

·
T
·
·
·
T
·
T
T
T
·
T
T
·
·
·
T
·
·
·
·
T
·
·
T
T
T
T
T
·
·
·
T
·
T
·
·
·
·
·
·
·
·
·
·
·

·
·
·
·
·
·
·
·
·
·
·
·
·
A
·
A
·
·
·
·
·
·
·
·
·
·
·
A
·
·
A
·
·
·
·
·
·
·
·
·
·
·
·
A
·
A
·

·
·
·
T
·
·
T
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
T
T
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
T
·
·
·
·

*

*

inlC
*

dal

clpP

3
7
2
T
·
G
·
·
·
·
G
A

*
4
2
0
T
·
C
·
·
·
C
C
C

*
4
2
1
C
·
·
·
·
·
·
·
·

*
1 2
1 4 7
6 4
7 7 5
7 2
C G G C T
· T A · C
T · · · ·
· · · · ·
· · · · ·
· T A · C
· T A · C
· T A · C
· · · · ·

4
1
3
A
·
·
·
·
·
·
·
·

1
9
4
G
·
T
·
·
·
·
·
T

1
5
5
C
·
·
·
·
·
·
·
·

3
5
5
A
·
G
·
·
·
·
·
G

4
0
0
G
·
·
·
·
·
·
·
·

G
G
G
·
A
A
·
G
A
A
·
G
G
A
G
A
G
·
G
·
·
·
·
·
A
G
·
A
G
G
G
A
G
A
G
G
G
A
·
A
A
·
·
A
A
A
A

C
·
·
·
C
C
·
C
C
C
·
C
C
C
C
C
C
·
·
·
·
·
·
·
C
·
·
C
C
C
C
C
C
C
C
C
C
C
·
C
C
·
·
C
C
C
C

·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
T
T
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·

·
·
·
·
·
T
·
·
T
·
·
·
·
·
T
T
·
·
·
T
·
·
·
·
T
·
·
T
·
·
T
T
T
T
T
·
T
T
·
T
T
·
·
T
T
T
T

·
·
·
·
·
C
·
·
·
·
C
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
C
·
·
C
C
·
·
·
·

T
·
·
·
T
T
·
·
T
T
·
·
·
·
T
T
·
·
·
·
·
·
·
·
T
·
·
T
·
·
T
T
T
T
T
·
T
T
·
T
T
·
·
T
T
T
C

·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
T
·
·
·
·
·
·
·
·
T
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·

G
·
·
·
G
G
·
·
·
G
·
·
·
G
G
G
·
·
·
·
·
·
·
·
G
·
·
G

·
·
·
·
·
·
A
·
·
·
·
·
·
·
·
·
·
·
·
A
·
A
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
A
·
·
A
A
·
·
·
·

T
T
·
T
·
·
·
·
·
·
·
T
·
·
·
·
·
·
·
·
·
T
·
·
·
T
T
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
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A
A
·
A
·
·
·
A
·
·
·
A
·
·
·
·
A
·
·
·
A
A
·
·
·
A
A
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·

·
·
T
·
·
·
·
·
·
·
·
·
·
·
T
T
·
·
·
T
·
·
·
·
·
·
·
T
·
·
T
T
·
·
·
·
T
·
·
T
T
·
·
T
T
T
T

C
C
·
C
·
·
C
C
·
·
C
C
C
·
·
·
C
C
C
·
C
C
·
·
·
C
C
·
·
·
·
·
·
·
·
·
·
·
C
·
·
C
C
·
·
·
·

G
G
G
G
G
G
·
G
G
·
G
G
·
·
G
G
G
G

*

*

4
9

8
5

C
T
T
·
·
T
·
·
T

C
·
·
·
T
·
·
·
·

T
·
·
T
T
T
·
T
T
T
·
T
T
T
T
T
T
·
·
·
·
T
T
·
T
·
T
T
T
T
T
T
T
T
T
T
T
T
·
T
T
·
·
T
T
T
T

·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·

lisR
*
3 3
1 2
3 8
G C
· ·
· ·
· ·
· ·
· ·
· ·
· ·
· ·

*
3
6
7
T
·
·
·
·
·
·
·
·

3
8
7
G
·
·
·
·
·
·
·
·

4
3
3
C
·
T
·
·
·
·
·
·

A
·
A
·
·
·
A
·
·
·
A
·
·
·
·
·
·
A
A
A
·
·
·
·
·
·
·
·
·
·
·
·
·
·
A
·
·
·
·
·
·
A
A
·
·
·
·

·
G
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·

·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
C
·
·
·
·
·
·
·
·
·
·
·
·
·

T
T
·
·
·
T
T
T
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
T
·
T
T
·
·
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T

·
·
T
·
·
·
T
·
·
·
T
·
·
·
·
·
·
T
T
T
·
·
·
·
·
·
·
T
·
·
T
·
·
·
T
·
·
·
T
·
·
T
T
·
·
·
·

a

Locations of the variable nucleotide sites in the virulence genes are shown by the numbers
above. Position numbers that are bold and start with an asterisk represent the set of 16
nucleotide substitutions capable of differentiating all epidemic clones and outbreaks.
Identical nucleotides at each polymorphic site are indicated by periods.
b

All isolates within each epidemic clone or outbreak
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Table 3.4 Descriptive analysis of nucleotide sequence data in all isolates, lineage I isolates
and outbreak isolates of serotype 4b
% of
polymorphic
sites
8.10
12.24
8.31
19.05
9.55
14.1

No. of
synonymous
mutations
33
39
22
70
38
57

No. of
nonsynonymous
mutations
6
15
14
14
5
7

dN/dSa

π/siteb

prfA
inlB
inlC
dal
clpP
lisR

No. of
polymorphic
sites
38
53
36
84
40
63

0.015
0.080
0.115
0.063
0.020
0.004

0.017
0.039
0.020
0.067
0.028
0.031

Lineage I
isolates

prfA
inlB
inlC
dal
clpP
lisR

11
25
3
7
15
8

1.71
5.77
0.72
1.36
3.58
1.79

10
20
1
6
13
5

1
5
2
1
2
3

0.017
0.139
0.605
0.074
0.067
0.064

0.0033
0.023
0.004
0.048
0.0005
0.004

Outbreak
isolates of
serotype 4b

prfA
inlB
inlC
dal
clpP
lisR

3
8
3
5
0
3

0.64
1.84
0.72
1.13
0
0.67

2
5
1
4
0
3

1
3
2
1
0
0

0.058
0.377
0.572
0.074

0.0015
0.0036
0.0017
0.0027
0
0.0028

Isolates

Gene

All isolates

a
b

dN/dS was not calculated when number of nonsynonymous mutations was 0.
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Figure 3.1 Unrooted neighbour-joining tree of 86 L. monocytogenes isolates based on the
number of nucleotide differences in the 6 MVLST virulence gene fragments analyzed.
Bootstrap values (1,000 replications) are shown at the interior branches. Lineage (i.e. I, II, III)
and serotype (i.e. 4b, 1/2a, 1/2b) information for each isolate are included after the isolate ID
number. Isolates from Zhang et al. (2004) were assigned to new BL (Borland Laboratory) ID
numbers and marked with asterisks in the figure.
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4.1 ABSTRACT

Multi-virulence-locus sequence typing (MVLST) identified single nucleotide polymorphisms
(SNPs) that could distinguish epidemic clones of L. monocytogenes, however, it could not
distinguish outbreak clones within each epidemic clone. In the present study, sequence
comparisons using published sequence data identified SNPs that can separate outbreak clones
of ECI and ECIII. Analysis of AscI-PFGE patterns using ligation-mediated (LM) PCR
identified SNPs that could separate the two outbreak clones of ECII. SNPs in prophage
regions that could separate outbreak clones within ECIII and ECIV were subsequently
identified. The combination of these SNPs and those identified by MVLST provide
epidemiological markers for investigating both long-term and short-term epidemiology of L.
monocytogenes.
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4.2 INTRODUCTION

