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Listeria monocytogenes, an intracellular pathogen. is the czusative agent of listeriosis, a serious epidemic and
sporadic food-bome disease. The clinical manifestations of listeriosis include meningitis, meningoencephalitis.
seplicemia, spontancous abortion, perinatal infections, and gastroenteritis. Although rare in comparison to other
food-borne diseases, listeriosis has a high rate of lethality (about 30%), making L. monocylogenes an important
pathogen. L. monocytogenes can survive in a broad range of ecological niches, including farm eavironments and

food-processing plants and in a wide range of hosts. includin

g humans and many specics of mammals. Further-

more, the capacity to adapt and survive under extreme conditions allows this bacterium to exist ubiquitously in
the environment and to survive and proliferate under conditions within the food supply. Although the study of L.
monocylogenes has already been extensively reviewed, knowledge about this pathogen has been expanding
rapidly. Against the background of the growing body of information on this bacterium. the present review mostly
discusses advances made in the study of this pathogen over the last § years.

"
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Introduction

Listeria monocylogenes, a Gram-positive foodbome
pathogen, is responsible for listeriosis, which has an overall
mortality rate in humans of 30%, manifesting as clinically
asymptomatic fecal carriage, febrile gastroenteritis. severe
mother-to-child infections, and central nervous system
infections*®. Although the incidence of listeriosis is low'*,
Listeria monocyiogenes is second only to Salmonella spp. in
the estimated number of food-related deaths it causes in the
United States™), and food-bome transmission is the main
route of listeriosis infection'.,

Six species of the genus Listeria are currently recog-
nized: Listeria monocviogenes, Listeria innocua, Listeria

* Comresponding author; E-mail: kimuboi@s kaivodaiacjp, Tel:
+B1-3-5461-0603. FAX: -81-3-5463-0603

ivanovii, Listeria sceligeri, Listeria welshimeri and Listeria
grayi. OF these, only rwo species are considered 10 be patho-
genic, L. monocytogenes in humans and L. ivanovii in other
mammals. Most human infections by L. monocytogenes are
attributed to the c« ption of ¢ ted food. This
pathogen usually affects susceptible individuals such as the
elderly, pregnant women, newborn babies or fetuses,
Symptoms arc flu-like for healthy persons, bul severe com-
plications, such as meningitis. septicacmia. spontaneous
abortion or listeriosis of the newborn®), may occur. Preg-
nant women are most susceptible to this pathogen, account-
ing for approximately 35% of all cases worldwide™. Active
surveillance in the United States showed that L. monocyio-
genes is the second leading cause of bacterial meningitis in
patients younger than 1 month or older than 60 years*. The
number of cases of listeriosis averaged 100 per year from
1993 to 1997 in the USA*. A recent study in Japan®**"
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estimated that the number of listeriosis cases has averaged
83 per year since 1996.

Genetic Properties of L. monocytogenes

While many dillerent strains of L. monocyiogenes have
been isolated from food and food processing plant environ-
ments, only a few virulent strains are known to cause
listeniosis®™!. Therclore, accurate tracing of L. monucvoioges
strains is very important in terms of clinical epidemiology
and food salety. Molecular yping can be used 10 trace [..
monocylogenes contamination in food-processing plants.
Over the last decade. a vast number of reports of inexpen-
sive and rapid methods to type Listeria spp. have been
published*>"22¢24, The overall goal has been to develop
methods that are more discriminatory than existing serotyp-
ing and phage-typing methods. Ribotyping®’ and pulsed-
field gel electrophoresis of macrorestriction enzyme-digesi-
ed chromosomal DNA* has demonsirated good discrimina-
tion of Listeria spp. However, since the results are difficult
to standardize among laboratories, cooperative studics using
these methods are difficult.

