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Abstract
Salmonella enterica (S. enterica) can form 
multicellular structures, commonly called 
biofilms, on various occasions. Biofilms 
can be formed on diverse surfaces/inter-
faces such as at the epithelial cell layer of 
a vertebrate host, on plant surfaces, or on 
abiotic surfaces, at the air–liquid interface 
and on gallstones. In this way, S. enterica 
is thought to achieve environmental per-
sistence, transmission, and colonization 
of host organisms. Characterization of 
biofilm formation at the molecular level 
revealed different types of biofilms that 
have common and distinct regulatory and 
structural components. The so-called “rdar 
morphotype,” a multicellular behavior of 
S. enterica on agar plates is characterized 
by the expression of the master regulator 
CsgD, which controls expression of the 
extracellular matrix components curli fim-
briae, the large surface-associated protein 
BapA, the exopolysaccharide cellulose and 
a capsular polysaccharide. Colonization of 
abiotic surfaces, plant surfaces and epithe-
lial cell layers partly require the same fac-
tors as rdar morphotype formation, while 
the biofilm formed by Salmonella on gall 
stones seems to be substantially distinct 
from rdar morphotype formation.

Introduction
Salmonella enterica, in particular serovar 
Typhimurium (S. Typhimurium) and En-
teritidis (S. Enteritidis) have mainly been 
studied as pathogens in the process of caus-
ing disease (Hensel, 2004; Hurley and Mc-
Cormick, 2003). However, often S. enterica 
is a regular colonizer of warm- and cold-
blooded animals without causing disease. 
Although animals and humans act as host 
organisms for salmonellae, the life cycle of 
S. enterica is complex and includes stages 
outside of the host (Winfield and Grois-
man, 2003). For example, S. enterica has 
to be effectively transmitted between hosts 
either by close contact, or through animate 
or inanimate vehicles such as water, food 
and produce. Effective survival outside a 
host is consequently an essential compo-
nent of the life cycle of S. enterica. Since life 
outside and inside a host is fundamentally 
different, S. enterica has to tightly regulate 
gene expression in order to survive in both 
environments (Mouslim et al., 2002).

A multicellular behavior, commonly 
called biofilm-formation, is expressed by 
almost all bacteria and can play roles in vir-
ulence and host colonization as well as for 
the survival outside a host. In this review, 
current knowledge about biofilm forma-
tion in S. enterica is summarized. S. enterica 

caister.com/biofilmsbooks



Römling et al.128 |

forms biofilms on different surfaces in the 
host such as at the epithelial cell layer or 
on gall stones; is able to colonize plant sur-
faces for transmission of the pathogen and 
colonizes abiotic surfaces such as stainless 
steel and glass. Elucidation of the molecu-
lar basis of biofilm formation has revealed 
that similar and distinct components are 
required for biofilm formation on different 
surfaces.

Definition of biofilm 
formation
Perhaps the most general definition of bio-
film formation comes from Bill Costerton, 
who in 1995 defined biofilm-forming bac-
teria as “bacterial communities enclosed in 
a self-produced matrix adherent to each 
other and/or to surfaces or interfaces” 
(Costerton et al., 1995). If this definition is 
interpreted in the broadest sense, it implies 
that any bacterial aggregation does not oc-
cur randomly, but is a highly controlled 
process. Consequently, biofilm formation 
is assumed to be an intrinsic developmen-
tal process in the life cycle of almost any 
bacterium.

How and when does 
Salmonella form biofilms? 
An educated perspective
S. enterica has many opportunities to form 
multicellular communities commonly de-
fined as biofilms (Figs 7.1 and 7.2).

In warm- and cold-blooded animals S. 
enterica inhabits the gastrointestinal tract 
as an asyptomatic transient or persistent 
colonizer, and occasionally causes acute, 
even fatal, disease (Fierer and Guiney, 
2001). Transmission from animals to hu-
mans can occur upon close contact. For ex-
ample, children who keep reptiles such as 
turtles as pet animals are a risk group for 
getting Salmonella infections (Dessi et al., 
1992). More importantly, however, there is 

a pandemic problem of human food-borne 
salmonellosis. Salmonella is a most impor-
tant agent causing acute food-borne disease 
through, for example, meat and eggs (Todd, 
1997), which makes Salmonella a particular 
threat to human health. A significant frac-
tion of food-born salmonellosis is caused 
by S. Enteritidis and S. Typhimurium that 
colonize the intestinal tract of cattle and 
chicken flocks world-wide (Humphrey, 
2004; Rabsch et al., 2002), and whereupon 
the bacteria presumably grow in biofilms 
in the intestinal tract. In chickens, trans-
mission of Salmonella to the offspring is 
further enabled by the ability of certain 
serovars to invade the oviducts and to colo-
nize the reproductive tissue, which causes 
the contamination of intact eggs (Okamura 
et al., 2001). Effective egg colonization is 
aided by a biofilm component (Cogan et 
al., 2004).

Somewhat surprisingly, other food-
borne infections caused by Salmonella have 
occurred through seeds, sprouts, green 
leafs, fruits and vegetables as vehicles of 
transmission (Brandl and Mandrell, 2002). 
Indeed, fresh food outbreaks caused by 
Salmonella have been increasing in the 
last decade (Sivapalasingam et al., 2004). 
Salmonella has been shown to adhere and 
to colonize plant leaves and sprouts (Barak 
et al., 2002; Brandl and Mandrell, 2002). 
Up to 4% of vegetable samples can be con-
taminated with Salmonella spp. or Shigella 
spp. (Lindow and Brandl, 2003).

Also contamination of industrial fa-
cilities has been associated with food-born 
outbreaks of Salmonella (Werber et al., 
2005). These outbreaks usually involve 
contamination of industrial facilities with 
multispecies biofilms, whereby Salmonella 
is the causative agent of pathogenicity 
(Wolfgang Rabsch, personal communica-
tion).
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Figure 1

Figure 7.1 Biofilm formation of Salmonella spp. in different model systems. (A) The rdar 
morphotype of Salmonella enterica serovar Typhimurium. S. Typhimurium MAE52 was 
grown on Congo Red agar plates for two days at 28 C. Rdar morphotype cells express the 
extracellular matrix components cellulose and curli fimbriae, which bind the Congo Red dye. (B) 
Adhesion of Salmonella enterica serovar Enteritidis to stainless steel as observed by scanning 
electron microscopy. Bar, 1 µm. Reprinted from FEMS Microbiol Lett, 162, Austin JW, Sanders 
G, Kay WW, Collinson SK, Thin aggregative fimbriae enhance Salmonella enteritidis biofilm 
formation, 295–301, 1998 with permission from Elsevier. (C) S. Typhimurium biofilm formation 
on the surface of human gallstones. After 14 days incubation in the presence of 3% bile, S. 
Typhimurium attaches to a human gallstone as loosely dispersed cells. Bar, 10 µm. Figure 
reprinted from (Prouty et al., 2002) with permission from the America Society of Microbiology. 
(D) Biofilm formation of S. Typhimurium on cultured HEp-2 cells in a flow-through continuous 
culture system. Bacteria were labeled with green fluorescent protein and the HEp-2 cells with 
cell tracker orange, which appears red. When bacteria are colocalized with cells the color is 
yellow. Figure reprinted from (Ledeboer and Jones, 2005) with permission from the America 
Society of Microbiology. (E) Adherence of Salmonella enterica serovar Thomson expressing 
green fluorescent protein to a senescent cilantro (Coriandrum sativum cv. Leisure) leaf 9 days 
after inoculation. A high density of bacterial cells is seen in the vein area as observed by 
confocal laser scanning microscopy. Bar, 10 µm. Figure reprinted from (Brandl and Mandrell, 
2002) with permission from the American Society of Microbiology. (F) Atomic Force Microscopy 
of the air-facing and liquid-facing surface of a pellicle produced by S. Typhimurium. Three-
dimensional 27  27 µm imaging of pellicles produced by strain S. Typhimurium MAE52 and by 
the cellulose deficient strain S. Typhimurium MAE150 on LB without salt. The pellicle produced 
by S. Typhimurium MAE150 is thinner showing a hole (arrow). (1) S. Typhimurium MAE52—air 
facing surface, (2) S. Typhimurium MAE52—water facing surface, (3) S. Typhimurium MAE150—
air facing surface. AFM scanning was performed in air in the Nanonics AFM/NSOM-100 system 
(Nanonics Imaging Ltd., Jerusalem, Israel), using cantilevered optic fiber AFM-probe (20 nm tip 
diameter) under taping mode (Kesselman et al. 2006, submitted). This figure is reproduced in 
color in the color section at the end of the book.

