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The association of Cryptosporidium oocysts with biofilm communities can influence the propagation of this
pathogen through both environmental systems and water treatment systems. We observed the capture and
retention of C. parvum oocysts in Pseudomonas aeruginosa biofilms using laboratory flow cells. Biofilms were
developed in two different growth media using two different strains of P. aeruginosa, a wild-type strain (PAO1)
and a strain that overproduces the exopolysaccharide alginate (PD0300). Confocal laser-scanning microscopy
was used in conjunction with image analysis to assess the structure of the biofilms prior to introducing oocysts
into the flow cells. More oocysts were captured by the biofilm-coated surfaces than the abiotic glass surface in
both media. There was no significant difference in capture across the two strains of P. aeruginosa biofilm, but
the fraction of oocysts captured was positively related to biofilm roughness and surface-area-to-volume ratio.
Once captured, oocysts were retained in the biofilm for more than 24 h and were not released after a 40-fold
increase in the system flow rate. We believe the capture and retention of oocysts by biofilm communities can
impact the environmental transmission of C. parvum, and this interaction should be taken into consideration
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when predicting the migration of pathogens in the environment.

The human pathogen Cryptosporidium parvum is responsible
for numerous waterborne disease outbreaks in the United
States (15, 20, 34, 41, 43). Outside its host, C. parvum exists as
a nonreproductive oocyst, ~5 wm in diameter, that is resistant
to typical environmental stresses (6, 29, 39, 40). C. parvum
oocysts originate from the waste of infected hosts and are
discharged in large quantities from municipal wastewater
treatment facilities, animal agriculture, and wildlife popula-
tions (2, 18, 26, 47). Because oocysts are persistent in the
environment, the transmission of viable oocysts from sources
to public water supplies can result in human infection even
over long transport distances. Therefore, protection of public
health requires a clear understanding of the factors that con-
trol the migration of Cryptosporidium in the environment.

The transport of C. parvum oocysts can be influenced by
interactions with surface-attached microbial communities, gen-
erally termed biofilms. Biofilms are ubiquitous in aquatic en-
vironments, where they form on rocks, plants, and sediments,
and are also prevalent in wastewater treatment systems. Bio-
film microorganisms are encased in a heterogeneous matrix of
extracellular polymeric substances (EPS) composed of poly-
saccharides, proteins, lipids, and nucleic acids (10, 16). Both
the morphology and chemical characteristics of biofilms are
expected to promote the deposition and retention of C. parvum
oocysts. Previous studies in both laboratory and environmen-
tal systems have shown that colloidal particles such as latex
beads, bacteria, and virions can be readily transferred to
biofilm communities from the surrounding bulk fluid (4, 13,
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17, 32, 33, 37, 44, 45). As a result of this accumulation,
biofilms can serve as environmental reservoirs of disease,
and deposited pathogens can be released back to the water
column by detachment or biofilm sloughing. This is partic-
ularly a concern with C. parvum because of its persistence
under typical environmental conditions.

In this study, we investigated the capture and retention of C.
parvum oocysts by Pseudomonas aeruginosa biofilms grown in
small flow cell systems. To assess the role of EPS in the capture
of oocysts by biofilms, two different biofilms were grown, the P.
aeruginosa wild-type strain (PAO1) and a strain that overpro-
duces the extracellular polysaccharide alginate (PDO300). Bio-
films were also grown in two separate growth media, as nutri-
ent concentrations and carbon source are known to affect P.
aeruginosa biofilm architecture (22, 28, 35). Laser-scanning
confocal microscopy coupled with image analysis was used to
quantitatively compare the morphology of biofilms grown un-
der different conditions.

MATERIALS AND METHODS

Bacterial strains and media. Biofilms were developed using both a wild-type
strain of Pseudomonas aeruginosa (PAO1) and an alginate-overproducing strain
of P. aeruginosa (PDO300), which is a mucA22 derivative of PAO1 (21). Both
strains were chromosomally tagged with a green fluorescent protein to facilitate
microscopy. To promote the development of different biofilm morphologies,
biofilms were grown with each of the two P. aeruginosa strains in both Jensen’s
medium (27), a defined minimal medium with 7 mM glucose added as a carbon
source, and in Luria-Bertani (LB) broth (1/8 strength, 2.5 g/liter), composed
primarily of yeast extract, peptone, and sodium chloride.

