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The ability to enter intestinal epithelial cells is an essential virulence factor of salmonellae. We have
previously cloned a group of genes (invA, B, C, and D) that allow S. typhimurium to penetrate tissue culture cells
(J. E. Galan and R. Curtiss III, Proc. Natl. Acad. Sci. USA 86:6383-6387, 1989). Transcriptional and
translational cat and phoA fusions to invA (the proximal gene in the invABC operon) were constructed, and
their expression was studied by measuring the levels of alkaline phosphatase or chloramphenicol acetyltrans-
ferase activity in mutants grown under different conditions. It was found that when strains containing the
fusions were grown on media with high osmolarity, a condition known to increase DNA superhelicity, the level
of invA transcription was approximately eightfold higher than that in strains grown on media with low
osmolarity. The osmoinducibiity of invA was independent of ompR, which controls the osmoinducibility of
other genes. Strains grown in high-osmolarity media in the presence of subinhibitory concentrations of gyrase
inhibitors (novobiocin or coumermycin Al), which reduce the level of DNA supercoiling, showed reduced
expression of invA. Nevertheless, invA was poorly expressed in topA mutants of S. typhimurium, which have
increased DNA superhelicity. In all cases, the differential expression of the invasion genes was correlated with
the ability of S. typhimurium to penetrate tissue culture cells. These results taken together indicate that
expression of S. typhimurium invasion genes is affected by changes in DNA supercoiling and suggest that this
may represent a way in which this organism regulates the expression of these genes.

Invasion of the intestinal epithelial cells constitutes a

crucial step-in the pathogenesis of infections by many enteric
bacteria (21). The use of cultured epithelial cells as an in
vitro model to study bacterial invasion has begun to yield
important information on the biochemical and genetic bases
of cell penetration by a variety of bacteria (9, 15, 26, 27, 39,
44, 45, 57), but the molecular details of the bacterium-host
cell interaction remain largely unknown.
There are three species of Salmonella (S. typhi, S. chol-

eraesuis, and S. enteritidis) and hundreds of serovars that
cause a variety of diseases in a large number of different
hosts (25). The type of diseases caused by these organisms
depends not only on the serovar or species of the infecting
bacteria but also on the species of the infected host. The
clinical and histopathological features of the disease may
therefore vary greatly, from a localized gastroenteritis to a
more invasive form like typhoid fever (25). In some cases
salmonellae may cause little damage to the epithelial mucosa
and simply gain access to deeper tissues, particularly those
of the reticuloendothelial system, to establish a systemic
infection. In other instances, they may establish a more
localized infection of the intestine, with visible damage to
the mucosa. One feature common to all salmonellae is that
they penetrate the intestinal epithelial mucosa after oral
ingestion (59). Because of the central importance of this
process, a number of laboratories have begun to analyze the
biochemical and genetic bases of Salmonella invasion of
epithelial cells.
Many laboratories have isolated Salmonella mutants that

are defective in their ability to penetrate cultured epithelial
cells (11, 36, 46). Elsinghorst et al. (7) have recently reported

* Corresponding author.
t Present address: Department of Microbiology, School of Med-

icine, State University of New York at Stony Brook, Stony Brook,
NY 11794.

the identification of a 33-kilobase region of S. typhi chromo-
somal DNA that conferred upon Escherichia coli HB101 the
ability to penetrate tissue culture cells. We have recently
cloned a group of genes (invA, B, C, and D) that allow
Salmonella typhimurium to penetrate tissue culture cells
(14). Infection studies with highly virulent Salmonella
strains carrying defined mutations in these genes have estab-
lished that the inv genes are involved in the establishment of
infection of Peyer's patches and the small intestinal wall
when the organisms are administered orally. Hybridization
studies have determined that these genes are present in all
Salmonella strains tested (including strains of S. typhi and S.
choleraesuis and more than 40 serovars of S. enteritidis),
although they are absent from other members of the family
Enterobacteriaceae (unpublished data).

Pathogenic bacteria make use of a great diversity of
genetic information to interact with the host. Expression of
these genes are often not needed simultaneously, and there-
fore in many cases their expression is coordinately regulated
(18, 38, 42). Recently, Finlay et al. (10) reported that
exposure to epithelial cells induces de novo synthesis of
Salmonella proteins that are required for invasion of tissue
culture cells, and they suggested that this constitutes a

mechanism of coordinate regulation of expression of inva-
sion genes. We report here a different mechanism for regu-
lation of expression of genes necessary for invasion of
epithelial cells.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The strains used in
this study are listed in Table 1. Bacteria were grown in L
broth (34) or in low- and high-osmolarity K medium as

indicated. The composition of low-osmolarity K medium has
been described (29), and when indicated, 0.3 M NaCl or 0.6
M sucrose was added to increase its osmolarity. The follow-
ing antibiotics were used at the indicated concentrations
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TABLE 1. Bacterial strains

Strain Genotype Description, reference, or source

S. typhimurium
SR11
X3181 Wild type SR11 (55) isolated from Peyer's patches of an infected mouse
X3642 invA::TnphoA 14
X3687 phoP12 13
X4108 phoPJ2 invA::TnphoA P22 HTint (x3643) -- X3687
X4109 phoPJ2 Y::TnphoA Random TnphoA insertion from X3689 transduced into X3687
X4110 phoPJ2 Z::TnphoA Random TnphoA insertion from X3689 transduced into X3687
X4111 phoPJ2 proU::TnphoA P22 HTint (AD110) X-* 3687
X4112 phoP12 invA::TnphoA ompR1009 P22 HTint (CFH1351) -> X4108
X4115 invA::cat Apr Cmr transconjugant of X3642 x SM10 X pir(pSKCAT)

