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Columns were packed with clean quartz sand, sterilized, and inoculated with different strains of bacteria,
which multiplied within the sand at the expense of a continuous supply of fresh nutrient medium. The saturated
hydraulic conductivity (HC,,,) of the sand was monitored over time. Among the four bacterial strains tested,
one formed a capsule, one produced slime layers, and two did not produce any detectable exopolymers. The last
two strains were nonmucoid variants of the first two. Only one strain, the slime producer, had a large impact
on the HC,,. The production of exopolymers had no effect on either cell multiplication within or movement
through the sand columns. Therefore, the HC,,, reduction observed with the slime producer was tentatively
attributed to the obstruction of flow channels with slime. Compared with the results with Arthrobacter sp. strain
AK19 used in a previous study, there was a 100-fold increase in detachment from the solid substratum and
movement through the sand of the strains used in this study. All strains induced severe clogging when they
colonized the inlet chamber of the columns. Under these conditions, the inlet end was covered by a confluent

mat with an extremely low HC,,.

Biological clogging of waterlogged soils and aquifer mate-
rials has been an object of study for several decades because
of its adverse effects in various applications, such as the
disposal of wastewater (8, 12, 19, 27), groundwater recharge
(2, 29, 33, 46), groundwater production (39, 40), or the in situ
bioremediation of contaminated aquifer sediments (22). The
microflora associated with this clogging process consists
predominantly of bacteria (7, 19, 27, 35, 39), although fungi
(30, 33) and protozoa (15, 30) may sometimes be involved in
certain phases of the reduction of the saturated hydraulic
conductivity (HC,,,).

Various mechanisms to account for the HC,,, losses
observed in conjunction with microbial activities have been
suggested. With few exceptions, they all rely on the assump-
tion that the observed HC,,, reductions are associated with
the production of a nonaqueous phase that decreases signif-
icantly the effective porosity (i.e., the fraction of the total
volume that is available for water flow) of the soil or aquifer
material. Microbes in subsurface environments and sedi-
ments can produce solid, gas, and gel phases. The solid
phase may be the cells themselves or precipitates of by-
products of their metabolism, e.g., iron sulfide or iron
hydroxides (39, 40). The gas phase consists of poorly soluble
gaseous compounds such as dinitrogen or methane (21, 29).
Finally, the gel phase typically consists of hydrated extra-
cellular polymers (or exopolymers). These exopolymers,
commonly polysaccharidic in nature (6, 23), occur in two
basic forms. As a capsule, the exopolymers are intimately
associated with the cell surface and may be covalently
bound, whereas in the form of slime they are only loosely
associated with the cell surface (45).

The idea that bacterial exopolymers can block, or at least
hinder, water flow in natural porous media was suggested as
early as in the 1950s (24). In later years, supportive evidence
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was obtained by a number of researchers (2, 8, 27, 38), who
found a positive correlation between the degree of clogging
and the accumulation of exopolymers. Other authors (15,
17), however, observed no relationship between these two
parameters or even an inverse relationship, i.e., a clogging
intensity inversely proportional to the polysaccharide con-
tent (36). These results suggest that exopolymer production
is not necessary to achieve significant clogging (41). How-
ever, it may be sufficient to give rise to large reductions of
HC,,, under specific conditions. The clogging of artificial
porous media inoculated with pure cultures indeed becomes
comparatively more pronounced when the percolating me-
dium is such that it stimulates the production of exopolymers
(16, 41).

In order to be able to control or, in some cases, to increase
the extent of the clogging by bacteria in subsurface environ-
ments, more detailed information on the various mecha-
nisms listed above is required than is currently available. In
particular, a fundamental understanding is needed of the
exact role played by exopolymers in the clogging process, of
the factors that influence their clogging efficiency, and of
whether their morphology has an effect on their ability to
clog soils or aquifer materials.

The objective of the study reported in the present article
was to determine whether the production of bacterial ex-
opolymers can, in and of itself, significantly reduce the HC,,
of sand columns. Two bacterial isolates which produced
different types of exopolymers were used in the experi-
ments. The reductions of the HC,,, by these two isolates
were compared with those obtained with nonmucoid mutant
strains.

