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Bacterial chemotaxis has the potential to increase the rate of degradation of chemoattractants, but its
influence on degradation of hydrophobic attractants initially dissolved in a non-aqueous-phase liquid (NAPL)
has not been examined. We studied the effect of chemotaxis by Pseudomonas putida G7 on naphthalene mass
transfer and degradation in a system in which the naphthalene was dissolved in a model NAPL. Chemotaxis
by wild-type P. putida G7 increased the rates of naphthalene desorption and degradation relative to rates
observed with nonchemotactic and nonmotile mutant strains. While biodegradation alone influenced the rate
of substrate desorption by increasing the concentration gradient against which desorption occurred, chemo-
taxis created an even steeper gradient as the cells accumulated near the NAPL source. The extent to which
chemotaxis affected naphthalene desorption and degradation depended on the initial bacterial and naphtha-
lene concentrations, reflecting the influences of these variables on concentration gradients and on the relative
rates of mass transfer and biodegradation. The results of this study suggest that chemotaxis can substantially
increase the rates of mass transfer and degradation of NAPL-associated hydrophobic pollutants.

Nonaqueous-phase liquids (NAPLs) pose great challenges
in the remediation of contaminated soil and sediment (21, 23).
Residual NAPLs are often trapped in pores, leading to small-
scale heterogeneity in contaminant distribution and slow rates
of contaminant transfer into the surrounding aqueous phase
(5, 12, 13). In situ biodegradation by indigenous microorgan-
isms may be a low-cost means of remediating contaminated
sites, but its reliability depends on an improved understanding
of governing mechanisms (22). One concern is that biodegra-
dation of hydrophobic substrates is often limited by the rate of
mass transfer from a nonaqueous phase (1, 3, 34). Removal of
a contaminant from the aqueous phase through biodegrada-
tion can, however, improve dissolution of a pure substance or
desorption from a nonaqueous phase by increasing the con-
centration gradient against which mass transfer occurs (3, 10,
33, 37). The rate of mass transfer, and hence the rate of
biodegradation, is predicted to increase as the degrading or-
ganisms move closer to the contaminant source (3).

Chemotaxis by Pseudomonas putida strain G7 was shown
recently to enhance the degradation of naphthalene diffusing
from a naphthalene-saturated aqueous buffer contained in a
capillary (17), consistent with theoretical predictions (2, 15)
that bacterial chemotaxis towards nutrient sources can increase
the rate of nutrient consumption. The effect of chemotaxis on
naphthalene degradation was equivalent to increasing the con-
centration of nonchemotactic or nonmotile mutant strains by
at least two orders of magnitude (27). Unlike the situation in a
strictly aqueous system, however, bacteria do not have direct
access to the substrate in a nonaqueous source. We therefore
examined the effect of chemotaxis on the desorption and bio-
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degradation of naphthalene initially dissolved in a model
NAPL, 2,2,4,4,6,8,8-heptamethylnonane (HMN). The time
course of naphthalene removal from an HMN droplet was
monitored in static incubations with wild-type P. putida G7 and
two mutant strains, one of which was motile but not chemo-
tactic towards naphthalene (Che ) (9) and the other of which
was nonmotile (Mot ™) (17). Comparison of the wild type to the
mutant strains allowed us to distinguish between the effects of
biodegradation alone and those of biodegradation with che-
motaxis.

MATERIALS AND METHODS

Media and chemicals. Microbiological media were prepared as described
previously (17). The experiments were conducted with phosphate buffer (pH 7)
supplemented with chloramphenicol (10 pg/ml) as a growth inhibitor. Naphtha-
lene (>99%), HMN, methanol (high-pressure liquid chromatography [HPLC]
grade), and acetonitrile (HPLC grade) were obtained from Sigma-Aldrich (St.
Louis, Mo.).

