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The effects of starvation on bacterial penetration through artificial rock cores were examined. Klebsiella
pneumoniae was starved in a simple salts solution for a duration of up to 4 weeks. These cell suspensions were

injected into sintered glass bead cores, and the resulting reductions in core permeabilities were recorded.
Vegetative cell cultures of K. pneumoniae grown in a sodium citrate medium were injected into other, similar
cores, and the reductions in core permeabilities were recorded. The starved cell suspensions did not completely
block the core pores, whereas the vegetative cultures reduced core permeability to less than 1%. Scanning
electron microscopy of core sections infiltrated with either vegetative or starved cells showed that the former
produced shallow "skin" plugs and copious amounts of glycocalyx at the inlet face, whereas the latter produced
very little glycocalyx and the cells were distributed evenly throughout the length of the core. The use of a DNA
assay to produce a cell distribution profile showed that, compared with the vegetative cells, starved bacteria
were able to penetrate deeper into the cores. This was due to the smaller size of the cells and the reduction in
biofilm production. This ability of starved bacteria to penetrate further into cores than the normal-size
vegetative cells can be usefully applied to selective plugging for enhanced oil recovery. To further test the
suitability of starved cells for use in selective plugging, the activities of starved cells present within cores were

monitored before and after nutrient stimulation. Our data indicate that with nutrient stimulation, the starved
cells lose their metabolic dormancy and produce reductions in core permeability due to cell growth and polymer
production.

Conventional oil production methods characteristically
recover 8 to 30% of the total oil present in a petroleum
reservoir (21). Methods of increasing recovery rates by using
bacterial injections into reservoirs have been examined (14,
20). One such technique, called selective plugging, is di-
rected toward improving the sweep efficiency of a water-
flood. Typically, when water injection is used to recover

additional oil, water "fingers" develop because of the pres-
ence of high-permeability zones in the reservoir (17). These
high-permeability zones act as water thief zones and prevent
the injected water from contacting the oil-bearing, low-
permeability regions of the reservoir. The sealing of these
high-permeability zones with a bacterial biofilm would per-
mit an ensuing waterflood to contact bypassed low-perme-
ability regions. This increased volumetric sweep would
improve the oil recovery efficiency.

Laboratory studies have demonstrated that living bacteria
form confluent biofilms that seal a simulated reservoir matrix
(31). Selective plugging of high-permeability zones and sub-
sequent flow diversion to low-permeability zones have been
successfully demonstrated in parallel core laboratory models
by using different permeability sand packs (16) and Berea
sandstone cores (29).

In the reservoir formation, water injections sweep the
low-permeability zones to the depth of the biofilm plugs in
the high-permeability zones. However, beyond the plugs,
water is lost by crossflow to the high-permeability zones.

Therefore, the effectiveness of this technique in improving
oil recovery efficiency is dependent on the depth of the
bacterial plugs in the rock matrix.

Ultramicrobacteria (UMB), defined as having a diameter
of less than 0.3 ,um (33), may penetrate deeper into rock
strata by virtue of their size. They develop as a consequence
of a starvation-survival response when environmental con-
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ditions become unfavorable for growth. This response pro-
duces a dormant organism that permits the preservation of
the bacterial genome until suitable growth conditions are

established (23). UMB have been observed in both terrestrial
and aquatic environments (2, 24, 26) and have been pro-
duced under laboratory conditions (3, 25). Here we report on
the use of bacteria which approach the size of UMB for
improving the depth of bacterial penetration by comparing
their plugging abilities with those of normal-size cells in
simulated rock matrices.

