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Listeria monocytogenes is a Gram-positive, facultative intracellular pathogen capable of causing severe invasive disease with high
mortality rates in humans. While previous studies have largely elucidated the bacterial and host cell mechanisms necessary for
invasion, vacuolar escape, and subsequent cell-to-cell spread, the L. monocytogenes factors required for rapid replication within
the restrictive environment of the host cell cytosol are poorly understood. In this report, we describe a differential fluorescence-
based genetic screen utilizing fluorescence-activated cell sorting (FACS) and high-throughput microscopy to identify L. monocy-
togenes mutants defective in optimal intracellular replication. Bacteria harboring deletions within the identified gene menD or
pepP were defective for growth in primary murine macrophages and plaque formation in monolayers of L2 fibroblasts, thus vali-
dating the ability of the screening method to identify intracellular replication-defective mutants. Genetic complementation of
the menD and pepP deletion strains rescued the in vitro intracellular infection defects. Furthermore, the menD deletion strain
displayed a general extracellular replication defect that could be complemented by growth under anaerobic conditions, while the
intracellular growth defect of this strain could be complemented by the addition of exogenous menaquinone. As prior studies
have indicated the importance of aerobic metabolism for L. monocytogenes infection, these findings provide further evidence for
the importance of menaquinone and aerobic metabolism for L. monocytogenes pathogenesis. Lastly, both the menD and pepP
deletion strains were attenuated during in vivo infection of mice. These findings demonstrate that the differential fluorescence-
based screening approach provides a powerful tool for the identification of intracellular replication determinants in multiple
bacterial systems.

Listeria monocytogenes is a Gram-positive, facultative intracellu-
lar pathogen capable of causing severe invasive disease in hu-

mans (1). The events comprising intracellular infection by L.
monocytogenes are well established (2). Host cell invasion occurs
when bacteria either are phagocytosed by professional phagocytic
cells or induce uptake into nonprofessional phagocytic cells. Fol-
lowing entry into a host cell, L. monocytogenes escapes the phago-
cytic vacuole to access the host cell cytosol, its primary replicative
niche. Vacuolar escape is mediated by secretion of the cholesterol-
dependent pore-forming cytolysin listeriolysin O (LLO) (3) and
two phospholipases C, phosphatidylinositol-specific phospho-
lipase C (PI-PLC) (4, 5) and phosphatidylcholine-specific (PC-
PLC) (6). L. monocytogenes efficiently replicates within the host
cell cytosol and exploits the host actin cytoskeletal machinery us-
ing a listerial surface protein, ActA, to mediate actin-based motil-
ity (7, 8). Utilizing actin-based motility, bacteria produce pseudo-
pod-like protrusions that are taken up by neighboring cells
through use of a poorly understood mechanism. Direct cell-to-cell
spread and subsequent bacterial escape from double-membrane-
bound spreading vacuoles (9) allow L. monocytogenes to rapidly
disseminate within a host without exposure to the extracellular
environment and humoral immune responses.

While previous studies have characterized L. monocytogenes
invasion, vacuolar escape, and cell-to-cell spread, the bacterial and
host factors necessary for efficient replication within the host cell
cytosol are poorly understood. Previous genetic screens have used
methicillin selection to successfully isolate L. monocytogenes mu-
tants completely defective for intracellular replication (10, 11).
However, as methicillin kills all actively replicating bacteria, this
method cannot identify mutants with less severe intracellular rep-
lication defects that still permit limited bacterial growth. A screen-
ing methodology that allows for isolation of intracellular replica-

tion mutants with a greater range of replication defects would be
highly informative for defining the requirements for intracellular
replication of L. monocytogenes.

Differential fluorescence screening of infected host cells by flu-
orescence-activated cell sorting (FACS) has been previously used
to isolate Shigella flexneri actin-based motility mutants (12) and to
identify Salmonella enterica serovar Typhimurium and L. mono-
cytogenes genes differentially expressed intracellularly (13, 14). We
adapted this technique for use in L. monocytogenes to identify bac-
terial genes involved in intracellular replication. Here, we describe
the use of a recently developed Himar1 transposon mutagenesis
system (15) to generate an L. monocytogenes transposon library
amenable to differential fluorescence/FACS screening of infected
host cells and the use of this library to identify bacterial genes
stringently required for intracellular growth of L. monocytogenes.

Among the L. monocytogenes genes identified by the differen-
tial fluorescence screen are menD (LMRG_01292 [Broad Institute
Listeria monocytogenes Database; http://www.broadinstitute.org
/annotation/genome/listeria_group/MultiHome.html), hepT
(LMRG_01077), and the X-prolyl aminopeptidase family protein
gene that we designate pepP (LMRG_00804). The menD gene en-
codes a 2-succinyl-5-enolpyruvyl-6-hydroxy-3-cyclohexene-1-
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carboxylate synthase, which is the first dedicated enzyme in the
menaquinone biosynthesis pathway. Previous work by Stritzker
and colleagues has shown that aro mutant strains of L. monocyto-
genes are auxotrophic for menaquinone and severely defective for
intracellular growth and virulence in vivo (16). Members of the
X-prolyl aminopeptidase protein family hydrolyze small peptides
and are thought to play a role in bacterial protein turnover. While
a pepP (lmo1354) Himar1 insertion mutant was recently identi-
fied by Zemansky and coworkers in a blood agar plate screen for L.
monocytogenes hypohemolytic mutants (15), pepP has not been
previously implicated in bacterial virulence. Using in-frame dele-
tion mutants, we demonstrate that menD and pepP are necessary
for optimal intracellular replication of L. monocytogenes during in
vitro infection of cultured host cells and contribute to in vivo vir-
ulence in a murine infection model.

