APPLIED AND ENVIRONMENTAL MICROBIOLOGY, June 2003, p. 3288-3298

0099-2240/03/$08.00+0 DOI: 10.1128/ AEM.69.6.3288-3298.2003

Vol. 69, No. 6

Copyright © 2003, American Society for Microbiology. All Rights Reserved.

Assessment of Bioavailability of Soil-Sorbed Atrazine

Jeong-Hun Park,'? Yucheng Feng,’* Pingsheng Ji,> Thomas C. Voice,'
and Stephen A. Boyd”

Department of Civil and Environmental Engineering' and Department of Crop and Soil Sciences,”
Michigan State University, East Lansing, Michigan 48824, and Department of
Agronomy and Soils, Auburn University, Auburn, Alabama 36849°

Received 16 October 2002/Accepted 4 March 2003

Bioavailability of pesticides sorbed to soils is an important determinant of their environmental fate and
impact. Mineralization of sorbed atrazine was studied in soil and clay slurries, and a desorption-biodegrada-
tion-mineralization (DBM) model was developed to quantitatively evaluate the bioavailability of sorbed
atrazine. Three atrazine-degrading bacteria that utilized atrazine as a sole N source (Pseudomonas sp. strain
ADP, Agrobacterium radiobacter strain J14a, and Ralstonia sp. strain M91-3) were used in the bioavailability
assays. Assays involved establishing sorption equilibrium in sterile soil slurries, inoculating the system with
organisms, and measuring the CO, production over time. Sorption and desorption isotherm analyses were
performed to evaluate distribution coefficients and desorption parameters, which consisted of three desorption
site fractions and desorption rate coefficients. Atrazine sorption isotherms were linear for mineral and organic
soils but displayed some nonlinearity for K-saturated montmorillonite. The desorption profiles were well
described by the three-site desorption model. In many instances, the mineralization of atrazine was accurately
predicted by the DBM model, which accounts for the extents and rates of sorption/desorption processes and
assumes biodegradation of liquid-phase, but not sorbed, atrazine. However, for the Houghton muck soil, which
manifested the highest sorbed atrazine concentrations, enhanced mineralization rates, i.e., greater than those
expected on the basis of aqueous-phase atrazine concentration, were observed. Even the assumption of
instantaneous desorption could not account for the elevated rates. A plausible explanation for enhanced
bioavailability is that bacteria access the localized regions where atrazine is sorbed and that the concentrations
found support higher mineralization rates than predicted on the basis of aqueous-phase concentrations.
Characteristics of high sorbed-phase concentration, chemotaxis, and attachment of cells to soil particles seem

to contribute to the bioavailability of soil-sorbed atrazine.

About 2 billion kilograms of chemicals are used as pesticides
each year in the United States, with agricultural usage account-
ing for ~77% (4). Some pesticides accumulate in nature be-
cause release rates exceed rates of dissipation, including mi-
crobial and chemical degradation (39, 63). Low biodegradation
rates can be attributed to a variety of factors, including limited
bioavailability of pesticides to microorganisms. Limited bio-
availability may lead to unexpected pesticide persistence in
soils, thereby increasing the likelihood of ground- or surface-
water contamination (J. J. Pignatello, B. L. Sawhney, and C. R.
Frink, Letter, Science 236:898, 1987). Bioavailability of pesti-
cides and organic contaminants has been identified as a poten-
tial limitation to the complete bioremediation of contaminated
soils (60, 62, 67).

Generally, soil-sorbed organic contaminants and pesticides
have been considered unavailable for biodegradation without
prior desorption (52, 62). However, some evidence suggests
that sorbed contaminants can be degraded by microorganisms
or at least that desorption into bulk solution is not a pre-
requisite for biodegradation. The apparent availability of
soil-sorbed organic contaminants has been demonstrated by
Guerin and Boyd (29), Calvillo and Alexander (10), Tang et al.
(66), Guo et al. (30), Feng et al. (18), and Park et al. (56, 57).
To degrade soil-sorbed pesticides, bacteria must either use
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sorbed molecules directly or facilitate desorption in some man-
ner, for example, by producing surfactants. Calvillo and Alex-
ander (10), however, showed that neither synthetic nor micro-
bially produced surfactants resulted in utilization of sorbed
biphenyl by bacteria. To establish the degradation of sorbed
substrate requires that the effects of both rates and extents of
desorption on bioavailability be fully accounted for (3, 10, 14,
24, 27-29, 45, 49, 53, 65, 66). Typically, sorption experiments
are performed to evaluate solid/liquid distribution coefficients.
Sorption experiments alone cannot predict desorption behav-
ior, because hysteresis and irreversibility commonly occur to
various degrees (11, 15, 33-35). Some investigators have con-
ducted desorption experiments in an attempt to quantify the
effects of desorption on mineralization of sorbed chemicals
(10, 66). This approach is complicated by observations that
sorbed material may reside in different compartments, each
having a different desorption rate behavior (55, 56, 60a).

Atrazine (2-chloro-4-ethylamino-6-isopropylamino-1,3,5-tri-
azine) is the most commonly used herbicide in U.S. agricul-
tural crop production, with over 3.2 X 107 kg being used each
year (4). Both soil organic matter and clay minerals are effec-
tive sorbents for atrazine (40, 41, 51, 61). Several studies have
shown that bioavailability of atrazine decreases as soil-atrazine
contact time increases (12, 37, 60). However, it is unknown
whether atrazine-degrading bacteria are able to access atrazine
sorbed by soil.

To investigate the bioavailability of sorbed atrazine, inte-
grated laboratory experiments were performed and analyzed
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TABLE 1. Selected properties of sorbents used in this study

b
Soil %0.C %Sand %Silt % Clay pH (Cgﬁﬁkg)

K-montmorillonite ND¢ 0 0 100 6.8 81.6
Hartsells 1.29 59.1 32.1 8.78 5.3 7.10
Houston 1.55 4.80 31.9 633 54 50.3
Capac 3.28 54.6 24.0 214 6.8 24.4
Colwood 7.80 64.2 20.7 151 6.0 43.0
Houghton muck 383 ND ND ND 51 156

“ 0.C.,, organic carbon content.
? CEC, cation exchange capacity.
¢ ND, not determined.

using a mathematical model that links sorption with desorp-
tion, biodegradation, and mineralization (DBM). A three-site
desorption model was employed in which atrazine can reside in
equilibrium, rate-limited, and nondesorption sites.