MATERIALS AND METHODS

Strains and medium. The four strains used in this study
were subclones of isolate B0693 (DOE Subsurface Microbial
Culture Collection, Florida State University, Tallahassee),
which was isolated in 1986 from a sample obtained at the
Savannah River site drilling (site P24) at a depth of 259 m.
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The four strains were obtained from this isolate as the result
of a two-step procedure.

In the first step, we isolated two subclones on the basis of
the morphological features of the colonies they produced on
agar. These two subclones differed with respect to three
physiological tests of the API Rapid NFT physiological
testing system (Analytab Products, Plainview, N.Y.): the
subclone SLI hydrolyzed esculin, produced gelatinase, and
grew on phenylacetate; the subclone CAP did not exhibit
any of these three properties. Negative staining with China
ink revealed that the SLI cells produced extensive slime
layers when grown in the nutrient medium described below,
whereas the CAP cells were encapsulated.

In the second step, nonmucoid variants, SLI~™ and CAP™,
were isolated from the strains SLI and CAP, respectively.
Use was made of the fact that cells not associated with
exopolymers should have a higher sedimentation velocity.
Centrifuge tubes were filled with a suspension of either SLI
or CAP cells up to a mark at 8 cm and centrifuged for 8 min
at 2,000 x g. On the basis of Stokes’ law for the sedimen-
tation velocity of spherical particles, we estimated that these
conditions should be appropriate for all the cells not associ-
ated with exopolymers to settle, while leaving in suspension
most of the cells that were bound to exopolymers. The
procedure was repeated 10 times, by discarding the super-
natant and resuspending the pellet up to the mark at each
step. Numerous nonmucoid variants were isolated from
plates streaked with the final pellets. Negative staining with
China ink indicated that these variants did not produce
exopolymers when grown in the nutrient medium described
below. The physiological characteristics of the nonmucoid
variant strains tested with the API Rapid NFT were identical
to those of their respective parental strains. None of the four
strains was motile, and, when tested with the API Rapid
NFT, none could ferment glucose or use nitrate as an
electron acceptor.

The nutrient medium used for the percolation experiments
contained (in milligrams per liter of deionized water) glucose
(20), KNO, (0.7), MgSO, - 7TH,0 (0.7), CaCl, - 2H,0 (14.3),
Na,HPO, - 7TH,O (165), KH,PO, (80), ferric EDTA (4),
yeast extract (0.36), and Casamino Acids (0.36), in addition
to 0.25 ml of a trace element stock solution (26). The pH was
adjusted to 6.8. Except for MgSO, - 7H,0, the phosphate
buffer, and the trace elements, which were all autoclaved
with the bulk water, all nutrients were filter sterilized.

Flow system. The flow system is represented schematically
in Fig. 1. The nutrient solution, held aseptically in 10-liter
Pyrex bottles, was continuously pumped (0.53 ml min™?)
through columns packed with sand. Each column consisted
of an acrylic cylinder (length, 4 cm; inside diameter, 2.6 cm)
capped at both ends with headpieces manufactured with a
conical chamber to ensure an axial flow within the sand.
Rubber O-rings were used to provide a good seal at the
contact between columns and headpieces. The sand was
confined within the cylinder by 53-pum-opening nylon meshes
that were glued at each end of the cylinder. The quartz sand
(63- to 125-pm particle size) had been washed with sodium
acetate (pH 5) to remove carbonates; with hydrogen perox-
ide (6%) to remove organic matter; and with a mixture of
sodium citrate, sodium bicarbonate, and sodium hydrosulfite
to remove iron oxides. It was further autoclaved for 90 min
shortly before assemblage of the columns. Once packed in
the column, the sand had a porosity (volume of voids divided
by the total volume) of 0.39 + 0.01. The residence time of the
solution in the sand was about 15 min. Except for the
columns, all parts in contact with the flowing solution were
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FIG. 1. Schematic diagram of the flow system (not to scale).

autoclaved and assembled aseptically in a laminar flow hood.
Once completely assembled, the columns were sterilized by
overnight exposure to ethylene oxide. Two filters (0.22-um
pore size) were inserted in series between the bottles with
the nutrient solution and the peristaltic pump to prevent any
accidental contaminant from reaching the columns. Contam-
ination was checked regularly by measuring the glucose
concentration upstream from the columns. When contami-
nants were detected, all parts that had been in contact with
the contaminant were immediately replaced with aseptic
ones.

