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Listeria monocytogenes is a facultative intracellular organism that is capable of replicating within macro-
phage and macrophage-like cells. The species secretes a phosphatidylinositol-specific phospholipase C (PI-PLC)
encoded by the plcA gene. A plcA gene from L. monocytogenes was cloned downstream of a gram-positive
promoter in the plasmid pWS2-2. To determine what effect plcA would have on intracellular survival when
introduced into Listeria innocua, a species that does not grow intracellularly or contain plc4, transformation
with the recombinant pWS2-2 plasmid was performed. Phospholipase C activity in Listeria innocua/pWS2-2 was
confirmed on a brain heart infusion-phosphatidylinositol agar plate, whereas wild-type L. innocua did not
produce PI-PLC activity. Intracellular growth of L. innocua/pWS2-2 was subsequently measured in the
macrophage-like cell line J774 by Giemsa staining and viable count determinations at specific time points
following infection. The J774 cells infected with wild-type L. innocua showed a falling viable count through 8
h postinfection. Although J774 cells infected with L. innocua/pWS2-2 also initially displayed reduced viable
counts, the viable count rose after 6 h postinfection and increased further at 8 h postinfection before a
subsequent decline again at 16 h postinfection. Giemsa staining revealed fewer than 6 bacteria in individual
macrophage cells at 2 h postinfection, and yet approximately 15% of the J774 cells had 6 to 12 bacteria localized
to one area of the macrophage cell after 6 h; moreover, electron micrographs showed that the L. innocua/
pWS2-2 cells were replicating inside the phagosome of the host cell. Furthermore, Thoria Sol labeling
demonstrated that lysosomes had fused with these phagosomes, and acridine orange staining revealed that the
compartments were acidified. These results demonstrate that L. innocua cells transformed with the plasmid-
borne plcA gene, and expressing functional PI-PLC, are able to grow intracellularly in what appear to be phago-
lysosomes, although between 3 and 6 h is needed for this to manifest itself. Intracellular growth specifically in
L. innocua may be a secondary function associated with the plcA gene product. The addition of this one gene,
plcA, to a species of Listeria that in the wild-type state does not replicate intracellularly apparently can now

allow some of the bacteria to transiently multiply inside the phagosomes of host macrophage cells.

Listeria monocytogenes is a gram-positive, facultative intra-
cellular bacterial pathogen that is capable of causing disease in
humans and animals (45). This species has a broad host range,
and it can survive and multiply within a variety of eukaryotic
cell types, including professional phagocytes (33) and epithelial
cells (18). A cascade of events that are critical steps in Listeria
intracellular survival occurs within the host cell following
uptake of the bacteria. These steps consist of escape from the
phagosome, intracellular replication, and actin-based motility
that leads to cell-to-cell spread (51). Several genes that are part
of the gene cluster associated with the steps noted above as
well as the overall virulence of L. monocytogenes have been
identified through transposon mutagenesis (39). Genes con-
tained within this gene cluster as well as other unidentified
genes are transcriptionally activated by the prf4 (positive
regulatory factor) gene product (17, 30, 35, 47). Besides PrfA
encoded by the prf4 gene, other proteins coded for in this
region that are positively regulated by PrfA (39) include the
following: a hemolysin, listeriolysin O, involved in lysis of the
phagosome vacuole (18, 19, 26); ActA, a surface-associated
protein that mediates actin assembly within the host cell (13,
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27); a broad-specificity phosphatidylcholine phospholipase C
(PC-PLC) (52) and a phospholipase C specific for phosphati-
dylinositol (PI)-containing substrates (PI-PLC) (5, 29, 34); and
a metalloprotease (12, 36), which appears to be necessary for
processing both PC-PLC (40) and ActA (47) into active forms
of each protein.

PI-PLC is an extracellular product encoded by the gene plcA4
(5, 29, 34). This activity is expressed only in pathogenic Listeria
species (L. monocytogenes and Listeria ivanovii) (29, 38), not in
nonpathogenic species such as Listeria innocua. The enzyme
specifically cleaves PI-containing compounds such as eukary-
otic PI-glycan-ethanolamine anchors found as part of many
eukaryotic membrane proteins (22, 31, 34). Mutations in plcA
have supported a role for the PI-PLC in pathogenesis because
of the reduced virulence and longer retention in phagosomes
when these transposon mutants are used in infection models
(5, 34, 49). However, mutations in plcA may cause polar effects
on prfA (35). Previously, it was suggested that PI-PLC may
impair cell-to-cell spread (49); however, a more recent study
has shown that defects in cell-to-cell spread were probably the
result of a polar effect on prf4 and not attributed to plcA (6).
By blocking readthrough transcription of prf4 from the plcA
promoter, many genes in that strain were presumably down-
regulated, which in turn supposedly led to the impairment of
cell spreading. Postulated roles for PI-PLC still include escape
from the phagosome and intracellular growth (6, 22). In fact, in



