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To study potential ecological impacts of CO2 leakage to
shallow groundwater and soil/sediments from geologic CO2

sequestration (GCS) sites, this work investigated the viability and
metal reduction of Shewanella oneidensis MR-1 under CO2

stress. While MR-1 could grow under high-pressure nitrogen gas
(500 psi), the mix of 1% CO2 with N2 at total pressures of 15
or 150 psi significantly suppressed the growth of MR-1, compared
to the N2 control. When CO2 partial pressures were over 15
psi, the growth of MR-1 stopped. The reduced bacterial viability
was consistent with the pH decrease and cellular membrane
damage under high pressure CO2. After exposure to 150 psi CO2

for 5 h, no viable cells survived, the cellular contents were
released, and microscopy images confirmed significant cell
structure deformation. However, after a relatively short exposure
(25 min) to 150 psi CO2, MR-1 could fully recover their
growth within 24 h after the stress was removed, and the
reduction of MnO2 by MR-1 was observed right after the stress
was removed. Furthermore, MR-1 survived better if the cells
were aggregated rather than suspended, or if pH buffering
minerals, such as calcite, were present. To predict the cell
viability under different CO2 pressures and exposure times, a two-
parameter mathematical model was developed.

1. Introduction

The amount of carbon dioxide (CO2) from anthropogenic
emissions has dramatically increased in the past several
decades, which raises global climate-change concerns. CO2

sequestration in deep geological formations (i.e., geologic
CO2 sequestration, GCS), such as deep saline aquifers,
provides a promising option for us to significantly reduce
net CO2 emissions to the atmosphere within a relatively short
period (Figure 1) (1-3). For successful geologic CO2 seques-
tration, the injected CO2 should remain stable in the GCS
sites. However, zero leakage of CO2 from GCS projects may
not be possible. Analog studies of geologic environments
containing large, concentrated amounts of CO2 have shown
that the leakage processes is inherent in GCS (4). Leaking of
CO2 could be due to the presence of preexisting geological

discontinuities, the weakening of the caprock caused by
interactions with CO2, or incidental breakouts through
injection wells, existing wells, or seismic disturbances (1). It
has been estimated that allowing for no more than 1% leakage
of stored CO2 over 100 years is necessary for sequestration
to be viable (5). Once any leakage from deep geological
formations occurs, CO2 can migrate through overlying potable
aquifers and induce geological, chemical, and/or microbio-
logical changes in shallow groundwater, which can be an
underground source of drinking water (USDW), and in soil/
sediment environments (Figure 1) (1, 3, 6-8). Dissolved in
groundwater, CO2 increases the total concentration of
aqueous carbonate species, including H2CO3, HCO3

-, and
CO3

2-, and causes a decrease in pH. Such conditions can
also influence the viability and activity of microorganisms,
while changing the reaction mechanisms of dissolution,
adsorption (8), precipitation, and redox reactions occurring
on mineral surfaces or in the aqueous phase. Systematic
studies of potential impacts of CO2 leakage on biogeochem-
istry and ecosystems are required to ensure safer GCS.

Shewanella species are environmentally relevant bacteria,
widely existing in soil and sediments (9), where CO2 leaking
from sequestration sites may pass through (Figure 1). S.
oneidensis MR-1 is a model Shewanella strain and can grow
in both aerobic and anaerobic environments (convenient
for laboratory handling) due to its facultative anaerobic
characteristics. In this study, S. oneidensis MR-1 is selected
as a model microorganism to study the effect of CO2 leakage
on the subsurface ecological system. In particular, the metal
reducing capability of S. oneidensis MR-1, such as Fe(III),
Mn(IV), and Cr(VI) in soil/sediment environments (10-14),
is an important aspect which can affect toxic metal mobility
in the environment. Therefore, by examining S. oneidensis
MR-1 physiology, the following crucial information can be
obtained: (1) aerobic and anaerobic microorganism survival
and recovery in response to various CO2 conditions and (2)
the impacts of higher CO2 concentrations owing to potential
leakage on intrinsic microbial activities (e.g., metal reduction)
and water chemistry changes in groundwater above GCS
sites. Currently, a few studies have focused on utilizing
biofilms to prevent CO2 migration to upper geological
matrices (15, 16) or on enhancing mineral-trapping and
solubility-trapping though microbial ureolysis (17). These
approaches decrease the porosity and permeability of the
caprock, potentially alleviating CO2 leakage. However, little
is known about the ecological impacts near GCS sites of
exposure to high pressure CO2.

