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A stable adhesion-deficient mutant of Burkholderia cepacia G4, a soil pseudomonad, was selected in a sand
column assay. This mutant (ENV435) was compared to the wild-type strain by examining the adhesion of the
organisms to silica sand and their transport through two aquifer sediments that differed in their sand, silt, and
clay contents. We compared the longitudinal transport of the wild type and the adhesion mutant to the
transport of a conservative chloride tracer in 25-cm-long glass columns. The transport of the wild-type strain
was severely retarded compared to the transport of the conservative tracer in a variety of aquifer sediments,
while the adhesion mutant and the conservative tracer traveled at similar rates. An intact sediment core study
produced similar results; ENV435 was transported at a faster rate and in much greater numbers than G4. The
results of hydrophobic interaction chromatography revealed that G4 was significantly more hydrophobic than
ENV435, and polyacrylamide gel electrophoresis revealed significant differences in the lipopolysaccharide
O-antigens of the adhesion mutant and the wild type. Differences in this cell surface polymer may explain the

decreased adhesion of strain ENV435.

One approach for bioremediation of toxic chemicals by mi-
croorganisms is inoculation of contaminated sites with bacteria
that are able to degrade or immobilize the relevant toxic com-
pounds. After injection of biodegradative bacteria (i.e., bio-
augmentation), the bacteria must be able to move throughout
the surrounding porous media rather than collect at the injec-
tion site. Transport of bacteria through porous media can be
prevented by filtration, the blocking of bacterial movement by
pores that are smaller than the bacteria (26). It is assumed that
binding of bacteria to particle surfaces also prevents movement
and that bacteria must be nonadhesive for extensive bacterial
transport through porous media (19, 32).

Studies of bacterial adhesive properties in marine and fresh-
water environments have indicated that a number of factors
contribute to adhesiveness of the bacterial surface (11). These
factors include cell surface charge, which affects electrostatic
interactions between bacterial and substratum surfaces (33),
bacterial hydrophobicity (3, 29), and the presence of extracel-
lular polymers (1) and flagella (6). A wide range of approaches,
including hydrophobic interaction chromatography (HIC) (21),
electrostatic interaction chromatography (ESIC) (21), contact
angle measurement (35), and electron microscopy (5), have
been used to evaluate these parameters. The extent to which
bacterial adhesion affects transport in the subsurface is not
clear and depends on the organism and porous media condi-
tions. It has been shown that the adhesiveness of Pseudomonas
species and the transport of these organisms through porous
media are both related to the presence and composition of
flagella (6, 7) or lipopolysaccharide (LPS) (36). In contrast, in
an evaluation of a wider range of organisms (Enterobacter,
Pseudomonas, Bacillus, Achromobacter, Flavobacterium, and
Arthrobacter species) Gannon et al. found no consistent rela-
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tionship between transport and bacterial surface charge, hy-
drophobicity, or extracellular polymers (12).

Our previous studies focused on Pseudomonas strains ob-
tained from freshwater (36) and soil (6, 7). LPS was involved in
adhesion of the freshwater strain studied, whereas flagella
played a role in attachment of the soil isolate. These findings
raise the question of whether the same polymers or other
polymers on the cell surface are involved in attachment of
other pseudomonads. Thus, we extended our previous studies
to include a bacterial species with bioremediation potential. In
this study, we used a trichloroethylene (TCE)-degrading strain
of Burkholderia cepacia, and our objectives were (i) to select an
adhesion mutant that had decreased adhesion ability and thus
increased transport potential compared with the wild type; and
(ii) to determine the cell surface characteristics responsible for
the altered transport properties. Once an adhesion mutant was
obtained, we evaluated its cell surface characteristics by HIC
and ESIC and performed outer membrane protein (OMP)
and LPS analyses in order to determine the surface chem-
istry changes that were responsible for the alteration in adhe-
sion ability. We also evaluated the relationship between adhe-
sion and transport of the adhesion variant and of the wild type
in repacked columns containing three types of porous media
(homogeneous silica sand and two different aquifer sediments)
and in intact sediment cores obtained from a borrow pit in
Opyster, Va.