4796 SCHWAN ET AL.

.
piA peA 7T hyA

* %
3'-AACATCCTTAAGATATACAATC
EcoRl Stop
* * %
AAGAATATGTATTACCGGGGGAGGAAACTTAAGCA-'S

Start EcoRl
EcoRI Digest
Ligate to pBluescript KS+
EcoRI Pstl EcoRl
pKSplcA 980 bp plcA
EcoRl Digest
1 Ligate to pERL350-1/253

BamHI EcoRl Pstl  EcoRI Pstl BamHl EcoRl  Pstl EcoRl Pstl

pWS2-2 pWS2-6

1212 bp 632 bp

FIG. 1. Construction of recombinant vectors pKSplc4, pWS2-6,
and pWS2-2. L. monocytogenes EGD DNA was amplified by using
primers M328 and M329. Both primers display bases marked by
asterisks that differ from the sequence taken from L. monocytogenes
EGD, creating a new start site with an ATG and EcoRI sites flanking
the plcA gene for easier cloning. The insert DNA is indicated by a dark
bar.

vivo studies have shown that PI-PLC may play a part in escape
from primary murine macrophage phagosomes (6).

Since mutational analyses are fraught with difficulties, we
have used a different approach to delineate the putative role
that L. monocytogenes PI-PLC has in intracellular survival. The
plcA gene from L. monocytogenes was cloned into a gram-
positive expression vector and used to transform a Listeria
species that normally lacks PI-PLC. In this report, we show
that the addition of plasmid-borne plcA to normally nonrepli-
cating L. innocua cells now leads to short-term intracellular
multiplication of these bacterial cells in the phagosomes of a
macrophage-like cell line.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The Escherichia
coli strain DH5a (endA1 hsdR17 supE44 thi-1 recAl gyrA96
relAl A(lacZYA)UI69; Gibco/BRL, Gaithersburg, Md.) was
used for transformation of plasmid DNA. Wild-type L. mono-
cytogenes EGD Sv 1/2a was provided by S. H. E. Kaufmann,
Ulm, Germany. L. innocua Sv 6a (NCTC 11288) was obtained
from the Listeria strain collection of the Institute of Hygiene
and Microbiology, Wiirzburg, Germany. All Listeria strains
were grown in brain heart infusion (BHI) broth (Difco Labo-
ratories, Detroit, Mich.) at 37°C with shaking or on BHI agar
plates unless otherwise noted. E. coli DHSa was grown in
Luria-Bertani broth or agar at 37°C (37). The following
antibiotics were added to the media when required: erythro-
mycin, 5 pg/ml (Listeria strains) or 300 pg/ml (E. coli);
ampicillin, 50 pg/ml (E. coli).

Plasmids. The plasmid pKSple4 was constructed as de-
scribed in Fig. 1 by using L. monocytogenes EGD chromosomal
DNA from whole cells amplified with a set of primers for the
plcA gene described below. After PCR amplification, the
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980-bp DNA fragment was eluted from a 1% agarose gel (43)
and digested with EcoRI. This fragment was then ligated to
EcoRI-digested pBluescriptKS+ (Stratagene) that had been
treated with alkaline phosphatase. Transformants were se-
lected on X-Gal (5-bromo-4-chloro-3-indolyl-B-p-galactopyran-
oside; Gibco/BRL) plates containing ampicillin. pERL3 50-1
has been described previously (30). It carries the origin of
replication from the plasmid pAM1, an erythromycin resis-
tance gene, the pBR322 replicon, two EcoRlI sites, and the prf4
gene with two of its promoters, prfdp, and prfdp, (16). A
derivative of pERL3 50-1, pERL3 50-1/253, was constructed to
remove the EcoRI site far downstream of the prf4 promoters
by performing a partial EcoRI digestion of pERL3 50-1,
generating blunt ends by filling in with Klenow fragment, and
doing a blunt-end ligation of the plasmid itself by standard
procedures (43). This series of procedures left one EcoRI site
present in the N terminus of the prf4 gene 20 bp downstream
of the translational start site of prf4 on the vector pERL3
50-1/253. Plasmids pWS2-2 and pWS2-6, representing both
orientations of the plc4 gene in pERL3 50-1/253, were created
by digesting the pKSplcA construct with EcoRI and cloning the
plcA gene into the remaining EcoRI site of pERL3 50-1/253
found in the N terminus of the prf4 open reading frame (Fig.
1). Orientation of the plcA gene in pWS2-2 and pWS2-6 was
confirmed by PstI digestion of the plasmid DNA.

Recombinant DNA techniques. Plasmid DNA from E. coli
was isolated by the method of Clewell and Helinski (8) or by
the alkaline lysis method of Birnboim and Doly (3). E. coli
strains were transformed by the CaCl, procedure (10). Listeria
plasmid DNA isolation and transformation of L. innocua cells
followed the procedures of Wuenscher et al. (53). Transfor-
mants of L. innocua were visible on DM-3 regeneration plates
(7a) after 3 to 4 days at 30°C. Restriction endonucleases
(Pharmacia) and Klenow fragment, alkaline phosphatase, and
T4 DNA ligase (all from Boehringer GmbH, Mannheim,
Germany) were used as suggested by the manufacturers.

