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We describe here the identification and characterization of two Listeria monocytogenes (Tn917-LTV3) relA
and hpt transposon insertion mutants that were impaired in growth after attachment to a model surface. Both
mutants were unable to accumulate (p)ppGpp in response to amino acid starvation, whereas the wild-type
strain accumulated (p)ppGpp within 30 min of stress induction. The induction of transcription of the relA gene
after adhesion was demonstrated, suggesting that the ability to mount a stringent response and undergo
physiological adaptation to nutrient deprivation is essential for the subsequent growth of the adhered bacteria.
The absence of (p)ppGpp in the hpt mutant, which is blocked in the purine salvage pathway, is curious and
suggests that a functional purine salvage pathway is required for the biosynthesis of (p)ppGpp. Both mutants
were avirulent in a murine model of listeriosis, indicating an essential role for the stringent response in the
survival and growth of L. monocytogenes in the host. Taken as a whole, this study provides new information on
the role of the stringent response and the physiological adaptation of L. monocytogenes for biofilm growth and
pathogenesis.

The ubiquitous gram-positive pathogen L. monocytogenes is
responsible for the clinical syndromes of listeriosis in humans
and animals (27, 28). The principle mode of transmission of
the organism to humans is believed to be the consumption of
contaminated food (44). Normally, the consumption of food-
borne L. monocytogenes does not result in overt gastrointesti-
nal disease. Rather, in serious cases, listeriosis presents as
bacteremia, meningitis, or miscarriage (30).

The ability of L. monocytogenes to adhere to and colonize
surfaces during food preparation and storage is important in
the contamination of food products prior to consumption.
While much is known about the virulence of L. monocytogenes
(reviewed in references 7 and 24), detailed knowledge about
the mechanisms of attachment and proliferation of L. mono-
cytogenes on surfaces is scant. Previously, the adhesion of L.
monocytogenes to plant surfaces has been shown to be a con-
sequence of hydrophobic bonds between the plant surface and
outer surface components of the bacterium rather than a spe-
cific ligand-receptor binding process (3).

It is known that biofilm formation is a complex process, and
a number of cell surface structures have been implicated in the
initial stages of biofilm formation. In Pseudomonas aeruginosa
these include flagella (motility) (35) and the expression of type
IV pili for microcolony formation (36). In streptococci a num-
ber of cell surface adhesins, together with autolysins, have been
identified as being important in biofilm development (12, 17,
19, 21, 26). The subsequent development and differentiation of
an ordered three-dimensional biofilm requires the expression

of extracellular polysaccharides (9) and may involve cell-to-cell
signaling molecules (11, 26). During the initial establishment
of a sessile community, it is likely that bacteria have to adapt
their cellular physiology in response to environmental changes
and the availability of nutrients. It is the ability to respond to
such changes that is pivotal in the successful establishment of
a biofilm.

In this study we describe the identification and characteriza-
tion of relA and hpt mutants of L. monocytogenes defective in
growth after attachment to an inert surface. Both the relA and
the hpt mutants were unable to synthesize (p)ppGpp in re-
sponse to nutritional starvation. In addition, we show tran-
scription of the relA gene in adherent bacteria, indicating the
induction of a stringent response after adhesion. Finally, both
mutants were severely attenuated in a mouse model of infec-
tion, although the levels of listeriolysin were unaffected. These
data indicate that the ability to synthesize (p)ppGpp and
mount a stringent response is an essential physiological adap-
tation that is required for the initial growth of adhered bacteria
and virulence.