MATERIALS AND METHODS
Bacterial strains. Bacterial strains and plasmids used in this study are
listed in Table S1 in the supplemental material. Primers used in this study
are listed in Table S2 in the supplemental material. Escherichia coli strains
were grown in Luria-Bertani, medium and all Listeria monocytogenes
strains were grown in brain heart infusion (BHI) (Difco, Detroit, MI)
medium. All bacterial stocks were stored at �80°C in BHI medium sup-
plemented with 40% glycerol. The following antibiotics were used at the
indicated concentrations: carbenicillin, 100 �g/ml; kanamycin, 30 �g/ml;
streptomycin, 100 �g/ml; erythromycin, 3 �g/ml; chloramphenicol, 7.5
�g/ml (L. monocytogenes) or 20 �g/ml (E. coli); and gentamicin, 10 to 50
�g/ml (Sigma-Aldrich, St. Louis, MO).

Cell culture. Murine bone marrow-derived macrophages (BMM)
were prepared as previously described (17). Briefly, femurs were removed
from 6- to 8-week-old female C57BL/6 mice (Jackson Laboratories, Bar
Harbor, ME), and bone marrow cells were flushed from the femurs with
Dulbecco’s modified Eagle’s medium (DMEM) (Mediatech, Manassas,
VA) supplemented with 7.5% fetal bovine serum (FBS) (HyClone, Logan,
UT), 2 mM glutamine, and 100 �g/ml penicillin-streptomycin (P-S) and
then washed once with DMEM. Cells were cultured in 100-mm-diameter
non-tissue-culture-treated petri dishes (Nalge Nunc International, Roch-
ester, NY) for 3 days in BMM medium (DMEM supplemented with 10%
FBS, 2 mM glutamine, 1 mM sodium pyruvate, 100 �g/ml P-S, 55 �M
�-mercaptoethanol [BME], and 30% L-cell-conditioned medium). On
day 3, fresh BMM medium was added to cultures. On day 6, BMM were
harvested by the removal of medium, the addition of cell-harvesting so-
lution (phosphate-buffered saline [PBS], 0.7 mM EDTA, and 3% FBS),
and incubation at 4°C for 25 min. BMM were then plated as indicated for
18 to 24 hours prior to experiments. Murine L2 fibroblasts were grown in
RPMI 1640 (Mediatech, Manassas, VA) supplemented with 10% FBS, 2
mM glutamine, 1 mM sodium pyruvate, and 100 �g/ml P-S. All cell cul-
tures were grown at 37°C in a 5% CO2 atmosphere.

Plasmid and strain construction. The bGFP cassette (pHyper-hly 5=
untranslated region-green fluorescent protein [GFP] gene [18]) from
pPL3-bGFP was amplified using primers bGFPforward and bGFPreverse
and ligated into pIMK using the BamHI and SalI restriction sites to gen-
erate pIMK-bGFP. Electrocompetent L. monocytogenes strains were pre-
pared as previously described (15). pIMK-bGFP was electroporated into
DH-L487 to generate strain DH-L1956.

In-frame menD and pepP deletion alleles were produced by splicing by
overlap extension PCR (SOE-PCR) as previously described (19). The re-
sulting �menD and �pepP PCR products were ligated into pKSV7 using
the HindIII/EcoRI and PstI/KpnI restriction sites, respectively, to gener-
ate pKSV7 �menD and pKSV7 �pepP. pKSV7 �menD and pKSV7 �pepP
were electroporated into 10403S, and allelic exchange was induced as
previously described (20) to generate strains DH-L2036 and DH-L2039,
respectively. Complementing plasmids were produced by amplifying the
menD and pepP open reading frames (ORFs) from 10403S genomic DNA

with primer pairs pLOVmendfor/pLOVmendrev and pLOVpepPfor/
pLOVpepPrev and ligating the resulting PCR products into pLOV using
the ClaI and KpnI restriction sites to generate pLOV-menD and pLOV-
pepP, respectively, placing expression of the cloned genes under constitu-
tive control of the pHyper promoter and ermC ribosome binding site
(RBS) (21). pLOV and pLOV-menD were electroporated into DH-L2036
to generate strains DH-L2037 and DH-L2038, respectively. pLOV and
pLOV-pepP were electroporated into DH-L2039 to generate strains DH-
L2041 and DH-L2042, respectively. All PCR amplifications for cloning
were performed using PfuTurbo DNA Polymerase AD (Agilent Technol-
ogies, Inc., Santa Clara, CA) as per the manufacturer’s instructions. All
plasmids and strains were verified by DNA sequencing.

Generation of Himar1 transposon libraries. Approximately 1 �g of
pJZ037 was electroporated into six aliquots of electrocompetent DH-
L1956. Bacteria were recovered in 1 ml of vegetable peptone broth (Remel,
Lenexa, KS) with 0.5 M sucrose and plated on �20 plates of BHI plus
erythromycin (BHI-erythromycin plates). Following incubation at 30°C
for 48 hours, transformant colonies were replica plated onto BHI-eryth-
romycin plates and incubated at 42°C for 16 to 18 hours for plasmid
curing. Colonies from all six electroporations, representing over 100,000
colonies, were then pooled and resuspended in BHI plus 40% glycerol to
generate a transposon library designated strain DH-L2021.

