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A set of Tnl0 mutants of Salmonella typhimurium which have a diminished capacity to survive in murine
macrophages and decreased virulence in mice has been described previously. In this study, we characterized
30 of these mutants and determined map locations of Tn10 insertions for 23 of these strains. In addition, short
fragments of transposon-flanking DNA were cloned, and the nucleotide sequence was determined for 23
mutants. Seven mutants carried transposon insertions in known genes, representing six loci: htr4, prc, purD,
fliD, nagA, and smpB. The possible roles of these genes in Salmonella virulence are discussed. One insertion was
found to be in an unknown gene which shared homology with the open reading frames Bv' and Bv located in
the pin inversion system of Shigella boydii. In one mutant, Tnl0 was found to be inserted in a gene with
significant homology to adhE of Escherichia coli and Clostridium acetobutylicum. The map location and degree
of homology indicate that the Salmonella gene encodes a related, but different, dehydrogenase. In 14 of the
mutants analyzed, Tn10 was inserted into genes which had no significant homologies to entries in the DNA and
protein data bases. In conclusion, 16 insertions define loci, termed ims for impaired macrophage survival,
which have not yet been described in S. typhimurium but have been shown previously to be necessary for full
virulence in mice. Although most ims loci are distributed randomly throughout the genome, a cluster was found
between 75 and 78 min on the Salmonella chromosome.

Salmonella typhimurium evokes a systemic disease in mice
called murine typhoid. In mice infected orally with S. typhi-
murium, the bacteria penetrate the intestinal mucosa and
reach the Peyer’s patches of the small intestine, the lymphatic
drainage areas. From these foci, S. syphimurium disseminates
via the lymphatics into the circulation, seeds the reticuloendo-
thelial cell system, and replicates within splenic and hepatic
tissue. A secondary bacteremia accompanied by rapid bacterial
replication finally causes the death of the animal (11, 24).

Although the observation that S. syphimurium replicates
within resident macrophages in splenic and hepatic tissue is
relatively old, only limited data concerning the genetics in-
volved in this interaction between host and pathogen are
available. In the mouse, innate resistance or susceptibility to
infection with S. typhimurium is under genetic control of the ity
locus (for immunity to S. fyphimurium) on chromosome 1 (34,
42, 43, 55). The bacterial genes involved in macrophage
survival were identified by screening 9,516 independent Tn/0
mutants of S. typhimurium in an in vitro assay for survival
within thioglycolate-elicited murine peritoneal macrophages
(16). A total of 83 Tn/0 mutants were found to have a
diminished capacity for intracellular survival (designated MS
[for macrophage survival] mutants). All MS mutants were less
virulent than the parent strain in vivo, demonstrating that
survival within macrophages is essential for Salmonella patho-
genesis (16). Twenty-two of 23 MS mutants tested multiplied
normally within epithelial cells, indicating that different sets of
genes are required for replication in phagocytic cells and
epithelial cells (17). Although survival of S. typhimurium within
macrophages varied with the source of cells, most MS mutants
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maintained their macrophage-sensitive phenotype within the
murine macrophage cell line J774 (17) and within murine
resident peritoneal, splenic, and bone-marrow-derived macro-
phages (6). The MS mutants were characterized with regard to
several in vitro conditions thought to stimulate the macro-
phage intracellular environment. These included oxidative
stress, nutrient-poor conditions, and the presence of defensins
in the growth medium (15, 16). This analysis led to the
identification of the phoPQ virulence genes as well as of several
auxotrophs, which indicated that the original screening had
selected Tn!/0 insertions in bona fide virulence genes as well as
in genes that encode housekeeping functions.

In this study, we describe the characterization of 28 attenu-
ated nonauxotrophic MS mutants along with one nonmotile
and one purine auxotroph MS mutant. The three phoPQ
mutants, which were identified and mapped earlier, were used
as controls so that a total of 33 MS mutants were analyzed
(Table 1). Map locations from Tnl0 insertions in phoPQ
mutants and in 23 additional MS mutants could be determined.
Cloning and nucleotide sequence analysis of transposon-flank-
ing DNA indicated that the majority of the identified loci were
not sequenced previously in S. typhimurium. This analysis will
facilitate the identification of new virulence factors, and fur-
ther characterization of these loci will improve our under-
standing of Salmonella virulence.

MATERIALS AND METHODS

Bacterial strains, media, and growth conditions. 14028r is a
rough derivative of S. typhimurium ATCC 14028 (16). Mac-
rophage-sensitive Tn/0 mutants of 14028r have been described
earlier (16). S. typhimurium strains carrying MudP22 pro-
phages are described elsewhere (5). Escherichia coli TA One
Shot and DH5a were purchased from InVitroGen and GIBCO
BRL, respectively. All bacteria were cultured aerobically at
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37°C. Antibiotics, when required, were included in the culture
medium or plates at the following concentrations: carbenicillin,
100 mg/ml; kanamycin, 60 mg/ml; and tetracycline, 15 mg/ml.
Analytical-grade chemicals were purchased from Sigma. Re-
striction endonuclease Binl was purchased from TaKaRa
Biochemical Inc., and all other enzymes were purchased from
Boehringer Mannheim.