MATERIALS AND METHODS

Bacterial strains and plasmids. L. monocytogenes C52 has been described
previously (22). Cells were cultured in either brain heart infusion (BHI) broth
(Merck) or in tryptone soy broth (TSB; Oxoid) at 37°C with shaking (at 200 rpm)
unless otherwise stated. Escherichia coli MC1061 was the host for rescue of DNA
proximal to the site of transposon insertion. Either DH5� or XL1-Blue (Strat-
agene, Amsterdam, The Netherlands) cells were used for the transformations. E.
coli strains were cultured in Luria-Bertani (LB) broth at 37°C. Where appropri-
ate, agar was added to broth at a concentration of 1.5% (wt/vol) to make solid
medium. Plasmid pLTV3 (4) harboring Tn917-LTV3 was maintained in E. coli
HB101. Plasmids pDG148relA and pDG148 were gifts from Thomas Wendrich at
the University of Marburg, Marburg, Germany. E. coli strains CF1943, CF1944
(�relA::kan), and CF1946 (�relA::kan �spoT::cm) (45) were a gift from Mike
Cashel (National Institutes of Health, Bethesda, Md.).
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DNA manipulations, transformations, and Southern hybridization. DNA ma-
nipulations, plasmid DNA isolation, and transformation of E. coli were carried
out by standard procedures (39). Nucleotide sequencing was done by using the
BigDye Terminator sequencing kit for cycle sequencing (Perkin-Elmer Biosys-
tems). Custom primers were obtained from Sigma-Genosys. Chromosomal DNA
was prepared from L. monocytogenes according to the method of Flamm et al.
(13). Electrotransformation of L. monocytogenes was achieved according to the
method of Park and Stewart (37). For Southern hybridization, chromosomal
DNA was digested with HindIII and probed with a 5-kb XbaI Tn917-LTV3
fragment. Probes were labeled and hybridized according to the Gene Images
Random Prime Labeling Module (Amersham Life Sciences), and hybrids were
detected by using the Gene Images CDP-star Detection Module (Amersham
Life Sciences).

Insertional mutagenesis. L. monocytogenes C52 harboring pLTV3 (4) was
grown overnight at 30°C in BHI medium containing tetracycline (12.5 �g ml�1),
erythromycin (1 �g ml�1), and lincomycin (25 �g ml�1). The culture was diluted
1:800 into fresh broth and grown at 40°C until stationary phase before the
subculture was repeated. Cells were plated on BHI agar containing erythromycin
and lincomycin only and grown at 40°C for 48 h.

Adhesion and growth on microtiter plates. The method of Genevaux et al. (15)
was used with the following modifications. A single colony was inoculated into
200 �l of TSB in the wells of a 96-well plate (tissue culture treated) (Corning
Costar) and left to grow statically at 37°C. This plate served as a master plate and
was subsequently stored at �80°C after the addition of sterile glycerol to a final
concentration of 20% (vol/vol). After overnight culture in TSB, 5 �l was inocu-
lated into 200 �l of fresh TSB in the wells of a hydrophobic polystyrene 96-well
plate (Greiner) and left to grow for 24 h at 37°C. Planktonic bacteria were then
removed, and the wells were washed twice with an equal volume of sterile
phosphate-buffered saline (PBS). Wells were air dried, and adhered cells were
heat fixed at 80°C before being stained in situ with 0.1% (wt/vol) crystal violet. A
decolorizing solution (ethanol-acetone [80:20]) was added, and the absorption of
the eluted stain was measured with a Micro-ELISA Autoreader MR7000 (Dy-
natech) at 590 nm. Putative biofilm mutants were selected from the master plate
and rescreened in triplicate. The crystal violet staining was confirmed by disrupt-
ing the adhered bacteria by violent agitation, followed by colony counting.

To demonstrate the growth of adhered bacteria, bacteria were inoculated in
TSB as described above and left to grow and adhere for 1 h. After this time, the
planktonic bacteria were removed, and the wells were washed twice before the
addition of fresh TSB. The growth of the adhered bacteria was quantified at
hourly intervals by crystal violet staining as described above.

Rescue of flanking DNA. Chromosomal DNA from insertion mutants was
rescued as described previously (4). Briefly, this involved digesting chromosomal
DNA with either Asp718 (in the case of Sag-1) or XbaI (in the case of Sag-2),
followed by self-ligation before transformation into E. coli MC1061. Transfor-
mants were recovered on LB agar containing kanamycin (50 �g ml�1).

Murine infections. Female MF1 outbred mice, ca. 30 to 35 g, were obtained
from Harlan Olac, Ltd. (Bicester, United Kingdom). To prepare a standardized
inoculum of in vivo-passaged bacteria, 200 �l of an overnight culture (2 � 107

viable bacteria) was inoculated intravenously (i.v.) into mice, and bacteria were
recovered 48 h later on tryptone soy agar from the spleens (40). The passaged
bacteria were grown in TSB in stationary culture at 37°C for 18 h, harvested by
centrifugation, and resuspended in TSB containing 10% (vol/vol) glycerol. Por-
tions of this suspension were then stored at �70°C. When required, the suspen-
sion was thawed, and the bacteria were harvested by centrifugation before re-
suspension in sterile PBS to the required concentration.

