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ABSTRACT We have examined the effect of different
growth conditions on the ability of Salmonella to interact with
Madin-Darby canine kidney cells. Two growth conditions that
affect the expression of Salmonella adherence and invasiveness
have been identified. First, bacteria lose their invasiveness in
the stationary phase of growth. Second, bacteria growing in
oxygen-limited growth conditions are induced for adherence
and invasiveness, whereas those growing aerobically are rela-
tively nonadherent and noninvasive. Salmonella from cultures
aerated with gas mixtures containing 0% or 1% oxygen were
6- to 70-fold more adherent and invasive than those from
cultures aerated with a gas mixture containing 20% oxygen.
The Salmonella typhimurium oxrA gene that is required for the
anaerobic induction of many proteins is n1 involved in the
regulation of Salmonella invasiveness. We speculate that oxy-
gen limitation might be an environmental cue that triggers the
expression of Salmonella invasiveness within the intestinal
lumen and other tissues.

Bacterial pathogens are dependent on their ability to over-
come host barriers and infect their hosts. For example,
Salmonella, which normally enters its animal hosts via in-
gestion, can pass from the intestinal lumen to reach under-
lying sites (1). The initial site of Salmonella infection is the
distal ileum where the bacteria associate with the epithelial
lining and adjacent Peyer's patch (2, 3). Closer examination
of this initial interaction reveals that the salmonellae cause
degeneration of the epithelial brush border and then enter the
apical surface of enterocytes (4-6). This entry process re-
sembles phagocytosis and results in intracellular bacteria
enclosed within membrane-bound vacuoles. To study the
molecular details of the initial entry process, in vitro assays
have been developed for quantitating the ability of Salmo-
nella to adhere to and enter cultured mammalian cells (7-13).
Recent studies (14-16) have examined the interaction of
Salmonella with epithelial cells that have formed polarized
monolayers in vitro (17). In this in vitro system, the salmo-
nellae interact with and enter the apical surface of cells in a
process morphologically indistinguishable from that ob-
served in vivo (14). The ability of Salmonella strains to enter
mammalian cells in vitro also appears to correlate with their
ability to invade the ileal mucosa in vivo (8).

Previous results from this laboratory (18) showed that
bacteria grown overnight in bacterial culture medium were
not inherently able to enter cultured mammalian cells. How-
ever, after further incubation with the mammalian cells,
bacterial adherence and invasion of cells were observed. It
appeared that new bacterial proteins were expressed during
the incubation period since this process required bacterial
RNA and protein synthesis. It was proposed that an epithelial

cell component might provide the environmental cue that
induced bacterial attachment and entry into the host cell (18).
We now report that the induction of bacterial adherence

and invasiveness does not require incubation with mamma-
lian cells. Rather, our analysis shows that growth of Salmo-
nella under the appropriate in vitro conditions results in
expression of bacterial factors that permit attachment and
entry into mammalian cells.

MATERIALS AND METHODS
Bacterial Strains and Growth Conditions. Salmonella chol-

eraesuis strain SL2824 (19) and Salmonella typhi strain 404Ty
were obtained from B. A. D. Stocker (Stanford University
School of Medicine). 404Ty is a AaroAl48 derivative of an
Indonesian strain, 3083/30, originally characterized by L.
LeMinor (Institut Pasteur, Paris), which has two flagellar
antigen phases, d and z66 (20). Salmonella typhimurium
strains TN1909 and TN1910, obtained from Charles Miller
(Case Western Reserve University, Cleveland), are isogenic
strains containing the oxrA' and oxrAl loci, respectively. S.
typhimurium strain LT2 (DB21) was obtained from David
Botstein (Genentech, South San Francisco, CA). Salmonella
were grown in LB broth and on LB agar medium (GIBCO),
alone or supplemented with 2,3-dihydroxybenzoic acid (10
,ug/ml) (Sigma), which is required for optimal growth of the
AaroA mutant strain.

