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The ability to adapt to adverse environmental conditions encountered in food and during host infection is
a sine qua non for a successful Listeria monocytogenes infection. This ability is likely to depend on complex
regulatory pathways controlled by a number of key regulators. We utilized the pORI19 plasmid integration
system to analyze the role of six putative regulatory loci in growth under suboptimal environmental conditions
and during murine infection. Disruption of loci encoding a topoisomerase III (Im02756), a putative methyl-
transferase (Imo0581), and a regulator of the MarR family (/mo1618) revealed roles for the methyltransferase
and the MarR regulator in growth under environmental stress conditions. However, plasmid integration into
these loci had no impact on virulence potential in the murine model of infection. Disruption of the alternative
sigma factor Sigma-H resulted in a mutant that demonstrated reduced growth potential in minimal medium.
Murine studies indicated a minor role for this sigma factor in the infectious process. Strikingly, disruption of
both perR and fur loci resulted in mutants that are significantly affected in virulence for mice, with the fur
mutant demonstrating the greatest reduction in virulence potential. Both perR and fur mutants demonstrated
increased resistance to hydrogen peroxide and the fur mutant was sensitive to low-iron conditions. The
virulence defect of both fur and perR mutants could be rescued by iron-overload after esculetin treatment of

mice, suggesting that the in vivo role of these gene products is to procure iron for bacterial growth.

The gram-positive food-borne pathogen Listeria monocyto-
genes can cause serious infection in susceptible individuals
(49). Mortality rates during common-source epidemics can
reach 30% (49), and approximately 28% of deaths in the
United States due to bacterial food-borne illness can be attrib-
uted to L. monocytogenes infection (33). The bacterium is wide-
ly distributed in nature, having been identified in soil, silage,
sewage, human and animal feces, slaughterhouse waste, and
water (11). An important feature of this pathogen is its ability
to withstand the suboptimal conditions encountered during a
saprophytic lifestyle, to endure food-processing protocols, and
eventually to adapt to the environmental stresses encountered
during infection of the host.

In order to establish infection of the host, the pathogen must
transit the low pH of the stomach and subsequently survive
exposure to bile acids, increased osmolarity, volatile fatty acids,
and intense competition with intestinal flora for space and
nutrients within the small intestine (7). Furthermore, as an
intracellular pathogen L. monocytogenes can invade the intes-
tinal epithelium and cause systemic disease characterized by
intracellular growth of the pathogen in target organs (29, 49).
During invasion of host cells the organism encounters further
suboptimal conditions, including a rapid drop in pH within the
host cell phagosome (2). Subsequent lysis of the phagosome
releases the pathogen into the host cell cytoplasm where con-
ditions of nutrient and iron starvation prevail (18, 49).

It has previously been reported that the ability of L. mono-
cytogenes to sense changes in its environment and respond to
various stresses can have an impact on the virulence of this
organism (8, 30, 37, 42). Some information is available con-
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cerning effector mechanisms used by the pathogen to survive in
vivo stress. The presence of an intact glutamate decarboxylase
system is essential for the survival of gastric acid (9). The
membrane transporter for the osmolyte carnitine encoded by
opuC is required for optimal colonization of the small intestine
and subsequent invasive disease (46, 50). In addition, elements
of the clp operon are necessary for escape from the host cell
phagosome and for growth under the iron-limiting conditions
encountered in vivo (42, 43). However, other than PrfA, CtsR,
and SigB (5, 35, 36), relatively little is known of regulatory
networks that function to coordinate listerial responses to en-
vironmental stress in vivo.

The recent publication of the genome sequence of L. mono-
cytogenes EGDe provides an opportunity to increase our un-
derstanding of the mechanisms by which the organism coordi-
nates the adaptation to suboptimal environments encountered
during infection (17). An interesting feature of the genome is
the abundance of putative transcriptional regulators which pre-
sumably play a role in adaptation to suboptimal environments
encountered at all stages of the pathogenic cycle. Determining
the function of each regulator will require detailed postgeno-
mic analysis of regulatory elements involved in the infectious
process. These analyses will be facilitated by the development
of molecular tools to allow rapid and stable gene disruptions.

We have utilized the pORI19 plasmid integration system
first described by Law et al. (27) in Lactococcus lactis, for
rapid, specific, and stable gene disruption of potential regula-
tory systems in L. monocytogenes EGDe. Six genes targeted for
disruption by this system included two loci previously identified
by an in vivo expression technology approach (a predicted
topoisomerase 111 [[mo2756] and a potential methyltransferase
[Imo0581]) (15), a gene encoding the alternative sigma factor
Sigma-H (Imo0243), a potentially pH-regulated transcriptional
regulator of the MarR family (/mo1618) (39), and genes pre-
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TABLE 1. Bacterial strains and plasmids used in this study

Strain, plasmid, or primer Characteristic* Reference
Strains
E. coli EC101 Derivative of E. coli with pWVO1 repA integrated in the chromosome 27
L. monocytogenes
EGDe Serotype 1/2a W. Goebel
EGDpORI19::met EGDe derivative with an insertion into a putative SAM-dependent This work
methyltransferase gene (Imo0581)
EGDpORI19::topB EGDe derivative with an insertion in the topoisomerase III gene (/mo2756) This work
EGDpORI19::fur EGDe derivative with an insertion in the fur gene (Imo1956) This work
EGDpORI19::marR EGDe derivative with an insertion in the marR gene (Imo 1618) This work
EGDpORI19::;perR EGDe derivative with an insertion in the perR gene (Imol683) This work
EGDpORI19::sigH EGDe derivative with an insertion in the sigma-H gene (Imo0243) This work
EGDAfur Afur, L. monocytogenes EGDe This work
EGDAperR AperR, L. monocytogenes EGDe This work
Plasmids
pORI19 RepA™, Em’ 27
pVE6007 Temperature sensitive, RepA*, Cm” E. Maguin

“Em", ERY resistance; Cm", CHL resistance.

dicted to encode the ferric uptake regulator homologues Fur
(Imo1956) and PerR (Imo1683). All six loci were successfully
and stably disrupted, demonstrating the usefulness of the pORI19
system for first-look analysis of regulatory genes in L. mono-
cytogenes. The resultant mutants were analyzed for virulence in
a mouse model of infection, and experiments demonstrated
that both Fur and PerR are essential for virulence of L. mono-
cytogenes. In-frame deletion mutants subsequently created in
perR and fur replicated the phenotypes of the pORI19 mutants
and thus validate the plasmid integration methodology.

