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Pseudomonas aeruginosa colonizes the pulmonary tissue of patients with cystic fibrosis (CF), leading to
biofilm-associated infections. The pulmonary fluid of CF patients usually contains elevated concentrations of
cations and may contain the P. aeruginosa redox-active pigment pyocyanin, which is known to disrupt calcium
homeostasis of host cells. Since divalent cations are important bridging ions for bacterial polysaccharides and
since they may play regulatory roles in bacterial gene expression, we investigated the effect of calcium ions on
the extracellular matrix constituents of P. aeruginosa biofilms. For mucoid strain P. aeruginosa FRD1, calcium
addition (1.0 and 10 mM as CaCl,) resulted in biofilms that were at least 10-fold thicker than biofilms without
added calcium. Scanning confocal laser microscopy showed increased spacing between cells for the thick
biofilms, and Fourier transform infrared spectroscopy revealed that the material between cells is primarily
alginate. An algD transcriptional reporter demonstrated that calcium addition caused an eightfold increase in
alg gene expression in FRD1 biofilms. Calcium addition also resulted in increased amounts of three extracel-
lular proteases (AprA, LasB, and PrpL). Immunoblots of the biofilm extracellular material established that
AprA was harbored within the biofilm extracellular matrix. An aprA deletion mutation and a mutation in gene
for a putative P. aeruginosa calmodulin-like protein did not significantly affect calcium-induced biofilm struc-
ture. Two-dimensional gel electrophoresis showed increased amounts of phenazine biosynthetic proteins in
FRD1 biofilms and in calcium-amended planktonic cultures. Spectrochemical analyses showed that the cal-
cium addition causes a three- to fivefold increase in pyocyanin production. These results demonstrate that
calcium addition affects the structure and extracellular matrix composition of mucoid P. aeruginosa biofilms,
through increased expression and stability of bacterial extracellular products. The calcium-induced extracel-
lular matrix of mucoid P. aeruginosa consists primarily of the virulence factor alginate and also harbors
extracellular proteases and perhaps pyocyanin, a biomolecule that may further disrupt cellular calcium levels.

Patients with cystic fibrosis (CF) are highly susceptible to
bacterial pulmonary infections, particularly chronic infections
with Pseudomonas aeruginosa (reviewed in reference 38). P.
aeruginosa pulmonary infections are considered biofilm-asso-
ciated diseases, where the bacteria colonize the surface of
pulmonary tissue (36), are often encapsulated in extracellular
polysaccharide matrix material (25, 36, 48), secrete quorum-
sensing signaling compounds (58), and have increased resis-
tance to antibiotics (reviewed in reference 59) and to host
defenses (2, 30, 45). Mutations in the cystic fibrosis transmem-
brane regulator of CF patients lead to physiological alteration
of pulmonary fluid, with the most characteristic manifestation
being the increased concentrations of thick pulmonary mucus
that includes DNA and actin from lysed neutrophils (38). Dis-
ruption of the CF transmembrane regulator also results in
secretions with elevated concentrations of sodium and other
cations. In addition to these cellular manifestations, extracel-
lular products from infectious bacteria may contribute to the
pulmonary abnormalities. The extracellular redox cycling com-
pound produced by P. aeruginosa, pyocyanin, has been shown
to disrupt cytosolic calcium concentrations and calcium ho-
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meostasis of epithelial cells (8). Pyocyanin has been detected in
the pulmonary fluid of patients infected with P. aeruginosa
(66). Therefore, this disruption may occur in vivo.

Acute P. aeruginosa infections are usually caused by nonmu-
coid strains, which do not produce the capsular polysaccharide
alginate. Mucoid P. aeruginosa strains typically produce algi-
nate, a high-molecular-weight polymer of O-acetylated pD-man-
nuronate linked by B 1-4 glycosidic bonds to its Cs epimer,
L-guluronate (14, 20). Once P. aeruginosa strains begin to pro-
duce this polymer, pulmonary infections may become chronic
and patient prognosis declines. The switch from the nonmu-
coid to the mucoid phenotype is complex, involving a hierarchy
of regulatory proteins (71), including the alternative sigma
factor o (11, 39, 74), whose activity is repressed by the anti-
sigma factors MucA and MucB (21, 56). Mutations in mucA
are often responsible for the switch to the mucoid phenotype in
clinical isolates (5). Antibiotics as well as components of host
defensive processes may contribute to mucA mutations and to
the accompanying phenotypic switch from non-alginate-pro-
ducing strains and acute infections to alginate-producing
strains and chronic infections (42, 53).

Extracellular polymeric substances form the structural ma-
terial that holds the bacteria within the three-dimensional ma-
trices of biofilms. There are seemingly conflicting reports over
the composition of the bacterial extracellular matrix material
for P. aeruginosa biofilms. These reports may reflect the dif-
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ferences in strains used in different studies. With mucoid P.
aeruginosa FRD1 strains, alginate appears to be the primary
constituent of the biofilm extracellular matrix material (48).
Studies with this CF isolate and its mutant derivatives showed
that alginate affects the three-dimensional architecture of P.
aeruginosa FRD1 biofilms. Fourier transform infrared spec-
troscopy (FTIR) demonstrated that alginate was associated
with biofilms of this mucoid strain. Similar results were ob-
tained using a mutant derivative of the nonmucoid strain P.
aeruginosa PAO1 engineered to overproduce alginate (25, 60).
On the other hand, results using wild-type P. aeruginosa PAO1
and PA14 showed that alginate was not associated with bio-
films (72) and that a second polysaccharide likely encoded by
a separate polysaccharide biosynthetic gene cluster may pro-
vide the extracellular matrix material for those cells (18, 19,
29). In another report, using P. aeruginosa PAO1, DNA was
suggested to be the extracellular matrix material, since the
addition of DNase to biofilms dispersed the bacteria (64).
Many bacterial extracellular polysaccharides, including algi-
nate, contain negatively charged uronic acid residues. These
sugar subunits bind calcium ions by ionic interactions, allowing
cross-bridging and gelling of the extracellular polysaccharides
(28). In the case of alginate produced by algae and the bacte-
rium Azotobacter vinelandii, blocks of L-guluronate residues
bind calcium to alginate (12). Although P. aeruginosa does not
produce L-guluronate blocks, calcium apparently binds the
uronic acid residues and affects the polymer’s physical proper-
ties (59).