To understand the influence of CO2 leakage on microbial
activity, we measured the changes in viability and metal
reduction rates of MR-1 after exposure to increased CO2

concentrations. Reduction rates of MnO2 were used to
evaluate the activity of MR-1 for three reasons: first, MnO2

is widely distributed in the natural environment (18). Second,
it is one of the primary electron acceptors for organic matter
oxidation and plays an important role in carbon mineraliza-
tion in sedimentary environments (11). Third, MnO2 reduc-
tion by MR-1 is a relatively fast reaction (10, 11, 14), which
allows us to evaluate the activity of stressed MR-1 before it
is recovered. We also examined bacterial responses to CO2

stress in the presence of calcite coupons by combining
biological and physicochemical approaches. A mathematical
model was built to quantitatively demonstrate and predict
CO2 stress on microbial survival in the ecological system.
This study can help us understand the potential ecological
effects of high-pressure CO2 and provide guidelines to control
CO2 leakage from the GCS sites.
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2. Materials and Methods
2.1. Reactor Setup and Experimental Conditions. In this
work, a bioreactor (Parr company, USA) was used to mimic
the exposure of bacteria in groundwater to CO2 leakage from
GCS sites. This reactor was combined with a syringe pump
connected to a CO2 cylinder (99.9%, Airgas, USA) as a source
for pressurized CO2 (For more detailed information, refer to
Figure S1 and ref 19.). Before the experiments, the reactor
was flushed with CO2 and/or N2 (in some experiments) for
two minutes to remove the air in the reactor. After that, the
reactor was pressurized to the designated pressure through
the syringe pump and pump controller. In this reactor setup,
a temperature controller system maintained the reactor at
a constant temperature (32 ( 0.5 °C). CO2 and N2, singly or
in mixtures, were used at a variety of pressures: 1% CO2/99%
N2 (0.15 psi CO2 in a total of 15 psi), 1% CO2/99% N2 (1.5 psi
CO2 in a total of 150 psi), 100% CO2 (15 psi), 100% CO2 (80
psi), and 100% CO2 (150 psi). This tested CO2 range covered
the concentrations typically present either in flue gas from
a conventional power station (20) or in groundwater (8).

2.2. Microorganism Cultivation. Shewanella oneidensis
MR-1 was first grown in a Luria-Bertani (LB) medium at 32
( 0.5 °C. The bacteria were then subcultured into an MR-1
medium (30 mM lactate as the carbon source) (14). When
MR-1 growth reached the middle log phase (optical density
(OD) measured at 600 nm was about 0.7), a second subculture
(5% inoculation rate) was transferred into a modified MR-1
medium which supported anaerobic growth. The modified
medium was supplemented with 40 mM fumarate (Sigma,
USA) as an electron acceptor and with 0.5 mM serine and
0.5 mM glycine (Sigma, USA) as nutrients to enhance cell
growth (14). Falcon test tubes with 4 mL of the cell culture
(initial OD600 ∼ 0.2) were placed in the reactor for CO2

exposure experiments. Control samples (without CO2 stress)
were cultured in sealed bottles (i.e., in a microaerobic
condition). All culture experiments with CO2 (including
control samples) were kept at 32 ( 0.5 °C without shaking.