SL1344
X3339 rpsL hisG Mouse passage SL1344

24
X3643 rpsL hisG invA::TnphoA 14
X3689 rpsl hisG phoPI2 13

LT2
PM233 leu-500 AtopA24 ara-9 47
PM596 leu-500 ara-9 47
X4113 leu-500 AtopA24 ara-9 invA::TnphoA P22 HTint (x3643) - PM233

phoP12 purB::TnlO
X4114 leu-500 ara-9 invA::TnphoA phoPJ2 P22 HTint (x3643) PM596

purB::TnlO
X4282 leu-500 AtopA24 ara-9 Z::TnphoA Random TnphoA insertion from X3689 transduced into

phoP12 purB::TnlO PM233
AD110 proU::TnphoA phoP purB::TnJO From E. Eisenstadt
CFH1351 ompRlOO9::TnJO 16

E. coli
SM10 X pir thi thr leu tonA lacY supE 31

recA::RP4-2Tc::Mu A pir R6K

(micrograms per milliliter): chloramphenicol, 25; kanamy-
cin, 50; coumermycin A1, 0.5 to 2 as indicated; novobiocin,
5 to 20 as indicated.
DNA and genetic manipulations. Chromosomal DNA iso-

lation (14) and DNA hybridization (58) were performed as
previously described. Bacteriophage P22 HTint-mediated
transduction was performed as described elsewhere (3, 54).
Conjugations were carried out by filter mating (61).

Alkaline phosphatase and CAT assays. Bacterial strains
were grown under different conditions to an optical density
at 600 nm (OD600) of 0.5. Cells were washed twice with
phosphate-buffered saline (PBS), suspended in 100 mM
NaCI-10 mM Tris (pH 8) to 1/10 of the original volume, and
disrupted by sonication. Cell debris were removed by cen-
trifugation at 12,000 x g for 2 min. Alkaline phosphatase
(PhoA) was assayed as described previously (20), and units
were calculated by the following formula: units = {A405/[time
(minutes) x protein concentration (milligrams)]} x 1,000.
Chloramphenicol acetyltransferase (CAT) was measured at
room temperature by the colorimetric method of Shaw (56),
and activity is expressed as nanograms of acetylated chlor-
amphenicol per milligram of protein per minute.

Tissue culture cell invasion assay. Invasion of MDCK cells
by S. typhimurium was performed in 24-well tissue culture
plates as described previously (14), with some modifications.
Infection was for 1 h in PBS with a multiplicity of infection
of 10. After infection, monolayers were washed with PBS
and incubated for 2 h with Eagle minimal essential medium
containing gentamicin (100 pug/ml) to eliminate extracellular
bacteria. Monolayers were then lysed with PBS containing

0.1% sodium deoxycholate to assess the total number of
internalized bacteria.

Isolation of random TnphoA insertions into the S. typhimu-
rium chromosome. Plasmid pYA2207 is a temperature-sensi-
tive plasmid derived from pSC304 (33) that carries a nonpro-
ductive insertion of TnS ISSOL::phoA (TnphoA) (37) (J.
Galan, unpublished data). Secondary transpositions of
TnphoA from pYA2207 into the chromosome of S. typhimu-
rium X3689 (13) that yielded productive fusions to alkaline
phosphatase were isolated as follows. Cells were grown in L
(broth at 30°C to an OD6. of 0.4, washed with 0.85% NaCl,
and plated on a modified MOPS (morpholinepropanesulfonic
acid) medium (48) in which EPPS [N-(2-hydroxyethyl)piper-
azine-N'-(3-propanesulfonic acid)] was substituted for
MOPS and 5-bromo-4-chloro-3-indolyl phosphate (BCIP)
was substituted for K2HPO4 as the only source of phos-
phate. Plates were incubated at 30°C, and blue colonies were
visible after 3 days. Blue colonies were then streaked for
isolation on L plates containing BCIP, the plates were
incubated at 37°C, and the process was repeated until only
blue colonies (alkaline phosphate positive) were observed.
Two random insertions in X3689 termed Y::TnphoA and
Z::TnphoA were transduced with P22 Htint into X3687 and
PM233 for use as controls in all the experiments.

Construction of invA transcriptional and translational fu-
sions. The construction of S. typhimurium invA::TnphoA
strain X3642 has been described elsewhere (14). A phoP12
mutation (30) from S. typhimurium AD154 (obtained from E.
Eisenstadt, Harvard School of Public Health, Cambridge,
Mass.) was introduced into this strain by moving a closely
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TABLE 2. Effect of osmolarity on expression of invAa

Strain Relevant Growth PhoA CAT
genotype condition(s) units units

X3687 inv+ K 12
K + NaCl 10
(0.3 M)
K + 14

sucrose
(0.6 M)

X4108 invA::TnphoA K 31
K + NaCl 242
(0.3 M)
K + 256

sucrose
(0.6 M)

X4109 Y::TnphoA K 140
K + NaCl 110
(0.3 M)

X4110 Z::TnphoA K 420
K + NaCl 390
(0.3 M)

X4111 proU::TnphoA K 90
K + NaCl 2,050
(0.3 M)

