
Identification of Salmonella enterica Serovar Typhimurium Genes
Regulated during Biofilm Formation on Cholesterol Gallstone Surfaces

Geoffrey Gonzalez-Escobedo, John S. Gunn

Center for Microbial Interface Biology, Department of Microbial Infection and Immunity, Department of Microbiology, Ohio State University, Columbus, Ohio, USA

Salmonella spp. are able to form biofilms on abiotic and biotic surfaces. In vivo studies in our laboratory have shown that Sal-
monella can form biofilms on the surfaces of cholesterol gallstones in the gallbladders of mice and human carriers. Biofilm for-
mation on gallstones has been demonstrated to be a mechanism of persistence. The purpose of this work was to identify and
evaluate Salmonella sp. cholesterol-dependent biofilm factors. Differential gene expression analysis between biofilms on glass or
cholesterol-coated surfaces and subsequent quantitative real-time PCR (qRT-PCR) revealed that type 1 fimbria structural genes
and a gene encoding a putative outer membrane protein (ycfR) were specifically upregulated in Salmonella enterica serovar Ty-
phimurium biofilms grown on cholesterol-coated surfaces. Spatiotemporal expression of ycfR and FimA verified their regulation
during biofilm development on cholesterol-coated surfaces. Surprisingly, confocal and scanning electron microscopy demon-
strated that a mutant of type 1 fimbria structural genes (�fimAICDHF) and a ycfR mutant showed increased biofilm formation
on cholesterol-coated surfaces. In vivo experiments using Nramp1�/� mice harboring gallstones showed that only the �ycfR
mutant formed extensive biofilms on mouse gallstones at 7 and 21 days postinfection; �fimAICDHF was not observed on gall-
stone surfaces after the 7-day-postinfection time point. These data suggest that in Salmonella spp., wild-type type 1 fimbriae are
important for attachment to and/or persistence on gallstones at later points of chronic infection, whereas YcfR may represent a
specific potential natural inhibitor of initial biofilm formation on gallstones.

Typhoid, or enteric fever, caused primarily by Salmonella en-
terica serovar Typhi, is a global human-specific disease that is

responsible for an estimated 21 million new infections annually,
resulting in more than 200,000 deaths worldwide (1). It is an im-
portant health problem in developing countries and poses a sig-
nificant risk to travelers. After ingestion through contaminated
water or food, bacteria cross the intestinal epithelial barrier, are
phagocytosed by macrophages, and spread systemically, produc-
ing acute disease (2–5) with life-threatening complications, in-
cluding intestinal perforation, septicemia, and meningitis (6).
During this systemic infection, S. Typhi can reach the gallbladder
from the liver and establish an acute infection with inflammation
(cholecystitis) or chronically persist in the organ. It is estimated
that between 3 and 5% of typhoid fever patients become chronic
carriers, with the gallbladder the primary site of carriage (7, 8). As
clinical evidence, inflammation of the gallbladder and sono-
graphic gallbladder abnormalities have been reported in acute and
chronic typhoid fever patients (6, 9–12).

Because S. Typhi is a human-specific pathogen, these carriers
serve as a critical reservoir for further spread of the disease
through bacterial shedding in feces, which is a sporadic and inter-
mittent event (9, 13). Chronic typhoid infections can persist for
decades, and although highly contagious, they are typically
asymptomatic (14, 15). Approximately 25% of asymptomatic car-
riers have no history of typhoid fever (16). These factors make the
carrier state difficult to confirm and an understudied area of hu-
man health and research.

Particularly in areas of high endemicity, the carrier state is
linked to the presence of gallstones, as approximately 80 to 90% of
chronically infected carriers have this gallbladder abnormality
(17–19). Gallstones are primarily composed of cholesterol (up to
70 to 100% cholesterol), although calcium bilirubinate predomi-
nates in certain parts of the world (20). Gallstone formation de-
pends on a combination of factors, including the supersaturation

of bile with cholesterol, alteration of gallbladder contractility, and
hypersecretion of mucin. Patient factors that predispose for gall-
stone formation include age, obesity, nutrition, female gender,
unknown genetic determinants, and chronic bacterial coloniza-
tion of the gallbladder (21–24).

The increasing incidence of antibiotic-resistant bacteria colo-
nizing chronic typhoid patients exacerbates morbidity and mor-
tality (19, 25–27). In addition, chronic carriers have an approxi-
mately 8- to 14-fold-increased risk of developing gallbladder
carcinoma and approximately 150-fold-increased risk of develop-
ing hepatobiliary carcinoma compared to noncarriers (28–31).
Compounding the problem with S. Typhi carriage, nontyphoidal
salmonellae have also recently been demonstrated to establish
chronic human infections (32). This impact on human health,
combined with the high incidence of typhoid fever in many parts
of the world and the poor efficacy of current vaccines, highlights
the importance of understanding the mechanisms involved in ty-
phoid carriage. To date, removal of the gallbladder (cholecystec-
tomy) is the most common treatment for chronic typhoid carriers
and those with gallbladder abnormalities; however, it is both
costly and invasive and does not guarantee elimination of the car-
rier state (33), since additional foci of infection can persist in other
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locations, including the biliary tree, mesenteric lymph nodes, and
liver (34–38). Therefore, alternative treatments are needed to
eradicate the gallbladder carriage state.

