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Salmonella typhimurium infection of mice is an established model system for studying typhoid fever in hu-
mans. Using this model, we identified S. typhimurium genes which are absolutely required to cause fatal murine
infection by testing independently derived transposon insertion mutants for loss of virulence in vivo. Of the 330
mutants tested intraperitoneally and the 197 mutants tested intragastrically, 12 mutants with 50% lethal doses
greater than 1,000 times that of the parental strain were identified. These attenuated mutants were charac-
terized by in vitro assays which correlate with known virulence functions. In addition, the corresponding
transposon insertions were mapped within the S. typhimurium genome and the nucleotide sequence of the trans-
poson-flanking DNA was obtained. Salmonella spp. and related bacteria were probed with flanking DNA for the
presence of these genes. All 12 attenuated mutants had insertions in known genes, although the attenuating
effects of only two of these were previously described. Furthermore, the proportion of attenuated mutants
obtained in this study suggests that mutations in about 4% of the Salmonella genome lead to 1,000-fold or
greater attenuation in the mouse typhoid model of infection. Most of these genes appear to be required during
the early stages of a natural infection.

Bacterial pathogens require the coordinate expression of
many genes in order to cause productive infection of their
hosts. Some of these genes have been described and exten-
sively characterized, often by first isolating mutants in vitro
which are defective for characteristics thought to be important
for virulence in vivo, e.g., the ability to invade cultured epithe-
lial cells or to survive within phagocytic cells (12, 24). Such
mutants are then tested in vivo to confirm the attenuating
effect of the genetic lesion. In many cases, however, the atten-
uating effect of the mutation in vivo is relatively modest (13).
The principal aim of this work was to identify and characterize
Salmonella typhimurium genes which are among the most es-
sential for virulence.

Salmonella is an ideal subject for this study because it is
amenable to genetic manipulation and a well-characterized
animal model system is available to study its pathogenicity (8,
27). Although the various Salmonella spp. are closely related,
they can cause diverse human disease syndromes ranging from
acute self-limiting gastroenteritis to typhoid fever, a severe and
often fatal systemic illness. S. typhimurium is a major cause of
food poisoning and diarrheal disease worldwide (38). In ge-
netically susceptible mice (ItyS), however, it causes a dissemi-
nated infection similar to human typhoid. The course of oral
infection in these animals is essentially linear—bacteria move
from the gut via the lymphatic system to the liver and spleen,

where they multiply intracellularly in macrophages until the
infected animal succumbs to fatal septicemia.

Our strategy was to construct a bank of independent mu-
tants and to screen each one directly for loss of virulence in
mice. By applying a stringent definition of attenuation (a 50%
lethal dose [LD50] 3 orders of magnitude greater than the
parental LD50), we hoped to identify only those genes which
contribute significantly to virulence. To carry out the mutagen-
esis, we used a transposition-defective MudJ transposon which
could be temporarily complemented in cis for transposition
functions (18). There are several advantages to this system: (i)
the transposition of MudJ is the most random of any transpo-
son studied (30), (ii) when the procedure is carried out as
described by Hughes and Roth (18), the mutants are all inde-
pendently derived, (iii) because this MudJ derivative is defec-
tive for further transposition, the insertions are stable (18), and
(iv) because MudJ contains a promoterless copy of lacZ, it is
possible to monitor transcription of the mutated gene, pro-
vided the insertion creates an appropriate transcriptional fu-
sion (9).

In the course of the study, we sampled approximately 10% of
the S. typhimurium genome. This allowed us to fulfill the sec-
ond goal of the study, which was to estimate the number of
genes required by S. typhimurium during two distinct phases of
murine infection: passage from the stomach to the draining
lymph nodes and penetration from these lymph nodes to the
systemic circulation. Although a similar sampling approach has
been used to estimate the number of genes which are essential
for viability in the budding yeast, Saccharomyces cerevisiae, we
believe that this is the first time such an estimate has been
obtained for any bacterial pathogen and its host (7).

