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Abstract

Serratia marcescens is an emerging opportunistic pathogen with a remarkably broad host range. The
cAMP-regulated catabolite repression system of S. marcescens has recently been identified and
demonstrated to regulate biofilm formation through the production of surface adhesions. Here we
report that mutations in components of the catabolite repression system (cyaA and crp) eliminate
flagellum production and swimming motility. Exogenous cAMP was able to restore flagellum
production to adenylate cyclase mutants, as determined by transmission electron microscopy and
PAGE analysis. A transposon-generated suppressor mutation of the crp matility defect mapped to
upstream of the flhDC operon. This suppressor mutation resulted in an upregulation of flhD
expression and flagellum production, indicating that flnDC expression is sufficient to restore
flagellum production to crp mutants. Lastly, and contrary to a previous report, we found that flhD
expression is controlled by the catabolite repression system using quantitative RT-PCR. Together,
these data indicate that flagellum production is regulated by the cAMP-dependent catabolite
repression system. Given the role of flagella in bacterial pathogenicity, the regulatory pathway
described here may assist us in better understanding the putative role of motility in dissemination
and virulence of this opportunistic pathogen.
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1. Introduction

Serratia marcescens is a Gram-negative bacterium that has a significant health and economic
impact as an agent of hospital infections and as a plant pathogen [12,25]. S. marcescens infects
a broad range of hosts from insects to coral [8,26]. Bacterial motility and surface behaviors
such as biofilm formation and swarming may play a role in S. marcescens pathogenesis and
dissemination [13,37].
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Swimming motility in bacteria is facilitated by formation of an intricate surface organelle called
the flagellum, reviewed by Chilcott and Hughes [6]. Flagella-based motility is thought to
contribute to the pathogenic capacity of several bacterial species and is often cited as a virulence
factor [29]. The regulation of flagellum production is well characterized in Escherichia coli
and Salmonella typhimurium [6]. In these organisms there is a flagellum production regulatory
hierarchy, with the master regulator operon being flhDC [6]. S. marcescens was shown to have
a homologous flnDC operon that codes for transcriptional activators that control swimming,
swarming and exoenzyme production [11,22,36].

In a previous study, we identified and mutated components of the cCAMP-dependent catabolite
repression system (CRS) in S. marcescens [16]. Catabolite repression systems inhibit the
production of proteins involved in the use of less efficiently metabolized carbon sources when
more favorable carbon sources are available [4]. cAMP-dependent CRS uses cyclic nucleotide
cAMP as a signaling molecule. Adenylate cyclase (cyaA) generates CAMP in response to
environmental carbon sources, reviewed by Botsford and Harman [4]. The cAMP-receptor
protein CRP is a transcription factor, coded by the crp gene, which binds to cAMP and can
either activate or inhibit expression of multiple genes [4]. In E. coli and S. typhimurium, the
reach of the CRS goes well beyond regulation of carbon sources to include virulence, motility,
and cell division [4]. In S. marcescens, the CRS functions to control fimbriae production, such
that mutations in adenylate cyclase (cyaA) or cCAMP-receptor protein (CRP) lead to a dramatic
increase in biofilm formation [16]. This trend differs from what is seen in E. coli and
Pseudomonas aeruginosa where CRS systems positively regulate biofilm formation [14,23].
While working with mutants of the S. marcescens CRS, we noticed that swimming motility
was defective. In this study, we provide evidence that the CRS is a positive regulator of
flagellum production and that flhDC is sufficient to restore swimming motility to CRS mutants.
Furthermore, flhDC transcription was significantly reduced in cyaA and crp mutants. A model
for the differential regulation of flagellum-based motility versus biofilm formation is presented.