Minimal medium was prepared as described by Miller (38)
with either 0.2% N-acetylglucosamine (Sigma) or 0.2% glucose
(Sigma) as the sole carbon source.

Pulsed-field gel electrophoresis. Preparation of agarose-
embedded chromosomal DNA for pulsed-field gel electro-
phoresis was based on a protocol from Liu and Sanderson (35).
In brief, cells were harvested from 5 ml of an early-log-phase
bacterial culture, resuspended in 0.5 ml of prewarmed (37°C)
cell suspension buffer (10 mM Tris-HCI [pH 7.2], 20 mM NaCl,
100 mM EDTA), and mixed with 0.5 ml of 2% agarose
(InCert) which was dissolved in phosphate-buffered saline
(PBS) and precooled to 37°C. The mixture was poured into
molds (Bio-Rad) and allowed to solidify. The molds were
digested with lysozyme (1 mg/ml; New England Biolabs) in a
volume of 7.5 ml for 1 h at room temperature in buffers
provided by the manufacturer. The lysozyme solution was
replaced by 7.5 ml of proteinase K (1 mg/ml; New England
Biolabs) in buffer provided by the manufacturer and incubated
at 55°C for 48 h with shaking. Agarose-embedded DNA
prepared in this manner can be stored in 7.5 ml of TE buffer
(10 mM Tris-HCI [pH 7.2], 5 mM EDTA) at 4°C for several
months without degradation.

For restriction digests, an agarose block equivalent of about
0.05 to 0.1 ml was incubated for 15 min at room temperature
in 0.2 ml of 1 X KGB buffer (36) in which sodium acetate was
replaced by potassium acetate. The buffer was replaced with
1 X KGB buffer containing 20 U of a restriction endonuclease
(Xbal or Binl), and the samples were incubated for 4 h at 37°C.
The agarose blocks were then loaded on an agarose gel for
pulsed-field gel electrophoresis.

Pulsed-field gel electrophoresis of a 1% agarose gel was
performed in 0.5% Tris-borate-EDTA buffer at 200 V with
pulse lengths of 6 to 150 s for 6 h, 6 to 12 s for 6 h, 26 to 36 s
for 6 h, and 120 to 180 s for 6 h by using a CHEF-DRII
apparatus from Bio-Rad.

Recombinant DNA techniques. Plasmid DNA was isolated
by using ion-exchange columns from Qiagen. Standard meth-
ods were used for restriction endonuclease analyses and liga-
tion and transformation of plasmid DNA (38). Sequencing was
performed by the dideoxy chain termination method (48) by a
protocol of Kraft et al. (32), using a->>S-dATP (Amersham)
for labeling.

Inverse PCR was performed by using agarose-embedded
chromosomal DNA from MS mutants. An agarose block
equivalent to approximately 0.05 to 0.1 ml was incubated for 15
min at room temperature in 0.2 ml of 1 X KGB buffer (36) in
which sodium acetate was replaced by potassium acetate. The
buffer was replaced with 1 X KGB buffer containing 50 U of a
restriction endonuclease (Alul, Hindll, Sphl, or Mael), and the
samples were incubated for 4 h at 37°C. The samples were then
incubated for 20 min at 72°C (to inactivate the restriction
enzyme and to melt the agarose block). ATP (10 mM) and T4
DNA ligase (2 U) were added at 37°C, and ligation was
performed overnight at 15°C. Inverse PCR was performed
under standard conditions (39) in a total volume of 0.1 ml with
0.005 ml of the ligation mixture described above as a template
and 0.1 ng of each of the following primers: 5 CCAATTCT
GCCCCGAATTAC 3’ and 5° GTCGTGTAAAATATC
GAGTTCG 3’ (Oligos Etc.). These primers are complemen-
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tary to both ISI0 elements flanking Tnl0 (22) and could
therefore be used to amplify DNA from either side of a Tnl0
insertion. PCR products were cloned into the vector pCRII
and transformed into E. coli TA One Shot (TA-cloning Kkit;
InVitroGen).

