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The goal of this study is to investigate the impact of biofilm
physical and biological properties on bacterial transport and
depositioninporousmedia.Experimentswereperformedinpacked
columns to examine the removal of Erwinia chrysanthemi
(Ech3937), a phytopathogen, from the bulk fluid due to its
attachment to glass beads coated with Pseudomonas aeruginosa
biofilms. Two isogenic P. aeruginosa strains, PAO1 and
PDO300, with different EPS secretion capabilities and EPS
compositions, were used to culture biofilms. The Ech3937 transport
and distribution in packed columns were studied in both
upflow and downflow cell injection modes over a range of
solution ionic strengths. The results show that the presence of
biofilm strongly interferes with the deposition behavior of
Ech3937 in porous media. The spatial variation of deposited
Ech3937 cells contradicts the log-linear pattern predicted by the
classic filtration theory, indicating that the biofilm physical
structure and polymeric interactions between the biofilm EPS
and Ech3937 cell surface are the main mechanisms that
control bacterial deposition. When the biofilm accumulation is
relatively small, bacterial adhesion onto biofilm-coated
porous media is mainly inhibited by steric forces. By contrast,
cell deposition is enhanced by the reduced porous media
porosity when biofilm is more abundant.

Introduction
Bacterial deposition onto biofilm-coated porous media is a
crucial phenomenon in various environmental processes,
including bioremediation, biofiltration, and pathogen transport in soil and groundwater. Biofilm is an assemblage of
microbial cells enclosed in a matrix of extracellular polymeric
substances (EPS), which form on surfaces in virtually all
aquatic ecosystems that can support microbial growth, e.g.,
soil, rock, plants, sediments, and filter media (1–3). EPS, a
complex mixture of biomacromolecules consisting primarily
of polysaccharides and proteins with small but variable
amounts of lipids and nucleic acids, can make up to 90% of
the organic carbon in a typical biofilm. The EPS constituents
contain active sites such as neutral moieties, e.g., saccharide,
and ionized moieties, e.g., carboxyl, phosphate, and amino
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groups, whose interaction with bacteria changes as a function
of solution pH.
The impact of biofilm EPS on bacterial adhesion is
determined by a number of factors, including DLVO (Derjaguin Landau Verwey Overbeek) forces, i.e., van der Waals
and electrostatic forces (4, 5), hydrophobicity and hydration
effects as described by the DLVO-AB model (6, 7), and non
DLVO interactions, e.g., polymeric interactions (8–13).
Depending on its shape, compressibility, and chemical
composition, bacterial surface EPS may encourage adhesion
in porous media by polymer bridging between cells and the
solid surface (12, 14, 15) or hinder cells to reach the energy
minimum by steric interactions (9, 11). Recent atomic force
microscopy (AFM) studies also have shown that interaction
between biopolymer coated surfaces and bacteria are
complex (16, 17).
Biofilms are known to affect the physical and hydrodynamic properties of porous media. Different from the ionimpermeable inorganic porous media surfaces, biofilm
formation provides small water channels that can help convey
water and chemical solutes while preventing bacteria and
colloids that are too large to pass through (18, 19). Biofilms
may promote bacterial deposition by physical straining or
discourage bacterial adhesion through changes in hydrodynamic conditions caused by extensive biofilm growth
(20–22). As biomass accumulates, the reduced bed porosity
provides an additional surface area for deposition, which
can enhance particle removal (23). Conversely, reduced
porosity leads to an increased local flow velocity and shear
stress, which can impair the deposition (18, 19).
This study evaluates the transport and deposition of an
opportunistic plant pathogen, Erwinia chrysanthemi, in
porous media under the influence of Pseudomonas aeruginosa biofilms with different EPS compositions. E. chrysanthemi (Dickeya dadantii) causes soft-rot, wilt, and blight
diseases on a wide range of plant species (24). E. chrysanthemi
is a gram negative, facultatively anaerobic, and peritrichously
flagellated bacterium isolated from plants; approximately
70% nucleotide identity homologous to E. coli K-12 genes
(24). P. aeruginosa is a gram negative bacterial pathogen
that not only causes opportunistic human infection but also
infects plants, insects, and nematode (25, 26). P. aeruginosa
is the dominant pathogen that infects the lungs of cystic
fibrosis patients (26). Some clinical isolates of P. aeruginosa
were reported to cause soft-rot symptoms when inoculated
into lettuce, onions, tobacco, and tomatoes. In addition, P.
aeruginosa is found as a common colonizer of many plants
without showing disease symptoms (27). Although no study
on mixed biofilm communities of these two organisms has
been reported in natural environment so far, the multiple
host property of P. aeruginosa and the close phylogenetic
relationship of the plant pathogen E. chrysanthemi to the
animal-associated pathogens such as Escherichia, Salmonella,
and Yersinia, make it interesting to investigate the biofilm
formation and bacterial deposition between these two
organisms.

