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The role of listeriolysin 0 in the intracellular multiplication of Listeria monocytogenes and, therefore, its
pathogenicity was questioned through a genetic complementation study. A nonhemolytic mutant was generated
by inserting a single copy of transposon Tn917 in the bacterial chromosome. This insertion was localized by
DNA sequence analysis in hlyA, the gene coding for listeriolysin 0. As was another mutant that we previously
characterized, this mutant was avirulent in the mouse. It was transformed with a plasmid carrying only hlyA,
able to replicate in L. monocytogenes, and stably maintained in vitro and in vivo. The complemented strain
displayed a hemolytic phenotype identical to that of the wild-type strain and was fully virulent, therefore
attributing a crucial role to listeriolysin 0 in virulence and excluding the hypothesis of a polar effect of the
transposon insertion on genes adjacent to hlyA and possibly involved in virulence.

Listeria monocytogenes is a facultative intracellular gram-
positive bacterium (37) responsible for severe infections in
humans and other animal species (36). Humans at risk are
pregnant women and immunocompromised individuals.
Manifestations of the disease include abortion, septicemia,
and meningoencephalitis; outbreaks have been traced to
contaminated foods, suggesting that the gastrointestinal tract
is the primary entry route. The pioneering studies of G. B.
Mackaness (24) have shown that the natural susceptibility of
mice to L. monocytogenes could be attributed to the survival
and multiplication of the microorganism within host resident
macrophages. It has been demonstrated that control of
infection requires the emergence of a T cell-mediated re-
sponse (6, 22, 25, 31) correlated with an influx of macro-
phages no more permissive to Listeria growth in liver (23)
and that immunity to reinfection can be triggered only by live
organisms (3, 16, 45). Although the macrophage is the main
cell involved in the in vivo multiplication of L. monocyto-
genes, a number of other cell types such as fibroblasts and
epithelial cells have been successfully infected in vitro (4, 12,
17, 21, 33), and it was demonstrated in the case of the human
enterocyte-like Caco-2 cells that, after phagocytosis, bacte-
ria leave the phagosome and multiply within the cytosolic
compartment of these host cells (12). Therefore, identifica-
tion of the factors which allow bacteria to escape phago-
somes and to multiply intracellularly is essential to under-
stand the virulence of the organism.
The observations that all strains of L. monocytogenes

isolated from natural infections produce a zone of hemolysis
on blood agar medium and that these strains are virulent in
the mouse model, whereas nonhemolytic strains isolated
after multiple subcultures (18) or from the environment are
avirulent, first suggested that a hemolysin might be a rele-
vant virulence factor (35). Recently, genetic and physio-
pathological studies with avirulent mutants obtained by
transposon mutagenesis (13, 19, 33) gave strong support to
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the hypothesis that secretion of a hemolytic exotoxin is a
crucial event promoting intracellular growth of L. monocy-
togenes in host tissues (12, 21, 33). This conclusion was
based on the finding that nonhemolytic mutants were aviru-
lent in the mouse, whereas virulence was restored in hemo-
lytic revertant strains obtained by spontaneous loss of trans-
posons. Moreover, nonhemolytic mutants invade different
cell lines as efficiently as the wild type (12, 21, 33) but, in
most cases, do not replicate intracellularly.
The hemolytic factor listeriolysin 0 has been purified (14)

and shown to be a 58-kilodalton protein. It belongs to a

family of cytolysins whose prototype is streptolysin 0 and
which are produced by various gram-positive species, in-
cluding Streptococcus, Bacillus, Clostridium, and Listeria
spp. (39). These cytolysins share a number of common
properties: similar molecular weight, immunological cross-
reactivity, activation by thiol reducing agents (1), and bind-
ing to and inactivation by cholesterol (34). Among these
cytolysins, listeriolysin 0 is the only one to be produced by
an intracellular bacterium and to be active at acid pH (14).
Since only hemolytic bacteria escape from the phagosome
compartment into the cytosol of Caco-2 cells, it was pro-
posed that listeriolysin 0 mediates virulence by damaging
the phagosome membrane (12).
The gene coding for listeriolysin 0, hlyA, has been cloned

and sequenced (27, 28, 43). The deduced amino acid se-

quence of the protein shows that listeriolysin 0 is composed
of 504 amino acids and contains a unique cysteine residue
assumed to be essential for the cytolytic activity (39).
Localization of transposon insertions within hlyA in several
nonhemolytic, avirulent mutants (13, 19, 27, 33) strongly
suggests that this region of the bacterial chromosome is
crucial for virulence (8). However, these data do not rule out
the possibility that disruption of the gene encoding listerio-
lysin 0 exerts a polar effect on genes adjacent to hlyA that
could be involved in the expression of other virulence
factors required for entry in the host and intracellular
survival and multiplication.
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The aim of the present study was to evaluate the role of
listeriolysin 0 in virulence and exclude the hypothesis of a
polar effect, through a genetic complementation study. For
this purpose, from an easily transformable virulent strain of
L. monocytogenes, a new nonhemolytic mutant was con-
structed by means of transposon Tn917 (47). This strain, as
are other nonhemolytic mutants previously isolated (13, 19,
27, 33), was avirulent in the mouse. It was then transformed
with a plasmid containing only the listeriolysin 0 gene. The
transformed strain displayed a hemolytic phenotype and was
virulent in the mouse, thus providing direct evidence that
listeriolysin 0 is essential for the intracellular growth of L.
monocytogenes.