Prophage DNA isolation and hybridization. Preparation of
DNA from phage particles of locked in MudP22 prophages has
been described previously (60). In brief, a fresh 5-ml overnight
culture of the desired lysogen was added to 25 ml of LB broth.
Mitomycin (Sigma) was added to a final concentration of 0.002
mg/ml. After the mixture was shaken overnight at 37°C, 3 ml of
CHCI; was added and the flask was shaken vigorously for 3
min. The LB broth was decanted from the CHCl,, and the cell
debris was removed by low-speed centrifugation (for 10 min at
8,000 rpm in a Sorvall SS34 rotor). Phage particles were
pelleted from the supernatant by centrifugation at 37,000 X g
for 70 min and resuspended in 1/10 volume of PBS. To extract
DNA, 0.5 ml of this stock was mixed with an equal volume of
CHCl,. After the addition of 0.002 ml of diethylpyrocarbonate,
0.01 ml of 10% sodium dodecyl sulfate (SDS), and 0.05 ml of
2 M Tris-HCI (pH 8)-0.5 M EDTA, the mixtures were
incubated at 65°C for 15 min. After 0.05 ml of 5 M KCl was
added, the mixtures were placed on ice for 1 h and protein-
SDS complexes were pelleted for 15 min in a microcentrifuge.
The DNA in the supernatant was precipitated by the addition
of 2 volumes of ethanol, wound onto the end of a sterile
Pasteur pipette, dipped in a solution of 70% ethanol, blotted
dry, and resuspended in 0.1 ml of TE buffer. Five microliters of
this solution was loaded onto a nylon membrane by using the
Minifold II slot blot system (Schleicher & Schuell).

Labeling of DNA probes, hybridization, and immunological
detection were performed by using a DNA labeling and
detection kit (nonradioactive) from Boehringer Mannheim.
The DNA was labeled by randomly primed incorporation of
digoxigenin-labeled dUTP. Hybridization to the slot blot was
performed at 68°C in solutions without formamide. Hybrids
were detected by an enzyme-linked immunoassay using an
antibody conjugate (anti-digoxygenin alkaline phosphatase
conjugate) and the substrate AMPPD [3-(2’-spiroademan-
tane)-4-methoxy-4-(3"-phosphoryloxy)phenyl-1,2-dioxethane;
Boehringer Mannheim). The light emitted by the dephosphor-
ylated AMPPD was detected by X-ray film.

Computer analysis. The nucleotide sequences were com-
pared with the SWISS-PROT, PIR(R), and GenPept data
bases by using the program blastX and with the GenBank and
EMBL data bases by using the program blastN (4).

Accession numbers. Nucleotide sequences were deposited at
GenBank under the following accession numbers: MSI1,

U06133; MS1321, U06126; MS1413, U06127; MSI1521,
U06129; MS1523, U06128; MS1633, U06130; MS1668,
U06131; MS2097, U06134; MS2101, U06135; MS3493,
U06132; MS3747, U06137; MS4290, U06136; MS5076,
U06138; MS6290, U06140; MS7481, U06139; MS8282,
U06142; and MS9020, U06141.

RESULTS

Mapping the TnI0 insertions of S. typhimurium MS mu-
tants. Macrorestriction maps of the S. typhimurium genome
with the enzymes Binl and Xbal have been published recently
(35, 59). These restriction endonucleases cut the S. #yphi-
murium chromosome 11 and 23 times, respectively. Since Tn/0
contains restriction sites for both of these rare-cutting en-
zymes, a transposon insertion introduces new Binl and Xbal
restriction sites into the Salmonella genome. After a restriction
digestion of chromosomal DNA from a Tn/0 mutant is per-
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TABLE 1. Mapping data of S. typhimurium Tnl0 insertion mutants showing reduced macrophage survival

Xbal restriction map* Binl restriction map”
P’ P

MS Size (kb) of Size (kb) of Hybridization Sequence Map Designation of
mutant Frqgwcnt new Frzl'gr{lent new W;‘r':);‘::;‘:jz homology? p::]l:rl‘(;n gene or locus
missing fragment(s) missing fragment(s)
1 1 155 B 190 ND* adhE 50 ims50
3 D 320, 155 B 175, 730 ND fiiD 40 fiD
1321 28 E 55 TT15265 NH 73 ims73
1413 60 E 260 TT15266 NH 78 ims78
1446 H 77 E 270 ND ND 77
1521 E 260 TT15266 NH 78 ims78
1523 H 125 E 275 TT15266 NH 75 ims75
1592 B 315, 400 A 750 ND htrA 5 htrA
1601 E 160, 210 ND ND 79
1633 C 255, 420 D 270 ND NH 61 or 66 ims61-66
1668 H 115, 155 E 340 TT15264 NH 76 ims76
2097 E 90, 300 A 270, ca. 1,200 ND NH 98 ims98
2101 E 175. 200 A 210, ca. 1,300 ND NH 96 ims96
3010 B 315, 400 A 750 ND ND Sor6
3493 D 240 65 TT15630 NH 37 ims37
3747 A 120, 690 C 235, 580 ND NH 26 ims26
3792 A 130, 680 A 320, ca. 1,200 TT15237 nagA 15.5 nagA
4179 B 250, 460 A 650, 860 ND ND 3or75
4252 A 145, 670 C 210, 600 ND phoPQ* 25 phoPQ
4290 D 240, 225 55 ND pre 36 prc
4347 9.3 ND purD 89 purD
4602 B 250, 460 A 650, 860 ND ND 3or75
4916 A 130, 680 C 225, 590 ND ND 25.5
5076 C 175, 500 D ND ORF Bv’ 59.5 or 67 ims60-67
5996 A 145, 670 C 210, 600 ND phoPQ 25 phoPQ
6290 A 120, 690 A 330, ca. 1,200 ND NH 14.5 imsl5
7342 B 140, 580 A 580, ca. 950 ND ND 2or8
7481 29 F1 35,120 ND smpB 55 smpB
7953 A 145, 670 C 210, 600 ND phoPQ 25 phoPQ
8282 B 240, 460 A 670, 840 TT15231 NH 7 ims7
8467 C 255, 420 D 270 ND NH 61 or 66 ims61-66
9020 A 120, 690 C 235, 580 ND NH 26 ims26
9187 29 F1 35,120 ND smpB 55 smpB