PCR. The PCR was performed by the method of Coen (9).
Briefly, a colony of L. monocytogenes EGD was lysed for 10
min at 100°C in H,O, and part of the lysate was added to a
mixture of Taq polymerase buffer, 1.25 mM deoxynucleoside
triphosphate (Pharmacia), 50 pmol of each primer, and Taq
polymerase (Pharmacia) in a final volume of 100 pl. Amplifi-
cation was done in a Thermocycler 60/2 (Bio-Med, Theres,
Germany) for 30 cycles: initial denaturation for 2 min at 94°C;
primary denaturation for 15 s at 94°C; primer annealing for 30
s at 55°C; primer extension for 2 min at 72°C; and a prolonged
primer extension following the last cycle for 2 min at 72°C. The
two primers used for PCR were prepared with an automated
synthesizer (model 380B; Applied Biosystems, Foster City,
Calif.). The primers were as follows: M328, a 38-mer, 5’
TATACGAATTCAAAGGAGGGGGCCATTATGTATAA
GAA 3, and M329, a 22-mer, 5' TTGTAGGAATTCTATAT
GTTAG 3'. These primers changed four bases, as depicted in
Fig. 1 (two on each side of the amplified product), to generate
flanking EcoRlI sites convenient for cloning. Additionally, the
GTG start site was converted to an ATG start site by using the
M328 primer.

Detection of PI-PLC. PI-PLC activity of recombinant L.
innocua strains was detected on BHI-egg yolk agar plates (BHI
agar, 2.5% egg yolk, 2.5% phosphate-buffered saline [PBS]) (6)
and confirmed on BHI-PI agar (BHI agar, with a 1% PI
substrate [Sigma] in 1% agarose overlay) (29). Turbid zones
surrounding the bacterial growth after incubation at 37°C for
48 h indicated a positive response.

Mammalian cell culture. The macrophage-like J774 cell line
derived from a reticulum cell sarcoma (41) was cultured in
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RPMI 1640 medium (Gibco/BRL) supplemented with 10%
heat-inactivated fetal calf serum, 2 mM L-glutamine, penicillin
(100 U/ml), and streptomycin (100 pg/ml; all from Gibco/
BRL) under 5% CO,-95% air at 37°C. The RPMI 1640
medium with glutamine and fetal calf serum but without
antibiotics will be referred to as RPMI 1640 complete medium.

Infection of J774 cells. The J774 cells were seeded 24 h prior
to infection in 45-mm-diameter tissue culture plates (Greiner)
for intracellular staining (4 X 10° cells per plate) or in 12-well
tissue culture plates (Greiner) for viable count determinations
(5 X 10° cells per well). Macrophage cells were washed twice
with PBS, covered with RPMI 1640 complete medium, and
infected with Listeria bacteria at a multiplicity of infection of 50
bacteria per eukaryotic cell (50:1). Bacteria used for infection
were grown to the mid-log phase (120 to 160 Klett units),
washed with PBS, and suspended in PBS with 15% glycerol,
and aliquots were frozen at —80°C. The numbers of CFU per
milliliter were determined by 10-fold serial dilutions of the
bacteria in PBS and plating onto BHI agar plates that were
then incubated at 37°C. For infection, frozen aliquots were
thawed and applied to the J774 monolayers. After a 45-min
incubation at 37°C under 5% CO,-95% air to allow optimal
phagocytosis of the bacteria, the wells or plates were washed
three times with PBS. Fresh RPMI 1640 complete medium
with 50 pg of gentamicin (Serva) per ml was added to kill
extracellular bacteria and prevent reinfection. The initial time
when gentamicin was added was designated the 0 h postinfec-
tion time point.

Intracellular growth assays. To study intracellular multipli-
cation, two procedures were used. Giemsa staining of the cells
was used initially. Briefly, J774 cells (4 X 10°) in 45-mm-
diameter tissue cultures plates infected at a multiplicity of
infection of 50:1 as described above were washed two times
with PBS and fixed for 5 to 7 min with methanol at room
temperature. Plates were air dried and stained for 15 to 60 min
with Giemsa stain (Sigma) prepared as described in the
manufacturer’s instructions. After the plates were washed
three times with distilled water, they were air dried and
observed under oil immersion. Time points of 0, 1, 2, 4, 6, and
8 h postinfection were examined.

Viable count determinations were also used to determine
intracellular replication. J774 cells (5 X 10°) in 12-well tissue
culture plates infected as noted above were washed two times
with PBS. Macrophages were lysed with 200 pl of cold distilled
water applied for 3 to 5 min. Lysates were removed from the
wells, 10-fold serially diluted in PBS, and plated onto BHI agar
plates. Plates were grown at 37°C overnight, and CFU were
counted.

