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Serratia marcescens has long been recognized as an important opportunistic pathogen, but the underlying
pathogenesis mechanism is not completely clear. Here, we report a key pathogenesis pathway in S. marcescens
comprising the RssAB two-component system and its downstream elements, FIhDC and the dominant virulence
factor hemolysin ShiBA. Expression of sh/BA is under the positive control of FIhDC, which is repressed by
RssAB signaling. At 37°C, functional RssAB inhibits swarming, represses hemolysin production, and promotes
S. marcescens biofilm formation. In comparison, when rssBA is deleted, S. marcescens displays aberrant
multicellularity favoring motile swarming with unbridled hemolysin production. Cellular and animal infection
models further demonstrate that loss of rssBA transforms this opportunistic pathogen into hypervirulent
phenotypes, leading to extensive inflammatory responses coupled with destructive and systemic infection.
Hemolysin production is essential in this context. Collectively, a major virulence regulatory pathway is

identified in S. marcescens.

The Gram-negative bacterium Serratia marcescens is an im-
portant opportunistic pathogen that causes a wide range of
diseases and clinical presentations with high morbidity (25). S.
marcescens frequently causes outbreaks in intensive and neo-
natal care units, and the occurrence of multiple-antibiotic-
resistant strains has further exacerbated clinical treatment dif-
ficulties (3, 39). Despite years of study, the mechanism of
pathogenesis of S. marcescens and why it behaves as an oppor-
tunistic pathogen remain poorly understood. Unraveling the
underlying mechanism of pathogenesis is thus very important
for developing strategies to prevent and treat S. marcescens
infection.

The hemolysin ShlA was shown to be a dominant virulence
factor in S. marcescens pathogenesis using a murine lung in-
fection model (35). ShIA is responsible for the hemolytic and
cytotoxic effects on erythrocytes and cultured cells, with the aid
of an outer membrane protein, ShiB (28, 29, 47, 53, 54). ShlA
also contributes to the release of inflammatory mediators, in-
creases uropathogenicity, and triggers microtubule-dependent
invasion of S. marcescens into epithelial cells (27, 30, 34, 40).
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However, the mechanism by which the expression of shlA is
regulated, especially in response to any bacterial signaling sys-
tem control, remains uncharacterized. Only one reported study
has indicated that iron is involved in the regulation of sh/BA
expression in S. marcescens (46).

S. marcescens exhibits swarming, which is recognized as a
highly coordinated multicellular surface migration behavior
(24, 51, 62) that is correlated with virulence capability, antibi-
otic resistance, and hemolysin production in other bacteria (1,
17, 44). S. marcescens swarms on Luria-Bertani (LB) agar
surfaces at 30°C, but not at 37°C (36). Our previous studies
showed that activation of a bacterial two-component system,
RssAB, comprising a sensor kinase, RssA, and a response
regulator, RssB, inhibited swarming and reduced hemolysin
production in S. marcescens CH-1 at 37°C (36, 57, 63). In
contrast, loss of rssBA resulted in a precocious swarming phe-
notype and a significant increase in hemolytic activity (36).
These findings strongly indicate the presence of an important
relationship between RssAB signaling, swarming regulation,
and hemolysin production. However, subsequent experiments
failed to show evidence of direct binding to the sh/BA pro-
moter region and repression of shIBA expression by phosphor-
ylated RssB (63), indicating that another factor is involved in
RssAB-regulated hemolysin production.

Recently, we showed that activated RssAB signaling directly
represses expression of flhDC and swarming in S. marcescens
CH-1 at 37°C (57). FIhDC is known to be a major checkpoint
of swarmer cell differentiation in S. marcescens MG1 (formerly
Serratia liquefaciens MG1) (13) and is also involved in early
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TABLE 1. Bacterial strains and plasmids used in the study
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Strain or plasmid

Genotype or relevant characteristics®

Source or reference

E. coli strains

DH5a F~ $80dlacZAM15 A(lacZYA-argF)UI69 deoR recAl endAI hsdR17(ry~ my ") phoA  Invitrogen
supE44 N~ thi-1 gyrA96 relAl
CC118 N-pir lysogen [A(ara-leu) araD AlacX74 galE galK phoA20 thi-1 rpsE rpoB argE(Am) 26
recAI]; permissive host for suicide plasmids requiring Pir protein
S17-1 N-pir lysogen [thi pro hsdR hsdM™* recA RP4 2-Tc::Mu-Km::Tn7 (Tp" Sm")]; 26
permissive host able to transfer suicide plasmid pDM4 to recipient cells via
conjugation
S. marcescens strains
CH-1 Wild-type strain; clinical isolate 36
ArssBA rssBA knockout mutant; Gm* This study
AshIBA shiBA knockout mutant; Sm" This study
ArssBA-shIBA rssBA and shIBA knockout mutant; Gm" Sm" This study
AflhDC fIhDC knockout mutant; Sm* This study
ArssBA-flhDC rssBA and flhDC knockout mutant; Gm" Sm"® This study
Plasmids
pGEM-T Easy TA cloning vector; Amp" Promega
pBluescript II SK(+/—)  Cloning vector; Amp* Stratagene
pUT-Sm Suicide plasmid containing mini-Tn5 (Sm"); requires Pir protein for replication 11
pUT-Km1 Suicide plasmid containing mini-Tn5 (Km"); requires Pir protein for replication 11
pACYC184 Cloning vector; Tc" Cm" 5
pEGFP-C3 GFPmutl variant; cytomegalovirus (CMV) promoter; f1 origin; simian virus 40 BD Bioscience Clontech
(SV40) origin; pUC origin; kanamycin resistance gene
pBAD18-Cm pBADI18; arabinose regulation; Cm" 23
pBAD24-Amp pBAD24; arabinose regulation; Amp® 23
pBAD24EGFP::Sm pBAD24 expressing egfp This study
pRepoEGFP pACYC184 containing promoterless egfp This study
pRepoEGFP-shiB pRepoGFP with shlB promoter This study
pRssAB pACYC184 containing full-length rssBA with promoter This study
pFIhDC pBADI18 expressing flhDC This study
pshIBAKO Derived from pUT; contains sh/B and shl4 homologous region; Sm" Km" This study
prssBAKO Derived from pUT; contains rssB and rssA homologous region; Gm" Sm" This study
pflhDCKO Derived from pUT; contains fIhD and flhC homologous region; Sm" Km" This study

“ Amp, ampicillin; Sm, streptomycin; Cm, chloramphenicol; Km, kanamycin; Gm, gentamicin; Tc, tetracycline.

stages of biofilm formation in Escherichia coli (48). In addition,
studies in Proteus mirabilis and Xenorhabdus nematophila indi-
cated that FIhDC positively regulates hemolysin production
(10, 17). Notably, swarming motility and biofilm formation are
inversely related (4, 41), and both of them participate in mod-
ulation of virulence capability and pathogenesis of bacterial
infections (32, 45). Since hemolysin ShIA is critical for S. marc-
escens pathogenesis (35) and its overexpression is correlated
with precocious swarming (36) and defective biofilm formation
(58), we hypothesized that RssAB might regulate S. marcescens
pathogenesis through coordination of multicellularity of
swarming, biofilm formation, and hemolysin production in con-
junction with FIhDC.

