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Preface

We are at the beginning of the third decade of studies at the molecular level
on the pathogenesis of Listeria monocytogenes and the response of the host
to its infections. It is a good time to survey the wealth of information that
these studies have revealed and to think about perspectives for a more complete
understanding of this important pathogen. During the past 20 years, L. monocy-
togenes has emerged from relative obscurity to being one of the most intensely
studied bacterial pathogens. In the opening chapter, Daniel A. Portnoy provides
a personal and historical account of the development of our understanding at
the molecular level of invasion of the host cell, growth in the cytosol, and cell-
to-cell spread by means of actin polymerization-powered motility. We are also
fortunate to have contributions from Pascale Cossart and Werner Goebel and
their colleagues. These pioneering investigators continue to make major contri-
butions to the molecular description of almost every aspect of L. monocytogenes
pathogenesis. All chapters in this book have been written by experts who have
contributed widely to this field. We are extremely grateful for the efforts of all
contributors who have provided contemporary accounts of the status of various
aspects of L. monocytogenes pathogenesis and the host response. Their positive
responses to this effort are deeply appreciated.

Any specialist volume in the biological sciences can only provide a snapshot
of the field at the time of its publication. In 2001 the complete genomes of
L. monocytogenes and L. innocua were published, and these have provided
considerable impetus for ongoing studies that have revealed the importance of
proteins beyond those encoded by genes in the PrfA virulence cluster which
was described at the beginning of the last decade. We currently anticipate the
completion of the genomes of 19 additional strains at the Broad Institute, which
will provide a wealth of information about strains that are most often involved
in local epidemics and those that are likely to be found in the production chain
of foods for human consumption.

Although research over the past 20 years has greatly enlarged our under-
standing of the exquisite balance achieved by L. monocytogenes in promoting its
life in the environment and in the tissues of its hosts, we are still a long way from
a complete understanding of these mechanisms. We continue to learn more about
the transcriptional and translational controls of expression of proteins important
for life in these two very different environments. As we learn more, new windows
are constantly being opened into the complexity of host cell biology and the
interplay of the signals connecting the various cells and organs involved in the
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vi Preface

host response. Indeed, as revealed in many of the chapters in this book, the study
of L. monocytogenes has already provided major insights into eukaryotic cell
biology. We are hopeful that this volume will attract new investigators into the
field and stimulate future studies on Listeria that will have similar broadening
and cascading effects in the biological sciences.

Howard Goldfine and Hao Shen
Philadelphia

September 2006
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1
A 20-Year Perspective on Listeria
monocytogenes Pathogenesis

Daniel A. Portnoy
Department of Molecular and Cell Biology, University of California,
Berkeley, CA 94729-3202, USA
e-mail: portnoy@berkeley.edu

1.1. Introduction

Listeria monocytogenes has attracted the attention of a diverse group of inves-
tigators, including clinicians, food microbiologists, immunologists, and medical
microbiologists. The reason for this broad degree of interest is due, in large part,
to the fact that this facultative intracellular pathogen is highly amenable to exper-
imental analysis and has a broad range of relevant biologic activities ranging
from its growth in the environment, infection of many different animal species,
and as an important human pathogen. Consistent with its broad host range,
L. monocytogenes infects rodents and is perhaps the most well-characterized
bacterial pathogen in a murine model of infection; indeed, L. monocytogenes
is a darling of the immunologists due to its ease of handling and rapidity
of growth, dating back 45 years to the classic work of Mackaness (1962).
It took another 25 years for the bacterial pathogenesis community to become
enamored with this important pathogen spurred by the realization in the 1980s
that L. monocytogenes represents a serious public health threat especially to
pregnant women (Chap. 2).

1.2. The Beginning of the Modern Era: A Personal
Recollection

I began working on L. monocytogenes in the fall of 1986, shortly after starting
my own laboratory at Washington University in St Louis. I should mention that
Pascale Cossart also entered the field about the same time (Mengaud et al. 1987)
and remains a monumental presence contributing to all aspects of L. monocyto-
genes pathogenesis. In 1986, basic research on L. monocytogenes was mostly in
the realm of immunology while ignored by the bacterial pathogenesis community.
I was influenced by a number of immunologists, including David Hinrichs in
Oregon, Emil Unanue at Washington University, and Ed Havell and Robert North
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2 Portnoy

at Trudeau Institute, in the belief that L. monocytogenes pathogenesis might
represent a fertile area of research. At that time, it was understood that L. monocy-
togenes is a facultative intracellular pathogen, but we knew virtually nothing
about its cell biology of infection, bacterial determinants of pathogenesis, and
lacked basic tools for genetic analysis. However, in 1986, two seminal papers
were published: Havell (1986) showed that L. monocytogenes enters fibroblasts,
spreads to neighboring cells, and induces high levels of type 1 interferon, while
Philippe Sansonetti’s lab showed that transposon mutagenesis could be used
effectively in L. monocytogenes to isolate hemolysin-negative mutants (Gaillard
et al. 1986). A second paper from Werner Goebel’s lab was published the
following year, also using a conjugative transposon to isolate hemolysin-negative
mutants (Kathariou et al. 1987). I used similar approaches in my new lab and also
isolated hemolysin-negative mutants (Portnoy et al. 1988). Our hypothesis was
that the cholesterol-dependent hemolysin, listeriolysin O (LLO), was essential
for intracellular growth; indeed, this is the case in the vast majority of cultured
cells. However, as luck would have it, the first cell line that we examined
was Henle 407 cells, and contrary to our hypothesis, LLO-minus mutants grew
fine. Fortunately, we examined a number of primary and cultured cells and
soon appreciated that infection of Henle 407 cells represented an exception
to the rule that LLO is essential for escape from a vacuole. It turns out that
LLO-minus mutants escape from a vacuole, grow, and spread cell-to-cell in
human epithelial cells such as HeLa. Later, we and others showed that the broad
range phospholipase C (PLC), PlcB, was necessary in these cell types (Marquis
et al. 1995; Grundling et al. 2003), but in most cell types, LLO is essential while
the PLCs also contribute. A couple of years later, we cloned and expressed LLO
in Bacillus subtilis, and to our amazement, B. subtilis escaped from a vacuole
and grew intracellularly (Bielecki et al. 1990). Thus, not only is LLO required
to mediate escape, it was sufficient!

It did not take long to notice that L. monocytogenes grew readily inside of
cultured cells and spread directly from cell to cell even in the presence of high
levels of gentamicin. Remarkably, a single cell could be infected, and by 8 h there
were 10 cells infected. A clue that led to our current understanding regarding the
mechanism of cell-to-cell spread was provided to me by Larry Hale, who worked
on Shigellae. Shigellae flexneri also spreads cell to cell and Larry told me that it
could be blocked by cytochalasin D (Pal et al. 1989). Sure enough, cytochalasin
D completely blocked the capacity of L. monocytogenes to spread cell to cell
(Tilney and Portnoy 1989), implicating a role for actin polymerization. This
observation was well known in the Shigella field, and Sansonetti’s group showed
that S. flexneri was coated with filamentous actin while mutants defective in
cell-to-cell spread were not (Bernardini et al. 1989). Sasakawa’s group in Japan
made similar observations as well (Lett et al. 1989).

My lab moved to the University of Pennsylvania in 1988 where I began
to collaborate with the larger-than-life actin cell biologist Lew Tilney. Using
electron microscopy, Lew documented all of the stages currently associated with
the cell biology of infection (Tilney and Portnoy 1989) (Figure 1.1.). A similar
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Figure 1.1. Stages in the intracellular life cycle of L. monocytogenes. Center: Cartoon
depicting entry, escape from a vacuole, actin nucleation, actin-based motility, and cell-
to-cell spread. Outside: Representative electron micrographs from which the cartoon was
derived. LLO, PLCs, and ActA are all described in the text. Reproduced from The Journal
of Cell Biology, 2002, 158:409–14; copyright 2002; The Rockefeller University Press.

study was also published from the Sansonetti lab about the time (Mounier
et al. 1990), followed by a study by Fred Southwick and Joe and Jean Sanger
that used video microscopy to show movement of L. monocytogenes in cultured
cells (Dabiri et al. 1990). These studies caught the attention of the cell biology
community attracting a number of investigators previously interested in the actin
cytoskeleton, including Julie Theriot and Matt Welch at Tim Mitchison’s lab
in UCSF, Jurgen Wehland in Germany, and Marie-France Carlier in France.
Indeed, L. monocytogenes became a model system with which to study actin-
based motility. Lew Tilney et al. (1990) postulated that these studies could lead
to the discovery of the actin nucleator, and indeed, the L. monocytogenes ActA
protein was later shown to activate the actin nucleation properties of the Arp2/3
complex (Welch et al. 1998). Julie Theriot and Tim Mitchison were the first to
reconstitute listerial actin-based motility in cell extracts (Theriot et al. 1994),
and Marie-France Carlier later reconstituted actin-based motility in vitro using
purified components (Loisel et al. 1999).

In 1988, I read an article by David Baltimore urging the scientific community
to consider it our responsibility to work on AIDS and/or AIDS vaccines. Since
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we had just learned that L. monocytogenes entered the host cell cytosol, it was
obvious that L. monocytogenes might be an efficient vector for the induction of
cell-mediated immunity, possibly leading to an AIDS vaccine. We thus embarked
on a collaborative project with Yvonne Paterson at Penn where we showed that
L. monocytogenes could be engineered to express and secrete a viral antigen
resulting in the induction of antigen-specific CD8+ T cells in vivo (Ikono-
midis et al. 1994). Other groups of investigators went on to show the efficacy
of L. monocytogenes as a live vaccine vector (Goossens et al. 1995; Shen
et al. 1995), and later that L. monocytogenes vaccines could be used therapeu-
tically to treat tumors as well (Pan et al. 1995). Two biotech companies are
currently embarking on clinical trials to test the safety and efficacy of these
vaccines in humans, and there has been some progress using L. monocytogenes-
based vectors for AIDS vaccines (Paterson and Johnson 2004). In this chapter,
I will continue with a personal perspective, summarize the current status of the
field, and discuss future prospects and unanswered questions.

1.3. Natural History of Infection

To fully appreciate the pathogenic strategies used by L. monocytogenes, or any
pathogen for that matter, it is useful to consider how its mechanisms of pathogenesis
promote dissemination. L. monocytogenes is ubiquitous in nature and associates
closely with animals that feed on plant material (Chap. 6). Human infection is
generally traced to ingestion of contaminated ready-to-eat food (Chap. 2) but plays
little or no role in the natural history of infection. There are two models that may
relate listerial pathogenesis to natural history. First, it is reasonable to assume that
the gastrointestinal tract is the primary site of bacterial replication, with invasion,
intracellular growth, and cell-to-cell spread leading to increased numbers prior
to excretion. In this model, infections of the brain or fetus, although clinically
relevant, contribute little to dissemination. The second model is that L. monocy-
togenes is primarily a pathogen of pregnant animals causing miscarriage as a
means of dissemination. Indeed, the placenta appears to be a highly permissive
environment during experimental listeriosis (Hamrick et al. 2003; Bakardjiev
et al. 2005). In the second model, dissemination occurs as a result of miscarriage.
Recent work from our lab suggests that miscarriage may reflect a host defense
to eliminate an uncontrollable nidus of infection (Bakardjiev et al. 2006). It is
also possible that gastrointestinal multiplication, excretion, and miscarriage play
significant roles in the natural history of infection.

1.4. Genetics, Genomics, and Gene Regulation

Transposon mutagenesis has been a highly successful approach to identify
L. monocytogenes determinants of pathogenesis. Indeed, most of the genes
located in the PrfA regulon were identified by transposon mutagenesis or by



1. Perspective on L. monocytogenes Pathogenesis 5

sequencing of genes adjacent to transposon insertion (Portnoy et al. 1992). Use
of bacteriophages for genetic analysis (Hodgson 2000) and for the design of
phage-based integration vectors (Lauer et al. 2002) has also advanced the field
significantly (Chap. 13), as has the development of inducible systems for gene
expression (Dancz et al. 2002).

However, with the completion of the L. monocytogenes genome sequence,
postgenomic approaches including reverse genetics, proteomics, and bacterial
microarrays have begun to contribute to the analysis of pathogenesis (Chap. 3).
Use of microarrays to examine bacterial gene expression inside of host cells
has just begun to be exploited (Chatterjee et al. 2006; Hain et al. 2006; Shen
et al. 2006).

1.5. Models of Infection

One of the major reasons for the advances in the analysis of L. monocytogenes
pathogenesis has been the development of quantitative tissue culture models of
infection using a variety of cultured cells. Unlike many other facultative intracel-
lular pathogens, infection with wild-type L. monocytogenes does not result in the
death of infected cells until late in infection. Indeed, L. monocytogenes mutants
that prematurely kill infected host cells, due to a variety of LLO mutations, are
avirulent (Glomski et al. 2003). Thus, L. monocytogenes has evolved mechanisms
to avoid killing its host cell.

Intravenous infection in mice remains the most common animal model to
examine infection biology (Chap. 11) and offers very quantitative and repro-
ducible measure of virulence. The murine oral model has been explored but is
still unsatisfactory. Pizarro-Cerdá and Cossart (Chap. 8) argue that the oral model
is inadequate because mice have a mutation within E-cadherin that prevents
the activity of InlA. Thus the guinea pig may be a better model to examine
interactions that require E-cadherin (Lecuit et al. 2001). Cossart has shown that
E-cadherin is found on the basal and apical plasma membranes of human syncy-
tiotrophoblasts and in villous cytotrophoblasts suggesting that InlA-mediated
internalization may lead to placental infection in humans (Lecuit et al. 2004).
Indeed, InlA is necessary for the invasion of human trophoblasts (Bakardjiev
et al. 2004; Lecuit et al. 2004). However, the InlA mutant has no defect in the
pregnant guinea pig model of listeriosis (Bakardjiev et al. 2004). Perhaps there
are multiple pathways leading to infection of the placenta.

1.6. Cell Biology of Infection

1.6.1. Invasion

Listeria monocytogenes is internalized by the vast majority of adherent cells
examined, although the efficiency of uptake can vary by four orders of magnitude.



6 Portnoy

Although there is a large family of internalin molecules, so far, uptake can be
traced to two members of the internalin family (Chap. 8). InlA is necessary
for invasion of epithelial cells while InlB is necessary for invasion of hepato-
cytes. Interestingly, InlB mutants show much less liver toxicity during infection
(Brockstedt et al. 2004). The roles of other internalins are not yet appreciated,
but it is tempting to speculate that they confer invasion in other animals or in
other cell types.

1.6.2. LLO and Escape from Vacuoles

LLO is an essential determinant of L. monocytogenes pathogenesis that is
largely necessary for escape from the primary vacuole that results upon inter-
nalization and the secondary vacuole that results from cell-to-cell spread. The
two PLCs (PlcA and PlcB) also contribute to escape from both the primary
and the secondary vacuoles (Chap. 9). The precise mechanism of escape has
remained elusive, but it seems that LLO has two roles: First, by inserting
into a phagosome, LLO may prevent its maturation (Cheng et al. 2005; Henry
et al. 2006; Shaughnessy et al. 2006). Secondly, LLO probably acts as a translo-
cation pore for one or both PLCs that may activate host-signaling pathways
resulting in vacuolar lysis (Wadsworth and Goldfine 2002). How this leads to
disruption of the phagosome is still not understood. The observation that LLO
is dispensable in human epithelial cells remains puzzling.

LLO is also essential during cell-to-cell spread (Dancz et al. 2002), and the two
PLCs contribute significantly as well (Marquis et al. 1997). Marquis has shown
that pro-PlcB is synthesized during intracellular growth and retained within the
bacterial cell wall but released upon acidification that presumably occurs during
cell-to-cell spread (Marquis and Hager 2000). Metalloprotease (Mpl) also plays
a role in the regulated processing and secretion of PlcB (Yeung et al. 2005).
LLO mRNA is expressed during intracellular growth, but there is translational
regulation that prevents LLO synthesis probably until bacteria enter a vacuole
(Schnupf et al. 2006). How the regulated translation of LLO and the activation
of the PLCs are coordinated in vivo to mediate cell-to-cell spread represents an
important area of future research.

1.6.3. Actin-Based Motility

The capacity of L. monocytogenes to exploit a host system of actin-based motility
(Chap. 10) to promote its own movement represents one of the best examples of
pathogen exploitation of host function. The bacteria need only express ActA, and
the host does the rest. This has been a really exciting and fruitful area of research
with contributions from many labs. First, ActA was identified as being necessary
for the actin-based motility of L. monocytogenes (Domann et al. 1992; Kocks
et al. 1992; Brundage et al. 1993). Secondly, ActA was shown to be sufficient for
actin-based motility (Pistor et al. 1994; Friederich et al. 1995; Smith et al. 1995).
Thirdly, the ActA protein was shown to bind to members of the Ena/VASP family
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(Pistor et al. 1995). The precise role of Ena/VASP has been difficult to assign
as ActA mutants lacking the conserved Ena/VASP recognition sequence still
nucleate actin filaments. However, it appears that Ena/VASP proteins contribute
by controlling temporal and spatial persistence of bacterial actin-based motility
(Auerbuch et al. 2003). Finally, ActA was shown to be a nucleation-promoting
factor by binding to and activating the Arp2/3 complex (Welch et al. 1998).
Although ActA was the first nucleation-promoting complex to be discovered, it
was soon appreciated that mammalian WASP proteins are nucleation-promoting
factors and that ActA and WASP share sequence and functional identity (Welch
and Mullins 2002).

It is generally assumed that ActA-mediated cell-to-cell spread allows the
bacteria to continue to multiply without contacting the extracellular milieu.
However, the mechanism of cell-to-cell spread still remains elusive other than
one beautiful paper describing the morphological events (Robbins et al. 1999).

1.7. Relating Pathogenesis to Immunity

There are nearly 3,000 PubMed citations that include Listeria and immunity,
and the field is nicely summarized in Chaps. 11 and 12. However, one of
the most fundamental observations remains that neither heat-killed nor LLO-
minus mutants provide protective immunity (von Koenig et al. 1982; Berche
et al. 1987; Lauvau et al. 2001). The answer lies at the interface of listerial
pathogenesis and cell-mediated immunity (Portnoy et al. 2002). First, most of the
known antigens recognized by CD8+ T-cells are derived from secreted proteins.
Killed bacteria certainly do not secrete and contain less of these secreted proteins.
Similarly, LLO-minus mutants fail to grow and hence probably secrete less of the
antigens. Secondly, wild-type bacteria enter the cytosol of cells where they grow
and secrete antigens that can readily be processed and presented on MHC Class I
molecules. However, even nonsecreted proteins can be processed and presented
in vivo (Shen et al. 1998), so secretion into the host cell cytosol cannot be the sole
explanation. Finally, the cytokines induced by vacuolar and cytosolic bacteria are
quite different (O’Riordan et al. 2002; McCaffrey et al. 2004). Whereas LLO-
minus bacteria induce a host cytokine profile that is entirely MyD88-dependent,
cytosolic bacteria activate IRF3 leading to production of IFN-� (O’Connell
et al. 2004; Stockinger et al. 2004). Thus, the induction of cytokines such as
IFN-� may promote acquired immunity, and perhaps the cytokines induced by
vacuolar bacteria may not.

1.8. Future Prospects/Unanswered Questions

Most of the previous 20 years can be viewed from the pregenomic perspective.
Now, we are well into the postgenomic era; indeed, another dozen L. monocy-
togenes isolates were just DNA sequenced at the Broad Institute. We also have
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the complete DNA sequence of the most prevalent animal model. Thus, using
microarrays, subsequent to infection, one has the ability to monitor both bacterial
and host gene expression. Transposon mutagenesis has led to the identification of
bacterial determinants of pathogenesis, but in the future, postgenomic approaches
such as TrasH (Sassetti and Rubin 2003) or the construction of comprehensive
deletion libraries should lead to a more comprehensive appreciation of the
determinants of pathogenesis. By combining comprehensive mutant libraries of
bacteria with mouse mutants or RNAi knockdowns in tissue culture, the role
of host factors will be further characterized. RNAi knockdown approaches have
already been used in cultured Drosophila cells infected with L. monocytogenes
(Agaisse et al. 2005; Cheng et al. 2005) and similar approaches using mammalian
cells are sure to follow.

There are still many questions remaining, regarding the cell biology and
bacterial physiology of infection. What bacterial adaptations are required for
intracellular growth (Chap. 4)? While many of the PrfA-regulated products have
been studied, how do they act in concert to promote vacuolar escape, actin-based
motility, and cell-to-cell spread? Does LLO form a translocation pore? What is
the cellular process that leads to cell-to-cell spread? How does L. monocytogenes
avoid or exploit autophagy (Rich et al. 2003), a powerful host process that
engulfs bacteria in the cytosol? (Ogawa and Sasakawa 2006).

There are many questions regarding in vivo infection. For example,
why does L. monocytogenes have so many internalin genes? What are the
pathways of gastrointestinal entry during infection? Are there bacterial gene
products that affect trafficking to and from the placenta in vivo (Hamrick
et al. 2003; Bakardjiev et al. 2006)? What is the significance of bacterial growth
in the gall bladder (Hardy et al. 2004)? Regarding immunology, why do you
need a live infection to generate cell-mediate immunity, and the related question,
how does L. monocytogenes avoid and/or manipulate host innate immunity to
promote infection? Lastly, will these studies lead to the development of highly
attenuated or killed recombinant vaccines for the prevention and/or treatment of
infectious disease and malignancies?
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2.1. Introduction

The bacterium Listeria monocytogenes is an infrequent cause of illness in the
general population. However, in some groups, including neonates, pregnant
women, elderly persons, and those with impaired cell-mediated immunity due
to underlying disease or immunosuppressive therapy, it is an important cause of
life-threatening bacteremia and meningoencephalitis (Lorber 1997; Bucholz and
Mascola 2001; Wing and Gregory 2002). Increasing interest in this organism has
resulted from food-borne outbreaks, concerns about food safety, and the recog-
nition that food-borne infection may result in self-limited febrile gastroenteritis
as well as invasive disease. Separate from its immediate clinical relevance, the
study of listeriosis has provided insights into bacterial pathogenesis and the role
of cell-mediated immunity in resistance to infection with intracellular pathogens.

2.2. Microbiology

Listeria monocytogenes is a small, facultatively anaerobic, nonsporulating,
catalase-positive, oxidase-negative, gram-positive bacillus that grows readily on
blood agar, producing incomplete �-hemolysis (Farber and Peterkin 1991; Bille
et al. 2003). The bacterium possesses polar flagella and exhibits a characteristic
tumbling motility at room temperature (25�C). Optimal growth occurs at
30–37�C, but, unlike most bacteria, L. monocytogenes also grows well at
refrigerator temperature (4–10�C); and, by so-called cold enrichment, it can be
separated from other contaminating bacteria by long incubation in this temper-
ature range. Selective media have been developed to isolate the organism from
specimens containing multiple species (food, stool) and appear to be superior
to cold enrichment (Hayes et al. 1991). When grown on blood-free agar and
viewed with light transmitted at a 45-degree angle (Henry’s illumination), listerial
colonies appear blue, whereas other bacterial colonies appear yellow or orange.
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In clinical specimens, the organisms may be gram-variable and may look
like diphtheroids, cocci, or diplococci. Routine growth media are effective
for growing L. monocytogenes from normally sterile specimens (cerebrospinal
fluid (CSF), blood, joint fluid), but media typically used to isolate diarrhea-
causing bacteria from stool cultures inhibit listerial growth. Laboratory misiden-
tification as diphtheroids, streptococci, or enterococci is not uncommon, and
the isolation of a “diphtheroid” from blood or CSF should always alert one
to the possibility that the organism is really L. monocytogenes (Buchner and
Schneierson 1968; Nieman and Lorber 1980).

Of the six listerial species (L. monocytogenes, L. seeligeri, L. welshimeri,
L. innocua, L. ivanovii, and L. grayi), only L. monocytogenes is pathogenic for
humans. There are at least 13 serotypes of L. monocytogenes, based on cellular
O and flagellar H antigens, but almost all diseases are due to types 4b, 1/2a,
and 1/2b (Schuchat et al. 1991; Bucholz and Mascola 2001), limiting the utility
of serotyping for epidemiological investigations. A number of newer molecular
techniques, including pulsed-field gel electrophoresis, ribotyping, and multilocus
enzyme electrophoresis, have been employed to separate isolates into distinct
groups and have proved useful for investigating epidemics (Czajka and Batt 1994;
Gellin et al. 1994; Graves et al. 1994; Louie et al. 1996; Sauders et al. 2003).

2.3. Epidemiology

Listeria monocytogenes is an important cause of zoonoses, especially in herd
animals. It is widespread in nature, being found commonly in soil, decaying
vegetation, and as part of the fecal flora of many mammals (Schuchat et al. 1991;
Bille et al. 2003). The organism has been isolated from the stool of approximately
5% of healthy adults (Schlech et al. 1983; Schuchat et al. 1991) with higher rates
of recovery reported from household contacts of patients with clinical infection
(Schuchat et al. 1993). Many foods are contaminated with L. monocytogenes
and recovery rates of 1–70% or more are common from raw vegetables, raw
milk, fish, poultry, and meats, including fresh or processed chicken and beef
available at supermarkets or deli counters (Farber and Peterkin 1991). Ingestion
of L. monocytogenes must be a very common occurrence.

Two active surveillance studies performed in 1980–1982 and 1986 by
the Centers for Disease Control and Prevention (CDC) indicated annual
infection rates of 7.4 per million population, accounting for approx-
imately 1,850 cases a year in the United States, with 425 deaths
(Ciesielski et al. 1988; Gellin et al. 1994). By 1993, after food industry regula-
tions were instituted to minimize the risk of food-borne listeriosis, the annual
incidence had declined to 4.4 cases per million, or 1,092 cases, with 248
deaths (Tappero et al. 1995). A similar decline in incidence of human liste-
riosis was seen in France, following control measures to decrease food
contamination (Goulet et al. 2001). Following more recent risk assessment for
L. monocytogenes in deli meats, regulatory and industry changes have been
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designed to prevent future contamination of ready-to-eat meat and poultry
(Gottlieb et al. 2006).

The highest infection rates are seen in infants < 1 month and in adults > 60
years of age (Ciesielski et al. 1988; Tappero et al. 1995). Pregnant women
account for about 30% of all cases and 60% of cases in the 10- to 40-year
age group. Almost 70% of nonperinatal infections occur in those with hemato-
logic malignancy, the acquired immunodeficiency syndrome (AIDS), bone
marrow or solid organ transplants, or in those receiving corticosteroid therapy
(Mylonakis et al. 1988; Blatt and Zajac 1991; Bucholz and Mascola 2001; Safdar
et al. 2002; Siegman-Igra et al. 2002) but seemingly healthy persons may develop
invasive disease, particularly those over 60 years of age.

Subsequent to the 1983 report (Schlech et al. 1983) of a widespread outbreak
of food-borne human listeriosis due to contaminated coleslaw, a number of
other food-borne outbreaks resulting in invasive disease (bacteremia, meningitis)
have been documented, with vehicles including milk (Fleming et al. 1985), soft
cheeses (Linnan et al. 1988; MacDonald et al. 2005), butter (Lyytikaiinen et al.
2000), as well as smoked trout (Miettinen et al. 1999), ready-to-eat pork products
(Goulet et al. 1998), hot dogs, and deli-ready turkey (Frye et al. 2002; Olsen et al.
2005; Gottlieb et al. 2006). A 2002 outbreak due to contaminated turkey deli
meat involved 54 patients in 9 states and resulted in the recall of more than
30 million pounds of food products, one of the largest meat recalls in US
history (Gottlieb et al. 2006). Sporadic cases have been traced to contaminated
cheese (Schwartz et al. 1989), turkey franks (Centers for Disease Control and
Prevention 1989), and alfalfa tablets (Farber et al. 1990). The importance of
food as a source of sporadic listeriosis is illustrated by two CDC studies in
which 11% of all refrigerator food samples were contaminated, 64% of patients
had at least one contaminated food, and, in 33% of instances, the patient and
food isolates had identical strains (Pinner et al. 1992; Schuchat et al. 1992).
Delicatessen-style ready-to-eat meats, especially chicken, had the highest rates
of contamination. Cases were more likely than were controls to have eaten soft
cheeses or deli-counter meats, and 32% of sporadic cases could be attributed to
these foods.

Human listeriosis is typically acquired through ingestion of contaminated
food but other modes of transmission occur. These include transmission from
mother to child transplacentally or through an infected birth canal and cross-
infection in neonatal nurseries (Farber et al. 1992; Colodner et al. 2003). Contam-
inated mineral oil used for bathing infants was the source of one outbreak
(Schuchat et al. 1991). Localized cutaneous infections have occurred in veteri-
narians and farmers after direct contact with aborted calves and infected poultry.

The CDC has established PulseNet (http://www.cdc.gov/pulsenet/), a network
of public health and food regulatory laboratories that use pulsed-field gel
electrophoresis to subtype food-borne pathogens in order to promptly detect
disease clusters that may have a common source (Swaminathan et al. 2001).
This system has proved effective in the early detection of listeriosis outbreaks
(Centers for Disease Control and Prevention 2002).
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2.4. Pathogenesis

Except for vertical transmission from mother to fetus and rare instances of
cross-contamination in the delivery suite or neonatal nursery, human-to-human
infection has not been documented (Farber et al. 1992; Colodner et al. 2003).

Infection most often begins after ingestion of food contaminated with
the organism. The oral inoculum required to produce clinical infection is
unknown; experiments in healthy mammals indicate that ≥109 organisms are
required (Farber et al. 1991). Alkalinization of the stomach by antacids, H2

blockers, proton pump inhibitors, or ulcer surgery may promote infection
(Ho et al. 1986; Schlech et al. 1993). The incubation period for invasive infection
is not well established, but evidence from a few cases related to specific
ingestions points to a mean incubation period of 31 days, with a range from
11 to 70 days. In one report, two pregnant women, whose only common
exposure was attendance at a party, developed listerial bacteremia with the same
uncommon enzyme type; incubation periods for illness were 19 and 23 days
(Riedo et al. 1994).

Virulent L. monocytogenes organisms can cause disease without promoter
organisms, but a 1987 outbreak in Philadelphia, for which no particular source
was found, suggested that intercurrent gastrointestinal infection with another
pathogen may enhance invasion in individuals colonized with L. monocy-
togenes (Schwartz et al. 1989). Evidence for this hypothesis is found in
the common history of antecedent gastrointestinal symptoms in patients and
household contacts, the long incubation period from ingestion to clinical
illness, and two instances in which clinical listeriosis closely followed shigel-
losis (Schroter and Weil 1977; Lorber 1991). Both listerial meningitis and
bacteremia have occurred shortly after colonoscopy or sigmoidoscopy (Sheehan
and Galbraith 1993; Witlox et al. 2000).

In the intestine, L. monocytogenes crosses the mucosal barrier, aided by active
endocytosis of organisms by endothelial cells (Farber and Peterkin 1991; Cossart
and Sansonetti 2004). Once in the blood stream, hematogenous dissemination
may occur to any site; L. monocytogenes has a particular predilection for the
central nervous system (CNS) and the placenta. It is generally believed that
listeriae reach the CNS by a bacteremic route, but animal experiments suggest
that rhombencephalitis may develop by intraaxonal spread of bacteria from
peripheral sites to the CNS (Antal et al. 2001; Drevets et al. 2004).

Several virulence factors have been identified that enable L. monocytogenes
to function as an intracellular organism. The bacterium possesses the cell
surface protein, internalin that interacts with E-cadherin, a receptor on
macrophages and intestinal lining cells, to induce its own ingestion (Farber
and Peterkin 1991; Mengard et al. 1996; Cossart and Sansonetti 2004).
A membrane lipoprotein appears to promote entry into nonmacrophage cells
(Reglier-Poupet et al., 2003). The major virulence factor, listeriolysin O, along
with phospholipases, enables listeriae to escape from the phagosome and avoid
intracellular killing (Vasquez-Boland et al. 2001; Portnoy et al. 2002; Dussurget
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et al. 2004). Once free in the cytoplasm, the bacterium can divide and, by
inducing host cell actin polymerization, propel itself to the cell membrane
(Sanger et al. 1992; Southwick and Purich 1996). Subsequently, by means of
pseudopod-like projections, it can invade adjacent macrophages. The bacterial
surface protein Act A is necessary for the induction of actin filament assembly
and cell-to-cell spread and, therefore, is a major virulence factor. Thus, through
this novel life cycle, L. monocytogenes moves from cell to cell, evading exposure
to antibodies, complement, or neutrophils.

Ability to scavenge iron, which is essential for the life of all microorganisms,
appears to be an important virulence factor of L. monocytogenes. Siderophores of
the organism enable it to take iron from transferrin (Farber and Peterkin 1991).
In vitro, iron enhances organism growth (Sword 1966), and, in animal models
of listerial infection, iron overload is associated with enhanced susceptibility
to infection and iron supplementation with enhanced lethality, whereas iron
depletion results in prolonged survival (Ampel et al. 1992; Lorber 1997).
The clinical associations of sporadic listerial infection with hemochromatosis
(Nieman and Lorber 1980) and of outbreaks with transfusion-induced iron
overload in patients receiving dialysis (Mossey and Sondheimer 1985) attest to
the importance of iron acquisition as a virulence factor in humans.

2.5. Immunity

Resistance to infection with the intracellular bacterium L. monocytogenes
is predominantly cell mediated, as evidenced by experiments (Mackaness
1962; Mackaness 1971) showing that immunity could be transferred by sensi-
tized lymphocytes but not by antibodies. Further evidence is provided by the
overwhelming clinical association between listerial infection and conditions of
impaired cellular immunity, including lymphoma, pregnancy, AIDS, and corti-
costeroid immunosuppression (Buchner and Schneierson 1968; Nieman and
Lorber 1980; Stamm et al. 1982; Cherubin et al. 1991; Skoberg et al. 1992; Gellin
et al. 1994; Lorber 1997; Bucholz and Mascola 2001; Wing and Gregory 2002).
Tumor necrosis factor (TNF) alpha-neutralizing agents (e.g., infliximab) are
increasingly used to treat rheumatoid arthritis and Crohn’s disease; invasive
listeriosis has complicated use of these immune modulating agents (Slifman
et al. 2003). The production of nitric oxide by activated macrophages may
play a role in natural immunity to listeriosis independent of T-cell function
(Hibbs 2002). The role of humoral immunity is unknown, although both
immunoglobulin M (absent in neonates) and classical complement activity (low
in neonates) have been shown to be necessary for efficient opsonization of
L. monocytogenes (Bortolussi et al. 1986).

Although listeriosis is 100–1,000 times more common in patients with AIDS
compared with the general population (Jurado et al. 1993; Ewert et al. 1995), it
is somewhat surprising that it is not seen more commonly, given the ubiquity
of the organism (Berenguer et al. 1981; Mascola et al. 1988; Kales and
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Holzman 1990; Decker et al. 1991). A partial explanation may lie in the exper-
imental observation that resistance to listeriosis appears to be mediated by
lymphocytes that do not carry CD4 or CD8 markers (Dunn and North 1991a,b).
Additionally, use of trimethoprim–sulfamethoxazole (TMP–SMX) for prophy-
laxis against Pneumocystis jiroveci (formerly carinii) provides protection against
listeriosis (Jurado et al. 1993). Frequency of listeriosis is not increased in those
with deficiencies in neutrophil numbers or function, splenectomy, complement
deficiency, or immunoglobulin disorders; the latter finding is not surprising because
L. monocytogenes can pass from cell to cell without being exposed to antibody.

2.6. Clinical Manifestations

The species name derives from the fact that an extract of the L. monocytogenes cell
membrane has potent monocytosis-producing activity in rabbits, but monocytosis
is a very uncommon feature of human infection (Murray et al. 1926; Stanley 1949).

2.6.1. Infection in Pregnancy

Mild impairment of cell-mediated immunity occurs during gestation, and
pregnant women are prone to developing listerial bacteremia with an estimated
17-fold increase in risk (Weinberg 1984; Mylonakis et al. 2002). Listeriae
proliferate in the placenta in areas that appear to be unreachable by usual
defense mechanisms, and cell-to-cell spread facilitates maternal–fetal transmission
(Bakardjiev et al. 2005). For unexplained reasons, CNS infection, the most
commonly recognized form of listeriosis in other groups, is extremely rare during
pregnancy in the absence of other risk factors (Ciesielski et al. 1988; Gellin
et al. 1994; Bucholz and Mascola 2001). Bacteremia manifests clinically as an acute
febrile illness, often accompanied by myalgia, arthralgia, headache, and backache.
Illness may occur at any time during pregnancy but usually occurs in the third
trimester, probably related to the major decline in cell-mediated immunity seen at
26–30 weeks of gestation (Weinberg 1984). Twenty-two percent of perinatal infec-
tions result in stillbirth or neonatal death; premature labor is common (Bucholz and
Mascola 2001). Untreated bacteremia is generally self-limited; although if there is
a complicating amnionitis, fever may persist in the mother until the fetus is aborted.
Early diagnosis and antimicrobial therapy can result in the birth of a healthy infant
(Evans et al. 1985; Kalstone 1991).

There is no convincing evidence that listeriosis is a cause of habitual abortion in
humans.

2.6.2. Neonatal Infection

In a pregnant primate model, oral administration of L. monocytogenes resulted
in stillbirth with isolation of the bacterium from placental and fetal tissues
(Smith et al. 2003). When in utero infection occurs, it can precipitate spontaneous
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abortion. The fetus may be stillborn or die within hours of a disseminated form of
listerial infection known as granulomatosis infantiseptica, which is characterized
by widespread microabscesses and granulomas that are particularly prevalent in the
liver and spleen. In this entity, abundant bacteria are often visible on Gram stain of
meconium (Visintine et al. 1977; Larsson and Linell 1979).

More commonly, neonatal infection manifests like group B streptococcal disease
in one of two forms (Lorber 1997): (1) early-onset sepsis syndrome, usually
associated with prematurity and probably acquired in utero; or (2) late onset menin-
gitis, occurring at about 2 weeks of age in term infants, who most likely acquired
organisms from the maternal vagina at parturition. Cases have occurred after
cesarean delivery, however, and nosocomial transmission has been suggested.

In early-onset disease, L. monocytogenes can be isolated from the conjunc-
tivae, external ear, nose, throat, meconium, amniotic fluid, placenta, blood, and,
sometimes, CSF; Gram stain of meconium may show gram-positive rods and
provide early diagnosis. The highest concentrations of bacteria are found in the
neonatal lung and gut, which suggests that infection is acquired in utero from
infected amniotic fluid, rather than via a hematogenous route (Becroft et al. 1971).
Purulent conjunctivitis and a disseminated papular rash have rarely been described
in neonates with early-onset disease, but clinical infection is otherwise similar to
that due to other bacterial pathogens.

2.6.3. Bacteremia

Bacteremia without an evident focus is the most common manifestation of liste-
riosis after the neonatal period (Gellin et al. 1994). Clinical manifestations typically
include feverandmyalgias; aprodromal illnesswithnauseaanddiarrheamayoccur.
Since immunocompromised patients are more likely than healthy persons to have
blood cultures during febrile illnesses, transient bacteremias in healthy persons may
go undetected.

2.6.4. Central Nervous System Infection

Organisms that cause bacterial meningitis most frequently (Streptococcus
pneumoniae, Neisseria meningitidis, and Haemophilus influenzae), rarely cause
parenchymal brain infections such as cerebritis and brain abscess. By contrast, L.
monocytogenes has tropism for the brain itself (particularly the brain stem), as well
as for the meninges (Nieman and Lorber 1980; Lorber 1997). Many patients with
meningitis experience altered consciousness, seizures, or movement disorders and
truly have meningoencephalitis.

2.6.4.1. Meningitis

In an active surveillance study of bacterial meningitis reported by the CDC in 1990,
L. monocytogenes was the fifth most common pathogen, after H. influenzae, S.
pneumoniae, N. meningitidis, and group B streptococcus, but it had the highest
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mortality at 22% (Wenger et al. 1990). By 1995, 5 years after the introduction
of H. influenzae conjugate vaccines, H. influenzae had become a less common
cause of meningitis than L. monocytogenes, which accounted for 20% of cases in
neonates and 20% in those > 60 years of age (Schuchat et al. 1997). Worldwide, L.
monocytogenes is one of the three major causes of neonatal meningitis, is second
only to pneumococcus as a cause of bacterial meningitis in adults >50 years, and is
the most common cause of bacterial meningitis in patients with lymphoma, patients
with organ transplants, or those receiving corticosteroid immunosuppression for
any reason (Mylonakis et al. 1988; Lorber 1997; Siegman-Igra et al. 2002; Safdar
and Armstrong 2003).

Clinically, meningitis due to L. monocytogenes is usually similar to that due to
more common causes; features particular to listerial meningitis are summarized
in Table 2.1.

2.6.4.2. Brain Stem Encephalitis (Rhombencephalitis)

An unusual form of listerial encephalitis involves the brain stem (Armstrong and
Fung 1993) and is similar to the unique zoonotic listerial infection known as
circling disease of sheep (Gill 1993). In contrast to other listerial CNS infec-
tions, this illness usually occurs in healthy older children and adults; neonatal
cases have not been reported. The typical clinical picture is one of a biphasic
illness with a prodrome of fever, headache, nausea, and vomiting lasting about
4 days, followed by the abrupt onset of asymmetrical cranial nerve deficits,
cerebellar signs, and hemiparesis or hemisensory deficits, or both. Nuchal rigidity
is present in about 50%, CSF is only mildly abnormal, and CSF culture is
positive in about 40%; almost two-thirds are bacteremic. Respiratory failure
develops in about 4% of cases. Magnetic resonance imaging is superior to
computed tomography for demonstrating rhombencephalitis (Armstrong and Fung
1993; Faidas et al. 1993). Mortality is high, and serious sequelae are common in
survivors.

Table 2.1. Distinctive features of listerial meningitis compared with more common bacterial
etiologies.

Feature Frequency (%)

Presentation can be subacute (mimics tuberculous meningitis) ∼ 10
Stiff neck is less common 15–20
Movement disorders (ataxia, tremors, myoclonus) are more common 15–20
Seizures are more common ∼ 25
Fluctuating mental status is common ∼ 75
Positive blood culture is more common 75
Cerebrospinal fluid (CSF)

Positive Gram stain is less common 40
Normal CSF glucose is more common > 60
Mononuclear cell predominance is more common ∼ 30
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2.6.4.3. Brain Abscess

Macroscopic brain abscesses account for about 10% of CNS listerial infections.
Bacteremia is almost always present, and concomitant meningitis with isolation of
L. monocytogenes from the CSF is found in 25%; both of these features are rare in
other forms of bacterial brain abscess (Eckburg et al. 2001). About 50% of cases
occur in known risk groups for listerial infection. Subcortical abscesses located in
the thalamus, pons, and medulla are common; these sites are exceedingly rare when
abscesses are due to other bacteria. Mortality is high, and survivors usually have
serious sequelae (Cone et al. 2003).

2.6.5. Endocarditis

Listerial endocarditis may account for as much as 7.5% of adult listerial infections
(Nieman and Lorber 1980), affects the population at risk for viridans streptococcal
endocarditis, produces both native valve and prosthetic valve disease, and has a high
rateof septiccomplicationsandamortalityof48%(Carvajal andFrederiksen1988).
Listerial endocarditis, but not bacteremia per se, may be an indicator of underlying
gastrointestinal tract pathology, including cancer (Lorber 1997). Cases in children
are rare.

2.6.6. Localized Infection

Rare reports of focal infections from which L. monocytogenes have been isolated
include direct inoculation resulting in conjunctivitis (Schwartz et al. 1989), skin
infection (Cain and McCann 1986), and lymphadenitis (Nieman and Lorber 1980).
Bacteremia can lead to hepatic infection (Yu et al. 1992; Braun et al. 1993),
cholecystitis (Gordon and Singer 1986), peritonitis (Myers et al. 1983; Winslow
and Steele 1984), splenic abscess (Nieman and Lorber 1980), pleuropulmonary
infection (Gradon et al. 1982; Mazzulli and Salit 191; Domingo et al. 1992), septic
arthritis (Curosh and Perednia 1989), osteomyelitis (Chirgwin and Gleich 1989),
pericarditis (Holoshitz et al. 1984), myocarditis (Stamm et al. 1990), arteritis
(Gauto et al. 1992), and endophthalmitis (Nieman and Lorber 1980). Complications
including disseminated intravascular coagulation (Plaut and Gardner 1972), adult
respiratory distress syndrome (Boucher et al. 1984), and rhabdomyolysis with acute
renal failure (Thomas and Ravaud 1988) have been documented. There is nothing
clinically unique about these localized infections; many, but not all, have occurred
in those known to be at risk for listeriosis.

2.6.7. Febrile Gastroenteritis

Many patients with invasive listeriosis give a history of antecedent gastrointestinal
illness, often accompanied by fever. Although isolated cases of gastrointestinal
illness due to L. monocytogenes appear to be quite rare (Schlech et al. 2005), at
least seven outbreaks of food-borne gastroenteritis due to L. monocytogenes have
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been documented (Ooi and Lorber 2005). In the largest outbreak to date, 1,566
individuals, most of them children between the ages of 6 and 10, became ill after
eating caterer-provided cafeteria food at two schools, and 19% were hospitalized
(Aureli et al. 2000). Illness typically occurs 24 h after ingestion of a large inoculum
of bacteria (range from 6 h to 10 days) and usually lasts 1–3 days (range 1–7 days);
attack rates have been quite high (52–100%). Common symptoms include fever,
watery diarrhea, nausea, headache, and pains in joints and muscles. Vehicles of
infection have included chocolate milk, cold corn and tuna salad, cold smoked trout,
and delicatessen meat. L. monocytogenes should be considered to be a possible
etiology in outbreaks of febrile gastroenteritis when routine cultures fail to yield a
pathogen.

2.6.8. Complications

Disseminated intravascular coagulation, adult respiratory distress syndrome, and
rhabdomyolysis with acute renal failure have been documented as complications of
invasive listeriosis. Rare episodes of reinfection have occurred (Van et al. 1994).

2.7. Diagnosis

Listeriosis should be a major consideration as part of the differential diagnosis in
any of the following clinical settings:

1. Septicemia or meningitis in infants < 2 months of age.
2. Meningitis or parenchymal brain infection in (1) patients with hematologic

malignancy, AIDS, organ transplantation, corticosteroid immunosuppression,
or those receiving anti-TNF agents; (2) patients with subacute presentation; (3)
adults > 50 years; and (4) those in whom CSF shows gram-positive bacilli.

3. Simultaneous infection of the meninges and brain parenchyma.
4. Subcortical brain abscess.
5. Fever during pregnancy.
6. Blood, CSF, or other normally sterile specimen reported to have “diphtheroids”

on Gram stain or culture.
7. Food-borne outbreak of febrile gastroenteritis when routine cultures fail to

identify a pathogen.

Diagnosis requires isolation of L. monocytogenes from clinical specimens
(e.g., CSF, blood) and identification through standard microbiologic techniques.
Antibodies to listeriolysin O have not proved useful in invasive disease
(Chatzipanagiotou and Hof 1988), nor have polymerase chain reaction probes
(Greisen et al. 1994). Antibodies to listeriolysin O may be useful during inves-
tigation of outbreaks of febrile gastroenteritis (Dalton et al. 1997). Magnetic
resonance imaging is superior to computed tomography for demonstrating
parenchymal brain involvement, especially in the brain stem (Armstrong and
Fung 1993; Faidas et al. 1993).
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2.8. Treatment

Comprehensive reviews of treatment are available (Hof et al. 1997; Lorber 2002).
No controlled trials have established drug of choice or duration of therapy
for listerial infection. Ampicillin is generally considered the preferred agent
(Nieman and Lorber 1980; Scheld 1983; Lorber 1997; Lorber 2002; Safdar
and Armstrong 2003). Based on synergy in vitro and in animal models
(Edmiston and Gordon 1979), most authorities suggest adding gentamicin to
ampicillin for treatment of bacteremia in those with severely impaired T-
lymphocyte function and in all cases of meningitis and endocarditis (Cherubin
et al. 1991; Lorber 1997). In one uncontrolled study (Merle-Melet et al. 1996),
the combination of TMP–SMX plus ampicillin was associated with a lower
failure rate and fewer neurologic sequelae than ampicillin combined with an
aminoglycoside.

For those intolerant of penicillins, TMP–SMX is believed to be the best alter-
native (Meyer and Liu 1987; Spitzer et al. 1986; Winslow and Pankey 1982).
Chloramphenicol, at one time regarded as the agent of choice for patients with
penicillin allergy, should not be used to treat listerial infection because of
unacceptable failure and relapse rates (Cherubin et al. 1985; Cherubin et al. 1991).
No currently available cephalosporin should be used; none has adequate activity
(Cherubin et al. 1991; Espaze and Reynaud 1998), and meningitis has developed
in patients receiving cephalosporins (Lorber et al. 1975; Cherubin et al. 1991).
For this reason, ampicillin is always included in empirical therapy for septicemia
or meningitis in infants < 2 months of age.

Vancomycin has been used successfully in a few patients with penicillin
allergy (Blatt and Zajac 1991; Bonacorsi et al. 1993), but other patients have
developed listerial meningitis while receiving the drug (Baldassarre et al. 1991).
Rifampin is active in vitro and is known to penetrate phagocytic cells; clinical
experience is minimal, however, and in animal models, the addition of rifampin
to ampicillin was not more effective than when ampicillin was used alone
(Scheld 1983).

Initial dosing of antibiotics as for meningitis is prudent for all patients, even
in the absence of CNS or CSF abnormalities, because of the high affinity of this
organism for the CNS. Patients with meningitis should be treated for no fewer
than 3 weeks; bacteremic patients without CSF abnormalities can be treated for
2 weeks.

No data exist concerning antimicrobial efficacy in listerial gastroenteritis; the
illness is self-limited, and treatment is not warranted.

Clinically significant antimicrobial resistance has not been encountered,
but vigilance is warranted since transfer of resistance from enterococci to
L. monocytogenes has been reported (Charpentier and Courvalin 1999).

Because iron is a virulence factor for L. monocytogenes, it seems prudent to
withhold ironreplacement inpatientswith irondeficiencyuntil the listerial infection
is resolved.
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Nine neonates with septicemia, pneumonia, and severe respiratory failure due to
L. monocytogenes who were supported by venoarterial bypass have been reported,
with recovery in six infants. The duration of extracorporeal membrane oxygenation
was comparatively prolonged (median, 9 days), probably because of the necrotizing
nature of listerial lung infection (Hirscal et al. 1994).

2.9. Prevention

Recommendations for prevention of listeriosis from a food-borne source have been
developed by the CDC (Broome 1993) and are presented in Table 2.2.

Except from infected mother to fetus, human-to-human transmission of liste-
riosis does not occur; therefore, patients do not require isolation. Neonatal listerial
infection complicating successive pregnancies is virtually unheard of, and intra-
partum antibiotics are not recommended for mothers with a history of perinatal liste-
riosis. There is no vaccine. Listerial infections are effectively prevented by TMP–
SMX, given as prophylaxis against P. jiroveci to recipients of organ transplants
or to individuals with the human immunodeficiency virus (Dworkin et al. 2001).
The utility, or even the feasibility, of eradicating gastrointestinal colonization
as a means to prevent invasive listeriosis is unknown. However, asymptomatic
persons at high risk for listeriosis, known to have ingested a food implicated in an
outbreak,couldreasonablybegivenseveraldaysoforalampicillinor trimethoprim–
sulfamethoxasole.

Table 2.2. Dietary recommendations for preventing food-borne listeriosis.

For all persons

1. Cook raw food from animal sources (e.g., beef, pork, and poultry) thoroughly.
2. Wash raw vegetables thoroughly before eating.
3. Keep uncooked meats separate from vegetables, cooked foods, and

ready-to-eat foods.
4. Avoid consumption of raw (unpasteurized) milk or foods made from raw milk.
5. Wash hands, knives, and cutting boards after handling uncooked foods.

Additional recommendations for persons at high riska

1. Avoid soft cheeses (e.g., Mexican-style, feta, Brie, Camembert) and
blue-veined cheese; there is no need to avoid hard cheeses, cream cheese,
cottage cheese, or yogurt.

2. Leftover foods or ready-to-eat foods (e.g., hot dogs) should be reheated until
steaming hot before eating.

3. Consider avoidance of foods in delicatessen counters.b

a Those immunocompromised by illness or medications, pregnant women, and the
elderly.
b Although the risk for listeriosis associated with foods from delicatessen counters
is relatively low, pregnant women and immunosuppressed persons may choose to
avoid these foods or to thoroughly reheat cold cuts before consumption.
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Abstract: The publication of the complete genome sequences of four clinical Listeria
monocytogenes isolates and one of its apathogenic relative, Listeria innocua,
in 2001 and 2003 has paved the way for major breakthroughs in under-
standing the biology of L. monocytogenes. The availability of these
sequences allowed applying postgenomics analysis to understand virulence
and ecology of L. monocytogenes and evolution of the genus Listeria.
Comparative genomics now help to unravel the molecular basis of the
pathogenesis, the host range, the evolution, and the phenotypic differences
among L. monocytogenes isolates and within the genus Listeria. Based
on sequence analysis, many new virulence factors have been identified,
foremost among them, surface proteins like internalins, in agreement with
the expansion of this protein family revealed by genome sequencing. The
discovery of a broad transport capacity, in particular, of carbon sources
and of unexpected metabolic pathways like the biosynthesis of vitamin B12

and glutathione (GSH) explains the ubiquitous nature of Listeria. Some of
the many regulators identified in the genome are now analyzed, demon-
strating, e.g., the importance of an orphan two-component regulator DegU
in virulence of L. monocytogenes or leading to the identification of a new
class of regulators like MogR, the master regulator of flagella expression.
Combined with genome analysis, transcriptome studies using microarrays
allow for the first time the global and parallel analysis of L. monocyto-
genes gene expression inside and outside eukaryotic cells. Multiple ongoing
sequencing projects allowing multigenome comparisons combined with
different postgenomics and functional analyses open the way to a global
understanding of the ability of Listeria to adapt to a broad range of environ-
ments and hosts and of the multiple aspects of the disease it causes, listeriosis.

3.1. Introduction

The term “Genomics”, coined by Thomas Roderick in 1986, refers to an
at-that-time new scientific discipline of mapping, sequencing, and analyzing
genomes (Kuska 1998). Although genomics was the object of controversies
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in its early times, it was boosted by the human genome project and
has meanwhile revolutionized our way of thinking in biological research.
Given the small size of their genomes, this is particularly true for bacteria.
Genomics also provides, for the first time, the possibility to analyze at
the molecular level an organism as an entity, and with the emergence of
systems biology it will be possible to integrate all different knowledge coher-
ently. However, genomics is still intricately linked to genetics, a discipline
developed in the 19th century. With respect to the genus Listeria, genomics
started with the first chromosome structure analysis based on pulsed field gel
electrophoresis (PFGE) and has led now to what is referred to as postgenomics
studies including systematic gene knockouts, proteome, and transcriptome
analysis.

The first published description of L. monocytogenes was that by Murray
et al. in 1926. These researchers observed six cases of rather sudden death of
young rabbits in 1924 in the animal-breeding establishment of the Department
of Pathology of Cambridge and many more in the succeeding 15 months.
The interesting characters presented by the disease and the mortality prompted
investigation. In 1927, during investigations of unusual deaths observed in
gerbils near Johannesburg (South Africa), Pirie discovered the same organism
(Pirie 1927). Since then many studies have been undertaken to characterize
L. monocytogenes which was until 1966 the only member of the genus.
Listeria are Gram-positive rods that are not considered as naturally competent
and, although phages infecting Listeria have been known for a long time,
general transduction systems were described only in 2000 (Hodgson 2000).
Due to the absence of genetic tools, L. monocytogenes, like most pathogenic
bacteria, escaped classical genetics. Nevertheless, the development of transposon
mutagenesis and genetic screens allowed the isolation of mutants affected in
virulence genes. The first gene to be inactivated was hly encoding the cytolysin,
by using the 26-kb-long transposon Tn1545 (Gaillard et al. 1986). The loss
of virulence associated with the inactivation of this gene demonstrated the
critical role of hemolysin in virulence. Following hly, major virulence deter-
minants, most of them encoded on the so-called “virulence gene cluster” as
well as on the inlAB operon, were subsequently identified by using various
phenotypic tests and transposon mutant collections (Portnoy et al. 1992).
Genetic identification of virulence factors depends heavily on the experimental
approach used to test for virulence. For example, signature tagged mutagenesis
(STM), by testing pools of mutants, allows screening of a large number of
mutant strains in an animal model. Recently, several STM screens have been
performed with L. monocytogenes leading to the identification of additional
virulence factors including regulatory systems like the two-component system
Lgr, a homolog of the Staphylococcus aureus Agr system (Autret et al. 2003)
and the VirR response regulator (Mandin et al. 2005a). However, genomics
of L. monocytogenes was the prerequisite to gain a complete understanding
of the genetic basis of the virulence and the ecology of this food-borne
pathogen.
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3.2. Genome Comparisons

3.2.1. Genome Mapping

In 1984, Schwartz and Cantor developed a procedure allowing for the first time
to separate DNA fragments larger than 50 kb in size by using alternately pulsed,
electrical fields and chromosomal DNA embedded in agarose. This technique
was initially used to separate the 14 Saccharomyces cerevisiae chromosomes
(Schwartz and Cantor 1984). It was then in 1992 that the first physical map of
the chromosome of a L. monocytogenes strain, strain LO28 of serotype 1/2c,
was obtained (Michel and Cossart 1992). Physical maps of the chromosomes
of two other extensively studied L. monocytogenes strains were subsequently
published – that of strain Scott A in 1997 (He and Luchansky 1997) and that
of strain EGD in 1999 (von Both et al. 1999). These physical maps show
differences but all indicated a genome size of about 3 Mb for L. monocytogenes.
In 1991, macrorestriction analysis by PFGE was used for the first time to compare
the genome organization of food and clinical isolates of L. monocytogenes by
using ApaI, NotI, and SmaI (Brosch et al. 1991) or ApaI and NotI (Carriere
et al. 1991) as restriction enzymes. This method, established in 1991, for Listeria
typing was subsequently validated by an international WHO multicenter study
(Brosch et al. 1996). Further studies led to the standardization of PFGE for
L. monocytogenes (Gerner-Smidt et al. 2006; Graves and Swaminathan 2001).
PFGE is still thought to be the most reliable method for typing and differentiating
L. monocytogenes strains.

Characterization of a large number of L. monocytogenes strains by PFGE
demonstrated that the previously established two primary phylogenetic divisions
using multilocus enzyme electrophoresis (MLEE) present within the species
L. monocytogenes (Bibb et al. 1989; Piffaretti et al. 1989) are also reflected in
the genome organization of this species (Brosch et al. 1994). These analyses
together with many further studies led to the identification of three lineages
within this species that correlate with serovars: lineage I comprises strains of
serovar 1/2a, 1/2c, 3a; lineage II comprises strains of serotypes 1/2b, 4b, 4e; and
lineage III comprising strains of serotypes 4a and 4c (Bibb et al. 1989; Brosch
et al. 1994; Graves et al. 1994; Jeffers et al. 2001; Piffaretti et al. 1989; Wiedmann
et al. 1997). This classification is highly robust, as it is reproduced also when
using other molecular typing methods such as ribotyping (Wiedmann et al. 1997),
Multi Locus Sequence Typing (Zhang et al. 2004), and DNA-array hybridization
(Doumith et al. 2004b). This finding led to the idea that the three lineages are
of ancient origin and the congruence of various methods highlights the genomic
stability of the species.

3.2.2. Genome Sequencing and Analysis

The first bacterial genome projects concerned thoroughly analyzed bacteria
like the model organisms Escherichia coli (Blattner et al. 1997) and Bacillus
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subtilis (Kunst et al. 1997) or the pathogenic Mycobacterium tuberculosis
(Cole et al. 1998). Sequencing of these genomes was based on a top-down
approach using subcloning of large chromosomal overlapping fragments in
lambda phage, plasmids, or cosmids. However, in 1995 the first complete
bacterial genome sequence published, that of Haemophilus influenzae, a genet-
ically poorly characterized human pathogen, was obtained by using a bottom-
up approach known as whole genome shotgun sequencing (Fleischmann
et al. 1995). This method has revolutionized genome sequencing. The procedure
is based on random sequencing of a large number of clones and assembly
of the individual sequences by using their overlapping regions. Combined
with improvement of the DNA sequencing technology, the shotgun sequencing
can be nearly fully automated and is nowadays an extremely efficient and
reliable technique used broadly for whole genome sequencing. With the deter-
mination of the nucleotide sequence of the H. influenzae genome, the area of
bacterial genomics started. Among the more than 430 freely available complete
bacterial genome sequences a large proportion are genomes of human pathogens
(http://www.ncbi.nlm.nih.gov/genomes/lproks.cgi).

In Listeria research, the area of genomics started with the determination of
the complete genome sequences of two members of the genus by a consortium
of 10 European laboratories, the pathogen L. monocytogenes (strain EGDe), and
the closely related apathogenic species L. innocua (strain CLIP11626) (Glaser
et al. 2001a). These sequences were determined by using the whole genome
sequence approach and were published 6 years after that of the genome of
H. influenzae. For the annotation and analysis of these sequences, a software
package (CAAT-box) was developed allowing both, to share the annotation
among different research laboratories in different countries and the beginning of
the annotation before completion of the finishing phase (Frangeul et al. 2004).
The genome sequence of the closely related, nonpathogenic species L. innocua
was determined in parallel with that of L. monocytogenes to allow genome
comparisons of pathogenic and nonpathogenic Listeria. Strain L. monocytogenes
EGD was chosen, because it is one of the most studied strains in many different
laboratories around the world for a broad range of research questions concerning
various aspects of L. monocytogenes virulence and ecology. L. monocytogenes
strain EGD is a derivative of the strain originally isolated by Murray that was
then used by Mackaness in his studies on cell-mediated immunity (Mackaness
1964). As since that time genetic differences have appeared among different
isolates of EGD kept in different laboratories, the strain selected for sequencing
was a well-defined highly virulent isolate, provided by Trinad Chakraborty
(University of Giessen) and was named EGDe.