MATERIALS AND METHODS

Bacterial strains, plasmids and culture media. L. monocy-
togenes L028, a virulent hemolytic strain from the Ramon Y
Cajal Hospital Collection (43), was used in this study.
Mutagenesis was performed with transposon Tn917 present
on plasmid pTV1 and encoding erythromycin resistance (47).
The Escherichia coli-Bacillus subtilis shuttle vector pMK4
(40) used in this study to transform L. monocytogenes is a
hybrid plasmid obtained by fusion of plasmid pUC9 and
pC194. Plasmid pUC18 (46) and bacteriophage M13mpl8
(29) were also used to clone DNA fragments. E. coli strains
were grown at 37°C in LB medium (30). For strains contain-
ing pUC derivatives, ampicillin was added at final concen-
trations of 25 pug/ml in liquid medium and 100 ,ug/ml in solid
medium. L. monocytogenes strains were grown in brain
heart infusion (BHI) broth or agar (Difco Laboratories,
Detroit, Mich.) at 30 or 37°C, as required. Chloramphenicol
(10 ,ug/ml) and erythromycin (1 ,ug/ml) were added to agar
medium or to broth, when required. BHI agar plates supple-
mented with 5% horse blood were used to detect hemolytic
activity.
Chemical and enzymes. Restriction enzymes and ligase

were purchased from Amersham Corp. (Buckinghamshire,
United Kingdom), Boehringer GmbH (Manheim, Federal
Republic of Germany), or Genofit (Geneva, Switzerland) and
were used as recommended by the manufacturer.
DNA techniques. E. coli plasmid DNA was purified by

ultracentrifugation in cesium chloride gradients (26). Rapid
preparation of E. coli or Listeria plasmid DNA was per-
formed by the method of Birnboim and Doly (5). To facilitate
restriction analysis, Listeria plasmid DNAs were trans-
formed into and extracted from E. coli. DNA fragments were
prepared by diffusion or electroelution from polyacrylamide
gels or by use of the GeneClean kit (Bio 101, La Jolla,
Calif.), after electrophoresis on agarose gels. Listeria chro-
mosomal DNA was prepared as already described (28).
Recombinant DNA techniques were performed as described
previously (26). Southern blot DNA hybridization and col-
ony hybridization were performed with Hybond-N nylon
membranes (Amersham). DNA probes were labeled by the
multiprime labeling system (kit RPN.160 1Y; Amersham).
DNA sequence was determined with the Sequenase kit
(United States Biochemical Corp., Cleveland, Ohio).

Transformation procedure. L. monocytogenes was trans-
formed by the protoplast transformation technique (44).
Alternatively, protoplasts were electroporated using the
Gene Pulser transfection apparatus (Bio-Rad Laboratories,
Richmond, Calif.); in the latter, to 0.5 ml of protoplasts in
suspension in SMMP buffer (7) were successively added 1.5
ml of polyethylene glycol 6000 (40% [wt/vol]) and plasmid
DNA (0.5 ,ug in 50 ml of TE buffer). The mixture was

subjected to a single pulse electroporation of 25 ,uF at 5,000
V/cm. Five milliliters of SMMP medium (7) was then added,
and protoplasts were recovered by centrifugation for 10 min
at 2,600 x g. Cells were suspended in 0.5 ml of SMMP buffer
and incubated at 37°C for 2 to 3 h, and portions of 0.1 ml
were plated on DM3 medium (7) supplemented with antibi-
otic for regeneration. Incubation for 4 days at 37°C was
required. The electric pulse increased the transformation
efficiency from 10 to 102 transformants per ,ug of plasmid
DNA. Characterization of transformants was achieved by
employing the classical tests described elsewhere (13), in-
cluding Gram staining, catalase activity, motility, and fer-
mentative capacity on 50 different substrates (API 50CH,
API Systems, La Balme les Grottes, France), and by restric-
tion analysis of plasmid DNA.

Subcloning of the hlyA gene in pUC18. Because of the
presence of rearrangements on the original cosmid used to
clone hlyA in E. coli (28), a 4-kilobase BamHI chromosomal
fragment from strain L028 was recloned in plasmid pUC18,
giving rise to a plasmid called pLis3. This plasmid was used
to construct plasmid pLis4.

Isolation of Tn917 insertion mutants of L. monocytogenes.
Plasmid pTV1 was introduced in L028 by the polyethylene
glycol-protoplast transformation procedure (44). This plas-
mid contains the 5.3-kilobase transposon Tn917 coding for
erythromycin resistance, together with a thermosensitive
replication origin and a chloramphenicol resistance gene (32,
47). It has been extensively used for transposon mutagenesis
in another gram-positive bacterium, B. subtilis (42). Trans-
formants were selected on DM3 plates (7) supplemented
with chloramphenicol (5 ,ug/ml) and erythromycin (1 ,ug/ml)
at 30°C. Plasmid DNA was then purified from transformants
and tested for absence of rearrangements by restriction
analysis. The results showed that plasmid pTV1 is stably
maintained in strain L028. The pTV1-harboring strain was
then used as a source of Tn917 insertion mutants. Transpo-
sition of Tn917 from plasmid pTV1 onto the bacterial chro-
mosome was obtained by growing bacteria to mid-log phase
at 30°C in BHI broth containing chloramphenicol (5 ,ug/ml)
and erythromycin (1 pug/ml). Tn9O7 insertion mutants were
obtained by incubating bacteria at 42°C on BHI agar supple-
mented with the same concentration of erythromycin, thus
selecting for transposition events from the plasmid into the
chromosome and for loss of plasmid pTV1. Among 2,000
erythromycin-resistant colonies, 10 colonies were identified
as nonhemolytic on blood agar plates. They were further
shown to be chloramphenicol sensitive and plasmid free.
One mutant was further studied.

Assay for hemolytic activity. For titration of hemolytic
activity in culture supernatants of the various strains, bac-
teria were grown in a charcoal-treated broth prepared as
follows: a 10-fold concentrated proteose-peptone broth (pro-
teose-peptone no. 3 [Difco], 20 g; yeast extract [Difco], 5 g;
Na2HPO4 12H20, 8.3 g; KH2PO4, 0.7 g; quartz-distilled
water, 100 ml) supplemented with charcoal (activated char-
coal; Prolabo, Paris, France) at a 0.2% final concentration
was stirred (100 rpm) for 1 h at room temperature. The
charcoal-treated concentrate was further diluted in quartz-
distilled water (1:10), adjusted to pH 7.5, and autoclaved at
115°C for 20 min. Sterile glucose (1%, final concentration)
was added before inoculation.