The sand was slowly saturated from beneath, and a steady
upward flow of boiled, autoclaved water was maintained for
1 week until the entrapped air was removed. The columns
were then inverted to establish a downward flow, and the
nutrient solution was substituted for water. The columns
were inoculated by injecting 5 ml of a 20-h-old culture
through a rubber septum. In two separate experiments, this
septum was located at 2- and 0.8-cm depths, respectively.
The inoculum, grown in a 2-fold-concentrated version of the
nutrient solution described above, had a cell density of (2.6
+ 0.4) x 107 cells ml~!. Immediately after inoculation, the
flow was stopped for 2 h to foster cell attachment. The whole
flow system was kept at 25.0 = 1.0°C in a constant-temper-
ature room.

HC,,, measurement. The HC_,, can be calculated from a
measurement of the hydraulic head gradient by using
Darcy’s law (18): Q = 4 HC,,, (AH)/L, where Q is the flow
rate (0.53 ml min~?), A4 is the cross section of the column (5.3
cm?), HC,,, is measured in centimeters per minute, H
(centimeters) is the hydraulic head (water potential per unit
weight), and L (centimeters) is the distance between the two
points where H is measured. The head difference between
two points, AH, is the difference in elevations of water
columns held in small tubings, called piezometers, con-
nected to these points at one end and open to the atmosphere
at the other end. When, as a result of severe clogging, the
pressure inside a column exceeded ca. 1.5 m of water
column, the piezometers were connected to Hg manometers.
Piezometers, in duplicates at each depth, protruded horizon-
tally by about 3 mm inside the sand column and were capped
with nylon mesh to prevent the sand from creeping in. They
were inserted at three locations in the permeameters: in the
inlet chamber just above the inlet mesh, at 3 mm below the
inlet mesh, and at 36 mm depth just above the outlet mesh
(Fig. 1). Thus, the HC,,, could be calculated for the top layer
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comprising the inlet mesh and the first 3 mm of sand by using
the data from the first and second pairs of piezometers and
for the bulk of the sand between 3 and 36 mm by using the
data from the second and third pairs of piezometers. The two
H measurements from duplicate piezometers at any given
depth rarely differed by more than 2 mm. H values were
measured daily. In order to facilitate the comparison of
treatments, HC,,, values for each column were divided by
the initial value, HC,,, o), S0 that the adimensional con-
ductivity ratio, [HC,,/HCq,; (=)}, Was equal to 1 at the time
of inoculation. The average value of HC,,, ,_o, was 0.38 £
0.07 cm min™.

Cell counts and glucose assay. A rubber septum was
connected to the outlet chamber of the columns to allow
effluent sampling directly underneath the outlet mesh. At
regular time intervals, a 1.1-ml sample of effluent was slowly
withdrawn with a syringe whose needle had been sterilized
by flaming. A droplet was transferred into the counting
chamber of a hemacytometer for a direct microscopic deter-
mination of cell density. One milliliter of the sample was
filtered (0.22-um-pore-size filter) to remove the cells. The
filtrate was assayed for glucose by the method of Dubois et
al. (13), by using glucose standards for calibration. In
addition to glucose, this method also assays any dissolved
carbohydrate by-product of the bacterial metabolism.

Biomass assay. At the end of a percolation run, a cork
borer (inside diameter, 1 cm) was used to sample the
columns. Duplicate samples were obtained for each depth
interval (5 mm thick), mixed, and assayed colorimetrically
for lipid-bound phosphates (14). The lipid-bound phosphate
concentrations were converted into cell densities by using a
conversion factor that had been determined for batch cul-
tures in their stationary phase of growth (2 to 4 days). Cell
numbers were determined by direct counts (see above). The
conversion factor, averaged over all four strains, was 0.60 *
0.06 nmol of lipid-bound phosphates per 10° cells. The
values of this conversion factor for the four strains were not
statistically different. Use of an average cell volume of 0.48
+ 0.05 um> (determined by light microscopy in the same
cultures; again, there was no significant difference among
strains) and a value of 1.1 g cm™> for the cell mass density
(20) allowed the cell densities to be also expressed on a mass
basis (milligrams [wet weight] of biomass per cubic centime-
ter of bulk sand).