The known clinical observations of carriers regarding recalci-
trance to antibiotics, absence of symptoms, confinement to an
organ with shedding, and organ removal as the most successful
therapy are consistent with biofilm-related disease (19, 39, 40).
Biofilms are communities of microorganisms that adhere to each
other and to inert or live substrates. They are typically encased in
a self-initiated extracellular matrix composed of exopolysaccha-
rides, proteins, and nucleic acids. Biofilms are associated with
many chronic and acute human infections (41–43). The biofilm
state can alter the host-pathogen interaction and is often associ-
ated with a reduction of the host inflammatory response that has
been referred to as “silent chronic inflammation” (44). We have
shown that Salmonella can form biofilms on the surfaces of cho-
lesterol gallstones in the gallbladders of mouse and human carriers
(45) and on the gallbladder epithelium of mouse carriers (46).
This biofilm formation has been demonstrated to be a mechanism
of persistence and chronic colonization in the gallbladder (45).

Previous studies have shown that initial interactions between
Salmonella and gallstones is likely mediated by OmpC and the
flagellar subunit FliC independent of motility (47). The hallmark
of a mature biofilm is the development of a self-initiated extracel-
lular matrix. Reports have shown that Salmonella sp. biofilms con-
tain extracellular polymeric substances, including cellulose, cola-
nic acid, curli fimbriae, O-antigen capsule, biofilm-related
proteins, and nucleic acids (48–55). Cellulose and colanic acid are
important for Salmonella biofilms on abiotic surfaces, HEp-2
cells, and chicken intestinal tissue (49, 56) but are not required for
biofilms on human gallstones in vitro (56, 57). These data suggest
that the contributions of bacterial factors vary depending on the
binding substrates.

In this study, we identified Salmonella genes specifically regulated
during biofilm development on cholesterol-coated surfaces using an
in vitro flow system that mimics the gallbladder and gallstone envi-
ronment. The identified genes encode surface (type 1 fimbriae) or
outer membrane (YcfR) proteins. We demonstrated in vitro and in
vivo that these bacterial surface factors affect the development of bio-
films on cholesterol gallstones, unveiling novel mechanisms to mod-
ulate biofilms on this specific substrate. By understanding the basis of
this biofilm-mediated carriage, it may be possible to identify effective
strategies to prevent or eliminate Salmonella carriage and thus the
human-to-human spread of typhoid fever.

MATERIALS AND METHODS
Ethics statement. Mice were housed and used in strict accordance with
guidelines established by the Ohio State University (OSU) Institutional
Animal Care and Use Committee (IACUC), and all efforts were made to
minimize animal suffering. The work performed in this study was ap-
proved by the OSU IACUC. The Ohio State University Animal Care and
Use Program is accredited by the Association for the Assessment and
Accreditation of Laboratory Animal Care International (AAALAC). The
protocol identification number is 2009A0057. All research activities con-
formed to the statutes of the Animal Welfare Act and the guidelines of the
Public Health Service as issued in the Guide for the Care and Use of
Laboratory Animals (revised 1996).

Bacterial strains and growth conditions. Salmonella enterica serovar
Typhimurium and S. Typhi behaved similarly in biofilm assays previously
conducted in our laboratory. Wild-type S. Typhimurium ATCC 14028
(JSG210) and its derivatives were used in these studies. The strains used

are listed in Table 1. All cultures were grown in Luria-Bertani (LB) broth
supplemented or not with 3% ox bile (Sigma-Aldrich, St. Louis, MO) at
37°C with aeration. Antibiotics, when needed, were used at the following
concentrations: ampicillin, 100 �g/ml; kanamycin, 45 �g/ml; chloram-
phenicol, 25 �g/ml.

Biofilm growth on microtiter plates. Glass bottom 12-well plates (14-
mm-diameter microwells; glass; no 1.5; MatTek Corp., MA) uncoated or
coated by evaporation with 4 mg of cholesterol (diluted in ether; anhy-
drous; J. T. Baker, NJ) were inoculated with 2 � 108 bacteria in 2 ml of LB
bile (3%). The plates were incubated for 24 h or 96 h at 37°C in a GyroMini
nutating mixer (LabNet International, Inc., NJ) at 24 rpm. The use of
cholesterol-coated surfaces eliminates dependence on human gallstones
and replicates the gallstone surface (58).

Flowthrough system assays. To closely mimic the gallbladder and
gallstone environment, a flowthrough system was used for gene expres-
sion analysis and biofilm observation by microscopy. Single-channel
chambers (24-mm length by 8-mm width by 4-mm height) with glass
coverslips (Stovall Life Science Inc., IA) with or without cholesterol coat-
ing (8 mg) were inoculated with 2 � 108 exponentially growing S. Typhi-
murium bacteria. The bacteria were allowed to adhere for 2 h before
starting the flow with LB bile (3%) at 270 �l/min for 24 or 72 h.

Crystal violet assays. Biofilms attached to the microtiter wells or
chamber coverslips were washed, heat fixed for 1 h at 60°C, and stained
with 0.25% crystal violet for 5 min. After four washes with 1� phosphate-
buffered saline (PBS), acetic acid at 33% was used to extract the dye.
Determination of the amount of dye retained by the biofilms was per-
formed at an optical density at 570 nm (OD570) in a SpectraMax Spectro-
photometer with SoftMaxPro software. Experiments were performed in
triplicate. To compensate for background absorbance, values from noni-
noculated glass and cholesterol-coated coverslips were averaged and sub-
tracted.