Cultures used in some experiments (Table 1 and Table 2,
experiment 3) were grown in LB broth containing antifoam
(Sigma). The presence of antifoam does not affect the induc-
tion or assay of bacterial invasiveness (unpublished obser-
vations). Initially, a culture was grown to logarithmic phase
in LB broth containing antifoam while bubbled with air from
the laboratory air lines for 21/2 hr. This culture was diluted to
prepare three cultures that were gently bubbled with different
gas mixtures, 5% C02/95% N2, 1% 02/5% C02/94% N2, or
20% 02/5% C02/75% N2 (Liquid Carbonic Specialty Gas,
San Carlos, CA). After 3 hr of additional growth, the final
culture density of each culture was -4 x 108 colony-forming
units (cfu)/ml (Table 1, experiment 1) and -2 x 108 cfu/ml
(Table 1, experiment 2).
Nonagitated cultures were prepared by inoculation of 2 ml

of LB broth in 16 x 150 mm borosilicate tubes with 0.04 ml
of a stationary-phase culture. For the experiment depicted in
Fig. 1, separate cultures were prepared to allow uninter-
rupted incubation of each sample. It was characteristic of
such cultures that, during the initial 3-hr incubation at 37°C,
the culture density increased from 108 cfu/ml to 4 x 108
cfu/ml. Bacterial growth was much slower during the next 4
hr; the culture density after 7 hr of growth was only 7 X 108
cfu/ml. We considered that bacteria from such cultures were
in the late logarithmic phase of growth.

Abbreviations: MDCK, Madin-Darby canine kidney; cfu, colony-
forming unit(s).
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Agitated cultures were prepared by inoculation of 1 or 2 ml
of LB broth in 16 x 150 mm borosilicate tubes with a
stationary-phase culture (a 1:1000 or 1:50 dilution factor) and
placing the tubes on a roller drum (New Brunswick Scientific;
80 rpm) at 370C. Under these growth conditions, logarithmi-
cally growing cultures had <108 cfu/ml, late logarithmic
cultures had -109 cfu/ml, and stationary-phase cultures had
-5 x 109 cfu/ml. For the experiment depicted in Fig. 2,
separate cultures were prepared to allow uninterrupted in-
cubation of each sample.

Overnight cultures were prepared as a source ofbacteria in
stationary phase by inoculation of 2 ml ofLB broth with <106
cfu and growth with agitation, except for that used for the
experiment described in Fig. 3. In this case, a culture was
grown overnight without agitation from a heavy inoculum as
described (21). Results similar to those shown in Fig. 3 were
obtained when stationary-phase bacteria from an agitated
culture were used instead (data not shown).

Strains were grown at 370C with the exception of strains
TN1909 and TN1910, which were grown at 30'C. cfu were
determined by plating serial dilutions onto LB agar medium.
Madin-Darby Canine Kidney (MDCK) Cells and Growth

Conditions. Strain 1 MDCK cells (22) were grown in minimal
essential-Eagle medium with Earle's salt (Cellgro/Media-
tech, Washington, DC) and 5% fetal bovine serum (GIBCO)
without antibiotics. Monolayers for adherence and invasion
assays were prepared by seeding 105 cells into each well of
a 24-multiwell tissue culture plate and incubating overnight.
MDCK cells between passage 40 and 60 were used for all
assays except for those in Table 1 and Table 2 (experiment 3),
in which cells between passage 8 and 10 were used. The
absolute values for bacterial adherence and invasion were
10-fold lower when MDCK cells between passage 8 and 10
were used vs. when those between passage 40 and 60 were
used. It is possible that a property of the MDCK cells
changed after many serial subcultures resulting in an in-
creased efficiency of bacterial adherence and invasion. The
conclusions of this study appear to be unaffected by this
change.
Adherence Assay. The medium overlying the MDCK mono-