This study investigated the in vitro and in vivo pathogenesis
mechanism of an S. marcescens clinical isolate. Special atten-
tion was given to the role of hemolysin in pathogenesis and the
underlying regulatory mechanism of shlBA expression by
RssAB at 37°C. Repression of sh/BA expression and hemolysin
production by RssAB signaling was found to depend on
FIhDC. Loss of rssBA in S. marcescens resulted in multiple
aberrant multicellular behaviors coupled with elevated hemo-
lysin production, leading to increased destruction of bronchial
epithelium cells, high mortality in a rat acute-pneumonia
model, and even systemic infection in a rat sublethal-pneumo-
nia model. In contrast, when shlBA was deleted, S. marcescens

showed little virulence. Together, these findings demonstrate
that a hierarchical regulatory relationship exists between
RssAB, FIhDC, and ShIBA in S. marcescens. The RssAB-
FIhDC-ShIBA pathway plays a major role in controlling S.
marcescens multicellularity and pathogenesis.

MATERIALS AND METHODS

Bacterial strains. The bacterial strains and plasmids used in this study are
summarized in Table 1. Bacteria were routinely cultured with agitation in LB
broth (Difco) at 37°C or 30°C with adequate antibiotics when necessary. A
clinical isolate, S. marcescens CH-1, was used as the wild-type strain. All mutants
in which the specific gene locus was replaced with a streptomycin resistance
(Sm") or gentamicin resistance (Gm") cassette were generated through homol-
ogous recombination.

Enzymes, chemicals, reagents, and primers. DNA restriction endonucleases
and modifying enzymes were purchased from Roche (Germany) and New En-
gland Biolabs. DNA polymerase and PCR-related products were purchased from
Stratagene, Takara (Japan), and Perkin Elmer. F-12K medium and RPMI 1640
medium without phenol red and culture-related products were purchased from
Invitrogen. Other laboratory grade chemicals were purchased from Sigma,
Merck (Germany), and BDH (United Kingdom). The primers used in this study
are summarized in Table 2.

RT-PCR assay. Total bacterial RNA was purified by using a Trizol kit (In-
vitrogen). To analyze the transcript amounts of flhDC and shiBA genes, S.
marcescens CH-1, S. marcescens ArssBA, S. marcescens CH-1 harboring pFIhDC
(CH-1/pFIhDC), S. marcescens AlhDC, and S. marcescens ArssBA-flhDC were
cultivated in LB broth with agitation at 37°C for 3 and 4 h, respectively. To
induce fIhDC, 0.1% arabinose was added to the LB broth medium of CH-1/
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TABLE 2. PCR primers used in the study
Sequence (5'-3")"

Primer

...AGATCTAATCACCGCCTTGACGCT
AAGCTTCTGATGCACTGTTCCGGC
AAGCTTGAGTGAACAAAGTGGCCGAC
GAATTCTCAACGCCCTGTTTCGCC
GTCGACTAATGGTTCGGGGGTAGAGTT

SalFIhDCKOF1

HindFIhDCKOR1 AAGCTTCATATTCCCCATATTCCCCA
HindFIhDCKOF2... AAGCTTGGCCGATATTATTCCTCAACTGC
EcoRFIhDCKOR?2 GAATTCCGCCGATAATCAGAAACTCC

FIhDCCFI .... GGAGCTCTCTGTCGGGATGGGGAATAT
FIhDCCRI1 GTCTAGATCACACGTCGGTATTCATTGCC
FIhDCRTF GCCAAAAGGAATGTTACCGT

FIhDCRTR CAGTTGCGGCGAAAGTTTAC

16StDNAF AACTGGAGGAAGGTGGGGAT

16SrDNAR AGGAGGTGATCCAACCGCA

SmaEGFPF.. TCCCCCGGGATGGTGAGCAAGGGCGAGGAGCTG
XbaEGFPRstop.. GCTCTAGAGGTTACTTGTACAGCTCGTCCATGCC
HindpBAD24SDF .CCCAAGCTTAGGAGGAATTCACCATGGTAGCCG
PstEGFPRstop AAACTGCAGTTACTTGTACAGCTCGTCCATGCC
PstrrnBTF ... AAACTGCAGGCTGTTTTGGCGGATGAGAGAAG
XbarrnBTR GCTCTAGAGTTTGTAGAAACGCAAAAAGG
SalrrnBTF . CGCGTCGACGGCTGTTTTGGCGGATGAGAGAAG
LMI13R.. GGAAACAGCTATGACCATGATTACGCCAAG
ShIBPF .. CGGATCCTCGTATTTCCCACTGGTCGG

ShIBPR.. ....CCAAGCTTACTCGCCCATCGACATATCCC

“The underlined sequences represent cutting sites of restriction endonucle-
ases.

pFIhDC at the second hour. The relative amounts of transcripts were evaluated
by reverse transcription (RT)-PCR according to the instructions for the Super-
Script IIT First-Strand Synthesis System (Invitrogen). The targets of flhDC,
shIBA, and 16S rRNA (internal control) were amplified using the primer pairs
FIhDCRTF and FIhnDCRTR, shIBF and shIBR, and 16STDNAF and 16StTDNAR,
respectively. Electrophoresis images were edited with Image J (NIH). The tran-
script amounts of shlBA and flhDC for each strain were semiquantified by Image
J and are shown as relative mRNA expression, which was normalized to that of
16S rRNA and compared to that of S. marcescens CH-1.