MATERIALS AND METHODS

Bacterial strains and cell lines. The wild-type S. typhimurium strain ATCC
14028 was used. TT10288, an S. typhimurium strain which carries MudI and MudJ
transposons, was a gift from Kelly Hughes (University of Washington, Seattle).
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With the exception of TT10288, which was grown at 30°C, all bacterial strains
were routinely grown at 37°C on Luria-Bertani (LB) agar or in LB broth.
Kanamycin and ampicillin were added to cultures where appropriate at concen-
trations of 60 and 100 mg/ml, respectively. Media stocks were obtained from
Difco (Detroit, Mich.), and supplements were obtained from Sigma (St. Louis,
Mo.).

The murine macrophage-like cell line J774.10 was kindly provided by Barry
Bloom (Albert Einstein University, New York, N.Y.). These cells were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM) containing 4.5 g of
glucose per ml, supplemented with 2 mM glutamine and 10% equine serum. The
cells were passaged in the presence of penicillin (50 IU/ml) and streptomycin (50
mg/ml). They were grown in the absence of antibiotics for 24 h before assays.
Chinese hamster ovary (CHO) cells were maintained in DMEM with 10% fetal
calf serum and 1% nonessential amino acids. Caco-2 cells were maintained in
MEM supplemented with 20% fetal calf serum, 1% nonessential amino acids,
and 1 mM sodium pyruvate. All tissue culture stocks were obtained from Gibco
(Gaithersburg, Md.), apart from sera which were obtained from HyClone (Lo-
gan, Utah).

Mutagenesis. Mutagenesis was carried out according to the procedure of
Hughes and Roth (18). Mutants were selected on LB agar and then screened to
eliminate histidine auxotrophs (which represent homologous recombinants
rather than insertion mutants) and P22 lysogens, by standard procedures (11, 21).

Identification of attenuated mutants in vivo. Mutants were directly screened
for loss of virulence in BALB/c female mice. Animals were aged 6 to 8 weeks and
either were obtained from the breeding facility of the Scripps Research Institute
or were purchased from Jackson Labs, Bar Harbor, Maine. For intragastric (i.g.)
inoculation, 108 stationary-phase bacteria in 0.2 ml of LB broth were adminis-
tered by gavage to two mice, which were then monitored for 28 days. Animals
were given food and water ad libitum, and moribund animals were euthanized.
If both survived, the corresponding mutation was retransduced into the wild-type
background and 109 transductants were administered to two further animals.
Mutants which were nonlethal at the higher dose were designated “attenuated
i.g.” A dose of 103 bacteria was used for intraperitoneal (i.p.) inoculation.
Bacteria were suspended in phosphate-buffered saline, pH 7.4, and administered
with a 25-gauge needle in a final volume of 0.5 ml. Mutants which were nonlethal
at this lower dose were retransduced and retested at a dose of 104. Those which
were nonlethal at the higher dose were designated “attenuated i.p.” Mutants
which did not kill animals at the lower doses but were virulent at the higher doses
were described as being of intermediate virulence.

Determination of LD50s. Four groups of four mice were inoculated with serial
10-fold dilutions of overnight bacterial cultures. Animals were monitored for 28
days, and LD50s were calculated by the method of Reed and Muench (35).
Positive and negative controls were included in each experiment.

LPS profile analysis. Alterations of the lipopolysaccharide (LPS) profile were
identified by silver staining, as previously described (40).

Leakiness of the bacterial membrane. The integrity of mutant bacterial mem-
branes was checked as described elsewhere (3).

Measurement of resistance to sodium deoxycholate and Preimmune rabbit
serum and determination of growth rate. Approximately 105 bacteria in 100 ml
of saline were added to 100 ml of either 1% sodium deoxycholate in saline, 20%
normal rabbit serum, or saline. After incubation at 37°C, for 2.5 h (sodium
deoxycholate) or 1 h (serum), the viability of the cultures was determined by
plating. For growth rate determinations, cultures were set up in LB broth and
viability was determined by plating at 1.5 and 4 h postinoculation.

Survival in murine macrophage J774.10 cells. The ability of mutants to survive
within J774.10 cells was tested as described previously (6). Bacterial viability was
determined at 0 and 18 h after infection of cells.

Ability to invade epithelial cells. Invasion assays were carried out according to
the protocol of Miller and Falkow (28), with minor modifications. Bacteria were
grown for 4 h, and a multiplicity of infection (MOI) of 100 to 200 was used.