layers was replaced with 1 ml of ice-cold tissue culture
medium and the multiwell dish was placed in an ice-water
bath for 30 min prior to the assay. Bacterial samples were
diluted if necessary in LB broth to approximately 108 to 4 x
108 cfu/ml so that addition of 40 Al of each bacterial sample
to the MDCK monolayers represented an initial inoculum of
5 x 106 to 2 x 107 cfu. Control wells without mammalian cells
were similarly prepared to quantitate nonspecific bacterial
adherence to plastic. The bacteria were allowed to adhere on
ice for 60 min and then each well was rinsed five times with
1-2 ml of ice-cold phosphate-buffered saline at pH 7.4 (PBS;
Sigma). Adherent bacteria were released by incubation with
0.2 ml of 0.1% Triton X-100 (Sigma) for 5-10 min. LB broth
(0.8 ml) was then added and each sample was vigorously
mixed using a Pasteur pipet. Adherent bacteria were quan-
titated by plating for cfu on LB agar medium.
To measure internalization of adherent bacteria, bacteria

were allowed to adhere as described above. After removal of
nonadherent bacteria with the PBS washes, 1 ml of pre-
warmed tissue culture medium was added to each assay well,
and internalization of bacteria was allowed to proceed for 60
min at 37°C in a 50% CO2 incubator. Intracellular bacteria
were quantitated after incubation with gentamicin as de-
scribed below.

Invasion Assay. Prior to all invasion assays, the medium
overlying each MDCK monolayer was replaced with 1 ml of
prewarmed tissue culture medium. Bacterial samples were
then added as described above. Invasion assays were incu-
bated at 37TC in a 5% CO2 incubator. Assays were terminated
by replacing the overlying medium with 1 ml of tissue culture

medium supplemented with 100 tug of gentamicin per ml.
Gentamicin, an aminoglycoside antibiotic, kills extracellular
bacteria while intracellular bacteria remain viable (23). After
incubation with the gentamicin for 120 min at 370C in a 5%
CO2 incubator, the cell monolayers were washed once with
PBS and the viable intracellular bacteria were released by
incubation with 0.2 ml of 1% Triton X-100 for 5-10 min.
Samples were vigorously mixed with 0.8 ml ofLB broth using
a Pasteur pipet. Viable bacteria were quantitated by plating
for cfu on LB agar medium.
For the experiment depicted in Fig. 3, initially, 1-ml

aliquots of tissue culture medium inoculated with 1.4 x 107
cfu of S. choleraesuis from a stationary-phase culture was
placed either on MDCK cell monolayers or in empty wells.
In the first case, the entry of Salmonella into MDCK cells
was measured hourly by replacing the overlying medium with
tissue culture medium supplemented with 100 ;Lg of genta-
micin per ml, as described above, at tx. In this case, calcu-
lations were performed to determine the incremental increase
in the number of bacteria that entered the MDCK cells during
each 1-hr period. The invasiveness of the bacteria incubated
in tissue culture medium alone was determined by transfer-
ring the infected medium onto MDCK cell monolayers at
different times. In this case, the number of bacteria that were
able to enter the cells during a 1-hr assay was determined, as
described above.

Biosynthetic Radiolabeling of Salmonella Proteins. Bacterial
cultures were grown at 370C for 5 hr to a final culture density
of =i07 cfu/ml. Cultures containing tissue culture medium
were grown in a 5% CO2 incubator. Bacteria from 0.4 ml of
each culture were washed with 1 ml of PBS and then
resuspended in 80 /.l of M9 medium (GIBCO) containing
0.1% glucose and 15 ,Ci of [35S]methionine (Amersham; 1 Ci
= 37 GBq). Samples were incubated at 37°C for 1 hr and then
centrifuged to harvest the bacteria. The samples were ana-
lyzed by sodium dodecyl sulfate/polyacrylamide gel electro-
phoresis (24).

RESULTS
Effect of Growth Conditions on Salmonella Invasiveness. We

have been studying the ability of Salmonella to adhere to and
enter cultured mammalian cells. Previous studies from our
laboratory examined bacteria that were grown overnight in
LB broth to stationary phase (18, 21). It was considered that
Salmonella in the environment were likely in stationary
phase prior to ingestion by a susceptible host (25). It was
found that such bacteria were not inherently able to enter
mammalian cells (18). Salmonella that were grown to loga-
rithmic phase in LB broth were also found to be inherently
nonadherent (15, 18). In the course of our experiments, we
measured the invasiveness of Salmonella that were grown to
logarithmic and late logarithmic phase and found that the
invasiveness of these bacteria varied dramatically. To un-
derstand this variation, we decided to more carefully measure
the invasiveness of bacteria during the course of growth of a
culture. We examined nonagitated and agitated LB broth
cultures.

