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Bacterial pesticide degraders are generally heterogeneously
distributed in soils, leaving soil volumes devoid of degradation
potential. This is expected to have an impact on degradation
rates because the degradation of pollutant molecules in such
zones will be contingent either on degraders colonizing
these zones or on pollutant mass transfer to neighboring
zones containing degraders. In a model system, we quantified
the role exerted by water on mineralization rate in the
context of a heterogeneously distributed degradation potential.
Alginate beads colonized by Pseudomonas putida KT2440
were inserted at prescribed locations in sand microcosms so
that the initial spatial distribution of the mineralization potential
was controlled. The mineralization rate was strongly affected by
the matric potential (decreasing rate with decreasing matric
potential) and by the initial distribution of the degraders (more
aggregated distributions being associated with lower rates).
The mineralization was diffusion-limited, as confirmed with a
mathematical model. In wet conditions, extensive cell dispersal
was observed for the flagellated wild type and, albeit to a
lesser extent, for a nonflagellated mutant, partially relieving the
diffusion limitation. Dry conditions, however, sustained low
mineralization rates through the combined effects of low pollutant
diffusivity and limited degrader dispersal.

Introduction
There is mounting evidence that microbial pesticide deg-
radation potential is most often heterogeneously distributed
in soils. This is true in bioaugmented and nonbioaugmented
soils. The current bioaugmentation technologies often rely
on the inoculation of carriers such as clay (1) or alginate (2)
that contain the degrading organisms. Even if these carriers
are carefully mixed with surface soil, it is inevitable that, at

least upon inoculation, degradation hotspots are created in
and immediately around the carriers, leaving the remaining
soil devoid of degradation potential. Similarly, if degraders
are brought in a liquid suspension applied to the soil surface,
significant spatial heterogeneity in the degrader distribution
is expected, at least initially (3).

The situation is not fundamentally different in nonbio-
augmented soils in which natural pesticide attenuation
occurs. As with many other microbial parameters (4–6),
pesticide degradation potential usually varies greatly in space
within agricultural fields (7–9). It has nevertheless proven
challenging to detect spatial scales of variability for pesticide
mineralization and, a fortiori, to identify parameters that
explain or covary with that type of microbial activity, although
some basic parameters such as soil pH or C/N ratio were
sometimes shown to be good predictors of mineralization
rate (9). Some studies of spatial variability of pesticide
mineralization have explored not only the field scale but
also smaller scales (the so-called microscale, with distances
between sampling points on the order of a few centimeters
or smaller). The conclusion of such studies for 2,4-D
degradation is that there exist volumes of soil of a few cubic
centimeters that are devoid of significant degradation
potential (10, 11). This is in line with the current view on
microbial endemism in soil, according to which the former
“everything is everywhere” paradigm is not true (12).

The problem posed by patchy spatial distributions of
pesticide degraders has been identified (3, 13, 14): all pesticide
applied or transported to volumes of soil that do not contain
degraders will not be readily degraded. Before any degrada-
tion occurs, mass transfer needs to take place. There are
many processes that can contribute to spatially redistribute
either pesticide molecules or degrader cells. Among them
soil biota such as fungal hyphae (15) or earthworms (16) and
soil management such as tillage (17) can play a prominent
role. Additionally, water flow caused by precipitation events
or irrigation has the potential to transport pesticide molecules
and bacteria toward deeper soil layers. It is not clear how
much these convective flows also contribute to horizontal
redistribution of cells and solutes in surface soils. Even in
the absence of convective water flow, soil moisture is essential
to the mass transfer of pesticide and degraders. Indeed,
bacterial Brownian motion and active motility require liquid
films of sufficient thickness (18, 19). Similarly, solute aqueous
diffusion is directly impacted by soil moisture content
because diffusion rate is a function of the liquid film thickness
(20).

As a consequence, it is expected that in a context of a
heterogeneously distributed degradation potential, pesticide
degradation rate will be mediated by soil-water content
through its control of pollutant and cell mass transfers. The
objective of this work was to quantify the role of the spatial
distribution of degraders on the mineralization rate of a
substrate as affected by water content (matric potential). In
order to isolate these processes, we chose an approach based
on microcosms for which the initial conditions can be
controlled. A number of key parameters were prescribed at
the onset of the mineralization experiments: the abundance
and spatial distribution of degrader cells, concentration and
distribution of the model degradable soluble compound
(benzoate), and matric potential of the porous medium.