For CO2 stress experiments, the cultures with or without
calcite coupons were exposed to high pressure CO2 in the
reactor for a designated time. We added calcite coupons (0.12
g/mL; Iceland spar from New Mexico) to test the response
of bacteria to CO2 stress in the presence of pH buffering
minerals. After CO2 exposure, the total number of viable cells
was estimated based on the number of colony-forming unit
(CFU) after incubation at 32 ( 0.5 °C for 1-2 days. Averaged
values and errors (standard deviations) of multiple samples
(biological repeat, n g 4) are presented in the figures. The
statistical significance of the mean values was examined by
one-way analysis of variance at p < 0.05. To observe bacterial
growth recovery after exposure to CO2, the stressed cells (1
mL) were transferred into a tube filled with 5 mL of MR-1
minimal media and cultured in the incubator under aerobic
conditions at 32(0.5 °C. To examine the MR-1 cell aggregates

under CO2 stress, the cultures were filtered through a
membrane (∼1 cm × 1 cm, 0.22 μm pore size, Nylon,
Millipore, USA) to form loosely attached cell layers (cell
density was ∼8.0 × 1010 cells/m2) and then were transferred
to the reactor for stress experiments.

2.3. Measurement of Extracellular Polymeric Sub-
stances (EPS) and Membrane Integrity. In this study, the
concentrations of EPS, including DNA, polysaccharides, and
proteins, were analyzed. For EPS concentration, a modified
EPS extraction method was utilized to quantify the EPS during
experiments (21). The concentrations of polysaccharides and
proteins were analyzed according to methods described by
Dubois et al. (22) and Bradford (23), respectively. The integrity
of the cytoplasmic membrane of cells was determined using
a BacLight Live/Dead Kit (Molecular Probes, Invitrogen, USA).
More detailed experimental descriptions are available in the
Supporting Information. For all the measurements, three
biological repeats and two technical repeats were conducted.

2.4. Scanning Electron Microscopy (SEM) and Atomic
Force Microscopy (AFM) Observations of Microbial Cells.
For SEM sample preparation, the cells were deposited on a
piece of membrane and then were fixed by adding 2%
glutaraldehyde. After 2 h, the samples were washed three
times in 0.10 M sodium cacodylate buffer for 20 min each
time. The samples were then dehydrated in a series of 10
min washes in 50%, 70%, 85%, and 95% ethanol and were
further dried with freeze-drier equipment (Labconco, USA).
This procedure allowed us to maintain the cell morphology
during SEM measurements (24). The samples were gold-
coated using a sputter gun (SPI supplies, USA). Photographs
of the sample structure were observed and taken with a SEM
(FEI, UK).

For AFM observation of cells, the cells were deposited on
a quartz coupon (∼1 cm × 1 cm) in the presence of aqueous
media. The heights, deflection, and friction images of the
samples were collected simultaneously in contact mode using
a Nanoscope V Multimode SPM (Veeco Instruments Inc.,
USA). Due to the strong stickiness of the released cell
materials, the AFM observations were mainly focused on the
cell morphology rather than the observation of released cell
materials. Probes were made of nonconductive silicon nitride,
with a tip height of 196 μm (NP-S10, Veecoprobes, USA). The
images were collected with normal spring constants of 0.12
N/m and scan rates of around 1.5 Hz. Topographical features
were analyzed using Nanoscope software (Version 7.20, Veeco
Instruments Inc., USA).

2.5. Measurements of Ca2+ Release from Calcite Cou-
pons, Lactate Consumption. Cell cultures (OD600 ∼ 0.25,
viable cells ∼ 108/mL) were added to two sterile bottles (20
mL). The same number of freshly cleaved calcite coupons
was added in the same liquid/solid ratio as in all experiments
conducted in the reactor. Both bottles were tightly covered
with Parafilm laboratory film, and 100% CO2 (15 psi) was
introduced from a CO2 cylinder (Airgas, USA) through
pipelines to the headspaces of the bottles. The pH changes
were monitored using a pH meter (Orion, Thermo Scientific,
USA). Samples were collected at designated times (1, 5, and
17 h) with syringes and were used to measure CFU and the
concentrations of calcium ions (Ca2+) and lactate. The
calcium was measured with an inductively coupled plasma
mass spectrometer (ICP-MS, Agilent, USA). Because lactate
was the main carbon source for MR-1 growth, the consump-
tion of lactate during the high CO2 stress conditions was also
determined by a lactate assay kit (R-Biopharm, Germany)
(14).