SEM. The sampling and mounting methods used in the
experiments have been described in detail elsewhere (42).
Only a rapid overview of the technique is presented here.
Upon disassembling the columns, small cores (length, 8 mm)
were taken at different depths by inserting a small cylinder
made of a copper sheet (thickness, 75 pm) rolled up around
a rod (diameter, 3.5 mm) and soldered at the joint. This
cylinder was then capped at each end by securing a fine
nylon mesh by means of a flexible silicone tubing. The
cylinders containing the samples were rinsed for 1 to 2 h in
phosphate buffer (same pH and ionic strength as the nutrient
solution) and fixed for 90 min with 2.5% glutaraldehyde-50
mM lysine-50 mM cacodylate buffer (CB; pH 7.4). The
lysine and glutaraldehyde were mixed immediately before
use. This particular mixture has been found to improve the
preservation of bacterial exopolymers for scanning electron
microscopy (SEM) (43). After one rinse in CB (30 min),
fixation was pursued in 2.5% glutaraldehyde—CB at 4°C for 1
to 2 days. After three rinses in CB, the cells were progres-
sively dehydrated in a graded series of ethanol (10, 25, 50,
75, 90, and 100% three times for 20 min each) and, without
any delay, critical point dried with CO, as the transitional
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FIG. 2. Time change of the HC,,, in columns inoculated at a
2-cm depth with a slime-producing strain (SLI), with an encapsu-
lated strain (CAP), or with their respective nonmucoid variants
(SLI™ and CAP™). Each point represents the mean value from two
experiments, and bars indicate the standard deviation (they do not
appear when hidden by the symbol).

fluid. The dried cores were partially extruded by using a
small piston, and sequentially exposed surfaces were
mounted on SEM stubs covered with a piece of adhesive
tape. The stubs were coated with a thin layer of Au-Pd alloy
and viewed with a JEOL JSM-35CF (AMRAY 1000A for
Fig. 8) SEM operated at 10 kV. All glutaraldehyde solutions
were freshly prepared from a frozen stock that had been
shipped on dry ice (Sigma Chemical Co., St. Louis, Mo.).

RESULTS

Of the four bacterial strains tested, only the slime pro-
ducer, SLI, had a substantial effect on the HC,, of the sand
(Fig. 2). This variation among strains does not appear related
to population densities in the columns since the glucose
consumption rate was very similar in the different columns
(Fig. 3A). Separate experiments in batch cultures (in a 25- or
100-fold-more-concentrated version of the medium than was
used in the column experiments) showed that there was no
significant difference among strains with respect to the yield
coefficient for glucose (approximately 10° cells per pg of
glucose), the rate of glucose uptake by nongrowing cells (5.2
+ 0.6 ug of glucose per 10'° cells per min), or the maximum
specific growth rate (0.41 + 0.04 h™!). The cumulated
numbers of cells washed out from the columns, calculated on
the basis of cell densities in the column effluents (Fig. 3B),
were not significantly different among strains, according to
the F test (P = 0.05).

The HC,,, loss observed with the SLI strain could not be
attributed to an increase of the percolate viscosity. Indeed,
when measured after 37 days of flow, the viscosity of the
effluents was found to be identical to that of pure water.

After 38 days of flow, the biomass distributions in the
different columns were determined (Fig. 4). The biomass
distributions showed a marked peak somewhat upstream
from the point of inoculation (2 cm deep), except in the case
of the nonencapsulated variant (CAP ™), which accumulated
at the inlet. The total amount of biomass accumulated in the
columns was not significantly different among the four
strains, according to the F test (P = 0.05). The average value
was (12.1 * 2.4) x 10 cells per column (n = 8).
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FIG. 3. Time change of glucose concentration (A) and cell den-
sity (B) in effluents of columns inoculated with a slime-producing
strain (SLI), with an encapsulated strain (CAP), or with their
respective nonmucoid variants (SLI~ and CAP~). Each point rep-
resents the mean value from two experiments, and bars indicate the
least significant difference (P = 0.05).