Culture conditions. Wild-type P. putida G7 and a mutant strain that is nonche-
motactic to naphthalene [P. putida G7.C1(pHG100)] were obtained from Caro-
line Harwood (University of Iowa). The nonmotile strain is a spontaneously
generated mutant of wild-type P. putida G7 that was previously isolated in our lab
(17). Bacterial suspensions were prepared as described previously (17). Briefly,
batches of the bacterial cultures were grown by lightly scraping a frozen stock
(=70°C) with a sterile wooden applicator stick and transferring the scraping to
tryptone broth. For the nonchemotactic strain, 25 ug of tetracycline (Sigma-
Aldrich)/ml was added to the tryptone broth to select for the desired mutant
cells. After 24 h of growth at 25°C and 250 rpm in an incubator shaker, the cells
were centrifuged for 1 min and resuspended in mineral salts medium. Aliquots
of the resuspended cells were added to 20 ml of mineral salts medium containing
5 mM sodium salicylate (an inducer of naphthalene biodegradation and chemo-
taxis). The bacteria were grown to mid-exponential phase (optical density of 0.2
to 0.4 cm ™! at a wavelength of 590 nm, approximately 10® cells/ml) at 25°C and
250 rpm in an incubator shaker. The cell suspensions were then centrifuged at
2,800 X g for 3 min and resuspended in phosphate buffer. Dilutions to the desired
cell concentration were done in phosphate buffer, and chloramphenicol (10
ng/liter) was added to inhibit growth.

Kinetic parameters for naphthalene degradation are similar for all three
strains in well-mixed systems (17). To ensure that initial naphthalene degrada-
tion rates were identical for each strain in a given experiment, the inoculum sizes
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of the strains were normalized by the naphthalene degradation rate measured for
each culture immediately prior to use in a given experiment. The maximum rate
of naphthalene degradation was measured spectrophotometrically (17) in a sam-
ple of each strain at a cell concentration of approximately 10° CFU/ml and a
naphthalene concentration of 1.2 mg/liter (one order of magnitude above the
half-saturation concentration). If the rates of naphthalene removal were not
equal among the strains, cultures with higher removal rates were diluted with
phosphate buffer to provide equal rates for all three strains. The maximum
amount of dilution was less than 20% of the final culture volume. The final
inoculum size was quantified by plating on R2A agar (Difco, Detroit, Mich.).

Micropipette preparation. Glass PCR micropipettes (5 wl) with stainless steel
plungers (Drummond Scientific, Broomall, Pa.) were used to form a 1-pl droplet
of HMN in the culture suspension. The micropipettes were prepared by flatten-
ing the tip of the stainless steel plunger with a file and flame polishing the tip of
the glass micropipette body. Such preparation was necessary to form and retain
the HMN droplet on the tip of the plunger.

Naphthalene removal from NAPL droplets. Incubations were carried out in
1.5-ml crimp top vials (Laboratory Supply Distributors, Mt. Carmel, N.J.) that
contained 1-ml aliquots of P. putida G7 suspension. A 0.5-ml layer of HMN was
placed above the aqueous phase to absorb any naphthalene that was not de-
graded. A micropipette filled with 1 wl of HMN containing naphthalene was
inserted though the septum (prepierced with an 18-gauge needle), and an HMN
droplet was formed by pushing the plunger past the tip of the micropipette body.
Control vials contained phosphate buffer only.

At designated time points, triplicate incubations were sacrificed by drawing the
HMN droplets into the micropipettes and removing the micropipettes from the
vials. The contents of each micropipette were expelled into a fixed volume of
methanol, which was then vortexed for 10 s before being transferred into 4-ml
HPLC autosampler vials (Laboratory Supply Distributors). The incubation vials
were vortexed for 30 s before sampling of the HMN layer, and approximately 200
pl of the HMN layer was transferred to a 300-pl limited-volume insert (Labo-
ratory Supply Distributors) inside a 4-ml HPLC vial. The HPLC vials were sealed
with Teflon-lined septa and stored at —10°C until completion of the experiment.