Additional sequence information is now available, as in 2004: the Institute
of Genomic Research (TIGR) has published the genome sequences of three
L. monocytogenes strains isolated from food incriminated as source of listeriosis
cases (Nelson et al. 2004). Strain F2365 is a serotype 4b cheese isolate from
an outbreak in 1985 in California/USA; strain H7858 is also of serotype 4b
and was isolated from contaminated frankfurters responsible for a multistate
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outbreak in the USA (1998–1999); and strain F6854 is of serotype 1/2a and was
isolated from turkey frankfurters thought to be responsible for a sporadic case of
human listeriosis. The sequence of the genome of strain F2365 was completed;
the two other genome sequences were released nearly complete as a set of
133 (strain F6854) and 181 (strain H7858) concatenated contigs. In addition
to these published genome sequences, further Listeria genome sequencing is
under way in the US and in Europe. The Broad Institute has recently released
the draft genome sequences of 18 L. monocytogenes strains from various
origins (http://www.broad.mit.edu/seq/msc/) including the only serotype 3a strain
responsible of an outbreak in Finland in 1999 (Lyytikainen et al. 2000) and
the strain responsible of an outbreak of gastro enteritis in Italy in 1997 (Aureli
et al. 2000). In Europe the German Pathogenomics network in collaboration with
the Institut Pasteur is sequencing one isolate from each of the four remaining
species of the genus Listeria (L. ivanovii, L. seeligeri, L. welshimeri, and L.
grayi) (Hain et al. 2006). The outcome of this international effort will provide a
unique opportunity to characterize and understand the mechanisms of evolution
within the genus Listeria, to set the basis for genome-based population genetics
and to characterize the specificity of clinical isolates.

3.2.3. Comparative Analysis of L. monocytogenes
with Available Genome Sequences

Analysis of the available sequences revealed that the Listeria genomes are very
homogeneous in size ranging from 2893 to 3,011 kb with conserved general
features summarized in Table 3.1. If integrated prophages are not considered,
the L. innocua genome, which contains five integrated prophages accounting for
216.8 kb, has the smallest size of 2,794 kb containing 2,679 protein-encoding
genes (Table 3.1.). Based on the 16S rRNA sequence, the genus Listeria is
classified into the group of low GC Gram positive bacteria closely related to
Bacillaceae. Another means to compare organisms is based on gene content of
their genomes and on the distribution of the highest similarity score of each
protein or on the number of bidirectional best hits (BDBH). In 2001, when the
genes predicted in the L. monocytogenes strain EGDe were first annotated, 318
genes were scored as coding proteins without similarity to any other protein in the
public sequence libraries or as showing similarity only to other L. monocytogenes
proteins. Since then, an enormous amount of new sequences has been added
to these public databases. Thus, it was expected that these scores might have
changed. In order to be able to compare the results we had gotten in 2001 with the
situation 5 years later, we re-analyzed the similarity scores of all predicted protein
sequences of L. monocytogenes EGDe to proteins present in the public databases.
We recorded the first six non-Listeria BLASTp hits in the NCBI-NR protein
sequence database with each of the EGDe proteins. This database contains protein
sequences from over 500 complete or unfinished bacterial genome sequences.
Surprisingly, out of the originally 318 orphan genes, only 60 protein sequences
had now a similar sequence among this tremendous amount of new protein
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Table 3.1. General features of published Listeria genome sequences.

L. monocyto-
genes EGDe

(1/2a)

L. monocyto-
genes F6854

(1/2a)c

L .monocyto-
genes F2365

(4b)

L.monocytogenes
H7858�4b�c

L.innocua
CLIP11262

(6a)

Size of the
chromosome
(bp)

2 944 528 ∼ 2 953 211 2 905 310 ∼ 2 893 921 3 011 209

G+C content
(%)

38 37.8 38 38 37.4

G+C content
protein-coding
genes (%)

38.4 38.5 38.5 38.4 38.0

Total number
of CDSa

2853 2973 2847 3024 2973

Percentage
coding

89.2% 90.3% 88.4% 89.5% 89.1%

Number of
prophage
regions

1 3 2 2 5

Monocins 1 1 1 1 1
Plasmid – – – 1 (94 CDS) 1 (79 CDS)
Number of
strain-specific
genesb

61 97 51 69 78

Number of
transposons

1 (Tn916 like) – – – –

Number of
rRNA operons

6 6 6 6 6

Number of
tRNA genes

67 67c 67 65c 66

aCDS = coding sequence
bexcept prophage genes
cDraft genome sequence (eightfold coverage without gap closure)

sequences. Thus 258 genes still encode proteins that are orphans. This result
strongly supports the view that these genes are specific of the genus Listeria.

As horizontal gene transfer may play a considerable role in the adaptation
of a bacterium to its specific niche(s), we have compared the occurrence of
best BLASTp and phylogeny. In Figure 3.1., the distribution of best BLASTp
hits among bacterial genera or higher order taxonomic groups is presented. In
agreement with the phylogeny, the largest number of best hits was detected
among Bacillaceae, with 1,523 genes, which represent 58% of those that
encode a protein that has a similarity hit with a protein in the public database.
These proteins constitute the core genome of this group of bacteria, encoding
mainly functions like the transcription and translation machinery and metabolic
pathways. The remaining genes, the flexible gene pool, are probably responsible
for the adaptation of these bacteria to their different environments and niches
where they are found. When analyzing the distribution of the best hits of these
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Figure 3.1. Distribution of best BLASTp hits of L. monocytogenes EGDe proteins among
bacterial genera or higher-order taxonomic groups. (A color version of this figure appears
between pages 196 and 197.)

remaining genes among the group of low GC Gram positive bacteria, the number
of hits to proteins of each of the genera represented in this group depends on
both phylogenetic distance and genome size. Accordingly, the highest number
of best hits of Listeria proteins after those having their best hits with bacilli
proteins is found with enterococci proteins, and the third with clostridia proteins.
Clostridia are third although streptococci are phylogenetically more closely
related, because of their larger genome size as compared to streptococci. This
could be due to gene loss in particular in the flexible gene pool of streptococci
related to the adaptation to the mammalian host environment. Surprisingly only
19 genes have a best BLASTp hit with proteins belonging to the group of Gram-
positive Actinobacteria. Among the bacterial species more distantly related to
Listeria than the above mentioned, a high proportion of best hits (58 genes)
was observed with proteins similar to proteins encoded by Enterobacteriaceae.
These genes or some of them might have been acquired from Enterobacteri-
aceae by horizontal gene transfer. For example, among these 58 genes, 24 are
part of the vitamin B12 biosynthesis, propanediol, and ethanolamine utilization
gene cluster, which have already been suggested to be horizontally transferred
between these two groups of bacteria (Buchrieser et al. 2003). These genes
are involved in anaerobic utilization of different carbon sources, which may
contribute to the fitness of Listeria in the gut, like for some of the Enterobac-
teriaceae. They also could be important for growth in vegetable waste such as
silage known to be favorable for Listeria growth. Further examples for putative
horizontal transfer from Enterobacteriaceae are three operons involved in sugar
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metabolism. The first operon, lmo2133–2137, is predicted to be implicated in
fructose metabolism as it encodes two type II fructose 1-6 biphospahe aldolases.
One is a Bacillus type and the second one is highly similar to the E. coli one. The
second cluster, lmo2761–2764, encodes a beta-glucoside utilization operon and
the third, lmo2834–2838, encodes four genes, probably also involved in sugar
import and catabolism. This observation is in agreement with a shared growth
environment for these two groups of strains, which is favorable for genetic
exchange between strains.

It has been proposed that, in the environment, as for Legionella, unicel-
lular eukaryotic organisms, like amoeba, algae, or protozoa, may be hosts
for L. monocytogenes growth and survival (Gray et al. 2006). In the case
of Legionella pneumophila, genome analysis revealed the abundance of genes
encoding eukaryotic like proteins best explained by gene acquisition from the
eukaryotic hosts (Cazalet et al. 2004). In the case of L. monocytogenes, we
did not identify a single protein with a clear eukaryotic origin (i.e., a best
BLASTp with an eukaryotic sequence) clearly indicating that L. monocytogenes
does not interact so closely and for such a long time with a eukaryotic host
as does Legionella species. In agreement with this observation, we observed
a single gene (lmo1635) encoding a protein with a best BLASTp hit with an
L. pneumophila protein. Overall, 91% of the Listeria genes other than phage
genes have a best-BLASTp hit with proteins of low GC Gram positive bacteria.
This strongly indicates that horizontal gene transfer to L. monocytogenes takes
place mainly among closely related species.

3.2.4. Intraspecies and Interspecies Comparisons—the
Listeria Genomes

The initial comparison of the L. monocytogenes EGDe and L. innocua sequences
(Glaser et al. 2001a) revealed several major features of the Listeria genomes:
a strong conservation of genome organization, a low occurrence of insertion
sequences (IS) elements, and the absence of typical pathogenicity islands, but
instead the occurrence of multiple insertions and deletions leading to a general
organization of a conserved backbone with multiple interspersed smaller islets.
An interesting but still unexplained observation is the heterogeneity in the distri-
bution of these islets. The majority of the insertion/deletion events take place
in one part of the chromosome ranging from ca 2,600 to 1,200 kb (Figure 3.2.).
These first observations from L. monocytogenes EGDe and L. innocua genome
comparison were fully confirmed by the comparison with the three additional
genome sequences available. Although the genomes of strains F6854 and H7858
are not finished, a complete synteny of the five genomes was detected, and
differences arising mostly by insertions and deletions taking place in one half of
the genome (data not shown). According to similarity criteria used by Nelson
and colleagues (Nelson et al. 2004) (90% identity over 90% of the gene by
BLASTn comparison), 2,499 genes are conserved in the four L. monocytogenes
genomes, among which 2,394 are also present in L. innocua.
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Figure 3.2. Circular genome maps of L. monocytogenes EGDe and L. innocua CLIP11262
showing the position and orientation of genes on the + and − strands, respectively. From
the outside: circle 1, L. monocytogenes EGDe genes; circle 2, L. monocytogenes EGDe
genes missing in strain F2365; circle 3, L. monocytogenes F2365 missing in EGDe; circle
4, L. innocua genes; circle 4, L. innocua genes missing in L. monocytogenes EGDe; circle
5, L. monocytogenes EGDe genes missing in L. innocua. The scale in Mb is indicated
on the outside with the origin of replication being at position 0. (A color version of this
figure appears between pages 196 and 197.)

This conserved genome organization may be related to the low occurrence of
IS elements, suggesting that IS transposition or IS-mediated deletions are no key
evolutionary mechanisms in Listeria. The chromosomes of the serotype 4b strains
(F2365 and H7858) lack intact IS but do contain four transposases of the IS3
family that are present in homologous locations in both strains. The serotype 1/2a
strains (F6854 and EGDe) each contains three and L. innocua contains four of these
elements. Furthermore, the serotype 1/2a strains contain an intact IS element named
ISLmo1, two are present in strain F6854, and three, one of which is not intact, are
present in EGDe. ISLmo1 is missing in the serotype 4b and the L. innocua strains.
Interestingly, in all five sequenced genomes no gene is inactivated by IS elements.
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Despite this high-genome conservation, considerable difference in gene
content is present among the different Listeria isolates. The combined flexible
gene pool (genes which are missing in one or several isolates) of the four
L. monocytogenes genomes accounts for 1,197 genes highlighting this genome
diversity. As extensively discussed by Nelson and colleagues (Nelson et al. 2004),
a significant proportion of this flexible gene pool is related to prophages or
to remnants of prophages. However, the first comparison of complete Listeria
genomes, that of L. monocytogenes EGDe and of L. innocua CLIP 11262,
revealed that, if prophages were not taken into account, diversity is also present
on the Listeria backbone. Two hundred and seventy-two genes clustered in 100
regions are specific to strain EGDe and 144 are specific to the L. innocua strain.
With the availability of additional genome sequences, multigenome sequence
comparisons can be now undertaken to reconstruct the evolutionary history of
the Listeria genomes as this should allow discriminating between insertions,
deletions, and horizontal gene transfer events. Gene clusters that are only missing
in one isolate but are present in all the others are best explained by a single
deletion event. Multigenome comparisons were also performed to identify strain-
specific and serotype-specific genes of the different L. monocytogenes isolates.
This identified 83 genes specific to the serotype 1/2a strains and 51 genes specific
to the serotype 4b strains.

As mentioned above, three different evolutionary-like lineages are present
within the species L. monocytogenes, eventually even accounting for different
disease potential for humans (Wiedmann et al. 1997). Within the species
L. monocytogenes, comparison of the L. monocytogenes EGDe (serotype 1/2a,
lineage 1) and of the L. monocytogenes F2365 strain (serotype 4b, lineage II)
provides a first glimpse of the differences and specificities of these two major
lineages. Among the 159 EGDe genes missing in strain F2365, 29 are also
present in L. innocua corresponding thus probably to deletions in strain F2365.
A majority of these 29 genes encodes proteins of unknown function. Conversely,
164 genes annotated in strain F2365 are missing in strain EGDe including
30 genes also present in L. innocua. Among these 30 genes, genes encoding
functions required for lipoteichoic acid synthesis, glycosyl transferases, probably
involved in cell wall modification, a soluble internalin, and six cell-wall-bound
proteins were identified. These shared genes may correspond to the similar
cell-wall structure and of antigenicity as recognized by serotyping between L.
innocua and L. monocytogenes strains of serotype 4b as previously described
(Fiedler 1988; Fiedler and Ruhland 1987).

3.3. Specific Features of the L. monocytogenes Genomes

Functional annotation of the L. monocytogenes EGDe genome sequence revealed
four major findings: the broad number of membrane-anchored proteins and of
secreted proteins, the versatility of carbon source utilization as indicated by the
large number of sugar permeation systems involved in sugar or related carbon
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source utilization, particular metabolic capacities, and a higher proportion than
expected of regulatory genes. Genome comparison showed that these classes of
genes are variable among the different isolates in agreement with the ability of
Listeria to adapt to a broad range of environments. These specific features are
discussed below.

3.3.1. Virulence Factors and Surface Proteins

The major virulence factors of L. monocytogenes identified mainly through
different genetic approaches include genes encoding the invasion proteins InlA
and InlB, genes encoding proteins that allow escape from the phagocytic
vacuole (Listeriolysin O (LLO) and a PI-PLC), intracellular actin-based motility
(ActA), and cell-to-cell spread (PlcB). Except inlAB, these genes are clustered
together with their common transcription regulator, PrfA, on a 9-kb “virulence
locus” which is absent from the nonpathogenic species L. innocua. Complete
genome comparison as well as DNA array hybridization revealed that these
genes are present and are generally highly conserved in all L. monocytogenes
strains.

Other proteins that may have important roles in the interactions of microor-
ganisms with their environments, in particular during host infection are surface
proteins. One particular feature of Listeria, identified through genome analysis,
is the expansion of the surface protein coding gene families. The Listeria
genomes encode many such proteins, e.g., 4.7% of all predicted genes of
L. monocytogenes EGDe. The largest surface protein family are lipoproteins and
the second largest family are LPXTG proteins including the internalin family,
like InlA. Although the major known virulence factors are conserved, there is
a pronounced diversity within the surface proteins of the different strains. For
example, when comparing L. monocytogenes EGDe (serovar 1/2a) to L. monocy-
togenes F2635 (serotype 4b), five lipoproteins, nine LPXTG proteins, and two
autolysins are specific to the serotype 4b strain. As another example, among the
41 LPXTG proteins identified in L. monocytogenes EGDe, 21 are absent from
L. innocua CLIP11262. L. innocua CLIP11262 codes for 34 LPXTG proteins,
14 of which are absent from L. monocytogenes EGDe (Cabanes et al. 2002;
Glaser et al. 2001a; Hamon et al. 2006). Analysis of the distribution of these
surface protein coding genes in the five sequenced genomes showed that seven
internalin/LPXTG proteins, 11 LPXTG, seven GW module-containing proteins,
and three secreted internalins are the core set of this class of surface/secreted
proteins as they are present in all four sequenced L. monocytogenes and the
sequenced L. innocua strain. Six Internalins, seven LPXTG, one GW module-
containing protein (InlB), and two secreted internalins are species specific, as
they are present in all L. monocytogenes strains sequenced, but are absent from
L. innocua CLIP11262. In addition, each strain encodes specific ones like one
internalin protein in L. monocytogenes EGDe (lmo2026), two in strain F6854
(LMOf6854_0338, LMOf6854_0365), one in strain F2365 (LMOf2365_0282),
and six in L. innocua (Lin0559, Lin0661, Lin0739, Lin0740, Lin0803, Lin2724).
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The fact that different subgroups of L. monocytogenes strains contain different
sets of surface proteins may reflect their different potential to cause disease or
to multiply in different niches.

3.3.2. Transport Systems and Sugar Utilization

The Listeria genomes encode an abundance of transport proteins (e.g., 11.6% of
all predicted genes of L. monocytogenes EGDe). These comprise, in particular,
proteins dedicated to carbohydrate transport conferring Listeria probably in part
its ability to colonize a broad range of ecosystems. The overall array of sugar
transporters is similar in all Listeria genomes, in particular among the four
sequenced L. monocytogenes strains, but also with L. innocua. Listeria are
predicted to transport and metabolize many simple as well as complex sugars
including fructose, rhamnose, rhamnulose, glucose, mannose, chitin, sucrose,
cellulose, pullan, trehalose, and tagatose. These sugars are largely associated
with the environments where Listeriae are found. As in most bacterial genomes
the predominant class corresponds to ABC transporters. Interestingly, most of
the carbohydrate transport proteins belong to phosphoenolpyruvate-dependent
phosphotransferase system (PTS)-mediated carbohydrate transport. The PTS
allows the use of different carbon sources and in many bacteria studied so
far the PTS is a crucial link between metabolism and regulation of catabolic
operons (Barabote and Saier 2005; Kotrba et al. 2001). The Listeria genomes
contain an unusually large number of PTS loci (e.g., nearly twice as many as
E. coli and nearly thrice as many as B. subtilis). Most of these PTS systems
are conserved in the different sequenced genomes; however, subtle differences
can be observed, probably allowing niche-specific adaptation. An example is the
family of �-glucoside-specific PTSs, of which eight are present in L. monocyto-
genes serotype 1/2a, two of those are missing in the L. monocytogenes serotype
4b strains and five are missing from L. innocua. As one of these �-glucoside-
specific PTS systems named BvrABC was shown to be implicated in virulence
of L. monocytogenes (Brehm et al. 1999) these differences might play a role in
virulence differences among strains.

The different PTS systems should allow Listeria to use many different carbon
sources during extracellular growth. However, during intracellular growth L.
monocytogenes also needs a supply of carbon sources. This is in part achieved
by a protein similar to UhpT, a hexose phosphate permease found in enteric
bacteria, encoded by hpt. In addition, hpt is absent from the nonpathogenic
L. innocua. Functional analysis showed that Hpt allows L. monocytogenes to
utilize phosphorylated sugars such as glucose-1-phosphate within the host cytosol
and thus contributes to the bacterial virulence within the mammalian host cell.
Deletion of the hpt gene resulted in impaired listerial intracytosolic proliferation
and attenuated virulence in mice. Thus Hpt is involved in the replicative phase of
the intracellular parasitism of L. monocytogenes and is an example that adaptation
to intracellular parasitism involves exploitation of physiological mechanisms of
the eukaryotic host cell (Chico-Calero et al. 2002). Recently it was shown that



3. Listeria Genomics 45

this transporter can mediate the in vivo uptake of the antibiotic fosfomycin, thus
leading to fosfomycin sensitivity of intracellular L. monocytogenes, despite the
fact that L. monocytogenes is resistant to fosfomycin when tested in vitro with
conventional methods (Scortti et al. 2006).

3.3.3. Metabolic Capabilities

It is generally accepted that L. monocytogenes is an aerobically growing
microaerophilic (carbon dioxydophilic) organism. However, L. monocytogenes
is able to survive and to colonize the mammalian gut where it encounters
anaerobic conditions or to multiply in decaying plants, an environment also
devoid of oxygen. This is reflected in the genome sequence as many fermen-
tative pathways are predicted (Figure 3.3.). Analysis of the genome sequence
identified in L. monocytogenes and in L. innocua a single continuous locus,
coding for the proteins necessary for vitamin B12 synthesis. Furthermore, the
proteins necessary for degradation of the carbon sources ethanolamine and
propanediol in a coenzyme B12-dependent manner are encoded within the same
region. Vitamin B12 synthesis and degradation of ethanolamine and propanediol
may be important for anaerobic growth of Listeria.

Not all organisms have the ability to synthesize vitamin B12. A search among
genome sequences revealed that vitamin B12 biosynthesis genes are found

Figure 3.3. Fermentative pathways as deduced from the Listeria monocytogenes genome
analysis. Color code: Black, intermediary metabolites; Red, fermentation end products;
Blue, enzymes involved in fermentation. Paralogous genes were detected for several
key enzymes: lmo1917 (pflA) and lmo1406 (pflB) encode pyruvate formate lyases;
lmo0210 (ldh) and lmo1057 encode lactate dehydrogenases; lmo1179 and lmo1634 encode
acetaldehyde dehydrogenase/alcohol dehydrogenase; lmo1369 and lmo2103 (pta) encode
phosphotransacetylases; lmo1581 (ackA) and lmo1168 (ackA2) encode acetate kinases.
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in just over one-third of the bacteria sequenced at that time (for a review,
see Raux et al. 2000). The proteins deduced from the genome sequence of
L. monocytogenes and L. innocua share the highest homology with those of
S. enterica serovar Typhimurium (38–65% protein identity). As described above,
all three gene clusters seem to have been acquired by Listeria en bloc by
horizontal gene transfer from Enterobacteriaceae, most probably from S. enterica
(Buchrieser et al. 2003). Genes coding for CbiD, CbiG, and CbiK, specifically
associated with the anaerobic pathway, are present in Listeria. This suggests
that the two Listeria species also contain the oxygen-independent pathway like
Salmonella. Downstream of the cobalamine biosynthesis genes, Listeria contains
orthologs of genes necessary in Salmonella for the coenzyme B12-dependent
degradation of ethanolamine and propanediol. Salmonella typhimurium synthe-
sizes vitamin B12 anaerobically (Jeter et al. 1984) and can use ethanolamine and
1,2-propanediol as the sole carbon and energy source for growth (Price-Carter
et al. 2001). Vitamin B12-dependent anaerobic degradation of ethanolamine
and propanediol could enable L. monocytogenes to use ethanolamine and 1,2
propanediol as carbon and energy source for growth under anaerobic condi-
tions encountered in the mammalian gut, where both substances are believed
to be abundant. It is tempting to speculate that the vitamin B12 synthesis genes
together with the pdu and eut operons play a role during listerial infection.
This hypothesis is substantiated by a recent report that showed, by studying
intracellular gene expression of L. monocytogenes, that this bacterium can use
ethanolamine as alternative nitrogen sources during replication in epithelial cells
(Joseph et al. 2006).

In-depth genome analysis facilitated the identification of a previously unknown
and alternative route of gluthatione biosynthesis in Listeria, which probably has
an important role in protection against oxidative stress (Gopal et al. 2005). GSH is
the predominant low-molecular-weight peptide thiol present in living organisms.
In bacteria it plays a pivotal role in many metabolic processes including thiol
redox homeostasis, protection against reactive oxygen species, protein folding,
and provision of electrons via NADPH to reductive enzymes, such as ribonu-
cleotide reductase. A broad survey of the distribution of thiols in microorganisms
revealed that several species of gram-positive bacteria, including Listeria, strep-
tococci, and enterococci, produce significant amounts of GSH but the source
of GSH in these bacteria has remained a puzzle, since their genomes do not
contain a canonical gshB gene (Fahey et al. 1978; Newton et al. 1996). Copley
and Dhillon (Copley and Dhillon 2002) identified in the L. monocytogenes
genome, a gene containing an N-terminal domain that encodes a molecule signif-
icantly related to bacterial �-glutamylcysteine ligases (GshA) and a C-terminal
domain that encodes a molecule that bears little resemblance to typical bacterial
glutathione synthetases (GshB) but is clearly related to the ATP-grasp super-
family of proteins. Gopal and colleagues (Gopal et al. 2005) demonstrated that
this gene encodes a multidomain protein (termed GshF) that carries out complete
synthesis of GSH. Furthermore, gluthatione biosynthesis seems to be involved
in virulence of L. monocytogenes as a gsf deletion mutant is not only defective
in gluthatione synthesis but also impaired in growth and survival in mouse
macrophages and in Caco-2 enterocyte like cells (Gopal et al. 2005).



3. Listeria Genomics 47

3.3.4. Regulatory Proteins
Given the fact that L. monocytogenes is a ubiquitous, opportunistic pathogen that
needs a variety of combinatorial pathways to adapt its metabolism to a given
niche, an extensive regulatory repertoire is needed. Indeed, a little more than
7% of the Listeria genes predicted in the genomes are dedicated to regulatory
proteins (Glaser et al. 2001a; Nelson et al. 2004). Listeriae have almost twice as
many regulators as Staphylococcus aureus despite the similar genome size. Only
Pseudomonas aeruginosa (Stover et al. 2000), another ubiquitous, opportunistic
pathogen, encodes with over 8% of its predicted genes a higher proportion
of regulatory proteins. Interestingly, diversity among the regulatory genes is
not very pronounced, either among the different L. monocytogenes genomes or
with respect to L. innocua, suggesting their implication primarily in features
common to the lifestyle of Listeriae outside a mammalian host. The most studied
regulatory gene of L. monocytogenes is prfA, encoding the master regulator of
virulence. In line with its function in regulating the expression of genes coding
proteins necessary for the entry and for intracellular multiplication of L. monocy-
togenes, PrfA is absent from L. innocua but conserved in all L. monocytogenes
strains.

Although over 7% of the Listeria genes were predicted to code transcriptional
regulators, this number is probably underestimated, as recently Lmo0674, a new
regulator belonging to a not-yet-described class of regulators, was described
(Grundling et al. 2004). This protein designated MogR for motility gene repressor
was shown to be a transcriptional repressor of flagellar motility and is required
for virulence. Deletion of mogR reduced the capacity of L. monocytogenes for
cell-to-cell spread and a 250-fold decrease of virulence in a mouse infection
model was observed (Grundling et al. 2004). Most interestingly, MogR is the first
known example of a transcriptional repressor functioning as a master regulator
controlling nonhierarchical expression of flagellar motility genes (Shen and
Higgins 2006). It tightly represses expression of flagellin (FlaA) during extra-
cellular growth at 37� C and during intracellular infection. The severe virulence
defect of MogR-negative bacteria is due to overexpression of FlaA. Specifically,
overproduction of FlaA in MogR-negative bacteria causes pleiotropic defects
in bacterial division (chaining phenotype), intracellular spread, and virulence
in mice. MogR represses transcription of all known flagellar-motility genes by
binding directly to DNA recognition sites. This repression of transcription is
antagonized in a temperature-dependent manner by the DegU response regulator,
which further regulates FlaA levels through a posttranscriptional mechanism
(Shen and Higgins 2006).

3.4. Diversity Within the Species L. monocytogenes

Epidemiological data indicate that not all strains of L. monocytogenes are equally
capable of causing disease in humans but that differences in virulence among
strains seem to exist. Isolates from only four (1/2a; 1/2c; 1/2b; 4b) of the 13
serovars (sv) identified within this species are responsible for over 98% of the
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human listeriosis cases reported (Jacquet et al. 2002). Furthermore, all major
food-borne outbreaks of listeriosis, as well as the majority of sporadic cases,
have been caused by serovar 4b strains suggesting that strains of this sv may
possess unique virulence properties. Heterogeneity in virulence has also been
observed in the mouse infection model (Brosch et al. 1993). Thus, one of the
major questions to answer is “What is the genetic basis of virulence differences
among different L. monocytogenes strains?”

3.4.1. Diversity of L. monocytogenes and Listeria
sp.—DNA Array Analysis

The availability of complete genome sequences allows researchers now to
use other techniques, like DNA arrays, to investigate the diversity among
a large number of Listeria strains belonging to these different lineages, to
different populations or showing different epidemiological characteristics. This
approach allows characterization of the genetic differences among and within
these lineages, and to investigate whether these differences can be attributed to
virulence differences and/or different niche adaptations.

Different studies aiming to answer these questions have been undertaken.
Doumith and colleagues (Doumith et al. 2004b) designed DNA arrays carrying
the specific gene pool of three sequenced Listeria genomes (L. monocytogenes
EGDe sv1/2a, L. monocytogenes CLIP80459, L. innocua CLIP11262) as well as
genes coding known virulence and surface proteins, to characterize the variability
in gene content of Listeria strains belonging to all serovars and being isolated
from humans, food, and the environment (93 L. monocytogenes and 20 Listeria
sp. ) The results obtained from DNA/DNA hybridization of 113 Listeria strains
revealed that grouping based on absence and presence of genes clustered all
analyzed strains according to their species definition and the L. monocytogenes
strains according to the three previously defined lineages (I, II, and III). Within
each lineage two subdivisions were distinguished, and specific marker genes for
the species L. monocytogenes and for each subgroup within this species were
defined (Table 3.2.).

Nineteen genes were associated specifically with lineage I (Table 3.2.,
group A). Eight genes allowed the subdivision of lineage I (Table 3.2., group
B) and five of the 53-sv 4b specific genes present on the Listeria array were
identified as markers for lineage II (Table 3.2., group C). Interestingly, 35
of the 53-sv 4b genes spotted on the array were conserved in all 4b strains,
suggesting their implication in characteristic features of sv 4b strains (Doumith
et al. 2004b). The identification of selective markers for the different subpop-
ulations are an essential contribution for the construction of rapid, accurate
identification and subtyping tools, and led to the development of “molecular
serotyping” by multiplex PCR (Doumith et al. 2004a). The specificity and relia-
bility of this PCR-based “molecular serotyping” method was validated through
an international multicenter study (Doumith et al. 2005).
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The analysis of the distribution of the known virulence genes (inlAB, prfA,
plcA, hly, mpl, actA, plcB, uhpT, and bsh) among the 113 strains tested revealed
that the known virulence factors are present in all L. monocytogenes strains. Thus,
other not characterized factors must be responsible for these differences (Doumith
et al. 2004b). Probably surface proteins play a role. The distribution of 55
genes coding for putative surface proteins belonging to three sequenced Listeria
genomes (L. monocytogenes EGDe sv1/2a, L. monocytogenes CLIP80459 and
L. innocua CLIP11262) was investigated. In agreement with whole genome
comparisons, a pronounced heterogeneity among the surface protein coding
genes was observed. Twenty five of the 55 surface protein-coding genes of the
Internalin/LPXTG/GW motif containing family could be defined as specific for
the species L. monocytogenes including inlAB. These proteins are always present
in all L. monocytogenes strains but absent from the other Listeria sp. (Doumith
et al. 2004c). Surface proteins present in all L. monocytogenes strains but not
in the apathogenic species of this genus (L. innocua, L. welshimeri, L. seeligeri,
and L. grayi) could be proteins involved in virulence. Thus, based on these
results, two internalin protein-encoding genes presenting this characteristic were
selected for further functional analysis. They were named inlI (lmo0333) and
inlJ (lmo2821) (Sabet et al. 2005). Indeed, the inlJ deletion mutant is signifi-
cantly attenuated in virulence after intravenous infection of mice or oral inocu-
lation of transgenic hEcad mice (Sabet et al. 2005). inlJ encodes a LRR protein
that is structurally related to the listerial invasion factor InlA. The consensus
sequence of the LRR defined a novel subfamily of cysteine-containing proteins
belonging to the internalin family in L. monocytogenes. Further studies focusing
on strain-specific surface proteins may reveal the genetic basis of strain-specific
differences in virulence and in niche adaptation.

The distribution of surface proteins among the L. monocytogenes strains also
mirrored the three lineages as each lineage, and each subgroup within a lineage
is characterized by a specific surface protein combination (Doumith et al. 2004b).
Furthermore, according to DNA/DNA array hybridization, epidemic L. monocyto-
genes seem to be characterized by a specific gene content (Doumith et al. 2004b),
which may explain in part their higher potential to cause human listeriosis similar
to previous reports that attribute specific gene content to epidemic strains (Evans
et al. 2004; Yildirim et al. 2004). However, most of these genes are not functionally
characterized or their characterization did not allow yet, defining the reason for the
higher prevalence of sv 4b strains in human listeriosis. In contrast, the fact that some
strains seem less virulent for humans may be related to missing genes. Most interest-
ingly, in the rarely isolated L. monocytogenes sv 4a strains (lineage III), which are
mostly animal pathogens, 13 of the 25 L. monocytogenes-specific surface proteins,
including all known internalins except inlAB, were missing. The lack of these
surface proteins as well as of additional genes of yet unknown function may explain
why lineage III strains are mainly found in animals but not in human listeriosis.
This is in line with a recent study that investigated L. monocytogenes populations
present at the farm, in food processing plants, at retail, and in the human population.
Analyses of over 400 strains suggested that L. monocytogenes populations that are
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adapted to different niches exist. This study identified among the strains collected
from the food processing plants one dominant pork product strain that was not
identified among human isolates. DNA array characterization of these strains
identified a specific genetic profile and the absence of five genes predicted to encode
internalins and other cell surface proteins. These surface protein diversities may
explain/contribute to the adaptation to a specific environment (Hong et al. 2006).

Another approach using a shotgun microarray based on clones derived from
L. monocytogenes strain 10403S (serovar 1/2a) and DNA/DNA hybridization
with chromosomal DNA of 44 L. monocytogenes strains belonging to serovar
1/2a, 1/2b, and 4b gave similar results identifying genes specific for L. monocy-
togenes serovar 1/2a as compared to L. monocytogenes serovar 4b and 1/2b
strains (Zhang et al. 2003). Call and colleagues developed a shotgun-clone-based
microarray using DNA of 10 different L. monocytogenes strains (4 strains of
serovar 1/2a, one of serovar 1/2c, one of serovar 3a, and four of serovar 4b).
This allowed identifying 29 genes specific to the different lineages. Most of
the genes identified in the herein-cited studies as being specific to the different
lineages overlap, others were identified as not specific by the other analysis.

Taking these results together, the species L. monocytogenes and even the
genus Listeria show a conserved genome organization with a high number
of orthologous genes, but also a considerable number of strain-specific traits
most of them organized in many small plasticity zones. Furthermore, the three
subgroups present within the species L. monocytogenes correspond clearly to
distinct evolutionary lineages with specific histories of gene gain and loss by
which each lineage has adapted to a primary niche and probably also to a
different virulence potential for humans and animals.

3.5. Postgenomics Analysis—Functional Genomics

3.5.1. Systematic Gene Disruption Analysis

A result of the analysis of complete genome sequences was the description of
a large number of genes encoding proteins with unknown functions or being
similar to poorly characterized proteins. In order to identify functions for these
proteins, programs of systematic analysis, including systematic gene knockouts
was performed for model organisms like Saccharomyces cerevisiae (Oliver 2002)
or B. subtilis (Kobayashi et al. 2003). No such program has been set up
for L. monocytogenes. Nevertheless genome-based analysis of several protein
families has been undertaken like two component regulatory systems, surface
proteins, and the regulators of the Crp-Fnr family. As previously described
in EGDe (Glaser et al. 2001b), Uhlich et al. (2006) have identified in the
genome sequence of strain F2365 in addition to PrfA 14 genes encoding
proteins belonging to the Crp-Fnr family and have systematically inactivated
them. However, for 12 strains no phenotype was observed and only for two a
weak phenotype was observed as LMOf2365_0171::TN7, which has a slightly
reduced growth rate at 30�C and a reduced oxidative stress tolerance, whereas
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LMOf2365_0577::TN7 presents only reduced tolerance to oxidative stress. The
absence of clear phenotypes for the different mutants is possibly due to partial
functional redundancy in large paralogous gene families and the absence of
adequate laboratory tests to characterize them. Williams and colleagues have
inactivated 15 out of the 16 response regulator genes in L. monocytogenes EGDe.
The remaining response regulator, lmo0287, is homologous to B. subtilis yycF
gene and is essential for growth of Listeria. Among these 15 mutated strains, only
one, mutated in the B. subtilis degU homolog, had a clear phenotype, including
reduced virulence in mice (Williams et al. 2005). In contrast, another study
described one of these two component systems, virR/virS, identified through
STM as being implicated in virulence (Mandin et al. 2005b). Deletion of virR
severely decreased virulence in mice as well as invasion in cell-culture experi-
ments. Using a transcriptomic approach, 12 genes regulated by VirR, including
the dlt-operon, were identified. Another VirR-regulated gene is homologous to
mprF, which encodes a protein that modifies membrane phosphatidylglycerol
with L-lysine and that is involved in resistance to human defensins in Staphylo-
coccus aureus. VirR thus appears to control virulence by a global regulation of
surface components modifications.

However, the often only weak effects of mutations observed for regulatory
systems expected to have a strong effect on the physiology of the bacteria suggest
that the regulatory network governing the adaptation of the genetic program is
highly robust.

3.5.2. Transcriptome Studies

Access to the complete genome sequence is required for the design of whole
genome DNA-arrays for exhaustive expression studies. The first study published
analyzed the PrfA regulon in three different L. monocytogenes strains (EGD,
LO28, and PAM55). This analysis indicated that the number of transcription units
directly regulated by PrfA was probably much lower than what was predicted
from the motif search done on the complete genome sequence. The directly
regulated genes are possibly limited to the 10 previously known (prfA, plcA,
hly, mpl, actA, plcB, inlA, inlB, inlC, and hpt) ones and two new ones (lmo2219
andlmo0788). All of them are preceded by a PrfA binding site. Gene lmo2219
encodes a protein similar to PrsA of B. subtilis, a posttranslocation molecular
chaperon (Kontinen et al. 1991; Kontinen and Sarvas 1993) and gene lmo0788
code probably for a membrane protein of unknown function. Most importantly
this study highlights the connections between PrfA induction and the sigma B
stress regulon. Indeed, the sigma B regulon is activated in the wt strain compared
to the prfA strain. Interestingly this induction is abolished in the presence of
charcoal, although this addition increases the PrfA induction of PrfA-dependent
gene expression in the parental EGDe strain. This in vitro study gave a first
image of the set of genes directly required for intracellular multiplication of
Listeria. However, further insight into the intracellular program of L. monocyto-
genes gene expression profiles requires transcriptome analysis of bacteria isolated
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during intracellular multiplication. These experiments are difficult due to the fact
that the infection needs to be synchronized, that RNA extraction in sufficient
amounts is not easily available, and that there is a risk of contamination by host
cell RNA. However, two studies characterizing the intracellular gene expression
profiles of L. monocytogenes strain EGDe were recently published (Chatterjee
et al. 2006; Joseph et al. 2006). Both studies used brain–heart infusion (BHI),
and exponentially grown L. monocytogenes strains as references. Chatterjee
et al. (2006) studied both the intraphagosomal (4 h postinfection; � hly and
� plc mutant strains) and the intracytoplasmic (8 h after infections; wt EGDe)
expression profiles, whereas Joseph et al. (2006) analyzed the intracytoplasmic
expression profile 6 h postinfection. Both studies reached very similar conclu-
sions. One of the prominent features is that the PrfA and the stress regulons are
induced when L. monocytogenes is grown intracellularly. Another major finding
was the extensive modification of the expression of genes involved in carbon
and energetic metabolic pathways together with permeation systems. The study
provides evidence that L. monocytogenes can use alternative carbon sources like
phosphorylated glucose and glycerol, and nitrogen sources like ethanolamine
during replication in epithelial cells, and that the pentose phosphate pathway,
but not glycolysis, is the predominant pathway of sugar metabolism in the host
environment. Additionally, it shows that the synthesis of arginine, isoleucine,
leucine, and valine, as well as a species-specific phosphoenolpyruvate-dependent
PTS, play a major role in the intracellular growth of L. monocytogenes. The
gene expression of metabolic genes is in agreement with what is known about
the composition of the cytosol of eukaryotic cells. However, it is likely that this
composition is modified by the metabolism of L. monocytogenes growing in
the cell. As an example, lipid degradation by phospholipases releases glycerol
available for utilization by L. monocytogenes.

These first analyses of the intracellular gene expression program of L. monocy-
togenes provide clues on the metabolic condition encountered by the bacteria
during its intracellular growth; however, these studies do not provide hints for a
temporal programation of gene expression during cellular growth, as for example
observed for L. pneumophila (Brüggemann et al. 2006). This is possibly due to
the importance of direct cell-to-cell propagation of L. monocytogenes during its
growth in the host.

3.5.3. Proteome Analysis

Functional adaptation relies on protein synthesis, modification, and local-
ization. Proteome analysis based on 2-D gel electrophoresis or on LC–MS–MS
(mass spectrometry coupled to high pressure liquid chromatography) allows the
systematic description of the protein repertoire present in a cell. Knowledge of
the complete genome sequence and therefore of all predicted encoding protein
greatly facilitates protein and gene identification by mass spectrometry. Key
features identified from whole genome analysis were also addressed by proteome
analysis like the cell wall proteome, the secretome, or the carbon catabolism by
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the analysis of the effect of a mutation in sigL (rpoN) gene encoding the alter-
native � 54 factor (Arous et al. 2004). Proteome analysis is also an experimental
validation of the genome annotation. An important tool for further proteome
analysis is the establishment of a proteome reference map. Such a map has been
established for strain L. monocytogenes EGDe, and contains 201 spots corre-
sponding to 126 proteins identified by mass spectrometry (Folio et al. 2004).
The detection of multiple spots for a single protein indicates that, as for other
organisms, proteins are submitted to posttranslational processing or modification.
Based on this study, a database for protein spot identification has been set up
(http://www.clermont.inra.fr/proteome.), but will have to be enriched for further
analyses. A partial protein map has also been established previously by Ramnath
et al. (2003), who compared protein profiles of food isolates to those of a
reference map.

Secreted proteins either bound to the cell envelopes or released in the growth
medium are important factors in the interaction with the environment and with
the host. These two protein classes include the major virulence factors of Listeria.
The cell wall proteome is discussed in Chapter 5 of this book by Pucciarelli,
Bierne, and García-del Portillo and will thus not be discussed here. In line with
the L. monocytogenes–L. innocua genome comparison, Trost and colleagues
have performed a comparative secretome analysis of these two species (Trost
et al. 2005). By combining 2-D electrophoresis and LC–MS/MS, 105 secreted
proteins were identified for L. monocytogenes grown in BHI at late exponential
phase. For 54 proteins, their secretion was predicted by in silico analysis;
however, the remaining 51 proteins had no recognizable signal sequence. Thus
the mechanism of secretion remains to be identified. The similar analysis for
L. innocua identified 96 secreted proteins. When these two sets of secreted
proteins are compared, only 46 were shared by the two strains. Among the 59
proteins detected only in L. monocytogenes EGDe, 16 are encoded by strain-
specific genes including nine virulence factors (Hly, PlcA, PlcB, ActA, Mpl,
InlA, InlB, InlC, and InlH). Among the L. innocua specific proteins, seven are
encoded by genes present only in this strain. Therefore the majority of differences
between the two strains rely on differences in gene expression or secretion. The
analysis of these two strains from two related species points to the importance
of the differences in regulation. Similar comparative analyses will have to be
performed among different L. monocytogenes isolates in order to characterize
the heterogeneity of the secretome within the species and its possible role in
the adaptation to different environments and perhaps also to different disease
outcomes.

3.6. Conclusions and Further Perspectives

Genome sequence analyses, comparative genomics, and postgenomics studies
provide clues on the ability of L. monocytogenes to survive in a broad range of
environments, to infect different hosts, and to provoke different kinds of diseases.
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Many new genes involved in the different life styles of Listeria have been
discovered following the publication of the two first Listeria genome sequences.
However, how all these genes and proteins are interacting together remains still
largely unknown but should be put together in the near future like the pieces of
a puzzle. This will be made possible through the improvement of transcriptome
and proteome analyses together with other global approaches like the study of
the interactome that will provide the basis for a systems biology approach for
Listeria and listeriosis.

Genome analysis indicates how the Listeria genomes may have evolved by
multiple insertions and deletions of small islets rarely by site-specific recombi-
nation mediated by integrases or IS elements. Even the proposed pathogenicity
islands LIPI1 and LIPI2 are devoid of integrase genes. Furthermore the genome
comparisons highlight the functional diversity between the major lineages present
not only within the species L. monocytogenes but also within each lineage.
These multiple islets constitute the flexible gene pool of the species L. monocy-
togenes. It includes a large proportion of genes encoding functions involved in
the adaptation to various environments like permeases, carbon source catabolism
enzymes, and surface proteins, and should thus contribute to the fitness of the
strains in specific environments. However, we still do not know the complete
size of the flexible gene pool and the relative role of vertical transmission
and horizontal gene transfer. Further genome sequencing will allow to define
this flexible gene pool and to identify the origin of the horizontally acquired
DNA-material. Perhaps the diversity within the genus Listeria is larger than
thought, and minor species, present in unexplored niches or now extinct, may
have contributed to the generation of the present six known Listeria species and
their flexible gene pool.

Many different studies have investigated the virulence gene cluster and its
flanking regions in all Listeria species by sequencing and subsequent comparison
in order to understand its evolution and with it the evolution of virulence (Cai and
Wiedmann 2001; Chakraborty et al. 2000; Gouin et al. 1994; Kreft et al. 2002;
Schmid et al. 2005). A fully functional virulence gene cluster is only present in
L. monocytogenes and L. ivanovii, and a similar cluster with additional genes is
present in L. seeligeri. Comparison of the genomic region in L. monocytogenes,
L. innocua, and B. subtilis suggested that this virulence gene cluster was acquired
by a common ancestor of Listeria and that L. innocua subsequently lost most of
it (Glaser et al. 2001a). However, this locus is part of a variable region possibly
resulting from successive events of gene loss and gene gain.

The ongoing sequencing projects aiming at determining the complete
genome sequence of one representative of each species of the genus Listeria
by the Institut Pasteur and the German PathoGenomiK network (http://www.
pasteur.fr/recherche/unites/gmp/; http://www.genomik.uniwuerzburg.de/seq.htm)
and the determination of the complete genome sequence of 19 additional
Listeria strains by the Broad Institute (http://www.broad.mit.edu/seq/msc/)
together with new sequencing methods that emerge, which further reduce
the cost of and accelerate genome sequencing, will be the driving force for
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understanding the function of the many factors encoded by the genome.
Combining multigenome comparisons and single nucleotide polymorphism
(SNP) distribution for a broad range of strains will allow understanding
strain-specific differences in niche adaptation and virulence as well as factors
involved in organ tropism and host specificity.
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Abstract: Compared to the rich wealth of knowledge concerning the molecular basis
of Listeria monocytogenes virulence, little is known on the physiological
background necessary for allowing this facultative intracellular human
pathogen to survive and replicate in its natural surroundings, particularly in
the host cell’s cytosol. This cellular compartment appears to be the preferred
site of replication, during a systemic infection caused by L. monocytogenes.
Complementing earlier physiological studies, especially the more recent
results obtained by comparative genomics, transcriptome, and proteome
analyses, and by 13C-isotopolog perturbation studies, allow us today to draw
a first (although still rather incomplete) picture of how the metabolism of
these bacteria may function to facilitate efficient growth under extra- and
intracellular conditions. In this chapter, we concentrate on the carbon- and
nitrogen-metabolism of L. monocytogenes as deduced from these studies.
Although many carbon- and nitrogen-metabolic pathways of L. monocy-
togenes appear to be similar to those of the extensively studied Bacillus
subtilis, which like L. monocytogenes belongs to the group of low G + C
gram-positive (Gp) bacteria, there seem to be some profound differences that
are essential for understanding the interplay of the listerial metabolism with
that of the host cells and hence may have an important impact on listerial
virulence.

4.1. Introduction

The genus Listeria to which the human pathogen L. monocytogenes
belongs comprises six characterized heterotrophic species, including, besides
L. monocytogenes, L. ivanovii, L. innocua, L. welshimeri, L. seeligeri, and
L. grayi. With the exception of L. ivanovii, which is pathogenic to animals, all
other Listeria species are harmless saprophytes occurring in nature at various
sites (Farber and Peterkin, 1991; Gray and Killinger, 1966; Seeliger, 1984;
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Seeliger and Jones, 1986). Earlier genetic and biochemical studies had already
pointed to a close physiological relationship of the genus Listeria to that of
other bacteria belonging to the group of Gp bacteria with low G+C genomic
DNA, in particular to the members of the genus Bacillus (Collins et al., 1991).
Recent comparative genome analyses including the genome sequences of other
Listeria species show indeed a rather close genomic relationship of L. monocy-
togenes and the other Listeria species to B. subtilis (Glaser et al., 2001; Karlin
et al., 2004) (see Chap. 3 in this book). However, unlike B. subtilis, L. monocy-
togenes does not grow readily in a defined mineral salt medium with glucose
as sole carbon source, consequently growth of L. monocytogenes is routinely
carried out in a rich brain–heart infusion (BHI) medium. Most molecular
studies on virulence genes and virulence gene expression were performed in the
past on L. monocytogenes cultivated in this complex medium. Several defined
minimal media have been designed in the past (Friedman and Roessler, 1961;
Jones et al., 1995; Phan-Thanh and Gormon, 1997; Premaratne et al., 1991;
Tsai and Hodgson, 2003), which support the (often rather slow) growth of
L. monocytogenes. These media contain a more or less complex mixture of amino
acids and lipoate as essential additional substrates (O’Riordan et al., 2003),
and growth efficiency in these media seems to depend to some extent on the
L. monocytogenes strain used (Tsai and Hodgson, 2003). Our own studies using
the sequenced L. monocytogenes EGDe strain show that in liquid culture with
glucose as carbon source and glutamine as nitrogen source, a strict requirement
for the amino acids cysteine, methionine, isoleucine, and leucine (or valine)
and the vitamins, biotin, riboflavin, thiamine, and lipoate; growth is stimu-
lated by the addition of arginine. These data already hint to a more complex
metabolism of L. monocytogenes even under extracellular conditions which
cannot be readily explained by the genome sequence of EGDe, which, for
example, shows complete sets of genes for all enzymes of the branched chain
amino acids (BCAA; Ile, Leu, and Val) of arginine-, cysteine-, and methionine
pathways.

Suitable oligopeptides can be utilized by L. monocytogenes as source for
essential amino acids (e.g., Val) as shown in the L. monocytogenes Scott A
strain. Two different oligopeptide transporters were identified, one being driven
by proton-motive force (PMF) and the other by ATP (Verheul et al., 1998).
Furthermore, specific glycine- and proline-containing peptides were shown to
stimulate growth at high osmolarity (Amezaga et al., 1995). Protein-bound lipoate
is an essential cofactor of several dehydrogenase complexes, e.g., the pyruvate-
and the 2-oxoglutarate dehydrogenases. L. monocytogenes, like several other
bacteria, lacks the genes for the enzymes involved in lipoate biosynthesis and
hence listerial growth depends on its external supply. L. monocytogenes possesses
genes for two lipoate ligases which link lipoate to the dehydrogenases; their
differential expression is essential for intracellular growth (O’Riordan et al.,
2003) as discussed later. Among the other vitamins, riboflavin, thiamine, and
biotin were also found to be essential for growth in minimal media (Tsai and
Hodgson, 2003). L. monocytogenes is able to grow under aerobic and anaerobic
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conditions (Gottschalk, 1986; Pine et al., 1989; Romick et al., 1996). Respiration
seems to occur only aerobically, and the respiration chain contains menaquinone
but not ubiquinone. Since biosynthesis of menaquinone depends on the common
branch of the aromatic amino acids pathway, L. monocytogenes strains with
mutations in this pathway switch to a predominantly anaerobic metabolism even
in the presence of oxygen (Stritzker et al., 2004). When grown aerobically in
the presence of glucose, L. monocytogenes secretes large amounts of acetoin (as
overflow product) into the growth medium (Romick et al., 1996; Romick and
Fleming, 1998), while lactate (together with acetate and other products) is the
major fermentation product under anaerobic conditions. Under these conditions,
the gene for pyruvate–formate lyase is highly induced (Joseph et al., 2006;
Karlin et al., 2004), suggesting that mixed acid fermentation is the major mode
of fermentation in L. monocytogenes.

4.2. Carbon Metabolism

4.2.1. The Use of Phosphotransferase System
Carbohydrates

Glucose like many other sugars and sugar alcohols is taken up by bacteria
via the phosphotransferase system (PTS; for a review on PTS-mediated sugar
transport in Gp bacteria, see Reizer et al., 1988; Titgemeyer and Hillen, 2002;
Vadeboncoeur et al., 2000).

Glucose and other PTS sugars such as fructose, mannose, and cellobiose are
preferred carbon sources for L. monocytogenes, when growing in defined liquid
minimal media (Tsai and Hodgson, 2003; our own unpublished results). The
L. monocytogenes genome contains an unusually large number of genes (>40)
encoding PTSs (Glaser et al., 2001). Among those, four PTS (determined by
lmo0096–0098, lmo0781–0784, and lmo1997–2002) are specific for mannose
transport, nine PTS for fructose (determined by fruAB, lmo0021–0023, lmo0358,
lmo0399–0400, lmo0426–0428, lmo0503, lmo0631–0633, lmo2135–2137, and
lmo2733), and seven PTS for cellobiose (lmo0034, lmo0901, lmo1095, lmo2683–
2685, lmo2708, lmo2762, 2763, 2765, lmo2780, 2782, and 2783). Surprisingly,
however, ptsG which encodes the PTS-dependent glucose transport in many
low G+C Gp bacteria, including B. subtilis (Gonzy-Treboul et al., 1991), is
incomplete in L. monocytogenes, and only the gene (lmo1017) for the EIIA
component of the PTS-G system is present in L. monocytogenes and is not
organized in an operon with ptsH and ptsI as in B. subtilis. Deletion of this
gene does not affect the growth rate of L. monocytogenes in minimal media with
glucose as carbon source suggesting that this residual part of ptsG is not involved
in glucose uptake (Mertins et al., 2007). Although non-PTS glucose uptake
driven by PMF has been previously suggested for L. monocytogenes (Christensen
and Hutkins, 1994), a ptsH mutant which cannot produce a functional HPr
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protein (essential for all PTS-dependent systems) is unable to grow in glucose-
containing minimal medium (Mertins et al., 2007). These data clearly indicate
that glucose transport in L. monocytogenes is predominantly, if not exclusively,
PTS-mediated.

4.2.2. Glucose Catabolism

Listeria monocytogenes growing in complex media (e.g., BHI) catabolizes first
glucose (and the other PTS sugars, which are all ultimately converted to glucose-
6-phosphate) mainly by the glycolytic pathway. The principal glycolysis genes
(gap, pgk, tpi, pgm, and eno) of L. monocytogenes as in most low G+C Gp
bacteria belong to the predicted highly expressed genes (Karlin et al., 2004). In
glucose-containing minimal medium, these genes are, however, down-regulated
and genes of the pentose phosphate pathway (PPP) are induced when compared
to BHI (Joseph et al., 2006), indicating the need of the oxidative decarboxylation
of glucose by glucose-6-phosphate dehydrogenase (possibly for the production
of CO2—see below) and/or the generation of increased amounts of erythrose-4-
phophate (for the biosynthesis of aromatic amino acids which are not present in
the minimal medium). Interestingly, a similar down-regulation of most glycolysis
genes and up-regulation of PPP genes are also observed when L. monocytogenes
grows in the cytosol of mammalian host cells (Joseph et al., 2006).

Entry of pyruvate into the citrate cycle affords the oxidative decarboxy-
lation to acetyl-CoA by the lipoate-dependent pyruvate—dehydrogenase; this
step seems to be critical for intracellular L. monocytogenes, since a mutant
defective in the lipoate ligase 1 (LplA1) is strongly impaired in intracellular
growth (O’Riordan et al., 2003).

The citrate cycle of L. monocytogenes is interrupted due to the lack of
2-oxoglutarate dehydrogenase (Eisenreich et al., 2006; Trivett and Meyer, 1971).
Hence oxaloacetate, which is essential for the entry of acetyl-CoA into the
“cycle” leading to citrate and an important intermediate for the synthesis of
Asp and other amino acids belonging to the Asp family, cannot be regen-
erated from citrate, and its synthesis becomes a crucial step in L. monocyto-
genes metabolism. As recently shown by 13C-isotopolog perturbation studies
with uniformly labeled 13[C]glucose (Eisenreich et al., 2006), oxaloacetate is
mainly produced by carboxylation of pyruvate catalyzed by pyruvate carboxylase
(determined by pycA, while a gene for PEP-carboxylase seems to be missing
in L. monocytogenes). Oxaloacetate is probably converted into malonate and
succinate by the reducing branch of the citrate cycle for the generation of these
important intermediates. Thus, for the generation of oxaloacetate by pyruvate
carboxylase, CO2 is an essential substrate, and we suggest that the observed
induced oxidative decarboxylation of glucose-6-phosphate (first step in the
PPP) may be therefore required for growth of L. monocytogenes in glucose-
containing minimal medium. The special role of CO2 for growth of L. monocy-
togenes and Yersinia pseudotuberculosis was pointed out earlier (Buzolyova and
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Somov, 1999). This CO2 requirement may also explain the inability of L. monocy-
togenes to grow in minimal media with pentoses like ribose or rhamnose as
carbon sources, although fermentation of rhamnose is observed in rich media
(Groves and Welshimer, 1977).

4.2.3. Nonphosphotransferase System Carbon Sources

A ptsH mutant of L. monocytogenes (unable to metabolize PTS sugars) is able
to grow in BHI medium, albeit at a reduced growth rate (Mertins et al., 2007),
suggesting that other C-components present in BHI besides PTS sugars can
serve as efficient carbon sources. BHI is a rich medium containing many poorly
defined C-components which may even vary in composition from batch to batch.
It contains probably many peptides, and efficient transporters for oligopeptides
were identified in L. monocytogenes (Verheul et al., 1998). However, based on
previous studies (Premaratne et al., 1991; Tsai and Hodgson, 2003), L. monocy-
togenes fails to grow with casamino acids suggesting that amino acid catabolic
pathways may not occur in this microorganism, and hence, amino acids probably
cannot serve as sole carbon sources.

Listeria monocytogenes is, however, able to grow on phosphorylated hexoses,
like glucose-1(6)-phosphate and fructose-6-phosphate (but again not on the
phosphorylated C5 sugars, like ribose-5-phosphate or xylose-5-phosphate).
A gene (hpt or uhpT) for a special transporter for phosphorylated hexoses has
been identified in L. monocytogenes (Chico-Calero et al., 2002). This listerial
Hpt transporter is highly homologous to a similar sugar transporter in E. coli
(UhpT) (Weston and Kadner, 1988) and is under the control of PrfA, the
central virulence regulator of L. monocytogenes (see Chap. 7), and all PrfA-
dependent genes including hpt are highly up-regulated when L. monocyto-
genes replicates in the cytosol of mammalian host cells (Joseph et al., 2006).
Mutants lacking hpt are less efficient in replication in host cell’s cytosol
(Chico-Calero et al., 2002), suggesting that phosphorylated hexoses, presumably
mainly glucose-6-phosphate but possibly also glucose-1-phosphate (deriving
from cellular glycogen—M. Beck, 2005, personal communication) are major
carbon sources in mammalian cells. This assumption is supported by the above
mentioned highly induced expression of the hpt gene in the host cell’s cytosol
and the strong activation of the hpt promoter in this cellular compartment (S.
Pilgrim, personal communication). It is also possible that the listerial Hpt can
also transport ribose-5-phospate as shown for the highly related Hpt of E. coli;
however, in contrast to E. coli which can grow on this carbon source, L. monocy-
togenes is unable to use ribose-5-phosphate as a sole carbon source. Glycerol
can also replace glucose in defined minimal media (Tsai and Hodgson, 2003);
our own unpublished observation). Glycerol, probably taken up by L. monocyto-
genes as by most bacteria via facilitated transport (Heller et al., 1980; Lin, 1976),
is phosphorylated by glycerol kinases and oxidized by glycerol-3-phosphate
dehydrogenase to glyceraldehyde-3-phosphate which can be further metabolized
by the enzymes of the glycolytic pathway. Two glycerol kinase genes (lmo1034
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and lmo1538) were identified in L. monocytogenes. These two genes as well
the glycerol-3-phosphate dehydrogenase are significantly induced not only in
L. monocytogenes growing in minimal media with glycerol as carbon source
but also upon growth within the host cell’s cytosol, suggesting that glycerol
is a possible carbon source for L. monocytogenes metabolism inside the host
cells. This assumption is supported by the observation that mutants blocked in
both glycerol kinase genes and the glycerol dehydrogenase gene are impaired
in cytosolic growth (Joseph et al., 2006). One possible source for the supply of
glycerol by the host cell may be phospholipids which by degradation via the
listerial phospholipase C (PlcB) together with cellular A-type lipases can yield
glycerol, fatty acids, and ethanolamine (or choline). Expression of plcB is highly
induced in the host cell’s cytosol (Joseph et al., 2006; Klarsfeld et al., 1994), and
phospholipids as substrates may arise by the disruption of the primary phagosome
by which L. monocytogenes is taken up in the host cells. In this context, it is
interesting to note that the genes for ethanolamine–ammonia lyase which convert
ethanolamine into ammonia (which may serve as nitrogen source—see later) and
acetyl-CoA are also highly induced in cytosolically growing L. monocytogenes.
Vitamin B12 is required for this reaction (Roof and Roth, 1988, 1989 ) and inter-
estingly, the genes for cobalamin biosynthesis are also induced in cytosolically
growing L. monocytogenes (Joseph et al., 2006).

Acetyl-CoA alone cannot be used as a sole carbon source by L. monocy-
togenes since the genes of the glyoxlyate shunt are missing in L. monocyto-
genes (Glaser et al., 2001), a fact that also rules out the utilization of fatty
acids, which were shown to be important intracellular carbon sources for
Mycobacterium tuberculosis and Salmonella typhimurium (Fang et al., 2005;
McKinney et al., 2000).

4.2.4. Catabolite Repression and Its Impact
on PrfA-Dependent Virulence Gene Expression

Previous studies have repeatedly shown that sugars that can be used
by L. monocytogenes as carbon source, like glucose, fructose, mannose,
and cellobiose, have an inhibitory effect on PrfA activity and hence the
PrfA-dependent gene expression (Behari and Youngman, 1998b; Milenbachs
et al., 1997; Milenbachs et al., 2004). The strongest inhibition is exerted by
cellobiose. These sugars are taken up by PTS-mediated transport and result
ultimately in the conversion to glucose-6-phosphate and in catabolite repression
of many genes and operons in L. monocytogenes. The inhibition of PrfA activity
by these sugars thus suggests that PrfA may interact either with components
involved in carbon catabolite repression (CCR) or with PTS-mediated sugar
transport or with both.