Materials and Methods
Packed-Bed Column Setup. Glass beads with an average
diameter of 550 µm (MO-SCI Specialty Products, MO) were
used as the porous media for bacterial transport experiments.
Cylindrical polycarbonate plastic columns (26 cm long and
2.54 cm internal diameter) were wet-packed with glass beads
thoroughly cleaned following the procedure described previously (28). The porosity of the packed glass beads was
determined gravimetrically to be 0.4.
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Biofilm Development. Biofilms were grown in the packed
bed using a P. aeruginosa wild type strain PAO1 and its
isogenic mucoid alginate-overproducing strain with a mucA22 mutation, PDO300. The stored bacteria were streaked
onto Luria–Bertani (LB) agar plates and incubated at 37 °C
overnight. A single colony was then transferred into a LB
broth and grown in a shaker incubator at 200 rpm at 37 °C
for 20 h. To seed the columns, 150 mL of bacterial suspension
with approximately 108 CFU/mL PAO1 or PDO300 cells was
fed to the columns at a flow rate of 3.0 mL/min in an upflow
mode. After seeding, the system was operated with a 100%
recycle for 12 h to facilitate sufficient cell attachment. The
bacterial suspension was then replaced with a nutrient
solution whose composition was described in a previous
paper (29), to support biofilm growth. The system was
operated continuously for five days under constant flow rate
and flow direction.
Bacterial Strains and Cell Preparation. The column study
used the wild type E. chrysanthemi 3937 strain (Ech3937)
carrying a plasmid nptBROBE-AT that constitutively expresses green fluorescent protein (GFP). Plasmid nptBROBEAT was constructed by inserting a kanamycin cassette DNA
fragment in front of the gfp gene of vector pBROBE-AT (30).
From our previous study, 95.5% of the Ech3937 cells retained
pBROBE-AT derivatives during 12 h of growth in media (31).
Ech3937 cells were grown at 28 °C in 30 mL of LB broth
supplemented with 50 µg/mL kanamycin while shaking at
200 rpm in a shaker incubator until they reached the
stationary phase. Cells were harvested by centrifugation at
3000g and 4 °C for 10 min. The growth medium was decanted
and the pellets were resuspended in phosphate buffered
saline (PBS) with ionic strengths 165, 16.5, and 1.65 mM,
respectively. The centrifugation-resuspension process was
repeated three times to remove traces of growth media. A
final cell density of approximately 107 cells/mL was obtained
by measuring the optical density (OD) of the cell suspension
at 600 nm wavelength.
Column Experiments. Three sets of experiments were
carried out in the packed bed columns using (i) glass beads
without biofilm; (ii) glass beads coated with PAO1 biofilm;
and (iii) glass beads coated with PDO300 biofilm. The
transport and deposition of Ech3937 cells were compared in
165, 16.5, and 1.65 mM PBS, with upflow and downflow cell
injection.
Injection of Ech3937 suspensions began after equilibrating
the columns for at least 20 pore volumes (PVs) of bacteriafree background electrolytes at a constant approach velocity
of 0.011 cm/s. Approximately 8 PVs of Ech3937 suspension
were injected, followed by eluting the columns with another
8 PVs of background solutions. Each PV of the column effluent
was collected in 50 mL polystyrene tubes and immediately
placed on ice prior to microbiological analysis.
After completing each transport experiment, the column
media were dissected into 5 cm long segments to obtain the
spatial distribution of retained Ech3937 cells, the biofilm
biomass, and their associated EPS. Each 5 cm section of the
porous media was placed into a beaker containing 50 mL of
PBS. The glass beads bound biofilm and Ech3937 cells were
dissociated by ultrasonication (8). All experiments were
performed in triplicates at room temperature (20–25 °C).
The overall recovery (mass balance) of Ech3937 bacteria was
determined by summing the Ech3937 bacteria collected in
the effluent and those recovered from the column media.
Bacterial Count and EPS Analysis. Ech3937 recovered
from the effluent and column media were counted by
fluorescent-activated cell sorting (FACS) analysis with a
FACSCalibur flow cytometer (BD Biosiences, CA) equipped
with an air-cooled argon-ion laser (15 mW at 488 nm) and
a standard filter setup. Ech3937 bacteria were distinguished
from P. aeruginosa biofilm bacteria by their strong green
160
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fluorescence signal, which was collected in the FL1 channel
(530 ( 15 nm). Signals were amplified with the logarithmic
mode for forward scattering, side scattering, and fluorescence.
The positive control (freshly prepared Ech3937 bacteria in
PBS) and the negative control (bacteria-free PBS) were run
first, followed by injecting samples through the flow cytometer at a flow rate of 12 µL/s for 1 min. All injections were
preformed in triplicates and the average was reported.
The biofilm EPS was extracted using the high-speed
centrifugation method (32). Carbohydrates were quantified
using the phenol-sulfuric acid method described by Dubois
(33), with glucose as the standard. Proteins were assayed
colorimetrically by a bicinchoninic acid (BCA) protein assay
kit (Bio-Rad Laboratories, CA). Uronic acids were measured
using the m-hydroxydiphenyl sulfuric acid method, with
D-glucuronic acid as the standard (34).
Electrokinetic Characterization of Bacterial Cells and
Glass Beads Surfaces. A ZetaPALS Analyzer (Brookhaven
Instruments Corp., NY) was used to measure the cell and
smashed glass beads electrophoretic mobility and zeta
potential in PBS. The measurements were performed 10 times
for each assay.
Determination of Deposition Rate Coefficient. The
Ech3937 deposition pattern was analyzed in terms of the
deposition rate coefficient, kd. Assuming uniform biofilm
distribution inside each 5 cm segment, kd can be obtained
by using the steady state breakthrough concentration of the
cell according to the following equation (35, 36):
ln

