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Listeria monocytogenes is a facultative intracellular bacterial pathogen that escapes from a host vacuolar
compartment and grows rapidly in the cytosol. Listeriolysin O (LLO) is a secreted pore-forming protein es-
sential for the escape of L. monocytogenes from the vacuole formed upon initial internalization. However, its role
in intracellular growth and cell-to-cell spread events has not been testable by a genetic approach. In this study,
purified six-His-tagged LLO (HisLLO) was noncovalently coupled to the surface of nickel-treated LLO-nega-
tive mutants. Bound LLO mediated vacuolar escape in approximately 2% of the mutants. After 5.5 h of growth,
cytosolic bacteria were indistinguishable from wild-type bacteria with regard to formation of pseudopod-like
extensions, here termed listeriopods, and spread to adjacent cells. However, bacteria in adjacent cells failed to
multiply and were found in double-membrane vacuoles. Addition of bound LLO to mutants lacking LLO and
two distinct phospholipases C (PLCs) also resulted in spread to adjacent cells, but these triple mutants became
trapped in multiple-membrane vacuoles that are reminiscent of autophagocytic vacuoles. These studies show
that neither LLO nor the PLCs are necessary for listeriopod formation and uptake of bacteria into neighboring
cells but that LLO is required for the escape of L. monocytogenes from the double-membrane vacuole that forms
upon cell-to-cell spread.

Listeria monocytogenes is a rapidly growing, facultatively in-
tracellular bacterium, and it is a leading cause of food-borne
illness that causes serious disease in immunocompromised in-
dividuals (5, 7). It is also highly amenable to experimental
analysis and has emerged as a model intracellular pathogen
with a well-characterized intracellular lifecycle (10, 14).

A primary virulence determinant of L. monocytogenes is the
pore-forming protein listeriolysin O (LLO), a member of the
family of cytolysins that also includes streptolysin O (1). LLO
is essential for the escape of the bacterium from the host
vacuole that is formed upon its initial entry. Wild-type bacteria
rapidly escape from this vacuole and multiply in the host cy-
tosol, but LLO-negative mutants remain trapped in the vacu-
ole, do not grow intracellularly, and are avirulent in a murine
model of listeriosis (14). Failure of LLO-negative mutants to
escape the primary vacuole has prevented the study of the role
of LLO in subsequent steps in pathogenesis. In this study, this
block was bypassed by using purified six-His-tagged LLO to
allow the escape of LLO-negative bacteria from the primary
vacuole.

Purified LLO binds to LLO-negative bacteria. LLO-nega-
tive bacteria were incubated with purified six-His-tagged liste-
riolysin O (HisLLO), and bound pore-forming activity was
determined by hemolytic titration essentially as previously de-
scribed (8). Several factors influenced the amount of purified
protein that bound. The incubation of bacteria and HisLLO in

a low-ionic-strength buffer increased binding fivefold com-
pared to a normal-ionic-strength incubation. Preincubation of
the bacteria with nickel ions increased binding twofold, wheth-
er ionic strength was normal or low. In addition, optimization
of the bacterial culture medium and growth temperature in-
creased binding threefold.

These findings led to the following protocol for the binding
of HisLLO to LLO-negative strains. Approximately 4 3 108

bacteria that were grown to stationary phase at 37°C in Luria-
Bertani medium, pH 7.4 (12), were resuspended in 200 ml of
buffer A (20 mM HEPES [pH 7.5], 50 mM sodium chloride)
and 1 mM nickel(II) chloride. After 10 min on ice, bacteria
were pelleted and resuspended in 200 ml of fresh buffer A
(without nickel). Twenty micrograms of HisLLO were added
from a 4-mg/ml stock, and the suspension was again incubated
for 10 min on ice. Bacteria were washed once in buffer A and
were suspended in 200 ml of 20 mM HEPES (pH 7.5)–150 mM
sodium chloride. Hemolytic activity of this suspension was de-
termined.

L. monocytogenes mutants used in this study were in-frame
deletions of targeted genes derived from wild-type strain 10403S
by allelic exchange as previously described (3). Specifically, an
LLO-, phosphatidylinositol-specific phospholipase C (PI-PLC)-,
broad-range phospholipase C (PC-PLC)-negative strain was
constructed from previously described strains (9), and an LLO-
negative strain was constructed as previously reported (8).
Construction and purification of HisLLO will be described
elsewhere.