The mechanism of CCR control in Gp bacteria of low G+C content (Figure 4.1)
depends on the regulator protein CcpA (catabolite control protein A), a member
of the LacI/GalR family of bacterial regulatory proteins, which affects the
expression of genes containing a catabolite-responsive element (CRE-box)
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Figure 4.1. Schematic representation of CCR in low G+C gram-positive bacteria.
PEP phosphoenolpyruvate; PTS phosphotransferase system; Hpt hexose phosphate trans-
porter; EI: enzyme I; Enzyme IIGlcAB C glucose-specific enzyme II A, B, and C; HPr
PTS phosphocarrier protein HPr; CcpA catabolite control protein A; CRE cataboliste-
responsive element; H15-P HPr phosphorylated at His 15; S46-P HPr phosphorylated at
Ser 46; ATP adenosine triphosphate; ADP adenosine diphosphate; PPi: pyrophosphate;
fructose-1,6-P2 fructose-1,6-bisphosphate.

near their regulatory region (about 200 genes in B. subtilis) (Hueck and
Hillen, 1995; Weickert and Chambliss, 1990). The CcpA activity in itself
is dependent on different cofactors, which leads to different modes of gene
regulation (Blencke et al., 2003; Gosseringer et al., 1997; Moreno et al., 2001).
The major cofactor of CcpA is HPr phosphorylated at position Ser-46. HPr,
a component of the general PTS pathway, is phosphorylated at His-24 during
PTS sugar transport. This phosphate is transferred to EIIA and further to EIIB
of the sugar-specific permeases. During active glycolysis, HPr also becomes
phosphorylated at Ser-46 by a specific ATP-dependent HPr-kinase/phosphorylase
(HPrK/P) (Reizer et al., 1998). This HPr phosphorylation is stimulated by the
intermediates of the glycolytic pathway, especially by fructose-1,6-bisphosphate
(FBP), while free phosphate stimulates the phosphorylase activity of HPrK/P
(Dossonnet et al., 2000; Galinier et al., 1998; Reizer et al., 1988). HPr-
Ser46-P associated with CcpA binds to the CRE sites of CCR-controlled
genes and leads to the repression of these genes (type I CcpA-controlled
genes) (Deutscher et al., 1995; Jones et al., 1997) as depicted in Figure 4.1.
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These genes are therefore up-regulated in ccpA- and HPrK-deficient mutants
(Blencke et al., 2003; Moreno et al., 2001).

A ccpA mutant also shows impaired glucose transport and down-regulation
of the transcription of several genes that are essential for the C- and the
N-metabolism (Blencke et al., 2003). Typical genes of this group (class II
CcpA-dependent genes) are involved in the biosynthesis of the BCAA (Ile,
Leu, Val) pathway, in glycolysis (gapA operon) and glutamate synthesis (gltAB).
PTS-mediated glucose uptake requires HPr phosphorylation at His15 which
is catalyzed by enzyme I in the presence of PEP. EIIA phosphorylated by
HPr-His15-P is also involved in other regulatory functions (Titgemeyer and
Hillen, 2002). During glucose starvation and by increased inorganic phosphate
concentration and low concentrations of glycolytic intermediates, HPr-Ser46-P
is dephosphorylated (Fieulaine et al., 2002).

The genomes of L. monocytogenes and L. innocua contain genes for orthologs
of all components involved in CCR of B. subtilis (with the exception of crh
Glaser et al., 2001), suggesting a similar CCR control mechanism in Listeria as
in B. subtilis. This assumption is supported by biochemical and genetic studies on
CcpA, HPr, and HPrK/P from L. monocytogenes (Behari and Youngman, 1998a;
Christensen and Hutkins, 1994; Mertins et al., 2007). CRE sequences highly
similar to those of B. subtilis were identified in direct proximity to genes and
operons which by analogy with the B. subtilis counterparts are expected to be
under CRR control (Andersson et al., 2005; Joseph et al., 2006). A direct CCR
control of PrfA and PrfA-regulated genes and the possible interaction of CcpA
with PrfA protein can be ruled out, since a ccpA mutant has little effect on prfA
expression and PrfA activity (Mertins et al., 2007). Recent data (Marr et al., 2006)
show, however, that overexpression of PrfA leads to a highly significant growth
inhibition of L. monocytogenes in glucose-containing media, which seems to
be caused by inhibition of PTS-mediated glucose uptake, suggesting that PrfA
may interact with components of the PTS-mediated sugar transport rather than
with CCR.

4.3. Anabolic Pathways

The genome sequence of L. monocytogenes contains all genes for the amino
acid-, purine-, pyrimidine-, and several vitamin biosynthetic-pathways (those for
biotin, riboflavin, thiamine, and lipoate are absent). The gene for the last enzyme
in serine biosynthesis (serine–phosphate phosphatase) has not been annotated
in the genome sequence, but all growth studies clearly show that L. monocyto-
genes is not auxotrophic for serine. Surprisingly, previous studies (Phan-Thanh
and Gormon, 1997; Premaratne et al., 1991) indicated the requirement of the
BCAA (Ile, Val, and Leu) as well as cysteine, methionine, and arginine when
L. monocytogenes was grown in defined minimal media with glucose as carbon
and energy source.
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Listeria monocytogenes lacks sulphate and nitrate reductases and hence is
dependent on reduced N and S sources, which readily explains the growth
requirement for cysteine and methionine. In the presence of cysteine, methionine
can be biosynthesized de novo albeit at low rate (J. Slaghuis, personal commu-
nication). The ability of L. monocytogenes to biosynthesize Arg has been also
demonstrated (Tsai and Hodgson, 2003; our own unpublished data), but again,
addition of Arg to the minimal medium clearly enhances the growth rate. In the
absence of Ile, the growth rate is very low in this minimal medium, and addition
of Ile together with one of the other two BCAA (Leu or Val) is required to
obtain efficient growth of L. monocytogenes in this culture medium. Our recently
performed 13[C]-isotopolog perturbation studies (Eisenreich et al., 2006) using
uniformly labeled 13[C]glucose show low-level biosynthesis of all three BCAA,
even in the presence of externally added BCAA. This synthesis (especially that of
Ile) is significantly enhanced in the presence of high PrfA concentration, which
as discussed above reduces PTS-mediated glucose uptake and hence may inhibit
PMF-dependent BCAA transport. These data clearly show that the biosynthesis
of Ile, Leu, and Val is functional, but its efficacy is low in glucose-containing
minimal medium.

The BCAA are indicators of the general nutritional status of the bacterial cell
because their synthesis depends on several basic catabolic precursors (oxaloac-
etate, pyruvate, and acetyl-CoA), and hence the rate of BCAA synthesis is
an important factor in the overall bacterial physiology. In B. subtilis, the
central BCAA biosynthesis operon (ilvB) is under complex control of the
global regulators CcpA, CodY, and TnrA (Shivers and Sonenshein, 2005;
Tojo et al., 2005) which also regulate many genes that respond to nutrient avail-
ability and growth rate (Molle et al., 2003). All three regulators have binding
sites in the ilvB regulatory region. CcpA binding to a CRE site within this region
activates the transcription starting at the ilvB promoter. CodY interacts directly
with Ile and GTP, and these two components (indicators of efficient growth and
high energy level in the bacterial cell) act as independent corepressors for CodY
(Shivers and Sonenshein, 2005).

Listeria monocytogenes contains orthologous genes for CcpA, CodY, and
GlnR (highly similar to TnrA), and it is therefore likely that similar control
mechanisms may act in L. monocytogenes as in B. subtilis. The low rate of
BCAA biosynthesis in glucose-containing minimal medium may therefore reflect
the shortage of necessary catabolic intermediates (especially oxaloacetate) due
to the interrupted citrate cycle.

Previous studies indicated that L. monocytogenes mutants auxotrophic for
some amino acids, like Phe, Gly, and Pro, replicated within host cells like
the parental L. monocytogenes strain, while a mutant deficient in all three
aromatic amino acids was impaired in intracellular replication and virulence
(Marquis et al., 1993). Similar results were obtained in our recent investigation
with aro mutants which are defective in the basic pathway of all aromatic
components. These mutants—in addition to exhibiting impaired cytosolic repli-
cation, cell-to-cell-spreading, and virulence—showed a predominantly anaerobic
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metabolism (Stritzker et al., 2004). The reason for this more unexpected result
is apparently the lack of synthesis of menaquinone which is the only quinone
produced by L. monocytogenes and hence its absence strongly impairs aerobic
respiration.

Menaquinone biosynthesis involves the condensation of 1,4-dihydroxy-2-
naphthoate with polyprenyl-PP which is produced by the isoprenoid biosynthesis
pathway. The precursor of all isoprenoids, isopentenyl-PP, is biosynthesized
either by the classical mevalonate or by the alternative 2-C-methyl-d-erythritol-
4-phosphate (via gyceraldehyde-3-P and pyruvate) pathway. Interestingly, the
L. monocytogenes genome carries the information for both pathways and both
seem to be functional (Begley et al., 2004). It remains to be seen whether
there is a preferential activation of one of the pathways when L. monocytogenes
replicates inside host cells.

Comparative transcript profiling using RNA from extra- and intracellularly
grown L. monocytogenes shows highly significant up-regulation of the genes for
the biosynthesis of all essential amino acids; in particular, the aromatic amino
acids and the three BCAA but not the nonessential ones (Joseph et al., 2006),
suggesting that the latter ones are provided by the host cell. Strong up-regulation
is also observed for the genes involved in purine and pyrimidine biosynthesis,
in accordance with previous data (Klarsfeld et al., 1994; Marquis et al., 1993)
indicating that nucleotides are not efficiently provided by the host cell to intra-
cellularly growing L. monocytogenes.

4.4. Nitrogen Metabolism

For most bacteria including L. monocytogenes, glutamine (Gln) is the optimal
nitrogen source (Merrick and Edwards, 1995), but in the absence of Gln,
L. monocytogenes is capable of utilizing alternative nitrogen sources, such as
ammonium (Tsai and Hodgson, 2003), arginine, and even ethanolamine (our own
unpublished results). These latter N sources might become important, particularly
when L. monocytogenes replicates in mammalian host cells where the supply of
free Gln is limited and its consumption by the intracellular L. monocytogenes
may strongly impair the “host function” of the invaded cell for the intracellular
L. monocytogenes. Gln as primary nitrogen source is converted to Glu—the major
donor of nitrogen for amino acids and nucleotides—by glutamate synthetase
(GOGAT) with 2-oxoglutarate (OG) as additional substrate. The cellular level
of Gln, Glu, and OG is stringently controlled in E. coli on the transcription—and
the glutamine synthetase (GS) activity—level by uridinylation/deuridinylation
of the PII protein and by the two-component system NtrB/NtrC (Arcondeguy
et al., 2001). Unlike in E. coli, the activity of GS of low G + C Gp bacteria
(studied extensively in B. subtilis) is not modulated by covalent modification,
and the global NtrB/C regulatory system is absent here. Synthesis of GS is
regulated by the repressor GlnR, by the global regulator TnrA, and possibly by
other transcription regulators.
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Ammonium as an alternative nitrogen source is transported in B. subtilis at low
external concentration (at high concentration uptake occurs by diffusion or facil-
itated transport) by the transporter NrgA which is encoded by the ngrAB operon
(Detsch and Stulke, 2003), and transcription of the ngrAB promoter is activated
during nitrogen-limited growth by the global regulator TnrA (Wray et al., 1996;
Yoshida et al., 2003). Ammonium is then channeled into glutamine and further
to glutamate via glutamine- and glutamate-synthetases as described above. The
product of the second gene of the nrgAB operon, NrgB belongs to the PII
family of regulatory proteins, but there is no indication that NrgB is covalently
modified in B. subtilis. It is rather believed that NrgB transforms the information
of cellular ammonium concentrations by fine-tuning downstream regulatory
factors essential for the expression of glutamine- and glutamate-synthetases
(Fisher, 1999). Orthologous genes for these regulators of nitrogen metabolism
were also identified in the L. monocytogenes genome suggesting a similar mode
of nitrogen control in L. monocytogenes as in B. subtilis.

The nrgAB operon (lmo1516–1517) in L. monocytogenes is up-regulated
under all conditions which lead to the up-regulation of glnAR (operon for GS
and the repressor) and gltAB (encoding the GOGAT subunits). Up-regulation
of these genes is also observed in cytosolically replicating L. monocytogenes
(Joseph et al., 2006), suggesting that ammonium rather than glutamine might be
the major nitrogen source within mammalian host cells.

Ammonium could be provided under the intracellular conditions by excess host
cell arginine (normally removed via the urea cycle) or ethanolamine (deriving
from phosphatidylethanolamine (PEA)). Indeed the induction of arpJ, a gene
encoding a specific arginine ABC transporter, has been shown in cytosolically
replicating L. monocytogenes (Joseph et al., 2006; Klarsfeld et al., 1994). The
listerial arginine deiminase (lmo0043—arcA) could then degrade this arginine
into ammonia and citrulline, two substrates which could serve as nitrogen sources
as citrulline can be further converted into another ammonia molecule (together
with CO2 and ATP) and ornithine via the enzymes ornithine carbamoyl trans-
ferase and carbamoyl carboxy kinase encoded by the L. monocytogenes-specific
arcBCD operon (lmo0036-0039). The possible involvement of the arcA-D genes
in intracellular ammonium supply does not rule out the participation of these
genes in acid resistance of L. monocytogenes as well, as recently suggested
(Gahan and Hill, 2005). The excess arginine of the host cell would be otherwise
removed from the host cell by arginase-catalyzed degradation to ornithine and
urea. This urea could not be utilized as nitrogen source by L. monocytogenes
due to the absence of a listerial urease.

Another possible intracellular nitrogen source provided by the host cell
could be ethanolamine generated by degradation of PEA. PEA is an excellent
substrate for PlcB, a listerial PlcB encoded by the PrfA-dependent gene plcB
(Goldfine et al., 1993) that is highly up-regulated inside host cells. Hydrolysis
of ethanolamine into ammonia and acetaldehyde occurs by the vitamin B12-
dependent ethanolamine–ammonia lyase (Bradbeer, 1965) encoded by the
eutBC genes. These genes have been shown in Salmonella enterica serovar
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Typhimurium (Kofoid et al., 1999) to be part of a 55-kb locus which in addition
to eutB and eutC (the genes for the two subunits of the lyase) carry 15 genes
that encode a positive regulator (necessary for the induction of the eut operon
together with B12), enzymes for propandiol degradation, and shell proteins
for the carboxysome. A similar gene cluster showing high homology to the
Salmonella eut operon has been identified in L. monocytogenes, and may have
been introduced by lateral gene transfer as pointed out previously (Buchrieser
et al., 2003). Several genes of the eut gene cluster, particularly eutBC, but also
those for cobalamine synthesis, are highly up-regulated in L. monocytogenes
replicating inside mammalian host cells (Joseph et al., 2006). Our recent unpub-
lished data indicate that ethanolamine can function as a sole nitrogen source in
a minimal medium with glycerol as carbon source, whereas an eutBC deletion
mutant cannot grow under these conditions.

4.5. Conclusions

Bioinformatic and functional genomic data indicate that L. monocytogenes is
a heterotrophic and largely prototrophic bacterium belonging to the group of
low G +C Gp bacteria. But its metabolism is also optimally adapted for highly
efficient growth within the cytosol of many mammalian cells (Goetz et al., 2001).
The metabolism of L. monocytogenes reveals some unusual features which
seem to have profound consequences for extra- and intracellular replication of
L. monocytogenes and hence for virulence:

1 the inability to use oxidized sulfur and nitrogen sources due to the lack of
nitrate and sulfate reductases,

2 the interrupted citrate cycle due to the lack of 2-oxoglutarate dehydrogenase,
and

3 the complex PTS-mediated glucose transport.

(1) This feature readily explains the observed auxotrophy of L. monocyto-
genes for Cys (and in the absence of Cys for Met) and indicates that intracel-
lularly replicating L. monocytogenes will entirely depend on the host cell for
Cys supply. Cystein is a nonessential amino acid for mammalian cells whereas
methionine is an essential one. In L. monocytogenes, the situation is reverse
and the two “partners” could therefore provide each other with the necessary
sulphur-containing amino acids.

(2) The incomplete citrate cycle renders the synthesis of oxaloacetate by
pyruvate carboxylase to be a critical metabolic step when L. monocytogenes
grows in environments where glucose (or another carbohydrate) is the sole
carbon source. Shortage of this catabolic intermediate (and as a consequence also
pyruvate and acetyl-CoA) may be the reason for the unexpected dependency of
L. monocytogenes on BCAA (Ile and Leu or Val), Met and to a lesser extent Arg
for efficient growth in the minimal media containing glucose as a sole carbon
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source. Although the biosynthetic pathways for these amino acids are functionally
intact, their efficient synthesis depends directly or indirectly on the availability
of oxaloacetate. In fact, a B. subtilis mutant deficient in 2-oxoglutarate dehydro-
genase required Asp (which derives directly from oxaloacetate and represents an
important intermediate for the biosynthesis of these amino acids) for growth at
wild-type rates in minimal media due to the inability of the mutant to regenerate
oxaloacetate from citrate (Fisher and Magasanik, 1984). The syntheses of these
amino acids which are needed for protein synthesis and branched-chain fatty
acids (especially Ile) (Nichols et al., 2002) in large amounts depend on oxaloac-
etate (via Asp), pyruvate (needed for synthesis of oxaloacetate), or actyl-CoA
(deriving from pyruvate). As mentioned above (see discussion on the ilv-leu
operon), nitrogen metabolism and carbon metabolism are coregulated by the
global regulators CcpA, TnrA, and CodY (Shivers and Sonenshein, 2005; Tojo
et al., 2005). This regulatory network (best studied in B. subtilis) guarantees well-
balanced intracellular concentrations of the central carbon (especially glucose
and its catabolites) and nitrogen (especially Gln, Glu) intermediates essential for
the entire cellular metabolism.

The inability of L. monocytogenes to regenerate oxaloacetate from citrate
may be overcome within the host cell by the supply of malonate. This interme-
diate, which is directly converted to oxaloacetate in the citrate cycle, could be
provided by the host cell via the oxoglutarate/malate shuttle at the expense of
the oxoglutarate produced in excess by L. monocytogenes due to the absence of
oxoglutarate dehydrogenase. It has been shown that a B. subtilis mutant deficient
in this enzyme secretes considerably larger amounts of OG into the medium than
the wild-type strain (Fisher and Magasanik, 1984).

(3) The most important feature is, however, the use of the appropriate carbon
source by L. monocytogenes within the host cell. The transport of glucose,
a preferred carbon source for L. monocytogenes metabolism, is achieved in
a yet unknown way. Although a large number of (in part L. monocytogenes
specific) PTS has been identified in the L. monocytogenes genome, a functional
PTS-G glucose uptake system (characteristic for many bacteria) is missing and
glucose may be cotransported by several other PTS permeases (R. Ecke, personal
communication).

Uptake of glucose-1-P generated by degradation of host cell’s glycogen
(a nonessential storage product of the host cell) by the specific transporter (Hpt)
avoids the competition for glucose with the host cell, and at the same time,
the inactivation of PrfA by PTS-mediated sugar uptake. The efficiency of intra-
cellular replication and virulence may be therefore strongly influenced by the
carbon source and its transport.

Phospholipids may act as alternative intracellular carbon source for L. monocy-
togenes (and may even become the primary carbon source in mammalian cells
lacking glycogen). Phospholipids are probably generated in sufficient amounts
by the disruption of the primary phagosome by which L. monocytogenes is
internalized. In particular PEA may serve as an important carbon and nitrogen
source since it can be converted by cellular lipases of the A-type and especially
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the listerial PlcB to glycerol, fatty acids, and ethanolamine phosphate, which
after dephosphorylation can serve as nitrogen source for L. monocytogenes in
presence of glycerol as carbon source (Schaffer et al., unpublished results).
Unlike M. tuberculosis and S. enterica which use the fatty acids as major intracel-
lular carbon sources (Fang et al., 2005; McKinney et al., 2000), L. monocytogenes
could utilize mainly glycerol and ethanolamine as intracellular nutrients.

We hypothesize that these three metabolic features, although unfavourable for
growth of L. monocytogenes under certain extracellular conditions, are essential
for the efficient intracellular replication of L. monocytogenes since they lead to
an intimate interference between the metabolism of the bacterium and that of
the host cell. This metabolic interference will allow an extended survival of the
infected cell, which can then serve as a “host cell” for L. monocytogenes for a
longer period of time.
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5.1. Introduction

Listeria monocytogenes contains a cell wall formed by a multilayered cross-
linked peptidoglycan decorated with teichoic and lipoteichoic acids. Like in all
eubacteria, the cell wall of L. monocytogenes plays a critical role in its physiology
since it ensures integrity of the cell while maintaining a high internal osmotic
pressure. In addition, it also endows the cell with a specific cell shape and
provides protection against mechanical stress. As in other noncapsulated gram-
positive bacteria, the cell wall of L. monocytogenes is the outermost structure of
the cell and acts as a scaffold in which different proteins anchor. L. monocyto-
genes is a highly successful pathogen that invades eukaryotic host cells, crosses
several natural barriers of the host and survives to extreme environments, and its
cell wall must necessarily contain molecules making possible the colonization
of these niches. The role in pathogenesis of some of these surface molecules
is just starting to be deciphered. Likewise, the genome sequences now known
for a few L. monocytogenes strains reveal that this pathogen has a large number
of genes encoding proteins with domains mediating interactions with cell-wall
polymers. Some of these cell-wall-associated proteins are currently subjected to
intense investigation. Recent studies have also revisited the structure of the pepti-
doglycan of L. monocytogenes and unravelled new modifications in its structure
that may be important for pathogenicity.

In this chapter, we summarize the current knowledge of the biochemistry and
enzymology of the L. monocytogenes cell wall. Moreover, we discuss on the

81



82 Pucciarelli et al.

plethora of proteins that attach to cell-wall components, making emphasis in the
distinct modes of protein–cell-wall association and their role in virulence. We
also describe recent proteomics studies that have facilitated the identification of
novel L. monocytogenes surface proteins predicted by the genome data. Finally,
we briefly describe what is known on the role of L. monocytogenes cell-wall
components in the modulation of the host immune response.

5.2. Biochemistry of the Listeria monocytogenes
Cell Wall

The first descriptions on the composition and suspected structure of the
L. monocytogenes peptidoglycan and associated polymers were made more than
30 years ago (Srivastava and Siddique 1973; Ullmann and Cameron 1969).
Despite this long period, the fine structure of its peptidoglycan has not been
known until very recently (Kloszewska et al. 2006). Likewise, while the biochem-
istry of teichoic acids (TA) and lipoteichoic acids (LTA) of L. monocytogenes
was inferred two decades ago (Fiedler 1988; Uchikawa et al. 1986a,b), these
polymers are now receiving further attention as they promote the attachment of
several virulence proteins and stimulate a large variety of responses in the host.

5.2.1. The Peptidoglycan of Listeria monocytogenes
Listeria monocytogenes has a peptidoglycan formed by glycan chains containing
alternating units of the disaccharide N -acetylmuramic acid (MurNAc)-
(�-1,4)-N -acetyl-d-glucosamine (GlcNAc). Bound to the MurNAc residue is
a stem peptide that in L. monocytogenes contains l-alanine-�-d-glutamic
acid-meso-diaminopimelic acid-d-Ala-d-Ala [l-Ala-�-d-Glu-m-Dap-d-Ala-d-
Ala] (Fiedler 1988; Kamisango et al. 1982). The glycan chains are cross-
linked by 4→3 linkages between the d-Ala residue of one lateral peptide to
the m-Dap residue of the other stem peptide. This peptidoglycan structure
resembles the reported for many gram-negative bacteria as Escherichia coli
(Schleifer and Kandler 1972). The biosynthesis of the L. monocytogenes pepti-
doglycan occurs essentially as described in E. coli (Holtje 1998), with the
formation of the intermediates; lipid I (C55-PP-MurNAc-l-Ala-�-d-Glu-m-Dap-
d-Ala-d-Ala) and lipid II [C55-PP-MurNAc-(l-Ala-�-d-Glu-m-Dap-d-Ala-d-
Ala)-(�-1,4)-GlcNAc] (Holtje 1998; Navarre and Schneewind 1999). Lipid II is
substrate of transglycosylases that bind the disaccharide-pentapeptide molecule
to macromolecular peptidoglycan. This reaction leaves the undecaprenyl-
pyrophosphate carrier (C55-PP) free to reinitiate the first biosynthetic steps. The
transglycosylation reaction is followed by transpeptidation of lateral peptides
belonging to adjacent glycan chains, ensuring in this way the incorporation of
nascent peptidoglycan.
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The first reactions of the peptidoglycan biosynthetic pathway are catalyzed
by a conserved number of essential enzymes (Holtje 1998). However, the
transglycosylation and transpeptidation reactions are carried out by a variable
number of enzymes known as penicillin-binding proteins (PBPs) (Goffin and
Ghuysen 2002). All PBPs share the property of binding �-lactam antibiotics,
irreversible inhibitors of the transpeptidation (acyl-transferase) reaction involving
the rupture of the d-Ala-d-Ala bond. PBPs are multimodular enzymes carrying
in their C-terminal module highly conserved SXXK, SXN, and KTG motifs
essential for the transpeptidation reaction (Goffin and Ghuysen 2002). Some
PBPs also have an N-terminal transglycosylation module. These bi-functional
transglycosylase-transpeptidase enzymes are known as class A PBPs. Other
PBPs, named as class B, carry an N-module that interacts with components of
the morphogenetic apparatus. A third group of PBPs only have the C-module
and are named carboxipeptidases or endopeptidases depending on whether they
cleave, using water as acceptor molecule, d-Ala-d-Ala or m-Dap-d-Ala linkages,
respectively. In most bacteria, this third group of PBPs are nonessential and play
roles related to peptidoglycan maturation (Goffin and Ghuysen 2002).

Using isotopically labelled �-lactam antibiotics, several studies showed that
L. monocytogenes has five PBPs, ranging in molecular weight from 95 kDa to
49 kDa (Gutkind et al. 1989; Hakenbeck and Hof 1991; Vicente et al. 1990b).
The number of molecules of PBP per cell was estimated in ∼ 100 for PBP1,
PBP2, PBP3, and PBP4, and ∼ 600 for PBP5 (Vicente et al. 1990a). Among these
enzymes, PBP4 and PBP3 have the highest and lowest affinity, respectively, for
binding of the �-lactam antibiotics (Pierre et al. 1990; Vicente et al. 1990b).
The low affinity of PBP3 for �-lactam antibiotics is thought to be the basis of
the high intrinsic resistance displayed by L. monocytogenes to monobactams and
cephalosporins of broad spectrum. L. monocytogenes has a distinct PBP profile
compared to other Listeria species, which is however fairly conserved among L.
monocytogenes strains (Hakenbeck and Hof 1991). Despite the availability of the
complete genome sequence of four L. monocytogenes strains (Glaser et al. 2001;
Nelson et al. 2004), no study has reported the exact correspondence between
each of the PBPs detected by biochemical analysis and their coding genes.

Two PBPs have been recently characterized in the L. monocytogenes EGD-e
strain: PBP4, a class A PBP encoded by the lmo2229 gene which displays
transglycosylase, transpeptidase, and carboxipeptidase activities (Zawadzka
et al. 2006); and, PBP5, a class B PBP with DD-carboxipeptidase activity
encoded by lmo2754 (Korsak et al. 2005). Deletion mutants have been obtained
for each of these two PBPs, confirming that none of them is essential for
L. monocytogenes growth, at least in laboratory conditions. Lack of PBP4 results
in a slower growth rate and increased resistance to moenomycin, an antibiotic that
inhibits transglycosylase activity (Zawadzka et al. 2006). Phenotypes described
for the PBP5 mutant include an increase in the cell-wall thickness and a reduction
in the growth rate (Korsak et al. 2005). Whether or not these two PBPs contribute
to L. monocytogenes pathogenicity remains unknown.
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The fine structure of the L. monocytogenes peptidoglycan has been recently
resolved by reverse-phase high pressure liquid chromatography (HPLC) and mass
spectrometry (Kloszewska et al. 2006). Besides the conventional interpeptide
linkage (4→3) d-Ala-m-Dap, the L. monocytogenes peptidoglycan contains (3→3)
m-Dap-m-Dap linkages. This latter interpeptide linkage was previously reported in
Mycobacteria and E. coli (Glauner and Höltje 1990; Wietzerbin et al. 1974). The
transpeptidation reaction resulting in the (3→3) linkage is inherently insensitive to
�-lactam antibiotics (Goffin and Ghuysen 2002). So, L. monocytogenes must have
at least one “non-PBP” enzyme responsible for the building of this concrete bridge.
The physiological significance of this type of linkage remains to be explored. Other
structural features of the L. monocytogenes peptidoglycan include the amidation of
the free carboxylic group of some m-Dap residues and the absence of glucosamine
acetylation in certain muropeptides. These types of modifications were previously
reported in Bacillus subtilis (Atrih et al. 1999). The average cross-linkage of the L.
monocytogenes peptidoglycan is in the range of ∼ 65% (Kloszewska et al. 2006),
slightly higher than that described in the peptidoglycan of B. subtilis,∼ 45%. Unlike
most gram-positive bacteria, L. monocytogenes does not lyse in the presence of �-
lactams, remaining the action of these antibiotics as bacteriostatic. The underlying
mechanisms are unknown.

5.2.2. Other Cell-Wall Polyanionic Polymers: Teichoic
Acids and Lipoteichoic Acids

As most gram-positive bacteria, L. monocytogenes contains two different polyan-
ionic polymers decorating the cell wall: the teichoic acids (TA), covalently bound
to the peptidoglycan and the lipoteichoic acids (LTAs), amphipathic molecules
that are embedded into the plasma membrane by a diacylglycerolipid (Navarre
and Schneewind 1999; Neuhaus and Baddiley 2003). These polymers represent
as much as 50–60 % of the total content of isolated dry cell walls of L. monocy-
togenes (Fiedler 1988) and play important functions in metal cation homeostasis,
anchoring of surface proteins, and transport of ions, nutrients, and proteins.
TA and LTA, which are synthesized by noninterconnecting metabolic pathways
(Neuhaus and Baddiley 2003), are main determinants of surface hydrophobicity
and immunogenicity. In fact, both TA and LTA confer the basis of the serotype
diversity known in L. monocytogenes.

Two main types of TA exist in L. monocytogenes. The first is formed by a polymer
consisting of repeating units (∼20 to ∼45) of 1,5-phopshodiester-linked ribitol
residues (Fiedler 1988; Uchikawa et al. 1986a). These ribitol-P units bear variable
substitutions. Thus, in serotypes 3a, 3b, and 3c, a GlcNAc residue is linked at
position C-4 of the ribitol-P repeating unit whereas in serotypes 1/2a, 1/2b, and 1/2c
there is an additional rhamnose residue at position C-2. Remarkably, the serotype 7
has no substitutions in the ribitol-P. The second type of TA includes more complex
structures in which the GlcNAc residue incorporates as a part of the poly-ribitol-P
chain (Fiedler 1988; Uchikawa et al. 1986b). Thus, the C-1 of GlcNAc binds to
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hydroxyl groups present at positions C-4 (serotypes 4a and 6) or C-2 (serotypes 4b,
4d, and 4f) of the ribitol-P. The C-4 position of GlcNAc then links to the phosphate
of the adjacent ribitol-P unit. In addition, the GlcNAc units are decorated with
glucose and/or galactose in some serotypes (case of 4b, 4d, and 4f) (Uchikawa
et al. 1986a). A TA structure similar to that of L. monocytogenes 4b serotype has
been identified in a few L. innocua strains. It is possible that L. innocua may have
acquired from L. monocytogenes serotype 4b, the set of genes responsible for these
modifications, a hypothesis supported by comparative genome analysis (Doumith
et al. 2004). The genome sequences obtained from four L. monocytogenes strains,
twoofserotype1/2a (EGD-eandF6854)and twoofserotype4b(F2365andH7858),
have revealed the presence of 1/2a serotype-specific genes involved in rhamnose
biosynthetic pathway (Nelson et al. 2004). The existence of these serotype-specific
genes related to TA biosynthesis was recently confirmed upon genome content
analysis of 93 L. monocytogenes strains of diverse serotypes (Doumith et al. 2004).
Thus, serotypes 1/2, 3, and 7 carry genes involved in TA biosynthesis that are absent
in serotype 4. Inversely, a gene annotated with function putatively related to TA
synthesis (ORF2372) is present exclusively in serotypes 4b, 4d, and 4e (Doumith
et al. 2004). The exact function of ORF2372 has not been elucidated. Another gene
named gtcA was initially claimed as a 4b serotype-specific gene involved in the
decoration (glycosylation) of TA, concretely in the incorporation of galactose and
glucose to the GlcNAc residues (Promadej et al. 1999). However, gtcA ortholog
genes exist in the genome of 1/2a strains (Autret et al. 2001). In fact, insertions in
the gtcA gene of the serotype 1/2a strain EGD-e impair virulence and its product has
been proposed to mediate incorporation of rhamnose to the TA (Autret et al. 2001).
Further work is required to unravel whether the role of GtcA in the decoration
of TA differs in serotypes 1/2a and 4b. It was later shown that mutants in the
gltA–gltB gene cassette, which is a truly specific locus of serotype 4b, display a
severe reduction or total loss of incorporation of galactose to the GlcNAc residue
of TA (Lei et al. 2001). These mutants have unaltered the amount of glucose in the
TA, which suggests that GltA and GltB are specifically involved in the linkage of
galactose to GlcNAc independently of the glucose substitution. The contribution
of GltA and GltB to L. monocytogenes pathogenicity has not been yet tested.

The ribitol-P polymer of the L. monocytogenes TA is covalently bound to
the peptidoglycan by a linkage unit formed by two disaccharides bound by a
molecule of phosphoglycerol. This linkage unit has the structure Glc(�1→3)-
Glc(�1→1/3)Gro-P-(3/4)ManNAc(�1→4)GlcNAc (Kaya et al. 1985). The disac-
charide formed by the two molecules of Glc is bound to the ribitol-P
polymer whereas that containing the acetylated amino sugars binds via a 1,6-
phosphodiester linkage to the MurNAc residue of the peptidoglycan. The L.
monocytogenes linkage unit of the TA is more complex than that of the closely
related bacteria B. subtilis and Staphylococcus aureus, which contain only one
disaccharide (Navarre and Schneewind 1999; Neuhaus and Baddiley 2003).

Unlike TA, the LTA polymer of L. monocytogenes is formed by repeating
units of glycerol-P bound by 1,3 linkages. In some strains, the C-2 position
of the glycerol-P is decorated with galactose (Fischer et al. 1990). The
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glycerol-P polymer attaches to the C-6 position of a nonreducing sugar molecule
carried by a glycolipid molecule that embeds the LTA into the membrane. In
L. monocytogenes, the glycolipid molecule has the structure of Gal(�1→2)Glu-
1(3),2-diacylglycerol (Fiedler 1988; Fischer et al. 1990). A substitution of a
phosphatidic acid in the C-6 position of Glu has been reported in some strains.

A common modification found in TA and LTA of many gram-positive bacteria
is d-alanine-esterification at carbons of their respective repeating units (Neuhaus
and Baddiley 2003). This modification is accomplished by a unique d-Ala incor-
poration system encoded in the dlt operon. d-Ala esterification has a profound
effect on the electromechanical properties of the cell wall since it reduces its
global negative charge. This modification modulates distinct cellular functions
as the activities of autolysins, the maintenance of cation-homeostasis, and the
assimilation of metal cations (Neuhaus and Baddiley 2003). The existence of a dtl
operon in the genome does not necessarily imply that the TA are d-Ala-esterified.
Thus, Streptococcus pneumoniae strain R6 harbours an entire dlt operon but
contains phosphorylcholine-esters instead of d-Ala-esters in both TA and LTA.

The L. monocytogenes dlt operon consists of four genes, dltA, dltB, dltC,
and dltD, encoding all components required for d-Ala esterification (Abachin
et al. 2002). d-Ala-esterification is important for L. monocytogenes pathogenicity.
Thus, a dltA mutant displays enhanced sensitivity to antimicrobial cationic
peptides and virulence attenuation in the mouse-infection model (Abachin
et al. 2002). d-Ala-esterification occurs in laboratory conditions in ∼20% of the
glycerol-P residues of LTA and is not detected in LTA of the dltA mutant. No
study has reported the rate of d-Ala-esterification in TA of L. monocytogenes.
Interestingly, the defect in d-Ala-esterification of LTA displayed by the dltA
mutant does not alter the relative amount of surface proteins as internalin-A
(InlA), InlB, and ActA that are extracted from the cell surface. Based on this
result, d-Ala-esterification was postulated to be important for certain surface
proteins to reach a functional folding state (Abachin et al. 2002), although it does
not discard a potential role of d-Ala-esterification in modulating the anchoring
of surface proteins to the cell wall. Noteworthily, VirR, a new response regulator
implicated in L. monocytogenes virulence, controls among other functions the
expression of the dlt operon (Mandin et al. 2005). This observation reinforces
the idea that d-Ala-esterification is a cell-wall modification playing a prominent
role in the L. monocytogenes infection process.

5.3. Listeria monocytogenes Surface Proteins Anchored
to the Cell Wall

One of the most remarkable features of the L. monocytogenes genome is the
high content of genes encoding surface proteins (Glaser et al. 2001; Nelson
et al. 2004). Some of these proteins are not directly associated to the cell wall
as they either carry transmembrane domains or N-terminal signals recognized
for insertion of a lipid molecule (lipoproteins). None of these two groups will
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be discussed in this chapter. Instead, we discuss about those proteins known
to interact with structures forming part of the cell wall and, therefore, entirely
located outside the plasma membrane (Figure 5.1.).

5.3.1. Surface Proteins Anchored Covalently
to the Peptidoglycan

5.3.1.1. The LPXTG Protein Family

Pioneering work performed with the S. aureus protein A demonstrated that
this surface protein is anchored covalently to the peptidoglycan by an enzyme

Figure 5.1. Global view of the distinct interactions of the Listeria monocytogenes surface
proteins with the cell wall. Listed in the upper part are the proteins identified by proteomics
in purified peptidoglycan material (in bold); in extracts obtained from the cell wall upon
incubation of bacteria with high concentration of salts (asterisk, *); or, in the extracellular
medium as components of the “secretome” (double asterisk, **). Lmo0320 (Vip), although
unidentified in these studies, was detected on the cell surface by immunological assays
(Cabanes et al. 2005). Other nonlisted surface proteins with mode of association to the cell
wall unknown but identified in proteomic analysis include: Lmo1892 (PbpA) in purified
peptidoglycan material and Lmo2504, Lmo2522, and Lmo2754 (PBP5) in the extracellular
medium. TA: teichoic acid; LTA: lipoteichoic acid.
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named sortase (Mazmanian et al. 1999). Protein A contains an N-terminal signal
peptide and a C-terminal domain consisting of an LPXTG motif followed by a
hydrophobic region of about 20 amino acids that ends in a tail of mostly positively
charged residues (Ton-That et al. 2004). This C-terminus configuration, named
“sorting signal”, is conserved in many surface proteins of gram-positive bacteria
(Navarre and Schneewind 1999; Ton-That et al. 2004).

The in-silico genome analysis of the L. monocytogenes strain EGD-e
unravelled 41 genes-encoding surface proteins bearing an LPXTG motif (Glaser
et al. 2001). To date, this number of LPXTG proteins is the highest among
all the gram-positive bacteria with genome sequence known. A high number of
genes-encoding LPXTG proteins, in the average of 45, were also identified in
the genome of other three L. monocytogenes strains (Nelson et al. 2004). Despite
this bulk of information, very few of these proteins have been characterized at
the biochemical and/or functional level. The LPXTG protein most extensively
studied is InlA, which promotes entry of L. monocytogenes into epithelial cells.
InlA harbours an LPTTG motif and is anchored covalently by the sortase SrtA
to m-Dap residues of the peptidoglycan (Bierne et al. 2002; Dhar et al. 2000;
Garandeau et al. 2002). In S. aureus, the primary acceptor molecule in the
anchoring reaction catalyzed by SrtA is the lipid-II precursor (Perry et al. 2002).
Whether the L. monocytogenes sortase SrtA uses the same mechanism has not
yet been formally demonstrated.

The large set of LPXTG proteins of L. monocytogenes clusters in two subfam-
ilies that differentiate by the presence in their N-terminal half of a variable
number of leucine-rich repeats (LRR) containing 20–22 amino acids each (Cabanes
et al. 2002). This domain is a feature shared by all proteins belonging to the
“internalin family”. The LRR domain is thought to mediate protein–protein inter-
actions, and in the case of InlA is necessary and sufficient to promote bacterial
uptake. The L. monocytogenes strain EGD-e has 19 LPXTG proteins containing
the LRR domain (Cabanes et al. 2002). Of these, only eight are present in the
nonpathogenic species L. innocua. A similar number of internalins bearing LPXTG
motifs (from 14 to 17 proteins) has been reported in the other three L. monocyto-
genes strains with genome sequence known (Nelson et al. 2004). Besides InlA, a
few LPXTG proteins of the internalin family have been recently characterized in the
EGD-e strain. These include InlH (Lmo0263), InlI (Lmo0333), and InlJ (Lmo2821)
(Sabet et al. 2005; Schubert et al. 2001) (see Section 5.4.1).

Proteins containing diverse non-LRR repeat regions preceding the C-terminal
sorting region form the second class of LPXTG proteins. The EGD-e strain has
22 LPXTG proteins in this class, of which 14 have orthologs in L. innocua
(Cabanes et al. 2002; our unpublished data). To date, only one protein of this
group, Vip (Lmo0320), has been characterized at a functional level (Cabanes
et al. 2005) (see Section 5.4.1).

Genomic comparison studies have revealed that six LPXTG proteins of
L. monocytogenes serotypes responsible for most cases of listeriosis are absent
in the rest of Listeria species (Doumith et al. 2004). LPXTG proteins displaying



5. The Cell Wall of L. monocytogenes and Role in Pathogenicity 89

this narrow distribution in the Listeria genus are currently investigated for their
role in pathogenesis (see Section 5.4.1).

5.3.1.2. Non-LPXTG Proteins Bearing Cell-Wall Sorting Signals

Staphylococcus aureus has a second sortase, SrtB, which recognizes a sorting
motif different than LPXTG. This sortase specifically cleaves an NPQTN motif
in a surface protein involved in iron transport, IsdC (Mazmanian et al. 2002). L.
monocytogenes has also an alternative SrtB sortase (Bierne et al. 2004). Like in S.
aureus, the L. monocytogenes srtB gene maps in an operon containing two genes
encoding the Lmo2185 (formerly SvpA) and Lmo2186 (SvpB) proteins, which
share homology to S. aureus IsdC. Lmo2185 and Lmo2186 bear as putative
sorting motifs NAKTN and NKVTN (NPKSS), respectively. Although a direct
proof of their covalent anchoring to the peptidoglycan has not been yet shown,
both proteins are detected in highly purified peptidoglycan material (Calvo
et al. 2005) (see Sect. 5.5.1). Furthermore, Lmo2185 displays a unique migration
on gels when extracted from peptidoglycan material (Bierne et al. 2004),
suggesting that this species may correspond to the processed form covalently
anchored to the peptidoglycan. Detection of Lmo2185 at the cell surface is also
abolished in an srtB mutant (Bierne et al. 2004). Interestingly, the L. monocy-
togenes operon containing the lmo2185, lmo2186, and srtB genes is induced
in iron-deficient conditions, but neither Lmo2185 nor Lmo2186 are required
for haemin, haemoglobin, or ferrichrome utilization (Newton et al. 2005). The
exact function of these two surface proteins, which are conserved in all Listeria
species, remains therefore elusive.

5.3.2. Surface Proteins with Noncovalent Association
to the Cell Wall

5.3.2.1. InlB, a Protein Loosely Associated to the Cell Wall by GW
Modules

InlB is a surface protein required for L. monocytogenes entry into certain
eukaryotic cell types (see Section 4.2). InlB is the only L. monocytogenes surface
protein carrying a domain organization consisting of a N-terminal LRR domain
and a C-terminal domain of three repetitions of 80 amino-acids, called GW
modules (Braun et al. 1997). GW modules are also found in autolysins (see
below). Domain swapping experiments revealed that the GW-modules mediate
binding of InlB to lipoteichoic acids (LTA) (Jonquieres et al. 1999). This
association also occur when purified InlB is added externally to intact cells
of L. monocytogenes serotype 1/2a. InlB is efficiently extracted from the cell
surface when bacteria are incubated in the presence of LTA, which indicates that
the InlB-LTA association may be rather weak. Noteworthy, InlB does not bind
to purified cell walls containing TA (Jonquieres et al. 1999), which supports the
idea that the GW-modules specifically interacts with polymers of the LTA type.
The strength of the GW domain-LTA association increases with the number
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of GW-modules. Thus, an InlB variant bearing the 8-GW module region of
the autolysin Ami binds more efficiently to cell surface. It has been shown
that purified In1B does not attach to either the L. innocua surface or that of
S. pneumoniae, the latter being decorated with LTA devoid of polyglycerol-P.
This observation leaves open the possibility that other cell wall components, as
TA, may also modulate the association of InlB to the cell wall. This hypothesis
could be tested by determining the capacity of purified InlB for binding to
L. monocytogenes 4b cells, which have a TA structurally different to serotype
1/2a cells.

5.3.2.2. The Autolysin Family

The peptidoglycan is a highly dynamic macromolecule whose structure is contin-
uously modified by hydrolytic enzymes, also known as autolysins (Holtje 1998;
Popowska 2004). These enzymes cleave preexisting linkages and act coordinately
with biosynthetic activities during the incorporation of nascent peptidoglycan
or the separation of daughter cells upon cell division. Hydrolytic enzymes are
also responsible for the active release of cell-wall components (up to 30–50%
per generation in some bacteria) and, as in the case of gram-negative bacteria,
for the active recycling of peptidoglycan turnover products. Hydrolytic enzymes
necessarily have to be subjected to tight temporal and spatial control since their
indiscriminate activity may lead to cell lysis. The profile of autolytic enzymes
in a given bacterium is assessed by zymogram assays using gels loaded with
cell walls. Renaturated proteins displaying cell-wall degrading activities are
visualized following gel staining. Zymogram assays performed with extracts of
L. monocytogenes surface proteins have revealed a large number of hydrolytic
enzymes (McLaughlan and Foster 1997, 1998; Popowska 2004). In some cases,
these assays have proved to be very useful for assigning hydrolytic activity
to novel proteins uncovered by genome data (Cabanes et al. 2004; Carroll
et al. 2003; McLaughlan and Foster 1998; Milohanic et al. 2001). L. monocyto-
genes contains several types of autolysins, all of them harbouring domains that
promote attachment of the protein to the cell wall (Cabanes et al. 2002). These
include the “amidase” domain, with similarity to the MurNAc-l-Ala amidase of
the Atl autolysin of S. aureus; the “LysM” domain; the GW modules; and, the
so-called “P60-domain”. Some of these enzymes are required for L. monocyto-
genes pathogenicity (see Section 5.4.2). Many of the autolysins containing an
amidase domain carry a variable number of GW modules (Milohanic et al. 2001).
Domains containing short repetitions are also present in autolysins of Strep-
tococcus pneumoniae and Staphylococci. In S. pneumoniae these modules are
responsible for binding of the protein to choline residues that decorate the TA and
LTA. Seven proteins with this “amidase-GW” domain organization are known
in the L. monocytogenes strain EGD-e (Cabanes et al. 2002). Two representative
autolysins of this subfamily are Ami (Lmo2558) and Auto (Lmo1076), which
contain 8- and 4-GW modules, respectively, in their C-half region (Cabanes
et al. 2004; Milohanic et al. 2001). Interestingly, Ami from L. monocytogenes
strains of serotypes 4b, 4d, and 4e carry only 6-GW modules and, in contrast
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to its N-half, the C-half region displays low identity (54% at the aminoacid
level) to Ami of EGD-e (serotype 1/2a) (Milohanic et al. 2004). Purified Ami
protein from serotype 4b binds less efficiently to 1/2a bacterial cells than to
4b cells (Milohanic et al. 2004), suggesting that in addition to LTA, other
cell-wall elements may modulate cell wall–protein association mediated by the
GW modules. Such an element could be the TA molecule, which is structurally
different in serotypes 1/2a and 4b (see Section 5.2.2). This hypothesis fits to the
fact that Ami of serotype 1/2a does not bind to the surface of L. innocua serotype
6a (Milohanic et al. 2001), which has a TA structure similar to L. monocytogenes
serotype 4.

Auto is the only autolysin of this subfamily that is absent in the nonpathogenic
species L. innocua. The aut gene is flanked by lmo1077, a gene with function
related to TA synthesis and also absent in L. innocua. Whether Lmo1077 is
required for association of Auto to the cell wall is at present unknown.

Another important group of L. monocytogenes autolysins is formed by the
P60-subfamily. All the members of this subfamily share an NPLC/P60 domain
in their C-terminal region. Four proteins of the EGD-e strain have been classified
in this subfamily: Spl (P45), Lmo0394, Lmo1104, and P60 itself. Lmo1104 is
the only autolysin of the group that is absent in L. innocua. In addition to the P60
domain, the P60 protein carries two LysM domains and a bacterial Src-homology
3 (SH3) domain which promote protein association to the cell wall (Cabanes
et al. 2002). P60-defective mutants display abnormal morphology, characterized
by the presence of filamented cells containing fully formed septa (Gutekunst
et al. 1992; Wuenscher et al. 1993). This phenotype links the function of P60 to
cell division.

A third type of domain organization is found in a recently characterized
autolysin named MurA (Lmo2691). This protein contains an amidase domain in
the N-half of the protein followed by 4 LysM domains (Carroll et al. 2003). As
in P60-deficient mutants, strains lacking MurA display elongated morphology.
The defect in MurA also correlates with increased resistance to detergent-
mediated lysis (Carroll et al. 2003), which suggests that MurA could be involved
in generalized remodelling of the peptidoglycan. MurA and P60 are secreted,
together with other proteins, by a specialized secretion machinery dependent
on the SecA2 protein (Lenz et al. 2003). Defects in the secretion of these two
autolysins have been linked to the transition to a rough phenotype observed in
some L. monocytogenes isolates (Machata et al. 2005).

The L. monocytogenes EGD-e strain has another two putative autolysins
with a unique domain organization. The first, Lmo0849, contains an amidase
domain in the middle part of the protein and a transmembrane domain in its
C-terminal region. This protein, which would be the only L. monocytogenes
autolysin embedded in the plasma membrane, has not been characterized yet.
The second is Lmo0327, a LPXTG protein containing five LRR domains in the
N-half of the protein and 15 repeat regions specific of this protein in its C-half
region (Popowska and Markiewicz 2006). The autolytic activity of Lmo0327 was
inferred in a screening of autolytic activity using a library of L. monocytogenes
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EGD-e cloned in E.coli. The L. monocytogenes lmo0327 mutant lacks several
bands in zymogram assays, one of them with the expected molecular weight of
Lmo0327. This mutant displays an elongated shape, defects in cell separation,
and slightly higher resistance to Triton X100-stimulated lysis. Further work is
required to confirm whether Lmo0327, which does not contain any domain
related to peptidoglycan hydrolysis, is a bona-fide autolysin. In vitro assays with
purified protein could provide such evidence. It is worth to mention that to date
no study has provided a direct proof of the specific linkage(s) of the pepti-
doglycan cleaved by any autolysin of L. monocytogenes. Attempts made with
purified P60 on peptidoglycan were unsuccessful due to the inherent property of
this protein to aggregate (Wuenscher et al. 1993).

5.4. Role of Cell-Wall-Associated Proteins in Listeria
monocytogenes Virulence

This section summarizes those studies in which the contribution of L. monocyto-
genes surface proteins to pathogenicity was tested using diverse infection models.
For additional information, the reader is referred to Chap. 8 by Pizarro and
Cossart.

5.4.1. LPXTG Proteins and Sortases

5.4.1.1. Species-Specific Role of InlA in Crossing of Intestinal
and Placental Epithelia

Despite the critical role of InlA as an L. monocytogenes invasion protein, it was
for long impossible to associate InlA with virulence in mouse models (Gaillard
et al. 1996; Gregory et al. 1996; Pron et al. 1998). This unexpected result was
explained by the discovery of a species specificity of InlA interaction with its
host receptor, the cell adhesion molecule E-cadherin (Ecad). Thus, InlA interacts
with human or guinea pig Ecad but does not recognize mouse or rat Ecad. This
specificity is due to a single amino acid, a proline at position 16 in the binding site
of human Ecad, which is a glutamic acid residue in the mouse or rat Ecad (Lecuit
et al. 1999). This change leads to structural modifications that prevent mEcad–
InlA interaction (Schubert et al. 2002). The usage of transgenic mice expressing
hEcad in the intestine revealed a prominent role of the InlA–hEcad interaction in
L. monocytogenes invasion of enterocytes (Lecuit et al. 2001). This conclusion
was also established upon oral infection of guinea pigs, which naturally possess a
permissive Ecad. Altogether, these results demonstrate that in permissive species
InlA plays a role in the crossing of the intestinal barrier. Recent data indicate
that InlA is also critical for L. monocytogenes fetoplacental tropism (Lecuit
et al. 2004). Thus, the ability of L. monocytogenes to target the placental villi and
cross the placental barrier is dependent upon InlA interaction with trophoblast
E-cadherin. This observation correlates with epidemiological data showing that
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100% of L. monocytogenes isolates are obtained from pregnancy-associated
listeriosis but only 65% of food isolates express a functional InlA (Jacquet
et al. 2004).

5.4.1.2. Inactivation of Sortases to Assess the Role in Virulence
of Cell-Wall Bound Proteins

Inactivation of L. monocytogenes SrtA abolishes anchoring of many cell-wall
bound proteins to peptidoglycan (Bierne et al. 2002). Interestingly, an srtA
mutant displays lower organ colonization in mice than an isogenic inlA mutant
when used by both oral or intravenous routes (Bierne et al. 2002; Garandeau
et al. 2002). These data indicate that besides InlA, other LPXTG proteins are
required for full virulence. This conclusion was further confirmed in guinea pigs
and h-Ecad transgenic mice, in which L. monocytogenes efficiently crosses the
intestinal barrier in an InlA-dependent-manner. In these models, the srtA mutant
is also more attenuated for virulence than the inlA mutant. These results point
to the critical role of SrtA substrates, besides InlA, in bacterial invasion and/or
persistence in deeper organs in listeriosis, from the crossing of the intestinal
barrier to the hepatic phase of infection (Sabet et al. 2005).

The second L. monocytogenes sortase, SrtB, does not play any detectable role
in virulence in the mouse model (Bierne et al. 2004). SrtB is also dispensable for
virulence following oral infection of guinea pigs (Sabet et al. 2005). Therefore,
the two substrates recognized by this sortase, Lmo2185 and Lmo2186, are
unlikely to play a major role in food-borne listeriosis. Consistently, an lmo2185
mutant is not attenuated in virulence in the mouse model (Newton et al. 2005).
The inactivation of the svpA-srtB operon, containing srtB, lmo2185(svpA),
lmo2186, and genes encoding an iron transporter system, has however a moderate
effect on persistence of L. monocytogenes in mouse organs (Newton et al. 2005).

5.4.1.3. New LPXTG proteins as virulence factors

5.4.1.3.1. InlH

Searching for inlA-related genes by southern hybridization using an inlA probe
revealed the presence of the inlC2-inlD-inlE locus in strain EGD (Dramsi
et al. 1997). The inactivation of this locus did not result in decreased virulence in
the murine model. Surprisingly, three related genes, inlG-inlH-inlE, are found at
the same locus in strain EGD-e (Raffelsbauer et al. 1998). Multiple deletions of
the inlG-inlH-inlE genes or a single deletion of inlH decreases L. monocytogenes
virulence in the mouse (Schubert et al. 2001). These results implicate at least
inlH in pathogenicity although further work is required to discern its exact role
in virulence.

5.4.1.3.2. Vip

The vip gene (lmo0320), identified as one of the 8 genes encoding LPXTG
proteins present in L. monocytogenes EGD-e and absent from L. innocua
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is positively regulated by PrfA, the transcriptional activator of the major
L. monocytogenes virulence factors. Vip is required for bacterial entry into some
eukaryotic cells as well as for the infectious process in vivo at both the intestinal
level and the later stages of organ colonization (Cabanes et al. 2005). Vip may
contribute to pathogenesis by interacting with the host endoplasmic reticulum
chaperone Gp96 (Li et al. 2002), inducing either cell invasion and/or signaling
events that interfere with the host immune response (Cabanes et al. 2005).

5.4.1.3.3. InlJ

The DNA content and genomic biodiversity of Listeria strains of different species
and serotypes analyzed by DNA arrays identified L. monocytogenes-specific
marker genes (Doumith et al. 2004). Among these markers there are five LPXTG
proteins of the internalin family, InlA, InlH, InlE, InlI, and InlJ. The contribution
to pathogenesis of InlJ (Lmo2821) and InlI (Lmo0333) was recently evaluated.
An inlJ mutant displays a virulence defect in mice and transgenic hEcad mice
after intravenous and oral infection, respectively. In contrast, deletion of the inlI
gene has no effect on virulence (Sabet et al. 2005). No phenotype could be
attributed to the inlJ mutant in tissue culture cells, making its function elusive.
Noteworthily, InlJ is not detected in the cell-wall proteome of bacteria grown
in brain-heart-infusion (BHI) medium (Pucciarelli et al. 2005) (Section 5.5.1),
raising the possibility that expression of inlJ might be tightly regulated. InlJ is
structurally related to InlA, bearing a new type of cysteine-rich LRR motifs and
repetitions related to MucBP domains in the C-terminal region (Sabet et al. 2005).
A future challenge will be to assess when and where inlJ is expressed and to
identify the InlJ eukaryotic binding partner as well as its signaling pathways.

5.4.1.3.4. L. monocytogenes serotype 4b-specific LPXTG proteins

The biodiversity DNA array data revealed two genes encoding LPXTG proteins,
ORF29 and ORF2568, present exclusively in serotypes 1/2b, 4a, 4b, and 4c
(Doumith et al. 2004). Since L. monocytogenes serotype 4b strains are responsible
for the majority of epidemic cases of listeriosis, these genes were investigated
for their role in infection. Inactivation of these genes does not however alter
either infection in vitro or virulence following oral infection of hEcad mice
(Sabet et al. 2005). However, the bacterial load of the ORF2568 deletion mutant
in organs, especially spleens, increases compared to the wild type 4b strain.
Inactivation of ORF2568 may somehow affect expression or function of other
virulence factors and enhance bacterial fitness in organs.

5.4.2. Other NonCovalently Bound Proteins

5.4.2.1. InlB: A Second Species Specificity

The invasion protein InlB is a functional homologue of the human hepatocyte
growth factor, h-HGF, acting as an agonist of the hepatocyte growth factor
receptor (HGF-R/Met). Met is a widely expressed receptor tyrosine kinase
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involved in complex cellular processes such as cell proliferation, dissociation,
migration, and differentiation (Shen et al. 2000). InlB also interacts with
proteoglycans and gC1q-R, a ubiquitous glycoprotein (Braun et al. 2000;
Jonquieres et al. 2001). InlB–Met interaction is required for L. monocytogenes
invasion in a variety of cell types in which InlA plays no role, such as hepato-
cytes, endothelial cells, and fibroblasts (Dramsi et al. 1995; Gregory et al. 1997;
Greiffenberg et al. 1998; Lingnau et al. 1995; Parida et al. 1998) (see also
Chap. 8). However, despite in-depth knowledge on InlB in vitro activities, its
role in vivo was not extensively explored for long. InlB was first shown to be
involved in mouse liver and spleen colonization using a double inlA-inlB deletion
mutant (Gaillard et al. 1996), or in competition index experiments using wild-
type and inlB strains (Dramsi et al. 2004). A recent study confirmed that InlB is
required for liver and spleen colonization in mice (Khelef et al. 2006). InlB is
not however required for the invasion of the intestinal epithelium of transgenic
hEcad mice and does not cooperate with InlA for this function. Furthermore,
InlB is not involved in L. monocytogenes infection of guinea pigs or rabbits
due to its inability to stimulate the Met receptors of these two hosts (Khelef
et al. 2006). Thus, similar to the InlA–Ecad interaction, InlB mediates an L.
monocytogenes species-specificity critical for the pathophysiology of listeriosis.
These results also emphasize the need for developing new animal models to
dissect the exact contribution to pathogenicity of cell wall-associated proteins.

5.4.2.2. AUTOLYSINS

5.4.2.2.1. Ami

Inactivation of Ami alone does not affect L. monocytogenes pathogenicity.
However, inactivation of Ami in mutants lacking InlA, InlB, or both internalins
results in strong reduction of adhesion to hepatocytes and enterocyte-like cell
lines (Milohanic et al. 2001). Like in InlB, the GW modules appear to promote
Ami adhesion to host cells (Milohanic et al. 2001). Since InlB GW modules
bind cellular matrix proteoglycans (Jonquieres et al. 2001), it is possible that
Ami GW modules exert a similar function. Thus, Ami may act as a comple-
mentary adhesin during infection. This conclusion is supported by the fact that
an ami mutant is slightly attenuated in the liver of mice infected intravenously
(Milohanic et al. 2001).

5.4.2.2.2. Auto

The morphology of an aut deletion mutant has been reported similar to those
of the wild-type strain, with no defect in septation and cell division (Cabanes
et al. 2004). Auto is however required for entry of L. monocytogenes into
different nonphagocytic eukaryotic cell lines although it is dispensable for
efficient adhesion, formation of comet tails, or cell-to-cell spreading. An aut
mutant displays reduced virulence following intravenous inoculation of mice and
oral infection of guinea pigs, which correlates with its low invasiveness (Cabanes
et al. 2004). How Auto contributes to pathogenicity is unknown, although its
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contribution to pathogenicity was tentatively linked to maintenance of the cell
surface architecture and/or release of immunologically active cell-wall compo-
nents (Cabanes et al. 2004).

