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ABSTRACT

En route to its intestinal target cells Salmonella enterica passes different host niches and encounters various environ-
mental cues. These are expected to promote Salmonella in the decision of changing its extracellular life style to intra-
cellular. We find that prior incubation of bacteria in the presence of signals which are characteristic for the small intes-
tine affects invasion in a model system: Salmonella grown at high osmotic pressure in the presence of bile or in amino
acid rich medium, infect host cells most efficiently. Hence, Salmonella enterica modulates its infectivity in response to
these stimuli which consequently determines the success of infection. Our results close the current gap between signal
and actual behavior and may serve as a basis for further investigations for example if Salmonella has an adaptive pre-

diction of environmental changes.
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1. Introduction

The facultative intracellular enterobacterium Salmonella
entericaserovar Typhimurium (S. Typhimurium) follows
a “default” route when it infects a new host, which in-
cludes a switch from an extracellular to an intracellular
life style. To timely initiate this crucial step during host
colonization, Salmonella needs information from the sur-
rounding milieu. S. enterica enters the human body usu-
ally with food via the fecal-oral route. It preferably invades
M-cells or other enterocytes to further infect macro-
phages and deeper lying tissues, a state associated with
severe disease [1,2]. Thus, en route to its “entry” cells in
the small intestine Salmonella passes environments of
different physico-chemical composition. Salmonella faces
these environmental cues in a certain temporal order. It is
possible that Salmonella has an environmental anticipa-
tion and has adapted to it as it has been shown for two
model organisms recently [3]. Hence, knowing which
environmental cues impact the invasion behavior of sal-
monella is the first step to understand how an infection is
established. Currently we lack the link between certain
cues and the invasion behavior of Salmonella although it
has been shown that Salmonella responds to environ-
mental stimuli on genetic level [4,5]. Here, we investi-
gate the influence of a selection of distinct signals, found
in the course of infection, on Salmonella’s ability to in-
vade host cells.
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2. Reaults

We have chosen the conventional M9 minimal medium
(M9MM) as a basic fluid for bacterial culture to separate
the effect of single cues. The infection assays were per-
formed incubating the bacteria for a prolonged time in
MOMM and subsequently diluting and cultivating them
in a fresh culture medium containing MOMM and addi-
tives (or LB medium) until early stationary phase. Pre-
vious publications showed that this growth phase deter-
mined the success of infection in model systems to a
strong extend [6-8]. We tested our culture conditions in
promoter-reporter assays (Table 1, promoter of the tran-
scription regulator hilA which regulates invasion-related
virulence factors [5,9-11] and the response regulator
phoP, important for intracellular survival [12,13]) and
found that the promoter activities reflect published ob-
servations confirming our experimental setup.

We tested the following environmental cues for their
impact on invasion:

a) Osmotic changes: The food we eat consists pre-
dominantly of polymers. During digestion in the small
intestine the polymers are cut into many monomers
thereby creating more osmotically active compounds. We
found that a short-term shift from low to high salt me-
dium increases the invasiveness of Salmonella 24-fold
(Figure 1) indicating that a change in osmolarity serves
Salmonella as a mark.
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Table 1. Promoter activities of hilA and phoP of selected conditions.

% promoter activity compared to MOMM = standard deviation and regulation 1/ | / —