FACS and flow cytometry. DH-L2021 aliquots or selected strains were
grown in BHI plus kanamycin plus erythromycin with shaking (200 rpm)
at 37°C for 14 or 18 hours, respectively, prior to use. BMM (5 � 106) were
seeded into 60-mm-diameter non-tissue-culture-treated petri dishes
(Nalge Nunc International, Rochester, NY) at 18 hours prior to infection.
BMM were infected at a multiplicity of infection (MOI) of 1 by replacing
the culture medium with fresh medium containing DH-L2021. At 1 hour
postinfection, BMM were washed three times with PBS and fresh medium
containing 50 �g/ml gentamicin was added to kill extracellular bacteria.
At 6 hours postinfection, BMM were harvested as described above and
resuspended in PBS with 1% FBS for FACS or flow cytometry. FACS
collection of the indicated GFPlow gate was performed using a FACSAria
system (BD Biosciences, San Jose, CA) at the Flow and Imaging Cytom-
etry Resource (http://flowimagingcytometry.org/) at Harvard Medical
School (Boston, MA). Eight percent (�46,924 of 586,560), 9.2%
(�102,391 of 1,112,179), and 40% (�196,019 of 490,049), respectively, of
the recovered GFPlow BMM from three independent FACS sorts were then
plated onto BHI-kanamycin-erythromycin plates to recover intracellular
bacteria. Colonies (6,800 total) were picked and arrayed into the wells of
1-ml-deep-well 96-well plates containing BHI plus kanamycin plus eryth-
romycin and grown for 16 hours at 25°C without shaking. Aliquots of
bacterial cultures were then mixed with sterile glycerol to a final concen-
tration of 40% glycerol in separate wells of 200-�l 96-well plates and
stored at �80°C. Analysis of flow cytometry data was performed using
FloJo analysis software (Tree Star, Inc., Ashland, OR).

Fluorescence microscopy counterscreen. BMM (5 � 104) were
seeded into clear-bottom, black-wall 96-well plates (Corning Costar,
Corning, NY). Sixteen hours later, BMM were infected at an MOI of 1
with the above-described arrayed putative intracellular replication mu-
tants. At 1 hour postinfection, gentamicin was added to each well to a final
concentration of 40 �g/ml to kill extracellular bacteria. At 6 hours postin-
fection, the medium was removed and BMM were washed once with PBS
and fixed with 3.2% paraformaldehyde (Electron Microscopy Sciences,
Hatfield, PA) for 18 hours at 4°C. BMM were then washed and stained
with Hoechst 33342 (Invitrogen, Carlsbad, CA) in PBS for 10 min at 25°C.
Fluorescence microscopy images were acquired at 4 positions per well
using an ImageXpress Micro automated microscope system and analyzed
using MetaMorph image analysis software (Molecular Devices, Sunny-
vale, CA) at the ICCB-Longwood Screening Core Facility (http://iccb.med
.harvard.edu) at Harvard Medical School (Boston, MA). Images were
scored to identify mutants producing GFPdown infections (mutants exhib-
iting a discernible reduction in GFP fluorescence intensity by visual in-
spection). Mutant bacteria producing GFPdown infections compared to

Perry and Higgins

3332 jb.asm.org Journal of Bacteriology

http://flowimagingcytometry.org/
http://iccb.med.harvard.edu
http://iccb.med.harvard.edu
http://jb.asm.org


DH-L1956 infections in two independent experiments were identified as
intracellular replication mutants and subjected to further study. False-
positive mutants (those lacking GFP expression) were identified by GFP
fluorescence plate reading of 18-hour BHI cultures using the Fluorskan
Ascent FL system (Thermo Fisher Scientific, Waltham, MA). Mutants that
produced less than 50% of DH-L1956 GFP fluorescence were excluded
from subsequent analysis.

Identification of transposon insertion sites. Himar1 insertion sites
were identified by amplifying the insertion junctions using a two-round
semiarbitrary PCR. Bacteria from single colonies of intracellular replica-
tion mutants were used as templates in 25-�l PCR mixtures containing
1� ThermPol buffer, 0.5 �g/�l bovine serum albumin (New England
BioLabs, Ipswich, MA), 0.2 mM deoxynucleoside triphosphate (dNTPs)
(Promega, Madison, WI), 1.24 M betaine monohydrate (Sigma-Aldrich,
St. Louis, MO), 0.2 �M (each) primers ARB1 and marK3, and 1.67 U Taq
DNA polymerase (Qiagen, Valencia, CA) using PCR program 1. One
microliter of the first-round PCR product was then used as the template
for a second-round PCR as indicated above with primers ARB2 and
marK4 using PCR program 2. PCR products from the second PCR were
purified using the QIAquick PCR purification kit (Qiagen, Valencia, CA)
as per the manufacturer’s instructions and submitted to the Dana-Farber/
Harvard Cancer Center DNA Resource Core (http://dnaseq.med.harvard
.edu) at Harvard Medical School (Boston, MA) for sequencing with
primer marK4. PCR program 1 was as follows: 1 cycle of 91°C for 2 min; 6
cycles of 91°C for 15 s, 29°C for 15 s, and 72°C for 75 s; 30 cycles of 91°C for
15 s, 52°C for 15 s, and 72°C for 75 s; and 1 cycle of 72°C for 5 min. PCR
program 2 was as follows: 1 cycle of 91°C for 2 min; 35 cycles of 91°C for
15 s, 52°C for 15 s, and 72°C for 2 min; and 1 cycle of 72°C for 5 min.

Transductions. Transductions were performed as previously de-
scribed using the phage P35 (22). Briefly, 1 � 107 phage particles raised on
selected donor strains were incubated with 1 � 108 10403S bacteria and
plated for 48 hours on BHI-erythromycin plates. Himar1 transposon site
locations in recovered transductants were verified as described above.

In vitro growth analysis. Sixteen-hour cultures of the indicated
strains were diluted 1:50 in triplicate in BHI plus chloramphenicol and
grown with shaking at 37°C. The optical density at 600 nm (OD600) of the
triplicate cultures was measured every 30 min and averaged. To measure
anaerobic growth, BHI-erythromycin was equilibrated with the atmo-
sphere in an anaerobic chamber for 16 hours and then used to inoculate
5-ml cultures of the indicated strains, which were then incubated without
shaking at 25°C. Sixteen hours later, cultures were diluted 1:50 in triplicate
in fresh degassed medium. Cultures were then grown anaerobically in a
rolling drum at 37°C and the OD600 measured every 30 min and averaged.