2.6. MnO2 Reduction Capability Measurements. Man-
ganese reduction by stressed and unstressed cells was
measured. The cells were exposed to 100% CO2 under 150
and 300 psi in the reactor at 32 ( 0.5 °C (stressed cells) or
were cultured in an incubator at 32 ( 0.5 °C (nonstressed

FIGURE 1. Schematic diagram of potential scenario for
ecological and environmental impact of CO2 leakage from
geologic CO2 sequestration sires.
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cells). Under both conditions, fumarate was not added into
the medium because it can compete with MnO2 for electrons.
After 25 min, 30 mL of stressed or nonstressed cell cultures
was placed in serum bottles and deoxygenated by sparging
with nitrogen (atmosphere pressure) for 15 min (to achieve
anaerobic conditions). Then 1 g of MnO2 (Sigma-Aldrich,
purity >99%) was added to each serum bottle, and nitrogen
sparging was continued for another 3 min before the serum
bottles were crimp sealed with Teflon-lined stoppers and
aluminum seals. Then the bottles were placed on a rotating
shaker (40 rotations per min) in an incubator at 32 ( 0.5 °C
in the dark (time t0). At the desired time points, an aliquot
of the suspension (including both the well-mixed liquid and
solid) was withdrawn through the septum with a N2 purged
gastight syringe. Part of the suspension was used for CFU
analysis, and the remainder was passed though a 0.22 μm
filter and diluted with 2% HNO3 solution for manganese
measurement with ICP-MS. The reaction rates of MnO2 were
calculated from the data within the first 40 min by linear
regression (R2 > 0.98).

3. Results and Discussion
3.1. Cell Viability under CO2 Stress. The growth and viability
of MR-1 were strongly affected by both CO2 partial pressure
and exposure time. Figure 2 shows the viable cells after MR-1
was exposed to CO2 under partial pressures ranging from
0.15 to 150 psi. Under low CO2 partial pressures (i.e., 0.15
and 1.5 psi, equivalent to 1% CO2 when the pressures were
15 and 150 psi, respectively), the cell growth appeared to be
inhibited. When the CO2 pressure approached 15 psi (100%
CO2), the cell growth was completely stopped, and the viable
cell numbers decreased as a function of exposure time.
Increasing CO2 pressure to 80 and 150 psi (100% CO2) resulted
in a dramatic drop of viable cells within 1 h, and no viable
cells were detected after 5 h. For the experiment conducted
at 150 psi (100% CO2) for 1 h, the OD values were also
measured. The results showed that the OD values remained
constant before or after CO2 exposure, while the CFU value
decreased by approximately 2 orders of magnitude. This
suggests that only a small portion of cells remain viable, and
the majority of cells were damaged or died.

CO2 gas may affect microbial activity through three routes:
high pressure stress on cellular structures, altered environ-
mental pH from CO2 dissolution, and CO2 penetration
intracellularly to interfere with metabolic functions. N2 gas
was employed to study the effect of pressure alone on
bacterial viability. At N2 gas pressures of 500 psi, bacterial
growth was only slightly suppressed by about 13.0 ( 0.5%
during a 17 h period (data not shown). Also, an experiment