MATERIALS AND METHODS

Bacterial strains and culture conditions. Wild-type B. cepacia G4 (formerly
Pseudomonas cepacia G4) can degrade TCE and related compounds (24). B. ce-
pacia PR15, is a chemical mutant of G4; this mutant is constitutive for TCE
degradation (23) and adhered like G4 in column tests (Fig. 1). ENV435 is a less
adhesive chemical mutant of PR15,, and was produced during this study by
exposing a culture to 99% methyl methanesulfonate (MMS) (Aldrich Chemical
Co., Milwaukee, Wis.). The strains were grown in basal salts medium (BSM) (13)
supplemented with either 0.2% (wt/vol) sodium glutamate or 0.2% (wt/vol)
sodium lactate and incubated at 30°C.

Mutagenesis. An overnight culture of strain PR1;,, grown in BSM supple-
mented with 0.2% sodium lactate at 30°C was harvested by centrifugation,
washed, and suspended in sterile BSM to an optical density at 550 nm (ODss)
of 2.0. Aliquots (1.25 ml) of the washed cell suspension were placed into three
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FIG. 1. Percent adhesion (retention) of bacteria from suspension after each passage (six repeated passages) through the sand column. Symbols: @, B. cepacia G4;
m, PR1;,;; A, mutagenized culture of PR1;,,, with which nonadhesive mutants were selected by their transport through the sand column. ENV435 was isolated from

the effluent after the sixth passage.

microcentrifuge tubes. MMS (6.25 and 12.5 pl) was added to two of the tubes,
and the tubes were mixed by vortexing and were incubated at 30°C for 1 h. After
incubation, the cells were harvested by centrifugation and washed with 25 ml of
BSM and then with 10 ml of BSM. The cells were then suspended in 10 ml of
BSM supplemented with 0.2% sodium lactate and were incubated at 30°C for 1 h.
After incubation, 100 pl of each preparation was diluted with phosphate-buffered
saline (PBS) (30) and plated onto R2A (Difco Laboratories, Detroit, Mich.)
plates. Colonies from these plates were inoculated into 100 ml of BSM contain-
ing 0.2% lactate and shaken at 200 rpm at 30°C overnight. These cultures were
used as the inocula for selection of adhesion-deficient mutants as described
below.

Selection of adhesion-deficient mutants. Adhesion-deficient mutants were se-
lected by repeated passage of effluent containing nonattached bacteria through
sand columns by using the protocol of DeFlaun et al. (6). Briefly, columns were
constructed from 20-ml syringe barrels that were filled with 12 g of dry, sterile
sand (20/30 mesh [Ottawa Sand Standard]; Fisher Scientific Co., Pittsburgh, Pa.).
Three cultures of mutants were grown to the log phase, washed, and suspended
in PBS to densities of approximately 107 cells ml~ . The columns were inoculated
with 3-ml portions of these suspensions, and after 5 min the excess liquid was
drained off. After 1 h of incubation at room temperature, the columns were
rinsed with 3 ml of PBS three times to remove nonattached bacteria. The adhe-
sive bacteria were retained in the column, while the bacteria with reduced ad-
hesion ability tended to pass through. Cells in the saline wash were then har-
vested, suspended in fresh medium, grown to the log phase, and passed through
a second column. Cells were passed through several columns in this manner, so
that adhesion-deficient organisms were enriched. Adhesion-deficient mutants
were then tested individually with the adhesion assay to determine percentages
of adhesion. The stability of the nonadhesive phenotype was also tested by grow-
ing strains for more than 100 generations in a nonselective medium and retesting
to determine percentages of adhesion.

Transport column studies. (i) Repacked columns. We compared the transport
of ENV435 and the transport of wild-type G4 through porous media by using
glass columns (diameter, 1.0 cm; length, 25 cm) that were packed with either
sand (cleaned quartz play sand; particle diameter, ca. 160 wm) or sediment from
a Savannah River site (site SR 10-20"; 86.7% sand, 9% silt, 4.3% clay; Savannah
River Aquifer, Aiken, S.C.). The percentages of recovery and transport of ad-
hesion-deficient mutant ENV435 in Roseland Aquifer sediment (73% sand, 10%
silt, 17% clay; Roseland, N.J.) were also determined. Sediment samples were
analyzed to determine the particle size distribution by using a commercially
available kit (LaMotte Chemical, Chestertown, Md.). The sediment and sand
were autoclaved twice at 15 Ib/in? and 121°C for 90 min, dried in a 95°C oven for
25 h, and then packed in the columns to a depth of 20 cm. Artificial groundwater
(5§ mM CaSO, in deionized water) was pumped into the columns in an upflow
mode at a rate of 0.25 ml h™'. At the start of each experiment, the columns were