A recent study characterizing biofilms of the marine bacte-
rium Vibrio cholerae implicated calcium ions in O-antigen poly-
saccharide binding and biofilm maintenance (32). When this
bacterium undergoes a switch from higher calcium ion concen-
trations, such as those found in seawater, to a lower concen-
tration, the biofilms disperse, suggesting that the loss of a
calcium ion from an O-antigen polysaccharide may result in
disruption of the biofilms and release of individual cells. This
destabilizing effect may be specific for calcium, since it was not
observed with the addition of magnesium. In addition to their
role in biofilm matrix stability, calcium ions may affect bacterial
gene expression. In eukaryotic cells, calcium is an important
signaling molecule, and it may play a regulatory role in bacteria
(27, 49). Many bacteria contain genes for calmodulin-like pro-
teins with characteristic EF-hand motifs (46), including P.
aeruginosa PA4107 and possibly plcR (6), which has been
shown to bind calcium (61). In P. aeruginosa, secretion and/or
stability of certain extracellular proteins is affected by calcium
ions. Toxins secreted by the type III secretion system are re-
pressed by calcium (75). The amounts of extracellular elastase
(LasB) and LasA, secreted by the type II secretory pathway,
increase in the presence of added calcium (52).

Since the calcium ion is known to affect biofilm architecture,
we investigated its role in the structure and extracellular matrix
constituents of P. aeruginosa biofilms. Surprisingly, we found
that added calcium resulted in biofilms of mucoid P. aeruginosa
FRDI1 that were 10- to 20-fold thicker than biofilms without
added calcium. We used this phenomenon to characterize al-
ginate amounts and expression of alg biosynthetic genes within
these biofilms and to characterize proteins within the extracel-
lular matrix material. Amounts of extracellular proteases in-
creased in Ca®"-amended biofilms, and the proteases were
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found to be harbored within the Ca®"-augmented alginate
matrix. Amounts of biosynthetic proteins for the extracellular
virulence factor pyocyanin also increased with added calcium.
The results indicate that, in mucoid strains of P. aeruginosa,
alginate is the primary extracellular matrix material of the
biofilms and that this matrix material can act as a reservoir for
other extracellular virulence factors.

MATERIALS AND METHODS

Bacterial strains, plasmids, and media. Pseudomonas aeruginosa FRD1 and
PAO1 were used in this study. P. aeruginosa FRD1 is an alginate-overproducing
(mucoid) CF pulmonary isolate (51), and P. aeruginosa PAO1 is a nonmucoid
non-CF isolate. The PA4107 and PA1249 genes were deleted from the chromo-
somes of both FRD1 and PAOI, by using allelic exchange, resulting in replace-
ment of each gene with a gentamicin omega fragment. PA4107 encodes a puta-
tive calmodulin-like protein containing predicted Ca>* binding EF-hand motifs,
and the strains produced by this deletion were labeled P. aeruginosa PAO1043
AcalA::aacCIQ and FRD1043 AcalA::aacCIW. PA1249 (aprA) encodes alkaline
metalloprotease, and its deletions were labeled PAO1252 AaprA::aacCIQ and
FRD1252 AaprA::aacCIQ). P. aeruginosa FRD875 algD>xylE (69) was generously
provided by Daniel Wozniak (Wake Forest University). For scanning confocal
laser microscopy (SCLM) the strains expressed the gfpmut2 from a constitutive
promoter from plasmid pMF230 (48).

Escherichia coli and P. aeruginosa were routinely cultured in L broth (10 g
tryptone, 5 g yeast extract, 5 g NaCl, per liter). Pseudomonas isolation agar
(Difco) was used to select for P. aeruginosa following matings with E. coli.
Antibiotics when used were at the indicated concentrations (per milliliter):
ampicillin at 100 pg, carbenicillin at 300 pg, and gentamicin at 15 pg for E. coli
and 100 pg for P. aeruginosa. General DNA manipulations were performed as
described previously (1). Restriction endonucleases were purchased from New
England Biolabs. Oligonucleotide primers were synthesized by IDTDNA Corp.

Biofilm minimal medium (BMM) contained (per liter) 9.0 mM sodium gluta-
mate, 50 mM glycerol, 0.02 mM MgSO,, 0.15 mM NaH,PO,, 0.34 mM K,HPO,,
145 mM NaCl, 20 pl trace metal solution, and 1 ml vitamin solution. Trace metal
solution (per liter of 0.83 M HCI) contained 5.0 g CuSO, ‘- 5H,0, 5.0 g ZnSO,
- 7H,0, 5.0 g FeSO, - 7H,,0, and 2.0 g MnCl, - 4H,0. Vitamin solution (per liter)
contained 0.5 g thiamine and 1 mg biotin. The pH of the medium was adjusted
to 7.0. MgSO,, CaCl, - 2H,O0, trace minerals, and vitamins were added to the
medium after autoclaving. When used, CaCl, - 2H,O was added to final con-
centrations from 0.5 to 10.0 mM. Since BMM is at neutral pH and the free
phosphate concentration is less than 50 mg/liter, addition of CaCl, - 2H,O does
not cause the removal of phosphate as a calcium phosphate precipitate (7, 63).
However, to ensure that the observed results were due to Ca®>" addition, rather
than to phosphate starvation from insoluble calcium phosphate precipitation,
experiments were performed with various concentrations of CaCl, - 2H,O (0 to
10 mM) and phosphate (0.05, 0.49, 4.9, and 49 mM). The free phosphate in the
culture supernatant was measured by using the vanadomolybdophosphoric acid
method (23) following cell growth and centrifugation to remove cells and any
possible precipitate. Calcium phosphate precipitates were observed when the
phosphate concentration was raised to 49 mM, and when phosphate was 4.9 mM
phosphate and calcium was 10 mM. No precipitate was observed in other media
(including in BMM), and free phosphate was available after cell growth. Biofilms
were cultivated in the absence of carbenicillin, since plasmid pMF230 is stable in
these cells over the time course of these experiments without antibiotic selection
and since antibiotics may influence biofilm structure.