MATERIALS AND METHODS

Bacterial strains and culture conditions. Bacterial strains and plasmids are
listed in Table 1. Escherichia coli strains were grown in Luria-Bertani medium
and Listeria monocytogenes strains were grown in brain heart infusion (BHI)
broth (Oxoid) at 37 or 30°C for pVE6007. Antibiotics (Sigma Chemical Co., St.
Louis, Mo.) were used as appropriate at the following concentrations: erythro-
mycin (ERY) at 200 pg/ml for E. coli and ERY at 5 wg/ml and chloramphenicol
(CHL) at 10 pg/ml for L. monocytogenes. For solid media agar was added to
1.5%. Blood agar plates consisted of blood agar base (Lab M), to which 5%
sheep blood was added after an autoclaving step. Tropolone and ferric citrate
were solublized in water and added to the media as filter-sterilized stocks.
Esculetin was dissolved with 5 N NaOH, and the pH was adjusted to 8.7 with 1
N HCI (10) and filter sterilized.

DNA manipulations. Gel extraction was performed by using the Qiagen gel
extraction kit (Qiagen). Plasmid DNA isolation was performed by using the
Qiagen QIAprep spin miniprep kit (Qiagen). T4 DNA ligase, PCR reagents, and
restriction enzymes were purchased from Roche Diagnostics GmbH (Mannheim,
Germany) and used according to the manufacturer’s instructions. PCRs were
performed by using a Hybaid (Middlesex, United Kingdom) PCR express system,
and products were cloned into pORI19 and sequenced by using universal M13
primers (Lark Technologies, Inc., Essex, United Kingdom). Oligonucleotide
primers (Table 2) for PCR were synthesized by Sigma-Genosys Biotechnologies
and Tag DNA polymerase (Biotaq; Bioline) was used for all PCRs.

pORI19 mutagenesis. A central portion of the gene of interest was amplified
by PCR and cloned into the multiple cloning site of pORI19. Electrotransfor-
mation of Escherichia coli EC101 was performed according to standard proto-
cols. After plasmid isolation, electrotransformation of L. monocytogenes EGDe
containing pVE6007 (RepA™/temperature sensitive) was performed according
to protocols outlined by Park and Stewart (38). pORI19 was maintained in
EGDe at 30°C. Loss of pVE6007 was achieved by transferring 10 pl of an
overnight culture to BHI broth prewarmed to 42°C and subsequent growth for
16 h at 42°C. Aliquots were then spread-plated onto prewarmed BHI-ERY
plates and incubated overnight at 42°C. Loss of pVE6007 (CHL sensitive) was
confirmed by replica plating individual colonies onto BHI-ERY and BHI-CHL

plates with overnight incubation at 30°C. Integration results in the formation of
a stable ERY-resistant mutant and was confirmed by PCR with a forward primer
outside the region of integration and a primer for the plasmid (Fig. 1).
Creation of deletion mutants. The splicing-by-overlap-extension (SOE) pro-
cedure was used to create nonpolar deletions in L. monocytogenes EGDe. The
procedure was carried out as described previously (9, 15). Two pairs of primers
were designed (SOEA-SOEB and SOEC-SOED) (Table 2) to amplify two frag-

TABLE 2. Oligonucleotide primers used in this study
Sequence (5'-3")"

Primer

...TAGATCTAGAAAGATGCCTGTCATCC
...ATGGTACAGTCTAGGGATCCACGCT
...ATTGTCTTGCTGAGCGAACGACC
GTGGTAGGATCCAATGCTAC
..ATTTTCGCCCACACTGCAGGC

....C TGAAGCTTTTGTAGCTCCTTTT
... GGATGAAAAATTGGTGAAAGAGG
ACTCTAGAAGAGGCAGTAGATGTC

... GCGTGGTAAAGCTTAGATGTAGAA

... GGAGTGCATGGCGGTGTCTAAT
ATTTCTGCAGTAAGTATCAATCGG
...CAGGATCCTCAGCCATTGGTGTA
...GGAGTAAGGGATTGACGGTATGT
GACTAATCTAGACAATAAAATCG

... TCGCGTAAGGATCCGAGGTT
....CGCCTGCAAGTCCTAAGAC
GTTTTCCCAGTCACGAC
...CAGGAAACAGTATGAC
....GCGGATAACAATTTCACACAGGA
TCCTTCCTGCAGAAGCTAAAT
..AAGTTGTGCTTTAATGCGTCC
GGACGCATTAAAGCACAACTTGGGATTTGCG

CGAATTGCAGA®
FurSOED................... ATTCGGATCCGTTAACTCCT
PerRSOEA
PerRSOEB... GCAACTCTAAAAGAGGCAGT

PerRSOEC ....GCAACTCTAAAAGAGGCAGTTGCTGGTCTAA
TTAAGGAAT”
PerRSOED ................ GATTGTTTTTCTAGACACGCT

“ Restriction sites incorporated into primer sequences are underlined.
® Overhangs complementary to corresponding SOE primers are underlined.
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FIG. 1. (A) A fragment of EGDe chromosomal DNA was cloned
into the multiple cloning site of pORI19 and maintained in Listeria
through the use of the temperature-sensitive plasmid pVE6007, which
provides the RepA protein in trans. (B) pVE6007 replication is ar-
rested by increasing the temperature to 42°C. This selects for events in
which pORI19 has integrated into the host chromosome by homolo-
gous recombination at the point of homology provided by the cloned
DNA. (C) The integration event was confirmed by PCR with a primer
on the chromosome and a primer on the plasmid. No PCR product was
detected in control PCRs with wild-type cells (not shown).