The production of polymeric extracellular material (ex-
opolymers) by the SLI strain inside the column was demon-
strated by direct observation of samples taken after 38 days
of flow (Fig. SA and B). No exopolymers were detected
inside the columns inoculated with the nonmucoid variant
(Fig. 6). Whereas copious amounts of exopolymers sur-
rounded SLI cells in colonies that developed at a depth of 16
mm (Fig. 5B), almost none were visible in colonies at 23 mm
(Fig. 5C). After 37 days of flow, dilutions of the effluent were
plated on agar supplemented with the percolation medium
(concentrated eightfold). In the case of the column harboring
SLI cells, a large fraction of the colonies (61 and 64% for the
two replicate columns) were nonmucoid. Because the non-
mucoid colonies from the duplicate columns showed identi-
cal characteristic features and because the cells within these
colonies had the exact same shape and size as the SLI cells,
an accidental contamination was unlikely.

Very few, but large, colonies of the capsulated strain,
CAP, were detected on the sand particles (Fig. 7A). The
cells were buried within a matrix of exopolymers (Fig. 7B).
Often these colonies were concentrated on specific sand
particles, on which 5 to 20 colonies were usually seen. An
X-ray analysis (energy-dispersive spectroscopy) did not re-
veal any difference in elemental composition between colo-
nized and uncolonized sand particles, a single Si peak being
observed in both cases. It seemed, however, that the surface
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FIG. 4. Biomass distribution in columns inoculated at a 2-cm
depth with a slime-producing strain (SLI), with an encapsulated
strain (CAP), or with their respective nonmucoid variants (SLI~ and
CAP™). Each point represents the mean value from two experi-
ments.

of colonized sand particles was always much more irregular
and pitted than that of uncolonized sand grains, which had
smooth surfaces in general.

In a previous series of experiments, the inocula had been
injected at a shallower depth (8 mm), which resulted in
colonization of the inlet chamber of the column. As a result,
mats composed of bacteria and their associated exopolymers
(strains SLI and CAP) or bacteria alone (strains SLI™ and
CAP™) coated the entire surface of the inlet mesh after
several weeks of flow (Fig. 8A). Contrary to what happened
when they did not colonize the inlet chamber, all four strains
built up a considerable resistance to flow when they formed
mats (Fig. 9). An interesting observation was that HC,,
losses were greater in the columns that had been inoculated
with the nonmucoid variants (strains SLI- and CAP7)
compared with the losses caused by their respective mucoid
parental strains. However, this should be taken with caution
since only one treatment (strain CAP) was duplicated over
the entire course of the experiment (three columns became
contaminated and were discarded). The cell density of mats
formed by the CAP™ strain seems greater than that of mats
formed by CAP cells (Fig. 8B and C). For the latter, the
intercellular spaces appear partially filled with condensed
exopolymers.

The HC,,, ratios plotted in Fig. 9 are averages for the
entire length of the columns and are therefore directly
comparable to the HC,, ratios plotted in Fig. 2. However, in
the series of experiments resulting in the HC_,, ratios plotted
in Fig. 9, the HC,,, in fact decreased only in the region
between the inlet chamber and a depth of 3 mm, remaining
constant in regions deeper than 3 mm. Thus the HC,, values
for the top layer, comprising the mat and the top 3 mm of
sand, were about 10 times smaller than the values plotted in
Fig. 9. For example, in the case of the top layer of the
column inoculated with the CAP~ strain, HC,,, was equal to
2.3 X 107° cm min~! 40 days after the initiation of mat
formation.

DISCUSSION

The production of slime by a bacterial population growing
within a sand column seems to have a very important impact
on the HC,,, of the sand, since the nonmucoid variant strain,
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FIG. 5. SEM micrographs of sand grains colonized by the slime-
producing strain, SLI. (A and B) At a 16-mm depth, bacteria were
entangled in a meshwork of long fibrillar material. Bars, 20 (A) and
2 (B) um. (C) At a 23-mm depth, exopolymers were almost entirely
absent. Bar, 2 pm.