X3181 inv+ K 0
K + NaCl 0
(0.3 M)
K+ 0

sucrose
(0.6 M)

X4115 invA::cat K 8
K + NaCl 45
(0.3 M)
K + 55

sucrose

a Bacterial strains were grown as indicated, cells were disrupted by
sonication, and PhoA or CAT activities were determined as described in
Materials and Methods. Values are representative and are taken from one of
three experiments with similar results.

linked TnJO by P22 transduction, yielding strain Xy4108. This
procedure eliminated acid phosphatase activity that inter-
feres with the alkaline phosphatase assay (13). Conversion of
invA::TnphoA into a cat transcriptional fusion was carried
out as described elsewhere (31). Briefly, E. coli SM10 A pir
carrying the plasmid pSKCAT was mated with the
invA: :TnphoA S. typhimurium strain X3642. Transconju-
gants were selected on minimal medium (48) containing
ampicillin and kanamycin and scored for loss of alkaline
phosphatase activity, an indication of the correct integration
of pSKCAT. PhoA- transconjugants had pSKCAT inte-
grated into the chromosome at the invA locus as indicated by
Southern hybridization analysis (data not shown). One of
these transconjugants was strain X4115.

RESULTS

Effect of osmolarity on the expression of invA. S. typhimu-
rium X4108 (carrying an invA::TnphoA fusion) and X4115
(carrying an invA::cat fusion) were grown in low-osmolarity
K medium or in K medium containing either 0.3 M NaCl or
0.6 M sucrose. The steady-state expression of invA as
measured by the levels of alkaline phosphatase or CAT
activity was approximately eightfold higher when strains
were grown in high-osmolarity medium (Table 2). No differ-
ence was observed in the expression of invA when either 0.3
M NaCl or 0.6 M sucrose was used as the osmolyte. In
contrast, two randomly selected productive TnphoA inser-

tions in the same genetic background (strains X4109 and
X4110) showed no difference in the levels of PhoA activity
when grown in either high- or low-osmolarity medium (Table
2). An isogenic strain of S. typhimurium carrying a TnphoA
productive insertion in the osmoinducible gene proU (2, 40)
(strain X4111) showed a more than 20-fold higher level of
alkaline phosphatase when organisms were grown in high-
osmolarity medium (Table 2).

Effect of ompR on expression of invA. The ompB loci of E.
coli and S. typhimurium are each composed of two genes,
ompR and envZ, which osmoregulate the expression of the
outer membrane porin genes ompF and ompC (22). In order
to determine whether invA osmoregulation was also depen-
dent on ompB, we analyzed the effect of ompR on the
expression of invA by constructing an invA::TnphoA ompR
isogenic mutant. The ompR1009: :TnJO mutation was moved
from S. typhimurium CFH1351 (16) into strain X4108 by P22
HTint transduction, yielding strain X4112. This strain was
tested for retention of the TnphoA insertion and ompR
phenotype. The latter was tested by determining the altered
expression of ompC and ompF by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis analysis of outer mem-
brane preparations of mutants after growth in low- and
high-osmolarity media. The presence of ompR did not affect
the expression of invA::TnphoA under either osmotic con-
dition (PhoA units in K medium, 37; PhoA units in K
medium plus 0.3 M NaCl, 310 [representative values from
one of three experiments with similar results]); therefore, the
osmoinducibility of invA is most likely independent of the
ompB-mediated regulation.

Effect of gyrase inhibitors on invA expression. proU is an
osmoinducible locus of E. coli and S. typhimurium that
encodes a glycine betaine transport system that is important
in the protection of these organisms from osmotic stress (2,
40). It has been established that the osmoinducibility ofproU
is determined by changes in the degree of DNA supercoiling
(23). An increase in DNA superhelicity as a consequence of
high osmotic conditions causes the induction of proU. The
negative superhelicity of chromosomal DNA in procaryotes
is in a dynamic state and changes in response to several
extracellular stimuli (1, 4, 17, 32, 50, 62). The degree of
supercoiling is determined for the most part by the coordi-
nate action of two enzymes, gyrase and topoisomerase I (6,
52). Gyrase introduces negative supercoils in an energy-
dependent manner, while topoisomerase I relaxes the DNA
in an energy-independent way. We used inhibitors of DNA
gyrase to determine if, like induction of proU, induction of
invA expression requires an increase in DNA supercoiling.
Inhibitors ofDNA gyrase relax DNA (6) and therefore might
be expected to inhibit expression of invA. S. typhimurium
strains carrying invA::TnphoA (strain X4108) and invA::cat
(strain X4115) fusions were grown in high-osmolarity K
medium containing increasing amounts of an inhibitor of the
B subunit of DNA gyrase, coumermicin A1 or novobiocin.
The drug concentrations used in these experiments did not
significantly inhibit cell growth. Coumermicin A1 and novo-
biocin reduced the steady-state levels of expression of invA
as measured by the levels of PhoA and CAT (Table 3). The
inhibitory effect of novobiocin was dose dependent, al-
though the effect of coumermicin A1 was not dose dependent
at the drug levels tested. As previously reported (22),
expression of proU was also reduced by the gyrase inhibi-
tors. In contrast to these two genes, two randomly selected
isogenic TnphoA insertions were either not affected
(Z::TnphoA) or stimulated (Y::TnphoA) by the inhibitors
(Table 3).
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TABLE 3. Effect of gyrase inhibitors on expression of MMvAa

Strain Relevant Coumermycin PhoA Novobiocin PhoA
Strain genotype (pug/ml) (U) (,pg/ml) (U)

X4108 invA::TnphoA 258 258
0.5 38 5 193
1.0 35 10 116
2.0 43 20 60

X4111 proU::TnphoA 2,168 2,168
0.5 1,228 5 1,759
1.0 977 10 1,650
2.0 759 20 849

X4109 Y::TnphoA 96 96
0.5 150 5 137
1.0 214 10 183
2.0 110 20 135

X4110 Z::TnphoA 386 NDb
0.5 342 ND
1.0 313 ND
2.0 420 ND

a See Table 2, footnote a. Equivalent results were obtained in similar experiments conducted with invA::cat fusions.
b ND, Not done.