Salmonellosis and especially typhoid 
fever can also occur as water-borne infec-
tions. Persistence of Salmonella in water, 
and transmission of Salmonella by water, 
might involve biofilm formation (Rooney 
et al., 2004). In a riverine system most 
Salmonella spp. isolates have been found on 
the sediment, but not in the water (Murray, 
1991). In relation to human salmonellosis, 
S. Enteritidis survives in household toi-
lets as a biofilm for more than four weeks 
(Barker and Bloomfield, 2000).

Last but not least, the carrier state of 
Salmonella enterica serovar Typhi (S. Typhi) 
with a reservoir in the gall bladder has been 
associated with the organisms grown in 
biofilms on gall stones (Forbes and Cotton, 
1984; Lai et al., 1992). Consequently the 
formation of biofilms is an integral part of 
the S. enterica life cycle occurring in host 
colonization, environmental persistence, 
transmission and the carrier state.
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Figure 7.2 Different models of biofilm formation to abiotic surfaces. (A) Steady state model 
of biofilm formation. The Crystal violet-stained S. Typhimurium MAE52 cells are attached to 
the polystyrene surface of the well of a 96-well plate. Note that most of the biofilm formed by 
growing the cells in Luria broth (LB) without salt medium forms at the air–medium interface, 
but not at the bottom of the well. (B) Continuous flow model of biofilm formation. The entire 
design of the flow system is shown on the top. A flow chamber with four parallel flow channels 
is shown in detail below. Reprinted from Methods Enzymol, 310, Christensen BB, Sternberg C, 
Andersen JB, Palmer RJ Jr., Nielsen AT, Givskov M, Molin S, Molecular tools for study of biofilm 
physiology.: 20–42, 1999 with permission from Elsevier. (C) Pellicle formation at the air–liquid 
interface. Arrow points to the extensive bacterial mat at the air–liquid interface. LB without salt 
medium was used to grow S. Typhimurium MAE52.
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Figure 2
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Expression of the biofilm 
phenotype by Salmonella 
enterica isolates
The impact of biofilm formation of S. en-
terica has been demonstrated by epide-
miological studies. When 800 isolates of 
S. Typhimurium and S. Enteritidis from 
acute infections were examined, almost all 
expressed a biofilm phenotype under cer-
tain growth conditions in the laboratory 
(Römling et al., 2003b). The majority of 
Salmonella isolates from animals and veg-
etable also display biofilm formation and 
expression of extracellular matrix compo-
nents (Solano et al., 2002; Solomon et al., 
2005).

The formation of biofilms by isolates 
from disease, asymptomatic animal carriers 
and contaminated vegetable is usually high-
ly regulated by environmental conditions 
such as temperature, oxygen tension and 
osmolarity (Gerstel and Römling, 2001; 
Gerstel  et al., 2003; Römling et al., 1998b). 

That is, production of biofilm components 
does usually not occur in normal rich labo-
ratory medium at 37 C. Indeed, for un-
known reasons, very few isolates display 
a so-called deregulated semi-constitutive 
biofilm phenotype (Collinson et al., 1991; 
Römling, 2003b). On the other hand, 
host-restricted serovars S. Typhimurium 
var. Copenhagen phage type DT2 and 
DT99, S. Typhi and S. Choleraesuis do 
not express the aforementioned biofilm-
associated rdar morphotype under labora-
tory conditions (Römling, 2003b). These 
latter observations suggest that the loss of 
certain biofilm traits is associated with dis-
ease where bacteria disrupt the epithelial 
cell lining.

Resistance phenotype 
of biofilm-forming 
Salmonella
It is well documented that biofilm-asso-
ciated microorganisms exhibit decreased 
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susceptibility to antimicrobial agents and 
treatment with disinfectants. Indeed, bio-
film-associated Salmonella cells can be more 
resistant against antibiotics, sanitizers like 
sodium hypochlorite, iodine and triclosan, 
and disinfectants like ethanol, compared to 
their planktonic (suspended) counterparts 
(Gerstel and Römling, 2001; Joseph et al., 
2001; Olson et al., 2002; Scher et al., 2005; 
Solano et al., 2002; Tabak et al., 2006). 
For instance, more than 10% of pellicle-
associated Salmonella survived treatment 
with 50 p.p.m. of chlorine for 15 minutes, 
whereas planktonic cells at either the sta-
tionary or logarithmic phases of growth 
were completely killed by the same treat-
ment (Scher et al., 2005).

The efficiency of sanitizer treatment 
can also vary depending on the particular 
surfaces studied. Biofilm-associated bacte-
rial cells on stainless steel, for instance, are 
more sensitive to hypochloride and iodine 
compared to cells of the same strain adher-
ent on plastic surfaces ( Joseph et al., 2001). 
One might argue that the structural orga-
nization of the cells in a biofilm diminishes 
the access of the active chemical. However, 
a molecular study revealed that resistance 
of the cells in a pellicle to the broad-spec-
trum biocide triclosan was probably the 
result of stress adaptation (Tabak et al., 
2006). Pellicle-associated cells overex-
pressed genes required for the efflux of an-
timicrobial agents such as those encoding 
the transcriptional activator MarA and its 
respective target, the efflux pump AcrAB, 
when compared to cells in the logarithmic 
and stationary phases of growth.

However, there is no general resistance 
of biofilm-forming Salmonella to different 
stress conditions. In contrast to the treat-
ment with antimicrobials and disinfec-
tants, heat and acidification did not differ-
entially affect biofilm-associated bacteria 
as compared to their planktonic counter-

parts (Scher et al., 2005). Somewhat sur-
prisingly, cells in a biofilm were more sus-
ceptible to ionizing radiation (Niemira and 
Solomon, 2005).

Biofilm-forming Salmonella also 
show enhanced resistance against stress 
conditions such as long-term desiccation 
(Gibson et al., 2006; White et al., 2006).

Model systems of biofilm 
formation of Salmonella
Many models to study biofilm formation of 
S. enterica in various situations have been 
developed. On the molecular level, biofilm 
formation by Salmonella has been charac-
terized as a multicellular behavior termed 
rdar morphotype, as the adherence pheno-
type to abiotic surfaces, as a pellicle at the 
air–liquid interface, as adherence on gall-
stones, and as the colonization phenotype 
on epithelial cells and plant tissue (Fig. 7.1; 
(Boddicker et al., 2002)). Furthermore, 
biofilm-formation by S. Typhimurium on 
urethral catheter surfaces has also been in-
vestigated (Mireles et al., 2001), although 
this pathogen is not known to cause cath-
eter-associated urinary tract infections. 
Such model systems have enabled in depth 
molecular studies, which in turn have re-
vealed that Salmonella forms biofilms with 
different characteristics on various surfaces 
in different media (Prouty and Gunn, 
2003) showing a multifactorial potential 
of S. enterica for multicellular behavior.

Molecular 
characterization of the 
rdar morphotype
The rdar (red, dry and rough) morphot-
ype is the model of multicellular behavior 
in S. Typhimurium and S. Enteritidis that 
has been best studied genetically (Collin-
son et al., 1997; Römling, 2005). The rdar 
morphotype is defined by a characteristic 
colony morphology type on Congo Red 
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agar plates, whereby the bacteria form a 
multicellular network characterized by the 
expression of extracellular matrix compo-
nents (Fig. 7.1A; Römling, 2001). Bacteria 
expressing the rdar morphotype also show 
other types of multicellular behavior such 
as adherence to abiotic surfaces (glass and 
polystyrene) in steady state (Fig. 7.2A) and 
continuous (Fig. 7.2B) culture, cell clump-
ing and pellicle formation, and coloniza-
tion of the air–liquid interface (Fig. 7.2C).

The extracellular matrix of the rdar 
morphotype is composed of proteinaceous 
components and exopolysaccharides. 
Among the proteinaceous components that 
have been characterized are the adhesive 
curli fimbriae (alternatively called Tafi or 
thin aggregative fimbriae (agf )) (Collinson 
et al., 1991; Römling et al., 1998a) and the 
large secreted protein BapA (Latasa et al., 
2005; Römling et al., 1998b). Curli fim-
briae are highly aggregative surface struc-
tures that bind various bacterial and host 
components (Rochon and Römling, 2006; 
Römling et al., 2003a). The major curli 
protein, CsgA, contains self-associating 
peptide repeats, which are assembled into 
fibril-like formations resembling amyloid 
characteristic of major disorders in humans 
such as Alzheimer’s and prion diseases 
(Chapman et al., 2002; Cherny et al., 2005; 
Lundmark et al., 2005). In biofilm forma-
tion, curli fimbriae mediate the adherence 
of Salmonella to abiotic surfaces (Austin et 
al., 1998; Römling et al., 1998b) and estab-
lish rigid, yet fragile, cell–cell interactions 
(Zogaj et al., 2001). Overexpression of 
curli fimbriae can compensate for the ab-
sence of BapA, which is loosely associated 
with the cell surface (Latasa et al., 2005).