Bacteria were inoculated in 5 ml of this medium. Cultures
were then diluted in 100 ml of the same medium and
incubated with shaking for 10 h at 37°C until the end of
log-phase growth. Cultures were then centrifuged for 10 min
at 10,000 x g and 4°C. Supernatants were assayed for
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hemolytic activity (14). Briefly, 0.5 ml of 2.25% sheep
erythrocyte suspension (6 x 108/ml) in phosphate-buffered
saline, pH 6.0, was added to 1.0-ml volumes of serially
diluted supernatants supplemented with cysteine (20 mM,
final concentration) in the same buffer supplemented with
0.1% bovine albumin (Sigma Chemical Co., St. Louis, Mo.).
After 45 min of incubation at 37°C, tubes were centrifuged
and the A541 was measured with a spectrophotometer (Beck-
man M25) as an indication of the hemoglobin released from
erythrocytes. One hemolytic unit (HU) was determined as

the amount of toxin needed to release half the hemoglobin of
the erythrocytes and was estimated graphically by plotting
percent lysis versus sample volume on a log-probit graph.

Virulence in the mouse. Specific-pathogen-free ICR female
Swiss mice (Charles River, St. Aubin-les-Elboeuf, France),
6 to 8 weeks old, were used in this study. Bacteria described
in this report were grown in BHI (Diagnostics Pasteur,
Marnes-la-Coquette, France), harvested in log-phase growth
(108 bacteria per ml), and stored in 1-ml portions at -80°C
until required. For each experiment, a vial of the frozen
stock was quickly thawed and diluted appropriately in 0.15
M NaCl for intravenous (i.v.) inoculations (0.5 ml per

injection). Virulence was estimated by determining the 50%
lethal dose (LD50) by the probit method on groups of five
mice or by monitoring bacterial growth in liver and spleen.
Bacterial survival in these organs was determined after
killing groups of five infected mice by cervical dislocation.
The aseptically removed spleens and livers were separately
ground, and samples (0.1 ml) of serial dilutions of the whole
organ homogenates were plated on tryptic soy agar. Colo-
nies were counted after 24 h of incubation at 37°C, and
results were expressed as the log1o bacterial counts per

organ.

RESULTS

To evaluate the role of listeriolysin 0 in the survival and
intracellular growth of L. monocytogenes and the effect of
transposon insertions within the structural gene encoding
hemolysin, a genetic complementation approach was de-
vised, involving three steps: (i) a DNA fragment carrying
only hlyA, the gene coding for listeriolysin 0, was cloned in
a E. coli-Listeria shuttle vector; (ii) this plasmid was then
introduced by transformation into a nonhemolytic, avirulent
mutant of L. monocytogenes obtained by transposon muta-
genesis with Tn917 and whose insertion had been fully
characterized; and (iii) the physiological properties and the
virulence of the transformants were analyzed.

Subcloning of the listeriolysin 0 gene in a shuttle vector.
The hlyA gene, recently cloned and sequenced (27, 28, 43),
was subcloned in E. coli in the shuttle vector pMK4.
Sequence analysis of the regions adjacent to hlyA (data not
shown) revealed two Sau96A restriction sites which enabled
us to clone the gene hlyA alone without any neighboring
coding regions. The 2,436-base-pair (bp) Sau96A fragment
was purified from pLis3 (described in Materials and Meth-
ods) and cloned in the SmaI site of the shuttle vector pMK4,
giving rise to plasmid pLis4 (Fig. 1).

Isolation and characterization of a Tn917 insertion nonhe-
molytic mutant and its transformation with shuttle vectors
harboring or not harboring the hlyA gene. By means of
transposon Tn917 (47), we generated a bank of mutants from
L. monocytogenes L028 (described in Materials and Meth-
ods). Nonhemolytic mutants screened on blood agar plates
were found at a frequency ofl0o'. Nonhemolytic colonies
were verified to be gram positive, catalase positive, and
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FIG. 1. Restriction map of plasmid pLis4. Plasmid pLis4 was
obtained by cloning in plasmid pMK4 the Sau96A DNA fragment
containing the hlyA gene of L. monocytogenes. Kb, Kilobases.

motile and to display the characteristic fermentative pattern
of L. monocytogenes towards 50 different substrates on API
50CH plates.
One of these nonhemolytic mutants was further character-

ized by Southern blotting analysis, with a 1.5-kilobase
HindIII fragment internal to Tn917 as a probe. Before
electrophoresis, the chromosomal DNA was restricted by
EcoRI, PstI, and BamHI, three endonucleases which do not
cut Tn917, and by HindIll, which recognizes two sites in
Tn917 (32). A single chromosomal DNA fragment hybridized
with the Tn917 probe after digestion with EcoRI, BamHI, or
PstI, thus providing evidence that a single copy of Tn917 had
inserted into the chromosome (Fig. 2, panel a). The precise
localization ofTn917 was achieved by rehybridizing the filter
with two other probes corresponding to different parts of
hlyA. The 651-bp HindIII fragment internal to this gene
remained intact in the insertion mutant, hybridizing as a
single band (Fig. 2, panel b). In contrast, two chromosomal
DNA fragments were recognized by the HindlIl 410-bp
probe containing the 3' end of gene hlyA (Fig. 2, panel c),
demonstrating that this part of the hlyA gene was interrupted
by the transposon in the nonhemolytic mutant. These results
indicate that Tn917 had inserted in the 3' distal part of gene
hlyA. This was further confirmed by sequencing one of the
HindIll junction fragments after cloning in plasmid pUC18
and subcloning in M13mpl8. Tn917 had inserted after codon
503 (corresponding to amino acid 478 of the secreted protein)
(Fig. 3), thus generating a fusion protein of 503 amino acids
containing 25 amino acids derived from Tn917 (data not
shown). As will be shown later, the transposon insertion
severely affected both the function of the toxin and the
virulence of the mutant, designated L028 (hlyA::Tn917).
The final step of this approach was to transform strain

L028 and its nonhemolytic derivative, L028 (hlyA::Tn917),
with plasmids pMK4 and pLis4, which were found able to
replicate in L. monocytogenes. Transformants were charac-
terized as described in Materials and Methods.