MATERIALS AND METHODS

Organisms and growth conditions. Three bacterial isolates capable of utilizing
atrazine as a sole nitrogen source were used in this study. Pseudomonas sp. strain
ADP, which was isolated from a herbicide spill site (44), was provided by L. P.
Wackett of the University of Minnesota. Agrobacterium radiobacter strain J14a,
which was isolated from enrichment cultures of a surface soil collected from an
atrazine-treated cornfield (64), was provided by T. B. Moorman of the USDA
Agricultural Research Station, Ames, Iowa. Ralstonia sp. strain M91-3, which
was isolated from a surface soil collected at a pesticide mixing area (59), was
provided by M. Radosevich of the University of Delaware.

Pseudomonas sp. strain ADP was grown in minimal medium containing 0.1%
(wt/vol) sodium citrate as the carbon source and atrazine as the sole nitrogen
source at an atrazine concentration of 50 mg/liter for liquid cultures or 500
mg/liter for agar plates (44). A. radiobacter J14a was grown in minimal medium
supplemented with sodium citrate (1 g/liter) and sucrose (1 g/liter) as carbon
sources and 50 mg of atrazine/liter as the sole nitrogen source (64). Ralstonia sp.
strain M91-3 was grown in a minimal medium containing atrazine (22 mg/liter)
as the sole source of nitrogen and glucose (200 mg/liter) as the carbon source
(59). Solid media contained 1.5% (wt/vol) Noble agar (Difco Laboratories,
Detroit, Mich). Concentrated atrazine stock solutions (20 or 100 mg/ml in meth-
anol) were used for making the above-mentioned minimal media. To prepare
bacterial inocula, liquid cultures were incubated with shaking (200 rpm) at room
temperature (24°C * 1°C), and cell growth was monitored by measuring absor-
bance at 600 nm with a spectrophotometer. Bacterial cells in late log phase were
pelleted by centrifugation, washed twice with sterile phosphate buffer (20 mM,
pH 7), and resuspended in phosphate buffer. Nutrient agar plates containing 4 g
of nutrient broth/liter were used for the numeration of bacterial cells.

Soils and soil extracts. The A horizon of agricultural soils from Michigan and
Alabama was used in these studies (Table 1). Soils were air dried, ground, and
passed through a 2-mm-pore-size sieve. A reference smectite clay, Na montmo-
rillonite (SWy-2), was obtained from the Clay Minerals Society Source Clay
Repository (Columbia, Mo.). The <2-wm-diameter clay particles were separated
by wet sedimentation. The clay was then subjected to K* saturation. Briefly, clay
(20 g) was dispersed in 1 liter of 0.1 M KClI solution. The clay suspensions were
shaken for 24 h, and then fresh KCl solutions were used to displace the original
solutions after centrifugation. This process was repeated four times to ensure
complete K saturation. Distilled water (1 liter) was used to wash the clays to
remove excess KCl. The clay was freeze dried and stored for later use. Cation
exchange capacity and soil pH were determined according to methods described
by Page et al. (54). Soil organic carbon contents and particle size distribution
were determined at the Soil and Plant Nutrient Laboratory at Michigan State
University. Table 1 summarizes the properties of the sorbents. Soil samples were
sterilized by gamma irradiation (1.29 megarads/h; 5 megarads from a °°Co
source) and stored in sealed containers at room temperature. Before each ex-
periment using soils, 0.1 g of each soil was placed on a half-strength nutrient agar
plate and incubated at 30°C for 3 days to verify sterility. No colonies were
observed.

To prepare extracts from all six sorbents, each sterile sorbent was suspended
in sterile phosphate buffer (20 mM) at a sorbent/solution ratio of 1:40 for
Houghton muck and potassium-saturated montmorillonite (K-montmorillonite)
and 1:10 for the other soils. The suspensions were mixed for time periods
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corresponding to sorption and bioavailability experiments, and supernatants
obtained after centrifugation were filtered through two layers of Whatman no. 2
filter paper.

Sorption of atrazine by soils. Batch sorption isotherms for all six sorbents were
obtained by equilibrating U-'*C-labeled atrazine (Sigma, St. Louis, Mo.) (radio-
chemical purity, >95%; specific activity, 16.6 mCi/mmol) and nonradioactive
atrazine with sorbents at a solid-to-solution ratio of 1:10 for Capac, Colwood,
Houston, and Hartsells and 1:40 for Houghton muck and K-montmorillonite. An
aliquot of [**Clatrazine stock (in methanol; 2.4 gfliter) was spiked into 4.5-ml
screw-cap glass vials containing 4.2 ml of sterile phosphate buffer (20 mM) and
sterile soils to obtain the appropriate initial aqueous concentrations (0 to 2
mg/liter). The vials were capped with Teflon-lined polypropylene screw caps. The
headspace was <1 ml in volume. Control vials without soil were prepared in
triplicate. Vials were tumbled at 9 rpm for 2 days in the dark. After mixing, each
vial was centrifuged for 10 min at 1,200 X g to separate soil and 1 ml of the
supernatant was sampled in duplicate. The concentration of atrazine in the
supernatant was determined by liquid scintillation counting (LSC) and verified
by high-pressure liquid chromatography (HPLC) for some samples. Sorbed-
atrazine concentrations were calculated by determining the difference between
the initial and final liquid-phase concentrations. The use of difference calcula-
tions was validated by direct analysis of sorbed-phase atrazine concentrations in
selected samples for each soil. To accomplish this, the soil was separated from
the supernatant at the end of the sorption period and extracted with methanol.
The concentrations of atrazine in the extracts were determined by LSC and
verified by HPLC. All experiments were performed at room temperature (24 *=
1°C).