2. Material and methods

2.1 Bacterial strains and growth conditions

All bacteria used in this study are derived from a S. marcescens strain from Presque Isle cultures
(Presque Isle, PA), strain number 3611. Construction and analysis of the cyaA-2 and crp-1
mutation have been described previously [16]. The scrp31 mutation was derived from a mariner
transposon mutation made with the pBT20 delivery vector [18] using previously reported
methods [31]. Bacteria were grown in LB broth in all cases. Swimming medium consisted of
LB with a 0.3% (w/v) agar concentration. Swarming medium was identical but with an agar
concentration of 0.5-1.2% (w/v), and swarming experiments were performed as previously
reported [31]. Kanamycin was supplemented at 100 pg/ml. 3’-5’ cyclic AMP (cAMP, Sigma-
Aldrich, St. Louis, MO) was added to LB directly and then filter-sterilized at concentrations
up to 10 mM. All experiments were performed at 30°C at least two times with multiple
independent biological replicates.

2.2. Surface fractions and PAGE analysis

Surface fractions were performed as Labbate and colleagues [19] with the following
exceptions. Bacteria, three independent cultures per strain, were grown in culture for 16 h,
washed in PBS and adjusted to five Aggg units in 1 ml of PBS. Aliquots were vortexed for two
min on a Turbomix attachment on a Genie vortex unit (Scientific Industries, Bohemia, NY),
and bacteria were pelleted with a microcentrifuge. The supernatant was filtered with a PVDF
0.22 micron filter (Millipore item number SLGV033RS, Cork Ireland), then proteins were
precipitated with TCA (Sigma-Aldrich, St. Louis, MQ). One half of the sample was loaded
onto an 8-16% polyacrylamide gel (Precise Protein Gel, Pierce, Rockford IL), using a Minigel
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format (Mini Protean 3, Biorad, CA), and stained with Coomassie brilliant blue. Image J
software (NIH) was used to quantify protein levels of scanned gels, using at least three
independent samples. Mass spectroscopy and peptide identification were performed by the
University of Pittsburgh Genomics and Proteomics core facility.

2.3 Transmission electron microscopy (TEM)

These experiments were performed as previously described [31]. Briefly, bacteria were taken
from liquid cultures rotated at high speed on a tissue culture roller (TC-7, New Brunswick
Scientific, NJ) for 14-16 h, washed once with PBS, applied to formvar coated copper grids
and stained with uranyl acetate (2%). Images were obtained using a JEOL-1011 microscope
at the University of Pittsburgh Center for Biological Imaging.

2.4. Genetic manipulations, quantitative-RT-PCR and statistical analysis

3. Results

3.1 Mutation
production

Transposon mutagenesis, quantitative RT-PCR (Q-PCR) and arbitrary PCR were performed
as previously described [31]. Statistical analysis was performed using Student’s T-tests with
Excel software. Plasmids were generated and described previously, and had a medium copy
number, pBBR1-based, replicon [16,30]. The crp-1 mutation was generated by integration of
pMQ118 into the crp gene as directed by an internal fragment of crp that disrupts the crp open
reading frame [16,30]. All experiments with the crp-1 mutation were performed with
kanamycin to ensure a homogenous crp-1 culture. To restore the wild-type crp gene function
in the crp-1 scrp31 double mutant background, we grew the strain in culture to saturation three
times in LB medium without antibiotic selection, which maintains pMQZ118 integration.
Aliquots were then plated on minimal medium with 0.3% glycerol as a sole carbon source to
select for bacteria that had experienced a recombination event restoring the crp open reading
frame (PCR verified), as crp mutants cannot grow with glycerol as a sole carbon source [16,
30].

of catabolite repression system genes inhibits swimming motility and flagellum

Mutation of the adenylate cyclase gene, cyaA, prevents swimming motility through a semi-
solid agar matrix (Fig. 1LA). The addition of wild-type cyaA on a plasmid was able to restore
swimming to the cyaA-2 mutant (Fig. 1A). In a similar experiment where swim zones were
measured at 7.5 h, the cyaA mutant exhibited no detectable zone of swimming compared to
the wild type, which exhibited a swim zone of 7.7 + 1.5 mm. A cyaA-2 + pcyaA had a 6.05 +
0.8 mm swim zone, with the wild type + pcyaA producing a swim zone of 8.6 £ 1.4 mm swim
zone. Mutation of the crp gene which codes for a cAMP-binding transcription factor led to a
similar lack of swimming motility (described below).

