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Sensitivity of geoelectrical measurements to the presence
of bacteria in porous media

Gamal Z. Abdel Aal,' Estella A. Atekwana,' Silvia Rossbach,®> and Dale D. Werkema*
Received 30 December 2009; revised 17 March 2010; accepted 16 April 2010; published 19 August 2010.

[1] We investigated the sensitivity of low-frequency electrical measurements (0.1—
1000 Hz) to (1) microbial cell density, (2) live and dead cells, and (3) microbial
attachment onto mineral surfaces of clean quartz sands and iron oxide—coated sands.
Three strains of Pseudomonas aeruginosa PAO1 (wild type and rhlA and pilA mutant)
with different motility and attachment properties were used. Varying concentrations of
both live and dead cells of P. aeruginosa wild type in sand columns showed no
effect on the real conductivity component (¢'). However, the imaginary conductivity
component (¢") increased linearly with increasing concentrations of live cells in sand
columns, whereas minimal changes were observed with different concentrations of
dead cells. A strong power law relationship was observed between ¢” and the number of
cells adsorbed onto sand grain surfaces with the 74/4 mutant of P. aeruginosa displaying
a higher power law exponent compared to the wild type and pil4 mutant. In addition,
power law exponents were greater in columns with iron oxide—coated sands compared to
clean quartz sands. Minimal changes were observed on the ¢’ due to the attachment of
P. aeruginosa cells onto sands. We relate the measured low-frequency electrical
responses to (1) the distinct electrical properties of live cells and (2) the density of cells
attached to mineral surfaces enhancing the surface roughness of sand grains and hence

the polarization response. The information obtained from this study enhances our
interpretation of microbially induced geoelectrical responses in biostimulated geologic
media and may have implications for microbial transport studies.

Citation: Abdel Aal, G. Z., E. A. Atekwana, S. Rossbach, and D. D. Werkema (2010), Sensitivity of geoelectrical measurements
to the presence of bacteria in porous media, J. Geophys. Res., 115, G03017, doi:10.1029/2009JG001279.

1. Introduction

[2] Microorganisms are ubiquitous and exist in the sub-
surface environment as plankton cells or adhered to mineral
surfaces of porous media with abundance varying according
to the availability of organic matter, water, and nutrients
[Hazen et al., 1991; Balkwill and Boone, 1997; Konhauser,
2007]. The microbial cells have distinct electrical properties
that probably influence geoelectrical measurements (e.g., the
effect of attachment-detachment of bacteria on mobility and
zeta potential). It is known that microbial surfaces can
develop a significant net surface charge as a result of pro-
tonation/deprotonation of carboxylates, phosphates, or other
functional groups in their cell envelope [Wasserman and
Felmy, 2000]. The net surface charge of bacterial cells
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results in the formation of an electric double layer, which is
subjected to polarization when an electric current is applied.
It has been recognized that the ion selectivity of the mem-
branes of live bacterial cells in solution can generate a large
polarization at low frequencies (<1000 Hz) [Prodan et al.,
2004, 2008].

[3] Bacterial adhesion/attachment to material surfaces is a
complicated process that is influenced by several factors,
including some characteristics of the bacteria themselves
(e.g., hydrophobicity and surface charge), the environment
(e.g., temperature, pH, ionic strength, bacterial concentra-
tions, and exposure time), and the target materials (e.g.,
surface chemical composition, surface roughness, surface
configuration, and surface hydrophobicity or wettability) [An
and Friedman, 1998; Kang and Choi, 2005; Roosjen et al.,
2006; Jiang et al., 2007]. Charge transfer between bacteria
and conducting or semiconducting surfaces is known to play
a very important role for the initial microbial adhesion
[Poortinga et al., 2002]. The charge transfer at the bacteria-
substrate interface depends on the surface potential and ionic
strength of the suspending medium and has been measured
using electrochemical impedance spectroscopy [Poortinga
et al., 2002; Bayoudh et al., 2008]. Therefore, it is believed
that the distinct electrical properties of bacterial cells and
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Figure 1. Temporal change in polarization response repre-
sented by imaginary conductivity component (¢”) at 2 Hz of
biostimulated column as observed and hypothetically inter-
preted by Davis et al. [2006].

the charge transfer process during their initial attachment to
mineral surfaces have the potential to impact the bulk
electrical properties of the subsurface environment.

[4] There is a growing interest in the field of biogeo-
physics that combines the fields of environmental microbi-
ology, biogeosciences, and geophysics to understand the
electrical properties of microbial cells in porous media (see
Atekwana and Slater [2009] for a review). Several labora-
tory experiments have been conducted to investigate the
direct geophysical response of microbial cell concentration
[Ntarlagiannis et al., 2005] and the growth of cells and their
attachment to porous media surfaces [Davis et al., 2006,
2009; Abdel Aal et al., 2006, 2009]. All of these in-
vestigations showed an enhancement of polarization due to
alteration of mineral-fluid interface at low microbial cell
densities [Ntarlagiannis et al., 2005], pore clogging due to
higher microbial cell densities [Ntarlagiannis et al., 2005],
biofilm formation [e.g., Davis et al., 2006; Abdel Aal et al.,
2006], or cell attachment to mineral surfaces [Abdel Aal et
al., 2009].