Effect of topA on the expression of invA. To further explore
the effects of DNA supercoiling on the expression of inv
genes, we examined the effect of a topA mutation on invA
expression. The lack of topoisomerase I activity in topA
mutants brings about an increase in the overall level of
negative superhelicity of the DNA (6, 52, 53). We chose to
examine the effect of the well-characterized topA mutation
AtopA24 (formerly supX24) (35, 47). We introduced the
invA::TnphoA fusion into the chromosome of the S. typhi-
murium AtopA24 strain PM233 and into its wild-type parent
strain PM596 (35, 47) by P22 HTint transduction, yielding
strains X4113 and X4114, respectively. The correct position
of invA::TnphoA in the transductants was determined by
Southern hybridization (data not shown), and the topA
phenotype was confirmed by examining phage P22 plaque
morphology (49) and the leu phenotype (51). invA was poorly
expressed in the topA S. typhimurium strain X4113 (Table 4).
In contrast, expression of a random TnphoA fusion,
Z::TnphoA, in the same genetic background (i.e., x4282) was
unaltered. These results were unexpected since topA mu-
tants exhibit a higher level of DNA supercoiling than their
wild-type parents (51) and therefore invA should be ex-

pressed under low osmotic conditions. Nevertheless, these
results were similar to those reported by Higgins et al. (23)
for the expression of proU in a AtopA background. It is
possible, as suggested by Higgins et al., that AtopA mutants
oversupercoil DNA to a degree beyond the optimal window
of supercoiling at which invA transcription can efficiently
proceed.

Effect of osmolarity and AtopA on the ability of S. typhimu-
rium to penetrate tissue culture cells. Highly virulent strains

TABLE 4. Effect of topA on expression of invAa

Strain Relevant genotype Growth condition(s) PuhnotA

X4113 invA::TnphoA AtopA K 20
K + NaCl (0.3 M) 23

X4114 invA::TnphoA K 35
K + NaCl (0.3 M) 270

X4282 Z::TnphoA AtopA K 405
K + NaCl (0.3 M) 415

a See Table 2, footnote a.

of S. typhimurium were grown in low-osmolarity K medium
or K medium containing 0.3 M NaCl to increase osmolarity
and then tested for their ability to penetrate MDCK cells as
indicated in Materials and Methods. Strains grown in low-
osmolarity medium were significantly impaired in their abil-
ity to penetrate tissue culture cells (Table 5). However, the
presence of AtopA significantly impaired the ability of
PM233 to invade MDCK cells, a result in accord with its
inability to express invA.
To determine if the induction of invA after the shift from

low- to high-osmolarity medium correlated with an increase
in the invasiveness of S. typhimurium, the following exper-
iment was conducted. S. typhimurium X4108 (carrying an
invA::TnphoA fusion in its chromosome) was grown in
low-osmolarity K medium to an OD6o0 of 0.4. NaCl was then
added to a final concentration of 0.3 M, and levels of alkaline
phosphatase were measured in samples taken at different
times after the addition of NaCl. Cultures were maintained at
an OD6. of 0.3 to 0.6 throughout the experiment. In
addition, wild-type S. typhimurium X3181 was grown under
similar conditions and samples were taken at different times
after the addition of NaCl to test for the ability to penetrate
tissue culture cells. The kinetics of induction of the expres-
sion of invA after the addition of 0.3 M NaCl closely
correlated with an increase in the ability of a wild-type

TABLE 5. Effect of AtopA and osmolarity on the ability of
S. typhimurium to penetrate tissue culture cellsa

Strain Relevant Growth condition(s) % Invasiongenotype

X3181 Wild type K 0.14 ± 0.02
K + NaCI (0.3 M) 4.05 + 0.59

X3339 Wild type K 0.08 ± 0.01
K + NaCl (0.3 M) 4.2 ± 0.15

PM233 AtopA L brothb 0.001 ± 0.0005
PM596 topA+ L broth 1.5 ± 0.24

a Strains were grown under the condition indicated to an OD6W of 0.5, and
the ability to enter MDCK cells was assayed as described in Materials and
Methods. Invasion values are expressed as the percentage of the initial
inoculum of bacteria that was insensitive to gentamicin due to cell invasion.
The values represent the averages + standard deviations for three samples.

b The composition of L broth has been described (34), and inv genes are
fully expressed when bacteria are grown in this medium.
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FIG. 1. Kinetics of induction of invA after addition of 0.3 M
NaCl to low-osmolarity medium. S. typhimurium X4108 was grown

in low-osmolarity K medium to an OD6w of 0.4. Levels of alkaline
phosphatase were measured as described in Materials and Methods
in samples taken at different times after the addition of NaCI to a
final concentration of 0.3 M. Cultures were maintained at an OD6.
of 0.3 to 0.6 throughout the experiment. Equivalent results were
obtained with invA::cat fusions. In addition, the wild-type S.

typhimurium strain X3181 was grown under similar conditions, and
samples were taken at different times after the addition of NaCl and
tested for the ability to penetrate tissue culture cells as described in
Materials and Methods. PhoA units; -----, percentage of the
inoculum of S. typhimurium X3181 that survived the treatment with
gentamicin due to cell invasion.

virulent S. typhimurium strain to invade cultured epithelial
cells after a shift from low- to high-osmolarity medium (Fig.
1).