Differential gene expression analysis. A flowthrough system (as de-
scribed above) was used for gene expression analysis. After 24 h of incu-
bation with flow, planktonic (from the flowthrough) and biofilm (from
the flow chamber) cells were collected. After three consecutive washes
with 1� PBS, RNA was immediately extracted with an RNeasy Plus Mini
Kit (Qiagen), reverse transcribed to cDNA by using random hexamers
and SuperScript III following the manufacturer’s guidelines (Invitrogen,

TABLE 1 Bacterial strains and plasmids used in the study

Strain or
plasmid Genotype or relevant phenotype

Reference
or source

Strains
JSG210 Wild-type S. Typhimurium ATCC 14028 ATCC
JSG3392 �fimAICDHF 67
JSG3119 �ycfR This study
JSG3393 �fimAICDHF �ycfR This study
JSG3541 Wild-type S. Typhimurium ATCC 14028 pWSK29 This study
JSG3529 Wild-type S. Typhimurium ATCC 14028 pWSK129 This study
JSG3542 �fimAICDHF pWSK29 This study
JSG3546 �fimAICDHF pGGE1 This study
JSG3530 �ycfR pWSK129 This study
JSG3532 �ycfR pGGE2 This study
JSG3526 Wild-type S. Typhimurium ATCC 14028 pGGE3 This study

Plasmids
pWSK29 91
pWSK129 91
pFPV25 62
pAZ24 pET16b (fimAICDHF) 61
pGGE1 pWSK29 (fimAICDHF) This study
pGGE2 pWSK129 (ycfR) This study
pGGE3 pWSK129 (ycfR/GFP) This study
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CA), and submitted to Roche NimbleGen, Inc., for microarray analysis (S.
Typhimurium LT2 array). Two biological replicates were used. Differen-
tial gene expression analysis was performed using ArrayStar v3.0. To val-
idate the results obtained in the microarray analysis, quantitative real-
time PCR (qRT-PCR) was performed using RNA extracted from biofilm
cells (grown on glass and cholesterol) after 24 and 72 h of flow. cDNA (20
ng) was added to IQ SYBR green PCR master mix (Bio-Rad) containing 1
�M primers specific for fimC, ycfR, or rpoB (housekeeping gene) (Table
2). Samples were run in triplicate and repeated three times using the
Bio-Rad CFX96 iCycler apparatus. Relative copy numbers were calculated
according to the 2���CT method (59).

Generation of mutants and cloning procedures. Mutation of the ycfR
gene was performed by using the �-red mutagenesis method (60) with
primers JG2055 and JG2056 (Table 2). To create a complemented strain of
the ycfR mutant, the ycfR gene was cloned in pWSK129 to create pGGE1
by using the XbaI and KpnI restriction sites and the primers JG2526 and
JG2527 (Table 2). To obtain a complemented strain of the fimAICDHF
mutant, the fimAICDHF cluster of genes was excised from the plasmid
pAZ24 (61) and cloned into pWSK29 by using the restriction sites XbaI
and BamHI. To create a reporter strain for ycfR expression, the promoter
of the gene was cloned in pFPV25 upstream of a promoterless gfp cassette
(62) by using the restriction sites KpnI and XbaI and the primers JG2512
and JG2513 (Table 2). The pycfR-gfp fragment was then subcloned in
pWSK129 by using SacI and HindIII restriction sites to create pGGE3.

Biofilm treatment with DNase I, proteinase, and cellulase. Glass bot-
tom 12-well plates (14-mm-diameter microwells; glass; no 1.5; MatTek
Corp., MA) with or without 4 mg of cholesterol coating were inoculated
with 2 � 108 bacteria and incubated for 24 h and 96 h at 37°C in a
GyroMini nutating mixer (LabNet International, Inc.) at 24 rpm. DNase I
(56-unit), proteinase (0.53-mg), and cellulase (50-unit) solutions were
added to the established biofilms, and the plates were then incubated for
16 h at 37°C in a GyroMini nutating mixer at 24 rpm. Experiments were
repeated twice.

FimA and CsgA detection by immunofluorescence. Glass bottom 12-
well plates (14-mm-diameter microwells; glass; no 1.5; MatTek Corp.,
MA) with or without 4 mg of cholesterol coating were inoculated with 2 �
108 bacteria and incubated for 24 h and 96 h at 37°C in a GyroMini
nutating mixer at 24 rpm. The bacteria were stained with FilmTracer
calcein red-orange (Invitrogen); fixed with 4% paraformaldehyde in 0.1
M sodium phosphate, pH 7.4, for 15 min at room temperature; rinsed
with water; blocked in 5% bovine serum albumin (BSA) in Tris-buffered
NaCl solution with Tween 20, pH 7.6, for 1 h at room temperature; and
incubated with preabsorbed rabbit polyclonal anti-FimA (1:500; provided
by A. Baumler) or rabbit polyclonal anti-CsgA for 1 h at room tempera-
ture (1:500; provided by M. Chapman). Incubation with the secondary
antibody Alexa Fluor 488-conjugated goat anti-rabbit (1:1,000; Invitro-
gen) was also performed for 1 h at room temperature. Mounted slides
were observed using an Olympus Fluoview FV10.1. Experiments were
repeated two times.

