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Salmonella enterica strains are enteropathogenic bacteria that survive and proliferate within vacuolar com-
partments of epithelial and phagocytic cells. Recently, it has been reported that fibroblast cells are capable of
restricting S. enterica serovar Typhimurium intracellular growth. Here, we show that prolonged residence of
bacteria in the intracellular environment of fibroblasts results in the appearance of genetically stable small-
colony variants (SCV). A total of 103 SCV isolates, obtained from four independent infections, were subjected
to phenotypic analysis. The following phenotypes were observed: (i) �-aminolevulinic acid auxotrophy; (ii)
requirement for acetate or succinate for growth in glucose minimal medium; (iii) auxotrophy for aromatic
amino acids; and (iv) reduced growth rate under aerobic conditions not linked to nutrient auxotrophy. The
exact mutations responsible for the SCV phenotype in three representative isolates were mapped in the lpd,
hemL, and aroD genes, which code for dihydrolipoamide dehydrogenase, glutamate-1-semyaldehyde amino-
transferase, and 3-dehydroquinate dehydratase, respectively. The lpd, hemL, and aroD mutants had intracel-
lular persistence rates in fibroblasts that were 3 to 4 logs higher than that of the parental strain and decreased
susceptibility to aminoglycoside antibiotics. All three of these SCV isolates were attenuated in the BALB/c
murine typhoid model. Complementation with lpd�, hem�, and aroD� genes restored the levels of intracellular
persistence and antibiotic susceptibility to levels of the wild-type strain. However, virulence was not exhibited
by any of the complemented strains. Altogether, our data demonstrate that similar to what it has been reported
for SCV isolates of other pathogens, S. enterica SCV display enhanced intracellular persistence in eucaryotic
cells and are impaired in the ability to cause overt disease. In addition, they also suggest that S. enterica SCV
may be favored in vivo.

The species Salmonella enterica comprises a series of facul-
tative intracellular pathogens that cause gastroenteritis and
systemic infections in humans and animals (17, 38). Diverse
host-adapted S. enterica serovars are also capable of triggering
asymptomatic and persistent infections at relatively high rates
(12, 15). The major hallmarks of Salmonella pathogenesis in-
clude the capacity of the bacteria to invade nonphagocytic cells
and their capacity to survive within phagocytic cells. These two
virulence traits were inferred in initial studies involving infec-
tion of tissue culture cells (reviewed in references 18, 19, 20,
and 38). Subsequent work with epithelial cells and macro-
phages focused on characterization of the vacuolar compart-
ment in which the bacteria reside (2, 10, 21, 23, 25, 36, 42,
48–51, 53). The murine infection model has also been very
valuable for identification of other virulence functions, such as
those encoded in Salmonella pathogenicity island 2, which are
critical for intracellular survival and systemic disease (38).

Despite the relevance of the murine model, infection of
tissue culture cells has been very useful for determining differ-

ences in the intracellular lifestyles of S. enterica within distinct
host cell types (9). In most cases, massive intracellular bacterial
growth is observed regardless of the epithelial or macrophage
cell line that is used. The situation is different in macrophages
isolated from animals, which are capable of arresting bacterial
growth (11). Remarkably, in vivo studies have demonstrated
that S. enterica proliferates predominantly within liver and
spleen macrophages during systemic infection of mice (44, 47).
This finding indicates that in contrast to the information ob-
tained with the in vitro infection models, macrophages are the
preferred niche used by S. enterica to proliferate in vivo. In
recent reports workers have also described the capacity of S.
enterica to colonize other types of antigen-presenting cells,
such as dendritic cells. However, both in vitro and in vivo
studies have demonstrated that bacteria located within these
specialized cells do not exhibit massive intracellular growth
(22, 37).

Recent studies have shown that cultured melanocytes and
fibroblasts restrict intracellular proliferation of S. enterica (13,
32, 33). Upon infection of these cell types, either S. enterica
remains in a latent nongrowing stage (13, 33) or the mass
increases but the cell division process does not culminate (32).
The latter defect leads to formation of long filamentous bac-
teria within the infected cells (32, 33), a phenomenon also
recently observed in macrophages (46). Workers in our labo-
ratory have demonstrated that S. enterica serovar Typhimu-
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rium is able to attenuate intracellular growth upon infection of
fibroblasts. Thus, mutations that cause loss of function in vir-
ulence-related genes, such as phoP-phoQ, slyA, spvR, and rpoS,
result in exacerbated intracellular bacterial growth (13). This
observation indicates that there is delicate interaction between
the pathogen and the infected fibroblast, resulting in establish-
ment of a latent state of the bacteria within the host cell.
Recently, the role of fibroblasts in bacterial infections was
supported by a study that revealed the presence of Mycobac-
terium tuberculosis, a bacterium that remains in a latent state in
a high percentage of the human population, in this specific host
cell type (28). Interestingly, it has also been shown recently
that S. enterica serovar Pullorum persists intracellularly in vivo
within splenic chicken macrophages (60). Whether adaptation
to the intracellular persistence stage is accompanied by stable
changes in the physiology of S. enterica is not known.

It has been reported that Staphylococcus aureus variants that
display physiological changes, such as a low growth rate under
aerobic conditions, arise at a high frequency in the intracellular
environment of cultured endothelial cells (54). These variants,
known generically as small-colony variants (SCV), are fre-
quently isolated from cases of persistent and relapsing infec-
tion and have an enhanced capacity to persist intracellularly
when they are tested in tissue culture infection models (1, 30,
40, 56, 57). A phenotypic trait shared by most S. aureus SCV is
a defect in synthesis of either menadione or hemin (34, 58).
Lack of either of these two compounds likely alters the func-
tionality of the electron transport chain, leading to a reduced
growth rate under aerobic conditions and pleiotropic effects,
such as decreased alpha-toxin expression, decreased uptake of
aminoglycoside antibiotics, and increased expression of clump-
ing factor and fibronectin-binding proteins (52, 58). Different
authors have claimed that S. aureus SCV might be selected by
exposure to subinhibitory concentrations of antimicrobial

agents, although SCV have also been isolated after antibiotic-
free intervals (reviewed in reference 58). SCV linked to
chronic and recurrent infections have been described for other
pathogens, such as Escherichia coli, Pseudomonas aeruginosa,
and Burkholderia pseudomallei (26, 27, 45).

SCV isolates of S. enterica have not been characterized pre-
viously. However, salmonellae are pathogens that are prone to
trigger chronic and persistent infections (5, 62). Since this
pathogen adapts to establish a latent, nongrowing state in the
intracellular environment of fibroblasts (13, 33), we studied the
fate of intracellular bacteria within this specific cell type. Our
results suggest that, as observed for S. aureus, prolonged in-
tracellular residence of S. enterica serovar Typhimurium within
eucaryotic cells leads to selection of SCV.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The S. enterica serovar
Typhimurium strains and plasmids used in this study are listed in Table 1. The
genomic library of S. enterica serovar Typhimurium strain LT2/TN1379
(leuBCD485) was provided by G. C. Miller (Department of Microbiology, Uni-
versity of Illinois, Urbana). It was constructed in vector pBR328 by Sau3AI
partial digestion of chromosomal DNA and ligation of 8- to 12-kb fragments to
the BamHI-digested vector. The library was stored in P22 HT 105/1 int201 phage
(referred to below as P22 HT). Allele numbers for S. enterica SCV isolates
described in this study were obtained from the Salmonella Genetic Stock Center,
University of Calgary, Calgary, Alberta, Canada. All strains were grown in Luria-
Bertani (LB) medium supplemented with ampicillin (50 �g ml�1) or kanamycin
(50 �g ml�1) when appropriate.