Swarming assay. The swarming motility of each S. marcescens strain was
analyzed as previously described (36). Swarmer cells were defined as the bacteria
around the outer layer after swarming at 37°C.

Biofilm attachment assay. A biofilm attachment assay was performed as de-
scribed previously (58). Briefly, an overnight culture of each strain was diluted
1:100 in 150 wl fresh LB broth containing 0.5% glucose onto a 96-well polyvi-
nylchloride (PVC) microtiter plate (BD), followed by incubation at 37°C without
agitation for 24 h. After the supernatant was removed, the well was washed twice
with 200 wl phosphate-buffered saline (PBS) and stained with 200 wl of crystal
violet (1%) for 20 min. After the crystal violet was removed, the stained biofilm
was imaged and extracted with 95% ethanol. The quantification of attachment
was estimated as the absorbance at 630 nm (A43(). Biofilm cells were defined as
the bacteria attached to the PVC microtiter plate after it was washed twice with
PBS. Each experiment was performed in triplicate independently. Data were
expressed as means with standard deviations.

Hemolysis assay. Hemolytic activity was determined as described elsewhere
(29). Briefly, an overnight culture of each S. marcescens strain was diluted 1:100
in fresh LB broth and cultivated for 4 h with agitation at 37°C. For the induction
of flhDC expression, arabinose was added to a final concentration of 0.1% at the
second hour. Equal numbers of bacteria were collected and diluted in PBS,
followed by incubation with 8% sheep erythrocytes for 15 min at 22°C. After
centrifugation, the released hemoglobin was determined as the absorbance at
405 nm. The absorbance of each sample was normalized to the total released
hemoglobin from the sheep erythrocytes incubated in distilled water and ex-
pressed as percent hemolysis. To determine the hemolytic activity of swarmer or
biofilm cells, a swarming assay as described previously (36) or a biofilm attach-
ment assay followed by the collection of swarmer or biofilm cells, respectively,
was performed for each strain. After quantification of the same number of
bacteria, the hemolytic activity of each strain was determined. Each experiment
was performed in triplicate independently. Data were expressed as means with
standard deviations.

Construction of enhanced green fluorescent protein (EGFP)-expressing plas-
mids. To construct the vector pRepoEGFP, which was used to detect the pro-
moter activity of sh/B, the egfp gene was first amplified from the plasmid
pEGFP-C3 (BD Biosciences Clontech) using the primer pair SmaEGFPF-XbaE-
GFPRstop, digested with Smal and Xbal, and ligated into the Smal and Xbal
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sites of pBAD24 to form pBAD24EGFP. The primer pair HindpBAD24SDF-
PstEGFPRstop was used to amplify SD-EGFP containing a high-efficiency
Shine-Dalgarno box with pPBAD24EGFP. The PCR product was cloned into the
HindIII-PstI site of plasmid pBAD24 to form pBAD24SD-EGFP(R). The
primer pair PstrrnBTF-XbarrnBTR was used to amplify the terminator, rmBt,
with pBAD24 and cloned into the PstI-Xbal sites of pPBAD24SD-EGFP(R) to
form pBAD24SD-EGFP-rrnBT(R) and into the Smal site of pBluescript IT SK
(Stratagene). pBAD24SD-EGFP-rrnBT(R) was then digested by HindIIT and
Xbal to obtain SD-EGFP-rrnBT and was cloned into the HindIII and Xbal sites
of pACYC184 to generate pSD-EGFP-rrnBT. The primer pair SalrrnBTF-
LM13R was used to amplify another rmBt with pBluescript II SK containing
rmBt and cloned into the Sall-BamHI sites of pSD-EGFP-rrnBT to obtain
pRepoEGFP. pRepoEGFP-sh/B was constructed through the ligation of the sh/B
promoter region, which was amplified using Pfu polymerase via the primer pair
ShIBPF and ShIBPR, into the BamHI and HindIII sites of pRepoEGFP.
pBAD24EGFP::Sm was derived from pBAD24EGFP with the insertion of an
Sm" cassette into the HindIII site

Cell culture. BEAS-2B human bronchial epithelial cells (ATCC CRL-9609)
were obtained from the Bioresource Collection and Research Center (BCRC),
Taiwan. They were maintained in F-12K medium (Gibco) supplemented with
10% fetal bovine serum (FBS), 2 mM L-glutamine, and penicillin-streptomycin
(complete F-12K medium) at 37°C under a 5% CO, atmosphere.

Cellular cytotoxicity assay. BEAS-2B cells were seeded at 5 X 10* cells/well in
complete F-12K medium in a 96-well microplate and incubated for 24 h at 37°C
under a 5% CO, atmosphere. The medium was replaced with basal RPMI 1640
medium (Gibco) before infection. The bacteria were cultivated to mid-log phase,
pelleted by centrifugation, and washed twice with PBS. The bacteria were then
diluted in basal RPMI 1640 medium to infect the cells at a multiplicity of
infection (MOI) of 10 for 4 h. The cytotoxicity was determined by measuring the
release of lactate dehydrogenase (LDH) using the CytoTox 96 NonRadioactive
Cytotoxicity Assay (Promega) and was expressed as percent cytotoxicity, calcu-
lated as the ratio of the average experimental values obtained from each bacte-
rial strain to those obtained from cells treated with the lysis solution provided in
the kit. The assay was performed in triplicate and repeated three times indepen-
dently. The percent cytotoxicity was expressed as the average of the experiments
with the standard deviation.