physico-chemical signal hilA phoP
(MOMM + additive) references
agreement with literature agreement with literature
(yes/no/N.A.) (yes/no/N.A.)
50 mM magnesium
(positive control) 92+ 13— N.A. 19+8] yes [13,26]
short-term osmotic stress
(150 mM NaCl) 15941 yes 254 £151 N.A. [6,19]
pH 4.5 87417 — NA. 170 £40 1 yes [13,26]
5 pg/ml polymyxin B 142+31 N.A. 522+191 yes [13,26]
0.1% bile' 70+£5 | N.A. 76+19 | N.A.
1% glycerol 159+20 1 N.A. 126 £22 1 N.A.
'50-fold less bile than in infection assay due to incompatibility of ODggo determination in Miller assay.
b) Influence of bile: Bile, which is secreted from the - ’ | ‘ ‘ 1
gall bladder, may indicate Salmonella that it now reaches
the habitat of its target cells. Indeed, Salmonella grown & 3000 1
in bile prior to infection showed a very effective infec- £ 2500
tion of about 12-fold compared to growth in pure MOMM = 2000 4
. 2]
(Figurel). 5
c¢) Changes in pH: Along the gastrointestinal tract pH- = 500 1
. . . (s}
values range from neutral or slightly alkaline in the mouth § 1000 1
and intestine to acidic in the stomach. Within host cells, < 500 -
the pH adjusts from neutral to eventually acidic within the 0.
“modified” endocytic-lysosomal route of a salmonella- ° O . o >
e Yoy ; 500 N & FF ¥ NI
containing vacuole (SCV) [2,14,15]. Figure 1 shows that S &° @é S &;\- 5\0
we could not observe any invasion of Salmonellae grown S ~N @ e
. . . g . N
in slightly acidic medium. S§
d) Antimicrobial peptides: On the way to its target cells, @

Salmonella has also to counter the immune system [16],
for instance antimicrobial peptides (AMPs), which belong
to the first defense line of innate immunity. They are either
secreted, for example by epithelial cells, or stored in gran-
ules inside phagocytes, which fuse with the phagosome to
kill engulfed bacteria. Consequently, AMPs are found ex-
tracellular and intracellular. As for pH 4.5, the antimicro-
bial peptide polymyxin B prevented invasion of HeLa cells
(Figurel).

¢) Magnesium ions: Magnesium ions have been shown
to negatively act on intracellular survival on genetic level
[13] and therefore may promote invasion. We found that
bacteria grown with additional magnesium invade cells
3.6-fold better than without this additive (Figure 1).

f) Availability of nutrients and carbon energy: The or-
ganic molecules vary from meal to meal and their avail-
ability within a cell is different to that in the intestinal
lumen. Thus we decided to exchange the carbon source
glucose in standard MOMM by 1% glycerol but its influ-
ence on Salmonella’s invasion capability was compara-
tively minor (Figure 1). LB medium is routinely used in
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Figure 1. Impact of different growth conditions on invasion.
Starter cultureswereinoculated in MOMM for a prolonged
period. Prior the infection diluted bacteria were grown in
MOMM for 3.5 h with indicated additives. Hel a cells were
infected with 10 pl bacteria/well of an OD600 = 0.5 for 20 min.
The cfu of this bacterial suspension was determined via
plating of dilution series. Invasion was terminated by apply-
ing gentamycin for 1 h. To release the intracellular salmo-
nellae, Hel a cells were disrupted with 0.1% Triton-X100
and the extract was plated onto agar dishes. To take variant
bacteria numbers prior infection into account, cfus of in-
tracellular bacteria were normalized against the cfus used
for infecting Hela cells. These values were further normal-
ized against the number of intracellular bacteria grown in
MOMM. All experiments were run at least three times and
error bars indicate standard deviation. The three asterix’
indicate a statistically highly significance with p < 0.001. M9-
MM = S. Typhimurim cells grown in MOMM; 150 mM NaCl
= M9MM with additional 150 mM NacCl; 5% bile= M9MM
with 5% bile; 50 mM Mg2+ = MO9MM with 50 mM MqCl;
pH 45=M9MM adjusted to pH 4.5; 5 pg/ml polymyxin B =
MOMM with 5 pg/ml polymyxin B; LB = S. Typhimuruim
grown in LB medium; 1% glycerol = 1% glycerol in MOMM
instead of 1% glucose.
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infection assays [6,17,18] and therefore we tested it, too.
Salmonella incubated in the amino acid rich and osmotic-
cally active LB medium showed a 55-fold higher inva-
sion rate compared to bacteria grown in MOMM and two-
fold higher invasion rate for bacteria grown to MOMM +
150 mM NacCl.