Mapping of mutations linked to the SCV phenotype. The following two map-
ping strategies were used to identify the mutations present in SCV isolates: (i)
Tn10dTet mutagenesis and detection of insertions linked to the small-colony
phenotype upon P22 HT transduction; and (ii) complementation with a pBR328-
derived library of serovar Typhimurium strain LT2. Tn10dTet mutagenesis was
performed by transducing an F�-borne Tn10dTet insertion into an LT2 derivative
carrying pNK2880, a plasmid that harbors a gene encoding the altered target
specificity (ATS) transposase (31). Individual Tn10-carrying isolates were then
pooled and lysed with P22 HT. The lysate was used to select Tn10dTet insertions

TABLE 1. S. enterica serovar Typhimurium strains and plasmids used in this study

Strain or plasmid Relevant characteristic(s) Source or reference

Strains
SL1344 hisG rpsL, mouse virulent 29
SV4042 SL1344 hemL-801 This study (SCV isolate)
SV4043 SL1344 lpd-201 This study (SCV isolate)
SV4175 SL1344 aroD This study (SCV isolate)
SV4139 SV4042(hemL-801)/pIZ919(hemL�) This study
SV4137 SV4043(lpd-201)/pIZ918(lpd�) This study
SV4601 SV4175(aroD)/pIZ961(aroD�) This study
SV4384 SL1344 aroA551::Tn10 This study

Plasmids
pBR328 Cloning vector, Tetr Ampr Used for construction of S. enterica serovar Typhimurium LT2 chromosomal

DNA library
pBluescript II SK(�) Cloning vector, lac�, Ampr Stratagene
PNK2880 Ampr 31
PIZ916 pBR328, hemL� Library clone that complemented SCV phenotype in SV4042 (hemL)
pIZ917 pBR328, hemL� Religation of 6.5-kb SalI fragment from pIZ916
pIZ919 pBluescript II, hemL� NheI-SalI fragment from pIZ917 cloned in pBluescript II SK(�)
pIZ912 pBR328, lpd� Library clone that complemented SCV phenotype in SV4043 (lpd)
pIZ913 pBR328, lpd� Religation of 8.5-kb HindIII fragment from pIZ912
pIZ915 pBR328, lpd� Religation of 6.0-kb AvaI fragment from pIZ913
PIZ918 pBluescript II, lpd� HindIII-AvaI fragment from pIZ915, converted in blunt fragment (AvaI site)

and cloned in HindIII-SmaI sites of pBluescript II SK(�)
pIZ956 pBR328, aroD� Library clone that complemented SCV phenotype in SV4175 (aroD)
PIZ961 pBluescript II, aroD� 5.5-kb EcoRV fragment from pIZ956 cloned in pBluescript II SK(�)
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that changed the SCV phenotype to the normal-colony-size phenotype. The
insertions were mapped by using the locked-in Mud-P22 prophage procedure
(7). The insertions linked to the SCV phenotype were also used to clone the
corresponding mutant alleles and to identify the exact mutation responsible for
the slow growth on plates. For complementation analysis, the pBR328-derived
library of strain LT2 stored in P22 HT was used to transduce an SCV isolate.
Plasmid DNA from normal-size colonies was purified and used to verify the
complementation results. The inserts present in the complementing plasmid
were subcloned by standard genetic procedures to determine the minimal insert
size that complemented the SCV phenotype. At this stage, the flanking regions
of the insert were sequenced with primers designed to amplify from vector
regions, and the gene(s) present was identified.

Bacterial infection of fibroblast cells. Infection of NRK-49F fibroblasts
(ATCC CRL1570) with S. enterica serovar Typhimuirum has been described
elsewhere (13). Briefly, fibroblasts were grown in Dulbecco modified Eagle
medium containing 5% fetal calf serum to 30% confluence at the time of
infection. Bacteria were grown overnight in LB medium at 37°C under static
conditions without shaking. The multiplicity of infection was 10 bacteria per
fibroblast cell, and the infection time was 20 min. Infected cells were washed
three times with phosphate-buffered saline (PBS) (pH 7.4) and incubated in fresh
tissue culture medium containing 100 �g of gentamicin per ml. The antibiotic
concentration was decreased to 10 �g ml�1 at 2 h postinfection. At different
times postinfection, infected fibroblasts were lysed in 1% Triton X-100 for 5 min,
and the number of intracellular viable bacteria was determined by plating serial
dilutions of the cell extract onto LB agar plates. To avoid side effects of cell
culture saturation in the long-term infection experiments, the infected fibroblasts
were detached with a trypsin-EDTA solution at 48 to 72 h postinfection. The
entire cell population was transferred to larger culture dishes containing fresh
Dulbecco modified Eagle medium supplemented with 5% fetal calf serum and
gentamicin (10 �g ml�1). Caution was taken to avoid more than 80% confluence
at any time postinfection. Cytotoxicity in the infected cell cultures was negligible
at all times postinfection, as indicated by the absence of fibroblasts in the cultures
permeable to 1% propidium iodine. The possibility that bacteria were present in
the extracellular medium was examined by direct plating of tissue culture super-
natants. This control consistently showed that the number of viable extracellular
bacteria was very low at any time postinfection (�0.1% of the number of viable
intracellular bacteria). The low number of viable extracellular bacteria was con-
sidered irrelevant since three washes with PBS were performed before Triton
X-100-mediated cell lysis.

Phenotypic analysis of SCV isolates. Phenotypic characterization of SCV
isolates was performed by using noncitrate E (NCE) medium (8). Carbon
sources, including glucose, glycerol, acetate, and succinate, were used at a con-
centration of 0.2% (wt/vol). �-Aminolevulinic acid (ALA) (50 �g ml�1) was used
to test whether there was a deficiency in heme group synthesis. To test whether
there was auxotrophy for aromatic compounds, a mixture containing 30 mM
phenyalanine, 10 mM tryptophan, 10 mM tyrosine, 20 mM para-aminobenzoate,
and 20 mM dihydroxinbenzoate was used.

Antibiotic susceptibility assays. The MIC was determined by the E test (AB
Biodisk, Solna, Sweden) (61) by following the manufacturer’s instructions.

Virulence assays in BALB/c mice. Bacteria were grown overnight in LB me-
dium at 37°C under static conditions without shaking, centrifuged at 10,000 � g
for 15 min, washed twice with sterile PBS (pH 7.4), and finally suspended in the
same buffer. Serial dilutions were used to infect orally (25 �l) or intraperitoneally
(200 �l) groups of five BALB/c female mice that were 7 to 8 weeks old. For the
oral challenges the bacterium-containing suspension was mixed with an equal
volume of 2.5% sodium bicarbonate–0.2% lactose to buffer the acidic pH of the
stomach. Survival of the mice was recorded for up to 3 weeks postinfection, and
50% lethal doses were calculated by the method of Reed and Muench (43).

