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Fimbrial or nonfimbrial adhesins assembled by the bacterial chaperone-usher pathway have been
demonstrated to play a key role in pathogenesis. Such an assembly mechanism has been exemplified in
uropathogenic Escherichia coli strains with the Pap and the Fim systems. In Pseudomonas aeruginosa, three
gene clusters (cupA, cupB, and cupC) encoding chaperone-usher pathway components have been identified
in the genome sequence of the PAO1 strain. The Cup systems differ from the Pap or Fim systems, since
they obviously lack numbers of genes encoding fimbrial subunits. Nevertheless, the CupA system has been
demonstrated to be involved in biofilm formation on solid surfaces, whereas the role of the CupB and
CupC systems in biofilm formation could not be clearly elucidated. Moreover, these gene clusters were
described as poorly expressed under standard laboratory conditions. The cupB and cupC clusters are
directly under the control of a two-component regulatory system designated RocA1/S1/R. In this study, we
revealed that Rocl-dependent induction of the cupB and cupC genes resulted in a high level of biofilm
formation, with CupB and CupC acting with synergy in clustering bacteria for microcolony formation.
Very importantly, this phenotype was associated with the assembly of cell surface fimbriae visualized by
electron microscopy. Finally, we observed that the CupB and CupC systems are specialized in the assembly

of their own fimbrial subunits and are not exchangeable.

Formation and maturation of biofilm in Pseudomonas
aeruginosa are now well documented at the molecular level and
involve a large arsenal of cell surface-associated organelles,
including flagella (19, 25) and type IVa (19, 25) or type IVb (4)
pili. More recently, putative fimbrial structures, called Cup for
chaperone-usher pathway, have been identified from the P.
aeruginosa genome sequence (36). The chaperone-usher path-
way is a conserved process for assembling fimbriae at the
surfaces of gram-negative bacteria (28, 30, 32, 35) and involves
an outer membrane protein, the usher, a periplasmic chaper-
one, and a fimbrial subunit (28, 35). Fimbrial subunits entering
the periplasm via the Sec system are bound by the chaperone
and form a soluble complex. The chaperone plays a critical role
in folding, stabilizing, and capping the subunit prior to poly-
merization into a fiber. Chaperone—fimbrial-subunit complexes
are targeted to the oligomeric, pore-forming, outer membrane
usher (6, 33). Assembly of fimbrial subunits into fibers is then
processed by donor strand exchange (3), which leads to the
growth of the fimbriae through the usher from the tip to the base
(27). Finally, fimbrial structures assembled by the chaperone-
usher pathway have frequently been reported as having a role in
bacterial pathogenesis (14), facilitating bacterial attachment to
host tissue and promoting biofilm formation (23, 30).

Three gene clusters have been identified in the P. aeruginosa
genome (31) and named cup (36). The cupA, cupB, and cupC
gene clusters encode an usher, a chaperone, and at least one
fimbrial subunit (8). The major fimbrial subunits were named
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CupAl, CupBl, and CupCl; the chaperones were named
CupA2, CupB2, and CupC2 and belonged to the FGS chap-
erone subfamily (30), for which the F1-G1 loop length is short
in comparison with the one of the FGL subfamily (15); and the
usher proteins were named CupA3, CupB3, and CupC3 (Fig.
1). While the CupC system is restricted to these three compo-
nents, the cupA cluster comprises two additional genes coding
for an additional chaperone, CupAS, and a protein of 453
residues, CupA4, which might be an atypical adhesin, even
though it does not clearly show the two-domain organization
found in the PapG (7, 22) and FimH (2) adhesins. The cupB
cluster also contains an additional chaperone, CupB4, and a
typical two-domain adhesin, CupB6. The P. aeruginosa cup
gene clusters thus look different from the pap or fim gene
clusters, with, for example, multiple chaperone-encoding
genes. In this respect, the P. aeruginosa cup gene clusters are
similar to the cafl gene cluster of Yersinia pestis (9) or to the hif
gene cluster of Haemophilus influenzae (10). The cup gene
clusters of genes were described as poorly expressed under
laboratory conditions (37) and are regulated by a complex
regulatory network involving the HNS-like protein MvaT, act-
ing in a phase-variable manner (38) as a transcriptional repres-
sor for cupA (37) and, to a lesser extent, for cupB and cupC
(37). A two-component regulatory system, namely, the RocS1
(the sensor of the Rocl [regulation of cup 1] system)-RocR-
RocALl system, homologous to the BvgS-BvgR-BvgA system of
Bordetella pertussis (26, 39), which controls a number of viru-
lence factors in this bacterium (13), has recently been identi-
fied as controlling cupB and cupC gene cluster expression (20).
The overproduction of the regulator RocAl or the sensor
RocS1 is sufficient to observe the overexpression of cupB-lacZ
and cupC-lacZ transcriptional fusions.
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FIG. 1. Genetic organization of the P. aeruginosa cupB and cupC
gene clusters. The cup genes are represented with pointed ends indi-
cating the transcriptional orientation. Genes with identical functions
are represented with similarly sized and shaded symbols. MFS, major
fimbrial subunit.

The structure of chaperone-usher-assembled fibers is mor-
phologically heterogeneous, ranging in form from thick pilus
rods that can be polar or can radiate outward from the bacte-
rial cell wall to more flexible and thin fibrillae (5, 9, 16, 18).
However, until now, despite the increasing data suggesting the
involvement of the P. aeruginosa CupA machinery in biofilm
formation (12, 36), particularly through autoaggregative be-
havior (3), there are no studies that could demonstrate the
assembly of fimbrial structures by the P. aeruginosa Cup ma-
chineries.