Electron microscopy. Circular coverslips in 24-well tissue
culture plates (Greiner) were seeded with 10° J774 cells 24 h
before infection. After infection with a multiplicity of infection
of 50:1 (Listeria cells to J774 cells), coverslips were treated at
different time points as described by Karunasagar et al. (25),
except for the following addition. Once the coverslips were
washed with H,O, they were submerged in 0.5% uranyl acetate
and left at 4°C overnight. Cells were then dehydrated and
embedded in Epon 812 (Serva, Heidelberg, Germany). Serial
ultrathin sections were stained with uranyl acetate and lead
citrate. Electron micrographs were taken with a Zeiss EM 900
electron microscope at 80 kV.

Thoria Sol labeling. J774 macrophage monolayers on cov-
erslips (3 X 10° macrophage cells) prepared as described
above were incubated for a total of 4 h at 37°C under 5% CO,
with electron-dense colloidal Thoria Sol (Polysciences, War-
rington, Pa.) diluted 1:80 in RPMI complete medium as
described previously (46). After 2 h, the excess Thoria Sol was
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removed by washing three times with PBS, and then the
coverslips were incubated for an additional 2 h for the total
time of 4 h. Monolayers were infected at a multiplicity of
infection of 50:1, and at 3 h postinfection with bacteria, the
coverslips were prepared for electron microscopy as noted
above.

Acridine orange staining. Coverslips were seeded with 3 X
10° J774 cells 16 h before use as described above. A qualitative
measurement of pH was performed on the Listeria-infected
J774 cell monolayers by treating the coverslips for 5 min with
5 uM acridine orange in PBS (1). Phagosome interiors stain
green at neutral pH and red in acidified compartments under
fluorescent light following acridine orange staining (50).

RESULTS

Expression of PI-PLC in L. innocua. L. monocytogenes EGD
produces a very low level of PI-PLC (47). The plcA gene used
in this study was cloned from L. monocytogenes EGD as
depicted in Fig. 1. This gene was cloned in both orientations on
the plasmid pERL3 50-1/253, resulting in the constructs
pWS2-2 (correct orientation) and pWS2-6 (incorrect orienta-
tion). The plcA gene was cloned into the remaining EcoRI site
found 20 nucleotides downstream of the prf4 translational
start site in the vector pERL3 50-1/253. To determine if the
plcA gene cloned from L. monocytogenes EGD expressed
functional PI-PLC activity, the recombinant plasmids pWS2-2
(correct orientation of plc4) and pWS2-6 (reverse orientation
of plcA) were transformed into L. innocua cells, and some of
these recombinant cells were inoculated onto a BHI-egg yolk
agar plate. As shown in Fig. 2A, a large halo (7 to 8 mm) was
observed around the recombinant L. innocua/pWS2-2 strain
but not around the recombinant L. innocua/pWS2-6 strain
grown on BHI-egg yolk agar. Previously, it has been shown that
a plcA mutant of L. monocytogenes EGD formed no halo
around the bacterial growth on BHI-egg yolk agar, whereas a
plcB mutant revealed a halo similar to that of the wild-type
strain (44), suggesting that the halo was the result of plc4
activity. We also grew plc4 and plcB mutants of L. monocyto-
genes EGD on BHI-egg yolk agar and found similar results
(data not shown). Because both lecithinase and PI-PLC activ-
ities can be measured on egg yolk agar, the two recombinant
strains as well as wild-type L. innocua and L. monocytogenes
EGD were passaged on BHI agar containing a PI overlay.
Once again, the recombinant L. innocua/pWS2-2 strain exhib-
ited a large halo (7 to 8 mm) around the bacterial growth (Fig.
2B) that was similar to that observed on BHI-egg yolk agar
(Fig. 2A), indicating functional PI-PLC activity. However, both
the other recombinant L. innocua strain transformed with
pWS2-6 as well as the wild-type L. innocua strain failed to
show a halo around the bacterial growth. L. monocytogenes
EGD elicited a very small halo (1 mm) on the BHI-PI agar
plate (Fig. 2B). Plasmid DNA of the correct size and restric-
tion endonuclease pattern was isolated from transformed L.
innocua cells. Thus, the recombinant plasmid pWS2-2 has an
active plcA gene that conveys PI-PLC expression in L. innocua
cells.