Biofilm growth. The flow cell system for the SCLM experiments was similar to
that described previously (48). Briefly, the system consisted of a once-
flowthrough flow cell with a medium reservoir, pump, silicone tubing, and a
waste container. The flow cell was composed of a polycarbonate support with
inlet and outlet ports and a glass coverslip, for SCLM observation of the biofilms,
sealed onto the polycarbonate support with a Viton gasket. The SCLM flow cells
were maintained in an incubator at 37 * 1°C during biofilm formation. Prior to
inoculation into the flow cells, each strain was incubated in BMM for 16 to 20 h
at 37°C. When the cell density reached approximately 1 X 107 cells/ml, as
determined by absorption/scattering (optical density at 600 nm [ODy]), the
cultures were diluted with an appropriate volume of sterile 0.85% NaCl solution
to make a 1 X 10°-cell/ml inoculum. Approximately 2 ml of this culture was used
to inoculate the flow cells under quiescent conditions for 20 min. Flow of sterile
BMM was then initiated at a rate of 1.2 ml/min.

For FTIR, algD expression, and proteomic studies, P. aeruginosa biofilms were
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cultivated on the walls of silicone tubing (0.6-m length, size 18 tubing with
interior volume of 40 ml), similarly to the experiments described by Sauer et al.
(55). The flow system and inoculation procedure were similar to those described
for the SCLM experiments. Following inoculation, sterile BMM was pumped
through the tubing at a rate of 2 ml/min for 72 h. Attached cells were removed
from the interior surface of the tubing by using the plunger of a 3-ml syringe.
Biofilm cells were resuspended in saline solution during harvesting (approxi-
mately 150 ml).

FTIR of biofilms. Biofilms were removed from the silicone tubing and spotted
onto cards with infrared transparent films (Spectrotech). Prior to spotting, the
biofilms were diluted from 2- to 10-fold in saline, to optimize absorbance inten-
sity for each biofilm. The biofilms were dried onto the cards in a laminar flow
hood and stored under desiccation prior to analysis. The spectra were collected
and processed as described previously (48).

Spectrometric analyses of biofilms. The concentrations of alginate were de-
termined by using the modified carbazole method of Knutson and Jeanes (17,
33). Total protein concentration was determined by a modified version of the
method of Lowry et al. (37) using reagents from Sigma Chemical Corp. (catalog
no. 690-A).

SDS-PAGE analysis of extracellular proteins. For analysis of extracellular
proteins from planktonic cultures, P. aeruginosa PAO1 and FRD1 were incu-
bated overnight in BMM and then diluted 1/100 in fresh BMM and incubated
with shaking at 37°C until mid-exponential phase (ODgq, of 0.4). Cells were
removed by two centrifugations (12,000 X g, 30 min each). Cell pellets were used
for two-dimensional gel electrophoresis analysis (described below). Trichloro-
acetic acid (TCA) (final concentration, 20%) was added to the supernatants, and
the mixture was incubated on ice for 60 min to precipitate extracellular proteins.
The mixture was centrifuged (15,000 X g, 40 min), and the protein pellets were
washed five or six times with ice-cold acetone to remove residual TCA. Proteins
were solubilized in denaturing protein sample buffer using a water bath sonica-
tor. Proteins (10 pg) were separated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) using 4% stacking gels and 12% resolving gels
(35) and analyzed by Coomassie blue staining. For analysis of extracellular
proteins in biofilms, the biofilms were cultivated on silicone tubing as described
above. The biofilms were harvested by adding saline to the tubing and removing
biofilms with the plunger of a 3-wl syringe. The final cell solution (approximately
150 ml) was centrifuged twice to remove cells, and the cell pellets were analyzed
by two-dimensional gel electrophoresis. Extracellular proteins were precipitated
from the supernatants using TCA as described for the planktonic cells. N-
terminal sequence analysis of proteins was performed by David McCourt (Mid-
west Scientific) using the Edman degradation method. Matrix-assisted laser
desorption ionization—-time of flight (MALDI-TOF) mass spectrometry of pro-
teins was performed by Anthony Haag (Mass Spectrometry Lab, University of
Texas Medical Branch, Galveston, TX).

Immunoblot analysis. Extracellular extracts (5 g protein per sample) from
planktonic culture and from biofilms were separated by SDS-PAGE and then
electroblotted onto nitrocellulose membranes (1). The membranes were probed
with AprA antibodies (generously provided by Jeffrey Hobden, Wayne State
University). Goat anti-rabbit immunoglobulin G, conjugated to horseradish per-
oxidase, was used as the secondary antibody. Antibody binding was detected by
chemiluminescent analysis (1).