Materials and Methods
Degrading Strains. We used a derivative of Pseudomonas
putida KT2440 that constitutively expresses the green
fluorescent protein (GFP) (3, 18) as a model benzoate-
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degrading strain. This organism was deemed a relevant model
because its parental strain was isolated from soil (21) and
because its motility under unsaturated conditions has been
studied previously (18). Because of its physicochemical
properties, benzoate can be considered a good analogue to
many commonly used ionic pesticides such as 2,4-D,
dicamba, or fluoroxypyr (Supporting Information). A GFP-
tagged, nonflagellated isogenic mutant of KT2240 was created
by allelic exchange with a truncated version of fliM carrying
the Gm-resistance gene aacC1 framed by lox sequences. The
aacC1 gene was then excised to yield an antibiotic-resistance
free mutant (22) (see Supporting Information for more details
on the procedure). Unlike KT2440 wild-type, the ∆fliM mutant
is unable to swim, as verified in soft agar and by microscopy
(data not shown). These strains were maintained on FAB
minimal medium supplemented with 5 mM benzoate as the
sole carbon source. The FAB medium is composed of [in
mM]: MgCl2 [1], CaCl2 [0.1]; Fe-EDTA [0.01], (NH4)2SO4 [15],
Na2HPO4 [33], KH2PO4 [22], and NaCl [51] (23).

Alginate Beads. To introduce degraders at specific loca-
tions in the microcosms, we embedded the cells in alginate
beads using a protocol adapted from ref 24. Briefly, 5 mL of
a fresh culture with an OD600 nm of about 0.3 was mixed with
45 mL 3% (w/v) alginate sodium. After 1 h of stirring, a few
milliliters of this mixture were added dropwise to a gently
stirred 0.1 M CaCl2 solution. After 2 h of hardening, the beads
were removed and transferred into 1/4 strength LB medium
for an overnight incubation that allowed full colonization of
the beads. The beads were then rinsed twice with saline
solution and drained before being introduced in a microcosm
within the same day. The beads were about 2 mm in diameter
and contained on average 1.29 × 106 CFUs (s.d. 5.4 × 105

CFUs).
Microcosms and Mineralization Measurements. The

microcosms consisted of about 50 cm3 of sand (75 g dry
sand) placed in an autoclavable cylindrical plastic jar (4 cm
in diameter, 3.7 cm in height). Quartz sand (-50 +70 mesh,
Sigma Aldrich, St Louis, MO) was preferred to soil because
a soil would have contained substrates other than the
benzoate amendment, potentially interfering with bacterial
metabolism and motion. Additionally, this sand has a well-
defined particle size distribution and has previously been
used in microbial ecology research (25). The sand was rinsed
with deionized water, dried, and autoclaved. Then, the dry
sand was brought to the correct matric potential (-1, -8, or
-50 kPa) by adding the appropriate quantity of liquid (0.2,
0.08, or 0.02 g liquid per g of dry sand, respectively (25)). The
solution added was composed of FAB medium and of C14-
ring-labeled benzoate. The aqueous concentrations of the
mineral components of the medium (FAB) were the same in
all microcosms, but the concentration of benzoate was varied
in order to maintain a benzoate load of 5 mg kg-1 dry sand,
irrespective of the matric potential. Similarly, the C14 activity
was adjusted to 667 DPM g-1 dry sand (about 50000 DPM per
microcosm). To homogenize the moisture content and
benzoate concentration, we aseptically stirred the batches
of sand after the addition of liquid and left them to equilibrate
for four days. The microcosms were then constructed by
sequentially adding portions of amended sand in the plastic
jars and inserting nine alginate beads, according to three
prescribed spatial distributions. The nine beads were either
all placed in the center of the microcosm (single hotspot) or
distributed into three hotspots (three beads each) or nine
hotspots (Figure 1 of the Supporting Information).