ments of equal size on either side of the gene to be deleted. The resulting
products were mixed in a 1:1 ratio and reamplified with the SOEA and SOED
primers. This product was digested and cloned into the temperature-sensitive
plasmid pKSV7. The plasmid construct was electroporated into EGDe, and
transformants were selected by using BHI agar with 10 pg of CHL/ml. Chromo-
somal integration of the plasmid at 42°C was selected by serial passage of a
transformant in prewarmed BHI-CHL broth and streaking onto prewarmed
BHI-CHL agar. Plasmid excision and curing was brought about by continuous
passages in BHI broth at 30°C, followed by spread plating onto BHI agar at 30°C.
The deletion event was confirmed by PCR with primers upstream of SOEA and
downstream of SOED (Table 2). The appropriate deletion event was detected in
1 of 47 colonies for the fur mutation and 1 in 357 colonies for the perR mutation.
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Growth curves. Overnight cultures were centrifuged (12,000 rpm for 5 mins),
washed, and resuspended in an equal volume of one-quarter-strength Ringers
solution (Merck). A 2% inoculum was added to 10 ml of BHI. Then, 200 ul was
added to a 96-well plate, and growth was determined automatically at 600 nm by
using a SpectraMax 340 spectrophotometer (Molecular Devices, Sunnyvale,
Calif.) for 24 h at 37°C. Acidic and alkaline conditions were created by adjusting
BHI to pH 5.5 with 3 M lactic acid and to pH 9.0 with 5 N NaOH. Growth was
determined as described above. Overnight cultures (2%) were also inoculated
into BHI with 5% ethanol, and growth was determined manually with a Beckman
640 spectrophotometer. Iron deprivation was achieved through the addition of
tropolone to BHI (10). After its addition, the broth was left shaking overnight at
37°C to allow the tropolone to bind the iron and then used the following day for
inoculation. The addition of esculetin to BHI containing tropolone was used to
counteract the iron limitation. Esculetin and tropolone were added to BHI to
give a final concentration of 1 mM and 160 pM, respectively. The ability of
Listeria to grow in the presence of tropolone with or without esculetin was
assessed spectrophotometrically. L. monocytogenes EGDe and fur and perR mu-
tants were also inoculated into BHI and tropolone supplemented with 5 mM
ferric citrate. When required, a chemically defined medium (CDM) as described
by Premaratne et al. (40) was used. Overnight cultures of the wild-type and all of
the mutants were washed with one-quarter-strength Ringers solution, and a 2%
inoculum was added to CDM. The following day, 2% was transferred to fresh
CDM, and plate count readings were taken at time zero and at 30 h.

Hydrogen peroxide sensitivity assay. Overnight cultures of wild-type EGDe,
fur, and perR mutants were inoculated into fresh BHI and grown to early log
phase (i.e., an optical density at 600 nm of 0.15). Cells were harvested and
washed with one-quarter-strength Ringers solution. Hydrogen peroxide was
added to BHI to give a final concentration of 50 mM, and 1 ml was used to
resuspend the pellets. Samples were taken every 30 min for 1.5 h, and survivors
were determined by dilution in Ringers solution and plating them onto BHI agar.
Overnight cultures of EGDe and fur and perR mutants (2%) were also inoculated
into BHI with 22 mM H,0,, and growth was monitored automatically as de-
scribed above.

Macrophage assay. All tissue culture reagents were purchased from Gibco
Invitrogen Corp. unless otherwise indicated. J774 mouse macrophage cells were
used to carry out the in vitro infection assay. Macrophage cells were grown
overnight in 24-well tissue culture plates in antibiotic-free Dulbecco modified
Eagle medium containing 10% fetal calf serum. For infection, 1 ml of an over-
night culture was spun down and washed once with phosphate-buffered saline
(PBS) and resuspended in 1 ml of PBS. This was diluted 1/100 with antibiotic-
free Dulbecco modified Eagle medium, giving a final concentration of 2 X 107
CFU/ml, and was used to infect the macrophages, giving a multiplicity of infec-
tion of 5 bacteria per cultured cell. Plates were centrifuged at 1,500 X g for 10
min to increase contact between bacteria and macrophages and incubated for 1 h
in 5% CO, at 37°C. Subsequently, gentamicin (15 pg/well; Sigma) was added for
a further 30 min. Bacterial counts were determined at this stage T, and at T (in
hours) by washing the cells twice with 1 ml of PBS and then lysing them by the
addition of 250 wl of cold sterile-distilled H,O. Then, 100 pl was removed,
serially diluted, and plated onto BHI agar plates that were incubated at 37°C
overnight.

Virulence assay. Overnight cultures were centrifuged, washed once with PBS,
resuspended, and subsequently diluted in PBS. In vivo survival was determined
by inoculating 8- to 12-week-old BALB/c mice intraperitoneally (i.p.) with 3 X
10° CFU in 200 pl of PBS. The mice were euthanized on the appropriate day
postinfection, and bacteria were harvested from the spleen or liver by homoge-
nization of organs in PBS and serial dilution of organ homogenates onto BHI
agar and incubation overnight at 37°C. Esculetin was used at a final concentra-
tion of 20 pmol and was administered to the mice on the day before inoculation
(day —1), the day of infection (day 0), and the day after infection (day +1) as
outlined previously (9). When esculetin was incorporated into the assay, the
inoculum used to infect the mice was reduced to 3 X 10> CFU.