Listeria monocytogenes is an opportunistic intracellular foodborne pathogen which can cause
listeriosis, a severe disease with a high case fatality rate (20% to 30%) especially in
immunocompromised populations. Previous molecular subtyping studies have identified four
major epidemic clones of L. monocytogenes (ECI, ECII, ECIII, and ECIV) which caused
multiple outbreaks worldwide (Chen et al., 2007; Kathariou, 2002). An epidemic clone can
be defined as a group of asexually transmitted isolates that are part of the same chain of
transmission in one epidemic and thus are the descendants of the source strain (Chen et al.,
2005; Ørskov et al., 1983), while an outbreak clone can be defined as a group of asexually
transmitted isolates associated with one outbreak. Among the epidemic clones of L.
monocytogenes, epidemic clone I (ECI) is a serotype 4b cluster, which was associated with
outbreaks linked to consumption of contaminated coleslaw (Nova Scotia, 1981), soft cheese
(Switzerland, 1983 to 1987, and California, 1985), and pork tongue (France, 1992) and
possibly some other outbreaks (Kathariou, 2002). ECII was associated with an outbreak
linked to contaminated hot dogs (U.S., 1998-1999) and an outbreak linked to contaminated
turkey deli meats (U.S. 2002) (Chen et al., 2005; Kathariou et al., 2006). ECIV (Chen et al.,
2007) is another serotype 4b cluster which caused an outbreak linked to contaminated Pâté
(United Kingdom, 1988) and an outbreak linked to contaminated vegetable consumption
(Boston, 1979). ECIII isolates are serotype 1/2a isolates which caused outbreaks linked to
contaminated hot dogs (United States, 1989) and turkey deli meats (United States, 2000)
manufactured in the same food processing plant. Isolates within an epidemic clone are
genetically closely related and often have close or indistinguishable molecular subtypes as
determined by various subtyping techniques such as ribotyping and pulsed field gel
electrophoresis (PFGE) (Kathariou, 2002). Chen et al. (2007) demonstrated that isolates
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within each epidemic clone had identical sequence types as determined by a multi-virulencelocus sequence typing (MVLST) scheme which targeted internal regions of prfA, inlB, inlC,
clpP, dal and lisR (Zhang et al., 2004). Tracking epidemic clones of L. monocytogenes is
important for understanding the long-term transmission of this pathogen and establishing
efficient surveillance systems for its control. In addition, for short-term epidemiology
purposes, differentiation of outbreak clones in the same epidemic clone is often needed to
identify the source of specific outbreaks and to study the transmission and evolution of
different outbreak clones within the same epidemic clone. Ducey et al. (2007) sequenced 7
genomic regions covering 29 Kbp of the L. monocytogenes genome and identified three
single nucleotide polymorphisms (SNPs) in hly, dnaE and inlB that could distinguish the
three outbreak clones of ECI. Recently completed whole genome sequences of four ECIII
isolates made possible the identification of SNPs that could separate different ECIII isolates
(www.broad.mit.edu). However, there have been no reports validating the epidemiological
relevance of SNPs in ECIII. In addition, there have been no reports of SNPs that can
differentiate the L. monocytogenes outbreak clones of ECII and ECIV. Lomonaco et al.
(unpublished data) further identified hypervariable regions of 5 housekeeping genes and 8
virulence genes (lplA1, pgdA, srtA, inlJ, bsh, hly, actA, PTS, inlB, dnaE, truB, purM, and
hisC) and sequenced those regions in ECII and ECIV isolates. However, no variations were
observed in different isolates within ECII or ECIV. Therefore, the primary objective of the
present study was to identify and validate SNPs that could differentiate outbreak clones
within epidemic clones II, III and IV. These SNPs could be incorporated into sequence-based
or SNP-based subtyping schemes for investigating the epidemiology of L. monocytogenes.

In the present study identification of SNPs started with ECII because this epidemic clone
caused two significant recent U.S. multistate listeriosis outbreaks (Chen et al., 2005).
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Kathariou et al. (2006) utilized whole genome macroarray analysis to subgroup ECII isolates
and found that hybridization array signals based on prophage and internalin regions could
subgroup ECII isolates into three different clusters. However, their whole genome
macroarray strategy still could not differentiate the 1998 outbreak isolates as a group from the
2002 outbreak isolates (Kathariou et al., 2006). Graves et al. (2005) and Kathariou (2006)
reported that ApaI-PFGE could subgroup ECII isolates into four closely related clusters with
two clusters containing both 1998 outbreak isolates and 2002 outbreak isolates. In summary,
isolates within each ECII outbreak clone had different genomic macroarray profiles and
ApaI-PFGE patterns, which complicated the short-term epidemiology of these two ECII
outbreaks. In addition, since isolates in each outbreak have distinctive genotypes, they may
be considered as different strains according to the definition of strain given by the European
Study Group on Epidemiological Markers (Struelens, 1996). Therefore, we propose
“outbreak clone” as a better term to describe different strains involved in the same outbreak,
rather than the traditional term “outbreak strain” (Graves et al., 2005). Previously, AscIPFGE was the only subtyping method that could distinguish the 1998 outbreak isolates as a
group from the 2002 outbreak isolates (Fig. 1). However, the molecular mechanism that
caused the AscI-PFGE banding pattern difference between the 1998 outbreak clone and the
2002 outbreak clone was unknown because the whole genome sequence of the 2002 outbreak
clone had not been reported. In-silico AscI-PFGE analysis of the 1998 outbreak clone using
GeneTool 2.0 (BioTools, Inc., Edmonton, Canada) yielded a hypothetical AscI-PFGE pattern
that was quite different from the observed AscI-PFGE pattern (data not shown), which also
made the identification of the molecular mechanism underlying the PFGE pattern difficult.
Figure 1 shows the AscI-PFGE patterns of the 1998 outbreak clone and 2002 outbreak clone
obtained from PulseNet. The only differences between the two PFGE patterns are the ~650
Kbp fragment in the 1998 outbreak clone and the ~320 Kbp and ~330 Kbp fragments in the
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2002 outbreak clone (Fig. 1). One hypothesis regarding the cause of this banding pattern
difference is that a point mutation generated an AscI restriction site (5’-GG^CGCGCC-3’)
which split the ~650 Kbp fragment into the ~320 Kbp and ~330 Kbp fragments. Therefore,
the first objective of the present study was to test this hypothesis by identifying the mutation
that caused the AscI-PFGE banding pattern difference between the two outbreak clones.