[5] In particular, Davis et al. [2006] found significant
changes in the polarization response of a biostimulated
column coinciding in time with changes in concentration of
cells attached to the sand surface. The results showed that
the peak in polarization (at 2 Hz frequency) represented by
the imaginary conductivity component (¢”) was coincident
with the peak in microbial density and biofilm formation to
mineral surfaces (Figure 1). The authors attributed the
increase in polarization response within the first 20 days of
their experiment to growth, attachment, and formation of
biofilms and attributed the later decrease in polarization
response toward the end of their experiment to detachment
and death of cells. However, it was unclear from the Davis
et al. [2006] study whether the source of the polarization is
the electrical properties of the biofilm itself (i.e., direct
detection) or the modification of the polarization associated
with the porous medium as a result of cell attachment to
mineral surfaces (i.e., indirect detection). Abdel Aal et al.
[2009] further investigated the polarization response due
to microbial attachment of Pseudomonas aeruginosa POA1
wild type onto clean quartz sands and iron oxide—coated
sands. The authors observed that microbial adsorption to
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clean quartz sands was gradual and resulted in an increase of
13% in the imaginary conductivity component (¢"). How-
ever, when iron oxide—coated sands (20%—100% by weight)
were used, a more rapid increase in microbial adsorption
was observed with ¢” reaching a maximum of 37% increase
for the 80%—100% iron oxide—coated sands.

[6] Microbial cells in the subsurface grow and die and
attach to and detach from mineral surfaces according to
changes in the subsurface environmental conditions such
as temperature, osmolarity, pH, and nutrient availability
[Watnick and Kolter, 2000; Mai-Prochnow et al., 2004]. In
addition, previous studies have also documented that under
identical hydrodynamic and porous media conditions, mi-
croorganisms exhibit different attachment magnitudes even
for the same organisms in different physiological states
[Grasso et al., 1996, DeFlaun et al., 1999; Chen and Strevett,
2001]. Moreover, the presence of metal oxyhydroxide coat-
ings has also been shown to result in greater attachment
magnitudes of bacteria to sediment surfaces owing to the
charge reversal imparted by the oxyhydroxide coatings at
circumneutral pH [Jiang et al., 2007]. Therefore, it is nec-
essary to investigate the sensitivity of geophysical measure-
ments to the presence of live or dead cells as well as the
attachment of microbial cells with different properties (i.e.,
different attachment behavior) to mineral surfaces (with and
without iron oxide coating) in porous media in order to
enhance the interpretation of geophysical response data.

[7] In this study, we expand on the work of Ntarlagiannis
et al. [2005], Davis et al. [2006], and Abdel Aal et al. [2009]
by investigating the sensitivity of geophysical measure-
ments to (1) different concentrations of microbial cells,
(2) live and dead microbial cells, and (3) variations in the
rate of microbial attachment onto clean quartz sands and iron
oxide—coated sands based on differences in microbial geno-
types. The results from this study demonstrate the extreme
sensitivity of the low-frequency electrical measurements to
the presence of microbial cells in porous media at different
physiological states or genotypes (live versus dead cells or
wild type versus mutant strains) with significant implications
for the use of these techniques in microbial transport mod-
eling studies.

2. Materials and Methods

[8] Two separate laboratory experiments were conducted
to investigate the sensitivity of low-frequency electrical
measurements to (1) different cell densities (live versus
dead) and (2) variations in the magnitude of attachment of
P. aeruginosa in saturated, sand-packed columns. The fol-
lowing is a brief description of the materials and experi-
mental procedures for each experiment.

2.1.

[v] Twenty-six identical columns were constructed and
used for the cell density and microbial attachment experi-
ments (Figure 2). Each of the experimental columns was
constructed from polyvinyl chloride (PVC) pipe with an
inner diameter of 3.17 cm and a length of 12 cm. Two
nonpolarizing Ag-AgCl electrodes housed in electrolyte-
filled chambers were placed 6 cm apart along the length of
the column and not within the current flow path to avoid
spurious polarization effect. Two Ag-AgCl coiled electrodes

Column Construction and Setup
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Figure 2. Schematic diagram showing the setup of the experimental columns used for microbial cell
density experiment (live versus dead cells) and microbial attachment experiment. For the microbial cell
density experiment, a syringe was used to inject the microbial cell suspensions into the sand columns
through a Luer lock valve. For the microbial attachment experiment, a peristaltic pump was used to cir-
culate the cell suspensions through the sand columns at a flow rate of 0.5 mL/min. A dynamic signal ana-
lyzer (DSA) was used to collect the low-frequency electrical measurements. EC, electrical fluid

conductivity; T, temperature; OD, optical density.

were placed at either end of the column for one dimensional
current injection. A two-channel dynamic signal analyzer
(DSA) based around a National Instruments (NI) 4551 was
used to perform the low-frequency electrical measurements
between 0.1 and 1000 Hz at 40 equal logarithmic intervals
[Slater and Lesmes, 2002]. The impedance magnitude |ol
and the phase shift ¢ (between a measured voltage sinusoid
and an impressed current sinusoid) of the sample were
measured relative to a high-quality resistor. The real (¢’ =
lol cos ¢) and imaginary (6" = |ol sin ) parts of the sample
complex conductivity were then calculated. The real con-
ductivity is an energy loss term that contains an electrolytic
component (o) and an interfacial component (¢'q.¢) [€.2.,
Lesmes and Frye, 2001]. The o', results from surface
conduction via the formation of an electrical double layer
(EDL) at the grain-fluid interface [Revil and Glover, 1998].
The ¢” is an energy storage or polarization term, which at
low frequencies (<1000 Hz) results primarily from the
polarization of ions in the EDL at the mineral-fluid interface
[Lesmes and Frye, 2001].