RESULTS

Strategy for mutant construction. Mutants were constructed
by using the pORI19 integration strategy outlined in Fig. 1
(27). A central region of the target gene was amplified by PCR
and cloned into the multiple cloning site of pORI19 (RepA ™)
by using E. coli EC101 (RepA™) as a cloning host. Plasmid
replication was subsequently maintained in L. monocytogenes
EGDe through the provision of the RepA protein in trans by
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the temperature-sensitive plasmid pVE6007. Growth at 42°C
results in the curing of pVE6007 and integration of pORI19 by
homologous recombination at the site of homology provided
by the cloned L. monocytogenes DNA. Replica plating of can-
didate integrants onto BHI-ERY and BHI-CHL verified that
integrants were CHL sensitive and ERY resistant, whereas
PCRs with a primer based on the chromosome of EGDe and
a primer based upon the plasmid (Table 2) confirmed that
integration had taken place at the predicted location (Fig. 1C).
In addition, Southern hybridization confirmed that chromo-
somal integration had taken place at a single location for all
integrants (data not shown). The absence of the repA gene in
mutant strains will select against excision and extrachromo-
somal maintenance of pORI19, ensuring stable integrants for
subsequent analysis. In silico analysis revealed the presence of
a number of putative stem-loop structures within the sequence
of pORII19. This is predicted to prevent readthrough and for-
mation of fusion products with adjacent genes.

We tested the stability and specificity of pORI19 insertions
in L. monocytogenes by creating a pORI19 insertional mutation
in the gene encoding listeriolysin (kly). The resulting mutant
completely lacked hemolytic activity when tested on blood agar
plates, and hemolysis could be restored through provision of
hly on a plasmid. After continuous passaging over 48 h in the
absence of selective pressure, 100% of pORI19::hly colonies
remained hemolysin negative. Over a further 3 days of pas-
saging (approximately 137 total generations), ca. 99.84% of
pORI19::Aly colonies were hemolysin negative. This represents
the appearance of 16 hemolytic colonies per 10,000 CFU. PCR
analysis on hemolysin-negative colonies confirmed the pres-
ence of the plasmid at the expected location. After a 6-h
infection of J774 mouse macrophages, 100% of the survivors
remained hemolysin negative. However, during extended in-
fections of J774 cells (over a 24-h period), we could detect a
significant number of revertants (~47%) to wild-type levels of
hemolytic activity. The data confirm that the pORI19 system
can be used to create plasmid integrations that are stable under
in vitro conditions. However, under conditions of extreme se-
lective pressure, such as those encountered within the macro-
phage phagosome, some reversion to wild-type may occur.
However, this may represent a specialized situation, since in
subsequent murine infection studies both pORI19:ifur and
pORI19::;perR mutants were stable over the course of a 4-day
infection (see below).

We also used the pORI19 hemolysin mutant to investigate
the likelihood that pORI19 integration may interfere with the
expression of downstream genes through alterations in local
DNA topology. Immediately downstream of hemolysin is a
gene encoding a zinc metalloproteinase precursor (mpl) whose
product is required for activation of phospholipase C (encoded
by plcB). Indeed, under appropriate conditions the metallo-
protease and plcB are cotranscribed along with actA (45). Ef-
ficient expression of plcB can be examined directly by using an
assay for phospolipase C (lecithinase) activity on egg yolk agar
plates. After plating of the wild-type and /4ly mutant onto this
agar, no difference in the extent of lecithinase activity was
observed. This suggests that pORI19 insertion into hemolysin
does not affect the expression of the downstream genes respon-
sible for lecithinase activity.
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FIG. 2. Map of genetic loci disrupted during the present study with
surrounding regions. All genes are drawn approximately to scale by
using the L. monocytogenes EGDe genome sequence data. Genes are
numbered according to the National Center for Biotechnology Infor-
mation annotation scheme. Solid black arrows indicate the genes dis-
rupted in EGDe. Shaded areas within black arrows depict the region of
the gene cloned into pORI19. Shaded arrows represent adjacent open
reading frames. Stem-loop structures are used to illustrate putative
terminator regions.

Selection and mutation of potential regulators. Six loci were
chosen for disruption by this method (Fig. 2), and all mutants
were created with relative efficiency, indicating the usefulness
of this system for functional genomic analysis in L. monocyto-
genes (Fig. 2). Genes encoding the putative topoisomerase 111
protein (/mo2756; herein topB) and a predicted methyltrans-
ferase (Imo0581; herein met) were identified previously
through an in vivo expression technology strategy (15). An-
other locus (Imol618; herein marR), identified as a candidate
member of the MarR family of transcriptional regulators, was
previously shown to be upregulated under low-pH conditions
(39) The other three loci were initially identified by searching
the prepublication L. monocytogenes EGDe genome sequence
for homologues of cognate Staphylococcus aureus or Bacillus
subtilis genes. This identified genes predicted to encode the
alternative sigma factor Sigma-H (Imo00243; sigH) and the fer-
ric uptake regulator homologues Fur (Imo1956; fur) and PerR
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(Imo1683; perR). We have ensured that integration takes place
in all mutants at a central location, ensuring that at least 26%
of the gene is not translated. Although we cannot eliminate the
possibility that the interrupted gene is capable of producing a
functional product, we have always observed the same pheno-
type in mutants created by using either pORI19 integration or
in-frame deletion strategies (see below). In addition, the met
and marR mutants demonstrated discernible phenotypes under
in vitro stress conditions (below), suggesting that plasmid in-
sertion has been sufficient to eliminate or reduce gene func-
tion. For the predicted topB insertional mutant, a single plas-
mid integration into the center of the 2,154-bp locus has
eliminated a predicted 1,154 bp (54%) of the gene. This is most
likely sufficient to reduce or eliminate gene function.

