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Abstract The evaluation of pesticide-mineralising mic-
roorganisms to clean-up contaminated soils was studied
with the widely applied and easily detectable compound
atrazine, which is rapidly mineralised by several micro-
organisms including the Pseudomonas sp. strain Yaya 6.
The rate of atrazine removal was proportional to the
water content of the soil and the amount of bacteria
added to the soil. In soil slurry, 6 mg atrazine kg soil)1

was eliminated within 1 day after application of 0.3 g
dry weight inoculant biomass kg soil)1 and within 5 days
when 0.003 g kg soil)1 was used. In partially saturated
soil (60% of the maximal water-holding capacity) 15 mg
atrazine kg soil)1 was eliminated within 2 days by 1 g
biomass kg soil)1 and within 25 days when 0.01 g bio-
mass kg soil)1 was used. In unsaturated soil, about 60%
[U-ring-14C]atrazine was converted to 14CO

2
within 14

days. Atrazine was very e�ciently removed by the in-
oculant biomass, not only in soil that was freshly con-
taminated but also in soil aged with atrazine for up to
260 days. The bacteria exposed to atrazine in unsatu-
rated sterile soil were still active after a starvation period
of 240 days: 15 mg newly added atrazine kg soil)1 was
eliminated within 5 days.

Introduction

Atrazine [2-chloro-4-ethylamino-6-isopropylamino-1,3,
5-triazine] is one of the most frequently used herbicides
world-wide. As a consequence of its broad application,
the herbicide and its metabolites deethylatrazine and
deisopropylatrazine are detected in all environmental
compartments (Berg et al. 1995; Thurman et al. 1994), in
particular in surface water and drainage networks as a
result of run-o� following the application period
(Schottler et al. 1994), although the average half-life of
the parent compound in agricultural soil was reported to
be about 40 days (Seiler et al. 1992).

The metabolism of atrazine by soil microorganisms
and enrichment cultures has been studied for many years
(Cook 1987; Behki et al. 1993; Levanon 1993; Mills and
Thurman 1994). Recently, bacterial isolates have been
described that are able to mineralise atrazine e�ciently
under carbon-limiting conditions (Yanze-Kontchou and
Gschwind 1994; Radosevich et al. 1995) or as a nitrogen
source (Mandelbaum et al. 1993, 1995; Ernst and Rehm
1995). Masaphy et al. (1993) observed the degradation
by fungal cultures and described the formation of a new
metabolite. Other authors have reported some technical
applications using atrazine-mineralising organisms to
decontaminate groundwater (Stucki et al. 1994). Feakin
et al. (1995) inoculated granular activated carbon with
bacteria to study the potential removal of atrazine from
slightly contaminated drinking water in the adsorption
process.

The work was conducted as part of a technology
development programme for bioremediation of pesti-
cide-contaminated soils, either using a slurry reactor
system or by inoculation of an unsaturated surface soil.
Data are presented for atrazine degradation and min-
eralisation in a soil slurry and in a sterilised soil of
various moisture contents, inoculated with the atrazine-
mineralising Pseudomonas strain, which was isolated by
Yanze-Kontchou and Gschwind (1994). The survival of
the atrazine-degrading culture and the amount of active
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biomass needed for rapid atrazine removal in soil are
reported.

Materials and methods

Physical and chemical soil characteristics

The Stein soil, obtained from the Novartis agricultural research
and development station at Stein, Switzerland, was a Swiss loam
soil (FAO classi®cation) and thus represents a well-balanced
texture. It was characterised as follows: pH 7.8, content of
organic matter 2.6%, clay 25%, silt 33%, sand 42%, and max-
imum water-holding capacity (WHC) 326 g water (kg soil dry
weight))1.

The maximum WHC was determined by ®lling 200 g of dry
soil into a glass cylinder (8 cm diameter) sealed at the bottom by
a ®ne net. The soil column was saturated with water by putting it
into a water bath (water level to the top of the soil level). The soil
column was then placed onto a sand bed of 10 cm depth for 3 h.
The di�erence in weight before and after soaking is de®ned as the
maximum amount of water that the soil can retain. The soil dry
weight was determined by drying at 105 °C over night (Alef
1994).