Mouse infections. Because S. Typhi is a human-restricted pathogen,
in vivo studies of S. Typhi pathogenesis typically involve a mouse model of
infection using S. Typhimurium. The pathological features and the course
of mouse infection with S. Typhimurium are similar to those of human
infection with S. Typhi (63). Naturally resistant Nramp1�/� 129X1/SvJ
mice (n � 168) (Jackson Laboratory, ME) were fed with a lithogenic diet
(1% cholesterol and 0.5% cholic acid; Sigma) (n � 84) or normal chow
(Harlan Laboratory, IN) (n � 84). Nramp1 is a macrophage-associated
protein that is a critical factor in controlling the replication of intracellular
bacteria (64). It plays this role by stimulating expression of lipocalin 2,
which in turn scavenges iron-loaded bacterial siderophores and mediates
iron efflux from macrophages (65). After 9 weeks, mice were infected
intraperitoneally (n � 120) with 104 S. Typhimurium bacteria or left as
uninfected controls (n � 48) and sacrificed at 7, 21, and 60 days postin-
fection (p.i.). Spleen, liver, pancreas, gallbladder, bile, gallstones, and feces
were homogenized and/or diluted for bacterial enumeration using Salmo-
nella-Shigella agar (Difco). Gallstones were washed with 1� PBS and then
processed for scanning electron microscopy (SEM) as described below.

Confocal microscopy. Flowthrough chambers were washed once with
1� PBS and incubated with LIVE/DEAD stain (Invitrogen, CA) for 15
min at room temperature under dark conditions. Biofilms from strains
harboring pGGE3 were stained with FilmTracer calcein red-orange (In-
vitrogen). The chambers were then washed twice with 1� PBS; fixed with
4% paraformaldehyde in 0.1 M sodium phosphate, pH 7.4, for 15 min at
room temperature; rinsed with water; and observed using an Olympus
Fluoview FV10.1.

Scanning electron microscopy. Biofilms on glass, cholesterol, or
mouse gallstones were fixed overnight at 4°C with 2.5% glutaraldehyde in
0.1 M phosphate buffer-0.1 M sucrose (pH 7.4), rinsed twice with 0.1 M
phosphate buffer, and dehydrated by the addition of solutions of ethanol
in a graded series as follows: 35%, 50%, 70%, 80%, 95%, and 100%.
Samples were chemically dried with consecutive washes of 25%, 50%,
75%, and 100% hexamethyldisilazane (Ted Pella, CA). Samples were
dried overnight in a fume hood, mounted on aluminum stubs, and sputter
coated with gold for observation using an FEI Nova NanoSEM at the OSU
Campus Microscopy and Imaging Facility (CMIF).

Microarray data accession number. The microarray data associated
with this paper can be found at the GEO repository (GSE48604).

RESULTS
Cholesterol-coated surfaces enhance biofilm formation. Previ-
ous assays using microcentrifuge tubes coated with cholesterol
showed that in static cultures this surface mimics gallstones and
enhances biofilm formation (58). To validate our model in a flow-
through system, the capacity of S. Typhimurium to form a biofilm
was assessed on glass, cholesterol-coated glass surfaces, and glass
coated with powdered human gallstones. From the biofilm assays,
biofilms formed on cholesterol and powdered gallstones were sig-

TABLE 2 Oligonucleotide primers used in the study

Name Primer sequence (5=–3=) Purpose

JG2081 ACGGTCGCGTATGTCCTATC rpoB qRT-PCR
JG2082 GAGTTCGCCTGAGCGATAAC rpoB qRT-PCR
JG1995 GTTCTGCAACTGGCGATTCT fimC qRT-PCR
JG1996 GGAATTTGCATGTCGCTTTT fimC qRT-PCR
JG2025 TAAAAACCCTCATCGCTGCT ycfR qRT-PCR
JG2026 GGGCCGGTAACAGAGGTAAT ycfR qRT-PCR
JG2055 ACACCCATTCATCTGCTAAAGGTCATCACTATGAAAAGTGTAGGCTGGAGCTGCTTC �-Red deletion of ycfR
JG2056 AATCGCAGCGGCATTAATGAGGGTTAATGCTTACTTATAGATCATATGAATATCCTCCTTAG �-Red deletion of ycfR
JG2526 GCTCTAGAAGGAGGAATTCACCATGAAAAACGTAAAAACCCTC Cloning of ycfR in pWSK129
JG2527 GGG GTA CCT TAC TTA TAG ATT ACC GCC GTA CCG TG Cloning of ycfR in pWSK129
JG2512 GGGGTACCGATGCCGTTGTACCTGTTTAAAGAG Cloning ycfR promoter in pFPV25
JG2513 GCTCTAGAGCAGATGAATGGGTGTCGTAAGCAT Cloning ycfR promoter in pFPV25
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nificantly more robust than those on glass and were similar to one
another (Fig. 1A). SEM observations of biofilms on glass and cho-
lesterol-coated surfaces corroborated the results obtained with
crystal violet (Fig. 1B). Thus, flow chambers coated with choles-
terol represent a good model for mimicking human gallstones.
They also allow standardization of the procedures while decreas-
ing the variability that occurs when using intact human gallstones.