Two-dimensional gel electrophoresis of cellular proteins. Cells from plank-
tonic and biofilm cultures were obtained as described above. Cell pellets were
washed twice with saline solution and resuspended in TE buffer (10 mM Tris-
HCI, 1 mM EDTA, pH 8.0) containing 0.3 mg/ml of phenylmethylsulfonyl flu-
oride. Cells were disrupted by sonication (12 times for 10 s, 4 W, 4°C), and the
cell debris and unbroken cells were removed by centrifugation (12,000 X g, 60
min, 4°C). The protein concentrations of the supernatants were determined by
using the modified Lowry assay, and 200 pg of protein was loaded per gel.
Protein samples were stored as aliquots at —80°C. Two-dimensional gel electro-
phoresis was performed similarly to the protocol described previously (55).
Proteins were loaded by in gel rehydration using 18-cm IPG strips with a pH
range of 4 to 7 and rehydrated for 20 to 24 h. Solubilization buffer consisted of
9 M urea, 2.14 M thiourea, 4% CHAPS (3-[(3-cholamidopropyl)-dimethylam-
monio]-1-propanesulfonate), 2% (wt/vol) carrier ampholytes, 0.037 M dithio-
threitol, and a trace amount of bromphenol blue. Isoelectric focusing was con-
ducted using a Maltiphor II (Pharmacia) at 20°C. Proteins were focused for a
total 28 kV - h. IPG strips were reduced and alkylated for 15 min by 11.3 mM
dithiothreitol and 12 mM iodacetamide, in buffer containing 6 M urea, 4%
(wt/vol) SDS, 30% (vol/vol) glycerol, 50 mM Tris-HCI, and a trace amount of
bromphenol blue, pH 6.8. Strips were embedded on top of SDS-polyacrylamide
gels using 0.75% (wt/vol) agarose in electrophoresis buffer. Second-dimension
electrophoresis was carried out on 11% polyacrylamide gels (230 by 200 by
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1 mm) using a vertical Hoefer Dalt system (Pharmacia) at 10°C using 10 mA/gel
for 4 h and then 40 mA/gel for 14 to 16 h. Gels were stained for 72 h with 0.03%
(wt/vol) Coomassie brilliant blue G-250 in 16% (wt/vol) ammonium sulfate, 24%
(vol/vol) methanol, and 4.8% (vol/vol) orthophosphoric acid.

Catechol-2,3-dioxygenase assays for algD gene expression. The assay of XylE
activity was performed as described previously (57, 68). For analysis of plank-
tonic cultures, P. aeruginosa FRD875 algD-xylE was incubated in BMM overnight
and then diluted to an ODs,, of 0.1 in fresh BMM. Cultures were incubated with
shaking at 37°C and 250 rpm and sampled hourly. One-ml samples were pelleted
at 13,000 X g for 15 min, and the pellets were resuspended in 1 ml of assay buffer
(50 mM potassium phosphate buffer, pH 7.5, 10% acetone). Samples were kept
on ice until assayed. An aliquot (20 to 50 pl) of each sample was combined with
940 to 970 pl of assay buffer containing 1.0 mM catechol, and the OD5,5 was
monitored over time for 10 min, during incubation at 25°C. Catechol-2,3-dioxy-
genase activity was measured by monitoring the formation of the reaction prod-
uct 2-hydroxymuconic semialdehyde at 375 nm (¢ = 4.4 M~ ! cm ™). Increase in
OD3,5 was measured against a 1.0-ml blank containing only assay buffer-catechol
solution. The enzyme activity was recorded as the amount of enzyme required to
produce 1 nmol of product per minute per wg of protein at 25°C. For analysis of
gene expression activity in biofilms, P. aeruginosa FRD858 algD-xylE was culti-
vated on silicone tubing as described above. Attached cells were removed from
the interior surface of tubing using a 3-ml syringe plunger at 24, 48, and 72 h of
incubation. The cells were resuspended in BMM to give an optical density of 0.40
to 0.43 (ODsy). The catechol-2,3-dioxygenase assays were performed as de-
scribed for the planktonic cells.

Pyocyanin analysis. Pyocyanin production was determined as described pre-
viously (13). P. aeruginosa was incubated for 18 h at 37°C in peptone broth (1%
peptone, 1% NaCl, 1% glycerol) with 0 to 10 mM CaCl, and with 0 to 49 mM
added phosphate. Pyocyanin was extracted from 5 ml of culture with 1 ml of
chloroform. The chloroform extraction was repeated four times, and the organic
fractions were pooled and evaporated. The residue was dissolved in 1 ml of 0.2
N HCI, and the amount of extracted pyocyanin was determined spectrophoto-
metrically at 520 nm, with conversion to pg of pyocyanin per ml of culture by
using the coefficient 17.1 (13, 34). Pyocyanin production is reported as pg of
pyocyanin per mg of cellular protein.

SCLM analysis of biofilms. The bacteria were observed using a Leica TCS-SP
confocal microscope (Leica Microsystems, Heidelberg, Germany) using a 10X or
40X objective. The green fluorescent protein was excited with the 488-nm line of
an argon laser, and emission was collected at 500 to 550 nm. Confocal stacks
were collected, and images were processed using Imaris 3.0 (Bitplane AG) and
Adobe Photoshop. Image analyses were performed using the COMSTAT pro-
gram, as described by Heydorn et al. (26).

RESULTS

Scanning confocal laser microscopy reveals increased thick-
ness of mucoid P. aeruginosa biofilms with added Ca**. Our
previous results using alginate-producing and alginate-im-
paired mutant strains of P. aeruginosa demonstrated that algi-
nate contributes to the thickness of P. aeruginosa biofilms,
allowing them to form microcolonies that extend from the
substratum (48). Here, we observed similar results for biofilms
of mucoid strain P. aeruginosa FRD1 (Fig. 1A). Using COM-
STAT analysis of SCLM images, the mean and standard devi-
ation for the thickness of FRD1 biofilms was 35 = 10 pm at
24 h and 95 = 21 pm at 48 h, similar to our previous findings.
When biofilms were grown in the presence of added Ca** (1.0
and 10.0 mM CaCl,), we observed as much as a 20-fold in-
crease in biofilm thickness at 24 h (Fig. 1B), with the FRD1
biofilms averaging 670 = 80 wm thick. The maximum thickness
of these biofilms extended to both sides of the flow cell (ap-
proximately 1 mm). By 48 h the Ca®*"-amended biofilm com-
pletely filled the flow chamber, with only small channels where
the back pressure apparently caused disruption of the biofilm
and allowed flow to proceed. The COMSTAT results demon-
strated an approximately twofold-greater cellular biomass per
area in the FRD1 biofilms without added Ca** than in the
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FIG. 1. SCLM images of P. aeruginosa biofilms at 24 h of growth. (A) P. aeruginosa FRD1 biofilm cultivated in BMM without added CaCl,,
viewed at an angle; magnification, X100. (B) Angle view of FRD1 biofilm cultivated in BMM with 10 mM CaCl,; magnification, X100. (C) Top
view and confocal reconstructed transverse sections of P. aeruginosa PAO1 biofilm, cultivated in BMM without added CaCl,; magnification, X400.
(D) Top view and transverse reconstructions of PAO1 biofilm, cultivated in BMM with 10 mM CaCl,; magnification, X400. All cells expressed the

gfp-mut2 from plasmid pMF230 for visualization with SCLM.