4.3 MATERIALS AND METHODS

Genomic comparison DNA sequences were obtained from GenBank, the microbial whole

genome database from the Institute for Genomic Research website (www.tigr.org) and the
Broad Institute of Harvard and MIT website (www.broad.mit.edu). Multiple sequence
alignments were performed using molecular evolutionary genetics analysis software (MEGA
version 3.0) (Kumar et al., 2004).
Analysis of PFGE patterns using ligation-mediated PCR for discovery of SNPs that can
separate outbreak clones within ECII. Ligation-mediated PCR (LM-PCR) was utilized to

amplify the end segments of the ~320 Kbp and ~330 Kbp AscI-PFGE macrorestriction
fragments from J1816, a reference isolate of the 2002 outbreak clone. AscI-PFGE analysis of
J1816 was performed following the standardized protocol of the U.S. Centers for Disease
Control and Prevention (CDC) (Graves et al., 2001). The ~320 Kbp and ~330 Kbp fragments
were excised together from the PFGE gel and digested using the restriction enzyme, MspI
(New England BioLabs, MA) following the manufacturer’s instructions. After digestion with
MspI, DNA from two gel slices was extracted using a Qiagen Gel Extraction kit (Qiagen,
CA). The extracted DNA was incubated with MspI again for one hour to ensure complete
digestion. An AscI adapter was obtained by annealing two oligos :5’GAATACGGTACTACCTGCTA-3’ and 5’-CGCGTAGCAGGT-3’ and the primer that
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targeted the AscI adapter (referred to as AscI primer) was 5’TACGGTACTACCTGCTACGCG-3’. A MspI adapter was prepared by annealing two
oligos 5’-GTACTAGCTGGATAGACTGAAG-3’ and 5’-CGCTTCAGTCTA-3’ and the
primer that targeted the MspI adapter (referred to as MspI primer) was 5’TAGCTGGATAGACTGAAGCG-3’. All oligos were synthesized at the Nucleic Acid
Facility at The Pennsylvania State University. The digestion mixture was then mixed with 1
µl of 10 µM AscI adapter and 1 µl of 10 µM MspI adapter and incubated with T4 DNA ligase
overnight at room temperature following the manufacturer’s instructions. After ligation,
proteins in the reaction mix were precipitated and removed by phenol/chloroform and DNA
was further purified using a Mo Bio DNA purification kit (Mo Bio Laboratories, CA).
Purified DNA was then mixed with 1 µl of 10 µM AscI primer and 1 µl of 10 µM MspI
primer and PCR master mix (Qiagen, CA) to a final volume of 50 µl. PCR was then
performed using a Mastercycler thermocycler (Eppendorf Scientific, Hamburg, Germany)
with an initial extension step at 72°C for 3 min, 94°C for 1 min and 72°C for 3 min prior to
30 cycles of 1 min at 94 °C, 1 min at 45°C and 1 min at 72°C; followed by a final extension
step of 72°C for 8 min. The PCR reaction mixture was mixed with 6×loading buffer and
separated on a 1.5% agarose gel in 0.5×TBE buffer. PCR products were visualized by
ethidium bromide staining and excised from the gel. DNA from each gel slice was extracted
using a Qiagen Gel Extraction kit (Qiagen, CA). DNA cycle-sequencing reactions (CSR)
were performed at the Pennsylvania State University Shared Nucleic Acid Facility using a
MJ Research Tetrad thermocycler, 3´BigDye-labeled dideoxynucleotide triphosphates (v 3.1
dye terminators) and protocol #43032337 (Applied Biosystems, Foster City, CA). CSR
products were separated and analyzed on an ABI 3730XL DNA Analyzer using the ABI Data
Collection Program (v 2.0). Data were analyzed with ABI Sequencing Analysis software (v
5.1.1). Both MspI primer and AscI primer were used as sequencing primers in separate runs.

148

DNA sequences were compared with the whole genome sequence of a reference isolate of the
1998 outbreak clone (H7858) by web-based BLAST provided by The Institute for Genomic
Research (TIGR) at www.tigr.org.

PCR and sequencing of prophage regions in ECIII and ECIV Sequences of putative

prophage regions in four ECIII isolates (F6854, F6900, J0161 and J2818) were obtained from
the Broad Institute of MIT and Harvard (www.broad.mit.edu). LMOf6854_2363, a putative
phage terminase, was arbitrarily selected and its internal regions were sequenced from four
additional ECIII isolates, two 1989 outbreak isolates (FSL N3-031 and FSL J1-101) and two
2000 outbreak isolates (FSL R2-603 and FSL R2-499) obtained from Cornell University.
Primer pairs NC16 (5’-GTCAAAACATACGCTCTTATC-3’)/PL95 (5’ACATAATCAGTCCAAAGTAGATGC-3’) and NC16/NC17 (5’CTGGTGAAACATGTCTAACAC-3’) were used to detect prophage PSA in ECIV isolates
(Lauer et al., 2002). Four ECIV isolates, including three UK outbreak isolates (FSL J1-129,
FSL J1-116 and FSL N3-013) and one Boston vegetable outbreak isolate (FSL J1-220) were
obtained from Cornell University. The NC16/PL95amplicons of all ECIV isolates were
sequenced to identify the SNPs that could differentiate the two outbreak clones of ECIV.

4.4 RESULTS AND DISCUSSION

LM-PCR results are shown in Figure 4.2. Figure 4.3 is a schematic of the ~320 Kbp and
~330 Kbp AscI macrorestriction fragments based on LM-PCR, sequencing and BLAST
analysis. The discussion below is based on forward strand only and on the whole genome
sequence of H7858, the reference isolate of the 1998 outbreak clone. AscI macrorestriction
fragments I and II (Fig. 4.3) represent either the ~320 Kbp or the ~330 Kbp fragments in
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Figure 4.1. Four ends (A, B, C, and D) of these two macrorestriction fragments could have
potentially been amplified by LM-PCR, however only two of them were amplified (Fig. 4.2).
Sequencing and BLAST analysis revealed that the ~320 bp amplicon was homologous to an
internal region of ilvA around coordinate 2328434 (GenBank accession no. EU159666) in
H7858 and the ~150 bp amplicon was homologous to an internal region of LMOh7858_2426
(the TIGR designation for ORF2426 in H7858) around coordinate 2649160 (GenBank
accession no. EU159664). The sequences of both amplicons generated using the AscI primer
corresponded to the forward strand of the whole genome sequence of H7858. Therefore, the
AscI restriction sites are upstream of the two amplicons in the forward strand. Given the
above, the ~320 bp amplicon must correspond to end A and the ~150 bp amplicon must
correspond to end C. In addition, the relative distance between ends A and C in the
chromosome is 321 Kbp (2649160 minus 2328434), which corresponds to the size of one of
the PFGE macrorestriction fragments (Figs. 4.1 and 4.3). Therefore, ends B and C must be
adjacent to each other in the chromosome and the size of fragment I is 321 Kbp (Fig. 4.3).
Ends B and D were not amplified perhaps because they were either too long or too short for
PCR amplification. The sequence of end C also revealed the point mutation in the AscI
restriction site at the beginning of end C (Fig. 4.4) which caused the AscI-PFGE difference
between J1816 and H7858 (Fig. 4.1). As sequencing at the end of a fragment is not always
reliable, additional PCR and sequencing of the region harboring this AscI restriction site
(between ends B and C) were performed to confirm the point mutation (data not shown).
Sequence comparison of ends B and C between J1816 and H7858 also revealed multiple
SNPs that could differentiate these two outbreak isolates (Fig. 4.4). Interestingly, ends B and
C are homologous to internal regions of LMOh7858_2426 which putatively encodes protein
gp13 of bacteriophage A118 (Loessner et al., 2000). LMOh7858_2426 is part of the putative
prophage ΦH7858.2, the only prophage in H7858 (Nelson, et al., 2004). BLAST analysis
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and calculation of the size of fragment I performed above utilized the whole genome
sequence of H7858. Therefore, an assumption underlying the above analysis is that there is
no genomic rearrangement involving fragment I (Fig. 4.3) between H7858 (reference isolate
of the 1998 outbreak clone) and J1816 (reference isolate of the 2002 outbreak clone),
otherwise the distance between ends A and C in J1816 might not be 321 Kbp (Fig. 4.3). We
performed whole genome sequence analysis using 20 L. monocytogenes isolates (Glaser et al.,
2001; Nelson et al., 2004) and found that a 306 Kbp region between housekeeping genes ilvA
(harboring end A in Fig. 2) and yhzC (upstream of prophage ΦH7858.2) is relatively
conserved among all isolates and contains no major genomic rearrangements. Therefore, it is
reasonable to conclude that the distance between ilvA and yhzC in J1816 is also around 306
Kbp. However, as part of a prophage, end C might be involved in genomic rearrangements.
Therefore, the region between yhzC and end C in J1816 was sequenced (Genbank accession
no. EU159664). The results showed that this region was around 15 Kbp long, which
confirms that the distance between ends A and C was indeed 321 (306+15) Kbp (Fig. 3). The
region between yhzC and end C in J1816 has very similar genomic structure as the region
between yhzC and LMOh7858_2426 in H7858 with both conserved and variable open
reading frames. Therefore, sequencing of the LM-PCR products correctly revealed the SNP
that caused the AscI-PFGE banding pattern differences between J1816 and H7858 (Table 4.1,
Fig. 4.4).