MATERIALS AND ME'THODS

Culture conditions. The bacterium used for all experimen-
tal work was isolated from produced water (water copro-
duced with the oil) obtained from a battery (Shell, Didsbury,
Alberta, Canada) and identified as Klebsiella pnieirnoniae.
Streptomycin resistance was induced as a genetic marker,
and two separate reservoirs of microorganisms were period-
ically prepared. The first, referred to as the vegetative
culture, contained K. pneiinoniae grown at 22°C at 200 rpm
(on a Fisher Thermix model 220T stirrer) in sodium citrate
medium. The medium contained the following, in grams
liter-' of glass-distilled water: Na3C6H5O7 2H20, 7.36;
(NH4)2S04, 3.30; KH2PO4, 7.30; K2HPO4, 9.22; MgSO4,
0.12; FeCl3, 0.0041; streptomycin, 0.1 (pH 7.0; Sigma Chem-
ical Co., St. Louis, Mo.) (Ron Read, Ph.D. thesis, Univer-
sity of Calgary, Calgary, Alberta, Canada, 1983). The second
reservoir contained starved cells of K. pneirnoniae. The
bacteria were grown to the stationary phase in sodium citrate
medium; harvested by centrifugation (10,000 x g, 15 min,
4°C); and washed twice in phosphate-buffered saline (PBS),
which contained the following, in grams liter-' of distilled
water: NaCl, 8.5; KH2PO4, 0.61; K2HPO4, 0.96 (pH 7.0).
The bacteria were suspended at a known concentration in
PBS. The starved cell suspension was stirred at 22°C at 200
rpm (on a Fisher Thermix model 220T stirrer) for 2 to 4
weeks. Starved cell suspensions were filtered through 11.0-
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cm-diameter Whatman no. 1 filter paper (W & R Balston
Ltd.) prior to their use in core injections. All media were
filter sterilized into acid-washed, autoclaved glassware.
Core plugging. Starved suspensions or vegetative cultures

held in 4-liter glass reservoirs were injected into sintered
glass bead cores (length, 5 cm; diameter, 1.0 cm) by the
procedure described by Shaw et al. (31). Effluent volumes
and flow rates were measured at various time intervals, and
the percent plugging was calculated as follows: (final flow
rate [K] x 100)/initial flow rate (Ki). Viable cell concentra-
tions of effluent and reservoir fluids were determined by
viable plate counting by using plates which contained the
following, in grams liter-' of glass-distilled water: brain
heart infusion broth (Difco Laboratories, Detroit, Mich.),
18.5 g; Bacto-Agar (Difco), 20.0 g. Total cell numbers in
sample fluids were counted by acridine orange epifluores-
cence microscopy, as described by Zimmerman and Myer-
Reil (36) and as modified by Geesey et al. (11).

Scanning electron microscopy. To examine biofilm devel-
opment at the different core depths, the cores were injected
with vegetative or starved cells, fractured into six sections
along their lengths, and prepared for scanning electron
microscopy as described elsewhere (31).

Determination of cell distribution in plugged cores by using
a fluorometric DNA assay. To determine the number of cells
at the various core depths, plugged cores were cut into 10
0.5-cm-long sections. The 10 sections of each core were
further subdivided into four equal portions. The amount of
DNA in each quarter section was measured by using an
adaptation of the methods described by Labarca and Paigen
(18) and Paul and Myers (27). The DNA concentrations were
then translated into cell number values by using conversion
data prepared with samples of starved and vegetative cell
cultures.
The equipment and solutions used to extract the DNA