Production of listeriolysin 0 in culture supernatants. The
hemolytic phenotype was first examined by plating bacteria
for 24 h at 37°C on 5% horse blood agar. Strains L028, L028
(pMK4), and L028 (pLis4) displayed a homogeneous and
stable hemolytic phenotype. Strains L028 (hlyA::Tn9J7) and
L028 (hlyA::Tn9J7, pMK4) were nonhemolytic under these
conditions. In contrast, colonies of strain L028 (hlyA::
Tn917, pLis4) were homogeneously hemolytic on blood agar
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FIG. 2. Electrophoresis showing localization of Tn9O7 in the
chromosome of a Tn917 insertion nonhemolytic mutant by Southern
blot DNA hybridization. The same filter was successively hybrid-
ized with the following probes: (i) a 1.5-kilobase fragment internal to
Tn917 (a); (ii) a 651-bp HindIlI fragment of hlyA (b); (iii) a 410-bp
Hindlll fragment of the 3' end of the gene (c). Lanes: 1, the Tn9O7
probe; 2 through 4, L028 (hlyA::Tn9J7) DNA restricted by EcoRI,
PstI, and BamHI, respectively; 5, L028 DNA restricted by HindIII;
6, L028 (hlyA::Tn917) DNA cut by Hindlll; 7, the 651-bp Hindlll
probe. A partial digestion is detected in lanes 3 and 6, in both panels
a and c. A single chromosomal DNA fragment hybridized with the
Tn917 probe after digestion with three restriction enzymes (panel a,
lanes 2 through 4). The 651-bp HindIll probe for the hlyA gene
hybridized with a single fragment of the digested chromosomal DNA
(panel b, lane 5), meaning that this region of hlyA remained intact in
the insertion mutant. In contrast, two main chromosomal DNA
fragments were recognized by the HindlIl 410-bp probe containing
the end of gene hlyA, showing that this part of the hlyA gene was
split in the mutant (c, lane 6). These results indicate that Tn9O7 had
inserted in the 3' distal region of gene hlyA.

plates, indicating not only that pLis4 was stably maintained
in vitro but also that hlyA was expressed.
The hemolytic activity was then titrated in the superna-

tants of these six strains grown for 10 h at 37°C in charcoal-
containing broth, when hemolytic activity was maximal (15).
Results are reported in Table 1. The hemolytic activity of the
wild-type strain was 900 HU/ml and was similar to that of the
strain harboring plasmid pMK4. Surprisingly, no significant
change in the hemolytic titer was detected when L028
harbored the recombinant plasmid pLis4. In the nonhemo-
lytic mutant and its derivative carrying plasmid pMK4, the
hemolytic activity was estimated to be less than 10 HU/ml,
whereas in the complemented strain L028 (hlyA::Tn9J7,
pLis4), it reached a level of 1,200 HU/ml. This result
provides evidence that the hlyA gene is fully expressed in the
complemented mutant.

Virulence of nonhemolytic mutants transformed with a
plasmid carrying the hemolysin gene. Groups of five Swiss
mice were inoculated i.v. with increasing doses of L028 or
its derivatives, and mortality was monitored over the next 10
days. The LD50s obtained are listed in Table 1. Introduction
of plasmid pMK4 into strain L028 significantly decreased
the LD50 by more than 1.0 log unit (LD50, 106.5 bacteria per
mouse versus 105 2 bacteria per mouse for the parental
strain). This indicates that expression of virulence was
partially impaired by the presence of pMK4. A similar
decrease in virulence was observed after introducing pLis4
into L028. In contrast, the nonhemolytic strain L028 (hlyA::
Tn9O7) and its derivative L028 (hlyA::Tn9J7, pMK4) were
totally avirulent (LD50, >109-5 bacteria per mouse), as were
the nonhemolytic mutants previously obtained with Tn1545
(13, 33) or Tn916 (19, 33). Virulence was restored at a level
identical to that of L028 (pMK4) or L028 (pLis4) when
plasmid pLis4 carrying the hlyA gene was introduced into

476 477 478 479 4o

L02IS Leu Pro Leu Val Lys
-------------------------------- TTA CCa C!! GTG AAA

LO2SClyA: :Ts 917) / X
----------- TTA CCA CTT IGGG GTC CCG---- GGGACCCCICA CTT GTG AM ---------

5' TnT9177

FIG. 3. (A) Schematic drawing of the Tn917 insertion in hlyA.
Tn917 and hlyA are not drawn on the same scale. EcoRI (E) and
HindIlI (H) restriction sites are indicated. The three probes used in
the Southern blot hybridization shown in Fig. 2 are represented. kb,
Kilobase. (B) Tn917 insertion in hlyA. The Hindlll fragment con-
taining the Tn917-hlyA 3' end junction has been sequenced. Knowl-
edge of hlyA (28) and Tn917 (38) sequences and of a duplication
event of 5 bp occurring during transposition of Tn917 (32) allowed
the precise localization of Tn917 in hlyA. The insertion generated a
fusion protein containing 25 amino acids derived from the Tn917 left
end sequence.

the nonhemolytic avirulent mutant. The LD50 was 106.8
bacteria per mouse in the complemented strain, which
represents a 3-log increase when the hlyA gene is present in
this strain.
These results were further confirmed by monitoring bac-

terial growth in the spleens and livers of i.v. infected mice.
When mice were inoculated with 3 x 105 to 8 x 105 bacteria
of L028, L028 (pMK4), or L028 (pLis4), bacteria rapidly
multiplied in the organs over the next 2 days, although at a
slower rate in the case of the two plasmid-containing strains
(Fig. 4). The two latter strains did not induce early mortality,
as opposed to L028. The two nonhemolytic strains L028
(hlyA::Tn9J7) and L028 (hlyA::Tn9J7, pMK4) were rapidly
destroyed within 48 h of infection (Fig. 5) and failed to create
visible abscesses even with high infecting doses (-10' bac-
teria per mouse). In contrast, the complemented strain L028
(hlyA::Tn9J7, pLis4) harboring the hlyA gene on plasmid
pLis4 replicated in spleen and liver, inducing visible ab-