Desorption of sorbed atrazine. Using a similar procedure as in the sorption
experiments, the desorption assay utilized batch soil slurries that had been
equilibrated with an initial aqueous atrazine concentration of 2 mg/liter. An
aliquot of ['*Clatrazine stock (in methanol; 2.4 g/liter) was spiked into 50-ml
centrifuge tubes containing 45 ml of sterile phosphate buffer (20 mM) and sterile
soils. The tubes were capped with Teflon-lined Mininert valves and screw-sealed
with polypropylene caps. A control tube without soil was prepared in the same
fashion. Tubes were tumbled at 9 rpm for 2 days in the dark, and then each tube
was centrifuged for 20 min at 1,200 X g to separate soil and the supernatant was
sampled. The final concentration of atrazine in the liquid phase was determined
by LSC, and the amount of sorbed atrazine was calculated. The supernatant was
then decanted to the extent possible, and the amount of residual water was
determined gravimetrically. Desorption was initiated by adding fresh atrazine-
free soil extract to make up the original volume. The tubes were tumbled again
at 9 rpm and then removed periodically, and the liquid phase was sampled for
analysis by LSC. The concentration of atrazine in the final desorption samples
was determined by LSC and verified by HPLC. After the final desorption sam-
ples were analyzed, the soil was separated from the supernatant and extracted
with methanol. The concentration of atrazine in the extracts was determined by
LSC and verified by HPLC.

Atrazine degradation and mineralization in aqueous phase. Using an exper-
imental setup similar to the bioavailability assays described below, degradation
and mineralization kinetics of atrazine in phosphate buffer (20 mM) were de-
termined with three bacterial strains. Appropriate amounts of phosphate buffer
were placed in 160-ml serum bottles sealed with Teflon-coated butyl stoppers.
Nonradioactive atrazine stock solution (20 mg/liter) and '*C-labeled atrazine
were added to each bottle to obtain an aqueous atrazine concentration of ap-
proximately 2 mg/liter and a radioactivity level of ~3.7 kBq. After mixing on a
platform shaker, the solution (75 ml) in each serum bottle was inoculated with
0.75 ml of bacterial cell suspension to obtain a final cell density of ~10% CFU/ml.
At precise time intervals, 1 ml of suspension and 1 ml of headspace gas were
withdrawn from each bottle and injected into sealed tubes containing 0.5 ml of
H;PO, (0.3%). Radioactive CO, produced was detected using the procedures
described below. To monitor biodegradation of atrazine, the acidified sample in
each tube was centrifuged and the atrazine concentration in the supernatant was
analyzed by HPLC as described in the chemical analysis section below.

Bioavailability assays. To evaluate the availability of soil-sorbed atrazine to
bacteria, a mineralization assay adapted from the method described by Guerin
and Boyd (29) and Feng et al. (18) was used. Soil extract controls and soil slurries
were set up in 160-ml serum bottles sealed with Teflon-coated butyl stoppers.
Sterile sorbents were placed into each bottle at a sorbent/solution ratio of 1:40
for Houghton muck and K-montmorillonite and 1:10 for other sorbents. Soil
extracts or phosphate buffer solutions were used as soil-free controls for the soils
or K-montmorillonite, respectively. Variable volumes of sterile phosphate buffer
(20 mM) and nonradioactive atrazine stock solution were added to serum bottles
to obtain the appropriate atrazine concentrations and a final volume of 75 ml.
14C-labeled pesticide was then added to each serum bottle at a level of ~3.7 kBq.
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Initial aqueous atrazine concentrations in both soil-free controls and soil slurries
were 2 mg/liter. After a 24-h incubation on a platform shaker, soil slurries and
soil-free controls were inoculated with cells harvested at early stationary phase to
obtain a final cell density of ~10% CFU/ml. At precise time intervals, 1 ml of
suspension and 1 ml of headspace gas were withdrawn from each bottle and
injected into sealed tubes containing 1 ml of 2 M HCI. The radioactive CO,
evolved was trapped on NaOH (2 M)-saturated filter paper strips in a center well
hanging from a sleeve stopper. After overnight equilibration, the filter paper
strips were transferred to a scintillation vial containing 10 ml of scintillation fluid
and the center wells were washed with 2 ml of 50% (vol/vol) ethanol that was
then combined with scintillation fluid. Samples were left in the dark for at least
24 h before LSC.

Characterization of atrazine-degrading bacteria. Several characteristics of the
organisms that may potentially affect degradation of soil-sorbed atrazine were
evaluated. Surface tension measurements were carried out using a DuNoiiy
tensiometer to determine whether biosurfactants were produced during bacterial
growth in the culture media. Using a capillary assay, bacterial chemotactic re-
sponse was tested at atrazine concentrations of 2 and 20 mg/liter (1). Briefly,
bacterial cells harvested in late log phase were washed twice with 20 mM phos-
phate buffer, resuspended in chemotaxis buffer (20 mM phosphate buffer con-
taining 10 uM EDTA), and placed in a chamber formed by placing a U-shaped
glass tube between a microscope slide and a coverslip. Capillaries (1 pl) con-
taining atrazine solution or phosphate buffer amended with 10 uM of EDTA
were immersed in chambers containing bacterial suspensions of approximately
2 X 107 CFU/ml. The number of bacteria entering the capillaries after 60 min of
incubation was determined by plate counts. The relative chemotaxis response
was calculated as the ratio of the number of bacteria that enter the capillary
containing atrazine to that with buffer only. A ratio of 2 or greater is considered
a significant chemotactic response (1). To determine the number of cells at-
tached to soil particles, sterile soil suspensions and soil-free controls were pre-
pared in 25-ml Corex tubes in a manner consistent with that used for the
bioavailability assay. The tubes were equilibrated on a rotating mixer for 24 h
before inoculation with cells to obtain a final concentration of approximately 10%
CFU/ml. The tubes were then equilibrated on a rotating mixer for 1 h to allow
for attachment and centrifuged at 20 X g for 3 min to settle the soil particles. The
cell numbers in the supernatants and soil-free controls were determined by plate
counts. The proportion of added bacteria that attached to soils was calculated as
follows: percentage of cell attaching to soil = 100 — [(cell numbers of soil-free
control — cell numbers of supernatant)/cell numbers in the soil-free controls) X
100]. Cell attachment to K-montmorillonite was not determined due to the
difficulty of separating clay particles from bacterial cells by centrifugation.

