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Abstract

The significance of chemotaxis in directing bacterial migration towards contaminants in natural
porous media was investigated under groundwater flow conditions. A laboratory-scale column, with
a coarse-grained sand core surrounded by a fine-grained annulus, was used to simulate natural
aquifers with strata of different hydraulic conductivities. A chemoattractant source was placed along
the central axis of the column to model contaminants trapped in the heterogeneous subsurface.
Chemotactic bacterial strains, Escherichia coli HCB1 and Pseudomonas putida F1, introduced into
the column by a pulse injection, were found to alter their transport behaviors under the influence of
the attractant chemical emanating from the central source. For E. coli HCB1, approximately 18%
more of the total population relative to the control without attractant exited the column from the
coarse sand layer due to the chemotactic effects of a-methylaspartate under an average fluid velocity
of 5.1 m/d. Although P. putida F1 demonstrated no observable changes in migration pathways with
the model contaminant acetate under the same flow rate, when the flow rate was reduced to 1.9 m/
d, approximately 6~10% of the population relative to the control migrated from the fine sand layer
towards attractant into the coarse sand layer. Microbial transport properties were further quantified
by a mathematical model to examine the significance of bacterial motility and chemotaxis under
different hydrodynamic conditions, which suggested important considerations for strain selection
and practical operation of bioremediation schemes.
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INTRODUCTION

In recent years, bioremediation has become a viable option in the restoration of contaminated
aquifers (1,2). However, the process is technologically challenging because of the difficulty

in delivering the microbial populations to the target locations. Groundwater flow usually drives
bacteria to transport through highly conductive regions of the subsurface, leaving the pollutants
trapped within low permeable zones without treatment (3,4). Chemotaxis, the ability of bacteria
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SUPPORTING INFORMATION AVAILABLE

Tracer tests in different types of heterogeneous columns to correlate the double-peak breakthrough configurations and column structures
are provided in Figures S1-S2; homogeneous column studies to compare the transport properties between E. coli and P, putida are given
in Figures S3-S4 and the agarous plug assays to demonstrate the chemotactic responses of tested strain-attractant pairs are presented in
Figure S5.

BRIEF

A structured heterogeneous column study revealed the significant role of chemotaxis in directing transverse microbial migration in natural
porous media.
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to sense chemical gradients and migrate preferentially toward regions with high
chemoattractant concentrations, is considered to enhance bioremediation by directing
microorganisms towards closer contact with the residual contaminants in less conductive zones
in aquifers (5-8).

Chemotaxis in aqueous systems has been well demonstrated and characterized (9-11).
Individual bacterial swimming behavior in isotropic solutions is characterized as a three-
dimensional random walk. As a chemotactic microorganism swims up attractant gradients, the
frequency of cell body reorientation decreases and the swimming length interval increases
(12), resulting in a net migration of the microbial population towards higher chemical
concentrations. It was also observed that bacterial chemotaxis was not suppressed by
convective flow and could still concentrate biomass within chemical gradients transverse to
flow (13).

In contrast, chemotaxis in porous media was more recently identified and documented. Pedit
and coworkers (14) used a capillary filled with glass beads and indicated that the accumulation
of Pseudomonas putida G7 was higher in the capillaries initially containing naphthalene than
in the no-attractant controls. A statistically significant chemotactic response was reported by
Olson et al. (15), who noted a chemotactic band of Pseudomonas putida F1 to toluene in a
column containing glass-coated polystyrene beads using Sherwood et al.’s (16) magnetic
resonance imaging method. Roush et al. (17) suggested that chemotaxis was enhanced in a
heterogeneous medium by examining swarm plates with a rectangular shaped sand-filled area.
Wang et al.’s study (18) with a static heterogeneous filter-chamber indicated that Pseudomonas
putida F1 was attracted to higher contaminant concentrations and this trend was augmented
by the associated microbial growth on the contaminant. Long and Ford (19) fabricated a two-
dimensional microfluidic device with a homogeneous porous media matrix and reported a
strong chemotactic bacterial migration up the attractant gradients transverse to the flow.