TABLE 1. Hemolysin production and virulence in the mouse

Strain Hemolytic titer LD50Strain ~~~~(HU/ml)
L028 900 1o5.2
L028 (pMK4) 1,000 1o6.5
L028 (pLis4) 900 1o6.8
L028 (hlyA::Tn917) <10 >1o9.5
L028 (hlyA::Tn917, pMK4) <10 >1o9.5
L028 (hlyA::Tn9I7, pLis4) 1,200 1o6.8
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FIG. 4. Growth curves of the wild-type strain L028 and its
transformants. Mice were inoculated i.v. with strains L028 (0),
L028 (pMK4) ([), or L028 (pLis4) (A). Bacterial growth was
monitored in the spleen and the liver over the next 2 days. L028
induced early mortality by day 2 (three of five [3t/5] mice). The
virulence of the two plasmid-containing strains was reduced, as
shown by a lower rate of bacterial growth and absence of early
mortality. Exact infecting i.v. doses were 3.6 x i0 for L028, 8.5 x
105 for L028 (pMK4), and 2.5 x 10i for L028 (pLis4). Groups of
five mice per time point.

scesses and early mortality in mice at high infecting doses
(1.6 x 108 bacteria per mouse). The rate of in vivo bacterial
multiplication was similar to that of the two plasmid-con-
taining hemolytic strains.

Finally, it was important to verify that the parallel resto-
ration of hemolytic phenotype and virulence was due to
complementation and not to a recombination event taking
place in vivo in strain L028 (hlyA::Tn917, pLis4). For this
purpose, the number of viable bacteria present in organs of
mice at day 3 of infection (106 bacteria i.v.) was estimated by
plating dilutions of ground tissues on BHI agar, BHI blood
agar, and BHI agar supplemented with chloramphenicol,
erythromycin, or both antibiotics. Bacteria were hemolytic
on blood agar plates, and the number of colonies was similar
on the five culture media, strongly suggesting that transpo-
son Tn917 and plasmid pLis4 were stably maintained in vivo.
In addition, the plasmid DNA content of 12 colonies origi-
nating from host tissues and randomly taken from the
different plates was analyzed. The restriction profiles of the
plasmids were identical to that of the original pLis4, thus
demonstrating the stable maintenance of this plasmid in vivo
as well as in vitro.

DISCUSSION

This report provides conclusive evidence obtained
through a genetic complementation study that the produc-
tion of listeriolysin 0 is necessary for the virulence of L.
monocytogenes. Recent reports demonstrated that insertion
of transposable elements in the structural gene coding for the
hemolysin prevented the capacity of L. monocytogenes to
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FIG. 5. Growth curves of the nonhemolytic mutant L028 (hlyA::

Tn917) and its transformants. Mice were inoculated i.v. with strain
L028 (hlyA::Tn917), L028 (hlyA::Tn917, pMK4), or L028 (hlyA:
:Tn917, pLis4). (A) Low infecting doses: L028 (hlyA::Tn917), 2.6 x
iO (U); L028 (hIyA::Tn917, pMK4), 6.2 x 105 (0); L028 (hlyA:
:Tn917, pLis4), 5.5 x 104 (0). (B) High infecting doses: L028
(hlyA::Tn917), 1.1 x 108 (U); L028 (hlyA::Tn917, pMK4), 1.0 x 108
(0); L028 (hlyA::Tn917, pLis4), 1.6 x 108 (0). The two nonhemo-
lytic strains failed to grow in the livers and spleens of infected mice,
even at high infecting doses, whereas the strain harboring pLis4
multiplied in host tissues, creating visible abscesses and inducing
mortality when mice were infected with high doses of bacteria (_108
per mouse). lt/5, One of five mice died. Groups of five mice per time
point.

multiply in host tissues (13, 19, 33). This strongly suggested
that the hemolysin region of the chromosomal DNA is
crucial for virulence (8, 27). However, insertional events can
exert a polar effect on adjacent genes. Therefore, these
genetic results did not eliminate the possibility that genes
adjacent to the hemolysin gene might be involved in the
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process of virulence. Moreover, several independent obser-
vations apparently question the role of hemolysin. First, a
strict relationship between the in vitro level of hemolytic
activity and the expression of virulence of L. monocyto-
genes in the mouse is not observed (2, 15). Second, some
nonhemolytic insertional mutants of L. monocytogenes do
not seem to be affected in their capacity to grow in the Henle
407 human epithelial cell line, although they are avirulent in
the mouse (33). Finally, a closely related species, Listeria
seeligeri, which produces, albeit at low levels, a sulfhydryl-
activated toxin antigenically related to listeriolysin 0 (15),
fails to induce natural infections and is avirulent in the
mouse (35). Thus, it was important to directly demonstrate
that the hlyA gene is involved in the process of intracellular
growth of L. monocytogenes.