Adsorption and desorption of atrazine in soil slurry

Adsorption and desorption experiments were conducted in conical
¯asks containing 200 ml demineralised water and 100 g soil, which
was sterilised by autoclaving. Atrazine solution (200 ml, containing
1, 2.5, 5 or 20 mg l)1 atrazine) was added to ¯asks containing 100 g
Stein soil. The ¯asks were put on a rotary shaker (175 rpm) and
atrazine was allowed to adsorb to the soil particles for 7 days at
room temperature. To determine the extent of adsorption, samples
were taken from the aqueous and solid phases. The aqueous phase
was ®ltered (0.45-lm, polytetra¯uoroethylene (PTFE) ®lter; BGB
Analytik AG, Rothen¯uh, Switzerland) and atrazine was directly
determined by HPLC (high-pressure liquid chromatography)
(Stucki et al. 1995). The quanti®cation limit of the method was
0.01 mg l)1 atrazine. Atrazine from the solid phase was determined
after extraction with acetonitrile (90%) for 2 h on a rotary shaker
(175 rpm). The solvent solution was ®ltered and atrazine was
quanti®ed as described for the aqueous phase.

To study desorption of atrazine, soil slurry of the samples used
for the adsorption studies was centrifuged; the supernatant was
removed and replaced by demineralised water. Afterwards, the
slurries were incubated for 7 days as done for the adsorption ex-
periments, and atrazine was quanti®ed in the aqueous and solid
phases according to the same procedures as described for the ad-
sorption experiments.

To simulate soil ageing conditions, soil slurries were incubated in
the dark in unshaken bottles in the presence of di�erent atrazine con-
centrations (approx. 20 mg l)1, 5 mg l)1, 2.5 mg l)1 or 1 mg l)1)
for 24, 40, 104 and 260 days. During the incubation period, the soil
particles settled and were ¯ooded with water. After the incubation
periods, the supernatant was replaced by demineralised water and
the soil was resuspended to determine the extent of desorptionwithin
7 days as described above.

Comparative adsorption isotherm studies were carried out
using granular activated carbon F 400 (Chemviron Carbon, Brus-
sels, Belgium). Di�erent amounts of pre-dried carbon (0.01, 0.03,
0.1, 0.3 and 1 g) were added to 1 l atrazine solution (18.2 mg l)1)
and the mixture was incubated on a rotary shaker (175 rpm) for
24 h at room temperature. Atrazine equilibrium concentrations in
the aqueous phase were determined by HPLC.

The linear sorption partition coe�cients Kd (mg kg)1), as a
measure of the degree of sorption or desorption, were calculated
from the slope of plots of the aqueous equilibrium concentration
against the amount of sorbed material per gram of soil.

Biodegradation in soil slurry

To investigate the biodegradation of atrazine in soil slurry, the
herbicide was added to sterile soil and water as described for the
adsorption experiments. After 7 days, the samples were centrifuged
and the supernatant was removed and replaced by demineralised
water and various amounts of a suspension of bacteria, quanti®ed
as dry weight. The total volume of liquid added corresponded to
the volume of supernatant decanted. Afterwards, the slurries were
put on a rotary shaker (175 rpm). Samples were taken after dif-
ferent incubation times and processed for atrazine determination in
the soil (soil and aqueous phase for slurry samples) as described
previously. All tests were done in triplicate.

Biodegradation of atrazine in aged soil was studied similarly.
Instead of the replacement of water, the slurries aged for 7, 103 and
260 days were resuspended after centrifugation with di�erent at-
razine concentrations A±D (approx. 20 mg l)1, 5 mg l)1,
2.5 mg l)1 or 1 mg l)1). The samples were then centrifuged and the
aqueous phase was replaced by two di�erent concentrations (0.01 g
bacterial dry weight kg soil)1 or 1 g kg)1) and incubated for 7 days
on a rotary shaker (175 rpm), until atrazine was analysed in the
aqueous and the soil phase. The tests were done in triplicate.