with a sudden influx of 100% CO2 at 150 psi, followed by its
immediate release (within 5 s, in situ pH changed merely
about 0.01 (Figure S2)) did not lead to any obvious influence
on bacterial viability (similar CFU counts were detected; data
not shown). Both phenomena indicate that pressure itself
appeared not to be the key influence on microbial viability.
Further, we examined pH conditions during CO2 stress
(atmosphere pressure). When 1.5 psi CO2 was introduced
into the bioreactor, the in situ pH in the medium was 6.16
after 1 h exposure (Figure S2), and the viable cells were
maintained at 59.1 ( 7.4% of the initial subcultures. In
comparison, a culture with pH ) 6.16 (adjusted by 0.2 M
HCl, without CO2 stress) did not result in any obvious changes
in bacterial viability within 1 h (viable cells were kept at 100.0
( 8.6%). At 150 psi CO2 for 1 h, the pH in the culture dropped
to 4.86, and the viable cell amounts were about 0.7 ( 0.1%.
However, the culture with the same pH (pH only adjusted
by HCl) without CO2 stress had a cellular viability of 23.2 (
14.7%.

The above results indicate that besides the pH effect, CO2

put significant stresses on cells. High pressure CO2 can diffuse
through cell membranes and dissolve intracellularly because
of the hydrophobic and liposoluble properties of the cellular
membrane. This process may increase membrane perme-
ability, destroy the integrity of the cellular structure, and
change the intracellular metabolic balance (25-27). This
explanation was supported by the following observations:
after exposure of cells to CO2 (100%, 150 psi) for 1 h, a
significant amount of extracellular protein (619 ( 31 mg/g
of dry biomass) was released, whereas for unstressed cells,
the value was only 282(14 mg/g. The increase in extracellular
protein for stressed cells was accompanied by an increase
of free DNA concentration in the solution, from 17.8 ( 0.3
ng/μL for unstressed cells to 27.4 ( 2.2 ng/μL. Furthermore,
a decrease of membrane integrity index from 2.05 ( 0.18 for
unstressed cells to 0.39( 0.06 for stressed cells was observed
(Table S1). SEM images (Figure 3-A, B, and C) show the
morphological changes of cells with progressively longer CO2

exposure times. AFM images (Figures 3-D, E, and F) also
indicate that the unstressed cell thickness was 207 ( 42 nm,
with a cell length ranging around 2.02( 0.32 μm (Figure 3-D,
profile-i). After exposure to CO2 (150 psi) for 30 min and 5 h,
respectively, the thicknesses of the cells were reduced to 102
( 32 nm (Figure 3-E, profile-ii) and 49 ( 11 nm (Figure 3-F,
profile-iii), respectively. The cell lengths were reduced to
1.60 ( 0.28 μm and 1.72 ( 0.32 μm (the values above are
based on the measurement for 20 cells, and the uncertainties
are standard deviations). These results confirmed that a large
number of cells were collapsed, and thus cellular contents
(such as protein and nucleotides) were released.

3.2. Alleviation of CO2 Stress under Environmental
Conditions. Previous studies have reported that bacterial
aggregates and biofilms could be considered as cellular
response mechanisms to tolerate high CO2 stress (15, 16). In
this study, loosely attached microbial cell aggregates were
developed by directly filtrating cells on a membrane (yielding
a cell density of ∼8.0 × 1010 cells/m2) and then exposing
them to 100% CO2 at 150 psi for 30 min. More viable cells
(by 1-2 orders of magnitude) were achieved for aggregated
cells than in the suspended culture (Table S1). This observa-
tion was consistent with findings in the literature that
microbial cell aggregation can limit mass transport and create
a microenvironment for cells to resist environmental stresses
(such as pH and oxygen stress) (10, 15, 16). Furthermore,
when the stressed cells (100% CO2 at 150 psi for 25 min) were
transferred into a normal culture medium, their growth rate
(defined by the change of OD values in an hour of bacterial
growth) in the exponential phase was about 0.08 h-1, which
was clearly lower than that of unstressed cells (with a growth
rate of 0.32 h-1) (Figure S3B). However, the stressed cells