LLO-negative bacteria that were treated with HisLLO bound
approximately 1 U of hemolytic activity per 106 bacteria. In
comparison, washed wild-type bacteria had no detectable he-
molytic activity. HisLLO binding was reversible, with most ac-
tivity eluting from the bacteria in a 15-min, 37°C, normal-ionic-
strength incubation. An increase of HisLLO binding to bacteria
in low-ionic-strength buffer indicates that binding is mediated
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by charge-charge interactions, possibly between abundant neg-
atively charged teichoic and lipoteichoic acids in the bacterial
cell wall (6) and unidentified charged sites in LLO. Preincu-
bation with nickel ions presumably causes the HisLLO six-His
tag to bind to the bacterial surface. LLO does not contain GW
repeats, which appear to mediate the binding of internalin B to
the surface of InlB-negative L. monocytogenes (2).

Purified HisLLO bound to LLO-negative bacteria mediates
escape from a vacuole. To determine whether noncovalently
bound HisLLO could mediate the escape of bacteria from
macrophage primary vacuoles, J774 murine macrophage-like
cells were infected with HisLLO-treated LLO-negative bacte-
ria by a standard protocol (11) that was modified to decrease
elution of hemolytic activity from the bacterial surface. The
day before infection, 0.5 3 106 to 1.0 3 106 J774 cells were
seeded onto glass coverslips in 35-mm dishes. To infect, a
suspension of LLO-negative bacteria bound with HisLLO was
diluted in fresh cold culture medium, placed over a cell mono-
layer, and centrifuged for 10 min at 800 3 g at 4°C. Host cells
internalized an average of 1 bacterium per cell. In contrast, the
infection with a higher dilution of wild-type bacteria by a stan-
dard protocol (11) resulted in the internalization of about 1
bacterium per 20 host cells.

The escape of internalized LLO-negative bacteria from the
host primary vacuoles was evaluated microscopically by using
two criteria: (i) the number of bacteria present per host cell
and (ii) the presence of bacteria in listeriopods (pseudopod-
like extensions containing bacteria). Untreated LLO-negative
bacteria do not form foci of replication and are not found in
listeriopods (14). However, a small but consistent percentage
of HisLLO-treated LLO-negative bacteria entered the host
cytosol, replicated, nucleated actin, and entered listeriopods
(Fig. 1B).

The efficiency of escape of HisLLO-treated LLO-negative
bacteria from the primary vacuole was 2.0 6 0.1% after 5 h of
infection. Escape efficiency was determined by counting the
foci of replicating bacteria (each representing one escaped
bacterium) and bacteria not in foci (representing internalized,

trapped bacteria) per area of monolayer. Efficiency was cal-
culated as follows: (number of escaped bacteria)/(number of
internalized plus number of escaped bacteria). To ensure the
visualization of all bacteria, counts were performed on mono-
layers that were fluorescently stained as described in Table 1.
Wild-type bacteria escape the primary vacuole and form foci
with nearly 100% efficiency by this point during infection (4).

We have presumed that the LLO-negative bacteria present
in the host cytosol in this study are LLO free, for the following
reasons. The small amount of LLO bound to a bacterium,
shown by the low escape efficiency to be very close to the
minimum required, is expected to bind avidly to a vacuole and
be consumed in the process of pore formation (1). Residual
LLO on a bacterial surface would elute in minutes in the

FIG. 1. Growth and spread of wild-type and HisLLO-treated LLO-negative bacteria after 5.5 h of infection. J774 cells were infected for 5.5 h with wild-type (A)
or HisLLO-treated LLO-negative (B) bacteria. Arrowheads indicate cells containing bacteria that have spread from the primary cell.