Biodegradation in moist soil

Experiments on unsaturated soil at di�erent soil moisture contents,
expressed as WHC(%), were conducted in closed 250-ml Duran-
Schott ¯asks containing 100 g autoclaved soil. Water, atrazine so-
lution or emulsion and biomass were mixed into the soil with a
dough mixer (Hobart AG, Zurich, Switzerland). The liquids were
added to the mixer at a rate of about 1 ml min)1. The total volume
of solution added (water, atrazine solution and biomass solution)
contained the amount of water required for a given soil moisture.
Tests done in triplicate were incubated for di�erent times until the
remaining atrazine had been extracted with acetonitrile for analysis.

Experiments with [U-ring14C]atrazine

To con®rm that the disappearance of atrazine is a result of mi-
crobial mineralisation, one experiment was repeated using [U-
ring-14C]atrazine. Stein soil was prepared at a WHC of 60% with a
bacterial concentration of 1 g dry weight kg soil)1 and an atrazine
concentration of 20 mg/kg soil containing a speci®c activity of
36.2 kBq kg soil)1. Each Duran-Schott ¯ask contained 50 g Stein
soil and was tightly sealed by a PTFE membrane and cap. A
polycarbonate tube containing 10 ml 1 M NaOH to trap CO2 was
placed in the top part of the ¯ask. The samples were incubated
unshaken at room temperature. At each sampling time, three ¯asks
were sacri®ced by the addition of 5 ml 5 M H3PO4 through the cap
membrane. The aqueous volume added resulted in a WHC of
100%. The NaOH of the trap was removed 2 h after soil acidi®-
cation. An aliquot of 10 ml was added to 10 ml Quicksave scin-
tillation cocktail. A 1-g sample of acidi®ed soil from the incubation
¯asks was thermally oxidised in a Heraeus termicon P oven (ZuÈ r-
ich, Switzerland) at 800 °C. The o� gas was directly led into 20 ml
Oxysolve scintillation cocktail. Radioactivity was determined either
in a Packard Tri-Carb 2700 or a Packard 2500TR scintillation
counter (Packard Instrument Company, Meriden, Coon., USA),
and was automatically corrected for quenching by an external ra-
diation source.

Test organisms

The isolation and characterization of Pseudomonas sp. strain Yaya
6 (DSM strain 9399), able to mineralise atrazine as the sole carbon
source, was described by Yanze-Kontchou and Gschwind (1994).
The culture was grown aseptically on a diluted Gesaprim emulsion,
a commercially available formulation of atrazine. The ®nal medium
contained 4 g l)1 active ingredient (atrazine) supplemented with
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250 mg l)1 KH2PO4. It was fed at a rate of 700 ml day)1 to an
aerated laboratory reactor (4 l) and then to a settling tank (2 l).
The suspended solids concentration (atrazine-degrading bacteria)
in the aerated tank was in the range of 4±6 g dry weight l)1. Settled
bacteria were recycled to the aeration tank at a rate of 650 ml h)1.
The pH was kept at 7.3 by the addition of 2 M NaOH.

Atrazine was completely degraded, as determined by HPLC and
by analysis of dissolved organic carbon quanti®ed on a TOC-An-
alyser 5050 (Shimadzu Corp., Kyoto, Japan). The e�uent atrazine
concentration was less than 1 mg l)1, which yields an elimination
e�ciency of over 99.9%. Ammonia, derived from the nitrogen
atoms of the side-chains and the ring of the s-triazine molecule, was
analysed in the e�uent with the Merck Re¯ectoquant test 16977
(E. Merck, Darmstadt, Germany). Its concentration was below
20 mg/l. The ammonia must have been further oxidised to nitrate
(determined by the Merck Re¯ectoquant test 16971). The nitrate
level in the e�uent was in the range of 4500 � 500 mg/l. The
volumetric elimination rate of the reactor system was 2.8 g atrazine
l)1 day)1. Atrazine-degrading bacteria were harvested from the
aeration tank by centrifugation. The cells were resuspended in tap
water before use.