In four instances (Fur, PerR, the putative topoisomerase III
protein [m02756], and the putative methyltransferase [lm00581]),
the genes are followed by predicted transcriptional termina-
tors, reducing the likelihood that insertion of a plasmid into
these regions will cause polar effects on downstream genes. The
gene encoding the putative alternative sigma factor, Sigma-H,
is located upstream of a region encoding a putative ribosomal
protein (/mo0276) and a predicted preprotein translocase (secE).
To rule out the influence of a possible polar effect of the
plasmid mutation, we have created a nonpolar SOE deletion
mutant in sigH (AsigH). This mutant demonstrates an identical
phenotype to the pORI19 mutant (data not shown), suggesting
that the phenotypes are Sigma-H related. MarR is located
upstream of a gene (Imol617) annotated as encoding a puta-
tive multidrug efflux transporter. Further analysis is therefore
required to determine whether this locus is also affected by the
insertion event.

To determine stability, mutants were grown overnight to
stationary phase and then passaged twice daily over four con-
secutive days in the absence of selective antibiotic pressure.
This represents approximately 110 bacterial generations. Sub-
sequently, 100 colonies were replica plated onto BHI and BHI-
ERY. For five of the six mutants, all 100 colonies retained the
plasmid as evidenced by their resistance to the antibiotic, thus
confirming plasmid stability in the absence of antibiotic selec-
tion. Interestingly, in the case of the perR mutant we deter-
mined that 70% of colonies retained the plasmid, suggesting
that some selective pressure is imposed upon this mutant dur-
ing normal growth over prolonged periods. The data confirm
that pORI19 insertion is generally a stable phenomenon but
that certain loci may be prone to plasmid curing over long
periods. However, in subsequent 4-day virulence experiments
where bacterial growth rates are minimal and after exposure to
environmental stress where growth is measured over a short
time period, both perR and fur mutants were found to retain
the plasmid with 100% efficiency.

Physiological analysis of mutants. The growth of the six
mutants in BHI (pH 7.0) at 37°C was compared to that of the
wild type. Under these conditions no difference was detected in
either the exponential or stationary phase for five of the six
mutants, and all five reached the same final optical density at
600 nm as did the wild type. However, growth of the pORI19::
perR mutant was impaired in comparison to the wild type.
Indeed, it was noted that pORI19::perR generally resulted in a
much smaller colony size on BHI than the wild type. Inter-
spersed among the small colonies at a frequency of 0.9% were
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large colonies similar in size to those of the wild type. The large
colonies do not represent revertants since the same phenom-
enon was observed with perR deletion mutants and a similar
observation has previously been reported in B. subtilis in which
the large colonies were termed “pseudorevertants” (6, 20).
Figure 3A presents representative data for the wild type and
for pORI19::fur and pORI19::;perR mutants. The topB, marR,
met, and sigH pORI19 integrants demonstrated similar results
to those for the wild type and have been omitted for clarity.
Overall, the data indicate that plasmid integration does not
nonspecifically affect the growth rate of mutants.

An objective of the present study was to establish the effect
of specific mutations upon the ability of L. monocytogenes to
react to suboptimal stress conditions encountered in vitro and
in vivo. Stress conditions analyzed included alterations in pH
and ethanol concentrations and growth in minimal medium
(Fig. 3). In all cases, mutants that behaved in a similar manner
to wild-type cells have been omitted from selected graphs for
clarity. Under all stress conditions tested the fopB mutant
behaved in a manner similar to that of the wild type. Growth of
the met mutant was significantly impaired under alkaline con-
ditions and was the most significantly affected mutant in the
presence of ethanol, indicating a likely role for the putative
methyltransferase under these conditions. The MarR regulator
analyzed in the present study was previously demonstrated to
be induced in L. monocytogenes by low pH (39). However,
although the marR mutant was not affected in growth at low
pH, it was dramatically impaired in growth at alkaline pH.
Moreover, the marR mutant was impaired in growth in etha-
nol, indicating a role under general oxidative stress. As stated
previously, further study is required to determine whether
plasmid integration into the marR or met loci also affects the
expression of adjacent genes.

The alternative sigma factor Sigma-H has been shown to be
induced in L. monocytogenes by low pH (39) and is expressed
upon entry into sporulation in B. subtilis (4, 16). The sigH
mutant in L. monocytogenes did not demonstrate a discernible
phenotype when grown at an acid pH or in the presence of 5%
ethanol but was impaired in growth under alkaline conditions.
Although the mutant was not affected in normal growth in
complex medium, it was significantly affected in growth in
minimal medium and failed to reach wild-type levels after 30 h
(Fig. 3E). The data are consistent with a role for Sigma-H in
acquisition or utilization of nutrients in minimal medium; a
function that is not required in complex media. This phenotype
was confirmed by using an in-frame deletion mutant in sigH
(data not shown).

In gram-negative organisms Fur plays a role in resistance to
low pH (3, 12, 13). In L. monocytogenes the fur mutant was not
affected in growth at low pH. However, growth of the fur
mutant was significantly affected at alkaline pH and in the
presence of ethanol. Susceptibility to ethanol-mediated stress
may reflect a role for this transcriptional regulator in general
oxidative stress resistance, as has been demonstrated previ-
ously for Fur in S. aureus (22, 23).