The biofilm-associated exopolysac-
charides (EPSs) include cellulose and a 
novel O-antigenic capsular polysaccharide 
(Gibson et al., 2006; Zogaj et al., 2001). 
In biofilm formation using the standing 

culture model, cellulose expression mainly 
mediates cell–cell interactions and the 
formation of a biofilm at the air–liquid 
interface (Zogaj et al., 2001). The capsule, 
which is distinct from the known EPS co-
lanic acid, resembles the lipopolysaccha-
ride O-antigen with some modifications 
(Gibson et al., 2006). Although the capsule 
apparently does not contribute to multicel-
lular behavior, it plays a fundamental role 
in the protection of the cells against desic-
cation stress.

The proteinaceous and exopolysaccha-
ride components interact with each other. 
Curli fimbriae interact with the cellulose to 
build up a rigid three-dimensional network 
structure between the bacterial cells. By 
analogy to the structural function of cel-
lulose in trees, this network has been called 
“bacterial wood” (Zogaj et al., 2001).

Salmonella also forms distinct biofilms 
in a model system using continuous culture 
conditions. Surprisingly, the role of curli 
fimbriae and cellulose is different in biofilm 
formation in a flow cell system compared 
to the steady state model (Figs 7.2C and 
7.3). Curli fimbriae seem to contribute sig-
nificantly neither to primary attachment of 
cells nor to the three dimensional structure 
of the mature biofilm. In contrast, lack of 
cellulose expression lead to an almost en-
tire loss of primary attachment with only 
the formation of separated microcolonies 
after 24 hours of incubation.

Another recently described novel cap-
sular polysaccharide of S. Typhimurium 
(de Rezende et al., 2005) has a unique 
sugar composition and is therefore distinct 
from the capsule described above (Gibson 
et al., 2006). This capsule is expressed both 
at 25ºC and 37ºC indicating that it is not 
associated with rdar morphotype expres-
sion (that is limited to temperatures below 
28ºC), and that its expression is not regu-
lated by the master regulator CsgD (see be-
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Figure 7.3 Biofilm formation of S. Typhimurium UMR1 and its cellulose (ΔbcsA) and curli 
(ΔcsgA) deficient mutants in the continuous flow model of biofilm formation using M9 minimal 
medium. (A) Primary attachment of the cells visualized after 2 hours of incubation. The cellulose 
deficient mutant S. Typhimurium UMR1 ΔbcsA did not visually attach. Images were acquired by 
phase contrast microscopy. Representative figures are shown for two independent experiments. 
Magnification, 630. (B) The biofilm-forming capacity and architecture after 24 hours post-
inoculation. Images were acquired via confocal scanning laser microscopy (CSLM). The large 
panels represent top-down views of the biofilms, and the side panels represent orthogonal 
cross-sections (XZ and YZ) taken along the green and blue lines, respectively. Representative 
figures are shown for two independent experiments. Magnification, x630.

low). Nevertheless, although not involved 
in primary attachment to the surface, the 
capsule may contribute to the extracellu-
lar matrix of the biofilm in a flow cham-
ber (de Rezende et al., 2005). The authors 
also speculate that the capsule may have a 
role in other features of Salmonella, such as 
virulence, as has been demonstrated previ-
ously for the capsules of other bacteria.

Regulation of rdar 
morphotype expression 
by the master regulator 
CsgD
Expression of the biofilm-associated ma-
trix components is regulated by the master 

regulator CsgD, a transcriptional regu-
lator of the LuxR superfamily (Fig. 7.4; 
Gerstel and Römling, 2003). The expres-
sion of CsgD itself is highly regulated by 
environmental conditions, and hence the 
rdar morphotype is not constantly ex-
pressed. Consequently, under laboratory 
conditions, rdar morphotype expression 
is observed when bacteria are grown on/
in rich medium at low osmolarity under 
microaerophilic conditions or in a defined 
medium under aerobic conditions at ambi-
ent temperature. Besides temperature, os-
molarity and oxygen tension, the pH, iron 
availability, starvation by phosphate, ni-
trogen, ethanol and other uncharacterized 

UMR1 UMR1 ΔcsgAA UMR1 ΔbcsA
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Figure 7.4 Regulatory network of rdar morphotype expression in S. Typhimurium. The 
transcriptional regulator CsgD is a central regulator of the rdar morphotype. Expression of CsgD 
is positively (gray arrows) and negatively (black arrows) regulated by, among other proteins, 
two-component systems (EnvZ/OmpR, CpxA/CpxR and RcsCD/RcsBA), GGDEF-EAL domain 
proteins (STM2123, STM3388) and nucleoid-binding proteins (IHF, H-NS). The GGDEF-EAL 
domain proteins STM2123 and STM3388 regulate CsgD expression presumably also on a post-
transcriptional level. In turn, CsgD activates the transcription of at least three target operons: 
csgBAC, adrA, bapABCD and represses transcription of the emcIJ operon in S. Typhimurium. 
Thereby, the csgBAC operon encodes the structural components CsgA and CsgB of curli 
fimbriae (Römling et al., 1998a). The bapABCD operon (previously stm2689stm2690/91/92) 
encodes the large surface protein BapA and its type I protein secretion apparatus (Latasa et al., 
2005). Expression of AdrA leads to the production of the second messenger c-di-GMP required 
for post-transcriptional activation of cellulose biosynthesis (Simm et al., 2004; Zogaj et al., 
2001). Products of emcIJ (previously yihVW) repress the divergently regulated emcA-H operon 
(yihU-O yshA) required for the expression of an O-antigen capsule (Gibson et al., 2006).

factors regulate expression of CsgD (Ger-
stel and Römling, 2003). Various global 
regulatory proteins, such as the nucleoid-
binding protein H-NS, integration host 
factor (IHF), the two component systems 
EnvZ/OmpR, CpxA/CpxR and RcsCD/
RcsBA, the MerR-like regulator MlrA, the 
stress sigma factor RpoS and the GGDEF-
EAL domain proteins STM2123 and 

STM3388 have been demonstrated to 
regulate CsgD expression (Fig. 7.4; Brown 
et al., 2001; Gerstel et al., 2003; Huang et 
al., 2006; Jubelin et al., 2005; Kader et al., 
2006; Römling et al., 1998a).

How environmental conditions are 
translated into molecular events to control 
expression of CsgD is largely unknown. 
However, several of the above-mentioned 
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regulatory proteins can bind upstream 
of the csgD promoter in the 521 bp long 
intergenic region localized between the 
divergently transcribed curli biosynthesis 
operons csgBA and csgDEFG, and down-
stream of the csgD promoter in the open 
reading frame of csgD (Fig. 7.5; Gerstel and 
Römling, 2003, Gerstel et al., 2003, Dorel 
et al., 2006; Gerstel et al., 2006). Thus, one 
could envision a three-dimensional nucleo-
protein complex being formed to tightly 
regulate csgD expression, but molecular 
details of the regulation of csgD expression 
are not resolved yet.

The best studied link between environ-
mental cues and CsgD expression concerns 
microaerophilic conditions and activation 
of csgD transcription by IHF (Fig. 7.5; 
Gerstel et al., 2003). In rich medium tran-
scription of csgD is activated under micro-
aerophilic conditions in contrast to aerobic 

conditions. The enhanced transcription of 
csgD is partially dependent on the presence 
of IHF and the IHF1 binding site in the 
intergenic region (Gerstel et al., 2003). The 
IHF1 binding site overlaps with binding 
sites D3-D6 for the transcriptional regu-
lator OmpR. Under aerobic conditions, 
OmpR binds to its binding sites D3-D6 
and thus transcription of the csgDEFG op-
eron remains repressed (Fig. 7.5). Under 
microaerophilic conditions IHF effectively 
competes with OmpR for binding to the 
operator sequences, and thus by bind-
ing to IHF1, IHF activates transcription 
(Fig. 7.5; Gerstel et al., 2003). In support of 
this model, two point mutations in highly 
conserved nucleotides in the IHF1 binding 
site, which is located approximately 200 bp 
upstream of the transcriptional start site, 
significantly decrease expression of the 
csgD promoter (Gerstel et al., 2006).

csgDcsgB

csgD

csgDcsgB

aerobic conditions

microaerophilic conditions

OmpR IHF CpxR H-NS RNAP

IHF3IHF2

IHF1
D1D2D3D4D5D6D7

A

B

Figure 7.5 The nucleo-protein complex in the csgD promoter region. (A) Binding sites of 
proteins in the csgD promoter region. RNAP=RNA-polymerase. (B) Model of the activating 
effect of IHF at the csgD promoter under microaerophilic conditions. Under aerobic conditions, 
csgD transcription is repressed by the binding of OmpR to its binding sites D2 and D3-D6. 
Under those conditions, IHF does not play a role in transcriptional activation (Gerstel et al., 
2003). Under microaerophilic conditions, csgD transcription is activated. IHF binding to IHF1 
enhances the transcriptional activity. Still OmpR is able to bind to the D1, D2 and D7 binding 
sites.
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Regulation of rdar 
morphotype expression 
by c-di-GMP
Recently, a novel bacterial secondary 
messenger, diguanylic acid (c-di-GMP), 
has been discovered which regulates the 
transition between sessility and motil-
ity; and sessility and virulence (Paul et 
al., 2004; Ross et al., 1987; Simm et al., 
2004; Tischler and Camilli, 2004, 2005). 
The turnover of c-di-GMP is mediated 
by diguanylate cyclases (GGDEF domain 
proteins) (Paul et al., 2004; Simm et al., 
2004) and phosphodiesterases (EAL and 
HD-GYP domain proteins) (Ryan et al., 
2006; Schmidt et al., 2005; Simm et al., 
2004). The rdar morphotype is regulated 
by c-di-GMP on various levels. First, the 
expression of CsgD is activated by the 
complex GGDEF-EAL domain proteins 
STM2123 and STM3388 (Fig. 7.4). Both 
proteins, when overexpressed, enhance 
the intracellular c-di-GMP concentration, 
thus acting as diguanylate cyclases (Kader 
et al., 2006).