Expression of b-galactosidase. Mutants were tested for b-galactosidase activ-
ity in two ways. (i) Bacteria were plated in parallel on minimal glucose medium
or LB agar supplemented with 5-bromo-4-chloro-3-indolyl-b-D-galactopyrano-
side (X-Gal) (29), followed by overnight incubation under aerobic or anaerobic
conditions. Blue colonies were scored as positive for activity. (ii) Macrophages
were first infected with mutants, at an MOI of 100 to 200, unphagocytized
bacteria were removed by washing and gentamicin treatment, and the cells were
then overlaid with cooled fresh medium containing 0.7% Noble agar and X-Gal
(0.5 mg/ml). After overnight incubation, blue colonies were scored as positive.

Determination of in vivo growth kinetics. Bacteria were administered by ga-
vage to mice, as described above. At each time point, four mice were sacrificed
and their livers, spleens, mesenteric lymph nodes, and most-distal Peyer’s
patches were aseptically removed. Organs were homogenized in sterile water in
a Colworth Stomacher 80 (A. J. Seward, London, United Kingdom), and dilu-
tions were plated to determine numbers of viable bacteria. Results are expressed
as organ geometric means 6 standard errors of the means.

Physical mapping of mutations. Physical mapping of transposon insertions was
carried out by contour-clamped homogeneous electric field gel analysis of XbaI
and BlnI restriction digests of each mutant as previously described (23, 43). Since
these restriction sites are not present in MudJ, they had to be introduced. This
was achieved by first generating a nalidixic acid-resistant variant of each atten-
uated mutant and then using these variants as recipients in a conjugation with

Escherichia coli DH5a carrying pMAP1. This suicide plasmid, which contains
XbaI and BlnI sites, integrates into the MudJ element via homologous recom-
bination with lacZ (41). The map positions of insertions were more precisely
located by using flanking DNA from each of the mutant strains (see below) to
probe a mapping set of Mud-P22 hybrid phage derivatives, as previously de-
scribed (4).

Southern blot hybridization, mapping, and sequencing of mutated genes. AluI,
HaeIII, and EcoRI restriction digests of DNA from each mutant were probed
with a 300-bp fragment from the left-hand end of phage Mu. The probe was
generated by PCR from a clone of Mu using 59 CTGTT ATTGA AATGA TTT
39 (forward) and 59 TGTAT TGATT CACTT GAA 39 (reverse). Southern
hybridization was carried out with the DIG DNA labelling kit (Boehringer
Mannheim Biochemicals, Mannheim, Germany) (36). For additional experi-
ments DNA flanking the insertions was first cloned by inverse PCR amplification
of AluI- or HaeIII-digested chromosomal DNA using the TA cloning kit (In-
Vitrogen, San Diego, Calif.) and then amplified with primers directly flanking the
insert (33). Nucleotide sequencing was carried out by the method of Sanger et al.
(37). Sequences obtained were compared to those in the GenBank and EMBL
databases by using the programs BlastX and BlastN (2, 15). To determine
whether closely related genes were present in other Enterobacteriaceae, the above
probes were hybridized under low-stringency conditions (filters were washed at
42°C in 53 SSPE [13 SSPE is 0.18 M NaCl, 10 mM NaH2PO4, and 1 mM
EDTA, pH 7.7]) to EcoRI restriction digests of a range of bacterial strains,
including various serovars of Salmonella (among them, S. typhi), pathogenic
strains of E. coli, Shigella serovars, Yersinia, and Proteus, as listed by Stojiljkovic
et al. (39).

RESULTS

Identification of mutants attenuated by i.g. and i.p. infec-
tions. We found that approximately 3% of the 330 mutants
used in this study were non-histidine auxotrophs, consistent
with previously published estimates of the number of genes
involved in nutrient biosynthesis pathways in Salmonella (18).
Histidine auxotrophs were eliminated since they represent P22
transduction of the original MudJ transposon without transpo-
sition to new chromosomal sites. The mutants were directly
screened for attenuation in vivo by infection of BALB/c mice.
All 330 mutants (CL1 to -647) were inoculated by the i.p.
route, and the first 197 (CL1 to -429) were inoculated i.g. From
a total of 12 attenuated mutants, 4 were found to be attenuated
i.p. and 8 were found to be attenuated i.g. (All mutants which
were of intermediate virulence or attenuated i.p. were tested
i.g. Thus, mutants CL448 [attenuated i.p.], -500, -547, and -554
[intermediate virulence i.p.] were found to be attenuated oral-
ly but were not part of the systematic oral screen. They are
therefore not included in the calculations of the percentage of
the genome which is required for infection by the oral route.)
Accurate LD50s were obtained for each attenuated mutant in
Table 1. A high degree of attenuation was found for all of the
mutants; the lowest LD50 within the i.p. group was more than
4 orders of magnitude higher than that of the parental strain,
while, within the orally attenuated group, LD50s were also
increased between 103- and 104-fold. All mutants which were
attenuated i.p. were also attenuated i.g., but the converse was
not true.