DBM model. The DBM model adds sequential biodegradation and mineral-
ization to the three-site desorption model (56, 57, 60a). The assumptions used in
the developed DBM model are that (i) the solid is composed of equilibrium,
nonequilibrium, and nondesorption sites; (ii) sorption equilibrium can be de-
scribed by a nonlinear isotherm; (iii) the rate of release from nonequilibrium
sites is proportional to the concentration gradient between these sites and the
liquid phase; (iv) there is no time lag between biodegradation and mineraliza-
tion; (v) desorption parameters developed in abiotic experiments are valid in the
bioavailability assays; (vi) biodegradation and mineralization rates for attached
cells to sorbents are the same as those of suspended cells; (vii) biodegradation
and mineralization rate parameters evaluated from soil-free solutions are the
same as those in soil slurry solutions; and (viii) both suspended and attached cells
can utilize only liquid-phase contaminant. The nondesorption sites have been
defined in this work and others (56, 57, 60a) as those containing sorbate that
cannot be released to aqueous solution during the experimental desorption

pelr\;[(;(iilematically, equilibrium and nondesorption partitioning are described by
Seq=feq = K+ C” (€]
and
Soa =foa * Kp » C/ (2

while the release from nonequilibrium sites follows the first-order expression

dSpeq
= a (e

K+ C" = Sie) (3)

where K is the Freundlich sorption coefficient, n is a constant characterizing
isotherm curvature, C is the liquid-phase concentration in milligrams per liter, C,
is the liquid-phase concentration (in milligrams per liter) in sorption equilibrium,
t is the desorption time in minutes, o is the first-order desorption rate coefficient
(per minute) for nonequilibrium sites, fq is the equilibrium site fraction, f,,.q is
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the nonequilibrium site fraction, f,q is the nondesorption site fraction, and S,
Sheq and S, are the sorbed concentrations (in milligrams per kilogram) in the
solid equilibrium, nonequilibrium, and nondesorption sites, respectively. These
three terms are related to the total sorbed-phase concentration (S) as follows:

Seq F Sneq T S0a =S (C]

K- and n were derived from the sorption isotherms and f, 4 corresponds to the
plateau of the desorption rate profile, while f.g, fi.cq, and « were estimated by
nonlinear regression analysis of desorption data.

The system mass balance for biodegradation and mineralization, respectively,
can be expressed as follows:

dc das
“\Viegptme ) =V Reo (€]
and
dP.,
dt =Y, * Ruio (6)

where m is the soil amount in kilograms, ¥ is the total liquid volume in liters,
Pco, is the CO, concentration (in milligrams per liter) produced, and Yo, is the
CO, yield coefficient (in milligrams of CO, as atrazine per milligram of sub-
strate). Ry, is the liquid-phase biodegradation rate expression, which can be
formulated for first-order kinetics and Michaelis-Menten kinetics, respectively,
as follows:

Ryo =k, - C ©
and
7km - C
Rio= ¥ ®)

where k; and k,, are the first-order rate constant and maximum degradation rate
for dissolved contaminant, respectively, and K is the half-saturation constant. In
the system of equations presented above, ky, k,,, and K; were estimated by
regression of the mineralization data in the soil extracts.

Mineralization data were predicted by the DBM model to evaluate atrazine
bioavailability in soil slurries. If only dissolved atrazine in the bulk-aqueous phase
can be degraded in soil slurries, the amount of CO, produced should be equal to
the model prediction, which accounts for DBM. However, CO, production levels
in soil slurries that exceed the predicted values indicate mineralization rates
faster than would be expected on the basis of data for bulk-liquid-phase concen-
trations, i.e., enhanced bioavailability. Alternatively, CO, production below the
predicted values indicates slower rates and may suggest that the slurry system
somehow inhibits microbial activity.

For the observed enhanced bioavailability cases, mineralization data were
further investigated by using the DBM model with the assumption of instanta-
neous desorption (DBM;4). DBM,y predicted line was calculated by using f., =
1, faeq = 0, and f,,q = 0 in the DBM model (instead of the estimated parameters)
and assuming bacteria were exposed to the theoretically maximized aqueous
atrazine concentration.

Chemical analysis. Atrazine was analyzed by reverse-phase HPLC using an
UV detector (220 nm). The mobile phase was 50% methanol and 50% water
(vol/vol) at 1.0 ml/min. The retention time of atrazine was 11 min. Radioactivity
was determined by LSC. The analytical detection limits of atrazine solution were
6 pg/liter and less than 1 pg/liter for HPLC and LSC, respectively.

RESULTS

Sorption of atrazine. The organic carbon content of sorbents
used ranged from ~0% for K-montmorillonite to 38.3% for
Houghton muck (Table 1). Sorption isotherms for atrazine on
all soils were nearly linear over the concentration range eval-
uated, with n values ranging from 0.93 to 1.05. For K-mont-
morillonite, the sorption isotherm was less linear, with n =
0.82. Linear distribution coefficients (K,) increased from 1.5 to
43 ml/g with increasing soil organic carbon contents, except for
Houston soil and K-montmorillonite, which gave elevated val-
ues (K, = 3.6 and 40 ml/g, respectively) with respect to organic
carbon (Table 2 and Fig. 1). Clay mineralogy of the Houston
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TABLE 2. Parameters for sorption of atrazine by the A horizons
of selected soils and K-montmorillonite
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TABLE 3. Desorption parameters® evaluated by
a three-site desorption model”

Freundlich equation Linear equation

Soil fea Joea faa o (min™?) R

soi Kp [(mg/ke)/ . K Ko
(mg/liter)"] (liters/kg) (liters/kg)