Taking advantage of the positive role of the sensor RocS1 in
the expression of the cupB-lacZ and cupC-lacZ transcriptional
fusions, the present study investigated the specific assembly of
CupB and CupC fimbriae at the P. aeruginosa cell surface and
their subsequent impact in terms of biofilm formation.
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MATERIALS AND METHODS

Bacterial strains and growth conditions. The strains and plasmids used in this
study are listed in Table 1. Strains were grown at 30°C or 37°C in solid agar M63
medium supplemented with 0.4% L-arginine and 1 mM MgSO, in the presence
of IPTG (isopropyl-B-p-thiogalactopyranoside) at 100 pM or 1 mM for comple-
mentation experiments. The Escherichia coli TG1 strain was used for standard
genetic manipulations. Recombinant plasmids were introduced into P. aerugi-
nosa using the conjugative properties of pRK2013. Transconjugants were se-
lected on Pseudomonas isolation agar (Difco Laboratories) supplemented with
appropriate antibiotics. The following antibiotics at the indicated concentrations
were used: for E. coli, ampicillin (50 pg/ml), gentamicin (Gm; 25 wg/ml), kana-
mycin (Km; 25 pg/ml), tetracycline (Tc; 15 wg/ml), and streptomycin (Sm; 50
pg/ml), and for P. aeruginosa, carbenicillin (300 pg/ml), Gm (80 pg/ml), Tc (200
pg/ml), and Sm (2 mg/ml).

Construction of P. aeruginosa deletion mutants. PCR was used to generate a
550-bp DNA fragment upstream of the cupC3, cupB3, and cupBI genes with the
DelC3Up5/DelC3Up3, DelB3Up5/DelB3Up3, and DelB1Up5/DelB1Up3 oligo-
nucleotide pairs, respectively (Table 2). A 550-bp DNA fragment downstream of
the cupC3, cupB3, and cupBI genes was PCR amplified using the DelC3Dn5/
DelC3Dn3, DelB3Dn5/DelB3Dn3, and DelB1DnS5/DelB1Dn3 oligonucleotide
pairs, respectively (Table 2). The resulting DNA fragments were further used as
templates for overlapping PCR runs using the external oligonucleotide pairs
DelC3Up5/DelC3Dn3, DelB3Up5/DelB3Dn3, and DelB1Up5/DelB1Dn3, re-
spectively, thus leading to a final 1.1-kb DNA fragment that was cloned into the
pCR2.1 vector. The resulting DNA fragment bearing appropriate sites, namely,
Apal/Spel for cupC3, Spel/Nsil for cupB3, and BamHI/EcoRV for cupBI, was
further hydrolyzed and cloned into the suicide vector pKNG101. The recombi-
nant plasmid was then mobilized into P. aeruginosa, and the deletion mutants
were selected on LB plates containing 5% sucrose and appropriate antibiotics as
previously described (17).

Cloning of the cupB3 and cupC3 genes. The cupB3 and cupC3 genes were
amplified by PCR with the oligonucleotides CupB3U and CupB3D or CupC3U
and CupC3D, respectively. The genes were cloned into the pCR2.1 vector. The

TABLE 1. Strains and plasmids used in this study®

Strain or plasmid

Relevant characteristic(s)

Source or reference

Strains
E. coli
TGl supE A(lac-proAB) thi hsdRAS5 (F' traD36 rpoA™ B" lacI"ZAM15) Lab collection
TOP10F’ F’' [lacl9 Tnl0(Tet")] mrcA A(mrr-hsdRMS-mcrBC) $b80lacZAMI15 AlacX74 recAl Invitrogen
CC118(\pir) Host strain for pKNG101 replication, A(ara-lew) araD AlacX74 galE galK Lab collection

phoA20 thi-1 rpsE rpoB argE(Am) recAI Rf" (\pir)

P. aeruginosa

Lab collection

PAOL1 Wild type

PAO1ApilAAfliC PAO1 mutant with deletions in the pil4 and fliC genes
PAO1AfliC PAO1 mutant with a deletion in the fliC gene

PAO1ApilA PAO1 mutant with a deletion in the pil4 gene
PAO1ApilAAliCAcupC3 PAO1 mutant with deletions in the pil4, fliC, and cupC3 genes
PAO1ApilAAMIICAcupB3 PAO1 mutant with deletions in the pil4, fliC, and cupB3 genes
PAO1ApilAAfliCAcupBI PAO1 mutant with deletions in the pil4, fliC, and cupB1 genes

PAO1ApilAAMIICAcupB3AcupC3
PAK

PAKcupB3::Cb"
PAKcupC3::Cb*

PAOI1 mutant with deletions in the pil4, fliC, cupB3, and cupC3 genes
Wild type

PAK strain with an insertion in the cupB3 gene

PAK strain with an insertion in the cupC3 gene

Plasmids
pCR2.1 TA cloning vector for PCR products, lacZa ColE1 {1 ori Ap* Km"
pMMB67EH Broad-host-range vector, IncQ Ptac lacZoo Gm"
pBBRIMCS-3 Broad-host-range vector, Tc"
pKNG101 Suicide vector in P. aeruginosa sacB Sm"
pDEST42 Destination vector for gateway technology, T7 promoter, Ap*
pBBRcupC3 cupC3 gene cloned in pBBRIMCS-3, Tc'
pBBRcupB3 cupB3 gene cloned in pBBRIMCS-3, Tc'
pRK2013 ColE1 ori ra™ mob™ Km"
pPMMBrocS1 rocS1 gene cloned in pMMB67EH, Gm"

pDEST42-cupC1

cupClI gene cloned in pDEST42, Ap”

Lab collection
Lab collection
Lab collection
This study
This study
This study
This study
Lab collection
36