Correlates of attenuation. The attenuated mutants identi-
fied in vivo were tested in a range of in vitro assays in an
attempt to find a correlate(s) of attenuation. The results of
these analyses are presented in Table 2. We found that almost
all of the orally attenuated mutants are prototrophs with a
smooth LPS profile and an intact outer membrane. Further-
more, all of the members of this group survive within macro-
phages. The mutants attenuated for later phases of infection
(i.e., the i.p.-attenuated group) either are sensitive to surface-
damaging agents or are compromised in their interactions with
eukaryotic cells.

Activity of MudJ-lacZ fusions. Insertion of MudJ can gener-
ate a transcriptional fusion between an interrupted gene and
lacZ, allowing the expression of the affected gene to be as-
sessed by determination of b-galactosidase activity. We as-
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sayed this activity in our attenuated mutants under a number of
different conditions (Table 2). Five mutants (CL79, -230, -448,
-288, and -554) contained fusions that were expressed under
every condition tested, two mutants (CL98 and -238) did not
demonstrate b-galactosidase activity under any condition test-
ed, and four mutants (CL13, -287, -500, and -547) contained
fusions which were induced by growth on minimal media or in
tissue culture media, suggesting perhaps that stress (in this
case, nutrient limitation) is critical for regulation of these
genes. One mutation appeared to be in a gene which is spe-
cifically induced by contact with J774 cells (CL401).

Characterization of selected mutants in vivo. On the basis of
our in vitro characterization, the in vivo growth kinetics of two
mutants, CL79 and CL448 were examined. The results are
shown in Fig. 1. Both CL79 and CL448 had specific blocks in
infection that were consistent with phenotypes established by
in vitro analyses. CL79 appears unable to penetrate beyond the
gut, perhaps as a consequence of its inability to invade the
lining epithelial cells of the intestine. CL448, in contrast, can
successfully cross the gut, in agreement with its ability to in-
vade epithelial cells in vitro, but is unable to cause fatal infec-
tion. Its inability to survive within macrophages in vitro or to

TABLE 1. LD50s and in vitro characterization of avirulent mutants

Mutant
LD50 (log10) Growth in

LB brotha Leakiness
(7.5 h)b

Resistance to: Cell invasion Survival in
J774 cellsa

i.p. i.g. 1.5 h 4 h DOCc NRSd CHO cellsa Caco-2 cellsa

CL13 6.34 .11.81 11 11 2 11 11 11 11 2
CL79 4.65 .11.90 1 1 1 111 1 1 1 1
CL230 .7.23 .9.52 11 1 2 1 2 2 2 1
CL448 6.68 .11.81 1 11 111 2 2 11 11 1

CL98 ,4.00 8.90 11 11 2 11 1 111 11 11
CL238 ,4.00 .9.05 11 11 2 11 11 11 11 11
CL287 ,4.00 .9.13 11 11 2 111 11 11 1 11
CL288 ,4.00 .10.11 11 11 2 111 1/11 11 1 11
CL401 ,4.00 .8.35 1 11 1 1 1/11 1 1 1
CL500 ,4.00e .9.95 11 11 2 11 11 11 11 11
CL547 ,4.00e .11.87 11 11 2 11 1 1 1 1
CL554 ,4.00e .9.99 11 11 2 11 11 11 11 11

14028 ,1.00f 5.78f 11 11 2 11 11 11 11 11

a 11, comparable to the wild-type level; 1, ,50% of the wild-type level; 2, ,10% of the wild-type level.
b Membrane leakiness was scored qualitatively by comparing the zones of clearing around colonies with that for the wild type.
c In most cases there was growth of the inoculum in sodium deoxycholate (DOC), and scores were based on the level of growth observed. 2, inoculum killed; 1,

,50% of wild-type growth; 11, growth comparable to wild-type growth; 111, growth rate exceeding wild-type growth by .50%.
d Scores were based on both survival and growth of the original inoculum in normal rabbit serum (NRS), compared with those of the parental strain. 2, ,10% of

the inoculum survived; 1, ,50% of the inoculum survived; 1/11, the inoculum grew by ,50%; 11, the inoculum grew by .50%. Comparison of the resistances of
mutants to normal and heat-treated sera revealed that CL230, CL448, and CL98 are complement sensitive while CL79 and CL547 appear sensitive to a different serum
component.

e Between 3 and 4.
f Mean for three experiments.