5.4.2.2.3. P60

The autolysin P60, encoded by the invasion-associated protein (iap) gene, is
both secreted and associated with the bacterial cell wall (Kuhn and Goebel 1989;
Ruhland et al. 1993; Wuenscher et al. 1993). On the basis of its similarity to the
autolysin LytF from Bacillus subtilis, P60 is predicted to have a D-iGlu-mDap
endopeptidase activity (Lenz et al. 2003; Smith et al. 2000). The role of P60
in pathogenicity was first evaluated in rough mutants expressing lower levels
of this protein (Kuhn and Goebel 1989). These rough mutants are less virulent
and enter less efficiently in certain eukaryotic cells, suggesting a role for P60 in
invasion (Gutekunst et al. 1992; Hess et al. 1995; Kuhn and Goebel 1989). A
P60-deficient mutant displays similar phenotypes, including virulence attenuation
after intravenous infection of mice. This �iap mutant is also impaired in its
intracellular motility process due to mis-localization of the actin-polymerizing
factor ActA (Lenz et al. 2003; Pilgrim et al. 2003). P60 plays an important
role in the immune response against L. monocytogenes. P60-specific antibodies
act as opsonins and might play a role in preventing systemic infections in
immunocompetent individuals (Kolb-Maurer et al. 2001). P60 is also a major
protective antigen that induces both T-CD8 and Th1 protective immune responses
(Bouwer and Hinrichs 1996; Geginat et al. 1998; Geginat et al. 1999; Harty and
Pamer 1995).

5.5. Proteomics of the Listeria monocytogenes Cell Wall

Listeria monocytogenes surface proteins have been traditionally characterized
using extraction methods involving acid treatment, LiCl or detergents like SDS.
These methods allow the extraction of surface proteins non-strongly attached
to peptidoglycan, although they do not solubilize proteins covalently bound to
the peptidoglycan. Unless peptidoglycan-hydrolytic enzymes are used, proteins
bound covalently to the peptidoglycan, as those of the LPXTG family, are
obtained in minute amounts (Navarre and Schneewind 1999). This is probably
one of the reasons of why in L. monocytogenes, as in other gram-positive
bacteria, relatively few proteins covalently bound to the peptidoglycan have been
characterized.

5.5.1. The Listeria monocytogenes Cell-Wall Proteome

Based on genome data, a recent study developed a preliminary proteome
reference map of the L. monocytogenes EGD-e strain (Ramnath et al. 2003).
Using total cell extracts, 261 spots were differentiated on two-dimensional
(2D) gels. Of these, only 33 distinct proteins were identified, most of
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them corresponding to abundant proteins (chaperons, translation factors, and
enzymes of central metabolism). Noteworthy, no cell-wall-associated protein
was identified in this study. A further study, focused on the characterization
of the L. monocytogenes “secretome” using 2D gels and non-gel proteomics,
revealed the presence of numerous cell-wall-associated proteins in the extracel-
lular medium (Trost et al. 2005). These proteins could be released from the cell
either as complexes containing fragments of cell-wall polymers or as a result of
proteolytic processing. The secretome of the EGD-e strain contains the LPXTG
proteins InlA, InlH, Lmo0880, Lmo1666, and Lmo2714; the two NXZTN
proteins Lmo2185 and Lmo2186; several autolysins containing GW modules
(Auto, Ami, Lmo1216, Lmo1521, and Lmo2591); the autolysin Ami; two
members of the P-60 subfamily (P60, P45); two PBPs (Lmo2039 and Lmo2754);
and InlB. Two other proteins of unknown function, Lmo2504 and Lmo2522,
annotated as “hypothetical-cell-wall binding proteins” were also identified (Trost
et al. 2005). Despite the relevant information provided by this study, it did not
address the analysis of the protein profile in purified cell-wall material. This
was recently made applying a non-gel proteomic approach to peptide mixtures
obtained upon incubation of peptidoglycan with trypsin (Calvo et al. 2005).
Since peptidoglycan is inherently insensitive to trypsin, this peptide mixture was
an ideal source for identifying novel proteins strongly attached to the peptido-
glycan. This study performed in L. monocytogenes was the first in providing
a detailed profile of proteins remaining bound to cell wall upon exhaustive
purification of the peptidoglycan employing ionic detergents. Nineteen proteins
of the EGD-e strain associated to the peptidoglycan were identified in bacteria
growing in BHI medium. All of these proteins correspond to enzymes involved
in peptidoglycan metabolism or surface proteins expected to be anchored to
this cell-wall component (Calvo et al. 2005). Among these proteins, 13 were
LPXTG proteins (including InlA). In comparison with the secretome, a higher
number of LPXTG proteins were detected when analyzing purified peptido-
glycan material. This result can be explained by the difficulty for detecting in
the extracellular medium certain LPXTG proteins that are present in the cell
surface only in scarce amounts. It is also possible that some LPXTG proteins
locate in surface regions not undergoing massive release of cell-wall fragments,
i.e. the polar caps. LPXTG proteins identified in the peptidoglcyan but not in the
extracellular medium include Lmo0130, Lmo0160, InlG, Lmo0327, Lmo0610,
Lmo0842, Lmo1413, and Lmo2085. Besides LPXTG proteins, the non-gel
proteomic analysis performed on peptidoglycan material identified Lmo2185 and
Lmo2186 (the two proteins bearing the NXZTN motif); several autolysins (P60,
P45, and MurA); and the PBP Lmo1982 (Calvo et al. 2005)(Figure 5.1). No
autolysins attaching to the cell wall via GW modules were identified, supporting
the idea that the protein–cell wall association mediated by LysM or P60 domains
is probably stronger than that mediated by GW modules. This non-gel proteomic
study was the first in reporting the identification of a large number of L. monocy-
togenes LPXTG proteins; however, it only covered one-third of LPXTG proteins
predicted by the EGD-e genome sequence. Tight regulation of the biosynthesis
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of concrete LPXTG proteins is conceivable. It is also possible that some LPXTG
proteins might be used by L. monocytogenes exclusively during the intracel-
lular phase of the infection. In fact, two recent transcriptome analyses have
shown up-regulation of a few genes encoding LPXTG proteins in intracellular
L. monocytogenes growing within epithelial cells (Chatterjee et al. 2006; Joseph
et al. 2006). Some of them have not been identified yet in extracellular bacteria.
Lastly, in laboratory conditions, some LPXTG proteins may be present on the
L. monocytogenes cell surface in extremely scarce amounts below the sensitivity
threshold of the non-gel proteomics technology.

A proteomic analysis of the L. monocytogenes cell wall based on 2D gels
has also recently been reported (Schaumburg et al. 2004). In this case, surface
proteins were serially extracted from the cell wall with high concentration of
salts (Tris and KSCN) and resolved on gels. This work led to the identification
of 55 proteins (Schaumburg et al. 2004), but none of them were of the LPXTG
family. InlB and the autolysins P60, P45, MurA, and Ami were efficiently
extracted from the cell wall with high salt. It becomes clear from these results
that the identification of L. monocytogenes surface proteins covalently bound to
peptidoglycan requires methods involving digestion of either the peptidoglycan
itself or the proteins that copurify with it.

5.5.2. Identification of Listeria monocytogenes Sortase
Substrates by Proteomics

The sortase SrtA of S. aureus cleaves the T–G linkage of the LPXTG motif
(Ton-That et al. 1999, 2000), whereas SrtB was recently shown to cleave the T–N
linkage in the NPQTN sorting motif of IsdC (Marraffini and Schneewind 2005).
Sortases contain a conserved TLXTC motif and an H residue involved in catalysis
(Ilangovan et al. 2001; Mazmanian et al. 2001). These features have allowed the
identification of new putative sortase genes in the genome sequences available in
databases. In fact, many gram-positive bacteria contain several sortases to which
recognition of distinct sorting motifs has been assigned (Boekhorst et al. 2005;
Comfort and Clubb 2004; Dramsi et al. 2005). Like S. aureus, L. monocytogenes
contains two genes encoding sortases, srtA (lmo0929) and srtB (lmo2181).

Most of the sortase substrates have been predicted by in silico analysis
based on the presence of a sorting-signal domain in the C-terminus (Boekhorst
et al. 2005; Comfort and Clubb 2004; Dramsi et al. 2005; Ton-That et al. 2004).
However, biochemical evidence for recognition of surface proteins by sortases
has been reported only in few cases. SrtA and SrtB of S. aureus anchor
different set of proteins to the cell wall with a specificity that correlates to
the presence in the substrate of either a LPXTG or NPQTN motif, respectively
(Mazmanian et al. 2001; Ton-That et al. 2004). Sortase substrates have also
been identified by 2D SDS-PAGE using cell-wall extracts of sortase-deficient
mutants (Osaki et al. 2002). The specificity of the sortases SrtA and SrtB of
L. monocytogenes strain EGD-e was recently assessed by non-gel proteomics
using mutants deficient in these sortases (Pucciarelli et al. 2005). Like in S.
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aureus, each of the L. monocytogenes sortases anchors a distinct subset of
proteins to the peptidoglycan. Thus, the LPXTG proteins detected in peptido-
glycan of the wild-type strain were all present in the �srtB mutant but missing
in the peptidoglycan of �srtA or �srtA�srtB strains (Pucciarelli et al. 2005). An
exception was Lmo0842, which was barely detected in the �srtB mutant. This
result suggests that efficient anchoring of Lmo0842 to the cell wall may require a
functional SrtB sortase. Lmo2185 and Lmo2186, both carrying NXZTN sorting
motifs, were identified only in strains having a functional StrB sortase. Interest-
ingly, an Lmo2186 peptide covering the first of the two putative sorting motifs
predicted in this protein, SDSSNKVTNPK, was identified in the peptidoglycan
material. This observation supports the hypothesis that SrtB may not cleave the
motif NKVTN in certain growth conditions. This hypothesis contemplates that
the overlapping motif NPKSS, similar to those described in other gram-positive
bacteria (Dramsi et al. 2005), would be preferentially recognized. If demon-
strated, Lmo2186 would be the first case of a surface protein covalently anchored
to peptidoglycan by a sortase-mediated recognition of two alternative sorting
motifs.

Autolysins and PBPs (P60, P45, MurA, and Lmo1892) were identified in
the peptidoglycan of all the sortase mutants, an observation that validates the
experimental approach and demonstrates that these surface proteins attach to the
cell wall by sortase-independent mechanisms.

5.6. The Listeria monocytogenes Cell Wall
and Inflammation

5.6.1. Immunogenicity of the Listeria monocytogenes
Cell Wall

Bacterial cell-wall components are potent biological effectors of a large variety
of stimulatory activities in eukaryotic cells and responsible for severe pathologies
like septic shock (Boneca 2005). Early studies performed with distinct cell-
wall preparations of L. monocytogenes (crude material, peptidoglycan, or
LTA) revealed that besides its capacity to activate macrophages, the peptido-
glycan has potent adjuvant and antitumor activities (Hether et al. 1983; Paquet
et al. 1986; Saiki et al. 1982). Purified peptidoglycan alone is not sufficient
to confer protection against Listeria infection, requiring priming with crude
cell-wall preparations (Hether et al. 1983). Some of the stimulatory effects,
such as the adjuvant and mitogenic activities, require both peptidoglycan and
TA, whereas others, such as the antitumoral and natural killer activities, are
triggered by samples devoid of TA (Hether et al. 1983). These observations
indicate that all distinct cell-wall components contribute to stimulate host
responses.

Host immunity is also modulated by L. monocytogenes cell-wall components.
Thus, muropeptide structures found in the peptidoglycan of L. monocytogenes
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are representative of the molecular patterns known to be recognized by Nod1 and
Nod2, two members of the intracellular eukaryotic sensor family (Chamaillard
et al. 2003a; Inohara et al. 2005; Murray 2005). Nod1 specifically recognizes
the disaccharide-tripeptide GlcNAc-MurNAc-l-Ala-�-d-Glu-m-Dap molecule,
whereas Nod2 recognizes the disaccharide-dipeptide GlcNAc-MurNAc-l-Ala-
�-d-Glu (Chamaillard et al. 2003a; Inohara et al. 2005; Murray 2005). Nod1
also recognizes the dipeptide �-d-Glu-m-Dap (Chamaillard et al. 2003b). Nod1
has been proposed to be involved in sensing of gram-negative bacteria due to
the requirement of m-Dap for peptidoglycan recognition and Nod2 would act
as a general sensor of bacterial peptidoglycan. Nods have a cytosolic location,
which suggests that they have evolved as sensors to respond to infections caused
by intracellular bacterial pathogens. Nod2-deficient mice are highly susceptible
to bacterial infections initiated at the intestine, including L. monocytogenes
(Kobayashi et al. 2005). Noteworthy, this increased susceptibility correlates
with an impaired secretion of antimicrobial peptides known as cryptdins, an
observation that directly links Nod2 function to innate immunity (Kobayashi
et al. 2005). Evidence for sensing of L. monocytogenes by Nod1 has also been
recently found (Opitz et al. 2006). Thus, Nod1 activity is required for both
NF��-activation and induced secretion of IL-8 in L. monocytogenes-infected
endothelial cells. Sensing of L. monocytogenes by Nod1 also induces the MAPK
p38 signaling pathway. Activation of both NF�� and p38 was shown to mediate
IL-8 secretion (Opitz et al. 2006).

5.6.2. Recognition of Listeria monocytogenes Cell-Wall
Components by Eukaryotic Molecules

Teichoic acids have been implicated in adhesion of L. monocytogenes to host
cells. Thus, purified galactose-containing TA, but not those lacking this modifi-
cation, adhere to HepG-2 epithelial cells (Cowart et al. 1990). Consistently,
a gtcA mutant deficient in TA glycosylation (see Section 5.2.2) displays a partial
defect for adhesion and entry into HepG-2 cells (Autret et al. 2001). These obser-
vations favor the hypothesis that TA and/or LTA could act as bacterial “lectins”
promoting the interaction of L. monocytogenes with membrane-located glycopro-
teins of nonphagocytic cells. The �-d-galactose receptor present in HepG-2 cells
was proposed as the molecule recognizing TA (Cowart et al. 1990), although
this interaction has not been formally demonstrated.

In addition to lipopolysaccharide from gram-negative bacteria, the
macrophage-scavenger receptor class A (MSR-A) recognizes LTA purified from
several gram-positive bacteria, including L. monocytogenes (Dunne et al. 1994;
Greenberg et al. 1996). MSR-A recognizes preferentially LTA molecules
negatively charged since modifications such as d-Ala esterification or positive-
charged sugar residues (as those carried by the S. pneumoniae LTA) notably
reduce LTA–MSRA interaction (Greenberg et al. 1996). MSR-A-deficient mice
are highly susceptible to L. monocytogenes infection (Ishiguro et al. 2001), which
indicates that this receptor is a major effector of the host immune response
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against L. monocytogenes. Toll-like receptors (TLRs), involved in recognition
of pathogen-associated molecular patterns (PAMPs) (Takeda and Akira 2005),
have also been linked to sensing of L. monocytogenes. Thus, mice deficient
in TLR2, a receptor that recognizes LTA but not peptidoglycan, are highly
susceptible to L. monocytogenes infection (Torres et al. 2004). A deficiency in
MyD88, an adaptor required for signal transduction from the surface-located
TLR receptor, also increases the susceptibility to L. monocytogenes (Torres
et al. 2004). These data implicate LTA as an important modulator of the host
immune response. LTA induce the maturation of dendritic cells and are respon-
sible for the stimulation of IL-18 release observed in L. monocytogenes-infected
dendritic cells (Kolb-Maurer et al. 2003). L. monocytogenes LTA also activate
NF�� in epithelial and macrophage cells (Hauf et al. 1997, 1999).

A recent study showed that L. monocytogenes dltA mutants defective in d-Ala
esterification (see Section 5.2.2) are less virulent in the mouse model and adhere
poorly to phagocytic and non-phagocytic cells (Abachin et al. 2002). It would
be of interest to test whether esterification of the TA with d-Ala might alter
recognition of LTA by MSR-A or other type of receptor on the surface of
epithelial cells.

5.7. Future Challenges

The L. monocytogenes cell wall has revealed as an intricate platform in which
several polyanionic polymers, the peptidoglycan and TA precisely dictate the
anchoring of a plethora of surface proteins. While some modes of cell wall–
protein association have been examined in-depth in a few cases, some unresolved
aspects remain. Thus, the association promoted by GW modules, involving the
interaction with LTA in the case of InlB, is not yet completely understood
for autolysins bearing these modules. The potential role of the TA polymer in
modulating anchoring of surface proteins has not been explored, although some
observations suggest that it might be the case. Another intriguing issue is the large
number of autolysins expressed by L. monocytogenes in laboratory conditions.
Insights on this phenomenon could be now obtained by determining the specific
linkage of the peptidoglycan cleaved by these autolysins. It is expected that these
activities do not overlap given the simultaneous presence of these autolysins
on the cell surface. These goals can also now be addressed using proteomic
techniques. Lastly, an exciting but basically unexplored field deals with the cell-
wall physiology of L. monocytogenes during the infection process and, more
specifically, during the intracellular phase. The changes in expression of genes
encoding surface proteins registered when L. monocytogenes proliferates inside
eukaryotic cells are predictive of significant alterations in the cell wall occurring
in intracellular bacteria. These challenges open a new avenue of research that
undoubtedly will increase our yet limited knowledge of the L. monocytogenes
cell wall and its contribution to pathogenicity.
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Note
While this chapter was in the editing process, a study was published by
Guinane et al. describing the contribution of distinct pencillin-binding protiens
(PBPs) of Listeria monocytogenes to antibiotic resistance and virulence (Guinane
et al. 2006).
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Abstract: The widespread presence of Listeria monocytogenes in various diverse
environments, including those that are natural (i.e., nonagricultural), agricul-
tural, and food-associated, suggests that these environments may serve
as sources or reservoirs of L. monocytogenes that can be transmitted to
various hosts, including humans. As the vast majority of human listeriosis
infections are recognized to occur through consumption of contaminated
foods, and as animal listeriosis infections also appear to be predominantly
feed-borne, development of effective intervention strategies for reducing
the incidence of listeriosis among susceptible human and animal popula-
tions requires elucidation of specific routes of L. monocytogenes trans-
mission among different ecosystems and compartments within food and feed
production systems. Current knowledge of L. monocytogenes ecology is
presented to provide insight into the primary sources that appear to contribute
to its introduction into human food-associated environments and foods as
well as its transmission among various compartments in food and agricultural
production systems.

6.1. Introduction

Listeria species, including L. monocytogenes, are often described as ubiquitous
in nature as they have been isolated from a diverse array of natural, man-
made, agricultural, and food-associated environments (Farber and Peterkin 1991;
Fenlon 1999; Gravani 1999; Kathariou 2002; Roberts and Wiedmann 2003).
The vast majority of human listeriosis infections (99%) are foodborne (Mead
et al. 1999), while animal listeriosis infections appear to be predominantly feed-
borne. An emerging understanding of L. monocytogenes ecology has provided
insight into the primary sources that appear to contribute to its introduction
into human food-associated environments and foods, as well as its transmission
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among various compartments in food production systems. As farm ruminants
represent the mammalian hosts most commonly affected by clinical listeriosis,
ruminant animal agricultural systems are likely to serve as reservoirs or sources
of L. monocytogenes that are transmitted into the human food chain. Therefore,
for a complete understanding of L. monocytogenes transmission to human food
and humans, it is also important to understand the transmission of L. monocyto-
genes into other mammals, and particularly farm ruminants. This chapter reviews
our knowledge of the ecology and transmission of L. monocytogenes in natural,
nonagricultural environments, agricultural environments, and food-associated
environments and addresses the potential contributions of these environments as
sources or reservoirs of L. monocytogenes that can be transmitted to mammalian
and particularly human hosts. We propose that, given the ability of L. monocyto-
genes to survive for prolonged time periods in many different environments, as
well as its wide distribution and prevalence in different environments, it is likely
that selective pressures associated with different environments play an important
role in the evolution of this pathogen. We further propose that humans likely
represent an accidental host for this environmental pathogen and that the true
importance of most virulence factors may lie in their role in enhancing L. monocy-
togenes survival in nonhuman host-associated environments (Kreft et al. 1999).

6.2. Methods for Studying L. monocytogenes
Transmission

Studies on transmission of any pathogen are critically dependent on our ability
to reliably detect, and ideally quantitate, a given pathogen in different environ-
ments and hosts. Methodological capabilities for accurately recovering and
characterizing the representative diversity of a pathogen present in a given
environment determine the quality of the information obtained. Since limita-
tions in detection and subtyping methods critically impact our ability to under-
stand the ecology of L. monocytogenes, we will briefly review commonly
used detection and subtyping methods for L. monocytogenes, including their
relevant limitations. A number of recent reviews and book chapters provide more
comprehensive coverage of L. monocytogenes detection and subtyping methods
(Wiedmann 2002a,b; Windham et al. 2005; Sauders and Wiedmann submitted).

6.2.1. Detection Methods for L. monocytogenes
Despite their wide distribution in nature, L. monocytogenes and other Listeria
spp. usually occur in small numbers, within the context of large numbers of
other microorganisms, in most natural habitats. Therefore, detection methods
for Listeria spp. typically include a selective enrichment step to allow amplifi-
cation of the small numbers of Listeria spp. initially present, followed by plating
on selective and differential media to enable their detection. This strategy is
prone to providing false negative results, particularly if the Listeria spp. present
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in the sample are injured prior to exposure to the selective medium. On the
other hand, use of a nonselective pre-enrichment step may allow other microor-
ganisms to overgrow Listeria spp. in a given sample, thus also yielding false
negative results. While these issues have led to the development of a variety
of different enrichment media and procedures for Listeria spp., in general, a
single enrichment procedure is unlikely to detect all L. monocytogenes that may
be present in a given set of samples (Sauders and Wiedmann in press). For
example, L. innocua has been shown to outcompete L. monocytogenes during
some enrichment procedures (MacDonald and Sutherland 1994), and different
enrichment media appear to favor recovery of different bacterial subtypes from
the same sample (Ryser et al. 1996; Donnelly 2002). As a consequence, the use
of a combination of different enrichment and plating procedures in parallel will
provide the most sensitive detection of Listeria spp.; however, this approach
is usually cost-prohibitive and therefore not practical. Since many environ-
ments can contain multiple Listeria species and/or multiple Listeria strains
(Pritchard et al. 1995; Ryser et al. 1996, 1997) and because L. monocytogenes
can be overgrown by other Listeria spp. during enrichment, L. monocytogenes
prevalences reported for different environments likely underestimate the true
prevalence and diversity of L. monocytogenes in a given sample.

Quantitative data on the presence of Listeria spp. and L. monocytogenes are
important for understanding the ecology and transmission of Listeria. Most
probable number (MPN) methods are generally used for quantification since
Listeria populations in most environments are usually <100 CFU g−1 (Sauders
and Wiedmann in press). A paucity of quantitative data on L. monocytogenes
loads in different environments (Bernagozzi et al. 1994) other than in food
samples (Yu and Fung 1993) exists due to the labor- and cost-intensive nature
of MPN methods.

6.2.2. Subtyping Methods for L. monocytogenes
Application of subtyping methods is critical to our ability to understand
the ecology and transmission of L. monocytogenes. While serotyping is
commonly used to characterize L. monocytogenes, it provides limited discrim-
inatory power as only 13 L. monocytogenes serotypes can be differentiated
with three serotypes (1/2a, 1/2b, and 4b) representing the vast majority
of human listeriosis isolates. Multilocus enzyme electrophoresis (MLEE)
and phage typing provided initial insight into the population genetics and
transmission of L. monocytogenes. Molecular subtyping methods, including
ribotyping (Wiedmann et al. 1996, 1997), pulsed-field gel electrophoresis (PFGE)
(Lozniewski et al. 2001; Vela et al. 2001), and, more recently, multilocus
sequence-based typing (MLST) (Cai et al. 2002; Salcedo et al. 2003), have
provided recent advances in our understanding of L. monocytogenes ecology
and transmission and have been used in many studies on L. monocytogenes
ecology reported since 1995. While all three molecular methods provide discrim-
inatory power, PFGE was shown to be more discriminatory for L. monocytogenes
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than MLST or ribotyping. MLST and ribotyping have provided important
and relevant subtyping information, however, including identification of
epidemic clones and virulence-attenuated subtypes (Gray et al. 2004;
Nightingale et al. 2005a,b).

Characterization of L. monocytogenes isolates from a variety of different hosts
and environments by a variety of different subtyping methods, including initial
MLEE work by Piffaretti et al. (1989), has also shown that strains comprising the
species L. monocytogenes represent at least three distinct genetic lineages. While
different nomenclatures have been used to designate these L. monocytogenes
lineages (Kathariou 2002), the main lineages described in different studies appear
to be identical, as supported by consistent grouping of specific L. monocytogenes
serotypes into lineages (Piffaretti et al. 1989; Nadon et al. 2001). Based on
the lineage designations used by most groups (Wiedmann et al. 1997; Ward
et al. 2004), lineage I predominantly includes serotypes 1/2b, 3b, 3c, and 4b
strains, while lineage II primarily includes serotypes 1/2a, 1/2c, and 3a (Nadon
et al. 2001). Interestingly, previous reports have shown that lineage I strains are
significantly overrepresented among human clinical listeriosis cases as compared
to their prevalence among animal listeriosis cases and contaminated foods (Nadon
et al. 2001; Norton et al. 2001; Gray et al. 2004). On the other hand, lineage II
strains show a significantly higher prevalence among food isolates and animal
clinical cases than among human listeriosis cases (Jeffers et al. 2001; Gray
et al. 2004). In addition, lineage I isolates appear to have significantly greater
pathogenic potential, as determined by their ability to spread to neighboring host
cells in a cell culture plaque assay, when compared to lineage II isolates (Norton
et al. 2001; Gray et al. 2004). Lineage III predominantly includes serotypes 4a
and 4c, as well as some serotype 4b strains that are distinct from those grouped
into lineage I (Nadon et al. 2001). Strains classified in lineage III appear to
be associated with isolation from animals and are occasionally isolated from
human listeriosis cases with clinical disease, but are rarely isolated from foods
(Jeffers et al. 2001; Gray et al. 2004). Increasing evidence thus exists that
L. monocytogenes strains represent multiple lineages that appear to differ in their
abilities to be transmitted to humans, as also supported by recent subtype-specific
mathematical modeling data, which indicate that the likelihood of human disease
caused by L. monocytogenes classified into different lineages can differ by more
than 2 log (Chen et al. 2006).

6.3. Listeria monocytogenes in Natural and Other
Nonagricultural Environments

While most studies on the presence of L. monocytogenes in different environ-
ments have focused on food-associated and farm environments (Fenlon
et al. 1995; Nightingale et al. 2004), multiple studies have reported that
L. monocytogenes are common in natural and other nonagricultural environ-
ments, and can also survive for extended time periods in soil and water. Recent
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subtyping studies also indicate that at least some of the subtypes found in natural
and other nonagricultural environments are also found among human listeriosis
cases, indicating that these environments may represent a source of human
pathogenic L. monocytogenes subtypes.

6.3.1. Listeria monocytogenes Prevalence and Load
in Natural and Other Nonagricultural
Environments

Initial studies by Welshimer and Donker-Voet (1971), which investigated the
presence of L. monocytogenes in soil and plant materials from agricultural and
nonagricultural environments, reported that six of seven nonagricultural sites
were positive for L. monocytogenes during the spring but not the fall. While
this study has to be interpreted carefully, since all recognized Listeria spp.
were classified as L. monocytogenes at that time, it provided initial evidence
for the presence of Listeria spp. in natural environments. Later, Weis and
Seeliger (1975) found Listeria spp. from plant samples collected from cornfields
(9.7% of samples were positive), grain fields (13.3%), cultivated fields (12.5%),
uncultivated fields (44%), meadows and pastures (15.5%), forests (21.3%), and
wildlife feeding areas (23.1%) in southern Germany. While the original paper
by Weis and Seeliger reported these numbers as L. monocytogenes prevalence,
only 37 of 103 Listeria isolates elicited disease consistent with listeriosis in
their mouse bioassay, suggesting that as many as 64% of their isolates may
have been Listeria spp. other than L. monocytogenes or L. ivanovii. Fenlon
et al. (1996) did not find any L. monocytogenes in the soil samples associated
with vegetable crops that they examined, but they isolated L. monocytogenes
from the soil collected from fields where cattle- or sheep-fed silage diets had
been kept, indicating the importance of animals as sources of L. monocyto-
genes in soil and on plants. One of the most comprehensive, recent studies
on L. monocytogenes and Listeria spp. prevalences in different environments
was conducted by Sauders (2005) who tested approximately 900 samples from
each natural and urban environments (e.g., soil, water, and plant materials) in
New York State over a 2-year period. In this study, L. monocytogenes preva-
lences were significantly higher in urban environments (7.5%) as compared to
natural environments (1.4%). Additional recent studies have further confirmed
that L. monocytogenes can be found in a number of different natural and nonagri-
cultural environments, including surface waters (Frances et al. 1991; Arvanitidou
et al. 1997), estuarine environments (Colburn et al. 1990), and sewage (Watkins
and Sleath 1981; Geuenich et al. 1985; al-Ghazali MR and al-Azawi 1988a,b;
MacGowan et al. 1994; De Luca et al. 1998; Garrec et al. 2003).

Overall, most studies on Listeria in nonfarm-associated natural environments
indicate that L. monocytogenes is found at a lower prevalence than other
Listeria spp. (MacGowan et al. 1994; Sauders 2005). Interestingly, MacGowan
et al. (1994) found that L. seeligeri was the Listeria spp. most frequently isolated
from soils, while Sauders (2005) found that L. seeligeri was the most common
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Listeria spp. isolated from both urban and natural environments. This is partic-
ularly intriguing since L. seeligeri̧ while not considered a mammalian pathogen,
does contain the Listeria virulence gene cluster and is hemolytic, which suggests
a potential role of at least some Listeria virulence genes for survival in selected
environments.

6.3.2. Listeria monocytogenes Growth and Survival in
Natural and Other Nonagricultural Environments

Some of the first efforts to characterize L. monocytogenes as a naturally
occurring, saprophytic organism took place in the late 1950s. H.J. Welshimer
conducted a study on the survival of L. monocytogenes and concluded that
L. monocytogenes could survive for at least 295 days in certain types of soil
under defined conditions (Welshimer 1960). Another study (Botzler et al. 1974)
also showed that L. monocytogenes was able to survive, and in some instances,
multiply, in nonsterilized (i.e., natural) and sterilized soil and water at ambient
winter temperatures ranging from −15 to +18�C. In this study, sterile and
natural soil both supported L. monocytogenes survival and growth. For example,
L. monocytogenes inoculated into a sterile soil suspension at approximately
105 CFU ml−1 increased up to 2�14×107 CFU ml−1 over a 154-day period. These
data provide evidence of the ability of L. monocytogenes to survive and multiply
in different niches in natural and other nonagricultural environments.

6.3.3. Subtype Analysis of L. monocytogenes Found
in Natural and Nonagricultural Environments

Early serotype analysis by Weis and Seeliger (1975) of L. monocytogenes
isolated from natural and agricultural fields found that serotypes 1/2b and 4b
were the two most prevalent serotypes isolated from soil and plant samples,
which provided initial evidence that human pathogenic L. monocytogenes may
be present in diverse environments, since serotypes 1/2b and 4b are commonly
associated with human disease (McLauchlin 1990). Ribotype analysis of 80
L. monocytogenes isolates collected from urban and natural environments by
Sauders et al. (2006) also found that a number of ribotypes identified among
these isolates had previously been linked to human listeriosis cases, including
outbreaks. Specifically, a number of isolates from urban sites and a single
isolate from a natural environment were ribotype DUP-1038B, which repre-
sents a subtype classified into one of the three L. monocytogenes epidemic
clones (ECII) (Kathariou 2002) that has been associated with multiple human
listeriosis outbreaks (Jeffers et al. 2001; Sauders et al. 2003). To illustrate,
DUP-1038B was the predominant ribotype isolated over more than a year from
multiple sites in a single urban environment, indicating the persistence of this
subtype in an urban environment. Overall, these data provide evidence that urban
environments represent sources of human pathogenic L. monocytogenes strains.
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Interestingly, the vast majority of isolates (>90%) from natural environments
were classified as L. monocytogenes lineage II. The lineage II classification is
significantly less common among human isolates than classification into lineage
I (Sauders et al. 2006), and strains in lineage II appear less likely to cause
human disease as compared to those in lineage I (Chen et al. 2006). The
ribotype most frequently isolated from natural environments (DUP-1039C) is
also commonly found in farm environments and animal listeriosis cases, as well
as infrequently among human cases, supporting the hypothesis that the natural
environment represents a source of animal and human pathogenic L. monocyto-
genes, even though many of the strains found in natural environments may be
less virulent for humans than strains found in other environments (e.g., the urban
environment). Furthermore, the presence in natural environments of a ribotype
that is commonly found in farm environments could also indicate that farms, farm
environments, and farm animals may represent a source of L. monocytogenes
introduction into natural environments, e.g., via runoff from farms or animal
movement.

6.4. Listeria monocytogenes in Agricultural
Environments

Listeriosis was first observed in animals (i.e., rabbits) in 1926 (Murray
et al. 1926) and has since been reported in a number of domesticated and wild
animals (Wesley 1999; Hayashidani et al. 2002). Most of the reported animal
listeriosis cases have occurred in farm ruminants, including cattle, goats, and
sheep, therefore, most of the available information on L. monocytogenes in
agricultural environments focuses on the presence and ecology of L. monocy-
togenes in ruminants and on ruminant farms. Overall, L. monocytogenes preva-
lence in ruminants and on ruminant farms varies, but appears to be highest in
animals fed silage (fermented plant material, such as grass, hay, or chopped field
corn) (Nightingale et al. 2004). Prevalence in farm environments and in fecal
material of silage-fed animals appears to, on average, exceed 20% (Nightingale
et al. 2004) and often includes human disease–associated L. monocytogenes
subtypes. Farm environments and farm animals may thus be an important source,
and potentially a reservoir, of human pathogenic L. monocytogenes.

6.4.1. Listeria monocytogenes Prevalence and Load
in Agricultural Environments

A number of studies (Welshimer 1968; Weis and Seeliger 1975; Fenlon 1985;
Wesley 1999; Nightingale et al. 2004) have reported that L. monocytogenes
is commonly present throughout the agricultural environment, particularly in
environments associated with ruminants, including farm soil, vegetation, and
water, as well as in animal feeds (especially silage), in fecal material, and on
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animal hides and external surfaces. The presence of L. monocytogenes in silage
and further dispersal through fecal shedding in ruminant-associated agricultural
environments likely have the greatest impacts on transmission of L. monocyto-
genes, both within animal populations as well as from animal populations and
farm environments to humans. Fecal shedding is particularly likely to contribute
to environmental dispersal of L. monocytogenes, i.e., onto plant materials and
fields that may be a source of animal feed or human food (e.g., vegetables).
A number of studies have shown that the prevalence of fecal shedding in farm
ruminants can range from a few percent of total animals (Unnerstad et al. 2006;
Sammarco et al. 2005) to more than 50% (Skovgaard and Morgen 1988), with
a higher prevalence of fecal shedding in silage-fed animals (Husu 1990). For
example, a recent large study on L. monocytogenes prevalence and ecology in
farm animals and farm environments found an average fecal prevalence of 20.2%
among cattle (Nightingale et al. 2004). While fecal shedding can occur in clinical
listeriosis cases, most cattle with fecal samples that test positive for L. monocyto-
genes do not show listeriosis symptoms (Gronstol 1979; Loken et al. 1982). On
the other hand, small ruminants (e.g., sheep and goats) generally show a lower
L. monocytogenes prevalence in fecal samples, most likely since silage feeding,
and hence exposure to L. monocytogenes, is less common on small ruminant
farms. Quantitative data on L. monocytogenes levels in ruminant fecal samples
are limited; however, Fenlon et al. (1996) reported L. monocytogenes levels as
high as 5�0 × 102 CFU g−1 among cattle fed silage, while fecal levels among
grazing cattle were 0�4 CFU g−1. Oral exposure to L. monocytogenes appears to
be a critical risk factor for fecal shedding of this pathogen, but other external
factors such as stress, e.g., climate and feed changes, transport, and changes
in immunological state, such as pregnancy, may also enhance the likelihood of
fecal shedding in ruminants (Gronstol 1979; Gronstol and Overas 1980; Loken
et al. 1982; Fenlon et al. 1996).

Similar to human listeriosis, animal listeriosis appears to be predominantly
a feed-borne disease, with consumption of silage, and particularly improperly
fermented (and L. monocytogenes contaminated) silage, as a major risk factor
for clinical listeriosis in ruminants (Nightingale et al. 2005) and for L. monocy-
togenes fecal shedding in ruminants (Nightingale et al. 2004) as well as the
presence of L. monocytogenes in raw milk (Sanaa et al. 1993). Silage is
commonly used for feed in modern ruminant production, and particularly for
dairy cattle feed, due to its year-round availability. While properly fermented
silage has a pH of ≤4�5 which helps to inhibit growth of spoilage microor-
ganisms and pathogens, including L. monocytogenes, improperly fermented
silage often has an elevated pH (e.g., >5�5) which allows for the growth
of spoilage microorganisms and pathogens (Ryser et al. 1997). Since crops
used for silage may be contaminated with L. monocytogenes prior to harvest
through a variety of pathways, including fecal deposition by wild (Fenlon 1985)
or farm animals, contaminated soil (Fenlon et al. 1996), or deposition of
sewage sludge and manure, L. monocytogenes is commonly found in poorly
fermented silage. As silage is an important source of L. monocytogenes
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infection in ruminants, a number of studies on L. monocytogenes prevalence
and loads in silage have been conducted. Overall, L. monocytogenes has
been isolated from up to 44% of silage samples tested (Fenlon 1985) with
widely ranging bacterial loads (Fenlon 1986; Wiedmann et al. 1994) as high
as 1�0 × 108 CFU g−1 reported (Wiedmann et al. 1996). Considering the high
L. monocytogenes prevalence and densities that can be found on ruminant
farms (Nightingale et al. 2004), these environments represent a likely point
of introduction for L. monocytogenes into the human food chain through a
variety of pathways, including the use of contaminated manure for fertil-
ization of human food crops, consumption of animal products lacking a liste-
riocidal heat treatment (e.g., raw milk), and transmission of the organism via
fomites into food processing environments, where L. monocytogenes may subse-
quently persist for extended time periods, thus enabling recontamination of
processed foods.

In addition to ruminant species, L. monocytogenes also can be isolated from
a number of nonruminant species and nonruminant agricultural environments.
For example, L. monocytogenes has been isolated from the feces of wild birds
(Fenlon 1985), horses (Weber et al. 1995; Gudmundsdottir et al. 2004), swine
(Hayashidani et al. 2002; Yokoyama et al. 2005), poultry (Weber et al. 1995),
and other domestic animals (Weber et al. 1995), as well as from eviscerated
farmed fish (Miettinen and Wirtanen 2005). While L. monocytogenes in ruminants
and on ruminant farms are more likely to contribute directly to human disease,
i.e., through human consumption of raw milk (Ryser 1999), the presence of
L. monocytogenes in other food animals is more likely to contribute indirectly
to food contamination and human disease, e.g., by facilitating introduction of
this pathogen into food processing plants or onto vegetables through contam-
inated manure (e.g., Fenlon et al. 1996; Rorvik et al. 2003). One example of
food products that appear to become contaminated both directly and indirectly
is cold-smoked fish products. Production of cold-smoked fish products does not
include a listeriocidal heat treatment. Matching L. monocytogenes subtypes have
been found occasionally in both raw fish and cold-smoked products produced
from the contaminated raw materials, supporting a direct route of transmission
(Markkula et al. 2005); however, in most cases, L. monocytogenes contami-
nation of these products appears to occur from the processing plant environment
rather than from the raw material (Norton et al. 2001; Hoffman et al. 2003).

In addition to animal-associated agricultural environments, L. monocytogenes
has also been isolated from a number of plant-based agricultural systems (Weis
and Seeliger 1975; Beuchat 1996; Fenlon et al. 1996). Reported prevalences
of L. monocytogenes in raw vegetables have ranged from 1.1 to 85.7% with
an average prevalence of 11.4% (Beuchat 1996). Raw vegetables have been
implicated as sources in multiple human listeriosis outbreaks (Schlech et al. 1983;
Ho et al. 1986; Allerberger and Guggenbichler 1989). Vegetables may become
increasingly important in human listeriosis transmission since current trends in
food consumption patterns reflect increasing consumption of raw and ready-to-
eat (RTE) vegetables.
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6.4.2. Listeria monocytogenes—Growth and Survival
in Agricultural Environments

In addition to field studies that indicate survival and persistence of
L. monocytogenes in agricultural environments over time periods up to 6 years
(Fenlon 1999), a number of laboratory studies have also provided evidence
that Listeria spp. survive in animal feces (Dijkstra 1971) and agricultural soil
(Fenlon 1999), including manure-amended soil (Jiang et al. 2004), for prolonged
time periods. For example, Listeria spp. have been shown to survive in bovine
feces from 182 to 2,190 days (Fenlon 1999), for several weeks in soil (Jiang
et al. 2004; Nicholson et al. 2005), and for >56 days (Fenlon 1999) in sewage
sludge cake sprayed onto fields.

6.4.3. Subtype Analysis of L. monocytogenes Found
in Agricultural Environments

Serotyping data provided initial evidence that L. monocytogenes serotypes
associated with human disease (i.e., serotypes 1/2a, 1/2b, and 4b) are present in
agricultural environments (Dijkstra 1978; Borucki et al. 2005), ruminant fecal
samples (Ralovich et al. 1986; Skovgaard and Morgen 1988), and raw milk
collected on farms (Fenlon et al. 1995). Molecular subtyping studies further
support the presence of human disease–associated L. monocytogenes strains
in agricultural environments and on farms. For example, in one study, 23%
of L. monocytogenes isolates from human sporadic cases were found to have
identical or similar PFGE patterns to L. monocytogenes isolates from farm
environments (Borucki et al. 2004). Nightingale et al. (2004) found that 25 of the
35 EcoRI ribotypes with greater than five occurrences among farm environments
and ruminant fecal samples had also been isolated previously from human liste-
riosis cases (Sauders et al. 2006). This study also found that all three ribotypes
linked to multiple human listeriosis outbreaks, which represent L. monocyto-
genes epidemic clones, were each found on multiple farms. Similarly, isolates
with a PFGE type identical to the strain responsible for the 1985 listeriosis
outbreak in Los Angeles (Linnan et al. 1988) have also been isolated from a
dairy farm by Borucki et al. (2004). Subtyping data thus clearly support that
L. monocytogenes subtypes linked to sporadic human listeriosis cases and to
human listeriosis outbreaks are commonly found in agricultural environments and
on farms.

6.5. Listeria monocytogenes in Food-Associated
Environments and Foods

Since the vast majority of human listeriosis cases are food-borne, a body of
knowledge on the presence of L. monocytogenes in food-associated environments
and foods has been published. Since a comprehensive review of these studies is
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beyond the scope of this chapter, only a brief summary is provided here. Detailed
information on food-associated environments and outbreaks of listeriosis can be
obtained from a number of review articles (Kathariou 2002; Tompkin 2002)
and book chapters (e.g., Ryser 1999). L. monocytogenes, including subtypes
associated with human listeriosis cases and outbreaks, are not uncommon
in natural, nonagricultural, and agricultural environments, including raw food
commodities. Therefore, an understanding of L. monocytogenes ecology and
survival in food-associated environments is critical for elucidating the trans-
mission of human listeriosis and reducing human infections.

6.5.1. Listeria monocytogenes—Prevalence and Loads
in Foods and Food-Associated Environments

A relatively small number of human listeriosis cases have been associated with
food products contaminated during primary production in agricultural environ-
ments, such as raw vegetables, raw milk, and raw milk dairy products, since
heating regimes typically applied during food cooking or commercial processing
effectively inactivate L. monocytogenes. Instead, most human listeriosis cases
are caused by the consumption of RTE meats and dairy food products that
contain L. monocytogenes as a consequence of contamination from environ-
mental sources in processing plants and other food-associated environments
(e.g., retail food businesses) (Tompkin 2002; Reij and Den Aantrekker 2004)
and that are not thoroughly reheated immediately prior to consumption. Foods
at particular risk for transmission of this pathogen include RTE foods that are
not aseptically packaged after processing and that require refrigerated storage.
L. monocytogenes prevalences in these products have been reported at 5%
and above (Farber and Peterkin 1991, 1999). Since the infectious dose of
L. monocytogenes appears to be high (106) (Vazquez-Boland et al. 2001) and
initial contamination of RTE foods typically occurs at low levels, RTE foods
with the highest likelihood of transmitting listeriosis are those that support the
growth of this pathogen and that are stored long enough to allow bacterial
numbers to increase to high levels. Foods that have been implicated as sources of
human infections include deli meats (Gottlieb et al. 2006), coleslaw (Ryser 1999),
cheeses (Goulet et al. 1995), hot dogs (CDC 1999), and smoked fish (Ericsson
et al. 1997). Recent L. monocytogenes risk assessments (FDA/USDA 2003;
FAO/WHO 2004) provide comprehensive information on food products most
commonly linked to human listeriosis cases as well as L. monocytogenes contam-
ination prevalences and levels in these foods. In the United States, the foods
that appear to be most commonly responsible for human listeriosis cases include
RTE deli meats (average L. monocytogenes prevalence of 1.9%) followed by
hot dogs (4.8%) (FDA/USDA 2003). L. monocytogenes is prevalent in smoked
seafood (12.0%), fruit (11.8%), preserved fish (9.8%), raw seafood (7%), and
pate/meat spreads (6.5%) (FDA/USDA 2003). In general, RTE foods that are
handled extensively after heat treatment, such as deli salads that are prepared
in retail environments, show the highest L. monocytogenes prevalences. Foods
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produced under poor hygienic conditions also can have very high L. monocyto-
genes prevalences. For example, Van Coillie et al. (2004) found that prepared
minced meat collected in Belgian markets showed L. monocytogenes prevalences
of 94.7%. In addition, specific food processing plants may manufacture products
with extremely high prevalences of L. monocytogenes. For example, Fonnesbech
Vogel et al. (2001) reported that cold-smoked fish from one processing plant in
Denmark had a L. monocytogenes prevalence of 85% during their 1-year study.

Due to the importance of the food processing environment as a source of
post-processing contamination of RTE foods with L. monocytogenes, a variety of
studies have evaluated the prevalence, transmission, and ecology of L. monocy-
togenes in food processing plants, including the presence of this pathogen on
worker gloves and aprons, as well as in free-standing water, aerosolized dust
particles (De Roin et al. 2003), walls (Chasseignaux et al. 2001), floors and
drains (Rorvik et al. 1997; Chasseignaux et al. 2001; Norton et al. 2001), and on
processing equipment (Eklund et al. 1995; Rorvik et al. 1995; Autio et al. 1999;
Norton et al. 2001; Hoffman et al. 2003; Thimothe et al. 2004; Markkula
et al. 2005; Hu et al. 2006). Reported L. monocytogenes prevalences in food
processing environments have varied tremendously among studies. For example,
some studies have shown L. monocytogenes prevalences in food processing
plant drains to be close to 100% (Gravani 1999), while others have found
very low prevalences in drains (<1%) (Autio et al. 1999). L. monocytogenes
prevalences in processing plant environments are greatly affected by the charac-
teristics of a given processing plant (e.g., sanitary practices, age and design of
the facility, processing run times; Norton et al. 2001; Thimothe et al. 2004)
and also by the types of samples tested and the time of sample collection (e.g.,
sampling of processing equipment prior to production initiation should yield
lower prevalences than sampling of drains at the end of a production day).
Further, L. monocytogenes prevalences and contamination patterns in processing
plant environments can vary considerably from week to week and even daily
(Hu et al. 2006).

Since the mid-1990s, use of molecular subtyping techniques for character-
izing L. monocytogenes has enhanced our understanding of the ecology and
transmission of L. monocytogenes in food processing plants. Most importantly,
subtyping studies (Lappi et al. 2004; Thimothe et al. 2004) have shown that one
or more specific L. monocytogenes subtypes can persist in a given processing
plant from a few months to up to 10 years (Norton et al. 2001; Thimothe
et al. 2004). Persistent L. monocytogenes contamination has been identified in a
variety of food processing environments, including in plants that produce milk
(Kells and Gilmour 2004), cheese (Kabuki et al. 2004), RTE meat (Samelis and
Metaxopoulous 1999), pork (Chasseignaux et al. 2002) and poultry (Lawrence
and Gilmour 1995; Chasseignaux et al. 2002) products, RTE crawfish (Lappi
et al. 2004), and smoked seafoods (Hoffman et al. 2003). Persistent isolates in
plants often appear to be “plant-specific.” For example, different plants in close
geographical proximity can host distinct persistent strains (Norton et al. 2001),
suggesting that specific strains can establish themselves as resident microflora in
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a given processing facility. Importantly, subtyping studies have also shown that
subtypes persisting in a given processing environment are often also isolated from
finished products, indicating that L. monocytogenes persistence in processing
plants can be a major factor contributing to finished product contamination
(Lappi et al. 2004; Thimothe et al. 2004), particularly if the persistent strain is
also associated with food contact surfaces.

While L. monocytogenes transmission and persistence in food processing
plants have been examined in numerous studies, the primary sources responsible
for introduction of L. monocytogenes into the processing environment have not
been clearly identified. Potential sources include contaminated raw materials,
employee’s shoes and attire as well as equipment introduced into the plant,
including equipment tires (Rocourt and Cossart 1997). Fecal shedding by healthy
human carriers has also been proposed as a potential source for introduction
of L. monocytogenes into food processing plants. Early studies in high-risk
populations (e.g., household contacts of listeriosis patients; Schuchat et al. 1993)
suggested the potential for a high prevalence of fecal shedders among humans.
However, more recent studies on broader human populations indicate that the
prevalence of L. monocytogenes shedding is generally low (<0�12%, Sauders
et al. 2005 and <0�17% Schlech et al. 2005) and usually of short duration (Grif
et al. 2003), suggesting that human fecal shedding is likely to play a limited role
as a source of L. monocytogenes introduction into food processing environments
(Ivanek et al. 2006).

The majority of reports on L. monocytogenes ecology and transmission
have focused on food processing environments, while less is known about
L. monocytogenes prevalence and transmission in other food-related environ-
ments, including the retail environment and consumer homes. A study by
Gombas et al. (2003) found that luncheon meats, deli salads, and seafood
salads packaged at retail were 6.8, 2.6, and 5 times more likely to be contami-
nated with L. monocytogenes as compared to manufacturer-packaged equivalents,
suggesting a considerable risk for retail L. monocytogenes contamination of at
least some types of RTE foods. Further, a molecular subtyping study by Sauders
et al. (Sauders et al. 2004) showed that a number of different L. monocytogenes
strains appear to persist in different retail environments, consistent with the
well-established ability of this pathogen to establish persistent contamination in
food processing environments. Not surprisingly, L. monocytogenes has also been
isolated from domestic household environments, including food preparation–
associated surfaces such as kitchen sinks, dish-cloths, and washing-up brushes
(Beumer et al. 1996), indicating consumer households as potential contamination
sources. The contributions of points after primary processing, including in retail
and consumer or commercial kitchens, to L. monocytogenes contamination of
RTE foods, and hence to human disease incidence, remain to be elucidated. If
time intervals are short between contamination and consumption of food products
in food service operations and homes, it is less likely that L. monocytogenes will
be able to grow to levels associated with human disease, particularly if initial
contamination levels are low.
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6.5.2. Listeria monocytogenes–Growth and Survival
in Foods and Food-Associated Environments

While L. monocytogenes can survive and grow under a variety of environmental
conditions, including high salt concentrations and low pH, one of the most
important characteristics contributing to human exposure is its ability to grow
at refrigeration temperatures (Gray and Killinger 1966), which can enable it
to multiply to high numbers in RTE foods that support its growth. Numerous
studies have been conducted to characterize the ability of L. monocytogenes to
grow in different foods held under different temperatures. L. monocytogenes has
been found to grow, albeit slowly, even at refrigeration temperatures close to
0�C, with increasing growth rates as storage temperature increases. Many RTE
foods that inherently permit growth of L. monocytogenes can allow growth of
this pathogen to high numbers (e.g., up to 2�5×106 CFU g−1 in corned beef and
up to 1�8×107 CFU g−1 in ham; Sim et al. 2002). A comprehensive review and
summary of L. monocytogenes growth and survival characteristics in a variety
of foods can be found in Microorganisms in Foods 5 (ICMSF 1996).

6.5.3. Subtype Analysis of L. monocytogenes Found
in Foods and Food-Associated Environments

While serotyping studies indicated that a number of isolates from RTE foods
represented serotypes associated with human disease (i.e., serotypes 1/2a, 1/2b,
and 4b) (Ryser 1999), a number of food isolates also represented serotypes
rarely associated with human infections; in particular, serotype 1/2c (Farber
and Peterkin 1991). The observations that serotypes 1/2b and 4b were often
overrepresented among human clinical isolates as compared to their preva-
lence among food-associated isolates, while serotypes 1/2a, and particularly
1/2c, were generally overrepresented among food isolates as compared to
their prevalence among human clinical isolates, provided initial evidence that
L. monocytogenes strains and serotypes differ in their abilities to cause human
disease. Molecular subtyping studies further supported these observations by
showing that L. monocytogenes strains grouped into lineage I (which includes
serotypes 1/2b and 4b) were more common among human clinical isolates as
compared to food isolates, while strains grouped into lineage II (which includes
serotypes 1/2a and 1/2c) were more common among food isolates than human
clinical isolates (Wiedmann et al. 1997; Jeffers et al. 2001). A study of almost
1,000 L. monocytogenes isolates from human clinical cases and foods showed
that a number of specific ribotypes within the different L. monocytogenes lineages
differed significantly in their prevalences among food and human isolates
(Gray et al. 2004). Three ribotypes that were overrepresented among isolates
from human listeriosis patients represented subtypes previously associated with
multiple human listeriosis cases (i.e., epidemic clones), and also showed signif-
icantly higher ability to spread from cell to cell in a tissue culture plaque assay,
providing phenotypic data supporting enhanced mammalian virulence of these
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subtypes and epidemic clones (Gray et al. 2004). Conversely, a number of the
specific subtypes that were more common among food isolates in both the United
States and France also showed reduced invasion efficiencies for human intestinal
epithelial Caco-2 cells. Interestingly, the reduced invasion phenotype was found
to be caused by one of several possible mutations leading to premature stop
codons in inlA, which encodes for internalin A, a listerial surface molecule critical
for invasion of human intestinal epithelial cells, thus providing a clear biological
explanation for attenuated human virulence in these strains. Importantly, strains
with premature stop codon mutations in inlA appear to represent about 30% of
food isolates as established by independent studies in France (Jacquet et al. 2004)
and the USA (Gray et al. 2004; Nightingale et al. 2005) supporting that a number
of food isolates show reduced virulence. In addition, a smaller proportion of food
isolates appears to show attenuated human virulence due to mutations in other
virulence genes, including hly and prfA (Roberts et al. 2005; Roche et al. 2005).
The combination of molecular subtyping with phenotypic characterization has
thus provided substantial evidence for virulence differences among L. monocy-
togenes subtypes. These experimental observations have also been supported by
mathematical modeling data that indicate greater than 5 log differences in the
likelihood of different L. monocytogenes subtypes to cause human disease (Chen
et al. 2006).

Subtyping studies on L. monocytogenes isolated from food processing and
retail environments showed that plant- or retail-specific L. monocytogenes
subtypes can persist in these environments and also showed that the subtypes
found in these environments represent both subtypes rarely associated with
human disease, as well as those commonly associated with human disease,
including subtypes that have caused multiple human listeriosis outbreaks (i.e.,
epidemic clones, Sauders et al. 2004). The observation that human disease–
associated L. monocytogenes can persist in the environment without apparent
loss of human virulence is further supported by the observation that a human
listeriosis outbreak in 2000 was linked to contaminated RTE deli turkey produced
in a processing plant in which the causative strain appears to have persisted for
more than 10 years (Olsen et al. 2005). The strain responsible for the outbreak
in 2000 also caused a single human listeriosis case in 1989 that was linked to
consumption of contaminated hot dogs produced (and contaminated) in the same
plant (Olsen et al. 2005).

6.6. Transmission into the Mammalian Host

Transmission of L. monocytogenes into mammalian hosts and development
of infection are dependent on various host factors, pathogen-related factors,
environmental factors, as well as interactions among these factors (Roberts and
Wiedmann 2003). Critical factors for transmission of L. monocytogenes include
(1) presence of sufficiently high numbers of the pathogen in food or feed,
(2) presence of L. monocytogenes strains of sufficient virulence in the food, as
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well as (3) exposure of a sufficiently susceptible mammalian host. The interplay
among these factors is also critical for development of listeriosis. For example,
even a highly virulent L. monocytogenes strain present at high levels in a food
is unlikely to cause disease if the exposed host is young and highly immuno-
competent. At the other extreme, even a virulence-attenuated L. monocytogenes
strain (e.g., a strain with a premature stop codon in inlA) can cause human
disease, even if present in foods at fairly low levels, if the exposed host is
severely immunocompromised. Transmission of L. monocytogenes appears to
differ between human and nonhuman mammalian hosts (specifically in different
ruminants); therefore, key aspects of L. monocytogenes transmission into these
host populations is discussed in the following sections.

6.6.1. Transmission of L. monocytogenes to Nonhuman
Mammals

While L. monocytogenes can cause disease in various nonprimate mammalian
hosts, this section focuses predominantly on transmission in ruminants (e.g.,
cattle), since very little is known about natural transmission in other nonprimate
mammalian hosts. This selected focus is not intended to imply that other
mammalian hosts do not have important roles in the overall ecology and trans-
mission of L. monocytogenes.

Transmission of L. monocytogenes in silage-fed ruminant hosts and the
ecology of L. monocytogenes in ruminant hosts and ruminant farm environ-
ments (specifically, those feeding silage) appear to be characterized by a high
prevalence of this pathogen in the environment (Nightingale et al. 2004),
including high levels (up to 100%) of fecal shedding among cattle as well
as potentially high L. monocytogenes loads in silage (up to 1 × 108 CFU g−1

silage; Wiedmann et al. 1996). Preliminary analyses suggest intrahost ampli-
fication of ingested L. monocytogenes in cattle that show fecal shedding
(Nightingale et al. 2004), even though fecal shedding generally appears to be
short; further studies, including mathematical modeling of transmission, are
needed to further confirm this hypothesis. The data available to date suggest
that silage-fed ruminants and the associated farm environment can maintain
high L. monocytogenes densities, most likely due to a combination of multiple
factors, including L. monocytogenes growth in poorly fermented silage as well
as fecal shedding by animals. L. monocytogenes that are fecally shed are
dispersed into the environment, e.g., onto plant material that may be used for
subsequent silage production, thus effectively maintaining an infectious cycle.
Interestingly, clinical disease in ruminant populations that are fed silage year-
round appears to be uncommon and is generally limited to a single or few
animals in a herd if disease occurs. In these ruminant populations, disease cases
often appear to be linked to either consumption of silage contaminated with
extremely high levels of L. monocytogenes or immunosuppression of cows or
both (Wesley 1999; Roberts and Wiedmann 2003). The lack of frequent signs of
overt disease despite the presence of high pathogen numbers in the environment
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may possibly reflect herd immunity against L. monocytogenes due to frequent
exposure to the pathogen through consumption of contaminated silage. In the
silage-fed large ruminant ecosystem, the host and the pathogen may have estab-
lished an equilibrium that allows high pathogen population densities with limited
animal disease. The importance of constant or at least frequent L. monocyto-
genes exposure, and consequent immunity, is highlighted by the fact that small
ruminant populations (e.g., sheep and goats) that are fed silage only seasonally
(i.e., in the winter) show higher prevalences of listeriosis with more severe
disease outcomes following exposure to contaminated silage, possibly due to
reduced immunity after extended time periods without silage feeding and thus
without the L. monocytogenes exposure needed to maintain or build anti-listerial
immunity.

Interestingly, preliminary data indicate that the majority of farm environment
and ruminant-associated L. monocytogenes isolates examined to date are fully
able to invade human intestinal epithelial cells (i.e., they do not carry inlA
premature stop codon mutations that are responsible for virulence attenuation
in a proportion of human food-associated L. monocytogenes strains; Nightingale
et al. 2005). It is thus tempting to speculate that silage-fed ruminants and the
associated agricultural environments represent an important, but unlikely sole,
reservoir for human virulent L. monocytogenes strains. On-farm sources appear
to be rarely linked directly to food contamination and human disease, as most
RTE foods appear to be contaminated in the processing plant environment rather
than from the farm environment; therefore, the importance of ruminant farms
and agricultural environments as direct or indirect sources of human L. monocy-
togenes infections remain to be elucidated.

6.6.2. Transmission of L. monocytogenes
into the Human Host

Transmission of L. monocytogenes into the human host is almost exclusively
food-borne (Mead et al. 1999), and RTE foods (i.e., foods that do not undergo
an additional cooking step before consumption) that allow growth of L. monocy-
togenes during storage are most commonly implicated as vehicles of human
infections. As described in Sect. 6.5.1, specific food categories most commonly
associated with human listeriosis cases include RTE deli meats and hot dogs,
deli salads, soft cheeses, raw milk and raw milk dairy products, pate, smoked
seafoods, and vegetables (Ryser 1999; FDA/USDA 2003).

Unlike many other food-borne pathogens, such as Salmonella and enterohe-
morrhagic Escherichia coli, human infections with L. monocytogenes usually
require a high pathogen dose (Vazquez-Boland et al. 2001; FDA/USDA 2003). In
addition, human hosts that present clinical symptoms after food-borne exposure to
L.monocytogenesusuallyare fetusesorseverely immunocompromised individuals.
Since human food-borne exposure to L. monocytogenes, even at high doses, is
not uncommon and usually does not result in human disease, it is tempting to
speculate that the majority of the human population has some immunity against this
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pathogen. Considering the rarity of human infections as well as the apparent short
duration and low prevalence of human fecal shedding, it appears that L. monocy-
togenes represents an opportunistic human pathogen and that human infections
are likely to contribute little if anything to the ecological success or dispersal of
L. monocytogenes.