The positive regulation of CsgD ex-
pression exerted by c-di-GMP takes place 
on a transcriptional and, presumably, on 
a post-transcriptional level. However, c-
di-GMP signaling is also involved in the 
regulation of processes downstream of 
CsgD expression. Expression of AdrA, a 
GGDEF domain protein with di-guanyl-
ate cyclase activity, is transcriptionally ac-
tivated by CsgD (Römling et al., 2000). 
Subsequently, AdrA activates cellulose bio-
synthesis post-transcriptionally through 
the production of c-di-GMP (Zogaj et al., 
2001). AdrA is also partially responsible for 
the biosynthesis of the proteinaceous curli 
fimbriae downstream of CsgD expression 
(Kader et al., 2006). However, there is no 
positive feedback loop for c-di-GMP sig-
naling, shown by the fact that mutational 
inactivation of adrA only downregulates 

expression of CsgA, but not expression of 
CsgD. Thus cyclic di-GMP signaling acti-
vates rdar morphotype expression on vari-
ous levels in the regulatory network.

Biofilm formation of 
S. enterica on abiotic 
surfaces
Adhesion of Salmonella to abiotic surfaces 
is a model of biofilm formation and mimics 
the situation in industrial facilities. Adher-
ence to Teflon (polytetrafluoroethylene) 
and stainless steel has not been investi-
gated in detail, however, it has been dem-
onstrated that curli fimbriae and possibly 
type 1 fimbriae are involved in adherence 
of S. Enteritidis to both types of surfaces 
(Austin et al., 1998). Investigation of the 
adherence process to glass and polystyrene 
surfaces has shown that several compo-
nents required for rdar morphotype ex-
pression are also involved in adherence to 
such abiotic surfaces. In particular, adher-
ence is regulated by the transcriptional reg-
ulator CsgD, which subsequently activates 
the expression of the extracellular matrix 
components cellulose, curli fimbriae and 
the surface protein BapA, all of which are 
required for adherence (Latasa et al., 2005; 
Römling et al., 1998b, 2000; Zogaj et al., 
2001).

Not all adherence depends on CsgD. 
In the so-called ATM medium, the for-
mation of biofilm and synthesis of cel-
lulose is controlled by the expression of 
the GGDEF domain protein STM1987, 
whereas expression of STM1987 is not 
dependent on CsgD (Garcia et al., 2004; 
Solano et al., 2002).

The response regulator FimZ is an-
other molecular link between sticking and 
swimming (Clegg and Hughes, 2002). 
Overexpression of FimZ leads to hyper-ex-
pression of type 1 fimbriae and nonmotile 
cells independent of fimbrial expression.
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Biofilm formation at the 
air–liquid interface
Formation of a bacterial mat at the air–liq-
uid interface, a pellicle, is another mode 
of multicellular behavior. Examination 
of the two faces of the pellicle biofilm re-
vealed that the upper air–cell interface was 
smooth with the cells tightly arranged in a 
network. The cellular network on the liq-
uid side was rougher and less tight, how-
ever, individual cells were wrapped by an 
extracellular matrix (Römling and Rohde, 
1999). A recent study that used Atomic 
Force Microscopy (AFM) to characterize 
the morphology of the two sides of the 
Salmonella biofilm at the air–liquid inter-
face confirmed the results of the surface 
structure of the pellicle (Kesselman et al., 
2006).

A set of genes, similar to the set re-
quired for rdar morphotype expression, is 
required for the formation of a firm pellicle 
(Römling et al., 2000; Solano et al., 2002). 
Although not required for the local cell–
cell interactions at the air–liquid interface, 
flagella play a crucial role in the formation 
of a complete mat structure (Römling and 
Rohde, 1999). Cells not expressing the bio-
film components cellulose and curli fimbri-
ae can still be incorporated into a pellicle 
(Scher et al., 2005). However, the presence 
of BapA is required for bacterial aggrega-
tion at the air–liquid interface and the pro-
duction of microcolonies that are built up 
in the pellicle (Latasa et al., 2005).

Pellicle-derived cells have been used as 
a model system to investigate the effect of 
sanitizers and stress conditions on survival 
of biofilm cells (Scher et al., 2005; Tabak 
et al., 2006). Cells in a pellicle showed a 
significant increase in the transcription of 
bcsA, encoding the cellulose synthase, and 
bcsE, coding for another structural gene 
involved in cellulose biosynthesis upon 
exposure to triclosan (Tabak et al., 2006). 

This suggests that expression of cellulose is 
induced by triclosan or triclosan-induced 
stress. On the other hand, the expression 
of agfB, coding for a structural gene of curli 
fimbriae was not enhanced upon exposure 
to triclosan.

Biofilm formation by 
Salmonella on gallstones
The chronic carrier state of Salmonella is 
frequently associated with gallbladder ab-
normalities such as gallstones (Lai et al., 
1992), to which Salmonella can adhere. 
Investigation of the adherence behavior 
has shown that S. Typhimurium formed a 
unique biofilm on gallstones consisting of 
loosely assembled matrices of cells, which 
were formed after 14 days (Prouty et al., 
2002). Biofilm formation was dependent 
on the medium and the surface. Biofilm 
formation on gallstones was only observed 
when bile was added to the medium, sug-
gesting that bile components signal the for-
mation of biofilm. The bile-dependent bio-
film was only formed on the gallstone, but 
not on a granite pebble, indicating speci-
ficity in attachment to certain gallstone 
surface structures (Prouty et al., 2002). 
Molecular analysis demonstrated that, al-
though different genes were required for 
biofilm formation on gallstones and abiotic 
glass surfaces, some overlap exists (Prouty 
and Gunn, 2003). In particular, the exo-
polysaccharide cellulose and curli fimbriae, 
which are major determinants of the rdar 
morphotype and adherence to abiotic sur-
faces, are not required for attachment to 
gallstones. On the other hand, the PhoP/
PhoQ two-component system represses 
biofilm formation on gallstones. In par-
ticular, the PhoP/PhoQ repressed gene 
prgH involved in the formation of the type 
III secretion system apparatus is required 
for biofilm formation. Based on additional 
experimentation, the authors hypothesize 
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that secretion of exopolysaccharide or 
some effects of exopolysaccharide expres-
sion could be a novel function for the type 
III secretion system encoded by the Salmo-
nella pathogenicity island 1 (Prouty and 
Gunn, 2003).

Biofilm formation by 
Salmonella on epithelial 
cells
Not all natural growth conditions of mi-
croorganisms can be mimicked adequately 
by steady state culture conditions. In fact, 
many natural growth habitats are better 
characterized by continuous transport of 
fluid. The most popular experimental set-
up developed for studying biofilm-forma-
tion under flow is the flow-cell device (Fig. 
7.2B). In this device, the bacteria adhere to 
a glass cover slip, while a continuous flow 
of fresh medium is applied (Christensen 
et al., 1999). The major advantage of the 
flow-cell system is the continuous moni-
toring of biofilm development in real time 
without disturbance of the biofilm forma-
tion process. Recently, a flow-through con-
tinuous culture system has been developed 
whereby bacterial communities of S. Ty-
phimurium were formed on a monolayer 
of Hep-2 cells (Fig. 7.1D). It has been sug-
gested that this experimental setup mimics 
early events in the establishment of infec-
tion (Boddicker et al., 2002). As a first de-
terminative component of biofilm forma-
tion, two amino acid changes in the FimH 
adhesin of type 1 fimbriae were identified 
that acted synergistically in the formation 
of biofilms on the epithelial cell monolayer 
(Boddicker et al., 2002). S. Typhimurium 
strains which express this particular adhe-
sin on the tip of the type 1 fimbriae formed 
extensive biofilms on the surface of epithe-
lial cells, while strains which express type 1 
fimbriae with another FimH allele, yielded 
virtually no bacterial accumulation at all. 