Ca?*-amended biofilms, suggesting that the Ca®"-amended
biofilms were thicker but had less cellular material and greater
spacing between cells. Viable cell counts, performed at 18 h of
biofilm growth, also showed fewer cells in the Ca**-amended
biofilms. The average cell density of Ca?"-amended biofilms
was 2.5 X 107 cells/cm? compared to 1.2 X 10® cells/cm? in the
biofilms cultivated without added Ca®*.

Biofilms of the nonmucoid strain P. aeruginosa PAOI1
showed a small increase in thickness with added Ca** (Fig.
1C), compared to biofilms without added Ca®*. At 48 h, the
PAOI1 biofilms averaged 120 = 25 um with Ca®* and 95 + 20
pwm without Ca**. Cell counts showed a slight increase in the
PAO1 biofilms with added Ca?*. The Ca**-amended biofilms
had 9.5 X 10% cells/cm? at 18 h, compared to 6.1 X 10° cells/
cm? in biofilms without added Ca®". A difference in the sur-
face roughness of the biofilms was observed by SCLM and by
COMSTAT analysis for the PAO1 biofilms with added Ca?™,
compared to biofilms without added Ca*" (Fig. 1C and D).

The increased thickness of FRD1 biofilms in the presence of
Ca®" is due to an increased amount of alginate in the biofilm
extracellular matrix. We characterized the biofilms by using
FTIR to provide information on the chemical constituents of
the biofilm. For these experiments, biofilms were cultivated on
silicone tubing and then harvested for FTIR analysis as de-
scribed in Materials and Methods. Upon visual inspection, the

biofilms associated with the silicone tubing showed a notice-
able increase in thickness with added Ca®", similar to obser-
vations of biofilms on glass substrata. FTIR revealed differ-
ences in the relative amounts of biofilm constituents in the
presence or absence of added Ca®*. In FRD1 biofilms with no
added Ca®", the spectra showed dominant absorbance bands
at the following (cm™'): 1,650 (amide I), 1,545 (amide II),
1,405 (due in part to stretching of the carboxylate ion), 1,250
(due to P==0 stretching, C—O—C stretching, and/or amide
III), and 1,080 (P—O and C—OH stretching). These absor-
bance bands are primarily the result of cellular components
including protein and DNA and are found in both alginate-
and non-alginate-producing strains (48). In addition to these
absorbance bands, the spectra of the FRD1 biofilms had ab-
sorbances at 1,730 (C=O stretching of esters), 1,615 (asym-
metric stretching of the carboxylate ion—seen as a shoulder on
the amide I band), 1,250 (C—O—C of the esters), and 1,060
(C—OH stretching of alcohols). These additional absorbance
bands are due to alginate within the biofilm matrix (48) and are
identical to the bands observed for purified alginate (Fig. 2C).
For FRD1 biofilms cultivated in the presence of added Ca** in
the medium, the relative abundances of the absorbance bands
changed, with the alginate-associated bands becoming domi-
nant. In particular, the band at 1,615 (carboxylate ion) in-
creased and partially obscured the amide I (1,650) and amide
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II (1,545) bands. The bands at 1,060 (C—OH) and 1,410 (car-
boxylate) also showed increases relative to the amide I and
amide II bands, indicating an increase in the ratio of carbohy-
drate to cell protein. The bands associated with the ester link-
age to the alginate O-acetyl group (1,730 and 1,250) also dem-
onstrated significant increases in biofilms with Ca** addition.
The increased ratio of alginate to protein in FRD1 biofilms
cultivated with added Ca?* was verified by using chemical

48 72

Time (h)

FIG. 2. Infrared spectra of P. aeruginosa biofilms originally cultivated on silicone tubing for 72 h. (A) P. aeruginosa FRD1 cultured in BMM
with no added CaCl,. Absorbance bands associated with cell biomass include (cm ™) 1,650 (amide I), 1,545 (amide II), 1,405 (stretching of the
carboxylate ion), 1,250 (P==0 stretching, C—O—C stretching, and/or amide III), and 1,080 (P—O and C—OH stretching). Absorbance bands due
to alginate include (cm™ ') 1,735 (C=0 stretching of esters), 1,615 (asymmetric stretching of the carboxylate ion), 1,250 (C—O—C of the esters),
and 1,060 (C—OH stretching of alcohols). (B) FTIR spectrum of FRD1 biofilm cultivated in BMM with 10 mM CaCl,, showing shift in ratios of
alginate-associated bands relative to bands associated with cellular material. (C) FTIR spectrum of alginate purified from FRDI1. (D) FTIR
spectrum of P. aeruginosa PAO1 biofilm, cultivated in BMM with no added CaCl,, showing no bands associated with alginate. (E) FTIR spectrum
of PAO1 biofilm, cultivated in BMM with 10 mM CaCl,, also showing no alginate-associated bands. (F) Amounts of alginate and protein in FRD1
biofilms, determined by colorimetric assays. Black bars, biofilms in BMM with no added CaCl,. Grey bars, biofilms in BMM with 10 mM added

analysis of these components (Fig. 2F). When biofilms were
incubated with no added Ca®*, they produced from 0.5 to 1.0
pg of alginate per pg of cellular protein. However, when Ca**
was added, the biofilms contained approximately a 10-fold
increase in the amount of alginate per cellular protein, with the
FRD1 biofilms having 6 g alginate per pg of protein at 24 h
and 10 pg alginate per pg of protein at 48 h.