For virulence testing, groups of five mice were inoculated by the i.v. route. For
i.v. injection, a dose of ca. 5 � 105 viable bacteria contained in a total volume of
100 �l of distilled water was injected into the tail vein. The number of bacteria
inoculated was confirmed by plating serial dilutions on tryptone soy agar. After
infection, mice were observed for 96 h before being killed by cervical dislocation.
The spleen and liver were removed and homogenized, and bacteria were enu-
merated as described by Stephens et al. (40).

Accumulation of (p)ppGpp. Bacteria were grown overnight on LB agar sup-
plemented with the appropriate antibiotics. Subsequently, individual colonies
were inoculated to give an optical density at 600 nm (OD600) of 0.5 in 100 �l of
unlabeled morpholinepropanesulfonic acid (MOPS) starvation medium (5) be-
fore being serially diluted in labeled MOPS medium containing 0.2% (wt/vol)
dextrose, serine hydroxamate (1 mg ml�1), L-valine (0.5 mg ml�1), and
[32P]H3PO4 (5 �Ci ml�1). Cells were then incubated for 30 min at 37°C before
the addition of 100 �l of 13 M formic acid. Samples were frozen on dry ice and
thawed at room temperature for two cycles. Cell extracts were then centrifuged
for 2 min at 10,000 � g, and 5 �l of the supernatant was spotted onto 20-by-20-cm
polyethylenemine cellulose plates (Sigma) for separation by thin-layer chroma-

tography of the phosphorylated guanosine nucleotides in 1.5 M K2HPO4. Nu-
cleotides were visualized by autoradiography.

�-Galactosidase assays. After the careful removal of the planktonic culture,
the microtiter well was washed twice with PBS prior to removal of the adhered
bacteria in 100 �l of PBS by violent agitation. Subsequently, the level of �-ga-
lactosidase in the planktonic and adhered bacteria was measured by using a
chemiluminescent assay according to the manufacturer’s instructions (Roche
Molecular Biochemicals) and expressed as relative light units (RLU) per milli-
gram of protein in the cell lysate. The mean value from five separate experiments
was determined, and the standard error of the mean (SEM) was established.

RESULTS

Isolation of mutants defective in growth after adhesion.
Tn917-LTV3 insertional mutagenesis was carried out after
the introduction of plasmid pLTV3 harboring the transpo-
son (4) into L. monocytogenes C52. Insertion mutants were
generated in liquid culture at 40°C in the presence of eryth-
romycin and lincomycin. A total of 98% of erythromycin-
and lincomycin-resistant colonies were sensitive to tetracy-
cline, indicating transposition of Tn917-LTV3 into the ge-
nome, with loss of the plasmid. The frequency of transpo-
sition was 1.5 � 10�3 per recipient and random insertion of
the transposon into the genome was confirmed by Southern
analysis (data not shown). Five thousand Tn917-LTV3 in-
sertion mutants were screened in the microtiter plate assay.
This analysis identified two mutants, designated Sag-1 (for
surface-attached growth) and Sag-2, that adhered to the
microtiter plates to a degree comparable to that of the wild
type during the first hour of incubation, but subsequently
the attached bacteria apparently were unable to grow (Fig.
1). The first hour is the time taken for the irreversible
adhesion to the microtiter plates since washing after 1 h fails
to remove the adhered bacteria (Fig. 1). Viable counts of
the adhered bacteria after 1 and 24 h were performed. After
1 h the number of adhered bacteria was 5 � 105 (mean, n �
3) for the wild type, 3.7 � 105 (mean, n � 3) for Sag-1, and
3.5 � 105 (mean, n � 3) for Sag-2, with no statistical dif-
ference (P 	 0.05) between the wild-type, Sag-1, and Sag-2
strains. After 24 h the number of viable adhered wild-type
bacteria had risen to 1.6 � 109 (mean, n � 3), whereas the
numbers of viable adhered Sag-1 and Sag-2 cells were un-
altered at 3.7 � 105 (mean, n � 3) and 3.6 � 105 (mean, n �
3), respectively. This confirms the crystal violet staining
(Fig. 1), demonstrating that there was no discernible differ-
ence in the initial attachment to the microtiter plate and
that differences at 24 h reflect an inability of the adhered
Sag-1 and Sag-2 mutants to grow. To confirm that the ad-
hered Sag-1 and Sag-2 were impaired in surface-attached
growth, the planktonic bacteria were removed after 1 h from
the microtiter well and replaced by fresh medium (Fig. 2).
Immediately after replacement with fresh medium, the num-
ber of viable adhered bacteria was 3.6 � 105 (mean, n � 3)
for both Sag-1 and Sag-2, indicating that replacing the
planktonic culture with fresh medium was not disrupting the
adhered bacteria. After a lag, the adhered wild-type cells
began to grow, reaching 6.4 � 108 (mean, n � 3) after 8 h,
whereas both Sag-1 and Sag-2 showed no detectable growth
with the total viable counts remaining at 3.6 � 106 (mean,
n � 3) for both mutants (Fig. 2).