[10] An injection port was placed at the center of the
columns and was used to inject the microbial cells for the
cell density experiment. A sterilized syringe was used for
this purpose. For the microbial attachment experiment, a
peristaltic pump was used to deliver the cell suspensions
(100 mL) from a sterilized flask to the sand columns and
back to the flask again in a closed loop. All columns, tubing,

and accessories were disinfected by rinsing in ethanol prior
to the experiment.

2.2. Sand Preparation

[11] The sand used to fill the columns was purchased from
U.S. Silica Company and was composed of 99.80% silicon
dioxide, 0.02% iron oxide, 0.06% aluminum oxide, 0.01%
titanium oxide, <0.01% calcium oxide, <0.01% magnesium
oxide, <0.01% sodium oxide, and <0.01% potassium oxide.
The particle diameters of the sands ranged between 500 and
710 pum. The sands were pretreated with hydrogen per-
oxide (6%) to remove organic matter; sodium acetate (pH 5)
to remove carbonates; and a mixture of sodium citrate,
sodium bicarbonate, and sodium hydrosulfite solution to
remove iron oxides before being rinsed several times with
deionized water (DIW), dried at 105°C, and autoclaved
three times at 121°C for 30 min. A fraction of the pretreated
sands was coated with iron oxide following the procedure of
Joshi and Chaudhuri [1996] with some modifications as
described previously by Abdel Aal et al. [2009]. In this
procedure the pretreated sands were mixed with 2 M Fe
(NO3); x 9H,O solution adjusted to pH 11 using 10 M
NaOH and then placed in a drying oven for 20 h. The dried
iron oxide—coated sands were washed several times with
DIW until the runoff was clear followed by oven drying at
110°C.

3of 11



G03017

2.3. Bacterial Strains and Growth Conditions

[12] The strains of P. aeruginosa PAOI used in our study
were obtained from the University of Denmark, Lyngby,
Denmark, where previous studies have been conducted
[Pamp and Tolker-Nielsen, 2007]. P. aeruginosa is a gram-
negative, 1 pum X% 3 um rod-shaped bacterium, with an
estimated surface area of 25-30 um? The strains were
P. aeruginosa wild type (PAO1) and the PAO1-derived rhiA
and pil4 mutants. P. aeruginosa PAO1 was chosen because
it is a ubiquitous bacterium: it occurs in soil and water, is
associated with plants, and is an opportunistic human path-
ogen. Its ability to form biofilms is well researched, and
mutant strains that differ in their ability to attach to surfaces are
available [Pamp and Tolker-Nielsen, 2007]. Previous studies
have indicated that the P. aeruginosa wild type is more
efficient in forming a structured biofilm as compared to the
rhiA and pil4 mutants [Pamp and Tolker-Nielsen, 2007]. By
analyzing the biofilm structure formed after 4 days, Pamp
and Tolker-Nielsen [2007] observed that the wild type of
P. aeruginosa PAO1 formed structured, mushroom-shaped
biofilms. However, the pil4 mutant strain formed irregular
protruding structures, and the rhl4 mutant strain formed flat
biofilms. In another biofilm study by Davey et al. [2003], the
results showed that the r#/4 mutant strain was more effective
in early colonization, with maximum attachment to microtiter
dish at 24 h, which was twofold greater than the maximum
observed for the wild type (maximum for the wild type was
at 10 h).

[13] The P. aeruginosa strains were grown to stationary
phase at 37°C in 30% Bushnell Hass (BH) broth (50 mg/L
magnesium sulfate, 5 mg/L calcium chloride, 250 mg/L
monopotassium phosphate, 250 mg/L diammonium hydro-
gen phosphate, 250 mg/L potassium nitrate, and 12.5 mg/L
ferric chloride) (Becton, Dickinson and Company, Detroit,
Michgan) and amended with 30 mmol glucose as a sole
carbon source. The cells were centrifuged (4000 rpm, 50 min)
and rinsed twice with filter-sterilized artificial ground water
(AGW) similar to that used by Abdel Aal et al. [2009] to
remove any remaining growth substrate (BH broth). The
centrifuged cells were then prepared in different procedures
to run the experiments as described in section 2.4. The
P. aeruginosa wild-type strain was used in the microbial cell
density experiment, and in addition to the P. aeruginosa wild
type, the rhl4 and pilA mutants were used in the microbial
attachment experiment.