HPLC analysis. Naphthalene was analyzed with a Waters (Milford, Mass.)
600S system equipped with a Waters 717 autosampler and a Waters 996 photo-
diode array detector or a Waters 470 fluorescence detector. The methanol
samples were analyzed with a Luna C-18 column (150 by 4.6 mm; 3 pm of
medium; Phenomenex, Torrance, Calif.), and the HMN samples were analyzed
with a Supelcosil LC-8 column (250 by 4.6 mm; 5 pm of medium; Supelco,
Bellefonte, Pa.). Naphthalene peaks were detected at a wavelength of 220 nm
with the photodiode array detector or at 280-nm excitation and 340-nm emission
wavelengths with the fluorescence detector. The methanol samples were ana-
lyzed with a mobile phase of 85:15 (acetonitrile to water) run at 0.6 ml/min. The
HMN samples were run with a gradient elution program. The initial mobile
phase composition of 70:30 (acetonitrile to water) was held for 4 min at 0.9
ml/min, followed by ramping to 100% acetonitrile at 1.2 ml/min over 3 min,
holding these conditions for 5 min before ramping to 70:30 (acetonitrile to water)
over 6 min, and finally ramping to 0.9 ml/min over 7 min, resulting in a total run
time of 25 min. For naphthalene amounts lower than the quantification limit, a
value of one-half the quantification limit was assigned. The average initial
amount of naphthalene in the HMN droplet was determined by using five
different micropipettes to take five 1-pl samples of the HMN solution used for an
experiment. Standard deviations of the initial amounts were within 5% of the
mean.

Data analysis. A full model of the experimental system requires numerical
solution of unsteady-state material balance equations for naphthalene in both
phases and for cells in the aqueous phase. To provide a simple comparison of
rates of naphthalene removal under the various experimental conditions, appar-
ent first-order rate coefficients (k,,,) were obtained by fitting an exponential
decay function to the experimental data representing the mass of naphthalene
remaining in the HMN droplet versus time. The 12 values ranged from 0.8 to 0.99.
Here k,,, would be a function of the specific surface area of the HMN droplet,
the diffusivity of naphthalene in water, any influence of biodegradation on the
naphthalene concentration gradient in the aqueous phase, and the boundary
conditions of the physical system.

Bioavailability number. The bioavailability number (B,,) is a means of quan-
tifying the potential rate of mass transfer relative to the potential rate of bio-
degradation (3) and was calculated for each experimental condition. We define
B, in these experiments as the ratio of the maximum potential rate of naphtha-
lene desorption in the abiotic system to the maximum potential rate of biodeg-
radation in the inoculated systems:
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where k,,,
is the initial naphthalene concentration in the HMN droplet, 1, is the volume of
the HMN droplet, g is the specific rate of naphthalene degradation, X is the cell
concentration, V/, is the volume of the aqueous phase, g,, is the maximum specific
degradation rate, C,; is the saturation concentration of naphthalene in water in
equilibrium with C,, ;, K,,, is the half-saturation coefficient for naphthalene deg-
radation, and K), is the equilibrium constant for naphthalene partitioning be-
tween HMN and water.

Microscopy. Microscopic images of P. putida G7 at the HMN-water interface
were taken at a magnification of X200 by using bright field illumination. Images
of the HMN-water interface were taken by filling a 10-ul capillary (Drummond
Scientific) with a 1-cm plug of HMN containing 0.25 g of naphthalene/liter and
placing it in a pool of wild-type P. putida G7 (10¥ CFU/ml) on a microscope slide.
Digital photographs were taken after 60 min of incubation.