If the hlyA gene were the only gene affected by the
transposon-induced gene disruption event, the original viru-
lence should be restored by introducing into the mutant the
hlyA gene carried on a plasmid. In order to test this hypoth-
esis, we chose to insert the hlyA gene into a shuttle vector
able to replicate in L. monocytogenes and to transform a
well-characterized, transposon-induced, nonhemolytic avir-
ulent mutant of L. monocytogenes. Several conditions had
to be satisfied before conclusions could be drawn from such
a complementation study: (i) the shuttle vector used to
transform the recipient mutants should exclusively harbor
the hlyA gene; (ii) the recipient mutant should imperatively
result from a single insertional transposition event within the
structural gene of the hemolysin; (iii) the complemented
mutant should stably express the hemolytic phenotype both
in vitro and in vivo; and (iv) no rearrangements should be
detected between the plasmid and the chromosomal DNA in
the complemented mutant. These requirements were fulfilled
in the present study.
The first requirement was satisfied by taking advantage of

two restriction sites located 240 and 560 bp upstream and
downstream from the hlyA gene, respectively. The sequence
of this fragment and transcriptional studies revealed that the
plasmid contained the hlyA gene with its promoter, the
beginning of a putative open reading frame starting 340 bp
downstream from hlyA, and no open reading frame within
the 240-bp upstream region (J. Mengaud, M. F. Vicente, and
P. Cossart, Infect. Immun., in press). This indicated that
pLis4 harbors exclusively the hlyA gene.
A nonhemolytic, avirulent mutant from strain EGD de-

rived by insertion of a single copy of transposon TnJS45 (13)
was available. It was initially used as a recipient in the
transformation studies, as its transposon insertion had been
precisely localized (27). However, the transformants ob-
tained by electroporation were unstable in vitro, with a high
rate of spontaneous loss of plasmids. The reasons for this
instability have not been completely elucidated but may be
due to the nature of the vector used; other replicons are now
able to replicate in this strain (unpublished results). We
therefore used another nonhemolytic mutant as a recipient
strain. This nonhemolytic derivative was obtained by muta-
genesis of a virulent strain of L. monocytogenes, strain
L028, with transposon Tn917. This mutant, L028 (hlyA::
Tn917), harbored a single copy of Tn917 inserted within the
structural gene of listeriolysin 0. The insertion was located
after codon 503, thus producing an inactive secreted protein
of 503 amino acids containing 25 amino acids derived from
Tn917. It is to be noted that transposon Tn917 had never
been used in the genus Listeria and, as shown in this study,
is a new tool for genetic studies in this species. Its main
advantage is that it is much smaller than the two conjugative

plasmids Tn1545 (9) and Tn916 (11), which facilitates DNA
manipulations. In addition, a single bacterium transformed
with plasmid pTV1 carrying transposon Tn917 is per se a
potential bank of mutants: to isolate mutants, one only needs
to raise the temperature and screen for the desired pheno-
type. Interestingly, the insertion described here occurred at
a location different from that observed in the TnlS45 inser-
tion nonhemolytic mutant previously characterized (27),
where Tn1545 had inserted upstream from the region coding
for the highly conserved undecapeptide found in the four
sequenced thiol-activated toxins (20, 28, 41). This unde-
capeptide may have an important role in the function of the
protein, as it contains the unique cysteine of the protein
known to be inactivated by thiol-alkylating agents (14). In
the Tn9J7 insertion nonhemolytic mutant, the insertional
event occurred downstream from the region coding for this
highly conserved region which was therefore unaffected by
the mutation. This result emphasizes that integrity of the
C-terminal part of the protein is required for the function of
listeriolysin 0. Mutant L028 (hlyA::Tn9J7) and the original
strain L028 were transformed with plasmids pMK4 and
pLis4. On the basis of the antibiotic resistance pattern of the
transformed strains and the analysis of their DNA content, it
was shown that pMK4 and pLis4 were stably maintained in
vitro, allowing further use of the strains.
The first result of this study is that strain L028 (hlyA::

Tn917, pLis4) displayed a stable hemolytic phenotype iden-
tical to that of the wild type: its maximal hemolytic titer in
the culture supernatant (1,200 HU/ml) did not significantly
differ from those of strains L028, L028 (pMK4), or L028
(pLis4), taken as controls. The result obtained in the last
case as well as in the case of the mutant complemented with
pLis4 was somewhat intriguing, since the presence of a
multicopy plasmid carrying the hemolysin gene does not
increase the hemolytic titer. It seems, at least in the case of
strain L028, that a maximum level of hemolytic activity is
reached regardless of the number of copies of the hlyA gene,
implying that hemolysin production must be precisely regu-
lated. It is indeed already known that there is an inverse
correlation between iron concentration and hemolysin pro-
duction (10). Other factors are probably also involved.
Assays for virulence were performed by i.v. infection of

Swiss mice. The hypothesis that the presence of a plasmid in
strain L028 might affect virulence was first investigated by
analyzing the virulence of strain L028 harboring pMK4 or
pLis4. Indeed, introduction of either one of the two plasmids
into L028 significantly reduced the level of virulence: the
LD50s dropped by more than 1.0 log unit in both L028
(pMK4) and L028 (pLis4), with a parallel reduction of their
replicating capacity in the spleens and livers of infected
mice. It appears that the presence of a plasmid impairs
bacterial multiplication. It is likely that under the stress
conditions encountered in host tissues, bacterial survival
and replication involve activation and repression of several
genes, mechanisms which apparently are affected by the
presence of a plasmid. As' in the case of other mutants
already described (13, 19, 33), the nonhemolytic mutant
L028 (hlyA::Tn9J7) and its transformant derivative L028
(hlyA::Tn9J7, pMK4) were avirulent in the mouse. Even at
high infecting doses (108 per mouse), bacteria were rapidly
eliminated from the spleens and the livers within 48 h. In
contrast, the capacity to grow in these host tissues was
restored in the complemented strain L028 (hlyA::Tn917,
pLis4), in parallel with the production of listeriolysin 0 in
the culture supematant. Virulence estimated by LD50s was
expressed at the same level as that of the control strains
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L028 (pMK4) and L028 (pLis4). At high infecting doses,
strain L028 (hlyA::Tn9J7, pLis4) induced visible abscesses
in liver and spleen and ultimately killed mice.