2.4. Experimental Procedures

[14] In this section we describe the experimental proce-
dures for the two experiments conducted in this study.
2.4.1. Microbial Cell Density (Live Versus Dead)

[15] The centrifuged cells of the P. aeruginosa PAO1 were
resuspended in 100 mL of filtered sterilized AGW with
electrical fluid conductivity (EC) of 1000+ 5.0 uS/cm, pH 7+
0.1, and a temperature (7) of 22°C + 0.2°C in 250 mL flasks.
Two sets of 10 flasks containing the cell suspensions were
prepared with 10 different cell densities ranging from 0.31 x
10° to 5.0 x 10” colony-forming units (CFU)/ml. This range
of microbial cell density was found to be relevant to the
environmental abundance of P. aeruginosa PAO1 in natural
sediments [Roane and Pepper, 2000]. The cell counts of each
flask were determined by obtaining the optical density (OD)
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at 600 nm of the cell suspension with a spectrophotometer
(AquaMate, Thermo Scientific). The ODgqq (absorbance unit,
AU) values were then converted into CFU/ml using the
e%uation CFU/mL = 5.40 x 10° x ODgqo (AU) + 1.46 x 10%;
R* = 0.98, where R® is the regression coefficient. This
equation was previously obtained and described by Abdel
Aal et al. [2009] for the same bacterial species used in this
study. One set of the 10 flasks contained preserved sus-
pensions of live cells, and the second set contained dead
cells (obtained by autoclaving the cell suspensions at 135°
C for 30 min). The EC, pH, T, and cell counts of the fluid
cell suspensions were maintained for both sets of the
flasks.

[16] Similarly, two sets of 10 experimental columns
(Figure 2) were prepared, sterilized using ethylene oxide and
dry packed with the pretreated clean sands in a way that
minimized grain sorting through gentle tapping of the col-
umns. The porosity of the sand packed in each PVC column
was calculated by relating column dimensions with mea-
sured weights of wet and dried sands. For these calculations
a sand density of 2.65 g/cm® and water density of 1 g/cm’
were assumed, and the porosity was calculated by sub-
tracting the volume of sands from the total volume of the
column. The porosity of sands packed in columns varied
slightly for each column and was determined to be 0.42 +
0.01 with a resulting pore volume being 39.78 + 4.74 mL.
Prior to the start of the experiment, the two sets of sand-
packed columns were calibrated to investigate the effect of
packing on the low-frequency electrical measurements. The
calibration process was carried out by flushing the sand
columns with 100 pore volume of filter-sterilized AGW
similar to that used for cell suspensions, and low-frequency
(0.1-1000 Hz) electrical measurements were obtained sev-
eral times during the flushing process. The calibration pro-
cess was accomplished with the EC and pH of the inlet
and outlet AGW being the same, and the measured low-
frequency electrical parameters were repeatable with less
than 2% difference among columns. The experiment was
started with the first set of flasks containing the live cell
suspensions. Using a sterilized syringe, one pore volume was
extracted from each flask and injected into a sand column
(previously saturated with filter-sterilized AGW) through a
Luer lock valve, followed by taking the low-frequency
electrical measurements. The same procedure was repeated
on the second set of experimental columns with the dead cell
suspensions.

2.4.2. Microbial Attachment

[17] This experiment was conducted in two stages: in
250 mL flasks and in sand columns using the three above-
described strains of live P. aeruginosa (wild type and pilA4
and rhl4 mutants). The flask experiment was conducted
prior to the sand column experiment in order to examine
the difference in attachment magnitude between the different
P. aeruginosa (wild type and pild and rhlA mutants) strains
to clean quartz sands and 100% iron oxide—coated sands. The
flask experiment was conducted by adding 180 g of clean
quartz sands plus 100 mL of bacterial cell suspensions into
a 250 mL glass flask. The experiment was conducted for
140 min under static conditions (without shaking the flasks).
Fluid and sand samples were extracted every 10 min for the
first hour and then every 20 min for the next 80 min. The
fluid samples were analyzed for cell counts following the
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Figure 3. Percent change in (a) real conductivity (¢') and
(b) imaginary conductivity (¢") as a function of cell numb-
ers of live or dead P. aeruginosa wild-type cells.

procedure outlined in the microbial cell density experiment in
section 2.4.1. The number of the cells attached to mineral
surfaces was determined by subtracting the number of cells at
each sampling time from the number of cells in the initial
suspension. The sand samples were fixed with 2.5% glutar-
aldehyde for later observation using an environmental scan-
ning electron microscope. Images of the sand surfaces and
attached microbial cells were obtained using an FEI Quanta
600 field emission gun integrated with electron backscattering
diffraction system. The same procedure was repeated using
100% iron oxide—coated sands.

[18] The second phase of the microbial attachment
experiment was conducted in prefabricated columns filled
with sands (see section 2.1). A procedure similar to the flask
experiment was followed. A peristaltic pump was used
(Figure 2) to circulate the cell suspensions (100 mL with
1.9 x 10° CFU/mL of initial cell concentration) through the
sand column at a flow rate of 0.5 ml/min. Fluid samples were
extracted from the flask using the same time interval as for
the flask experiment and were analyzed immediately for EC,
pH, T, and cell counts. Cells attached to sand grain surfaces
were determined in a similar manner as the flask experiment.