TABLE 1. Roles of LLO, PI-PLC, and PC-PLC in spread
of bacteria into secondary cellsa

Strain

No. (mean 6 SD) of: Fraction of
secondary-cell

bacteria
(mean % 6 SD)

P valuePrimary-cell
bacteria

Secondary-cell
bacteria

Wild type 80 6 23 15 6 8 19 6 9
Dhly 1 LLO 87 6 28 26 6 14 24 6 14 .0.05
Dhly DplcA DplcB

1 LLO
85 6 19 21 6 14 20 6 12 .0.05

a J774 monolayers were infected with wild-type, HisLLO-treated LLO-nega-
tive, or HisLLO-treated LLO-, PlcA-, PlcB-negative strains for 5.5 h and were
stained with fluorescein–anti-Listeria antibody and rhodamine-phalloidin as pre-
viously described (8). For each strain, 10 foci containing bacteria consistent with
six to seven rounds of replication were identified. Bacteria associated with the
primary cell and those lying within secondary cells were tallied. Bacteria lying
within secondary cells were distinguished from those lying on them by determin-
ing the relation of each bacterium to the cell membrane by focusing through
multiple focal planes and correlating cell surfaces visualized in the rhodamine
channel with bacteria visualized in the fluorescein channel. Bacteria not lying
within secondary cells were assumed to be associated with the primary cell. The
background number of bacteria trapped in primary vacuoles or not internalized
was less than one per cell. P values are for the one-tailed t test relative to the
wild-type strain.
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normal-ionic-strength environment of the cytosol and would
additionally be diluted by bacterial replication in the hours that
elapse before initiation of cell-to-cell spread. Accordingly, we
view escaped bacteria as LLO-negative biochemically as well
as genetically and as suitable for study of the role of LLO
throughout the remainder of the L. monocytogenes life cycle.
We cannot absolutely rule out any possible effects of LLO on
the host cell physiology. However, the incubation of wild-type
bacteria with LLO had no noticeable effect on their capacity to
spread cell to cell (data not shown).

Growth in primary cells and spread into neighboring cells
does not require LLO. Progression of LLO-negative bacteria
and that of wild-type bacteria through the intracellular life
cycle were compared. After 5 h, J774 cells that were infected
with either strain contained approximately 100 progeny that
resulted from approximately 6 to 7 doublings. The numbers of
bacteria in listeriopods were comparable for the 2 strains.
LLO-negative bacteria also appeared to spread to neighboring
cells to the same extent as wild-type bacteria (Fig. 1).

These impressions were evaluated by quantitating the spread of
LLO-negative and wild-type bacteria into secondary cells. J774
monolayers were infected with wild-type or HisLLO-treated
LLO-negative bacteria for 5.5 h, a time at which wild-type bac-
teria were observed to spread into secondary cells but not to
replicate. Monolayers were fluorescently stained as described
in Table 1, and the numbers of bacteria in primary cells and in
secondary cells (those adjacent to primary cells) were tallied
for 10 foci of each strain. Within each strain, the fraction of
bacteria in secondary cells varied among the foci over a wide
range. The average fractions for the two strains were statisti-
cally indistinguishable (Table 1). These data show that LLO
plays no discernible role in the spreading of bacteria into
secondary cells.

We examined the possibility that the spread of bacteria was
mediated by 2 other membrane-active L. monocytogenes pro-
teins, PI-PLC and PC-PLC. An LLO-, PI-PLC-, PC-PLC-neg-
ative strain that was treated with HisLLO also spread to neigh-
boring cells with the same frequency as the wild-type strain

(Table 1). Thus, the spreading was independent of all three of
these membrane-active virulence factors.

Cell-to-cell spread of LLO-negative bacteria is abortive.
Cell-to-cell spread of L. monocytogenes is completed when a
bacterium in a listeriopod that has spread into a neighboring
cell escapes from the resulting double-membrane vacuole into
the cytosol of a secondary cell (15). Bacteria in the secondary
cell cytosol continue to grow, nucleate actin, and again form
listeriopods. Thus, the appearance of listeriopods on secondary
cells is evidence of successful cell-to-cell spread.