Two known exopolysaccharides produced 
by S. Typhimurium, colanic acid and cellu-
lose, also contributed to biofilm formation 
on epithelial cells (Ledeboer and Jones, 
2005). Without the expression of colanic 
acid the biofilm remained as a thin layer 
across the surface of Hep-2 cells. On the 
other hand, lack of cellulose biosynthesis 
resulted in the appearance of small iso-
lated microcolonies on the epithelial cell 
surface. A requirement of the same factors, 
particular FimH variant, colanic acid and 
cellulose biosynthesis has been observed 
on biofilms formed on intestinal tissue of 
chickens (Ledeboer and Jones, 2005), indi-
cating that Hep-2 cells grown in continu-
ous flow cells might be a congruent model 
for biofilm formation in the intestine.

Role of biofilm formation 
in bacterial–host 
interaction
Several components of the Salmonella bio-
film components play important roles in 
pathogen–host interactions. A bapA mu-
tant was described as showing decreased 
adherence and invasion of the epithelial 
tissue in the intestine, whereas the ability 
of the mutant to colonize internal organs 
was not significantly changed (Latasa et 
al., 2005). Curli fimbriae are also required 
for the adherence to mouse small intesti-
nal epithelial cells (Sukupolvi et al., 1997), 
and to promote efficient egg contamina-
tion (Cogan et al., 2004). Indirect evidence 
for expression of curli fimbriae during 
colonization of the gastrointestinal tract 
of resistant mice originated from a positive 
immune response against curli fimbriae 
after Salmonella infection (Humphries et 
al., 2005). Interestingly, CsgA aids fluid 
accumulation in the calf model of human 
gastroenteritis (Tukel et al., 2005). Fur-
ther experimentation showed that the im-
mune response initiated by curli fimbriae 
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required, at least in part, Toll-like recep-
tor 2 (Tukel et al., 2005). On the other 
hand, curli fimbriae also bind flagellin, the 
subunit of the flagellar filament, which is 
another pathogen-associated molecular 
pattern (PAMP), thereby further partici-
pating in inducing a proinflammatory re-
sponse in a gastrointestinal epithelial cell 
line (Rochon and Römling, 2006).

Biofilm-related components also play a 
role in the systemic phase of the infection. 
The EAL domain-like protein STM1344 
affects expression of the rdar morphotype 
(R. Simm and U. Römling, unpublished 
data), and can protect S. Typhimurium 
from the deleterious effect of phagocyte 
oxidase in infected mice, a source of reac-
tive oxygen intermediates in macrophages 
(Hisert et al., 2005). Further experimen-
tation showed that STM1344 increased 
bacterial resistance to hydrogen peroxide 
in vitro and slowed down bacterial killing 
of macrophages.

While clearly selected components 
of biofilms seem to have distinct roles in 
virulence, biofilm formation itself has been 
identified as an antivirulence factor, since a 
strain with semi-constitutive expression of 
the rdar morphotype, due to a single point 
mutation in the csgD promoter, has shown 
an approx. 10-fold reduced virulence in 
mice (Römling et al., 2000).

Biofilm formation by 
Salmonella on plant 
surfaces
The increase in food-borne outbreaks 
caused by salmonellae associated with 
fresh fruit and vegetables has raised aware-
ness that plants are important vectors for 
transmission of Salmonella between hosts. 
Indeed, several studies have demonstrated 
that salmonellae are able to attach to sur-
faces of plants frequently associated with 
outbreaks, such as alfalfa sprouts, cilantro, 

lettuce, tomatoes and parsley (2005; An-
drews et al., 1982; Brandl and Mandrell, 
2002; Takeuchi et al., 2000), but also with 
fruits such as apples, melons and mangos 
(Duffy et al., 2005; Liao and Sapers, 2000; 
Annous, 2005; Beatty et al., 2004; Bowen 
et al., 2005).

Bacterial adherence to cilantro leaves 
was studied using a S. Thompson isolate 
from an outbreak that was traced back 
to cilantro leaves. S. Thompson showed a 
distinct adherence behavior forming large 
microcolonies primarily on veins and adja-
cent areas (Brandl and Mandrell, 2002). S. 
Thompson did not only attach to the leaf 
surface, but also formed coaggregates on 
the plant surface with the indigenous bac-
terial flora and when Pantoea agglomerans, 
a cilantro plant isolate, was coincubated 
with Salmonella. Molecular analysis knock-
ing out luxS, essential for the production of 
autoinducer 2, did not change the pattern 
of attachment to the cilantro leaf surface 
(Brandl et al., 2005), although it has been 
demonstrated before that luxS is required 
for complete biofilms on gallstone surfaces 
(Prouty et al., 2002).

In the germination process of alfalfa 
seeds to sprouts, as little as one contami-
nated seed in 40,000 might contaminate 
the entire batch through the irrigation 
water (Barak et al., 2002). Epifluorescence 
microscopy demonstrated that bacteria are 
present at a depth of up to 12 m within 
intact sprout tissue (Gandhi et al., 2001). 
An isolate of S. Newport grew to signifi-
cant cell numbers on sprouting seeds, while 
growth was not affected by the frequency 
of replacement of the irrigation water sug-
gesting that Salmonella adhered tightly to 
the sprouts. Direct observation of the bac-
teria by fluorescence microscopy showed 
that seed coats and sprout roots were colo-
nized by Salmonella, whereby the bacteria 
attached as aggregates (Barak et al., 2002). 
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Screening of a pool of random transposon 
mutants deficient in plant colonization 
identified 20 unique insertions, with 65% 
being located in uncharacterized genes, 
indicating that exploration of a novel en-
vironment of Salmonella, the plant surface, 
can lead to detection of novel gene func-
tion (Barak et al., 2005). Previously well-
characterized components involved in the 
attachment process to plant surfaces were 
the stationary phase sigma factor RpoS 
and curli fimbriae. RpoS is also required for 
rdar morphotype expression and adhesion 
to abiotic surfaces (Römling et al., 1998a; 
Römling et al., 1998b). RpoS was required 
for initial attachment of Salmonella to alfal-
fa sprouts, but a rpoS mutant reached lev-
els similar to the wild type after two days 
of incubation. Curli fimbriae are required 
for various forms of attachment: bacterial 
cell–cell interaction in rdar morphotype 
expression, adhesion of the bacteria to abi-
otic surfaces and adhesion of Salmonella 
to host epithelial cells (Römling et al., 
1998a; Römling et al., 1998b; Sukupolvi 
et al., 1997), yet defined deletions in csgA 
and csgB showed that only a csgB mutant 
was affected in initial attachment to alfalfa 
sprouts as well as colonization over time 
(Barak et al., 2005).

Previous findings have shown that, 
while Salmonella adhered tightly to alfalfa 
sprouts, enterohemorrhagic Escherichia 
coli O157:H7 (EHEC) could be easily 
washed away (Barak et al., 2002). Since the 
EHEC strain used in this study contained 
a non-functional csgD gene and therefore 
does not express curli fimbriae, the authors 
suggested that bacterial strains producing 
curli fimbriae are more likely to attach at 
high density to plant tissue (Barak et al., 
2005).

Mutational deletion of the extracellular 
matrix components cellulose and curli fim-
briae did not affect the ability of Salmonella 

to attach to parsley. Even so, Salmonella 
which produced the extracellular matrix 
components cellulose and curli fimbriae, 
showed improved persistence after chlori-
nation treatment of the parsley (Lapidot et 
al., 2006). However, the mutant deficient 
in the expression of the extracellular ma-
trix components still colonized parsley in 
significant numbers, indicating that addi-
tional factors contribute to the survival of 
Salmonella on parsley.

Conclusions
Salmonella enterica forms biofilm at a va-
riety of surfaces, and the diversity of bio-
film formation by S. enterica is just being 
explored. The formation of biofilms plays 
a role in host colonization, virulence and 
the carrier state. Colonization of cattle 
and chickens by S. enterica leads to con-
tamination of meat and eggs, which are 
subsequent vectors for transmission of the 
pathogen to humans. In nature, S. enterica 
persists in biofilms in natural and artificial 
man-made environments. Through mod-
ern methodology in food production and 
handling, novel vehicles for the transmis-
sion and persistence of S. enterica arise, 
causing food-borne outbreaks with plants 
as novel vectors. Transmission of S. en-
terica by fresh fruit and vegetables requires 
efficient colonization of the plant surfaces. 
Contamination of industrial surfaces by 
S. enterica leads to the contamination of 
processed food such as chocolate. To date, 
biofilm formation by S. enterica has been 
studied mainly in monoculture on the 
different surfaces. However, under natu-
ral conditions S. enterica mainly exists in 
mixed culture biofilms. Those biofilms are 
just beginning to be explored (Esteves et 
al., 2005; Brandl, 2002; Jones and Brad-
shaw, 1997).