C
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∫ k (x ′ ) · (xU′ ) dx′
x

0

d

(1)

where C/C0 is the normalized breakthrough concentration,
 is the bed porosity, U is the approach velocity, x is the
column depth, and x′ is the first derivative of x.
By applying the measured retained Ech3937 bacterial
number in each segment, the suspended bacterial concentration inside the column could be obtained, which can be
used to evaluate the kd distribution using the following
equation:
kdi ) -

Ci-1
Ci
U
)
(ln - ln
i · ∆x C0
C0

(2)

where i is the number of the segment, i ) 1,. . .,5 in this
study. Ci is the suspended bacterial concentration at the end
of each segment; C0 is the influent cell concentration; and
∆x is the length of each segment (5 cm).

Results
Electrokinetic Potential of Bacterial Cells. Figure S1 (in the
Supporting Information) presents the influence of solution
ionic strength on the zeta potentials of Ech3937, PAO1, and
PDO300 bacterial cells, and bare glass beads. Under the
conditions investigated, all three bacterial strains and glass
beads exhibited negative zeta potentials and their surface
charges became less negative with increasing ionic strength.
Under low and medium ionic strengths (1.65 and 16.5 mM),
Ech3937 had less negative surface charge than the glass beads,
while the surfaces of PAO1 and PDO300 were more negative
than the glass beads. The difference of zeta potentials among
the bacteria and glass beads became less pronounced under
high ionic strength (165 mM).
Biofilm Characterization. The spatial distribution of PAO1
and PDO300 biofilms in the packed columns was investigated
by quantifying the biofilm bacteria and major EPS components, i.e., protein and carbohydrate for PAO1 biofilm and
protein, carbohydrate, and uronic acid for PDO300 biofilm.
As shown in Figure 1, P. aeruginosa bacterial cells and their
associated EPS were unevenly distributed in the columns
and the majority of biofilm bacteria colonized near the