“ Data based on article by Liu and Sanderson (35).

" Data based on article by Wong and McClelland (59).

¢ Data based on article by Benson and Goldman (5).

“ For interpretation of sequence homologies, see text.

“ND, no data.

/NH, no significant homology with any entries of the data bank.

#The phoPQ insertion mutants have been mapped and characterized earlier (20) and served as a control of the methods used.

formed, the fragment in which the transposon is inserted will
disappear, while two new, smaller fragments can be detected
after separation by pulsed-field gel electrophoresis.

By analysis of Binl and Xbal restriction digests, the map
positions of 17 MS mutations were located on the S. typhi-
murium chromosome (Table 1; Fig. 1). As a control, the map
positions of the phoPQ mutations in strains MS7953, MS5996,
and MS4252 were determined by the same technique. Several
genetic markers which had been physically mapped previously
were used to align the physical and genetic maps of S.
typhimurium (Fig. 1) (35, 59). As can be seen in Table 1 and
Fig. 1, the determined map positions of MS7953, MS5996, and
MS4252 corresponded well with the published position at 25
min. The map positions of 13 MS mutants could not be
determined by this method because either (i) the Tnl0 inser-
tions (of MS1321, MS1413, MSI1521, and MS1523) were
located in a restriction fragment which comigrates with other
fragments of similar size (e.g., Xbal fragments H, I, and J) or
(ii) in two places of the chromosome, B/nl and Xbal fragments
are centered around the same midpoint (e.g., Binl fragment A
and Xbal fragment B; Binl fragment D and Xbal fragment C;

Fig. 1). Therefore, by physical mapping, a decision between
two possible map positions could not be made for Tnl0
mutants mapping in these regions (MS1592, MS1633, MS3010,
MS4179, MS4602, MS5076, MS7342, MS8282, and MS8467).

The TnlI0 insertions of those mutants which could not be
located physically were located on the Salmonella genetic map
by the method of Benson and Goldman (5). This mapping
technique is based on a set of S. typhimurium strains carrying
locked-in MudP22 prophages in different locations on their
chromosome (60). After induction, these prophages package
unidirectionally approximately three headfuls of chromosomal
DNA on one side of the prophage insertion. DNA isolated
from the phage heads is therefore about 100-fold enriched for
DNA from this area of the chromosome. The phage DNA of
50 strains was isolated, and each was applied separately to a
slot blot. Transposon-flanking DNA was cloned by inverse
PCR and used as a probe for hybridization with the slot blot.
A positive hybridization signal localized the corresponding
Tnl0 insertion to a 3-min region on the S. fyphimurium
chromosome. By combining the results from physical and
prophage mapping, map locations of six additional MS mu-
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FIG. 1. Chromosomal location of TnI0 insertions of MS mutants.
Xbal and Binl restriction sites are indicated above the physical map of
the S. typhimurium chromosome in kilobases (horizontal lines). Bars
below indicate the genetic map in minutes. Genetic markers drawn
between the physical and genetic maps were used to align both maps
(35, 59). The solid bars indicate large regions (loops) in the Salmonella
genetic map which are not present in E. coli. The hatched bar marks
the genetic region that is inverted relative to E. coli (46). The numbers
above the chromosomal map indicate the locations of TnI0 insertion
sites in the corresponding MS mutants. If known, genes affected by the
TnI0 insertion are indicated above the insertion site.

tants were determined (Table 1; Fig. 1). The Salmonella
chromosome contains approximately 4,000 genes. In a bank of
9,516 independent insertions, most genes should therefore be
inactivated in more than one mutant. However, insertions of
most MS mutants were found in distinct genes, indicating that
the mutagenesis system was not saturated (Fig. 1).