Images of the surface of an HMN droplet in contact with a bacterial suspen-
sion were taken by suspending a 0.5-wl droplet of HMN containing 0.25 g of
naphthalene/liter from a coverslip into 400 .l of bacterial suspension (~5 X 107
CFU/ml). The bacterial suspension was contained in a microscope chamber slide
(Lab-Tek two-chamber slide; Nalge-Nunc, Rochester, N.Y.) that was modified
by removing the plastic chamber, with the gasket left on the slide to support the
coverslip. For the images of the HMN surface, the focal plane was at the
HMN-water interface. The images of the bacterial suspension were at the same
depth but away from the HMN droplet. Digital photographs were taken after
incubating the slide assembly for 40 min. The contrast and brightness of the
original images were adjusted using Jasc Paint Shop Pro (Jasc Software Inc.,
Eden Prairie, Minn.).

is the apparent first-order rate coefficient for the abiotic controls, C,

ni

RESULTS

The time course of the removal of naphthalene from the
HMN droplet was monitored in an experiment that involved an
initial cell concentration of 8.6 X 10° CFU/ml in the bacterial
suspension and an initial naphthalene concentration of 3.4
g/liter in the HMN droplet (Fig. 1). Wild-type P. putida G7
substantially increased the rate of naphthalene removal from
the HMN droplet relative to that from the abiotic control and
from incubations with the mutant strains. Naphthalene did not
accumulate in the aqueous phase in any of the inoculated vials
in this experiment, indicating that the mass of naphthalene lost
from the HMN droplet equaled the mass consumed by the
bacteria. Naphthalene removal by the two mutant strains was
similar and exceeded that in the abiotic control, illustrating the
effect of biodegradation alone on naphthalene desorption from
the NAPL source.

In general, the difference between the apparent first-order
removal rate coefficients, k,,,,, for the inoculated systems and
the abiotic controls increased with decreasing initial naphtha-
lene concentrations at a fixed cell concentration (Fig. 2A) and
with increasing cell concentrations at a fixed initial naphtha-
lene concentration (Fig. 2B). If data for the Mot~ mutant
represent the effect of biodegradation alone on &, ,, the effect
of chemotaxis was an order of magnitude greater at the two
lowest naphthalene concentrations and the two intermediate
cell concentrations. Biodegradation had little to no effect on
naphthalene desorption at the highest initial naphthalene con-
centration (33 g/liter) and the lowest cell concentration (7.1 X
10* CFU/ml); naphthalene recovery from the HMN layer un-
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FIG. 1. Time courses of the removal of the initial naphthalene mass
from the HMN droplet in parallel incubations of wild-type P. putida
G7 (@), the Mot~ mutant (A), the Che™ mutant (O), and an abiotic
control (A). The initial naphthalene concentration in the HMN drop-
let was 3.4 g/liter, and the cell concentration was 8.6 X 10° CFU/ml in
the bacterial suspension. The average mass of naphthalene recovered
from the abiotic controls after 40 h was 90% of the initial mass added
to the HMN droplet. Error bars (shown in one direction only for the
latter three sets) represent the standard deviations of the measure-
ments from triplicate incubations.

der these conditions ranged from 4 to 25% of the initial mass
added, indicating that the rate of mass transfer exceeded the
rate of biodegradation. For comparison, in the case of the
abiotic controls 42 to 50% of the initial naphthalene mass was
recovered at the highest naphthalene concentration and the
lowest cell concentration, demonstrating that biodegradation
substantially reduced the amount of naphthalene recovered
but did not affect naphthalene desorption.

Chemotactic P. putida G7 cells accumulated near the NAPL-
water interface in response to the presence of naphthalene
(Fig. 3). At a high enough cell concentration, motility alone
was sufficient to lead to cell accumulation at the interface, as
the Che™ strain accumulated at the NAPL-water interface
much more than the Mot ™ strain and to nearly the same extent
as the wild type under identical experimental conditions (Fig.
4). Accumulation of the Che™ strain was caused by the adhe-
sion of cells colliding with the HMN droplet, because it oc-
curred whether naphthalene was present or not (data not
shown). The bacteria we observed at the HMN-water interface
were inferred to adhere because they were stationary, wiggling,
or rotating in tight circles. Since the Mot~ cells cannot swim,
they would collide with the HMN droplet less frequently and
therefore would accumulate to a lesser extent at a given cell
concentration. Adhesion to the HMN droplet explains why the
rate of naphthalene removal by the Che ™ strain was unexpect-
edly much higher than that by the Mot~ strain and similar to
that by the wild type at a cell concentration of 9.2 X 10°
CFU/ml (Fig. 2B). This apparently anomalous result for the
Che™ strain was reproduced in two additional experiments
with the same cell concentrations (data not shown).