inoculated at the bottom with 0.2-ml portions of a ~10%-CFU ml~! suspension
of either ENV435 or wild-type strain G4. The cells were prepared for injection
by washing them and suspending them in artificial groundwater. The columns
were run for 24 h at room temperature. Samples were removed periodically from
the top of each column, serially diluted, and plated onto R2A plates. After the
last bacterial sample was removed, 0.2 ml of 4 M NaCl was injected into each
column as a conservative tracer to determine the rate of water flow through the
column. Chloride concentrations were measured with a chloride-specific elec-
trode (Orion, Boston, Mass.).

(ii) Intact column studies. The geology and mineralogy of the sediment in
intact cores taken from the borrow pit at the U.S. Department of Energy (DOE)
Opyster, Va., field site have been described elsewhere (8). The core used in this
study was taken from a cross-bedded, shelly, gravelly sand facies in a formation
that is predominantly quartz sand. The bottom of an aluminum Shelby tube
(length, 70 cm; inside diameter, 7 cm) was cut off with a large pipe cutter, and the
end piece was removed. Care was taken not to disturb the sediment remaining in
the end piece and in the core. A bottom spacer consisting of a stainless steel
mesh disc (wire diameter, 0.0075 in.; width opening, 0.0092 in.; 60 mesh per lin-
ear in.; McMaster-Carr, Dayton, N.J.) glued to a piece of acrylic pipe (height,
0.875 in.; outside diameter, 2.75 in.; Glasflex, Stirling, N.J.) was placed inside the
bottom of the core with the mesh flush against the sediment. The top of the
Shelby tube was cut off 53.5 cm from the bottom of the core, which left 2.5 cm
for the bottom spacer, 50 cm for the sediment, and 1.0 cm for the headspace. A
4-in. square of 0.5-in.-thick acrylic that had a 0.125-in.-deep groove cut in the
center and a center hole for inlet and outlet tubing was attached to the top of the
core, and an identical place of acrylic was attached to the bottom of the core. The
effluent tubing included a T-joint that was open to the atmosphere to prevent air
bubbles from forming and to vent any pressure buildup that occurred. The core
effluent was allowed to flow freely into a 100-ml plastic graduated cylinder. The
effluent was then pumped out of the cylinder at the same flow rate as the influent
flow rate and into a model 204 fraction collector (Gilson, Middleton, Wis.). This
configuration prevented backpressure caused by the smaller tubing of the frac-
tion collector from affecting flow through the column.

(iii) Pore volume determination. The pore volume of the core was determined
by using the intact end pieces that were cut off the main body of the core. The
end pieces were placed onto a 150-mm glass petri dish, and the sediment was left
to dry at room temperature for 4 days. The weight of the dried sediment was then
recorded. The sediment was then saturated by pipetting distilled water into the
bottom of the piece of Shelby tube and allowing the water to rise up into the
sediment by capillary action. The weight of the saturated sediment was recorded.
The sediment was then dried overnight in a 105°C oven, and the procedure was
repeated. The mean value of the two measurements obtained was used in the
following calculations. The dry weight was subtracted from the saturated weight,
and this value was divided by the volume of the piece of Shelby tube to determine
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the volume of water (in milliliters) per cubic centimeter of sediment. This value
was multiplied by the total volume of the core to obtain the pore volume of the
core.

(iv) Determination of water velocity. The composition of Oyster artificial
groundwater (OAGW) is based on the Oyster groundwater chemistry; OAGW
contains (per liter of distilled water) 60 mg of MgSO, + 7H,0, 20 mg of KNO;,
36 mg of NaHCO3, 36 mg of CaCl,, 35 mg of Ca(NOs3),, 25 mg of CaSO, - 2H,0,
28 mg of NaH,PO,, and 0.35 ml of 1.0 N HCI (pH 5.99). Once 1 pore volume of
OAGW had passed completely through the core, 10 ml of 5 M NaCl was injected
into the influent tubing. The flow velocity (in meters per day) of the chloride
tracer was measured with a combination chloride probe that was inserted
through a section of effluent tubing.