To determine whether LLO-negative bacteria could com-
plete cell-to-cell spread, bacterial foci in J774 monolayers that
were infected with HisLLO-treated LLO-negative bacteria
were examined at time points up to 10 h for the presence of
secondary cells bearing listeriopods. Secondary cells were
taken operationally to be cells lying adjacent to primary cells.
Nearly all foci resulting from growth of LLO-negative bacteria
consisted of a single, central primary cell that was ringed by
several secondary cells (shown for an 8-h infection in Fig. 2B).
The primary cell had numerous bacteria dispersed in the cy-
tosol and in listeriopods, while the secondary cells had few
bacteria, and these were often clustered. Secondary cells had
no listeriopods. It was concluded that LLO-negative bacteria
are not able to complete cell-to-cell spread.

To quantitate this observation, secondary cells bearing lis-
teriopods were counted in J774 monolayers infected for 9 h
with wild-type or HisLLO-treated LLO-negative bacteria.
Wild-type bacteria had spread through the monolayer so ex-
tensively that nearly all cells bore listeriopods and primary and
secondary cells could not be distinguished (shown for an 8-h
time point in Fig. 2A). In contrast, of 100 foci caused by
LLO-negative bacteria, only four contained more than one cell
with listeriopods. In these four cases, two central cells bore
listeriopods, and these central cells contained comparable
numbers of bacteria that together equaled the number of bac-
teria in a typical primary cell. Thus, these cases were consistent
with a primary cell having divided after the replication of an
escaped bacterium. An alternate possibility is that a rare LLO-

FIG. 2. Cell-to-cell spread of wild-type and LLO-negative bacteria. J774 cells were infected for 8 h with wild-type (A) or HisLLO-treated LLO-negative (B)
bacteria.
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FIG. 3. Electron microscopy of LLO-negative bacteria 8 h after infection. J774 cells were infected for 8 h with HisLLO-treated LLO-negative bacteria and were
prepared for electron microscopy as previously described (14). (A and B) Low magnification. (A) Primary infected cell with bacteria free in the cytosol; (B) secondary
cell with bacteria in double-membrane vacuoles. Size bars 5 2 mm. (C and D) High magnification. (C) LLO-negative bacterium in a double-membrane vacuole; (D)
LLO-, PlcA-, PlcB-negative bacterium in a multiple-membrane vacuole. Size bars 5 0.5 mm. A minority of both double- and multiple-membrane vacuoles contained
more than one bacterium. Their appearance suggested that they originated from separate listeriopods that had spread together into the same secondary vacuole, or
that had spread into separate secondary vacuoles that subsequently fused. It is also possible that some bacterial growth can occur in host vacuoles. The maximum
number of bacteria seen within a vacuole was two.
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negative bacterium may be able to escape into the cytosol of a
secondary cell.

Cell-to-cell spread is abortive because LLO-negative bacte-
ria are trapped in double-membrane vacuoles. To visualize
bacteria that had spread into secondary cells, J774 monolayers
were infected for 8 h with HisLLO-treated LLO-negative bac-
teria and were examined by transmission electron microscopy
as previously described (14). Primary cells were identified by
the presence of free replicating bacteria in their cytosol (Fig.
3A), and then bacteria located in adjacent cells were examined
(Fig. 3B). Bacteria in adjacent cells were surrounded by 2
membranes (Fig. 3C). This observation established that LLO-
negative bacteria cannot complete cell-to-cell spread because
they are trapped in spreading vacuoles. The result indicates
that LLO is needed for lysis of both layers of the double-
membrane vacuole.

Vacuoles formed during the spread of LLO-, PI-PLC-, PC-
PLC-negative bacteria were also examined. Unexpectedly, many
of these vacuoles had multiple membrane layers reminiscent of
autophagocytic vesicles (13) (Fig. 3D). Spreading vacuoles of
LLO-, PI-PLC-negative and LLO-, PC-PLC-negative double
mutant strains also were examined. Multilayered vacuoles sur-
rounded these strains as well (not shown). The multilayered va-
cuoles were never observed in infections with HisLLO-treated
LLO-negative bacteria.

These results show that LLO is required for L. monocyto-
genes to complete the second step in cell-to-cell spread, escape
from the double-membrane vacuole. Thus, LLO mediates the
exit of this intracellular pathogen from both vacuolar compart-
ments that are encountered in its intracellular life cycle. This
finding supports work toward a detailed description of the
mechanism of escape of L. monocytogenes from the spreading
vacuole.
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