were kept at 2 to 4°C. Each quarter section was placed in a
stainless steel core crusher together with 1.0 ml of filter-
sterilized standard saline citrate, which consisted of the
following, in grams liter-1 of distilled water: NaCl, 9.0;
Na3C6H807- 2H20, 4.41 (pH 7.0). The core crusher was a
modified mortar and pestle. It consisted of three pieces. The
interior of the mortar piece had bevelled edges which sloped
to a circular base that was 1.0 cm in diameter. A cover was
threaded onto this mortar. The crushing of the core was
performed with a threaded pestle which entered the mortar
through the center of the cover. The crushed core slurry was
placed in a 50-ml glass beaker with 4 ml of standard saline
citrate, which was used to rinse the mortar and pestle. The
mixture was sonicated with a cell disruptor (Virsonic 16-850;
The Virtis Co., Inc., Gardiner, N.Y.) equipped with an
intermediate tip for 3 min with 60-s bursts. Core material was
removed by centrifuging the mixture twice at 500 x g for 10
min each time at 4°C. A solution of 20 ,ul of 1.6 x 10-4 M
Hoechst 33258 (Hoechst-Roussell Pharmaceuticals Inc.,
Somerville, N.J.) (Aldrich Chemical Co., Inc., Milwaukee,
Wis.) was added to 2-ml portions of core supernatant or
Escherichia coli DNA standards (Sigma). The fluorescence
was measured by using a spectrophotofluorometer (Aminco-
Bowman; American Instrument Co. Ltd.). The DNA to cell
number conversion data were obtained by placing 1.0 ml of
either a starved or a vegetative cell culture with a sterile core
section into the core crusher. The DNA extraction proce-
dure was performed as described above. The measured
DNA concentration was then converted to cell numbers by
using cell concentrations of the starved and vegetative cell
cultures, as determined by epifluorescence microscopy.

Respiration of glutamic acid prior to nutrient stimulation.
The metabolic activity of the K. pneumoniae cells that were
present in cores and that were not exposed to a nutrient
injection was determined by measuring the respiration of
radiolabeled glutamic acid over a 1-h period. The procedure
used was an adaptation of the method described by Hobbie
and Crawford (15). Plugged cores were cut into 10 0.5-cm-
long sections. Each section was further subdivided into four
equal portions. Quarter sections of each core depth were
placed into sterile, 50-mi stopped bottles which contained 10
ml of PBS and 11.2 pug of L-[U-'4C]glutamic acid (specific
activity, 280 mCi mmol-1; New England Nuclear Corp.,
Boston, Mass.) liter-1. After the bottles were incubated at
23°C for 1 h, respiration was terminated with 0.5 ml of 10 M
H,S04. Respired 14Co2 was flushed from the bottles with a
closed-loop circulation system (35) and collected in 10 ml of
ethanolamine-methanol (1:3; vol/vol; Fisher Scientific Co.,
Pittsburgh, Pa.). The flushing efficiency, determined with
NaH14C03, was 95%. Portions (10 ml) of 0.4% (wt/vol)
Omnifluor (New England Nuclear Corp.) in toluene were
added to each sample, and the radioactive counts were
measured with a scintillation counter (LS8000; Beckman
Instruments, Inc., Fullerton, Calif.). All counts were cor-
rected for quenching by the channels ratio method and for
nonspecific binding by using acid-killed controls.

Assimilation of acetic acid during nutrient stimulation. The
activity of K. pnelumoniae over 24 h of nutrient stimulation
was determined by measuring the assimilation of L-[U-
14C]acetic acid. Cores were plugged to the appropriate flow
rate decrease that allowed the passage of 2 liters of the acetic
acid solution in 24 h. The bacterial reservoir was then
replaced with a sterile flask which contained 3 liters of PBS
and 3.25 ,ug of L-[U-_4C]acetic acid (specific activity, 56 mCi
mmol-'; New England Nuclear Corp.) liter-'. A 0.2-[Lm-
pore-size filter (Acro 50A; Gelman Sciences, Inc., Ann
Arbor, Mich.) was placed in line between the reservoir and
the core to prevent any backflow contamination. The core
effluent was transported in latex tubing (catalog no. 14-178-
SB; Fisher Scientific Co., Pittsburgh, Pa.) which terminated
with a 1.5-inch (3.8-cm) 21-gauge needle (Becton Dickinson
and Co., Paramus, N.J.). The needle was inserted through a
rubber serum stopper (catalog no. 14-126DD; Bittner Corp.)
which sealed an effluent collector bottle. As a safety precau-
tion, air was slowly bled off the acetic acid and effluent
reservoirs and passed through 10-mI volumes of an ethanol-
amine-methanol mixture (1:3; vol/vol) to trap any 14CO2
before it was vented off into a laboratory fume cabinet.
The assimilation of acetic acid into bacterial lipids and a