Flow cell biofilm system. Biofilms were grown in three-channel flow cells (40
by 4 by 1 mm) with a glass coverslip substratum (7). Either LB broth or Jensen’s
medium was continuously pumped through sterile flow cell channels at a rate of
0.06 ml/min using a Watson-Marlow 205S peristaltic pump (Watson Marlow
Ltd., Falmouth, England). To initiate biofilm growth, the flow of medium
through the system was stopped and 0.2 ml of PAO1 or PDO300 liquid culture
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(optical density at 600 nm [ODgy] = 0.50) was injected into each flow cell
channel. No-flow conditions were maintained for 1 h after inoculation to allow
bacteria to attach to the substratum. After this time, the flow was resumed and
the bacteria were cultivated in the flow cell at 30°C until a confluent biofilm
developed. This required 3 days in Jensen’s medium and 4 days in LB broth.
Sterile control channels were also used without injection of bacteria.

Acquisition and analysis of biofilm images. Confluent biofilms were visualized
in situ by means of confocal laser-scanning microscopy. Prior to image acquisi-
tion, the biofilms were stained by injecting 0.2 ml of 20 uM Syto 9 (Molecular
Probes, Inc., Eugene, OR) into each channel. The biofilm was stained for 40 min
in the dark, and then the residual stain was pumped out of the flow cell. Stacks
of horizontal-plane images were acquired using a Zeiss LSM 510 (Carl Zeiss,
Jena, Germany) equipped with a 488-nm argon laser. The image analysis pro-
gram COMSTAT was used to quantitatively analyze biofilm architecture, includ-
ing average thickness, biomass, total surface area, surface-area-to-volume ratio,
and roughness (23). Roughness is defined as by the equation:
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where L is the mean thickness, L is the ith individual thickness, and N is the
number of thickness measurements.

Collection and purification of C. parvum oocysts. C. parvum oocysts were
collected and purified by following procedures described previously (42). Fecal
samples were collected in Tulare County, California. from dairy calves naturally
infected with C. parvum. Samples were rinsed through a series of mesh sieves and
concentrated via sedimentation and centrifugation. Oocysts were purified
through a discontinuous sucrose gradient (1) and stored in a 0.01% Tween 20
solution with antibiotics (penicillin G, streptomycin sulfate, and amphotericin B)
at 4°C. This method of collection and purification of C. parvum oocysts from
naturally infected dairy calves typically produces oocysts that are greater than
90% viable as measured by excystation (24). Oocysts were used in biofilm ex-
periments within 2 months of collection, and the same batch of oocysts was
normally used for parallel experiments conducted in the two media.

The concentration of C. parvum oocysts in the purified stock solution was
determined through a filtration-direct count method as described by Searcy et al.
(42). A sample of the C. parvum oocyst stock solution was vacuum filtered, and
the filter was covered with a fluorescein isothiocyanate-conjugated monoclonal
antibody solution specific for Cryptosporidium (Waterborne, Inc., New Orleans,
LA). The filtered sample was allowed to incubate in the labeling solution for 30
min and then transferred to a microscope slide. The oocysts on the filter were
enumerated using a Zeiss Axiophot epifluorescence microscope (Carl Zeiss,
Jena, Germany) equipped with a mercury vapor lamp and an excitation/band-
pass filter for fluorescein isothiocyanate.

C. parvum oocyst injection and enumeration. Following the development of a
confluent biofilm and the acquisition of confocal microscopy images, C. parvum
oocysts were introduced into each flow cell channel. All C. parvum injection
experiments were performed at room temperature in a controlled laboratory
environment (~22°C). The oocyst stock solution was diluted with the appropri-
ate medium to a working solution concentration of 5 X 10° oocysts/ml, the flow
through the system was stopped, and 0.05 ml of the working solution was injected
into the tubing upstream of each flow cell channel. Immediately after the injec-
tion, flow was resumed, allowing the oocysts to flow through each flow cell
channel. After 1 h, the inflow was stopped and C. parvum oocysts were enumer-
ated in situ. Cy3-conjugated monoclonal antibody solution specific for Crypto-
sporidium (Waterborne, Inc., New Orleans, LA) was injected into each channel
and allowed to incubate for 40 min, after which the residual labeling solution was
pumped out of the flow cell. The C. parvum oocysts retained in the biofilm on the
glass coverslip were enumerated at a magnification of X160 with a Zeiss Axio-
phot epifluorescence microscope equipped with an excitation/band-pass filter for
Cy3. A large number of oocysts was counted within the square fields of the
microscope’s ocular grid across a wide area of the flow cell channel, and the total
number of oocysts captured by the biofilm was calculated by normalizing these
results to the surface area of the entire flow cell channel. C. parvum oocysts were
also resolved within the P. aeruginosa biofilm using a Zeiss LSM 510 equipped
with a 488-nm argon laser and a 633-nm helium-neon laser. Horizontal-plane
images were obtained at a magnification of X630.