DISCUSSION

A crucial virulence attribute of all Salmonella species is
their ability to penetrate epithelial cells. The complexity of
this event is suggested by the large number of genes in-
volved, as indicated by the relatively large number of
mutations that affect the ability of Salmonella species to
penetrate tissue culture cells (11, 14; J. E. Galan and R.
Curtiss III, unpublished data). These data may also indicate
that perhaps Salmonella species can use different pathways
of invasion, which seems likely considering both the central
importance of this event in their life cycles and the great
variety of hosts that Salmonella species are able to infect by
similar routes of entry.

Coordinate regulation of gene expression is an emerging
theme in bacterial pathogenesis, and several global regula-
tory networks that operate under different stimuli are begin-
ning to be characterized (18, 42). In Salmonella species, for
example, it is now clear that phoP is a global regulator that
governs the ability of these organisms to survive inside
macrophages (8, 13, 43). Finlay et al. (10) have recently
reported that certain Salmonella genes required for attach-
ment and invasion are induced upon contact with cultured
epithelial cells.

In order to study the regulation of a group of invasion
genes that we have recently cloned and characterized (14),
we constructed translational and transcriptional phoA and
cat fusions to one of these inv genes (invA). We chose to
construct invA fusions because invA is the proximal gene in

the invABC operon and insertions in this gene eliminate the
expression of invB and invC. We then examined the effect of
several environmental stimuli on the level of expression of
invA by measuring the levels of alkaline phosphatase or CAT
activity in mutants grown under different conditions. We
found that when strains containing these fusions (i.e., X4108
and X4115) were grown in media with high osmolarity
achieved by the addition of 0.3 M NaCl or 0.6M sucrose, the
level of invA transcription was approximately eightfold
higher than that of strains grown in media with low osmo-
larity. In contrast, strains with two randomly chosen
TnphoA fusions (i.e., X4109 and X4110) obtained from a S.
typhimurium insertion library did not exhibit this effect
(Table 2).
ompC and ompF are two well-characterized osmoinduc-

ible genes of S. typhimurium and E. coli that encode two
outer membrane porins, and their expression is coordinately
regulated by the ompB locus, composed of the ompR and
envZ genes (22). ompR mutants of S. typhimurium have been
reported to be avirulent, while ompF and ompC mutants
retained virulence (5). These data suggest the possibility that
other virulence genes are regulated by ompR. Since Salmo-
nella inv genes are also osmoinducible, we tested the possi-
bility that invA may also be regulated by ompR by construct-
ing invA ompR isogenic mutants of S. typhimurium SR11.
The presence of an ompR mutation did not significantly
affect the expression of invA, indicating that osmoinduction
of invA is independent of the ompB regulatory network.

Higgins et al. (23) have recently reported that the regula-
tion of expression of the osmoinducible gene proU is deter-
mined by changes in DNA supercoiling in response to
different environmental stimuli. These investigators demon-
strated that the growth of cells at high osmolarity leads to an
increase in the mean negative superhelix density of chromo-
somal DNA and this causes the induction of proU expres-
sion. The level of supercoiling of the DNA in bacteria is
mostly maintained by the coordinate action of two enzymes:
DNA gyrase (encoded by the gyrA and gyrB genes), which
introduces negative supercoils in an energy-dependent man-
ner, and DNA topoisomerase I (encoded by the topA gene),
which removes negative supercoils in an energy-independent
fashion (6, 52). We tested the influence of the degree ofDNA
supercoiling on the expression of invA by measuring the
level of expression of invA in cells grown at high osmolarity
in the presence of subinhibitory concentrations of coumer-
mycin A1 or novobiocin. These antibiotics inhibit the B
subunit of DNA gyrase and therefore cause a reduction in
the negative supercoiling of the DNA (6). Increasing
amounts of coumermycin A1 or novobiocin decreased the
level of expression of invA, as well as of proU (Table 3). In
contrast, these antibiotics increased or did not affect the
expression of two random TnphoA fusions in S. typhimu-
rium SR11. These results indicate that increased relaxation
of the DNA causes a decrease in the expression of invA. In
fact, the expression of invA was also lower (twofold) when
cells were grown at 28°C (data not shown), a condition that
is also known to cause a reduction in the linking number of
DNA (16). The sensitivity of invA expression to DNA
supercoiling was further confirmed by the fact that this gene
was poorly expressed in a AtopA mutant of S. typhimurium
regardless of the osmotic conditions (Table 4). It is likely
that the DNA in this mutant is supercoiled beyond the
optimal level for the expression of invA. Nevertheless, we
were not successful in reversing the effect of the AtopA
mutation by using DNA gyrase inhibitors. This is not a
surprising finding since fine modulation ofDNA supercoiling
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with gyrase inhibitors is complex. Under certain conditions
(i.e., low concentrations) gyrase inhibitors can also increase
supercoiling by stimulating gyrA transcription (12).
We were interested in determining if our findings on the