SLI™, had a negligible effect on the HC,,, unlike its parental
strain, the slime-producing SLI strain. The severe clogging
observed with the latter strain was attributed to the produc-
tion of slime and not to a greater accumulation of cells,
because the cell densities inside the various columns were
not significantly different at the end of the experiments.
Slime excretion could affect the HC,,, by different means: it
could increase the viscosity of the percolating solution, it
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FIG. 6. SEM micrograph of sand grains colonized by the non-
slimy variant, SLI™, at a 16-mm depth.

could enhance cell adhesion and retention, it could increase
the frictional resistance at the solid-liquid interfaces, or it
could decrease the effective porosity, i.e., the space avail-
able for the transmission of the liquid phase. It is apparent
that the two first mechanisms were insignificant in this study,
because no increase of the viscosity was detected and
because biomass densities were not higher in the case of the
SLI strain (Fig. 4). It has been reported that the growth of
filamentous microorganisms (25, 31) and the production of
bacterial slimes (9) in the biofilms attached on the inside wall
of water-conducting pipes can cause important pressure
losses. In those studies, the resistance to flow was much
greater than what would have been expected on the basis of
the decreased cross section area available for flow as a result
of biofilm growth and was attributed rather to increased
frictional resistance (31). In porous media, however, the
work by Characklis et al. (10) involving a slime-producing
Pseudomonas aeruginosa strain indicated that the increased
roughness (frictional resistance) of the particles was proba-
bly insignificant and that the biofilms increased hydraulic
resistance essentially by reducing the cross section area for
flow. In the present study, however, it is not clear that the
amount of slime that is visible in Fig. SA and B would be
sufficient to decrease the effective porosity to the extent that
a 100-fold decrease of HC,,, would ensue. Of course, during
the preparation for electron microscopy, slimy materials can
be extracted (11) and undergo considerable shrinkage (4, 43).
The volume occupied by the slime in Fig. SA and B may
therefore be significantly less than what it really was in the
sand. Interestingly, the production of cell-bound exopoly-
mers by the capsulated strain CAP, unlike the free exopoly-
mers produced by the strain SLI, had no detectable effect on
the HC,,.

The total number of cells, both retained in the columns
and washed out with the effluent, could be calculated from
Fig. 3B and 4 and was found to be strain independent
according to the F test (P = 0.05), with an average of (31.1
+ 1.1) x 10" cells (n = 8). Assuming that all the nitrogen
supplied with the nutrient solution (including the nitrogen
provided with the yeast extract and Casamino Acids but not
with FeEEDTA) was consumed by the cells growing inside the
columns, the nitrogen content of the bacterial protoplasm
would be 0.030 + 0.002 pg of N per um? of biovolume (n =
8). This value is very close to that reported by Nagata and
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FIG. 7. SEM micrographs of sand grains colonized by the encap-

sulated strain CAP at a 16-mm depth. (A) Microcolonies (arrows)
attached to sand grains with a rough surface. Bar, 20 um. (B) Cells
buried in an extensive matrix of exopolymers. Bar, 2 pm.

Watanabe (28) for freshwater bacterial assemblages (0.027
pg of N per um®). It seems, therefore, likely that all of the
nitrogen supplied to the columns was completely consumed
at a very early stage during the percolation experiments;
otherwise the actual nitrogen content of the bacteria would
be lower than the calculated value, which seems unlikely
because Nagata and Watanabe (28) observed a fairly con-
stant N content over a wide range of nutritional conditions.
The same argument can be used to show that cell decay was
probably negligible. When growth is restricted by the supply
of a limiting nutrient, the total increase in biomass (combin-
ing the biomass retained inside the column and the cumu-
lated mass of washed-out cells) is controlled by the supply of
this nutrient (1). Since the rate of supply of N to the columns
was constant and the cell density in the column effluents was
more or less constant after 4 days of flow (Fig. 3B), the
biomass retained within the sand was, therefore, probably
increasing more or less linearly after 4 days of flow.