DISCUSSION

Chemotaxis provides an increased cell density at or near an
interface from which a chemical attractant desorbs or dis-
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FIG. 2. Effects of initial naphthalene concentration (A) and cell
concentration (B) on the apparent rate coefficient for naphthalene loss
from the HMN droplet. The cell concentration in the bacterial sus-
pension for the experiment with results shown in panel A was 8.6 X 10°
CFU/ml, and the initial naphthalene concentration in the HMN drop-
let for the experiment with results shown in panel B was 3.4 g/liter.

Error bars represent the 95% confidence intervals for k,,,.

solves. Such an increase in cell density can lead to an increase
in the degradation rate of the attractant near the interface,
lowering the aqueous-phase concentration and thus increasing
the concentration gradient against which mass transfer occurs.
The increased concentration gradient in turn leads to an in-
creased rate of attractant desorption or dissolution. Both the

FIG. 3. Accumulation of wild-type P. putida G7 near an HMN-
water interface inside a capillary. The darker region at the left is HMN,
with the HMN-water interface indicated by the arrow.
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FIG. 4. Bacterial accumulation on the surface of an HMN droplet. Distributions of cells in the bacterial suspension (A to C) are compared to
cell distributions on the surface of the HMN droplet (D to F) for wild-type P. putida G7 (A and D), the Mot~ mutant (B and E), and the Che™
mutant (C and F). All images were taken at a cell concentration of 108 CFU/ml in the bacterial suspension.

data on naphthalene removal and the microscopic observations
in this study support such an effect of chemotaxis over a range
of experimental conditions.

Motility-enhanced adhesion of cells at the interface can sim-
ilarly enhance the rates of mass transfer and biodegradation, as
was shown in the experiments with the Che™ mutant (Fig. 2B).
Others have shown that motility is an important factor in
attachment to surfaces (14, 28, 35) and that such attachment
can stimulate bacterial growth (32) and increase rates of bio-
degradation (10, 25, 36). On the contrary, still others have
found that attachment in the form of a biofilm can increase
mass transfer resistance (11, 19, 29) and that biofilm formation
on surfaces can reduce overall degradation rates (19, 20). The
role of adhesion in biodegradation will, therefore, depend on
the specific conditions under which mass transfer and biodeg-
radation occur.

The results generally supported expectations about the ef-
fects of biodegradation, with or without chemotaxis, on the
removal of naphthalene from the HMN droplet. The value of
k. is expected to increase as the potential rate of biodegra-
dation increases relative to the rate of desorption in the abiotic
system. For example, changes in the rate of desorption in the
abiotic system should be proportional to the change in naph-
thalene concentration in the HMN droplet, while the maxi-
mum potential rate of biodegradation should not change sub-
stantially with changes in the naphthalene concentration in the
HMN droplet as long as the aqueous naphthalene concentra-
tion is near or greater than the half-saturation coefficient, K,,,.

We consider the maximum potential rate of biodegradation to
occur at the initial aqueous saturation concentrations of naph-
thalene, which were 0.12, 1.4, and 13 mg/liter for naphthalene
concentrations of 0.3, 3.4, and 33 g/liter in the HMN droplet,
respectively. The two highest naphthalene saturation concen-
trations were at least an order of magnitude above K, for
degradation of naphthalene by P. putida G7 (0.13 mg/liter)
(17), and the lowest concentration was close to K,,,. Thus, we
expected that k,,, would increase with increasing cell concen-
trations or with decreasing naphthalene concentrations in the
HMN droplet under the range of conditions we evaluated.