TABLE 2. Genetic analysis of avirulent mutantsa

Mutant
b-Galactosidase activity Species

specificityb
Map position

(min)
Sequence
homology Reference

LBc MinGluc,d DMEMe J774e

CL13 2 NG 1 1 99 deoA Blattner et al. (5)
CL79 1 1 1 1 Salmonella pVstm 39 ORF11 Friedrich et al. (14)
CL230 1 1 1 1 Salmonella 80
CL448 1 1 1 1 17 tolB Levengood et al. (20)

CL98 2 2 2 2 94 59 phoN Blattner et al. (5)
CL238 2 2 2 2 25 o85 Blattner et al. (5)
CL287 2 1 2 1 IC yabJ/K Blattner et al. (5)
CL288 1 1 1 1 97 mdoB Blattner et al. (5)
CL401 2 2 2 1 51 fmt Blattner et al. (5)
CL500 2 1 1 1 34 pdx Blattner et al. (5)
CL547 2 1 2 1 70 yhdJ Blattner et al. (5)
CL554 1 1 1 1 54 mdh Blattner et al. (5)

14028 2 2 2 2 NA NA NA

a NA, not applicable; NG, no growth; IC, inconclusive.
b Mutants which hybridized only with Salmonella are indicated. The remainder hybridized with at least one other enterobacterial strain.
c Growth on agar containing X-Gal, scored as blue colonies. Results were similar for aerobic and anaerobic conditions.
d MinGlu, minimal glucose medium.
e Growth after contact with J774.10 macrophages or DMEM tissue culture medium, scored as blue wells.
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resist the bactericidal effects of nonimmune serum also are in
agreement with the observed block in infection.

Physical mapping and sequence analyses of genes identified.
In order to precisely map the mutations and identify the func-
tions of the cognate genes, a combination of physical mapping
techniques and DNA sequencing was employed. Flanking se-
quences from 11 of 12 mutations share DNA sequence simi-
larity with previously identified genes (Table 2). The mutations
can be divided into two groups: those with homology to genes

of known function and those whose function is unknown. The
first group includes the mutations in deoA, a component of
the thymidine salvage pathway (5), and the mutation in CL230
which is likely to be in an LPS biosynthetic gene, although no
sequence data was obtained for this mutant. The first group
also includes mutations in genes with known functions whose
attenuating effects were previously unknown: tolB, encoding
a transport protein (20); mdoB, encoding a phosphoglycerol
transferase (5); yhdJ, encoding an adenine-specific DNA meth-
ylase (5); yabJ/K, encoding a putative ABC (ATP-binding cas-
sette) transporter and permease, respectively (5); fmt, encod-
ing a methionyl-tRNA formyltransferase (5); pdx, encoding a
pyridoxine kinase (5); and a gene encoding a putative malate
oxidoreductase (5). Finally, this group also includes CL79,
which contains an insertion in a gene with homology to an
open reading frame on the Salmonella virulence plasmid (14).
The second group is composed of mutations in genes with no
known function and includes mutants CL98 and CL238.

Using DNA flanking the insertions as probes, we carried out
Southern hybridization against a variety of Salmonella sero-
vars, including S. typhi, and several other gram-negative bac-
teria. We found that 10 appear to be located in sequences that
are conserved among the Enterobacteriaceae, while the remain-
ing 2 either are not highly conserved or are found within
sequences that are unique to Salmonella (Table 2).