FIGURE 2. The measured growth and modeled growth of S.
oneidensis MR-1 under CO2 stress (n g 4): ()) 1% CO2 (15 psi);
(9) 1% CO2 (150 psi); (0) 100% CO2 (15 psi); (•) 100% CO2 (80
psi); (O) 100% CO2 (150 psi). The error bars are smaller than the
symbols, and here unseen. The lines are the predicted curves
based on fitting the data to eq 2 and eq 3: (solid) 1% CO2 (15
psi); (round dot) 1% CO2 (150 psi); (square dot) 100% CO2 (15
psi); (dash) 100% CO2 (80 psi); (long dash) 100% CO2 (150 psi). C/
C0 is the ratio of the viable cells number after CO2 stress to the
initial cell number.

VOL. 44, NO. 23, 2010 / ENVIRONMENTAL SCIENCE & TECHNOLOGY 9 9215



could recover to the same cell density as the unstressed cells
within 24 h after a long lag phase, which indicates that MR-1
displayed excellent recovery ability once the CO2 stresses
are removed.

The effect of calcite coupons on alleviating CO2 stress
to the cells was tested because calcite can serve as a pH
buffering mineral in the presence of high pressure CO2

(8). Figure 4A shows 3-fold viable cells were achieved after
adding calcite coupons, compared to the number without
calcite coupons. This finding corresponds to the fact that
adding calcite coupons into the medium could lead to an
increase of in situ pH by about 0.3 unit, after an

equilibration process for 3 h (Figure 4B). Figure 4C suggests
that calcite coupons gradually released Ca2+ in the solution
(this concentration of Ca2+ could not directly inhibit the
growth of MR-1). Calcite dissolution can, however, neu-
tralize the acidic solutions resulting from the dissolved
CO2 and thus reduce pH stress on microbial cells. In
addition, utilization of lactate could cause pH decrease in
the culture solution. However, we did not observe a
significant change of lactate concentrations in the absence
or the presence of calcite coupons within 17 h (Figure 4D).

3.3. MnO2 Reduction by Stressed Cells. Under anaerobic
conditions, MR-1 can use Mn(IV) as an electron acceptor
and reduce Mn(IV) (i.e., MnO2) to Mn(II), which becomes
aqueous Mn2+ (11). In this study, the metabolic function of
the stressed MR-1 was evaluated by monitoring the reaction
rate of Mn(II) formation when MnO2 was present in the MR-1
cultures. The results suggest that MnO2 dissolution or
reduction in the medium (without cells) was negligible (Figure
5). For the unstressed cells, the aqueous Mn concentration
increased linearly with time in the early reaction period and
arrived at the maximum value after 1.5 h (Figure 5). The
stressed cells were also observed to have a capability to reduce
Mn(IV), although their reduction rates (4.74 ( 0.25 and 1.66
( 0.17 μmol/h under CO2 of 150 and 300 psi, respectively)
were significantly lower than that of unstressed cells (8.33 (
0.16 μmol/h) (Figure 5B). These results indicated that CO2

stress did not influence the metabolic function of MR-1: the
stressed cells could reduce Mn(IV) immediately after the
stress was removed.

3.4. Modeling Bacterial Viability under CO2 Stress. To
prudently explain the complex influence of high pressure
CO2 on bacterial survival in a dose-time dependent manner,
a simple mathematical model was built using the first order
growth and decay model given in eq 1

FIGURE 3. SEM and AFM images of S. oneidensis cells before and after CO2 stress (100% CO2, 150 psi): (A) and (D) unstressed cells;
(B) and (E) cells after CO2 stress for 30 min; (C) and (F) cells after CO2 stress for 5 h. (A), (B), and (C) are SEM images and (D), (E),
and (F) are AFM images. The AFM micrograph is shown in height mode (15 × 15 μm2) at 298 K in air in the presence of aqueous
media on quartz coupon surfaces. The height cross sections correspond to the white dotted lines in the AFM images.