Release of C. parvum oocysts from P. aeruginosa biofilms. The resuspension of
C. parvum oocysts was also investigated. In one set of experiments, the flow was
resumed after the initial oocyst enumeration and maintained at this constant rate
(0.06 ml/min) for a total of 24 h, after which the oocysts remaining in the biofilm
were again enumerated. In a second set of experiments, the flow was increased
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FIG. 1. Micrograph of C. parvum oocysts (red) associated with a P.
aeruginosa (PDO300) biofilm (green). C. parvum oocysts are labeled
with a Cy3-conjugated monoclonal antibody solution specific for Cryp-
tosporidium, and P. aeruginosa cells are chromosomally tagged with a
green fluorescent protein. (A) Sagittal view of the biofilm. (B) Planar
view of the biofilm at the depth indicated by the white line in the
sagittal view.

to 2.5 ml/min after the initial oocyst enumeration and maintained at this higher
flow rate for 1 h, after which oocysts retained in the biofilm were enumerated. To
monitor possible biofilm sloughing under the higher flow rate, the system effluent
was also collected at both flow rates and enumerated for resuspended Pseudo-
monas aeruginosa cells. To disperse any clusters of P. aeruginosa cells, the effluent
samples were sonicated for 1 min (Aquasonic ultrasonic cleaner; VWR Scientific
Products, West Chester, PA), placed on ice for 1 min, and vortexed for 15 s. This
cycle was repeated three times per sample. The samples were then serially
diluted, and viable plate counts were performed.

Zeta potential measurements. The zeta potentials of C. parvum oocysts in
Jensen’s medium and in LB broth were measured using a Brookhaven Instru-
ments Corporation (Holtsville, N.Y.) Zeta PALS particle analyzer. Oocyst sus-
pensions were analyzed at a concentration of 5 X 10* oocysts/ml. Electrophoretic
mobilities of the oocysts are converted by the instrument to a zeta potential using
the Smoluchowski approximation.

Statistical analysis. Two-way analysis of variance was used to evaluate varia-
tion of oocyst capture with surface composition (glass, PAO1 biofilm, and
PDO300 biofilm) and growth medium (Jensen’s and LB). One-sample ¢ tests
were used to assess differences in the number of oocysts retained at 1 h compared
to 24 h (both at a flow rate of 0.06 ml/min), at a flow rate of 0.06 ml/min
compared to 2.5 ml/min (both maintained for 1 h), and in the release of P.
aeruginosa from the biofilm at the two flow rates. Functional relationships be-
tween biofilm structural characteristics and the fraction of oocysts captured by
the biofilm were determined using linear regression.

RESULTS

A micrograph of C. parvum oocysts associated with a P.
aeruginosa (PDO300) biofilm is provided in Fig. 1. In all cases,
oocysts were observed to be retained at the biofilm surface and
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FIG. 2. The fraction of C. parvum oocysts captured by the glass
surface, alginate-overproducing P. aeruginosa biofilm, and wild-type P.
aeruginosa biofilm 1 h (filled bars) and 24 h (open bars) after injection
in Jensen’s medium and LB broth.

did not penetrate into the deeper regions of the biofilm. Flow
cells hosting a P. aeruginosa biofilm of either the wild-type
strain (PAO1) or the alginate-overproducing strain (PDO300)
captured a greater fraction of C. parvum oocysts than did the
flow cells without biofilms (P < 0.001) (Fig. 2). Only 0.6% of
the injected oocysts attached to the glass surface in experi-
ments with Jensen’s medium, whereas 2.6% and 4.2% of
oocysts were captured by the PDO300 and PAO1 biofilms,
respectively, in the same medium. Likewise, 10.4% of the
oocysts attached to the glass surface in experiments with LB
broth, while 21.9% and 33.1% were captured by the PDO300
and PAOL1 biofilms. These results clearly show that the back-
ground medium significantly influenced oocyst capture, as
there was much greater oocyst deposition in all experiments
with LB broth than in experiments with Jensen’s medium (P <
0.001). This same trend was observed for the control glass
surface, the wild-type biofilm, and the alginate-overproducing
biofilm. Oocysts had a more-negative zeta potential in LB
medium (—21.5 = 0.32 mV) than in Jensen’s medium (—8.94 =
2.09 mV). Figure 2 also shows that more oocysts were captured by
the wild-type biofilm than the alginate-overproducing biofilm in
both media, but this trend was not statistically significant.
Structural characteristics of biofilms formed by both P.
aeruginosa strains grown in both media are provided in Table 1.
Note that the average biofilm thickness was negligible com-
pared to the thickness of the flow cell channel in all cases, so
that biofilm growth did not appreciably change the volume of
the pore space in the flow cells. Oocyst capture was found to be
positively related to biofilm roughness (P < 0.01) and sur-
face-area-to-volume ratio (P < 0.05) (Fig. 3). No relation-
ships were found between oocyst capture and other biofilm
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FIG. 3. The fraction of C. parvum oocysts captured by biofilms
versus biofilm roughness (open squares) and surface-area-to-volume
ratio (filled circles).

characteristics, including biomass, total surface area, and
average thickness.