differential expression of invA under different conditions
translated into a biological effect. In fact, mouse-virulent S.
typhimurium strains X3181 and X3339 grown under low
osmotic conditions were significantly impaired in their abil-
ity to penetrate tissue culture cells, compared with their
growth under high osmotic conditions (Table 5). A topA
mutant of the partially virulent S. typhimurium LT-2 strain
(PM233) was also impeded in its ability to invade MDCK
cells (Table 5). In addition, the kinetics of induction of the
expression of invA after the addition of 0.3 M NaCl closely
correlated with an increase in the ability of a wild-type
virulent S. typhimurium strain to invade tissue culture cells
after a shift from low-osmolarity to high-osmolarity medium
(Fig. 1). These data taken together further suggest that DNA
supercoiling has an effect on the expression of genes in-
volved in S. typhimurium invasion.
There is cumulative evidence that demonstrates that pro-

moter function can be affected both in vivo and in vitro by
the degree of DNA supercoiling (41, 52, 60). In one study
Jovanovich and Lebowitz (28) examined the effect of cou-
mermycin A1 on the expression of 67 random Mu dl-8 Lac'
operon fusions to random S. typhimurium promoters. They
found that this drug increased the expression of 70% of the
fusions, decreased the expression of 16%, and did not affect
13%. These studies suggest that most of the promoters in S.
typhimurium are affected in vivo by changes in the negative
superhelicity of the DNA. It has been shown that a number
of environmental stimuli such as osmolarity (19, 23), tem-
perature (17), oxygen levels (4, 32, 62), and starvation (1, 4)
affect DNA supercoiling. It therefore seems probable that
pathogenic organisms make use of this system to regulate the
expression of virulence genes in response to a diversity of
stimuli. This regulatory network may operate by directly
influencing the expression of a given virulence gene or,
alternatively, by affecting the expression of regulatory genes
that control the expression of additional virulence genes.
The regulation of the inv genes of S. typhimurium by changes
in the degree ofDNA supercoiling may be an example of the
end effect of such a regulatory network. At present it is not
known if the inv promoters themselves are sensitive to
supercoiling or if an as yet unidentified gene whose promoter
is sensitive to changes in DNA superhelicity modulates their
expression. It is noteworthy that conditions of temperature
and osmolarity found in the intestinal tract are optimal for
the expression of S. typhimurium genes that are uniquely
necessary in that environment for display of virulence (14).

ACKNOWLEDGMENTS
We thank Robert G. Kranz for useful discussions and Eric

Eisenstadt for providing bacterial strains and for useful suggestions
regarding the isolation of TnphoA insertion mutants of S. typhimu-
rium.

This work was supported by Public Health Service grant A124533
from the National Institutes of Health.

LITERATURE CITED
1. Balke, V. L., and J. D. Gralla. 1987. Changes in the linking

number of supercoiled DNA accompany growth transitions in
Escherichia coli. J. Bacteriol. 169:4499-4506.

2. Cairney, J., I. R. Booth, and C. F. Higgins. 1986. Osmoregula-
tion of gene expression in Salmonella typhimurium: proU
encodes an osmotically induced betaine transport system. J.
Bacteriol. 164:1224-1232.

3. Davis, R. W., D. Botstein, and J. R. Roth. 1980. Advanced
bacterial genetics: a manual for genetic engineering. Cold Spring
Harbor Laboratory, Cold Spring Harbor, N.Y.

4. Dorman, C. J., G. C. Barr, N. N. Bhriain, and C. F. Higgins.
1988. DNA supercoiling and the anaerobic and growth phase
regulation of tonB gene expression. J. Bacteriol. 170:2816-
2826.

5. Dorman, C. J., S. Chatfield, C. F. Higgins, C. Hayward, and G.
Dougan. 1989. Characterization of porin and ompR mutants of a
virulent strain of Salmonella typhimurium: ompR mutants are
attenuated in vivo. Infect. Immun. 57:2136-2140.

6. Drlica, K. 1984. Biology of bacterial deoxyribonucleic acid
topoisomerases. Microbiol. Rev. 48:273-289.

7. Elsinghorst, E. A., L. S. Baron, and D. J. Kopecko. 1989.
Penetration of human intestinal epithelial cells by Salmonella:
molecular cloning and expression of Salmonella typhi invasion
determinants in Escherichia coli. Proc. Natl. Acad. Sci. USA
86:5173-5177.

8. Fields, P. I., E. A. Groisman, and F. Heffron. 1989. A Salmo-
nella locus that controls resistance to microbicidal proteins from
phagocytic cells. Science 243:1059-1062.

9. Finlay, B. B., B. Gumbiner, and S. Falkow. 1988. Penetration of
Salmonella through a polarized Madin-Darby canine kidney
epithelial cell monolayer. J. Cell Biol. 107:221-230.

10. Finlay, B. B., F. Heffron, and S. Falkow. 1989.Epithelial cell
surfaces induce Salmonella proteins required for bacterial ad-
herence and invasion. Science 243:940-943.

11. Finlay, B. B., M. N. Starnbach, C. L. Francis, B. A. D. Stocker,
S. Chatfield, G. Dougan, and S. Falkow. 1988. Identification and
characterization of TnphoA mutants of Salmonella that are
unable to pass through a polarized MDCK epithelial cell mono-
layer. Mol. Microbiol. 2:757-766.