Nucleotide sequence accession numbers. The sequences of the hemL and lpd
genes of S. enterica serovar Typhimurium strain SL1344 have been deposited
in the EMBL database under accession numbers AJ278741/SEN278741 and
AJ297525/SEN297525, respectively. Strain SV4042 (hemL) has an A-to-C point
mutation at position 889 of the hemL nucleotide sequence, which results in a
change from Pro to Thr. Strain SV4053 (lpd) has a G-to-A point mutation at
position 1084 of the lpd nucleotide sequence that results in a change from Gly to
Asp.

RESULTS

Selection of SCV of S. enterica serovar Typhimurium in
cultured fibroblasts. The fate of serovar Typhimurium virulent
strain SL1344 in NRK-49F fibroblasts, a cell line that restricts
intracellular bacterial growth (13), was investigated. Cells were
infected for 20 min, and the progress of the infection was
monitored for 6 days. Under these experimental conditions,
the viability of the intracellular bacteria decreased about 5 log
units by day 6 (Fig. 1A). The main decrease in viability was
observed 3 to 6 days postinfection. Consistent with previous
reports (13, 33), no phase of active bacterial growth was ob-
served at any time postinfection (Fig. 1A). A reproducible
phenomenon that occurred in these long-term infection assays
was the appearance of SCV when the cellular extract prepared
after 6 days was plated onto LB agar plates. SCV did not
appear in the population of intracellular bacteria at previous
times postinfection (data not shown). The proportion of SCV
in the intracellular population ranged from 45 to 100% in four
independent long-term infection experiments (Fig. 1B). These
results provided evidence that long-term persistence of S. en-
terica serovar Typhimurium within fibroblasts favors the selec-
tion of SCV isolates. Similar to what has been described for
other pathogens, such as S. aureus and E. coli (4, 45, 54, 57),

FIG. 1. Persistence of S. enterica serovar Typhimurium in fibroblasts favors selection of SCV isolates. (A) NRK-49F fibroblasts were infected
with serovar Typhimurium strain SL1344 for 20 min. The numbers of viable intracellular bacteria surviving gentamicin treatment were determined
at different times postinfection. The data are expressed relative to the number of viable bacteria quantified at 2 h postinfection. The values are
medians (and standard deviations) for a representative experiment with a total of six repetitions. (B) Numbers of normal-colony-size and SCV
isolates obtained in four different experiments at 6 days postinfection.
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the S. enterica SCV may have acquired specific mutations that
promote intracellular persistence within eucaryotic cells.

Phenotypic analysis of S. enterica SCV obtained from NRK-
49F fibroblasts. To gain insight into the nature of the muta-
tions responsible for the SCV phenotype, 103 SCV isolates
obtained from the four independent fibroblast infection exper-
iments (Fig. 1B) were screened for phenotypes described for
SCV of other pathogens that have been isolated (34, 58).
These phenotypes included auxotrophy for compounds in the
heme biosynthetic pathway and differential growth on NCE
minimal medium supplemented with intermediates of the
Krebs cycle as alternative carbon sources. Auxotrophy for ar-
omatic amino acids was also tested since it is known that aro
mutants grow more slowly than the wild type in LB medium,
which is limiting for these compounds. SCV isolates belonging
to each of these three phenotypic groups were identified (Ta-
ble 2). In addition, four SCV isolates grew in NCE minimal
medium containing glycerol and therefore were considered
prototrophs. Interestingly, a single SCV phenotypic class was
observed in most, if not all, the SCV isolates obtained from the
same experiment (Table 2). The phenotypic homogeneity in
the SCV populations is consistent with strong selection for the
SCV phenotype (about one SCV-linked mutation per intracel-
lular bacterial population consisting of �104 CFU). Because of
the small size of the sample, the probability of selecting two
different types of SCV mutations in the same experiment could
be expected to be extremely low. Finally, we observed that all
103 SCV isolates examined in this screening analysis behaved
like stable variants, with a rate of reversion to normal colony
size of 10�6 to 10�7, which is in the range of spontaneous
mutation frequencies. Altogether, our data indicate that there
are a variety of mutations that can cause the SCV phenotype in
S. enterica. Some of the phenotypes found closely correspond
to what has been found in S. aureus, such as a deficiency in
synthesis of the heme group (4). Our study revealed that other
types of mutations promote selection of S. enterica SCV in
fibroblasts, including mutations that cause either a defect in
providing catabolic compounds to the Krebs cycle or a reduced
growth rate due to nutrient auxotrophy (aro type mutations).

Genetic characterization of S. enterica SCV isolates selected
in cultured fibroblasts. Three SCV isolates collected in inde-
pendent experiments (experiments 1, 2, and 4 [Table 2]) were
designated strains SV4042, SV4053, and SV4175, propagated,
and subjected to a genetic analysis to identify the spontaneous
mutation responsible for the SCV phenotype. Unless indicated

otherwise, the strategy involved (i) Tn10dTet mutagenesis and
detection of insertions linked to the SCV phenotype upon P22
HT transduction; (ii) mapping of the insertion with the locked-
in Mud-P22 prophage procedure (7); and (iii) complementa-
tion with a pBR328-derived library of serovar Typhimurium
strain LT2.

After Tn10dTet mutagenesis in SV4042 and further trans-
duction, an insertion mapping between centisomes 3 and 4,
zaf-6309::Tn10dTet, was selected as an element that exhibited
30% linkage to the SCV phenotype. Complementation analysis
with the LT2 genomic library and subsequent subcloning pro-
vided a 2-kb fragment that restored normal colony size (plas-
mid pIZ919 [Table 1]). Sequencing of this insert revealed the
presence of a single open reading frame corresponding to the
hemL gene, which encodes glutamate-1-semialdehyde amino-
transferase. This enzyme catalyzes the last step in the biosyn-
thetic pathway of ALA, a precursor of the heme group (16).
Cloning and complete sequencing of the hemL allele harbored
by SV4042 showed that there was a point mutation that caused
a nonconservative amino acid change. Normal size colony was
obtained upon complementation with a hemL wild-type gene,
confirming that no additional mutation responsible for the
SCV phenotype was present in SV4042. The SCV-linked in-
sertion obtained in SV4053 after transposon mutagenesis,
zad-6310::Tn10dTet, was mapped at centisome 3, between the
nadC and proA loci. Complementation of normal colony size
and subcloning yielded a minimal 2.5-kb insert (plasmid
pIZ918 [Table 1]), which harbored a fragment of the aceF gene
and the complete lpd gene encoding lipoamide dehydrogenase
or the E3 component of pyruvate and 2-oxoglutarate dehydro-
genases (41). The Lpd protein has also been shown to be the L
component of the enzymatic complex known as the glycine
cleavage system (41). As in SV4042, cloning and sequencing of
the lpd allele harbored by the SV4053 isolate showed that there
was a point mutation that caused a nonconservative amino acid
change. Complementation analysis with an lpd� gene restored
wild-type colony size, eliminating the possibility that there
were additional mutations in SV4053 responsible for the SCV
phenotype.