Previous results from Wozniak et al. indicated that alginate
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FIG. 3. Effect of Ca®>" on alg expression measured by using an algD>xylE transcriptional fusion. (A) XylE activity of P. aeruginosa FRD875
algD>xylE cells in planktonic culture showing increased alg expression with added Ca®*. Open triangles, XylE activity of cells in BMM. Closed
triangles, XylE activity data in BMM with 10 mM CaCl,. Open circles, cell growth of P. aeruginosa FRD875 algD>xylE in BMM measured as total
cellular protein. Closed circles, total protein of cells grown in BMM with 10 mM CaCl,. Error bars represent the standard deviations of four
samples using duplicate experiments. (B) Effect of [CaCl,] on alg expression at 18 h of planktonic growth, measured as XylE activity. (C) Effect
of [CaCl,] on alginate production of FRD1 in planktonic culture at 18 h. (D) Effect of Ca®>" on alg expression by P. aeruginosa FRD875
algD>xylE, cultivated in biofilms. Black bars, XylE activity of cells cultured in BMM. Grey bars, XylE activity of cells in BMM with 10 mM
CaCl,. Error bars represent the standard deviations of three to four replicates. Cells exposed to 0.5 to 10.0 mM CacCl, exhibited significantly
different XylE activity (P < 0.05) and alginate production (P < 0.01) compared to cells cultured in 0 mM CaCl, HMA, 2-hydroxymuconic

semialdehyde.

was not a component of P. aeruginosa PAO1 biofilms (72). The
FTIR spectra here verify those results. In the PAO1 biofilms
without added Ca®™, the absorbance bands associated with cell
protein were present, but not the alginate-associated bands
(Fig. 2D). A similar spectrum of PAO1 biofilms was observed
in the presence of added Ca** (Fig. 2E), indicating that the
additional thickness and surface roughness associated with the
Ca?*-amended PAO1 biofilms, as seen by SCLM, were not
due to alginate production by these bacteria. An absorbance
band at 1,060 cm ! was observed in PAO1 biofilms with added
Ca?*. However, subtraction spectra of biofilms with and with-
out added Ca®* did not give the spectrum of pure alginate
(data not shown), as was the case for the FRD1 biofilms (48),

indicating that alginate was not associated with either of these
PAO1 biofilms.

Transcriptional reporter demonstrates increased algD gene
expression in FRD1 planktonic culture and in biofilms with
Ca®* addition. The increase in biofilm thickness and the in-
creased amount of alginate in the P. aeruginosa FRD1 biofilms
in the presence of added Ca** may have been due in part to
the cross-bridging of Ca** to the alginate uronic acid residues,
thereby retaining the alginate as a gel within these biofilms.
However, it is also possible that Ca** addition resulted in the
increased expression of the alg gene cluster and increased
biosynthesis of alginate. To test this hypothesis, we used an
FRD1-based algD-xylE transcriptional reporter to assay the
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relative amounts of algD transcription in the presence and
absence of added Ca*". The algD-xylE reporter is a single-copy
chromosomally encoded reporter that disrupts the alg operon
and blocks alginate production. As a result, cell growth of the
reporter strain was similar both with and without Ca** (Fig.
3A), since carbon was not shuttled from cellular material to
alginate. In planktonic culture, algD transcription was approx-
imately threefold greater with the addition of 10 mM CaCl, to
the medium (Fig. 3A). The increase in algD transcription with
added Ca®" appeared to plateau at 0.5 mM CaCl,, having
approximately the same level of transcriptional reporter activ-
ity at all added [CaCl,] (Fig. 3B). In addition, an increased
amount of accumulated alginate was detected in the culture
supernatants of cells at all of the added [CaCl,] (Fig. 3C).
When the reporter strain was cultivated in biofilms, algD tran-
scription increased in the presence of added Ca** (Fig. 3D).
At 24 and 48 h of growth algD transcription was approximately
eightfold greater than without added Ca®*. The increase in
transcription with added Ca®" continued at 72 h. The results
indicate that the alginate increase observed by FTIR was due
at least in part to increased transcription of the alg gene cluster
with added Ca?* and not solely due to increased cross-bridging
of the alginate polymer.

The alginate matrix in Ca**-induced biofilms harbors other
extracellular virulence factors. An inverse regulatory relation-
ship was found to exist between alginate production and the
extracellular protease LasA (47). However, Ca?™" is known to
affect the production and/or stability of certain extracellular
proteins of P. aeruginosa (52, 75). To determine if Ca** addi-
tion affects expression and/or stability of extracellular proteins
from an alginate-producing strain, we extracted cell superna-
tants of P. aeruginosa FRD1 cultured in BMM with and with-
out added Ca?*. With no added Ca>*, strain FRD1 had little
extracellular protein, as predicted from the previous studies
(47). However, with increased [CaCl,], strain FRD1 had three
dominant bands in culture supernatants. We excised the bands
and identified the proteins by N-terminal sequence analysis.
The 49-kDa band was identified as alkaline metalloprotease
AprA (24), the 33-kDa band was identified as elastase LasB (4,
31), and the 27-kDa band is the PrpL protease (65). To ensure
that the increased amounts of proteases were due to Ca®"
addition and not due to PO, limitation (by possible PO,*~
precipitation as calcium phosphate), experiments were per-
formed with various concentrations of Ca?" and PO, as
described in Materials and Methods. At each PO,>~ concen-
tration there was an increase in the extracellular proteases with
increasing Ca®", including medium with greater concentra-
tions of PO,*> to Ca’* (1 mM Ca and 4.9 mM PO,*"),
indicating that the increased amounts of proteases were due
primarily to Ca*>* addition, and not to PO,>~ starvation.