12. Franco, R. J., and K. Drlica. 1989. Gyrase inhibitors can
increase gyrA expression and DNA supercoiling. J. Bacteriol.
171:6573-6579.

13. Galin, J. E., and R. Curtiss III. 1989. Virulence and vaccine
potential of phoP mutants of Salmonella typhimurium. Microb.
Pathog. 6:433-443.

14. Galan, J. E., and R. Curtiss III. 1989. Cloning and molecular
characterization of genes whose products allow Salmonella
typhimurium to penetrate tissue culture cells. Proc. Natl. Acad.
Sci. USA 86:6383-6387.

15. Gianella, R. A., 0. Washington, P. Gemski, and S. B. Formal.
1973. Invasion of HeLa cells by Salmonella typhimurium: a
model for study of Salmonella invasiveness. J. Infect. Dis.
128:69-75.

16. Gibson, M. M., E. M. Ellis, K. A. Graeme-Cook, and C. F.
Higgins. 1987. OmpR and EnvZ are pleiotropic regulatory
proteins: positive regulation of the tripeptide permease (tppB) of
Salmonella typhimurium. Mol. Gen. Genet. 207:120-129.

17. Goldstein, E., and K. Drlica. 1984. Regulation of bacterial DNA
supercoiling: plasmid linking numbers vary with growth temper-
ature. Proc. Natl. Acad. Sci. USA 81:4046-4050.

18. Gottesman, S. 1984. Bacterial regulation: global regulatory
networks. Annu. Rev. Genet. 18:415-441.

19. Graeme-Cook, K. A., G. May, E. Bremer, and C. F. Higgins.
1989. Osmotic regulation of porin expression: a role for DNA
supercoiling. Mol. Microbiol. 3:1287-1294.

20. Gutierrez, C., J. Barondess, C. Manoil, and J. Beckwith. 1987.
The use of transposon TnphoA to detect genes for cell envelope
proteins subject to a common regulatory stimulus. Analysis of
osmotically regulated genes in Escherichia coli. J. Mol. Biol.
185:51-63.

21. Hale, T. L., and S. B. Formal. 1988. Virulence mechanisms of
enteroinvsive pathogens, p. 61-69. In J. A. Roth (ed.), Viru-
lence mechanisms of bacterial pathogens. American Society for
Microbiology, Washington, D.C.

22. Hall, M. N., and T. J. Silhavy. 1979. The ompB locus and the
regulation of the major outer membrane porin protein of Esch-
erichia coli K12. J. Mol. Biol. 146:23-43.

23. Higgins, C. F., C. J. Dorman, D. A. Stirling, L. Waddell, I. R.
Booth, G. May, and E. Bremer. 1988. A physiological role for
DNA supercoiling in the osmotic regulation of gene expression

INFECT. IMMUN.



REGULATION OF SALMONELLA inv GENES 1885

in Salmonella typhimurium and Escherichia coli. Cell 52:569-
584.

24. Hoiseth, S. K., and B. A. D. Stocker. 1981. Aromatic-dependent
Salmonella typhimurium are non-virulent and effective as live
vaccines. Nature (London) 291:238-239.

25. Hook, E. W. 1985. Salmonella species (including typhoid fever),
p. 1258-1269. In G. L. Mandell, R. G. Douglas, Jr., and J. E.
Bennerr (ed.), Principles and practice of infectious diseases, 2nd
ed. John Wiley & Sons, Inc., New York.

26. Isberg, R. R., and J. M. Leong. 1988. Cultured mammalian cells
attach to the invasin protein of Yersinia pseudotuberculosis.
Proc. Natl. Acad. Sci. USA 85:6682-6686.

27. Isberg, R. R., D. L. Voorhis, and S. Falkow. 1987. Identification
of invasin: a protein that allows enteric bacteria to penetrate
cultured mammalian cells. Cell 50:769-778.

28. Jovanovich, S. B., and J. Lebowitz. 1987. Estimation of the
effect of coumermycin A1 on Salmonella typhimurium promot-
ers by using random operon fusions. J. Bacteriol. 169:4431-
4435.

29. Kennedy, E. P. 1982. Osmotic regulation and the biosynthesis of
membrane-derived oligosaccharides in Escherichia coli. Proc.
Natl. Acad. Sci. USA 79:1092-1095.

30. Kier, L. D., R. Weppelman, and B. N. Ames. 1979. Regulation of
two nonspecific phosphatases in Salmonella: phoN and phoP
genes. J. Bacteriol. 138:155-161.

31. Knapp, D., and J. J. Mekalanos. 1988. Two trans-acting regu-
latory genes (vir and mod) control antigenic modulation in
Bordetella pertussis. J. Bacteriol. 170:5059-5066.

32. Kranz, R. G., and R. Haselkorn. 1986. Anaerobic regulation of
nitrogen-fixation genes in Rhodopseudomonas capsulata. Proc.
Natl. Acad. Sci. USA 83:6805-6809.

33. Kretschner, P. J., and S. N. Cohen. 1977. Selected translocation
of plasmid genes: frequency and regional specificity of translo-
cation of the Tn3 element. J. Bacteriol. 130:888-899.

34. Lennox, E. S. 1955. Transduction of linked genetic characters of
the host by bacteriophage P1. Virology 1:190-206.

35. Lenny, A. B., and P. Margolin. 1980. Location of the opp and
supX genes of Salmonella typhimurium and Escherichia coli. J.
Bacteriol. 143:747-752.