Genetic analysis of SV4175 was simpler since this SCV iso-
late was a representative of the Aro� phenotypic class (Table
2, experiment 4). Complementation of the auxotrophy with the
LT2 plasmid library, followed by subcloning, revealed that
there was a minimal 5.5-kb insert that restored both prototro-
phy and large colony size (plasmid pIZ961 [Table 1]). Sequenc-
ing of an insert boundary revealed the presence of an open
reading frame homologous to ydiF, an E. coli gene whose
function is not known. In both E. coli and S. enterica, ydiF lies
near the aroD gene, which in turn is 14 kb away from aroH.
Since the insert that restored normal colony size was only 5.5
kb long, we concluded that the mutation carried by the SV4175
SCV isolate mapped in aroD, the gene that encodes 3-dehyd-
roquinate dehydratase. This enzyme is involved in the biosyn-
thesis of chorismate, a common precursor of aromatic amino
acids (35).

S. enterica serovar Typhimurium SCV show increased intra-
cellular persistence within fibroblasts. It has been shown
that S. aureus SCV display increased intracellular persistence
within cultured eucaryotic cells (4, 57). To assess whether the
S. enterica SCV selected in our study behaved in a similar

TABLE 2. Phenotypes of S. enterica serovar Typhimurium SCV
isolates selected in NRK-49F fibroblasts

Expt
No. of
SCV

isolates

No. of isolates in the following phenotypic
groups of SCV isolates:

ALA
auxotrophy

Acetate-succinate
requirement to
grow in NCE-

glucose

Aromatic
compound
auxotrophy

Prototrophy
(growth in

NCE-
glycerol)

1 13 0 13 0 0
2 60 57 0 0 3
3 12 11 0 0 1
4 18 0 0 18 0

Total 103 68 13 18 4
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manner, isolates SV4042 (hemL), SV4053 (lpd), and SV4175
(aroD) were used individually to infect NRK-49F fibroblasts.
All three SCV isolates exhibited intracellular persistence rates
higher than the intracellular persistence rate of the wild type
(Fig. 2A). The differences in intracellular viability between the
wild type and the SCV isolates increased progressively after 3
days postinfection (Fig. 2A). On day 6, both the hemL and
aroD mutants exhibited a viability rate that was close to 5 log
units higher than that of the wild type, whereas the viability
rate of the lpd mutant was about 4 log units higher (Fig. 2A).
None of the mutants overgrew the gentamicin-containing ex-
tracellular medium since direct plating on this medium yielded
low numbers of bacteria (�0.1% of the viable intracellular
bacteria) at all times postinfection. In addition, the differences
in the intracellular persistence rates exhibited by the SCV
isolates selected in fibroblasts were reproduced with SCV
strains reconstructed with the SCV-linked Tn10dTet insertions
and SCV strains carrying knocked-out hemL, lpd, or aroD
alleles (data not shown). Complementation of the point mu-
tations selected in fibroblasts with hemL�, lpd�, and aroD�

genes resulted in decreased intracellular persistence rates that
were even lower than the rate of the wild-type strain (Fig. 2B
to D). Altogether, these data confirmed that there was clear-

cut linkage between the SCV phenotype and an enhanced
capacity of S. enterica serovar Typhimurium to persist within
fibroblast cells.

Antibiotic susceptibility analysis of the S. enterica serovar
Typhimurium SCV isolates. SCV isolates of S. aureus, P. aeru-
ginosa, and E. coli have been shown to share defects in the
electron transport respiratory chain, which explains the low
growth rates of these variants under aerobic conditions (4, 45,
57). It has been proposed that these defects in the respiratory
chain reduce the membrane potential and impair energy-de-
pendent processes, such as transport of molecules across the
membrane. Uptake of antibiotics such as aminoglycosides,
which are dependent on a normal energized state of the mem-
brane, is notably reduced. Accordingly, some workers have
reported diminished aminoglycoside susceptibility of SCV of S.
aureus and P. aeruginosa recovered from cystic fibrosis patients
(27, 30, 58). To determine whether the S. enterica serovar
Typhimurium SCV isolates behave in a similar manner, their
susceptibilities to distinct classes of antibiotics, including �-lac-
tam antibiotics, aminoglycosides, quinonoles, chlorampheni-
col, and trimethoprim-sulfamethoxazole, were examined. The
MICs of gentamicin and amikacin for the SCV isolates were
increased and were approximately 10-fold higher for the hemL

FIG. 2. Intracellular persistence of representative S. enterica serovar Typhimurium SCV isolates. (A) NRK-49F fibroblasts were infected with
wild-type strain SL1344 (E) and the SCV derivatives SV5053 (lpd) (�), SV4042 (hemL) (‚), and SV4175 (aroD) ({). The numbers of viable
intracellular bacteria were calculated for different times postinfection and are expressed relative to the value obtained at 2 h postinfection. (B to
D) Behavior of the SV4137 (lpd/lpd�), SV4139 (hemL/hemL�), and SV4601 (aroD/aroD�) complemented strains (■) compared to the behavior
of the SL1344 wild-type strain (E) and the corresponding SCV isolates (�). Note that complementation with the wild-type genes caused a marked
decrease in the intracellular persistence.

TABLE 3. Antibiotic susceptibilities of representative S. enterica serovar Typhimurium SCV isolates

Antibiotic

MIC (�g/ml)

SL1344
(wild type)

SV4042
(hemL)

SV4053
(lpd)

SV4175
(aroD)

SV4139
(SV4042 hemL�)

SV4137
(SV4053 lpd�)

SV4601
(SV4175 aroD�)

Amoxicillin-clavulanic acid 0.75 0.38 0.38 0.75 NAa NA NA
Cefotaxime 0.064 0.032 0.032 0.064 NA NA NA
Amikacin 1.5 16 3 3 1 1 1
Gentamicin 0.75 8 3 1.5 0.75 0.75 0.75
Nalidixic acid 6 1.5 4 2 3 3 4
Ofloxacin 0.094 0.094 0.094 0.094 0.094 0.047 0.064
Chloramphenicol 1.5 1 0.75 2 1 1 1.5
Trimethoprim-sulfamethoxazole 0.125 0.125 0.125 0.125 0.125 0.125 0.125

a NA, not applicable since the strain harbors the corresponding complementing gene cloned in the pBluescript II SK(�) plasmid, which carries an ampicillin
resistance determinant (Table 1).
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mutant (Table 3). A fourfold increase in the MIC of gentami-
cin was also noted for the lpd mutant (Table 3). No major
differences were observed between the wild type and the SCV
in terms of susceptibility to �-lactam antibiotics, chloramphen-
icol, trimethoprim-sulfamethoxazole, and the quinonoles nali-
dixic acid and ofloxacin (Table 3). These results suggest that S.
enterica SCV isolates are less sensitive to aminoglycosides, an
expected finding considering that their mutations may poten-
tially lead to defects in respiratory metabolism. Complemen-
tation of the hemL, lpd, and aroD mutants with the corre-
sponding wild-type genes increased antibiotic susceptibility
(Table 3), confirming that there is a direct relationship be-
tween the point mutations responsible for the SCV phenotype
and the observed changes in sensitivity to aminoglycoside an-
tibiotics.