36

Invitrogen

20

Lab collection
Lab collection
Invitrogen
This study
This study
Lab collection
20

This study

¢ Cb, carbenicillin; Ap, ampicillin; Tet, tetracycline; Rf, rifampin.
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TABLE 2. Oligonucleotides used for mutation engineering
and gene cloning

Mutation or

complementation Oligonucleotide (5'—3")

Mutations
cupC3

DelC3Ups........... TGT TTC AAG GGG AAG GCT TGC CGA GC

DelC3Up3........... TGA CAT TTC ATA TGG CCA CGC GAA TAT TCC
DelC3Dns5............CGT GGC CAT ATG AAA TGT CAC CGC TGC AGT
DelC3Dn3............GTA GCC AGG GAC GAT GCC TTT CTG GTC G

cupB3
DelB3UpS ............. CCG CTT CCG TCA GAT ACG AAG
DelB3Up3.............CGC CCG GGC ACC GCG GGC GCC TGC GG
DelB3Dn5............. TGC CCG GGC GCT GGG GCA ACG AGC CGC
DelB3Dn3............CCG GTA TGG CGA AGC TGG AG

cupB1
DelB1Ups.............GACCGGATGGTTGATAGGTCG
DelB1Up3.............CGCCCCGGGCTGATTTCCTTTGGAGTTGTGG
DelB1DnS ............CAGCCCGGGGCGGCGGTCGACGGACGAA
DelB1Dn3........... TGGGCGGAACTTCCAGGATATT

Complementations

cupC3

CupC3U .. TCAGAAGAGCAGAGCAGAGCAG

..GTAGCCAGGGACGATGCCTTTCTGGTC

..GCCGGTACCCGCGCCATTCTCGACCGA
..GCTCTAGACGGTCACAGCGTGCG

cupB3 and cupC3 genes were subcloned into the broad-host-range vector
pBBRIMCS-3 at the restriction enzyme sites Kpnl/Xbal and Spel/Xhol, respec-
tively.

Production of antibodies directed against CupCl. A strategy for antigenic-
peptide-based antibody production was used (Eurogentec, Belgium). Two peptides
in CupCl1, TVKLKFDPVSGTGID and LNSNTEKDGEGNDIT, were selected
and synthesized. Two rabbits were inoculated with the designed peptides at a
concentration of 200 wg/ml. The immunization protocol included a first injection
of the peptide, followed by three boosters at 15 days, 1 month, and 2 months
following the original injection. After that period, rabbits were bled. Collected
sera were further purified against the initial antigenic peptides. Preimmune sera
of the two rabbits were also checked for the absence of cross-reactivity with P.
aeruginosa whole-cell extracts. Serum specificity was tested on whole-cell extracts
of E. coli TG1 strains transformed with the pDEST42 vector containing the
cupCI gene (pDEST42-cupCI). The cupC1 gene was obtained from a compre-
hensive P. aeruginosa gene collection (21), cloned into an entry vector of the
Gateway system (Invitrogen), and further moved into a pDEST42 destination
vector by L and R lambda phage-specific recombination sites according to the
manufacturer’s instructions.

Shearing experiments. Bacteria were scraped from plates, and the equivalent
of 5 optical density at 600 nm (ODgy,) units was resuspended in L broth.
Shearing was performed by gentle agitation at 4°C overnight. Bacteria were
harvested by centrifugation, and the supernatant was further ultracentrifuged at
17,600 X g for 10 min at 4°C. The supernatant was then subjected to a first
ammonium sulfate (AS) precipitation at a concentration of 50% for 1 h at room
temperature and centrifuged at 70,400 X g for 45 min at 4°C. The resulting pellet
was resuspended in a 500-pl volume of Tris (10 mM, pH 8), whereas the
supernatant was subjected to a second AS precipitation at a concentration of
55% and processed as previously described. A protease inhibitor cocktail
(Boehringer Mannheim) was added to these different appendage preparations to
minimize proteolytic degradation during the procedure.

SDS-PAGE and Western blot analysis. Bacteria were scraped from agar plates
containing appropriate antibiotics and IPTG and resuspended in L broth. Fi-
nally, the cell extract (or the sheared fraction [SF]) was adjusted to an amount
equivalent to a 0.025 ODyg unit per pl in a sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) loading buffer. The samples were boiled
for 10 min and the proteins separated by electrophoresis on a 12% polyacryl-
amide gel. The proteins were either stained with Coomassie blue or blotted onto
nitrocellulose membranes. The CupCl1 protein was immunodetected using the
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CupCl1 rabbit polyclonal antibodies at a dilution of 1:1,000. A peroxidase-con-
jugated goat anti-rabbit immunoglobulin G (Jackson Laboratories) at a dilution
of 1:5,000 in Tris-buffered saline containing 10% milk and 0.1% Tween 20 was
further applied, and the presence of the protein was revealed using a chemolu-
minescence revelation kit (Pierce). To check for cytoplasmic and periplasmic
leakages during appendage preparation, immunoblotting was performed to de-
tect the cytoplasmic ornithine carbamoyltransferase (OTCase) protein using a
specific antibody (a gift from Dieter Haas, Université de Lausanne, Switzerland)
at a dilution of 1:500 and the periplasmic thiol-disulfide interchange protein
(DsbA) using a specific antibody (a gift from Karl E. Jaeger, IMET, Jiilich,
Germany) at a dilution of 1:10,000. In the latter case, specific rabbit polyclonal
antibodies directed against these proteins were used.