Intracellular growth of L. innocua containing the plcA
recombinant plasmid. As shown above, a functional plcA4 gene
was demonstrated in L. innocua/pWS2-2 grown on BHI-PI
agar (Fig. 2B). Previous investigations of PI-PLC have relied
on mutational analyses to knock out the plcA4 gene (5, 34, 49).
The transfer of the plcA gene to a species that does not carry
the gene offered an opportunity to study the potential role of
PI-PLC in intracellular survival. Because PI-PLC is suggested
to assist in intracellular proliferation of the bacteria (22), L.
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FIG. 2. Evidence of PI-PLC activity in wild-type and recombinant
Listeria strains. All strains were stabbed and streaked on either
BHI-egg yolk or BHI-PI agar and then grown for 48 h at 37°C. The
presence of a halo was a positive result. (A) Comparison of both
recombinant L. innocua strains (L. innocua/pWS2-2 [left] and L.
innocua/pWS2-6 [right]) after growth on BHI-egg yolk agar; (B)
PI-PLC activity determined after growth of L. innocua/pWS2-2 (1), L.
innocua/pWS2-6 (2), wild-type L. innocua (3), or L. monocytogenes
EGD (4) on a BHI-PI agar plate.

innocua/pWS2-2 was used to infect the macrophage-like cell
line J774 and intracellular survival and growth were assessed.
Initially, Giemsa staining was used to measure the mean
number of Listeria bacteria per J774 cell during a time course
from 0 to 8 h postinfection, comparing wild-type L. innocua
cells with L. innocua cells containing the recombinant plasmid
pWS2-2. For wild-type L. innocua cells, the average cell
number remained constant over the 8-h time period in three
separate experiments (Fig. 3) (0.52 = 0.15 at 2 h to0 0.78 *+ 0.09
at 8 h), and most J774 cells contained O to 2 Listeria cells per
macrophage (Fig. 4). Although L. innocua/pWS2-2 also
showed a pattern similar to that of L. innocua through early
time points (mean cell number at 4 h postinfection, 0.78 *
0.04) and no more than five bacteria in a single macrophage
cell, the Listeria cell number showed an increase at 6 h
postinfection (2.9 = 0.14) and an additional increase at 8 h
postinfection (4.0 + 0.57) (Fig. 3). About 15% of the J774 cells
had 6 to 12 Listeria cells localized to one area of the macro-
phage cell after 6 h (Fig. 4).

Giemsa staining is a qualitative measurement of bacterial
growth, and one cannot discern between dead and living
bacterial cells. A viable count series was then used to quanti-
tate the number of Listeria cells in the J774 cells. An average
of three separate trials indicated that the number of L. innocua
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FIG. 3. Graph of counts of Listeria bacteria per J774 cell resulting
from Giemsa staining of L. innocua (open circles)- and L. innocua/
pWS2-2 (closed circles)-infected J774 macrophage cells at 0 to 8 h
postinfection. The graph represents an average of three separate
experiments.

CFU decreased at every time point (Fig. 5), demonstrating that
the macrophage cell line was capable of killing the nonrepli-
cating wild-type L. innocua cells. Furthermore, an additional
control represented by the recombinant L. innocua/pWS2-6
strain, containing plcA4 in the wrong orientation, also displayed
an overall decrease in bacterial cell number over time (35% at
2 h postinfection versus 13% at 8 h postinfection). The death
curve was not as steep as that for wild-type L. innocua, but no
increase in viable cell number was apparent. On the other
hand, L. innocua/pWS2-2 cells expressing PI-PLC exhibited an
initial decrease in cell number through 4 h postinfection
(11%), but at 6 h postinfection the viable counts rose (23%)
and these counts increased again at 8 h postinfection (34%).
However, after 16 h postinfection, the number of L. innocua/
pWS2-2 CFU declined again (4%), although not to the same
level as wild-type L. innocua (0.2%) or L. innocua transformed
with the pWS2-6 recombinant plasmid possessing plc4 in the
wrong orientation (0.6%). These cumulative increases over 8 h
postinfection would correspond to approximately two dou-
blings of the bacteria during this time. L. innocua transformed
with pERL3 50-1 showed viable count determinations similar
to those of wild-type L. innocua (data not shown). These
results point to transient intracellular replication of the L.
innocua cells transformed with the plc4 gene correctly ori-
ented on a recombinant plasmid.

Localization of L. innocua/pWS2-2 within the host macro-
phage cells. The Giemsa stain and viable count experiments
suggested that intracellular growth was occurring, but they did
not reveal where this multiplication happened. Electron mi-
croscopic analyses were undertaken to determine if the bacte-
ria had escaped from the phagosome and were growing in the
cytoplasm of the macrophage cells. At a time point at which
replication had been suggested to result (8 h postinfection),
electron micrographs were taken of J774 macrophage cells
infected with L. monocytogenes EGD, wild-type L. innocua, or
L. innocua/pWS2-2 (PI-PLC*). The results showed that L.
monocytogenes-infected J774 cells had bacteria predominately
free in the cytoplasm (82 of 100 bacterial cells counted), with
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L. innocua/pWS2-2
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FIG. 4. Light microscope photographs of Giemsa-stained J774 macrophage cells infected with either L. innocua or L. innocua/pWS2-2.
Photographs were taken at 2 or 6 h postinfection with the Listeria bacteria. The arrowhead points to a J774 macrophage cell containing 6 to 12

bacteria. Magnification, X1,000.