K-montmorillonite 43.8 0.82 1.00 40.4 0.98 NA“
Hartsells 1.44 1.02  1.00 1.50 1.00 116
Houston 3.72 0.95 1.00 3.60 1.00 232
Capac 3.18 1.05 1.00 3.40 0.99 104
Colwood 124 093 0.99 11.9 0.99 153
Houghton muck 443 0.94 1.00 43.1 1.00 113

“NA, not available.

soil is predominately smectite, whereas the other soils contain
primarily illite and vermiculite (Colwood and Capac) or ka-
olinite and goethite (Hartsells). HPLC analysis indicated that
atrazine was not transformed during the sorption period.
Desorption of atrazine. The three-site desorption model was
used to fit desorption data and evaluate desorption parameters
and site fractions (Table 3 and Fig. 2). The model fit the
experimental data well, with R? values ranging from 0.89 to
0.98. The equilibrium site fraction tended to increase as soil
organic carbon content increased, ranging from 0.20 to 0.73
except for Houston and K-montmorillonite, which gave values
of 0.45 and 0.2, respectively. Nonequilibrium site fraction was
similar among sorbents, ranging from 0.14 to 0.17 except for
Houston and K-montmorillonite, which gave values of 0.46 and
0.74, respectively. For all soils, nondesorption sites were ob-
served within the given desorption time (3 days) (Fig. 2). The
nondesorption site fractions decreased as organic carbon con-
tent increased, ranging from 0.51 to 0.11 except for the smec-
titic Houston soil and K-montmorillonite, which gave values of
0.09 and 0.06, respectively. Desorption rate coefficients tended
to increase as organic carbon content increased, ranging from
0.002 to 0.0029 min ! except for the Houston and K-montmo-
rillonite, which gave values of 0.004 and 0.0067 min~*, respec-
tively. HPLC analysis indicated that atrazine was not trans-
formed during the sorption and desorption periods. The total
recovery of atrazine was higher than 94% for all sorbents used.

100000

K-montmorillonite
Hartsells

Houston

Capac

Colwood

Muck

80000 -

60000

Oa<d40Ce

40000 +

20000

Sorbed atrazine conc. (ug/kg)

0 1000 2000 3000 4000 5000
Aqueous atrazine conc. {ug/L)

FIG. 1. Sorption isotherms of atrazine for different sorbents. Atra-
zine was equilibrated with sorbents for 2 days in the dark at 24 = 1°C.

K-montmorillonite 0.20 (0.300) 0.74 0.06 (0.050) 0.0067 (0.0008) 0.89

Hartsells 035 (0.009) 0.14 0.51(0.005) 0.0020 (0.0030) 0.97
Houston 0.45 (0.040) 0.46 0.09 (0.010) 0.0040 (0.0005) 0.98
Capac 0.63 (0.008) 0.14 0.23(0.003) 0.0025 (0.0003) 0.98
Colwood 073 (0.020) 0.14 0.13 (0.010) 0.0025 (0.0095) 0.90

Houghton muck 072 (0.020) 0.17 0.11(0.007) 0.0029 (0.0005) 0.95

“ feqr faeqr @nd frq, equilibrium, nonequilibrium, nondesorption site fractions,
respectively; a, first-order desorption rate coefficient for nonequilibrium sites.
® Numbers in parentheses are standard deviations of the evaluated values.

Bioavailability of soil-sorbed atrazine. Biodegradation and
mineralization of atrazine in phosphate buffer for Pseudomo-
nas sp. strain ADP and Ralstonia sp. strain M91-3 were well
described by first-order kinetics and for A. radiobacter J14a
were well described by Michaelis-Menten kinetics (Fig. 3). No
significant time lag between biodegradation and mineralization
was observed, supporting the assumption used for model de-
velopment. Since dissolved soil organic matter can potentially
affect atrazine degradation and mineralization kinetics, soil
extracts rather than phosphate buffer were used as soil-free
controls in the bioavailability assays. The values for dissolved
organic carbon content in soil extracts were 99.7, 252, 151, 319,
and 554 mg/liter for Hartsells, Houston, Capac, Colwood, and
Muck, respectively. The values for inorganic nitrogen concen-
tration in soil extracts were 2.42, 2.69, 2.18, 3.08, and 33.5 mg/
liter for Hartsells, Houston, Capac, Colwood, and Muck, re-
spectively. For all three organisms, the rates of degradation
and mineralization were lower in soil extracts than in phos-
phate buffer. Therefore, any enhanced bioavailability (greater
than that predicted by the DBM model) observed here cannot
be attributed to the stimulation of atrazine metabolism by
dissolved substances such as organic matter, N, P, etc.

Bioavailability assays for Pseudomonas sp. strain ADP were
performed using all six sorbents. The CO, yield coefficient for
Pseudomonas sp. strain ADP ranged from 0.74 to 0.90 in the
soil extracts (Table 4). To evaluate the bioavailability of sorbed
atrazine, CO, production data from soil slurries were analyzed
by the DBM model, which utilizes independently measured

K-montmorillonite
Hartsells
Houston
Capac
Colwood
Muck
~—— R-K-montmorillonite
— -+ R-Hartsells
——— R-Houston
- -+ + R-Capac
— — R-Colwood

» » R-Muck

Desorption (%)
Oomd<40e

0 1000 2000 3000 4000 5000
Desorption time (min)

FIG. 2. Abiotic atrazine desorption data and regression (R-) lines
from a three-site desorption model for sorbents.
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FIG. 3. Biodegradation and mineralization of atrazine by three
bacterial strains in aqueous phase. (A) Degradation by Pseudomonas
sp. strain ADP followed first-order kinetics (k; = 0.0398 min™'; Y, =
0.944; R* = 1.0); (B) degradation by Ralstonia sp. strain M91-3 fol-
lowed first-order kinetics (k, = 0.0074 min~'; Yo, = 0.538; R* = 1.0);
(C) degradation by A. radiobacter J14a followed Michaelis-Menten kinet-
ics (k,, = 0.0340 min~'; K, = 1.50 mg/liter; Yo, = 0.877; R* = 1.0).