Transmission electron microscopy. Bacterial cells, obtained with growth con-
ditions similar to those described for the shearing experiments, were processed
for transmission electron microscopy. The cells were scraped from plates and
collected in an Eppendorf tube containing 50 pl of 10 mM phosphate-buffered
saline (PBS). A drop of the bacterial suspension was placed on Formvar- and
carbon-coated copper grids and left for 5 min. The grids were further fixed with
1% paraformaldehyde for 5 min and rinsed two times with 10 mM PBS for 5 min.
For CupC fimbriae detection, grids were further incubated with a 5% bovine
serum albumin (BSA) solution in 10 mM PBS for 10 min and incubated with the
CupCl1 antibodies at a 1:100 dilution in 0.5% BSA and 10 mM PBS for 45 min.
The grids were finally incubated with a colloidal solution of conjugated protein
A-gold particles (7- or 10-nm diameter) for 30 min in 0.5% BSA, 10 mM PBS.
After repetitive washes in 10 mM PBS and in water, grids were immersed in a
drop of 1% uranyl acetate for 1 min and were examined in a JEOL 1200EX
transmission electron microscope operating at 80.0 kV.

Mass spectrometry. Proteins were cut out from Coomassie blue-stained gels
and subjected to procedures routinely performed by the proteomic platform at
the IBSM (http://www.ibsm.cnrs-mrs.fr/ifrc/servtech/seq). Briefly, samples were
treated via reduction and alkylation processes, digested with trypsin, desalted,
and subjected to matrix-assisted laser desorption ionization-time of flight
(MALDI-TOF) mass spectrometry analysis. Internal scale-up was done with ions
coming from trypsin autolysis and from keratin. Mass values were compared with
theoretical values from peptides referenced in databases.

Biofilm formation on inert surfaces. The bacterial adherence assay was per-
formed with 24-well polystyrene microtiter dishes as previously described (36).
Bacteria were grown in M63 medium supplemented with 0.4% L-arginine and 1
mM MgSO, in the presence of IPTG under static conditions at 30°C. Attached
bacteria were stained with 100 pl of 1% crystal violet for 15 min and washed
twice with water. Stain was extracted by treatment with 400 ul 95% ethanol.
Subsequently, 600 pl water was added, and ODs, values were measured. All
quantification assays were made in triplicate. Alternatively, coverslips were par-
tially immersed in Falcon tubes containing the same medium and further pro-
cessed for epifluorescence or confocal microscopy.

Epifluorescence and confocal microscopies. Prior to observation, coverslips
were fixed with 4% paraformaldehyde and stained using 4’,6'-diamidino-2-phe-
nylindole (DAPI) for 15 min. Slides were observed using an epifluorescence
microscope at a X63 magnification. The number of isolated bacteria was evalu-
ated in the PAO1ApilAAfliCAcupB3 and PAO1ApilAAfliCAcupC3 mutants in six
independent and randomly chosen microscopic fields within the air-liquid inter-
face area. Slides were also observed using an Olympus FV-1000 microscope with
a laser diode for excitation at 405 nm. Images were captured and processed by
using Fluoview and Amarys software.

RESULTS AND DISCUSSION

Biofilm formation upon RocS1 overproduction. In order to
study the role of the putative CupB and CupC fimbriae in
biofilm formation, we used a P. aeruginosa strain devoid of type
IVa pili and of flagella (PAO1ApilAAfliC). By eliminating the
contribution of these appendages to the biofilm phenotype, we
aimed at unraveling the role of other determinants, such as the
CupB and CupC fimbriae. It was previously shown that RocS1
overproduction induced the expression of cupB-lacZ and
cupC-lacZ transcriptional fusion (20). In this study, RocS1 was
overproduced by introduction of the plasmid pMMBG67EH car-
rying the rocSI gene, pMMBrocS1, into the PAO1ApilAAfliC
strain. In pMMBrocS1, the rocS1 gene was placed under the
control of the IPTG-inducible tac promoter. We then used a
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FIG. 2. Biofilm formation by P. aeruginosa upon RocS1 overpro-
duction. Strains PAO1ApilAAfliC/pMMBrocS1 and PAO1ApilAAfliC/
pPMMBG67EH were inoculated into microtiter plates. (A) After ITPG
induction for 48 h at 30°C, bacterial rings that formed at the air-liquid
interface were observed by crystal violet staining. (B) The amount of
bacteria was quantified after extraction of crystal violet and ODs,
measurements. Wells inoculated with sterile medium and with the
PAOL1 strain were also included as controls. #x:, P < 0.001. (C) Biofilm
formation at the air-liquid interface of glass slides immersed in culture
medium was analyzed with the PAO1ApilAAfliC/pMMBrocSI (AA),
PAO1ApilAAICAcupB3/pMMBrocS1 (AAAcupB3), and PAO1ApilAA
fliCAcupB3/pMMBrocS1 (AAAcupC3) strains using DAPI staining and
epifluorescence microscopic observation at a X63 magnification.
(D) Stacked confocal scanning laser microscopy images of biofilms of
the PAO1ApilAAliC/pMMBrocSI (AA), PAO1ApilAAfliCAcupB3/
pMMBrocSI (AAAcupB3), and PAO1ApilAAfliCAcupB3/jpMMBrocS1
(AAAcupC3) strains and of the trans-complemented strains with the
cupB3 (AAAcupB3 + pBBRB3) and cupC3 (AAAcupC3 + pBBRC(C3)
genes. DAPI was used for staining, and confocal-microscopic obser-
vation was done at a X180 magnification using z slices of 300 nm.
(E) Corresponding extracted z images and their respective xy and xz
planes showing biofilms formed by the PAO1ApilAAfliC/pMMBrocS1
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standard biofilm assay with bacteria grown in wells of micro-
titer plates and biofilm formed at the air-liquid interface
stained with crystal violet (see Materials and Methods). Upon
IPTG induction and after 48 h of growth, the strain containing
pMMBrocS!I formed a visible biofilm, unlike the correspond-
ing strain containing the empty vector (Fig. 2A). An increase
by 10-fold in the amount of attached bacteria was evaluated
after crystal violet extraction and quantification (Fig. 2B).
We further tested whether the RocS1-dependent overex-
pression of cupB or cupC could be linked to the increased
biofilm phenotype. We engineered mutations in the usher-
encoding genes cupB3 and cupC3 using the PAO1ApilAAfliC
strain. In these mutant strains, PAO1ApilAAfliCAcupB3 and
PAO1ApilAAfliCAcupC3, we introduced the pMMBrocS1 plas-
mid. Coverslips were partially immersed in culture medium
containing the parental strain or each of these mutants, and
biofilm formation was observed at the air-liquid interface using
epifluorescence microscopy (see Materials and Methods). Un-
der these conditions, the parental strain formed dense clusters
of cells with hardly any identifiable isolated bacteria (Fig. 2C).
The cupB3 mutant (PAO1ApilAAfliCAcupB3) formed clusters
of bacterial cells whose size was considerably reduced, whereas
sparse and isolated bacteria were observed between these clus-
ters. For the cupC3 mutant (PAO1ApilAAfliCAcupC3), the size
of the bacterial cell clusters was even more reduced and iso-
lated bacteria were more abundant than with the cupB3 mu-
tant. This observation was even more obvious when z slices
were made through the biofilm using confocal microscopy (Fig.
2D and E). Whereas microcolonies that had acquired a three-
dimensional architecture could be readily observed in the pa-
rental strain, PAO1ApilAAfliC, using stacked z series (Fig. 2D)
or extracted z images and their respective xy and xz planes (Fig.
2E), they were clearly absent in the cupB3 and cupC3 mutants.
The biofilm formed by these mutants contained only one cell
layer, unlike with the parental strain (Fig. 2E, xy and xz planes,
compare the AAAB3 and AAAC3 images to the AA image). More-
over, isolated bacteria are easily distinguishable in the cupB3 and
cupC3 mutants (Fig. 2E, z images, compare the AAAB3 and
AAAC3 images to the AA image). Importantly, the biofilm phe-
notype could be restored to the parental level when the corre-
sponding usher genes cloned into pPBBRMCS-3 (pBBRcupB3 or
pBBRcup(C3) were introduced in frans (Fig. 2E, images labeled
AAAB3 + pBBRB3 and AAAC3 + pBBRC3).