The microcosms were individually placed in sealed 0.75
L glass jars, where a base trap (1.5 mL of 1 M KOH in a 20
mL vial) was placed to capture the evolved 14CO2. To minimize
sand drying, we added to the glass jar a container with 20
mL of a salt solution of water potential similar to that set for
the microcosm (26). The base trap was sampled and replaced

by fresh KOH solution from once every two days to once
every two weeks, depending on the mineralization rate. The
microcosms were weighed, and any evaporative loss was
compensated by carefully adding drops of sterile deionized
water on the top of the microcosms. To measure the quantity
of evolved 14CO2, we mixed the content of the base trap with
10 mL of scintillation liquid (OptiPhase HiSafe 3, PerkinElmer,
Waltham, MS) and analyzed it by scintillation counting. For
each microcosm the mineralization experiment was termi-
nated when two consecutive measurements of evolved 14CO2

were in the range of the detection limit of the scintillation
counter. Between 3 and 6 replicate microcosms were
constructed per treatment (a combination of matric potential
and spatial distribution).

Spatial Dynamics of Cells in Sterile Sand. The dispersal
of the cells from their inoculation point was studied in the
microcosms constructed with a single central bacterial
hotspot. After having removed the lid of the plastic jar at the
bottom of the microcosm, depth slices of the microcosm
were sequentially sampled by gently pushing the sand
cylinder out of its plastic jar, bottom first, and cutting sections
with a flamed scalpel. Five to six slices were cut from the
bottom half of the microcosms. Each of the slices was weighed
and suspended in sterile saline solution. Serial dilutions of
these suspensions were then plated on a FAB-benzoate solid
medium to enumerate cultivable cells.

This sampling was performed at the end of the miner-
alization experiment on duplicate microcosms incubated at
-8 and -50 kPa. Later, new duplicate microcosms were
constructed, incubated at -8 kPa, and sacrificially sampled
after 3, 7, or 21 days.

Modeling. A model was developed in COMSOL Mult-
iphysics (COMSOL, Burlington, MA) that describes the three-
dimensional (3-D) diffusion-driven mass transfer of the
pollutant within the sand matrix and its mineralization in
the degrader hotspot(s). Benzoate metabolism was supposed
to follow Monod kinetics, and biomass was restricted to the
hotspot(s). As in the experiments, one, three, and nine
degradation hotspots were spatially distributed within a
cylindrical domain. To calculate benzoate effective diffusivity
as affected by hydration conditions, we used a simple power
function model (27) (see Supporting Information for details
on model and simulations).

Results
Extent of Mineralization. The percentage of radioactivity
introduced as 14C-benzoate that was recovered as 14CO2 at
the end of the experiments varied between 51% and 105%,
with an average of 79% (data not shown). A two-way ANOVA
revealed significant differences in the mineralization extent
between some treatments, but no clear interpretation was
apparent (i.e., no gradient in mineralization extent could be
linked to the prescribed gradients of moisture or degrader
distribution).

Mineralization Rate. The kinetics of 14CO2 evolution
revealed an effect of matric potential on mineralization rate,
with faster mineralization associated with moister sand
(Figure 1). While the mineralization plateaued in less than
one week at -1 kPa and in two to three weeks at -8 kPa, it
took more than 19 weeks at -50 kPa. In addition to the effect
of moisture, an effect of the spatial distribution of the
degraders at inoculation was also clear: for each matric
potential, the mineralization was always faster in the
microcosms containing more hotspots.

For most treatments, the initial part of the mineralization
curves (before about 60% of the final mineralization extent
was reached) was approximately linear (Figure 1). Linear
regressions were performed on this part of the curves, and
estimates of the slopes were used as a metric of the
mineralization rate (Table 1).
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These values capture succinctly how an increased mois-
ture content and higher number of degrader hotspots were
conducive to faster mineralization, with a ratio of fastest (-1
kPa, nine hotspots) to slowest (-50 kPa, one hotspot)
mineralization of 65.

Subsequently, a mineralization experiment was conducted
at -8 kPa with the nonflagellated mutant (∆fliM mutant).
The mineralization curves suggest the mutant did not
mineralize benzoate as fast as the wild type (Figure 2). The
estimated initial mineralization rates associated with the
mutant were significantly smaller (P < 0.05) than those
observed with the wild type (Table 1). Albeit modest in
absolute values, these differences represent a reduction by
16%, 27%, and 6% from the values observed with the wild
type for one, three, and nine hotspots, respectively.