Cellular invasion assay. BEAS-2B cells were seeded at 1 X 10° cells/well in
complete F-12K medium in a 24-well plate and incubated for 24 h at 37°C under
a 5% CO, atmosphere. Before infection, the medium was replaced with basal
RPMI 1640 medium. Each strain prepared for the cytotoxicity assay was inocu-
lated onto a cell monolayer at an MOI of 5 to infect the cells for 2 h. The
antibiotic protection assay was performed as described previously (31) with some
modifications. The use of gentamicin, streptomycin, or chloramphenicol at 100
pg/ml in the basal RPMI 1640 medium killed extracellular S. marcescens cells
during an additional 2-hour incubation. The cells were then washed with PBS
three times and lysed with 1% Triton X-100 to release viable intracellular
bacteria. The supernatants were serially diluted and plated on LB plates to
determine the CFU. The data were expressed as means with standard deviations.
Fluorescence microscopy was applied to visualize the invasion of S. marcescens
into cells. pPBAD24EGFP::Sm was introduced into S. marcescens CH-1, S. marc-
escens ArssBA, and S. marcescens ArssBA harboring pRssAB (ArssBA/pRssAB).
All bacterial strains were cultivated to mid-log phase in LB broth supplemented
with 0.1% arabinose to induce egfp expression in pPBAD24EGFP::Sm. BEAS-2B
cells were cultivated on sterile round coverslips (12 mm) in 24-well plates in
complete F-12K medium for 24 h at 37°C under a 5% CO, atmosphere, followed
by replacement of the medium with RPMI 1640 medium before infection. The
cells were infected by bacteria at an MOI of 5 for 2 h and washed twice with PBS.
To locate the cell membrane and nucleus, the cells were stained with 4 puM FM
4-64 (Molecular Probes) and 10 wM Hoechst 33342 (Molecular Probes) for 5
min at 37°C under a 5% CO, atmosphere. The stained cells and bacteria ex-
pressing EGFP were imaged on a Leica DM2500 fluorescence microscope (Ger-
many) equipped with a 63X oil immersion objective. The images were captured
with a Spot RT3 Slider charge-coupled device (CCD) camera (Diagnostic In-
struments Inc.), edited, and merged with Spot (Diagnostic Instruments Inc.). To
quantify bacteria invading cells, the bacteria in 200 cells were counted. Each
result was calculated as an average of triplicate tests with the standard deviation.

Promoter assay. S. marcescens CH-1 and S. marcescens ArssBA harboring
pRepoEGFP (as a background control) or pRepoEGFP-shiB, respectively, were
used to infect BEAS-2B cells at an MOI of 5 for 1 h. The supernatants with
bacteria were collected for fluorescence analysis by Victor IIT (Perkin Elmer).
Promoter activity was determined with a fluorometer as relative florescence units
(RFU), with excitement at 485 nm and detection at 535 nm. Each result was
calculated as an average of triplicate tests with the standard deviation.
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Rat acute-pneumonia model. All experiments for animal studies were ap-
proved by the National Laboratory Animal Center in Taiwan and followed the
guidelines of the Institutional Animal Care and Use Committee in accordance
with the Taiwan law for animal protection.

Male Sprague-Dawley (SD) rats (6 to 8 weeks old; 150 to 200 g) were pur-
chased from the National Laboratory Animal Center, Taiwan, and allowed to
acclimatize for at least 7 days before use. Food and water were supplied ad
libitum. The rat acute-pneumonia model basically followed the protocols de-
scribed previously (38) with minor modifications. Briefly, bacteria were cultivated
in LB broth at 37°C with agitation to mid-log phase. The bacterial suspensions
were washed with normal saline and diluted to 1 X 10° CFU in 1 ml of normal
saline for rat inoculation. The rats were lightly anesthetized with halothane. The
trachea was exposed in a sterile atmosphere, and 100 wl of S. marcescens inoc-
ulum was administered intratracheally (i.t.) using a sterile 26-gauge needle. To
perform the survival study, 12 rats per group were infected i.t. with S. marcescens
CH-1, S. marcescens ArssBA, S. marcescens ArssBA-shiBA, or normal saline
(vehicle) and closely monitored for 1 day. The survival rate was calculated from
three independent experiments. After the rats were sacrificed, the whole lungs
from each group were dissected and imaged. Lung tissues were fixed in 10%
formalin for 24 h and embedded in paraffin; 4-m sections were cut, stained with
hematoxylin and eosin (H&E), and processed for light microscopy. Images were
captured and analyzed with a Leica DM 2500 and a Spot RT3 Slider CCD
camera.

Quantification of the bacterial burden in lungs and BAL fluid. The experi-
mental protocols described by Wang et al. (61) were basically followed. Twenty-
four hours after i.t. inoculation, rats were sacrificed and the thoracic cavity was
exposed. The left lung was removed intact with the endotracheal tube in place
and lavaged twice with 3 ml of normal saline. The lungs were perfused with
normal saline, and the right lung was excised; special care was taken to exclude
hilar tissues or proximal bronchi. The right lung was minced, suspended in 10 ml
of normal saline, and homogenized; 10-ul of aliquots from each specimen were
serially diluted and plated on LB agar plates containing tetracycline (12.5 pg/ml),
followed by incubation at 37°C for 24 h. Bacteria were counted as the average
number of CFU per gram of lung and CFU per ml of bronchoalveolar lavage
(BAL) fluid from three independent experiments with the standard deviation.

BAL fluid cellularity analysis. Twenty-four hours postinfection, cells harvested
from 100 wl of BAL fluid were subjected to hemocytometer (Hausser Scientific)
analysis for total leukocytes, and the differential cell populations of neutrophils,
eosinophils, basophils, monocytes, and lymphocytes were expressed as percent-
ages. Data were expressed as averages of three independent experiments with the
standard deviations.

Cytokine measurement. Concentrations of tumor necrosis factor alpha (TNF-
a), interleukin-1B (IL-1B), and IL-6 in BAL fluid and sera were determined by
enzyme-linked immunosorbent assay (ELISA) (Biosource, United Kingdom)
according to the manufacturer’s instructions.

Rat sublethal-pneumonia model. The procedures of infection in the rat sub-
lethal-pneumonia model were basically similar to those used in the rat acute-
pneumonia model with some modifications. Six rats from each group were i.t.
inoculated with 1 X 10° CFU of each strain (S. marcescens CH-1, S. marcescens
ArssBA, S. marcescens AshiBA, and S. marcescens ArssBA-shIBA) in 100 wl nor-
mal saline. The normal saline was used as a vehicle. Body weight was monitored
daily, and the rats were sacrificed 3 days postinfection. Sera collected from the
abdominal aorta and BAL fluids were used for subsequent determination of the
bacterial loads and cytokines. The lungs, livers, and spleens of the rats were
dissected and imaged. To analyze the bacterial load, the organs were weighed
and homogenized in 500 pl of PBS. Homogenates of each organ, serum, or BAL
fluid was plated on LB agar plates containing tetracycline (12.5 pg/ml) and
incubated at 37°C for 24 h. The number of bacteria was expressed as the average
number of CFU per gram of organ or CFU per ml of serum or BAL fluid from
three independent experiments with the standard deviations.