Although prophage regions in ECII contain SNPs that can distinguish the two ECII outbreak
isolates (J1816 and H7858) (Fig. 4.4), it was unknown whether or not these SNPs could
differentiate all 1998 outbreak isolates as a group from all 2002 outbreak isolates. Therefore,
the stability of prophage SNPs within each outbreak clone was evaluated. Internal regions of
ORF2426 and an arbitrarily chosen prophage locus (ORF2422) were sequenced in nine 1998
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outbreak isolates (H7355, H7969, H7550, H7557, H7569, H7738, H7762, H7961 and H7962)
and eleven 2002 outbreak isolates (J1703, J1735, J1736, J1776, J1816, J1817, J1815, J1925,
J1927, J1926 and J1928) obtained from CDC (GenBank accession numbers, EU159665,
EU159667, EU159668). Multiple SNPs in ORF2422 and the mutation in the AscI restriction
site were identical within each outbreak clone and thus were stable within the outbreaks.
Interestingly, some SNPs in ORF2422 were not stable in the 1998 outbreak clone and thus
separated isolates within this outbreak clone. This is not surprising because whole genome
macroarray analysis (Kathariou et al., 2006) and ApaI-PFGE (Graves et al., 1998) both
revealed that there might be DNA polymorphisms within the 1998 outbreak clone, and
therefore, different strains in the same outbreak clone may have different sequences in certain
prophage regions. In summary, stable SNPs in certain prophage regions differentiated the
1998 outbreak clone from the 2002 outbreak clone. In contrast, differential macroarray
signals in the prophage regions failed to differentiate these two outbreak clones (Kathariou et
al., 2006), perhaps because the macroarray signals were affected by DNA polymorphisms
that were not stable within the same outbreak clone. Alternatively, the macroarrays might not
be sensitive enough to detect those few stable SNPs. Therefore, in the case of ECII outbreaks,
certain SNPs in prophage regions provided greater epidemiological relevance than the above
macroarray analysis.

The ability of prophage sequences (or SNPs) to differentiate the 1998 and 2002 outbreak
clones lead us to hypothesize that SNPs in prophage regions may also be useful for
differentiating closely related outbreak clones of ECIII and ECIV. Therefore, the second
objective of the present study was to identify and validate SNPs in prophages that could
differentiate outbreak clones in ECIII and ECIV. Sequences of putative prophage regions in
four ECIII isolates (F6854, F6900, J0161 and J2818) were obtained from the Broad Institute
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of MIT and Harvard (www.broad.mit.edu). Sequence comparisons revealed multiple SNPs
in the putative prophage ΦF6854.2 (Nelson, et al., 2004) that could differentiate the two
outbreak clones of ECIII (data not shown). LMOf6854_2363, a putative phage terminase,
was arbitrarily selected and its internal regions were sequenced from two additional 1989
outbreak isolates (FSL N3-031 and FSL J1-101) and two 2000 outbreak isolates (FSL R2-603
and FSL R2-499) obtained from Cornell University (GenBank accession numbers. EU159669,
EU159670). The sequences from 8 ECIII isolates revealed that the sequences of
LMOf6854_2363 were identical within each outbreak clone but different between the two
outbreak clones. Therefore, the SNPs in LMOf6854_2363 might serve as an accurate
epidemiological marker for distinguishing the two outbreak clones of ECIII.

Prophage analysis of ECIV was more difficult because no whole genome sequences of ECIV
are available. However, bacteriophage PSA was reported to be integrated into the outbreak
strain (ScottA) of the 1983 Boston outbreak (Zimmer et al., 2003), which was genetically
closely related to ECIV isolates (Chen et al., 2007). Therefore, we hypothesized that ECIV
isolates might contain prophage regions derived from bacteriophage PSA and the prophage
sequences might be used to distinguish the two outbreak clones of ECIV. Lauer et al. (2002)
reported two primer pairs NC16/PL95 and NC16/NC17 for the detection of prophage PSA in
L. monocytogenes. The primer NC16 targets phosphoesterase, the left flanking region of
prophage PSA, the primer PL95 targets the phage integrase of the bacteriophage and the
primer NC17 targets the right flanking region of the prophage (Lauer et al., 2002). Positive
amplification using NC16/PL95 indicate the presence of integrase and negative amplification
using NC16/NC17 indicate the integration of prophage PSA into the chromosome because
prophage PSA is too large to be amplified (Lauer et al., 2002). Three UK outbreak isolates
(FSL J1-129, FSL J1-116 and FSL N3-013) and one Boston vegetable outbreak isolate (FSL
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J1-220) were obtained from Cornell University. The primer pair NC16/PL95 generated
positive PCR results and NC16/NC17 generated negative results with all ECIV isolates,
suggesting the presence of PSA related regions in the ECIV isolates. The NC16/PL95
amplicons of all ECIV isolates were sequenced and SNPs that could differentiate the two
outbreak clones of ECIV were subsequently identified (GenBank accession numbers
EU159671, EU159672). The NC16/PL95 amplicon spanned the partial sequence of
phosphoesterase and phage integrase and an intragenic region in between. All SNPs were in
the intragenic region. The sequences of the NC16/PL95 amplicons were identical within the
UK outbreak clone and different between the two outbreak clones. The stability of these
SNPs in the Boston vegetable outbreak clone could not be evaluated because only one isolate
in this clone was available. However, the data presented here strongly suggested that SNPs
in prophage PSA might also be good epidemiological markers for identifying and
differentiating ECIV outbreaks.

In the present study, SNPs in certain prophage regions in L. monocytogenes proved to be
stable and accurate epidemiological markers for differentiation of closely related outbreak
clones within ECII, ECIII and ECIV. Therefore, in the context of molecular subtyping of L.
monocytogenes, an outbreak clone within an epidemic clone can be defined as descendants of
an asexually reproducing pathogen whose virulence gene sequences (Ducey et al., 2007) and
unique SNPs (Ducey et al., 2007 and this study) remain the same within an outbreak. The
incorporation of these unique SNPs will increase the discriminatory power beyond the
previously developed multi-virulence-locus sequence typing strategy (Zhang et al., 2004)
which correctly identified epidemic clones of L. monocytogenes (Chen et al., 2005; Chen et
al., 2007). Therefore, the combination of virulence gene sequences and unique SNPs,
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including those in the prophage regions, complement one another to provide a complete (both
long-term and short-term) molecular epidemiology of L. monocytogenes.