3. Discussion

Usually Salmonella infects its host via the fecal-oral
route thereby traveling through certain environmental
niches. This includes the escape into the cytosol of an
enterocyte eventually. We were interested if Salmonella
recognizes these environmental cues which are charac-
teristic for these habitats and responds accordingly. When
Salmonella is ingested with food, the latter gets degraded
thereby increasing osmolarity which Salmonella may
recognize. Indeed, we found that a temporary shift from
low to high salt medium enhances the invasiveness of
Salmonella dramatically. On molecular level it has been
shown that high salt conditions correlate with increased
needle complex formation and effector protein secretion
virulence determinants essential for invasion [19]. Also,
our results are consistent with observations in S. Typhi,
where an increasing salt concentration in LB medium
positively correlates with an increased invasiveness [20].
During the process of digestion, most sugars (cabon-
energy) are absorbed in the upper part of the small intes-
tine whereas peptides are absorbed along the whole small
intestine [21]. Regarding Salmonella it has been reported
that carbon energy depletion rather than amino acid star-
vation caused a rapid expression of virulence factors re-
quired for invasion [6]. Thus, the complex composition
of LB medium of high osmolarity and high levels of
amino acids and peptides resembles the digested food
mixture of the lumen of the small intestine. It is therefore
not surprising that bacteria grown in this medium invade
epithelial cells best. Furthermore, bile which is dis-
charged into the small intestine at its entrance served as a
strong signal for Salmonella resulting in an effective in-
fection, probably showing that their target cells are in
vicinity to their current location. This is contrary to pre-
vious reports where bile inhibited invasion [22,23] but
there overnight cultures rather than late exponential bac-
teria were used for infection. A characteristic feature of
the intestine may be the decreasing oxygen availability
along the gut, but its impact on the invasiveness of Sal-
monella remains controversial in literature [7,8,24]. Sur-
prisingly, the acidic pH of the stomach does not enhance
invasion, although the following body part is the small
intestine containing the target cells for Salmonella. We
could also show that AMPs abolished invasion of HeLa
cells and thus, luminal AMPs serve not as an invasion
promoting signal. Interestingly, magnesium ions have
been shown to act on the same receptor (phoQ of the
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two-component system phoP/Q) as AMPs and acidic pH
[25,26]. However, AMPs and low pH direct the up-
regulation of genes required for intracellular survival
(and most likely repress invasion-related virulence fac-
tors) but magnesium ions cause an opposite regulatory
effect on genetic level [13] which is what we observe
phenotypically in our infection assay. Small organic
molecules most likely affect the fitness of the bacterium
[27] but interestingly, the exchange of the carbon source
had a minor influence on Salmonella’s invasion capability.
In this study we observed a clear correlation between in-
testinal-relevant cues and invasiveness: A change in os-
molarity, bile and a high content on amino acids, charac-
teristic features of the small intestine, increased the inva-
siveness of Salmonella; whereas a low pH and antim-
icrobial peptides, parameters which are also found intra-
cellular abolished invasion. Thus, we conclude that Sal-
monella modulates its decision between an extra- and
intracellular life style in response to a defined set of sig-
nals typical for the small intestinal lumen, serving Sal-
monella as landmarks to prepare for invasion. This study
forms the basis for further research for example whether
Salmonella is capable to an adaptive prediction of envi-
ronmental changes. Furthermore, a detailed understand-
ing of the environment and its role in virulence, may lead
to a medical application by developing molecules that
interfere with Salmonella’s decision-making process and
therefore interfere with disease.

4. Materials and M ethods
4.1. Infection Assay

Briefly, the gentamicin protection assays were performed
incubating the bacteria for approx. 14 h, 37°C in MOMM
and subsequently diluting and cultivating them in a fresh
culture medium containing MOMM and additives or ad-
justed pH (except where LB medium was used) until
early stationary phase (3.5 h, 37°C). To determine the
number of living cells used to infect HeLa cells, an ali-
quot of this bacterial suspension was plated onto agar
petri dishes. After a 20 min infection intracellular sal-
monellae were recovered and plated on agar petri dishes.
The resulting colonies were counted and normalized
against the colony forming units (cfu) used to infect the
host cells. For percentage calculation recovered bacteria
grown in MOMM prior infection were set to 100%.

4.2. Promoter Reporter Assay

A classical promoter-reporter assay with lacZ [28] as
reporter gene was used along with the promoter of the
transcriptional regulator hilA [29] and response regulator
phoP [30].

DNA-sequences for the promoters are provided on re-
quest.
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