Nucleotide sequence analysis of cloned transposon-flanking
DNA. Transposon-flanking DNA from 23 MS mutants was
cloned by inverse PCR, and the nucleotide sequence was
determined. The transposon Tnl0 creates a 9-bp direct repeat
at the insertion site in the target DNA. Comparison of the 9-bp
repeat of various Tnl0 insertions revealed that the transposon
integrates preferentially at the hot spot NGCTNAGCN or
similar sequences (21). The 9-bp direct repeats created by
Tnl0 insertions in the MS mutants analyzed were compared
with the hot-spot consensus sequence, and four were found to
be in perfect hot spots. The target sequence contained at least
four of the six conserved residues for another 17 insertions
(data not shown).

The nucleotide sequences of the cloned 83-bp DNA frag-
ments from two mutants, MS7481 and MS9187, were found to
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be identical. The nucleotide sequence and the deduced amino
acid sequence had 91 and 97% identity to smpB (for small
protein) of E. coli (13), respectively. A computer search with
the amino acid sequence of smpB from E. coli identified a
homologous (41% identity; Fig. 2A) open reading frame
(ORF) from Enterococcus hirae (49). The map position deter-
mined for the S. #yphimurium homolog (Fig. 1; Table 1)
corresponds to about 56.5 min on the E. coli genetic map, i.e.,
the location of smpB (40, 47).

The nucleotide sequence of 124 bp flanking the transposon
insertion in MS3792 was determined and found to share 88%
homology with nag4, the gene for N-acetylglucosamine-6-
phosphate deacetylase of E. coli (44). The Tnl0 insertion site
of this mutant corresponded to nucleotides 842 to 850 of the
coding sequence of the E. coli homolog. The nag locus of S.
typhimurium and the nagA gene of E. coli have both been
mapped previously at 15 min (25, 47).

The nucleotide sequence of the cloned transposon-flanking
DNA of MS1592 (490 bp) was identical to base pairs 28 to 518
of the nucleotide sequence of htr4, encoding a heat shock
protein of S. typhimurium (29). The 9-bp repeat created by the
Tnli0 insertion extended from base pair 114 to base pair 122 of
the ORF of htr4. In E. coli, htrA is located at 3.7 min (33),
which corresponds to 5 min on the Salmonella genetic map
(46).

The nucleotide sequence of 119 bp flanking the transposon
insertion of MS4290 was determined and displayed 81%
homology to prc, a gene encoding a periplasmic protease of E.
coli. The 9-bp repeat of the TnI0 insertion site corresponded
to nucleotides 1140 to 1148 of the coding sequence of the E.
coli homolog. The prc locus maps to 40.4 min in E. coli (23).

Transposon-flanking DNA from a purine auxotroph mutant
(MS4347) and a nonmotile mutant (MS3) was sequenced.
Strain MS4347 was initially reported to have no phenotype
(16) but was later found to be defective in purine biosynthesis
(5a). The nucleotide sequence of the DNA flanking the
transposon insertion in MS4347 was identical to purD, the gene
encoding the 5’-phosphoribosyl glycinamide synthetase of S.
typhimurium (3). The 9-bp repeat created by the transposon
insertion covered base pairs 898 to 906 of the ORF of purD.
The nucleotide sequence of transposon-flanking DNA from
MS3 was identical to fliD, a flagellar hook protein of S.
typhimurium (26). The 9-bp repeat created by the transposon
insertion extended from base pair 86 to base pair 94 of the
OREF of fliD. Mutants in purD and fliD are defective in purine
biosynthesis and assembly of flagella, respectively. Therefore,
the observed phenotypes of MS4347 and MS3 can be explained
by Tnl0 insertions in these genes. Furthermore, the chromo-
somal locations determined by physical mapping (Table 1; Fig.
1) corresponded well with the published positions for purD (89
min) and fliD (40 min).

The nucleotide sequence of a 443-bp fragment flanking the
Tnl0 insertion in strain MS5076 was found to overlap two
ORFs. One of these had significant homology to ORF Bv’ and
ORF Bv (23 and 31% identity, respectively); the second had
significant homology to ORF B177 and ORF B175 (27 and
25% identity, respectively) of Shigella boydii (52). Tnl0 was
inserted in the Bv’ and Bv homologs (Fig. 2B).

The nucleotide sequence of a 1,040-bp fragment flanking the
Tni0 insertion in strain MS1 contained a continuous ORF.
The deduced amino acid sequence displayed homology to
adhE of E. coli (37% identity; Fig. 2C) (30) and adhE of
Clostridium acetobutylicum (26% identity; Fig. 2C; accession
number x72831). These genes encode the alcohol dehydroge-
nases of E. coli and C. acetobutylicum, respectively.