Our results thus confirmed that overexpression of rocSI in
trans, which leads to cupB and cupC gene expression (20),
favored biofilm formation. Our data further revealed that both
the CupB and CupC systems play an important role in this
process, particularly through bacterial clustering and micro-
colony formation (Fig. 2C through E). Detailed analysis of the
observed biofilm phenotypes suggested that the CupC system
appeared to have the more significant contribution, at least in
the absence of appendages such as type IVa pili and flagella
(25). Indeed, the deletion of cupC3 resulted in a nearly com-

(AA), PAO1ApIlAAfliICAcupB3/pMMBrocSI (AAAcupB3), and PAO1A
PHAMICAcupB3/pMMBrocS1 (AAAcupC3) strains and by the trans-
complemented strains with the cupB3 (AAAcupB3 + pBBRB3) and
cupC3 (AAAcupC3 + pBBRC3) genes.
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plete failure to form bacterial aggregates (Fig. 2D and E, lanes
AAAC3), whereas frans-complementation by overexpression of
cupC3 resulted in a strong aggregative phenotype (Fig. 2D and
E, lanes AAAC3 + pBBRC3). In a previous study, the strongest
effect in facilitating interbacterial binding and the structural-
ization of the bacterial community was ascribed to the cupB
cluster in the P. aeruginosa PAK strain (20). However, we
showed here that the lack of either the cupB3 or the cupC3
gene is sufficient to produce a defect in biofilm formation.
Overall, our observations are in favor of a synergy between the
CupB and CupC systems, and it is a possibility that the proper
architecture of the biofilm might need the simultaneous con-
tributions of both systems. Such a possibility is likely if we
consider that both systems are simultaneously controlled by
the Rocl system (20).

If the CupB and CupC systems are involved in the architec-
ture of the bacterial community during biofilm formation, it is
a possibility that they act through the assembly of fimbrial
structures that favor cell-cell interaction.

Detection of the CupC1 fimbrial subunit upon RocS1 over-
production. The plasmid pMMB67EH and its derivative car-
rying the rocS1 gene, pMMBrocS1, were introduced into the P.
aeruginosa strain PAO1ApilAAfliC. The bacterial strains were
grown on plates and scraped off them, and cell extracts were
further processed for analysis by SDS-PAGE (see Materials
and Methods). No obvious differences between the Coomassie
blue-stained protein profiles of whole-cell extracts obtained
from PAO1ApilAAfliC/pMMB67EH (Fig. 3A, lane 1) and
PAO1ApilAAfliC/pMMBrocS1 (Fig. 3A, lane 2) could be ob-
served. The only difference resulted in the presence of a band
at an apparent molecular mass of about 130 kDa. The band
was excised from the gel and subjected to MALDI-TOF mass
spectrometry analysis. The results indicated that this band cor-
responded to the RocS1 protein, thus confirming that it was
efficiently produced from pMMBrocSI. In a parallel but sepa-
rate experiment, the proteins were further blotted onto nitro-
cellulose membranes and revealed with antibodies directed
against CupCl (see Materials and Methods). A band at an
apparent molecular mass of 22 kDa, which corresponds to the
mass of CupCl, could readily be detected in the sample from
the rocS1-overexpressing strain (Fig. 3A, lane 4), which is lack-
ing in the strain carrying the cloning vector pMMB67EH (Fig.
3A, lane 3). Our results showed that the overexpression of
rocS1, which in turn induced cupC expression, finally resulted
in the high-level production of the CupCl1 fimbrial subunit. It
was thus important to determine whether such production is
concomitant with the surface assembly of CupCl-containing
fibers.