In experiments designed to observe the release of C. parvum
oocysts, there was no significant difference in the number
oocysts occurring in biofilms or on the abiotic glass surface
under any strain or medium conditions 24 h after oocyst injec-
tion compared to 1 h after injection (Fig. 2). The fraction of
oocysts captured by the biofilm also did not change following
the increase in flow, indicating that there was not a significant
release of oocysts from the biofilms after the initial deposition
(Fig. 4). Detachment or sloughing of P. aeruginosa biofilm cells
was monitored through viable plate counts of the flow cell
system effluent. There was no significant change in the total
number of CFU in the system effluent across the different flow
rates (Fig. 4), indicating no increase in bacterial cell detach-
ment or biofilm sloughing as a result of the increased flow rate.

DISCUSSION

The experimental results clearly demonstrate that biofilms
significantly increase the deposition of C. parvum oocysts rel-
ative to abiotic mineral surfaces. Our results are congruent
with those of other investigations that have observed the depo-
sition of various abiotic and biotic colloidal particles in biofilm
communities in a variety of experimental systems (13, 17, 32,
37, 45). The heterogeneous structure of biofilms, which can
contain pores and voids, is believed to facilitate the capture
and retention of colloid particles (3, 14, 36). Although the P.
aeruginosa biofilms developed in our study were relatively thin

TABLE 1. Structural characteristics of PAO1 and PDO300 biofilms grown in Jensen’s and LB media

Surface area/vol

Strain Medium Avg thickness (pum) Biomass (um?) Total surface area (wm?) ratio (m 1) Roughness
PAO1 Jensen’s 7.68 = 1.99 731 £ 1.85 227E+05 *£ 4.56E+04 1.47 = 0.39 0.32 £ 0.15
PDO300 Jensen’s 4.75 = 0.86 527 =0.75 1.33E+05 £ 2.95E+04 1.15 £ 0.25 0.22 = 0.03
PAO1 LB 2.81 £0.80 226 £ 0.59 1.10E+05 = 2.62E+04 2.25 £ 0.37 0.84 = 0.18
PDO300 LB 572121 4.67 = 1.57 1.82E+05 £ 2.52E+04 1.96 = 0.74 0.69 = 0.18
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FIG. 4. (A) The fraction of oocysts captured by wild-type and algi-
nate-overproducing P. aeruginosa biofilms at a flow rate of 0.06 ml/min
(solid bars) and remaining in the biofilm after the flow rate is increased
to 2.5 ml/min (open bars). (B) The total P. aeruginosa CFU enumer-
ated from the effluent of the flow cell system during 1 h at flow rates
of 0.06 ml/min (solid bars) and 2.5 ml/min (open bars).

Alginate Overproducer

and the C. parvum oocysts deposited only on the biofilm sur-
face, the roughness coefficient and surface-area-to-volume ra-
tio, both indicators of biofilm heterogeneity, were shown to be
positively correlated with oocyst capture. Similar behavior was
observed by Battin et al. (3), who found a relation between
particle deposition in biofilms and biofilm sinuosity, and by
Drury et al. (14), who found that microbead capture by bio-
films was proportional to the standard deviation of biofilm
thickness.