3. Results

3.1. Microbial Cell Density Experiment (Live Versus
Dead)

[19] Figure 3 shows the percent changes in real (¢') and
imaginary (o) conductivities as a function of cell counts
(CFU/mL) of live or dead P. aeruginosa wild-type cells. We
show the electrical data at 10 Hz, as this is the frequency at
which our measurement error was lowest (less than 3% for
phase measurements between 0.1 and 100 Hz). This error
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was previously obtained from low-frequency electrical
measurements carried out on fluids with electrical conduc-
tivities matching those of the measured samples. No chan-
ges were observed in the shape of the ¢' and ¢” spectra over
time, and hence, we focus here on the percent change in the
magnitude of the measured parameters. The ¢’ for both live
and dead P. aeruginosa wild-type cells shows no consistent
trend with increasing cell density with minimal percent
changes (+4%) (Figure 3a). The ¢"” component of live cells
increased reaching a maximum percent change of 38% with
increasing cell counts to 4.2 x 10°CFU/mL (Figure 3b).
Thereafter, ¢” remained steady with increasing cell counts
to 5.0 x 10° CFU/mL. Increasing dead cell counts showed
no significant changes in ¢” component (+4%) (Figure 3b).

[20] A correlation analysis of ¢” values at 10 Hz and live
cell counts is shown in Figure 4. The data were fitted with a
linear model using the least squares method. Figure 4 shows
that o varies linearly with live cell counts. The linear model
is represented by the following equation: o x 107 (S/m) =
0.16 x 10° (CFU/mL) + 1.66 x 10® with a strong regression
coefficient (R* = 0.97).

3.2. Microbial Attachment Experiment

3.2.1. Flask Experiment

[21] Figures 5a and 5b show the temporal change in
adsorption of P. aeruginosa wild-type and pild and rhiA
mutant cells onto clean quartz sands and 100% iron oxide—
coated sands. For the clean quartz sands, the number of cells
of the three strains of P. aeruginosa adsorbed onto sand
surfaces increased gradually with time with the rhl4 mutant
showing the highest magnitude of attachment followed by
the wild type and then the pil4 mutant (Figure 5a). Similar
observations were obtained using 100% iron oxide—coated
sands but with a higher magnitude in the number of attached
cells of the r4/4 mutant as compared to clean quartz sands as
shown in Figure 5b. However, the numbers of wild-type and
pilA mutant strains attached to 100% iron oxide—coated
sands were approximately similar to the number of cells
attached to clean quartz sands.

[22] To verify the results presented in Figure 5, repre-
sentative environmental scanning electron microscope
(ESEM) images were collected from flasks containing the
clean quartz sands. The representative ESEM images were

3
£
B 27
@
- J
- c" =0.16 cell counts + 1.66
X 17 R =0.97
"o
0 T T 1 T T 1 T T 1 T T 1
0.2 1.4 2.6 3.8 5

Cell counts X 10° (CFU/mlI)

Figure 4. Cross correlation between imaginary conduc-
tivity (o) and cell numbers of live P. aeruginosa wild-type
cells. The data were fitted with a linear model using the least
squares method.
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Figure 5. Temporal changes in adsorption of P. aeruginosa
wild-type and pil4 and rhl4 mutant cells onto (a) clean
quartz sands and (b) 100% iron oxide—coated sands. Results
from flask experiment.

selected after spatial analysis (the spatial distribution and
density of cells attached to different areas of sand grain
surfaces) was conducted on random sand grain samples.
Figure 6 displays representative ESEM images of sand
grains collected at the end of the experiment showing a
qualitative difference in the number of attached wild-type

(b) pilA

Figure 6. Selected environmental scanning electron micro-
scope images of clean quartz sands at the end of the exper-
iment. Notice the difference in densities of attached P.
aeruginosa wild-type and pil4 and rhl4 mutant cells to sand
grains.
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Figure 7. Selected environmental scanning electron micro-
scope images of clean quartz sands with the P. aeruginosa
rhiA mutant attached at different times of the experiment.

and pildA and rhlA mutant cells. It is clear that the number
of cells of rhlA mutant attached to sand grain surfaces
(Figure 6c) is greater than the wild type (Figure 6a) with the
ESEM image of the pil4 mutant showing the lowest number
of attached cells (Figure 6b). Figure 7 displays representative
ESEM images of sand grains obtained from the flasks con-
taining the 74/4 mutant cells to validate the observed increase
in attached cells over time. The ESEM image after 10 min
showed few cells attached to the surface of sand grains
(Figure 7a). However, the number of attached cells increased
with increasing time as displayed in Figure 7b (after 60 min)
and Figure 7c (after 140 min).