Chemicals

Technical-grade atrazine, analytical master standard (99.2%) and
Gesaprim, a formulation containing 50% (w/w) atrazine were
supplied by Novartis Crop Protection (MuÈ nchwilen AG, Switzer-
land). [U-ring-14C]Atrazine, with a speci®c activity of 3.5 MBq
mg)1 and a radioactive purity of 98.3%, was obtained from No-
vartis Crop Protection AG (Basle, Switzerland); acetonitrile
(LiChrosolv) for chromatography from E. Merck (Darmstadt,
Germany) and the scintillation cocktails Quicksafe A and Oxysolve
C-400 from Zinsser Analytik (Frankfurt, Germany). Other chem-
icals were supplied by Fluka Chemie AG (Buchs SG, Switzerland).

Results

Abiotic experiments in Stein soil

The physical atrazine adsorption and desorption prop-
erties were studied using soil slurry. The adsorption ca-
pacity of the Stein soil at aqueous equilibrium
concentrations of 1 mg l)1 atrazine was 1.64 �
0.21 mg kg)1 (Fig. 1B) with a linear sorption partition
coe�cient, Kd, of 1.04 mg kg

)1. The period until the
equilibrium concentration was determined was 7 days,
although determination of aqueous-phase atrazine con-
centrations showed that most of the chemical must have
been adsorbed after 2 days of incubation (data not
shown). Sterilised soil was used to exclude any microbial
degradation by indigenous microorganisms during the
incubation time. Comparative adsorption isotherms
using activated carbon yielded a 40 000-fold larger ad-
sorption capacity of 130 g kg)1 for the same equilibrium
concentration, thus indicating a low adsorption capacity
of the Stein soil (Fig. 1A).

The desorption isotherms were determined after the 7-
day adsorption period and also after incubation times of
24, 40 104 and 260 dayswith atrazine, to study the e�ect of
soil ageing (Fig. 1B). The calculated linear sorption par-
tition coe�cients for the 7-, 24-, 40-, 104-, and 260-day
soil aging time were 0.69, 1.43, 1.66, 1.61 and
1.27 mg kg)1 respectively. With the exception of the

partition coe�cient determined after 260 days, the values
became larger with time and thus indicated a greater ®x-
ation of the herbicide to the soil with increasing incuba-
tion times. The overall recovery rates of atrazine in the
adsorption desorption experiments were above 90% for
the more brie¯y incubated samples. In samples exposed
for 104 days and 260 days, the atrazine recovery from
liquid and solid dropped to 75% and 63% respectively,
yielding a half-life of about 1 year for the parent com-
pound atrazine in sterile Stein soil slurry (Fig. 1C). We
did not analyse for possible abiotic degradation products.

Biological degradation of atrazine in soil slurry

The experiments in soil slurry were designed to estimate
the amount of biomass needed and the time required for
removing atrazine from soil and aged soil in a slurry
reactor. To start the experiment, atrazine was adsorbed
to soil for 7 days, thus simulating a herbicide spill. Af-
terwards, the supernatant was replaced by a solution
with various amounts of atrazine-mineralising biomass.
Elimination of atrazine was measured in the aqueous
solution (Fig. 2A) and in the soil fraction (Fig. 2B) after
di�erent incubation times. Atrazine levels fell within 1
day to below the quanti®cation limit in both phases
when 5 g and 0.3 g bacteria kg soil)1 were used. With
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Fig. 1A±C Isotherms of atrazine adsorption to activated carbon and
sterile Stein soil, and desorption isotherms from Stein soil after
di�erent atrazine exposure times. AAdsorption to activated carbon. B
Adsorption to soil (x); desorption from soil after 7 (h), 24 (r), 40 (d),
104 (j) and 260 days (e). C Recovery of atrazine in slurry, after
di�erent exposure times, for 20 mg l)1 (j), 5 mg l)1 (d),
2.5 mg l)1 (´) atrazine. Linear trend of average values yielding an
estimate for the abiotic half-life of atrazine
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only 3 mg bacteria kg soil)1, atrazine was degraded
within 5 days. No signi®cant atrazine disappearance was
recorded in non-inoculated soil slurry within the exper-
imental period.