The planktonic cultures of Sag-1 and Sag-2 in microtiter
plates had growth rates that were indistinguishable from that
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of the wild-type strain (data not shown), and after 24 h the final
OD630 was the same for all three cultures. Therefore, differ-
ences in the ability of the adhered bacteria to grow are not a
consequence of a generalized reduction in growth rate or via-
bility of the mutants in planktonic culture.

Southern blot analysis with a Tn917-LTV3-specific probe

showed that each insertion mutant was different and carried a
single copy of Tn917-LTV3 (data not shown). Genomic DNA
flanking the lacZ-proximal end of Tn917-LTV3 of each mutant
was recovered in E. coli after self-ligation of Asp718-digested
Sag-1 chromosomal DNA and XbaI-digested Sag-2 chromo-
somal DNA (Fig. 3).

FIG. 1. Adhesion and growth of L. monocytogenes in microtiter plates. Wild-type strain C52 (}), Sag-1 (f), and Sag-2 (Œ) were grown statically
at 37°C in TSB in the wells of a microtiter plate. At each time point irreversibly attached bacteria were quantified by crystal violet staining as
described in Materials and Methods. No change in crystal violet staining was observed in wells containing only TSB (F). The error bars represent
the SEM (n � 6).

FIG. 2. Growth of the adhered bacteria in a microtiter plate. Wild-type strain C52 (}), Sag-1 (f), and Sag-2 (Œ) were grown statically at 37°C
in TSB in the wells of a microtiter plate for 1 h. At this point (depicted by the arrow) the planktonic bacteria were gently removed from the well
and replaced by an equal volume of fresh TSB. Subsequently, at each time point attached bacteria were quantified by crystal violet staining. The
error bars represent the SEM (n � 6).
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Identification of the site of insertion in Sag-1 and Sag-2. The
nucleotide sequence of genomic DNA at the transposon junc-
tion in Sag-1 and Sag-2 was determined with primer PCT2
(Fig. 3A). In the case of Sag-1 more than 800 bp of sequence
was obtained, and a BLASTX analysis (2) revealed that the
predicted amino acid sequence had 79% similarity over 211
amino acids to the N terminus of the stringent response pro-
tein (p)ppGpp synthetase (RelA) of Bacillus subtilis. Based on
this similarity, we can predict that, in strain Sag-1, Tn917-
LTV3 has inserted 777 bp from the 5
 end of the L. monocy-
togenes relA gene (Fig. 3B). To confirm this conclusion, plas-
mid pDG148relA containing only the B. subtilis relA gene and
its promoter (43) was introduced into strain Sag-1. The plas-

mid was able to complement the mutation and restored the
biofilm formation of Sag-1 to that of the wild type (Fig. 4). The
plasmid vector pDG148 (43) was unable to restore the ability
of Sag-1 to form a biofilm (Fig. 4) and had no effect on the
planktonic growth (data not shown). This result confirms that
the inability of Sag-1 to replicate following adhesion is a con-
sequence of the disruption of the L. monocytogenes relA gene
and not due to polarity of the insertion on genes 3
 to the relA
gene.