Differential gene expression between planktonic and biofilm
bacterial cells (with and without cholesterol-coated surfaces).
To determine if differential gene regulation occurred during bio-
film formation on cholesterol-coated surfaces, we performed mi-
croarray analysis on biofilm cells propagated on glass or choles-
terol-coated glass or from planktonic cells. Using a 2-fold-change
cutoff, comparison of planktonic versus biofilms cells grown on
glass showed 1,100 differentially regulated genes, whereas com-
parison of planktonic versus biofilm cells grown on cholesterol-
coated glass showed 935 differentially regulated genes. To sum-
marize the most important findings, csgG (encoding a factor
involved in the production of curli fimbriae) was found to be
upregulated in biofilms on both surfaces (a 6-fold increase). Ad-
ditionally, greater than 20-fold upregulation of the followings
operons was observed in biofilms regardless of the presence of
cholesterol: yciGFE-katN, tdcGECBA (propionate and amino acid
metabolism), the eut operon (ethanolamine utilization), the pdu
operon (propanediol utilization), yjiHGE, hydrogenase genes,
and PTS permease genes. Further analysis of these genes was not

the focus of this study, but these data are important for future
work regarding Salmonella biofilm development. Notably, a com-
parison between the two planktonic populations (grown in cham-
bers with a glass surface or cholesterol-coated glass) did not show
any genes that were differentially regulated in either replicate.

Type 1 fimbria structural genes (fimAICD) and ycfR were
specifically upregulated during biofilm development on choles-
terol-coated surfaces. Because we observed increased biofilm for-
mation on cholesterol-coated surfaces 24 h postinoculation, we
hypothesized that there was altered bacterial-gene regulation
when biofilms were formed on these gallstone-mimicking sur-
faces. To examine this, differential gene expression analysis was
performed using microarrays. Interestingly, only 7 genes of S. Ty-
phimurium were differentially expressed (all upregulated) when
biofilms on glass were compared to biofilms on cholesterol-coated
glass (Fig. 2). However, only 5 of these genes were activated in
both replicates: fimC (4-fold), fimA (3.9-fold), fimI (3.7-fold),
ycfR (3.4-fold), and fimD (2.1-fold). Four of these genes (fimA,
fimI, fimC, and fimD) belong to the type 1 fimbria operon. The
function of ycfR is unknown in Salmonella, but it is a stress-related
gene in Escherichia coli K-12 (66). ycfR was also upregulated when
planktonic cells were compared to biofilm cells on cholesterol, but
this was not the case when planktonic cells were compared to
biofilm cells on glass. These results were validated by qRT-PCR,
which showed upregulation of fimC and ycfR in biofilms on cho-
lesterol-coated glass, not only after 24 h of flow (microarray con-
ditions), but also after 72 h of flow (Fig. 3).

Mutations of type 1 fimbriae and ycfR increased biofilm for-
mation on cholesterol-coated surfaces. To determine the conse-
quences of the upregulation of type I fimbria-encoding genes and
ycfR in biofilms formed on cholesterol-coated surfaces, we utilized a
mutant lacking the structural genes of type 1 fimbriae (fimAICDHF)
(67) and a ycfR mutant in biofilm assays. Interestingly, biofilm for-
mation on cholesterol-coated surfaces was enhanced compared with

FIG 1 Cholesterol-coated surfaces enhance biofilm formation. (A) Biofilm
formation of wild-type S. Typhimurium determined by the crystal violet stain-
ing method after 24 h of flowthrough in the presence of bile. Biofilm formation
was significantly enhanced on cholesterol-coated surfaces compared with glass
surfaces. Similar results were observed using gallstone powder as a coating
surface. Experiments were performed in triplicate and repeated four times.
Student’s t test was used to compare biofilms on glass with those on other
surfaces (***, P � 0.001). The error bars indicate standard deviations. (B)
Representative SEM images of S. Typhimurium biofilms on glass and choles-
terol-coated surfaces that corroborate the crystal violet results.

FIG 2 Type 1 fimbria genes (fimAICD) and ycfR were induced during biofilm
development on cholesterol-coated surfaces. Shown is a scatter plot of differ-
ential gene expression between biofilms on glass (x axis) and biofilms on cho-
lesterol-coated surfaces (y axis). The outermost diagonal green lines represent
the cutoff (2-fold change). Four genes of the type I fimbria operon and ycfR
were upregulated in both replicates.
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that of the wild-type strain at both 24 h and 96 h postinoculation, as
determined by crystal violet assays and SEM imaging (Fig. 4 and data
not shown). The complemented strains (�fimAICDHFpGGE1 and
�ycfRpGGE2) restored the biofilm capacities to wild-type levels (Fig.
4). Confocal imaging demonstrated that these biofilms had more bio-
mass after 24 and 72 h of flow and were thicker (only after 24 h of
flow) than wild-type biofilms. The complemented strains restored
the biomass to wild-type levels (Fig. 5; see Fig S1 in the supplemental
material). Morphologically, the wild-type biofilms looked patchy in
comparison with the mutants, which showed more coverage of cho-
lesterol-coated surfaces. In the case of the ycfR mutant, the bacterial
membrane integrity was compromised because red-stained (LIVE/
DEAD stain) bacterial cells were frequently observed (Fig. 5; see Fig
S1 in the supplemental material).