To check whether soil aging would reduce the bio-
availability of atrazine in Stein soil and thus reduce the
rate of atrazine removal, we kept di�erent amounts of
atrazine (Table 1, tests A±D) for extended periods of
time in sterile soil slurry. After 103 or 260 days, the soil
water was replaced by a suspension containing di�erent
amounts of Pseudomonas sp. One week after the addi-
tion of 0.01 g kg)1 or 1 g kg)1 atrazine-degrading bac-
teria to the aged slurry, the atrazine concentrations in
the soil water dropped to below the quanti®cation limit
with both amounts of bacteria added (Table 1). Atrazine
was still detectable in the solid phase, however, which is
in contrast to the previous experiment with freshly
contaminated soil, where the atrazine was removed to
below the quanti®cation limit in soil and soil water
(Fig. 2A, B). The extent of biological atrazine removal
from the soil phase was in the range 85%±90% in aged
soils containing 5±6 mg atrazine and 63% and 85% in
soils containing atrazine concentrations of below 1 mg/l
at the time the bacteria were added. With the exception
of test A (Table 1), the atrazine concentration decreased
in the soil in the non-inoculated samples over the long
incubation time, indicating a slow abiotic decrease of the
chemical, as observed in the adsorption/desorption
experiments described previously (Fig. 1C).

Degradation of atrazine in unsaturated soils

The next series of experiments was designed to estimate
the degradation potential of Pseudomonas sp. in unsat-
urated soil systems. Slower degradation rates than those
in soil slurry were expected because of the lower di�u-
sion of the herbicide and the lower mobility of the
microorganisms in this system.
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Fig. 2A,B Degradation of atrazine in soil slurry with di�erent
amounts of atrazine-mineralising biomass. A Atrazine concentration
in aqueous phase of the slurry. B Atrazine concentration in solid
phase of the slurry. Biomass (g dry weight kg soil)1): 5 g (r),
0.3 g (m), 0.03 g (d), 0.003 g (´), 0 g (s)

Table 1 Biological removal of atrazine from soil slurry aged with
atrazine. Soil was aged with solutions of di�erent atrazine
concentration (A±D; approx. 20 mg l)1, 5 mg l)1, 2.5 mg l)1 or

1 mg l)1). After aging, the aqueous phase was replaced by water or
a bacterial suspension. The samples were then incubated for 7 days
until atrazine was determined. ND not determined

Concentration of atrazine

Aging for: 7 days
(control),
no biomass

104 days,
no biomass

103 days,
0.01 g kg)1

biomass

103 days,
1 g kg)1

biomass

260 days,
no biomass

260 days,
0.01 g kg)1

biomass

260 days,
1 g kg)1

biomass

Aqueous phase (mg l)1)
A 7.38 3.68 <0.01 <0.01 3.89 <0.01 <0.01
B 1.78 0.82 ND <0.01 0.70 ND <0.01
C 0.82 0.39 <0.01 ND 0.44 <0.01 ND
D 0.32 0.12 <0.01 <0.01 0.13 <0.01 <0.01

Solid phase (mg kg)1)
A 5.37 6.03 0.86 0.57 5.15 0.58 0.35
B 1.75 1.50 ND 0.26 1.50 ND 0.25
C 1.29 0.85 0.25 ND 1.06 0.24 ND
D 0.51 0.32 0.12 0.09 0.26 ND 0.04
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The soil was autoclaved to di�erentiate abiotic con-
versions from those e�ected by the inoculant strain. In
an initial experiment, atrazine-treated soil was mixed
with di�erent amounts of biomass at a soil moisture of
60% WHC. The rate of atrazine elimination was highest
with the highest amount of biomass amended (Fig. 3).
Even small quantities of bacteria e�ciently degraded
atrazine within 1 month (Fig. 3). During the degrada-
tion of atrazine using 0.1 g and 0.01 g biomass/kg of
biomass, metabolites of the parent compounds appeared
and disappeared again at the end of the experiment (data
not shown). They were identi®ed qualitatively by co-
chromatography as deethyl- and deisopropylatrazine.