Cell Dispersal. The sacrificial sampling of the microcosms
at the end of the experiments revealed that matric potential
strongly influenced cell dispersal. While for the microcosms
incubated at -8 kPa for 4 weeks many KT2440 cells were
found in the bottommost slice (more than 1.2 cm from the
inoculation point), cells in microcosms incubated at -50
kPa for 35 weeks were found only in the vicinity of the
inoculation point (data not shown).

The kinetics of cell dispersal was studied in microcosms
incubated at-8 kPa (Figure 3). Despite the variability between

replicates, the data indicate a rapid cell dispersal because
cells were found at more than 0.6 cm from the inoculation
point after three days of incubation. After one week, the
microcosms were uniformly colonized with the abundance
of cultivable cells exceeding 8 × 105 CFU per g of dry sand,
irrespective of depth. By contrast, the nonflagellated deriva-
tive of KT2440 displayed a delayed colonization pattern
(Figure 3). If this was not obvious after three days, with a
microcosm showing the presence of cells having dispersed
over more than 0.8 cm, the delay was evident after one week,
with an absence of cells in the bottommost samples. After
three weeks, the bottom of the microcosms was colonized
by the nonflagellated cells but with densities 2 orders of
magnitude lower than that of the wild type.

Discussion
Diffusion-Limited Mineralization Rates. Matric potential
was the main determinant of mineralization rate in our
experiments, drier conditions being associated with lower
rates (Table 1). It is most likely that the matric potential
primarily affected mineralization through its control of
benzoate effective diffusivity as predicted values are reduced
15-fold when the matric potential decreases from -1 to -50
kPa (Table S2 of the Supporting Information). Alternative
effects of low matric potential are implausible in our

FIGURE 1. Effect of sand moisture and degrader spatial distribution on benzoate mineralization rate. To make the graph more legible,
we normalized the cumulated radioactivity values for each microcosm by the final value (i.e., the final point is 100% for each
microcosm). However, note that all analyses in the text were performed on non-normalized data. Average values for each time point
and treatment are plotted (three to four replicates), with the standard error of the mean serving as the error bar. More replicate
experiments were performed but are not integrated into this graph because the microcosms have been sampled at different times,
making general averaging impossible.

TABLE 1. Initial Mineralization Rates for Different Sand Moistures and Degrader Spatial Distributions (P. putida KT2440 or Its
Nonflagellated Mutant)a

spatial distribution (number of hotspots) at inoculation

matric potential (kPa) 1 3 9

wild type
-50 0.98 (0.01) 1.71 (0.05) 2.54 (0.21)
-8 4.53 (0.11) 10.14 (0.17) 13.81 (0.86)
-1 12.47 (0.71) 29.22 (3.00) 64.58 (3.50)
∆fliM mutant
-8 3.82 (0.04) 7.36 (0.26) 12.91 (0.40)

a The rates derive from the slope of the initial part of the mineralization curves. They are expressed as percentages of
the total radioactivity introduced in the microcosms as 14C-benzoate mineralized per day. Standard errors are in
parentheses.
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experimental system. Indeed, even the driest condition used
(-50 kPa) does not constitute a significant matric stress to
the cells because adverse effects of matric potential on
Pseudomonas physiology are observed at much more negative
potentials (28). The initial aqueous concentration of benzoate
was higher at low matric potential (2 mM at -50 kPa) than
that at high matric potential (0.2 mM at -1 kPa), so that all
microcosms contained the same mass of benzoate. A 2 mM
benzoate concentration is moderate for KT2440, which is
routinely grown on 5 mM benzoate in our laboratory. In
stirred liquid medium, KT2440 is even expected to present
faster mineralization rate at 2 mM than at 0.2 mM benzoate.
In the microcosms, on the contrary, much faster rates were
observed at -1 kPa than at -50 kPa, proving that benzoate
aqueous concentration did not govern mineralization rate.