S. enterica serovar Typhimurium SCV isolates are attenu-
ated in the BALB/c mouse virulence model. Previous reports
provided evidence that there is reduced production of viru-
lence factors in SCV. For instance, S. aureus SCV isolates have
decreased alpha-toxin production and low coagulase activity
(58, 59), which may prevent overt disease and host cell damage.
Likewise, SCV of P. aeruginosa have been shown to be less
virulent in normal and moderately leukopenic mice (24). The
hemL, lpd, and aroD S. enterica SCV isolates showed marked
attenuation in BALB/c mice when they were tested by using
the oral or intraperitoneal route (Table 4). The data strongly
suggest that conversion of S. enterica to SCV notably reduces
the capacity of this pathogen to cause disease. Interestingly, no
apparent reversion to a virulent, normal-colony-size form was
observed in the animals since bacteria isolated from organs
retained the SCV phenotype on plates (data not shown). We
also tested whether complementation of the SCV phenotype
with the wild-type hemL�, lpd�, and aroD� genes could result
in the reappearance of virulence. Among the complemented
strains, only the lpd/lpd� strain displayed a slighter lower me-
dian lethal dose, although the lethal dose was only on the order
of 1 log lower than the lethal dose for the lpd SCV mutant
(data not shown). In contrast, both the hemL/hemL� and
aroD/aroD� strains remained as attenuated as the parental
SCV isolates. The latter results led us to examine whether the
complementing plasmid was unstable in vivo. Liver and spleen
extracts were prepared from mice that survived after 20 days of
bacterial challenge with the hemL/hemL� and aroD/aroD�

strains. Interestingly, SCV appeared in some cases, whereas
plasmid-bearing bacteria were not detected in any organ ex-
tract at this time postinfection (data not shown). These results

were consistent with rapid loss of the complementing plasmid
during infection.

DISCUSSION

To our knowledge, this study is the first one in which S.
enterica serotype Typhimurium SCV were isolated and char-
acterized. Phenotypic screening performed with 103 S. enterica
SCV isolates showed that at least some of them resemble SCV
of other bacterial pathogens, such as S. aureus. Thus, S. enterica
SCV isolates with mutations in genes related to respiratory
metabolism were identified. Examples include mutants requir-
ing ALA and mutants requiring intermediates of the Krebs
cycle for normal growth (hem and lpd phenotypic groups, re-
spectively). Interestingly, a defect in the hemB gene was the
first characterized mutation leading to an S. aureus SCV phe-
notype (57). A third phenotypic class, auxotrophy for aromatic
compounds, was also observed. Strikingly, most if not all SCV
isolated from each of the long-term fibroblast infections be-
longed to the same phenotypic group. This result was in accord
with the relatively low number of intracellular bacteria that
were analyzed. In fact, the size of the sample of viable intra-
cellular bacteria recovered from fibroblasts was on the order of
103 to 104cells. Despite this relatively low number of bacteria,
we successfully detected at least one mutation linked to the
SCV phenotype in each experiment. A detailed genetic anal-
ysis of each of the SCV isolates recovered from a single exper-
iment should provide clues about whether the isolates are
derivatives of a single clone. Regardless of whether all mutants
of a phenotypic class bear the same mutation, our results
demonstrate that the frequency of formation of S. enterica SCV
in fibroblasts is on the order of 10�3 to 10�4, in close agree-
ment with the study of Vesga et al., in which these authors
estimated that the rate of formation of S. aureus SCV in cul-
tured endothelial cells was 10�3 (54). However, one difference
between the two pathogens is that emergence of S. aureus SCV
in endothelial cells occurs after 72 h of infection, whereas S.
enterica SCV are selected in cultured fibroblasts after 6 days of
infection. The reasons for this difference are not known, but
factors such as the host cell type and/or bacterial type may
certainly contribute to it.

An interesting aspect of our study is the diversity of the
mutations that apparently account for an increased capacity of
S. enterica to persist intracellularly within fibroblasts. In the
hem and lpd mutants the respiratory metabolism capacity may
have been altered, probably leading to decreased generation of
oxygen-reactive subproducts. In this sense, S. enterica SCV
isolates would be less prone to self-intoxication in the intra-
vacuolar environment with these oxygen-derived compounds.
Further analysis of the cytochrome content and measurement
of the respiratory rates of these mutants should certainly pro-
vide new clues concerning this hypothesis. Our study also
showed that mutations that cause a defect in synthesis of aro-
matic amino acids, as in the case of aroD, favor intracellular
bacterial persistence in fibroblasts. Precedents for linkage be-
tween aro mutations and S. enterica persistence exist for aroA
purA double mutants, which persist for many months in organs
of BALB/c mice (62). We observed that infection of fibroblasts
with a well-characterized S. enterica aroA mutant resulted in an
intracellular persistence rate comparable to that of the aroD

TABLE 4. Virulence attributes of representative S. enterica serovar
Typhimurium SCV isolates in the murine typhoid model

Strain
Median lethal dosea

Oral Intraperitoneal

SL1344 (wild type) 6 � 104 10
SV4042 (hemL) 4 � 107 1.5 � 103

SV4053 (lpd) 	5 � 109 	104

SV4175 (aroD) 	5.5 � 108 	1.1 � 105

a Median lethal doses were calculated by the method of Reed and Muench
(43).
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mutant (data not shown). Interestingly, both aroA and aroD
mutants are defective for synthesis of chorismate, a precursor
of not only aromatic amino acids but also folic acid, ubiqui-
none, and enterobactin. Lack of enterobactin might result in
iron starvation and subsequent impairment of cytochrome syn-
thesis. The fact that all SCV isolates selected in our study are
potentially defective in respiratory metabolism led us to pos-
tulate that switching to nonrespiratory metabolism may be a
major mechanism used by S. enterica to increase intracellular
persistence within eucaryotic cells.

The analysis of antibiotic sensitivity showed that, as reported
previously for SCV isolates of S. aureus and P. aeruginosa (3, 4,
34, 39, 45, 57, 58), the S. enterica SCV isolates have reduced
aminoglycoside sensitivity. This phenotype could indicate that
selection of S. enterica SCV within cultured fibroblast cells was
merely caused by prolonged exposure of intracellular bacteria
to gentamicin, an antibiotic maintained in the tissue culture
medium. Several observations argue against this possibility.
First, selection of S. aureus SCV by exposure to sublethal
concentrations of gentamicin has been reported to take place
in as little as 30 min (34). In contrast, recovery of S. enterica
SCV isolates from infected fibroblasts occurs at an appreciable
frequency only at very late infection times (6 days postinfec-
tion). Second, acquisition of gentamicin resistance concomi-
tant with the SCV phenotype seems to be a reversible phe-
nomenon in S. aureus since antibiotic-resistant SCV revert
rapidly to sensitive forms upon incubation in antibiotic-free
media (34). High-frequency reversion to normal colony size
and antibiotic-sensitive forms was not observed in any of the
S. enterica SCV isolates described in this study, which suggests
that there may be intrinsic differences between SCV selection
under antibiotic exposure conditions and intracellular persis-
tence within fibroblast cells. Third, the differences in the re-
versibility of the phenotype are accompanied by distinct levels
of antibiotic resistance. Whereas the MICs of gentamicin for S.
enterica SCV are 2- to 10-fold higher than those for the wild
type (Table 3), the MICs for S. aureus SCV are �20-fold
higher that those for the parental strain (34). Fourth, despite
the increased MICs of gentamicin for the three S. enterica SCV
isolates analyzed (1.5, 3, and 8 �g ml�1 for the aroD, lpd, and
hemL mutants, respectively [Table 3]), none of these variants
overgrew the tissue culture medium containing 10 �g of
gentamicin per ml during the fibroblast infection experiment.
Finally, it has been demonstrated previously by using a quan-
titative enzyme-linked immunosorbent assay that unlike pha-
gocytic cells, NRK-49F fibroblasts do not accumulate gentami-
cin intracellularly (33). Altogether, these findings led us to
consider selection of S. enterica SCV isolates in the intracellu-
lar environment of fibroblasts a unique event unrelated to the
eventual exposure of intracellular bacteria to gentamicin.