Nonagitated cultures of S. choleraesuis were prepared by
inoculation of 2 ml of LB broth with 0.04 ml of a stationary-
phase culture (a 1:50 dilution factor) at to. As previously
reported, we found that bacteria grown overnight to station-
ary phase were not able to enter MDCK cells during a 1-hr
assay (Fig. 1). However, after growth of bacteria in nonagi-
tated LB broth for 3-7 hr, we observed a 1000-fold increase
in bacterial invasiveness, 0.02% to 20% (Fig. 1).

Agitated cultures of S. choleraesuis were prepared by
inoculating 2 ml of LB broth with a stationary-phase culture
(a 1:1000 or 1:50 dilution factor) at to. When we measured the
ability of bacteria from agitated culture to enter MDCK cells,
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FIG. 1. S. choleraesuis invasiveness measured during the course
of growth of a nonagitated culture. Bacterial invasiveness was
quantitated as the percent of the inoculum that could enter MDCK
cells during a 1-hr assay and thus survive subsequent treatment with
gentamicin. Values represent the average of two separate assays.

dramatic differences were seen depending on the stage of
growth of the bacteria sample (Fig. 2). We found that S.
choleraesuis from cultures in logarithmic phase were not
maximally invasive. However, when the culture was in late
logarithmic phase, bacterial invasiveness increased at least
10-fold. The bacterial culture then lost invasiveness in sta-
tionary phase, which is consistent with previous observations
that bacteria grown overnight in LB broth to stationary phase
are noninvasive. Similar results were also found for nonagi-
tated and agitated cultures of S. typhi (data not shown).
The dramatic differences in the invasiveness ofSalmonella

from different cultures were not affected by inhibition of
bacterial growth and de novo protein synthesis during the
assay period (data not shown). Thus, in our assay, the
difference in the ability of Salmonella to enter MDCK cells
reflects an inherent property of the bacterial inoculum.

Effect of Oxygen Availability on SalmoneUa Invasiveness.
The above experiments show that S. choleraesuis and S.
typhi from nonagitated cultures and agitated cultures in late
logarithmic phase are at least 10-fold more invasive than
those from agitated cultures in logarithmic phase. We con-
sidered that one commonly cited difference between these
growth conditions might account for the differences in Sal-

25

S 20

E S i15

| fi 10

A o s
m 0- .5 05'
mU

0 2 4 6

1010 'f

a *r10}

10t 0

106

7

I. * I .I . .

0 2 4 6
Time after inoculation of culture (hours)

FIG. 2. S. choleraesuis invasiveness measured during the course
of growth of an agitated culture. During the course of growth of
agitated cultures (o, A and *, A represent a 1:1000 and 1:50 to culture,
respectively), samples were analyzed to determine culture density
(o, *) and bacterial invasiveness (A, *); see legend to Fig. 1 for
details. The results from the two cultures were superimposed such
that their growth curves overlapped. The upper time scale corre-
sponds to the course of growth of the 1:1000 culture, whereas the
lower corresponds to that of the 1:50 culture.

monella invasiveness-that is, the availability of oxygen (26,
27).
We attempted to vary the amount of oxygen available

during bacterial growth by bubbling gas mixtures containing
different amounts of oxygen into the culture medium. Unlike
the nonagitated and agitated cultures, these bubbled cultures
are more comparable since they can be grown with similar
mixing and to similar culture densities. We found that S.
choleraesuis and S. typhimurium grown with gases contain-
ing 0%1 or 1% oxygen were 6- to 70-fold more invasive than
those grown with gas containing 20%o oxygen (Table 1). These
results confirm that Salmonella invasiveness is induced by
oxygen-limited growth conditions.