The extent to which the rate of naphthalene removal may be
limited by mass transfer or by biodegradation can be quantified
with a bioavailability number, B,, (3). The bioavailability num-
ber was calculated for each experimental condition by using a
measured K, of 2,500 and parameter values for naphthalene
degradation by P. putida G7 (17). The values of B,, varied from
5 X 107* to 0.4 over the range of experimental conditions.
Under the conditions in which chemotaxis had a significant
effect on k,,,, B, was <0.03. Under the conditions in which
biodegradation had no effect on k,,,,, B,, was =0.3. It should be
noted that the resistance to mass transfer in systems analogous
to that used in this work is almost exclusively in the aqueous
phase (26).

Chemotactic motion towards an attractant depends on the
magnitude of the concentration gradient and on the concen-
tration of the attractant relative to the dissociation constant for
its chemoreceptor, K, (4, 7, 18, 30), and thus is a complex
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function of the experimental conditions. If the attractant con-
centration is high enough, the chemoreceptors can become
saturated and the bacteria cannot sense the concentration gra-
dient. Saturation of the chemoreceptors could have occurred
in our experimental system, but it is unlikely that it prevented
a chemotactic response. In an earlier study (17), a chemotactic
response was detected at an aqueous naphthalene concentra-
tion (28 mg/liter) much higher than the equilibrium naphtha-
lene concentrations in our system.

The values of k,,, for both the wild type and the Che™
mutant decreased as the cell concentration increased from 9.2
X 10° to 6.7 X 107 CFU/ml (Fig. 2B). For the wild type, a
higher initial rate of biodegradation at the higher cell concen-
tration may have resulted in a concentration gradient of naph-
thalene that did not extend very far into the aqueous phase
such that relatively few cells sensed the gradient. High cell
concentrations have been observed to diminish chemotaxis in a
strictly aqueous system (16). For the Che ™ strain, however, a
higher cell concentration would be expected to increase £, or
(at worst) not affect it at all. It is more likely, therefore, that the
rate of naphthalene removal was limited by a factor other than
the cell concentration itself at the higher cell concentration.
One possibility is oxygen limitation, since P. putida G7 de-
grades naphthalene aerobically. Increased oxygen consump-
tion for endogenous respiration at the higher cell concentra-
tion could have reduced the amount of oxygen available for
naphthalene degradation. Oxygen limitation also could have
led to aerotactic movement of wild-type or Che™ cells away
from the NAPL source, since the only continuous source of
oxygen was the atmosphere at the top of the incubation vials.
Aerotaxis by P. putida G7 has not been documented, although
the related strain P. putida PRS2000 is aerotactic (24). Addi-
tionally, we observed microscopically an accumulation of P.
putida G7 cells near an air-water interface at high initial cell
concentrations (data not shown).

Chemotaxis clearly is a mechanism by which bacteria can
increase the availability of nutrients associated with nonaque-
ous sources, as are biosurfactant production (31) and biofilm
formation (8). Adhesion to the NAPL source by a Che™ mu-
tant influenced naphthalene desorption and degradation to an
extent similar to that of the influence of chemotaxis only at a
relatively high cell concentration. At lower cell concentrations,
chemotaxis was able to increase the rate of naphthalene deg-
radation by an order of magnitude. The cell concentrations
evaluated in this study cover a range of concentrations of
culturable cells and total cell counts found in soil and aquifer
environments (6). At cell concentrations equivalent to the
highest concentration we studied, other factors such as oxygen
limitation can govern biodegradation rates and thus can miti-
gate any positive influence of chemotaxis or other mechanisms
of improving contaminant availability. This would be of less
concern for chemicals that are metabolized anaerobically, with
or without alternative electron acceptors.
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