The mineralization was diffusion limited because each
alginate bead contained a large mineralization potential that
depleted benzoate in its direct vicinity quicker than it was
replenished by diffusion. Therefore, the reduction of benzoate
effective diffusivity associated with dryer conditions trans-
lated into stronger diffusion limitation and smaller miner-
alization rates. By contrast, the presence of several hotspots
in the microcosms allowed the simultaneous exploitation of
several spatially separated pools of benzoate, resulting in
faster microcosm-wide mineralization. Diffusion limitation
has been recognized as a common factor hindering in situ
pollutant removal (29) and has been directly observed for
naphthalene degradation in simplified experimental systems
(30).

The prominent role of diffusion was confirmed by the
predictions of a 3-D model that takes into account the
distribution of bacterial hotspots and effective diffusivity of
benzoate. The model indeed predicted that a change from -1
to -50 kPa results in a 1 order of magnitude reduction of the
mineralization rate (Figure 4). However, Figure 4 also shows
that model-predicted rates are much smaller than experimental
ones, suggesting that the model did not capture the mass
transfer processes in the microcosms satisfactorily. Because
the experiments were designed so that mass transfer of benzoate
was diffusive only (no water flow), the discrepancy most

probably originates from the “microbial” part of the model.
However, because of diffusion limitation, modifying the mi-
crobial kinetic parameters toward a much faster potential
benzoate metabolism (half saturation constant, Ks, divided by
5 and maximum rate of substrate uptake per cell, qmax, multiplied
by 5) did not improve the predictions (Figure S3 of the
Supporting Information). This suggests that the discrepancy
originates from a process not included in the model that partly
relieves the diffusion limitation. We argue that this process is
bacterial dispersal from the alginate carriers, which results in
the reduction of the distance benzoate molecules need to diffuse
before being degraded.

Cell Dispersal. Sacrificial sampling of the microcosms
led to the detection of wild type cells several centimeters
away from their inoculation point after a few incubation
days at-8 kPa (Figure 3). Cells had thus been readily released

FIGURE 2. Effect of P. putida KT2440 initial spatial distribution
and flagellation on benzoate mineralization rate in microcosms
incubated at -8 kPa. To make the graph more legible, we
normalized the cumulated radioactivity values for each
microcosm by the final value (i.e., the final point is 100% for
each microcosms). Average values for each time point and
treatment are plotted (three to four replicates), with the
standard error of the mean serving as the error bar.

FIGURE 3. Spatial dynamic of KT2440 wild type and its
nonflagellated mutant in microcosms maintained at -8 kPa.
Data originate from sacrificial sampling of the bottom half of 12
microcosms, inoculated with either type of bacteria, and
incubated for three days, one week, or three weeks. Depth 0
represents the microcosm center (inoculation point), and depth
1.5 cm represents its bottom.
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from the beads before further dispersing in the matrix. This
rapid release, previously mentioned in the literature (31),
was probably favored by the fact that the beads were
introduced into the microcosms within hours from their
preparation, without extended drying. While we did not detect
cells in the bottommost sections of the microcosms at the
end of incubation at -50 kPa, it is probable that cells were
also released and started to colonize in the direct vicinity of
the beads. Growth is likely to have occurred because of the
quantity of benzoate available in the microcosms (0.378 mg).
Assuming a yield of 0.4 g of microbial C per g of benzoate
C, a cell dry weight of 2.8 × 10-13 g and C5H7O2N as molecular
formula for biomass, then we calculate that about 6 × 108

cells could have been synthesized if all the benzoate was
consumed. The high microbial abundances measured in the
bottom of the microcosms incubated at -8 kPa (Figure 3)
certainly partly result from local growth. The release from
the beads and subsequent growth would have led, in dry
conditions, to a limited colonization of the sand matrix (e.g.,
a few millimeters from the bead), enlarging the mineralization
hotspot(s), thus reducing diffusion limitation. This hypothesis
was explored by doubling the radius of the mineralization
hotspot(s) in our model. While reasonable agreements
between experiments and simulations were obtained at -50
kPa, the model still underestimated the mineralization rates
in wetter conditions (Figure S3 of the Supporting Informa-
tion). This underestimation is attributed to the fact that under
wet conditions cells rapidly dispersed much farther than a
few millimeters away from the beads. This was demonstrated
here at -8 kPa (Figure 3) and must have happened even
faster at -1 kPa due to the increased water content (19).