(v) Radiolabeling of cells. Bacteria were radiolabeled by using a modification
of the method of McEldowney and Fletcher (21). Cells grown on R2A streak
plates for 5 days were scraped off the plates and suspended in 2.5 ml of BSM. The
resulting suspensions were adjusted to an ODss, of 0.05 with BSM. To the wild-
type strain G4 culture 1.35 wCi of p-[U-'*C]glucose (specific activity, 250 mCi/
mmol; ICN Pharmaceuticals Inc., Irvine, Calif.) per ml was added, and the
ENV435 culture was supplemented with 1 wCi of p-[6->H]glucose (specific ac-
tivity, 26 Ci/mmol) per ml. These cultures were incubated with shaking at room
temperature (22°C) for 8 h, after which 0.05% unlabeled glucose was added. The
cultures were returned to the shaker for 48 h, after which the cells were har-
vested, suspended in OAGW, and incubated with shaking for an additional 48 h.

(vi) Core injection and sampling procedure. After being starved for 48 h, the
cultures were washed once and suspended in OAGW to an ODss, of 0.03 (~3 X
107 cells/ml). The specific activities of the cells were determined by calibrating
serial dilutions of radiolabeled cells versus CFU (**C-labeled G4, 618 CFU/dpm;
*H-labeled ENV435, 1,312 CFU/dpm). Then 370 ml (0.5 core pore volume) of
each cell suspension was combined in a 1-liter container and mixed well. The
cells were pumped into the column via the influent tubing. Once the injection was
complete, the inflow tubing was moved to a container containing Oyster site
groundwater. Oyster site groundwater was continuously pumped into the core for
6 days (corresponding to 12 pore volumes). The stability of the radiolabel was
checked by determining the specific activity of cells throughout the experiment.
There was no decrease in the specific activity over an 11-day period (data not
shown). Core effluent fractions were analyzed at 15-min intervals. One milliliter
of Liquiscint scintillation cocktail (National Diagnostics, Atlanta, Ga.) was added
to a 4-ml sample, and the preparation was then vortexed for 30 s before the
radioactivity was counted with a model 1209 Rackbeta scintillation counter (Phar-
macia LKB Nuclear, Gaithersburg, Md.). The percentage of recovery was calcu-
lated from the total disintegrations per minute collected in the fractions and the
total disintegrations per minute of the cells injected into the core.

(vii) Bacterial distribution within the core material. The distribution of the
cells that remained in the core material (i.e., the cells that adhered to the
sediment and were not recovered in the effluent) was determined by sampling the
sediment. Once the transport experiment was completed, the core was frozen at
—80°C for 1 week and then fractured in half and allowed to thaw. A grid
constructed out of polyethylene hardware cloth (opening size, 0.78 in.) was laid
across the core to insure that sampling was consistent. Samples were taken
through this grid by using Teflon tubing (outside diameter, 0.5 in.; inside diam-
eter, 0.375 in.) which was inserted through a hole in the grid until it reached the
aluminum casing. The sediment in the tubing was extruded into a 50-ml dispos-
able plastic centrifuge tube. The samples were mixed well, and duplicate 1.2-g
aliquots of each sample (equivalent to 1 g [dry weight]) were placed into 20-ml
scintillation vials. Five milliliters of OptiPhase HiSafe 3 scintillation cocktail
(Pharmacia LKB Nuclear) was added to each vial, and the vials were vortexed at
the highest speed for 1 min before the radioactivity was counted with a scintil-
lation counter.

Characterization of OMP and LPS. For the OMP analysis, 30-ml cultures were
grown as described above. Cells were harvested and washed in 0.1 M potassium
phosphate buffer (pH 7.4). Each pellet was suspended in 4 ml of a Tris-EDTA
solution (50 mM Tris, 2 mM EDTA; pH 7) and passed twice through a French
press, and 1-ml aliquots were transferred to two microcentrifuge tubes, each
containing 1.5 ml of lysate. Nonlysed cells were removed by centrifugation, and
outer membrane fractions were prepared (20). For each culture, one of the two
prepared samples was solubilized, heated as described by McCarter and Silver-
man (20), and used for a protein electrophoretic analysis. The second sample was
used for protein quantification by the BCA protein assay (Pierce, Rockford, IIL.),
in which bovine serum albumin was used as the standard. OMP profiles were
determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis on a
14% polyacrylamide gel (20 cm by 1 mm) by using the Tris-glycine Laemmli
buffer system (16). Approximately 25 pg of each sample was electrophoresed at
a constant voltage (200 V). The gels were stained with Coomassie brilliant blue
R-250 (Sigma Chemical Co., St. Louis, Mo.).

