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(Porotechtics, USA), stained with 100 µg
ml-1 acridine orange (Sigma, USA), and ex-
amined by epifluorescent microscopy at a
total magnification of 1250X. Total cell
counts were averaged from at least ten mi-
croscopic fields (replicate fields were ana-
lyzed until a total of approximately 300 cells
were counted).

The concentrations of medium components
(citrate, phosphate and sulfate) were de-
termined by ion chromatography (IC) using
a Dionex DX300 ion chromatography sys-
tem equipped with an Ionpac AG11 guard
column, an Ionpac AS11 analytical column,
an ASRS-I self-regenerating suppressor,
and a conductivity detector (Dionex, Sun-
nyvale, CA). Samples were eluted with a
21 mM NaOH solution at a flow rate of 1.0
ml min-1.

RESULTS
Inoculation of columns

Columns were inoculated with two pore-
volumes of starved K. pneumoniae sus-
pension. The inoculum cell-densities were
approximately an order of magnitude higher
than the initial effluent cell-densities
(2.5±1.7 x 106 and 1.4±0.6 x 105 CFU ml-1,
respectively). After two PV of inoculation,
the effluent cell density was 4.0±2.5 x 105

CFU ml-1, which was not significantly higher
than the initial effluent cell-density. How-
ever, the number of streptomycin-resistant
cells in the column effluent increased from
<1 x 103 CFU ml-1 initially, to 1.1 x 105 CFU
ml-1 after two PV of inoculation. This indi-
cates that although inoculated cell recovery
was less than 10%, the streptomycin-
resistant inoculum comprised a significant
proportion of the culturable microbial com-
munity in the column effluent.

Following the inoculation of starved bacte-
ria, the columns were treated with two pore
volumes of sodium citrate medium. This
treatment resulted in effluent concentra-
tions of nutrient (citrate) and buffer
(phosphate) that were 69±8% and 77±12%
of the influent concentration, respectively.
Analysis of fluid samples taken throughout
the column revealed that viable cells
(Figure 1) and nutrient medium compo-
nents (data not shown) were uniformly dis-
tributed throughout the column.

Nutrient resuscitation
Resuscitation led to a uniform increase in
bacterial numbers throughout the column
(Figure 1). Examination of colony morpho-
types on HPC enumeration plates sug-
gested that the use of SCM for resuscita-
tion led to a selective advantage for the
colonization success of the inoculated K.
pneumoniae population over the culturable
indigenous bacterial population. After inocu-
lation, the plates contained a variety of col-
ony morphotypes in addition to the distinc-
tive mucoid colonies of K. pneumoniae,
while, following resuscitation, colony mor-
photypes were predominantly consistent
with those of K. pneumoniae. Colonization
success was further suggested by com-
parison of HPC and AODC cell counts
(population culturability). Initially, approxi-
mately 6% of the microbial population in the
column effluent were culturable. Following
16 days of nutrient resuscitation, nearly
100% of the population were culturable.
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Figure 1 . Typical increase in bacterial density
throughout a packed-sand column during nutrient
resuscitation with SCM. The column was inoculated
with a starved cell suspension of Klebsiella pneu-
moniae containing 8.4 x 106 CFU ml-1. Note the even
distribution of cells throughout the length of the col-
umn at each time interval.
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Reduction in hydraulic
conductivity

Nutrient resuscitation of the starved bacte-
rial inoculum resulted in a reduction in hy-
draulic conductivity throughout the length of
the columns, which became relatively sta-
ble after ten to twenty days. Typical reduc-
tions of hydraulic conductivity during bio-
barrier formation in columns packed with
F70 and F110 sand are shown in Figure 2.
The reduction from initial hydraulic conduc-
tivity was greater for the F70 columns,
which had a higher initial conductivity than
the F110 columns; however, a similar sta-

ble minimum hydraulic conductivity was
reached regardless of the initial conductivity
(Table 1). Stable hydraulic conductivity re-
ductions were accompanied by a relatively
constant number of culturable cells in the
column effluent that were similar for both
F70 and F110 columns (6.9±1.2 x 107 and
6.4±4.1 x 107 CFU ml-1, respectively). Hy-
draulic conductivity reduction occurred in a
gradient through the column, with the
greatest reduction nearest the column inlet.