RESULTS

RssAB represses hemolytic activity through downregulation
of fIhDC expression. To evaluate whether RssAB regulates
shiBA expression through control of flhDC expression at 37°C,
we constructed rssBA (ArssBA), fIhDC (AfIhDC), and rssBA-
fIhDC (ArssBA-flhDC) knockout mutants derived from the par-
ent strain, S. marcescens CH-1, to analyze the transcription
levels of fIhDC and shIBA by RT-PCR. Elevated mRNA levels
of flhDC and shIBA were found in S. marcescens ArssBA com-
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pared with S. marcescens CH-1 cells (Fig. 1A and B). When
fIhDC was further deleted in S. marcescens ArssBA to form S.
marcescens ArssBA-flhiDC, the shIBA expression was signifi-
cantly reduced to a level lower than that of S. marcescens CH-1
(Fig. 1A and B). In contrast, S. marcescens AflhDC had the
lowest shIBA mRNA level (Fig. 1A and B). Complementation
of wild-type rssBA in S. marcescens ArssBA or flhDC in S.
marcescens AflhDC restored the mutant sh/BA expression level
to that of S. marcescens CH-1 (C. S. Lin and H. C. Lai, un-
published data). Notably, overexpression of fIliDC in S. marc-
escens CH-1 (CH-1/pFIhDC) also increased the sh/IBA mRNA
level, similar to that observed in S. marcescens ArssBA (Fig. 1A
and B). Together, these results indicate that RssAB represses
shIBA expression through the inhibition of flhDC expression.

The role of the RssAB-FIhDC-ShIBA pathway in hemolytic
activity was evaluated. As expected, deletion of shIBA or rssBA
to form S. marcescens AshlBA and S. marcescens ArssBA, re-
spectively, resulted in the lowest and highest hemolytic activi-
ties among all S. marcescens cells tested (Fig. 1C). The mutant
phenotypes were restored to the level of S. marcescens CH-1
through complementation by rssBA with its own promoter (Fig.
1C) and sh/BA (Lin and Lai, unpublished). Further deletion of
shiBA in S. marcescens ArssBA (ArssBA-slhBA) significantly
reduced hemolytic activity to a level close to that of S. marc-
escens AshlBA (Fig. 1C), and reintroduction of sh/BA into S.
marcescens ArssBA-shIBA restored the hemolytic activity to the
level of S. marcescens ArssBA (Lin and Lai, unpublished), in-
dicating that sh/BA is required for the hyperhemolytic activity
of S. marcescens ArssBA. Furthermore, deletion of flhDC in S.
marcescens ArssBA to form S. marcescens ArssBA-flhDC signif-
icantly reduced hemolytic activity (Fig. 1C). In comparison,
rssBA complementation (ArssBA-flhDC/pRssAB) further in-
hibited hemolytic activity and overexpression of flhDC
(ArssBA-fIhDC/pFIhDC) significantly increased hemolytic ac-
tivity (Fig. 1C), indicating that the hyperhemolytic activity ob-
served in S. marcescens ArssBA relies on the presence of flhDC.
When fIhDC was overexpressed in S. marcescens CH-1 (CH-
1/pFIhDC), the elevated hemolytic activity was similar to that
of S. marcescens ArssBA, while loss of flhDC in S. marcescens
CH-1 resulted in decreased hemolytic activity that could be
rescued by fIhDC (Fig. 1C). Thus, RssAB represses hemolytic
activity through downregulation of flhDC expression.

Roles of RssAB, FIhDC, and ShIBA in biofilm formation and
swarming. Surface-associated multicellular behaviors, such as
swarming and biofilm formation, display advantages that pro-
tect bacteria against harsh environmental conditions and are
correlated with each other and accompanied by virulence fac-
tor production and the ability to infect the host (60). Based on
the correlation of rssBA disruption with precocious swarming
and derepression of flhDC expression in S. marcescens CH-1
(36, 57), we further examined whether RssAB and FIhDC
influence biofilm formation in S. marcescens CH-1. S. marc-
escens ArssBA displayed reduced biofilm formation on PVC
microtiter plates (Fig. 2), which could be rescued to the wild-
type level by restoration of rssBA with its own promoter, sug-
gesting RssAB is important for biofilm formation in S. marc-
escens CH-1. Interestingly, overexpression of flhDC in S.
marcescens CH-1 also resulted in defective biofilm attachment
similar to that of S. marcescens ArssBA (Fig. 2). These findings
led us to consider whether the reduced biofilm attachment
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observed in S. marcescens ArssBA is, at least in part, attribut-
able to derepression of flhDC, which increases flagellar motil-
ity and reduces biofilm attachment (50). In contrast, S. marc-
escens ArssBA-flhDC also showed reduced biofilm attachment
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FIG. 2. RssAB and FIhDC are required for efficient biofilm attach-
ment. Shown is the quantification of bacterial attachment efficacy by
microtiter plate assay. The results were expressed as the A;,. Expres-
sion of fIhDC in S. marcescens CH-1/pFIhDC was induced by supple-
mentation with 0.1% arabinose. All results are shown as the average of
three independent experiments, with the standard deviation indicated
by error bars. *, P < 0.05; **, P < 0.01; and **%, P < 0.001 in
comparison to CH-1 (Student’s ¢ test).

(Fig. 2), indicating that proper expression of fIhDC is impor-
tant for early stages of biofilm formation in S. marcescens. By
comparison, deletion of sh/BA in S. marcescens CH-1 and S.
marcescens ArssBA, respectively, did not significantly affect
their parent strains’ biofilm formation abilities (Fig. 2). Taken
together, these results indicate that both RssAB and FIhDC
but not ShIBA, play vital roles in biofilm formation in §. marc-
escens CH-1. We further evaluated swarming motility in these
mutants. In contrast to the precocious swarming observed in S.
marcescens ArssBA and S. marcescens ArssBA-shIBA at 37°C, S.
marcescens CH-1, S. marcescens AshlBA, S. marcescens
AMIhDC, and S. marcescens ArssBA-flhDC did not swarm, while
artificial induction of fIhDC expression in S. marcescens CH-
1(pFIhDC) resulted in elevated swarming motility (Lin and
Lai, unpublished), indicating an important role of flhDC ex-
pression in S. marcescens swarming, which is consistent with
other studies (59).