Aside from the same behavior in terms of persistence within
fibroblasts cells and antibiotic susceptibility, the three S. en-
terica SCV clones characterized at a genetic level (hemL, lpd,
and aroD) were highly attenuated in the BALB/c mouse ty-
phoid model. S. enterica aroA mutants, which persist efficiently
in NRK-49F fibroblasts, were the first genetically defined
strains in which marked attenuation was observed in the mouse
model (29). In a subsequent study the workers also reported
attenuation of a hemA mutant of serovar Typhimurium (6),
which, in agreement with the results of the present study,

reinforces the contribution of the biosynthetic pathway in-
volved in synthesis of the heme group to S. enterica pathogen-
esis. We found evidence that when administrated by the oral
route, the hemL, lpd, and aroD SCV isolates are capable of
reaching the liver and spleen (data not shown). These results
are consistent with normal passage through the intestinal ep-
ithelium and subsequent failure of the bacteria to survive or
proliferate within phagocytic cells present in target organs.
Additional work is required to assess whether these SCV iso-
lates also persist intracellularly in vivo. Globally, our data are
consistent with previous observations made with S. aureus and
P. aeruginosa that show that there is direct linkage between the
SCV phenotype and an inability to cause overt disease (24, 57,
58). Interestingly, we did not find evidence of conversion to the
normal-colony-size type during infection with SCV isolates.
Furthermore, our attempts to complement the attenuation
phenotype displayed by the S. enterica SCV isolates with plas-
mids carrying the wild-type genes hemL�, lpd�, and aroD�

were unsuccessful. The fact that the complementing plasmid
was lost rapidly during infection may explain these results. In
addition, plasmid-bearing bacteria are impaired in terms of the
ability to survive intracellularly (Fig. 2), which suggests that the
complemented bacteria may be rapidly counterselected in vivo.
Overall, these results confirm that there is a strict relationship
between the SCV phenotype and virulence attenuation in S.
enterica and selection occurring against normal-colony-size
phenotype once the bacteria have switched to an SCV.

A final consideration in our work was the possibility that
similar to S. aureus, natural SCV of S. enterica could be re-
sponsible for triggering chronic and persistent infections. So
far, virtually nothing is known about the mechanisms of
S. enterica persistence. However, as previously noted, an S.
enterica serovar Typhimurium aroA purA double mutant, which
is an SCV, persists in BALB/c mice (62). Although the basis of
this phenomenon has not been defined, it supports the hypoth-
esis that there is probably linkage between the SCV phenotype
and the in vivo persistence of S. enterica. This hypothesis does
not contradict the results of epidemiological studies showing
that bacteria released into the environment by asymptomatic
human and animal carriers retain pathogenic potential. Thus,
normal-colony-size bacteria may coexist in vivo with SCV, as
has been observed in long-term infection of fibroblasts (Table
2, experiments 1, 2, and 4). Under these conditions, an effective
host immune response elicited by the SCV (e.g., by an aro
mutant [29]) may limit the ability of normal-colony-size bacte-
ria to cause disease. Reactivation of disease due to non-SCV
bacteria would occur only during periods when immunity is
reduced. Alternatively, reactivation of the disease may be as-
sociated with the appearance of second mutations that sup-
press the SCV phenotype. Such a concept has been postulated
for the reactivation of infection in the case of chronic infec-
tions caused by an E. coli hemB mutant (45). Finally, it should
be noted that in the specific case of serovar Typhi, a host-
adapted serovar that triggers chronic and asymptomatic infec-
tions in humans, many clinical isolates are auxotrophs for
aromatic amino acids (55). Altogether, these observations in-
dicate that a more profound molecular analysis of S. enterica
SCV isolates is necessary, which may provide clues about
whether switching to a stable SCV phenotype has conse-
quences for Salmonella pathogenesis. The recent discovery
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that polynucleotide phosphorylase is a global regulator of vir-
ulence and persistence in S. enterica (14) supports the hypoth-
esis that there is a delicate balance between these two pro-
cesses. Additional work is required to confirm whether the
emergence of stable SCV isolates is a consequence of the
interplay between such bacterial regulatory networks and the
host immune defenses.
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We thank Nuria Gómez-López and Esther Campanario for assis-
tance with sequencing of the hemL and lpd genes and phenotypic
analysis of SCV collections. We also thank Thomas Elliott for sending
strains.

This work was supported by grants from the Ministerio de Ciencia
y Tecnologia (grant BIO2001-0232-C02) and the European Union
(grant QLK2-1999-00310). M.G.P. was a recipient of a postdoctoral
fellowship from the Comunidad de Madrid.

REFERENCES

1. Abele-Horn, M., B. Schupfner, P. Emmerling, H. Waldner, and H. Goring.
2000. Persistent wound infection after herniotomy associated with small-
colony variants of Staphylococcus aureus. Infection 28:53–54.

2. Alpuche-Aranda, C. M., E. L. Racoosin, J. A. Swanson, and S. I. Miller. 1994.
Salmonella stimulate macrophage macropinocytosis and persist within spa-
cious phagosomes. J. Exp. Med. 179:601–608.

3. Badenoch, P. R., and D. J. Coster. 1989. Selection of gentamicin-resistant
variants of Pseudomonas aeruginosa in the rat cornea. J. Ocul. Pharmacol.
5:19–25.

4. Balwit, J. M., P. van Langevelde, J. M. Vann, and R. A. Proctor. 1994.
Gentamicin-resistant menadione and hemin auxotrophic Staphylococcus au-
reus persist within cultured endothelial cells. J. Infect. Dis. 170:1033–1037.

5. Banky, J. P., L. Ostergaard, and D. Spelman. 2002. Chronic relapsing Sal-
monella osteomyelitis in an immunocompetent patient: case report and lit-
erature review. J. Infect. 44:44–47.

6. Benjamin, W. H., Jr., P. Hall, and D. E. Briles. 1991. A hemA mutation
renders Salmonella typhimurium avirulent in mice, yet capable of eliciting
protection against intravenous infection with S. typhimurium. Microb.
Pathog. 11:289–295.

7. Benson, N. R., and B. S. Goldman. 1992. Rapid mapping in Salmonella
typhimurium with Mud-P22 prophages. J. Bacteriol. 174:1673–1681.

8. Berkowitz, D., J. Hushon, H. Withfield, J. R. Roth, and B. M. Ames. 1968.
Procedures for identifying nonsense mutations. J. Bacteriol. 96:215–219.