The threshold for extensive cell dispersal was between
-8 and -50 kPa. This is consistent with the results of Treves
and collaborators (25), where in microcosms made of the
same sand as the type used here, the spatial isolation of two
competing bacterial strains was maintained at -50 but not
at -8 kPa. The narrowness of the sand particle size distribu-
tion allows calculating the average thickness of the liquid
film found around the sand grains, following the derivations
in ref 32. The estimates obtained were 11.6, 4.9, and 1.2 µm
at -1, -8, and -50 kPa, respectively. Previous results have
shown that KT2440 swimming motility is very restricted in
water films thinner than about 1.5 µm on average (18). This
would explain why no extensive dispersal was observed at

-50 kPa. Nevertheless, the difference in colonization rate
between the wild type and nonflagellated mutant was modest,
considering the 3 orders of magnitude difference between
Brownian diffusion coefficient of a nonmotile strain (2 ×
10-9 cm2 s-1) and random motility coefficients of swimming
microorganisms (2-19 × 10-6 cm2 s-1) (33). Admittedly, these
values were derived for bulk liquid and not for porous media
(34) or for unsaturated media, but qualitative observations
of KT2440 and a uncharacterized nonmotile mutant on an
unsaturated surface also pointed toward larger differences
in dispersal rate when the effective liquid film exceeds 1.5
µm (18). In addition to motility, microbial growth also
contributed to the colonization of the microcosms as it has
been previously observed in other experimental systems such
as saturated porous media (35) or unsaturated surfaces (18).
The difference between the dispersal rates presented here
and those of ref 18 might primarily originate from differences
in the geometry of hydrated pathways in a 3-D porous
medium and on a 2-D surface.

If a number of observations support the hypothesis that
chemotacic motility can contribute to aquifer bioremediation
(36, 37), such a role in unsaturated soil has rarely been
explored (38). Here, the microcosms inoculated with the
nonmotile mutant displayed modestly but significantly
reduced mineralization rates (Figure 2). This demonstrates
the potential value of flagellar motility in the bioremediation
of contaminated unsaturated matrices sufficiently moist to
allow bacterial swimming. Nevertheless, our data also indicate
that in wet and nutrient-rich matrices significant dispersal
could also occur for nonflagellated cells, albeit at a smaller
rate than for their flagellated counterparts.

Relevance to Field Conditions. Obviously, care must be
taken to extrapolate our findings to real soils where several
mechanisms can interfere with the mass transfer processes
considered here. Many processes can impede bacterial
dispersal, reinforcing the role of initial degrader distribution
on mineralization rate. These include (i) the low connectivity
and high tortuousity of most soils compared to our sand
matrix, making bacterial dispersal slower than observed here
(19), (ii) the presence of predators, which are considered
responsible for the low survival of introduced microbes not
embedded in a protective carrier (39), and (iii) the limited
bacterial growth due to low concentrations of pollutant and/
or electron acceptors (40). Symmetrically, other processes
would potentially accelerate microbial migration. For ex-
ample, our microcosms did not contain plant roots or fungi
that are potentially able to mobilize degrader cells (15).
Similarly, water infiltration, which was not considered here,
is known to both enhance bacterial transport (41) and
contribute to the transport of soluble pollutants (42). Because
of the multiple mechanisms influencing bacterial and solute
mass transfers, predicting the duration of diffusion limitation
caused by the spatial separation of degraders and pollutant
remains a difficult exercise.

For the engineer interested in bioremediating a soil, our
work demonstrates that in dry soils it is necessary to consider
the spatial separation between pollutant and degrading
organisms as a barrier to mineralization. If bioaugmentation
is chosen as a remediation strategy, the practitioner can adapt
the mode of degrader delivery (free cells or carriers, number
of carriers per unit volume of soil) as well as soil mixing in
order to achieve reasonable distances between pollutant and
degraders. We are currently working on determining the
quantities of carriers necessary to achieve a desired min-
eralization rate as a function of soil hydration. Alternatively,
some techniques exist that can force the migration of pesticide
or degrading cells without direct mixing (43).

FIGURE 4. Comparison of experimentally derived and model-
predicted benzoate mineralization rates as influenced by
hotspot distribution, matric potential, and cell flagellation. A
perfect agreement between model and experimental results
would result in alignment of the data points on the first
diagonal (discontinuous line).
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