measure of the total assimilation were used to quantify the
bacterial activity at different core depths. Lipids were ex-
tracted by using an adaptation of the single-phase, chloro-
form-methanol method of White et al. (34). Cores were cut
into 10 0.5-cm-long sections. Each section was placed in 5 ml
of methanol and 2.5 ml of chloroform overnight. Water (2.5
ml) and chloroform (2.5 ml) were added to each section 18 h
later. The mixture was shaken and left for 2 h. The chloro-
form phase of each section was collected and placed in a
scintillation vial.
The chloroform was removed from the lipid by evapora-

tion at 35°C in an analytical evaporator (model No. 111;
Organomation Associates Inc.) with nitrogen gas. Lipids
were stored under nitrogen at -2°C and counted in the
presence of 10 ml of Omnifluor in toluene (0.4%; wt/vol).
Values were corrected for quenching and collection effi-
ciency, which was determined to be 80% by using [14C]oleic
acid.
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FIG. 1. The different permeability reduction profiles of fused

glass bead cores injected with vegetative or starved K. pneuimoniae
cells. Symbols: 0, vegetative culture; a, cell suspension starved in
PBS for 2 weeks; *, cell suspension starved in PBS for 4 weeks.

A measure of the total assimilation was obtained by
combining values of lipid incorporation with the counts
present in the water phase and those associated with the core
sections after lipid extraction. Counts which remained
present in the water phase after lipid extraction were deter-
mined following the addition of 10 ml of ScintiVerse II. By
using [14C]glutamic acid, polar counts were detected at an
efficiency of 80% and were corrected for quenching. To
measure the labeled material that was still associated with
the core after lipid extraction, core sections were crushed in
5.0 ml of sterile distilled water and treated with 10 M H2SO4
at a final concentration of 5% (vol/vol). The sections were
left overnight, and then the radioactivity was measured in
the presence of 10 ml of ScintiVerse II. The labeled material
associated with the crushed core sections was extracted and
counted at a 72% efficiency rate, as determined with
[14C]glutamic acid. Values were also corrected for quench-
ing.

RESULTS

Core plugging. The ability of the starved cell suspensions
to reduce core permeability was demonstrated to be depen-
dent on the length of the starvation regimen and the volume
of cells injected through the core (Fig. 1). The injection of
500 pore volumes (PV) of K. pneuimoniae (108 ml-') starved
for 2 or 4 weeks reduced core permeabilities by 71 and 11%,
respectively. However, under the same injection conditions,
that is, 500 PV containing 108 cells ml-1, the vegetative
culture reduced the core permeability by over 99%. The
injection of cells until no further permeability losses were
recorded indicated that cultures starved for 2 weeks were
not capable of reducing core permeability beyond 95%. The
maximum reduction value of cultures starved for 4 weeks
was not determined because of the massive volumes of
culture which would have been required.

Scanning electron microscopy of the plugged cores. Scan-
ning electron microscopy revealed significant differences in

biofilm production between the cores plugged with approx-
imately 500 PV of either vegetative or starved cell cultures.
Examination of cores plugged with the vegetative cell cul-
ture (108 ml-') showed that the inlet pores were sealed with
a thick biofilm of bacteria and glycocalyx (Fig. 2A). The
glass bead surfaces of sections from deeper in the core were
colonized with K. pneumoniae, and biofilm development
was noted (Fig. 2B). The bacterial morphology was either
bacillus or coccibacillus, with cell lengths ranging from 1.0 to
2.7 ,um. In contrast, cores injected with K. pneiumoniae
starved for 2 weeks demonstrated very incomplete sealing of
the inlet pore spaces (Fig. 2C). In starved cell cultures,
biofilm bridging of the pore spaces and glycocalyx produc-
tion appeared to be much lower throughout the core length
(Fig. 2D) compared with those in the vegetative cell culture.
Finally, scanning electron microscopic examination of cores
injected with K. pneumoniae starved for 4 weeks showed
that there was very little biofilm sealing of the inlet end (Fig.
2E). An examination of the core surface at the deeper core
depths revealed that the core surface was often coated with
large numbers of cells (Fig. 2F). The morphology of these
bacteria ranged from cells in which the protoplasm appeared
to fill the entire cell wall structure to ghost cells, which
appeared to consist only of cell wall material. The protoplas-
mic component of a number of these cells possessed diam-
eters of less than 0.3 ,um.