actin polymerization surrounding these bacterial cells (Fig.
6A). Wild-type L. innocua cells were all contained within
membrane-bound vacuoles (100 of 100 counted) as single cells
(Fig. 6B) or sometimes two bacterial cells per phagosome.
Examination by electron microscopy of L. innocua/pWS2-2-
infected macrophage cells showed every bacterium within a
membrane-bound vacuole. Sometimes there were 6 to 12
bacteria inside a phagosome (Fig. 6C), and frequently these
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FIG. 5. Viable count determinations in CFU survival percentages
of J774 macrophage cells infected with L. innocua (black bar), L.
innocua/pWS2-2 (PI-PLC™") (gray hatched bar), or L. innocua/pWS2-6
(PI-PLC™) (stippled bar). Time points tested ranged from 0 to 16 h
postinfection. Invasion percentages were standardized to 100% at the
time point following addition of gentamicin (0 h), and subsequent
survival rates were determined on the basis of comparisons to these 0-h
values. The graph represents an average of three separate experiments.

bacteria appeared to be undergoing replication inside the
phagosome (Fig. 6D). No apparent gross breaks in the vacu-
oles were visible at the magnification used. These results
indicate that the bacteria are multiplying within the phago-
some and not the cytoplasm of the host cell.

FIG. 6. Electron micrographs of 8-h-postinfection thin sections of
J774 macrophage cells infected with L. monocytogenes (A), L. innocua
(B), and L. innocua/pWS2-2 (C and D). Panel D shows L. innocua/
pWS2-2 replicating inside the phagosome. Magnification, ca. X12,000.
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FIG. 7. Electron micrographs of 3-h-postinfection thin sections of J774 macrophage cells following Thoria Sol labeling of secondary lysosomes
and infection with Listeria bacteria. (A) L. monocytogenes free in cytoplasm; (B) L. innocua/pWS2-2 replicating in the phagosome; (C) dead L.
innocua cells inside phagolysosome; (D) L. monocytogenes in phagosome; (E) L. innocua/pWS2-2 in phagosome; (F) L. innocua cells within
phagolysosomes. Lysosomes are represented by the small dark-staining granules inside the cell. Magnification, ca. X22,000.

Intracellular L. innocua/pWS2-2 cells replicate within acid-
ified phagolysosomes. To determine whether the host vacuoles
containing L. innocua/pWS2-2 were phagolysosomes, second-
ary lysosomes of J774 cells were labeled with the electron-
dense compound Thoria Sol and then infected with Listeria
bacteria. Lysosome fusion was indicated by dark, electron-
dense granules inside the phagosome. At 30 min postinfection,
no difference was observed in phagosome-lysosome fusion
frequencies among all Listeria populations (L. innocua, L.
innocua/pWS2-2, and L. monocytogenes EGD). Each group
had a 38 to 40% frequency of fusion between phagosomes
containing bacteria and the lysosomes of the host cells. Ap-
proximately 40% of the L. monocytogenes EGD bacterial cells
had escaped from the phagosome after macrophage cells had
been infected with the bacteria for 30 min, whereas all L.
innocua and L. innocua/pWS2-2 cells were confined to mem-
brane-bound vacuoles. As shown in Fig. 7A, wild-type L.
monocytogenes cells usually escaped from the phagosome after
3 h postinfection (Table 1), but some bacterial cells remained
inside phagosomes that had undergone lysosome fusion (Table
1; Fig. 7D). Wild-type L. innocua cells were always present in
membrane-bound vacuoles, and lysosome fusion was fre-
quently observed (Table 1; Fig. 7C and F). Likewise, L.
innocua/pWS2-2 (PI-PLC™") cells were also found exclusively
in phagosomes that were often fused with lysosomes (Table 1;
Fig. 7B and E).

Acridine orange staining demonstrated that 20% of L.
monocytogenes bacteria in infected J774 cells were contained
within acidified membrane-bound vacuoles at 2 h postinfec-
tion, whereas 100% of wild-type L. innocua and L. innocua/
pWS2-2 were in acidified phagosomes (Table 1). By 6 h
postinfection, the percentage of L. monocytogenes cells still in

phagosomes had dropped to 10%, and these vacuoles still
appeared to be acidified (Table 1). Wild-type L. innocua and
L. innocua/pWS2-2 cells were always found within acidified
compartments at 6 h postinfection (Table 1), which was similar
to the observations at 2 h postinfection. These data suggest
that L. innocua/pWS2-2 is capable of multiplying inside acid-
ified phagolysosomes of the host cell.

DISCUSSION

L. monocytogenes can survive and replicate within host
macrophage and epithelial cells. Several proteins have been
implicated in these virulence traits (39), including PI-PLC
encoded by the plcA gene (5, 29, 34). Data presented here
show that the L. monocytogenes plcA gene can confer transient

TABLE 1. Percentage of Listeria cells in phagosomes that have
fused with lysosomes or have become acidified

% of Listeria cells after:

Phagolysosome fusion Acridine orange staining

Strain
In In vacuoles Acidified®
phagosomes T%¢4"  “oweh® (2 w6 hy
L. monocytogenes 163 8 x4 20+6/10=3 100/100
L. innocua 100 78 +6 100/100 100/100
L. innocua/pWS2-2 100 74+ 4 100/100 100/100

“ Percentage of 100 bacteria in phagosomes that have fused with lysosomes.
Lysosomes detected by Thoria Sol labeling.