Expression of FimA and ycfR increased during biofilm mat-
uration in vitro. Type I fimbrial-gene expression was increased in
biofilms propagated on cholesterol-coated surfaces in comparison
with those on glass surfaces. To elucidate if FimA subunits are

actually expressed on the surfaces of bacterial biofilms on choles-
terol, we examined FimA by immunofluorescence microscopy.
FimA was expressed in biofilms formed by the wild type at both 24
and 96 h. At the latest time point, FimA expression was dramati-
cally increased (Fig. 6). These data corroborate the observed tran-
scriptional upregulation of fimbrial genes in biofilms on choles-
terol-coated surfaces. The ycfR mutant showed higher expression
of FimA than the wild type in biofilms on cholesterol-coated sur-
faces at 24 and 96 h (Fig. 6), while no FimA expression was de-
tected in a fimAICDHF mutant. A csgA mutant not only formed
robust biofilms but also showed FimA expression similar to that of
the wild type.

Because we lack the resource of anti-YcfR antibodies, spatio-
temporal expression of ycfR in biofilms was monitored with a
wild-type strain harboring a low-copy-number plasmid contain-
ing a ycfR::gfp fusion. The expression of ycfR increased over time,
with the greatest expression observed at the last time point (72 h)
postinoculation (Fig. 7). This shows that ycfR induction is not
only a characteristic of early (24-h) biofilms. In addition, ycfR
expression in the biofilm was not observed to be restricted to a
particular site in the biofilm architecture.

Increased curli expression is observed in biofilms of
fimAICDHF and ycfR mutants on cholesterol-coated surfaces.
To investigate the increased biofilm formation of type 1 fimbriae
and ycfR mutants on cholesterol-coated surfaces, we tested com-
monly reported components of biofilms (DNA, proteins, and cel-
lulose) by enzymatic treatment of established biofilms with DNase
I (56 units), proteinase (0.53 mg), and cellulase (50 units). Only
proteinase treatments significantly affected the biofilm formation
of type 1 fimbriae and ycfR mutants (see Fig S2 in the supplemen-
tal material), indicating the phenotype could be due to proteins
expressed on the surface. Viability assays confirmed that the en-
zymes did not simply kill the bacteria, indicating that any changes
were due solely to effects on the biofilm itself (data not shown).
Considering that curli fimbriae are proteins widely reported to be
a component of the exopolymeric substance (EPS) of Salmonella
biofilms, we examined these surface proteins. Immunofluores-

FIG 3 Quantitative real-time PCR validated the increased expression of
fimC and ycfR during biofilm formation on cholesterol-coated surfaces.
Shown is the fold change of fimC and ycfR expression between biofilms on
glass versus biofilms on cholesterol-coated surfaces at 24 and 72 h postin-
oculation under flowthrough conditions. Experiments were performed in
triplicate and repeated four times. Statistical significance was determined
using Student’s t test (*, P � 0.05; ns, not significant). The error bars
indicate standard deviations.

FIG 4 Type 1 fimbria and ycfR mutants showed enhanced biofilm formation on cholesterol-coated surfaces in vitro. Shown is biofilm capacity screening of the
wild type (wt), mutants, and complemented strains in glass microtiter plates coated with cholesterol in the presence of bile at 24 and 96 h postinoculation. All
strains harbor the empty vector (pWSK29 or pWSK129) or the respective complementation vector (pGGE1 and pGGE2 for fimAICDHF and ycfR, respectively).
Biofilm formation was determined by the crystal violet staining method. Experiments were performed in triplicate and repeated three times. Both �fimAICDHF
and �ycfR mutants showed increased biofilm formation compared to the wild type at both 24 and 96 h. Student’s t test was used to determine significant
differences (*, P � 0.05; **, P � 0.01; ***, P � 0.001). The error bars indicate standard deviations.
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cence staining with CsgA antibodies demonstrated that both type
1 fimbriae and ycfR mutants have increased expression of CsgA in
vitro (Fig. 8).

In vivo, type 1 fimbriae and ycfR mutants showed different
biofilm capacities, depending on the time of infection. In vitro
observations of increased biofilm formation by type 1 fimbriae
and ycfR mutants on cholesterol-coated surfaces were examined
in the mouse model of chronic typhoid infection (129X1/SvJ).
These mice (Nramp1�/�) are resistant to Salmonella infection and
have been previously used for modeling chronic Salmonella infec-
tion and persistence in a host (35, 45). Although fimAICDHF and
ycfR mutants (including a double mutant) colonized the gall-
stones at early time points (7 days p.i.), no fimAICDHF mutant
bacteria were recovered from the gallstones at 21 and 60 days p.i.
(Fig. 9A). This phenotype is independent of the ability to colonize
the gallbladder and bile, because bacteria were present at these
locations at the later time points (see Fig S3 in the supplemental
material). Although the ycfR mutant also colonized the gallstones
at early time points (7 days p.i.), it was recovered from mouse
gallstones in higher numbers than the wild type through 21 days
p.i. and was present, though in significantly lower numbers than
the wild type, at 60 days p.i. (Fig. 9A). The double mutant, inter-
estingly, mimicked the ycfR mutant at 21 days p.i. (increased num-
bers of bacteria) but the fimAICDHF mutant at 60 days p.i. (no
bacteria were recovered).