9. Brumell, J. H., A. J. Perrin, D. L. Goosney, and B. B. Finlay. 2002. Microbial
pathogenesis: new niches for Salmonella. Curr. Biol. 12:R15-R17.

10. Brumell, J. H., P. Tang, S. D. Mills, and B. B. Finlay. 2001. Characterization
of Salmonella-induced filaments (Sifs) reveals a delayed interaction between
Salmonella-containing vacuoles and late endocytic compartments. Traffic
2:643–653.

11. Buchmeier, N. A., and F. Heffron. 1989. Intracellular survival of wild-type
Salmonella typhimurium and macrophage-sensitive mutants in diverse pop-
ulations of macrophages. Infect. Immun. 57:1–7.

12. Buchwald, D. S., and M. J. Blaser. 1984. A review of human salmonellosis.
II. Duration of excretion following infection with nontyphi Salmonella. Rev.
Infect. Dis. 6:345–356.

13. Cano, D. A., M. Martinez-Moya, M. G. Pucciarelli, E. A. Groisman, J.
Casadesus, and F. Garcia-Del Portillo. 2001. Salmonella enterica serovar
Typhimurium response involved in attenuation of pathogen intracellular
proliferation. Infect. Immun. 69:6463–6474.

14. Clements, M. O., S. Eriksson, A. Thompson, S. Lucchini, J. C. Hinton, S.
Normark, and M. Rhen. 2002. Polynucleotide phosphorylase is a global
regulator of virulence and persistence in Salmonella enterica. Proc. Natl.
Acad. Sci. USA 99:8784–8789.

15. Edelman, R., and M. M. Levine. 1986. Summary of an international work-
shop on typhoid fever. Rev. Infect. Dis. 8:329–349.

16. Elliott, T., Y. J. Avissar, G. E. Rhie, and S. I. Beale. 1990. Cloning and
sequence of the Salmonella typhimurium hemL gene and identification of the
missing enzyme in hemL mutants as glutamate-1-semialdehyde aminotrans-
ferase. J. Bacteriol. 172:7071–7084.

17. Fierer, J., and D. G. Guiney. 2001. Diverse virulence traits underlying dif-
ferent clinical outcomes of Salmonella infection. J. Clin. Investig. 107:775–
780.

18. Finlay, B. B., and J. H. Brumell. 2000. Salmonella interactions with host cells:
in vitro to in vivo. Philos. Trans. R. Soc. Lond. B Biol. Sci. 355:623–631.

19. Galán, J. E. 2001. Salmonella interactions with host cells: type III secretion
at work. Annu. Rev. Cell. Dev. Biol. 17:53–86.

20. Garcia-del Portillo, F. 2001. Salmonella intracellular proliferation: where,
when and how? Microb. Infect. 3:1305–1311.

21. Garcia-del Portillo, F., and B. B. Finlay. 1995. Targeting of Salmonella
typhimurium to vesicles containing lysosomal membrane glycoproteins by-
passes compartments with mannose 6-phosphate receptors. J. Cell Biol.
129:81–97.

22. Garcia-del Portillo, F., H. Jungnitz, M. Rohde, and C. A. Guzman. 2000.
Interaction of Salmonella enterica serotype Typhimurium with dendritic cells
is defined by targeting to compartments lacking lysosomal membrane glyco-
proteins. Infect. Immun. 68:2985–2991.

23. Garvis, S. G., C. R. Beuzon, and D. W. Holden. 2001. A role for the PhoP/Q
regulon in inhibition of fusion between lysosomes and Salmonella-containing
vacuoles in macrophages. Cell. Microbiol. 3:731–744.

24. Gerber, A. U., and W. A. Craig. 1982. Aminoglycoside-selected subpopula-
tions of Pseudomonas aeruginosa: characterization and virulence in normal
and leukopenic mice. J. Lab. Clin. Med. 100:671–681.

25. Gorvel, J. P., and S. Meresse. 2001. Maturation steps of the Salmonella-
containing vacuole. Microb. Infect. 3:1299–1303.

26. Haussler, S., M. Rohde, and I. Steinmetz. 1999. Highly resistant Burkholderia
pseudomallei small colony variants isolated in vitro and in experimental
melioidosis. Med. Microbiol. Immunol. 188:91–97.

27. Haussler, S., B. Tummler, H. Weissbrodt, M. Rohde, and I. Steinmetz. 1999.
Small-colony variants of Pseudomonas aeruginosa in cystic fibrosis. Clin.
Infect. Dis. 29:621–625.

28. Hernandez-Pando, R., M. Jeyanathan, G. Mengistu, D. Aguilar, H. Orozco,
M. Harboe, G. A. Rook, and G. Bjune. 2000. Persistence of DNA from
Mycobacterium tuberculosis in superficially normal lung tissue during latent
infection. Lancet 356:2133–2138.

29. Hoiseth, S. K., and B. A. Stocker. 1981. Aromatic-dependent Salmonella
typhimurium are non-virulent and effective as live vaccines. Nature 291:238–
239.

30. Kahl, B., M. Herrmann, A. S. Everding, H. G. Koch, K. Becker, E. Harms,
R. A. Proctor, and G. Peters. 1998. Persistent infection with small colony
variant strains of Staphylococcus aureus in patients with cystic fibrosis. J. In-
fect. Dis. 177:1023–1029.

31. Kleckner, N., J. Bender, and S. Gottesman. 1991. Uses of transposons with
emphasis on Tn10. Methods Enzymol. 204:139–180.

32. Martinez-Lorenzo, M. J., S. Meresse, C. de Chastellier, and J. P. Gorvel.
2001. Unusual intracellular trafficking of Salmonella typhimurium in human
melanoma cells. Cell. Microbiol. 3:407–416.

33. Martinez-Moya, M., M. A. de Pedro, H. Schwarz, and F. Garcia-del Portillo.
1998. Inhibition of Salmonella intracellular proliferation by non-phagocytic
eucaryotic cells. Res. Microbiol. 149:309–318.

34. Massey, R. C., A. Buckling, and S. J. Peacock. 2001. Phenotypic switching of
antibiotic resistance circumvents permanent costs in Staphylococcus aureus.
Curr. Biol. 11:1810–1814.

35. Meganathan, R. 2001. Ubiquinone biosynthesis in microorganisms. FEMS
Microbiol. Lett. 203:131–139.

36. Mills, S. D., S. R. Ruschkowski, M. A. Stein, and B. B. Finlay. 1998. Traf-
ficking of porin-deficient Salmonella typhimurium mutants inside HeLa cells:
ompR and envZ mutants are defective for the formation of Salmonella-
induced filaments. Infect. Immun. 66:1806–1811.

37. Niedergang, F., J. C. Sirard, C. T. Blanc, and J. P. Kraehenbuhl. 2000. Entry
and survival of Salmonella typhimurium in dendritic cells and presentation of
recombinant antigens do not require macrophage-specific virulence factors.
Proc. Natl. Acad. Sci. USA 97:14650–14655.