Previous chemotaxis studies in porous media were generally conducted either under static or
homogeneous conditions or in artificial porous media. However, the complexity and
heterogeneity of natural aquifers introduce a number of differences and uncertainties compared
to the artificial laboratory conditions. It is therefore important to gain a quantitative
understanding of the significance of chemotaxis in a natural heterogeneous system when the
other transport processes such as advection, dispersion, adsorption and retardation occur. In
this study, a saturated, intermediate-scale laboratory column, comprised of two layers of quartz
sand with contrasting conductivities, was used to mimic the heterogeneous subsurface. Our
objective was to use this controlled system with well-characterized heterogeneities to
investigate the effectiveness and magnitude of the chemotactic influence on bacterial transport
properties in order to improve our understanding of the chemotactic impact occurring in in
situ bioremediation processes.

EXPERIMENTAL SECTION

Bacteria and Attractant Systems

The structured-column transport experiments were performed by testing two bacterial strains:
Escherichia coli HCB1 (20) and Pseudomonas putida F1 (21). E. coli HCB1 demonstrates a
strong chemotactic response to a-methylaspartate (a-mASP, Sigma-Aldrich) (13), a non-
metabolizable analog of aspartate. The chemical was initially dissolved in pre-heated 3% low
melting agarose (NuSieve GTG Agarose, FMC Bioproducts) solution to obtain a final
concentration of 0.1 mM to serve as the attractant source. An equivalent amount of sodium
chloride was used during the control experiments without attractant to maintain the same ionic
strength. The other tested strain and attractant pair was P. putida F1 and sodium acetate. P.
putida F1 was chosen because of its chemotaxis to and catabolism of various recalcitrant
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pollutants (22). Its mutant P. putida F1 CheA (23) maintained all the wild-type’s properties
except its chemotactic ability, which therefore served as the nonchemotactic control.

E. coli HCB1 was cultured in 50 mL of growth media comprised of 50% Luria Broth (Fisher)
media and 50% Modified Hunter’s Mineral Base (MSB) in a sterile 250 mL baffled shake
flask. It took the bacteria ~10 hours to reach its mid-exponential growth at O.D. (590nm) = 1.0
(Beckman, DU-7) in a LabLine Environ-shaker (model 3528-5) at 150 rpm and 27 °C. P.
putida F1 and its mutant reached mid-exponential growth in ~20 h in MSB media augmented
with 5 mM acetate under the same culture conditions. Bacteria cultures were then filtered on
a0.22 um filter (Millipore GSWP14250) and resuspended in a 10 mM nitrate solution to reach
the final concentration of ~7x108 cells/mL for E. coli and ~3x10° cells/mL for P. putida.
Additionally, fluorescent microspheres (Microgenics Corporation, R0100) with a diameter of
1 um were washed with DI water and resuspended in P. putida injectates to obtain a final
concentration of ~1x10° particles/mL. Because of its similar size to P. putida, the microsphere
served as an immobile particle tracer (24). All bacteria were observed to swim vigorously at
40x using a Zeiss Std 16 microscope to visually confirm their motility prior to injection.

Column Assembly

To simulate layers of porous media with different conductivities, coarse- and fine- grained
sand, with mean grain sizes of 710 um (VWR, 20117-088) and 450 um (VWR, 20118-003)
respectively, were wet-packed into a glass chromatography column (diameter 4.8 cm, length
15.5 cm) with a structure similar to Saiers et al. (25) and Morley et al. (26) as shown in Fig.
la. Quartz sands were washed with 10% (v/v) hydrochloric acid and then 0.5 M NaOH. After
rinsed thoroughly with de-ionized water, they were dried in an Isotemp Oven (Fisher) at 80 °
C. The attractant source was made by pouring attractant-containing, pre-heated agarose
solution into a hollow column made by plastic nylon mesh (190 um opening, McMaster-Carr),
which was originally inserted into a rigid straw (diameter: 0.475 cm) to maintain its cylindrical
shape. The layered structure of the column was achieved by packing fine-grained sand in the
annulus surrounding a center tube (diameter 1.8 cm) and pouring coarse-grained sand in the
tube after placing the rigid straw along the central axis line. Then the center tube and the straw
were removed gently. This procedure produced a central core of coarse material with a
centerline attractant source, running parallel to the flow, and a surrounding annulus of fine
material (Fig. 1a). An attractant gradient formed in the transverse direction as attractant
diffused from the agar core, spreading across both coarse and fine media under flow (Fig. 1b).