desorption rates, liquid-phase biodegradation rates, and CO,
yield coefficients (Fig. 4) to predict CO, production curves.
Also plotted in Fig. 4 are the best-fit curves obtained by non-
linear regression for the soil extract controls. In cases in which
data from the slurry systems fall on the DBM-predicted lines,
the bioavailability of sorbed atrazine is well explained by the
sequential processes of DBM. Data falling above the DBM-
predicted line indicate enhanced bioavailability, i.e., that which
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cannot be described by the degradation rate of bulk liquid-
phase atrazine alone. In such cases, mineralization was not
controlled solely by the desorption rate of atrazine into bulk
solution. Mineralization curves for atrazine in Houston and
Capac soil slurries were well predicted by the DBM model. For
Hartsells, Colwood, and Houghton muck soils, enhanced bio-
availability was observed (Fig. 4). To further investigate, a
DBM, -predicted line was produced with an assumption of
instantaneous desorption (Fig. 4). Mineralization of atrazine in
Hartsells was well predicted by the DBM,4 model, but rates in
Colwood and Houghton muck soils were above the DBM,;-
predicted line. The presence of K-montmorillonite inhibited
mineralization of aqueous phase atrazine.

For Ralstonia sp. strain M91-3, the CO, yield coefficients
ranged from 0.64 to 0.77 (Table 4). The measured CO, pro-
duction curves and DBM predictions for soil extract controls
and soil slurries are shown in Fig. 5. Enhanced bioavailability
(albeit slight) was observed for Houghton muck soil. Mineral-
ization data for other soils were well predicted by the DBM
model. For A. radiobacter J14a, the CO, yield coefficients
ranged from 0.73 to 0.91 (Table 4). The mineralization data
were well predicted by the DBM model for the mineral soils.
Enhanced bioavailability (>DBM or DBM,, predictions) was
observed for Houghton muck soil (Fig. 6). As with Pseudomo-
nas sp. strain ADP, K-montmorillonite inhibited mineraliza-
tion of dissolved atrazine.

For all three atrazine-degrading bacteria, production of bio-
surfactants was not indicated by surface tension measure-
ments. The differences in surface tensions between the unin-
oculated medium and corresponding bacterial culture were 6,
—1.2, and —0.6 dynes/cm for Pseudomonas sp. strain ADP, A4.
radiobacter J14a, and Ralstonia sp. strain M91-3, respectively.
The presence of biosurfactant has been reported to reduce the
surface tensions of cell cultures by more than 20 dynes/cm (2).
In the capillary assay, the numbers of bacteria accumulated in
capillaries containing 2 mg of atrazine/liter were 420 *= 53,
367 £ 31, and 190 = 17 CFU for Pseudomonas sp. strain ADP,
A. radiobacter J14a, and Ralstonia sp. strain M91-3, respec-
tively, and those in capillaries containing 20 mg of atrazine/liter
were 733 £ 117, 560 £ 60, and 213 £ 90 CFU, respectively.
The background accumulations in capillaries containing buffer
only were 87 = 12 CFU for Pseudomonas sp. strain ADP,
117 = 29 CFU for A. radiobacter J14a, and 133 = 35 CFU for
Ralstonia sp. strain M91-3. Both Pseudomonas sp. strain ADP
and A. radiobacter J14a exhibited a significant chemotactic
response to atrazine, with Pseudomonas sp. strain ADP having

TABLE 4. Biokinetic parameters® evaluated for soil extract controls

Pseudomonas sp. strain ADP
Soil extracts

Ralstonia sp. strain M91-3

A. radiobacter strain J14a

ki (1073) (min™") Yco, ki (1073) (min™") Yco, k,, (1073) (mg liter ™! min~") K, (mg liter™ ") Yco,
K-montmorillonite 31.7 0.90 6.6 0.70 22.8 0.560 0.91
Hartsells 11.5 0.82 4.1 0.77 11.2 0.646 0.88
Houston 10.1 0.74 2.8 0.64 13.2 1.31 0.76
Capac 7.90 0.86 2.6 0.73 8.50 0.420 0.85
Colwood 5.80 0.78 3.6 0.68 16.9 1.10 0.83
Houghton muck 13.0 0.74 4.3 0.64 9.70 0.705 0.73

“ ky, first-order degradation rate constant; k,,,, maximum degradation rate for dissolved atrazine; K, half-saturation constant; Y,,,, CO, yield coefficient (milligrams

of CO, as atrazine/milligrams of atrazine).
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FIG. 4. Mineralization of atrazine by Pseudomonas sp. strain ADP in soil-free controls and soil slurries. Broken (control regression) lines
represent the nonlinear regression line for soil-free control, solid (DBM prediction) lines represent the DBM-predicted line for soil slurry, and
mixed dash and dot (DBM,,) lines represent the DBM,4-predicted line for soil slurry.

a higher relative response (Fig. 7A). Ralstonia sp. strain M91-3,
however, did not show a significant chemotactic response. The
relative response was less than 2 for both atrazine concentra-
tions tested (Fig. 7A).

The percentages of added bacteria attaching to different
soils varied from 8.5 to 17.2, 19.9 to 73.3, and 12.3 to 62.2% for
Pseudomonas sp. strain ADP, Ralstonia sp. strain M91-3, and
A. radiobacter J14a, respectively. Because the soil-to-solution
ratio for muck soil was different from that used for the mineral
soils, the number of attached cells is expressed in Fig. 7B in
CFU per gram of soil rather than as a percentage. Judged on
the basis of unit weight of soil, attachment of Pseudomonas sp.
strain ADP and A. radiobacter J14a to muck soil was signifi-
cantly higher than attachment to mineral soils. For Ralstonia
sp. strain M91-3, cell attachment to muck soil was higher than
that to Hartsells, Capac, and Colwood soils but similar to that
to Houston soil.