In the case of Sag-2, more than 1,000 bp of sequence was
obtained, and a BLASTX analysis (2) identified an open read-
ing frame of 178 amino acids immediately 3
 of the transposon,
the predicted amino acid sequence of which had 75% similarity

FIG. 3. (A) Hypothetical chromosomal insertion of Tn917-LTV3. In this case a transcriptional fusion between the lacZ gene and a chromo-
somal promoter is shown. Only unique sites which can be used to clone sequence flanking the lacZ end are shown. Restriction enzyme
abbreviations: X, XbaI; A, Asp7I8; Sm, SmaI; Xh, XhoI; H, HindIII. Antibiotic resistance genes: cat, chloramphenicol; neo, kanamycin-neomycin;
ble, bleomycin; erm, erythromycin-lincomycin. (B) Site of Tn917-LTV3 insertion in mutant Sag-1. Nucleotide positions given are based on similarity
with the relA gene of B. subtilis. (C) Site of Tn917-LTV3 insertion in mutant Sag-2. In panels B and C, the black arrows indicate the orientation
of the lacZ gene of Tn917-LTV3.
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to the Hgprt enzyme of B. subtilis. The sequence analysis in-
dicates that in strain Sag-2 the Tn917-LTV3 has inserted in the
promoter region, 6 bp from the 5
 end of the L. monocytogenes
hpt gene (Fig. 3C). A second partial open reading frame of 66
amino acids was identified 352 bp 3
 to the hpt gene (Fig. 3C)
which had 50% similarity to the FtsH protein of B. subtilis (34).
The L. monocytogenes hpt gene was amplified and cloned into
the shuttle plasmid pCT3 (41) to generate pCThpt. Plasmid
pCThpt was introduced into strain Sag-2 and restored the
ability to form a biofilm to that of wild type (Fig. 4). The
plasmid vector pCT3 (41) was unable to restore the ability of
Sag-2 to form a biofilm (Fig. 4) and had no effect on the
planktonic growth of Sag-2 (data not shown). This result con-
firms that the inability of Sag-2 to grow after adhesion is a
consequence of the disruption of the L. monocytogenes hpt
gene and not due to polarity of the insertion on genes 3
 to the
hpt gene.

Mutations in relA and hpt abolish the production of
(p)ppGpp in response to amino acid starvation, and relA is
transcribed during surface-attached growth. To confirm that
the relA mutation abolished (p)ppGpp synthesis in response to
nutritional stress, (p)ppGpp accumulation was measured in
cells labeled with [32P]H3PO4 during amino acid starvation.
The wild-type strain C52 accumulated both pppGpp and
ppGpp in response to amino acid starvation, thus confirming
the induction of a stringent response. In contrast, the relA
mutation in Sag-1 dramatically reduced the synthesis of
(p)ppGpp to barely detectable levels (Fig. 5). Unexpectedly,
the hpt mutation in Sag-2 also abolished the synthesis of any
detectable (p)ppGpp. As a control, the pattern of (p)ppGpp
accumulation in an E. coli wild-type strain (CF1943), together
with an isogenic relA mutant (CF1944) and a relA spoT double
mutant (CF1946), was analyzed (Fig. 5). As predicted, strain
CF1943 accumulated ppGpp and, to a lesser extent, pppGpp,
whereas CF1944 had reduced levels of ppGpp and undetect-
able pppGpp, with the double mutant lacking any detectable
pppGpp or ppGpp (Fig. 5).

To establish that a stringent response is induced after at-
tachment, the level of transcription of the relA gene in adhered
cells was measured. To achieve this, the level of �-galactosi-

dase was assayed in Sag-1, in which the lacZ gene in Tn917-
LTV3 is in the same orientation as the relA gene (Fig. 3B).
After 1 h, the level of �-galactosidase in both the planktonic
and adhered Sag-1 cells in the microtiter plate was measured.
Barely detectable �-galactosidase activity was found in the
planktonic cells in the microtiter well at 4 � 0.06 RLU mg�1

(mean � SEM), whereas the adhered cells expressed much

FIG. 4. Complementation of the mutations in Sag-1 and Sag-2. Sag-1 was complemented with the relA gene of B. subtilis on plasmid
pDG148relA. Sag-2 was complemented with plasmid pCThpt containing the wild-type hpt gene with a constitutive XylA promoter. The graph
shows the growth of adhered bacteria quantified after 6 h as described in Materials and Methods. The error bars represent the SEM (n � 6).

FIG. 5. Accumulation of (p)ppGpp after amino acid starvation.
Bacteria were labeled with [32P]H3PO4 in MOPS starvation medium
lacking phosphate and amino acids, but containing serine hydroxamate
(1 mg ml�1) and L-valine (0.5 mg ml�1), for 30 min at 37°C. An equal
volume of 13 M formic acid was added and the samples were subjected
to freeze (dry ice)-thawing twice. Acid extracts were centrifuged
briefly, and the supernatants were spotted onto polyethyleneimine
cellulose for thin-layer chromatography in 1.5 M K2HPO4 (pH 3.4).
Strains: CF1943, E. coli W3110 parental strain; CF1944, E. coli CF1943
(�relA::kan); CF1946, E. coli CF1943 (�relA::kan �spoT::cm).
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higher levels of �-galactosidase activity (931 � 45 RLU mg�1).
This demonstrates that during the period immediately after
adhesion the adhered cells undergo a stringent response and
transcription of the relA gene takes place.