Cell distribution in plugged cores. Cell numbers within
different core sections assessed in cores plugged with either
vegetative cell cultures or starved cell suspensions were
assessed by determination of DNA content. The distribution
of starved and vegetative cells in the cores differed substan-
tially (Fig. 3). In cores plugged with approximately 2,100 PV
of bacteria starved for 2 weeks, the cell numbers were more
uniform throughout the length of the core, with only a slight
decrease with increased core depth. In contrast, cell num-
bers decreased with an increase in core depth in cores
plugged with approximately 500 PV of the vegetative cell
culture, and the majority of bacteria were close to the core
inlet. Moreover, cell numbers were higher at each section of
the core injected with starved cells. More starved cells were
detected at the core inlet (3 x 10'° cells g-') than at the
corresponding core section injected with vegetative cultures
(approximately 4 x 109 cells g-'). At lower core sections,
the differences in the cell numbers were even more pro-
nounced, with approximately 1 x 1010 cells g-' in cores
injected with starved cells and 2 x 108 cells g-' in cores
injected with vegetative cell cultures.

Respiration of glutamic acid prior to nutrient stimulation. A
comparison of glutamic acid respiration in cores plugged by
cell suspensions starved for 2 weeks or vegetative cell
cultures of K. pneumoniae revealed a similar pattern of
metabolic activity in both cultures. The activity was maxi-
mum at the core inlet, with respiratory activities of over
75,000 dpm g-' in both cores (Fig. 4). This decreased with
increased core depth to less than 30,000 dpm g-' at depths of
3 cm and greater. However, subtle differences were also
apparent in the two profiles. Compared with experimental
runs with starved cells, the vegetative cell runs exhibited a
level of activity which was consistently higher (approxi-
mately 16%) near the inlet end and consistently lower
(approximately 67%) near the outlet end.
When the data of respiratory activity (Fig. 4) and DNA-

derived cell density (Fig. 3) were combined to yield a profile
of respiratory activity per cell, very different activity pat-
terns were noted for the two populations (Fig. 5). It was

apparent that in relation to starved cells, the vegetative cells
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FIG. 3. Differences in the DNA-derived cell distribution in cores
injected with either a vegetative cell culture of K. pneumoniae (0)
or a cell suspension that was starved in PBS for 2 weeks (L).

demonstrated higher respiratory activity per cell at every
core depth. The maximum activity of the vegetative cells per
cell (26,289 dpm/108 cells) was approximately 100 times
higher than the maximum value exhibited by cells starved for
2 weeks (260 dpm/108 cells). Respiratory values were also
observed to be more constant at the different depths in cores
plugged with starved cells compared with those in cores
plugged with vegetative cells.