FIGURE 1. Measured biofilm bacterial density, carbohydrate,
uronic acid, and protein profiles for PAO1 biofilm (nonmucoid
wild-type strain) (1A), and PDO300 biofilm (mucoid
alginate-overproducing strain) (1B) along the column length.
Error bars represent standard deviations of three replicate
experiments; arrows indicate the column section close to
nutrient solution injection inlet.
column bottom where the nutrient solution was injected.
This type of uneven distribution of biofilm is commonly
observed in biofilters and slow sand filters, in which a
hypogeal layer or Schmutzdecke forms in the top few
millimeters of the fine sand layer. The normalized cell density
of PAO1 biofilm bacteria was approximately 8.6 × 108 CFU/g
beads in the bottom 5 cm segment, and decreased to 1.7–4.2
× 106 CFU/g beads for the rest of the column (Figure 1A).
Slightly more PDO300 biofilm formed on the column media
compared with PAO1 biofilm under the same condition.
Colonized PDO300 cell concentration reached 1.1 × 109
CFU/g beads within the bottom 5 cm of the column, and was
distributed more uniformly for the rest of the column, with
bacterial concentrations ranging from 1.5 × 106 to 2.0 × 106
CFU/g beads (Figure 1B). The EPS concentration profiles
along the columns followed trends similar to those of the
corresponding PDO300 and PAO1 cells, although slight
fluctuations were observed toward the top of the columns.
Ech3937 Breakthrough Curves. The breakthrough curves
shown in Figure 2 illustrate the influence of ionic strength,
solution injection direction, and biofilm coating on Ech3937
transport. The relative cell densities (C/C0) in the column
outflow are plotted against the number of PVs injected. As
shown in Figure 2A and B, similar breakthrough patterns
were observed for both upflow and downflow cell injections
in clean columns, indicating that the pore fluid injection
direction had a negligible impact on cell retention under
clean bed condition. In clean columns, the normalized
effluent Ech3937 concentration C/C0was nearly constant
during the course of bacterial injection under low and
medium ionic strengths (1.65 and 16.5 mM) with steady
breakthrough plateaus. Under high ionic strength (165 mM),

the magnitude of the steady state breakthrough concentration
C/C0 declined, implying the occurrence of a phenomenon
known as ripening, caused by deposited bacterial cells serving
as favorable sites for subsequent cell attachment.
Figure 2C and D show the Ech3937 breakthrough curves
in PAO1 biofilm-coated columns, and Figure 2E and F show
the Ech3937 breakthrough curves in PDO300 biofilm-coated
columns. The presence of both PAO1 and PDO300 biofilms
significantly increased Ech3937 deposition compared with
the clean columns. Under identical flow direction and
solution ionic strength, higher numbers of Ech3937 bacteria
were trapped inside the PAO1 biofilm-coated system than in
the PDO300 biofilm-coated system. When the column media
was coated with the PAO1 biofilm, ripening was observed
under all ionic strengths when the transport experiments
were run in the downflow mode; however, the ripening
phenomenon was not observed when the flow direction was
changed to upflow. With the PDO300 biofilm, ripening
occurred under both downflow and upflow.
Changing the pore fluid ionic strength from 1.65 to 165
mM increased the retention of Ech3937 in clean columns
and PAO1 biofilm-coated columns; however, increasing the
ionic strength did not have a significant impact on the magnitude of the steady state breakthrough plateau in the PDO300
biofilm-coated columns.
Distribution of Ech3937 in the columns. Tables S1-S4
(Supporting Information) and Figure 3 show the calculated
Ech3937 deposition rate coefficients kd as a function of cell
travel distance in columns. kd decreased slightly from the
column inlet to the outlet under high ionic strength (165
mM) in clean columns under both flow directions (Figure 3A
and B). The slope of the kd profile increased with decreasing
ionic strength, which is a common type of deviation from
the spatially constant kd predicted from the filtration theory
under unfavorable conditions (37–39). In this study, the
spatial variation of kd appears to be caused by the heterogeneity in the surface characteristics among the bacterial
population (38–42); individual microbes that are more prone
to retention were deposited near the column inlet, and those
less prone to retention were deposited farther away from the
column inlet.
The retention patterns of Ech3937 in biofilm-coated
columns differ significantly from those observed in clean
columns. As shown in Figure 3C-F, kd distributions correlate
well with the biofilm biomass profiles in the columns, with
the highest kd located within the bottom segment (20–25
cm) of the columns regardless of the flow direction, suggesting
that the presence of biofilm strongly interferes with bacterial
deposition behavior in porous media. Overall, the cell
deposition rate coefficients were higher in PAO1 biofilmcoated columns than those in PDO300 biofilm-coated
columns under the same experimental conditions. This
observation is consistent with our column effluent breakthrough curves. It is also noted that, except for the column
bottom segments where the majority of the biofilms resided,
lower kd was found in both biofilm-coated columns compared
with the kd obtained in clean columns under identical
experimental conditions. For instance, under the highest ionic
strength (165 mM) and upflow condition, kd in the top 20 cm
of the column was 3 × 10-5/s to 6 × 10-5/s in the PDO300
biofilm-coated column, and 4 × 10-5/s to 1.3 × 10-4/s in the
PAO1 biofilm-coated column while kd equaled 8.3 × 10-5/s
to 2 × 10-4/s in the clean column.
Mass Balances. Table S5 (Supporting Information) shows
the total mass recovery of the Ech3937 bacteria in the clean
column and columns coated with PAO1 and PDO300 biofilm.
Mass recovery rates in all experiments were between 86%
and 118%. The excellent mass balance indicates that ultrasonication was sufficient to remove Ech3937 from glass beads
and biofilm surfaces.
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FIGURE 2. Breakthrough curves of Ech3937 in column without biofilm (A and B); column coated with PAO1 biofilm (C and D); and
column coated with PDO300 biofilm (E and F) under solution ionic strengths 1.65, 16.5, and 165 mM PBS. Flow of bacterial
suspension and background PBS were injected in either downflow direction (A, C, E) or upflow direction (B, D, F). Bacterial
injection started at pore volume 3 and ended at pore volume 11. Error bars represent standard deviations of three replicate
experiments.