6.7. Overall L. monocytogenes Transmission
and Conclusions

L. monocytogenes is a widely distributed, if not ubiquitous, bacterial pathogen.
While the importance of feed- and food-borne transmission to ruminant and
human hosts has been well defined, its routes of transmission among different
ecosystems and compartments within food production systems appear complex
and remain to be clearly elucidated. Despite the fact that human infections
with L. monocytogenes appear rare, particularly given the frequent prevalence
and occasional high load of L. monocytogenes in many different environments,
including in human foods and animal feeds, it is tempting to propose an
anthropocentric transmission pathway for L. monocytogenes from the general
environment through animal populations to food processing environments and
foods to humans. While subtyping studies have clearly shown that human
disease–associated L. monocytogenes strains, including epidemic clones, can be
found in many environments, including natural, urban, and farm environments,
directionality of transfer and transmission is difficult to establish. Consequently,
future work remains to identify and characterize L. monocytogenes hosts, reser-
voirs, and transmission pathways, with consideration given to the possibility
that the true natural host(s) of L. monocytogenes could be currently uniden-
tified mammalian or even nonmammalian species. The ecological success of L.
monocytogenes as a globally distributed microorganism may lie in its ability to
survive in a large number of hosts as well as in non-host-associated environments,
with the ability to establish high population densities in some host-associated
ecosystems.

A number of distinct L. monocytogenes phylogenetic lineages and clonal
groups have been identified and classified based on differences in abilities to
cause human disease. Key groups important to the overall picture of L. monocy-
togenes ecology and transmission include (1) virulence-attenuated strains (such
as those characterized by premature stop codons in inlA (Nightingale et al. 2005)
or by mutations in other virulence genes (Roberts et al. 2005)), (2) epidemic
clones, which appear to show increased human virulence as compared to other
strains, and (3) lineage III strains that appear to be associated with animal hosts
(Jeffers et al. 2001) and that have limited ability to survive or multiply in non-
host-associated environments (Gray et al. 2004; Roberts et al. 2006). Evolution
of L. monocytogenes strains and lineages likely represents adaptation of specific
strains to different niches, including many that may remain to be defined (e.g., in
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alternate host species). An improved understanding of the evolution of different
L. monocytogenes ecotypes will thus provide an opportunity to better understand
the ecology and transmission of L. monocytogenes, including its reservoirs and
hosts.
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Abstract: Listeria monocytogenes is a gram-positive bacterium that lives within soil
and decaying plant material but is also capable of transitioning into a deadly
pathogen following ingestion by mammals. The bacterium makes the transition
from outside environment to host via the coordinate regulation of virulence
gene products that enable bacterial replication within host cells. PrfA is
a transcriptional activator that is required for the expression of nearly all
identified L. monocytogenes virulence gene products. The expression of the
prfA gene and the activity of the PrfA protein are carefully regulated by multiple
mechanisms within L. monocytogenes. Two promoters function to provide
the initial levels of PrfA that direct bacterial escape from host cell vacuoles,
whereasa thirdpromotercontributes tohigh levelexpressionofprfA topromote
spread of intracellular bacteria to adjacent host cells. The synthesis of PrfA
protein is temperature-regulated such that prfA mRNA secondary structure
prevents protein translation at low temperatures. An additional mechanism
of control exists to regulate PrfA activity as PrfA appears to require the
binding of a cofactor for full activation. Strains containing PrfA mutant
proteins that are locked into a PrfA-activated state are fully virulent in animal
models of infection, but are compromised for bacterial fitness outside of the
host. It therefore appears that L. monocytogenes must maintain a balance
between life in the host and life in the outside environment. Analyses of
the L. monocytogenes genome sequence and microarray analysis indicate
that additional gene products are subject to PrfA regulation either via direct
interaction with PrfA or indirectly as the result of another PrfA-activated factor.

7.1. Introduction

Regulated expression of virulence genes appears to be crucial for pathogens that
encounter multiple environments during their lifecycles. This may be particularly
true for environmental pathogens such as Listeria monocytogenes which must
adapt to life in the outside world as well as to life within host cells. For
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some environmental bacterial pathogens, such as Vibrio cholera and Legionella
pneumophila (Hammer and Swanson 1999; Krukonis and DiRita 2003), specific
signals have been identified that serve as triggers for virulence gene expression
within the host. Regulation of bacterial gene expression in response to changes
in temperature, the presence or absence of metal ions, amino acid availability,
and iron are some examples of signals used to identify the host environment
from other environments for different pathogens (Garcia et al. 1996; Hammer
and Swanson 1999; Konkel and Tilly 2000; Krukonis and DiRita 2003) and
to direct the production of virulence gene products. How does the soil-loving
L. monocytogenes mediate its transition from the dirt or drain pipe to the host?
What changes in gene expression allow this bacterium to transform from a sedate
life in silage into a potentially lethal assailant in humans?

Transcriptional regulation of gene expression represents an important
mechanism for bacterial adaptation to new environments. Of the 201 putative
transcriptional regulators identified via bioinformatics analyses of the L. monocy-
togenes genome sequence (Glaser et al. 2001), positive regulatory factor A
(PrfA) stands out for its central and essential role in regulating the expression
of virulence gene products. PrfA was first identified as a regulatory factor
required for hly transcription (Leimeister-Wachter et al. 1990), and it has since
been shown to regulate the expression of a growing number of bacterial gene
products directly associated with virulence. The absolute requirement of PrfA for
L. monocytogenes pathogenesis was demonstrated utilizing strains with deletions
or loss-of-function mutations within the prfA gene: such strains failed to replicate
in the cytosol of host cells or to spread to adjacent cells, and were severely
attenuated for virulence in animal models of infection (Leimeister-Wachter
et al. 1990; Mengaud et al. 1991; Freitag et al. 1993). As PrfA is a critical
component for the regulated expression of virulence factors in L. monocyto-
genes, it is not surprising that the expression and production of this regulator is
controlled at multiple levels, including transcriptional, posttranscriptional, and
post translational mechanisms of regulation. This chapter will provide a brief
overview of what is currently known regarding how L. monocytogenes controls
the expression and activity of its central virulence regulator PrfA and discuss
how this regulation impacts the expression of bacterial virulence factors. In
addition to PrfA-dependent control mechanisms, recently identified regulatory
elements that contribute to virulence gene expression in L. monocytogenes will
also be described.

7.2. Regulation of PrfA Activity

7.2.1. The First Step in Regulating the Regulator:
Transcriptional Control of prfA Expression

Transcriptional control of the prfA gene is mediated by three separate promoter
elements (Figure 7.1A). Two promoters, prfAP1 and prfAP2, are located
directly upstream of the prfA translation initiation codon and are separated by
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Figure 7.1. Transcriptional, post-transcriptional, and post-translational modes of PrfA
regulation. prfA transcripts are indicated with solid arrows. A Transcriptional regulation
of prfA. The three promoters that contribute to prfA expression are indicated (PplcA,
prfAP1, and prfAP2). PrfA positively regulates its expression by directly activating
expression at the PplcA promoter resulting in the generation of a plcA-prfA bicistronic
transcript. PrfA negatively influences its own expression via elements within the prfAP2
promoter, but it is not known if this effect is direct or indirect. B Post-transcriptional
control of prfA expression. The transcript originating from the prfAP1 promoter contains
a region that forms a stem-loop structure which masks the ribosome-binding site (RBS)
at temperatures below 30�C. At 37�C the stem-loop is destabilized, allowing ribosome
binding and translation of the transcript. The cylinder labeled “P” represents PrfA protein.
C. Post-translational regulation of PrfA activity. PrfA exists in a low-activity state until
it presumably binds to an unknown cofactor or is somehow modified. Activated PrfA
protein (cylinders with “P*”) is required for optimal expression of L. monocytogenes
virulence genes

approximately 80 nucleotides (Freitag et al. 1993). prfAP1 and prfAP2 each direct
monocistronic transcripts of prfA. The third promoter that contributes to prfA
expression, the plcA promoter, leads to the production of a bicistronic plcA-prfA
transcript, as well as a monocistronic plcA transcript (Camilli et al. 1993; Freitag
and Portnoy 1994). The prfAP1 and prfAP2 promoters are required to generate
the initial levels of PrfA protein that can subsequently activate expression from
the plcA promoter and increase overall levels of prfA expression. The prfAP1
and prfAP2 promoters are required for the efficient escape of L. monocyto-
genes from host cell vacuoles (Freitag and Portnoy 1994). The bicistronic
plcA-prfA transcript provides for an additional increase of PrfA within the
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cytosol and is required for spread of intracellular bacteria to adjacent host
cells (Camilli et al. 1993). Although the prfAP1 and prfAP2 promoters appear
to be functionally redundant in vivo, they are differentially regulated in vitro
(Freitag and Portnoy 1994). The prfAP2 promoter has been recently shown to
be transcribed by RNA polymerase associated with the stress response sigma
factor �B (Schwab et al. 2005). This regulation may permit the expression of
prfA during periods of bacterial stress. In contrast to the plcA promoter which
is up-regulated by PrfA, the expression of both prfAP1 and prfAP2 is negatively
influenced by PrfA, although it is unclear as to whether PrfA has a direct or
indirect role in the down-regulation of these two promoters (Freitag et al. 1993).
Negative regulation of prfA expression by PrfA does not appear to be essential
for virulence in a mouse model of infection (Greene and Freitag 2003) but it is
possible that it serves a role outside of the host.

7.2.2. The Second Step in Regulation of the Regulator:
Post-transcriptional Regulation of prfA

As mentioned above, changes in temperature have been shown to modulate
the expression of virulence genes for several bacterial pathogens (Konkel
and Tilly 2000). Temperature has been shown to significantly influence the
expression of virulence factors in L. monocytogenes, and it appears that this is
accomplished (at least in part) via transcripts directed by the prfAP1 promoter.
Johansson et al. (Johansson et al. 2002) have demonstrated that the 5’ untrans-
lated region (UTR) of the prfAP1-directed mRNA forms a secondary structure
at temperatures of 30�C or lower that masks the ribosome-binding region of
prfA and inhibits prfA mRNA translation (Figure 7.1.B). This structure becomes
unstable at higher temperatures thus enabling translation of prfA mRNA and
for the production of PrfA at temperatures of 37�C or higher. In contrast, the
plcA and prfAP2 promoters do not appear subject to this type of thermoregu-
lation, and therefore are likely to contribute to the expression of some PrfA-
dependent virulence genes at temperatures at or below 30� C (for example, within
cultured insect cells and fly larvae at 25�C) (Cheng and Portnoy 2003; Mansfield
et al. 2003). These data indicate that while temperature may be an important
environmental signal mediating the expression of L. monocytogenes virulence
factors, additional signals that promote expression must exist within host cells.

7.2.3. The Third Step in Regulation of the Regulator:
Post-translational Control of PrfA

A third and perhaps most critical mechanism exists for control of PrfA activity:
post-translational regulation. The initial evidence which suggested that PrfA
protein activity was regulated on a post-translational level followed the exper-
imental observation that PrfA-dependent gene expression was reduced in the
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presence of readily metabolized carbon sources, such as glucose and cellobiose,
yet there was no significant change in the amount of PrfA protein present
in the bacterial cell (Renzoni et al. 1997). Recognition of PrfA as a member
of the Crp/Fnr family of transcriptional regulators, a family of approximately
400 members (Korner et al. 2003), provided further support for the supposition
that a small molecule cofactor or some form of post-translational modification
is required to convert PrfA to an active state (Vega et al. 1998) (Figure 7.1.C).
Members of the Crp/Fnr family are activated either via interactions with small
molecules (for example, Crp with cAMP) or through changes in the presence
of prosthetic groups that interact with a signal (such as the binding of carbon
monoxide by the heme moiety of CooA) (Korner et al. 2003).

Additional evidence supporting the hypothesis that PrfA requires post-
translational modification for full activity followed the identification of a
L. monocytogenes strain that contained a single mutation within prfA coding
sequences that resulted in constitutive expression of PrfA-dependent virulence
genes in broth culture (Ripio et al. 1997b). The substitution of a serine for
a glycine at position 145 within PrfA was found to be similar to mutations
identified within Crp (Crp* mutants) that enabled Crp to act as an activator in the
absence of its cAMP cofactor (Vega et al. 1998). Crp* mutations alter protein
conformation in ways that mimic the allosteric changes that occur following
the binding of cAMP and that result in increased DNA-binding affinity for the
wild-type protein (Harman 2001). The PrfA G145S protein was subsequently
shown to have an approximately 18-fold increase in binding affinity for the hly
promoter in comparison with wild-type PrfA, suggesting that a conformational
change had occurred in PrfA that was likely similar in nature to those conferring
the Crp* phenotype (Eiting et al. 2005). Since the initial identification of the PrfA
G145S mutant, several other mutationally activated forms of PrfA (or PrfA*
mutants) have been identified. PrfA E77K and PrfA G155S were identified by
Shetron-Rama et al. (2003) following ethyl methane sulfonate mutagenesis of
L. monocytogenes and the selection of bacterial isolates that exhibited increased
levels of actA expression following growth on culture plates. Strains containing
PrfA E77K or PrfA G155S were found to have levels of actA expression that were
90-fold and 270-fold greater (respectively) than the levels of expression observed
for wild-type bacteria grown in broth culture and also produced increased levels
of the PrfA-dependent gene products LLO, PlcA, PlcB�InlA, and InlB (Shetron-
Rama et al. 2003). Similar to PrfA G145S strains, PrfA E77K and PrfA G155S
strains were resistant to the repression of PrfA-dependent gene expression by
readily metabolized sugars (Shetron-Rama et al. 2003).

Interestingly, despite being locked into an activated state, none of the PrfA*
mutant strains characterized to date has exhibited any virulence defect in animal
models of infection. Both PrfA G145S and PrfA E77K strains are fully virulent
and strains containing the PrfA G155S mutation appear enhanced for virulence,
such that 5- to 10-fold fewer bacteria are required for 50% mortality following
intravenous infection of mice (Ripio et al. 1996; Shetron-Rama et al. 2003).
These results suggest that once PrfA becomes activated during infection, no
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additional modulation of protein activity is required to promote virulence—once
the switch occurs, it is full steam ahead for bacteria within the host. Why then do
not more isolates of L. monocytogenes display a PrfA-activated phenotype? The
answer may lie in the environmental lifestyle of L. monocytogenes and the fact
that, to be successful, this bacterium must survive in the outside environment
as well as within the host. Strains containing activated PrfA have been shown
to be severely compromised for flagella-mediated swimming motility, a trait
that would appear to be crucial for nutrient acquisition outside of host cells
(Shetron-Rama et al. 2003; Wong and Freitag 2004).

Two additional mutations that confer PrfA*-like activity have been recently
identified. PrfA I45S strains had increased hemolysin and lecithinase levels in
vitro, and exhibited resistance to catabolite and low-temperature repression of
PrfA-regulated genes (Vega et al. 2004). PrfA L140F, identified from the same
EMS-based mutant selection that yielded PrfA E77K and PrfA G155S (Wong and
Freitag 2004), as well as in an independent screen (Vega et al. 2004), increased
levels of actA expression over 200-fold in comparison to wild type ((Wong and
Freitag 2004) and M. Miner, unpublished results) and also increased production
of LLO and PlcB. In contrast to the PrfA G145S, PrfA E77K, and PrfA G155S
mutations, PrfA L140F appeared somewhat toxic to L. monocytogenes in that the
usual allelic exchange methods used to produce an isogenic prfA L140F strain
were repeatedly unsuccessful. Instead, reconstitution of the PrfA L140F mutation
required the insertion of the pPL2 plasmid integration vector containing the
prfA L140F allele into the chromosome of a prfA deletion strain and continuous
antibiotic selection for the pPL2-encoded cat gene (Lauer et al. 2002; Wong and
Freitag 2004). Interestingly, when the PrfA L140F mutation was integrated in
the presence of the wild-type chromosomal copy of prfA, the mutant form of the
protein was found to be completely dominant to the wild type in stimulating high
levels of actA expression (Wong and Freitag 2004). Because the active form
of PrfA is believed to be a dimer, the dominance of PrfA L140F suggests that
either the mutant protein is capable of forming dimers with the wild-type protein
and converting the wild type to an activated state, or alternatively that dimers
of PrfA L140F may form more readily and out-compete the wild-type dimers
for promoter-binding sites. The apparent toxicity of the PrfA L140F allele for
L. monocytogenes is not yet understood.

7.2.3.1. Structural Locations of PrfA* Mutations

On the amino acid level, PrfA shares relatively low (about 20%) identity with Crp
(Korner et al. 2003; Eiting et al. 2005). The three-dimensional structure of PrfA
was recently determined, facilitating structural and functional comparisons with
Crp (Figure 7.2) (Eiting et al. 2005). PrfA shares extensive structural similarity
with Crp, including an N-terminal beta-sheet domain, C-terminal helix-turn-helix
(HTH) domain, and an extended alpha-helix connecting both domains (Eiting
et al. 2005). The structure of the PrfA G145S mutant was also determined,
and the authors found that the G145S substitution led to repositioning of the
DNA-binding HTH domain of PrfA similar to the shift observed for the HTH
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Figure 7.2. Comparison of the crystal structures of PrfA and Crp. Both PrfA and Crp
are shown as dimers; the long alpha helical domain of each monomer that mediates dimer
interactions are visible in the center of the structures. Protein structures are adapted from
Eiting et al. (2005).

domain of activated Crp bound to cAMP, a structural alteration that would
seem to correlate with the increased DNA-binding affinity observed for the PrfA
G145S mutant (Eiting et al. 2005) (Figure 7.2).

As evident from their amino acid positions and as seen in Figure 7.3, the PrfA
G155S and PrfA L140F mutations are located in regions near the PrfA G145S
mutation. It is anticipated that these mutations may induce a PrfA conformational
change similar to that observed for PrfA G145S. Interestingly, PrfA E77K and

Figure 7.3. Location of PrfA* mutations on protein crystal structure. The PrfA
homodimer is shown with one monomer in grey and one monomer in light blue. Each
PrfA* mutation is indicated by an arrow. (A color version of this figure appears between
pages 196 and 197.)
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PrfA I45S in comparison map to locations within the protein that are distal to
the HTH region, and may therefore alter different aspects of PrfA enzymatic
function. Structural and functional comparisons of these mutant proteins are
currently underway.

7.2.4. Additional Environmental Stimuli That May
Influence PrfA Activity

As discussed above, the potential PrfA cofactor or post-translational modification
of PrfA remains unknown. Based on the observation that readily metabolized
carbon sources repress PrfA-dependent gene expression, Herro et al (2005)
recently explored whether components of carbon catabolite repression might
influence PrfA activity. Using a heterologous Bacillus subtilis-based expression
system, the authors found that the accumulation of the serine phosphory-
lated form of the catabolite co-repressor HPr (P-Ser-HPr) strongly inhibited
PrfA-dependent transcriptional activation. It was suggested that the presence
of phosphoenolpyruvate (PEP):carbohydrate phosphotransferase system (PTS)
transported sugars led to an increase in the amount of P-Ser-HPr present
within L. monocytogenes, and P-Ser-HPr in turn inhibited PrfA from activating
transcription at target gene promoters. It remains unclear whether inhibition of
PrfA activity is mediated through direct interactions between P-Ser-HPr and
PrfA or via PrfA interactions with another PTS component.

Two additional loci have been identified that contribute to the repression
of PrfA-dependent gene expression via carbon sources. The bvr locus (Brehm
et al. 1999) and the csr locus (Milenbachs et al. 2004) contribute to the repression
of PrfA activity by �-glucosides such as cellobiose and arbutin; these sugars are
abundant in silage, a common environmental source of L. monocytogenes. The
bvr locus has been postulated to encode an environmental sensor of �-glucosides
(Brehm et al. 1999), whereas the csr locus appears to encode a transport system
for �-glucosides (Milenbachs et al. 2004). It has been postulated that csr and
bvr influence PrfA-dependent gene expression via a pathway that is distinct but
interconnected with the regulation of virulence gene expression by the general
carbon catabolite repression pathway (Milenbachs et al. 2004).

The link between carbon source availability and PrfA-dependent virulence
gene expression in L. monocytogenes is intriguing, but the precise mechanistic
basis of this link remains elusive. It has been hypothesized that L. monocyto-
genes may determine its environmental location by sensing sugars: for example,
plant sugars or �-glucosides to detect its presence in the outside environment
and phosphorylated sugars such as glucose-6-phosphate or glucose-1-phosphate,
present within the cytosol of infected mammalian cells (Ripio et al. 1997a;
Chico-Calero et al. 2002). Unlike glucose or cellobiose, glucose-6-phosphate
does not lead to the repression of PrfA-dependent gene expression (Chico-
Calero et al. 2002). That L. monocytogenes is capable of distinguishing distinct
environments within the host cell is clear; when the bacteria reach the cytosol
of host cells, PrfA-dependent expression of actA increases more than 200-fold
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(Moors et al. 1999; Shetron-Rama et al. 2002). Recently, reactive oxygen inter-
mediates have also been reported to enhance PrfA-dependent gene expression in
murine macrophage cell lines (Makino et al. 2005).

Much has thus been illuminated regarding how the expression and the activity
of PrfA, the central regulatory factor of L. monocytogenes, is regulated and
yet much still remains unknown. The environmental signals that trigger PrfA
activation remain unidentified, but evidence suggests a link with the availability
of specific carbon sources. The existence of multiple regulatory check-points
to control PrfA activity would seem to indicate that regulation must be crucial
for bacterial survival within the host and in the outside environment. Having
established that modulation of PrfA activity occurs and is important, it is time
to turn to the cast of gene products that make up the PrfA regulon.

7.3. Touched by the Regulator: Gene Products
Whose Expression is Modulated by PrfA

As mentioned, L. monocytogenes is a bacterium with the potential for a diverse
and disparate life-style. From a saprophytic life in silage to invasion and infil-
tration of a mammalian host, PrfA serves as a key switch point for transitioning
the bacterium from environment to host. Most attention thus far in the liter-
ature has focused on the identification of PrfA-regulated gene products that are
expressed following bacterial entry into the host. Indeed, PrfA contributes to the
expression of virulence factors required for all facets of L. monocytogenes’ life
within the host, including invasion of host cells, vacuolar escape, cytosolic repli-
cation, and bacterial spread to adjacent cells (Kreft and Vazquez-Boland 2001).
A brief description of PrfA-dependent gene products that have been well charac-
terized for their roles in L. monocytogenes pathogenesis is discussed below.

PrfA-dependent gene products that have been shown to contribute to bacterial
invasion of mammalian cells include the internalins InlA and InlB that mediate
attachment to host cell receptors and promote bacterial uptake by hijacking
receptor-mediated endocytosis mechanisms (Cabanes et al. 2002). inlC, which
encodes a small, secreted internalin-like protein, is also induced by PrfA
although its contribution to L. monocytogenes invasion remains less well defined
(Engelbrecht et al. 1996; Lingnau et al. 1996). The actA gene product, whose
expression is entirely dependent upon PrfA, has also been shown to contribute
to bacterial invasion when expressed at high levels (Mueller and Freitag 2005;
Suarez et al. 2005).

Following uptake, three PrfA-dependent gene products have been shown to
promote disruption of the host cell vacuolar membrane and bacterial entry into
the cytosol:listeriolysin O (LLO), a pore-forming hemolysin encoded by hly
(Portnoy et al. 1988; Mengaud et al. 1989) and two phospholipases encoded by
the plcA and plcB genes (Leimeister-Wachter et al. 1991; Mengaud et al. 1991;
Marquis et al. 1995). The plcB gene product is secreted as an inactive precursor
that requires activation via proteolytic cleavage by another PrfA-regulated gene
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product, Mpl, a zinc-dependent metalloprotease (Poyart et al. 1993) (or alterna-
tively by host cell cysteine proteases within the vacuole (Marquis et al. 1997)).
Following entry into the cytosol, L. monocytogenes expresses the PrfA-dependent
gene product encoded by hpt, a hexose-phosphate transporter, that facilitates
the uptake of glucose-1-phosphate as well as other hexose phosphates (Chico-
Calero et al. 2002). Host actin-based intracellular bacterial motility is also
regulated by PrfA via control of the expression of the actA gene product (Kocks
et al. 1992). A threshold level of ActA must be produced for motility to occur
(Wong et al. 2004), and overexpression of the gene product appears detrimental,
thus indicating that expression of actA must be carefully regulated for effective
movement through the cytosol.

In addition to gene products that facilitate host cell invasion, cytosolic bacterial
replication, and spread of L. monocytogenes to surrounding cells, PrfA has also
been found to regulate the expression of gene products that contribute to bile
resistance, including the bile salt hydrolase gene or bsh (Dussurget et al. 2002;
Begley et al. 2005) and a bile exclusion system (bilE) (Sleator et al. 2005). This
is particularly interesting in light of the fact that the murine gall bladder, where
bile salts are stored before release into the duodenum, was recently found to be
an unexpected niche for L. monocytogenes in live animals (Hardy et al. 2004).
PrfA thus contributes to multiple facets of L. monocytogenes pathogenesis, and it
is therefore no surprise that mutations that alter the activity of this key regulator
have pleiotropic effects on virulence.

7.3.1. Characteristics of PrfA Target Promoters:
The PrfA Box

PrfA functions as a transcriptional activator via recognition of a palindromic
DNA-binding site located in the –40 region of target promoters (Kreft and
Vazquez-Boland 2001) (Table 7.1). PrfA recognizes a 14 bp palindromic repeat
known as the PrfA box with a consensus sequence of TTAACAnnTGTTAA.
DNA footprinting experiments indicate that PrfA binding protects from digestion
an approximate 26 bp region, beginning 10 bp upstream and ending 2 bp
downstream of the 14 bp PrfA box (Dickneite et al. 1998). Electrophoretic
mobility shift assays and experiments using a B. subtilis heterologous expression
system have indicated that PrfA has a higher binding affinity to perfect palin-
dromic sequences (such as the PrfA box of hly) than those with one or two
mismatches (such as the PrfA box of inlA) (Sheehan et al. 1995; Dickneite
et al. 1998). However, the substitution of a perfect PrfA DNA-binding site for an
imperfect palindrome does not necessarily lead to an increase in PrfA activation
of transcription from that promoter; for example, the replacement of actA’s
imperfect PrfA box with the perfect palindrome of hly resulted in no increase
in actA expression (Shetron-Rama et al. 2002). This observation in conjunction
with the identification of mutations outside of prfA that influence PrfA-dependent
gene expression (Shetron-Rama et al. 2003; Milenbachs et al. 2004) indicates that
additional factors may be required for full activation of some PrfA-dependent
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promoters. Thus, while the presence of a PrfA box may help to identify a
PrfA-regulated promoter, additional regulatory factors may still be required for
optimal activation of gene expression.

7.3.2. Identification of Additional PrfA-dependent
Promoters Through L. monocytogenes Genome
Analyses

As PrfA activity is central to the expression of virulence genes in L. monocy-
togenes, a complete list of PrfA-regulated genes would undoubtedly provide
additional information regarding how L. monocytogenes recognizes its location
within host cells and within host tissues. Several strains of L. monocytogenes
have now been sequenced (Glaser et al. 2001; Nelson et al. 2004) and in silico
analysis of the EGD-e strain has identified a number of ORFs containing putative
PrfA boxes using the criterion of potential binding sites being located less than
1 kb upstream of the translational start site. The divergently transcribed hly/plcA
promoter contains the only PrfA box in the L. monocytogenes genome with
no mismatches. There are 27 potential PrfA-regulated promoters with binding
sites containing one mismatch, and 257 potential promoter targets with two
mismatches (Glaser et al. 2001). The majority of these potential PrfA targets are
putative ORFs with unknown function, and the presence of a 14 bp palindrome
may not necessarily indicate a bona fide PrfA-regulated promoter. Additional
analyses will be required based on the location of the PrfA boxes with respect
to the transcriptional start sites of these ORFs to further determine if they are
indeed likely to function in the regulation of gene expression by PrfA.

7.3.3. Transcriptome Analyses of PrfA-dependent Gene
Expression

In addition to genome sequence-based approaches, whole-genome microarrays
have been used to identify genes which are directly and indirectly under PrfA
control. Transcript profiles of wild-type PrfA G145S and �prfA strains have been
obtained following bacterial growth in broth culture (Milohanic et al. 2003). The
expression of at least 73 genes was found to be influenced by PrfA, including
63 genes not previously associated with PrfA-dependent regulation, yet only
15 of the 73 appeared to have PrfA boxes within their promoter regions. Several
genes whose expression was activated by PrfA but which lacked a PrfA box were
observed to contain �B-dependent promoter elements (Milohanic et al. 2003).
�B, the stress responsive alternative sigma factor for RNA polymerase, has been
confirmed in a separate study to contribute to the expression of a subset of
L. monocytogenes virulence genes, including the internalins inlA and inlB, and
the bsh-encoded bile salt hydrolase as well as the bilE bile exclusion system
(Kazmierczak et al. 2003).

Recently, in vivo transcript analyses have been undertaken to identify changes
in L. monocytogenes gene expression during intracellular bacterial replication
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(Chatterjee et al. 2006; Joseph et al. 2006). By comparing the transcription
profile of broth-grown bacteria versus intracellular bacteria, 17–19% of the genes
were found to be differentially expressed, including some previously unidentified
members of the PrfA regulon (orfX, orfZ, and prsA) (Chatterjee et al. 2006).
While these gene products were shown to contribute to intracellular growth of
L. monocytogenes within tissue culture cells, the functions of the encoded gene
products have yet to be defined.

7.4. Regulatory Factors, Other Than PrfA, Thus Far
Implicated in the Control of L. monocytogenes
Virulence Gene Expression

PrfA is undeniably a major force governing diverse aspects of L. monocytogenes
virulence gene expression. However, other bacterial factors that contribute to
virulence regulation distinct from PrfA have also been identified. Examples of
these virulence regulatory components will be briefly summarized below.

Genomic analysis has identified 16 two-component systems encoded in
L. monocytogenes (Glaser et al. 2001). Two-component systems are a well-
established means by which both gram-positive and gram-negative bacteria sense
their external environment and respond by modulating gene expression (Stock
et al. 2000) Two-component systems typically consist of a membrane-bound
sensor kinase and a cytoplasmic response regulator. Upon stimulation by an
external signal the sensor kinase is autophosphorylated on a conserved histidine
residue. The phosphate group is then transferred to the response regulator which
then becomes activated and binds to DNA to stimulate or repress the expression
of target genes (Stock et al. 2000).

Kallipolitis et al. (Kallipolitis and Ingmer 2001) initially identified seven
putative response regulators in L. monocytogenes using an approach based on
degenerate PCR. Mutational analysis indicated that three of the seven regulators
were important for virulence during an intragastric model of mouse infection
(Kallipolitis and Ingmer 2001). One of the identified response regulators was
cesR, which appears to encode a gene product that shares homology to the
cephalosporin-sensitive response regulator present in Enterococci (Kallipolitis
et al. 2003). The CesRK two-component system was further shown to play a
role in ethanol tolerance (a cell-membrane stress agent) as well as �-lactam
resistance, but its direct contribution to L. monocytogenes virulence is unknown.
Another response regulator identified was lisR, a gene previously identified
based on the acid tolerant phenotype conferred to strains containing a transposon
insertion within the gene (Cotter et al. 1999). The LisRK two-component system
contributes to bacterial growth in the presence of ethanol and to the ability of
L. monocytogenes to tolerate antimicrobials such as nisin and cephalosporins
(Cotter et al. 2002). LisK also has a role in pathogenesis as indicated by the
reduced numbers of lisK mutants recovered from the spleens of infected mice in
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comparison to wild type following intraperitoneal injection (Cotter et al. 1999,
2002).

Recently, another apparent member of a two-component system within
L. monocytogenes was shown to be important for virulence: virR (Mandin
et al. 2005). VirR appears to regulate the expression of 12 genes by binding to
a 16-bp DNA palindrome present in target promoter regions. Among the genes
regulated by VirR include those of the dlt operon, whose gene products are
necessary for the incorporation of D-alanine residues onto cell-wall-associated
lipoteichoic acids. Strains lacking VirR were found to be severely attenuated
in a mouse model of infection and exhibited reduced adhesion to tissue culture
cells (Mandin et al. 2005).

Finally, a homologue to the AgrA regulator of Staphylococcus aureus has been
identified in L. monocytogenes (Autret et al. 2003). AgrA plays an essential role
in S. aureus virulence (Novick and Muir 1999), however loss of the agrA gene
product in L. monocytogenes resulted in a moderate attenuation in L. monocyto-
genes virulence. Mutants lacking agrA exhibited no obvious phenotype in tissue
culture assays, but were approximately 10-fold less virulent than wild-type strains
following intravenous injection of mice (Autret et al. 2003). The nature of the
regulatory role played by AgrA within L. monocytogenes remains to be defined.

7.5. Concluding Remarks

Much of what is currently known regarding the regulation of virulence in
L. monocytogenes revolves around the central virulence gene transcriptional
activator, PrfA. This key regulator serves as the major switch enabling L. monocy-
togenes to transition from the outside environment to inside the mammalian host.
PrfA is known to regulate a variety of genes whose products contribute to host
cell invasion, cytosolic bacterial replication, and dissemination of L. monocyto-
genes throughout cell monolayers and within host tissues (Kreft and Vazquez-
Boland 2001). The list of genes whose expression is either directly dependent or
indirectly influenced by PrfA continues to increase in number, and future exper-
iments will undoubtedly sort out the potential contributions of these factors to
L. monocytogenes pathogenesis. In addition, the list of other regulatory compo-
nents that may feed into the PrfA regulon or function independently is also likely
to continue to increase as we gain a better understanding of the integration of
virulence gene expression with bacterial physiology during growth inside and
outside of the host. Overall, L. monocytogenes continues to be a fascinating
system for understanding how an environmental organism transitions into a
pathogen by distinguishing the host from the outside environment.
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Abstract: Critical for the pathophysiology of the disease caused by Listeria monocy-
togenes is the bacterial ability to promote its entry into nonphagocytic
cells. Different members of the internalin family of listerial surface proteins
have been shown to be required for cellular invasion, subverting cellular
functions and structures such as adherens junctions in the case of InlA,
or the hepatocyte growth factor receptor signaling in the case of InlB.
Additional noninternalin molecules, including the LPXTG-anchored cell
wall protein VIP, the glycine/tryptophane-anchored amidases Ami and Auto,
and the secreted pore-forming cholesterol-dependent cytolysin listeriolysin
O are also necessary for efficient cell entry, revealing the complexity of
the bacterial molecular program required for gaining access to the host
intracellular environment.

8.1. Introduction

Central for listeriosis physiopathology is the ability of L. monocytogenes to cross
three tissue barriers—the intestinal barrier, the hemato-encephalic barrier and the
feto-placental barrier—by subversion of specific cellular effectors and functions
that will allow bacterial internalization within target host cells (Figure 8.1).
Several L. monocytogenes proteins required for invasion have been identified,
and the cellular signaling pathways that are subverted by these bacterial virulence
factors have been partially unraveled, highlighting often that L. monocytogenes
takes advantage of existing molecular machineries in the cell (the adherens
junctions or the clathrin-dependent endocytosis, for example) that are sabotaged
from their original function to promote the active and pathogen-directed internal-
ization of listeriae within cells. Many of the original L. monocytogenes virulence
determinants involved in cellular invasion were characterized by classical trans-
poson mutagenesis approaches, but the publication of the L. monocytogenes
and L. innocua genomes (Glaser et al., 2001) has permitted to identify new
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Figure 8.1. Electron microscopy and immunofluoresce micrographs of the L. monocy-
togenes entry into target cells. A Scanning and B transmission electron micrographs of
L. monocytogenes during the invasion of human epithelial Caco-2 cells, illustrating that
the host cell membrane is subtly rearranged around internalized bacteria. Reprinted from
Cell, Vol. 84, J. Mengaud et al., E-cadherin is the receptor for internalin, a surface protein
required for entry of L. monocytogenes into epithelial cells, pp. 923–932, copyright 1996,
with permission from Elsevier; and EMBO J, Vol. 17, P. Cossart and M. Lecuit, Inter-
actions of Listeria monocytogenes with mammalian cells during entry and actin-based
movement: bacterial factors, cellular ligands and signaling, pp. 3797–3806, copyright
1998, with permission from Nature Publishing Group. C Immunfluorescence image of
L. monocytogenes invading Caco-2 cells, depicting the recruitment of �-catenin and
�-catenin to the bacterial entry site. These two catenins are also required for the formation
of adherens junctions. Reprinted from Trends Cell Biol., Vol. 13, P. Cossart et al., Invasion
of mammalian cells by Listeria monocytogenes: functional mimicry to subvert cellular
functions, pp. 23–31, copyright 2003, with permission from Elsevier. (A color version of
this figure appears between pages 196 and 197.)
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potential invasion proteins in silico by comparing sequences present on the
virulent L. monocytogenes genome but absent in the L. innocua one. In this
review, we will address the state of the art of the main molecular mechanisms
employed by L. monocytogenes to promote entry into mammalian host cells.

8.2. Internalins: Main Listeria monocytogenes Effectors
for Cell Invasion

The L. monocytogenes internalin family of proteins comprises 24 members,
characterized by the presence of amino-terminal regions with tandemly arranged
leucine-rich repeats (LRRs) (Pizarro-Cerda and Cossart, 2006). The LRR regions
have been found in prokaryotic and eukaryotic proteins, providing a versatile
framework for the formation of ligand-binding sites (Kobe and Kajava, 2001).
Nineteen members of the internalin family including InlA, the internalin
prototype, contain a carboxy-terminal LPXTG motif that is recognized by the
sortase A and allows their covalent binding to the cell wall peptidoglycan (Bierne
et al., 2002). One member, InlB, is loosely attached to the bacterial cell wall
by electrostatic interactions between glycine/tryptophane-rich (GW) modules on
its carboxy-terminal domain and lipoteichoic acids on the bacterial cell wall
(Jonquieres et al., 1999). Four members of the internalin family (including InlC)
do not present anchor motifs and are released as soluble proteins. The inter-
action of several surface-associated internalins with eukaryotic plasma membrane
receptors has been well characterized and represents the main signaling pathways
that allow L. monocytogenes internalization within target cells.

8.2.1. InlA-Mediated Pathway

8.2.1.1. InlA Structure and Function

InlA is an 800-amino acid protein that displays a classical signal peptide sequence
at its amino-terminal domain, followed by a short conserved cap and an LRR
region comprising 15-and-a-half repeats of 22 amino acids (with the exception
of repeat 6 which contains 21 amino acids). Each LRR starts with a �-strand of
five residues, followed by a seven-residue loop, a five-residue helix and a second
five-residue loop; the �-strands combine to form together a 16 stranded parallel
�-sheet (Schubert et al., 2002). An interrepeat (IR) region separates the LRR
from a second repeat region called the B-repeat region. The carboxy-terminal
domain exhibits an LPTTG motif that is recognized by the sortase A for
covalent anchoring of the protein to the bacterial cell wall (Figure 8.2.) (Bierne
et al., 2002).

InlA was initially identified in a transposon mutagenesis screen study for
noninvasive L. monocytogenes mutants, in which it was demonstrated that this
protein is required to induce bacterial entry into epithelial human Caco-2 cells
(Gaillard et al., 1991). Deletion mutational analysis showed that the LRR and IR
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In1A

In1B

In1C

Figure 8.2. Schematic representation of different types of internalins involved in invasion
of target cells by L. monocytogenes. InlA is an LPXTG-anchored membrane protein that
promotes bacterial entry into polarized epithelial cells by interacting with the adhesion
molecule E-cadherin through its leucine-rich repeats. InlB is loosely anchored to the
bacterial cell wall through its GW domains and can be detached from the L. monocytogenes
surface; soluble InlB interacts with host cell glycosaminoglycans (GAGs) and the globular
receptor for the complement gC1 molecule (gC1q-R) through its GW domains, while its
leucine-rich repeats induce invasion of a large panel of target cell by stimulation of the
hepatocyte growth factor receptor Met. InlC is a soluble internalin that potentiates the
InlA-mediated entry pathway in the presence of InlB by interacting with a still unknown
ligand.

regions are sufficient to induce the entry of inert latex beads or of the noninvasive
L. innocua species into target cells (Lecuit et al., 1997). Recent in vivo studies
have highlighted the critical role played by InlA during the traversal of the human
intestinal and materno-fetal barriers (Lecuit et al., 2001, 2004) (see below). The
importance of InlA has also been estimated at the population level: although
certain L. monocytogenes strains carry a truncated form of InlA that can be
released from the bacterial cell wall (Jonquieres et al., 1998), an epidemiological
study carried out in France demonstrated that 96% of clinical L. monocytogenes
isolates present a full-length protein; moreover, 100% of isolates from placental
infections present the full-length form of InlA, confirming the critical role of
InlA in the listeriosis pathogenesis, as well as its potential value as an indicator
of virulence in food-safety assessment programs (Jacquet et al., 2004).

8.2.1.2. E-cadherin: the InlA Receptor

By affinity chromatography on an InlA-column, E-cadherin was identified as
the cellular receptor for InlA (Mengaud et al., 1996). E-cadherin belongs to
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the cadherin superfamily of calcium-dependent cell adhesion molecules, which
includes other classical cadherins such as the N-, P-, or H-cadherins, but also
includes more than 80 protocadherins (the largest subgroup in the cadherin super-
family) involved in the morphogenesis and formation of neuronal circuits, and in
modulation of synaptic transmission (Junghans et al., 2005). Classical cadherins
in neighboring cells establish homophilic interactions between their extracel-
lular domains, while their cytoplasmic tails interact with several molecules,
including proteins of the Armadillo repeat family such as �-catenin and
p120 catenin, which mediate association of cell adhesion complexes to the
cytoskeleton, and regulate cadherin stability/retention at the plasma membrane
(Nelson and Nusse, 2004). E-cadherin, in particular, is involved in the formation
of adherens junctions in polarized epithelial cells of different tissues such as
the intestine or the feto-placental barrier and is regarded as the main organizer
of the epithelial phenotype; indeed, E-cadherin dysfunction or down-regulation
is closely linked to cancer (Gumbiner, 2005). Distribution of E-cadherin in
polarized epithelial layers is normally restricted to basolateral membranes
where E-cadherin is not accessible to the lumen; however, within an epithelial
barrier, sites of senescent cell extrusion exist in which E-cadherin is transiently
exposed to the luminal surface, and these sites have been shown to be used
by L. monocytogenes to access epithelial junctions, promoting cellular invasion
(Pentecost et al., 2006).

The initial interaction between bacterial InlA and human E-cadherin is
mediated by the LLRs present on InlA and the first extracellular domain
of E-cadherin. Interestingly, this interaction is species-specific: a proline at
position 16 on E-cadherin (such as in humans and guinea pigs) is necessary
for InlA binding, and mutation of this proline to glutamic acid (such as in the
mouse or rat) not only inhibits adhesion of L. monocytogenes to E-cadherin-
expressing cells but also inhibits invasion (Lecuit et al., 1999). The crystal
structure of the InlA LRRs in complex with the first extracellular domain of
human E-cadherin illustrates the exquisite fine interaction between these two
molecules: an hydrophobic pocket between the LRR 5 and the LRR 7 (due
to the absence of one amino acid on LLR 6) accommodates precisely the
proline at position 16 (Figure 8.3.) (Schubert et al., 2002). The generation of
transgenic mice expressing the human E-cadherin at the intestinal level revealed
that only the interaction of L. monocytogenes with the transgenic human
InlA-binding E-cadherin (and not with the endogenous mouse E-cadherin)
allowed bacterial translocation across the intestinal barrier, highlighting the
crucial role of this interaction for the initial steps of the disease (Lecuit
et al., 2001). E-cadherin is also present in syncytiotrophoblasts and villious
cytotrophoblasts of the placenta, and it has been recently shown that the
InlA/E-cadherin interaction is as well required for traversal of the human
materno-fetal barrier (Lecuit et al., 2004). E-cadherin is also present at epithelial
cells in contact with the encephalorachidean liquid, and it is suspected that InlA
plays a role during bacterial translocation through the blood–brain
barrier.
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Figure 8.3. Structure of the N-terminal domains of InlA and InlB. A Leucine-rich repeats
(LRRs) from InlA are composed of 16 �-sheets that accommodate the first extracellular
domain of E-cadherin; an hydrophobic pocket created between LRR 5 and 7 (due to the
absence of one amino acid in LRR 6) accommodates E-cadherin proline 16, which is critical
for InlA–E-cadherin interaction. B 90˚C rotation of the figure depicted in A. C View toward
the concave surface of the InlB LRRs. Reprinted from Cell, Vol. 111, W.D. Schubert et al.,
Structure of internalin, a major invasion protein of Listeria monocytogenes, in complex with
its human receptor E-cadherin, pp. 825–836, copyright 2001, and J Mol Biol, Vol. 312, W.D.
Schubert et al., Internalins of the human pathogen L. monocytogenes combine three distinct
folds into a contiguous internalin domain, pp. 783–794, copyright 2002, with permission
from Elsevier. (A color version of this figure appears between pages 196 and 197.)

8.2.1.3. Adherens Junctions and the Molecular Machinery Involved
in the InlA-Entry Pathway

As stated above, the cytoplasmic tail of E-cadherin is able to interact with several
proteins of the catenin family that link the adherens junction complex to the
actin cytoskeleton. In particular, �-catenin is able to bind to the last 35 amino
acids of the E-cadherin cytoplasmic domain and also interacts with �-catenin,
which in turn is able to directly bind actin (Jamora and Fuchs, 2002). Taking
into account this model of interaction in which �-catenin provides a stable
link between E-cadherin and the cytoskeleton, a chimera was constructed which
contained the E-cadherin ecto-domain fused to the actin-binding site of �-catenin:
this fusion molecule allowed similar levels of bacterial infection as wild-type
cells (as opposed to E-cadherin molecules that lack the �-catenin-binding site
and which are nonpermisive for infection), suggesting that L. monocytogenes
exploits the same molecular scaffold used for adherens junction formation to
induce entry into target cells (Figure 8.4.) (Lecuit et al., 2000). Recently, the
model depicting the static binding of E-cadherin to the actin cytoskeleton via
�-catenin has been challenged; in fact, it has been shown that the interaction of
�-catenin with either E-cadherin or �-catenin is exclusive (Drees et al., 2005;
Yamada et al., 2005). These authors have suggested that the direct connection
between adherens junctions and the actin cytoskeleton could be mediated by



8. Invasion of Host Cells by L. monocytogenes 165

In1A entry pathway

In1B entry pathway

Figure 8.4. Signaling pathways triggered by InlA and InlB. InlA entry pathway: InlA
interacts with E-cadherin, recruiting to the bacterial entry site the adherens junction
proteins �- and �-catenin, promoting rearrangements in the actin cytoskeleton required for
invasion. The protein ARHGAP10 is a GTPase activating protein for RhoA and Cdc42 that
interacts with �-catenin and is required for entry as well as adherens junction formation.
The unconventional myosin VIIa is also required for entry, providing probably the

(continued)
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other junction proteins such as nectin or afadin; alternatively, several weak
transient and cumulative interactions between actin-binding proteins such as
vinculin, afadin, or spectrin with the junction components could be the basis
of the cytoskeleton connection to the adherens junctions. In the case of the
L. monocytogenes entry, it has been determined that other proteins besides
catenins also participate in the entry process which could also regulate the
adherensjunction–cytoskeleton interaction: through a two-hybrid screen using
�-catenin as a bait, the molecule ARHGAP10—which is a GTPase-activating
protein (GAP) for the small Rho GTPases RhoA and Cdc42—has been found
to be required for efficient bacterial invasion as well as for adherens junction
formation (Sousa et al., 2005). The unconventional myosin VIIA and its ligand,
the membrane-associated protein vezatin, are also required for entry, probably
generating the contractile force necessary to promote bacterial internalization
(Sousa et al., 2004). Polymerization of actin downstream of the InlA/E-cadherin
interaction is mediated by the small Rho GTPase Rac, by the Src substrate
cortactin and by the actin nucleating Arp2/3 complex (a cortactin substrate itself),
but how these molecules are activated to favor cytoskeletal rearrangements during
invasion is not known yet.

8.2.1.4. Effect of Rafts on the InlA–E-cadherin Interaction

It is important to note that a functional interaction between InlA and E-cadherin
leading to bacterial entry cannot take place if the host membrane organization
in lipid domains is altered. Indeed, formation of lipid membrane micro-domains
or rafts provides a mechanism for the segregation of molecular effectors into
functional subunits for efficient signaling and sorting processes (Simons and
Toomre, 2000). The drug methyl-�-cyclodextrin (M�CD) that sequesters the
major membrane lipid cholesterol and disrupts lipid rafts has been used to study
the function of lipid micro-domains in the L. monocytogenes infection process;
it has been demonstrated that M�CD does not alter the amounts of E-cadherin
present at the plasma membrane of cholesterol-depleted cells, but affects the

�
Figure 8.4. (Continued) contractile force that drives bacterial internalization. The protein
Vezatin is also localized at the bacterial entry site, but its function in the L. monocytogenes
entry process is still unknown. InlB entry pathway: InlB stimulates the hepatocyte growth
factor Met, inducing its phosphorylation and the recruitment to the bacterial entry site
of the molecular adaptors Cbl, Shc, and Gab1, which in turn recruit the PI3K type I:
this enzyme generates PI(3,4,5)P3, which is a potent second messenger upstream of Rac
required for the induction of actin rearrangements associated with bacterial invasion.
Cbl is also an ubiquitin ligase that targets the endocytic machinery to the bacterial
entry site, favoring Met and L. monocytogenes internalization into target cells. Reprinted
from Subversion of cellular functions by Listeria monocytogenes, J. Pizarro-Cerdá and
P. Cossart, J Pathol Vol 208, pp. 215–223, 2006, copyright Pathological Society of Great
Britain and Ireland. Reproduced with permission. Permission granted by John Wiley &
Sons Ltd on behalf of the Pathological Society.
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efficient recruitment of E-cadherin complexes to the site of bacterial attachment
(Seveau et al., 2004). Lipid raft markers such as glycosylphosphatidylinositol-
conjugated proteins are also recruited at the bacterial entry site in an InlA-
dependent manner. These results suggest that the function of E-cadherin, not
only in the case of L. monocytogenes invasion but probably also in the context
of native adherens junctions, requires the organization of the plasma membrane
in intact lipid micro-domains that will favor the mobility and clustering of E-
cadherin into functional units favoring downstream signaling.

8.2.2. InlB-Mediated Pathway

8.2.2.1. InlB Structure and Function

InlB is a 630-amino acids protein from the internalin family encoded in the
same operon as InlA (Gaillard et al., 1991). InlB presents an amino-terminal
signal peptide followed by the short conserved internalin cap and seven LRRs;
the IR region that follows the LRR region has a minimal immunoglobulin (Ig)-
like fold that, together with the LRRs and with the cap (which presents itself a
truncated EF-hand fold structure), constitutes aunique domain with a continuous
hydrophobic core and an extended �-sheet (Figure 8.3.) (Schubert et al., 2001).
This amino-terminal domain is followed by a central B repeat, while the carboxy-
terminal domain is constituted by three C repeats of approximately 80 amino
acids, each of them starting with the residues glycine/tryptophane (GW) and
hence known as the GW region (Braun et al., 1997). The GW domains mediate
loose attachment of InlB with the lipoteichoic acids of the L. monocytogenes
cell wall (Jonquieres et al., 1999).

As in the case of InlA, InlB has been shown to be required for invasion of
human epithelial cells; however, InlB allows entry within a larger panel of target
cells than InlA (Braun et al., 1998; Dramsi et al., 1995). The LRR region of
InlB has been shown to be sufficient for inducing entry into cells of latex beads
covalently bound to this domain (Braun et al., 1999). Exogenously added InlB
can also favor entry of noninvasive L. innocua or Streptococcus carnosus (Braun
et al., 1998). Interestingly, InlB can be detached from the bacterial cell wall, and
it has been shown that the GW domains of its carboxy terminal can also interact
with cellular targets (Jonquieres et al., 2001), indicating that both the amino-
and carboxy-terminal domains of InlB cooperate to promote efficient invasion
of nonphagocytic cells (see below).

8.2.2.2. Met, GAGs, and gC1qR: InlB Receptors

The main signaling receptor for InlB is the hepatocyte growth factor (HGF)
receptor, also known as Met (Shen et al., 2000). Met belongs to the family
of receptor tyrosine kinases (RTK), one of the largest and most important
families of transmembrane signaling receptors (Hubbard and Till, 2000). Upon
binding to their cognate ligands, RTKs can transduce extracellular signals into
the cytoplasm by autophosphorylation and by phosphorylation of downstream
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molecules, activating multiple pathways involved in cell proliferation, migration,
and/or differentiation. Met, in particular, plays an important role during devel-
opment, controlling epithelial cell migration and growth during embryogenesis;
Met also controls growth, invasion and metastasis in cancer cells, and activating
Met mutations predispose to human cancer (Birchmeier et al., 2003).

The crystal structure of the InlB LRRs reveals that this region adopts an
elongated curved conformation (Figure 8.3.) (Marino et al., 1999), and it has
been recently shown that four aromatic residues within the concave surface of
the LRR domain are crucial for binding to Met (Machner et al., 2003). The
InlB–Met interaction is necessary for L. monocytogenes entry into target cells
(Shen et al., 2000). As is the case for the interaction between the HGF and the
Met, interaction between InlB and Met is potentiated by glycosaminoglycans
(GAGs) of the extracellular matrix (Jonquieres et al., 2001). It is relevant to
note that InlB is able to bind GAGs directly through its GW domains (Banerjee
et al., 2004; Jonquieres et al., 2001). The GW repeats of InlB actually present
similarity to eukaryotic Src-homologytype 3 (SH3)-like domains; however, the
potential proline-binding sites typical from functional SH3 domains are absent
from the GW repeats (Marino et al., 2002). The GW domains of InlB also interact
with the receptor for the globular head of the complement C1q molecule (known
as gC1q-R) (Braun et al., 2000; Marino et al., 2002); however, the functional
relevance of this binding during interaction of L. monocytogenes with target cells
has not been established yet.

8.2.2.3. Signaling Downstream of InlB–Met Interaction

Met is a heterodimer formed by an extracellular �- and a �-subunit that comprises
extracellular, transmembrane and cytoplasmic domains. The cytoplasmic tail
of the �-subunit contains several potential sites for tyrosine phosphorylation:
tyrosines 1234 and 1235 are referred as the activation loop since they increase
Met kinase activity (Birchmeier and Gherardi, 1998). The juxtamembrane
tyrosine 1003 serves as a binding site for the ubiquitin ligase Cbl (Peschard
et al., 2001), while tyrosines 1349 and 1356 are referred as the multi-
docking site since they are involved in the recruitment of several molecules
including the adaptor proteins Shc and Gab1, which in turn can be phospho-
rylated in several tyrosine residues and bind other signaling proteins (Ponzetto
et al., 1994). It has been reported that upon stimulation by InlB, phosphory-
lation of Cbl, Shc, and Gab1 occurs on target cells (Ireton et al., 1999; Shen
et al., 2000). Of note, recruitment/activation of Gab1 by InlB can take place
by two redundant pathways that require either phosphorylation of Met tyrosines
1349/1356 and Gab1-binding to the Met multidocking site, or formation of
the phosphoinositide phosphatidylinositol-3,4-5-triphosphate (PI[3,4,5]P3� at the
plasma membrane and Gab1-recruitment via its pleckstrin homology domain,
able to directly bind PI(3,4,5)P3 (Basar et al., 2005). Gab1, Shc, and Cbl are
involved in the recruitment of the phosphatidylinositol 3-kinase (PI3K) that
precisely promotes PI[3,4,5]P3 production at the site of L. monocytogenes entry
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(Ireton et al., 1996, 1999) and favors cytoskeletal rearrangements required for
bacterial engulfment (Figure 8.4.).

Regulation of actin modification downstream of PI3K during InlB stimu-
lation is complex and varies in different cell lines. In the green monkey
hepatocyte cell line Vero, it has been demonstrated that the small GTPase Rac1
is involved in the WAVE2-dependent activation of the Arp2/3 complex (Bierne
et al., 2001, 2005), which nucleates and polymerizes actin filaments in branched
networks (Pollard and Beltzner, 2002; Stradal and Scita, 2006). Proteins of
the Ena/VASP family are required for elongation of actin filaments (Bierne
et al., 2005). Formation and disruption of the phagocytic cup during L. monocy-
togenes entry require a fine-tuning of the activity of the actin depolymerizing
factor cofilin, its activity in turn being regulated by the LIM kinase (Bierne
et al., 2001). In HeLa cells, activation of the Arp2/3 complex by InlB requires
Rac1 upstream of WAVE2 and WAVE1, and also Cdc42 upstream of N-WASP
(Bierne et al. 2005).

8.2.2.4. Clathrin-Mediated Endocytosis of Met and Invasion

As mentioned above, the ubiquitin ligase Cbl is recruited to Met upon cellular
stimulation by InlB (Ireton et al., 1999). It has been recently determined
that during this stimulation, Cbl ubiquitinates Met and triggers activation
of the endocytosis machinery, favoring the clathrin-dependent internalization
of Met (Li et al., 2005) and of L. monocytogenes to produce infection (Li
et al., 2005; Veiga and Cossart, 2005). This result is highly surprising since it
was thought that the endocytic machinery supported internalization of vesicles
presenting a size inferior only to 100 nm (Gao et al., 2005). However, it
seems that the potential use of the endocytic machinery for phagocytosis is
a broad phenomenon also observed with other bacterial pathogens (E. Veiga,
2007, personal communication).

8.2.2.5. Effect of Rafts on the Downstream Signaling of Met upon InlB
Stimulation

As in the case of the InlA-dependent pathway, the contribution of lipid
microdomains in the context of the InlB-dependent entry of L. monocytogenes has
been analyzed. As opposed to the InlA–E-cadherin interaction, which requires the
presence of intact rafts to take place, interaction between InlB and Met can occur
in cells which have been depleted of cholesterol (Seveau et al., 2004). However,
despite recruitment of Met to the bacterial entry site, downstream signaling
leading to actin polymerization was disrupted in M�CD-treated cells. Activation
of PI3K is not affected in these cells, but activation of Rac1 is compromised,
suggesting that it is the recruitment of PI(3,4,5)P3-binding protein(s) involved
in Rac1 activation that requires integrity of plasma membrane microdomains
(S. Séveau and J. Swanson, 2006, personal communication).
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8.2.3. Role of Other Internalins in L. monocytogenes
Entry

As stated above, besides InlA and InlB, 22 more internalins have been identified
in the L. monocytogenes genome. For example, InlC (also known as IrpA) is an
abundantly secreted internalin that does not display LPXTG or GW cell wall-
anchoring motifs, but which is characterized by the typical internalin cap, the
LRR, and the IR regions (Domann et al., 1997). Four other internalins (InlC2,
InlD, InlE, and InlF) which present LPXTG motifs were identified by screening
DNA libraries of a L. monocytogenes EGD strain using the inlA gene as a probe;
however, it has been shown that these proteins do not play a direct role in cellular
invasion (Dramsi et al., 1997). Interestingly, on a different L. monocytogenes
EGD isolate, a different gene cluster was identified, coding for the proteins
that have been named InlG, InlH, and InlE, which are required for host tissue
colonization in the mouse model (Raffelsbauer et al., 1998). A recent study
(Bergmann et al., 2002) suggests that InlA needs the support of other internalins
for efficient entry into nonphagocytic cells: the InlA-mediated entry is increased
in the presence of InlB and InlC, and in the absence of InlB, it requires the
presence of InlG, InlH, and InlE.

8.3. Other Molecules Involved in Invasion

8.3.1. Vip: An LPXTG-Anchored Protein Involved
in Invasion

Comparison of the genomes of the pathogenic L. monocytogenes and the
nonphatogenic L. innocua has led to the identification of several new L. monocy-
togenes virulence factors that are absent from the L. innocua genome. One
of these new proteins is Vip, an LPXTG-anchored cell wall protein required
for the invasion of Caco-2 and L2071 cell lines (Cabanes et al., 2005). The
cellular receptor of Vip is Gp96, an endoplasmic reticulum-resident chaperone
that can also be present at the plasma membrane (Cabanes et al., 2005). Gp96
has been implicated in modulation of the immune response by affecting the
cellular trafficking of several molecules, including Toll-like receptors (Tsan and
Gao, 2004). Thus, it has been suggested that Vip could use Gp96 not only as a
receptor for invasion but it could also sequester Gp96 to subvert immunological
response during the course of infection (Cabanes et al., 2005).

8.3.2. Ami and Auto: GW Proteins Involved in Adhesion
and Invasion

Several L. monocytogenes autolysins have been shown to be involved in
virulence, including the amidase Ami and Auto. Ami is a 917-amino acids protein
with an N-terminal domain that presents similarities to the amidase domain
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of the Staphylococcus aureus Atl autolysin, while its C-terminal domain is
anchored to the bacterial cell wall by eight GW domains (Milohanic et al., 2001).
Ami exhibits lytic activity on L. monocytogenes cell walls (McLaughlan and
Foster, 1998), but also mediates bacterial adhesion to target cells within an
�inlAB background (Milohanic et al., 2001). ami mutants are attenuated in
a mouse model of infection, indicating that Ami plays an important role in
virulence (Milohanic et al., 2001). Auto is another L. monocytogenes GW-
anchored autolysin that is absent from the L. innocua genome (Cabanes
et al., 2004). Inactivation of aut decreases L. monocytogenes invasiveness in
nonprofessional phagocytes; however, expression of Auto in L. innocua does not
confer an invasive phenotype, indicating that Auto is necessary but not suffi-
cient for inducing entry (Cabanes et al., 2004). Interestingly, over-expression of
Auto on wild-type L. monocytogenes also impairs invasion, suggesting that its
autolytic activity could be involved in the fine regulation of the bacterial surface
architecture required for invasion (Cabanes et al., 2004).