L2 fibroblast plaquing assay. Murine L2 fibroblast plaquing assays
were performed as previously described (23) with minor modifications.
Briefly, 2 �106 L2 cells per well were seeded into 6-well plates. Sixteen
hours later, L2 cells were infected at an MOI of 0.03 by replacing the
medium with fresh medium containing the indicated strains, which were
grown in BHI-chloramphenicol for 16 hours at 30°C without shaking. At
1 hour postinfection, L2 cells were washed three time with cold PBS and
overlaid with 0.7% agarose in DMEM plus 30 �g/ml gentamicin. At 72
hours postinfection, a second agarose overlay containing neutral red (Sig-
ma-Aldrich, St. Louis, MO) was added to aid visualization of plaques.
Sixteen hours later, the tissue culture plates were scanned and plaque size
measured using Canvas X (ACD Systems, Miami, FL). Ten plaques per
strain were measured to determine mean plaque size.

Intracellular growth assay. Intracellular growth assays were per-
formed as previously described (17). Briefly, 4 � 105 BMM were seeded in
24-well plates. Sixteen hours later, BMM were infected at an MOI of 1 by
replacing the medium with fresh medium containing the indicated
strains, which were grown in BHI-chloramphenicol for 16 hours at 30°C
without shaking. At 1 hour postinfection, BMM were washed three times
with PBS and supplemented with fresh medium containing 10 �g/ml
gentamicin to kill extracellular bacteria. At the indicated time points, the
number of intracellular bacteria was determined by removing the me-

dium from wells and lysing host cells with 1.0% Triton X-100 (Sigma-
Aldrich, St. Louis, MO) in PBS. Dilutions of host cell lysates were then
plated on BHI-chloramphenicol plates and grown for 24 hours at 37°C to
allow enumeration of bacteria. Where noted, tissue culture medium was
supplemented with 50 �g/ml menaquinone (Supelco, Bellefonte, PA).
Values given are the mean for three wells per strain per time point.

In vivo virulence assessment. In vivo infections were performed as
previously described (3). Briefly, 6- to 8-week-old female BALB/c mice
(Jackson Laboratories, Bar Harbor, ME) were injected intravenously with
1.23 � 104 to 1.56 � 104 bacteria of the indicated strains, which were
grown in BHI-streptomycin for 16 hours at 30°C without shaking. Seven-
ty-two hours later, mice were euthanized and livers and spleens were
harvested and homogenized in 5 ml of PBS. The bacterial burdens in
organs were determined by plating dilutions of organ homogenates on
BHI agar plates plus streptomycin followed by 24 hours of incubation at
37°C to allow enumeration of bacteria. All animal studies were performed
in accordance with IACUC regulations.

RESULTS
A FACS/fluorescence microscopy-based genetic screen for L.
monocytogenes intracellular replication mutants. To identify
bacterial genes involved in the intracellular replication of L. mono-
cytogenes, we developed a transposon screen based on differential
fluorescence of infected host cells. We constructed a Himar1
transposon library in a constitutive GFP-expressing �actA mutant
of L. monocytogenes strain 10403S (DH-L2021). Since �actA L.
monocytogenes is defective in actin-based motility and cell-to-cell
spread (24), host cells infected at a low multiplicity of infection
with the DH-L2021 transposon library remain clonally infected
with a single Himar1 insertion mutant. As a result, the GFP fluo-
rescence intensity of a host cell during the course of infection
directly correlates with the number of mutant bacteria replicating
within the host cell and therefore with the growth rate of the in-
dividual mutant bacterial strain. Utilizing this principle, host cells
infected with DH-L2021 transposon mutants that exhibit a lower
GFP fluorescence intensity than host cells infected with the
screening background strain (DH-L1956) are considered GFPdown

cells. FACS collection of GFPdown host cells allows the recovery of
L. monocytogenes mutants harboring transposon insertions within
genes contributing to intracellular bacterial replication.

A screen was performed to isolate severely intracellular repli-
cation-defective mutants, as the difference in GFP fluorescence
intensity between a host cell infected with a strongly growth-at-
tenuated mutant and a growth-neutral mutant would be the
greatest observed and thus the easiest to differentiate by FACS. To
screen for severe intracellular replication mutants in a physiolog-
ically relevant context, 5 � 106 primary murine bone marrow-
derived macrophages (BMM) were infected with the DH-L2021
transposon library at an MOI of 1. At 6 hours postinfection, BMM
displaying host cell GFP autofluorescence intensities were recov-
ered by FACS (Fig. 1A). A total of 6,800 Himar1 insertion mutants
were isolated following three independent infection/FACS events,
representing all colonies arising after plating 8%, 9.2%, and 40%,
respectively, of the recovered GFPlow BMM. To confirm the pres-
ence of intracellular replication defects, the 6,800 transposon mu-
tants were analyzed in a secondary counterscreen using auto-
mated fluorescence microscopy of infected BMM (Fig. 1B).
Additionally, to eliminate GFP transposon insertion mutants,
GFP expression from broth cultures of all transposon mutants was
determined using a fluorescence plate reader, and transposon mu-
tants producing less GFP fluorescence than the screening back-
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ground strain (DH-L1956) were discarded from further analysis.
Following the fluorescence microscopy counterscreen, a total of
12 GFP-positive (GFP�) Himar1 insertion mutants were found to
result in GFPdown BMM infections in two independent experi-
ments. The Himar1 insertion site within each L. monocytogenes
mutant (Table 1) was then determined by semiarbitrary PCR.