In conclusion, our results show that expression of the
hemolysin gene was necessary and sufficient to restore
virulence in a nonhemolytic mutant. One can conclude that
the transposon in the Tn917 insertion nonhemolytic mutant
did not exert any polar effect on adjacent genes and that hlyA
was the only gene affected by the insertion. It is also
probably the case for other nonhemolytic mutants previ-
ously isolated (13, 19, 33). This result is in agreement with
recent transcriptional studies suggesting that hlyA is a mono-
cistronic unit (Mengaud et al., in press). The implication of
this genetic study is that the hemolysin gene product is
absolutely required for intracellular multiplication of L.
monocytogenes. This supports the hypothesis that produc-
tion of a cytolysin inside the phagolysosomal compartment
would allow bacteria to escape this hostile intracellular
environment to freely multiply in the cytosol (12). Listeriol-
ysin 0 now appears to be the first key factor for intracellular
growth identified at the molecular level in L. monocyto-
genes. In addition, the genetic tools developed in this study
(Tn917 mutagenesis and gene complementation) should
prove useful in the analysis of other virulence factors.

ACKNOWLEDGMENTS

We thank J. E. Davies for his constant interest in this work, J. L.
Gaillard for helpful discussions, P. Youngman for strain PY313
harboring pTV1, E. Gormley for constructing L028(pLis4), and I.

Razafimanantzoa and J. L. Beretti for excellent technical assis-
tance. We also thank J. E. Davies, E. Gormley, K. Reich, and C. J.
Thomson for critical reading of the manuscript.

This work was supported by a "Contrat de Jumelage" from the
European Economic Community (no. ST2 00319), by an "Action
Integree" (A I no. 031), by CRE 853004 from the Institut National de
la Sante et de la Recherche Medicale, and by a grant (no. 3009) from
the Direction de l'Enseignement Supdrieur, Universitd Paris V.

LITERATURE CITED

1. Alouf, J. E., and C. Geoffroy. 1984. Structure activity relation-
ships in sulfhydryl-activated toxins, p. 165-171. In J. E. Alouf,
F. J. Fehrenbach, J. H. Freer, and J. Jeljaszewicz (ed.), Bac-
terial protein toxins. Academic Press, Inc. (London), Ltd.,
London.

2. Audurier, A., P. Pardon, J. Marly, F. Fantier, and J. Loulergue.
1981. Mesure de la virulence chez la souris de differentes
bactdries appartenant au genre Listeria. Ann. Inst. Pasteur
Immunol. 132:191-200.

3. Berche, P., J. L. Gaillard, and P. J. Sansonetti. 1987. Intracel-
lular growth of Listeria monocytogenes as a prerequesite for in
vivo induction of T cell-mediated immunity. J. Immunol. 138:
2266-2271.

4. Berche, P., J. L. Gaillard, P. Sansonetti, C. Geoffroy, and J. E.
Alouf. 1987. Towards a better understanding of the molecular
mechanisms of intracellular growth of Listeria monocytogenes.
Ann. Inst. Pasteur Microbiol. 138:242-246.

5. Birnboim, H. C., and J. Doly. 1979. A rapid alkaline extraction
procedure for screening recombinant plasmid DNA. Nucleic
Acids Res. 7:1513-1523.

6. Blanden, R. V., and R. E. Langman. 1972. Cell-mediated
immunity to bacterial infection in the mouse. Thymus-derived
cells as effectors of acquired resistance to Listeria monocyto-
genes. Scand. J. Immunol. 1:379-391.

7. Chang, S., and S. N. Cohen. 1979. High frequency transforma-
tion of Bacillus subtilis protoplasts by plasmid DNA. Mol. Gen.
Genet. 168:111-115.

8. Cossart, P. 1988. The listeriolysin 0 gene region: a chromo-
somal locus crucial for the virulence of Listeria monocytogenes.
Infection 16(S2):157-160.

9. Courvalin, P., and C. Carlier. 1986. Transposable multiple
antibiotic resistance in Streptococcus pneumoniae. Mol. Gen.
Genet. 205:291-297.

10. Cowart, R. E. 1987. Iron regulation of growth and haemolysin
production by Listeria monocytogenes. Ann. Inst. Pasteur
Microbiol. 138:246-249.

11. Franke, A., and D. Clewell. 1980. Evidence for conjugal transfer
of a Streptococcus faecalis transposon Tn916 from a chromo-
somal site in the absence of plasmid DNA. Cold Spring Harbor
Symp. Quant. Biol. 45:77-80.

12. Gailiard, J.-L., P. Berche, J. Mounier, S. Richard, and P.
Sansonetti. 1987. In vitro model of penetration and intracellular
growth of Listeria monocytogenes in the human enterocyte-like
cell line Caco-2. Infect. Immun. 55:2822-2829.

13. Gaillard, J. L., P. Berche, and P. Sansonetti. 1986. Transposon
mutagenesis as a tool to study the role of hemolysin in the
virulence of Listeria monocytogenes. Infect. Immun. 52:50-55.

14. Geoffroy, C., J. L. Gaillard, J. E. Alouf, and P. Berche. 1987.
Purification, characterization, and toxicity of the sulfhydryl-
activated hemolysin listeriolysin O from Listeria monocyto-
genes. Infect. Immun. 55:1641-1646.

15. Geoffroy, C., J. L. Gaillard, J. Alouf, and P. Berche. 1989.
Production of thiol-dependent hemolysins by Listeria monocy-
togenes and related species. J. Gen. Microbiol. 135:481-487.

16. Hasenclever, H. F., and W. W. Karakawa. 1957. Immunization
of mice against Listeria monocytogenes. J. Bacteriol. 74:584-
586.

17. Havell, E. A. 1986. Synthesis and secretion of interferon by
murine fibroblasts in response to intracellular Listeria monocy-
togenes. Infect. Immun. 54:787-792.

18. Hof, H. 1984. Virulence of different strains of Listeria monocy-
togenes serovar 1/2a. Med. Microbiol. Immunol. 173:207-218.

19. Kathariou, S., P. Metz, H. Hof, and W. Goebel. 1987. Tn9J6-
induced mutations in the hemolysin determinant affecting viru-
lence of Listeria monocytogenes. J. Bacteriol. 169:1291-1297.

20. Kehoe, M. A., L. Miller, J. A. Walker, and G. J. Boulnois. 1987.
Nucleotide sequence of the streptolysin 0 (SLO) gene: struc-
tural homologies between SLO and other membrane-damaging,
thiol-activated toxins. Infect. Immun. 55:3228-3232.