Recently, multi-locus sequence typing (MLST) was de-
veloped for analyzing the population genetics of bacteria
with the advantages of (i) providing unambiguous DNA se-
quence data that can be casily exchanged and compared via
worldwide web databases: (ii) combining PCR and auto-
mated DNA sequencing lo reduce labor and analysis time;
and (iii) providing a discriminatory power comparable to or
greater than that provided by fragment-based methods™. As
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the target of MLST is slowly diversifying housckecping
eenes with limited sequence variation. MLST somelimes
lacks the discriminatory power required for evaluating the
local epidemiology of L. monocviogenes strains™. Conse-
quently, to overcome the problem of low-resolution. a
multi-virulence-locus sequence typing (MVLST) scheme
was developed for subtyping L. monocvtogenes™. Using
molecular typing methods of MLST or MLVST. as well as
restriction frogment length polymorphism analysis and ri-
hotyping, three major phylogenetic divisions within the spe-
cies have been identified™#'*'# (Fig. 1): Lincage I consists
of serotypes 1/2b, 3b, 4b, 4d and 4¢. and Lineage 1l consists
of serotypes 1/2a. 1/2¢. 3a and 3¢''**, Epidemic strains are
mosily found in Lineage | and sporadic strains are found in
Lincages | and I1. while Lincage 111 strains are extremely
rare and are mostly animal pathogens™.

The complete genomic sequences of L. monocviogenes
strain EGDe and L. inmocua strain CLIP 11262 were also re-
cently determined™. Analysis of thesc sequences revealed
10.5 and 14%. respectively. 10 be species-specific sequence
for cach strain®". Among the most striking findings of re-
cent studies is the degree of divergence within L. monociio-
genes: one study® found that the genctic divergence be-
tween Lineages | and Il of L. monocyrogenes was nearly as
great (about 8%) as interspecies differences between L.
monocyiogenes EGDe serovar 1/2a strain and L. innocua
(10%). These results are consistent with a previous repon
identifying a difference of 39 specific gene fragments be-
tween the epidemic L. monvcviogenes sirain F.4565 and 1.,
monocyiogenes strain EGDe determined by subtractive hy-

- linage [
- | inage M
- linage I

Fig. | Neighbor-joining phylogram inferred from an analysis of the ¢

h

« data o

fogenes populations (redrawn from ref. 61),

d pVG( seq trating three | 10 Lo v-
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bridization. Based on obvious pattems of gene presence or
absence among L monocrtogenes serovars and Listeria
spp.. it is suggested that carly divergence of the ancestral L.
monocyiogenes serovar 1/2c strains from the serovar 1/2b
strains led to the establishment of two major phylogenetic
lineages. I1 15 also suggested that one group comprising the
serogroup 4 strains branched ofT the serovar 1/2b ancestral
lineage. producing (mostly by gene loss) the species L. in-
nocua. This is of particular importance since strains of sero-
var 4b mainly represent epidemic L. menocitogenes sirains
and arc isolated from severe invasive human cases more [re-
quently than are strains of other serovars. such as scrovar |/
2a. Another recent study" using DNA microarrays with 20
strains of L. monecyiogenes representing six serovars re-
vealed that a majority of epidemic strains of Lincage |
grouped together, forming a cluster clearly distinet from the
two other Lineage | clusters, which included primarily spo-
radic and environmental sirains. The precise characteriza-
tion ol L. monacviogenes is essential for epidemic swudy of
this species. Thus. sclective markers for different subpopu-
lations are an essential for the construction of rapid, accu-
rate identification and subtyping methods, which should be
powerful tools in public health and food industry investiga-
tions.

L. monocytogenes in hosts

All pathogenic bacteria must 1ake on and overcome host
defense systems and must circumyent many different stress-
es in order 1o ammive at the site of infection. L. monocyvioge-
nes is no exception. These mechanisms include compromis-
ing the acid barrier of the stomach, the physical barrier of
the cpithelial cells lining the gastrointestinal tract. and vari-
ous immune defenses including the initial onslaught of mac-
rophages. Survival in the presence of bile salt and acidic
pH, along with the adhesion of protein and virulence factors
required for colonization are important aspecis of virulence
and have been reviewed elsewhere! 947,