Invasiveness of a S. typhimurum Mutant Defective in An-
aerobic Regulation. Thirty-three proteins of S. typhimurium
detected by two-dimensional gel electrophoresis have been
identified whose synthesis is increased in response to anaer-

obiosis (28). The oxrA locus of S. typhimurium is required for
the regulation of 14 of these proteins (26, 28). The OxrA
protein is homologous to the Fnr protein ofEscherichia coli,
which functions as an oxygen-sensitive transcriptional acti-
vator during anaerobiosis (26, 29, 30). Since the expression of
Salmonella invasiveness is induced in oxygen-limited growth
conditions, we examined the invasiveness ofisogenic oxrA+/
oxrA- S. typhimurium strains grown in aerobic and oxygen-
limited conditions. We found that the oxrA+ and oxrA-
strains did not differ in their ability to enter MDCK cells.
Both strains exhibited a 100-fold increase in invasiveness
when grown in oxygen-limited vs. aerobic conditions (data
not shown). Thus, the oxrA locus does not regulate the
expression of Salmonella invasiveness.
Adherence and Entry of S. choeraesujy to MDCK Cells. It

has been proposed that Salmonella initially bind to the
mammalian cell surface and are subsequently internalized by
a host-directed endocytic/phagocytic process (21, 31). Thus,
alteration of either the binding properties or the efficiency of
the internalization process would affect bacterial invasive-
ness. We examined whether S. choleraesuis from different
cultures differed in their ability to bind or subsequently enter
MDCK cells. A similar assay for adherence and internaliza-
tion has been used to examine the interaction between the
Yersinia pseudotuberculosis invasin protein and its mamma-
lian receptor (32, 33).
Although S. choleraesuis does not bind efficiently to

MDCK cells in this assay, we found that bacteria from

Table 1. Effect of oxygen availability on S. choleraesuis and S.
typhimurium invasiveness

Bacterial Bacterial Bacterial
Exp. species culture invasiveness,* %

1 S. choleraesuis Nonagitated, late log 100 + 5
Agitated, midlog 8 ± 0.4
0%002 75 ± 0
1% 02 62 ± 4
20%002 13 ± 2

2 S. typhimurium Nonagitated, late log 100 ± 0
Agitated, midlog 0.1 ± 0
0002 41 ± 1
1%02 218 ± 18
20%002 3 ± 0.3

log, Logarithmic. Bacterial cultures were grown as described in
the text.
*The ability of bacteria to enter into MDCK cells (passage 8-10)
during 1 hr was measured as described in the text. Assay values
represent the average of two separate assays and were normalized
such that the invasiveness of bacteria from the nonagitated cultures
equals 100%6o. The actual percentage of the inoculum from the
nonagitated cultures that entered the MDCK cells was 1.6% and
1.7% for experiments 1 and 2, respectively.
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oxygen-limited cultures were able to adhere to MDCK cells
20- to 100-fold better than bacteria from aerobic cultures
(Table 2). Bacteria from stationary phase also appeared to
adhere to MDCK cells. When we measured the number of
adherent bacteria that were able to subsequently enter the
MDCK cells, we found that a relatively high percentage were
internalized in all cases, excpt for the bacteria from station-
ary phase. Adherent stationary-phase bacteria were internal-
ized 100-fold less efficiently, which is consistent with previ-
ous observations that such bacteria are not invasive.

Induction ofS. choleraesuis Invasiveness in the Presence and
Absence of MDCK Cells. Our laboratory reported that S.
choleraesuis grown overnight in LB broth were not inher-
ently able to enter MDCK cells. However, after further
incubation with the mammalian cells in tissue culture me-
dium, bacteria adherence and invasiveness were induced. It
was proposed that induction might occur in response to
exposure to the epithelial cell surface (18). Considering our
results, we wondered if the induction seen in the previous
study was actually due to the presence of the MDCK cells or
to a change in bacterial growth state during the incubation
period. We decided to compare the invasiveness of S. chol-
eraesuis incubated with MDCK cells vs. S. choleraesuis
incubated identically in tissue culture medium but in the
absence of MDCK cells. We found that regardless of the
presence ofMDCK cells, bacterial invasiveness was induced
40-fold after 4 hr of incubation (Fig. 3). Thus, our results
show that, in this in vitro system, induction of Salmonella
invasiveness can be accounted for by growth in tissue culture
medium alone.