3.2.2. Sand Column Experiment

[23] During the time span of the experiment, no signifi-
cant changes were observed on the values of EC, pH, and T
of the sampled fluids. Figures 8a and 8b show the temporal
changes of P. aeruginosa wild-type and pild and rhi4d
mutant cells adsorbed onto clean quartz sands and 100%
iron oxide—coated sands, respectively. Again, the number of
attached cells of all three strains increased with time, and the
rhiA mutant cells displayed the highest magnitude of
attachment compared to the wild type and the pil4 mutant
(Figures 8a and 8b). In addition, the magnitude of attach-
ment of the three strains is relatively lower in columns filled
with clean quartz sands (Figure 8a) than in columns filled
with 100% iron oxide—coated sands (Figure 8b). The results
are consistent, but the numbers are slightly greater than
those obtained from the flask experiments.

[24] The results at 10 Hz of the low-frequency electrical
measurements (¢’ and ¢") are presented in Figures 9 and 10.
Again, no changes were observed in the shape of the ¢’ and
o" spectra over time, and hence, we focus here on the per-
cent change in the magnitude of the measured parameters.
Figure 9 shows minimal variation in percent changes in ¢’
(+4.8%) with time due to adsorption of the P. aeruginosa
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Figure 8. Temporal changes in adsorption of the P. aeru-
ginosa wild-type and pild and rhi4 mutant cells onto (a)
clean quartz sands and (b) 100% iron oxide—coated sands.
Results from sand column experiment.

wild-type and pil4 and rhl4 mutant cells onto clean quartz
(Figure 9a) and 100% iron oxide—coated sands (Figure 9b).
The temporal percent change in ¢” due to adsorption of the
P. aeruginosa wild-type and pil4 and rhl4 mutant cells onto
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Figure 9. Temporal percent change in o” due to adsorption
of the P. aeruginosa wild-type and pildA and rhliA mutant
cells onto (a) clean quartz sands and (b) 100% iron oxide—
coated sands.
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Figure 10. Temporal percent change in ¢” due to adsorp-
tion of the P. aeruginosa wild-type and pild and rhiA
mutant cells onto (a) clean quartz sands and (b) 100% iron
oxide—coated sands.

clean quartz and 100% iron oxide—coated sands are shown
in Figures 10a and 10b, respectively. In general, the o”
increased with cell adsorption to sand grain surfaces as a
function of time (Figures 10a and 10b). In addition, the
magnitude of the " response due to the adsorption of the
rhiA mutant was relatively greater than that of the wild type,
with the pil4A mutant displaying the lowest ¢” magnitude
(Figures 10a and 10b). The adsorption of P. aeruginosa
cells onto clean quartz sands displayed a gradual increase in
o" magnitude over time, reaching maximum percent chan-
ges of 22%, 16%, and 7% for the 7h/4 mutant, the wild type,
and the pil4 mutant, respectively. However, the adsorption
of P. aeruginosa wild type and pild and rhl4 mutant cells
onto 100% iron oxide—coated sands exhibited a rapid
increase in the percent change of ¢” within the first 60 min of
the experiment (Figure 10b). After 60 min, the adsorption of
the P. aeruginosa cells onto 100% iron oxide—coated sands
displayed a gradual increase in the percent change of 0",
reaching maximum values of 42%, 34%, and 23% for the
rhi4 mutant, the wild type, and the pil4 mutant, respectively
(Figure 10D).

[25] To further examine the sensitivity of the low-fre-
quency electrical measurements to the magnitude of adsorbed
microbial cells, a power law relationship was obtained
between the values of adsorbed P. aeruginosa wild-type and
pilA and rhi4 mutant cells and the o” values at 10 Hz for
both clean quartz and 100% iron oxide—coated sands. The
power law exponents and regression coefficients obtained
from the fitted models are summarized in Table 1. The rhiA
mutant showed a higher power law exponent compared to
the wild type and the pil4 mutant as shown in Table 1. In
addition, power law exponents were greater in columns with
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Table 1. Regression Coefficients and Power Law Exponent
Values Derived From the Regression Analysis of Imaginary
Conductivity Versus Adsorbed Values of Microbial Cells®

Strain Regression Power Law

Sand Type Type Coefficient R*>  Exponent
Clean quartz sands wild type 0.98 0.15
pild 091 0.07
rhiA 0.94 0.23
100% iron oxide—coated sands  wild type 0.98 0.24
pild 0.97 0.15
rhiA 0.85 0.35

“Imaginary conductivity is measured in S/m, and adsorbed values are
measured in CFU/mL.

100% iron oxide—coated sands compared to clean quartz
sands (Table 1).

4. Discussion

4.1. Effects of Cell Density on Low-Frequency
Electrical Properties

[26] Microbial cells have distinct electrical properties, and
their attachment to mineral surfaces has the potential to
impact electrical properties of the subsurface environment.
Previous dielectric spectroscopy (analogous to electrical
geophysical exploration methods) studies of cellular sus-
pensions of living cells suggested that the finite membrane
potential of the cells leads to a large dielectric response at
low frequency (<10 Hz) in the presence of an electrical field
[Prodan et al., 2004; Atekwana and Slater, 2009]. We show
in this study that low-frequency electrical measurements
(e.g., 0") in sand columns are sensitive to the concentrations
of live P. aeruginosa cells and also to their magnitude of
attachment on sand grain surfaces. Our results show that
varying the concentrations of dead cell suspensions has
minimal effect (£3%) on both the real (¢') and imaginary (c")
conductivity components (Figures 3a and 3b). Increasing the
concentrations of live cells had no significant impact on the ¢’
component; however, the imaginary conductivity component
("), being a direct measure of polarization, increased to a
maximum of 40% from the initial values (1.77 x 10~® S/m)
(Figure 3b) and displayed a strong linear correlation to the
number of cells attached (Figure 4). These results are con-
sistent with previous results that showed a 15% increase in
o" with increasing cell numbers of Escherichia coli being
injected into columns filled with clean quartz sands
[Ntarlagiannis et al., 2005].