The mechanisms by which L. monocyrogenes invades
mammalian cells have been elucidated by a serics of de-
tailed and intricate experiments. L. monocviogenes has the
amazing ability to cross three significant barriers in humans.
namely the intestinal barrier. the blood-brain barrier and
the fetoplacental barmer (Fig. 2). Several steps involving a
number of specialized molecules have been identified in the
infection cells by this pathogen'®: (1) internalin (also called
InlA} and InlB (another member of the intemnalin multigene
family. characterized by the presence of leucine-rich re-
peats). which are responsible for the intemalization of L.
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monocytogenes n cultured non-phagoeytic cells: (2) listeri-
olysin, which acts in concent with iwo phospholipases (PlcA
and PlcB) 1o allow escape [rom the phagocytic vacuole: and
(3) ActA, which mediates actin-based intracytoplasmic
movement and cell-cell spreading. Firstly. live bacteria de-
lay phagosomal marturation and targeting by the degradative
pathway through rapid lysation of the membrane of the
acidified phagosome by listeriolysin O (LLO) acting in con-
cerl with the phospholipases PlcA and PlcB*. Then, the
bacteria reside freely in the cytoplasm, where they replicate
and acquire F-actin-based intracellular motility based on ex-
pression of the ActA protein™'. Subscquently. they invade
adjacent cells by cell-to-cell spread™.

The emry ol L. monocyiogenes imo culured human epi-
thelial cells is mediated by the interaction of an L. manecy-
togenes surface protein. internalin and its human receptor.
E-cadherin™'. In a wansgenic mouse model that expresses
human E-cadherin in enlerocyles. it was demonstrated that
L. monocviogenes could cross the intestinal barrier assisted
by internalin. Epidemiological evidence also suggests that
internalin allows this pathogen not only to cross the intesti-
nal barrier, but also to cross the placental and blood-brain
barriers.

Particularly imporant among recent findings is the obser-
vation that some L. monocytogenes isolates express a trun-
cated nonfunctional form of intemalin®', L. monoevtogenes
strains carrying a truncated /n/d also were significantly less
capable of invading Caco-2 cells than isolates with homolo-
gous 3 inl4 sequences without a truncation®. A recem
study used an immunoblol assay 1o investigale the expres-
sion of internalin in 300 clinical strains obtained in France
in a single year and a representative set of 150 strains ob-
tained from food products during the same period*™. This
study demonstrates the critical role of internalin in the
pathogenesis of human listeriosis. In another recent study.
the truncation of this gene in a number of food and environ-
mental isolutes was conflirmed with L. menocyviogenes iso-
lated Irom the U.S.A*". Truncations were also found in
prfA*, which regulates the expression of a set of virulence
factors, including listeriolysin O (LLO), actin polymeriza-
tion protein ActA. phospholipases (PlcA and PlcB). and in-
ternalins. These recent findings support the usefulness of
studying the expression of intemalin and other virulence
genes as markers of virulence in humans. Although the
present prevalent opinion is that all strains of L. monacyio-
genes should be considered o be pathogenic?”, it now
seems exiremely important to determine whether assess-
ment of the truncation of internalin or other virulence or vir-
ulence-associated genes provides a new tool for assessing

— 20—
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A schematic representation of how L monocviogenes invades its hose Followng ingestion o comaminued food, L memocytogene

cross the micstmal barrier and gain access 1o the liver and spleen via the bloodsiream. In immunocompromised wdividuals and pregnant
women. bactena cun cross the tight blood-brain barrier and the maternofetal harrier, respectively and reach ihe central nervous system and the

placenta.

the risk associated with consumption of food products con-
aminated with L. monocyviogenes. An evaluation ol any ge-
netic differences between L. monocviogenes populations
found n humans and foods will be an important area of
study w evaluate the risk of this pathogen in the future

L. monocyotogenes in food products and ecosystems

Wiile L. monocviogenes 1s best known as a food-borne
pathogen. in anture it has been found in association with
plamis and decaying plant tissue, It has been hypothesized,
that, as an ecological system. livestock farms may function
as nawural reservoirs for L. monocyiogenes, and ultimately.
as a primary source of L nnating
food-processing plants (Fig. 3). Our understanding of the
transmission of L. monocvingenes in the farm ccosysiem is
limited. Many authors agree that a likelv scenanio for L.

ViOgenes co

monocriogenes tansmissiom on farms includes the inuial
comamination of crops and soil by wildlife, birds or manure
used to fenilise ficlds. Recently, a case-control study of list-
¢riosis in ruminants (eattle, sheep and goats) was conducted
on 24 cases and 28 control farms* . The study results indi-
cated that the epidemiology and trar ion of L.
tagenes diflered between small-ruminant and canle farms
and that cattle contribute to the amplification and dispersal
ol L. monocytagenes into the farm environment.