Transport Experiments and Sample Analysis

A variable-flow peristaltic pump (Fisher, 13-876-1) was used to maintain a constant head
through the column to yield an average flow velocity of 5.1 m/d. A syringe pump (KD Scientific
230) was applied to the system to produce a lower flow rate of 1.9 m/d. Because of the
contrasting hydraulic conductivities of the media (Fig. 1c), the coarse sand core was a flow
path with a higher average velocity (V1) than the velocity in the fine annulus (V5). After a
stabilization period of 0.2 pore volume, a 2 mL injectate was introduced in the column by a
three-way valve and a syringe pump (Harvard PHD 2000). Samples were manually collected
at the column outlet approximately every 3 minutes over a total time of 90 minutes for the fast
flow rate and every 8 minutes over a period of 4 hours for the slow flow rate.

One portion of the sample (~2 mL) was filtered by a 0.45 um nylon syringe filter (Fisher,
097206) immediately after collection to remove any colloids. The filtered solution was then
measured at 220 nm to obtain nitrate concentration (Beckman, DU-640). The remaining sample
was preserved with 37% formaldehyde (Fisher) to reach 10% v/v and stored in 4° C refrigerator.
The microbial population in the preserved sample, measured no later than 12 hours after it was
collected, was enumerated using the Acridine Orange counting method (27). The concentration
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of fluorescent beads was determined from the same slide using a UV-fluorescent microscope
(Zeiss Ph3 F100/1.25 Qil, 160/-). For each experiment, replicates were performed and data
points from all replicates are included in the figure plots.

Mathematical model

A one-dimensional bacterial conservation equation was applied to quantify the chemotactic
influence on the observed bacterial migration (28):

ob 9%b ab
R=+kyb=Dp.(—) — V;—
ot b2~ Vi, (1)

where b (cells/mL) represents the bacterial concentration in aqueous phase, R represents the
bacterial retardation coefficient in porous media and Vs (m/d) represents the interstitial linear
fluid velocity. The longitudinal dispersion coefficient Dy, (cm?/s) was defined as (16):

HO.eff
DI): =
E
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in which a; (cm) is the longitudinal dispersivity, ¢ is the porosity, and g eff (cm?/s) is the
effective bacterial motility coefficient which is related to the bacterial random motility
coefficient gy (cm?/s) in the bulk liquid phase and the tortuosity  by:

HOeff _Ho
& T (3)

The linear term proportional to bacterial concentration, kyb (cells/mL-h™1), was used to
quantify the change in bacterial mass due to retention and chemotaxis within each porous media
layer (29).

This mathematical model was solved numerically by a finite-difference method using a
MATLAB code. Different groups of parameter values were obtained by fitting the model to
the data in each conductive layer.

RESULTS AND DISCUSSION

Hydrodynamics in a structured column with bimodal conductivity

The pulse injection experiment with nitrate tracer provided information about the flow patterns
in the structured column (Supporting Information Part I). Due to the bimodal conductivity of
the structured column, the fixed pressure head maintained at the column ends established a
nonuniform flow field; the total flux was diverted into two main components, one with a higher
velocity in the coarse sand core and the other one with a lower velocity in the fine sand annulus.
This heterogeneous flow condition produced a breakthrough curve (BTC) with double peaks
for an injected pulse as indicated in Fig 2, under the flow rate of 5.1 m/d. BTCs at the lower
flow rates were similar. The first peak of the curve appeared earlier than 1 pore volume and
represented the mass transporting through the conductive coarse sand core while the second
peak accounted for mass from the low permeable fine sand annulus. The saddle between two
peaks indicated solute transport in the mixing zone at the interface between two layers, which
was a result of the mass dispersion from the adjacent two flow layers and also included the
directed migration across the interface due to chemotaxis in the bacterial experiments.
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E. coli HCB1 Transport with Chemotaxis