The rdar morphotype, a multicellu-
lar behavior expressed by the majority of 
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S. enterica isolates, is a convenient model 
system to study the regulation of biofilm 
formation. A complex regulatory network 
for rdar morphotype in S. enterica has been 
characterized in which environmental 
conditions and global regulatory proteins 
tightly regulate expression of the master 
regulator of rdar morphotype formation, 
the transcriptional regulator CsgD. CsgD 
is also required for the colonization of 
plant and abiotic surfaces, and the air–liq-
uid interface, while extracellular matrix 
components are necessary for surface colo-
nization and environmental persistence.

Acknowledgments
UR and SY thank present and former 
members of their laboratories and collabo-
rators for their valuable contributions to 
research conducted in their laboratories. 
SY thanks in particular Prof. Eyal Shimoni 
for help with the AFM work. Work in the 
laboratory of UR on Salmonella biofilms 
has been supported over the years by the 
Karolinska Institutet (KI), Vetenskapsrå-
det (VR), the German Ministry for Edu-
cation and Research (BMBF), the Gesell-
schaft für Biotechnologische Forschung 
(GBF) and the German Research Society 
(DFG). Work in the laboratory of SY was 
supported by the Binational Science Foun-
dation (BSF) and by the Israel Science 
Foundation (ISF). Stiftelsen Lägmanska 
Kulturfonden contributed with equipment 
to study biofilm formation in the continu-
ous flow model.

References
MMWR (2005). Outbreaks of Salmonella in-

fections associated with eating Roma toma-
toes–United States and Canada, 2004. Morb. 
Mortal. Wkly. Rep. 54, 325–328.

Andrews, W.H., Mislivec, P.B., Wilson, C.R., 
Bruce, V.R., Poelma, P.L., Gibson, R., 
Trucksess, M.W. and Young, K. (1982). 
Microbial hazards associated with bean sprout-
ing. J. Assoc. Anal. Chem. 65, 241–248.

Annous, B.A., Solomon, E.B., Cooke, P.H., Burke, 
A. (2005). Biofilm formation by Salmonella 
spp. on cantaloupe melons. J. Food Safety 25, 
276–287.

Austin, J.W., Sanders, G., Kay, W.W. and 
Collinson, S.K. (1998). Thin aggregative 
fimbriae enhance Salmonella enteritidis bio-
film formation. FEMS Microbiol. Lett. 162, 
295–301.

Barak, J.D., Whitehand, L.C. and Charkowski, 
A.O. (2002). Differences in attachment of 
Salmonella enterica serovars and Escherichia coli 
O157:H7 to alfalfa sprouts. Appl. Environ. 
Microbiol. 68, 4758–4763.

Barak, J.D., Gorski, L., Naraghi-Arani, P. and 
Charkowski, A.O. (2005). Salmonella en-
terica virulence genes are required for bacte-
rial attachment to plant tissue. Appl. Environ. 
Microbiol. 71, 5685–5691.

Barker, J., Bloomfield, S.F. (2000). Survival of 
Salmonella in bathrooms and toilets in do-
mestic homes following salmonellosis. J. Appl. 
Microbiol. 89, 137–144.

Beatty, M.E., LaPorte, T.N., Phan, Q., Van 
Duyne, S.V. and Braden, C. (2004). A multi-
state outbreak of Salmonella enterica serotype 
Saintpaul infections linked to mango con-
sumption: a recurrent theme. Clin. Infect. Dis. 
38, 1337–1338.

Boddicker, J.D., Ledeboer, N.A., Jagnow, J., Jones, 
B.D. and Clegg, S. (2002). Differential bind-
ing to and biofilm formation on HEp-2 cells 
by Salmonella enterica serovar Typhimurium is 
dependent upon allelic variation in the fimH 
gene of the fim gene cluster. Mol. Microbiol. 
45, 1255–1265.

Bowen, A., Fry, A., Richards, G. and Beauchat, 
L. (2005). Infections associated with canta-
loupe consumption: a public health concern. 
Epidemiol. Infect., 1–11.

Brandl, M.T., Mandrell, R.E. (2002). Fitness 
of Salmonella enterica serovar Thompson in 
the cilantro phyllosphere. Appl. Environ. 
Microbiol. 68, 3614–3621.

Brandl, M.T., Miller, W.G., Bates, A.H. and 
Mandrell, R.E. (2005). Production of au-
toinducer 2 in Salmonella enterica serovar 
Thompson contributes to its fitness in chick-
ens but not on cilantro leaf surfaces. Appl. 
Environ. Microbiol. 71, 2653–2662.

Brown, P.K., Dozois, C.M., Nickerson, C.A., 
Zuppardo, A., Terlonge, J. and Curtiss, R., 
3rd (2001). MlrA, a novel regulator of curli 
(AgF) and extracellular matrix synthesis by 
Escherichia coli and Salmonella enterica serovar 
Typhimurium. Mol. Microbiol. 41, 349–363.

caister.com/biofilmsbooks



Römling et al.142 |

Chapman, M.R., Robinson, L.S., Pinkner, J.S., 
Roth, R., Heuser, J., Hammar, M., Normark, S. 
and Hultgren, S.J. (2002). Role of Escherichia 
coli curli operons in directing amyloid fiber 
formation. Science 295, 851–855.

Cherny, I., Rockah, L., Levy-Nissenbaum, O., 
Gophna, U., Ron, E.Z. and Gazit, E. (2005). 
The formation of Escherichia coli curli amyloid 
fibrils is mediated by prion-like peptide re-
peats. J. Mol. Biol. 352, 245–252.

Christensen, B.B., Sternberg, C., Andersen, J.B., 
Palmer, R.J., Jr., Nielsen, A.T., Givskov, M. and 
Molin, S. (1999). Molecular tools for study of 
biofilm physiology. Methods Enzymol. 310, 
20–42.

Clegg, S. and Hughes, K.T. (2002). FimZ is a mo-
lecular link between sticking and swimming 
in Salmonella enterica serovar Typhimurium. J. 
Bacteriol. 184, 1209–1213.

Cogan, T.A., Jorgensen, F., Lappin-Scott, H.M., 
Benson, C.E., Woodward, M.J. and Humphrey, 
T.J. (2004). Flagella and curli fimbriae are im-
portant for the growth of Salmonella enterica 
serovars in hen eggs. Microbiology 150, 1063–
1071.

Collinson, S.K., Emödy, L., Muller, K.H., Trust, 
T.J. and Kay, W.W. (1991). Purification and 
characterization of thin, aggregative fimbriae 
from Salmonella enteritidis. J. Bacteriol. 173, 
4773–4781.

Collinson, S.K., Clouthier, S.C., Doran, 
J.L., Banser, P.A. and Kay, W.W. (1997). 
Characterization of the agfBA fimbrial op-
eron encoding thin aggregative fimbriae of 
Salmonella enteritidis. Adv. Exp. Med. Biol. 
412, 247–248.

Costerton, J.W., Lewandowski, Z., Caldwell, D.E., 
Korber, D.R. and Lappin-Scott, H.M. (1995). 
Microbial biofilms. Annu. Rev. Microbiol. 49, 
711–745.

de Rezende, C.E., Anriany, Y., Carr, L.E., Joseph, 
S.W. and Weiner, R.M. (2005). Capsular poly-
saccharide surrounds smooth and rugose types 
of Salmonella enterica serovar Typhimurium 
DT104. Appl. Environ. Microbiol. 71, 7345–
7351.

Dessi, S., Sanna, C. and Paghi, L. (1992). Human 
salmonellosis transmitted by a domestic turtle. 
Eur. J. Epidemiol. 8, 120–121.

Dorel, C. Lejeune, P., Rodrigue, A. (2006). The 
Cpx system of Escherichia coli, a strategic sig-
naling pathway for confronting adverse con-
ditions and for settling biofilm communities? 
Res. Microbiol. 157, 306–314.

Duffy, E.A., Cisneros-Zevallos, L., Castillo, 
A., Pillai, S.D., Ricke, S.C. and Acuff, G.R. 
(2005). Survival of Salmonella transformed 

to express green fluorescent protein on Italian 
parsley as affected by processing and storage. J. 
Food Prot. 68, 687–695.

Esteves, C.L., Jones, B.D. and Clegg, S. (2005). 
Biofilm formation by Salmonella enterica se-
rovar Typhimurium and Escherichia coli on 
epithelial cells following mixed inoculations. 
Infect. Immun. 73, 5198–5203.

Fierer, J., Guiney, D.G. (2001). Diverse virulence 
traits underlying different clinical outcomes 
of Salmonella infection. J. Clin. Invest. 107, 
775–780.