Starvation challenge
The persistence of an established biobar-

Table 1.  Average hydraulic conductivites following biobarrier formation.

(a) (b)

Figures 2a and 2b . Reduction in hydraulic conductivity during biobarrier formation in columns packed with F70
(a) and F110 sand (b). Even though the column containing F110 sand had a lower initial conductivity, columns
packed with each type of sand reached a similar minimum hydraulic conductivity. Columns demonstrated a gradi-
ent of permeability reduction, with the greatest reduction in sections nearest the column inlet.
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rier subjected to starvation conditions was
examined by changing the influent medium
from nutrient medium to deionized water
(Challenge 1) or a mineral solution
(Challenge 2). The hydraulic conductivity
remained relatively constant for the first five
days of Challenge 1 and the first ten days
of Challenge 2, and then rapidly increased
in column sections farthest from the inlet
(Figure 3). Following challenges, reintro-
duction of nutrient medium resulted in a
rapid reformation of the biobarrier through-
out the column (Figure 3). The effluent
culturable cell density decreased from
9.4±0.9 x 107 to 7.0±3.0 x 106 CFU ml-1

during starvation challenge.

Biobarrier maintenance
Long-term maintenance of biobarriers was
complicated by the fouling of the nutrient
supply lines, head tank and reservoir tank
due to microbial back-growth. Fouling was
accompanied by the formation of a black
precipitate in the columns, a strong H2S-like
odor in the column effluent, and an in-
crease in hydraulic conductivity. This situa-
tion was remedied by sanitizing the nutrient
delivery with a bleach solution, followed by

treatment with sodium thiosulfate to neutral-
ize residual chlorine, rinsing with deionized
water, and refilling the system with sterile
medium. The sequential fouling and clean-
ing of the nutrient supply system resulted in
periodic fluctuations in the flow-rate of the
columns (Figure 4). Initially it was assumed
that the increase in hydraulic conductivity
associated with fouling was due to nutrient
limitation (e.g., oxygen). However, amend-
ment of the nutrient medium to reduce the
sulfate concentration resulted in biobarriers
that had a relatively stable hydraulic con-
ductivity even when the nutrient supply
system was fouled (Figure 4) and a lack of
the H2S-like odor in the column effluent.

DISCUSSION
Inoculation and resuscitation of

starved bacteria
The columns were inoculated with starved
Klebsiella pneumoniae cell suspensions.
Although the inoculum cell concentrations
were approximately an order of magnitude
higher then the initial column effluent cul-
turable cell concentrations, inoculation with
two pore-volumes of starved bacteria did

Figure 3. Hydraulic conductivity during biobarrier
formation and challenge with deionized water from
days 31-38 (arrows 1-2) and mineral solution from
days 50-61 (arrows 3-4). The conductivity remained
constant for several days following the challenge and
then began to increase. This increase in hydraulic
conductivity was more pronounced in column sec-
tions farther from the inlet (port 0). Restoration of
nutrient medium resulted in a rapid reduction in con-
ductivity to values equivalent with those before the
challenge.

Figure 4. Long-term stability of a biobarrier formed
in an F110 sand column. The biobarrier reduced flow
to less than 40% of the initial rate. Periodic fluctua-
tions in the flow-rate of the columns correspond to
fouling and cleaning of the nutrient supply system
(see text). The influent medium was amended on
day 55 (arrow) to reduce the concentration of sulfate,
which resulted in more stable flow rates.
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not significantly increase the culturable cell
concentrations in the column effluent. This
indicates that the effluent cell recovery was
less than 10%. Low recovery of inoculated
bacteria in the effluent of porous media re-
actors has often been observed [17-20].
Although these low recoveries may result
from the retention of bacteria within the po-
rous media, cell death may also be signifi-
cant [17]. Nonetheless, the number of
streptomycin-resistant cells in the column
effluent increased significantly, indicating
that the streptomycin-resistant K. pneumo-
niae formed a significant proportion of the
culturable bacterial community in the col-
umn effluent.