DISCUSSION

Bacterial pathogenicity is thought to depend on a vast array
of genes acting in concert, many of which are located in com-
plex regulatory pathways that respond to a variety of signals
within the host. Given the evidence suggesting that many
genes may be involved in virulence, we attempted, for S. ty-

FIG. 1. In vivo growth kinetics of avirulent mutants. 14028 (A), CL79 (B),
and CL448 (C) were administered at doses of log 9.17, log 10.75, and log 10.91,
respectively. Results are expressed as geometric means with standard errors of
the means.
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phimurium, to find some of the most essential. By screening
directly in vivo and setting stringent criteria for the definition
of attenuation, we hoped to identify genes which play a crucial
role in infection.

In a collection of 330 transposon insertion mutants, we
found that 4 were highly attenuated by the i.p. route of infec-
tion. This group represents genes which are required by S. ty-
phimurium to spread via the mediastinal lymph nodes which
drain the peritoneum, to the liver and spleen. The first 197
(CL1 to -429) of the mutants were also tested i.g., and 8 (CL13,
-79, -98, -230, -238, -287, -288, and -401) were found to be high-
ly attenuated. These represent genes which would be required
during a natural infection. Of these eight, we had already iden-
tified three (CL13, -79, and -230) in the i.p. screen. Thus, 5 mu-
tants of the first 194 (197 minus 3, to avoid those already count-
ed) were attenuated by the oral route but remained fully virulent
i.p. The cognate genes in these mutants are involved in passage of
the organism from the stomach to the lymphatic system.

Attenuated mutants were characterized by a range of in vitro
assays in an attempt to identify one or more correlates of at-
tenuation. We found that the clearest correlate for those which
were attenuated i.p. is an inability to survive intracellularly, a
result which supports the widely held belief that Salmonella is
an intracellular pathogen and that the products of many genes
are involved in intracellular survival. There was no obvious cor-
relate of attenuation i.g., a finding which may reflect the wide
range of host defenses the organism must overcome and per-
haps underlines the complexity of Salmonella pathogenicity.

Analysis of the mutants at the DNA level revealed that of 12
mutations identified, 11 are located in sequences that have
previously been reported or have homology with genes in the
database. For some of these, the genetic lesion in question
causes a reduction in virulence which is consistent with what is
already known about Salmonella pathogenicity, e.g., the deoA
mutant (CL13) is a purine auxotroph, a known attenuating
mutation (32). Although CL230 has no homology to any of the
genes in the database, its LPS phenotype and map location
suggest that the insertion in this mutant is in an LPS biosyn-
thesis gene, another attenuating lesion.

The insertion in CL448 (tolB) results in the leakage of cyto-
plasmic contents, suggesting that the mutant has a cell enve-
lope defect which could render it susceptible to adverse envi-
ronmental conditions within the host. Similarly, the insertion in
CL287 lies in a region with homology to two overlapping genes
of unknown function, yabJ and yabK, which are predicted to
encode an ABC transporter and a permease (5), respectively.

The insertion in CL79 is found on the S. typhimurium viru-
lence plasmid within ORF11 (14). Our sequence revealed an
error in the originally reported sequence (an extra G at posi-
tion 12906), the correction of which results in a reading frame-
shift and places the insertion in this mutant outside the ORF
and downstream of ORF11, within a 200-bp inverted repeat with
a long stem-loop structure. This region has homology to viru-
lence regulatory proteins in E. coli (26) and Yersinia spp. (10).
Furthermore, introduction of a clone of the inverted-repeat
region surrounding this insertion into the wild-type strain re-
sulted in a 100-fold reduction in the oral LD50, further sug-
gesting a role for this stem-loop structure in virulence gene
regulation (data not shown). The degree of attenuation exhib-
ited by CL79 is surprising since deletion of the entire plasmid
leads to ,10-fold attenuation after i.p. inoculation (17).

Mutant CL547 has an insertion in an adenine-specific DNA
methylase which is induced in response to several of the stress
conditions we tested. Perhaps this gene could also have a reg-
ulatory role, since control of pap pilus expression by uropatho-
genic strains of E. coli is controlled by dam methylase (31).