Discussion
Ech3937 Deposition in the Column Section with Thick
Biofilm. Significantly higher bacterial retention occurred in
the bottom 5 cm of the columns where the majority of the
biofilm was found, regardless of flow directions and ionic
strength of the carrying solutions. Since the main difference
between the bottom 5 cm segment and the rest of the biofilmcoated column is the amount of biomass, we speculate that
the extensive biofilm growth in the bottom segment of the
column reduced the bed pores and caused the markedly
higher kd observed at the bottom of the columns. These results
are in line with a number of other studies that indicated
straining could play an important role when the ratio between
the particle and median grain diameters is greater than 0.05
(43, 44).
Ech3937 Deposition in the Column Section with Thin
Biofilm. Lower kd was found in the 0–20 cm segments of the
biofilm-coated columns, compared with the kd obtained in
the clean column under identical experimental condition,
although the overall Ech3937 retention were significantly
higher in biofilm-coated columns. This is a strong indication
162
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that the presence of a thin layer of biofilm discouraged
Ech3937 adhesion. That decrease of Ech3937 deposition only
occurred at places where biofilm thickness was thin suggests
that changes in column porosity can be neglected and the
physical and chemical properties of the biofilm may be
responsible for the impaired bacterial adhesion.
The more negatively charged biofilm EPS compared with
the glass bead surfaces may be one of the factors contributing
to the decreased deposition of Ech3937 in the top segments
of the biofilm-coated column. However, the electrostatic
forces between Ech3937 cells and biofilm may not be the
controlling factor since the Ech3937 deposition was not
affected by the solution ionic strength in PDO300 biofilmcoated columns and PAO1 biofilm-coated columns under
low ionic strengths (1.65 and 16.5 mM). Additionally, biofilm
surface roughness does not seem to play a significant role
in controlling the transport and deposition of Ech3937 in the
current experimental system. Previous studies showed that
PDO300 biofilms had higher surface roughness than PAO1
biofilms (45, 46). However, our results show that Ech3937
had lower deposition rates in columns coated with PDO300

FIGURE 3. Ech3937 deposition coefficient kd distribution along the bacterial travel distance, in column without biofilm (A and B),
column coated with PAO1 biofilm (C and D), and PDO300 biofilm (E and F) under different flow directions, and solution ionic
strengths: 1.65, 16.5, and 165 mM PBS. Error bars represent standard deviations of three replicate experiments; arrows indicate the
column section close to Ech3937 bacterial injection inlet.
biofilm than in those covered with PAO1 biofilm, despite the
fact that greater surface roughness is known to encourage
bacterial deposition.
Cell surface hydrophobicity also affect bacterial adhesion
(6, 7, 13, 47). When hydrophobic forces are combined with
DLVO forces, interaction between the hydrophilic glass beads
and hydrophilic Ech3937 cells are repulsive near the solid
surface, and Ech3937 may only adhere to the glass beads
reversibly at the secondary minimum, depending on the ionic
strength. In this study, we were unable to directly measure
the surface tension of the P. aeruginosa biofilm and bare
glass beads; therefore, we cannot exclude the interference
from hydrophobicity in Ech3937 cell deposition. Compared
with the neutrally charged PAO1 biofilm EPS, the anionic
PDO300 EPS may cause higher resistance to Ech3937 bacterial
adhesion by incorporating a large amount of water into its
structure through hydrogen bounding (48). We speculate this
hydration effect may account for the lower adhesion of
Ech3937 in the PDO300 biofilm-coated than in the PAO1
biofilm-coated columns.
Another important mechanism that may contribute to
the impaired Ech3937 bacterial deposition in biofilm-coated
columns is polymer interactions between the bacteria and