L. monocviogenes is noted for its ability 1o grow under a
wide range of environmental conditions, In particular. it can
grow at low or high osmolarity™* ", it can effectively adapt
1o acidic conditions™, and it can grow al tlemperatures as low
as -0.1°C*", Miller'™, reported growth of L. menocytogenes
Scott A in brain heant infusion hrath, pH 7.4, a1 28°C as
having o water nctivity (o.) value of 0,92 with NaCl as a hu-
mectant and 0.90 with glycerol as a humectant. The mini-

-



Genonvpre Diversity and Ecology of L. monocstogenes

human infections

Fig. 3. Diflerem (saprophytic and infective) lifestyles of L nwwingviagenes. The bacterium s widely distributed in nature. is able to withstand

boptimal conditions ¢
infection of a host.

mum pH for the growth of L. menocyviogenes was 4.3 using
HC1 as the acidulant'*. Of the ucid-resistance mechanisms
characterized thus far. that of L. monacytagenes is most de-
pendent on the glutamate decarboxylase (GAD) system®
The GAD system operates by convening a molecule of
lutamate to y-aminobutyrate (GABA). thus consuming an
intracellular proton and alleviating acidification of the
cyvtoplasm™. The intracellular GABA is then exchanged for
an extracellular gluamate via an antiporter, and the system
is thus primed 10 consume another intracellular proton, A
recent study demonstrated that /., VIORENes i

a total of three glutamate decarboxylase homologs and two
Viogenes has been reported o grow
ai temperatures of less than 0°C in laboratory media
broth™, Cold-stress {cold-shock and cold acclimation) pro-
teins whose synthesis is increased afier temperature down-
shifis have been isolated, but for the most part, their idemtity
and functions remain undetermined. A recent study of gene

Ir porters*™, [,

red during a saprophytic lifestyle, and eventually adapts to the ens rommental stresses encountered during the

expression in L. manocytegenes n response to growth at
10°C showed that the pathogen’s acclimation involves ami-
no acid starvation, oxidative siress, aherrant protein synthe-
sis, cell surface remodeling. alterations in degradative me-
tabolism. and induction of global regulatory responses’ .

In general, 10 survive in extreme environments, the abili-
ty o respond rapidly 1o changes in the environment is nec-
essary. In bacteria, these responses are frequently enacted at
the ranscriptional level. Global changes in transcription are
ofien coordinated by specific sigma factors whose levels
and activities fluctuate in response to environmental cues.
In L. monocyiagenes, the gene encoding o (sigB) was iden-
tificd based on its homology 1o the sig# gene from Bavills
subiilis. Phenotypic chamctenzation of L. monocviogenes
strains lacking sigB has shown that 6 plavs a role in resis-
tance to vanous forms of environmental suess, including
osmotic., oxidative. and ncid stress" ', Also, a broad role
for o'-dependent genes in virulence has recently been sug-
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gested for Gram-positive bactena. A recent study has indi-
cated that, o" also contributes to the regulation of virulence
gene expression in L. monocviogenes™,

L. monacytogenes is able to grow in a wide range of envi-
ronmental conditions and is almost ubiquitous in the envi-
ronment, which makes the control of this pathogen prob-
lematic in the food industry. Vegetables. checse and meat
products have been sources of several outbreaks and spo-
radic cases*". Seafood products have not been linked 10
large outbreaks of listeriosis. but five cases of febnile pastro-
enteritis in Finland were associated with cold smoked salm-
on contaminated with L. monocylogenes''. Other contami-
nated seafood products. such as smoked mussels, have been
assumed 1o be sources for sporadic cases of listeriosis™. Our
recent study revealed that many seafood products eaten raw
in Japan, such as raw [ish, arc widely contaminated with
this pathogen™.