The effects of other mutations on virulence, however, are
less easy to understand; the disruption of mdoB (CL288), an
osmoregulated transferase which adds phosphoglycerol to peri-
plasmic oligosaccharides, also leads to attenuation. Similarly, the
mutation in CL401 is in a gene which has only 30% indirect
homology with the fmt gene, encoding methionyl-tRNA formyl-
transferase of E. coli. Unlike fmt mutants of E. coli, however,
this mutant does not show a reduced growth rate in rich me-
dium at 37°C (16). These data suggest that the interrupted
gene in CL401 probably does not perform this formylation
reaction as its primary function. The insertion in CL500 is in a
gene with homology to an E. coli ORF, encoding a putative
protein which is 51% identical to an enzyme which phosphor-
ylates B6 vitamins. If this is the role of the Salmonella protein,
it is once again difficult to suggest a possible role in virulence
for the gene.

The MudJ insertion in CL554 interrupts a gene with homol-
ogy to a putative malate oxidoreductase which is involved in
gluconeogenesis, suggesting a role for the cognate gene in the
utilization of unusual carbon sources in vivo. Alternatively,
since a role in adhesion to epithelial cells for the NADP-linked
malate oxidoreductase of Trichomonas vaginalis has recently
been described (1), perhaps the Salmonella gene might per-
form a similar function.

Many of the genes described above perform what might be
termed “housekeeping functions.” However, it is interesting to
note that Addis and coworkers are not alone in describing
cases of housekeeping genes which appear also to have a role
in virulence. A further example is that of streptococcal glycer-
aldehyde-3-phosphate dehydrogenase, which, when located on
the bacterial surface, loses its catalytic activity and functions as
a plasmin receptor (25, 34). Glutamate dehydrogenase from
Porphyromonas gingivalis can also be found on the surface of
the organism (19), suggesting perhaps another, nonhousekeep-
ing role for the enzyme.

For the remaining two mutants (CL98 and CL238), however,
neither the sequence homologies found nor the phenotypes
observed give any clues to the functions of the interrupted
genes. Although the insertion in CL98 is in a region upstream
of phoN, the mutant has normal acid phosphatase activity,
suggesting that the insertion is unlikely to be in a region with
any regulatory activity on phoN.

The size of the Salmonella genome has been estimated at
4.9 3 106 bp, and it encodes approximately 4,800 genes (22).
Given that the intergenic regions are small in enteric bacteria,
our sample of 197 mutants administered i.g. and 330 mutants
administered i.p. is equivalent to having sampled about 4 and
7% respectively, of Salmonella genes involved in infection by
these routes. We found that of the first 197 mutants screened,
about 4% were avirulent i.g., and of these, 3 were also avirulent
i.p. If we extrapolate to the entire genome, this percentage is
equivalent to a total of approximately 200 and represents all
those genes which are required for both stages of a natural
infection. Comparison of the numbers of mutants found to be
avirulent following i.g. and i.p. infections suggests that most
virulence genes are required in the initial phase, presumably
reflecting the additional obstacles an infecting organism must
overcome.

Because of the stringent definition of attenuation used
(LD50 increased by at least 3 orders of magnitude), our calcu-
lation above must clearly be a minimum estimate of the num-
ber of genes involved. Other factors that might limit the reli-
ability of this figure include the facts that insertions in genes
which strongly influence growth rate are less likely to be re-
covered, insertions in operons and regulators simultaneously
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inactivate multiple genes, and the insertional specificity of Mu,
while certainly extremely low, may not be entirely random (42).

The large number of virulence genes suggested by this study
indicates that survival in the host must involve a delicate bal-
ance of many genes acting precisely at the right time and in the
appropriate environment. What is also interesting is that even
if the total number of genes involved were doubled or trebled,
the percentage of the genome which does not seem to be spe-
cifically required for virulence might be as high as 80%. Per-
haps some of these other genes would be required for survival
in different hosts or niches or if the infecting dose of organisms
were lower, as it would be in nature.
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41. Tsolis, R. M., A. J. Bäumler, I. Stojiljkovic, and F. Heffron. 1995. Fur regulon
of Salmonella typhimurium: identification of new iron-regulated genes. J.
Bacteriol. 177:4628–4637.

42. Wang, X., and N. P. Higgins. 1994. “Muprints” of the lac operon demon-
strate physiological control over the randomness of in vivo transposition.
Mol. Microbiol. 12:665–677.

43. Wong, K. K., and M. McClelland. 1992. A BlnI restriction map of the
Salmonella typhimurium LT2 genome. J. Bacteriol. 174:1656–1661.

Editor: J. T. Barbieri

VOL. 66, 1998 S. TYPHIMURIUM INFECTION OF BALB/c MICE 3377