For LPS determinations, pellets were collected from 1-ml aliquots of cultures
(3.5 ml of BSM) by centrifugation. The cells were washed once in 0.1 M potas-
sium phosphate buffer (pH 7.4) and then treated by using the procedure of
Hitchcock and Brown (15) for whole-cell lysates and proteinase K digestion.
Samples (6 pl) of LPS preparations were electrophoresed on sodium dodecyl
sulfate—15% polyacrylamide mini gels as described above. The LPS gels were
silver stained by using the Hitchcock-Brown (15) protocol with the following two
modification: (i) the gels were briefly rinsed in Millipore water prior to the
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oxidation step; and (ii) following the oxidation step, the gels were subjected to
eight 15- to 20-min washes.

HIC and ESIC. HIC was performed by using the protocol described by Dahl-
back et al. (4) and Octyl-Sepharose CL-4B (Pharmacia Biotech, Uppsala, Swe-
den) diluted 1:1 in OAGW and packed into Pasteur pipettes. Cultures were
grown to the mid-log phase as described above, except that they were incubated
with 0.27 p.Ci of ["*C]glucose (final glucose concentration, 0.97 wg/ml; Sigma
Chemical Co.) per ml for 8 to 10 h at room temperature before 0.2% sodium
lactate was added. This method resulted in the highest percent incorporation of
label, and the sodium lactate added provided sufficient carbon for growth. The
cultures were adjusted to densities of approximately 10° cells/ml and washed
three times with 1 ml of OAGW per ml of cells to remove any exogenous
radioactivity. One milliliter of each washed cell suspension was applied to a gel
bed and eluted with four 3-ml OAGW washes into separate vials. One milliliter
of Liquiscint scintillation cocktail was added to each 3-ml wash. The gel was then
transferred from the pipette into a scintillation vial by using one 5-ml OAGW
wash. Once chromatography was complete, a test for leakage of radiolabel from
the cells was performed by centrifuging (16,000 X g, 5 min) duplicate 1-ml
samples of the washed cell suspension and counting the radioactivity in the
supernatant. Hydrophobicity was expressed as the ratio of the counts in the gel
to the counts in the eluant (g/e ratio). Higher g/e ratios indicated that there was
a greater tendency toward hydrophobic interactions. A negative log g/e ratio
implied hydrophilicity.

ESIC was performed in essentially the same manner as HIC (25), except that
the pipettes were packed with either the anion-exchange resin Dowex 1x8 (a
strongly basic anion exchanger whose ionic form is chloride) or the cation-
exchange resin Dowex 50Wx8 (a strongly acidic cation exchanger whose ionic
form is hydrogen; Sigma Chemical Co.). Columns were constructed with 1 g of
resin suspended in 1 ml of OAGW and packed into a Pasteur pipette. Bacterial
affinity for the ion-exchange resins was expressed as the ratio of the radioactivity
remaining in the resin fraction to the radioactivity in the eluant from the same
column (r/e ratio). Higher r/e ratios for the anion-exchange resin indicated that
there was a higher negative surface charge, while higher r/e ratios for the
cation-exchange resin indicated that there was a higher positive surface charge.

RESULTS

After bacterial suspensions had been passed through sand
columns six times, the percentage of the mutagenized cells
retained was reduced from 100 to 34%, whereas the percent-
ages of the parent strain PR1,,, and G4 cells retained ranged
from 80 to 93% (Fig. 1). A number of colonies obtained from
the effluent of the sixth pass of the mutagenized cells were
tested with the adhesion assay, and the adhesion values ob-
tained were as low as 13%. ENV435, an adhesion-deficient
mutant and constitutive TCE degrader, was selected from
these cultures on the basis of its low adhesion ability. The
stability of the adhesion phenotype of this strain was confirmed
by culturing the organism for more than 100 generations and
retesting adhesion with the sand column assay three times
(data not shown).