Analysis of Proteins Synthesized by Invasive Salmonella. To
identify the major proteins expressed by invasive Salmo-
nella, we radiolabeled S. choleraesuis and S. typhi from
different cultures. We compared invasive bacteria from non-
agitated cultures with bacteria from agitated culture, which
are at least 10-fold less invasive. We observed proteins that
were preferentially produced by invasive Salmonella (Fig. 4).
By comparison to previously published protein patterns, it
appears that both of these proteins have been identified as
expressed by Salmonella adherent to MDCK cells (18).

Table 2. Adherence and subsequent internalization of S.
choleraesuis into MDCK cells

Bacterial Internalization of
adherence adherent bacteria

Exp.* Bacterial culture at OOCt % at 370C,* %
1 Nonagitated, late log 100 ± 15 59 ± 7

Agitated, late log 26 ± 1 35 ± 2
Agitated, midlog 0.8 ± 0.5 54 ± 11
Stationary phase 22 ± 2 0.3 ± 0.1

2 Nonagitated, late log 100 ± 8 40 ± 5
Agitated, late log 40 ± 0.5 16 ± 9
Agitated, midlog 6 ± 0.4 15 ± 6
Stationary phase 83 ± 16 0.4 ± 0.1

3 Nonagitated, late log 100 ± 16 7 ± 0.1
0%02 83 ± 8 17 ± 2
1%02 58 ± 7 9 ± 0.3
20%02 2 ± 1 §

log, Logarithmic. Bacterial cultures were prepared as described in
the text.
*MDCK cells between passage 40 and 60 were used for experiments
1 and 2, whereas those between passage 8 and 10 were used for
experiment 3.
tAssay values represent the average oftwo separate assays and were
normalized such that the adherence ofbacteria from the nonagitated
cultures equals 100%. The actual percentage of the inoculum from
the nonagitated cultures that were adherent was 1.6%, 1.2%, and
0.12% for experiments 1, 2, and 3, respectively.
tValues represent the average of two separate assays.
§Values were too low to allow calculation.
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FIG. 3. Induction of S. choleraesuis invasiveness in the presence
and absence of MDCK cells: Entry of bacteria into MDCK cells
during successive 1-hr periods after incubation in the presence of
MDCK cells (o) and the absence of MDCK cells (0).

DISCUSSION
This study confirms previous reports that the ability of
Salmonella to enter mammalian cells is regulated (14, 18).
Our work clarifies and extends these previous observations
by identifying two distinct conditions that affect the expres-
sion of Salmonella invasiveness. (i) Stationary phase results
in loss of bacterial invasiveness. In one experiment, highly
invasive bacteria lost 90% of their invasiveness after a 2-hr
period in stationary phase. After prolonged time in stationary
phase-for example, after overnight culture-Salmonella
were virtually noninvasive. (ii) Oxygen-limited growth con-
ditions were found to induce the expression of bacterial
adherence and invasiveness. Bacteria from oxygen-limited
cultures were 10- to 100-fold more adherent and invasive than
bacteria from aerobically growing cultures.

Thirty-three proteins of S. typhimurium have been identi-
fied whose synthesis is increased in response to oxygen
limitation (28). We have begun to eliminate some of these
proteins as candidates for mediating bacterial adherence and
invasion. For example, the oxrA, oxrB, and oxrC loci of S.
typhimuriunm are required for the induction of 19 of these
proteins; oxrA alone is required for the induction of 14 (34).
We have found that the oxrA locus is not essential for the
regulation of Salmonella invasiveness. Thus, the 14 oxrA-
regulated proteins are not required for bacterial invasion.
Although, many genes have already been identified that are
required for adherence and invasion, it is not known whether
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FIG. 4. Proteins synthesized by Salmonella grown in agitated vs.
static conditions: Autoradiograph of 10% polyacrylamide gel show-
ing [35S]methionine-labeled proteins from S. choleraesuis (lanes 1-3)
and S. typhi (lanes 4-6). Prior to radiolabeling, bacteria were grown
in agitated LB broth (lanes 1 and 4), in nonagitated 50% LB
broth/50% tissue culture medium (lanes 2 and 5), or in nonagitated
tissue culture medium (lanes 3 and 6). Arrowheads indicate major
proteins preferentially produced by Salmonella grown in tissue
culture medium. The mobilities of prestained protein molecular
weight standards (BRL) are indicated in kilodaltons.
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any are induced by oxygen-limited growth conditions (16,
35).
Our results lead to interesting speculation about the normal