CupC1 and CupBl fimbrial subunits could be sheared off
the bacterial cell surface. In order to proceed to the recovery
of putative CupC fimbriae, we used the PAOIApilAAfliC
strain, which overproduced RocS1 (pMMBrocS7). In this case,
the lack of type IV pili and flagella facilitates the analysis of the
sheared extracellular appendages (see Materials and Meth-
ods). Briefly, the shearing procedure was conducted as follows.
Bacteria were scraped from plates and resuspended in L broth.
Appendages attached to the cell surface were sheared by gen-
tle agitation and harvested by centrifugation. The supernatant
was then subjected to AS precipitation and further designated
as SFs. The protein content equivalent to a 0.25 ODg, unit of
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FIG. 3. Detection of the CupCl subunit in whole cells and in
sheared appendages. (A) Whole-cell extracts from the PAO1ApilAA
fliC (AA) strain containing either pMMB67EH or pMMBrocS1 were
collected after 72 h of growth onto M63 plates supplemented with
0.4% L-arginine and 1 mM IPTG. The proteins were separated on 12%
acrylamide-SDS gels stained with Coomassie blue (lanes 1 and 2) or
transferred onto nitrocellulose and revealed with CupCl antibodies
(lanes 3 and 4). The position of the RocS1 band is indicated by an
asterisk. Numbers on the left are molecular mass standards (kDa).
(B) Production and detection of the CupCl1 protein in SFs obtained
from the bacterial cell surfaces of strains PAO1ApilAAfliC/pMMB
rocS1 (lanes 1, 2, 4, and 5) and PAO1ApilAAfliC/pMMB67EH (lanes 3
and 6). The proteins contained in the SFs were precipitated with 50%
AS (lanes 1, 3, 4, and 6) and 55% AS (lanes 2 and 5). The CupB1 and
the CupCl1 proteins are indicated by the upper (B1) and the lower (C1)
arrows. The Coomassie blue-stained gel corresponds to lanes 1
through 3, and the blot revealed with CupC1 antibodies corresponds to
lanes 4 through 6. (C) The absence of intracellular proteins in the SFs
was assessed by immunodetection of the DsbA periplasmic protein
using appropriate antibody. C, whole-cell extracts.

bacterial culture was loaded on SDS gels containing 12% acryl-
amide (Fig. 3B). The SDS gels were stained with Coomassie
blue (Fig. 3B, lanes 1 to 3) or used to transfer proteins onto
nitrocellulose membranes for immunodetection using antibod-
ies directed against CupCl1 (Fig. 3B, lanes 4 to 6). In the strain
overproducing RocS1, we could detect a band whose molecular
mass corresponded to that of the CupCl protein (Fig. 3B,
lanes 1 and 2). The identity of this protein was confirmed both
by mass spectrometry and by immunoblotting using antibodies
directed against CupCl (Fig. 3B, lanes 4 and 5). CupC1 was
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not detectable in the P. aeruginosa strain transformed with the
empty vector (Fig. 3B, lanes 3 and 6). These results indicated
that detectable production of CupCl resulted in its occurrence
at the bacterial cell surface. We further checked that the pro-
tein content found in the SFs is not due to bacterial cell lysis.
The OTCase protein (data not shown) and the periplasmic
DsbA protein (Fig. 3C) were detected only in whole-cell ex-
tracts (Fig. 3C, lane 1) and not in the SFs (Fig. 3C, lane 2). This
observation confirmed that we properly sheared the bacterial
cell surface without any detectable leakage of intracellular
proteins.

Interestingly, a band with a slightly higher molecular weight
than that of CupCl was also found abundantly in the SFs
obtained from the RocS1-overproducing strain (Fig. 3B, lanes
1 and 2). Furthermore, this band was absent in the control
strain containing the empty vector (Fig. 3B, lane 3). The mo-
lecular mass of this band suggested that it could correspond to
CupB1. We were not successful in raising antibodies directed
against CupBl1, but mass spectrometry analysis confirmed that
it corresponded to the CupBl protein. Overall, our results
showed that RocS1 overproduction resulted in the production
of both the CupB1 and CupCl1 proteins, but more interestingly,
we showed that these proteins could be recovered from the cell
surface, thus suggesting that they were assembled into fibers.

Specificity of CupB1 and CupCl1 assembly. We investigated
whether the exposition of the CupB1 and CupCl1 fimbrial sub-
units at the bacterial cell surface required their respective
usher components, CupB3 and CupC3, or whether these com-
ponents are interchangeable. As previously described, we pre-
pared extracellular appendages from the parental P. aeruginosa
PAK strain and the isogenic PAK:cupB3 and PAK:cupC3
mutants (36), which overproduced RocS1 (pMMBrocS1) (Fig.
4A). Protein separation on SDS-PAGE coupled with MALDI-
TOF mass spectrometry analysis allowed us to clearly detect
the CupBl1 protein in SFs obtained from the PAK (Fig. 4A,
lane 1) and the PAK::cupC3 (Fig. 4A, lane 3) strains but not
from the PAK::cupB3 strain (Fig. 4A, lane 2). In the same way,
the CupCl protein was present in the SFs at the surface of the
wild-type strain (Fig. 4A, lane 1) and of the PAK::cupB3 mu-
tant (Fig. 4B, lane 2) but not at the surface of the PAK::cupC3
mutant (Fig. 4B, lane 3). These results were confirmed by
Western blot analysis using the CupCl antibodies (data not
shown). Our data suggest that assembly of CupB1 and CupCl1
fimbrial subunits at the bacterial cell surface requires their
respective CupB3 and CupC3 usher proteins.