DISCUSSION

Linear correlation between K, and the organic carbon con-
tent in soils was observed for the Hartsells, Capac, Colwood,
and Houghton muck soils. The K values ranged from 104 to
153 (Table 2), in agreement with literature values for atrazine,
suggesting that atrazine partitioning into soil organic matter
was the predominant sorption mechanism for these soils (19,
32, 60). The high K value for Houston (K,. = 232) may be
explained by atrazine sorption to the clay component of the
soil as well as soil organic matter (61). Houston is composed of
63% clay which is predominantly smectite. The measured K,
value for sorption of atrazine by K-montmorillonite was 40.4,
similar to that by muck soil (Table 2 and Fig. 1). This suggests
that smectite clays in soils may be effective sorbents for atra-
zine. Sheng et al. (61) reported the high affinity of K-smectite
for atrazine. High sorption of organics by K-montmorillonite
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FIG. 5. Mineralization of atrazine by Ralstonia sp. strain M91-3 in soil-free controls and soil slurries. Broken (control regression) lines represent
the nonlinear regression line for soil-free control, solid (DBM prediction) lines represent the DBM-predicted line for soil slurry, and mixed dash

and dot (DBM,y) lines represent the DBM, -predicted line for soil slurry.

has been explained by interstitial adsorption between expand-
able layers (38).

The desorption profiles show that three types of desorption
occurred (Fig. 2). Equilibrium release was evidenced by high
solution concentrations at the first time point. For all sorbents
used except K-montmorillonite and Houston, f,, increased in
accordance with soil organic carbon content and hence with K,
(Table 1 and 3). This contradicts the two-compartment model
of Karickhoff (36), which predicts that as sorption coefficients
(K,) increase, distribution of sorbate in the labile sorbed phase
(comparable to f,,) decreases. For all sorbents, rate-limited
release was shown by the continued increase in aqueous phase
concentrations over the next several time points. The presence
of a nondesorbable fraction was indicated by failure to reach
complete reversible desorption (Fig. 2 and Table 3). Irrevers-
ible sorption of atrazine in soils has been reported previously
(13, 32, 43, 60a, 69). Several possible causes of apparent sorp-
tion/desorption hysteresis of atrazine in soils have been sug-
gested, including loss of herbicide due to volatilization and

degradation, changes in solution composition during desorp-
tion, nonattainment of equilibrium during sorption and de-
sorption, and irreversible binding (13). In this study, loss of
atrazine by volatilization in controls was not observed. In
HPLC analysis of sorption and desorption samples, no discern-
ible atrazine degradation was indicated. Soil extract solutions
were used as the desorption medium to minimize changes in
solution composition between sorption and desorption. To es-
tablish each equilibrium state, 2-day sorption and 3-day de-
sorption times were used. No significant changes in sorption
occurred from day 1 through day 7, and the desorption plateau
was reached after 1 day (Fig. 2). According to Xie et al. (69),
irreversible sorption of pesticides occurred in the humin frac-
tion of soil. In their experiments, most irreversibly sorbed
atrazine was found in the bound-humic acid and mineral frac-
tions.

We examined three strains of atrazine-degrading bacteria
for their ability to degrade atrazine, as sorbed by six different
sorbents. In 11 out of 18 cases, the experimental data con-
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formed to the DBM model, indicating that mineralization was
limited to dissolved atrazine present initially plus that desorb-
ing during the course of the experiment. In five cases, however,
enhanced bioavailability was observed. Enhanced bioavailabil-
ity occurred in all combinations of bacteria and the Houghton
muck soil and additionally for Pseudomonas sp. strain ADP
with the Colwood and Hartsells soils. These results are consis-
tent with the enhanced bioavailability observed for hydropho-
bic compounds, i.e., biphenyl (10, 18), naphthalene (29, 56, 57),
phenanthrene (58, 66), and fluoranthene (58), and extend such
evidence to a more polar compound, atrazine. These results
also indicate that the physiochemical properties of sorbents
(e.g., organic carbon) as well as bacterial cell characteristics
(e.g., chemotaxis and attachment ability) influence the bio-
availability of sorbed atrazine.

For each organism, enhanced bioavailability was observed
only in some soils; in many other soil-organism combinations,
mineralization was well predicted by the DBM model. For all

three organisms, enhanced bioavailability was observed for the
Houghton muck, which possesses the highest organic carbon
content among the sorbents used. This sorbent had the highest
sorbed-phase concentrations, perhaps indicating a positive re-
lationship between sorbed-phase concentrations and access to
the pool of sorbed atrazine, i.e., that bacteria can access high-
concentration surface-localized regions of sorbed atrazine. For
the other sorbents, sorbed-phase atrazine concentrations were
lower and, in general, mineralization was predicted adequately
by the DBM model, except for the combinations of Pseudo-
monas sp. strain ADP with Colwood and Hartsells soils, where
enhanced mineralization rates were observed.

The inhibition of atrazine mineralization by K-montmoril-
lonite may result from clay particles coating (obscuring) the
microbial cells. The clay particle size used was <2 wm; the
diameters of fine clay particles were smaller than 0.2 pm,
which is substantially smaller than the common dimensions of
bacterial cells. Obscuration of the cell surface could easily lead
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to diminished transport of atrazine into the cell. Access of
bacteria to atrazine intercalated by the clay is not possible due
to the small interlayer distances of <0.5 nm for K-montmoril-
lonite (61); hence, enhanced bioavailability was not expected
nor observed.

Mechanisms underlying the apparent availability of sorbed
chemicals are complex due to the divergent properties of
chemicals considered, the resultant sorption mechanisms, the
metabolic diversity of microorganisms, and the heterogeneity
of soils. Several microbially based mechanisms have been pro-
posed for the apparent bioavailability of soil-sorbed organic
chemicals: (i) production of biosurfactants (16, 50); (ii) pro-
duction of extracellular enzymes to degrade target compounds;
(iif) microorganisms with high substrate affinity, which effi-
ciently reduce concentrations of the substrate close to the cell
surface (5); (iv) reduction of the distance between cells and
substrate by adhesion to sorbents (5, 26); and (v) reduction of
the distance between cells and substrate by means of motility
and chemotaxis (29).