The prophages in L. monocytogenes remain poorly understood. Generally, the majority of the
prophage genes have no known functions after integration into the host chromosome (Casjens
et al., 2003). Therefore, unlike housekeeping and virulence genes, most Listeria prophage
genes may not be under selective pressure, which may explain why certain prophage genes
are more variable than housekeeping or virulence genes within epidemic clones. It is also
intriguing how prophages evolved between the 1998 and 2002 outbreak clones within ECII.
The fact that the first 15 Kbp region between the prophages of the 1998 and 2002 outbreak
clones have very similar genomic structure support the idea that the evolution between these
two prophages is mainly vertical. However, this does not exclude the possibility that certain
fragments in the prophage undergo recombination with other Listeria prophages. Complete
sequencing of the prophage in the 2002 outbreak clone and comparison of prophage
sequences in different L. monocytogenes isolates may shed further light on the evolution and
diversity of these prophages.

The ligation-mediated PCR approach described in the present study may be a good tool for
identifying genomic changes between different isolates following PFGE. Identification of the
sequence variations that cause PFGE pattern differences has long been a difficult problem for
many reasons. For example, single bands in PFGE banding patterns may actually represent
two restriction fragments with nearly identical sizes, and very small restriction fragments
may run out of the gel and fail to be detected. Furthermore, in the case of L. monocytogenes
isolates F2365, H7858 and F6854 for which whole genome sequences are available (Nelson
et al., 2004), in-silico PFGE banding patterns were different from the actual PFGE patterns
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(data not shown), possibly because of incomplete digestion of genomic DNA or incorrect
sequencing at one or two restriction sites. PFGE has been a gold standard for studying the
epidemiology of major foodborne pathogens since 1996 and tens of thousands of isolates
have been analyzed by PFGE. Utilizing the LM-PCR approach described in the present study
could increase our understanding of critical genomic variations that cause PFGE pattern
differences in various isolates. This might lead to the identification of additional markers
with high epidemiological relevance and a better understanding of genomic evolution of
pathogens.
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Table 4.1 Stable SNPs that differentiated outbreak clones of ECII, ECIII and ECIVa in the
present study.

ECsb

ECII

ECIII

ECIV

OCsc

Position of SNPs in different locid

1998 US
2002 US

LMOh7858_2426
LMOh7858_2422
289th 346th
85th 179th 235th 457th 481th 499th 550th 658th
T
A
A
G
C
C
C
G
A
T
C
T
G
T
T
T
T
A
G
C

1989 US
2000 US

445th
A
G

187th
1988 UK A
1979 Boston T

452th
T
C

453th
T
G

LMOf6854_2363
471th 481th 700th 790th
G
T
C
A
A
G
T
G

796th
G
A

817th 1036th
C
A
T
G

Intergenic region between phosphoesterase and phage integrase genes
188th
190th 192th 197th 198th 235th 241th
248th 256th
A
T
G
A
T
T
T
G
A
G
A
A
T
G
C
G
A
G

a

Not all stable SNPs that were identified are shown due to space limitations.

b

ECs, Epidemic clones.

c

OCs, Outbreak clones.

d

Position numbers are based on the entire sequence of each locus.
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1998 outbreak clone

2002 outbreak clone

H7858 H7550 H7738 J1816 J1703

650 Kbp

~ 330 Kbp, fragment II in Fig. 3
~ 320 Kbp, fragment I in Fig. 3

Figure 4.1 AscI-PFGE patterns for 1998 outbreak isolates (left three lanes lines) and 2002
outbreak isolates (right two lines). Gel image was obtained from PulseNet and original
isolate IDs from CDC were used (courtesy of Bala Swaminathan).
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400 bp
300 bp

~320 bp (End A in Fig. 3)

200 bp

~150 bp (End C in Fig. 3)

100 bp

Figure 4.2 Results of ligation-mediated PCR. Left lane: DNA marker.
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Figure 4.3 Schematic summary of the analysis of the ~320 Kbp and ~330 Kbp AscI
macrorestriction fragments of J1816 excised from the PFGE gel. The ends were amplified
using ligation-mediated PCR (see text), sequenced and then analyzed using BLAST. Only
two of the ends, A and C were amplified by LM-PCR. Sequencing and BLAST analysis
revealed that the relative distance between ends A and C was 321 Kbp.

a
b

Coordinate numbers from TIGR whole genome sequence database were used.
nt, nucleotide
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End C (see Fig. 4.3)

H7858 GGTGCGCCAT TAGAATTTAA TGTTGCAGAA

AATGAACCGA TATCGTTTGC ACCACCACCA CCAAAATCAT

J1816 GGCGCGCCGT TAGAATTTAA GGTTGCAGAA AATGCGCCAA TGTCATTTGC TCCGCCACCT

CCAAAATCAT

Figure 4.4 Point mutation in the AscI restriction site (5’-GG^CGCGCC-3’) that caused the
AscI-PFGE pattern difference between the 1998 and 2002 outbreak clones (see Figure 4.1).
The arrow points to the T/C point mutation (SNP) that created the additional AscI restriction
site (box) in the 2002 outbreak clone.
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5.1 ABSTRACT

A multiplex PCR assay was developed which combines detection of Listeria spp., L.
monocytogenes; serovars 1/2a and 4b and epidemic clones I, II and III of L. monocytogenes.
The assay provides a rapid, reliable and inexpensive one-step method for screening and
subgrouping this important foodborne pathogen.
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5.2 INTRODUCTION

L. monocytogenes is a Gram-positive facultative intracellular foodborne pathogen that is
widely distributed in the environment, foods and animals including humans. It causes
listeriosis, a serious disease with high case-fatality rate (20% to 30%) in
immunocompromised populations (Doumith et al., 2004). Approximately 2,500 human
listeriosis cases are reported annually in the United States resulting in about 500 deaths
(Mead et al., 2005).

Like many other pathogens, listeriosis outbreaks are usually caused by a small fraction of
strains in the entire population of the species. Among the 13 serotypes of L. monocytogenes,
strains belonging to serotypes 4b, 1/2a and 1/2b are associated with the vast majority of
listeriosis outbreaks and sporadic cases and most major outbreaks are caused by a small
number of epidemic clones of L. monocytogenes (Kathariou, 2002). Previous molecular
subtyping studies have identified four epidemic clones of L. monocytogenes (ECI, ECII,
ECIII and ECIa) (Kathariou, 2003; Chen et al., 2007). Among these epidemic clones, ECI, a
serotype 4b cluster, appears to be a cosmopolitan clonal group associated with several major
outbreaks in different countries including the coleslaw (Nova Scotia, 1981), soft cheese
(Switzerland, 1983-1987 and California, 1985), and pork-tongue (France, 1992) outbreaks
(Kathariou, 2002). ECIa, another serotype 4b cluster, caused a pate outbreak (UK, 1988), a
vegetable outbreak (Boston, 1983) and a milk outbreak (Boston, 1983). ECIa was recently
renamed ECIV because sequence-based typing showed that ECIa is a unique subclone
separate from ECI (Chen et al., 2007; Ducey et al., 2007). ECII was first observed in the
1998-1999 US multistate outbreak associated with contaminated hotdogs and the 2002 US
multistate listeriosis outbreak associated with contaminated turkey deli meat (Kathariou,
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2002). ECIII isolates are serotype 1/2a isolates associated with the hot dog (US, 1989) and
the turkey deli meat (US, 2000) outbreaks. These ECIII isolates were considered
epidemiologically related because they were found in the same food processing plant and had
identical subtypes as determined by different molecular subtyping methods (Kathariou, 2003;
Chen et al., 2007). Identification and tracking of epidemic clones are important for
understanding the long-term transmission of L. monocytogenes and establishment of efficient
surveillance systems for this pathogen. L. monocytogenes has the ability to grow in foods at
refrigeration temperatures and survive in a wide range of environmental conditions.
Previously identified epidemic clones would be expected to be involved in future listeriosis
outbreaks (Chen et al., 2007). Therefore, worldwide tracking of these epidemic clones may
provide valuable information for development of efficient intervention strategies for
preventing and controlling listeriosis outbreaks.