Multiple independent Himar1 insertions within the prfA and
hly genes were recovered. As both genes are known to be required
for L. monocytogenes intracellular replication and virulence (3,
25), the recovery of transposon insertions within known virulence
genes validated the ability of the differential FACS/fluorescence
microscopy screen to identify genes required for L. monocytogenes
intracellular replication. Furthermore, single Himar1 insertions
were recovered in five additional genes (Table 1). Adenylosucci-
nate synthetase (LMRG_02498) is a protein involved in purine
biosynthesis. A previous study has shown that an L. monocytogenes
adenine auxotroph is attenuated during in vivo infection of mice
(26). plsX (LMRG_00956) encodes an enzyme mediating the ac-
tivation of acyl chain moieties during phospholipid synthesis in
most Gram-positive bacteria (27, 28). As plsX is essential in the
closely related bacterium Bacillus subtilis (29) and no additional L.
monocytogenes plsX homologs were identified by a BLAST search
of the genome, we hypothesize that plsX may be essential for L.
monocytogenes growth in general and that the recovered insertion
mutant produces a less stable or less active variant of the protein.
The finding that the recovered plsX Himar1 insertion maps to the

extreme C terminus of the open reading frame supports this hy-
pothesis. LMRG_00804 is annotated by the Broad Institute Liste-
ria monocytogenes Database as encoding an X-prolyl aminopepti-
dase. Members of this protein family cleave the N-terminal amino
acid of small peptides containing a proline residue at the second
position (30) and are thought to play a role in general protein
turnover in bacteria (31). As the corresponding gene has been
designated pepP in the previously sequenced L. monocytogenes
strain M7 (32), we have designated LMRG_00804 pepP. menD
(LMRG_01292) encodes the menaquinone biosynthetic enzyme
catalyzing the addition of 2-oxoglutarate to isochorismate to gen-
erate 2-succinyl-5-enolpyruvyl-6-hydroxy-3-cyclohexene-1-car-
boxylate (33), and hepT (LMRG_01077) encodes the heptaprenyl
diphosphate synthase component II, a protein involved in the
synthesis of the heptaprenyl moiety that anchors menaquinone to
the plasma membrane (34, 35). Interestingly, L. monocytogenes
lacks the genes necessary for ubiquinone biosynthesis and there-
fore requires menaquinone to complete a functional electron
transport chain.

To further verify the GFPdown phenotype of the mutants recov-
ered in the differential fluorescence screen, we used flow cytom-
etry to determine the GFP fluorescence intensity profiles of BMM
infected with individual isolated transposon mutants (Fig. 2). As
an L. monocytogenes strain containing a deletion of hly (the gene
encoding LLO) does not effectively escape the phagocytic vacuole
and replicate intracellularly, only 0.53% of BMM infected with a
GFP-expressing �hly strain (GFP� �hly; DH-L1958) were
GFPhigh (defined as a GFP fluorescence intensity greater than host
cell autofluorescence). In contrast, 35.58% of BMM infected with
the DH-L1956 screening background strain were found to be GF-
Phigh. Consistent with the fluorescence microscopy results, 1.51%
of BMM infected with the menD insertion mutant (DH-L2024)
and 3.56% of BMM infected with the hepT insertion mutant (DH-
L2025) were found to be GFPhigh (Fig. 2). Similarly, only 2.50% of
BMM infected with the plsX insertion mutant (DH-L2027) were
found to be GFPhigh. In contrast, BMM infected with the pepP
insertion mutant (DH-L2026) did not exhibit as great an infection
defect as measured by flow cytometry, resulting in 24.21% of
BMM infected with DH-L2026 being GFPhigh. The finding that all
of the recovered transposon mutants resulted in reduced GFPhigh

BMM populations further validates the ability of the differential
fluorescence screening approach to identify L. monocytogenes
genes necessary for optimal intracellular infection.

In vitro characterization of �menD and �pepP strains. After
eliminating L. monocytogenes genes identified by the differential

FIG 1 Differential fluorescence/FACS microscopy screen for L. monocyto-
genes intracellular replication mutants. (A) Representative FACS plot of DH-
L2021-infected BMM during FACS. BMM (5 � 106) were infected at an MOI
of 1 with DH-L2021. At 1 hour postinfection, BMM were washed and medium
with gentamicin was added to kill extracellular bacteria. At 6 hours postinfec-
tion, BMM were harvested and subjected to FACS. Host cell GFP fluorescence
and phycoerythrin channel autofluorescence (PE-A) are plotted. GFPdown

BMM (outlined gate) were collected to recover intracellular bacteria. Three
independent FACS collections were performed. The value given represents the
percentage of GFPdown BMM in the infection. (B) Fluorescence microscopy
counterscreening of post-FACS-recovered mutants. BMM (5 � 104) were in-
fected as described above with individual post-FACS-recovered mutants, and
at 6 hours postinfection BMM were fixed and subjected to automated fluores-
cence microscopy. Shown are images of BMM infected with the screening
background strain DH-L1956 (left), DH-L1956 harboring a Himar1 insertion
in hly, which is deficient in vacuolar escape (middle), and a representative
GFPdown mutant isolated from the above-described FACS screen (right).

TABLE 1 Recovered intracellular replication mutants

Gene

No. of insertions recovered

Himar1
insertions

Independent
insertions

prfA (LMRG_02622) 3 2
hly (LMRG_02624) 4 3
menD (LMRG_01292) 1 1
hepT (LMRG_01077) 1 1
pepP (LMRG_00804) 1 1
plsX (LMRG_00956) 1 1
Adenylosuccinate synthetase gene

(LMRG_02498)
1 1
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fluorescence screen which were presumably essential for general
bacterial growth, had been previously implicated to play a role
during intracellular infection, or, in the case of hepT, participated
in the same biosynthetic pathway as another identified gene, we
selected menD and pepP for further study. To determine whether
the contribution of menD and pepP to L. monocytogenes growth is
specific to intracellular replication or a general requirement, we
measured the replication of �menD and �pepP in-frame deletion
strains during growth in broth culture (Fig. 3). The �menD strain
harboring the pLOV expression vector (�menD � pLOV) dis-
played a significant growth defect during aerobic growth in BHI
broth, while the menD complementation strain (�menD �
pLOV-menD) displayed a partial (�50%) restoration of the
growth defect compared to wild-type bacteria (10403S � pLOV)
(Fig. 3A). This result suggests that the decrease in intracellular
replication of the menD insertion mutant observed by flow cytom-
etry (Fig. 2) is primarily due to a general growth defect. However,
both the �pepP strain harboring pLOV (�pepP � pLOV) and the
pepP complementation strain (�pepP � pLOV-pepP) displayed
wild-type growth levels in BHI (Fig. 3A). This result suggests that
the decrease in intracellular infection by the pepP insertion mu-
tant observed by flow cytometry (Fig. 2) is due to a specific intra-
cellular growth defect resulting from the lack of PepP. As previous
work by Stritzker and coworkers demonstrated that the slow
growth of L. monocytogenes aro deletion strains could be rescued
by either the addition of exogenous menaquinone or anaerobic
growth conditions (16), we examined the growth of menD and
hepT Himar1 insertion mutants under anaerobic conditions (Fig.
3B). When grown in degassed BHI broth, the menD and hepT
transductant strains (MenD-T and HepT-T, respectively) dis-
played growth identical to that of a neutral transposon mutant,
PrfA-T (prfA is dispensable for anaerobic growth of L. monocyto-