TEM was used to determine if there was an obvious alteration in surface morphology of the
cyaA-2 mutant strain compared to the wild type. We observed that wild-type cells commonly
had one or more flagella whereas the cyaA-2 and crp mutants had no flagella (n>400 per strain),
yet were covered with fimbriae (Fig. 1B-C, Fig.2A).

To provide further evidence that CyaA is a positive regulator of flagella biosynthesis, a
biochemical approach was taken. Sheared surface protein fractions were separated on a
polyacrylamide gel. A protein was observed to be absent from cyaA-2 mutant fractions that
migrated at approximately 40 kD (Fig. 1D). This band was excised and determined by mass
spectroscopy to be the flagellin subunit. When the amount of flagellin was determined using
Image J software, the wild-type strain with the vector alone had a relative flagellin level of
25851 + 26, the wild-type with pcyaA had levels of 19593 + 3861, the cyaA-2 mutant with the
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vector had only 1177 + 358, and the cyaA-2 mutant with wild-type cya in trans (pcyaA)
exhibited flagellin levels of 16098 + 3232 (n=3 independent cultures per strain). These data
show that flagellin levels were significantly reduced in the cyaA-2 mutant relative to the wild
type (p<0.01), and could be complemented by the wild-type cyaA gene added in trans.

3.2. Flagellum production can be restored to the cyaA mutant with exogenous cAMP

The enzymatic product of the CyaA protein of E. coli was demonstrated to be cAMP [4]. To
determine whether the lack of flagella was dependent upon cAMP, the effect of exogenous
cAMP on flagellum production was assessed. Flagellum production was restored to the cyaA
mutant by exogenous cAMP, as determined by TEM analysis (Fig. 2A). WT cells were
generally associated with a single flagellum (23% had >2 flagella/cell, n=341), and the addition
of 10 mM cAMP to the growth medium led to an increased number of flagella relative to the
wild type, with 40% of cells associated with 2 or more flagella (n=359). The addition of 2 mM
CAMP to the growth medium of cyaA mutants led to only 0.7% of cells exhibiting 2 or more
flagella (n=576). Rescue of flagellin production by the cyaA mutant was also observed on
polyacrylamide gels (Fig. 2B). Consistent with CAMP stimulating flagellin production, the
addition of 10 mM cAMP to wild-type cells led to a significant (p<0.01) 3.3-fold increase in
flagellin production compared to the wild-type levels without the addition of 10 mM cAMP.

3.3. High-level expression of flhDC suppressed motility defects of a crp mutant

Like cyaA mutants, disruption of the crp gene leads to a defect in swimming motility and
flagellum production (Fig. 3A, Fig.4A-B). We identified a transposon-induced mutation that
suppressed the swimming deficiency of a crp mutant. This mutation, called scrp31 (for
suppressor of crp), restored swimming motility to the crp-1 mutant strain (Fig. 3A). The
swimming motility of the wild type was similar to that of the double mutant, suggesting that
there are not multiple factors preventing swimming motility in a CRS-deficient strain (Fig.
3A).

The chromosomal locus of the transposon in scrp31 was mapped using arbitrary PCR to an
intergenic region 291 base pairs upstream of the predicted flhD start codon (Fig. 3B). The
transposon used in this study can upregulate genes near its insertion site via a Ptac promoter
at one end of the transposon; in the case of scrp31 the Ptac promoter is directed toward the
flnDC operon (Fig. 3B). Q-RT-PCR was used to determine that flhD expression was
significantly upregulated 10.96 + 1.90-fold in the crp-1 scrp31 mutant compared to the wild
type (p<0.01). An alternative mechanism for the increase in flnD expression is that a negative
regulatory region is disrupted by the transposon mutation, as has been recently reported in
Proteus mirabilis [7].