Assimilation of acetic acid during nutrient stimulation. The
assimilation of acetic acid represented a measure of bacterial
activity after exposure to nutrients. The acetic acid nutrient
injection was observed to induce bacterial growth and per-
meability reductions in cores containing either starved or
vegetative cells (Fig. 6). Total assimilation and lipid assimi-
lation values were observed to follow the same trend with
respect to core depth (Fig. 7). Assimilation was highest near
the inlet, and then it dropped sharply with increasing depth.
The actual values of total assimilation were similar for both
the vegetative and starved cell populations. Total assimila-
tion values of approximately 35,000 and 1,000 dpm/g were
recorded near the inlet and at the deepest core depths,
respectively. However, equivalent lipid assimilation levels
were not observed for the two cell populations. The incor-
poration of acetic acid into lipids occurred at a much higher
rate near the inlet of cores colonized by starved cells
compared with that near the inlet of cores colonized by
vegetative cells.
To obtain a measure of total assimilation per cell, it was

necessary to determine the cell density at the various core
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FIG. 4. Glutamic acid respiratory activity in cores injected with
either a vegetative culture of K. pneumoniae (0) or a cell suspension
that was starved in PBS for 2 weeks (LO1).

depths. This was done by the fluorescent DNA assay de-
scribed above. To ensure that the injection of acetic acid
would not change the DNA to cell number conversion value,
20-ml volumes of cells starved for either 24 h or 2 weeks
were incubated in the presence of 6.5 ,ug of acetic acid for 24
h. No changes were detected in the DNA/cell ratios of these
two populations compared with those of the vegetative cells
and cell suspensions starved for 2 weeks. It is apparent that
the DNA-derived cell density data after acetic acid nutrient
stimulation (Fig. 8) were very similar to those observed after
cell injection alone (Fig. 3). Starved cells were observed to
maintain higher numbers than the vegetative cells through-
out the core length. Likewise, starved cells maintained their
numbers more uniformly throughout the entire core length.
The combination of the total assimilation data obtained

during the acetic acid nutrient stimulation (Fig. 7) with the
DNA-derived cell density data (Fig. 8) revealed that a similar
total assimilation per cell trend occurred in cores injected
with either vegetative or starved cell suspensions and stim-
ulated by the injection of acetic acid (Fig. 9). We observed
that assimilatory activity was highest near the inlet end and
decreased thereafter. However, vegetative cells were always
more active than starved cells. The maximum assimilation
by vegetative cells per cell (1,084 dpm/108 cells) was almost
5 times higher than that exhibited by previously starved cells
(226 dpm/108 cells).

DISCUSSION

K. pneumoniae isolated from oil well-produced water has
previously been shown (H. M. Lappin-Scott, F. Cusack, A.
MacLeod, and J. W. Costerton, J. Appl. Bacteriol., submit-
ted for publication) to be capable of producing UMB. It was
our premise that the use of this size reduction phenomenon
should enhance the penetration and decrease the plugging
tendencies of bacteria injected into an artificial rock matrix.
This supposition is based on the findings of Gruesbeck and
Collins (12) and Davis and Updegraff (8). Results of those

FIG. 2. Scanning electron micrographs of cores injected with either vegetative cultures or cell suspensions of K. pneumoniae starved in
PBS. (A) The inlet pores were sealed with a thick layer of vegetative bacteria encased in exopolysaccharide. (B) Colonization by vegetative
cells at a depth of 2.0 cm was less severe than that at the inlet face; however, biofilm bridging of the pore spaces was still apparent. Most cells
demonstrated a short rod morphology. (C) The injection of cell suspensions starved for 2 weeks still produced biofilm bridging of the inlet
pores, but pore blockage was incomplete. (D) K. pneumoniae starved for 2 weeks produced no significant plugging of the pore spaces at a
depth of 3.0 cm; however, large numbers of cells, often cocci, were present on the core surface. (E) Biofilm development at the inlet was very
low after the injection of K. pneumoniae starved for 4 weeks. (F) A large number of cells was present on the core surface at a depth of 3.0
cm after the injection of K. pneumoniae that were starved for 4 weeks. Bars, 5.0 ,.m.
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FIG. 5. Differences in the glutamic acid respiratory activity per

cell in cores injected with either a vegetative culture of K. pneumo-
niae (0) or a cell suspension that was starved in PBS for 2 weeks
(O).