Comparison of the nucleotide sequences of transposon-
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C.a. AGhE EEPFA HEKLSPVLAM’YEADNFDDALKKAVTLlNLGGLGHTSGI YAD EIKARD
MS1 NHPFAVTEMPVLPWRVANVEEAIAWRFSLKAVAPIGGDALAQYRQHEPDGER

E.c. AdhE SEPFA HEKLSPTLAMYRAKDFEDAVEKAEKLVAMGGIGHTSCL Y’I‘DQDNQPAR

C.a. AJhE KIDRGCGSWGGNSISENVGPKHLL 438
MS1 HRHQHFRQKF.AVHCRAWI@R}‘?}’{LD
E.c. AGhE --VSYFGQKMKTARILINTPASQG 404

FIG. 2. Alignment of the deduced amino acid sequences of trans-
poson-flanking DNA from three MS mutants (indicated by their
number) with published amino acid sequences from a data bank.
Amino acids conserved in the Salmonella homolog are indicated by a
colon; those with similar biochemical properties are indicated by a
period. Dashes indicate gaps introduced to improve the alignment. (A)
Alignment of the complete amino acid sequences of SmpB (E. coli
SmpB) and 19k (E. hirae 19k) with the deduced amino acid sequence
of transposon-flanking DNA from MS7481; (B) alignment of the
amino acid sequence of the first ORF deduced from transposon-
flanking DNA of MS5076 with the C-terminal part (the C terminus is
indicated by an asterisk) of ORF Bv (S. boydii Bv) and ORF Bv’ (S.
boydii Bv') and alignment of the amino acid sequence of the second
ORF deduced from transposon-flanking DNA of MS5076 with the N
terminus of ORF B177 (S. boydii B177) and ORF B175 (S. boydii
B175); C) alignment of the amino acid sequence deduced from

SALMONELLA LOCI FOR MACROPHAGE SURVIVAL 1627

flanking DNA from 16 MS mutants with entries in a current
data base indicated that the corresponding Tn/0 insertions
defined loci which have not yet been sequenced in S. typhi-
murium. Each of these loci was designated by ims (for impaired
macrophage survival), followed by a number indicating its
approximate map location on the S. typhimurium chromosome
in minutes (Table 1). The designation of loci rather than genes
seems to be more appropriate since a polar effect of Tn/0 on
the expression of downstream genes cannot be excluded. The
nucleotide sequences of transposon-flanking DNA from 14 of
these MS mutants displayed no significant homologies to any
entries in the data base (Table 1). In some cases, this might
have been due to the small size of the cloned transposon-
flanking DNA (usually around 200 bp), which allowed detec-
tion of significant homologies only in highly conserved se-
quences, i.e., genes from S. typhimurium or closely related
genera like Escherichia. The insertion sites of MS1633 and
MS8467 were identical.

Phenotypic characterization of MS mutants. The map posi-
tion and the nucleotide sequence from flanking DNA of the
Tnl0 insertion in MS3792 indicated that the transposon was
inserted in nagA, the gene encoding the N-acetylglucosamine
deacetylase. This gene is necessary for the metabolism of
N-acetylglucosamine. Therefore, nag4 mutants are unable to
degrade this amino sugar (58). We tested MS3792 and its
parent (14028r) for growth on minimal medium with N-
acetylglucosamine as the sole carbon source. In contrast to
14028r, MS3792 was not able to grow in defined medium when
this amino sugar was provided as the sole carbon source (data
not shown). No differences in growth were observed when
glucose was the sole carbon source (data not shown). The
observed phenotype confirmed the results from the genetic and
molecular analyses, which had indicated that MS3792 carries
an insertional mutation in the nagA4 gene.

DISCUSSION

When S. typhimurium enters the macrophage, it goes
through various environmental changes, such as exposure to
reactive oxygen species and to changes in pH, nutrient supply,
and osmolarity. Thus, survival in this hostile environment
requires differential expression not only of genes involved in
defense against macrophage-killing mechanisms but also of
other genes necessary for adaptation and maintenance of the
microbe. These include genes necessary for repair of macro-
phage-induced damage and for adaptation to stresses induced
by changes in pH, osmolarity, and differences in nutrient
status. Mutations in all of these genes should be present in a
library of mutants with a decreased ability to survive within
macrophages, and several of these genes have already been
identified. The recA and recBC genes, which are involved in
repair of DNA damage, have recently been shown to be
necessary for Salmonella survival within phagocytes and for full
virulence in mice (8). S. typhimurium has been shown to
express several stress-induced genes upon contact with macro-
phages, including dnaK and groEL (1, 7). Some of the mac-
rophage-induced proteins were shown to be regulated by
phoPQ, a two-component regulatory system similar to those
that control environmental stresses in other bacteria (20, 37).