We next sought to characterize the effect of the scrp31 mutation on flagellum production. TEM
analysis revealed a hyperflagella phenotype in both the crp-1 scrp31 (Fig. 4A) and scrp31
mutant (not shown), with >99% of the cells exhibiting flagella (n>100 cells per strain)
compared to ~60% for the wild type (Fig. 2A) and <0.1% for the crp-1 mutant (n>400). The
increase in flagellum production in crp-1 scrp31 and scrp31 mutants was clearly observed in
separated surface protein fractions (Fig. 4B). Quantification of this difference using Image J
software to analyze PAGE flagellin levels from four independent experiments indicated a
significant increase in flagellin production conferred by the scrp31 mutation compared to the
wild type (Fig. 4C). There was no statistical difference in flagellin production between the
crp-1 scrp31 double mutant and the scrp31 mutant (p=0.499). Nor did addition of cAMP (10
mM) alter flagellin production by either the scrp31 or crp-1 scrp31 double mutant (p=0.31
and 0.40 respectively, data not shown). These data suggest that the scrp31 mutation renders
flagellum production insensitive to catabolite repression.
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The multiple flagella associated with the scrp31 mutation were suggestive of the
hyperflagellated bacteria induced by growth on surfaces associated with swarming conditions
[2]. We tested whether the scrp31 mutation altered swarming by S. marcescens. The wild-type
strain swarmed on the surface of LB plates with 0.5-0.8% agar, the crp mutant did not swarm
under any condition, and the scrp31 and the crp scrp31 double mutants were able to swarm on
plates with 0.5-1.2% agar, suggesting that the scrp31 mutation confers a hyperswarming
phenotype (Fig. 4D-E, and data not shown).

3.4. The flagella regulator flhD is controlled by the CRS

Sequence analysis revealed a predicted CRP binding site ({tTGTGActatgTCACAL) 316 base
pairs upstream of the flhDC operon in the sequenced Db11 strain (Sanger Center) (Fig. 3B).
This suggests that flagella biosynthesis may be regulated by cAMP through transcription of
the flagella master regulator operon. The flInDC operon is transcriptionally regulated in a
positive manner by CRP in Escherichia coli [34]. The motility defect of S. marcescens cyaA
mutants was hypothesized to be a result of a loss of positive regulation of flhDC expression
by the CRS. This prediction was tested using Q-RT-PCR. Transcript of the flhD gene was down
>10-fold in the cyaA-2 strain compared to the wild type (p<0.01)(Fig. 5A). A consistent
prediction would be that exogenous cAMP should restore flhD expression to a cyaA mutant.
We found a dose-responsive increase in flhD levels with the addition of exogenous cCAMP,
which partially complemented the cyaA mutant defect at 10 mM cAMP (Figure 5). Mutation
of the cAMP-binding transcription factor crp also led to a significant decrease in flhD transcript
levels compared to the wild type (p<0.01). The scrp31 mutation led to elevated flhD levels and
was sufficient to restore flhD levels in a crp mutant background.

4. Discussion

The results of this study support a model whereby the cAMP-dependent catabolite repression
system of S. marcescens is required for flagella-based motility and flagellum production
through control of the master regulator flhDC. The expression of flhDC conferred by the
scrp31 mutation was able to restore swimming and swarming motility to the non-motile crp
mutant. This suggests that a lack of flhDC expression is the reason for the loss of flagellum
production and flagella-based motility conferred by mutations in the CRS. Consistently,
flagellin production and flhDC expression defects of the cyaA mutant can be rescued by
exogenous CAMP.