RssAB-FIhDC-ShIBA controls virulence capability against
human bronchial epithelial cells. As S. marcescens shows cy-
totoxic effects on many cultured cells exerted by the dominant
virulence factor ShlA (29, 35), which is under RssAB-FIhDC
control (Fig. 1), we further examined whether the RssAB-
FIhDC pathway modulates the cytotoxic capability of S. marc-
escens CH-1 through the regulation of hemolysin ShlA. The
human bronchial epithelial cell line BEAS-2B was used. Con-
sistent with its high hemolytic potency, S. marcescens ArssBA
displayed the highest cytotoxic effect against BEAS-2B cells
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(Fig. 3A). Nevertheless, further deletion of sh/BA in S. marc-
escens ArssBA significantly reduced the cytotoxic effect to a
level almost as low as that of S. marcescens AshIBA (Fig. 3A).
Furthermore, S. marcescens AflhDC showed about half the
cytotoxic activity of S. marcescens CH-1, while overexpression
of fIhDC in S. marcescens CH-1 cells resulted in a cytotoxic
effect similar to that of S. marcescens ArssBA (Fig. 3A). S.
marcescens ArssBA-flhDC also possessed a cytotoxic effect sim-
ilar to that of S. marcescens CH-1, and the cytotoxic effects of
S. marcescens ArssBA and S. marcescens ArssBA-flhDC could
be restored through complementation with rssBA and flhDC,
respectively (Fig. 3A). Together, these results indicate that the
RssAB-FIhDC-ShIBA pathway manipulates the cytotoxic po-
tency of S. marcescens CH-1 against BEAS-2B cells.

Since hemolysin and hemolytic activity are required for in-
vasion, virulence, and spreading within hosts (30, 35, 40), we
further analyzed the correlation of the RssAB-FIhDC-ShIBA
pathway in S. marcescens CH-1 with potency of invasion into
BEAS-2B cells. Antibiotic protection assay (31) results showed
that S. marcescens ArssBA possessed the highest invasiveness,
and this was reduced to the level of S. marcescens CH-1 by

complementation with rssBA (Fig. 3B). Strains with deletion of
shiBA did not exhibit an invasive phenotype (Fig. 3B). In con-
trast, overexpression of fIhDC in S. marcescens CH-1 resulted
in a more invasive phenotype, whereas deletion of fIADC in S.
marcescens CH-1 or S. marcescens ArssBA decreased their in-
vasive capacities (Fig. 3B).

To directly observe the invasiveness of S. marcescens in
BEAS-2B cells, we infected the cells with the EGFP-ex-
pressing S. marcescens CH-1, S. marcescens ArssBA, and S.
marcescens ArssBA/pRssAB strains at an MOI of 5 for 2 h.
The invasiveness of S. marcescens ArssBA was 2.5-fold
higher than that of §. marcescens CH-1 but could be re-
stored to the CH-1 level via complementation with rssBA
(Fig. 3C and D). To determine whether RssAB plays a role
in the regulation of hemolysin expression during infection of
BEAS-2B cells, the recombinant plasmid pRepoEGFP-shiB,
in which egfp expression was under the control of the sh/BA
promoter, was constructed and transformed into S. marc-
escens CH-1 and S. marcescens ArssBA. After infection for
1 h, the media containing bacteria were collected for fluo-
rescence intensity analysis. A 2-fold increase in the pro-
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by error bars. *, P < 0.05; %, P < 0.01; and ***, P < 0.001 in comparison to CH-1 (Student’s ¢ test).

moter activity of the sh/BA operon was observed in S. marc-
escens ArssBA compared to that in S. marcescens CH-1 (Fig.
3E).

RssAB and ShIBA dominantly control pathogenesis in a rat
acute-pneumonia model. The role of RssAB in S. marcescens in
vivo animal infection was further examined. Since S. marc-
escens is an important nosocomial pathogen frequently causing
pneumonia (25), the acute-pneumonia model established in
Sprague-Dawley rats (38) was used for evaluation. Rats were
infected i.t. with 1 X 10® CFU of S. marcescens CH-1, S.
marcescens ArssBA, S. marcescens ArssBA-shIBA or normal sa-
line (vehicle), followed by monitoring for 24 h. While all rats
from the vehicle group survived, S. marcescens ArssBA caused
a higher mortality rate (75%) than the CH-1 strain (33.3%)
(Fig. 4A). Rats infected by S. marcescens ArssBA-shIBA all
survived (Fig. 4A). This suggested that deletion of 7ss4B leads
to high morbidity in acute lung infection, in which hemolysin
SIhA plays a dominant role in S. marcescens pathogenesis.

Gross examination of whole lungs from the sacrificed ani-
mals revealed more severe disseminated pulmonary edema
and consolidation in S. marcescens ArssBA-challenged lungs
than in those challenged with S. marcescens CH-1 (Fig. 4B). In
comparison, restricted and mild signs of pneumonia were ob-
served in the S. marcescens ArssBA-shIBA-infected group (Fig.
4B). While no bacteria were detected in the vehicle group, no
significant difference in bacterial load was observed between S.
marcescens ArssBA- and S. marcescens CH-1-infected lungs
(Fig. 4C). In contrast, a significant reduction in the bacterial

load occurred in S. marcescens ArssBA-shiBA-infected rats
(Fig. 4C), and a similar trend of bacterial load in BAL fluids
was also observed (Fig. 4C).