genes [data not shown]). This result suggests that the growth de-
fects observed with the menD and hepT mutants are strictly aero-
bic phenotypes and that the decrease in intracellular replication of
these mutants is due to a defect in aerobic metabolism during
intracellular infection.

We next determined the ability of the �menD and �pepP
strains to undergo productive intracellular infection by measuring
plaque formation in monolayers of L2 fibroblasts (Table 2).
Plaque formation by L. monocytogenes requires the sequential
events of host cell invasion, vacuolar escape, intracellular replica-
tion, actin-based motility, and cell-to-cell spread; defects in any of
these processes results in a decrease in plaque size. Previous stud-
ies have shown that the magnitude of the plaquing defect corre-
lates well with the severity of in vivo virulence defects of L. mono-
cytogenes strains. The �menD � pLOV strain failed to produce
any visible plaques, indicating that the product of the menD gene
is absolutely required for productive intracellular infection. The
�pepP � pLOV strain displayed a 22.2% decrease in plaque size
compared to the wild type (10403S � pLOV). This defect is com-
parable to the plaquing defects observed for plcA and plcB deletion
strains (36) (plcA and plcB encode PI-PLC and PC-PLC, respec-
tively). This result suggests that the pepP gene product is required
for optimal intracellular infection by L. monocytogenes. Further-
more, the menD and pepP complementation strains fully rescued
the plaquing defects of the corresponding deletion strains (Table
2), demonstrating that the observed plaquing defects are due
solely to the absence of menD or pepP.

As the L2 plaquing defects observed with the �menD and
�pepP strains indicated that these genes play a role in one or mul-
tiple processes necessary for productive intracellular infection, we
next measured the contribution of menD and pepP specifically to
intracellular replication. BMM were infected with the �menD or

FIG 2 Flow cytometry of BMM infected with individual intracellular replication mutants. BMM (5 � 106) were infected as described for Fig. 1 with the screening
background strain (DH-L1956), 10403S �hly � pIMK-bGFP (DH-L1958), or isolated screening background strain mutants bearing Himar1 insertions in the
indicated genes. At 6 h postinfection, BMM were harvested and subjected to flow cytometry. Values given represent the percentage of GFPhigh BMM (gate) in each
infection. Flow cytometry data are representative of three independent experiments.
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�pepP strain, and at multiple time points postinfection, host cells
were lysed and plated to enumerate intracellular bacteria (Fig. 4).
While the number of intracellular �menD � pLOV bacteria de-
creased 10-fold between 2 and 4 hours postinfection before slowly
increasing at later time points, the menD complementation strain
displayed wild-type intracellular growth throughout the infection
period (Fig. 4A). Additionally, during infection of nonbactericidal
L2 fibroblasts, the �menD � pLOV strain showed no initial de-
crease in bacterial numbers, with only a 4-fold increase in bacteria

during the 8-hour infection. In contrast, wild-type bacteria
(10403S � pLOV) and the menD complementation strain dis-
played a 55-fold increase in bacterial numbers over the same in-
fection period (see Fig. S1A in the supplemental material). These
data suggest that the menD deletion strain is initially more suscep-
tible to killing by the macrophages and that the bacteria replicate
dramatically more slowly than wild-type bacteria within host cells.
As Stritzker and colleagues had previously shown that exogenous
menaquinone rescued the aerobic growth defect of aro deletion
strains during growth in broth culture (16), we examined the abil-
ity of exogenous menaquinone to rescue the intracellular growth
defect of �menD � pLOV bacteria. Whereas the addition of 50
�g/ml menaquinone to the tissue culture medium did not affect
the growth of wild-type bacteria, supplementation of exogenous
menaquinone fully rescued the growth defect of �menD � pLOV
bacteria (Fig. 4B). This result suggests that the observed intracel-
lular replication defect of �menD � pLOV bacteria is due solely to
the lack of menaquinone and disruption of aerobic metabolism,
providing further evidence for the important role that this process
plays during intracellular pathogenesis of L. monocytogenes.

In contrast to the case for �menD � pLOV bacteria, the intra-

FIG 3 In vitro growth of intracellular replication mutants. (A) Aerobic growth of intracellular replication mutants. Sixteen-hour cultures of the indicated strains were
diluted 1:50 in triplicate in BHI-chloramphenicol and grown with shaking at 37°C. The OD600s of the triplicate cultures were measured every 30 min and averaged (	
standard deviation [SD]). (B) Anaerobic growth of suspected electron transport chain mutants. Cultures of the indicated strains were grown for 16 hours without shaking
in degassed BHI-erythromycin in an anaerobic chamber at 25°C and then diluted 1:50 in triplicate in fresh degassed medium. Cultures were then grown anaerobically
in a rolling drum at 37°C and the OD600 measured every 30 min and averaged (	SD). The data are representative of three independent experiments.