The connection between carbon and swimming motility has been established in other
Enterobacteria. It was observed that high levels of glucose inhibit swimming motility by E.
coli [1]. Later, the catabolite repression machinery was found to be necessary for swimming
in both E. coli and S. typhimurium [17,32]. It was also demonstrated that flhDC is regulated
by CRP in E. coli [3,34]. This has led to the model in which increased CAMP levels caused by
the presence of less efficiently metabolized carbon sources leads to an increase in flagellum
production, whereas conditions that decrease cCAMP levels, namely high glucose, inhibit
flagellum production in order to keep the bacterium in this favorable environment. Therefore,
the bacteria will become less motile in environments with high levels of glucose and become
more motile in environments with less efficient carbon sources. Evidence in support of this
model was elegantly shown in a recent report using E. coli as a model organism [40].

We have previously reported that cAMP production inhibits S. marcescens biofilm formation
through negative regulation of surface adhesin production [16]. In that report, it was shown
that S. marcescens with mutations in genes whose products positively regulate cAMP
production (cyaA and crr) and crp, whose gene product responds to cCAMP levels, exhibited a
major increase in biofilm formation and that this effect was mediated through type 1 fimbriae
[16] (Fig. 6). Together, these studies suggest a model by which environments with unfavorable
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carbon sources lead to a coordinated decrease in attachment factor production and an increase
in motility function, and that these changes are mediated by intracellular cAMP levels (Fig.
6). In the opposite setting of environments with favorable carbon sources, biofilm formation
is promoted through deregulation of adhesin production and a reduction in positive regulation
of matility (Fig. 6). This system of attachment and motility should serve to help bacteria achieve
suitable niches to localize and proliferate.

Whereas the flagellum appears to be a major initiator of biofilm formation for Pseudomonas
species [24], V. cholerae [38] and other bacteria [5,27], we did not find a role for flagella in
S. marcescens biofilm formation in a genetic screen for biofilm determinants [31]. Given the
large target size of the flagellum biosynthetic machinery, it is likely that we screened many
motility-defective mutants that were proficient in biofilm formation [31]. Consistently, mutants
in the CRS system are unable to swim and form hyperbiofilms [16]. Together, these data
suggest but do not prove that flagella are not a major biofilm determinant in S. marcescens.

Given the previously described role of the catabolite repression system in regulating motility
in other Gram-negative bacteria, it may not be surprising that S. marcescens uses a similar
mechanism [21,32,39]; however, this report may be controversial regarding the role of
catabolite repression and flagella regulation by S. marcescens. Two previous reports suggest
that swimming motility [20] and flhnDC expression [22] were not controlled by “glucose
catabolite repression”. One reason for the discrepancy between our data and that of Liu et al.
[22], could be attributed to strain differences, which are common among Serratia strains. Other
differences between the Liu study [22] and this report are that in the former study, a luciferase-
reporter system was used to measure flnDC transcription, and glucose-rich (2%) medium was
used to elicit the catabolite repression response. In our strain, we have found that, whereas 2%
glucose is sufficient to elicit a catabolite repression response, this effect is not as robust as
mutation of cyaA or crp [16].

The flhDC master regulator of flagella has also been demonstrated to regulate production of
two extracellular enzymes, phospholipase A and nuclease [9,10,22]. A role for phospholipases
in pathogenesis had been demonstrated in a range of bacteria [28,33,35]. Similarly, flagella
are a virulence factor for many Gram-negative and -positive bacterial species [15,38]. The CRS
is likely to have an important role in bacterial pathogenesis in response to local carbon sources.
Future experiments will be directed to determining the roles of the CRS and flhDC in bacterial
virulence.
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Fig. 1.

Adenylate cyclase is required for swimming motility and flagellum production by S.
marcescens. A. Photograph of swimming zones through 0.3% agar by the cyaA (adenylate
cyclase) mutant strain with either an empty vector or the wild-type cyaA gene under control of
the Pj5c promoter on a multicopy plasmid (pcyaA). B—C. TEM micrographs of wild-type (B)
and cyaA mutant (C) cells. The black arrow denotes flagella and the gray arrows indicate
fimbriae. The bar indicates either 500 nm (B) or 100 nm (C). D. PAGE analysis of surface
protein fractions from stationary phase wild-type and cyaA cells with vector control or
pcyaA. The flagellin protein was verified by mass spectroscopy.
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Fig. 2.