[27] In this study, the linear model obtained from the cor-
relation between ¢” and the cell density of live P. aeruginosa
cells can be used (under similar experimental conditions) to
estimate the changes in ¢” due to the increase in microbial
cells in the subsurface porous media. Surface conductivity is
primarily controlled by the product of surface area, surface
charge density, and surface ionic mobility [Lesmes and Frye,
2001; Slater and Lesmes, 2002; Slater and Glaser, 2003].
Bacteria have large surface areas and surface charge densities
similar to clay particles [Bickmore et al., 2002]. Therefore,
the increase in microbial cell numbers in porous media may
result in polarization enhancement due to the polarization of
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the electrical double layer of microbial cells when the electric
field is applied. Therefore, the increase in o” with increasing
concentration of live cells in suspensions is directly related to
the electrical properties of microbial cells and to the
enhancement in the interfacial electrical properties due to
accumulation and interaction of charged microbial cells at the
mineral-fluid interfaces.

[28] The electrical properties of microbial cell surfaces are
related to the chemical compositions of the microbial cell
walls with the membranes being permeable to ions in pore
fluids [Van Der Wal et al., 1997]. Therefore, breaking down
the membranes of microbial cells will result in a loss of their
electrical properties, which are manifested in the minimal ¢”
response in our sand columns saturated with different con-
centrations of dead cell suspensions of P. aeruginosa wild
type (Figure 3b). Previous studies have suggested that cell
death, for example autolysis during biofilm development, is
important to enhance the ability of other cells to disperse
from within biofilms and colonize new surfaces [Web et al.,
2003; Mai-Prochnow et al., 2006]. Therefore, we suggest
that the results of the live-dead cell experiment can be used
to explain the decrease in polarization response at the late
stage of biofilm growth and development observed by Davis
et al. [2006] (Figure 1).

4.2. Effect of Cell Attachment/Sorption to Mineral
Surfaces on the Low-Frequency Electrical Properties

[29] Attachment of microbial cells onto mineral grain sur-
faces is controlled by several factors, including the mineral-
ogy. For example, the presence of metal oxyhydroxide
coatings on aquifer sediments can result in positively charged
sediment surfaces, which increases the deposition rates of
negatively charged bacterial cells [Bolster et al., 2001; Mills
et al., 1994; Yee et al., 2000; Jiang et al., 2007]. We have
shown previously in the Abdel Aal et al. [2009] study that
increases in cell adsorption to mineral surfaces enhanced the
polarization magnitude with the magnitude of the polariza-
tion being greater for iron oxide—coated sands compared to
clean quartz sands. In this study, we wanted to investigate
just how sensitive the low-frequency electrical methods are
to the magnitude of cell deposition on mineral surfaces by
investigating three different genotypes of P. aeruginosa
(wild type and pil4 and rhli4 mutants) with different
attachment abilities/magnitudes (Figure 5). Despite the fact
that the wild type is more efficient in forming a structured
biofilm compared to the r4/4 and pilA mutants [Pamp and
Tolker-Nielsen, 2007], both flask and sand column experi-
ments showed that the rhl4 mutant displayed a higher
magnitude of attachment, followed by the wild type, with the
pilA mutant showing the lowest attachment magnitude
(Figures 5 and 8). These findings are supported by the rep-
resentative ESEM images that show the relative difference in
numbers of adsorbed wild-type and pil4 and rhlA mutant
cells onto mineral grain surfaces of clean quartz sands at the
end of the experiment (Figure 6).

[30] Nevertheless, an rhl4 mutant was found to be more
proficient at early colonization of surfaces than the wild-type
strain [Davey et al., 2003]. Therefore, the difference in the
magnitude of attachment between the three strains used in this
study may be related to the difference in motility, which is
considered to be one of the important factors affecting the
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initial attachment of microbial cells onto mineral surfaces and
development of biofilm structures [Morisaki et al., 1999]. In
addition, representative ESEM images of the rh/4 mutant
type document the temporal changes in adsorption magnitude
at different times during the experiment (Figure 7). The
temporal changes in adsorption of microbial cells over time
are related to the increase in exposure time and collision
events of microbial cells onto mineral grain surfaces [Scheibe
et al., 2007].