21. Kuhn, M., S. Kathariou, and W. Goebel. 1988. Hemolysin
supports survival but not entry of the intracellular bacterium
Listeria monocytogenes. Infect. Immun. 56:79-82.

22. Lane, F. C., and E. R. Unanue. 1972. Requirement of thymus (T)
lymphocytes for resistance to listeriosis. J. Exp. Med. 135:
1104-1112.

23. Lepay, D. A., R. M. Steinman, C. F. Nathan, H. W. Murray, and
Z. A. Cohn. 1985. Liver macrophages in murine listeriosis. J.
Exp. Med. 161:1503-1512.

24. Mackaness, G. B. 1962. Cellular resistance to infection. J. Exp.
Med. 116:381-406.

25. Mackaness, G. B. 1969. The influence of immunologically com-
mitted lymphoid cells on macrophage activity in vivo. J. Exp.
Med. 129:973-992.

26. Maniatis, T., E. F. Fritsch, and J. Sambrook. 1982. Molecular
cloning: a laboratory manual. Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y.

27. Mengaud, J., J. Chenevert, C. Geoffroy, J. L. Gailiard, and P.
Cossart. 1987. Identification of the structural gene encoding the
SH-activated hemolysin of Listeria monocytogenes: listerioly-
sin 0 is homologous to streptolysin 0 and pneumolysin. Infect.
Immun. 55:3225-3227.

28. Mengaud, J., M. F. Vicente, J. Chenevert, J. Moniz-Pereira, C.
Geoffroy, B. Gicquel-Sanzey, F. Baquero, J. C. Perez-Diaz, and
P. Cossart. 1988. Expression in Escherichia coli and sequence
analysis of the listeriolysin 0 determinant of Listeria monocy-
togenes. Infect. Immun. 56:766-772.

29. Messing, J. 1983. New M13 vectors for cloning. Methods
Enzymol. 101:20-78.

30. Miller, J. H. 1972. Experiments in molecular biology. Cold
Spring Harbor Laboratory, Cold Spring Harbor, N.Y.

31. North, R. J. 1973. Cellular mediators of anti-Listeria immunity
as an enlarged population of short lived, replicating T cells.
Kinetics of their production. J. Exp. Med. 138:342-355.

VOL. 57, 1989 3635



3636 COSSART ET AL.

32. Perkins, J. B., and P. J. Youngman. 1984. A physical and
functional analysis of Tn917, a Streptococcus transposon in the
Tn3 family that functions in Bacillus. Plasmid 12:119-138.

33. Portnoy, D., P. S. Jacks, and D. Hinrichs. 1988. Role of
hemolysin for the intracellular growth of L. monocytogenes. J.
Exp. Med. 167:1459-1471.

34. Prigent, D., and J. E. Alouf. 1976. Interaction of streptolysin 0
with sterols. Biochim. Biophys. Acta 443:288-300.

35. Rocourt, J., J. M. Alonso, and H. P. R. Seeliger. 1983. Virulence
comparee des cinq groupes gdnomiques de Listeria monocyto-
genes (sensu lato). Ann. Inst. Pasteur Microbiol. 134A:359-364.

36. Seeliger, H. P. R. 1988. Listeriosis-history and actual devel-
opments. Infection 16(S2):81-85.

37. Seeliger, H. P. R., and D. Jones. 1986. Genus Listeria Pirie 1940,
383AL, p. 1235-1245. In P. H. A. Sneath, N. S. Mair, M. E.
Sharpe, and J. G. Holt (ed.), Bergey's manual of systematic
bacteriology, vol. 2. The Williams & Wilkins Co., Baltimore.

38. Shaw, J. H., and D. W. Clewell. 1985. Complete nucleotide
sequence of macrolide-lincosamide-streptogramin B-resistance
transposon Tn917 in Streptococcus faecalis. J. Bacteriol. 164:
782-796.

39. Smyth, C. J., and J. L. Duncan. 1978. Thiol-activated (oxygen
labile) cytolysins, p. 129-183. In J. Jeljaszewicz and T. Wad-
strom (ed.), Bacterial toxins and cell membranes. Academic
Press, Inc., New York.

40. Sullivan, M., R. E. Yasbin, and F. E. Young. 1984. New shuttle
vectors for B. subtilis and E. coli which allow rapid detection of
inserted fragments. Gene 29:21-26.

41. Tweten, R. K. 1988. Nucleotide sequence of the gene for
perfringolysin 0 (theta-toxin) from Clostridium perfringens:
significant homology with the genes for streptolysin 0 and
pneumolysin. Infect. Immun. 56:3235-3240.

42. Vandeyar, M. A., and S. A. Zahler. 1986. Chromosomal inser-
tions of Tn917 in Bacillus subtilis. J. Bacteriol. 167:530-534.

43. Vicente, M. F., F. Baquero, and J. C. Perez-Diaz. 1985. Cloning
and expression of the Listeria monocytogenes haemolysin in E.
coli. FEMS Microbiol. Lett. 30:77-79.

44. Vicente, M. F., J. C. Perez-Diaz, and F. Baquero. 1987. A
protoplast transformation system for Listeria sp. Plasmid 18:
89-92.

45. Wirsing von Koenig, C. H., H. Finger, and H. Hof. 1982. Failure
of killed Listeria monocytogenes vaccine to produce protective
immunity. Nature (London) 297:233-234.

46. Yanisch-Perron, C., J. Vieira, and J. Messing. 1985. Improved
M13 phage cloning vectors and host strains: nucleotide se-
quence of the M13mpl8 and pUC19 vectors. Gene 33:103-119.

47. Youngman, P. J., J. B. Perkins, and R. Losick. 1983. Genetic
transposition and insertional mutagenesis in B. subtilis with
Streptococcus faecalis transposon Tn917. Proc. Natl. Acad.
Sci. USA 80:2305-2309.

INFECT. IMMUN.