To further characterize the inflammatory states associated
with infection, BAL fluids from rats of each group were col-
lected for cell population analysis and cytokine measurement.
Significant leukocyte infiltration was observed in the bacteri-
um-infected group compared to the vehicle group (Fig. 4D).
Intensive leukocyte infiltration, among which neutrophils con-
stituted the major population, was more significant in infec-
tions caused by S. marcescens ArssBA, with a 2-fold increase of
total leukocytes in comparison to S. marcescens CH-1 cells,
whereas significantly less infiltration was found in the S. marc-
escens ArssBA-shIBA-infected group (Fig. 4D and E). Addi-
tionally, compared to S. marcescens CH-1, S. marcescens
ArssBA induced more extensive production of proinflamma-
tory cytokines, whereas concomitant deletion of sZ/BA dimin-
ished this phenomenon (Fig. 4F). Further histological exami-
nation results were consistent with these findings, with the S.
marcescens ArssBA-infected group showing more severe edema
in the alveolar septa, disruption of the alveolar-capillary bar-
rier, damage to alveolar cells, hemorrhage, and cell sloughing
associated with infiltration of neutrophils (Fig. 4G). Only par-
tial damage associated with neutrophil aggregation, but no
obvious barrier disruption and hemorrhage, were observed in
the S. marcescens ArssBA-shlBA-infected group (Fig. 4G). Cu-
mulatively, production of hemolysin SIhA under RssAB con-
trol is important for S. marcescens pathogenesis in vivo.
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Deletion of rssBA in S. marcescens leads to systemic infection
in immunocompetent rats. As few S. marcescens systemic in-
fections have been reported in immunocompetent patients
(55), a rat sublethal-pneumonia model was used to evaluate
the roles of RssAB and ShIBA in infections of immunocom-
petent animals. Rats were i.t. inoculated with 1 X 10° CFU
each of S. marcescens CH-1, S. marcescens ArssBA, S. marc-
escens AshlBA, and S. marcescens ArssBA-shIBA and with ve-
hicle, followed by monitoring for 3 days. Although all bacteri-
um-infected rats appeared weak on the first day, none of the
rats exhibited significant symptoms of pneumonia. On the day
of sacrifice, rats in the S. marcescens ArssBA-infected group all
appeared weak and stayed aggregated. However, body weights
were not significantly different among the rats in each group
(Fig. 5A). After sacrifice, the lungs, livers, and spleens were
dissected and examined. No significant pathological change in
the gross morphology of organs was observed (Fig. 5B). These
results indicate that the sublethal S. marcescens pneumonia did
not result in severe pathological changes in the local lungs or
other organs in each group of rats. Notably, bacterial growth in
the local area of the lung, BAL fluid, liver, spleen, and serum
did show different results. Higher bacterial loads in both lung
and BAL fluid samples were detected in S. marcescens ArssBA-
infected rats than in rats infected by S. marcescens CH-1, with

increased proinflammatory cytokines, although this difference
was not significant (Fig. 5C and E). In contrast, S. marcescens
AshIBA and S. marcescens ArssBA-shIBA were efficiently elim-
inated by the rats (Fig. 5C) and were incapable of inducing
proinflammatory cytokine production at the level of S. marc-
escens CH-1 or S. marcescens ArssBA (Fig. SE). Remarkably,
bacteria were detected in the sera and even in the livers and
spleens of S. marcescens ArssBA-infected animals, along with
higher levels of proinflammatory cytokines in sera, whereas no
bacteria or significantly elevated cytokines could be detected in
other experimental groups (Fig. 5D and F). Importantly, no
signs of disseminated infection and inflammatory responses
were found in rats inoculated with S. marcescens ArssBA with
concomitant deletion of sh/BA (Fig. 5D and F). Consistent
with the in vitro results, RssAB reduced the virulence of S.
marcescens in animal infection.

DISCUSSION

S. marcescens produces a variety of virulence proteins, in-
cluding hemolysin, which was reported to be the dominant
virulence factor in the bacterium (35). Even so, S. marcescens
has long been considered only an opportunistic human patho-
gen, and the underlying mechanism of pathogenesis is still not
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clearly understood. This study provides strong evidence that
RssAB-FIhDC-ShIBA works as an important multicellularity
and pathogenesis regulation pathway in S. marcescens. Al-
though our present evidence could not exclude the possibility
that other, intermediate regulators might be involved in this
pathway, RssAB-mediated repression of the ability for cellular
infection substantially depends on modulation of flhDC. In
response to the environmental temperature of 37°C and other
uncharacterized factors, RssAB signaling negatively modulates
expression of the important regulator FIhDC, which positively
regulates hemolysin SIhA synthesis and coordinates bacterial
multicellularity. Our results using an in vitro cell line model
and in vivo animal studies indicated hemolysin as the dominant
virulence factor of S. marcescens, in agreement with previous
studies (35). Based on our findings, a model for the control by
RssAB of flhDC expression and subsequent hemolysin produc-
tion and bacterial multicellularity in S. marcescens is presented
(Fig. 6). During transformation from planktonic cells to mul-
ticellularity, RssAB plays an important role and determines
whether S. marcescens should live in the biofilm or swarming
stage. In parallel with these processes, hemolysin production
was coordinately regulated, although it did not affect bacterial
multicellularity. At the human body temperature of 37°C, ac-
tivation of RssAB signaling reduces expression of flhDC, re-
sulting in reduction of swarming ability and favoring the tran-
sition of S. marcescens cells toward biofilm formation and
concomitant downregulation of hemolysin expression (Fig.
6A). In contrast, instead of sessile biofilm formation, loss of
RssAB engenders a hypervirulent capability in S. marcescens
that is associated with precocious swarming and elevated he-
molysin production, further leading to disseminated infection

(Fig. 6B). This phenomenon has never been reported in wild-
type S. marcescens cells. The temperature shift also plays an
important role in the regulation of S. marcescens virulence.
Downregulation of swarming motility and hemolysin produc-
tion was observed in response to a temperature upshift from
30°C to 37°C, and RssAB conducts this change through repres-
sion of flhDC (Fig. 1) (36, 57). Of note, we could not exclude
the possibility that other S. marcescens virulence factors might
also be repressed by RssAB, because the hemolytic and cyto-
toxic activities of S. marcescens ArssBA-shIBA were higher than
those of S. marcescens AshIBA (Fig. 1C and 3A). Indeed,
Shimuta et al. have indicated that S. marcescens utilizes phos-
pholipase A to exploit hemolytic and cytotoxic effects and
potentially to regulate hemolysin ShlA activity (56). Intrigu-
ingly, synthesis of phospholipase is positively regulated by
FIhDC in S. marcescens (21, 37), indicating that the higher
hemolytic and cytotoxic activities of S. marcescens ArssBA-
shIBA might be due to upregulation of flhDC expression, which
further induces phospholipase production. Although other vir-
ulence factors might also influence the virulence capability of
S. marcescens, hemolysin was shown to play a dominant role in
our established S. marcescens-mediated pulmonary infection
model in rats. These results indicate that by nature, S. marc-
escens is relatively less virulent at 37°C and that RssAB plays
an important role in the regulation of these processes.
Coordinate regulation of hemolysin production and multi-
cellularity is vital for bacterial pathogenesis. In this study, we
indicated that S. marcescens CH-1 utilizes hemolysin as a dom-
inant virulence factor that is required for induction of multiple
proinflammatory cytokines, including TNF-a, IL-1B, and IL-6,
which are highly correlated with bacterium-induced pathogen-
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esis (49, 52). Hemolysin also plays important roles in infection
by other bacteria. Staphylococcus aureus o-hemolysin (Hla) is
essential for the pathogenesis of S. aureus-mediated pneumo-
nia (2). In addition, group B streptococcal B-hemolysin/cytol-
ysin promotes invasion of human lung epithelial cells and the
release of interleukin-8 (12). The pore-forming toxin HIyA can
enhance uropathogenic E. coli (UPEC) virulence in mouse
urinary tract infection (UTI) models and modulate the host
immune response, and HlyA expression correlates closely with
increased clinical severity in UTI patients (64). These findings
highlight the importance of hemolysin as a common and im-
portant virulence factor during bacterial infections. As a result,
strict regulation of hemolysin production is a substantial issue
for bacterial pathogenesis and immune responses to avoid ex-
cessive host injury, which is consistent with our finding that
RssAB-repressed hemolysin production controls S. marcescens
virulence capability.