Mutations in relA and hpt cause avirulence in a murine
model of infection. After i.v. inoculation with C52, high viable
counts were detected in both the livers and spleens of infected
animals after 96 h (Table 1). All five animals showed visible
symptoms of infection, namely, a hunched appearance with
ruffled fur. In contrast, no viable Sag-1 was detected in the
livers of animals 96 h after infection, and low numbers were
detectable in the spleens of two of the five infected animals
(Table 1). Likewise, low numbers of Sag-2 were detectable in
the livers and spleens of two of the five infected animals (Table
1). No overt sign of infection was detected in any animal during
the 96 h after inoculation with either Sag-1 or Sag-2.

DISCUSSION

L. monocytogenes is capable of adhesion and biofilm forma-
tion on a number of abiotic surfaces (29). By using polystyrene
as a model hydrophobic surface, we obtained two Tn917-LTV3
insertion mutants unable to grow after initial adhesion (Fig. 1
and 2). The inability of the mutants to grow in a biofilm
(attached state) despite their ability to grow in a planktonic
state suggests that the physiological requirements of growth
under these conditions are distinct.

Characterization of Sag-1 and Sag-2 identified insertions in
the relA and hpt genes, respectively. Unlike the wild-type
strain, both mutants were unable to mount a stringent response
and accumulate (p)ppGpp in response to amino acid starvation
(Fig. 5). The stringent response is well characterized in E. coli
and is a pleiotropic physiological response in which (p)ppGpp
indirectly reduces protein synthesis by the repression of
stable RNA synthesis (6). Gram-negative bacteria possess
two (p)ppGpp synthetase activities. The relA gene encodes

(p)ppGpp synthetase, while spoT encodes a (p)ppGpp 3
-py-
rophosphohydrolase that also possesses (p)ppGpp synthetase
activity (44). Gram-positive bacteria appear to express only
one protein, termed RelA, which contains both (p)ppGpp ac-
tivities (31, 43). The observation that low levels of pppGpp
were detectable in Sag-1 following stress induction (Fig. 5)
suggests that the Tn917-LTV3 insertion at amino acid position
259 in the relA gene in Sag-1 does not abolish all (p)ppGpp
synthetase activity. The most likely explanation for this is that
a truncated RelA protein with residual (p)ppGpp synthetase
activity is still being expressed in Sag-1. This is in keeping with
previous findings in B. subtilis, where a mutation which re-
sulted in a truncated RelA protein consisting of the first 240
amino acids showed low-level (p)ppGpp synthetase activity
(43). However, the possibility that another enzyme can synthe-
size low-level (p)ppGpp cannot at this stage be ruled out. The
role of (p)ppGpp in the growth of adhered L. monocytogenes is
novel and intriguing. The observation that transcription of the
relA gene is induced following adhesion suggests that the abil-
ity to mount a stringent response and undergo physiological
adaptation to nutrient deprivation after attachment is essential
for the subsequent growth of the adhered bacteria. This is in
keeping with the results of other studies indicating that bacte-
ria undergo a number of physiological changes during the early
stages of surface-attached culture (10).

Other stress response proteins have been shown to be im-
portant in surface-attached growth and subsequent biofilm for-
mation, including the gram-negative sigma factor �S. An rpoS
mutant of E. coli was reduced in biofilm cell density by 50%
in comparison to the wild type, and the arrangement of cells
within the biofilm was altered, suggesting that �S is impor-
tant for biofilm physiology (1). Mutants unable to synthesize
(p)ppGpp fail to induce the RpoS regulon upon entering sta-
tionary phase, and it has been shown that (p)ppGpp is re-
quired for the synthesis of �S under stringent conditions, with
(p)ppGpp being required for the induction of �S-dependent
promoters (16, 25). It is not known whether an equivalent
interaction takes place in gram-positive bacteria between the
functional �S analogue, �B, and (p)ppGpp.