Virulence studies. The virulence of the six mutants in com-
parison to the wild-type was assessed by using the i.p. mouse
model (Fig. 4A). The number of bacteria in the spleens of
infected mice was determined after 3 days. The fopB, met, and
marR mutants showed no significant difference from the wild
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FIG. 3. Growth of wild-type L. monocytogenes EGDe (m), met (A), fur (®), marR (O), perR (), and sigH (O) mutants in BHI at 37°C (A),
adjusted to pH 9.0 (B), containing 5% ethanol (C), and adjusted to pH 5.5 (D). (E) Numbers of wild-type and mutant cells after 30 h of growth
in CDM. Selected mutants with growth curves similar to the wild type have been eliminated from graphs for clarity. Error bars represent the

standard deviations from the mean of triplicate experiments.

type as determined by the Student ¢ test. The results suggest
that these loci are not required for optimal virulence potential
and indicate that pORI19 plasmid integration does not non-
specifically affect virulence in mutant strains. The sigH mutant
was isolated at fivefold-lower levels (P < 0.05) than the wild
type, suggesting a minor, although statistically significant, role
for components of this regulon in maintaining optimal viru-
lence potential in L. monocytogenes. In contrast, the fur and

perR mutants reached much lower levels than the wild type in
the spleens of infected animals (P < 0.05). Numbers recovered
from the spleens for these two mutants were 10-fold less than
that of the wild-type. Repeat experiments verified that in all
cases both pORI19 mutants were isolated at significantly lower
levels than the wild-type and indicated that the pathogenesis of
the fur mutant was most significantly affected (data not shown).

On the basis of these results a more detailed virulence study
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FIG. 4. (A) Effect of disruption mutations on the survival of L.
monocytogenes EGDe in vivo. Mice were injected i.p. with either the
wild type or mutants, and the numbers of bacteria recovered from the
spleen were determined 3 days postinoculation. (B) The ability of the
pORIN9::fur (A) and pORI19:;perR (@) mutants to survive in vivo in
comparsion to the wild-type (m) was assessed over 4 days. Numbers in
the spleens of infected animals was determined daily. (C) Confirma-
tion of a role for PerR and Fur in virulence by using in-frame deletion
mutants. Afur and AperR mutants were used to infected mice by the i.p.
route, and numbers of bacteria in the spleens of infected mice were
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was carried out, incorporating the wild type and two of the
most significantly affected pORI19 integrants, fur and perR.
The bacterial load in the spleens of infected mice was moni-
tored over four consecutive days (Fig. 4B). At day 1 no signif-
icant difference was observed between the two mutants and the
wild type. This suggests that both perR and fur mutants are not
affected in their ability to survive the initial influx of neutro-
phils and macrophages that infiltrate the peritoneal cavity in
response to L. monocytogenes infection (14). On the second
day a significant (P < 0.05) difference began to emerge with
the wild type reaching higher numbers than the two mutants. A
similar trend was observed on days 3 and 4, with the perR
mutant failing to reach the same high levels as the wild type in
infected spleens. This may reflect, at least in part, the growth
defect for the perR mutant seen in complex media. In partic-
ular, the fur mutant was significantly impaired in growth po-
tential in the spleens of infected mice and failed to replicate
significantly over days 3 and 4 postinfection. The data demon-
strate that both Fur and PerR activity are essential for full
virulence in L. monocytogenes and that loss of Fur activity in
particular severely reduces virulence potential. Listeria mu-
tants isolated from mice were routinely analyzed for the pres-
ence of the integrated plasmid (100 colonies analyzed), and no
revertants were detected, indicating the inherent stability of
the gene disruptions throughout the infection studies.

In order to confirm the role of PerR and Fur in virulence of
L. monocytogenes, defined, in-frame deletion mutants were
created by using the SOE procedure (see Materials and Meth-
ods). The virulence potential of the deletion mutants was
analyzed by using the mouse model. Both Afur and AperR
mutants demonstrated significantly reduced numbers in the
spleens of infected mice relative to wild-type bacteria (Fig.
4C). The data confirm a specific role for PerR and Fur in
virulence of L. monocytogenes and indicate the validity of using
the pORI1Y system for initial postgenomic analysis of genes in
this organism.

Macrophage assay. All six mutants and the wild type were
assessed for their ability to grow in cultured J774 macrophages.
Cells of this type have previously been utilized to determine
specific virulence deficiencies in L. monocytogenes mutants (1).
However, in all cases, growth potential was similar for both
wild type and mutants (data not shown). In addition, perR and
fur pORI19 mutants were further investigated for their ability
to grow in mouse macrophages isolated from the peritoneal
cavity. No significant difference was observed between these
two mutants and the wild-type in primary mouse macrophages
(data not shown). The data support the observation that both
perR and fur mutants are resistant to the initial influx of mac-
rophages that occurs after i.p. infection of mice. Futhermore,
the data suggest that in vitro macrophage studies, which utilize
nutrient-rich medium components, may not substitute for mu-
rine assays in which sequestration of iron and nutrients com-
prise a significant hurdle for infecting bacteria.

determined 3 days postinfection. Error bars represent the standard
deviations from the mean (n = 4). An asterisk indicates that the means
are significantly different from the wild type (P < 0.05).
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FIG. 5. (A) Effect of 50 mM hydrogen peroxide on L. monocyto-
genes EGDe (wild-type) (m), fur (A), and perR (®) mutants. Cells were
in the exponential growth phase. (B) Growth of EGDe (m), fur (A),
and perR (@) mutants in BHI containing 22 mM hydrogen peroxide.
The error bars represent the standard deviations from the means of
duplicate experiments.

Sensitivity of perR and fur mutants to hydrogen peroxide
and low iron. Given the reduced virulence of perR and fur
mutants for mice infected by the i.p. route, we analyzed the
response of these mutants to further in vivo-associated stress
conditions. At lethal levels of hydrogen peroxide (50 mM)
numbers of wild-type cells declined significantly over a 90-min
period. However, both mutants were not only able to tolerate
this level of H,O, but some growth was observed (Fig. 5A).
Furthermore, at levels of hydrogen peroxide (22 mM) that are
inhibitory for wild-type cells, both mutants were capable of
growth, with the perR mutant exhibiting greater resistance un-
der these conditions than the fur mutant (Fig. 5B). The data
indicate that disruption of either perR or fur leads to a signif-
icant increase in hydrogen peroxide resistance in L. monocy-
togenes. This differs from the situation in S. aureus where perR
mutants, but not fur mutants, demonstrate increased hydrogen
peroxide resistance (22, 23).