E. coli HCB1 BTCs were collected and compared to the controls without attractant. As
indicated by the data plotted in Fig. 3, an apparent mass increase was observed in the first peak
and an associated mass decrease was detected in the second peak for the chemotactic bacterial
BTCs relative to the control ones. The microbial recoveries associated with the two peaks
changed from 36.7£2.2% and 45.9+4.3% to 54.2+1.5% and 28.6+1.7% when the attractant
source was present. This significant mass shift between peaks implied that a larger portion of
the chemotactic bacteria migrated through the conductive core due to the attractant gradients
in the radial direction transverse to flow. In response to a higher chemoattractant level,
microorganisms which originally entered the low permeable annulus swam across the interface
to the inner high velocity region, leading to the changes in the bacterial recoveries exiting from
the two layers.

P. putida F1 Transport at Two Different Flow Rates

The transport studies in the structured column for the strain P. putida F1 and its nonchemotactic
mutant were performed initially under the same flow rate as E. coli HCB1. As shown in Fig.
4, the bacteria exhibited nearly the same characteristics in the BTCs as the nonmotile
microspheres. Similar bacterial distributions were observed for both chemotaxis and control
cases at two initial acetate concentrations (0.1 mM and 1 mM). No chemotactic response was
detected under this high flow rate. However, when the average fluid velocity was reduced to
1.9 m/d, the mass recovery of the first peak was increased from 35.3+0.7% to 41.8+2.2% and
that of the second peak was reduced from 31.3+4.9% to 22.8+2.8% in P. putida’s BTCs
compared to the nonchemotactic mutants as illustrated in Fig. 5. Unlike E. coli’s breakthroughs,
the configuration of all curves for P. putida and microspheres had a relatively higher first peak
and a lower second one, which was largely due to the microbe’s preferable adsorption to fine
sand (Supporting Information: Part I1). Under the low flow rate, which is more comparable to
that of natural aquifers, the observable changes in the chemotactic P. putida BTCs were
attributed to the directed bacterial migration between two adjacent permeable regions towards
the attractant source, as in the E. coli experiments.

The biased bacterial distribution in the bimodal conductive system as indicated in both Fig. 3
and Fig. 5 provided strong evidence of bacterial chemotaxis in a porous medium flow field.
The results revealed the significance of chemotaxis in affecting the macroscopic bacterial
transport in a heterogeneous porous medium with characteristics reflecting those relevant to
the natural environment, especially under low flow rate conditions. Moreover, our results
indicated the importance of bacterial motility when the flow rate was low enough to become
comparable to the microbial swimming velocity. The apparent lower recovery of nonmotile
particles compared to microorganisms from the fine sand layer in the control experiment (Fig.
5b) clearly demonstrated that self-motility enabled bacteria to transport more efficiently in the
low permeable zones at low flow rate conditions, as reported previously by Camesano and
Logan (30). Other factors that may affect the microbial counts measured in effluent samples
such as bacterial growth, decay and changes in swimming behaviors during the transport
process were expected to be the same for the chemotactic experiments and the controls,
although we did not directly measure these.

Experimental evidence in the study of P. putida revealed the importance of hydrodynamic
effects on chemotaxis observed in the structured column. A slower flow rate likely allowed
the attractant to be transported further in transverse direction thus exposing a greater proportion
of the microbial population to the attractant, and ultimately resulting in a greater overall
chemotactic response. Sen et al. (31)’s computational result, which simulated the situation
combining both convection and chemotaxis in homogeneous porous media, supported the
explanation that chemotaxis had a significant effect on bacterial transport at low pore velocity.

Environ Sci Technol. Author manuscript; available in PMC 2010 August 1.
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Furthermore, a lower flow rate yielded a lower fluid velocity and lower shear rate across pore
spaces, resulting in a lower impact on the microscopic microbial swimming patterns in the
porous matrix.

The chemotactic response of bacteria within the structured columns was consistent with
observations reported previously. Lanning and coworkers (13) noted that the chemotactic
response of E. coli toward a-mASP was not impeded in the transverse direction when the
average flow rate increased from 9.5 m/d to 95.0 m/d in an aqueous solution. However, within
a shear flow field which occurs in narrow pore spaces, Marcos and Stocker (32) observed that
microbial swimming trajectories followed fluid streamlines rather than independent
trajectories at high shear rates. Therefore, in column experiments for P. putida at a high flow
rate, it was likely that bacterial swimming was constrained by the local fluid velocity and shear
stress within the pore spaces to the extent that a chemotactic response was not detected.