FIGURE 4. Changes of (A) CFU, (B) in situ pH values, (C)
calcium concentrations, and (D) lactate concentrations in the
presence of calcite coupons under CO2 stress (100% CO2, 15
psi) (n g 3): (O) control cells and (0) cells in the presence of
calcite coupons. The error bars are smaller than the symbols
and here unseen.

dC
dt

) k1C - k2CPCO2
(1)
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where C is the viable bacterial cell numbers at time t, k1 is
the specific growth rate (h-1), k2 is the specific death rate
constant (psi-1 h-1) under CO2 stress, and PCO2 (psi) is the
partial pressure of CO2. k1C describes normal growth without
any limiting factors, which follows a simple exponential curve.
k2CPCO2 represents bacterial death, which is limited by the
partial pressure of CO2.

Integrating eq 1 with the initial conditions as t ) 0 and
C ) C0

For partial pressures of CO2 e 0.15 psi and time periods
of CO2 stress e5 h (solid line in Figure 2), k2PCO2

, k1; thus
eq 2 reduces to eq 3

Monte Carlo simulation provided by MATLAB (Math-
Works, USA) was employed to generate 50 equal-sized data
sets for C, and a genetic algorithm was used to fit the model
parameters of k1, k1*, and k2 with each simulated data set.
According to the experimental data, the growth rates k1 and
k1*, and the death rate k2, were calculated to be about 0.12
( 0.02, 0.23 ( 0.02, and 0.027 ( 0.007, respectively.

The calculated C/C0 values using the parameters (k1 )
0.12, k1

* ) 0.23, and k2 ) 0.027) are plotted as a function of
time in Figure 2. The assessment on the goodness of the
model fit was tested based on the minimization of the error
between the fitting data and measured data. When the error
was the minimal, the fitting data were considered optimal.
The measured C/C0 data from the above experiments fit well
with the calculated values (Figure 2), which validated the
model’s ability to predict the effect of CO2 on microbial
survival.

4. Environmental Implications
The potential impacts of CO2 leakage from geologic seques-
tration sites on surrounding geological properties and
ecological systems are complicated and diverse. For example,
CO2 leakage might not uniformly distribute throughout the
GCS site, and bacterial communities could exhibit different
responses to CO2 stress. This study simplifies the situation
by employing an environmentally relevant bacterium (S.
oneidensis MR-1) to represent the microbial ecosystem in
response to CO2 stress.

According to a previous study on the Frio geologic carbon
sequestration test site, with 10% leakage of injected CO2, the
pH of groundwater can change from 6.7 to 5.3 within 20 m
from the leak point (28). This pH change is very similar to
that observed in our system. It has been reported that MR-1
can survive in a broad range of fluctuating pH (between 4
and 10 under aerobic conditions and from 5.6 to 9.4 under
oxygen-limited conditions) (10, 29). This study shows that
high pressure CO2 may damage cells more than the pH effect.
In addition, we observed that MR-1 cell growth resumed its
normal rate after CO2 exposure was stopped. Further, the
stressed MR-1 displayed the MnO2 reduction capability,
although the reduction rate was lower. This implies that such
a level of CO2 leakage may not significantly influence the
self-cleaning capability of groundwater near a GCS site,
especially once the stress is removed. Also in soil/sediment
systems, bacteria tend to attach on the minerals in the form
of biofilm, and the presence of pH buffering minerals, such
as calcite and other metal carbonates, could protect microbial
ecology systems against CO2 stress. However, the released
metal species may also affect groundwater quality and soil/
sediment composition by reacting with minerals in the
presence of leaking CO2. These reactions merit further study.
This study provides fundamental information for an un-
derstanding of the impact of CO2 leakage on microbial survival
and metal reduction activity. These findings may affect the
ecosystems as well as underground sources of drinking water
and also help design a more accurate predictive model of the
ecological impacts of leakage.
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