Little is known about the physiology of L. menecyotoge-
nes in food products, plants, animals. and other natural envi-
ronments. Among them, the capacity of this organism lo
grow in a fresh-cul produce cnvironment, including cab-
bage. has been well documented™***. During adaptation to
growth in a plant environment, bacteria must be capable of
growth with a limited supply of nutrients, biosynthesis. and/
or the transport of building blocks neccssary for growth,
such as amino acids and nucleotides. Potential forms of
stress, such as fluctuations in pH and osmolarity, must be
addressed. In a recent study*, the differential display of re-
verse transcription-PCR lragments amplified with a set of
81 arbitrary primers allowed the isolation and identification
of 32 L. monocvrogenes gene fragments that showed higher
levels of expression under cabbage-associated conditions.
This study is only an initial step toward a more detailed un-
derstanding of the physiological strategy of L. monocytoge-
nes in natural environments.

Of special interest: why has the incidence of
listeriosis in Japan been so low?

In Japan, the incidence of listeriosis has remained very
low and there have not been any outbreaks of this disease.
In February 2001, L. monocytogenes serotype 1/2b was iso-
lated from a washed-type cheese during routine monitoring
of domeslic cheeses™. Studies with people who had con-
sumed cheese from the plant revealed that 86 had been in-
fected with L. monocyiogenes. Based on the epidemiologi-
cal and genctic evidence, it appears that the outbreak was
caused by cheese. That study was the first to document an
incidence of food-borne listeriosis in Japan. However. no
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other food-bome outbreaks have been recogmized in Japan
in the past 40 years. One hypothesis for this low incidence
of listeriosis is that foods distributed in Japan have lower
levels of contamination, Recently, Okutani ef al.*' reviewed
data on Japanese foods contaminated with L. monacyvio-
genes, mainly from Japanese repons. and found that the
proportion of L. monocviogenes, Listeria spp. isolated from
foods (meats. natural cheeses. seafood and other ready-lo-
cal foods. for example) in Japan is similar 1o repons from
other countries. Morcover, in Japan, there is significant con-
sumption of ready-to-eal fish products. including raw fish
products, and recent studies have revealed that these prod-
ucts are widely contaminated by L. monocyviogenes*'=*714%,
However, these products have not been implicated in clini-
cal listeriosis in humans to date. Thus, factors other than the
contamination rate might be responsible lor the low occur-
rence of listeriosis. At present, almost no information on
this issue can be found in published reports. Okutani e al *'
carefully discussed this matter in discriminating each type
of contaminated food in Japan. However, a direct relation-
ship between the proportion of food contaminated with L.
monocytogenes. which is almost the same as that in other
countrics, and the low incidence of listeriosis in Japan could
not be identified. They concluded that other factors need 10
be analyzed in order to resolve this contradiction. One solu-
tion to this problem may be a genctic approach. A genetic
dilTerence between L. monocyiogenes populations in hu-
mans and in fish products consumed in Japan may account
for this difference. Funiher study will be necessary to evalu-
ate this risk based on the functionality of virulence genes
such as Inld or Prf A or other virulence genes (full-length
vs. truncated). as discussed in the above section. in order to
differentiate seafood isolates from clinical isolates. Al
present. however, this is an area of considerable uncertainty.
despite great advances in rescarch on the genelic basis of
the virulence of this bacterium.

Conclusion

In the last 15 years, listeriosis has changed from being an
infectious disease of limited importance to onc of the most
topical food-bomne infections. These pathogens are now a
major concem for public health authorities and the food in-
dustry. Over the same period. the work of various groups in
Europe and the United States has made these pathogens one
of the best-characterized groups of intracellular parasites al
both the molecular and cellular levels. Despite the major
progress made towards understanding the mechanisms of
virulence of Listeria spp., current insight into the mecha-
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nisms of pathogenesis is still partial and fragmentary. Many
questions remain unanswered. From a food microbiologist's
point of view, a particularly interesting point is why only
certain serovars of L. monocytogenes are associated with
listeriosis and cernain clones of serovar 4b arc associated
with epidemic episodes of this invasive disease? Answering
this questions is very important in order to prevent the un-
necessary recall and destruction of valuable food products.
Further, as discussed in a previous section of this review,
despite the significant consumption of raw fish and ready-
to-eat fish products in Japan, why have these products as yecl
never been implicated in clinical listenosis in humans?
There is probably an important difference between the [,
monocylogenes populations affecting humans snd those
found in fish products consumed in Japan. In the coming
years of the new era of Listeria research, we will certainly
witness spectacular progress in these areas and no doubt
find answers to these and many other questions.
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