The total number of cells retained within the sand, esti-
mated from Fig. 4, was (12.1 + 2.4) x 10 cells per column
(average of the four strains), while the cumulated number of
washed-out cells (estimated from Fig. 3B) was (19.5 + 2.9) x
10 cells per column (average of the four strains). Thus the
proportion of cells that remained attached to the sand (38%)
was smaller than that of the washed-out cells (62%). These
proportions should have remained constant through time if,
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FIG. 8. SEM micrographs of bacterial mats sampled on the inlet
end of columns inoculated at a 0.8-cm depth. (A) Vertical cross
section of a mat consisting of CAP™ cells. The top surface of the mat
is visible on the left upper part of the micrograph. Bar, 100 pm. (B)
Higher magnification of the top surface of the mat shown in panel A.
Bar, 2 um. (C) Midsection of a mat consisting of exopolymer-
producing bacteria (strain CAP), where the cells appear less densely
packed and are entangled in a matrix of long fibrillar material. Bar,
2 pm.
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FIG. 9. Time change of the HC,,, in columns inoculated at a
0.8-cm depth with a slime-producing strain (SLI), with an encapsu-
lated strain (CAP), or with their respective nonmucoid variants
(SLI™ and CAP™). Each point represents the mean value from two
experiments for the CAP treatment and single observations for the
other treatments. Bars represent the standard deviation. The origin
of the x axis corresponds to the initiation of clogging in the 0- to
3-mm layer caused by an extensive bacterial mat (a variable lag
phase of 10 to 20 days elapsed between the inoculation time and mat
formation).

as proposed earlier, the biomass attached to the sand in-
creased linearly, as did the cumulated washed-out biomass.
Another way to analyze such data involves the concept of
removal rate, which can be defined as the number of cells
detached per unit of surface area of substratum per unit of
time. The removal rate has been found to be a first-order
function of the cell density when the cells form a biofilm on
a flat surface (3). In the present study, the removal rate was
more or less constant between days 3.9 and 31 (Fig. 3B)
while the biomass must have increased substantially (about
eightfold if the attached biomass indeed increased linearly).
This observation suggests that at least some properties of
biofilms do not apply to certain bacteria growing in columns
packed with a fine sand.

After several weeks of flow, more than 60% of the cells in
the effluent of the columns inoculated with the SLI strain had
lost the ability to produce slime. Since it was estimated that
the cells in the effluent accounted for more than 60% of the
cells newly formed within the columns, nonmucoid cells
should therefore have accounted for at least 36% of the
biomass production in the columns inoculated with the
mucoid, slime-producing SLI strain. This phenomenon
could have resulted from the proliferation of a small subpop-
ulation of SLI™ cells initially present in the SLI inoculum.
Alternatively, it could have resulted from the loss of the
capacity to produce slime during the incubation. At least in
the absence of sand, we noticed that the production of slime
was a stable characteristic of the SLI strain. Indeed, in a
first, unsuccessful attempt to isolate spontaneous SLI~
mutant strains, an SLI culture was maintained in the expo-
nential phase of growth for 8 days by transferring a small
volume of culture to fresh nutrient medium every 2 days
(slime production was stimulated during that experiment by
using a concentrated version of the high C/N ratio nutrient
medium described above). All colonies growing on streak
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plates made from the last culture tube were mucoid. The
presence of sand in the column experiments could conceiv-
ably promote instability in slime production. However, we
have observed that the addition of sand to batch cultures
either enhances exopolymer production or has no effect on
polymer production, depending on the strain. It appears
therefore plausible that the large number of SLI™ cells
detected after several weeks of incubation in the effluents of
the columns inoculated with the SLI strain resulted from the
proliferation of SLI™ cells initially present in the inoculum.