Other metabolites were not detected with the analytical
method used.

The previous experiment was repeated using [U-
ring-14C]atrazine and a bacterial concentration of 1 g
biomass/kg soil to prove that atrazine was e�ectively
mineralised. The radioactivity (added as atrazine) dis-
appeared from the soil at about the same rate as found
for non-labelled atrazine (Fig. 4). After 4 days, ap-
proximately 90% of the radioactivity was removed,
whereas in the non-inoculated soils almost all of the
radioactivity remained in the soil over the 14-day incu-
bation period. The disappearance of the radioactivity in
the soils was accompanied by the formation of 14CO2.

In an experiment with two di�erent concentrations of
atrazine-mineralising bacteria, the dependence of the
degradation rate on the soil moisture was investigated.
The higher the soil moisture, the faster was the atrazine
degradation rate observed (Fig. 5A, B). At soil mois-
tures of 10% and 20% WHC, the e�ect of enhanced
biodegradation became almost insigni®cant, whatever
the quantity of biomass amended. Under these condi-
tions the herbicide remained detectable even after an
incubation time of 250 days.
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Fig. 3 Degradation of atrazine in moist soil (60% water-holding
capacity, WHC) with di�erent amounts of atrazine-mineralising
biomass (g dry weight kg soil)1): 1 g (r), 0.1 g (j), 0.01 g (m),
0 g (s)

0

500

1000

1500

2000

0 5 10 15
Time (d)

(d
pm

)

Fig. 4 Evolution of 14CO2 (dpm) in soil at 60%WHC incubated with
[U-ring-14C]atrazine and 1 g kg)1 atrazine-mineralising bacteria (d)
and in the non-inoculated control (s). Removal of the 14C label
(dpm) from soil in the same experiment with biomass (j) and in the
non-inoculated control (h). Bars standard deviation of three tests

Fig. 5A,B Degradation of atrazine in unsaturated soils at di�erent
soil moistures (WHC) using: (A) 1 g dry weight of atrazine-
mineralising biomass kg soil)1; (B) 0.01 g dry weight of atrazine-
mineralising Pseudomonas sp. kg soil)1. WHC: 10% (r), 20% (j),
30% (m), 40% (´), 60% (+), 100% (s). Bars standard deviation of
three tests
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Conservation of the biological activity
to degrade atrazine

A ®nal experiment addressed the conservation of the
atrazine degradability in unsaturated soil. The soils at a
moisture of 60% WHC contained 15 mg kg)1 atrazine
and 1 g kg)1 or 0.01 g kg)1 atrazine-mineralising culture
(see previous experiment, Fig. 3). This atrazine was re-
moved within 2 days with 1 g biomass kg)1 and after 25
days when 0.01 mg kg)1 was used (Fig. 6). After the test,
the soils were kept for 240 days in the dark. They were not
supplied with any added carbon source. After the long
period without atrazine, this substrate was added again
at the same concentration as before. In both biomass
treatments the same removal rate was obtained, indicat-
ing that a similar number of bacteria must have survived
(Fig. 6). The degradation rate observed corresponded to
that of about 0.1 g kg)1 freshly inoculated biomass.

Discussion

Compared to the e�cient adsorption of atrazine to ac-
tivated carbon, the adsorption potential of this chemical
in Stein soil was low, but it was very similar to that
reported for other soils (Yanze-Kontchou and Gsch-
wind 1995; Xing et al. 1996; Radosevich et al. 1997).
With one exception, the distribution of atrazine in the
aqueous and the soil phase shifted to the soil phase with
the longer incubation times and thus con®rmed for at-
razine in Stein soil the e�ect of ageing described Ha-
tzinger and Alexander (1995) for other chemicals and
soils. The distribution coe�cient of the chemicals after
the 260-day incubation period was smaller than those
determined at 24, 40 and 104 days, and is apparently
contradictory. However, the extent of recovery in the
260-day-exposed samples dropped to between 55% and

67% (Fig. 1C). This result may indicate that some of the
chemical was either abiotically decomposed, or atrazine
was so tightly bound to the soil that it was not even
extractable with the acetonitrile used for its determina-
tion in soil.