These results were corroborated by SEM imaging of biofilms
on mouse gallstones. All the strains were observed to form robust
biofilms on the surfaces of cholesterol gallstones at 7 days p.i. (Fig.
9C). However, at 21 days p.i., the type 1 fimbria mutant did not
form any microcolonies or biofilms on gallstones (Fig. 9D). Thus,

inconsistent with the in vitro phenotype, the type 1 fimbria mutant
did not develop robust biofilms in vivo on cholesterol-coated sur-
faces for extended times postinfection. At 21 days p.i., the ycfR
mutant formed more robust biofilms than the wild type (Fig. 9D).
Thus, in vivo, the ycfR mutant corroborates its in vitro phenotype
of increased biofilm formation on cholesterol-coated surfaces, but
only up to 21 days p.i. Morphological differences were noted, de-
pending on the strain and the time of infection. While the wild-
type biofilms showed compact bacterium-bacterium association,
bacteria in biofilms formed by the mutants were less tightly asso-
ciated (Fig. 9C and D). In the case of the ycfR mutant and the
double mutant of type 1 fimbriae and ycfR, a coccobacillus shape
was evident in biofilms formed at 7 days p.i. and defined bacilli in
biofilms formed at 21 days p.i. (Fig. 9C and D).

DISCUSSION

The role of gallstones in maintenance of chronic Salmonella car-
riage has been demonstrated both in the mouse and in humans, as
Salmonella readily forms biofilms on human gallstones (45, 56,
57). In this study, we identified specific factors regulated during
biofilm formation on cholesterol gallstones and examined the
roles of the identified genes in vitro and in vivo. Our flowthrough
assays closely mimicked the gallbladder and gallstone environ-
ment by using LB bile (3%) and cholesterol, respectively. We dem-
onstrated that cholesterol-coated surfaces enhanced biofilm for-
mation, thus providing a good model for the in vivo interactions of
Salmonella with cholesterol gallstones in the gallbladders of
chronic carriers.

Microarray data revealed limited genes differentially regulated
during biofilm formation on cholesterol in comparison with non-

FIG 5 Biofilms from type 1 fimbria and ycfR mutants are thicker on cholesterol-coated surfaces in vitro. Shown are representative confocal images of biofilms
on cholesterol-coated surfaces produced by the wild-type, mutant, and complemented strains after 24 h of flow in the presence of bile. The biofilms were stained
with LIVE/DEAD stain (Invitrogen), fixed with 4% paraformaldehyde, and observed by confocal microscopy. All strains harbor the empty vector (pWSK29 or
pWSK129) or the respective complementation vector (pGGE1 and pGGE2 for fimAICDHF and ycfR, respectively). All images are at a magnification of �40, and
the y projection of the image is shown on the right. All mutants showed thicker biofilms; the average thickness (n � 15) is shown in the right corner. The �ycfR
strain also showed increased cell damage/death (increased red staining). The complemented strains demonstrated reduction of biofilm thickness and biomass.
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cholesterol-coated glass surfaces. Four of these genes belong to the
type 1 fimbria operon, and all are part of the fimAICDHF cluster
that encodes the fimbrial shaft. Type 1 fimbriae are proteinaceous
filamentous structures 7 nm thick and up to 3 �m in length. They
are present on the surfaces of many members of the Enterobacte-
riaceae (68, 69). These appendages have been associated with at-
tachment and biofilm formation on abiotic surfaces and HeLa,
HEp-2, dendritic, and small intestine and bladder epithelial cells

(49, 61, 70–74). They have also been associated with colonization
of the gut mucosa in vivo (75, 76). Here, we showed that deletion
of genes encoding the fimbrial shaft had different phenotypes in
vitro and in vivo. In vitro, a fimAICDHF mutant demonstrated
increased biofilm formation on both glass and cholesterol-coated
surfaces. This increased biofilm formation may be reflective of a
compensatory mechanism, as Salmonella possesses several differ-
ent fimbria types that may be increased in expression when type 1

FIG 6 FimA expression during biofilm formation on cholesterol-coated surfaces. The representative confocal images of biofilms on cholesterol-coated surfaces
show FimA expression by the wild type and mutants. At 24 and 96 h of incubation in the presence of bile, biofilms were stained with FilmTracer calcein red-orange
biofilm stain (Invitrogen), fixed, and incubated with primary antibody to FimA. The secondary antibody was Alexa Fluor 488 donkey anti-rabbit IgG (Invitrogen;
green). All images are at a magnification of �40, and the y projection of the image is shown on the right.

FIG 7 Expression of ycfR increases during biofilm maturation. Shown are representative confocal images of biofilms produced by wild-type S. Typhimurium
harboring or not harboring the plasmid pGGE3 (ycfR::gfp). Biofilms were propagated with flow in the presence of bile for 24 and 72 h. ycfR expression increased,
along with biofilm maturation. The biofilms were stained with FilmTracer calcein red-orange biofilm stain (Invitrogen) to observe non-green fluorescent protein
(GFP)-expressing bacteria. All images are at a magnification of �40, and the y projection of the image is shown on the right.
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fimbriae are absent (77, 78). Indeed, we showed that this mutant
had increased expression of the curli fimbria main subunit CsgA
during biofilm formation on cholesterol-coated surfaces, perhaps
partially explaining the phenotype on these surfaces in vitro. These
findings could also explain previous in vitro results that showed a
negative role of type 1 fimbriae in biofilms formed on cholesterol-
coated surfaces. In one of these studies, overexpression of type 1
fimbriae inhibited the initial stages of Salmonella biofilm forma-
tion on cholesterol-coated surfaces, but not on glass or plastic
(47). In addition, type 1 fimbriae were not required for biofilms in
vitro on human gallstones incubated with bile (57). This compen-
satory mechanism could also explain the increased biofilm forma-
tion of the wild type and mutants treated with cellulose (see Fig S2
in the supplemental material). Thus, the absence of a particular
EPS component could trigger activation or dysregulation of bio-
film-related pathways.