transposon-flanking DNA of MS1 with the corresponding regions of
AdhE of E. coli (E.c. AdhE) and AdhE of C. acetobutylicum (C.a.
AdhE). The Tnl0 insertion site is at the C-terminal end of the
sequence shown. Numbers at the ends of the sequence indicate the
positions of amino acids in AdhE.
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phoPQ mutants are attenuated and do not survive in profes-
sional phagocytes (15). Genes involved in de novo biosynthesis
of nutrients like purine and aromatic compounds were also
shown to be essential for intracellular survival (16). To identify
other genes involved in macrophage survival, we characterized
30 MS mutants of S. fyphimurium with regard to map location
and nucleotide sequence homology. Most Tn/0 insertions
analyzed during this study were dispersed randomly through-
out the Salmonella genetic map (Fig. 1). However, the inser-
tions of six MS mutants were located within a 3-min region (75
to 78 min) on the Salmonella genome. This is a silent region on
the S. yphimurium chromosome in which only a few markers
have been described to date (47). The localization of several
ims loci here raises the possibility that this region of the
Salmonella genome contains a virulence cluster.

Short fragments of chromosomal DNA adjacent to the Tn/0
insertion of 23 different MS mutants were cloned, and the
nucleotide sequences were determined. The reliability of the
cloning technique was confirmed by using a nonmotile mutant
(MS3) and a purine auxotroph mutant (MS4347). The nucle-
otide sequences of DNA flanking the Tn/0 insertions of these
mutants were found to be identical to S. typhimurium fliD and
purD, respectively. Thus, molecular characterization provided
a plausible explanation for the observed phenotypes as well as
confirmation of the map locations determined for these two
Tn!0 insertions.

S. typhimurium induces the synthesis of more than 30 stress
proteins during infection of macrophages. It was reported that
MS4347 fails to synthesize at least six macrophage-induced
proteins detected in wild-type S. typhimurium (7). This mutant
was later found to have a defect in purine biosynthesis (5a),
which was confirmed by our finding that MS4347 carries Tn10
inserted in purD. A purine auxotroph may be able to synthesize
normal protein levels early during infection of macrophages.
However, when available purines have been utilized for
mRNA synthesis, bacterial protein synthesis will cease. There-
fore, the stress proteins which are not expressed in MS4347
might be encoded by genes which are induced in later stages of
macrophage infection. Alternatively, these proteins may have a
short half-life and may therefore escape detection soon after
cessation of protein biosynthesis.

MS3 is attenuated after intraperitoneal injection in ity* mice,
having a 10°-fold-higher 50% lethal dose (LDs,) than the
parent when tested in a smooth-strain background (17). The
decrease in virulence cannot be explained by the lack of
flagella since nonflagellated Salmonella mutants have been
shown to be as virulent as their flagellated parents (9).
Recently, a different class of nonflagellated S. typhimurium
mutants, carrying a deletion termed AflgdBCDE?2S, has been
reported to be attenuated (10). Like fliD mutants, S. typhi-
murium AflgABCDE25 mutants were more sensitive to intra-
cellular killing mechanisms of murine macrophages (57). In-
terestingly, mutations in fliD and Afig4-J deletions have in
common that they prevent flagellum assembly but not flagellin
production (18, 19). In contrast, strains carrying monocistronic
mutations in the flagellar middle genes figA4, figB, figC, figD,
and flgE produce no flagellin and have been shown to be fully
virulent (9, 18). One possible explanation for the attenuation
of fliD mutants might therefore be that the expression of
flagellin (which is produced in several thousand copies per cell)
in the absence of flagellum assembly is detrimental during
growth of the bacteria within macrophages of the host.

S. typhimurium strains carrying a mutation in htrA (high
temperature requirement) have been shown by others to be
attenuated (29). The impaired ability to survive or replicate in
host tissues led those authors to the suggestion that htrd
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mutants might be impaired in macrophage survival. The find-
ing that one MS mutant (MS1592) carries a Tnl0 lesion in htrA
now confirms this hypothesis. However, the possibility that the
observed phenotype is due to polar effects on as-yet-unidenti-
fied genes located downstream of AtrA cannot be excluded.
The heat shock gene htrA of E. coli encodes a protease which
has been shown to degrade abnormally folded proteins located
in the periplasm (51). Mutants in Atr4 exhibit a pleiotrophic
phenotype which includes temperature sensitivity and leakage
of periplasmic proteins into the culture medium (33). The
latter phenotype can be suppressed by a secondary mutation in
pldA which encodes the outer membrane phospholipase A of
E. coli (12). A mutation in a distinct locus, termed prc, causes
similar phenotypic changes in E. coli. The prc gene encodes a
proteolytic enzyme that also functions in the periplasm. Like
htrA, loss of prc function results in temperature sensitivity of
bacterial growth and leakage of periplasmic proteins. The
latter phenotype of prc mutants can be suppressed by a pldA4
mutation (23). Mutant MS4290 had a mutation in prc. Thus,
mutations in two distinct genes, both with similar phenotypes,
were selected in the screening for macrophage sensitivity. The
periplasmic proteases encoded by htr4 and prc may serve as
stress response proteins by degrading abnormally folded pep-
tides generated as a result of macrophage-induced environ-
mental stress, thus preventing their accumulation to toxic
levels in the periplasm.