Since Ca®* addition caused an increase in the amounts of
both alginate and extracellular proteases, we tested the possi-
bility that AprA (the most dominant band in the culture su-
pernatants) was harbored within the alginate biofilm matrix.
The extracellular matrix of biofilms from Ca**-amended cul-
tures and cultures lacking added Ca®" was extracted, and the
alginates were degraded by using an alginate lyase to release
the extracellular proteins from the biofilm matrix. Immunoblot
assays were performed on the extracted matrix material using
an AprA antibody. Only a faint band was observed in the
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FIG. 4. (A) Coomassie blue-stained gel of extracellular proteins
produced by planktonic cultures of P. aeruginosa FRD1. Lane 1, pro-
teins from cells cultured in BMM. Lane 2, proteins from cells cultured
in BMM with 10 mM CaCl,, showing increased amounts of AprA,
LasB, and PrpL. Proteins were identified by N-terminal sequence
analysis. (B) Immunoblot of extracellular matrix material from 72-h P.
aeruginosa FRD1 biofilms using AprA antibodies. Lane 1, FRD1 in
BMM. Lane 2, FRD1 in BMM with 10 mM CaCl,. Lane 3, FRD1252
AaprA::aacCIQ) in BMM. Lane 4, FRD1252 AaprA::aacCIS) in BMM
with 10 mM CaCl,.

matrix of P. aeruginosa FRD biofilms cultivated without added
Ca?*, and no band was observed in biofilms of the aprA dele-
tion mutant strain, P. aeruginosa FRD1252 AaprA::aacCIQ
(Fig. 4B). However, a pronounced AprA band was observed in
biofilm extracts of the Ca*"-amended biofilms, indicating that
this protein was maintained in the matrix of these biofilms.

We tested whether the AprA protein contributes to biofilm
three-dimensional structure, by comparing SCLM images of P.
aeruginosa FRD1 and P. aeruginosa FRD1252 AaprA::aacCI().
No significant difference was observed between biofilms of
these strains (data not shown), indicating that AprA does not
have a substantial effect on the structural integrity of the FRD1
biofilms. We also found no difference between the structure of
the FRD1 biofilm and those of biofilms of P. aeruginosa
FRD1043 AcalA::aacCIQ (data not shown), indicating that the
gene PA4107, which encodes a putative calmodulin-like pro-
tein, also does not play a significant role in calcium-induced
biofilm structure.

Phenazine biosynthetic proteins are affected by calcium and
by biofilm growth. In addition to the extracellular proteins, we
analyzed cellular proteins by two-dimensional gel electro-
phoresis to determine if Ca®" addition and biofilm growth
affect the presence or amounts of certain cellular proteins. Of
the protein differences observed, several of the proteins were
gel extracted and analyzed by MALDI-TOF mass spectros-
copy. Two of the proteins identified as being induced by Ca**
in planktonic culture were the phenazine biosynthetic proteins
PhzB2 and PhzG (Fig. 5). These proteins are involved in the
synthesis of the phenazine-based redox cycling compound pyo-
cyanin and are encoded on two separate operons (44, 62). To
compare protein amounts of PhzB2 and PhzG, we compared
protein spot signal intensities for duplicate gels under the four
conditions (planktonic growth versus biofilms at 0 mM versus
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FIG. 5. (A to D) Sections of two-dimensional gels showing the effect of Ca** and biofilm growth on pyocyanin biosynthetic protein PhzB2 of
P. aeruginosa FRD1 under the following conditions: (A) planktonic culture in BMM, (B) planktonic culture in BMM plus 10 mM CacCl,, (C) biofilm
culture in BMM, and (D) biofilm culture in BMM plus 10 mM CaCl,. (E to H) Sections of two-dimensional gels showing effect of Ca®>" and biofilm
growth on PhzG of P. aeruginosa FRD1 under the following conditions: (E) planktonic culture in BMM, (F) planktonic culture in BMM plus 10
mM CaCl,, (G) biofilm culture in BMM, and (H) biofilm cultured in BMM plus 10 mM CaCl,.

10 mM added CaCl,). The results showed that Ca** addition
resulted in a threefold increase in PhzB2 amount during bac-
terial growth in planktonic culture (Fig. SA and B). PhzB2
showed increased amounts in biofilms compared to planktonic
culture (Fig. 5C and D), with an approximately eightfold in-
crease in biofilms versus planktonic culture at 0 mM CaCl, and
a threefold increase in biofilms at 10 mM CaCl,. In biofilms
[CaCl,] had little effect on PhzB2 amounts, with the protein
spot signal intensities being similar at both 0 and 10 mM CacCl,.
The amount of PhzG increased approximately fourfold in
planktonic culture with the addition of CaCl, to the medium
(Fig. 5SE and F). In biofilms, this protein was 25- to 30-fold
greater than its amount in planktonic cultures (Fig. 5G and H)
whether or not Ca*>" was added.

To determine if Ca®* affects production of the P. aeruginosa
phenazine product pyocyanin, we assayed pyocyanin produc-
tion in planktonic culture with and without added CaCl,. Over
time, pyocyanin production was approximately two- to three-
fold greater when cultures were incubated with 10 mM CaCl,
than when no CaCl, was added to the medium (Fig. 6). When
the [PO,> ] was varied over a range of 0.05 to 4.9 mM, an
increase in pyocyanin production was observed for cultures
with 1 mM added Ca®** compared to cultures with no added
Ca?", indicating that the observed increase was due to Ca*"
addition and not to PO,>~ starvation.

DISCUSSION

The results presented here show that the biofilm extracellu-
lar matrix of a mucoid strain of P. aeruginosa in Ca®"-amended

cultures is composed primarily of alginate. Extracellular pro-
teases are present in the extracellular material with the algi-
nate matrix acting as a reservoir to maintain these proteases in
the biofilms. Although present, the protease AprA does not
play a significant role in the structural integrity of these bio-
films. The biofilm matrix also likely contains pyocyanin, since
proteins for pyocyanin biosynthesis show increased amounts in
biofilm cultures and in cultures amended with Ca®*. The ex-
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FIG. 6. Effect of Ca** on pyocyanin biosynthesis by P. aeruginosa
FRD1. Diamonds, pyocyanin production in peptone broth planktonic
culture. Squares, pyocyanin production in peptone broth plus 10 mM
CaCl,.
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tracellular matrix of a mucoid P. aeruginosa biofilm where little
Ca®" is present is composed primarily of alginate, with lesser
amounts of extracellular proteins.