36. Liu, S. L., T. Ezaki, H. Miura, K. Matsui, and E. Yabuuchi.
1988. Intact motility as a Salmonella typhi invasion-related
factor. Infect. Immun. 56:1967-1973.

37. Manoil, C., and J. Beckwith. 1985. TnphoA: a transposon probe
for protein export signals. Proc. Natl. Acad. Sci. USA 82:
8129-8133.

38. Maureili, A. T., B. Blackman, and R. Curtiss III. 1984. Temper-
ature-dependent expression of virulence genes in Shigella spe-
cies. Infect. Immun. 43:195-201.

39. Maureili, A. T., and P. J. Sansonetti. 1988. Genetic determinants
of Shigella pathogenicity. Annu. Rev. Microbiol. 42:127-150.

40. May, G., E. Faatz, M. Viliarejo, and E. Bremer. 1986. Binding
protein dependent transport of glycine betaine and its osmotic
regulation in Escherichia coli K-12. Mol. Gen. Genet. 205:
225-233.

41. Meiklejohn, A. L., and J. D. Gralla. 1989. Activation of the lac
promoter and its variants: synergistic effects of catabolite acti-
vator protein and supercoiling in vitro. J. Mol. Biol. 207:
661-673.

42. Miller, J. F., J. J. Mekalanos, and S. Falkow. 1989. Coordinate
regulation and sensory transduction in the control of bacterial
virulence. Science 243:916-922.

43. Miller, S. I., A. M. Kukral, and J. J. Mekalanos. 1989. A two
component regulatory system (phoP phoQ) controls Salmonella
typhimurium virulence. Proc. Natl. Acad. Sci. USA 86:5054-
5058.

44. Miller, V. L., and S. Falkow. 1988. Evidence for two genetic loci
from Yersinia enterocolitica that can promote invasion of epi-
thelial cells. Infect. Immun. 56:1242-1248.

45. Miller, V. L., B. B. Finlay, and S. Falkow. 1988. Factors
essential for the penetration of mammalian cells by Yersinia.
Curr. Top. Microbiol. Immunol. 138:15-39.

46. Mroczenski-Wildey, M. J., J. L. Di Fabio, and F. C. Cabello.
1989. Invasion and lysis of HeLa cell monolayers by Salmonella
typhi: the role of lipopolysaccharide. Microb. Pathog. 6:143-
152.

47. Mukai, F. H., and P. Margolin. 1963. Analysis of unlinked
suppressors of an 00 mutation in Salmonella. Proc. Natl. Acad.
Sci. USA 50:140-148.

48. Neidhardt, F. C., P. L. Bloch, and D. F. Smith. 1974. Culture
medium for enterobacteria. J. Bacteriol. 119:736-747.

49. Overbye, K. M., and P. Margolin. 1981. Role of supX gene in
ultraviolet light-induced mutagenesis in Salmonella typhimu-
rium. J. Bacteriol. 146:170-178.

50. Pruss, G. J. 1985. DNA topoisomerase I mutants: increased
heterogeneity in linking number and other replicon-dependent
changes in DNA supercoiling. J. Mol. Biol. 185:51-63.

51. Pruss, G. J., and K. Drlica. 1985. DNA supercoiling and
suppression of the leu-500 promoter mutation. J. Bacteriol.
164:947-949.

52. Pruss, G. J., and K. Drlica. 1989. DNA supercoiling and
prokaryotic transcription. Cell 56:521-523.

53. Richardson, S. M. H., C. F. Higgins, and D. M. J. Lilley. 1984.
The genetic control of DNA supercoiling in Salmonella typhi-
murium. EMBO J. 3:1745-1752.

54. Schmeiger, H. 1972. Phage P22-mutants with increased or de-
creased transduction abilities. Mol. Gen. Genet. 119:74-88.

55. Schneider, H. A., and N. D. Zinder. 1956. Nutrition of the host
and natural resistance to infection. V. An improved assay
employing genetic markers in the double strain inoculation test.
J. Exp. Med. 103:207-223.

56. Shaw, W. W. 1979. Chloramphenicol acetyltransferase from
chloramphenicol-resistant bacteria. Methods Enzymol. 43:737-
755.

57. Small, P. L., R. R. Isberg, and S. Falkow. 1987. Comparison of
the ability of enteroinvasive Escherichia coli, Salmonella typhi-
murium, Yersinia pseudotuberculosis, and Yersinia enteroco-
litica to enter and replicate within HEp-2 cells. Infect. Immun.
55:1674-1679.

58. Southern, E. M. 1975. Detection of specific sequences among
DNA fragments separated by gel electrophoresis. J. Mol. Biol.
98:503-517.

59. Takeuchi, A. 1967. Electron microscopic studies of experimen-
tal Salmonella infection. 1. Penetration into the intestinal epi-
thelium by Salmonella typhimurium. Am. J. Pathol. 50:109-136.

60. Tse-Dinh, Y.-C., and K. Beran. 1988. Multiple promoters for
transcription of the Escherichia coli DNA topoisomerase I gene
and their regulation by DNA supercoiling. J. Mol. Biol. 202:
735-742.

61. Willetts, N. 1984. Conjugation. Methods Microbiol. 17:33-58.
62. Yamamoto, N., and M. Droffner. 1985. Mechanisms determining

aerobic or anaerobic growth in the facultative anaerobe Salmo-
nella typhimurium. Proc. Natl. Acad. Sci. USA 82:2077-2081.

VOL. 58, 1990