In the transport experiments, adhesion-deficient mutant
ENV435 was compared to strain G4. This comparison was
valid, even though ENV435 was derived from strain PR1;,,
because PR1;,, was derived from G4 and these strains exhib-
ited similar adhesion characteristics in the sand column assay
(Fig. 1). Wild-type B. cepacia G4 was always retained and nev-
er passed through 25-cm-long glass columns packed with fine
commercial sand (Fig. 2A); in addition, transport of this strain
was severely retarded in Savannah River sediment, a more
complex medium containing 9% silt and 4.3% clay, during 24-h
transport studies (Fig. 2B). In contrast, the adhesion-deficient
mutant, ENV435, moved through the glass columns containing
the sand matrix (Fig. 3A), Savannah River sediment (Fig. 3B),
and Roseland Aquifer sediment (Fig. 4A). The transport rate
of ENV435 through the sand and sediment was approximately
the same as the transport rate of the chloride tracer.

In addition to influencing the rate of transport, the sediment
type also influenced recovery of the organisms. The low CFU
values for the effluent curve in Fig. 3B indicate that a higher
percentage of ENV435 cells was retained by the Savannah
River sediment than by the homogeneous sand (Fig. 3A).

For the Roseland Aquifer sediment the transport rate and
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FIG. 2. Effluent concentrations of B. cepacia G4 (®) and chloride (O) in
25-cm columns packed with sand (A) and Savannah River sediment (B).

the recovery of the adhesion-deficient strain, ENV435, were
determined by using five replicate columns (Fig. 4). Figure 4A
shows the results obtained when the bacterial transport rate in
one of these columns was compared to the chloride tracer
transport rate. The transport rate of ENV435 was similar to
the transport rate of the chloride tracer up to 18 h, at which
time 1 pore volume of chloride had passed through the column
and chloride measurements were terminated. Similar rates of
chloride and bacterial transport were observed in all five rep-
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FIG. 3. Effluent concentrations of ENV435 (@) and chloride (O) in 25-cm
columns packed with sand (A) and Savannah River sediment (B).
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licate columns. The recovery data obtained for all five columns
are shown in Fig. 4B. More than 50% of the inoculum was
recovered in 32 h and more than 80% of the inoculum was
recovered in 36 h for all five columns. The average retention
time for water in these columns, as determined by the conser-
vative tracer tests, was 18 h.

Figure 5 shows the results obtained when G4 and ENV435
were injected simultaneously into an intact sediment core. Al-
though the peak concentration of ENV435 in the effluent
lagged behind the conservative chloride tracer peak, initial
detection of ENV435 and initial detection of chloride occurred
at approximately the same time. The peak concentration of
wild-type strain G4, however, took approximately twice as long
(19 versus 9 h) to appear in the effluent. Instead of occurring
in the effluent as a definitive peak, G4 was transported through
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FIG. 5. Effluent concentrations of chloride (---), ENV435 (—), and B. cepa-
cia G4 (- - -) transported simultaneously through an intact core column contain-
ing Oyster site sediment. Bacterial concentrations are expressed as the concen-
tration in the effluent (C) divided by the initial concentration injected (Co).



VoL. 65, 1999

G4 PRIy ENV43s
y

v +

FIG. 6. Polyacrylamide gel electrophoresis of LPS of strains G4, PR1;,, and
ENV435.

the core at low numbers throughout the 50-h experiment. The
overall level of recovery of G4 in the effluent was 13.2%, while
the level of recovery of adhesion mutant ENV435 was 26.3%.

The distributions of the cells retained in the columns, how-
ever, were very similar. Approximately 94% of the G4 cells and
approximately 95% of the ENV435 cells were retained in the
first 16 cm of the core, and the remaining cells were distributed
fairly evenly throughout the top 34 cm of the core. The number
of ENV435 cells detected in the sediment plus the number of
ENV435 cells detected in the effluent accounted for 102% of
the cells injected. For G4, however, the number of cells in the
effluent and plus the number of cells in the sediment accounted
for only 50% of the cells added. The reason for the low level of
recovery of the *C-labeled cells is not known, although it is
likely that respiratory loss as '*CO, is responsible at least in
part. Some of the loss can be attributed to quenching of the
radioactive signal by the sediment. Samples radiolabeled with
14C and counted in the presence of Oyster sediment had an
average of 11.9% fewer counts than samples without sediment.
The loss was slightly greater for tritium; the average loss was
25.5%. Correcting the percent recovery values for quenching
effects, however, did not account for the greater loss in *C
counts because the quenching of **C is less than the quenching
of °H.