8.3.3. LLO and Calcium Signaling

Listeriolysin O (LLO) is a member of the pore-forming cholesterol-dependent
cytolysin (CDC) family (Tweten et al., 2001). Once L. monocytogenes has been
internalized in target cells, LLO plays a critical role in the permeabilization
of the bacterial-containing vacuoles favoring bacterial relocation to the host
cell cytosol (Dramsi and Cossart, 2002). Interestingly, it has been shown that
LLO secreted by extracellular L. monocytogenes forms Ca2+-permeable pores
leading to intracellular Ca2+ oscillations (Repp et al., 2002), and these oscillations
have been associated with cellular responses including interleukin-6 persistent
production in Caco-2 epithelial cells (Tsuchiya et al., 2005). In addition, influx
of extracellular Ca2+ (but not Ca2+ released from intracellular stores) potentiates
entry of L. monocytogenes into Hep-2 cells (Dramsi and Cossart, 2003). The
cellular receptor for LLO is cholesterol, and as expected, LLO can be associated
to lipid rafts in the plasma membrane of host cells (Coconnier et al., 2000).

8.3.4. ActA

ActA is the surface protein responsible for the actin-based motility system that
enables L. monocytogenes to move from one infected cell to an uninfected neigh-
boring cell, favoring bacterial tissue spreading without being exposed to the
extracellular environment (Gouin et al., 2005; Kocks et al., 1992). Besides its
intracellular role in cell-to-cell spreading, ActA has been implicated in L. monocy-
togenes cellular invasion: the N-terminal region of ActA presents several clusters
of positively charged amino acids that could be implicated in heparan sulfate
binding, and L. monocytogenes mutant defective in ActA is significantly impaired
in cellular attachment and entry due to altered heparan sulfate recognition (Alvarez-
Dominguez et al., 1997). Recently, these results have been complemented by
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another report indicating that expression of ActA in the noninvasive L. innocua is
sufficient to induce bacterial entry into epithelial cell lines (Suarez et al., 2001).

8.4. Conclusions

Translocation to the intracellular space is a critical step during the L. monocy-
togenes infectious process. Several bacterial surface molecules have been impli-
cated in the invasion of target cells by L. monocytogenes, among which
internalins InlA and InlB remain the best-characterized examples. Compar-
ative genomics has permitted the identification of new virulence factors in the
L. monocytogenes genome that are necessary but not sufficient for inducing
entry, highlighting the fact that cellular invasion requires the interplay of many
molecular actors for the generation of an optimal bacterial phenotype suited for
interaction with host cell surfaces and subversion of cellular functions. Under-
standing how L. monocytogenes coordinates the expression of these different
virulence factors during infection remains a topic of intense current interest.
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Abstract: The ability of Listeria monocytogenes to escape from vacuoles of infected
cells and subsequently to replicate in the cytosol and spread from cell
to cell is one of the distinctive features of this facultative intracellular
pathogen. The process of escape is mediated by several proteins that are
encoded by genes in the PrfA regulon cluster. These include listeriolysin
O, a pore-forming, cholesterol-dependent cytolysin, a phosphatidylinositol-
specific phospholipase C (PI-PLC), and a broad range phospholipase whose
proteolytic activation is mediated by a metalloprotease. These proteins
are described and their specific roles in escape from the vacuole are
discussed.

9.1. Introduction

The ability of Listeria monocytogenes to escape from an endocytic vacuole after
engulfment by either professional phagocytic cells or parenchymal cells invaded
as a result of the action of specific listerial surface proteins (Chap. 8) is of
paramount importance for its survival in its hosts and one of the features that
distinguishes it from almost all other facultative intracellular pathogens (Gaillard
et al. 1987; Mounier et al. 1990; Tilney and Portnoy 1989). The PrfA regulon
cluster consisting of the genes prfA, plcA, hly, mpl, actA, and plcB is organized
to provide sequentially all of the proteins that assist in this process (Chap. 7).
The properties of the products of these genes and their role in escape from a
vacuole will be discussed in this chapter.
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9.2. Escape from the Primary Vacuole

9.2.1. Macrophages

The fate of L. monocytogenes in a macrophage depends upon both the cell
lineage and its history. Primary peritoneal macrophages are capable of killing
approximately 90% of entering L. monocytogenes (Portnoy et al. 1989), bone
marrow–derived macrophages kill approximately half the bacteria, whereas
cell lines such as J774 and RAW 264.7 murine macrophage–derived cells are
weakly cidal (Camilli et al. 1993; De Chastellier 1994). Treatment of peritoneal
macrophages with � interferon (IFN-�� prior to infection resulted in complete
suppression of bacterial growth (Portnoy et al. 1989), consistent with the ability
of activated macrophages to kill L. monocytogenes (Cossart and Portnoy 2000).
The generation of reactive oxygen and nitrogen intermediates within the vacuole
contributes to the retention of L. monocytogenes within phagosomes in activated
macrophages (Myers et al. 2003).

9.2.1.1. Requirements

9.2.1.1.1. Listeriolysin O

Two of the gene products of the PrfA regulon, listeriolysin O (LLO), the product
of hly, and a phosphatidylinositol-specific phospholipase C (PI-PLC), the product
of plcA, play key roles in escape from the primary vacuole of a macrophage.
LLO is a member of a large family of cholesterol-dependent pore-forming toxins
or cytolysins (CDC) which includes streptolysin O (SLO) secreted by Strepto-
coccus pyogenes, perfringolysin O (PFO) secreted by Clostridium perfringens,
anthrolysin O (ALO) secreted by Bacillus anthracis, and pneumolysin, which
is produced by Streptococcus pneumoniae. These multidomain proteins insert
into cholesterol-containing eukaryotic cell membranes forming large pores
of 25–30 nm in diameter by oligomerization of approximately 50 monomers
(Alouf 1999; Giddings et al. 2004). LLO deletion mutants are avirulent and
fail to escape from the primary vacuole of a macrophage (Gaillard et al. 1987;
Kuhn et al. 1988; Portnoy et al. 1988). Expression of hly in Bacillus subtilis and
Salmonella conferred the ability to escape from the phagosome of J774 cells to
this species; however, the expression of LLO did not convert B. subtilis into
a pathogen (Bielecki et al. 1990; Gentschev et al. 1995). Although the three-
dimensional structure of LLO is not known, that of PFO has been established
(Rossjohn et al. 1997) (Figure 9.1.). Molecular simulation based on the structure
of PFO suggests that the structure of LLO is similar, consisting of four domains.
Domain four anchors the oligomers to the membrane (Ramachandran et al. 2002)
whereas domain three regulates polymerization (Ramachandran et al. 2004) and
pore formation (Shatursky et al. 1999).

LLO, 60 kDa, is uniquely structured to function in the acidic environment of
the vacuole by virtue of its low pH optimum (pH 5.5). Leucine 461 was found to
be critical for the acidic pH optimum of LLO. When leucine 461 was changed
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Figure 9.1. (Left) Structure of the perfringolysin O molecule. Taken from Rossjohn et
al. (1997), with permission from Elsevier. The comparative structures of B. cereus PI-
PLC (center) and L. monocytogenes PI-PLC (right) with the active site pocket containing
myo-inositol in the center. The hydrophobic ridge is designated by A and the extended
GPI-binding site by B. Taken from (Moser et al. 1997), with permission of the publisher.
Reprinted from Journal of Molecular Biology, Vol 273:1, J. Moser et al, Crystal Structure
of the Phosphatidylinositol, pages 269–282, Copyright 1997, with permission from
Elsevier.

to threonine, LLO became about 10-fold more active at neutral pH (Glomski
et al. 2003). This increase in activity results from an increase in protein stability
at neutral pH (Schuerch et al. 2005). Substitution of either PFO or ALO for LLO
in L. monocytogenes permits escape of bacteria from the primary phagosome of
a macrophage (Jones and Portnoy 1994; Wei et al. 2005a). Both of these proteins
are much more active than LLO at neutral pH, consequently their expression
leads to membrane permeabilization upon growth of L. monocytogenes in the
cytosol (Jones and Portnoy 1994; Wei et al. 2005a). Like PFO or ALO, which
have threonine at the equivalent position, LLO L461T was able to mediate escape
of bacteria from the primary vacuole, but it became cytotoxic to the host cell by
permeabilizing the cell membrane (Glomski et al. 2002; Glomski et al. 2003).

LLO synthesis is upregulated in the phagosome (Bubert et al. 1999; Freitag
and Jacobs 1999; Gray et al. 2006; Klarsfeld et al. 1994; Moors et al. 1999).
Recently evidence has emerged indicating that the nucleotide sequence of the
hly transcript is involved in translational repression of LLO in the host cytosol.
This regulation is dictated by sequences within the coding region of hly mRNA
(Schnupf et al. 2006). Thus, the potential cytotoxicity of LLO in the cytosol
is modulated both by its lower activity at neutral pH and by repression of its
synthesis.

The CDCs are characterized as oxygen-labile or thiol-activated. A character-
istic motif in the carboxyl terminal of domain 4 is a conserved undecapeptide,
ECTGLAWEWWR. This sequence contains the only cysteine residue present in
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most of the toxins in this family (Alouf 1999). Although reduction of this cysteine
by sulfhydryl reagents is necessary for the activity of CDCs, replacement of
Cys-484 by Ala in LLO showed that a thiol group is not essential for hemolytic
activity (Michel et al. 1990).

LLO and other members of the CDC family interact with receptors on
mammalian cell surfaces. Intermedilysin, a CDC toxin secreted by Streptococcus
intermedius, interacts with human CD59 on erythrocytes (Giddings et al. 2004).
ALO, a recently discovered member of the CDC family secreted by Bacillus
anthracis (Shannon et al. 2003), interacts with the macrophage Toll-like receptor
4 (TLR4), known as a specific receptor for lipopolysaccharide of gram-negative
bacteria. The interaction of ALO with TLR-4 resulted in typical signaling through
p38 MAPK. In addition to ALO, activation of macrophages through TLR-4 was
also observed with LLO, SLO, PFO, and pneumolysin (Park et al. 2004). These
recent findings are consistent with the known ability of noncytolytic cholesterol
complexes of LLO to induce cytokine expression (Nishibori et al. 1996), lipid
second messengers (Sibelius et al. 1996), and an IL-1 response (Yoshikawa
et al. 1993), and suggest that LLO is multifunctional by virtue of its ability
to form pores and its ability to interact with surface receptors on eukaryotic
cells. Binding of LLO to membrane cholesterol has been attributed to domain 4,
whereas cytokine induction was attributed to domains 1–3 ( Jacobs et al. 1999;
Kohda et al. 2002).

9.2.1.1.2. Phosphatidylinositol-Specific Phospholipase C

Phosphatidylinositol-specific phospholipase C of L. monocytogenes (LmPI-
PLC), encoded by plcA (Camilli et al. 1991; Leimeister-Wächter et al. 1991;
Mengaud et al. 1991a), is highly specific for phosphatidylinositol (PI)
with relatively weak activity on glycosyl-PI-(GPI)-anchored proteins (Gandhi
et al. 1993; Goldfine and Knob 1992). Mutants with deletions of plcA escape
from the primary vacuole of macrophages less efficiently than the wild type. At
90 min after infection between 30 and 65%, fewer of these mutants have escaped
from the phagosome compared to wild type (Bannam and Goldfine, 1999; Camilli
et al. 1993; Smith et al. 1995; Wadsworth and Goldfine 1999).

The weak activity of LmPI-PLC differentiates it from the classical bacterial
PI-PLCs from Bacillus species and Staphylococcus aureus, which have strong
activity on GPI-anchored proteins (Low 1989; Wei et al. 2005b). Although LmPI-
PLC shares only 24% identity with PI-PLC from B. cereus (BcPI-PLC), the
overall three-dimensional structures are highly homologous (Moser et al. 1997).
Both consist of a single ����8-barrel domain. The active site pocket is highly
conserved with only two differences in amino acids involved in inositol binding,
but complete conservation of the residues thought to be involved in catalysis. An
important structural difference is the absence in LmPI-PLC of the Vb �-strand
of BcPI-PLC, which supports the edge of a shallow groove extending from
the active site pocket and is predicted to promote interactions with the glycan
of GPI-anchored proteins (Figure 9.1.) (Moser et al. 1997). Removal of the
Vb �-strand of BcPI-PLC resulted in somewhat decreased activity on PI and
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essentially complete loss of activity on the GPI-anchored protein Thy-1 on
mouse splenocytes (Wei et al. 2005b). Like other bacterial PI-PLCs, LmPI-PLC
does not cleave polyphosphoinositides such as PI 4,5-bisphosphate (PI-4,5-P2),
an important substrate of eukaryotic phospholipases involved in intracellular
signaling (Goldfine and Knob 1992). Although both types of PI-PLC produce the
second messenger diacylglycerol (DAG), the action of LmPI-PLC on PI produces
inositol-1-P and not inositol 1,4,5-trisphosphate (IP3), another second messenger
that releases Ca2+ from the endoplasmic reticulum. Another significant difference
between LmPI-PLC and those from eukaryotic cells is the absence of a divalent
cation requirement. Instead, LmPI-PLC shows a strong dependence on high ionic
strength salts, e.g., 100–200 mM NaCl, KCl, NH4Cl, or (NH4�2SO4, which is
needed for disaggregation of multimers (Goldfine and Knob 1992).

9.2.1.2. Permeabilization of the Phagosome

Upon internalization of L. monocytogenes, the J774 phagosome is rapidly acidified
to pH 4.8–6.5. During this time the synthesis of LLO is greatly increased (Chap. 7).
Soon after internalization the phagosomal membrane is permeabilized to the dye
HPTS (8-hydroxypyrene-1,3,6-trisuolfonic acid), and the pH of the vacuole rapidly
increases. Agents that inhibit acidification, such as bafilomycin, inhibit perfo-
ration and escape (Conte et al. 1996; Beauregard et al. 1997; Glomski et al. 2002).
Permeabilization of the vacuole is absolutely dependent on the expression of LLO
(Beauregard et al. 1997). These findings are consistent with a model in which LLO
forms pores in the phagosome and permits a two-way exchange of small molecules.
It appears, however, that host factors play a role in this process. A mutant lacking PI-
PLC produced about 65% fewer permeabilized vacuoles than the wild type between
30 and 60 min after infection of J774 cells (Poussin and Goldfine 2005). This
finding could be consistent with a model in which PI-PLC, by hydrolyzing a minor
component of the vacuolar membrane, assists in the degradation of the membrane
(Villar et al. 2000). However, inhibition of host PKC � isoforms by treatment of
J774 cells with the inhibitors RO-31-8425 and Gö-6983, produced 29 and 62%
fewer permeabilized vacuoles, respectively, than in untreated cells during the same
time frame. Inhibition of host calcium signaling by treatment with thapsigargin
or SK&F 96365 produced even greater inhibition of vacuolar permeabilization by
wild type L. monocytogenes (Poussin and Goldfine 2005). As will be discussed
below, activation of PKC � isoforms is dependent on expression of both LLO and
PI-PLC and on the elevation of host intracellular calcium. Inhibition of both calcium
signaling and PKC � activation also inhibits escape from the primary vacuole of a
macrophage.

Perforation of the Lm phagosome in macrophage-like cells which permits
the escape of small molecules like HPTS (524 MW) (Beauregard et al. 1997;
Poussin and Goldfine 2005) and Lucifer Yellow (522 MW) into the cytosol is
followed 5–9 min later by larger pores that permit the escape of molecules like
fluorescent dextrans (average MW 10,000). This exchange of small molecules,
protons, and calcium ions is postulated to inhibit vacuole fusion with lysosomes
(Shaughnessy et al. 2006).
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9.2.1.3. Mechanism of Escape

It is well known that LLO is indispensable for escape from the primary
phagosome of a macrophage. From this fact a predominant hypothesis has
emerged which states that the perforation of the phagosomal membrane by LLO
leads to escape. It is possible that the physical act of perforation is the mechanical
means of disruption of the membrane. Further considerations argue against this
hypothesis. The phagosomal membrane must be larger than the bacterium it
contains; therefore, its surface area should be approximately 1–4 �m2. A pore
formed by LLO is approximately 25 nm in diameter or about 500 nm2. To cover
the surface of the phagosome completely would require approximately 2000
pores. Yet, once the phagosome is permeabilized by LLO, there is a rapid
increase in pH (Beauregard et al. 1997) which presumably results in greatly
reduced LLO activity. Unless there is a concerted action of LLO resulting in
the simultaneous formation of multiple pores, these calculations strongly argue
against mechanical disruption of the phagosome by LLO.

LLO along with PI-PLC leads to the rapid activation of host functions in
macrophages including opening of calcium channels and release of Ca2+ from
stores, activation of host polyphosphoinositide-specific PLC, phospholipase D
(PLD), and PKC isoforms. Inhibition of calcium elevation or activation of PLD
or PKC � leads to strong, but not complete inhibition of escape from the
phagosome (Wadsworth and Goldfine 1999; Goldfine et al. 2000; Wadsworth
and Goldfine 2002; Poussin and Goldfine 2005). PKC � I and II are found on
early endosomes which fuse to form large vesicles, within minutes of infection
of J774 macrophage-like cells with wild type L. monocytogenes. LLO and
PI-PLC expression are needed for mobilization of PKC � II, and LLO expression
is required for mobilization of PKC � I (Wadsworth and Goldfine 2002).
The activation of host polyphosphoinositide-specific PLC and phospholipase
D (PLD) also requires expression of LLO, but not PI-PLC. These findings
suggest a model in which LLO activates host functions that are needed for
disruption of the phagosome. At this time, there is no available information
on how PKC � influences phagosomal perforation and disruption. Hannun
and colleagues have recently shown that classical PKC isoforms � and � II
appear on a juxtanuclear subset of recycling endosomes, called the pericen-
trion, after treatment of a variety of cell types with PMA, a known activator of
classical PKC isoforms (Becker and Hannun 2003; Becker and Hannun 2004).
Compared to the mobilization of PKC � II upon infection of J774 cells with
L. monocytogenes, which takes place within the first minute of infection, juxtanu-
clear translocation after treatment with PMA requires 30–60 min treatment.
PKC translocation may regulate the clustering of recycling endosomes in the
perinuclear region (Idkowiak-Baldys et al. 2006). These findings suggest that
L. monocytogenes subverts another normal process in cells which results in a
specific outcome, i.e., delay of maturation of the phagosome and subsequent
escape.

It appears that L. monocytogenes controls vesicular trafficking in the host
by controlling the activity of Rab5, a small GTPase involved in the regulation
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of phagosome–endosome fusion and phagosomal maturation (Desjardins 1995;
Alvarez-Dominguez et al. 1996). The ability of LLO-negative bacteria to
survive requires inhibition of phagosome maturation by a mechanism involving
Rab5a (Alvarez-Dominguez et al. 1997; Alvarez-Dominguez and Stahl 1999).
In these two studies, the authors used a LLO-minus strain. Treatment of
J774 cells with IFN-� increases the association of lysosomal markers such
as cathepsin-D, lysosome-associated membrane protein-1 (LAMP1), and Limp-
II with phagosomes and this also appears to be controlled by Rab5a, which
is increased on phagosomes from cells treated with IFN-� (Prada-Delgado
et al. 2001). Evidence has been presented implicating inhibition of Rab5a
exchange activity by L. monocytogenes as the means for controlling phagosome–
lysosome trafficking (Prada-Delgado et al. 2005). On the other hand, Henry et al.
observed that L. monocytogenes escapes from Rab5a-negative, LAMP1-negative,
Rab7-positive, and PI-3-P-positive vacuoles in a manner that is LLO-dependent.
When hly, the gene coding for LLO, was expressed under control of an inducible
promoter and its expression in the vacuole was delayed until the bacteria were in
LAMP1-positive vacuoles, escape was less efficient than when hly was expressed
normally (Henry et al. 2006).

The exclusion of Rab5a from L. monocytogenes vacuoles may be related to
the absence of the GTP-exchange mechanism needed for bringing Rab5a to the
vacuolar membrane (Prada-Delgado et al. 2005). Overexpression of Rab5Q79L,
which is locked in the GTP-bound state, resulted in association of Rab5a with
the L. monocytogenes vacuole, but did not affect L. monocytogenes escape
from vacuoles (Henry et al. 2006). Although Rab5a is important for vesicular
trafficking, its role in macrophage killing of L. monocytogenes is at present
unclear.

9.2.2. Nonphagocytic Cells

9.2.2.1. Requirements

9.2.2.1.1. LLO and PI-PLC

The two bacterial factors contributing to escape from primary vacuoles of
macrophages, LLO and PI-PLC, also contribute to escape from primary vacuoles
of non-phagocytic cells (Marquis et al. 1995; Dancz et al. 2002), with the
exception that LLO is not essential in human epithelial and fibroblast cells, as
well as in Potoroo tridactylis kidney (Ptk2) cells (Portnoy et al. 1988; Marquis
et al. 1995; Dancz et al. 2002; Mueller and Freitag 2005). This phenomenon
was also observed in human dendritic cells (Paschen et al. 2000). In Henle 407
cells, LLO-negative bacteria show a twofold reduction in escape from primary
vacuoles, whereas a double LLO-PI-PLC mutant shows a fourfold defect. In
absence of LLO and PI-PLC, the broad-range phospholipase C (PC-PLC) and
a metalloprotease (Mpl) of L. monocytogenes mediate escape from vacuoles
(Marquis et al. 1995; Grundling et al. 2003).
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9.2.2.1.2. PC-PLC and Mpl

L. monocytogenes secretes a PLC that has the ability to hydrolyze a large variety
of phospholipids including phosphatidylcholine (PC), phosphatidylethanolamine,
phosphatidylserine, phosphatidylinositol, and sphingomyelin (Sm) (Geoffroy
et al. 1991; Goldfine et al. 1993). The activity of this PLC is zinc-dependent
and optimum at pH 5.5–8. The enzyme was initially named PC-PLC because
of its similarity to other bacterial PLCs for which PC is the preferred substrate.
However, the L. monocytogenes enzyme is often referred to as BR-PLC because
of its activity on a broad range of substrates. In addition, it is occasionally named
PlcB in reference to the gene coding for it, plcB.

The three-dimensional structure of the L. monocytogenes PC-PLC (LmPC-
PLC) is not known, but that of the Bacillus cereus (BcPC-PLC) and of
the Clostridium perfringens (�-toxin) orthologs have been established. The
compact catalytic domain of these PLCs is composed uniquely of �-helices,
and the nine zinc-coordinating amino acid residues are conserved among them
(Hough et al. 1989; Naylor et al. 1998; Zückert et al. 1998). Exceptionally,
BcPC-PLC and LmPC-PLC have an extra N-terminal propeptide-regulating
enzyme activity (Johansen et al. 1988; Vazquez-Boland et al. 1992), whereas
the C. perfringens �-toxin contains an additional C-terminal domain implicated
in calcium-dependent membrane binding (Guillouard et al. 1997). This extra
C-terminal domain is essential for �-toxin sphingomyelinase and hemolytic activ-
ities, conferring toxicity. BcPC-PLC and LmPC-PLC are not considered toxins.

The LmPC-PLC is made as a preproenzyme of 289 amino acid residues.
It contains a canonical Sec-dependent signal sequence of 27 residues and a
propeptide of 24 residues (Figure 9.2.) (Vazquez-Boland et al. 1992). The
N-terminus of the active enzyme was sequenced and the first three residues
(WSA) are identical to that of BcPC-PLC (Niebuhr et al. 1993). The secreted
proenzyme has no enzymatic activity (Marquis et al. 1997). Interestingly, an
LmPC-PLC mutant with a complete deletion of the propeptide is secreted as an

Figure 9.2. Schematic representation of LmPC-PLC and Mpl domain organization. Both
proteins are comprised of a signal sequence, a prodomain, and a catalytic domain. LmPC-
PLC is 289 aa long, with a signal sequence of 27 aa, a prodomain of 24 aa, and a catalytic
domain of 238 aa. Mpl is 510 aa long, and the size of the respective domains are predicted
to be 24 aa for the signal sequence, 180 aa for the prodomain, and 306 aa for the catalytic
domain.
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active enzyme suggesting that the propeptide does not contribute to folding of the
catalytic domain (Yeung et al. 2005). Presumably, the function of the propeptide
is to prevent activity by interfering with substrate binding in the active site.

The Mpl, a secreted zinc-dependent metalloprotease of L. monocytogenes, is
involved in the proteolytic activation of LmPC-PLC (Poyart et al. 1993; Yeung
et al. 2005). Mpl is made as a preproenzyme of 510 aa residues. It is predicted
to contain a Sec-dependent signal sequence of 24 residues, a prodomain of
180 residues, and a catalytic domain of 306 residues (Figure 9.2.) (Mengaud
et al. 1991b). The large prodomain is typical of metalloproteases, and is thought
to function as a protease inhibitor and as an intramolecular chaperone facili-
tating folding of the catalytic domain (Braun and Tommassen 1998). The three-
dimensional structure of thermolysin, an ortholog of Mpl and the prototype
for this class of bacterial metalloproteases, indicates that the catalytic domain
is comprised of two spherical subdomains, which together form a deep cleft
containing the active site (Holmes and Matthews 1982). In addition to the active-
site zinc ion, thermolysin contains four calcium-binding sites, which confer high
thermal stability. Similarly to thermolysin, Mpl exhibits high thermostability. It
is active at pH 5–9, but its activity is optimum at pH 7 (Coffey et al. 2000).

The genes coding for Mpl and PC-PLC, mpl and plcB, localize to the PrfA
regulon (Portnoy et al. 1992). The mpl gene is immediately upstream of the
actA and plcB genes, and promoters from the mpl and actA genes contribute
to transcription of the promoterless plcB gene (Vazquez-Boland et al. 1992).
However, intracellular expression of plcB is primarily under the control of the
actA promoter (Shetron-Rama et al. 2002) (see Chap. 7).

Listeria ivanovii, a ruminant pathogen, expresses an additional sphin-
gomyelinase encoded by smcL, which is flanked by genes encoding members
of the internalin family. The sphingomyelinase appears to improve by twofold
to –fourfold bacterial escape from vacuoles and intracellular growth in bovine
epithelial cells. It is possible that this additional sphingomyelinase activity is
important in ruminants because of the high level of sphingomyelin in their cell
membranes (González-Zorn et al. 1999).

9.2.2.2. Mechanism

The LLO-independent escape from vacuoles of human epithelial cells and Ptk2
cells requires high-level expression of PC-PLC (Grundling et al. 2003; Mueller
and Freitag 2005). Expression from the actA promoter, which is responsible for
the intracellular transcription of plcB, is very low in broth culture (Grundling
et al. 2003; Moors et al. 1999) and in primary vacuoles of macrophages (Freitag
and Jacobs 1999), but increases by ≈200-fold later during infection. Based on
these observations, it is difficult to conceive that PC-PLC would be able to
mediate LLO-independent escape from primary vacuoles. Perhaps the vacuolar
makeup and/or environment of human epithelial cells are different than that
of macrophages. To address this question, Cheng et al. (Cheng et al. 2005)
used RNA interference to identify host knockdowns that bypass the need for
LLO in vacuolar escape of Drosophila S2 cells. Knockdowns in components
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controlling trafficking to and from multivesicular bodies/late endosomes were
identified as being permissible for escape of LLO-negative bacteria from primary
vacuoles of Drosophila S2 cells. Concomitantly, it was shown that the efficacy
of bacteria to escape primary vacuoles in mouse macrophages correlates with
the inhibition of vacuolar maturation to LAMP1-positive compartments, and that
in the absence of LLO, bacteria-containing vacuoles mature slightly faster than
conventional phagosomes (Henry et al. 2006). Perhaps, factors other than LLO
influence the kinetics of vesicular trafficking in human epithelial cells making
time for increased expression of PC-PLC prior to reaching a stage that is no
longer permissible for vacuolar escape of L. monocytogenes.

9.3. Escape from the Secondary Vacuole

9.3.1.1. Kinetics

As part of its intracellular growth cycle, L. monocytogenes spreads directly from
cell to cell using an actin-based mechanism of motility (Tilney and Portnoy 1989;
Mounier et al. 1990). Moving bacteria induce the formation of membrane
protrusions that are taken up by neighboring cells generating double membrane
vacuoles, also called secondary vacuoles. Perpetuation of the intracellular growth
cycle requires that bacteria escape from secondary vacuoles.

In tissue culture cells, bacteria begin to spread to neighboring cells 3–4 h after
initial infection. The kinetics of bacterial cell-to-cell spread was not studied on
a population basis because the process cannot be synchronized. As an alter-
native, the kinetics of cell-to-cell spread was studied by following the spread
of individual bacteria within polarized monolayers of MDCK cells by video
microscopy (Robbins et al. 1999). This process can be divided into four stages
lasting between 35–40 min. Initially, bacteria in membrane protrusions make
their way by pushing against the membrane of neighboring cells in a fitful
movement. This period persists for ≈15 min and is followed by a ≈20-min period
of immobility, during which the morphology of the protrusion is maintained.
This change in bacterial movement presumably results from closure of the donor
membrane and depletion of host-cell ATP within the protrusion. As the recipient
membrane closes, the protrusion collapses into a spherical vesicle, which is
permeabilized within 5 min of this transition.

9.3.1.2. Requirements

Secondary vacuoles differ from the primary vacuole in that the cytosolic face of
the inner membrane is closest to the bacterial cell (Figure 9.3.). Thus the two
membranes of the secondary vacuole have opposite protein and phospholipid
asymmetry. Bacterial factors contributing to escape from secondary vacuoles
include LLO, PC-PLC, Mpl, and PI-PLC, and expression of these factors
is amplified during intracellular infection (Freitag and Jacobs 1999; Moors
et al. 1999).
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Figure 9.3. Schematic representation of membrane organization during L. monocytogenes
cell-to-cell spread. A moving bacterium (light grey) faces the inner leaflet of the host
cytoplasmic membrane during a cell-to-cell spread event and after formation of the double
membrane vacuole. The double membrane vacuole is organized in a manner that the outer
leaflets of the donor and receiver cell membranes (black) are juxtaposed and sandwiched
between the inner leaflets of the donor and the receiver cell membranes (medium
grey).

9.3.1.2.1. LLO

A role for LLO in L. monocytogenes cell-to-cell spread has been difficult to
assess as LLO-negative mutants fail to escape primary vacuoles formed upon
initial invasion of most cell types (Portnoy et al. 1988; Tilney and Portnoy 1989).
Two very different approaches were used to answer this question, and the
results clearly showed that LLO contributes to the ability of L. monocytogenes
to escape from secondary vacuoles. Using a biochemical approach, Gedde
et al. (Gedde et al. 2000) infected murine macrophage–like J774 cells with
LLO-minus bacteria coated with purified LLO molecules, enabling bacteria to
lyse the primary vacuole and to access the cytosol of infected cells. Intra-
cytosolic LLO-negative bacteria multiplied and spread to neighboring cells
similarly to wild-type bacteria. However, in the absence of LLO synthesis these
bacteria failed to escape from secondary vacuoles indicating that LLO is required
for escape from secondary vacuoles of mouse macrophages. Using a genetic
approach, Dancz et al. (Dancz et al. 2002) constructed a lac repressor-/operator-
based system to regulate the expression of hly, the gene coding for LLO. Bacterial
expression of hly was shut down after escape from primary vacuoles to evaluate
the requirement for LLO in escape from secondary vacuoles. The system was
tested in mouse fibroblasts using a plaque-forming assay, in which the formation
and size of plaques reflect the bacterial ability to spread to neighboring cells
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and escape from secondary vacuoles. Results from this approach also clearly
indicated that LLO is required for escape from secondary vacuoles of mouse
fibroblasts. However, in human epithelial cells, LLO is dispensable not only
for bacterial escape from primary vacuoles, but also for escape from secondary
vacuoles (Grundling et al. 2003; Marquis et al. 1995). In the absence of LLO,
PC-PLC is required for L. monocytogenes escape from secondary vacuoles.
Together, these results indicate that the requirement for LLO in bacterial escape
from vacuoles differs between human and nonhuman cell lines, whether it is a
primary or a secondary vacuole.

9.3.1.2.2. PC-PLC and Mpl

The PC-PLC enhances the efficacy of L. monocytogenes to escape secondary
vacuoles. In the absence of PC-PLC, bacteria form small plaques in mouse
fibroblasts and are more frequently observed to be trapped in secondary vacuoles
of mouse macrophages (Smith et al. 1995; Vazquez-Boland et al. 1992). Since
expression of plcB is under the control of the actA promoter (Freitag and
Jacobs 1999; Moors et al. 1999 Shetron-Rama et al. 2002), PC-PLC is made
and secreted by bacteria multiplying in the cytosol of infected cells, although
proteolytic activation of PC-PLC is restricted to vacuoles (Marquis et al. 1997).
Interestingly, intracytosolic bacteria accumulate at their membrane–cell wall
interface a pool of proenzyme, which is rapidly released as a bolus of active
enzyme upon acidification of the vacuole (Marquis and Hager 2000; Snyder
and Marquis 2003). This phenomenon is believed to enhance the kinetics of
L. monocytogenes escape from vacuoles.

Mpl mediates the proteolytic activation of bacteria-associated PC-PLC (Poyart
et al. 1993; Yeung et al. 2005), although in tissue culture cells activation of
secreted PC-PLC can be mediated by a vacuolar cysteine protease (Marquis
et al. 1997). Mpl is also essential for efficient translocation of PC-PLC across
the bacterial cell wall. To determine whether Mpl-mediated PC-PLC activation
is a prerequisite to rapid PC-PLC translocation across the cell wall, a PC-PLC
cleavage site mutant was created. This mutant, PC-PLC S51DS53N, contains
two amino acid substitutions at the propeptide cleavage site. This mutant was
rapidly translocated across the bacterial cell wall upon a decrease in pH, in an
Mpl-dependent manner (Yeung et al. 2005). Therefore, Mpl controls PC-PLC
translocation across the bacterial cell wall in a manner that is independent of
propeptide cleavage, but dependent on a decrease in vacuolar pH. Furthermore,
to determine whether the control of Mpl over PC-PLC translocation is dependent
on the PC-PLC propeptide, a PC-PLC mutant with a complete deletion of the
propeptide was generated. The propeptide-less PC-PLC mutant was efficiently
translocated across the bacterial cell wall independently of Mpl and of pH
indicating that Mpl regulates only the proform of PC-PLC (Yeung et al. 2005).
Collectively, these results indicate that Mpl contributes to the regulation of
PC-PLC activity by two independent but related pH-sensitive mechanisms: prote-
olytic activation and cell-wall translocation.
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9.3.1.2.3. PI-PLC

A role for PI-PLC in escape from secondary vacuoles remained elusive until
the behavior of a double phospholipase mutant was studied. A single PI-PLC
mutant forms plaques whose diameters are ≈90% the size of wild-type plaques
(Camilli et al. 1993) and a single PC-PLC mutant forms plaques that are ≈62%
as large as wild-type plaques (Smith et al. 1995). However, a double PI-PLC
and PC-PLC mutant forms plaques whose diameters are ≈32% that of wild-type
plaques (Smith et al. 1995). This result is consistent with overlapping functions
for the two PLCs in escape from secondary vacuoles. It was also shown that the
levels of DAG, a product of phospholipid hydrolysis, are lower in cells infected
with the double mutant as compared to those infected with wild-type strain
(Smith et al. 1995). Similarly, levels of ceramide, a product of sphingomyelin
hydrolysis, are lower in cells infected with the double mutant as compared to
those infected with wild-type strain. Generation of these lipid hydrolysis products
in combination may influence the formation and lysis of secondary vacuoles as
they predispose to membrane fusion (Montes et al. 2004).

9.3.1.3. Mechanism

The specific mechanism by which L. monocytogenes escapes from secondary
vacuoles is unknown. Evidence has been presented showing that PI-PLC and
PC-PLC can individually act on the inner membrane of the double membrane
vacuole. In absence of both phospholipases, dissolution of the inner membrane
is strongly reduced. LLO is required to perforate the outer membrane (Alberti-
Segui et al. 2007). However, host cell factors may contribute to dissolution of
the outer membrane as the situation would be analogous to that encountered in
primary vacuoles (Section 9.2.1.2).

Both LLO and PC-PLC require a decrease in vacuolar pH to function.
However, even if vacuolar maturation leads to acquisition of the proton pump
ATPase and acidification of the outer vacuole, it is not clear how the inner
vacuole becomes acidified for PC-PLC to function. Perhaps, proton leakage
across membranes (Haines 2001) from the acidified outer vacuole into the inner
vacuole causes a sufficient decrease in pH to enable PC-PLC activation. PC-PLC
activation only requires a drop of 0.3 pH unit although it is more efficient at
pH 6.0–6.5 (Marquis and Hager 2000). Dissolution of the inner membrane by
the phospholipases would enable LLO to act on the membrane of the acidified
outer vacuole.

9.4. Coda

Although much has been learned about the mechanism of escape of L. monocy-
toegenes from a vacuole in the past 20 years of the molecular era of research,
much remains to be done. There are two major themes, which appear to be in
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conflict, but are not. The first is the classical breakdown of the vacuole mediated
by pore formation through the action of LLO and enzymic degradation of the
membrane barriers by the two phospholipases. The other is the induction of host
cell signaling pathways as a consequence of the actions of these proteins. Further
insights into the mechanisms of escape will undoubtedly come through careful
and innovative research. These studies will surely teach us more about this wily
pathogen and open up new understandings of eukaryotic cell biology.
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Abstract: Listeria monocytogenes has evolved the ability to exploit its host’s actin
cytoskeleton to power movement within and between cells without exiting
from the cell, enabling it to evade the immune response. This remarkable
adaptation requires the expression of a single bacterial surface protein, called
ActA, that performs two key functions. It activates the host Arp2/3 complex,
which promotes the nucleation of actin filaments at the bacterial surface
and the organization of filaments into branched networks. Moreover, it
recruits host Ena/VASP proteins and profilin, which stimulate actin filament
elongation. Together these cellular factors promote the assembly of actin
comet tails that recruit additional host cytoskeletal proteins that control
filament bundling, terminate polymerization, and promote depolymerization.
The assembly of the comet tail is essential for coupling actin polymerization
to the force that drives bacterial propulsion. The process of bacterial motility
can be reconstituted in vitro, facilitating a relatively complete understanding
of the biochemical and biophysical mechanisms of actin polymerization
and force generation. This chapter presents a review of the experiments
that have led to our current understanding of the molecular mechanisms of
L. monocytogenes’ motility and spread.

10.1. Introduction

10.1.1. The Actin Cytoskeleton and Intercellular Spread
of Listeria monocytogenes

The ability to spread from cell to cell plays a critical role in infection by
many intracellular pathogens. L. monocytogenes has evolved the ability to move
directly from cell to cell without passing through the intercellular space, enabling
it to evade the host immune response. The process of L. monocytogenes’ spread
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was first observed by imaging infections in guinea pig corneal and intestinal
epithelia using electron microscopy (Racz et al. 1970, 1972). These early studies
documented that, after internalization into a vacuole and then escape into the
cytoplasm, bacteria move into membrane protrusions that extend into invagi-
nations of the membrane of a neighboring cell. Protrusions from an infected
cell are then internalized by neighboring cells, completing the process of cell-
to-cell transfer. Although these observations were remarkable, the process of
L. monocytogenes cell-to-cell spread received little attention for many years.

The mechanism of spread was examined in greater detail nearly two decades
later by Tilney and Portnoy (1989), who carefully imaged the process of infection
in a macrophage-like cell line using electron microscopy. Their observations
revealed the same basic phenomenon involving movement of Listeria into protru-
sions containing bacteria at their tips, protrusion internalization by neighboring
cells to form a double membrane vacuole, and eventual escape from this vacuole
(Figure 10.1.). Tilney and Portnoy also made the seminal observation that
bacterial movement and protrusion formation involves an ability to associate
with the host cell actin cytoskeleton (Figure 10.2.). This observation was also
confirmed by other contemporary studies (Mounier et al. 1990). Interestingly,
bacteria induce the formation of progressively more elaborate actin-containing
structures as infection progresses. At short times (2 h) after infection, the majority
of cytoplasmic bacteria are surrounded by an electron dense cloud of host actin
filaments. At later times (4 h) postinfection, many bacteria in the cytoplasm are
associated with long comet tails of actin filaments, with the bacterium at the

Figure 10.1. Cartoon diagram of the process of L. monocytogenes actin-based motility
and cell-to-cell spread. Internalization of bacteria into a vacuole is followed by escape
into the cytoplasm. At short times after escape, bacteria are surrounded by clouds of actin
filaments. At later times, bacteria initiate movement, and clouds are converted into comet
tails that trail the moving bacteria. Movement propels bacteria into the plasma membrane,
causing the formation of a protrusion that can be engulfed by a neighboring cell, where
the cycle repeats itself.
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Figure 10.2. Image of actin comet tails formed by moving L. monocytogenes in infected
tissue culture cells. Bacteria (green) were visualized by immunofluorescence using an
anti-L. monocytogenes primary antibody and a FITC conjugated secondary antibody. Actin
(red) was visualized using rhodamine-phalloidin. Image courtesy of Justin Skoble, Daniel
Portnoy, and Matthew D. Welch. Scale bar 10 �m. (A color version of this figure appears
between pages 196 and 197.)

apex of the tail. Bacteria located in membrane protrusions are also associated
with actin comet tails that extend inward toward the cell body (Figure 10.1.). The
ability to associate with actin is essential for spread as treatment of infected cells
with cytochalasin D, an inhibitor of actin function, prevents bacterial movement
to the plasma membrane and protrusion formation. Together these observations
suggested a model for cell-to-cell spread in which the bacterium uses the host
cell actin cytoskeleton to move through the cytoplasm of an infected cell and
penetrate neighboring cells.

This basic model has been corroborated by more recent observations. Actin-
based bacterial movement has been directly observed using video microscopy
(Dabiri et al. 1990), and bacterial motility has been clocked at average speeds
ranging from 1 to 36 �m/ min, with the precise velocity differing between
individual bacteria in a single cell and populations of bacteria in different cell
types (Dabiri et al. 1990, Sanger et al. 1992, Theriot et al. 1992). Moreover,
the coupling of actin-based movement and cell-to-cell spread has been
directly observed in epithelial monolayers by time-lapse microscopy (Robbins
et al. 1999). These live observations of spread show that moving bacteria
often collide with the plasma membrane of the host cell, but collisions do
not always result in the formation of protrusions that extend into neighboring
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cells. In many instances, bacteria ricochet off the membrane without forming
a protrusion. Surprisingly, there is little correlation between the formation
of productive protrusions and bacterial speed or angle of incidence. Instead,
protrusion formation is correlated with the state of the host cell monolayer,
suggesting that the nature or strength of cell–cell adhesions or the organization of
the cortical cytoskeleton play critical roles. Nevertheless, if bacteria succeed in
forming protrusions that extend into neighboring cells, the process of cell-to-cell
transfer can occur.

It is now clear that this mechanism of cell-to-cell spread is not unique to
L. monocytogenes. Numerous bacterial pathogens have been shown to use the
host actin cytoskeleton to promote intracellular movement, including Shigella
flexneri (Bernardini et al. 1989), L. ivanovii (Karunasagar et al. 1993), spotted
fever group Rickettsia species (Heinzen et al. 1993), Burkholderia pseudomallei
(Kespichayawattana et al. 2000), and Mycobacterium marinum (Stamm et al.
2003). Based on differences in the molecular mechanism by which they interact
with actin (Gouin et al. 2005), it is likely that different pathogens have indepen-
dently evolved the ability to manipulate the actin cytoskeleton of the host.

10.1.2. Properties of the Actin Cytoskeleton Relevant
to L. monocytogenes Motility

Although it was initially surprising that L. monocytogenes and other pathogens
use host actin for movement and spread, in hindsight, it makes perfect sense that
pathogens evolved the ability to exploit actin for this purpose, given the key role
that actin plays in eukaryotic cell motility. To appreciate how actin participates
in bacterial movement, one needs to be familiar with the basic properties of actin,
which have been reviewed elsewhere (Pollard et al. 2000) and are summarized
briefly here.

Actin is an ATP-binding protein that exists in two forms in the cell: monomers
(also called globular-actin or G-actin) and filaments (also called filamentous-
actin or F-actin). Actin filament assembly results from the reversible polymer-
ization of monomers onto the ends of filaments and is accompanied by ATP
hydrolysis and release of inorganic phosphate �Pi�. Actin filaments are polar
and have two distinct ends: the fast-growing end (also called the barbed or plus
(+) end) and the slow-growing end (also called the pointed or minus (−) end).
Polymerization occurs primarily at barbed ends in cells and can be initiated
by uncapping of existing filaments, severing of filaments, or nucleation of new
filaments. Each of these processes is tightly controlled in the cell by many
different actin-binding proteins.

In nonmuscle cells, actin filaments are primarily located at the cell cortex,
where they are generally oriented with their fast-growing barbed ends facing the
plasma membrane. Polymerization at barbed ends can generate the force that
drives membrane protrusion at the leading edge during cell migration (Pollard and
Borisy 2003). Moreover, polymerization can drive the intracellular movements
of internal membrane-bound organelles such as endosomes (Taunton 2001). The
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ability of actin polymerization to be harnessed for force generation is exploited
by L. monocytogenes to promote spread during infection.

10.2. Intracellular Bacterial Movement

10.2.1. Actin Polymerization Provides the Driving Force
for Propulsion

Intracellular movement of L. monocytogenes is always accompanied by the
formation of actin comet tails (Dabiri et al. 1990), suggesting that the assembly
of actin into the tail is coupled to motility. The direct coupling of actin polymer-
ization and movement was first demonstrated by marking segments of the actin
network in comet tails using fluorescent actin derivatives and observing the
behavior of the fluorescent marks over time (Sanger et al. 1992, Theriot et al.
1992). If newly polymerizing filaments are selectively marked, they are seen
to assemble at the bacterial surface at the same rate as bacterial movement
(Sanger et al. 1992). If older filaments away from the bacterium are marked, they
remain stationary with respect to the cell as the bacterium moves forward (Theriot
et al. 1992). The fact that actin polymerization occurs at the bacterial surface
is also demonstrated by the observation that exogenously added actin assembles
onto the surface of bacteria in permeabilized infected cells (Tilney et al. 1990).
Together these experiments suggest that polymerization is directly linked to and
may provide the driving force for motility.

Following polymerization at the bacterial surface, actin filaments in comet
tails are depolymerized with a half-life of 30–60 s (Theriot et al. 1992,
Nanavati et al. 1994), similar to actin in cortical regions of migrating cells
(Theriot and Mitchison 1991, 1992). Depolymerization occurs stochastically and
at a uniform rate throughout the bulk of the comet tail. The compartmental-
ization of polymerization at the bacterial surface, together with uniform depoly-
merization of filaments throughout the tail, leads to the characteristic comet
shape where filament density decreases exponentially with distance away from
the bacterium (Theriot et al. 1992). Depolymerization is critical for continued
bacterial movement (Cramer 1999) as it regenerates a pool of actin monomer that
is used to fuel new polymerization at the bacterial surface (Sanger et al. 1995).

In addition to filament dynamics, filament organization in L. monocyto-
genes tails plays a critical role in coupling polymerization to movement. Actin
filaments within the tail are oriented with their barbed ends facing the bacterial
surface (Tilney et al. 1992a,b), similar to actin orientation relative to the plasma
membrane. This is consistent with the model that rapid barbed-end polymer-
ization generates the force that drives motility. Filaments in comet tails are also
linked together in stereotypical geometrical arrangements. In the outer shell of
the tail, filaments are longer and are organized into parallel bundles that run
along the axis of the tail (Zhukarev et al. 1995, Sechi et al. 1997). In the core
of the tail and near the bacterial surface, filaments are shorter and are organized
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into a y-branched dendritic network (Tilney and Portnoy 1989, Zhukarev
et al. 1995, Cameron et al. 2001). The highly cross-linked organization of
filaments within the comet is thought to be critical for coupling polymerization
to bacterial movement (Mogilner and Oster 2003b, Plastino and Sykes 2005), as
is discussed in later sections.

10.2.2. Bacterial and Host Contributions to Actin
Dynamics

Because actin dynamics plays a critical role in bacterial movement and
spread, considerable attention has been devoted to understanding how actin is
polymerized, depolymerized, and organized in L. monocytogenes’ comet tails.
We now have a relatively complete understanding of the molecular players
involved in these processes and their mechanisms of action. However, before
these players were identified, a simple question had to be answered: what contri-
butions do the bacterium and the host each make to motility? Evidence that
secreted bacterial proteins are required for actin polymerization initially came
from the observation that inhibition of bacterial protein synthesis prevents actin
assembly in infected host cells (Tilney et al. 1990). Complementary evidence
that host proteins are also required came from the observation that purified actin
cannot assemble on the surface of bacteria grown outside of host cells, but
can assemble on the surface intracellular bacteria in permeabilized cells (Tilney
et al. 1990, Tilney et al. 1992b). These observations provided a framework
for the identification of the bacterial and host molecules and mechanisms that
modulate actin dynamics, both in infected and uninfected host cells.

10.3. The ActA Surface Protein

10.3.1. ActA Mediates Actin Polymerization

A bacterial gene that is required for actin polymerization, called actA, was
identified in a screen for transposon mutants that failed to spread between
cells in a plaque assay (Kocks et al. 1992) and also by directed insertional
mutagenesis (Domann et al. 1992). Mutations in actA cause a complete failure
to assemble actin at the bacterial surface and to undergo intracellular motility.
Entry and intracellular growth are not affected, but the motility defect results
in the failure to spread from cell to cell. In frame deletion mutants in actA
have also been generated and cause similar phenotypes (Brundage et al. 1993).
Importantly, these actA deletion mutants have an LD50 (lethal dose, 50%) in
mice of ∼107, compared to ∼104 for the wild-type strain, suggesting that the
ability to polymerize actin is critical for virulence.

As expected for a protein that is required to manipulate the host actin
cytoskeleton, ActA is present on the bacterial surface (Kocks et al.1992)
(Figure 10.3.). ActA has a canonical signal sequence that mediates secretion and
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Figure 10.3. Cartoon diagram depicting ActA localization at the bacterial surface, ActA
domain organization, and the sequences of different regions within ActA aligned with the
sequences of homologous host proteins. ActA domains are indicated as follows: SS signal
sequence, A acidic, AB actin-binding, C connector, P proline rich, TM transmembrane.
Sequence alignments are for the listed proteins from the following species: Lm, Listeria
monocytogenes; Hs, Homo sapiens.

a transmembrane domain that anchors it to the bacterial cytoplasmic membrane
(Vazquez-Boland et al. 1992). It is observed only on the bacterial surface and
is not found within actin comet tails (Kocks et al. 1993, Niebuhr et al. 1993),
suggesting that surface-bound protein is the functional form. Interestingly, ActA
exhibits a polarized distribution, with the highest concentration at the older pole
and the lowest concentration at the newer pole or the septum (Kocks et al. 1993).
The pole with the highest concentration corresponds to the location from which
actin polymerizes and the comet tail emanates. Polarization of ActA is correlated
with efficient comet tail formation and rapid motility (Rafelski and Theriot 2005),
and therefore may play a key role in spread. How the polarized distribution of
ActA is generated is not well understood, although polarization is known to
occur after initial surface targeting (Rafelski and Theriot 2006).

In addition to being necessary for actin polymerization, ActA is also sufficient
to promote actin polymerization in the absence of other bacterial proteins. This
was first demonstrated by expressing ActA in uninfected eukaryotic cells (Pistor
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et al. 1994), where it targets to mitochondria and induces actin to polymerize
around these organelles. However, mitochondria decorated with ActA do not
undergo actin-based motility, perhaps because the surface distribution of ActA
is not polarized. ActA can also be targeted to the plasma membrane rather
than mitochondria by replacing its transmembrane domain with a CAAX box,
which causes actin polymerization at the membrane and changes in cell shape
(Friederich et al. 1995).

A direct demonstration of the sufficiency of ActA in actin-based motility was
achieved by expressing or tethering ActA on the surface of bacteria that are
not normally able to polymerize actin, such as L. innocua (Kocks et al. 1995)
or Streptococcus pneumoniae (Smith et al. 1995), or by coating ActA on the
surface of inert plastic beads (Cameron et al. 1999). The direct demonstration
of sufficiency also relied on the ability to reconstitute L. monocytogenes actin-
based motility in cell-free cytoplasmic extracts made from Xenopus laevis eggs
(Theriot et al. 1994), which enables addition of ActA-coated bacteria or beads
to cytoplasm without the complications of the infection process. When ActA-
expressing L. innocua (Kocks et al. 1995), ActA-coated S. pneumoniae (Smith
et al. 1995), or ActA-coated plastic beads (Cameron et al. 1999) are added to
Xenopus egg extracts in place of L. monocytogenes, they undergo actin-based
motility. Moreover, killed L. monocytogenes also undergo motility in cell extracts
(Theriot et al. 1994). Thus, ActA is the only bacterial protein that is required for
actin-based motility, and once ActA is displayed on their surface, bacteria can
be passive participants while the host cell expends energy to move them within
and between cells.

10.3.2. ActA Expression is Regulated During Infection

The expression of ActA is dramatically upregulated during infection (Bohne
et al. 1994, Freitag and Jacobs 1999) to greater than 200 times the levels
expressed during growth in broth (Moors et al. 1999b). Enhanced ActA
expression requires that bacteria escape from the vacuole and enter the cytoplasm,
suggesting that cytoplasmic conditions serve as a critical regulatory cue. Precise
control over the levels of ActA expression is important, as reduced expression
results in defects in actin polymerization and cell-to-cell spread in a plaque assay
(Wong et al. 2004). As with many other L. monocytogenes virulence genes, actA
expression is regulated by the transcription factor PrfA (Kreft and Vazquez-
Boland 2001), a topic that is covered in more detail in other chapters within
this book. The levels of surface-bound ActA may also be regulated at the level
of protein stability (Moors et al. 1999a). ActA is a substrate for degradation
in the host cell, and this is mediated in part by the N-end rule, as mutation
of the N-terminal amino acid of ActA can result in decreased protein stability.
Mutations that decrease ActA stability also decrease the efficiency of cell-to-
cell spread in a plaque assay, suggesting that there is selective pressure for the
presence of certain N-terminal residues to limit ActA degradation.
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10.3.3. Modular Structure and Function of ActA

ActA is a modular scaffolding protein that contains multiple functional elements
(Figure 10.3.). The sequences that control ActA secretion and surface localization
are located at its termini. An N-terminal 29-amino acid signal sequence targets
the protein for secretion and is then cleaved, and a C-terminal 22-amino acid
transmembrane domain (with a 4-amino acid cytoplasmic tail) anchors the protein
to the bacterial surface. A truncated protein that is missing the transmembrane
domain is secreted from bacteria (Smith et al. 1995), a property that has been
exploited to purify ActA from culture supernatants.

Apart from the extreme N- and C-termini, the remainder of ActA can be
divided into three key functional modules. The bulk of the N- terminus consists
of sequences that exhibit some similarity with iActA from Listeria ivanovii
(Gouin et al. 1995, Kreft et al. 1995, Gerstel et al. 1996) and with host
proteins in the Wiskott–Aldrich Syndrome protein (WASP) family (Bi and
Zigmond 1999, Skoble et al. 2000, Boujemaa-Paterski et al. 2001, Zalevsky
et al. 2001), which are key regulators of actin polymerization in cells (Welch
and Mullins 2002). This region contains several key sequence elements
(Figure 10.3.), including acidic (A) and connector (C) sequences that together
mediate interaction with the host actin-nucleating Arp2/3 complex (Welch et al.
1998, Pistor et al. 2000, Skoble et al. 2000, Boujemaa-Paterski et al. 2001,
Zalevsky et al. 2001), and actin-binding sequences (AB) that bind actin monomer
(Lasa et al. 1997, Cicchetti et al. 1999, Skoble et al. 2001, Zalevsky et al.
2001). More detail about the interactions between ActA and these host
factors is described in later sections. The N-terminal region of ActA also
mediates dimerization (Mourrain et al. 1997) and phosphoinositide binding
(Cicchetti et al. 1999, Steffen et al. 2000), although the importance of these
interactions remains unclear.

The function of the N-terminal region of ActA in actin polymerization,
motility, and spread has been addressed genetically. Deletion of this region
causes a complete failure to polymerize actin when mutant ActA is targeted
to mitochondria in uninfected cells (Pistor et al. 1995). More importantly,
L. monocytogenes expressing N-terminal deletion mutants behave like actA
null mutants—they fail to polymerize actin and undergo actin-based motility in
Xenopus egg extracts (Lasa et al. 1995) and in infected cells (Skoble et al. 2000).
Not surprisingly, these mutants also fail to spread in plaque assays (Skoble
et al. 2000). Thus, the N-terminal region is absolutely essential for actin-based
motility. It is also the only region that, when expressed along with the signal
sequence and transmembrane domain, is sufficient to promote motility (Lasa
et al. 1995, 1997).

The central module of ActA also contributes to actin-based motility. This
region contains three or four proline-rich repeats (the number differs in natural
isolates; Wiedmann et al. 1997), interspersed with longer repeat sequences
(Smith et al. 1996). Each proline-rich repeat contains the core consensus motif
(D/E)FPPPP(P/T)(D/E) (Niebuhr et al. 1997, Prehoda et al. 1999), which is also
found in L. ivanovii iActA (Gerstel et al. 1996) as well as in host proteins involved
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in transmitting signals to the actin cytoskeleton, including the focal adhesion
components zyxin and vinculin (Niebuhr et al. 1997), and the axon-guidance
receptors Robo/SAX-3 (Kidd et al. 1998, Zallen et al. 1998). These core proline-
rich sequences bind directly to host proteins in the enabled and vasodilator-
stimulated phosphoprotein (Ena/VASP) family (Chakraborty et al. 1995, Pistor
et al. 1995, Niebuhr et al. 1997, Prehoda et al. 1999). The role of Ena/VASP
proteins in bacterial actin-based motility is described in greater detail in later
sections.

Unlike the essential N-terminus, the central proline-rich repeat module is
dispensable for actin-based motility. Deletion of this region reduces but does
not abolish actin polymerization when a mutant variant of ActA is targeted
to mitochondria (Pistor et al. 1995). More importantly, L. monocytogenes that
express mutant ActA carrying deletions or point mutations of the proline-rich
sequences move at one half to one third the rate of wild-type cells (Lasa
et al. 1995, Smith et al. 1996, Niebuhr et al. 1997, Auerbuch et al. 2003),
exhibit a reduction in the percentage of bacteria that initiate movement (Smith
et al. 1996, Auerbuch et al. 2003), and display a change in the directional
persistence of movement (Auerbuch et al. 2003). These mutants are also
reduced in their ability to spread from cell to cell in a plaque assay (Smith
et al. 1996, Niebuhr et al. 1997, Auerbuch et al. 2003) and are reduced
in virulence in a mouse model of infection (Niebuhr et al. 1997, Auerbuch
et al. 2001). Thus, the central region of ActA plays an important but nonessential
role in pathogenesis.

Finally, the region of ActA between the central region and the C-terminal
transmembrane domain appears to make no discernable contribution to actin-
based motility (Lasa et al. 1995). Nevertheless, this region is thought to act as
a spacer that spans the cell wall. If both the central and C-terminal modules
are deleted, bacteria expressing the N-terminal module alone do not polymerize
actin, suggesting that spacer sequences are required for the N terminus to span
beyond the cell wall and interact with host proteins.

10.4. Host Contributions to Actin-Based Motility

10.4.1. Reconstitution of Actin-Based Motility in Cell
Extracts

Although the ActA protein was identified rather rapidly following the initial
discovery of L. monocytogenes actin-based motility, it took longer to identify
the essential host factors that participate in actin polymerization. The delay was
due to a lack of genetic tools in host organisms and a lack of biochemical
tools for dissecting motility in vitro. A breakthrough that set the stage for the
identification of host factors was the reconstitution of L. monocytogenes motility
in vitro in concentrated cytoplasmic extracts made from X. laevis eggs (Theriot
et al. 1994). Reconstitution was later achieved in human platelet cytoplasmic and
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Figure 10.4. Cartoon diagram depicting the location and function of proteins known to
participate in actin nucleation (Arp2/3 complex, yellow), elongation (VASP, dark blue;
profilin, light blue), organization (Arp2/3 complex; capping protein, green), and depoly-
merization (ADF/cofilin, orange) during L. monocytogenes motility. (A color version of
this figure appears between pages 196 and 197.)

cytoskeletal extracts, which are highly enriched in cytoskeletal proteins (Welch
et al. 1997b). Actin-based motility in vitro requires the use of a bacterial strain
(Leimeister-Wachter and Chakraborty 1989) that overexpresses ActA and other
virulence factors, indicating that optimal levels of expression differ for motility in
different environments. Nevertheless, the motility parameters in Xenopus egg and
human platelet cytoplasmic extracts are remarkably similar to those in infected
cells—bacteria move at an average speed of ∼6 �m/ min (slightly slower than
in infected cells) and assemble characteristic actin comet tails. The experimental
advantage of these reconstitution systems is that the function of known host
proteins can be assessed by addition or depletion, and the identification of
unknown proteins can proceed by biochemical fractionation. Using this and other
systems, a core set of host proteins that are involved in actin polymerization
and motility has been identified (Figure 10.4.), as is described in the following
sections.

10.4.2. The Arp2/3 Complex

The host factor that nucleates actin assembly with ActA was purified from
human platelet extracts by fractionating and assaying for factors that could
promote actin assembly at the L. monocytogenes surface (Welch et al. 1997b).
This factor was identified as the Arp2/3 complex (Welch et al. 1997b),
an evolutionarily conserved protein complex consisting of the actin-related
proteins Arp2 and Arp3 and five additional subunits that was originally isolated
from Acanthamoeba castellanii (Machesky et al. 1994). The Arp2/3 complex
normally functions in host cells to nucleate actin assembly at the cortex during
processes such as membrane protrusion, phagocytosis, and endocytosis (Welch
and Mullins 2002). Additionally, Arp2/3 complex is necessary for bacterial actin-
based motility as depletion of or interference with its activity in cell extracts (May
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et al. 1999, Yarar et al. 2002) and in infected cells (May et al. 1999) prevents
actin polymerization and movement. In its purified form, Arp2/3 complex is
sufficient to promote the formation of actin clouds surrounding L. monocyto-
genes, but it is not sufficient to promote actin-based motility, indicating that
other factors are involved in this process (Welch et al. 1997b). Actin polymer-
ization by purified Arp2/3 complex at the bacterial surface requires the presence
of ActA (Welch et al. 1997b), consistent with the essential role of ActA in actin
polymerization in cells.