Inoculation of columns was followed by
the addition of two pore-volumes of nutri-
ent. Streptomycin-resistant plate-counts
throughout the column after this treatment
indicated that the starved bacterial inocu-
lum was uniformly distributed throughout
the column. This result agrees with previ-
ous reports of efficient transport of starved
bacterial suspensions through porous me-
dia [9, 10].

Nutrient addition to inoculated columns re-
sulted in an increase in the K. pneumoniae
population. This increase was relatively
uniform in distribution throughout the col-
umns and corresponded with a reduction in
hydraulic conductivity. However, there was
a tendency for greater conductivity reduc-
tion towards the column inlet. These results
are likely due to higher nutrient concentra-
tions at the column inlet and suggest there
is a maximum porous media length that
can be plugged using a microbial biobar-
rier.

Reduction in hydraulic
conductivity

Biobarrier formation resulted in a reduction
in hydraulic conductivity throughout the
length of columns packed with F70 and
F110 sand. Although the initial hydraulic
conductivities of columns packed with each

sand type were different, biobarrier forma-
tion resulted in similar hydraulic conductivi-
ties for both types of sand. Thus, a mini-
mum hydraulic conductivity was reached
regardless of the initial permeability of the
matrix, resulting in a greater reduction of
hydraulic conductivity in the more perme-
able matrix (F70 sand). These results are
consistent with observations of preferential
plugging of high permeability zones [5, 6]
and the hypothesis that biofilm thickness
stabilizes to preserve a minimum perme-
ability [16]. Observations of biofilms that
developed in flow cells in situ using confo-
cal scanning laser microscopy revealed ar-
rays of channels through the biofilm which
may facilitate nutrient transport and/or
waste diffusion [21-23]. Similar advective
flux channels probably exist in porous me-
dia reactor biofilms. The minimum hydraulic
conductivity observed in this study likely
reflects a minimum flow through these
channels required for adequate nutrient
and/or waste diffusion to maintain the bio-
barrier.

Starvation challenge
Challenge of established biobarriers with
starvation conditions resulted in an in-
crease of hydraulic conductivity after five to
ten days. These results suggest estab-
lished biobarriers require nutrient supply for
maintenance. Increased conductivity was
more pronounced towards the column out-
let. This may be the result of the biobarrier
near the column inlet having a better initial
nutrient supply than the deeper sections of
the column, resulting in a healthier and
more stress-resistant microbial population.
The rapid reduction in hydraulic conductiv-
ity following alleviation of the starvation
challenge suggests that the biobarrier
population remained in the column under
starvation conditions but was ineffective in
maintaining reduced conductivity.
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Effect of souring on biobarrier
stability

The increase in hydraulic conductivity as-
sociated with fouling of the nutrient supply
system in the presence of sulfate and the
H2S-like odor emanating from the column
suggests that the activity of sulfate-
reducing bacteria had a deleterious effect
on biobarrier integrity. It is unclear from this
study whether this effect was indirect (e.g.,
nutrient competition) or direct (e.g., inhibi-
tory effects of H2S on the biobarrier-forming
bacteria or channeling caused by gas pro-
duction). Because microbial plugging of po-
rous media is often dependent on carbohy-
drate production [2, 9, 15], the activity of
sulfate-reducing bacteria likely affects the
carbohydrate-producing bacterial species in
the biobarrier. Few biobarrier studies have
assessed the role of interactions between
indigenous microbial communities and in-
oculated populations. However, such inter-
actions may be an important factor under
field-relevant conditions.

CONCLUSIONS
Microbial biobarriers were effective for re-
ducing hydraulic conductivity throughout
the length of the three-foot sand-packed
columns. A stable minimum hydraulic con-
ductivity was reached regardless of the ini-
tial permeability of the matrix. This phe-
nomenon likely reflects a minimum flow
through the biofilm that is required for the
transport of nutrients and metabolic wastes.
Starvation conditions had a deleterious ef-
fect on biobarrier effectiveness, suggesting
that nutrient supply is required for biobarrier
maintenance. Long-term biobarrier mainte-
nance also required control of souring.
Overall, these results indicate the hydrody-
namic properties of porous media can be
manipulated using microbial biobarriers and
these barriers may be an effective technol-
ogy for the containment of ground water
contaminants.
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