events in Salmonella pathogenesis. Logically, the invasive
property of Salmonella would be induced when the bacteria
are within a susceptible host. Although host tissues require
oxygen, the concentration of free oxygen is relatively low
(PO2 of 5-40 mmHg) since most is bound by hemoglobin (36).
Thus, oxygen limitation might be one environmental cue that
triggers Salmonella invasiveness in its host-for example, in
the intestinal lumen or other tissues. The actual regulatory
signal might be the concentration of molecular oxygen or
another physiological property that correlates with the
growth states that we have identified. For example, the
anaerobic induction of cobinamide biosynthesis in S. typhi-
murium appears to be a result of a partial block in electron
transport rather than the lack of oxygen per se (37). Once
Salmonella invasion factors are identified, it would be in-
structive to examine their expression in bacteria located in
different sites of infected animals. Such studies might lead to
a greater understanding of the role of invasion in bacterial
pathogenesis.

Bacterial growth phase may also be an important factor
during pathogenesis since our studies showed that Salmo-
nella lose invasiveness in stationary phase. Interestingly,
such bacteria apparently remain adherent, although electron
microscopy and other types of adherence assays need to be
conducted to establish whether stationary-phase bacteria
actually adhere to the epithelial cells. If they do, ahalysis of
the mechanism of their adherence should be interesting since
it is not understood why adherence of certain bacteria to
mammalian cells leads to their internalization and adherence
of others does not (38).

It was previously observed that Salmonella invasiveness
was induced after incubation in the presence of mammalian
cells. Consequently, it was proposed that invasiveness might
be expressed in response to exposure to epithelial cell
surfaces (18). Our study shows that induction of bacterial
invasiveness does not require direct contact with epithelial
cells. We have found that growth in tissue culture medium
alone results in induction of bacterial invasiveness. In view
of our results, the simplest explanation for the previous
observation is that the bacterial inoculum was from station-
ary phase and thus was noninvasive, but, after a lag phase,
the bacteria grew in the tissue culture medium overlying the
epithelial cell monolayer and thus became invasive. Unfor-
tunately, we could not determine the effect of exposure of
bacteria to epithelial cells without simultaneous growth of the
bacteria in culture medium. Thus, it remains possible that the
epithelial cell surface influences the expression ofSalmonella
adherence and invasiveness. In this case, a component of the
epithelial cell surface might facilitate induction, as previously
hypothesized (18). Alternatively, perhaps the environment
near the epithelial cell is relatively depleted of oxygen and
thus close proximity to the epithelial cell leads to induction.

In a previous report from our laboratory, proteins prefer-
entially synthesized by S. choleraesuis adherent to MDCK
cells were identified (18). We have apparently identified two
of the same proteins as expressed by Salmonella that were
grown in tissue culture medium such that the bacteria were
highly invasive. We speculate that in the previous study the
adherent bacteria represent a particular population of the
inoculum that changed growth state and, as a result, became
able to adhere to the MDCK cells. Thus, these results
together suggest that the expression of the identified proteins
is indicative of a change in growth state and the ability to
adhere to and enter MDCK cells, further supporting our
conclusion that Salmonella adherence and invasiveness is
modulated by changes in growth state. Although the Salmo-
nella adherence and invasion factor(s) can be expressed in

the absence of mammalian cells, our results do not preclude
the possibility that other Salmonella proteins are specifically
synthesized in response to exposure to mammalian cells.
We hope our results will aid in the biochemical and genetic

analysis of the Salmonella adherence and invasion factor(s)
since we have found that simply by changing in vitro growth
conditions their expression in bacteria can be controlled.
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