® Postinfection time points when observations were made.

< Percentage of 100 bacteria in vacuoles that have undergone acidification.

4 Values are means *+ standard errors for at least two experiments.
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intracellular survival and replicative ability on the nonpatho-
genic, intracellularly nonreplicating species L. innocua. More-
over, we found the L. innocua cells transformed with the plc4
recombinant plasmid (pWS2-2) grow inside apparently acidi-
fied phagosomes that have undergone phagosome-lysosome
fusion.

In this study, we have cloned the plcA gene under the control
of the prf4 promoter region located between the plcA gene and
the prfd gene (7, 16, 30). PI-PLC was produced by L. innocua/
pWS2-2; however, a larger halo was revealed around this
bacterial growth on BHI-PI agar plates compared with that of
wild-type L. monocytogenes EGD where the gene originated.
The very small halo around L. monocytogenes EGD is compat-
ible with the low level of PI-PLC secreted by this strain (47).
We attribute the substantial increase in PI-PLC expression
from L. innocua/pWS2-2 to multicopy effects from the plasmid
and to the alteration of the translational start site from a GTG
in wild-type L. monocytogenes EGD to an ATG in the recom-
binant plasmid that was created by PCR amplification with the
M328 primer. No detectable PI-PLC activity was observed in
the L. innocua/pWS2-6 recombinant strain, which had plcA
cloned in the opposite orientation and not under the control of
the gram-positive promoter. This does not preclude the possi-
bility that some readthrough of plc4 did not occur; there was
just no measurable activity in this assay.

The recombinant strain L. innocua/pWS2-2 produced func-
tional PI-PLC activity, and the question was whether this had
any advantage inside a host cell. This strain showed an
elevation of bacterial numbers within the macrophage-like
J774 cells (by Giemsa stain and viable count determinations),
but it took 6 h postinfection for this result to be observable.
Recombinant L. innocua/pWS2-6 cells, which served as a
control as a result of the plcA gene being cloned in the wrong
orientation, displayed a viable count curve very similar to that
of L. innocua/pWS2-2 through 4 h, but beyond this time, the L.
innocua/pWS2-6 curve continued to fall as did the viable
counts for wild-type L. innocua. Recently, it has been shown
that only a small percentage of an L. monocytogenes population
that enters macrophage cells undergoes intracellular growth,
while the rest of the bacterial population is killed (11, 42).
Additionally, L. innocua/pERL3 50-1 also showed a viable
count curve similar to that of wild-type L. innocua (data not
shown). This confirmed that neither the addition of the
plasmid nor the prf4 gene alone conferred intracellular repli-
cation ability on the L. innocua cells; only functional PI-PLC
appeared to increase the viable Listeria population inside J774
macrophage cells. Giemsa staining also revealed that at 2 h
postinfection with L. innocua/pWS2-2, there were always fewer
than 6 Listeria bacteria per individual macrophage cell, but
approximately 15% of the macrophage cells had 6 to 12 L.
innocua/pWS2-2 bacteria localized in one area of the host cell
after 6 h postinfection. The failure to observe so many bacteria
(i-e., 6 to 12) in individual macrophage cells at 2 h postinfection
suggested that the increased number of bacteria in the host
cells after 6 h postinfection was a result of replication and not
uptake of aggregates of bacteria.

Since one of the attributed properties of PI-PLC is assisting
in the release of L. monocytogenes from phagosomal compart-
ments (5, 6, 29), the intracellular location of the bacteria was
examined by electron microscopy. Membrane-bound vacuoles
encircled all of the L. innocua/pWS2-2 cells found within the
macrophage cells, an observation similar to that made when
wild-type L. innocua cells were used. However, wild-type L.
innocua cells were usually found as single cells residing in the
phagosomes, whereas phagosomes containing 6 to 12 bacteria
were often identified in L. innocua/pWS2-2-infected host cells.
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Apparently, the recombinant bacteria are now able to initiate
replication inside the host cell phagosomes, supported by the
fact that dividing bacteria were sometimes seen (Fig. 6D) even
as early as 3 h postinfection (Fig. 7B). Other intracellular
pathogens are able to survive inside the phagosomal compart-
ments of host macrophage cells (4, 15, 24, 46, 48), but this
phenomenon has never been observed before in Listeria-
infected macrophage cells, probably because L. monocytogenes
has a hemolysin that allows it to escape from the phagosome at
early time points (28). It is interesting, however, that a
hemolysin-negative mutant of L. monocytogenes expressing
PI-PLC does not grow within a host cell at 6 h postinfection
(28). Possible explanations for our results may include regula-
tion changes due to a different promoter or an increase in
PI-PLC activity for the recombinant plasmid compared with
that of wild-type L. monocytogenes resulting from multicopy
effects or the change in the translational start site, or these
variations may be a result of species differences between L.
innocua and L. monocytogenes.