TABLE 2 Plaque formation by intracellular replication mutants

Genotype
Plaque size
(%)a

10403S � pLOV 100 	 2.5
�menD � pLOV No plaques
�menD � pLOV-menD 97.7 	 3.4
�pepP � pLOV 77.8 	 3.3
�pepP � pLOV-pepP 95.9 	 3.4
a Plaque size values are the means 	 SD for 10 plaques per strain compared to wild-
type (10403S � pLOV) plaque size. Data are representative of three independent
experiments.
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cellular replication rate of �pepP � pLOV bacteria was reduced
between 2 and 4 hours postinfection before becoming comparable
to that of wild-type bacteria, suggesting that the intracellular rep-
lication defect of the �pepP strain stems from a defect early in the
intracellular infection process in BMM (Fig. 4C). As observed
with the plaquing experiments, the pepP complementation strain
displayed wild-type intracellular growth throughout the infection
period (Fig. 4C). Interestingly, �pepP � pLOV bacteria displayed
no intracellular growth defect during an 8-hour infection of L2
fibroblasts (see Fig. S1B in the supplemental material). Intra-
cellular replication of L. monocytogenes during the first 8 hours

of infection is predominantly restricted to initially infected
host cells. As the pepP deletion strain displays a 22% plaquing
defect in L2 cells (Table 2), during which multiple rounds of
intracellular replication and cell-to-cell spread occur, this re-
sult suggests PepP is dispensable for intracellular replication in
L2 cells but may contribute to an aspect(s) of bacterial cell-to-
cell spread.

�menD and �pepP strains are attenuated during in vivo in-
fection. To assess the contribution of menD and pepP to L. mono-
cytogenes virulence, we infected BALB/c mice intravenously with
wild-type (10403S), �menD (DH-L2036), or �pepP (DH-L2039)
bacteria and at 72 hours postinfection harvested livers and spleens
and plated dilutions of homogenized organs to determine the bac-
terial burden in each organ (Fig. 5). Infection with the �menD
mutant resulted in a 105-fold decrease in liver and splenic burdens
(P 
 0.0001 by the Mann-Whitney test), while infection with
�pepP L. monocytogenes resulted in 100-fold and 6.4-fold de-
creases in liver and splenic burdens, respectively (P 
 0.0001 and
P � 0.0004, respectively, by the Mann-Whitney test), compared to
those in wild-type infected mice. Additionally, the pepP comple-
mentation strain produced wild-type bacterial burdens during in-
fection of BALB/c mice, while infection with the menD comple-
mentation strain resulted in a 103-fold increase in liver and splenic
burdens compared to infection with the parental �menD strain
(see Fig. S2 in the supplemental material). These data demonstrate
the importance of menD and pepP during in vivo infection by L.
monocytogenes.

DISCUSSION

In this report, we describe the development of a differential fluo-
rescence screening approach to identify L. monocytogenes genes
required for optimal intracellular replication. Whereas methicillin
selection-based screens allow the recovery only of mutants com-
pletely defective in intracellular growth, the utilization of a differ-
ential fluorescence screen enables the recovery of mutants exhib-
iting a broad range of intracellular replication defects. As proof of
principle, using FACS collection of infected BMM exhibiting host
cell autofluorescence levels, we isolated L. monocytogenes trans-
poson mutants possessing severe intracellular replication defects
(Fig. 1A). Since mutants with Himar1 insertion mutations within
the GFP gene were expected to constitute the majority of the re-
covered mutants, we counterscreened 6,800 mutants recovered by
FACS for GFP expression and performed automated fluorescence
microscopy of infected BMM to verify the presence of GFP-ex-
pressing intracellular replication-defective mutants. A total of 12
intracellular replication-defective transposon mutants represent-
ing 7 distinct loci were identified (Table 1). The recovery of mul-
tiple independent transposon insertions within the known viru-
lence genes prfA and hly, which are essential for L. monocytogenes
pathogenesis, confirmed the ability of the differential fluorescence
screening approach to isolate intracellular replication mutants.
Furthermore, the subsequent observation that BMM infected
with the identified Himar1 mutants resulted in substantially
smaller GFPhigh subpopulations than BMM infected with the
screening background strain (Fig. 2) further validated the differ-
ential fluorescence screening strategy. The fact that the majority of
the post-FACS-recovered mutants were GFP negative also dem-
onstrates the high stringency achievable by differential fluores-
cence screening. It is also possible that the 14-hour growth period
for the Himar1 library that was used to reduce the frequency of

FIG 4 Intracellular growth of �menD and �pepP mutants. (A) Intracellular
growth of �menD strains in BMM. BMM (4 � 105) were infected with the
indicated strains at an MOI of 1. At 1 h postinfection, BMM were washed and
medium with gentamicin added to kill extracellular bacteria. At the indicated
time points, BMM in three wells per strain were lysed with 1.0% Triton X-100
and the number of intracellular bacteria determined by plating on agar me-
dium. CFU per well per strain were then averaged (	SD). (B) Menaquinone
complementation of �menD. BMM were infected as described above with the
indicated strains in the presence or absence of 50 �g/ml menaquinone (K2).
(C) Intracellular growth of �pepP strains. BMM were infected as described
above with the indicated strains. The data presented are representative of three
independent experiments.
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transposon mutants with general growth defects prior to BMM
infection and FACS resulted in an overrepresentation of a small
number of transposon mutants with severe intracellular replica-
tion defects. This may explain the recovery of relatively few inde-
pendent Himar1 insertions in the 7 identified genetic loci. As the
DH-L2021 Himar1 library affords extensive genomic coverage
(the library contains over 100,000 independent insertion mu-
tants pooled from 6 separate transposition experiments) and the
Himar1 transposon does not exhibit significant insertional bias in
the L. monocytogenes genome (15), the lack of diversity of recov-
ered mutants is not attributable to insufficient transposon library
complexity. We hypothesize that additional differential fluores-
cence screens performed without prior outgrowth of the DH-
L2021 library may produce a more comprehensive collection of
intracellular replication-defective mutants, although an increased
majority of Himar1 insertion mutants possessing general growth
defects would be expected in the resultant mutant pool.