There were no detectable differences in OMP between wild-
type strain G4 and the two chemical mutants. In contrast, the
LPS structure of ENV435 differed from the LPS structures of
the more adhesive strains; G4 and PR1,,, produced a ladder-
like pattern consistent with the presence of the O-antigen,
whereas ENV435 did not (Fig. 6).

HIC of wild-type strain G4, PR1,,,, and ENV435 revealed
large differences in hydrophobicity among these strains. G4
clearly had the strongest tendency toward hydrophobic inter-
actions, with a mean g/e ratio of 16.6; PR15,, had a mean g/e
ratio of 1.5 (Table 1), while the mean g/e ratio of ENV435 was
0.3 (Table 1).

There was no difference among the affinities of the three
strains for the cation exchanger (Table 1). There were, how-
ever, differences among the affinities of the three strains for the
anion exchanger. The anion exchanger affinity value for G4 was
8.2, while the value for ENV435 was higher, 13.0. PR15,,,
however, had an anion exchanger affinity value (0.6) that was
13 times lower than that of G4 and 21 times lower than that of
ENV435. The data were confirmed by performing each exper-
iment at least three times (Table 1).
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DISCUSSION

Adhesion to inanimate materials is the net result of a variety
of attractive and repulsive forces (e.g., electrostatic interac-
tions, hydrophobic interactions, van der Waals interactions,
hydrogen bonding, and steric interactions). The balance of
these forces and the net adhesiveness of a given cell can vary
from organism to organism, depending on variations in com-
plex mixtures of surface polymers and structures. Therefore,
adhesiveness is not an all-or-none property that can be de-
scribed by well-defined affinity constants. For any given bacte-
rial population, some cells attach, while others remain sus-
pended, and there can be appreciable variation in adhesion
even among clones of a single organism (36). Variations in
adhesiveness are also fostered by (i) phenotypic modifications
resulting from differences in life cycle stages or physiological
conditions, and (ii) spontaneous mutations resulting in altered
cell surface polymers or structures. By selecting for mutants
with altered surface characteristics, we can obtain strains that
have adhesive properties that are significantly different from
those of the parent. Chemical mutagenesis was used in this
study; however, transposon mutagenesis has also been used to
generate cells with altered attachment properties (6, 7, 36).

Bacterial transport rates can be affected by differences in
porosity (2) and mineralogy (22) in various sediments. The po-
rosity of sediments or the fissures in rocks may be small enough
to prevent movement of bacteria with the groundwater flow.
Alternatively, pores and fissures may be large enough to collect
transporting cells, while dissolved solutes move more quickly
through channels and preferred flow paths (9). Presumably,
the tendency for bacteria to collect on sediment and rock sur-
faces is enhanced by adhesive polymers or mechanisms (22),
but there is little direct evidence demonstrating that the adhe-
sive properties of cells are a significant factor in determining
transport of the cells in complex porous media.

Although the adhesion variant ENV435 was transported
through sand and sediment at approximately the same rate as
the conservative tracer, the peak concentrations of cells in the
column effluent were lower for the Savannah River sediment
than for the sand. Apparently, adhesion and hence retention
are influenced by the mineralogy, as well as the size distribu-
tion, of the sediment. Pure sand is relatively homogeneous; it
is composed solely of quartz and does not contain clay or silt
fractions.

Recovery assessed in the Roseland Aquifer sediment dem-
onstrated that although the transport rate of ENV435 was
similar to the transport rate of the conservative tracer, it took
approximately twice as long to transport all of the cells as it
took to transport the tracer. Retardation of the cells was pre-
sumably due to significant silt and clay fractions in the sedi-
ment, which decreased porosity, resulting in filtration of cells
and tortuous flow paths. If adhesion was responsible for retar-
dation of cells, then it was reversible, as more than 85 to 100%

TABLE 1. Affinities of B. cepacia G4, PR15,,;, and ENV435
for hydrophobic, cationic, and anionic matrices

Strai HIC g/e ESIC affinity for the  ESIC affinity for the
train - N b .

ratiof cation exchangerl anion exchanger®
B. cepacia G4 16.6 (0.8)* 0.1 (0.1) 8.2 (0.3)
PR1,, 1.5(0.1) 0.1 (0.0) 0.6 (0.2)
ENV435 0.3 (0.3) 0.1 (0.1) 13.0 (3.2)

“ A higher g/e ratio indicates a greater tendency for hydrophobic interactions.
® A higher value indicates a higher positive cell surface charge.