studies indicated that there is a direct correlation between
the size of bacteria and the minimum pore size through
which the cells pass without causing a significant reduction
in permeability.
The injection of starved cells reduced core permeability

less than did the injection of vegetative cells; this effect was
diminished by larger periods of starvation. The permeability
reduction value produced by the starved cells resembled that
produced by inert carbonate particles (7). This similarity,
together with the observation of glycocalyx loss during
starvation, suggests that unlike the vegetative cell cultures,
starved cells are not capable of forming a confluent pluggi'ng
biofilm. Rather, one can envision that the starved cells
behaved as simple particles. The cells became packed in the
pores of the core, but because of the spaces in the packing,
a residual amount of fluid continued to pass through the
core. It appears that as the average cell size decreases with
the length of the starvation period, the cells are less capable
of causing permeability reductions in the artificial cores.
A predominant observation was that the glycocalyx was

negligible after 4 weeks of starvation (Fig. 2). The loss of
glycocalyx as a result of starvation has also'been reported
for a marine vibrio (25). Several investigators (10, 13, 31)
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FIG. 6. The permeability reduction profiles of cores injected
with bacterial cells (solid line) followed by nutrient stimulation with
a ["4C]acetic acid solution (dotted line). Symbols: 0, vegetative
culture; 0, cell suspension starved in PBS for 2 weeks.
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FIG. 7. Assimilation of ['4C]acetic acid over a 24-h period in

cores colonized by K. pneumoniae. (A) Cores colonized by vegeta-
tive cells. Symbols: 0, lipid assimilation; 0, total assimilation. (B)
Cores colonized by cells starved for 2 weeks. Symbols: 0, lipid
assimilation; *, total assimilation.

have reported a strong correlation between glycocalyx pro-
duction and the plugging of porous matrices. Since it is well
documented that the glycocalyx is involved in the irrevers-
ible adhesion of bacteria to surfaces (1, 5, 22, 32), it is
understandable' that a reduction of this extracellular polymer
would decrease bacterial adhesion and the subsequent core
plugging.
Very few studies have dealt with the distribution of

bacteria in three-dimensional matrices. In previous reports
(10, 13) it has been indicated that the greatest numbers are
present near the inlet. The cell distribution of vegetative
cells in the present study (Fig. 3) complements the previous
findings (10, 13). In contrast, cells starved for 2 weeks prior
to core injection were observed to be distributed uniformly
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FIG. 8. DNA-derived cell distribution in cores stimulated with a
['4C]acetic acid nutrient injection after the previous injection of a
vegetative culture of K. pneumoniae (0) or a cell suspension that
was starved in PBS for 2 weeks (-).
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FIG. 9. ["4C]acetic acid assimilation per cell values in cores
colonized with either vegetative K. pneumoniae cells (a) or cells
that were starved in PBS for 2 weeks (a).

throughout the core length (Fig. 3). Thus, the analysis of cell
numbers confirms the previous conclusions that the starva-
tion-induced reduction in cell size and loss of the thick
glycocalyx layer permit the deeper penetration of a greater
number of bacterial cells.
The development of a bacterial selective plugging tech-

nique requires an understanding of the metabolic response of
the injected bacteria once they are present within the forma-
tion and are stimulated by an injection of nutrients. The
measurement of the metabolic activity in bacterial biofilms
on two-dimensional surfaces has been the subject of many
reviews (6, 9, 19). In contrast, the metabolic activity of
bacterial biofilms in porous matrices has not been investi-
gated as thoroughly. Studies dealing with the latter surface
environment have tended to be directed toward wastewater
treatment systems (4, 28, 30). A number of the assumptions
used in those studies are not applicable to reservoir forma-
tions.