Among the identified loci contributing to L. monocytogenes
intracellular replication (Table 1) menD, hepT, and pepP were
chosen for further study. MenD is a dedicated menaquinone bio-
synthesis enzyme, while HepT is a component of the protein com-
plex that produces heptaprenyl diphosphate, the side chain moi-
ety that anchors menaquinone to the plasma membrane to
properly localize the molecule for participation in the electron
transport chain and aerobic metabolism. Stritzker and colleagues
previously reported that defined L. monocytogenes aro deletion
strains possess severe general and intracellular replication defects
in vitro and are attenuated in vivo (16). While the aro pathway
produces precursor molecules used in aromatic amino acid, fo-
late, and menaquinone biosynthesis pathways, the authors ob-
served that only exogenous menaquinone or growth under anaer-
obic conditions rescued the slow-growth phenotype of aro
deletion strains, implicating menaquinone auxotrophy as the
cause of the intracellular replication-defective phenotype.
The isolation of menD and hepT transposon insertion mutants by
the differential fluorescence screen and the observation of an aer-
obic growth defect in the menD mutant strain (Fig. 3A) corrobo-
rate these prior findings and provide further evidence for the im-
portance of menaquinone and aerobic metabolism for L.
monocytogenes intracellular pathogenesis. PepP is an X-prolyl
aminopeptidase protein family member, a bacterial peptidase in-
volved in protein degradation through hydrolysis of small pep-
tides to release free amino acids for reuse. While Zemansky and

colleagues have identified a pepP Himar1 insertion mutant as hav-
ing a slightly hypohemolytic phenotype on blood agar plates (15),
to our knowledge no link between pepP and bacterial virulence has
been previously described.

We determined that a �menD strain possesses a range of de-
fects, including slow aerobic growth (Fig. 3A), complete abroga-
tion of plaque formation in monolayers of L2 fibroblasts (Table
2), defective intracellular infection in primary BMM (Fig. 4A) and
L2 fibroblasts (see Fig. S1A in the supplemental material), and a
5-log decrease in in vivo virulence (Fig. 5). The complete rescue of
the plaquing and intracellular replication defects by the menD
complementation strain, yet the failure to fully rescue aerobic
growth in broth culture, suggests a possible lower requirement for
menaquinone and aerobic metabolism during intracellular infec-
tion by L. monocytogenes. The additional evidence for the require-
ment of menaquinone for L. monocytogenes intracellular replica-
tion provides further insight into the conditions encountered by
intracellular pathogens during growth in the host cell cytosol. The
adoption of aerobic metabolism by L. monocytogenes in the cyto-
solic environment indirectly suggests that the cytosol contains
sufficient oxygen levels to support aerobic growth, an intuitive
though underappreciated aspect of intracellular infection by
many pathogens. While the intracellular replication defect of
�menD strains is presumably due at least in part to a shift to less
energetically favorable anaerobic metabolism necessitated by
menaquinone auxotrophy, additional work is warranted to iden-
tify a possible metabolism-independent mechanism(s) for the re-
quirement of menD or to definitively determine if downstream
effects of aberrant bacterial metabolism facilitate the intracellular
replication defect.

Perhaps the most interesting discovery in this study is the iden-
tification of PepP as an L. monocytogenes factor required for opti-
mal intracellular replication and virulence in mice. The finding
that a �pepP strain possessed no growth defect in broth culture
(Fig. 3A) while exhibiting defects in plaque formation, intracellu-
lar replication, and in vivo virulence (Table 2 and Fig. 4C and 5,
respectively) strongly suggests that PepP is specifically required
for intracellular growth of L. monocytogenes. The transient differ-
ence in the intracellular growth rate of the �pepP mutant during
BMM infection (Fig. 4C) suggests that PepP acts early during the
infection process. Moreover, the observation that the �pepP mu-
tant displays no intracellular growth defect during an 8-hour in-
fection of L2 fibroblasts (see Fig. S1B in the supplemental mate-

FIG 5 In vivo growth of �menD and �pepP mutants. Six- to 8-week-old BALB/c mice were infected with 1.0 � 104 to 1.6 � 104 bacteria of the indicated strains
by tail vein injection. At 72 hours postinfection, mice were euthanized and livers and spleens were harvested. Harvested organs were then homogenized, and
dilutions were plated to allow enumeration of bacteria. *, P 
 0.0001; **, P � 0.0004 (Mann-Whitney test).
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rial) yet possesses a 22% plaquing defect suggests PepP is not
required for optimal intracellular growth in L2 cells but may con-
tribute to cell-to-cell spread. Additional work is required to eluci-
date the specific role(s) of PepP during intracellular infection.
Potential roles of PepP may include (i) an increased need for bac-
terial protein turnover during intracellular growth, (ii) the degra-
dation of host-derived small peptides to salvage amino acids for
use by bacteria, (iii) the posttranslational processing of other L.
monocytogenes factors necessary for intracellular infection, and/or
(iv) an as-yet-unidentified mechanism.

The development of a differential fluorescence screening ap-
proach for L. monocytogenes provides a powerful new tool for the
identification of bacterial mutants possessing various severities of
intracellular infection defects. Shifting the FACS collection gate to
a higher host cell GFP fluorescence intensity would allow the re-
covery of Himar1 transposon mutants bearing intermediate intra-
cellular growth defects. Furthermore, incorporation of a second
fluorescent protein into the screening background strain or clon-
ing of the GFP gene expression cassette into the transposon would
also eliminate the need for counterscreening of recovered mu-
tants. Additionally, differential fluorescence screening of a GFP�,
ActA-expressing L. monocytogenes transposon library by FACS
collection of the extreme GFPhigh host cell population would allow
the recovery of mutants bearing Himar1 insertions in genes re-
quired for actin-based motility of L. monocytogenes. Collectively,
our studies further demonstrate that differential fluorescence/
FACS screening is amenable to multiple bacterial systems and can
provide novel insights into the requirements for intracellular
pathogenesis.
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