Detecting the routes by which L. monocytogenes is transmitted to humans to cause listeriosis
is often difficult due the fact that subtype information is typically available for only a few
isolates. Pulsed field gel electrophoresis (PFGE) and many other molecular subtyping
methods (ribotyping and sequence-based typing) are time-consuming and relatively
expensive. As a result, the number of isolates subtyped may be limited for outbreak and/or
epidemic detection. Serotyping of L. monocytogenes is often performed preceding PFGE as a
first-step screening method to provide some degree of discrimination and to rapidly identify
isolates that need to be further analyzed by PFGE. However, serotyping often does not
provide sufficient discriminatory power for subtyping L. monocytogenes. For example, two
major epidemic clones (ECI and ECII) belong to the same serotype 4b. While many food
isolates are serotype 1/2a, only a small portion of them result in cases and outbreaks of
listeriosis. Therefore, more discriminatory and rapid methods are needed to screen isolates
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for further subtyping. Molecular subtyping has traditionally been an extra and optional step
following species identification and many food processing plants only use conduct Listeria
spp. testing to indicate the possible presence of L. monocytogenes and do not conduct
subtyping. However, detection of Listeria spp. does not permit tracking and thus elimination
of those clones of L. monocytogenes that cause cases and outbreaks of listeriosis. Combining
species identification with molecular subtyping would simplify isolate characterization,
tracking and control of L. monocytogenes, especially those serotypes and clones responsible
for foodborne disease. Therefore, the purpose of the present study was to develop a
multiplex PCR assay which detects Listeria spp., L. monocytogenes, and major serotypes and
epidemic clones of L. monocytogenes.

5.3 METERIALS AND METHODS

Bacterial isolates and DNA extraction. A total of 75 isolates was obtained from the

Listeria collection at CDC (Atlanta, GA), ILSI (International Life Sciences Institute) North
America Listeria strain collection (Fugett et al., 2006) at Cornell University (Ithaca, NY).
Among these isolates, 47 outbreak isolates were involved in fourteen listeriosis outbreaks
with two or more matched isolates belonging to each of the outbreaks. Isolates from these
outbreaks were well-characterized and identified as being involved in each outbreak by CDC,
WHO and Health Canada. Isolates from ten outbreaks were identified as belonging to ECI,
ECIa, ECII or ECIII in previous reports (Kathariou, 2002; Kathariou, 2003; Chen et al.,
2005). Representative isolates of Listeria innocua, Listeria ivanovii, Listeria seeligeri,
Listeria welshimeri, Salmonella, Escherichia coli, Bacillus cereus, Bacillus subtilis, Bacillus
licheniformis, Staphylococcus aureus were obtained from the Listeria collection at CDC and
the Food Microbiology Laboratory at The Pennsylvania State University. Bacterial isolates

168

were stored in tubes of 15% glycerol at -80 ℃ and grown at 37 ℃ overnight on trypticase soy
yeast extract agar plates (Difco Laboratories, Becton Dickinson, Sparks, MD). For all
isolates, bacterial genomic DNA was extracted using an UltraCleanTM Microbial DNA
extraction kit (Mo Bio Laboratories, Solana Beach, CA) and stored at −20 ℃ before use.

Sequence analysis

DNA sequences were obtained from GenBank, the microbial whole

genome database from the Institute for Genomic Research website (www.tigr.org) and the
Broad Institute of Harvard and Mit website (www.broad.mit.edu). DNA analysis was
conducted using Web-based BLAST software provided by each website.

PCR primers and conditions

The primer sequences used in this study, along with the

putative functions of the selected genetic markers and the length of PCR products are listed in
Table 5.1. 1 µl of 15 ng/µL genomic DNA was added as template. The seven primer sets
were added at the following final concentrations: 50 nM for ECI marker; 90 nM for ECII
marker; 30 nM for ECIII marker; 100 nM for serotype 4b marker; 30 nM for serotype 1/2a
marker; 30 nM for L. monocytogenes marker; 35 nM for Listeria spp. marker (Table 5.1).
PCR was performed using Qiagen Multiplex PCR kits (Qiagen Inc., Valencia, CA) and a
Mastercycler thermocycler (Eppendorf Scientific, Hamburg, Germany) with an initial
activation step at 95°C for 15 min prior to 15 cycles of 1 min at 94 °C, 1 min with a
touchdown from 55°C to 51°C (3 cycles per temperature), and 72°C for 1 min; and then
followed by 15 cycles of 1 min at 94 °C, 1 min at 50 °C and 1 min at 72 °C and one final
cycle of 72°C for 8 min. The 10 µl reaction mixture was mixed with 3 µl of loading buffer
and separated on a 1.5% agarose gel in a 0.5×TBE buffer. The PCR product was visualized
by ethidium bromide staining.
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5.4 RESULTS AND DISCUSSION

The genetic marker, iap, previously identified by Bubert et al. (1992) was incorporated into
this Multiplex PCR assay to detect Listeria spp. Different Listeria spp. markers reported in
the literature have been tested, however, we found that the specificity of some markers was
questionable because they generated positive results in other genera such as Escherichia and
Salmonella (data not shown). Also, some other markers, such as prs (Doumith et al., 2004),
could not yield an amplicon that could be well separated from other amplicons in the
multiplex PCR assay. Zhang et al. (2004) identified a genomic region containing part of
lmo2234 and part of its upstream sequence that is a good molecular marker for L.
monocytogenes identification. Genomic sequences of this region were compared between
different L. monocytogenes and Listeria spp. isolates and a primer pair that can specifically
amplify L. monocytogenes was developed (Fig. 5.2).

Many whole genome sequences of isolates of Listeria spp. have been completed, including L.
innocua (Glaser et al., 2001), L. welshimeri (Hain et al., 2006), L. monocytogenes EGDe
(Glaser et al., 2001), F2365, H7858, F6854 (Nelson et al., 2004), and more recently, 16
newly sequenced strains including J0161, 10403S, J1-194, R2-503, J2818, HPB2262, N1017, J2-071, N3-165, F6900, LO28, J2-003, J1-175, F2-515, J2-064, and J1-208 . Some
genetic markers of epidemic clone I and epidemic clone II have been previously investigated
(Evans et al., 2004; Herd et al., 2001). Nelson et al. (2004) compared the whole genome
sequences of five Listeria isolates, and identified strain-specific genomic regions. Among
them F2365, H7858 and F6854 are representative isolates of ECI, ECII and ECIII,
respectively. In the present study, these strain-specific whole genome regions were compared
with the above 16 newly sequenced L. monocytogenes whole genomes (Table 5.1). It is
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interesting that many of the epidemic clone markers belong to a few gene clusters.
Determination of the functions of these gene clusters may help clarify why these epidemic
clones have caused multiple major listeriosis outbreaks.

Among the 13 serotypes of L. monocytogenes, isolates from serotypes 1/2a and 4b account
for most major listeriosis outbreaks and all identified epidemic clones of L monocytogenes
belong to these two serotypes. Therefore, serotype 1/2a and 4b-specific markers identified by
Doumith et al. (2004) were incorporated into this multiplex PCR assay. The specificity of
these markers was tested using a total of 222 Listeria isolates from 12 serotypes (Doumith et
al., 2004). Combining the identification of these two serotypes into the multiplex PCR assay
also allowed more accurate identification of epidemic clones of L. monocytogenes. For
example, in the early stages of this study, genomic region 85M identified as ECI marker by
(Herd and Kocks, 2001) was used in this multiplex PCR assay and 85M was then found to be
present in six L. monocytogenes isolates of other serotypes (1/2a and 4a) (data not shown).
However, combining serotype 4b marker and 85M still allowed accurate identification of ECI.
Nonetheless, to simplify the interpretation of the multiplex PCR results, this marker was
replaced by 17B because 17B alone would identify isolates as belonging to ECI.