The first three mechanisms do not seem to explain the bio-
availability of soil-sorbed atrazine reported herein, since we
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did not detect the production of biosurfactants, extracellular
enzyme activity on atrazine has not been observed, and no
relationship is evident between K, and bioavailability. Mecha-
nisms four and five have been termed “direct uptake” but
probably reflect a condition in which the substrate desorbs into
the environment between the cell and the surface and then
partitions to the cell surface, where it can be transported across
the membrane. The critical issue here is that the substrate does
not mix into the bulk solution, and thus, elevated concentra-
tions can exist in this environment. Direct uptake of chemicals
by bacteria at the aqueous phase/nonaqueous phase liquid
interface has been demonstrated for hexadecane (8, 9, 17, 23),
pyrene (7), naphthalene (6, 17, 68), and fluoranthene (7). In
soils, sorbed pesticides are initially held predominately on or-
ganic matter surfaces of soil particles. We postulate that bac-
terial access to surface-localized pesticides at the soil-water
interface has analogy to bacterial access to nonaqueous phase
liquid molecules at its interface with water.

The influence of chemotaxis on substrate utilization has
been studied extensively using hydrophilic chemicals (e.g., sug-
ars, organic acids, and amino acids) not commonly considered
pollutants. Recent studies showed that some bacteria were
chemotactically attracted to organic contaminants such as ben-
zene, toluene, trichloroethylene, biphenyl, and naphthalene
(25, 47, 55). Chemotactic P. putida G7 can degrade naphtha-
lene more rapidly than a mutant deficient in chemotaxis to-
wards naphthalene (46). P. putida P106, which had nearly com-
plete access to the pool of soil-sorbed biphenyl, showed a
higher chemotactic response than Rhodococcus erythropolis
NYO05, an organism that degraded sorbed biphenyl to a lesser
extent (18; G. Wu, Y. Feng, and S. A. Boyd, submitted for
publication). Accumulations of atrazine-degrading bacteria in
the capillaries were comparable to those reported for naph-
thalene- and biphenyl-degrading bacteria (46, 47; Wu et al.,
submitted) but were lower than those reported for bacteria
chemotactic towards sugars or amino acids (1, 48). Two organ-
isms used in this study, Pseudomonas sp. strain ADP and A. ra-
diobacter J14a, were chemotactic towards atrazine and showed
clear evidence of access to atrazine sorbed by the muck soil.
Ralstonia sp. strain M91-3, however, was not chemotactic and
also showed the least ability to access sorbed atrazine. Attach-
ment of Pseudomonas sp. strain ADP and A. radiobacter J14a
to the muck soil, where access to sorbed atrazine was indicated,
was significantly higher than attachment to the mineral soils.
Bacterial cell attachment to a sorbent has been shown to fa-
cilitate the degradation of sorbed chemicals (10, 31). Together,
these results provide indications that access to sorbed atrazine
may be favored by the bacterial characteristics of chemotaxis
and cell attachment and by high sorbed-phase concentrations.

The estimated liquid diffusion film thickness under the con-
ditions of this study (mixing at 200 rpm) was ~76 wm (42). It
is possible that attached bacteria may have been exposed to
higher atrazine concentrations within the inner boundary dif-
fusion film compared to that of bulk solution, resulting in
enhanced mineralization rates. Using an average desorption
rate coefficient (o) of 0.003 min~! (Table 3) and equation 3,
the calculated half desorption time from sorbed phase to bulk
aqueous phase is 13,800 s. Using Fick’s second law, a liquid-
phase diffusivity value for atrazine of 6.5 X 10~° cm?/s, and a
liquid boundary layer thickness value of 76 wm, the calculated
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half-diffusion time through the liquid boundary layer is 10 s.
According to these calculations, the time required for diffusion
through the liquid boundary layer is negligible compared to
that for desorption of soil-sorbed atrazine. Another possible
cause of enhanced mineralization rates is that depletion of
atrazine within the diffusion film by attached cells can manifest
enhanced desorption, and hence mineralization, by increasing
the concentration gradient between the surface and interior of
soil particles. The DBM;4 model was used as a boundary con-
dition to gain perspective on potential atrazine concentrations
within the diffusion film as well as possible increased desorp-
tion rate. Because the DBM,; model assumes instantaneous
equilibrium between sorbed and aqueous phase, it provides the
theoretically maximum dissolved atrazine concentration and
the maximum desorption rate possible.

Carbon dioxide production rates above those predicted by
the DBM,, (Fig. 4 to 6) cannot be explained by the exposure of
cells to elevated atrazine concentrations within the boundary
layer or by improved desorption rates due to depletion of
dissolved atrazine within the film. Rather, these results indi-
cate bacterial access to the pool of sorbed atrazine. According
to Gillette et al. (22) and Ghosh et al. (20, 21), sorbed con-
centrations of contaminants in soils differ from particle to
particle and differ laterally and radially in the same particle,
suggesting that sorption phenomena are heterogeneous at sub-
particle dimensions. In their study, polycyclic aromatic hydro-
carbons accumulated more in organic carbon rich regions and
on the exterior of soil particles. Based on these results, it seems
plausible that surface-localized contaminant concentrations
are higher than soil mass-normalized sorbed concentrations. In
this study, the average atrazine concentration required to ac-
count for the observed enhanced mineralization (bioavailabil-
ity) of atrazine was ca. 1.4 (= 0.09) times the measured bulk
liquid concentration. Because the calculated atrazine concen-
tration is normalized by the total liquid volume in the system,
the actual concentration that atrazine-degrading bacteria are
exposed to may be much higher than the averaged value. It
seems plausible that the properties of chemotaxis towards
atrazine and/or attachment to soil surfaces facilitate access to
surface-localized regions of elevated atrazine concentrations.

It is likely that the overall ability of an organism to access
soil-sorbed compounds is influenced by more than one char-
acteristic of bacteria and that these characteristics may be
interrelated. Further studies are needed before definitive con-
clusions can be made regarding the effects of bacterial charac-
teristics on their ability to access the pool of sorbed chemicals.
However, there is an emerging body of evidence indicating the
bioavailability of soil-sorbed pesticides and organic contami-
nants to bacteria.
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