The requirement for both ActA and Arp2/3 complex to assemble actin at
the bacterial surface suggested that they function together in this process. This
was confirmed by biochemical experiments, which indicate that ActA acts as
a nucleation-promoting factor that stimulates two tightly coupled activities of
the Arp2/3 complex: its capacity to nucleate actin assembly (Welch et al. 1998)
and to cross-link actin filaments into y-branched structures, where the complex
resides at the branch point (Skoble et al. 2001). Although the precise mechanism
of Arp2/3 activation is not known, the prevailing model is that Arp2/3 binds
to both ActA and to the side of an existing actin filament, and templates the
formation of a new filament, which emanates from the side of the existing
filament in a y-branched arrangement (Welch and Mullins 2002). The affinity
of Arp2/3 for ActA is relatively low (Kd ∼0�6 �M; Zalevsky et al. 2001), and
hence the interaction is likely to be transient. Thus, ActA is thought to bind
to and activate Arp2/3 complex and then release Arp2/3 complex at y-branches
from the bacterial surface. This is consistent with the observed distribution of
Arp2/3 complex throughout L. monocytogenes comet tails (Welch et al. 1997a,b)
and the branched organization of filaments in the tails observed by electron
microscopy (Cameron et al. 2001) (Figure 10.4.).

It is now clear that ActA evolved the capacity to mimic the activity of
host nucleation-promoting factors (Welch and Mullins 2002). The N-terminal
module of ActA, which is the minimal region that stimulates actin nucle-
ation and y-branching with Arp2/3 complex (Welch et al. 1998, Skoble
et al. 2000, Boujemaa-Paterski et al. 2001, Zalevsky et al. 2001), has
sequences in common with the host WASP, N-WASP, and WAVE/Scar proteins
(Figure 10.3.). The similarities are confined to the C and A regions that bind
the Arp2/3 complex, and the AB region that binds actin monomers. Each of
these sequences in ActA plays a role in promoting nucleation. In particular,
the C region is essential for nucleation, as deletions or point mutations in
this sequence cause a failure to promote actin assembly with Arp2/3 complex
in vitro, undergo actin-based motility in cells, or spread from cell to cell (Pistor
et al. 2000, Skoble et al. 2000, Boujemaa-Paterski et al. 2001, Lauer et al. 2001).
Mutations in the A and AB regions only reduce the efficiency of actin nucle-
ation, the rate of motility, and the efficiency of spread, indicating these regions
are important but nonessential. Interestingly, mutations outside of the A, C,
and AB regions, which do not directly affect actin nucleation with Arp2/3
complex in the context of purified proteins, do affect parameters of actin-based
motility such as motility initiation, path curvature, and persistence of movement
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(Lauer et al. 2001). Thus, the relationship between the biochemical activity of
purified components in vitro and actin-based motility in cells is complex and is
not yet fully understood.

10.4.3. Ena/VASP and Profilin

Efficient L. monocytogenes actin polymerization and motility also require host
proteins other than the Arp2/3 complex. These include the Ena/VASP proteins,
which operate in conjunction with the actin monomer-binding protein profilin. In
mammalian cells the Ena/VASP family is comprised of three members: VASP,
Mena (mouse Ena), and EVL (Ena VASP like) (Krause et al. 2003). Each has
a similar modular structure (Haffner et al. 1995) that includes an N-terminal
Ena/VASP homology 1 (EVH1) domain that binds directly to the proline-rich
motifs in ActA (Niebuhr et al. 1997), a central proline-rich region that binds to
profilin (Reinhard et al. 1995, Kang et al. 1997), and a C-terminal Ena/VASP
homology 2 region (EVH2) that binds to filamentous actin and also mediates
multimerization (Bachmann et al. 1999). In uninfected host cells, Ena/VASP
proteins and profilin are concentrated at the cortex and in cell–matrix adhesion
complexes (Krause et al. 2003). During infection by L. monocytogenes, both are
specifically recruited to and concentrated at the surface of intracellular bacteria
(Theriot et al. 1994, Chakraborty et al. 1995) (Figure 10.4.), unlike the Arp2/3
complex, which is distributed throughout comet tails.

Several lines of evidence indicate that Ena/VASP proteins are functionally
important, but not essential, for actin-based motility. Deletion or mutation of
the proline-rich Ena/VASP binding sites in ActA prevents Ena/VASP surface
recruitment (Smith et al. 1996, Niebuhr et al. 1997) and causes a reduction in
the rate of movement (Auerbuch et al. 2003), the percentage of bacteria that
initiate movement (Smith et al. 1996, Auerbuch et al. 2003), and the directional
persistence of movement (Auerbuch et al. 2003). Moreover, bacteria exhibit
reduced motility rates in MVD7 cells (Bear et al. 2000), which are deficient in
the expression of all three Ena/VASP proteins (Geese et al. 2002). The similarity
between the phenotypes caused by mutation of Ena/VASP binding sites in ActA
and global depletion of these proteins from host cells suggests that Ena/VASP
proteins function primarily via recruitment to the bacterial surface, and that
the general cytoplasmic pool makes only a residual contribution to actin-based
bacterial movement.

One key function of Ena/VASP proteins is to modulate the organization of
actin filaments within comet tails. Ena/VASP proteins decrease the frequency
of actin y-branching by the Arp2/3 complex in the context of purified proteins
(Skoble et al. 2001), as well as in the comet tails formed by beads coated
with ActA (Samarin et al. 2003) or host nucleation-promoting factors (Plastino
et al. 2004). This is similar to the effect of Ena/VASP proteins on actin archi-
tecture at the cortex of host cells (Bear et al. 2002). The ability to inhibit
y-branching is correlated with an increase in the rates of actin-based motility
(Samarin et al. 2003, Plastino et al. 2004). It has been proposed that this increased
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bacterial speed is caused by an ability of Ena/VASP proteins to promote the disso-
ciation of y-branched filaments from the bacterial surface, which would stimulate
the rate of polymerization and retard the drag force associated with filament–
surface attachments (Samarin et al. 2003). It is still unclear how Ena/VASP
exerts these activities. One hypothesis is that the effects on actin organization
and motility may be mediated by F-actin-binding activity. However, deletion of
the F-actin-binding region does not affect the rates of bacterial movement (Geese
et al. 2002, Auerbuch et al. 2003), suggesting that other activities must be more
relevant. The ability to bind F-actin does play a role in promoting straighter
movement trajectories, however, which contributes to the ability of the bacteria
to spread from cell to cell in a plaque assay (Auerbuch et al. 2003).

A second key activity of Ena/VASP proteins is their ability to recruit
profilin to the bacterial surface. Mutations in ActA that prevent Ena/VASP
binding also prevent profilin accumulation (Smith et al. 1996), highlighting the
functional connection between these molecules. The ability to recruit profilin
is critical for bacterial motility, as mutant Ena/VASP proteins lacking the
proline-rich profilin binding site are unable to promote rapid motility (Geese
et al. 2002, Auerbuch et al. 2003). The importance of profilin is also highlighted
by the observation that depletion of the protein from cell extracts (Theriot
et al. 1994, Marchand et al. 1995) and interference with its function in cells
(Southwick and Purich 1995, Grenklo et al. 2003) either halts motility or reduces
motility rates. Moreover, there is a correlation between the presence of profilin
at the bacterial surface and rapid bacterial movement—profilin is not recruited
to the surface of stationary bacteria, accumulates at the bacterial surface as
motility initiates, and disappears as motility slows (Geese et al. 2000). At
the biochemical level, profilin is thought to promote actin polymerization by
binding actin monomers, displacing them from the sequestering protein thymosin
�4, and ushering them onto the barbed ends of actin filaments (Pantaloni and
Carlier 1993, Kang et al. 1999). Concentrating profilin at the bacterial surface
may in turn concentrate polymerization competent actin, enabling rapid actin
polymerization and bacterial movement.

10.4.4. Capping Protein and ADF/Cofilin

The initiation of new actin polymerization must be spatially restricted to the
bacterial surface to ensure efficient coupling of polymerization to motility. This
function is fulfilled by capping protein (CapZ), a heterodimeric protein that
binds with high affinity to the barbed ends of actin filaments and prevents both
polymerization and depolymerization (Wear and Cooper 2004). Capping protein
is localized throughout actin comet tails (David et al. 1998) (Figure 10.4.).
However, its activity must be modulated such that new filaments remain
uncapped at the bacterial surface to enable force generation, but old filaments
become capped to prevent rampant polymerization and depletion of the monomer
pool. It is still not clear how this selectivity is achieved. One simple possibility
is that CapZ binds stochastically to barbed ends and dissociates slowly, so that
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newly formed ends would tend to be uncapped, and older ends would tend to be
capped. A second possibility is that L. monocytogenes actively inhibits capping
by recruiting factors to the bacterial surface which antagonize the activity of
capping protein (Marchand et al. 1995). It has been proposed that VASP may
perform this function (Bear et al. 2002, Barzik et al. 2005), although this idea
remains controversial (Boujemaa-Paterski et al. 2001, Samarin et al. 2003).

Continuous movement of L. monocytogenes in infected cells also requires
disassembly of actin filaments and recycling of actin monomers, as treatment
of cells with drugs that block actin depolymerization inhibits movement
(Cramer 1999). Two proteins that sever actin filaments, ADF/cofilin and gelsolin,
are localized to comet tails and have been implicated in actin disassembly (Rosen-
blatt et al. 1997, David et al. 1998, Laine et al. 1998). Depletion of ADF/cofilin
from cell extracts does not alter the rate of actin polymerization or the speed of
bacterial motility, but does dramatically reduce actin disassembly, which causes
comet tails to become extremely long (Rosenblatt et al. 1997). Addition of excess
ADF/cofilin has the opposite effect—it causes tail length to decrease (Carlier
et al. 1997, Rosenblatt et al. 1997). Thus, ADF/cofilin clearly plays a major
role in promoting actin disassembly during bacterial motility. Gelsolin may also
play a role in actin disassembly in cells and in cell extracts, but its activity is
dependent on Ca2+. At physiological Ca2+ concentrations, gelsolin may augment
the functions of ADF/cofilin, but does not appear to play a primary role in actin
filament turnover (Larson et al. 2005).

10.4.5. Actin Bundling and Membrane-Binding Proteins
Tight cross-linking of actin filaments into a network in the comet tail is
mechanically essential for enabling polymerization to generate the force that
drives bacterial movement. As is discussed above, the organization of actin
into y-branches by the Arp2/3 complex makes an important contribution to the
architecture of the actin network in the comet tail. In addition, a long list of
actin cross-linking and bundling proteins are present in L. monocytogenes comet
tails, including �-actinin (Dabiri et al. 1990), fimbrin (Kocks and Cossart 1993),
filamin (Van Kirk et al. 2000), and fascin (Brieher et al. 2004). Of these,
only �-actinin has been shown to be essential for comet tail formation (Dold
et al. 1994), and the function of the others remains to be evaluated. Bundling
proteins may be of general importance, particularly in organizing actin into the
parallel arrays that are observed in the outer sheath of the comet tail surrounding
the y-branched core (Zhukarev et al. 1995, Sechi et al. 1997, Brieher et al. 2004).
Interestingly, it was recently shown that L. monocytogenes motility initiated by
Arp2/3 complex in vitro can continue in the absence of new nucleation by Arp2/3
complex if actin elongation persists and filaments are bundled by fascin (Brieher
et al. 2004). Under these conditions, the actin comet tails lack the y-branched
core and consist only of long parallel bundles resembling the outer sheath. Thus,
actin elongation and bundling are sufficient to drive motility in the absence of
nucleation, highlighting the functional importance of bundling to the mechanical
integrity of the comet tail.
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In addition to linkages between actin filaments, linkages of filaments and
membranes are critical for L. monocytogenes cell-to-cell spread. Membrane–
cytoskeletal linkages are mediated by the ezrin/radixin/moesin (ERM) family
of proteins. In keeping with this function, ERM proteins are localized to the
comet tails of bacteria in protrusions that are enveloped with membrane but
not to comet tails of bacteria that are free within the cytoplasm (Temm-Grove
et al. 1994, Sechi et al. 1997, Pust et al. 2005). Importantly, interference with
ERM protein function by RNAi or expression of dominant negative protein
fragments inhibits both protrusion formation and cell-to-cell spread, but does not
affect the rates of intracellular motility (Pust et al. 2005). Thus, the ability to
undergo actin-based motility may not in itself be sufficient to enable protrusion
formation, and connections of actin filaments with membranes may be critical
for maintaining the structure of the protrusion and for facilitating cell-to-cell
bacterial transfer.

10.4.6. Reconstitution of Motility with Purified Proteins
Ten years of research aimed at understanding the biochemical mechanism of
L. monocytogenes actin-based motility culminated in the reconstitution of this
process with a system consisting only of purified proteins (Loisel et al. 1999).
In a testament to the surprising biochemical simplicity of the system, the basic
reconstitution mix consisted of only four factors: actin, Arp2/3 complex, capping
protein, and ADF/cofilin. In the presence of these four core components, motility
proceeds slowly �0�5 �m/min�. Addition of Ena/VASP and profilin to the core
mix leads to an increase in the speed of movement (to ∼3 �m/min�, consistent
with the role of these factors in cells and cell extracts. In contrast to the apparently
critical role of �-actinin in cells, it is not essential in vitro and its addition has no
effect on movement velocity. Nevertheless, addition of �-actinin increases fila-
ment density in the comet tails and contributes to bacterium-filament attachments.

The ability to reconstitute actin-based bacterial motility unequivocally demon-
strates that the process is driven by a core set of proteins that regulate actin
assembly dynamics, and not by motor proteins. It also provides insights into
the basic biochemical mechanisms that underlie host processes like leading edge
protrusion during cell migration, which are also likely to be driven by the same
set of factors. Despite the underlying biochemical similarities, the reconstitution
approach highlights the fact that bacterial motility relies on a stripped-down set
of core components, whereas the corresponding processes in host cells are more
complex. For example, in host cells, the core actin assembly machinery is tightly
regulated by signal transduction proteins that include Rho family GTPases and
tyrosine kinases. By contrast, L. monocytogenes is remarkable in that its ActA
protein has evolved the ability to bypasses activation of these host signaling
pathways (Ebel et al. 1999, Frischknecht et al. 1999), allowing constitutive
stimulation of Arp2/3 complex to promote continuous actin-based motility and
cell-to-cell spread. Because it represents an efficient and stripped-down system,
L. monocytogenes has served as a very useful model for cell biologists and
biophysicists to study the basic mechanisms that control actin-based movement.



10. Motility and Cell-to-Cell Spread of L. monocytogenes 213

10.5. Biophysics of Actin-Based Movement

Because the process of L. monocytogenes actin-based motility is relatively well
understood at a biochemical level, it has captured the attention of biophysicists
who are interested in understanding how actin polymerization generates motile
force. One key question of interest centers on the magnitude of force generated
to power L. monocytogenes motility. Recent measurements suggest a stall force
ranging from 7 nN to upward of 150 nN, depending on the surface area over
which polymerization occurs (Marcy et al. 2004, Parekh et al., 2005). This
is considerably greater than the force required to deform the lipid bilayer of
synthetic vesicles to generate long membrane tubules, which is in the 10 pN
range (Hochmuth et al. 1996, Inaba et al. 2005). Thus, the force generated by
actin polymerization is more than sufficient to promote formation of a protrusion,
and the additional force may in fact be required to push the protrusion into the
adjacent cell.

A second key question relates to how actin polymerization generates motile
force. Several models have been proposed to explain this phenomenon
(Figure 10.5.) (Plastino and Sykes 2005, Mogilner 2006). One genre of models is
based on a classical “Brownian ratchet” type mechanism, where forward motion
of the bacterium is allowed, but backward motion is prevented by the actin
network in the comet tail. The most recent incarnation of these models is the
“tethered elastic Brownian ratchet” model (Mogilner and Oster 2003a). This
postulates the existence of two types of filaments at the bacterial surface: tethered
and working. The tethered filaments are attached to the bacterial surface and
hinder forward and backward motion. How filaments are attached is not under-
stood, but this may involve interactions between ActA, Arp2/3 complex, and
VASP. Attached filaments can detach over time to become working filaments,
which are free to bend by thermal motion. When they bend away from the
bacterial surface, a gap is created that allows polymerization and filament length-
ening (Mogilner and Oster 1996). The energy derived from polymerization and
the elastic energy stored in the bent filament are then converted into mechanical
force when the lengthened filament contacts and pushes on the bacterial surface,
which drives motility. In this model, the additional energy supplied from ATP
hydrolysis by actin is used to recycle actin for multiple rounds of polymerization.
The tethered elastic ratchet model has been tested in computer simulations that
incorporate known biochemical characteristics of the core protein components
needed to reconstitute motility, and it produces simulated bacterial motility that
resembles the natural process (Alberts and Odell 2004).

Another proposed model is the “filament end tracking motor model” (Dickinson
and Purich 2002, Dickinson et al. 2004), which postulates that individual
filaments in the comet tail can be both tethered and working. In this model,
an unknown end-tracking factor binds to ATP-containing subunits at the barbed
end. As polymerization proceeds and ATP is hydrolyzed, the end-tracking
protein dissociates, and then rebinds the terminal ATP-containing subunit, causing
forward propulsion. Thus, in this case, the force-generating machine is directly
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Figure 10.5. Cartoon diagram depicting three models for how actin polymerization
generates the force that drives bacterial propulsion. 1 The tethered elastic Brownian ratchet
model. 2 The filament end-tracking motor model. 3 The elastic network squeezing model.
In 1 and 2, the existing actin filament is represented by open circles, and the newly polymer-
izing monomers by shaded circles. The black circle represents the unknown filament tether.
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coupled to the energy derived from ATP hydrolysis in the filament. One
prediction derived from this model is that L. monocytogenes movement should
proceed in steps that are proportional to the size of actin monomers adding
on to the ends of helical filaments, a phenomenon that has been observed
in infected cells (Kuo and McGrath 2000) and cell extracts (McGrath et al. 2003).

The third model for force generation differs from the first two in that it does not
deal with molecular level phenomena, but instead addresses the elastic properties
of the actin network as a whole (Gerbal et al. 2000, Bernheim-Groswasser et al.
2005). In this model, the polymerization of new actin filaments at the bacterial
surface stores energy as elastic strain in the actin network of the comet tail.
The strain then produces a squeezing force on the bacterial surface that pushes
on the bacterium, generating propulsive force. In support of this model, it
has been observed that ActA-coated liposomes induce actin-based motility cell
extracts, and this is accompanied by squeezing of the liposome, which causes a
normally spherical vesicle to be deformed into a teardrop shape (Giardini et al.
2003, Upadhyaya et al. 2003).

None of the models mentioned above are mutually exclusive, and hybrid
mechanisms can be imagined. Other force-generating mechanisms may also
operate. Further understanding of the mechanism of force generation will require
a combination of biochemical, biophysical, and computational approaches.

10.6. Conclusions

Nearly two decades after the discovery that L. monocytogenes exploits the
host actin cytoskeleton to undergo intracellular movement, we have reached a
reasonable understanding of how this process works at the molecular level. The
key molecular components that are involved in motility have been identified,
and a core set of proteins has been demonstrated to be sufficient for the recon-
stitution of the process in vitro. Nevertheless, much remains to be discovered.
We do not yet know how actin polymerization is coupled to force generation
to drive motility. Moreover, we do not understand the mechanism of cell-to-cell
spread, or the cytoskeletal and membrane-associated factors which might be
uniquely important for this process. Finally, we do not know whether the ability
to associate with actin has yet undiscovered roles, for example in subverting the
immune response. Answering these questions will be critical for attaining a full
understanding of infection by L. monocytogenes and also by other pathogens
that have evolved a similar capacity to undergo actin-based propulsion. The
information gained from studying L. monocytogenes actin-based motility and
cell-to-cell spread will also be of major importance in uncovering basic cell
biological principles related to cytoskeletal function and regulation in the host.
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11.1. Murine Infection with Listeria monocytogenes
as a Model Intracellular Pathogen

Serious complications resulting from human infection with Listeria monocyto-
genes are usually limited to pregnant women, the very young or very old, or
otherwise immunocompromised individuals (Schlech 2000). However, infection
of experimental animals with L. monocytogenes serves as an extremely useful
immunological tool because the bacteria are well characterized, easily manip-
ulated, and infect virtually all mammals (Sixl et al. 1978). In particular,
murine listeriosis has been used for many decades to dissect the funda-
mental components of innate and adaptive immunity to intracellular pathogens
(Mackaness 1962; North et al. 1997; Unanue 1997a,b,c; Finelli et al. 1999; Harty
et al. 2000).

In a naturally occurring infection, L. monocytogenes is introduced into the
gastrointestinal tract after consumption of contaminated food products where it
binds to, and is taken up by, epithelial cells via interaction of bacterial inter-
nalin A and E-cadherin on the host cells (Gaillard et al. 1991). In comparison
to humans, mice exhibit markedly reduced susceptibility to intestinal infection
with L. monocytogenes due to a single amino-acid difference in mouse E-cadherin
(Lecuit et al. 2001); therefore, intravenous (i.v.) or intraperitoneal (i.p.) infection
of mice is used in most experimental systems. Regardless of the route of
infection (i.p or i.v.), administration of one of the many laboratory L. monocy-
togenes strains available results in a highly reproducible infection that can be
easily quantitated by assaying bacterial load (colony forming units; CFUs) in the
spleen and liver at various days postinfection (White et al. 1999; Messingham
et al. 2003). Mortality is dependent on the strain of bacteria used, with LD50

ranging from ∼1 × 104 virulent bacteria to 1 × 109 for some attenuated strains
(Bouwer et al. 1999; Messingham et al. 2003; Badovinac et al. 2005). Upon
infection, the bacteria are taken up by splenic and hepatic (primarily) phago-
cytes where the majority are killed within the phagosomes; however, a small
percentage of bacteria are able to escape destruction and invade the cytosol where
the race between bacterial replication and priming of the immune response begins.
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Early after infection (hours to days), a cascade of innate immune events
ensues that are critical for host survival; either the infection is limited or
death results from an inability to control bacterial spread. Early reduction of
bacterial numbers is mediated by a cytokine-dependent (primarily IFN-� and
TNF) inflammatory response that results in recruitment of additional activated
macrophages and neutrophils primed for bacterial destruction (Nickol and
Bonventre 1977; Bancroft et al. 1991). The presence of viable bacteria within a
cell results in release of bacterial products into surrounding tissues and production
of chemokines that facilitate recruitment of activated phagocytes and their subse-
quent release of bacteriocidal reactive oxygen species (North 1970; Rogers and
Unanue 1993; Conlan and North 1994; Shiloh et al. 1999; Serbina et al. 2003)
(see Chap. 12).

If innate immunity can adequately control the level of infection, the elabo-
ration of the slower adaptive immune response results in L. monocytogenes-
specific CD8+ T-cell-dependent clearance of remaining infected cells
(Mackaness 1962; McGregor et al. 1970; Kaufmann 1988; Kaufmann and
Ladel 1994a,b; Ladel et al. 1994). Although the adaptive response to L. monocy-
togenes is comprised of a several of cell types (MHC Class I and II restricted
CD8+ and CD4+ T cells, respectively), responding to a variety of bacterial
antigens, bacterial clearance in an infected mouse is dependent on MHC Class
Ia-restricted CD8+ T cells; capable of antigen (Ag)-specific recognition of
infected cells. It is the presence of these L. monocytogenes Ag-specific memory
CD8+ T cells that confer lifelong resistance to subsequent high dose rechallenge
(Kaufmann 1988).

11.2. Adaptive Immunity to L. monocytogenes

Innate immunity to L. monocytogenes serves an essential role in the early
control of bacterial numbers, thereby allowing time for the antigen (Ag)-specific
adaptive immune response to achieve sterilizing immunity. In the absence of
the adaptive response, innate immune mechanisms are unable to effect complete
bacterial clearance. This was most clearly demonstrated by the inability of
mouse strains that possess innate defenses but lack both T cell and humoral
immunity (severe combined immunodeficient (SCID) mice, nude mice) to clear
infection, which invariably results in death (Bancroft et al. 1991; Nickol and
Bonventre 1977). Additionally, humoral immunity does not appear to play a
significant role in the clearance of L. monocytogenes; antibody responses are
very weak and serum transfer from immune mice does not improve outcome
of infected naïve mice (Mackaness 1962; Miki and Mackaness 1964; Edelson
and Unanue 2000). Thus, primary sterilizing immunity and long-term protective
immunity to L. monocytogenes are entirely mediated by listerial-specific T cells.
In this chapter, we will discuss the major elements involved in the initiation,
execution, and regulation of the T-cell-mediated response to L. monocytogenes
in the laboratory mouse.
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11.3. Initiation of T-Cell-Mediated Immunity
to L. monocytogenes

The Ag-specific immune response to L. monocytogenes is comprised of distinct
populations of T cells responding to bacterial antigens presented in the context of
MHC Class Ia, MHC Class Ib, or MHC Class II molecules. Regardless of MHC
restriction, the Ag-specific response must be initiated through encounter of naïve
T-cell clones bearing a TCR specific for bacterial peptide/MHC complexes on
the surface of an antigen-presenting cell (APC). By virtue of their high level
of expression of a variety of co-stimulatory molecules, dendritic cells (DCs)
are the most potent activators of naïve CD4+ and CD8+ T cells (Heath and
Carbone 2001; Muraille et al. 2005). In elegant studies using transgenic mice
expressing the diphtheria toxin receptor (DTR) primarily on DCs, temporary
depletion at the time of infection demonstrated that the listeria-specific CD8+

T-cell response in vivo is dependent on antigen presentation by DCs (Jung
et al. 2002).

Dendritic cells (or other APCs) could acquire L. monocytogenes antigens by
being directly infected with the bacteria or by phagocytosing other infected
(live or dead) cells and presenting the processed antigen, a phenomenon termed
“cross presentation” or “cross priming” (Heath and Carbone 2001). The unique
ability of DCs to present exogenous antigens on either MHC Class I or Class II
molecules bypasses the requirement for the DCs themselves to be infected by
L. monocytogenes. It has not been established how frequently DCs are actually
infected by L. monocytogenes, although it is likely to occur in vivo. Thus, it is
probable that both cross presentation of exogenous listerial antigens and direct
presentation of intracellular bacterial antigens contribute to T-cell priming during
a primary response to L. monocytogenes.

11.3.1. Specificity of MHC Class Ia-Restricted Responses

Early after infection,L. monocytogenes is taken up by activated phagocytes
and is able to gain access to the cytoplasm through listeriolysin O (LLO)-
mediated escape from the phagosome. CD8+ T cells recognize listerial peptides,
of typically 8–10 amino acids in length, presented by MHC Class I molecules
on the surface of APCs or infected cells (Busch and Pamer 1998). Infection
with L. monocytogenes results in efficient priming of MHC Class I restricted
CD8+ T cells due to the presence of bacterial antigens within the cytosol of the
APC, where efficient processing by the endogenous MHC Class I presentation
pathway can produce antigen peptides from binding to MHC Class I (Pamer and
Cresswell 1998). Due to the intracytoplasmic location of this pathogen, it is not
surprising that MHC Class I restricted CD8+ T cells comprise the majority of T
cells responding to L. monocytogenes infection and, therefore, have been studied
extensively in this model.

To be accessible for MHC Class I presentation in an infected cell, a
bacterial protein must be secreted into the cytoplasm for degradation by
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the proteasome, and resultant peptides must be transported to the golgi via
the TAP transporter and loaded onto nascent MHC Class I molecules for
expression on the cell surface (Germain 1994; Rock et al. 1994; Pamer and
Cresswell 1998). In the case of L. monocytogenes, these proteins are virulence
factors associated with phagosomal escape (LLO) (Kathariou et al. 1987; Portnoy
et al. 1988; Pamer et al. 1991; Lety et al. 2001) or viability factors (p60)
(Bubert et al. 1992; Wuenscher et al. 1993; Pamer 1994) that are essential for
completion of the bacterial life cycle. Four major L. monocytogenes epitopes,
presented by H2−Kd MHC Class Ia molecules, have been identified in infected
BALB/c (H-2d� mice (see Table 11.1. for a list of the major L. monocyto-
genes epitopes). Simultaneous recognition of these bacterial proteins results in
a reproducible hierarchy of immunodominant and subdominant CD8+ T-cell

Table 11.1. Listeria monocytogenes T cell epitopes.

Epitope Antigen MHC restriction AA sequence Reference

Class Ia

LLO91–99 LLO Kd GYKDGNEYI Pamer et al. (1991) and
Pamer (1994)

LLO88–99 LLO H2-Kd PRKGYKDGNEY Geginat et al. (2001)
p60217–225 p60 H2-Kd KYGVSVQDI Pamer (1994)
P60449–457 p60 H2-Kd IYVGNGQMI Sijts et al. (1996)
P60476–484 p60 H2-Kd KYLVGFGRV Geginat et al. (2001) and

Skoberne et al. (2001)
Mpl84–92 Mpl H2-Kd GYLTDNDQI Busch et al. (1997)

Class Ib

f-MIGWII(A) LemA H2-M3 f-MIGWII(A) Lenz et al. (1996) and
Princiotta et al. (1998)

f-MIVTLF AttM H2-M3 f-MIVTLF Princiotta et al. (1998)
f-MIVIL unknown H2-M3 f-MIVIL Gulden et al. (1996),

Pamer et al. (1992), and
Princiotta et al. (1998)

Class II

LLO215–234 LLO I-EK (I-AK� SQLIAKFGTAF
KAVNNSLNV

Safley et al. (1991)

LLO190–201 LLO I-Ab NEKYAQ AYPNVS Geginat et al. (2001)
LLO354–371 LLO I-EK (I-AK� DEVQIIDGLNG

DLRDILK
Safley et al. (1991)

P60301–312 p60 I-Ad EAAKPAPAPSTN Geginat et al. (1998,
1999)

3A1.1132–148 Bacterial
surface
proteins

I-AK IVDDTIDDRDNV
VSIGF

Sanderson et al. (1995)
and Campbell and
Shastri (1998)

12A4.G7 Bacterial
surface
proteins

I-AK DDAVIYPISYDN
AVLALDSR

Campbell and Shastri
(1998)

For additional Class Ia and Class II epitopes (Geginat et al. 2001).
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responses (Sercarz et al. 1993; Vijh and Pamer 1997; Busch et al. 1998a,b),
represented as a greater or lesser frequency of responding cells that can
be identified by peptide-stimulated intracellular cytokine production (IFN-�,
TNF-�) (Badovinac and Harty 2000), MHC Class I tetramer reagents (Altman
et al. 1996; Busch et al. 1998a; Busch and Pamer 1999), or ELISPOT (Vijh and
Pamer 1997; Skoberne et al. 2001).

The CD8+ T-cell response to L. monocytogenes is multiclonal, comprised of T
cells specific for multiple peptide epitopes, and the frequency of cells responding
to each epitope can differ dramatically. At the peak (∼day 7–9 postinfection;
p.i.) of the primary response to sub-lethal L. monocytogenes infection, roughly
2–3% of the total CD8+ T-cell population is specific for known listerial antigens
(Vijh and Pamer 1997; Busch et al. 1998a,b; Mercado et al. 2000; Badovinac and
Harty 2002; Messingham et al. 2003). In BALB/c mice the epitope stimulating
the highest frequency of responding cells derives from the LLO protein (residues
91–99), accounting for approximately 1.5–2% of all CD8+ cells in the spleen at
the peak of the primary response. The response to p60 (residues 217–225) repre-
sents ∼0.5% of responding CD8+ T cells. The LLO91–99 and p60217–225 epitopes
comprise the immunondominant responses to L. monocytogenes in BALB/c
mice. Other subdominant epitopes include p60449–457 (Vijh and Pamer 1997) and
the metalloprotease peptide, mpl84–92 (Busch et al. 1997). These subdominant
epitopes account for very few (0.05%) responding CD8+ T cells. The evolution
of the Ag-specific CD8+ T-cell response is dependent on a variety of factors
that influence bacterial peptide recognition, T-cell activation, and the magnitude
of the response.

The factors that contribute to the relative immunodominance of one
epitope over another are complex. The role of bacterial Ag secretion, rate
of proteasomal degradation, efficiency of peptide loading onto MHC, and
peptide/MHC stability have all been investigated (Pamer et al. 1997; Skoberne
and Geginat 2002; Pamer 2004). It appears that each epitope, including those
derived from the same peptide (p60), has unique properties (rate of initial peptide
availability, peptide/MHC stability) that influence its ultimate availability for
presentation on the surface of the APC (Sijts et al. 1996; Pamer et al. 1997).
Kinetic analysis of Ag presentation by L. monocytogenes-infected cell lines or
in vivo infected cells suggest that the presentation of each antigen is dynamic
and the magnitude of the responding T-cell population is not dictated solely by
the relative epitope abundance (Sijts et al. 1996; Pamer et al. 1997; Skoberne
et al. 2001; Skoberne and Geginat 2002).

Independent of Ag presentation, the frequency of naive precursors displaying
a TCR capable of binding a particular bacterial antigen/MHC Class I
complex will influence the magnitude of the CD8+ T-cell response. Although
the number of available precursors of any given specificity is below our
level of detection, estimates suggest that anywhere from 100’s–1000 naïve
precursors of each specificity exist in the spleen prior to infection (Bousso
et al. 1998; Casrouge et al. 2000; Blattman et al. 2002). The overall magnitude
of the L. monocytogenes-specific T-cell response is dictated by initial level of
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infection and is most likely a reflection of the number of available precursors
recruited to undergo division (Shen et al. 1998; Kaech and Ahmed 2001).

It is important to note that nonsecreted listerial antigens are also capable
of priming CD8+ T-cell responses. This probably occurs via a cross-priming
mechanism after DC uptake of digested bacteria within dead or dying neutrophils
(Tvinnereim et al. 2004). However, CTL specific for nonsecreted antigens do
not confer protective immunity due to the limited presentation of nonsecreted
antigens within viable infected cells (Shen et al. 1998; Zenewicz et al. 2002).
In this scenario, the majority of infected cells would escape detection during an
acute infection because CD8+ T cells specific for nonsecreted antigens would
only encounter their cognate antigen through cross-presentation by an APC.

11.3.2. Specificity of the MHC Class Ib-Restricted
Responses

The MHC Class Ib molecules share many structural similarities with MHC
Class Ia but are much more highly conserved resulting in limited diversity even
among different mouse strains. The most clearly defined nonclassical MHC
molecule in mice, H2-M3, is capable of presenting peptides that contain N-formyl
methionine (f-Met) at the amino terminus, a property exclusive to bacterial
and mitochondrial proteins (Pamer and Cresswell 1998). Murine infection with
L. monocytogenes results in the presentation of three known peptides by H2-
M3. The presented peptides are relatively short and are referred to by amino
acid sequence; f-MVIL, f-MIGWII(A), f-MIVTLF (Gulden et al. 1996; Lenz
et al. 1996; Pamer et al. 1992; Princiotta et al. 1998; Tawab et al. 2002). It
appears that individual responding clones are cross reactive so that a single bacte-
rially derived N-formylated peptide is capable of activating H2-M3 restricted
cells of multiple specificities (Ploss et al. 2003). While promiscuous antigen
recognition is common to the innate response, this property is so far exclusive
to the H2-M3 restricted adaptive response to bacterial antigens. There is limited
additional evidence that presentation of L. monocytogenes antigens by Qa-1b
MHC molecules also contributes to antilisterial immunity (Bouwer et al. 1997).

11.3.3. Specificity of the MHC Class II-Restricted
Responses

In addition to the robust responses of MHC Class I restricted CD8+ T cells,
infection with L. monocytogenes also induces strong activation of MHC Class
II restricted CD4+ T cells. Several MHC Class II restricted listerial epitopes,
derived primarily from LLO (Safley et al. 1991; Sanderson et al. 1995; Campbell
and Shastri 1998) and p60 (Geginat et al., 1998, 1999, 2001), have been identified
(see Table 11.1.). Typically, MHC Class II restricted antigens are acquired by
APCs through phagocytosis of extracellular bacteria; a key component in the
control of bacterial spread after intraveinous infection with L. monocytogenes.
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However, the rapid LLO-mediated escape of bacteria into the cytosol would limit
the accessibility of bacterial antigens to the MHC Class II presentation. Rather,
it is likely that naïve CD4+ T cells are stimulated by L. monocytogenes antigens
that are cross-presented on the surface of DCs (Skoberne and Geginat 2002).

11.4. Kinetics of the T-Cell Response
to L. monocytogenes

11.4.1. MHC Class Ia-Restricted Responses

Upon activation, massive clonal expansion of L. monocytogenes epitope-specific
CD8+ T cells results in amplification of virtually undetectable levels of naïve
cells of a given specificity to levels that are readily detectable (1–2% cells in the
spleen) (Busch et al. 1998b). To achieve this expansion, Ag-specific CD8+ T
cells exhibit doubling times of 6–8 h/division (Blattman et al. 2002). Although
responses to L. monocytogenes are multiclonal, CD8+ T-cell populations specific
for independent antigens undergo expansion with coordinate kinetics. Within
7–9 days after infection, the rapidly expanding CD8+ T cells of differing speci-
ficities (i.e., LLO91–99, p60217–225� reach their numerical peak in unison (Busch
et al. 1998b). This point marks the onset of the death or contraction phase of
the response where > 90% of cells specific for each epitope die within 3–5
days and the remaining cells comprise the Ag-specific memory cell pool (see
Figure 11.1.). This initial memory cell pool is maintained in number and function
for the life of the host (Ku et al. 2000); through homeostatic proliferation mecha-
nisms independent of antigen (Lau et al. 1994; Murali-Krishna et al. 1999; Wong
and Pamer 2001; Jabbari and Harty 2005), but dependent on the presence of
cytokines, such as IL-15 (Ku et al. 2000).

After L. monocytogenes infection, the exact timing of the transition from the
expansion to contraction phase of the CD8+ T-cell response is dependent on
the strain of bacteria used; the peak response to virulent L. monocytogenes is
slightly delayed (8–9 days p.i.) compared to attenuated strains (day 7 p.i.) (Pope
et al. 2001; Badovinac and Harty 2002; Wong and Pamer 2003; Porter and
Harty 2006). Using highly sensitive methods of Ag detection (“Direct Ex vivo
Antigen Display (DEAD)” and “functional Ag display” assays), it was demon-
strated that infection with virulent L. monocytogenes results in delayed peaks
in the bacterial load and resultant Ag presentation compared to infection with
attenuated (actA-deficient) L. monocytogenes (Wong and Pamer 2003; Porter
and Harty 2006). In either case, the peak of functional Ag display was followed
∼ 5 days later by the transition from expansion to contraction of CD8+ T-cell
numbers. Although the reason for the 5-day interval between peak Ag levels and
the onset of CD8+ T-cell contraction is unknown, it is possible that the peak
of functional Ag display stimulates the highest relative number of precursors
programmed to undergo a set number of divisions resulting in a synchronized
peak (expansion to contraction transition). Alternatively, it may be that continued
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Figure 11.1. MHC Class Ia-restricted CD8+ T cell response to L. monocytogenes. Total
number of T cells specific for L. monocytogenes-derived antigens (antigens 1(dashed) and
2 (solid)). The coordinate expansion of Ag-specific CD8+ T cells after infection (1×) is
followed by a rapid and reproducible contraction phase leading to long-lived Ag-specific
CD8+ T cell memory. Reexposure to previously lethal doses of L. monocytogenes (10×)
results in a more rapid and robust expansion resulting in Ag-specific CD8+ T cell numbers
in marked excess over the peak of the primary response. The responding Ag-specific
CD8+ T cells are capable of dramatically limiting bacterial burden. In comparison to
primary CD8+ T cell response, the contraction phase of the secondary response is delayed.

Ag interaction from the onset of infection to the peak of functional antigen
display can influence the number of divisions achieved by responding CD8+ T
cells (Porter and Harty 2006). In this scenario, it is the loss or absence of Ag
interaction shortly after peak Ag display that leads to conclusion of the “program”
of expansion ∼ 5 days later. Finally, both mechanisms may participate in the
shaping of the CD8+ T-cell response.

Depending on the type of infection, a relatively diverse responding TCR
repertoire will become focused so that cells of the highest affinity comprise
the majority of the Ag-specifc cells (Malherbe et al. 2004). In the case of
murine listeriosis, the responding T-cell populations have relatively diverse
TCR repertoire utilization throughout the primary response into memory
(Busch et al. 1998a; Opferman et al. 1999). As will be discussed later, some
focusing of the TCR repertoire does occur during the secondary response to
L. monocytogenes (Busch et al. 1998a).
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Memory T cells are a phenotypically and functionally heterogeneous
population and it is unknown when cells with memory characteristics develop
during the immune response. In recent years, attempts have been made at identi-
fying memory cell precursors shortly after Ag exposure by virtue of expression
of a variety of surface markers found on memory cells. No single marker
of “memory cell precursors” has been identified; however, these studies have
identified two populations of memory cells defined largely by their tissue distri-
bution (Sallusto et al. 1999; Wherry et al. 2003; Jabbari and Harty 2006). Effector
(TEM� and central (TCM� memory populations are defined by their relative
expression of low or high levels, respectively, of surface homing molecules, such
as CD62L and CCR7, that permit entry into lymph nodes. It has been hypothe-
sized that TEM serve a primary surveillance role based on their increased ability
for target-cell killing. TCM may serve the complimentary role as a reservoir of
Ag-specific cells poised for expansion after reencountering cognate Ag.

Expression of the IL-7 receptor (CD127) has been investigated as an early
marker of memory. IL-7 is a critical cytokine for the survival of T cells, and it has
been suggested that expression of its receptor in a small fraction of Ag-specific
CD8+ T cells at the peak of expansion may mark the cells that will survive
contraction to become memory (Kaech et al. 2003). In support of this, increased
CD127 expression is observed in experimental systems where contraction is
limited or absent (Badovinac et al. 2004). On the other hand, recent studies
utilizing a variety of vaccination models show that Ag-specific cells expressing
high levels of CD127 contract normally (Badovinac et al. 2005; Lacombe
et al. 2005). Taken together, these studies suggest that CD127 expression is not
the defining factor in the identification of cells that will survive contraction to
become memory T cells.

11.4.2. MHC Class Ib-Restricted Responses
During primary infection with L. monocytogenes, H2-M3 restricted CD8+ T cells
go through expansion and contraction and reach stable memory levels in a manner
similar to classically restricted T cells (Kerksiek et al. 1999, 2001). During
their expansion phase, H2-M3-restricted CD8+ T cells reach peak frequencies
within the spleen at 5–6 days p.i., preceding the peak of classically restricted
CD8+ T cells on days 7–9 p.i. Contraction of the H2-M3-restricted response also
occurs more rapidly; memory levels are attained within 2–3 days after the peak
(Kerksiek et al. 1999, 2001). Due to the specificity of H2-M3-restricted CD8+ T
cells for antigens common to all bacterial species, and their early appearance
after primary infection, it is thought that the primary contribution is to aid
(or prolong) the innate responses’ early control of bacterial numbers (Kerksiek
et al. 1999, 2001; Hamilton et al. 2004)).

11.4.3. MHC Class II-Restricted Responses
Upon interaction with their cognate antigen in the context of MHC Class II and
costimulation, CD4+ T cells progress through similar kinetics of expansion and
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contraction to memory levels as observed with MHC Class I-restricted CD8+ T
cells (Geginat et al. 2001; Skoberne and Geginat 2002; Corbin and Harty 2004).
Likewise, the initiation of the CD4+ T-cell response to L. monocytogenes
appears to be regulated by initial antigen exposure (discussed in Programming
of the T-cell response) (Corbin and Harty 2004). Although the precise role for
CD4+ T cells in the control of L. monocytogenes infection remains undefined,
antigen recognition by these cells stimulates the production of copious quantities
of Th1 cytokines that aid in bacterial clearance via activation of other cell
types, including DCs and bacteriocidal macrophages (Hsieh et al. 1993; Bouwer
et al. 1997).

Although there are many similarities in the CD4+ and CD8+ T-cell responses
to L. monocytogenes, several differences also exist. In contrast to the stable
number of memory CD8+ T cells, L. monocytogenes-specific memory CD4+

T-cell numbers decline over time (Schiemann et al. 2003). Additionally,
secondary encounter with L. monocytogenes may result in selective expansion
of high affinity CD4+ T-cell clones resulting in repertoire focusing (Savage
et al. 1999). Careful comparison of L. monocytogenes-specific CD4+ and
CD8+ T-cell responses within the same host suggest that the elaboration of
effector molecules is differentially regulated by Ag presence (Corbin and
Harty 2005). It appears that while the production of cytokines (IFN-� and TNF)
by L. monocytogenes-specific CD8+ T cells is rapidly down regulated in the
absence of Ag, CD4+ T cells will continue to proliferate and produce cytokines
in response to persistent Ag exposure (Corbin and Harty 2005; Obst et al. 2005).
An additional role for CD4+ T cells in supporting the generation and mainte-
nance of functional CD8+ T-cell-mediated protective immunity will be discussed
in the next section.

11.5. Programming of the T-Cell Response

Upon infection with L. monocytogenes, the rapid response of the innate immune
system functions to limit infection until the slower adaptive immune response can
develop. This coordinated effort typically results in pathogen clearance within
a week of infection (Harty and Bevan 1995; Badovinac and Harty 2000). The
peak of the MHC Class Ia-restricted CD8+ T-cell response is coincident with
pathogen clearance followed by rapid contraction of Ag-specific cell numbers.
The timing of these events led to the hypothesis that the CD8+ T-cell response
was dependent on prolonged antigen presentation, and thus the presence of
infection. Recently, reports have emerged that support the concept that only
a brief exposure to antigen is necessary to initiate all phases of the CD8+

T-cell response (Mercado et al. 2000; Kaech and Ahmed 2001; Badovinac
et al. 2002). These studies utilized antibiotic treatment of mice at various times
after L. monocytogenes infection to kill all viable bacteria by day 3 p.i. and thus
limit functional antigen display. Within the spleens of antibiotic-treated mice,
Ag-specific CD8+ T cells did not decrease their rate or peak of expansion, or
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the timing of contraction, when compared with mice that were not antibiotic
treated (Mercado et al. 2000; Badovinac et al. 2002). However, antibiotic admin-
istration within 24 h of infection negatively influences the rate and magnitude
of the anti-listerial CD8+ T-cell response. Similar studies suggest that the
kinetics and development of functional memory CD4+ T cells responding to
L. monocytogenes infection are also regulated by initial antigen exposure (Corbin
and Harty 2004; Williams and Bevan 2004). These data suggest that events
during the first few days of infection are critical for establishment of the maximal
T-cell response to L. monocytogenes; once initiated, the kinetics and magnitude
of the T-cell response are antigen independent.

In recent years, intense debate has focused on a role for CD4+ T cells in the
development of CD8+ T-cell-mediated protective immunity. Previously, it was
thought that because adoptive transfer of L. monocytogenes-specific CD8+ T
cells could protect naïve mice from high-dose bacterial challenge, CD4+ T cells
were dispensable in protective immunity. It was suggested that CD4+ T cell help
could contribute to protective immunity by stimulating a more robust expansion
of Ag-specific CD8+ T cells than could be realized by “unhelped” CD8+ T
cells (Bourgeois et al. 2002; Marzo et al. 2004). More detailed studies utilizing
L. monocytogenes and other intracellular pathogens identify a possible role
for CD4+ T cells in the generation and maintenance of functional Ag-specific
memory CD8+ T cells. In these studies, the absence of CD4+ T-cell stimulation,
through either systemic depletion or absence of MHC Class II, resulted in a
memory CD8+ T-cell population that was not maintained long term (Shedlock
et al. 2003; Sun and Bevan 2003). Surprisingly, this defect in the memory phase
of the response occurred despite normal magnitude and kinetics of the primary
response. Removal of CD4+ T cells after CD8+ T-cell priming did not effect
the responding CD8+ T-cell population. These findings suggest that CD4+ T
cell help plays a role in the initiation of the CD8+ T-cell program, but are not
required thereafter. In contrast, it has also been suggested that CD4+ T cell help
maintains functional CD8+ T-cell memory and, therefore, is required during
the memory phase of the response (Sun et al. 2004). The exact nature of the
signal supplied by the CD4+ T cells in these models is unclear. It may be that
direct contact between CD4+ and CD8+ T cells (possibly through CD40/CD40L)
(Bourgeois et al. 2002) is necessary for optimal CD8+ T-cell memory; however,
the requirement for CD40 ligation may depend on the type of infectious agent
utilized (i.e., virus or intracellular bacteria) (Lee et al. 2003; Marzo et al. 2004).

11.6. Secondary Immunity to L. monocytogenes

11.6.1. MHC Class Ia-Restricted Responses

Protective immunity to L. monocytogenes is solely dependent on MHC Class
Ia-restricted CD8+ T cells. Re-exposure to L. monocytogenes results in a
rapid mobilization of Ag-specific cells from memory CD8+ T-cell pool,
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resulting in efficient clearance of challenge doses that are lethal for naïve
mice (Lalvani et al. 1997). L. monocytogenes-specific memory CD8+ T cells
are increased in frequency and number over their naïve precursors, and possess
increased capacity for proliferation and elaboration of effector functions in
response to antigen levels that are reduced in comparison to a primary infection
(Ahmed and Gray 1996). This increased ability to respond to secondary
infection is also less dependent on the costimulaory molecules required for
priming antigen-specific naïve T cells (Iezzi et al. 1998); however, it is likely
that maximal responses are attained in the presence of robust costimulation
supplied by DCs (Zammit et al. 2005). Together, unique qualities of memory
CD8+ T cells are responsible for very rapid recognition of, and response to,
L. monocytogenes antigens resulting in the rapid and complete elimination of all
infected cells.

After L. monocytogenes challenge, Ag-specific memory CD8+ T cells reach
their numerical peak approximately 5–6 days p.i. The elevated frequency of
Ag-specific precursors in the memory pool, combined with their increased sensi-
tivity for activation, results in secondary expansion to peak numbers in marked
excess (10 to 50-fold; Badovinac et al. 2003, 2005) over primary memory
numbers. The rapid expansion memory CD8+ T cells exerts a negative influence
on the expansion of naïve precursors so that the magnitude of the memory
response is inversely proportional to the population of newly recruited cells
(Badovinac et al. 2003). This is likely due to more rapid elimination of matured
APCs, required for activation of naïve cells, by responding memory CD8+ T
cells (Wong and Pamer 2003; Yang et al. 2006). In comparison to the primary
response to L. monocytogenes, the contraction of the secondary response is
markedly protracted (see Figure 11.1.) (Badovinac et al. 2003).

During the secondary CD8+ T-cell response to L. monocytogenes, a modest
narrowing of the TCR repertoire occurs that is likely due to preferential activation
of clones bearing TCRs with higher affinity for antigen (Busch et al. 1998a;
Busch and Pamer 1999; Pamer 2004). Although the mechanism responsible for

this preferential activation is not entirely known, it could result from a limited
availability of antigen due to a very rapid clearance of bacteria after re-exposure.

Bacterial challenge in an L. monocytogenes immune mouse ultimately
generates a new pool of secondary memory CD8+ T cells. In comparison to
primary memory cells, secondary memory CD8+ T cells are more effective
at reducing bacterial numbers and exhibit increased capacity for Ag-specific
target cell killing and production of associated effector molecules (Jabbari and
Harty 2006). Phenotypically, secondary memory CD8+ T cells are slower to re-
express hallmarks of memory, such as CD62L expression and IL-2 production,
in response to Ag-stimulation. This difference in primary and secondary memory
characteristics is associated with decreased expression of the receptor for
IL-15, a cytokine known to be critical for the proliferation-driven mainte-
nance of the memory cell pool. In these studies, increased proliferation of
memory CD8+ T cells resulted in increased expression of CD62L suggesting
that memory cell phenotype and function are dynamic and specific to host
environment.
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11.6.2. MHC Class Ib-Restricted Responses

In contrast to the explosive expansion of MHC Class Ia-restricted CD8+ T cells
upon secondary infection with L. monocytogenes, the H2-M3-restricted memory
CD8+ T cells fail to undergo significant expansion, despite similar acquisition
of the phenotypic markers of activation on both cell populations (Kerksiek
et al. 2003). This finding led to the hypothesis that MHC Class Ib-restricted
cells were functionally incapable of secondary expansion and, therefore, could
not contribute to protective immunity (Urdahl et al. 2002; Kerksiek et al. 2003).
In contrast, MHC Class Ib-restricted primary effector cells can contribute
to protective immunity to L. monocytogenes, but only in the absence of
an MHC Class Ia-restricted response (Kaufmann et al. 1988; Lukacs and
Kurlander 1989; Seaman et al. 2000; D’Orazio et al. 2003). This is most
simply demonstrated by the discovery that adoptive transfer of either effector
or memory L. monocytogenes-specific CD8+ T cells from MHC Class Ia-
deficient hosts protect naïve mice from L. monocytogenes infection (Seaman
et al. 2000). In WT mice undergoing a secondary response to L. monocyto-
genes, expansion of H2-M3-restricted memory CD8+ T cells is suppressed by
the memory Class Ia-restricted memory responses (Hamilton et al. 2004; Ploss
et al. 2005). However, if primary responses are elicited using DC-peptide
immunization for MHC Class Ib antigens, in the absence of MHC Class Ia
responses, the H2-M3-restricted cells are capable of secondary expansion when
challenged with LM, but do not contribute to protective immunity (Hamilton
et al. 2004). Thus, MHC Class Ia-restricted memory responses limit expansion
of an ineffective MHC Class Ib-restricted memory cell population. The precise
mechanism of suppression remains unclear, but it appears that factors, possibly
linked to the site of infection, such as antigen load, cytokine milieu, etc., may be
involved.

11.6.3. MHC Class II-Restricted Responses

Because protective immunity to L. monocytogenes is dependent on MHC Class
Ia-restriced CD 8+ T cells, Ag-specific CD4+ T cells have not been studied as
extensively in this infection model. However, L. monocytogenes-specific CD4+ T
cells are capable of providing protective immunity to naïve mice independent of
CD8+ T cells, although to a lesser extent (Bishop and Hinrichs 1987; Czuprynski
and Brown 1987; Lukacs and Kurlander 1989; Harty et al. 1992; Harty and
Bevan 1996; Geginat et al. 1998). As mentioned previously, CD4+ T-cell-
mediated clearance of infected cells is dependent on Ag-specific cytokine-driven
phagocyte recruitment and subsequent nonspecific target-cell killing.

11.7. CD8+ T-Cell Effector Mechanisms

During expansion, activated T cells differentiate into effector populations, which
leave the secondary lymphoid organs in search of L. monocytogenes-infected
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cells. Upon recognition of an infected cell, activated effector cells will produce
cytokines known to recruit and/or activate microbiocidal effector cells, such as
macrophages and neutrophils, and up-regulate molecules necessary for target
cell lysis (Harty and Bevan 1999). Both expression of cytokine molecules
and the execution of cytolytic effector mechansims by T cells are tightly
regulated through TCR-dependent signals. Given that virtually every T-cell
effector function is also employed by other cells (NK cells, macrophages, DC,
etc.) of the immune system, understanding which mechanisms are important
for cell-mediated resistance to infection is a substantial challenge. To this
end, gene knockout mice, lacking specific T-cell effector molecules, have
become important tools in addressing the biology of the adaptive response to
L. monocytogenes. Although protective immunity to L. monocytogenes in WT
mice is dependent on MHC Class Ia-restricted CD8+ T cells, examination of gene
knockout mice has not identified a single effector mechanism that is absolutely
required for protective immunity.

11.7.1. IFN-�

IFN-� plays a central role in innate resistance to L. monocytogenes infection
through the activation of phagocytic cells and resultant reduction in bacterial
cell numbers. The absence of IFN-� from the host mouse, through either
antibody depletion or inactivation of the IFN-� gene (GKO mice) or its receptor,
results in a nearly 1000-fold decrease in the LD50 of L. monocytogenes in
naïve mice (Buchmeier and Schreiber 1985; Huang et al. 1993; Harty and
Bevan 1995). These findings clearly demonstrate the requirement for IFN-�
in the innate response to L. monocytogenes. However, infection of GKO mice
with an attenuated strain of L. monocytogenes (actA-deficient) that renders the
bacteria deficient in cell-to-cell spread (Kocks et al. 1992) is tolerated similar
to WT mice and results in efficient CD8+ T-cell priming and long-lasting
protective immunity to high-dose challenge. Once vaccinated, GKO demon-
strate ∼20,000-fold increase in resistance to virulent L. monocytogenes (Harty
and Bevan 1995) and exhibit increased memory CD8+ T-cell numbers due
to protracted contraction (discussed below) in comparison to similarly vacci-
nated WT mice (Badovinac et al. 2000). These findings indicate that IFN-
� is not required for the development of functional protective immunity to
L. monocytogenes. Upon infection, both CD8+ and CD4+ T cells produce
IFN-� in an antigen-specific manner (Hamilton et al. 2004; Corbin and
Harty 2005). Whether the production of IFN-� by L. monocytogenes-specific
CD8+ T cells contributes to, or improves, protective immunity is currently under
investigation.

In addition to initial control of bacterial numbers, IFN-� serves as a
multi-potent regulator of Ag-specific CD8+ T-cell homeostasis (Harty and
White 1999; Harty and Badovinac 2002). It is well known that IFN-� can
enhance CD8+ T-cell expansion by increasing the ability of APCs to process
and present antigens to T cells (Fruh and Yang 1999). However, IFN-� can
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also serve as a negative regulator of MHC Class I-restricted CD8+ T-cell
expansion in an epitope-specific fashion due to differential processing and
presentation of the antigenic peptides (Skoberne and Geginat 2002). Infection of
IFN-�-deficient mice with attenuated L, monocytogenes results in CD8+ T-cell
response with an altered immunodominance hierarchy when compared to WT
mice (Badovinac et al. 2000). Specifically, increased expansion of the CD8+ T
cells specific for the subdominant p60217–225 epitope, relative to those specific
for the LLO91–99, was observed in IFN-�-deficient mice. Thus, IFN-� serves as
a key regulator of immunodominance after infection.

The IFN-� exerts its most potent effect on CD8+ T-cell homeostasis through
regulation of the contraction phase of the response to L. monocytogenes infection
(Badovinac et al. 2000). After infection with attenuated L. monocytogenes, Ag-
specific CD8+ T cells from both WT and IFN-�-deficient mice reach peak
numbers on approximately day 7 p.i. followed by a rapid contraction, where the
majority of responding cells are eliminated from the spleen of WT, but not GKO,
mice by day 10–11 p.i. Elevated Ag-specific CD8+ T-cell numbers persist in
the spleen of IFN-� deficient mice indefinitely, resulting in increased levels of
L. monocytogenes-specific memory in GKO mice. Vaccinated IFN-� deficient
mice display a three- to –six-fold increase in the number of Ag-specific CD8+

T cells in their spleens that is associated with increased protective immunity to
high level challenge with virulent L. monocytogenes when compared to similarly
vaccinated WT mice. A careful comparison of the per-cell protective capacity
of Ag-specific memory CD8+ T cells from WT and GKO mice will determine
if the increased resistance to virulent L. monocytogenes results purely from the
elevated memory levels in vaccinated GKO mice or if IFN-�-deficient memory
CD8+ T cells are intrinsically different from WT. In addition, recent experiments
also show that Ag-specific CD4+ T cells do not contract in the absence of IFN-�
(Haring and Harty 2006).

11.7.2. TNF-�

Antigen-stimulated CD4+ and CD8+ T cells produce TNF, a cytokine that also
plays an important role in the innate immune response to L. monocytogenes
infection (Havell 1987; Nakane et al. 1988; Bancroft et al. 1989). Mice lacking
the TNF-� gene (Rothe et al. 1993) or receptor (Endres et al. 1997) cannot
survive primary infection with virulent L. monocytogenes. However, similar to
IFN-�, TNF is not required for the development of a protective CD8+ T-cell
response (White et al. 2000).

There are three possible mechanisms by which Ag-specific production of TNF
could contribute to bacterial resistance; (1) through stimulation of bacteriocidal
macrophages (Endres et al. 1997); (2) induction of apoptosis in target cells
through receptor (TNFR1) ligation (Ashkenazi and Dixit 1998); and/or (3) stimu-
lation/recruitment of phagocytes through increased adhesion molecule expression
(Lukacs et al. 1994; Henninger et al. 1997; Kondo S and Sauder 1997). Adoptive
transfer experiments utilizing L. monocytogenes memory CD8+ T cells deficient
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in other modes (perforin/FAS) of cytolysis found that Ag-specific production of
TNF can contribute to protective immunity (White and Harty 1998); however,
the cellular source of TNF, and the nature of its contribution to anti-listerial
immunity in a WT mouse, is unclear.

11.7.3. Cytolytic Effector Mechanisms: Granule
Exocytosis and Receptor-Mediated Pathways

The presence of L. monocytogenes peptide–MHC complexes on the surface of
infected cells serves as a beacon identifying targets for destruction by CD8+

T cells. Ag-specific target cell lysis is a function largely limited to CD8+ T
cells. TCR recognition of an infected cell through binding cognate peptide–MHC
complexes results in the directed exocytosis of cytotoxic granules containing
perforin and granzymes that breach the target cell membrane (perforin) and
activate the caspase cascade (granzymes) leading to apoptosis (Lieberman 2003).
Regarding primary infection with L. monocytogenes, the contribution of perforin
to control of bacterial numbers is marginal; perforin-deficient mice exhibit resis-
tance (LD50� similar to WT mice despite delayed bacterial clearance in the
spleens, but not livers, of infected mice (Kagi et al. 1994; White et al. 1999).

In contrast to primary immunity, perforin-mediated cytotoxicity is
critical for optimal protective immunity to virulent L. monocytogenes
(Kagi et al. 1994; Messingham et al. 2003). Compared with WT mice,
L. monocytogenes-vaccinated perforin-deficient (PKO) mice have elevated
levels (two- to four-fold) of CD8+ T-cell memory but exhibit reduced levels
of protection against virulent L. monocytogenes. Although the existence of
functional protective immunity to L. monocytogenes in vaccinated PKO mice
underscores the existence of perforin-independent pathways for CD8+ T-cell
immunity to L. monocytogenes, perforin-deficient memory CD8+ T cells display
a fivefold reduction in the per-cell protective capacity when compared to WT
cells five-fold (Messingham et al. 2003). Therefore, in some cases, increased
levels of CD8+ T-cell memory can compensate for the absence of an important
effector molecule.