Among the ECI specific genes, LMOf2365_2798 corresponds to fragment 17B which was
previously identified as an ECI marker by microarray analysis (Herd and Kocks, 2001).
Therefore, LMOf2365_2798 was chosen as the genetic marker for ECI in the multiplex PCR
assay. Evans et al. (2004) analyzed a special genomic region of L. monocytogenes between
wap and inlA and identified negative genetic markers for ECII. Analysis of this region
between an ECI strain (F2365) and an ECII strain (H7858) allowed us to identify positive
markers for ECII. These positive markers were then confirmed by comparison of the newly
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finished 16 whole genome sequences (Table 5.1). The 16 newly sequenced genomes include
3 ECIII strains and 4 other serotype 1/2a strains, which allowed identification of genetic
markers specific for ECIII. Gene LMOF6854_2463.4 was chosen as the ECIII marker in the
multiplex PCR assay. Genomic properties and genome sequences of ECIV have not been
reported and therefore ECIV markers were not identified and incorporated into the multiplex
assay in this study.

Figure 5.1 demonstrates some typical examples of Multiplex PCR results with representative
isolates of Listeria spp. and other species, while Table 5.3 summarizes the results with all
isolates. All primer pairs specifically amplified the desired PCR products. The maximum
number of amplicons generated per isolate was four and the different amplicons were always
well separated. The multiplex PCR accurately identified Listeria spp., L. monocytogenes,
serotypes 1/2a and 4b and all three epidemic clones, with the exception that two serotype 4b
isolates, that are not part of ECII generated ECII amplicon. Overall, the multiplex assay was
highly specific and reproducible. The 7 amplicons in this multiplex PCR assay had sharp and
uniform intensities among all isolates except the Listeria spp. marker, iap. The primer pair
for iap amplification was designed based on the conserved regions in iap among Listeria spp.
It is possible that there are one or two mutations in the priming regions that caused the
varying amplicon intensities between isolates. One L. innocua isolate yielded a 490 bp
amplicon with similar size to the ECIII marker. However, this isolate did not yield
amplification of the L. monocytogenes marker, and therefore, was correctly identified as
Listeria spp. A 1000 bp non-specific amplification was observed in one L. monocytogenes
serotype 4a isolate and one serotype 4c isolate. However, this observation did not affect the
unambiguous characterization of these two isolates.
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The multiplex PCR assay that was developed did not differentiate serotype 1/2a from 3a, and
serotype 4b from 4d and 4e. However, serotypes 3a, 4e, 4d, and 7 are rarely found in food
and patients. The data collected by the National Reference Center in France demonstrated
that over 98% of the 5,000 L. monocytogenes isolates collected from food and patients from
2001 to 2004 belong to serotypes 1/2a, 1/2b, 1/2c, and 4b (Doumith et al., 2004). Therefore,
the inability to differentiate those rare serotypes would not decrease the utility of this
multiplex PCR assay for long-term surveillance and epidemiology of L. monocytogenes

Combining the seven genetic markers allowed simultaneous species identification and
detection of major serotypes and epidemic clones associated with human listeriosis. By using
a single multiplex PCR reaction, one can quickly tell if an isolate is Listeria spp, L.
monocytogenes, serotype 1/2a or 4b, and/or epidemic clone I, II or III. Therefore, this single
assay provides critical information about the subtypes of test isolates. This multiplex PCR
assay can be used as a first-line screening method to significantly reduce the number of
isolates that need to be subtyped by more expensive and more accurate molecular methods,
like PFGE and MVLST. In this case, a simpler DNA extraction method (i.e. boiling the
bacterial culture) can be developed. This assay also can be adopted by small public health
laboratories, food testing laboratories and food industries which can not afford expensive
PFGE or sequencing equipment or highly trained technicians.
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Table 5.1 Epidemic clonal specific genetic markers identified by genome comparison.
ECI

LMOf2365_2798 to 2800a
LMOf2365_2701 to 2707
LMOf2365_2347 to 2348
LMOf2365_0687

ECII

LMOh7858_0479.5 to 0479.7
LMOh7858_0487, 0487.1
LMOh7858_0487.6, 0487.8
LMOh7858_0864.1 to 0867
LMOh7858_1161 to 1170.4
LMOh7858_2409.3 to 2409.4
LMOh7858_2444.2
LMOh7858_2455.2
LMOh7858_2462 to 2465
LMOh7858_2753 to 2764
a
ID of genetic markers were obtained from www.tigr.org

176

ECIII
LMOf6854_0077
LMOf6854_1150
LMOf6854_2463.4 to 2470.2
LMOf6854_2651.1
LMOf6854_2653.2
LMOf6854_2674.3
LMOf6854_2678.1
LMOf6854_2682.11
LMOf6854_2772

Table 5.2 Gene target, primer sequences and PCR amplicon sizes in the Multiplex PCR assay.

Gene target
LMOf2365_2798a

Specificity
ECI

LMOh7858_0487.
ECII
8 to inlA
LMOF6854_2463.4 ECIII
ORF2110

Serotype 4b

lmo0737

Serotype 1/2a

lmo2234

Listeria
monocytogenes
Listeria spp.

iap

a
b

Primer sequence
(F)b AATAGAAATAAGCGGAAGTGT
(R) TTATTTCCTGTCGGCTTAG
(F) ATTATGCCAAGTGGTTACGGA
(R) ATCTGTTTGCGAGACCGTGTC
(F) TTGCTAATTCTGATGCGTTGG
(R) GCGCTAGGGAATAGTAAAGG
(F) AGTGGACAATTGATTGGTGAA
(R) CATCCATCCCTTACTTTGGAC
(F) GAGTAATTATGGCGCAACATC
(R) CCAATCGCGTGAATATCGG
(F) TGTCCAGTTCCATTTTTAACT
(R) TTGTTGTTCTGCTGTACGA
(F) ATGAATATGAAAAAAGCAAC
(R) TTATACGCGACCGAAGCCAAC

ID of genetic markers were obtained from www.tigr.org
(F): forward primer, (R): reverse primer.
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Amplicon size (bp)
303

Protein encoded
unknown function

Reference
This study

889

unknown function

This study

497

putative helicase-like

This study

597

unknown function

724

Unknown function

(Doumith et al.,
2004)
This study

420

Unknown function

This study

P60

(Bubert et al.,
1992)

1450-1600

Table 5.3 Evaluation of Multiplex PCR using representative isolates.