In order to fully address the specificity of the assembly pro-
cess, we engineered a cupB3 cupC3 double-deletion mutant
of the PAO1ApilAAfliC strain. We also constructed the iso-
genic cupB3 and cupC3 mutants for comparison. In all
strains, we introduced the pMMBrocS! plasmid, and we
tested the presence of CupCl in the SFs of the mutants and
the PAO1ApilAAfliC parental strain (Fig. 4B). Unlike with the
parental strain (Fig. 4B, lanes 1 and 2), the CupCl protein
could not be immunodetected in the SFs of the cupC3 mutant
(Fig. 4B, lane 4). Importantly, CupCl1 could be detected in the
whole-cell extracts (Fig. 4B, lane 3) of this mutant, indicating
that it is produced but not assembled. Introduction in frans of
the cupC3 gene (pBBRcupC3) in this mutant restored the
recovery of CupCl from SFs (Fig. 4B, lane 6). The presence of
the CupCl1 protein in the SFs obtained from the cupB3 mutant
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FIG. 4. Extracellular assembly of CupC1 and CupB1 proteins in a
specific usher-dependent manner. (A) Protein samples obtained from
SFs from the PAK, PAK::cupB3, and PAK::cupC3 strains transformed
with pMMBrocS1. Proteins contained in the SFs were precipitated
with 50% AS, separated on SDS gels, and stained with Coomassie blue.
The CupB1 and the CupCl1 proteins are indicated by the upper (B1)
and the lower (C1) arrows, respectively. (B) Detection of the CupC1
protein in whole-cell extracts (C) (lanes 1, 3, and 5) and in SFs (lanes
2,4, 6,7, and 8) of PAO1ApilAAfliC (AA), PAO1ApilAAfliCAcupC3
(AAAcupC3), PAO1ApilAAIICAcupC3/pBBRcupC3  (AAAcupC3/
pBBRcupC3), PAO1ApilAAfliCAcupB3 (AAAcupB3), and PAO1A
PUAAMICAcupB3AcupC3 (AAAcupB3AcupC3). All strains contained
the pMMBrocS1 plasmid. (C) Coomassie blue staining of proteins
contained in SFs from PAO1ApilAAfliC (AA, lane 1), PAO1ApilAA
fliCAcupB3 (AAAcupB3, lane 2), PAO1ApilAAliCAcupC3 (AA
AcupC3, lane 3), and PAO1ApilAAfliCAcupB3AcupC3 (AAAcupB3A
cupC3, lane 4). All strains contained pMMBrocS1. The CupB1 and
the CupCl1 proteins are identified by the upper (B1) and the lower
(C1) arrows, respectively.

(Fig. 4B, lane 7) but its absence in the corresponding prepa-
ration from the cupB3 cupC3 double mutant (Fig. 4B, lane 8)
further confirmed that CupC fimbrial assembly at the bacterial
cell surface occurred specifically through the CupC3 usher
protein. The CupBl1 protein (Fig. 4C) was no longer recovered
in the SFs obtained from the cupB3 mutant (Fig. 4C, lane 2)
and from the cupB3 cupC3 double mutant (Fig. 4C, lane 4), as
seen by analysis of Coomassie blue-stained gels. However,
CupBl1 was present in the SF obtained from the cupC3 mutant
(Fig. 4C, lane 3), from the parental strain (Fig. 4C, lane 1), and
from the cupB3 cupC3 mutant trans-complemented with the
cupB3 gene (data not shown). These results confirmed that
the assembly of CupB1 and CupCl fimbrial subunits occurs
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FIG. 5. Images of CupB and CupC appendages at the P. aeruginosa cell surface. Long fimbriae decorated with gold particles coupled to specific
antibodies directed against CupCl were peritrichously distributed at the cell surface of the PAO1ApilAAfliC strain (A), in which RocS1 was
overproduced (pMMBrocS1) (inset in upper left-hand corner, X20,000 magnification of central boxed area). The CupCl-labeled fimbriae were
absent in the mutant PAO1ApilAAfliCAcupC3/pMMBrocS1 (magnification, X50,000) (B) but recovered when the cupC3 mutation was trans-
complemented with the cupC3 gene (magnification, X20,000) (C). The unlabeled CupB fimbriae were visualized (arrowheads) in the cupC3 mutant
(B) and absent in the PAO1ApilAAfliCAcupB3AcupC3 mutant (D) (magnification, X50,000) but recovered when the cupB3 mutation was

trans-complemented with the cupB3 gene (magnification, X20,000) (E).

specifically through their respective CupB3 and CupC3
usher proteins.

Overall, our results demonstrate that assembly of Cup fim-
brial subunits can only occur through a dedicated outer mem-
brane usher protein and that CupB3 and CupC3 cannot be
exchanged. In redundant systems, such as the Pap and the Fim
fimbrial systems of E. coli, the usher protein, which forms an
oligomeric channel in the outer membrane (33), is also known
for playing a central role in determining the specificity toward
the chaperone—fimbrial-subunit complex (6). The PapDG
chaperone-adhesin complex cannot bind the FimD usher (29),
and the FimCH chaperone-adhesin complex cannot bind the
PapC usher (29). The molecular characterization of the PapC
usher clearly revealed that the N-terminal domain is re-
quired for initial binding, specifically the Pap chaperone-
fimbrial-subunit complexes (24), whereas the C-terminal do-
main is required in the subsequent assembly steps (34).
However, a C-terminally truncated PapC (PapC*) is still
able to bind Pap chaperone—fimbrial-subunit complexes,
and assembly of P pili can occur through a PapC*-FimD
hetero-oligomeric complex (34).