Forbes, A., Cotton, P.B. (1984). Resolution of 
Salmonella carriage after duodenoscopic treat-
ment for a common bile duct stone. Br. Med. 
J. 288, 190–191.

Gandhi, M., Golding, S., Yaron, S. and Matthews, 
K.R. (2001). Use of green fluorescent protein 
expressing Salmonella Stanley to investigate 
survival, spatial location, and control on alfalfa 
sprouts. J. Food. Prot. 64, 1891–1898.

Garcia, B., Latasa, C., Solano, C., Portillo, F.G., 
Gamazo, C. and Lasa, I. (2004). Role of the 
GGDEF protein family in Salmonella cellu-
lose biosynthesis and biofilm formation. Mol. 
Microbiol. 54, 264–277.

Gerstel, U. and Römling, U. (2001). Oxygen ten-
sion and nutrient starvation are major signals 
that regulate agfD promoter activity and ex-
pression of the multicellular morphotype in 
Salmonella typhimurium. Environ. Microbiol. 
3, 638–648.

Gerstel, U., Park, C. and Römling, U. (2003). 
Complex regulation of csgD promoter activity 
by global regulatory proteins. Mol. Microbiol. 
49, 639–654.

Gerstel, U., Kolb, A., Römling, U. (2006). 
Regulatory components at the csgD pro-
moter—Additional roles for OmpR and 
integration host factor and role of the 5  un-
translated region. FEMS Microbiol. Lett. 261, 
109–117.

Gerstel, U. and Römling, U. (2003). The csgD pro-
moter, -control unit for biofilm formation in 
Salmonella typhimurium-. Res. Microbiol. 154, 
659–667.

Gibson, D.L., White, A.P., Snyder, S.D., Heiss, 
C., Azadi, P., Surette, M., Kay, W.W. (2006). 
Salmonella produces an O-Antigen capsule 
regulated by AgfD and important for environ-
mental persistence. J. Bacteriol., in press.

Hensel, M. (2004). Evolution of pathogenic-
ity islands of Salmonella enterica. Int. J. Med. 
Microbiol. 294, 95–102.

Hisert, K.B., MacCoss, M., Shiloh, M.U., Darwin, 
K.H., Singh, S., Jones, R.A., Ehrt, S., Zhang, 
Z., Gaffney, B.L., Gandotra, S., Holden, D.W., 

caister.com/biofilmsbooks



Biofilms of Salmonella enterica | 143

Murray, D. and Nathan, C. (2005). A gluta-
mate-alanine-leucine (EAL) domain protein 
of Salmonella controls bacterial survival in 
mice, antioxidant defence and killing of macro-
phages: role of cyclic diGMP. Mol. Microbiol. 
56, 1234–1245.

Huang, Y.H., Ferrieres, L. and Clarke, D.J. 
(2006). The role of the Rcs phosphorelay in 
Enterobacteriaceae. Res. Microbiol. 157, 206–
212.

Humphrey, T. (2004). Salmonella, stress responses 
and food safety. Nat. Rev. Microbiol. 2, 504–
509.

Humphries, A., Deridder, S. and Bäumler, 
A.J. (2005). Salmonella enterica serotype 
Typhimurium fimbrial proteins serve as anti-
gens during infection of mice. Infect. Immun. 
73, 5329–5338.

Hurley, B.P. and McCormick, B.A. (2003). 
Translating tissue culture results into animal 
models: the case of Salmonella typhimurium. 
Trends Microbiol. 11, 562–569.

Jones, K., and Bradshaw, S.B. (1977). Synergism 
in biofilm formation between Salmonella enter-
itidis and a nitrogen-fixing strain of Klebsiella 
pneumoniae. J. Appl. Microbiol. 62, 663–668.

Joseph, B., Otta, S.K. and Karunasagar, I. (2001). 
Biofilm formation by Salmonella spp. on food 
contact surfaces and their sensitivity to sani-
tizers. Int. J. Food Microbiol. 64, 367–372.

Jubelin, G., Vianney, A., Beloin, C., Ghigo, J.M., 
Lazzaroni, J.C., Lejeune, P. and Dorel, C. 
(2005). CpxR/OmpR interplay regulates curli 
gene expression in response to osmolarity in 
Escherichia coli. J. Bacteriol. 187, 2038–2049.

Kader, A., Simm, R., Gerstel, U., Morr, M. and 
Römling, U. (2006). Hierarchical involvement 
of various GGDEF domain proteins in rdar 
morphotype development of Salmonella en-
terica serovar Typhimurium. Mol. Microbiol. 
60, 602–616.

Kesselman, E., Scher, K., Römling, U., Yaron, S. 
and Eyal, S. (2006). Morphology of the air–
liquid biofilm of Salmonella typhimurium and 
its cellulose deficient mutant, submitted.

Lai, C.W., Chan, R.C., Cheng, A.F., Sung, J.Y. 
and Leung, J.W. (1992). Common bile duct 
stones: a cause of chronic salmonellosis. Am. 
J. Gastroenterol. 87, 1198–1199.

Lapidot, A., Römling, U. and Yaron, S. (2006). 
Biofilm formation and the survival of 
Salmonella typhimurium on parsley. Int. J. Food 
Microbiol. 109, 229–233.

Latasa, C., Roux, A., Toledo-Arana, A., Ghigo, 
J.M., Gamazo, C., Penades, J.R., and Lasa, I. 
(2005). BapA, a large secreted protein required 
for biofilm formation and host colonization of 

Salmonella enterica serovar Enteritidis. Mol. 
Microbiol. 58, 1322–1339.

Ledeboer, N.A. and Jones, B.D. (2005). 
Exopolysaccharide sugars contribute to bio-
film formation by Salmonella enterica serovar 
Typhimurium on HEp-2 cells and chicken 
intestinal epithelium. J. Bacteriol. 187, 3214–
3226.

Liao, C.H. and Sapers, G.M. (2000). Attachment 
and growth of Salmonella Chester on apple 
fruits and in vivo response of attached bacte-
ria to sanitizer treatments. J. Food Prot. 63, 
876–883.

Lindow, S.E. and Brandl, M.T. (2003). 
Microbiology of the phyllosphere. Appl. 
Environ. Microbiol. 69, 1875–1883.

Lundmark, K., Westermark, G.T., Olsen, A. 
and Westermark, P. (2005). Protein fibrils in 
nature can enhance amyloid protein A amy-
loidosis in mice: Cross-seeding as a disease 
mechanism. Proc. Natl. Acad. Sci. USA 102, 
6098–6102.

Mireles, J.R., 2nd, Toguchi, A. and Harshey, 
R.M. (2001). Salmonella enterica serovar 
Typhimurium swarming mutants with altered 
biofilm-forming abilities: surfactin inhibits 
biofilm formation. J. Bacteriol. 183, 5848–
5854.

Mouslim, C., Hilbert, F., Huang, H. and 
Groisman, E.A. (2002). Conflicting needs for 
a Salmonella hypervirulence gene in host and 
non-host environments. Mol. Microbiol. 45, 
1019–1027.

Murray, C.J. (1991). Salmonellae in the environ-
ment. Rev. Sci. Tech. 10, 765–785.

Niemira, B.A. and Solomon, E.B. (2005). 
Sensitivity of planktonic and biofilm-associat-
ed Salmonella spp. to ionizing radiation. Appl. 
Environ. Microbiol. 71, 2732–2736.

Okamura, M., Miyamoto, T., Kamijima, Y., Tani, 
H., Sasai, K. and Baba, E. (2001). Differences 
in abilities to colonize reproductive organs and 
to contaminate eggs in intravaginally inoculat-
ed hens and in vitro adherences to vaginal ex-
plants between Salmonella enteritidis and other 
Salmonella serovars. Avian Dis. 45, 962–971.

Olson, M.E., Ceri, H., Morck, D.W., Buret, A.G. 
and Read, R.R. (2002). Biofilm bacteria: for-
mation and comparative susceptibility to anti-
biotics. Can. J. Vet. Res. 66, 86–92.

Paul, R., Weiser, S., Amiot, N.C., Chan, C., 
Schirmer, T., Giese, B. and Jenal, U. (2004). 
Cell cycle-dependent dynamic localization of 
a bacterial response regulator with a novel di-
guanylate cyclase output domain. Genes Dev. 
18, 715–727.

caister.com/biofilmsbooks



Römling et al.144 |

Prouty, A.M., Schwesinger, W.H. and Gunn, J.S. 
(2002). Biofilm formation and interaction 
with the surfaces of gallstones by Salmonella 
spp. Infect. Immun. 70, 2640–2649.

Prouty, A.M. and Gunn, J.S. (2003). Comparative 
analysis of Salmonella enterica serovar 
Typhimurium biofilm formation on gallstones 
and on glass. Infect. Immun. 71, 7154–7158.