In an endeavor to elucidate the metabolic response of
bacteria within the porous core structure to nutrient stimu-
lation, two measures of metabolic activity were used in this
study. The first technique, glutamic acid respiration, was

used to provide a measure of metabolic activity before
nutrient stimulation. The second technique, acetic acid
assimilation over a 24-h period, provided a measure of
metabolic activity which occurred as a result of a nutrient
stimulation.
The glutamic acid respiration technique demonstrated that

the respiration per cell of starved bacteria was fairly con-

stant throughout the core length (Fig. 5). This indicated that

transport through the porous matrix does not result in a

segregation of starved bacteria into levels with different

activity potentials. Furthermore, the respiration per cell

produced by starved cells was always lower than that

produced by vegetative cells. This suggests that a level of
metabolic dormancy is present in the starved cell population.
The endogenous respiration rates of starved marine vibrio
populations indicated that there was a similar level of

metabolic dormancy (25). The respiration per cell values in

cores colonized by vegetative cells yielded a metabolic

profile entirely different from those in cores colonized by

starved cells. Respiration per vegetative cell was highest in
the middle section of the core and decreased as the inlet or
outlet was approached. This was a surprising finding, since
one would expect that a position near the core inlet would be
ecologically advantageous. It is possible that the average
respiration per cell near the inlet was lowered by the
selective trapping of dead cells in the biofilm (Fig. 2A). It is
also possible that the method was limited by substrate
exclusion. The thick aggregation of bacteria and glycocalyx
at the inlet area may have physically prevented the substrate
from reaching all the cells, or it may have reduced dissolved
oxygen levels; consequently, a lower measure of cell respi-
ration would have been obtained. This premise is supported
by results by Ladd et al. (19), who demonstrated that
glutamic acid uptake is about 4 times higher when a biofilm
is dispersed compared with its in situ activity.
To gain an understanding of the metabolic response to

nutrient stimulation for 24 h, the acetic acid assimilation
technique was used. The results presented in Fig. 7 demon-
strate that lipid assimilation cannot be used as a measure of
bacterial activity if meaningful comparisons are to be made
between populations with different nutritional statuses. This
conclusion was based on the observation that while total
assimilation by the two populations of vegetative and
starved cells was very similar, lipid assimilation occurred at
a much higher level in starved cells. For this reason, the total
assimilation data were used with the DNA-derived cell
density data to produce a measure of assimilation per cell
(Fig. 9). In agreement with the glutamic acid respiration
results (Fig. 5), the total assimilation of acetic acid per cell
data (Fig. 9) indicated that the starved cells are metabolically
less active than the vegetative cells at all core depths.
However, after the acetic acid nutrient stimulation, the
maximum assimilatory activity per vegetative cell was less
than 5 times higher than that exhibited per starved cell. This
difference is considerably less than the 100-fold difference in
the maximum glutamic acid respiratory activity per cell that
was detected between vegetative and starved cells prior to
nutrient stimulation. This observation suggests that the
starved cells lose their metabolic dormancy on nutrient
stimulation. The ability of bacteria starved for 2 weeks to

produce permeability reductions after nutrient stimulation
(Fig. 6) provides further evidence of a nutrient-induced loss
of metabolic dormancy by the starved bacteria.
The acetic acid assimilation results also provide several

conclusions that are applicable to the development of a

selective plugging technique. First, the cell distribution in
cores injected with starved cells followed by nutrient injec-
tion demonstrates that the injected cells are not simply
washed away. Rather, the cells remain uniformly distributed
in the core (Fig. 8). Second, the finding that assimilatory
activity per cell was highest near the core inlet (Fig. 9)
suggests that the injection of a readily metabolized substrate
such as acetic acid stimulates bacterial growth and plugging
near the injection zone instead of in the deeper regions. It
therefore seems reasonable to suggest that the development
of a deep plug in a bacterial selective plugging technique
requires the use of an injected nutrient which is slightly
recalcitrant.
To date, normal-size bacteria have been used to investi-

gate selective plugging (16, 29). We conclude that the general
starvation of the bacterial cultures prior to core injection can
improve penetration. Further investigations dealing with the
controlled nutrient stimulation of UMB injected into petro-
leum reservoirs may provide a new bacterial selective plug-
ging technique.
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