38. Ohl, M. E., and S. I. Miller. 2001. Salmonella: a model for bacterial patho-
genesis. Annu. Rev. Med. 52:259–274.

39. Proctor, R. A., B. Kahl, C. von Eiff, P. E. Vaudaux, D. P. Lew, and G. Peters.
1998. Staphylococcal small colony variants have novel mechanisms for anti-
biotic resistance. Clin. Infect. Dis. 27(Suppl. 1):S68-S74.

40. Proctor, R. A., P. van Langevelde, M. Kristjansson, J. N. Maslow, and R. D.
Arbeit. 1995. Persistent and relapsing infections associated with small-colony
variants of Staphylococcus aureus. Clin. Infect. Dis. 20:95–102.

41. Quail, M. A., D. J. Haydon, and J. R. Guest. 1994. The pdhR-aceEF-lpd
operon of Escherichia coli expresses the pyruvate dehydrogenase complex.
Mol. Microbiol. 12:95–104.

42. Rathman, M., M. D. Sjaastad, and S. Falkow. 1996. Acidification of phago-
somes containing Salmonella typhimurium in murine macrophages. Infect.
Immun. 64:2765–2773.

43. Reed, L. J., and H. Muench. 1935. A simple method of estimating fifty per
cent endpoints. Am. J. Hyg. 27:493–497.

44. Richter-Dahlfors, A., A. M. Buchan, and B. B. Finlay. 1997. Murine salmo-
nellosis studied by confocal microscopy: Salmonella typhimurium resides
intracellularly inside macrophages and exerts a cytotoxic effect on phagocytes
in vivo. J. Exp. Med. 186:569–580.

45. Roggenkamp, A., A. Sing, M. Hornef, U. Brunner, I. B. Autenrieth, and
J. Heesemann. 1998. Chronic prosthetic hip infection caused by a small-
colony variant of Escherichia coli. J. Clin. Microbiol. 36:2530–2534.

46. Rosenberger, C. M., and B. B. Finlay. 2002. Macrophages inhibit Salmonella
typhimurium replication through MEK/ERK kinase and phagocyte NADPH
oxidase activities. J. Biol. Chem. 277:18753–18762.

47. Salcedo, S. P., M. Noursadeghi, J. Cohen, and D. W. Holden. 2001. Intra-

VOL. 71, 2003 SCV OF S. ENTERICA SEROVAR TYPHIMURIUM 3697

 on July 19, 2017 by U
S

E
/B

C
T

A
.G

E
N

 U
N

IV
E

R
S

IT
A

R
IA

http://iai.asm
.org/

D
ow

nloaded from
 

http://iai.asm.org/


cellular replication of Salmonella typhimurium strains in specific subsets of
splenic macrophages in vivo. Cell. Microbiol. 3:587–597.

48. Steele-Mortimer, O., J. H. Brumell, L. A. Knodler, S. Meresse, A. Lopez, and
B. B. Finlay. 2002. The invasion-associated type III secretion system of
Salmonella enterica serovar Typhimurium is necessary for intracellular pro-
liferation and vacuole biogenesis in epithelial cells. Cell. Microbiol. 4:43–54.

49. Steele-Mortimer, O., S. Meresse, J. P. Gorvel, B. H. Toh, and B. B. Finlay.
1999. Biogenesis of Salmonella typhimurium-containing vacuoles in epithelial
cells involves interactions with the early endocytic pathway. Cell. Microbiol.
1:33–49.

50. Steele-Mortimer, O., M. St-Louis, M. Olivier, and B. B. Finlay. 2000. Vac-
uole acidification is not required for survival of Salmonella enterica serovar
Typhimurium within cultured macrophages and epithelial cells. Infect. Im-
mun. 68:5401–5404.

51. Uchiya, K., M. A. Barbieri, K. Funato, A. H. Shah, P. D. Stahl, and E. A.
Groisman. 1999. A Salmonella virulence protein that inhibits cellular traf-
ficking. EMBO J. 18:3924–3933.

52. Vaudaux, P., P. Francois, C. Bisognano, W. L. Kelley, D. P. Lew, J.
Schrenzel, R. A. Proctor, P. J. McNamara, G. Peters, and C. von Eiff. 2002.
Increased expression of clumping factor and fibronectin-binding proteins by
hemB mutants of Staphylococcus aureus expressing small colony variant phe-
notypes. Infect. Immun. 70:5428–5437.

53. Vazquez-Torres, A., G. Fantuzzi, C. K. Edwards 3rd, C. A. Dinarello, and
F. C. Fang. 2001. Defective localization of the NADPH phagocyte oxidase to
Salmonella-containing phagosomes in tumor necrosis factor p55 receptor-
deficient macrophages. Proc. Natl. Acad. Sci. USA 98:2561–2565.

54. Vesga, O., M. C. Groeschel, M. F. Otten, D. W. Brar, J. M. Vann, and R. A.

Proctor. 1996. Staphylococcus aureus small colony variants are induced by the
endothelial cell intracellular milieu. J. Infect. Dis. 173:739–742.

55. Virgilio, R., and A. M. Cordano. 1981. Naturally occurring prototrophic
strains of Salmonella typhi. Can. J. Microbiol. 27:1272–1275.

56. von Eiff, C., K. Becker, D. Metze, G. Lubritz, J. Hockmann, T. Schwarz, and
G. Peters. 2001. Intracellular persistence of Staphylococcus aureus small-
colony variants within keratinocytes: a cause for antibiotic treatment failure
in a patient with darier’s disease. Clin. Infect. Dis. 32:1643–1647.

57. von Eiff, C., C. Heilmann, R. A. Proctor, C. Woltz, G. Peters, and F. Gotz.
1997. A site-directed Staphylococcus aureus hemB mutant is a small-colony
variant which persists intracellularly. J. Bacteriol. 179:4706–4712.

58. von Eiff, C., R. A. Proctor, and G. Peters. 2000. Staphylococcus aureus small
colony variants: formation and clinical impact. Int. J. Clin. Pract. Suppl.
115:44–49.

59. von Eiff, C., P. Vaudaux, B. C. Kahl, D. Lew, S. Emler, A. Schmidt, G. Peters,
and R. A. Proctor. 1999. Bloodstream infections caused by small-colony
variants of coagulase-negative staphylococci following pacemaker implanta-
tion. Clin. Infect. Dis. 29:932–934.

60. Wigley, P., A. Berchieri, Jr., K. L. Page, A. L. Smith, and P. A. Barrow. 2001.
Salmonella enterica serovar Pullorum persists in splenic macrophages and in
the reproductive tract during persistent, disease-free carriage in chickens.
Infect. Immun. 69:7873–7879.

61. Yao, J. D., M. Louie, L. Louie, J. Goodfellow, and A. E. Simor. 1995.
Comparison of E test and agar dilution for antimicrobial susceptibility test-
ing of Stenotrophomonas (Xanthomonas) maltophilia. J. Clin. Microbiol. 33:
1428–1430.

62. Young, D., T. Hussell, and G. Dougan. 2002. Chronic bacterial infections:
living with unwanted guests. Nat. Immunol. 3:1026–1032.

Editor: B. B. Finlay

3698 CANO ET AL. INFECT. IMMUN.

 on July 19, 2017 by U
S

E
/B

C
T

A
.G

E
N

 U
N

IV
E

R
S

IT
A

R
IA

http://iai.asm
.org/

D
ow

nloaded from
 

http://iai.asm.org/