The growth medium had a large effect on the fraction of
oocysts captured by the biofilms, with greater oocyst capture
consistently found in LB broth than in Jensen’s medium. This
difference was not due solely to the change in biofilm archi-
tecture as a result of medium type because more oocysts also
attached to the abiotic glass surface in LB broth than in Jensen’s
medium. This difference in oocyst capture is most likely a
result of the different chemical properties of the media, which
mediate oocyst-surface interactions. C. parvum oocysts have a
negative surface charge under typical aqueous conditions (8,
12, 25, 30, 38), and the oocyst surface is believed to contain
proteins that extend out into solution, causing both electro-
static and steric forces to be involved in oocyst-surface associ-
ations (8, 30, 31). The zeta potential of C. parvum oocysts was
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—21.5 = 0.32 mV in LB medium and —8.94 * 2.09 mV in the
Jensen’s medium. Glass surfaces are normally negatively
charged (11, 30), as are the surfaces of biofilms because of the
presence of anionic carboxyl, sulfate, and phosphoryl groups in
EPS (16). Electrostatic repulsion cannot explain the observed
oocyst association patterns because oocyst deposition was
greater in the LB medium than in the Jensen’s medium, while
the oocyst zeta potential was more negative in the LB medium
than in the Jensen’s medium. An alternative explanation could
be a reduction in steric repulsion, which would promote
oocyst-surface association. Dissolved cations, such as Ca’™,
have been reported to bind to oocyst surface proteins, thereby
neutralizing and collapsing surface proteins (30). It is plausible
that solution conditions in the LB medium reduced steric re-
pulsion between the oocysts and surfaces, facilitating attach-
ment. However, the lack of knowledge of the exact composi-
tion of the LB medium, derived from peptone and yeast
extract, prevents firm definition of conclusions regarding the
chemical effects of this medium on oocyst-surface interactions.

It is believed that the sticky matrix of EPS secreted by
biofilm microorganisms serves as a protective layer for the
encased cells by capturing and binding harmful solutes such as
metals and antibiotics (21, 46). We investigated the role of EPS
in the capture of C. parvum oocysts using a P. aeruginosa strain
that overproduces the exopolysaccharide alginate. Alginate is a
polysaccharide composed of mannuronic acid and guluronic
acid monomers, and the EPS from the alginate-overproducing
biofilm represents 21% of the total soluble biofilm biomass.
The EPS from the wild-type P. aeruginosa biofilm consists
primarily of glucose, rhamnose, and nucleic acids and repre-
sents only 4 to 5% of the total soluble biomass (5, 48). Fewer
C. parvum oocysts were captured by the mucoid strain than by
the wild-type P. aeruginosa biofilm in both growth media used,
though these trends were not statistically significant. These
results clearly show that biofilm architecture was more impor-
tant than EPS composition in controlling C. parvum deposition
with the P. aeruginosa strains used here. It is not clear why
there should be less deposition in the alginate-overproducing
biofilm than in the wild-type biofilm. One possibility could be
a difference in electrostatic interactions between oocysts and
each of the two different biofilms. Uronic acids are known to
be relatively negatively charged and can be expected to make
the alginate biofilm more negative than the wild-type, and this,
in combination with the negative charge of C. parvum oocysts,
would be expected to hinder oocyst deposition to the alginate
biofilm.

Following capture of the C. parvum oocysts by the biofilms,
no release of the oocysts from the biofilm was observed after a
24-h period or after a 40-fold increase in the water flow rate
through the system. This result does not mean that oocysts are
permanently retained in biofilms but rather indicates that re-
lease should be expected only over longer time scales or
greater increases in the overlying flow rate. Previous studies of
oocyst deposition on sand grains have shown that while only
small concentrations of oocysts are typically observed immedi-
ately after the initial injection is terminated, substantial num-
bers of oocysts can by released over a much longer time period
(9, 19). We also observed that there was no statistically signif-
icant detachment of Pseudomonas cells or sloughing of biofilm
clusters at the higher flow rate. These results are limited, how-
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ever, by the fact that the flow field within the flow cell re-
mained laminar even at the highest experimental flow rate. It
is apparent that the maximum flow rate that could be achieved
in this apparatus was insufficient to generate the hydrodynamic
shear necessary to detach oocysts from the biofilm surface or to
cause sloughing of the bulk biofilm. The more extreme changes
in flow conditions typically found in dynamic surface water
systems such as rivers are still expected to release biofilm-
resident pathogens under high flow conditions.

This study demonstrated that hydrodynamic transport pro-
cesses cause C. parvum oocysts to migrate from the bulk fluid
to surface-attached microbial communities, where they are re-
tained and concentrated. The results presented here indicate
that biofilm architecture and surface-chemical interactions, as
mediated by the background water chemistry, play a significant
role in mediating the deposition of pathogens from suspension
into biofilms. This association is expected to decrease the con-
centration of oocysts in surface waters and cause biofilms to
become reservoirs of C. parvum. Deposited oocysts can then be
resuspended during events that promote oocyst detachment or
biofilm sloughing. Furthermore, in the event of biofilm slough-
ing, C. parvum oocysts will most likely be released in associa-
tion with suspended cell clusters, which can cause them to
exhibit different transport behavior than free oocysts. We be-
lieve that these oocyst-biofilm interactions play an important
role in regulating the migration of C. parvum in aquatic sys-
tems and should be considered when predicting the fate and
transport of pathogens in the environment.
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