These results confirm previous findings of both Nivens et al.
and Wozniak et al. that alginate is not required for biofilm
formation by nonmucoid strains of P. aeruginosa (48, 72). Niv-
ens et al. demonstrated that nonmucoid variants of P. aerugi-
nosa FRD1 were capable of biofilm formation and that no
alginate was associated with those biofilms. Using P. aeruginosa
PAOI1, which does not produce alginate under known condi-
tions, Wozniak et al. demonstrated that this strain was capable
of biofilm formation in the absence of alg gene expression. The
FTIR results shown here (Fig. 2) confirm that no alginate is
associated with PAO1 biofilms. However, in biofilms of the
mucoid CF pulmonary isolate FRD1, alginate constitutes the
major component of the extracellular matrix material.

The surprising finding here is that Ca*>* addition has a major
effect on the extracellular matrix of the mucoid P. aeruginosa
biofilms, including the amount of alginate produced. Alginate
biosynthesis is regulated by a complex hierarchy of proteins
(71), including the stress response sigma factor o° (11, 15, 41).
In nonmucoid strains, isolated from environmental sources
other than chronic CF pulmonary infections, this sigma factor
is sequestered in the membrane by the antisigma factor
MucAB (40, 43). Nonmucoid strains show no evidence of al-
ginate production under any environmental conditions de-
scribed, including in biofilms (72). Alginate-producing strains
isolated from the pulmonary fluid of CF patients often have a
mutation in mucA (40), causing release of o from membrane
sequestration and subsequent expression of the o°-controlled
regulon, including the alginate biosynthetic gene cluster (43).
Dehydration and high osmolarity have been shown to play
roles in alg gene expression in a mucoid strain (3, 10). The
results here show that another environmental parameter,
Ca®", also affects the amount of alginate produced by a mu-
coid strain (Fig. 2 and 3). The addition of Ca®" causes at least
a threefold increase in alg gene expression during P. aeruginosa
FRD1 growth in planktonic culture and as much as an eight-
fold increase in alg gene expression during biofilm growth. This
increase in alg expression results in biofilms that contained 5 to
10 mg of alginate per mg of protein. Biofilms without added
Ca®" had approximately 0.5 to 1.0 mg alginate per mg of
protein. The increased amount of alginate in Ca®"-amended
cultures results in biofilms that are as much as 20-fold thicker
than those without added Ca** (Fig. 1). The mechanism for
enhanced alg expression caused by Ca** addition is not known.
However, the results suggest that a Ca**-controlled factor(s)
may be involved in alg gene regulation, either through a pre-
viously identified regulator, such as one of the two-component
sensory systems known to be involved in alg regulation (9, 22,
70), or through another regulatory factor that has not yet been
identified. In biofilms, Ca®" may play an additional role in the
observed increase in biofilm thickness by ionic cross-linking
and gelling of the uronic acid residues, thereby modifying the
biofilm architecture.

Another surprising finding is the Ca**-induced production
of proteinaceous extracellular material in mucoid P. aerugi-
nosa. Previously, an inverse regulatory relationship between
expression of alginate biosynthetic genes and expression of
LasA was described (47). When P. aeruginosa establishes
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chronic infections on the pulmonary tissue of CF patients, it
synthesizes the immunoprotective compound alginate and re-
presses other immune stimulatory factors, such as extracellular
proteins and flagellin (67). In the absence of added Ca*™, this
phenomenon is corroborated here, since little to no extracel-
lular proteins were observed in cultures where no Ca** was
added to the medium (Fig. 4). However, when Ca®* was
added, intense protein bands of AprA, LasB, and PrpL were
observed. These proteins were expressed concomitantly with
the alg genes, indicating that, although an inverse relationship
between alg expression and protease expression may exist, this
relationship is dependent on environmental factors, and par-
ticularly on the presence of Ca®*. The proteases are main-
tained in the alginate extracellular material, making them com-
ponents of the P. aeruginosa biofilm extracellular matrix. Since
these data are based on protein amounts, Ca?* may affect gene
expression, protein stability, or a combination of those two
factors.

Also present in the extracellular matrix of Ca®"-induced
mucoid P. aeruginosa biofilms is the redox cycling compound
pyocyanin. The results show that at least two of the pyocyanin
biosynthetic proteins, one on each phenazine biosynthetic
operon, are induced by Ca*" addition and are also induced by
biofilm-associated growth (Fig. 5). The chemical analysis
showed increased production of pyocyanin with Ca®* addition
in P. aeruginosa FRD1 (Fig. 6). Pyocyanin has been detected in
the pulmonary fluid of CF patients (66), suggesting that these
operons may be induced in vivo. In addition, using DNA mi-
croarray analyses, Wolfgang et al. have demonstrated that the
phenazine biosynthetic genes, including both phzB2 and phzG,
are induced by mucopurulent respiratory liquids from CF pa-
tients (67). Therefore, it is likely that the in vivo Ca®" concen-
tration in pulmonary fluid of CF patients is sufficient for in-
duction of the phenazine biosynthetic genes. Pyocyanin is a
redox cycling compound that has a number of effects on host
cells, including an effect on the vacuolar ATPase (54).
Among other functions, the vacuolar ATPase is important
for maintaining cytosolic Ca** levels in Saccharomyces cer-
evisiae (16). Pyocyanin has been shown to disrupt calcium
homeostasis of human epithelial cells (8). Therefore, pyo-
cyanin production, induced in biofilms and by Ca**, may
contribute to altered calcium levels in pulmonary fluid of CF
patients and to further induction of the other Ca**-regu-
lated factors.

The mechanism for calcium regulation in bacteria is not
known. Calcium plays a regulatory role for channels and trans-
porters (50). Calmodulin-like proteins have been proposed to
have originated in high-G+C gram-positive bacteria and ulti-
mately to have been acquired by eukaryotes (76). A calmodu-
lin-like protein and regulator have been described in Sinorhi-
zobium etli and shown to play a role in development of
bacteroids during symbiosis of this bacterium with its legumi-
nous host (73). P. aeruginosa encodes a protein with EF-hand
motifs (PA4107) (62) characteristic of calmodulin-like pro-
teins. However, deletions of the gene for this protein did not
have a regulatory effect on any of the Ca®*-induced factors
described here, indicating that this protein does not play a
regulatory role in the production of these compounds.
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