biofilm surfaces. Previous research showed that steric
interactions can be more important than DLVO-type interactions in explaining bacterial adhesion (7, 9–11). These steric
or polymer interactions can be attractive or repulsive, and
could extend up to 100 nm compared with the 5 nm of
acid–base interaction from the surface into the surrounding
(10, 49). Camesano et al. (11) reported that partial removal
of extracellular polysaccharides from strains Pseudomonas
putida KT2442 and Burkholderia cepacia G4 resulted in a
reduction of the repulsive forces. Jucker et al. (7, 10) also
showed that the uneven distribution of short- and long-chain
polysaccharides on the bacterial outer surface and the
formation of hydrogen bonds could significantly affect
bacterial adhesion, and the existence of a dense brush of LPS
resulted in low adhesion. Recently, Tong et al. (50) studied
the transport of an adhesion-deficient bacterial strain Comamonas DA001 in quartz sand and demonstrated that the
adhesion deficiency of DA001 was driven by steric interactions
from cell surface polymers, resulting in a deviation from loglinear behavior that did not decrease when the energy barrier
to deposition was decreased.
In this study, steric interactions may pose repulsive forces
between the biofilm-coated column media and suspended
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Ech3937 cells, and are responsible for the reduced deposition
of Ech3937 in column sections with thin biofilm. The biofilm
surface roughness, increased turbulence, and decreased bed
porosity are not the controlling mechanisms, which would
otherwise encourage Ech3937 deposition in the column.
Impact of Solution Ionic Strength. According to the DLVO
theory, increasing the solution ionic strength should monotonically decrease the long-range repulsion between a
negatively charged bacterium and a negatively charged
surface. There have been a few cases where the expected
trend with ionic strength was not seen (11, 51–53). The
potential mechanisms for this discrepancy between bacterial
attachment and model prediction are bacterial flagella
rotation (51), charge regulation (52), ion penetrability (53),
and polymer interaction (13). In our study, the deposition
of Ech3937 was weakly dependent on the ionic strength only
in PDO300 biofilm colonized column media, indicating that
PDO300 biofilm surface EPS might be the main mechanism
that controls bacterial adhesion. The polysaccharides of
PDO300 probably penetrated into the electrostatic barrier
region between biofilm surface and Ech3937 cells and thus
inhibited deposition throughout the tested ionic strengths.
The main extracellular polysaccharide secreted by PDO300
is alginate, a linear copolymer of mannuronic and guluronic
acids (uronic acids C6H10O7) joined by β 1–4 linkage. Uronic
acids are negatively charged and may contribute to the overall
negative surface charge of PDO300 cells (5, 54). The primary
carbohydrates of the PAO1 EPS are glucose (41.0%), rhamnose
(14.3%), and mannose (13.9%), which are neutral sugars and
may shield the negatively charged surface functional groups,
e.g., LPS and proteins, located on cell membranes (55). For
the charged EPS, a decrease in the ionic strength of the
solution may change the conformation of the polymers by
unfolding and extending them into the solution, as well as
changing the “softness” of the polymer layers (11, 13, 16).
The extended polymers may provide more sites for reaction
with diffused and extended parts of the polymers with the
Ech3937 surface than a more collapsed polymer formed in
a higher ionic strength solution. An extended polymer also
may create a steric repulsive force to any cells approaching
the surface. Therefore, the negatively charged alginate of
PDO300 biofilm might be responsible for the observed weak
correlation between Ech3937 deposition and ionic strength
in PDO300 biofilm-coated columns.
Implications. Biofilms are distributed nonuniformly
within the natural environment and engineered systems, e.g.,
there is a marked decrease in biomass with increasing filter
depth and corresponding contact time in drinking water and
wastewater biofilters. The results presented in this paper
demonstrate that biofilm-coated porous media may promote
or impair the transport and deposition of bacteria, depending
on the thickness of the biofilm and the types of EPS polymer.
With thin biofilm accumulation, polymer interaction between
the biofilm surface EPS and bacteria plays a more important
role in bacterial adhesion while porous media physical and
hydrodynamic changes as a result of biofilm growth may
become significant when biofilm accumulates to a certain
thickness. It should be noted that the observations from this
study are based on the model bacteria Ech3937, which is a
common gram negative bacteria, but may not represent all
bacterial transport conditions since cell surface LPS is known
to influence the chemical interactions between bacteria and
biofilm.
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