Species
L. monocytogenes

L. innocua
L. ivanovii
L. welshimeri
L. seeligeri
Salmonella
Escherichia coli
Escherichia coli
Bacillus cereus
Bacillus subtilis
Bacillus licheniformis
Staphylococcus aureus

Serotype
4b (ECI)
4b (ECII)
4b (non-ECs)
1/2a (ECIII)
1/2a (non-ECs)
Non-1/2a, 4b
NAb
NA
NA
NA
Enteritis
O157

NA

Multiplex PCR results

No. of
isolates

ECI

ECII

ECIII

1/2a

4b

11
20
18a
4
10
12
2
2
2
2
2
1
1
2
2
1
2

+
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–

–
+
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–

–
–
–
+
–
–
–
–
–
–
–
–
–
–
–
–
–

–
–
–
+
+
–
–
–
–
–
–
–
–
–
–
–
–

+
+
+
–
–
–
–
–
–
–
–
–
–
–
–
–
–

a

Two 4b isolates that do not belong to any of the epidemic clones have ECII marker

b

NA, not available
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Listeria.
monocytogenes
+
+
+
+
+
+
–
–
–
–
–
–
–
–
–
–
–

Listeria
spp.
+
+
+
+
+
+
+
+
+
+
–
–
–
–
–
–
–

Figure 5.1 Agarose gel electrophoresis results of multiplex PCR with representative
isolates of Listeria and other species. Lanes 1 to 6, L. monocytogenes reference isolates
of ECI (F2365), ECII (H7858), ECIII (F6854), 4b but non ECs (J1-129), 1/2a but non
ECIII (F2-663), non 4b or 1/2a (R2-503), respectively; Lanes 7, Listeria ivanovii (C2011), Lane 8 Bacillus cereus (negative control); lane M1, M2, Bio-Rad molecular weight
markers (Bio-Rad, Hercules, CA). Genetic markers corresponding to the amplified
fragments are indicated on the right. Molecular size standards are given (in base pairs) at
the left. Isolates were obtained from CDC and Cornell University and original isolate IDs
were used.
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Figure 5.2 Multiple sequence comparison of genomic region (lmo2234) used for
development of primer pair for L. monocytogenes identification. Sequences and Isolate
IDs were obtained from the Broad Institute of Harvard and MIT
(http://www.broad.mit.edu). Boxes indicate the priming regions of forward and reverse
primers. Serotype designations were included in the parenthesis following the isolate ID.
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CHAPTER 6

Potential Applications of Sequence-based Typing and Future Study
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6.1 POTENTIAL APPLICATIONS OF SEQUENCE-BASED SUBTYPING

PFGE is the current gold standard of the US CDC for subtyping foodborne pathogens
(Hyytia-Trees et al., 2006). As discussed in chapter 2 and 3, the present research and
many other reports have demonstrated that PFGE is inadequate for epidemiological
investigations in many situations. In addition, PFGE is time consuming and technically
demanding. Therefore, CDC investigated second-generation subtyping methods (HyytiaTrees et al., 2006). MVLST has high epidemiological concordance and discriminatory
power and therefore is suitable for aiding epidemiological investigations. In addition,
MVLST is useful for studying the long-term epidemiology of L. monocytogenes.
Sequence data generated by MVLST will provide valuable information of how this
pathogen evolves and is transmitted. Therefore, MVLST has both basic and practical
applications. However, PFGE may not be totally replaced by MVLST, because PFGE
has been applied to subtype thousands of L. monocytogenes isolates in the past decade.
Additionally, PulseNet database provides important sources for analyzing any newly
emerged epidemic clones or outbreak clones of L. monocytogenes. Also, PFGE provides
higher discriminatory power than MVLST for separating outbreak clones within the same
epidemic clones. Therefore, MVLST and PFGE can be combined to complement each
other in future epidemiological investigations of listeriosis outbreaks. SNP typing has the
potential to be the “ultimate” subtyping method for differentiation of epidemic clones and
outbreak clones of L. monocytogenes. The cost of equipment for SNP typing is currently
very high, but the cost per sample is very low, compared to MVLST or PFGE. Therefore,
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SNP typing is currently only practical for use by federal health agencies and certain
research laboratories for routine large-scale analysis of L. monocytogenes isolates.

The multiplex PCR strategy described in this study could be used for both species
identification of L. monocytogenes and subtyping of epidemic clones of L.
monocytogenes. It could be used in government health agency laboratories for routine
screening of L. monocytogenes isolates prior to more expensive methods, such as PFGE
and MVLST. It could also be used in university and research laboratories for the
identification and initial subtyping of L. monocytogenes. The application of multiplex
PCR in the food industry may be of limited use because many food processing companies
do not test for L. monocytogenes. Some food processing companies test for and attempt
to track and prevent L. monocytogenes contamination in their operations, while FSIS
performs food product and environment testing for L. monocytogenes. Therefore, the
multiplex PCR method described in this study would be valuable in these situations to
prevent both costly recalls and to enhance food safety and public health.

6.2 FUTURE STUDIES

This study attempted to compare MVLST with PFGE and ribotyping, two typical
fragment-based subtyping methods. PFGE and ribotyping data from some of the isolates
were obtained from CDC and Cornell University and compared with MVLST results.
This partial comparison demonstrated that MVLST performed better than PFGE and
ribotyping for epidemiological investigation of listeriosis outbreaks. However, the
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comparison was not based on the entire set of representative isolates analyzed by MVLST.
Therefore, a systematic comparison of MVLST, PFGE and ribotyping using the entire set
of isolates examined in this study would generate more convincing results as to which
method has the best epidemiological concordance.

MLST, initially developed with housekeeping genes, was used to subtype L.
monocytogenes and possessed acceptable discriminatory power. Different MLST
strategies targeted different sets of genes and were evaluated using different sets of
isolates (Meinersmann et al., 2004; Nightingale et al., 2005; Salcedo et al., 2003).
Therefore, it is difficult to compare the discriminatory power of different methods based
on different reports in the literature. In addition, the epidemiological concordance of
MLST had not been validated previously in the case of L. monocytogenes (Meinersmann
et al., 2004; Nightingale et al., 2005; Salcedo et al., 2003). A systematic comparison of
discriminatory power and epidemiological concordance between MVLST and MLST,
using the same set of L. monocytogenes isolates, would help determine which method has
greater discriminatory power and/or epidemiological concordance. Multiple
housekeeping genes and virulence genes need to be analyzed to demonstrate what types
of genes are the best candidates for sequence-based typing of L. monocytogenes.

In the MVLST scheme, six virulence or virulence-associated genes were targeted (Chen
et al., 2007). However, the special ability of epidemic isolates to cause outbreaks is not
only due to their virulence properties (Zheng and Kathariou, 1995). Genes involved in
biofilm formation, competition with other organisms, resistance to cleaning and
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sanitizing chemicals and growth of L. monocytogenes in RTE foods at refrigeration
temperatures would be expected to enhance the ability of this pathogen to be transmitted
to foods and thus humans and cause disease (Tompkin, 2002). Therefore, combining
virulence genes with these additional “transmission” genes might result in a multiepidemic-locus sequence typing (MELST) strategy, which may provide maximum
discriminatory power and epidemiological concordance (Chen et al., 2007).

Another advantage of targeting “transmission genes” is that they could be used to subtype
generic Listeria spp. that do not harbor virulence genes. Although MVLST was proven
to aid in listeriosis outbreak investigations, it has not been applied to in-plant tracking of
L. monocytogenes or Listeria spp. Two virulence genes in the MVLST scheme, inlB and
inlC, are not present in all other Listeria spp. Therefore, MVLST can not be applied for
in-plant tracking of Listeria spp. Listeria monocytogenes and Listeria spp. share similar
growth characteristics and possibly similar transmission patterns in food processing
plants. Therefore, they may share the same transmission genes. Such genes include but
are not limited to: sigB (stress response regulation) (Chaturongakul and Boor, 2006); lisR
(antimicrobial tolerance) (Cotter et al., 2002); ltrA (cold tolerance) (Zheng and Kathariou,
1995); uvrA and htrA (acid tolerance) (Wilson et al., 2006); dnaK and ctsR (general stress
tolerance) (Hanawa et al., 2000); relA and hpt (biofilm formation) (Taylor et al., 2002);
cesRK (ethanol and antibiotics tolerance) (Kallipolitis et al., 2003); proBA, betL, opuC,
proB and gbu (osmotolerance) (Sleator et al., 1999; Sleator et al., 2001; Gardan et al.,
2003). An MELST scheme targeting these genes may be able to subtype and thus track
both L. monocytogenes and Listeria spp.
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