¢ A higher value indicates a higher negative cell surface charge.

@ The values in parentheses are standard deviations (n = 3).
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of the bacteria were eventually recovered. The differences in
the results obtained with the five columns can be attributed to
the variability associated with obtaining five subsamples of the
same sediment and packing of the columns. The level of re-
covery of ENV435 from the intact core was much lower than
the level of recovery from the repacked cores (26.3%) after 12
pore volumes of groundwater was used. This low level of re-
covery may demonstrate the effect on bacterial transport of
physical heterogeneities which block or bind cells and are lost
when a sediment is repacked into columns.

The significant differences in adhesion and transport of wild-
type strain G4 and adhesion mutant ENV435 were presumed
to be due to differences in cell surface properties. We attempt-
ed to identify the cell surface polymer(s) involved in adhesion
of B. cepacia G4, PR1;,,, and ENV435 by comparing the OMP
and LPS profiles of each isolate. Flagella (6) and pili (34) have
been identified with adhesion of Pseudomonas fluorescens in
the environment, but we were not able to detect any differ-
ences in cell surface proteins that correlated with differences in
adhesiveness.

The polyacrylamide gel electrophoresis analysis of ENV435
demonstrated that the LPS of this adhesion-deficient strain
lacked the ladderlike pattern that is consistent with the pres-
ence of O-antigen, which was present in G4 and PR1,,,. G4
and PR1;,, were also more hydrophobic than ENV435, as
determined by HIC (G4 > PR1;,, > ENV435), whereas
ENV435 had the highest negative charge (ENV435 > G4 >
PR15,,). These results are consistent with the results of studies
performed with Pseudomonas aeruginosa that demonstrated
that the presence of A-band LPS resulted in a more hydro-
phobic surface and greater adhesion to polystyrene than was
observed with bacteria lacking O-polysaccharide chains (18).
Makin and Beveridge (18) suggested that their results could be
explained by the presence of a relatively hydrophobic LPS
O-polysaccharide that shielded charged groups near the mem-
brane, such as phosphate groups in the core-lipid A region.
These results contrast with the results of other studies that
demonstrated that an increase in adhesion (31, 36) or hydro-
phobicity (14, 17, 31) accompanied a loss or attenuation of
O-polysaccharide, presumably due to greater exposure of the
lipid moiety. Similarly, P. aeruginosa cells with B-band O-poly-
saccharide were less hydrophobic (10), indicating that the spe-
cific chemistries of the components of the LPS (i.e., the O-
polysaccharide, the oligosaccharide core, and the lipid moiety)
are involved in determining the overall adhesiveness of the
cells.

The fact that a positive relationship between hydrophobicity
and adhesion to sand or minerals was found in this and other
studies (31, 36) indicates that hydrophobic interactions may
control attachment to these types of surfaces. Numerous stud-
ies have demonstrated that hydrophobic interactions can play
a significant role in bacterial attachment phenomena (11, 27,
29). This is somewhat surprising, as adhesion to silica sand might
be expected to be similar to adhesion to glass, which does not
appear to be favored by hydrophobic interactions (18); we
cannot explain this inconsistency at this time.

The results of this study illustrate the validity of evaluat-
ing the relationship between the adhesiveness of bacteria and
transport of the bacteria through porous media. Adhesion is a
relatively simple phenotype to measure and can be used to
evaluate bacterial strains for bioaugmentation applications. In-
formation concerning the surface characteristics that deter-
mine adhesion can potentially be used to alter these properties
and therefore influence the transport of organisms. Enhanced
transport of ENV435 has been demonstrated in a system larger
than the intact cores which we used. Using a pilot-scale in situ
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bioremediation trench (length, 4 ft), Reardon et al. (28) found
that the wild-type strain B. cepacia PR15,, could not be de-
tected more than a few inches from the addition zone, while
ENV435 was rapidly transported through the soils used.
ENV435 is currently being field tested in a sand aquifer con-
taminated with TCE. In previous studies workers determined
that the degradative ability of the adhesion-deficient, constitu-
tive isolate ENV435 was similar to that of the wild type (8a).
Bioaugmentation with ENV435 could have considerable po-
tential for remediating the most common groundwater con-
taminant in the United States, TCE.
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