The aging e�ect was also observed when bacteria
were added to slurries exposed to atrazine for di�erent
times. Freshly contaminated soil slurry was puri®ed in
both aqueous and soil phase to below detection levels by
the addition of the atrazine-mineralising bacteria. In the
aged slurries, atrazine was still e�ciently removed from
the aqueous phase by the addition of Pseudomonas sp.
Yaya 6 (Table 1). In the solid phase of the aged slurries,
the degradation was incomplete, since atrazine was de-
tectable even with high amounts of added biomass
(Table 1). These results correspond well to those of
Radosevich et al. (1997), who observed that the less
mineralisation of atrazine occurred the longer the soil
slurries were aged before amendment of atrazine-min-
eralising bacteria.

Pesticides spilled onto soil may remain for long pe-
riods in unsaturated zones, from where they may be
leached into saturated soils and thus pose a long-term
risk for contamination of the water table. To evaluate
the potential of inoculant biomass that could be incor-
porated into soil by plough, we examined the rate and
extent of atrazine degradation of di�erent inoculant
quantities at di�erent soil moistures. Our results are in
line with those reported by Fan and Scow (1993), who
found decreasing biodegradation rates in soil for tri-
chloroethene and toluene with decreasing soil moisture.
In moist soils, as little biomass as 0.01 g kg)1 was re-
quired for an e�cient atrazine removal, corresponding
to an application rate of 20 kg ha)1 if the top 10 cm of
the soils was to be treated.

Metabolites such as deethylatrazine and deisopropy-
latrazine appeared and disappeared in tests with low
amounts of inoculant biomass. The same compounds
have been observed when the same culture was used for
ground water treatment (Stucki et al. 1995).

Eventually, some of the atrazine was mineralised
(Fig. 4), which is clearly advantageous for the abiotic
conversion and/or slow and incomplete removal by
many indigenous soil microorganisms (Solomon et al.
1996; Willems et al. 1996). In addition, no external or
additional carbon source had to be supplied to maintain
catabolic activity as is needed for other atrazine de-
graders (Mandelbaum et al. 1993). Although the radio-
activity remaining in the soil after biological incubation
and acidi®cation dropped to about 10% of the original
level, only about 60% was recovered as 14CO2 (Fig. 4).
Therefore, about 30% of the radioactivity was missing
in the mass balance. The mass balance was better with
the control samples where no formation of 14CO2 was
observed. It is assumed that the choice of the scintilla-
tion cocktail to count 14CO2 trapped in NaOH was not
ideal because the large sample volume (10 ml) and the
strong alkalinity (1 M) resulted in the formation of a gel,
the consistency of which was temperature-dependent.
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Alvey and Crowley (1996) investigated the survival
and activity of an atrazine-mineralising consortium in
rhizosphere soil of corn when evaluating the practical
application potential of inoculant atrazine-mineralising
cultures to clean up heavily contaminated agricultural
soils. Other environments, such as contaminated wet-
lands, also could be augmented with atrazine degraders
to remediate the water (Detenbeck et al. 1996). The
Pseudomonas sp. Yaya 6 kept its ability to degrade at-
razine for a long period of time without added food
supply. Further experiments are needed, however, to
evaluate the full potential of the strain, because the soil
was initially autoclaved (added labile organic matter)
and then kept under constant environmental conditions.
Therefore, the results neither indicate whether the bac-
terial strain successfully competes with other soil mic-
roorganisms, nor show how it copes with changing
conditions like temperature or extensive nutrient limi-
tations.

If atrazine-mineralising bacteria were to be used for
bioremediation, the questions about threshold concen-
trations remaining in soil and groundwater or the po-
tential danger of enhanced biodegradation would also
have to be addressed. The latter has been investigated by
Wenk et al. (1997) recently, who found that atrazine lost
its controlling activity towards atrazine-sensitive plants
provided that the soil contained atrazine-degrading
bacteria and that ideal conditions (humidity) prevailed
in the soil.
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