Both Fur and PerR play a role in acquisition and storage of
iron in S. aureus (22, 23). We therefore examined the ability of
perR and fur mutants to grow in BHI depleted of iron through
the addition of tropolone and iron-limited through the addi-
tion of low levels (5 mM) of ferric citrate. At this limiting level
of iron the perR mutant was capable of normal growth. How-
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ever, growth of the fur mutant was restricted relative to the
wild type, suggesting a significant role for Fur in sequestration
of iron in low-iron environments (Fig. 6).

In order to confirm the phenotypes of the pORI19 mutants,
deletion mutants were tested for resistance to in vitro stress
conditions as described previously. Both deletion mutants ex-
hibited identical phenotypes to the respective pORI19 mutants
(data not shown).

Virulence of perR and fur mutants in esculetin-treated mice.
The data from murine infection studies suggest that the growth
potential of fur and perR mutants in internal organs is signifi-
cantly reduced relative to the wild type. In addition, although
resistance of the mutants to in vitro hydrogen peroxide activity
is actually increased, the fur mutant is sensitive to low-iron
conditions. To investigate the possible role of Fur and PerR in
overcoming the conditions of iron starvation experienced dur-
ing infection, we analyzed virulence in mice subjected to iron-
overload by using esculetin. Esculetin has a high iron-binding
ability and makes iron available for utilization by L. monocy-
togenes during infection. This results in a substantial increase in
sensitivity to infection and a significant reduction in lethal dose
(10). Esculetin can supply iron to L. monocytogenes EGDe to
facilitate normal growth in complex media depleted of iron
(Fig. 7A). Similar results were demonstrated for fur and perR
mutants in vitro, suggesting that the mechanism of iron acqui-
sition from esculetin is not controlled by Fur or PerR. This
ability of esculetin to restore growth of wild-type L. monocy-
togenes was similar in medium containing 2 to 10 mM ferric
citrate as the sole source of iron (data not shown).

In the present study, the presence of systemic esculetin dur-
ing infection rescued any virulence defect associated with the
perR mutant (Fig. 7B). Furthermore, whereas the virulence of
the fur mutant was not completely restored in the presence of
esculetin, the difference between the wild type and mutant was
not as evident as for normal mice. The data suggest that the
growth deficiency of the fur and possibly the perR mutants is
most likely related to an inability to sequester iron during
infection. When exogenous iron is supplied in the form of
esculetin the virulence defect of the fur mutant is ameliorated
and that of the perR mutant is eliminated.
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FIG. 6. Growth of L. monocytogenes EGDe (m), fur (A), and perR
(A) mutants in BHI plus 160 wM tropolone plus 5 mM ferric citrate.
Error bars represent the standard deviations from the mean of tripli-
cate experiments.
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FIG. 7. (A) Growth of L. monocytogenes EGDe in BHI plus 160
uwM tropolone (m) and BHI plus 160 uM tropolone plus 1 mM escu-
letin (A). Both fur and perR mutants demonstrated similar results (data
not shown). (B) In vivo survival of L. monocytogenes EGDe and the fur
and perR mutants in the presence of esculetin. Esculetin was admin-
istered to mice at day —1, day 0, and day +1. The numbers of L.
monocytogenes recovered from the spleen were determined 3 days
postinoculation. The error bars represent the standard deviations from
the mean (n = 4). The asterisk indicates means are significantly dif-
ferent to the wild type (P < 0.05).

DISCUSSION

In this study we demonstrate that the pORI19 system first
implemented in L. lactis by Law et al. (27) can be used to
disrupt genes quickly and efficiently in L. monocytogenes, al-
lowing rapid analysis of the roles of these genes in pathogen-
esis. The approach creates specific and stable gene disruptions
that do not interfere with normal growth, do not nonspecifi-
cally affect virulence for mice, and can provide the basis for a
“first look” functional analysis of the recently published L.
monocytogenes genome (17). We have utilized a pORI19 mu-
tant in the gene encoding listeriolysin (/ly) to demonstrate that
the system creates stable gene disruptions that do not appear
to affect expression of downstream genes. As in the current
study, genes of interest identified through pORI19 mutagene-
sis can subsequently be deleted by using a more time-consum-
ing methodology to provide confirmation of mutant pheno-

types.
Given the large number of genes in the L. monocytogenes
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genome that provide a putative regulatory function (17), we
have targeted a number of such loci to determine their specific
roles in adaptation to environmental stress and virulence po-
tential. Loci were chosen based upon previous characterization
as in vivo inducible (a putative topoisomerase III and a hypo-
thetical S-adenosylmethionine (SAM)-dependent methyltrans-
ferase) (15), acid inducible (sigH and predicted marR family
transcriptional regulator) (39), or due to the involvement of
homologous loci in the pathogenesis of S. aureus (perR and fur)
(22, 23).

The closest homologues of the predicted L. monocytogenes
SAM-dependent methyltransferase (Imo0581) are hypothetical
proteins in Bacillus anthracis and L. lactis subspecies lactis and
ipa-19d in B. subtilis (26). Methyltransferases play a role in
DNA methylation, protein-protein signaling, and biosynthesis
of cellular components (25, 41, 48). Given the predicted role
for DAM-dependent methyltransferases in regulation of bac-
terial virulence (19) and the fact that expression of this locus is
induced during infection (15), we subjected the methyltrans-
ferase pORI1Y insertional mutant to in vitro and in vivo anal-
ysis. Disruption of the region encoding the predicted methyl-
transferase resulted in extreme sensitivity to ethanol, a potent
inducer of oxidative stress. However, the strain was not af-
fected in virulence potential, either in mouse macrophage cells
or in the murine model of infection, suggesting that this locus
is not important for pathogenesis or that another gene in the
genome can functionally substitute for /m00581.