[31] The different attachment magnitudes of the three
different P. aeruginosa strains onto mineral surfaces of
clean quartz sands and 100% iron oxide—coated sands are
also manifested in the magnitude of the ¢” component
(Figures 10a and 10b). The rhl4 mutant with a higher
microbial attachment magnitude also displayed a higher o”
magnitude compared to the wild type and the pil4 mutant
and was higher in columns with 100% iron oxide—coated
sands compared to clean quartz sands (Figures 10a and 10b).
These results demonstrate the dependency of the o” com-
ponent on the number of microbial cells adsorbed to sand
grain surfaces, which is consistent with previous findings by
Abdel Aal et al. [2009]. These results were further supported
by the strong power law relationship observed between o”
and the number of cells adsorbed onto sand grain surfaces
with the #h/4 mutant of P. aeruginosa displaying a higher
power law exponent compared to the wild type and the pild
mutant. In addition, power law exponents were greater in
columns with 100% iron oxide—coated sands compared to
clean quartz sands. The observed increase in ¢” due to the
increase in the number of microbial cells adsorbed to sand
grain surfaces can be explained by the increase in surface
roughness of grains as suggested by Abdel Aal et al. [2009].

[32] On the basis of our results, it is apparent that
microbial cell density, viable cells (live), and microbial
attachment magnitude play an important role in the geoe-
lectrical responses measured in biostimulated laboratory
sand column experiments. We documented that an increase
in viable microbial cell density and attachment onto mineral
grain surfaces enhanced the interfacial electrical properties
of porous media at the microbe-mineral-fluid interfaces.
Nevertheless, the dead cells showed no effect on the inter-
facial electrical properties.

4.3. TImplication for Microbial Transport and Biofilm
Monitoring in Porous Media

[33] The transport, attachment, growth, and biofilm
development of microorganisms in the subsurface is of great
importance in a variety of applications and processes, such as
for in situ bioremediation [e.g., Steffan et al., 1999], micro-
bially enhanced oil recovery [e.g., Tanner et al., 1991],
biostimulation [e.g., MacDonald et al., 1999], bioaugmen-
tation [e.g., Witt et al., 1999], biobarrier technologies for
containment of pollutants [e.g., Stewart and Fogler, 2002],
and microbial facilitated transport of contaminants [e.g., Kim
et al, 2003]. These applications and processes require
accurate prediction and monitoring of microorganisms in
subsurface granular porous media. Conventional and tradi-
tional methods of documenting bacterial presence in natural
environments and monitoring biofilm development usually
involve the periodic sampling of representative sediments
and time-consuming microbiological culturing techniques
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using destructive methods [Cristiani et al., 2008]. There-
fore, the development of alternative detection and identi-
fication technologies has become increasingly important in
recent decades. Our results demonstrate the sensitivity of
low-frequency electrical measurements to microbial cell
densities and magnitude of attachment to mineral grain
surfaces and hence have the potential to be used as a cost-
effective and nondestructive method in microbial transport
and biofilm monitoring processes and applications. For
example, the sensitivity of the low-frequency electrical
measurements to microbial cell densities encourages the
application of the method in bioaugmentation processes as a
complementary tool to make sure that effective concentra-
tions of microorganisms are transported to contaminated
areas of the subsurface to achieve desirable cleanup results.
Similarly, the low-frequency electrical measurements can be
used during microbially enhanced oil recovery, which re-
quires monitoring of the growth of naturally occurring bac-
teria or injected bacteria to emulsify the heavy oil to be easily
extracted.

[34] Itis well documented that formation and development
of biofilms occur in several stages from initial attachment to
growth of microbial cells and colonization of mineral sur-
faces to a final maturation that may end up with increase in
cell death or detachment of microbial cells according to
environmental conditions [Davey et al., 2003]. Our results
demonstrate that low-frequency electrical measurements are
sensitive to cell density and magnitude of attachment to
mineral grains and hence can be used as a sensor to monitor
different stages of biofilm development from changes in
interfacial electrical properties at the microbe-mineral-fluid
interfaces. Another important finding from the present study
is the ability of low-frequency electrical measurements to
differentiate between microbial genotypes according to their
differences in motility and attachment magnitude to mineral
grain surfaces. This information can be useful in studies
related to modeling of microbial transport and attachment in
biostimulated porous media.

5. Conclusions

[35] The results from this study demonstrate the sensi-
tivity of low-frequency electrical measurements, specifically
the imaginary conductivity component (¢”) to microbial cell
density, live and dead cells, and magnitude of microbial
attachment of P. aeruginosa PAO1 wild-type and rhl4 and
pilA mutant cells onto clean quartz sands and 100% iron
oxide—coated sands. The ¢” component showed a strong
dependency on the density of live microbial cells and the
number of cells adsorbed to sand grain surfaces, with the
magnitude being greater in columns filled with 100% iron
oxide—coated sand. Dead microbial cells exhibit minimal
changes in low-frequency electrical measurements in sand
columns due to the loss of their electrical properties result-
ing from the breakdown of membranes. The enhancement in
the low-frequency electrical properties (e.g., ") due to the
increase in cell numbers and their attachment to mineral
surfaces are related to (1) the distinct electrical properties of
bacterial cells (e.g., electric double layer and charge transfer)
and (2) increase in surface roughness of grains and hence the
polarization response due to microbial attachment. We con-
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clude that our low-frequency electrical measurements can be
used to monitor microbial transport and biofilm development
in subsurface porous media with some emphases on the
application of the method in some environmental and engi-
neering applications such as microbially enhanced oil
recovery or in situ bioremediation processes.
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