MS3792 is attenuated after intraperitoneal injection in ity*
mice, having a 10*-fold-higher LDj, than the parent when
tested in a smooth-strain background (17). We found that in
this mutant, Tnl0 is inserted in nagA, the gene encoding the
N-acetylglucosamine-6-phosphate deacetylase of S. typhi-
murium. The nag locus has been studied in detail in E. coli and
consists of the operon nagBACD and the divergently tran-
scribed gene nagE which encodes enzyme II of the N-acetyl-
glucosamine phosphotransferase system (44). N-Acetylglu-
cosamine-6-phosphate, which is bound by the repressor nagC
as the inducer, accumulates in the absence of N-acetylglu-
cosamine-6-phosphate deacetylase. Therefore, mutations in
nagA cause a constitutive expression of all nag genes (45, 56).
The repressor nagC also controls the mannose phosphotrans-
ferase system, the second import system involved in amino
sugar uptake. To prevent a futile cycle, the degradation and
biosynthesis pathways for amino sugars cannot be expressed
simultaneously. However, the mechanism responsible for this
regulation has not been elucidated. Thus, the attenuation of
Salmonella nagA mutants might be the direct result of the
defect in utilization of N-acetylglucosamine as a carbon source.
More likely, however, is the possibility that it results from an
indirect effect of reduction in biosynthesis of amino sugars,
which are essential components of the cell wall and outer
membrane.

Two MS mutants, MS7481 and MS9187, carried transposon
insertions in a small ORF termed smpB in E. coli and the 19k
gene in E. hirae (13, 49). The most striking feature of the
predicted proteins is their high, positive charges which, in the
case of SmpB, results in a calculated pl of 9.9. Properties of
mutants in smpB or the 19k gene have not yet been described
nor have functions for the corresponding gene products been
proposed. However, the conservation among gram-positive
and gram-negative bacteria suggests a housekeeping function
of smpB.

A significant homology to adhE of E. coli and C. acetobuty-
licum indicated that strain MS1 carried an insertion in a gene
encoding a dehydrogenase-like protein (30). However, the
map location (27 min; the map location of adhE in E. coli
corresponds to about 35 min on the Salmonella genetic map;
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the TnI0 insertion in MSI1 is located at 50 min) and the
relatively low sequence conservation between E. coli adhE and
this gene suggested that it is different from adhE. Additional
experiments are needed to elucidate whether this gene fulfills
one of the dehydrogenase-related functions believed to play a
role during infection. For example, some dehydrogenases have
been shown to help in maintaining a reducing environment in
the cell, thus preventing oxidative damage (reviewed in refer-
ence 14). Furthermore, a dehydrogenase has recently been
found to be associated with the communication between host
and parasite during infection (41).

The transposon insertion in MS5076 is located in a region
which shares homology to the B segment-pin gene (B-pin)
inversion system of S. boydii (52). In Salmonella spp., the phase
variation of flagella is controlled by the H-hin system (50).
However, the B-pin system is different in organization and
more closely related to inversional switching systems in bacte-
riophages Mu (G-gin) and P1 (C-cin) (28, 31). The invertible
segments (G or C) of both phages encode two different sets of
tail fiber genes. Upon inversion, the amino-terminal part of
one tail fiber gene (gene S of phage Mu or gene 19 of phage
P1), which is located outside the invertible region, is fused to a
different carboxy-terminal part inside the region. This mecha-
nism controls the host specificity of the phage (27, 53).
Interestingly, the amino-terminal part of this tail fiber protein,
which in phage Mu is responsible for the attachment of the tail
fiber to the base plate, is not conserved in the S. boydii system
(52). This led to the speculation that the Shigella B-pin element
might be part of a defective prophage which converted to a
system more useful to the bacterial host (54). Experiments are
under way in our laboratory to determine whether Tnl0 has
inserted in a functional inversion system in strain MS5076. An
inversion system would provide an attractive explanation for
the observation that S. typhimurium consists of two different
populations inside macrophages (2).

The fact that the majority of transposon insertions affecting
macrophage survival were found to be in Salmonella genes that
have not been sequenced explains why our understanding of
the virulence mechanisms of this otherwise-well-studied organ-
ism is still incomplete. Since many Salmonella genes are
organized in operons, Tnl0 insertion may in some cases be
polar and therefore define loci rather than genes involved in
virulence. Our laboratory is currently engaged in further
characterization of ims loci to evaluate their role in Salmonella
pathogenesis.
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