The Tn917-LTV3 insertion in Sag-2 was in the promoter
region of the hpt gene (Fig. 3). The Hgprt enzyme is a 6-oxo-
purine phosphoribosyltransferase that converts the purine base
(guanine) into the corresponding nucleotide (GMP) and is
involved in the purine salvage pathway (30, 33). Salvage path-
ways perform a number of functions in bacteria. First, they
scavenge exogenous preformed bases for nucleotide synthesis.
Second, they act to reutilize bases generated endogenously as
a result of nucleotide turnover. Third, they provide a route for
the catabolism of the pentose moieties of exogenous nucleo-
sides (46). In the presence of a functional de novo pathway
for purine biosynthesis, Hgprt is not essential for growth, and
Sag-2 was capable of growing in defined medium lacking ex-
ogenous purines (42). The lack of detectable (p)ppGpp in
Sag-2 following amino acid starvation indicates that Sag-2 can-
not undergo a stringent response, and this probably accounts
for its inability to grow after adhesion. The absence of
(p)ppGpp in Sag-2 is curious and suggests that a functional
Hgprt is important in the synthesis of (p)ppGpp. One inter-
pretation is that the RelA protein has a high Km for GDP/GTP
and that Hgprt is needed to maintain the intracellular GDP/

TABLE 1. Mouse infection data for wild-type (C52)
and Sag-1 and Sag-2 strains

Mouse type and no.
Log10 CFU/mg of organ tissue (SEM)a

Spleen Liver

Wild-type
1 4.38 (2.84) 3.30 (2.37)
2 4.23 (3.52) 3.34 (2.17)
3 3.53 (2.35) 2.92 (2.24)
4 4.25 (3.52) 3.25 (1.57)
5 4.38 (3.61) 3.40 (2.33)

Sag-1
1 ND ND
2 ND ND
3 ND ND
4 0.96 (0.96) ND
5 1.46 (1.46) ND

Sag-2
1 ND ND
2 ND ND
3 1.74 (1.74) 0.00 (0)
4 0.44 (0.44) 0.00 (0)
5 ND ND

a ND, not detectable.
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GTP at levels sufficient for RelA activity. The observation that
Hgprt is inhibited by (p)ppGpp (20) would support this notion.

Both Sag-1and Sag-2 were avirulent in the murine model of
infection, although the hemolytic activity and secreted protein
profiles of both mutants were unaffected in vitro (data not
shown). Sag-1 and Sag-2 were either absent or barely detect-
able in the livers and spleens of infected animals (Table 1),
suggesting that both mutants were rapidly cleared by the host.
It has been shown that the accumulation of (p)ppGpp in re-
sponse to amino acid depletion is necessary for entry of intra-
cellular Legionella pneumophila into a virulent state that per-
mits escape from the dying infected amoeba (18). Virulence
genes of L. monocytogenes are regulated by PrfA (8, 38), and
intracellular growth and invasion by L. monocytogenes is well
characterized (7). However, there is little data on the physio-
logical adaptation of L. monocytogenes to the nutrient stresses
associated with intracellular growth. It has been shown that
mutations in genes encoding enzymes for the biosynthesis of
nucleotides and for the uptake of amino acids reduce virulence
(23), as do mutations in the clpE gene, which is essential for
cell division (32). In addition, it has been shown that the ClpP
serine protease of L. monocytogenes is essential for intracellu-
lar invasion and virulence of L. monocytogenes (14). The ClpP
protein is a subunit of a larger Clp ATP-dependent protease
that acts as a molecular chaperone, assisting the proper fold-
ing, refolding, and assembly of proteins. In B. subtilis it has
been shown that, under stringent conditions, the ClpP protease
is upregulated following amino acid depletion and the initia-
tion of a stringent response (43). As such, the inability of Sag-1
and Sag-2 to mount a stringent response could lower the levels
of the ClpP protease, the consequence of which would be a
reduction in virulence.

In summary, we have demonstrated that the ability to mount
a stringent response and synthesize (p)ppGpp appears to be
important in the growth of bacteria after adhesion and in the
virulence of L. monocytogenes in mice. Since the growth of
adhered bacteria is an early step in the development of a
biofilm, it is likely that Sag-1 and Sag-2 will also be defective in
biofilm formation. The next stage is to understand how
(p)ppGpp regulation is achieved in L. monocytogenes and to
determine the molecular basis for the role of this molecule in
biofilm formation and in infection.
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