Besides hemolysin production, bacterial motility is influen-
tial in bacterial pathogen-host interactions (43). In E. coli and
Salmonella enterica serovar Typhimurium, the flagellar system
comprises around 50 genes organized into three hierarchical
transcriptional classes, at the top of which is the class I master
operon fIhDC (6). FIhDC has been proposed as a global reg-
ulator controlling flagellum biogenesis, cell septation, and ex-
pression of virulence factors during swarming (6, 18, 22). In P.
mirabilis, FIhDC-conducted swarming coupled with increased
hemolysin (HpmA) expression promotes the ability to invade
host cells (17, 51). In X. nematophila, FIhDC coordinately
controls motility and extracellular hemolysis (20). Both of
these studies indicated the involvement of FIhDC in coregu-
lation of swarming and hemolysin production. Besides swarm-
ing, FIhDC also regulates biofilm formation. In E. coli, FIhDC
is required for biofilm formation, especially that involved in the
first stage of reversible attachment (48, 50). Interestingly, we
found that loss or overexpression of fIhDC both resulted in
impaired biofilm attachment in S. marcescens (Fig. 2), indicat-
ing that optimal expression of flhDC is required for biofilm
formation.

Role of antivirulence genes in pathogen fitness. In agree-
ment with our findings, a two-component system, CovRS, from
another opportunistic pathogen, Streptococcus pyogenes, also
directly represses the expression of multiple virulence factors
(8). Deletion of covRS also leads to a hypervirulence pheno-
type in S. pyogenes (15). Furthermore, a sampling of clinical
isolates from invasive human diseases showed that 7 of 16
isolates lacked functional CovS or CovR (14). These observa-
tions, together with our results, indicated that conservation of
a system that negatively regulates virulence implies a counter-
adaptive consequence for loss-of-function mutations (16). Be-
sides two-component systems, defects in some enzymes or se-
cretion systems may also lead to a significant increase in
virulence and pathogenesis. In S. enterica, the pcgl gene en-
coding a periplasmic D-alanyl-pD-alanine (D-Ala-p-Ala) dipep-
tidase allows bacteria to metabolize D-Ala-D-Ala released dur-
ing cell wall synthesis (42). Pcgl is required for survival in the
nonhost environment under nutrient-limiting conditions (42),
and mutation of pcgL resulted in a hypervirulence phenotype
of S. enterica in C3H/HeN and CBA/J mouse models (42).
Recently, a novel secretion system, ZirTS, of S. enterica was
reported to act as an antivirulence modulator, and during
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salmonellosis, zirTS showed a unique expression pattern
throughout the gastrointestinal tract rather than at systemic
sites (19). In this study, we showed that the virulence capability
of S. marcescens might rely on the RssAB signaling control, the
environmental conditions, and the host immunity situation.
Consistent with our findings, reduced biofilm attachment ac-
companied by increased virulence capability has also been re-
ported in some other bacterial infections, although the under-
lying mechanism remains unknown (7, 9). A possible
explanation for the hypervirulent capability of the rssBA mu-
tant may be increased swarming motility coupled with elevated
hemolysin production, which efficiently disrupts the tissue bar-
rier, resulting in inflammatory injury and easier dissemination
in the host, as evidenced by our in vivo animal studies (Fig. 4
and 5).

Pathophysiological role of RssAB in S. marcescens. While
RssAB signaling plays an important role in the regulation of S.
marcescens pathogenesis, the results of rssBA DNA sequence
analysis of 38 S. marcescens clinical isolates failed to detect any
significant amino acid changes in conserved domains com-
pared with those from S. marcescens CH-1 (see Table S1 in the
supplemental material). Also, the hemolytic activities of these
strains were similar to that of S. marcescens CH-1. Further-
more, when we introduced pFIhDC into three other clinical
strains, increased hemolytic activity was observed compared to
those harboring vector (Lin and Lai, unpublished), suggesting
FIhDC-dependent regulation of hemolytic activity was not an
artifact in this study. The next question raised is why these S.
marcescens strains retain a functionally complete RssAB, at
least with respect to signaling transfer. In prokaryotic cells, the
critical role of the two-component signal transduction system is
the integration of stimuli from either subtle extracellular or
intracellular changes to adapt to diverse environments. Basi-
cally, the role of a functional RssAB may be in fine tuning the
pathophysiological behaviors of S. marcescens to cope with
bacterium-host interaction and to achieve longer-term survival
during infection. From an evolutionary perspective, premature
death of the host is not advantageous for bacteria to evolve and
spread. As an important opportunistic pathogen with increas-
ing incidences of nosocomial outbreak of multidrug-resistant
strains (33), RssAB-directed repression of hemolysin expres-
sion might explain why S. marcescens is not as virulent at 37°C
as the other major enterobacterial pathogens, Salmonella and
Shigella. The conservation of functional RssAB in this clinical
survey probably supports this perspective. However, even
though S. marcescens becomes hypervirulent when rssBA is
deleted, S. marcescens clinical strains, which might contain
functionally complete RssAB signaling, are still pathogenic.
Thus, infection by S. marcescens in these patients may be due
to either transient inactivation of RssAB by unknown factors
or inadequate innate immunity for prevention of infection by
S. marcescens with functional RssAB signaling. These charac-
teristics remain to be further addressed.
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