In vivo, however, the role of type 1 fimbriae in biofilm forma-
tion on gallstones was different, depending on the time postinfec-
tion. We observed type 1 fimbria mutants adhering to the surfaces
of mouse gallstones relatively early during colonization (7 days
p.i.); however, we did not observe any bacteria attached to gall-
stones during later times postinfection (21 and 60 days p.i.). In-
terestingly, bacteria were still observed in the liver and gallbladder,
implying that the phenotype is not due to bacterial clearance.
Thus, it is likely that during early infection, other fimbriae, such as
curli, can replace type 1 fimbriae in initial attachment to gall-
stones. Later, however, type 1 fimbriae appear to be necessary for

permanent adherence/persistence. This is supported by the con-
sistent expression of FimA and CsgA (the main subunits of the
type 1 fimbriae and curli fimbriae, respectively) observed during
biofilm development in vitro. Together, these data suggest that
during initial colonization in the gallbladder, Salmonella finely
modulates the expression of different fimbriae, depending on the
environment it encounters.

YcfR is an 85-amino-acid putative outer membrane protein
that has been reported to be involved in resistance to multiple
stresses in E. coli. Its expression in E. coli is induced in the presence
of heavy metals, drastic pH changes, heat shock, chlorine, and
hydrogen peroxide (79–83). Also in E. coli, ycfR was 12-fold acti-
vated in biofilm cells compared to planktonic cells (84). YcfR has
been shown to have a negative role in E. coli biofilm formation
only in LB with glucose, likely by decreasing bacterial aggregation
and cell surface adhesion as a result of decreased hydrophobicity
and increased intracellular indole concentrations (66). Others
have reported that YcfR lowers the permeability of the outer mem-
brane to copper (85). The ycfR nucleotide sequence is 81% iden-
tical between Salmonella and E. coli. We observed that ycfR was
specifically induced during S. Typhimurium biofilm formation on
cholesterol-coated surfaces, but not on glass. Mutation of ycfR
resulted in increased biofilm formation on cholesterol-coated
glass and on gallstones in vivo (only up to 21 days p.i.), but not on
glass or gallbladder epithelial cells (data not shown), suggesting
that ycfR is highly expressed, perhaps to inhibit biofilm formation
on this specific surface. We showed that ycfR expression increased

FIG 8 CsgA expression during biofilm formation on cholesterol-coated surfaces. The representative confocal images of biofilms on cholesterol-coated surfaces
show CsgA expression by the wild type and mutants. After 24 and 96 h of incubation in the presence of bile, the biofilms were stained with FilmTracer calcein
red-orange biofilm stain (Invitrogen), fixed, and incubated with primary antibody to CsgA. The secondary antibody was Alexa Fluor 488 donkey anti-rabbit IgG
(Invitrogen; green). All images are at a magnification of �40, and the y projection of the image is shown on the right.
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as the biofilms matured, further suggesting a role in biofilm regu-
lation. The increased biofilm formation of this mutant may be
partially explained by its increased expression of both FimA and
CsgA during biofilm formation on cholesterol-coated surfaces. In
addition, the absence of ycfR dramatically altered the bacterial-
membrane integrity (propidium iodide also stained live cells),
likely by increasing cell permeability.

Thus, considering the effect of the ycfR mutation in E. coli
(induction of acid, osmotic, oxidative, and heat stress response
genes), we believe that during biofilm formation on cholesterol
gallstones, ycfR is induced as a response to the stress generated
during biofilm formation on cholesterol due to bacterial-mem-
brane damage that has been reported to occur (86, 87). The stress
response during biofilm formation is a well-reported phenome-
non in E. coli and Salmonella (88–90). The stress and ycfR induc-
tion can alter the cell surface hydrophobic properties, resulting in
inhibition of biofilm maturation/stability. On glass or epithelial
cells, the initiating stress may not be the same, and thus, ycfR may
not be needed under these circumstances. Thus, YcfR represents
an intrinsic specific inhibitor of the biofilm process on cholesterol
gallstones, but not on other surfaces, such as glass, perhaps due to

the hydrophobic nature of cholesterol. The induction of ycfR in
biofilms on cholesterol-coated surfaces is not a response to bile
(bile was always present in our assays), because in biofilm assays
using LB only, the ycfR mutant also showed increased biofilm
formation on cholesterol (data not shown).

In conclusion, type I fimbria genes and ycfR were specifically
upregulated in biofilms formed on cholesterol-coated surfaces.
Although mutants of these genes showed increased biofilm forma-
tion in vitro, only the ycfR mutant showed this phenotype in vivo,
but only up to 21days p.i. In contrast, type 1 fimbria mutants did
not persistently attach to the surfaces of gallstones in vivo. Thus,
type 1 fimbriae seem to be important for maintaining chronic
carriage on gallstones.
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