Rabsch, W., Andrews, H.L., Kingsley, R.A., 
Prager, R., Tschäpe, H., Adams, L.G. and 
Bäumler, A.J. (2002). Salmonella enterica sero-
type Typhimurium and its host-adapted vari-
ants. Infect. Immun. 70, 2249–2255.

Rochon, M., and Römling, U. (2006). Flagella in 
combination with curli fimbriae elicit an im-
mune response in the gastrointestinal cell line 
HT-29. Microbes Infect. in press.

Rooney, R.M., Bartram, J.K., Cramer, E.H., 
Mantha, S., Nichols, G., Suraj, R. and Todd, 
E.C. (2004). A review of outbreaks of water-
borne disease associated with ships: evidence 
for risk management. Public Health Rep. 119, 
435–442.

Ross, P., Weinhouse, H., Aloni, Y., Michaeli, D., 
Weinberger-Ohana, P., Mayer, R., Braun, S., 
de Vroom, E., van der Marel, G.A., van Boom, 
J.H. and Benziman, M. (1987). Regulation of 
cellulose synthesis in Acetobacter xylinum by 
cyclic diguanylic acid. Nature 325, 279–281.

Ryan, R.P., Fouhy, Y., Lucey, J.F., Crossman, L.C., 
Spiro, S., He, Y.W., Zhang, L.H., Heeb, S., 
Camara, M., Williams, P. and Dow, J.M. 
(2006). Cell–cell signaling in Xanthomonas 
campestris involves an HD-GYP domain pro-
tein that functions in cyclic di-GMP turnover. 
Proc. Natl. Acad. Sci. USA 103, 6712–6717.

Römling, U., Bian, Z., Hammar, M., Sierralta, 
W.D. and Normark, S. (1998a) Curli fibers 
are highly conserved between Salmonella ty-
phimurium and Escherichia coli with respect to 
operon structure and regulation. J. Bacteriol. 
180, 722–731.

Römling, U., Sierralta, W.D., Eriksson, K. and 
Normark, S. (1998b) Multicellular and ag-
gregative behaviour of Salmonella typhimurium 
strains is controlled by mutations in the agfD 
promoter. Mol. Microbiol. 28, 249–264.

Römling, U., Rohde, M. (1999). Flagella modu-
late the multicellular behavior of Salmonella 
typhimurium on the community level. FEMS 
Microbiol. Lett. 180, 91–102.

Römling, U., Rohde, M., Olsen, A., Normark, S. 
and Reinköster, J. (2000). AgfD, the check-
point of multicellular and aggregative be-
haviour in Salmonella typhimurium regulates 
at least two independent pathways. Mol. 
Microbiol. 36, 10–23.

Römling, U. (2001). Genetic and phenotypic 
analysis of multicellular behavior in Salmonella 
typhimurium. Methods Enzymol. 336, 48–59.

Römling, U. (2005). Characterization of the 
rdar morphotype, a multicellular behaviour 
in Enterobacteriaceae. Cell. Mol. Life. Sci. 62, 
1234–1246.

Römling, U., Bokranz, W., Gerstel, U., Lünsdorf, 
H., Nimtz, M., Rabsch, W., Tschäpe, H., 
Zogaj, X. (2003a) Dissection of the genetic 
pathway leading to multicellular behaviour 
in Salmonella enterica serotype Typhimurium 
and other Enterobacteriaceae. In Medical impli-
cation of biofilms. Wilson, M., Devin, D. (ed). 
Cambridge: Cambridge University Press, pp. 
231–261.

Römling, U., Bokranz, W., Rabsch, W., Zogaj, 
X., Nimtz, M. and Tschäpe, H. (2003b) 
Occurrence and regulation of the multicellular 
morphotype in Salmonella serovars important 
in human disease. Int. J. Med. Microbiol. 293, 
273–285.

Scher, K., Römling, U. and Yaron, S. (2005). Effect 
of heat, acidification, and chlorination on 
Salmonella enterica serovar Typhimurium cells 
in a biofilm formed at the air–liquid interface. 
Appl. Environ. Microbiol. 71, 1163–1168.

Schmidt, A.J., Ryjenkov, D.A. and Gomelsky, M. 
(2005). The ubiquitous protein domain EAL 
is a cyclic diguanylate-specific phosphodies-
terase: enzymatically active and inactive EAL 
domains. J. Bacteriol. 187, 4774–4781.

Simm, R., Morr, M., Kader, A., Nimtz, M. and 
Römling, U. (2004). GGDEF and EAL do-
mains inversely regulate cyclic di-GMP levels 
and transition from sessility to motility. Mol. 
Microbiol. 53, 1123–1134.

Sivapalasingam, S., Friedman, C.R., Cohen, L. 
and Tauxe, R.V. (2004). Fresh produce: a 
growing cause of outbreaks of foodborne ill-
ness in the United States, 1973 through 1997. 
J. Food Prot. 67, 2342–2353.

Solano, C., Garcia, B., Valle, J., Berasain, C., 
Ghigo, J.M., Gamazo, C. and Lasa, I. (2002). 
Genetic analysis of Salmonella enteritidis bio-
film formation: critical role of cellulose. Mol. 
Microbiol. 43, 793–808.

Solomon, E.B., Niemira, B.A., Sapers, G.M. and 
Annous, B.A. (2005). Biofilm formation, cel-
lulose production, and curli biosynthesis by 
Salmonella originating from produce, animal, 
and clinical sources. J. Food Prot. 68, 906–
912.

Sukupolvi, S., Lorenz, R.G., Gordon, J.I., Bian, 
Z., Pfeifer, J.D., Normark, S.J. and Rhen, M. 
(1997). Expression of thin aggregative fimbriae 
promotes interaction of Salmonella typhimuri-

caister.com/biofilmsbooks



Biofilms of Salmonella enterica | 145

um SR-11 with mouse small intestinal epithe-
lial cells. Infect. Immun. 65, 5320–5325.

Tabak, M., Scher, K., Hartog, E., Römling, U., 
Matthew, K.R., Tchikindas, M.L., Yaron, S. 
(2006). The effect of triclosan on Salmonella 
typhimurium at different growth stages. sub-
mitted.

Takeuchi, K., Matute, C.M., Hassan, A.N. and 
Frank, J.F. (2000). Comparison of the attach-
ment of Escherichia coli O157:H7, Listeria 
monocytogenes, Salmonella typhimurium, and 
Pseudomonas fluorescens to lettuce leaves. J. 
Food Prot. 63, 1433–1437.

Tischler, A.D. and Camilli, A. (2004). Cyclic di-
guanylate (c-di-GMP) regulates Vibrio chol-
erae biofilm formation. Mol. Microbiol. 53, 
857–869.

Tischler, A.D. and Camilli, A. (2005). Cyclic di-
guanylate regulates Vibrio cholerae virulence 
gene expression. Infect. Immun. 73, 5873–
5882.

Todd, E.C. (1997). Epidemiology of foodborne 
diseases: a worldwide review. World Health 
Stat. Q. 50, 30–50.

Tukel, C., Raffatellu, M., Humphries, A.D., 
Wilson, R.P., Andrews-Polymenis, H.L., Gull, 
T., Figueiredo, J.F., Wong, M.H., Michelsen, 

K.S., Akcelik, M., Adams, L.G. and Bäumler, 
A.J. (2005). CsgA is a pathogen-associated 
molecular pattern of Salmonella enterica sero-
type Typhimurium that is recognized by Toll-
like receptor 2. Mol. Microbiol. 58, 289–304.

Werber, D., Dreesman, J., Feil, F., van Treeck, 
U., Fell, G., Ethelberg, S., Hauri, A.M., 
Roggentin, P., Prager, R., Fisher, I.S., Behnke, 
S.C., Bartelt, E., Weise, E., Ellis, A., Siitonen, 
A., Andersson, Y., Tschape, H., Kramer, 
M.H. and Ammon, A. (2005). International 
outbreak of Salmonella Oranienburg due to 
German chocolate. BMC Infect. Dis. 5, 7.

White, A.P., Gibson, D.L., Kim, W., Kay, W.W., 
Surette, M.G. (2006). Thin aggregative fim-
briae and allulox enhance long-term survival 
and persistence of Salmonella. J Bacteriol. 188, 
3219–3227.

Winfield, M.D. and Groisman, E.A. (2003). Role 
of nonhost environments in the lifestyles of 
Salmonella and Escherichia coli. Appl. Environ. 
Microbiol. 69, 3687–3694.

Zogaj, X., Nimtz, M., Rohde, M., Bokranz, W. 
and Römling, U. (2001). The multicellular 
morphotypes of Salmonella typhimurium and 
Escherichia coli produce cellulose as the second 
component of the extracellular matrix. Mol. 
Microbiol. 39, 1452–1463.

caister.com/biofilmsbooks



caister.com/biofilmsbooks