The chemotactic response of bacteria may also influence their interaction with the solid
surfaces of the packed columns (33). Velasco-Casal et al. (34) noted a reduced deposition of
P. putida G7 on the grain surface in the presence of the chemoattractant naphthalene. In our
study, such a reduction in bacterial retention caused by chemotaxis was consistent with a higher
chemotactic bacterial recovery in the coarse sand layer. However, because the decrease of the
second peak in the bacterial BTCs occurred simultaneously, the preferable bacterial migration
across the layer’s interface driven by chemotaxis was still recognized as the dominant reason
for the difference between chemotactic and control bacterial BTCs.

The distinct transport behaviors between E. coli and P. putida under different hydrodynamic
conditions may be attributed in part to the difference in their microscopic swimming properties
and the strength of their chemotactic response. E. coli HCB1 was reported to have a mean
swimming speed of 22.8 um/s (~2.0 m/d) and a motility coefficient of 3.3x106 cm?%/s (35)
while reported values for P. putida were 44 pm/s (~4 m/d) and 13x1075 cm?/s, respectively
(21). In contrast to the tumbling motion between successive swimming trajectories of E. coli,
P. putida exhibits primarily a forward and backward motion. In small diameter sediment pores,
the faster swimming speed and longer run lengths between reorientations of P. putida result
in more encounters with the solid surface of the porous medium, which may inhibit motility.
For example, it was reported that the motility coefficient of P. putida F1 in a 250 pm-diameter
glass-coated polystyrene bead pack (0.15 x10~6 cm?/s) was significantly less than that for E.
coli (0.50x1076 cm?/s) (15). The difference in the strength of the chemotactic response may
also contribute to the observed differences in BTCs between the two microorganisms. The
chemotactic sensitivity coefficient, one parameter to quantify the magnitude of chemotaxis,
was reported as 2.4~4.1x10~4 cm?/s for E. coli’s response to o-mASP (35,36) and
0.18~2.9x10~4 cm?/s for P. putida’s response to naphthalene (14,37). Additional experimental
support to demonstrate the higher sensitivity of the strain-attractant pair of E. coli compared
to P. putida used in our study is presented in Supporting Information (Part I11).

Quantification by Mathematical Models

Fitted curves from the one-dimensional model are plotted along with the experimental data in
Fig. 2, Fig. 3 and Fig. 5, The double-peak configuration was obtained by superimposing two
independent single peak curves, each representing the mass transport in one layer. The values
of fitted parameters in Table 1 were determined by minimizing the root mean squared error
between experimental data and simulated results. Because transport in the mixing zone was
neglected, the simulated results underestimated bacterial concentration in the intermediate part
of the curve; however, the model successfully predicted the two peaks where significant
variations in BTCs were observed.

Environ Sci Technol. Author manuscript; available in PMC 2010 August 1.
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Based on the agreement between the mathematical model and experimental data, the hypothesis
of two differing flow layers in the experimental system was supported. The average flow
velocity in each zone was calculated according to the breakthrough time of each peak. The
peak’s width was controlled by longitudinal dispersion and its height was an indicator of the
mass variation in the fluid phase over the entire experimental period, which was quantified by
the k,, value. The significant decrease of ky, in the fast flow layer and the corresponding increase
in the slow flow layer in chemotaxis tests reflected the strong impact of the chemoattractants
for both microorganisms. The height of the first peak in the E. coli chemotactic BTC was 1.5-
fold higher than the control, representing approximately 18% more of the total population
exiting from the coarse sand layer. This response was reflected by a decrease in the ky, value
from 1.2 h™1 (control) to —0.2 h™1 (chemotaxis). The negative sign indicates that the apparent
bacterial recovery in the fast flow layer was even larger than the tracer; this was attributed to
bacterial migration from the adjacent slow flow layer due to chemotaxis. The value of Dy, in
the coarse sand layer for the chemotactic BTCs was smaller than the controls, which might be
because the chemotactic effect reduced the dispersal of bacteria by concentrating the population
near the higher attractant level of the inner source. For fluid velocity in the range from 3 to 8
m/d, the value of a, for the bacteria was similar to the tracer’s but was an order of magnitude
higher when the fluid velocity was 1 m/d, during which the bacterial motility contributed
significantly to the population’s transport as reported previously (30,38-40). The same
simulated microsphere BTC in Fig. 5a and 5b indicated consistency of the nonmotile particle
transport in the chemotaxis and control experiments.