The topB gene is predicted to encode topoisomerase III, a
type 1 topoisomerase with potent decatenating activity. The
gene was previously identified as in vivo-inducible in L. mono-
cytogenes as a result of an in vivo expression technology strat-
egy (15). In other pathogens relaxation of DNA supercoiling
has been shown to influence expression of virulence factors
(32). Plasmid insertion into the topB gene did not affect cell
viability, survival of specific environmental stress conditions or
pathogenesis. It has been suggested that in E. coli topoisom-
erase III plays a role similar to that of topoisomerase IV, the
principal decatenating enzyme in the cell (21) and as such
mutations in this gene will allow the cell to remain viable. The
current study suggests that although these putative methyl-
transferase and topoisomerase III genes are expressed by L.
monocytogenes during infection, plasmid integration at these
loci does not affect virulence potential.

Previous studies have demonstrated a correlation between
acid tolerance and virulence potential in L. monocytogenes and
other pathogens (34, 37, 44). We therefore analyzed the in vivo
role of two transcriptional regulators, Sigma-H and a MarR
family regulator previously shown to be acid inducible by using
two-dimensional gel analysis (39). Disruption of marR signifi-
cantly affected growth in ethanol and alkaline stress, but not at
low pH or during infection. This locus is located upstream of a
gene (Imol617) annotated as encoding a putative multidrug
efflux transporter, and the genes are not separated by a termi-
nator. Further analysis is therefore required to determine
whether the stress-sensitive phenotype established here for the
MarR mutation is due to elimination of MarR activity alone or
to the added effect of reducing or eliminating expression from
Imol617.

In B. subtilis Sigma-H is expressed upon entry into sporula-
tion (4, 16). The sigma factor did not appear to play a role in
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L. monocytogenes growth in ethanol or low pH stress but was
necessary for growth under alkaline conditions and was neces-
sary for efficient growth in minimal medium. This growth de-
fect in minimal medium has been confirmed by using a deletion
mutant in sigH (data not shown). The pORI19::sigH mutant
demonstrated a marginal (fivefold) reduction in virulence po-
tential, as measured by growth in the spleens of infected mice.
In Mycobacterium tuberculosis, Sigma-H has a subtle effect on
the infectious process, influencing lethality for mice and im-
munity to infection but not growth in murine organs or within
macrophages (24). From our study it is evident that Sigma-H
does not have a dominant role in L. monocytogenes pathogen-
esis and that the marginally restricted growth of the sig mu-
tant in the spleens of infected mice may reflect an inability to
acquire and utilize nutrients in vivo.

Strikingly, disruption of either perR or fur loci by using
pORII19 integration significantly reduced the virulence of L.
monocytogenes in the murine model of infection. This phenom-
enon was confirmed by creating in-frame deletion mutants in
perR and fur. The data demonstrate that PerR and Fur are
essential regulators facilitating in vivo growth of the pathogen
and are absolutely required for full virulence potential. The
results reflect recent studies in S. aureus demonstrating that
both ferric uptake repressor analogues are required for viru-
lence in the murine skin abscess model of infection (22, 23).
Unlike the S. aureus fur mutant, mutation of this locus in L.
monocytogenes did not affect normal growth in complex media.
Interestingly, the L. monocytogenes PerR mutants demonstrat-
ed a growth defect in complex media. In addition, both perR
and fur pORI19 mutants of L. monocytogenes were affected in
growth in ethanol and under alkaline stress conditions. Given
the role of Fur in the acid tolerance of gram-negative patho-
gens (3, 12, 13), it is interesting that the L. monocytogenes fur
mutant failed to show a growth defect at low pH.

After murine infection, early translocation of both fur and
perR mutants to the spleens of infected mice was similar to that
seen for the wild type. This reflects resistance to the influx of
neutrophils and macrophages that occurs after i.p. infection
(14). Indeed, both mutants were unaffected in growth in J774
tissue cultured mouse macrophages or in primary mouse mac-
rophages. In S. aureus the perR, but not fur, mutant demon-
strates increased resistance to hydrogen peroxide, most likely
through increased expression of catalase (22, 23). In L. mono-
cytogenes, both fur and perR mutants demonstrated signifi-
cantly increased hydrogen peroxide resistance. Given these
findings, together with evidence that catalase is not essential
for L. monocytogenes virulence (28), it is unlikely that the vir-
ulence defect of both fur and perR mutants is a result of a poor
oxidative stress response.

In S. aureus, PerR and Fur also regulate iron uptake and
storage (22, 23). We determined that the L. monocytogenes fur
mutant is significantly affected in growth under iron-limiting
conditions. Since iron limitation plays a major role in limiting
outgrowth of L. monocytogenes during infection (47), we ex-
amined growth of L. monocytogenes mutants in the spleens of
mice supplied with iron-bound esculetin. Under these condi-
tions the virulence defect of the perR mutant was completely
abolished, whereas the virulence potential of the fur mutant
was increased relative to the wild type. Collectively, the data
suggest that the reduction in virulence potential of the fur and
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perR mutants is due to deregulation of iron uptake or storage
during infection rather than disruption of the oxidative stress
response. A recent study in S. aureus has identified the surface-
expressed Fur-regulated isd (iron-regulated surface determi-
nant) gene products as a means of acquiring heme-associated
iron during infection (31). We have identified homologues of
the S. aureus Isd system as likely components of the Fur regu-
lon in L. monocytogenes through analysis of the genome for
predicted Fur binding regions (data not shown). Further study
is under way to determine the nature of these and other genes
regulated by Fur and PerR in L. monocytogenes.

In conclusion, we have demonstrated that the pORI19 in-
sertional mutagenesis system can be used to create stable dis-
ruptions of genes in L. monocytogenes. Subsequent analysis of
mutants in a murine model of infection permits rapid investi-
gation of the role of specific genes in the pathogenesis of L.
monocytogenes. As in the present study, confirmation of a role
in virulence can be obtained through subsequent creation of
in-frame deletions.
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