To understand the nature of these intracellular vacuoles
occupied by L. innocua/pWS2-2, we tested whether phago-
some-lysosome fusion had occurred and if the phagosomes
were acidified. Both acidification (1, 14, 24) and phagosome-
lysosome fusion (15, 46, 48) have been studied before with
other intracellular pathogens. Electron-dense Thoria Sol,
which labels secondary lysosomes (2, 48), was used to show
phagosome-lysosome fusion in host cells infected with either
the recombinant L. innocua/pWS2-2 strain or the wild-type L.
innocua. Dark, electron-dense granules were frequently ob-
served in the phagosomes containing the bacterial cells. In fact,
L. innocua/pWS2-2 cells were observed to be replicating in
several phagolysosomes (Fig. 7B). Furthermore, phagosomes
still containing L. monocytogenes cells exhibited lysosome
fusion. Yersinia pestis (48) and Histoplasma capsulatum (15)
can survive and grow within phagolysosomes, although the
precise mechanisms for their survival have yet to be elucidated.
Besides the phagosome-lysosome fusion, acidification of these
compartments also occurred. Wild-type L. innocua, L. in-
nocua/pWS2-2, and the remaining L. monocytogenes cells
displayed acidified vacuoles after acridine orange staining.
These two phenomena, phagosome-lysosome fusion and acid-
ification, support previous work by de Chastellier and Berche
(11). They demonstrated that very early following phagocytosis
of L. monocytogenes by bone marrow-derived macrophage
cells, there was both phagosome-lysosome fusion and acidifi-
cation of vacuoles containing L. monocytogenes.

Apparently, acidification of phagocytic vacuoles occurs quite
quickly, resulting in survival of some of the bacteria and death
for the rest of the population. Goldfine and Knob (22) have
demonstrated that PI-PLC is functional at acidic pHs and
listeriolysin is optimally active at an acidified pH (21), and
therefore, lower pHs should not significantly impair their
activities. The species Salmonella typhimurium lives in acidified
macrophage phagosomes, although the organism can initially
attentuate the pH (1). It is possible that PI-PLC in L.
innocua/pWS2-2 may modify the pH of the phagosomes since
acridine orange staining is a qualitative test, but the population
reduction after 16 h of incubation inside macrophage cells
suggests that the pH is not significantly altered. Moreover,
wild-type L. monocytogenes cells can exit the phagosome under
normal circumstances, a situation confirmed by fewer bacterial
cells residing in phagosomal compartments. This also argues
against a moderating influence on pH by plcA.

What is the effect of PI-PLC in terms of mediating intracel-
lular survival and replication in the recombinant L. innocua/
pWS2-2 strain? The enzyme does not appear to be inhibiting
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phagosome-lysosome fusion or acidification of the phagosomal
compartments. One possibility is that PI-PLC is hydrolyzing
glycosyl-phosphadityl (GPI)-anchored proteins that constitute
parts of the extracytoplasmic leaflets of cell membranes (32).
Although the electron micrographs did not show any gross
perturbations in the membrane-bound vacuoles, this does not
mean that the vacuoles have not been partially digested.
Recent work suggests that the L. monocytogenes PI-PLC has
very limited activity towards GPI-anchored proteins compared
with Bacillus thuringiensis PI-PLC (20). However, the GPI
proteins used in that study may not represent the GPI proteins
found in the interior of the macrophage-like cell line we have
used. Differences in substrate activity may be responsible for
the diminished enzymatic activity of L. monocytogenes PI-PLC
such that this type of PI-PLC may have a narrower substrate
specificity that could include macrophage membrane proteins.
PI in these macrophage membrane GPI anchors may serve as
a nutrient source for the recombinant strain to replicate. When
the lysosomes fuse with the phagosome, cytoplasmic leaflets
containing abundantly more PI (23) could provide an addi-
tional source of material needed for intracellular growth. This
could explain why there is a delay in the elevation of bacterial
numbers. The bacteria use PI to multiply, and as long as they
stay in the logarithmic phase, they may survive in the harsh
phagolysosomal environment. Apparently, S. typhimurium has
adapted to tolerating the acidic pH of macrophage phago-
somes (1). Once the PI in the membranes is depleted, these
cells may then enter the stationary phase and be slowly killed
in the same manner as wild-type L. innocua cells are; hence,
lower viable counts occur again after 16 h.

A precise role for PI-PLC remains unclear at this time. The
L. innocua/pWS2-2 cells were confirmed to be undergoing
intracellular multiplication but, surprisingly, did not escape
from the phagosome. This intracellular multiplication capabil-
ity may be a secondary function of L. monocytogenes PI-PLC
that manifests itself in another Listeria species.
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