Implications for Bioremediation

This study demonstrated the potential advantages of chemotactic bacteria to facilitate access
to pollutants trapped in heterogeneous aquifers in order to enhance bioremediation efficiency.
In natural systems, contaminants may serve as nutrients as well as chemoattractants, which
will further augment the difference in the microbial distribution between strains with and
without chemotaxis by stimulating biomass growth in the zones near the chemical source.
Consequently, contaminant clean-up rates could be highly accelerated due to the greater
availability of contaminant-degrading bacteria that exhibit chemotactic migration. Therefore,
it may be beneficial to consider chemotaxis and motility in addition to degradation capabilities
as criteria for bacterial strain selection in bioremediation. As suggested by the distinct transport
behaviors of E. coli and P. putida, bioremediation schemes should be adjusted to take advantage
of microbial specific swimming characteristics; natural-gradient implementation may be
preferable to forced-gradient when transport of the injected strain is extremely restricted in
porous media, and moderate circulation might be applied to the site when microorganisms with
strong chemotactic ability are used to enhance process efficiency.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Views of the two conductive zones in the structured column: (a) low permeable annulus and
high permeable core with an attractant source along the central axis (b) radial cross-section.
The attractant is released from the inner source to form an attractant gradient in the radial
direction transverse to flow. (c) axial cross-section. Because of the contrasting conductivities
in the two layers, the flow velocities in the two layers are also different.

1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Environ Sci Technol. Author manuscript; available in PMC 2010 August 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wang and Ford

MNormalized Concentration

0.035 - . . :

0.03 *

o
(=)
I

)

Page 11

Pore Volume

Figure 2.

BTC of the nitrate tracer at the flow velocity of 5.1 m/d. Nitrate concentrations are normalized
to its initial concentration in the injectate. The sparse symbols represent all experimental data
from four replicates with different symbols for each replicate and the bold line is the fitted
simulated result from the one-dimensional mathematical model using the parameters listed in
Table 1.
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Figure 3.

BTCs for E. coli HCBL1 at a flow velocity of 5.1 m/d. Bacterial abundances are normalized to
their concentrations in the injectates. Experimental data are shown for both chemotaxis
experiments and no-attractant controls, three replicates for each with different symbols as
indicated. The simulated results from the one-dimensional mathematical model are represented

by the bold line for chemotaxis and the dashed line for no-attractant controls.
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Figure 4.

BTCs of P. putida F1 at the flow velocity of 5.1 m/d. Bacterial and microsphere abundances
are normalized to the initial concentrations in the injectates. The dots connected by lines
represent the bacterial data and the squares are for the immabile particles. (a) BTCs of
chemotactic bacteria and microspheres for an initial acetate concentration of 0.1 mM. (b) BTCs
of nonchemotactic control and microspheres under the same condition as (a). (c) BTCs of
chemotactic bacteria and microspheres for an acetate concentration of 1 mM. (d) BTCs of
nonchemotactic control and microspheres under the same condition as (c). Data shown are two
replicate experiments for each, as indicated by different symbols.
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Figure 5.

BTCs of P. putida F1 and microspheres at the flow velocity of 1.9 m/d. Bacterial and
microsphere abundances are normalized to the initial concentrations in the injectates. (2) BTCs
of chemotactic bacteria and microspheres for an initial acetate concentration of 0.1 mM. Circles
represent chemotactic bacterial data and the bold line is the simulated model. Squares represent
microsphere concentration data and the dashed line is the simulated result. (b) BTCs of the
nonchemotactic control and microspheres under the same condition as (a) where crosses
represent the nonchemotactic bacterial data. Data represents a compilation of two (a) or three
(b) replicate experiments, with different symbols representing each replicate.
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