Flagellum production can be restored to a cyaA mutant by exogenous cAMP. A. The percent
of cells with a flagellum observed by TEM microscopy in response to a cyaA mutation and
increasing amounts of exogenous cAMP (n>200 cells per condition). No flagella were observed
among cyaA mutant cells without exogenous cAMP (n>400). A statistical difference from the
wild type was observed for each condition (p<0.02). B. PAGE analysis of surface protein
fractions from stationary phase wild-type and cyaA cultures grown with increasing
concentrations of exogenous CAMP.
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Fig. 3.

The scrp31 mutation suppresses the swimming and swarming deficiency phenotypes of a
crp mutant strain. A. Swimming motility charted as a function of time. The crp scrp31 double
mutant is able to swim, whereas the crp mutant strain is non-motile. B. Genetic map of the
flnDC locus with the location of a predicted CRP binding site (black box with asterisk) and
the location of a transposon insertion (scrp31), not drawn to scale. The transposon bears a
Piac promoter, which is directed toward the flhDC operon.
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Fig. 4.

The scrp31 mutation restores flagellum production to a crp mutant strain. A. TEM micrographs
of a crp-1 mutant with no flagellum, but numerous fimbriae (gray arrows) and crp scrp31
double mutant cells covered with numerous flagella (black arrows). The size bar represents
500 and 100 nm respectively. B. PAGE analysis of surface protein fractions from wild-type
culture, crp, crp scrp31 and scrp31 cultures showing flagellin production. C. Quantitation of
flagellin levels using Image J analysis software. Surface fractions were taken from stationary
phase cultures. Asterisks represent a statistically significant difference from the wild-type
(p<0.01). D. Swarming motility on LB with 0.7% agar at 48 h. The crp mutant swarming defect
is rescued by the scrp31 mutation. E. Plotting the percentage of positive swarming motility
experiments at 48 h as a function of agar concentration shows that the scrp31 mutation confers
a hyperswarming phenotype (n>12 plates for WT and crp-1 scrp31 and n>8 for the crp-1
mutant, performed on 4 separate occasions with similar results).
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Fig. 5.

Catabolite repression control of flnD expression. Quantitative RT-PCR analysis of flhD
transcript levels relative to wild-type levels shows a significant decrease in transcript produced
by the cyaA mutant, which is partially restored by the addition of exogenous cAMP to growth
medium. The crp mutant was similarly reduced in the fIhD transcript, and was rescued by the
scrp31 mutation which caused a significant increase in flhD RNA. RNA was harvested from
3 or more independent cultures at an Aggg Of 1.0. The asterisk indicates a significant difference
versus the wild type (p<0.01).
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Model for coordinated catabolite repression control of attachment and motility processes. The
catabolite repression system (CRS) is a signal transduction cascade that responds to
environmental carbon. In response to less favorable carbon sources, adenylate cyclase (CyaA)
is stimulated to generate CAMP. The activity of the global transcription factor CRP (CAMP
receptor protein) is altered through binding with cAMP. The cAMP-CRP complex activates
expression of flnDC, which in turn activates flagellum synthesis. At the same time, the cAMP-
CRP complex directly or indirectly inhibits fimbriae production. Growth conditions with
favorable carbon sources led to decreased adenylate cyclase activity and cCAMP levels causing
adecrease in production of flagella and derepression of attachment factor expression. The result
of growth in an environment with a favorable carbon source(s) is decreased production of the
flagellum and increased production of fimbriae steering a bacterium toward attachment and
biofilm formation. Growth with less favorable carbon source(s) stimulates production of
flagella and inhibits production of fimbriae to generate a motile bacterium that is more able to
encounter hospitable environments.
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