Visualization of the CupB and CupC fimbriae. We looked
further at the presence of CupB and CupC fimbriae on the
surface of the PAO1ApilAAfliC strain, in which RocS1 was
overproduced, by using electron microscopy coupled with im-
munogold labeling using anti-CupC1 antibodies or by negative

staining (see Materials and Methods). Long fimbriae deco-
rated with gold particles coupled to CupCl antibodies (Fig. 5)
were observed at the bacterial cell surface of the RocS1-over-
producing strain (Fig. 5A) but were not identified in the
PAO1ApilAAfliC strain that was transformed with the vector
pMMB67EH (data not shown). The CupCl-containing fim-
briae were peritrichously distributed (Fig. SA) at the surface of
the bacterial cell envelope. This CupC fimbrial distribution in
the PAO1ApilAAfliC strain was found to be independent of the
presence of other appendages by comparing it with a
PAO1ApilA mutant or a PAO1AfliC mutant (data not shown).
We further observed that no CupCl-containing fimbriae were
assembled at the surface of the cupC3 mutant (Fig. 5B),
whereas CupCl fimbrial assembly was restored when the mu-
tant was trans-complemented with the cupC3 gene (Fig. 5C),
thus confirming that CupCl1 assembly into fibers is dependent
on the usher protein CupC3. Since we have no CupBl-related
antibodies, we were unable to specifically detect CupB fim-
briae. However, a careful examination of images obtained with
the cupC3 mutant (Fig. 5B) indicated that non-CupCl-labeled
fibrils radiate outwards from the bacterial cell surface. These
fibrils were no longer observed in a cupB3 cupC3 mutant (Fig.
5D), but their presence was restored in the cupB3 cupC3 mu-
tant frans-complemented with the cupB3 gene (Fig. SE).

The final architecture of fibrous organelles assembled by
chaperone-usher pathways has been classified as having rigid
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pili and thin fibrillae on the one hand and afimbrial and cap-
sular material on the other (30). Although rigid pili and thin
fibrillae are made from several different subunits, the nonpilus
material is composed of only one or sometimes two different
subunits and does not contain any specialized adhesin, even
though it confers adhesive properties. Moreover, structures
assembled by the FGS chaperone-usher subfamily are rigid pili
or thin fibrillae, whereas structures assembled by the FGL
chaperone-usher subfamily are nonfiber organelles forming
afimbrial adhesive structures at the surfaces of the bacteria
(15). The cluster corresponding to the CupC machinery is
restricted to three genes encoding one fimbrial subunit, one
chaperone, and one usher protein. Even though the CupC
system involved only one fimbrial subunit, the classification of
the CupC2 chaperone protein in the FGS subfamily suggested
that it would be implicated in the assembly of homopolymeric
fimbriae rather than of capsule-like material. Our data ob-
tained by electron microscopy coupled with CupC1l immuno-
detection allowed us to clearly identify homopolymeric fim-
briae assembled at the surfaces of P. aeruginosa cells. The
CupCl1 fimbrial distribution resembles the peritrichous distri-
bution of Pef pili assembled by the pef operon in Salmonella
enterica serovar Typhimurium (1), fimbriae encoded by the
hifABCDE operon of nonencapsulated Haemophilus influenzae
(10), type 1 pili from uropathogenic strains of E. coli (14),
SMF-1 fimbriae from Stenotrophomonas maltophilia (5), and
type 3 fimbriae originally described to occur in Klebsiella spe-
cies and identified as widely expressed in the Enterobacteria-
ceae family (11).

Conclusions. The P. aeruginosa PAO1 genome sequence
(31) revealed the presence of a family of orthologues (cup) to
genes encoding proteins involved in the chaperone-usher path-
way described to occur in E. coli (36). The cup genes appeared
poorly expressed in a variety of media and under a variety of
conditions. However, recent advances in the understanding
of P. aeruginosa regulatory networks involved in the control of
these cup genes have been made (20, 37, 38). A negative
regulator, MvaT, which strongly represses cupA gene expres-
sion but has a much smaller effect on cupB and cupC gene
expression, has been described (37). cupB and cupC gene ex-
pression was also recently described as being regulated by two
members of the two-component regulatory systems named
Rocl and Roc2 (20). These systems control the expression of
genes according to the environmental conditions and have
allowed detection of the production of the CupB1 and CupCl1
proteins. The present work further reveals for the first time
that CupB1 and CupCl1 are subunits assembled into fimbriae
by a chaperone-usher pathway in P. aeruginosa. The CupB and
CupC machineries, which belong to the FGS subfamily, assem-
ble thin fimbriae widely distributed at the bacterial cell surface.
Since the CupC machinery is encoded by a three-gene operon,
the assembly of CupC fimbriae probably results from the ho-
mopolymerization of the CupCl protein in fibers devoid of
adhesin at their tips. In the case of the CupB fimbriae, it is
likely that they are heteropolymeric fibers of the CupB1 pro-
tein with the putative CupB6 adhesin located at their tips.
CupB and CupC fimbrial assembly at the P. aeruginosa cell
surface occurs strictly through their dedicated outer membrane
usher proteins, and the resulting CupB and CupC fimbriae
cooperate in cell-cell interactions and microcolony formation
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during the biofilm maturation process. The redundancy of the
chaperone-usher systems in the P. aeruginosa genome, com-
bined with a complex regulatory network tightly controlling
their expression, highlights the diversity of organelles that the
bacterium can expose at its surface while encountering differ-
ent environments or supports. However, particular traits of
each fimbrial structure may determine a specific function for
the colonization of an ecological niche and may confer tissue-
specific adhesive properties (23, 30).
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