A possible mechanism that could account for the selective
pressure in favor of SLI™ mutant cells in the columns
inoculated with SLI cells would be an increased adsorption
rate when the cell envelope is not surrounded by slime. It
can be seen (Fig. 6A) that SLI™ cells colonize the sand
particles uniformly, whereas the coverage by SLI cells
seems less complete (Fig. 5A). In almost all studies, the
presence of a bacterial capsule or slime has been shown to
decrease the surface hydrophobicity (34), thereby decreas-
ing the extent of adhesion when it is the result of hydropho-
bic interactions. A recent study by Stenstrém (37) has shown
that cell surface hydrophobicity was the most important
factor affecting bacterial adhesion to quartz sand particles.
Stenstrom found a high correlation between the adhesion of
various bacterial strains to quartz particles and the cell
surface hydrophobicity (estimated by hydrophobic interac-
tion chromatography). Antiadhesive properties of bacterial
exopolymers for strains interacting with various types of
substrata have been demonstrated (5, 23, 32, 44).

Whereas the nonexopolymer-producing strains used in
this study did not cause substantial clogging when inlet
chamber colonization was avoided, at least one other bacte-
rium, Arthrobacter sp. strain AK19, has been reported to
cause drastic HC,,, reductions in the absence of exopolymer
production (41). The transport properties of these different
strains may have played a role in controlling their impact on
the HC,,,. Indeed, all conditions being equal (flow rate,
sand, and nutrient medium), the cell densities in the effluent
streams of columns inoculated with Arthrobacter sp. strain
AK19 remained in the range of 10* to 10° cells ml~* (data not
published), about 100 times lower than the values obtained
with the strains used in the present study. For the latter
strains, approximately 60% of the newly formed cells were
washed out from the columns, while in the case of Arthro-
bacter sp. strain AK19, a negligible fraction of the cells were
washed out. As a consequence, given similar growth rates
and yield coefficients, the increase in the biomass retained
within the column and the associated HC,,, reduction are
likely to proceed at a faster pace with Arthrobacter sp. strain
AK19 than with the strains used in the present study. A
possible explanation for the low washout rate of Arthrobac-
ter cells is that, upon cell division, the daughter cells
remained attached and eventually formed large aggregates of
cells that were easily trapped at pore constrictions (41).

Although three of the four strains tested had a negligible
effect on the HC,, when they were prevented from coloniz-
ing the inlet chamber (Fig. 2), they all induced a high
resistance to flow when they multiplied on the mesh confin-
ing the sand at the inlet end of the columns (Fig. 9). The cell
densities measured just underneath the mesh in the 0- to
5-mm layer were, except in the case of the SLI strain, always
smaller than 10 mg (wet weight) per cm®, the threshold
density at which the HC_,, started to decline substantially in
columns inoculated with Arthrobacter sp. strain AK19 (41).
Therefore, the very large head losses measured across the
top layer, comprising the bacterial mat and the first 3 mm of
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sand, must have taken place principally, if not exclusively,
within the structure of the mats (at least for the nonmucoid
strains, SLI~ and CAP~, for which this threshold value
could apply). This consideration enables us to estimate the
HC,,, value of the mats with Darcy’s law, since mat thick-
nesses could be approximated on SEM micrographs. In the
case of the CAP™ strain, the mat thickness was about 270
pm (estimated from a micrograph similar to the one shown in
Fig. 8A, with the mat section running parallel to the plane of
the picture), the head loss was 230 kPa (AH = 24 m of
water), and the flow rate was 0.1 ml min~! (at that pressure,
the peristaltic pump failed to deliver 0.53 ml min~?!), yielding
an HC_,, value of 2.1 X 10”7 cm min~". This extremely low
HC,,, value is more than 10 times lower than that of clayey
soils whose HC,,, values range between 6 x 1072 and 6 x
107 cm min~?! (18).

In conclusion, the key result of the study reported in this
article was the observation that, under conditions such that
the cell density was too low to have an effect on the HC,, of
the sand, the production of exopolymers by bacteria may
drastically reduce the HC,,. The exopolymers affected the
HC,,, only when they were produced in the form of loose
slime layers; cell-bound capsular exopolymers had no signif-
icant effect on the HC,,. This study also showed that
clogging of the columns occurred considerably faster and
was much more pronounced when the bacteria were allowed
to multiply in the inlet chambers. Under those conditions,
all strains formed a virtually impervious mat on the inlet
mesh.
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