In recent years, a role for perforin in the regulation of the expansion
phase of MHC Class I-restricted CD8+ T-cell homeostasis has emerged (Harty
and White 1999; Harty and Badovinac 2002). In an allogenic cell transfer
model, where antigen load is identical perforin deficient CD8+, but not
CD4+, T cells expand significantly more after antigen stimulation resulting
in higher numbers at the peak of the response. This enhanced expansion of
perforin-deficient cells appears to be the result of reduced CD8+ T-cell death
(AICD), rather than altered persistence of APC (Spaner et al. 1999; Ludewig
et al. 2001). After L. monocytogenes infection of perforin-deficient mice, both
MHC Class I (LLO91–99� p60217–225� p60444–459� – and H2-M3 (f-MIGWII(A))-
restricted CD8+ T cells show three- to fourfold higher expansion despite similar
rates of clearance of an attenuated strain of L. monocytogenes (Badovinac and
Harty 2000; Messingham et al. 2003). Importantly, the contraction phase of the
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response after L. monocytogenes infection of perforin-deficient mice was normal
(Badovinac and Harty 2000).

It also appears that the extent to which perforin influences CD8+ T-cell
expansion can be modulated by the host environment. For example, enhanced
CD8+ T-cell expansion is not observed in perforin-deficient mice (H-2d�
after primary infection with virulent L. monocytogenes, where deficient mice
exhibit substantially delayed clearance in the spleen. However, during secondary
infection, when clearance kinetics are virtually identical, CD8+ T-cell expansion
in perforin-deficient mice is increased (White et al. 1999). Ultimately, the
increased expansion paired with a normal contraction phase has the net of effect
of increasing the absolute number of functional Ag-specific memory cells and,
in turn, increased resistance to L. monocytogenes rechallenge.

It should be noted that activated CD8+ T cells also express CD95 ligand which
can also activate the caspase cascade through ligation of its receptor (CD95/Fas)
on the target cell. Normally, this pathway likely results in the elimination of self-
reactive T cells that are repeatedly activated (AICD) (Van Parijs et al. 1998), and
does not appear to make a significant contribution to the anti-listerial immunity
in the presence or absence of perforin (White and Harty 1998). These findings
also demonstrate functional T-cell-mediated immunity in the complete absence
of the major pathways of cytolysis.

11.8. Conclusion

For many decades, murine listeriosis has been utilized as a highly reproducible
model to safely study both innate and adaptive immune responses. Although T
cells are not required for resistance to primary infection with L. monocytogenes,
the identification of defined peptide epitopes derived from L. monocytogenes has
allowed immunologists to utilize this infection model to dissect many aspects of
the antigen-specific T-cell response to intracellular pathogens. The relative ease
by which the bacterium can be manipulated to decrease virulence or express
a plethora of exogenous T-cell epitopes has allowed this model to be used
as a vehicle for the study of a wide variety of other pathogens. In this way,
infection with L. monocytogenes also serves as a prototypical candidate for
vaccine development for humans. In addition, human studies support the potential
utility and relative safety of attenuated L. monocytogenes as a vaccine delivery
vector (Angelakopoulos et al. 2002). As our knowledge base expands and the
tools available improve, experimental infection with L. monocytogenes will no
doubt remain a valuable system for the investigation of all aspects of immunity.
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Abstract: Listeria monocytogenes has long served as a model pathogen for eluci-
dating many functions of the immune response. Both the innate
and adaptive immune systems are crucial to the recognition and
elimination of this pathogen from the host. However, although
L. monocytogenes infection induces robust immune responses, the
bacterium has evolved mechanisms to evade and modulate the
immune response. Its intracellular niche allows it to evade several
aspects of the innate and adaptive immune systems. Expression of
different virulence factors during infection leads to modulation of
other arms of the immune response. In this chapter, we focus on
the specific mechanisms L. monocytogenes has evolved to evade and
modulate the host immune response.

12.1. Introduction: Evasion and Modulation
of the Immune Response by Pathogens

As organisms evolved into multicellular life forms and devoted more time,
resources, and energy to life, they needed to insure their investment with a system
that could differentiate foreign invaders from self. The immune system allows
for recognition of pathogens, in turn leading to an evaluation of the pathogen
and then the appropriate response to control or eliminate the pathogen. However,
pathogens have also been evolving alongside their hosts. In order to improve
their odds for survival, pathogens often evade or modulate the immune response
to create a more favorable host environment.

Avoiding immune recognition by evading the immune response is the most
effective way for the pathogen to survive in a host. Examples of pathogen evasion
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include latency, antigenic variation, or sequestration in immune-privileged sites.
Modulation of the immune response by pathogenic bacteria can be attributed
to virulence factors, proteins, or other molecules that bacteria produce in order
to complete a successful infection cycle (Hornef et al. 2002). Almost every
immune response pathway has been shown to be modulated by one or more
bacterial pathogens, including cytokine production, inflammation, macrophage
apoptosis, T and B cell activation, and antigen presentation (Brennan and
Cookson 2000, Dube et al. 2001, Sansonetti et al. 2000, Ullrich et al. 2000, Yao
et al. 1999). Modulating one particular response can have resonating effects on
other arms of the immune system. For example, downmodulation of antigen
presentation by dendritic cells (DCs) can affect the CD4 T cell response,
which may then influence antibody production and class-switching. Evasion and
modulation of the immune response are important aspects of microbial patho-
genesis that are not yet fully understood in many bacterial infections.

12.2. Murine Listeriosis as a Model to Study Infection
and Immunity

Listeria monocytogenes has been used as a model to study innate and acquired
immunity since the early 1960s when Mackaness (1962) demonstrated that
cellular immunity was critical for control of infection in mice. In this model,
bacteria are intravenously injected into the bloodstream of mice. Within minutes,
most bacteria can be found in the spleen and liver where they are quickly
internalized by resident macrophages (Conlan 1996). In a sublethal infection,
bacteria replicate until their numbers are controlled by activated macrophages.
The development of a Listeria-specific T cell response is necessary to eliminate
the bacteria (Bancroft et al. 1991, Bhardwaj et al. 1998).

Upon infection in the murine spleen, L. monocytogenes first localizes within
macrophages in the marginal zone between the T cell-rich white pulp and the
B cell-rich red pulp (Conlan 1996). These infected cells then migrate into the
white pulp region and form the beginning of a focus of infection that expands
as neighboring cells become infected by the intercellular spread of bacteria.
Neutrophils are quickly recruited to these foci (Mandel and Cheers 1980), and
these cells are important for the initial control of bacterial growth through their
antimicrobial activities (Czuprynski et al. 1994, Rogers and Unanue 1993).
Activated macrophages are then recruited to the site of infection and also aid
in bacterial clearance by killing both extracellular and intracellular bacteria.
Activated macrophages are also responsible for many of the cytokines induced
by L. monocytogenes infection. High levels of TNF-� can be found in the
serum and spleens of infected mice (Havell 1987, Kratz and Kurlander 1988).
L. monocytogenes infection also induces high levels of the Th1-polarizing
cytokine IL-12 (Hsieh et al. 1993, Tripp et al. 1993). These cytokines, as well
as others, are important for the development of a proper immune response to
control L. monocytogenes infection.
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Although macrophages and neutrophils are important for initial control of
L. monocytogenes infection, T cells are needed for final clearance of bacteria.
CD4 and CD8 T cells are important for conferring sterilizing immunity since
SCID mice develop a chronic infection (Bancroft et al. 1991, Bhardwaj
et al. 1998). While both CD4 and CD8 T cells contribute to protective immunity,
in vivo depletion and adoptive transfer studies have clearly demonstrated that
memory CD8 T cells are the most effective T cell subset capable of mediating
protection (Czuprynski and Brown 1990, Kaufmann et al. 1986).

CD8 T cells mediate antilisterial immunity through two synergistic mecha-
nisms: (1) lysing infected target cells via perforin and granzymes to expose
intracellular bacteria for killing by activated macrophages and (2) secreting
IFN-� to activate macrophages (Harty and Badovinac 2002). Complete protective
immunity requires infection with live L. monocytogenes capable of escaping
from phagosomes (Berche et al. 1987). This is in part due to the generation
of the CD8 T cell response and a proper memory T cell population (Lauvau
et al. 2001). The role of CD4 T cells in controlling L. monocytogenes infection
is less well understood than that of CD8 T cells. Depletion of CD4 T cells during
primary L. monocytogenes infection results in diminished granuloma formation
(Mielke et al. 1988). L. monocytogenes induces a strong Th1 response, and
like CD8 T cells, L. monocytogenes-specific CD4 T cells also secrete IFN-�
which may aid macrophage activation (Daugelat et al. 1994). (For a complete
discussion on the role of adaptive immunity in L. monocytogenes infection,
see Chap. 11.)

12.3. The Intracellular Niche of L. monocytogenes
and Evasion of Immune Responses

Listeria monocytogenes can invade a wide range of cell types, including
macrophages, hepatocytes, and enterocytes. Bacteria are phagocytosed by
macrophages and can enter nonphagocytic cells by receptor-mediated endocy-
tosis by bacterial encoded internalins, which are surface proteins that bind to
receptors on host cells and mediate internalization of the bacterium (Cabanes
et al. 2002). After entry into macrophages, most Listeria will be destroyed
as the vacuole they reside within matures into a lysosome. However, about
10% of the bacteria escape the vacuole and enter the cytoplasm. Once in
the cytosol, bacteria polymerize actin and can move throughout the cell
(Domann et al. 1992, Kocks et al. 1992, Tilney and Portnoy 1989). Eventually,
the bacteria propel themselves into neighboring cells through filopodia-
like projections, escape from the newly formed double membrane vacuole,
and continue this life cycle (Gedde et al. 2000, Smith et al. 1995). (See
Chaps 9 and 10 for detailed descriptions of the intracellular life cycle of
L. monocytogenes.)

The intracellular niche of L. monocytogenes allows it to evade some immune
responses that otherwise are very effective against bacteria. As detailed below,
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L. monocytogenes has evolved to avoid macrophage- and B cell-mediated killing,
as well as reducing immune surveillance by residing within nonprofessional
antigen presenting cell subsets. L. monocytogenes that cannot maintain their
intracellular niche are unable to survive and replicate within the host.

12.3.1. Evasion of Macrophage-Mediated Killing

Many bacterial pathogens are rapidly killed after being engulfed by bacteri-
cidal macrophages. Once in the phagosome, the phagosome quickly undergoes
maturation by fusing with lysosomal compartments. Due to production of reactive
oxygen and nitrogen species, as well as pH changes, bacteria are rapidly killed
and degraded. However, a select subset of bacterial pathogens has evolved to
evade this destruction and survive intracellularly. This can be accomplished
by two different means. The first mechanism is by bacterial interference with
phagosome maturation so that bacteria can reside within a vacuole. For example,
Legionella injects proteins into the host cell via a type IV secretion system
that interfere with normal cell trafficking, leading to creation of a protective
vacuole (Roy 2002). Instead of containing endocytic markers on its membrane,
ER and Golgi-derived proteins are present. Within this vacuole, Legionella
can replicate and survive within the cell until nutrients are limited, and the
Legionella lyse the cell for transmission to the next host cell. The second
mechanism for bacterial evasion of phagosome-mediated killing is for the
bacteria to escape from the phagosome before maturation. This is the case for
L. monocytogenes as well as other cytosolic intracellular pathogens such as
Shigella. After engulfment by macrophages, approximately 10% of L. monocy-
togenes escape from the phagosome before their destruction (de Chastellier and
Berche 1994). This is accomplished by the expression of the virulence factors
listeriolysin O (LLO), phosphatidylinositol-specific phospholipase C (PI-PLC),
and phosphatidylcholine-preferring phospholipase C (PC-PLC) (see Chap. 9 for
a detailed description of how these virulence factors mediate L. monocytogenes
escape from the primary and secondary vacuoles).

Macrophages are not the only cell type within which L. monocytogenes resides.
L. monocytogenes invasion of nonprofessional antigen presenting cells, such as
hepatocytes and enterocytes, also contributes to the bacterium’s evasion of the
immune response since these cells have limited antigen presentation capacities
compared to macrophages. L. monocytogenes expresses on its surface several
different ligands that, upon binding with receptors on host cells, initiate a
signaling cascade that leads to internalization of the bacterium (see Chap. 8
for a detailed description of this process). The best studied ligand–receptor
engagement is between internalin and E-cadherin, which is important for tight-
junction formation between enterocytes (Cossart et al. 2003). Expression of
internalin on the surface of L. monocytogenes is necessary for bacterial entry
into enterocytes (Gaillard et al. 1991, Mengaud et al. 1996). This interaction
is very specific, since human E-cadherin, but not mouse E-cadherin, can serve
as a receptor (Lecuit et al. 1999). This mechanism to enter nonphagocytic cells
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has allowed L. monocytogenes to gain a niche where they are not subjected
to the harsh antimicrobial activities or to professional antigen presentation of
macrophages.

12.3.2. Evasion of Antibody-Mediated Killing

Antibodies, produced by B cells, are one of the two main arms of adaptive
immunity. Antibodies contribute to the immune response against bacterial
pathogens by (1) neutralization of bacteria and their toxins, (2) opsonization
of bacteria which promotes uptake by phagocytic cells, and (3) complement
activation which enhances opsonization. Humoral responses against many
bacterial pathogens are sufficient for protection against disease. For example,
vaccines to bacteria such as Bordetella pertussis, the causative agent of whopping
cough, or Clostridium tetani, which is responsible for tetanus, induce high
titers of antibodies and have high efficacies. Unlike these extracellular bacterial
pathogens, the intracellular life cycle of L. monocytogenes allows it to evade this
antibody-mediated protection.

Due to the intracellular nature of L. monocytogenes infection, little antibody
response is induced during primary L. monocytogenes infection. Although some
extracellular bacteria can be found during infection, B cells have little opportunity
to encounter L. monocytogenes or its antigen. The low amounts of antibodies
that are induced by infection are completely unable to confer protection during
a rechallenge infection with L. monocytogenes (Mackaness 1962). Since the
majority of the bacteria remain intracellular during infection and spread intercel-
lularly without encountering the extracellular milieu, L. monocytogenes-specific
antibodies are of limited to no use in controlling bacterial spread.

However, under certain experimental conditions antibodies can affect the
course of infection. Although infection itself does not generate high titers of
antibodies that are protective, a monoclonal antibody against the pore-forming
virulence factor LLO can provide protection by acting intracellularly to neutralize
LLO activity (Edelson et al. 1999, Edelson and Unanue 2001). This antibody
treatment blocks bacterial escape from the phagosome in macrophages in vitro
and in vivo that results in lower bacterial loads. Also, using B cell-deficient
mice, natural antibodies in naive animals may play a role in reducing early
dissemination of L. monocytogenes into vital organs (Ochsenbein et al. 1999).
By trapping bacteria and their antigens in secondary lymphoid organs where
specific immune responses are initiated, B cells and antibodies can facilitate the
generation of the protective T cell response. Lastly, B cells have been shown
to be important in the maintenance of memory CD8 T cells generated during
L. monocytogenes infection (Shen et al. 2003). Thus, B cells and antibodies
do play a minor, yet significant, role during L. monocytogenes infection by
aiding other aspects of the immune response. However, due to the intracel-
lular niche of L. monocytogenes, B cells have little impact on the control of
infection.
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12.4. Listeria monocytogenes-Induced Apoptosis
Modulates the Immune Response

Apoptosis is a process of programmed cell death to eliminate damaged or
unneeded cells. Apoptosis of T cells is a natural occurrence during T cell
development and during contraction of a T cell response (Marsden and
Strasser 2003). In contrast to necrosis, apoptosis is a process that minimizes
inflammation. Macrophages express a phosphatidylserine receptor that allows
them to recognize, engulf, and degrade apoptotic cells (Fadok et al. 1992). In
the spleen, 48 h after L. monocytogenes infection, there are extensive lesions of
apoptotic T cells (Merrick et al. 1997). L. monocytogenes has several different
mechanisms for inducing apoptosis of immune cells thereby eliminating these
cells from providing an anti-Listeria immune response.

Although intracellular bacteria have never been detected within T cells, during
infection bacteria and T cells are often closely together in the foci of infection.
There, T cells are potentially exposed to virulence factors secreted by the
bacteria, and these factors may have direct effects on T cells. LLO serves
functions in infection besides mediating bacterial escape from the phagosome.
In vitro LLO treatment of T cells induces their apoptosis, and injection of LLO
into the footpads of mice results in apoptotic lymphocytes in popliteal, but
not inguinal, lymph nodes (Carrero et al. 2004). LLO may potentially disrupt
the mitochondrial membrane, leading to cytochrome c release and initiation
of apoptotic signaling pathways. In addition, studies from our laboratory have
shown that LLO treatment of T cells leads to rapid upregulation of surface
expression of FasL on these cells (Zenewicz et al. 2004). This suggests that LLO
may not directly induce apoptosis but may mediate apoptosis through targeting
other cells. Upregulation of FasL on T cells by L. monocytogenes may allow
the pathogen to exploit Fas–FasL mediated apoptosis and associated cytokine
production to modulate the host immune response and influence the course of
infection.

In addition to LLO, PC-PLC also has a role in the induction of FasL upregu-
lation. It has been proposed that cytolysins such as LLO form pores in the host
cell membrane, allowing for entry of secreted bacterial proteins such as PC-PLC
and PI-PLC into cells (Sibelius et al. 1996, Wadsworth and Goldfine 2002).
PC-PLC and PI-PLC then further amplify the calcium signaling by inducing the
release of intracellular calcium stores (Wadsworth and Goldfine 1999). Possibly,
similar mechanisms induce calcium fluxes in T cells, resulting in degranu-
lation and transport of intracellular FasL to the cell surface (Glass et al. 1996).
Consistent with this model, purified LLO is sufficient for induction of FasL
surface expression, while PC-PLC is able to induce FasL upregulation only in
the presence of LLO (Zenewicz et al. 2004). The synergy between LLO and
PC-PLC suggests that the induction of FasL upregulation represents a specific
virulence mechanism involving the coordinated action of multiple virulence
factors.
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Listeria monocytogenes-induced apoptosis is likely to occur through several
pathways since there are both caspase-3-dependent and independent roles in
LLO-treated T cells (Carrero et al. 2004). In addition to the death receptor FasL,
the death receptor TRAIL is also important during L. monocytogenes infection.
Mice deficient in TRAIL have less cell death and have lower bacterial loads
compared to wild-type littermates (Zheng et al. 2004).

Besides inducing apoptosis of T cells, L. monocytogenes also has toxic effects
on innate immune cell subsets. L. monocytogenes infection of DCs induces
apoptosis of these cells. This action may reduce this cell population which is very
important for eliciting a L. monocytogenes-specific T cell response (Guzman
et al. 1996, Jung et al. 2002). Also, L. monocytogenes infection of neutrophils
induces more rapid apoptosis of the short-lived neutrophils compared to untreated
cells (Kobayashi et al. 2003).

12.5. Evasion of CD8 T Cell-Mediated Protective
Immunity

The importance of CD8 T cells during L. monocytogenes infection is currently
attributed to the cytosolic niche of the pathogen, allowing it to evade many
aspects of immune surveillance. However, L. monocytogenes has also evolved
mechanisms to allow it to avoid CD8 T cell-mediated immune responses. The
ability of L. monocytogenes to spread intercellularly, from cell to cell, without
encountering the extracellular milieu allows the bacteria to avoid perforin-
mediated killing. The bacteria are also able to take advantage of the precision
of the CD8 T cell immune response and avoid killing by nonspecific T cells.

In L. monocytogenes-immunized mice challenged with a second L. monocyto-
genes infection, memory CD8 T cells provide the majority of protection allowing
for rapid clearance of bacteria from the mice. These cytolytic T cells have two
main mechanisms for inducing death of target cells: (1) Fas–FasL interactions
and (2) perforin-dependent cytolysis. In perforin-mediated killing, a CD8 T cell
recognizes its target cell, resulting in the release of perforin and granzymes
from intracellular stores, resulting in pore formation and apoptosis of the target
cell (Harty et al. 2000). Mice deficient in perforin are not more susceptible to
L. monocytogenes infection although they have slightly slower rates of clearance
of bacteria from spleens but not livers (Kagi et al. 1994). However, perforin-
deficient mice immunized with L. monocytogenes have a major defect in their
ability to provide protective immunity upon re-challenge with the bacteria (Kagi
et al. 1994). This protection defect can be partially overcome by increasing the
number of perforin-deficient L. monocytogenes-specific T cells, suggesting that
other effector mechanisms can moderately compensate for perforin-mediated
cytolysis (Messingham et al. 2003).

Studies from our laboratory have shown that the ability of L. monocytogenes
to evade perforin-mediated immunity is due to the capacity of the bacteria to
spread intercellularly. Unlike wild-type L. monocytogenes, infection with bacteria
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deficient in ActA, which cannot spread cell to cell, is quickly controlled in
immunized perforin-deficient mice (San Mateo et al. 2002). CD8 T cell cytolysis
is critical for protective immunity to L. monocytogenes capable of cell-to-cell
spread while protective immunity against spread-defective L. monocytogenes is
largely independent of cytolysis. Thus, intercellular spread of L. monocytogenes
allows for evasion of perforin-mediated cytolysis.

The intracellular niche of L. monocytogenes also allows the bacterium to avoid
being killed by nonspecific CD8 T cell responses. Studies from our laboratory
have shown that there is minimal killing of bystander bacteria by activated
CD8 T cells in a recombinant L. monocytogenes system (Jiang et al. 2003).
Mice were immunized with lymphocytic choriomeningitis virus (LCMV) to
generate memory CD8 T cells and then challenged with a mixture of wild-type
L. monocytogenes and recombinant L. monocytogenes expressing LCMV-derived
antigen. Only the LCMV-antigen expressing strain was rapidly cleared by the
memory CD8 T cells. The LCMV-immunized mice still had very high levels
of wild-type L. monocytogenes in their spleens, comparable to levels found in
infected unimmunized mice. The intracellular nature of L. monocytogenes may
allow the bacteria to limit their exposure to the bystander killing by phagocytic
cells that are activated by memory CD8 T cells. Thus, L. monocytogenes evades
nonspecific CD8 T cell cytolysis, due in part to the inherent precision of the
immune response.

12.6. Induction of Type I Interferons
by L. monocytogenes is Beneficial to the Bacteria

Recent studies have shown that L. monocytogenes infection induces type I inter-
ferons (McCaffrey et al. 2004, O’Riordan et al. 2002, Stockinger et al. 2004).
Interferon-� and -�, which are usually associated with antiviral immune
responses, are potent stimulators of antiviral genes, including proapoptotic and
antigen presentation genes, as well as downregulating the cell machinery that
viruses hijack in order to replicate (Decker et al. 2005). Induction of type I
interferons is critical for the immune system to combat many viruses. On the
contrary, induction of type I interferons by L. monocytogenes appears to be
beneficial to the bacteria.

Induction of type I interferons by L. monocytogenes requires escape of intra-
cellular bacteria into the cytosol since heat-killed or LLO-deficient bacteria are
unable to induce this response (McCaffrey et al. 2004, O’Riordan et al. 2002).
In vitro experiments with gene microarrays have shown that L. monocytogenes
infection of macrophages triggers two distinct, temporally separate waves of
gene induction (McCaffrey et al. 2004). The first wave induces genes dependent
on NF-�B, which likely occurs through Toll-like receptors (TLRs), and is not
dependent on the invasion of cells by live bacteria. However, the later wave of
gene induction is dependent on L. monocytogenes escaping from the phagosome.
These genes include type I interferons, as well as genes associated with
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interferon-signaling, including Stats and Jaks, and other interferon-dependent
genes. The exact mechanism for interferon induction is not known; however, it is
independent of TLR2, TLR4, or receptor interacting protein-2 (RIP-2) signaling,
but dependent on the transcription factor IFN regulatory factor 3 (IRF3) and
the serine–threonine kinase TNFR-associated NF-�B kinase (TANK)-binding
kinase 1 (TBK1) (O’Connell et al. 2005, Stockinger et al. 2004). Recent data
also indicate that members of the NOD and NALP family play a role in intra-
cellular recognition of L. monocytogenes (Kobayashi et al. 2005, Mariathasan
et al. 2006).

Type I interferons appear to be important for L. monocytogenes infection. Mice
that have elevated type I interferon levels as a result of poly I:C treatment prior to
L. monocytogenes infection have increased bacterial loads compared to untreated
mice (O’Connell et al. 2004). Also, in the absence of type I interferon signaling,
in mice deficient in the type I interferon receptor (IFNAR1) or IRF3, L. monocy-
togenes cannot reach as high titers in mice (Auerbuch et al. 2004, Carrero
et al. 2004, O’Connell et al. 2004). Type I interferons appear to mediate the
apoptosis of T cells seen early in infection since mice deficient in type I interferon
signaling lack this apoptotic event (Carrero et al. 2004, O’Connell et al. 2004).
Early apoptosis of T cells appears to be beneficial for infection due to the
induction of expression of antiinflammatory cytokines, such as IL-10, by the
phagocytic cells that clear the postapoptotic T cells (Carrero et al. 2006). Thus,
induction of type I interferons by L. monocytogenes may allow it to modulate
the immune response in its favor.

12.7. Conclusions

Although L. monocytogenes is an excellent model pathogen for studying the
immune response due to the strong innate and adaptive immune responses it
induces, this bacterium has many mechanisms for evading and modulating the
immune response. Due to its intracellular niche, L. monocytogenes has evolved
to limit immune system recognition and responses to infection. Every pathogen
is unique. However, some of what has been elucidated about evasion and
modulation of the immune response by L. monocytogenes can be applied to other
pathogens.

A resonating theme from these studies is that there is a balance of power during
infection. Most nonpersistent bacterial pathogens, such as L. monocytogenes, are
not attempting to kill the host but only want to propagate and be transmitted to
the next host. By evading and/or modulating the immune response they are in
effect exerting control over the host. On the other hand, the immune response
needs to control infection so that the pathogen does not cause damage, reducing
their fitness. In host–pathogen interactions, the organism with the most control
has the power. Understanding this balance of power and how pathogens evade
and modulate the immune response to shift the balance in their favor is important
for a better appreciation of infection and immunity.
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Abstract: Bacteriophages have been shown to influence the evolution of their host and,
in several cases, have a major effect on pathogenicity and/or virulence of
bacterial pathogens. Several mechanisms allow phages to change the biology
and associated phenotypes of their host. This chapter aims at explaining these
mechanisms in the context of Listeria evolution and pathogenesis, using
examples from other pathogens. Our current knowledge on the biology and
applications of a few selected Listeria phages is reviewed and discussed. The
lack of evidence for their influence on the phenotype of lysogenized host
bacteria likely reflects our fragmentary knowledge about Listeria phages,
especially on the molecular level. Clearly, much more research is required
to understand the full impact of phages on their hosts, both in an ecological
and evolutionary context.

13.1. Bacteriophages

13.1.1. Introduction

Bacterial viruses—known as bacteriophages or phages—are the most abundant
self-replicating genetic elements, with estimates of total numbers ranging as
high as 1031. These numbers are based on electron microscopy images taken in
attempts to enumerate phages in environmental samples. The first such study
done on aquatic phages revealed an average of 107 virus-like particles (VLPs) per
milliliter with typical head–tail morphology (Bergh et al. 1989), and later studies
indicated even substantially higher numbers (Wommack and Colwell 2000).
With an estimated number of 1024 infections per second in order to maintain the
total population calculated above, phages are bound to have an enormous impact
on bacterial communities both in evolutionary terms and on a global ecological
scale (Wilhelm and Suttle 1999).

Phages are highly varied, both in shape and size of their enveloping capsids
and in the composition and complexity of their genetic material. They have
in common an absolute dependency on their host for replication, featuring no
metabolism of their own. In general, phages exhibit very narrow host ranges,
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mostly infecting only one particular genus, species, or, in some cases, even
specific strains. Recognition of the host by phage receptor-binding proteins
is largely but not solely responsible for the observed specificity. Escherichia
coli phage �, for example, recognizes the outer-membrane protein LamB of
its host, and when this protein was heterologously expressed in various related
and unrelated species, successful infection by � of many, albeit not all, of the
modified bacteria could be demonstrated (de Vries et al. 1984).

Phages have been classified based on morphological traits, and the most
abundant (96%) and perhaps best-studied of these viruses belong to the order
Caudovirales (the tailed phages), comprised of large, tailed phages with an
isometric capsid containing a dsDNA chromosome. This group is further subdi-
vided into Myoviridae, Siphoviridae, and Podoviridae characterized by long
contractile tails, long flexible tails, or short noncontractile tails, respectively. For
more information on bacteriophage classification and different types of phages,
readers are referred to the website of the International Committee on Taxonomy
of Viruses (ICTV): www.ncbi.nlm.nih.gov/ICTVdb/.

In general, bacteriophages have adopted two different life styles. Infection by a
strictly virulent phage invariably results in the production of phage proteins, repli-
cation of phage DNA, and ends in lysis of the host and release of progeny phage.
In contrast, a complex and not fully understood series of events, involving both
environmental factors and the physiological state of the host may result in the
fate of the temperate phages after infection. The lytic pathway described above
for virulent phages is one option, but the infection process may alternatively
result in integration of the phage genome into the host bacterial chromosome.
This state, known as lysogeny, where the host is called lysogenic and the phage
becomes a prophage and is replicated along with the host chromosome, can
be maintained over many generations (Little et al. 1999). Subsequent excision
of the phage DNA and entry into the lytic cycle again is a very complex and
poorly understood process depending on many factors. It has been demonstrated
in several cases that phage induction is mediated by the host cell SOS-response
to certain stress stimuli. In these cases, it was shown that the more severe the
DNA damage is—and thus the less likely host survival becomes—the proportion
of prophage excision and lysis increases (Little and Mount 1982). The recent
increases in the number of bacterial genome sequences demonstrated that many
(if not all) bacterial genomes also contain cryptic phages, which are prophages
that have lost essential functions and are no longer able to excise, replicate, and
form infectious particles. Nevertheless, the viral DNA is present in the bacterial
genomes and may directly on indirectly affect the phenotype of the host cell.

13.1.2. Phages and Pathogenicity

The tremendous impact of phages on the pathogenicity of their host has only
recently become the focus of detailed research.

Phages can introduce new bacterial DNA into their host after infection.
Although regulated, the normal packaging of phage DNA into capsids can in
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certain cases result in incorporation of host DNA into phage particles. This
process is called transduction and occurs in two different forms. In specialized
transduction, improper excision of phage DNA results in packaging of host
genes immediately adjacent to the phage genome into infectious phage particles
(Matsushiro 1963). This process is unlikely to have a large impact on the
pathogenicity of bacteria which are infected by these particles, since only very
small portions of host DNA are transduced, and these portions are always those
adjacent to the phage integration sites. In generalized transduction, however,
random host DNA roughly equal in size to a normal phage genome may be
packaged into the empty phage heads. The resulting particles are identical to
normal phage except for their information content, and they can perform the first
two steps of the infectious process, attachment and injection of DNA (Ikeda and
Tomizawa, 1965). A schematic overview of generalized transduction is shown in
Figure 13.1. It is conceivable that such a more or less randomly selected stretch
of host DNA may also contain virulence factors which can, upon recombination
with the chromosome of the infected bacteria, influence the phenotype and
pathogenicity of the recipient.

Figure 13.1. The principle of generalized transduction is shown here. In panel A, normal
phage development is depicted. After rolling-circle replication of the phage DNA into
multigenome concatemers, the genomes are individually packaged into empty heads (1).
Phage particles are assembled (2), and progeny virions are released to infect new host
cell (3). In panel B, host DNA is packaged into phage head particles (1). Particles
containing bacterial DNA are normally assembled (2), and phage progeny is released.
These pseudoinfective particles containing host DNA can inject the mistakenly packaged
genetic material into susceptible host bacteria (3).
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Evidence for this mechanism has been put forward, implicating phages in
the distribution of a virulence-associated region in the genome of the animal
pathogen Dichelobacter nodosus and various other bacteria (Cheetham and
Katz 1995).

A phenomenon called lysogenic conversion is often involved in the modulation
of host pathogenesis by phage. After incorporation of a temperate phage genome
into the host chromosome, most prophage genes are silenced, especially those
involved in virus morphogenesis and host cell lysis. In contrast, the genes
needed to maintain the lysogenic state are normally expressed during lysogeny.
However, bioinformatic analyses have demonstrated that many phage-encoded
genes have unknown functions, and it is generally assumed that temperate
phages can serve as vectors to introduce novel genetic information into their
host that may enhance their fitness in certain environments. These coding
sequences may themselves directly specify new properties or act by influ-
encing the expression of existing genes. If this new environment happens to
be the human body, the results can be dramatic. Table 13.1. shows several
examples of pathogens, their prophages, and the toxins or virulence factors
that are encoded by the phages. Such lysogenic conversion has also been
reported for Mycoplasma, Staphylococcus, and Streptococcus (for a compre-
hensive overview of the state of research concerning these matters, the interested
reader is referred to recent overviews on phage-related virulence of pathogens;
Waldor et al. 2005).

Interestingly, the transcription promoter for the CTX cholera toxin from Vibrio
cholerae (Table 13.1.), encoded by genes ctxA and ctxB, is not phage-regulated
but controlled by the master V. cholerae virulence regulator, transcription factor
ToxR (Skorupski and Taylor 1997). This is in contrast to another well-known
example of lysogenic conversion: that of shiga-like toxin (stx) converting E. coli
phages (Table 13.1.), where the transcription of stx genes is largely controlled by

Table 13.1. Examples of temperate phages encoding pathogenicity and/or virulence
factors required for bacterial pathogenesis.

Host species Phages Genes Virulence factor Reference

Vibrio cholerae CTX� ctxA/ctxB Cholera toxin CTX Waldor and Mekalanos
(1996)

Escherichia coli
(STEC, EHEC)

H19-B
933W

stx1A/stx1Bstx2A/stx2B Shiga-like toxins
STX1 and STX2

Smith et al. (1983) and
O’Brien et al. (1984)

Salmonella
enterica

Fels-1
SopE�

nanH
sopE

Neuraminidase
Type III-translocated
G nucleotide
exchange factor

Hardt and Galan (1997)
and Figueroa-Bossi et
al. (2001)

Clostridium
botulinum

1D botD Neurotoxin BoNT Eklund et al. (1971)

Corynebacterium
diphtheriae

� tox DT Freeman (1951)
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late phage promoters, and the highest levels of STX transcription are observed
during lysis of part of the bacterial population (Yee et al. 1993). Virulence
modulation after phage induction has recently also been reported for Staphylo-
coccus aureus (Goerke et al. 2006). The observations indicate that not only the
phage per se, but also the highly specific interaction of both virus and host cell
is responsible for full expression of the phenotype.

13.2. Listeria Phages

13.2.1. Introduction
The study of phages has provided valuable insights into many genetic principles,
such as restriction–modification, the workings of promoters, and the concept of
the operon, but at the same time has also contributed to a better understanding of
their hosts. Approximately 400 Listeria phages have been isolated and described
to date. Many of these are specific for L. monocytogenes, but phages able to infect
L. ivanovii, L. innocua, L. seeligeri and L. welshimeri have also been described.
However, still very little is known about Listeria phage biology, especially on the
molecular level. (Sword and Pickett 1961; Jasinska 1964; Hamon and Peron 1966;
Audurier et al. 1977; Chiron et al. 1977; Ortel 1981; Rocourt et al. 1982; Ortel and
Ackermann 1985; Rocourt et al. 1985; Rocourt 1986; Loessner 1991; Gerner-Smidt
et al. 1993; Loessner et al. 1994; Hodgson 2000).

All Listeria phages isolated thus far belong to the order Caudovirales (tailed
phages), and of these most belong to the family of Siphoviridae (long, flexible
noncontractile tail). The few exceptions belong to the family of Myoviridae
(long, inflexible contractile tail). To date, no Podoviridae (short or missing tail)
for Listeria have been isolated. Many Listeria phages have been characterized
and, with three exceptions (see below), all of these are presumably temperate.
Most isolates were derived from lysogenic strains either after UV or chemical
induction or after spontaneous lysis of their hosts. The few environmental isolates
mostly stem from silage or sewage plants.

The temperate Listeria phages are extremely host-specific, infecting only
particular serovar groups. As mentioned above, this appears to be mainly
due to the ability to recognize and attach to specific cell-wall ligands
(phage receptors), which in the case of Listeria are serovar-specific sugar
substituents on the polyribitol phosphate teichoic acids (Wendlinger et al. 1996;
Tran et al. 1999).

Currently, only three complete nucleotide sequences of Listeria phages are
available (A118, PSA, P100) (Loessner et al. 2000; Zimmer et al. 2003; Carlton
et al. 2005).

13.2.2. The Temperate Phages
The A118 (Figure 13.2.A) and PSA are temperate phages and belong to the
Siphoviridae family, characterized by dsDNA-containing isometric capsids and
long, flexible tails.
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Figure 13.2. Electron micrographs of bacteriophages infecting Listeria. Panel A shows
the temperate Siphovirus A118, and panel B the broad host range virulent Myovirus A511.

The A118 genome consists of 40,834 bp encoding 72 open reading frames
(ORFs). The DNA packaged into phage heads is larger and consists of approx-
imately 43.3 kb, which indicated about 6% redundancy (Loessner et al. 2000).
Circular permutation along with terminal redundancy is common among phages
and requires the circularization of the phage genome after entry into the host
cell. Evidence indicated that after rolling circle replication of A118 phage DNA,
sequential packaging starts at a random point of the concatamer, and genomes
exceeding the one unit genome size by approximately 2.5 kb of DNA are incor-
porated into the heads.

Based on sequence similarities, functions could be assigned to 26 of the
A118 ORFs. Clustering of genes reflecting different life cycles is common in
phages, and especially pronounced in temperate phages. These gene clusters
can be divided into those involved in DNA replication, phage morphogenesis,
and lysis and those genes necessary for the establishment and maintenance of
lysogeny which (as in A118 and PSA) are often oriented in the opposite direction
of transcription. Many temperate phages with the same hosts have significant
homology over parts of their genomes. Superinfection of lysogenized hosts is
common and results in a close encounter of different virus genomes. The theory
introducing modular evolution of phage genomes has been postulated more than
25 years ago (Susskind and Botstein 1978) and has since been supported by
detailed study of many phages. However, except for a similar arrangement of
gene clusters, surprisingly little overall similarity exists between the genomes
of A118 (serovar 1/2 host strains) and PSA (Zimmer et al. 2003), the latter of
which only infects L. monocytogenes serovar 4 strains. This suggests that these
phage lineages may have diverged at an earlier stage. Consequently, because
phages can only evolve together with their host bacteria, one must assume that
the corresponding host strain lineages also diverged relatively early.

While A118 integrates into a region homologous to the Bacillus subtilis comK
gene which is then disrupted, the integration site of PSA is a t-RNAArg gene,
where the attB is functionally complemented by prophage nucleotides. These
sites appear to be frequently used by different Listeria phages to integrate, and
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possible ramifications on host pathogenesis will be discussed at a later stage.
t-RNA genes are generally known to harbor prophages, in many different bacteria
(Campbell 2003).

The 37,618-bp PSA genome is not circularly permuted nor is it terminally
redundant, but features 3’overhanging ends of 10 bp. Such cohesive (cos) ends
are the alternative to circular permutation and allow direct circularization of the
genome after entry into the host, without the requirement for a recombinase. Of
the 57 ORFs found in the PSA genome, functional assignments could be made
for 33 putative and confirmed gene products based on sequence homologies to
known genes. Gene products from all life cycle-specific regions were identified,
and, although there is little homology, they appear to serve similar functions as
in A118. Two genes differ radically between the two phages. Because of their
different substrates, the phage integrases are completely unrelated. Whereas the
A118 integrase is a serine recombinase similar to Tn10 resolvase and Salmonella
Hin invertase, the PSA integrase is homologous to the E. coli XerD protein.
XerD is involved in resolving multimeric plasmids containing a xer site (Alen
et al. 1997; Loessner and Calendar 2006). The endolysins responsible for host
cell-wall degradation in lysis encoded by the two phages also differ. Endolysins
have a two-domain organization, dividing the enzyme into two functional parts.
The C-terminal part is responsible for substrate recognition, and binding to the
cell wall is serovar-specific. The cell-wall binding domain (CBD) of phage
PSA recognizes ligands on cell walls of serovars 4, 5, and 6, and the A118
CBD binds to serovar 1/2 and 3 cell walls. Both CBDs lack known motifs
involved in the recognition of cell-wall anchors. The N-terminal, enzymatically
active domains (EAD) also differ significantly from each other. The PSA EAD
is an N -acetylmuramoyl-l-alanine amidase (Zimmer et al. 2003; Korndoerfer
et al. 2006), whereas the A118 EAD is l-alanine-d-glutamate endopeptidase
(Loessner et al. 1995). Interestingly, the endolysin of A500, another serovar 4b-
specific phage, has a CBD which is almost identical to that of PSA, but its EAD
is a peptidase related to Ply118. This supports the theory of modular evolution,
with genetic exchange between phages. Phage endolysins have been employed to
design attenuated suicide Listeria monocytogenes strains for delivery of antigen-
encoding eukaryotic expression vectors (Dietrich et al. 1998). Phage endolysins
and their applications with a focus on Listeria phage endolysins have recently
been reviewed (Loessner 2005).

13.2.3. Virulent Phages

Phage A511 (Figure 13.2.B) and P100 are polyvalent, virulent bacteriophages
able to infect most strains of different serovars within the genus Listeria; they can
multiply on about 95% of L. monocytogenes strains of serovars 1/2 and 4. They
belong to the family of Myoviridae with dsDNA-containing isometric capsid
and a contractile tail. Sequencing of the complete P100 genome (131,384 bp)
was recently completed, and an in-depth analysis of the predicted ORFs was
performed (Carlton et al. 2005). A total of 174 putative gene products and
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18 tRNAs were predicted. Twenty-five putative assignments could be made
comprising phage structural proteins as well as genes responsible for DNA
replication, transcription, and lysis. Homology searches did not reveal signif-
icant hits for the remaining ORFs. An in-depth analysis did not reveal any
homology to genes, proteins, or other factors known or suspected to be involved
in pathogenesis or virulence in microorganisms. This result is not surprising
since infection invariably leads to host lysis, and the phage would gain nothing
from carrying such genes. Phage P100 is highly similar to phage A511, with a
large overall homology and some genes being identical on the nucleotide level.
The host range, although overlapping for a large part, is not identical. The A511
genome has recently been sequenced completely (Dorscht et al. submitted), and
comparison of the two genomes may help to reveal the molecular basis for the
differences in specificity.

P35 is a somewhat unusual virulent phage. The virus is a member of the
Siphoviridae family and can infect approximately 75% of serovar 1/2 strains
(Hodgson 2000; Loessner, unpublished information). Its genome sequence was
recently completed (Dorscht et al. submitted) and showed P35 life cycle-specific
genes to be organized in the clustering typical for temperate Listeria phages.
However, no lysogeny control region could be identified. It is possible that the
module was initially present, but somehow lost as a result of an illegitimate
recombination. However, as a consequence, the resulting phage featured a broad
host range, because lack of the immunity region also eliminates repression of
phage infection upon infection of host cells carrying prophages with homologous
repressor proteins. Clearly, being able to lysogenize hosts has both advantages
and disadvantages. In order to prevent extinction, at least one single progeny
virulent phage has to find a new host and replicate. In environments with low cell
density, this is a disadvantage, and the prophage state appears more attractive.
Being so intimately linked to your host cells genetic information may also lead
to a very narrow host range, however. Perhaps the scarcity of truly virulent
Listeria phages and the abundance of temperate phages reflect the ecology of the
host bacterium. In fact, although listeriae are ubiquitous, they are rarely found
in large numbers.

13.2.4. Phage-Based Tools for the Study of Listeria
Within the context of Listeria pathogenicity, the most important role phages
have played to date is their use as a typing tool in epidemiological studies. Phage
typing has been instrumental in establishing food as the primary contamination
source in humans (Fleming et al. 1985). Several phage typing sets have been
established, and the low cost together with the relative ease of use makes it a
useful tool to this day (Audurier et al. 1979, 1984; Rocourt et al. 1985; Loessner
and Busse 1990; Loessner 1991; Estela and Sofos 1993; Gerner-Smidt
et al. 1993; McLauchlin et al. 1996; van der Mee-Marquet et al. 1997). However,
typability of Listeria isolates is variable. Strains of serovar 4 exhibit the highest
degree of phage sensitivity, followed by strains of serovar 1/2. Strains of serovar
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3 are largely resistant to phage infection, only few strains are susceptible to broad-
range virulent phages such as A511 and P100. This variability in typing limits
the use of phage typing as a universal discriminatory method, and additional
phages for typing would be desirable (van der Mee-Marquet et al. 1997; Capita
et al. 2002).

Genetically modified Listeria reporter bacteriophages can be used for
confirming the presence of live Listeria cells in a sample, especially contaminated
food (Loessner et al. 1996, 1997). Transducing phages will later be considered
for their possible role in pathogenesis, but within a research context, they have
been employed for studying transposon insertion and resulting mutant phenotypes
and in strain construction (Freitag 2000). Another phage-based tool which can
readily be used for the study of pathogenesis are two integrative E. coli/Listeria
shuttle vectors, pPL1 and pPL2. A plasmid vector able to replicate in E. coli
was equipped with genes encoding two different phage integrases which lead
to plasmid integration in the chromosome at the respective phage integration
sites after introduction into Listeria. The researchers were able to demonstrate
full reestablishment of pathogenicity in complementation studies with knock-
out mutants of hly and actA, which had not been possible with nonintegrative
plasmids. At the same time, integration of the plasmids had no effect on virulence
in wild-type strains (Lauer et al. 2002). These plasmids have also been used to
study the contribution to virulence of a second secA gene secA2 found in L.
monocytogenes (Lenz and Portnoy 2002; Lenz et al. 2003), and further plasmid
derivatives were used in studying the contribution to virulence of MogR, a
transcriptional repressor required for virulence (Grundling et al. 2004).

13.2.5. Phage Therapy of Listeria
Because of the unique intracellular life style of L. monocytogenes during infection
of the mammalian host, it is impossible to employ a classical phage therapy
concept in the treatment of the disease. The same barrier that prevents our
immune system from attacking and antibiotics from reaching the bacteria would
very likely also keep any phages from interacting with and infecting their
bacterial hosts.

Within this context, the possibility of using Listeria phage as a preventive
measure as food additive in high-risk foods should be mentioned. In the first
study for biocontrol of Listeria with bacteriophage, the researchers were able
to demonstrate a significant reduction of bacterial growth in melon and fruit
(Leverentz et al. 2003). A recent study has shown that such a phage therapy
approach for food using the virulent phage P100 can eradicate or significantly
reduce the growth of Listeria in soft cheese, depending on the phage-dose, and
may thus be able to reduce the risk of contracting the disease (Carlton et al. 2005).
Bioinformatic analyses indicated that the P100 genome does not specify any
known pathogenicity or virulence factors, and the encoded polypeptides are not
likely to act as food allergens. Moreover, an experimental repeated oral-dose
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toxicity study in rats showed that P100 had no effects on the health of the treated
animals.

Recently, a comprehensive study of the effect of A511 and P100 on
L. monocytogenes in various foodstuffs treated under different conditions has
been completed (Günther et al. submitted). Both phages were highly effective
in reducing or eradicating Listeria contaminations from almost all food types
tested. These promising results appear to be mostly due to the phages used; A511
and P100 are broad host range, strictly virulent phages, and infection invariably
leads to host cell lysis.

A phage-based decontamination regimen for surfaces and machines at risk of
contamination in food processing may also be considered.

13.2.6. Listeria Phages and Pathogenesis

Although most strains, including clinical isolates of Listeria, contain prophages—
indeed many are polylysogens (Rocourt 1986) containing multiple prophages
or cryptic phages—no evident phenotype has yet been associated with the
presence of prophages under laboratory conditions nor could a (pro)phage be
linked to epidemic strains or outbreaks. However, this situation may reflect our
limited understanding of Listeria phage genetics and host cell interactions. What
seems clear, however, is that the presence of prophages does not attenuate the
pathogenic potential or virulence of strains from outbreaks. Phage PSA has been
isolated by UV-induction from the genome of the epidemic L. monocytogenes
strain Scott A (Fleming et al. 1985; Loessner et al. 1994), and the strains isolated
from the large Vacherin soft cheese outbreak in Switzerland (Bille 1988) also
contain inducible prophages (unpublished information).

Phage A118 integrates itself into a homologue of B. subtilis comK gene. In
the latter organism, the corresponding gene product represents a global regulator
for competence, the complex series of events resulting in the uptake of DNA
from the environment. ComK also regulates noncompetence-related genes (van
Sinderen et al. 1995). Although both classes of genes are also present in the
Listeria genomes, they do not seem to be naturally transformable. Whatever the
actual function of the gene may be, strains with phage-disrupted comK do not
show any immediately apparent distinct phenotype under standard laboratory
conditions and show no reduced virulence in model systems (Lauer et al. 2002).
Again, this might reflect our lack of understanding regarding Listeria and biology
of its phages. Another possible explanation for the lack of apparent effects of
comK gene disruption might be the functional replacement by phage-encoded
factors.

Within the A118 genome, the putative gene products encoded by ORFs 61
and 66 show a significant similarity to LmaD and LmaC of L. monocytogenes
(Loessner et al. 2000). Although the function of the four genes in the lmaDCBA
operon of L. monocytogenes is not clear, their presence appears to be restricted
to the pathogenic strains (Schaferkordt and Chakraborty 1997). Bioinformatic
analyses and sequence alignments of A118 gp61 and gp66 also suggested a
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possible role of these proteins in the regulation of gene expression, which would
correlate well with the localization of the genes within the A118 “early genes”
cluster, driving DNA recombination and replication during host cell infection.

The possible role of generalized transduction in the development of patho-
genesis has already been mentioned. In one study, the ability of some broad
host range phages (including A511 and P35) and more than 50 serovar-specific
temperate phages (including A118 and PSA) to transduce bacterial DNA from
one L. monocytogenes host to another was investigated. Donor cells contained
antibiotic resistance markers on transposable elements, and recipients were tested
for antibiotic resistance after infection with phages propagated on the donors.
As expected, none of the broad host range virulent phages were capable of
transduction. However, most of the serovar-specific phages transduced marker
DNA in various frequencies. The proportion of transducing particles to normal
virions ranged from approximately 5×10−2 to 10−4� depending on the strain and
phages tested. Both A118 and P35 proved capable of transduction. Frequencies
and amount of DNA transduced were higher in A118, but the broader host range
of P35 enables transduction into a wider variety of strains. Interestingly, PSA
was not capable of transduction. At this time, the unit genome structure was
not known, but the later finding that PSA features cohesive ends and therefore
packages its DNA dependent on a terminase recognition site (Zimmer et al. 2003)
explained the differences reported by Hodgson (2000) and established a link
between genome structure and the ability to mistakenly package host bacterial
DNA into empty virus particles.

Close inspection of the LIPI-2 pathogenicity island of L. ivanovii revealed that
it was localized near the same t-RNAArg gene that temperate phages may use to
integrate, and the authors speculate that its initial introduction into L. ivanovii
may have been mediated by a temperate phage (Dominguez-Bernal et al. 2006).
It has previously been postulated that the organization of the virulence gene
cluster prfA-plcA-hly-mpl-actA-plcB may have been due to phage transduction
(Chakraborty et al. 2000). However, there exists no proof or at least preliminary
experimental evidence for any of these events.

It may be concluded that the biological basis for the introduction of new
genes from related strains is provided by the transducing bacteriophages and
that genes acquired through other means may subsequently be distributed in
various populations by phages. While transduction is certainly playing a major
role in the intraspecies genetic exchange, its role in the evolution of traits is
unclear. However, given that the temperate phages isolated from L. innocua
are generally able to infect L. ivanovii and can then reinfect the nonpathogenic
host, the interspecies transfer of virulence genes from this animal pathogen to
L. innocua is at least theoretically possible.

Phages can shape the genetic composition of bacterial strains in any given
population. If prophages manage to enhance the fitness or virulence of a particular
pathogenic strain, they may eventually contribute to the occurrence of the disease.
Therefore, even with our limited understanding of the processes underlying the
host evolution driven by phages, it seems obvious that bacterial pathogenesis
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can be influenced by bacterial viruses in some way, and further research should
be directed to elucidate the precise nature of this influence.
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Actin-based motility and cell-to-cell spread,
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entry

actin comet tails, 199
actin cytoskeleton and intercellular spread of,

197–206
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biophysics of, 213–215
filament organization in, 201
host contributions to, 206–212; see also

under Host contributions to actin-based
motility
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Actin cytoskeleton, 200–201
Actin polymerization, 201–202
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cytolytic effector mechanisms, 240–241
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T-cell-mediated immunity, 227–231; see also
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T-cell response to L. monocytogenes
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in host cells invasion, 170–171
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Arp2/3 complex, 207–209
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Carbon metabolism, 65–70

catabolite repression impact, 68–70
glucose catabolism, 66–67
phosphotransferase system carbohydrates

use, 65–66
�-catenin, 163
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cell biology of, 5–7
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of, 197–216; see also under Actin-based
motility and cell-to-cell spread
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host cells invasion of, 159–172; see also

under Host cells invasion
immune evasion and modulation by,
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evasion and modulation

iron as a virulence factor for, 23



284 Index

lineage-specific marker genes, 49–50
Listeria monocytogenes-induced apoptosis,

256–257
and Listeria sp. diversity, DNA array

analysis, 48–52
LPXTG proteins of, 87–88
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pathogenesis, 1–12; see also under

Pathogenesis, of Listeria monocytogenes
in a pregnant primate model, 18
risk assessment for, 14
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86–92; see also under Surface proteins
surface proteins distribution among, 51
transport systems, 44
virulence genes of, regulation, 139–154; see

also under Virulence genes regulation
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177–190
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entry
mechanism, 182
nonphagocytic cells, 183–186; see also

separate entry
primary vacuole, escape from, 178–186
secondary vacuole, escape from, 186–189

kinetics, 186
LLO role, 187
membrane organization cell-to-cell

spread, 187
PC-PLC and Mpl, 188
PI-PLC, 189
requirements, 186–189

Listerial meningitis, distinctive features of, 20
Listerial phospholipase C (PlcB), 68
Listeriolysin O (LLO), 2

and calcium signaling, 171
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and PI-PLC, 183
role in Listeria monocytogenes escape from
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Listeriosis, 13–24

bacteremia, 18
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central nervous system infection, 19–21
clinical manifestations, 18–22

complications, 22
diagnosis, 22
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epidemiology, 14–15
febrile gastroenteritis, 21–22
food-borne human listeriosis, 15
human listeriosis, 15
immunity, 17–18
infection in pregnancy, 18
listeriolysin O, virulence factor, 16
localized infection, 21
meningitis, 19–20
microbiology, 13–14
neonatal infection, 18–19
pathogenesis, 16–17
in patients with AIDS, 17
prevention, 24
treatment, 23–24; see also under Treatment,

listeriosis
Lmo0327, 91
Lmo0394, 91
Lmo0842, 99
Lmo0849, 91
Lmo1104, 91
Lmo2133–2137, 40
Lmo2185, 99
Lmo2186, 99
Lmo2761–2764, 40
Lmo2834–2838, 40
Localized infection, 21
LPXTG protein family, 43, 87–89, 98

InlA in crossing of intestinal and placental
epithelia, 92

non-LPXTG proteins bearing cell-wall
sorting signals, 89

and sortases, 92–94
sortases inactivation, 93
as virulence factor, 93–94

Lysogenic conversion, 268
Lysosome-associated membrane protein-1

(LAMP1), 183

Macrophages, 178–183
macrophage-scavenger receptor class A

(MSR-A), 100
mediated killing, 254–255
phagosome permeabilization, 181
PI-PLC, 178, 180–181
requirements, 178–181

Mammalian host, environmental reservoir and
transmission into, 111–129

agricultural environments, 117–119
growth and survival in, 120
prevalence and load in, 117–119
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subtype analysis in, 120
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120–125
growth and survival in, 124
prevalence and loads in, 121–123
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methods for studying, 112–114
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prevalence and load in, 115–116
subtype analysis of, 116

subtyping methods for, 113–114
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into human host, 127–128
into mammalian host, 125–128
into nonhuman mammals, 126–127

Membrane-binding proteins, 211–212
Menaquinone, 72
Meningitis, 19–20, 22
Met receptors, 167–168

and invasion, Clathrin-mediated endocytosis
of, 169

Metabolism and physiology, of Listeria
monocytogenes, 63–76

anabolic pathways, 70–72
carbon metabolism, 65–70; see also

separate entry
nitrogen metabolism, 72–74

MHC class restricted responses
class II, 230–231, 233–234
Ia, 227–230, 235–236
Ib, 230, 233

Mog R, 47
Molecular serotyping method, 48
Molecular subtyping studies, 122–125
Most probable number (MPN) methods, 113
Mpl, 185
Multilocus enzyme electrophoresis (MLEE),

35, 113
Multilocus sequence-based typing (MLST), 113
MurA (Lmo2691), 91
Murine infection, 225–226
Murine listeriosis, 252–253
Mycobacterium tuberculosis, 36

Nitrogen metabolism, 72–74
Nod proteins, 99
Noncovalently bound proteins, 94–96

InlB protein, 94–95
Nonphagocytic cells, in Listeria

monocytogenes, 183–186
LLO and PI-PLC, 183

mechanism, 185–186
PC-PLC and Mpl, 184–185
requirements, 183–185

Oral inoculum, 16
Oral model, 5
ORF2568 protein, 94
ORF29 protein, 94

P60 autolysin, 90–91, 96
P120 catenin, 163
Pathogen-associated molecular patterns

(PAMPs), 101
Pathogenesis, of Listeria monocytogenes, 1–12

in AIDS vaccine, 4
analysis of, advances in, 5
cell biology of infection, 5–7; see also under

Infection
in cultured cells, 3
genetics, genomics, and gene regulation, 4–5
and immunity, relating, 7
intracellular life cycle, stages in, 2–3
as a live vaccine vector, 4
models of infection, 5
natural history of infection, 4
type 1 interferon induction, 2

Penicillin-binding proteins (PBPs), 83
PBP4, 83
PBP5, 83

Pentose phosphate pathway (PPP), 66
Peptidoglycan, 82–84

biosynthetic pathway, first reactions of, 83
Perforin-mediated cytotoxicity, 240–241
Phages, see under Bacteriophages of Listeria
Phosphatidylethanolamine (PEA), 73
Phosphatidylinositol-specific phospholipase C

(PI-PLC), 178, 180–181
Phosphoenolpyruvate (PEP), 146
Phospholipase D (PLD), 182
Phosphotransferase system (PTS), 44,

65–66, 146
Pneumocystis jiroveci, 18
Positive regulatory factor A (PrfA) activity, 140

and Crp, crystal structures comparison, 145
environmental stimuli influencing, 146–147
gene products expression modulated by,

147–152
in vivo transcript analyses, 151–152
post-transcriptional regulation of PrfA

(second step in regulation), 142
post-translational control of PrfA (third step

in regulation), 142–146
PrfA box, 148–151
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transcriptome analyses, 151–152

PrfA-dependent promoters identification, 151
PrfA* mutations, structural locations of,

144–146
PrfA target promoters, characteristics of,

148–151
regulation, 140–147
transcriptional control of PrfA (first step in

regulation), 140–142
transcriptional, post-transcriptional, and

post-translational modes of, 141
Postgenomics analysis, 52–55

proteome analysis, 54–55
systematic gene disruption analysis, 52–53
transcriptome studies, 53–54

PrfA-dependent virulence gene expression,
68–70

Protein-bound lipoate, 64
Proteome analysis, 54–55
Proton-motive force (PMF), 64
PSA phage genome, 271
Pulsed field gel electrophoresis (PFGE),

34, 113

Raw and ready-to eat (RTE) vegetables, 119
Regulatory proteins, 47
Rhombencephalitis, 20
Rifampin, 23

Secondary immunity to L. monocytogenes,
235–237

CD8+ T-cell effector mechanisms, 237–241;
see also separate entry

MHC class-restricted responses
class II, 237
Ia, 235–236
Ib, 237

Septicemia, 22
Severe combined immunodeficient (SCID), 226
Siderophores, 17
Signature tagged mutagenesis (STM), 34
Silage, 118–119
Sortase substrates, 92–94, 98–99
Spl (P45), 91
Src-homology 3 (SH3) domain, 91
Staphylococcus aureus, 47, 89
Strain F2365 genome, 36–37
Strain F6854 genome, 36–37
Strain H7858 genome, 36–37
Surface proteins

anchored covalently to the peptidoglycan,
87–89

anchored to Listeria monocytogenes cell
wall, 86–92

autolysin family, 90–92
InlB, 89–90
LPXTG protein family, 87–88
non-LPXTG proteins bearing cell-wall

sorting signals, 89
with noncovalent association to the cell wall,

89–92
Systematic gene disruption analysis, 52–53

Target cells through receptor (TNFR1)
ligation, 239

T-cell-mediated immunity, 227–231
MHC class-restricted responses

class Ib, 230, 233
class II, 230–231, 233–234
Ia, specificity of, 227–230

T-cell response to L. monocytogenes
kinetics, 231–234
MHC class-restricted responses, 231–233

class Ib, 233
class II, 233–234
Ia, 231–233

programming of, 234–235
Teichoic acids, 84–86
Tethered elastic Brownian ratchet model, 213
TNF-�, 239–240
Toll-like receptors (TLRs), 101
Transcriptome studies, 53–54
Transduction, 267

generalized transduction, 267, 275
specialized transduction, 267

Treatment, listeriosis, 23–24
ampicillin, 23
cephalosporin, 23
chloramphenicol, 23
rifampin, 23
TMP–SMX plus ampicillin combination

for, 23
vancomycin, 23

Trimethoprim–sulfamethoxazole
(TMP–SMX), 18

Tumor necrosis factor (TNF), 17
Two-component regulatory systems,

152–153
Type I interferons induction, 258–259

Vancomycin, 23
Vibrio cholera, 140
Vip gene, 93–94

in host cells invasion, 170
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Virulence genes regulation, 139–154
control of, regulatory factors implicating,

152–153
positive regulatory factor A (PrfA) activity,

140; see also separate entry
Vitamin B12, 45–46, 73–74

Whole genome shotgun sequencing, 36

Wiskott–Aldrich Syndrome protein
(WASP), 205

Yersinia pseudotuberculosis, 66

Zymogram assays, 90
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