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The phenylurea herbicide diuron [N-(3,4-dichlorophenyl)-N,N-dimethylurea] is widely used in a broad range
of herbicide formulations, and consequently, it is frequently detected as a major water contaminant in areas
where there is extensive use. We constructed a linuron [N-(3,4-dichlorophenyl)-N-methoxy-N-methylurea]- and
diuron-mineralizing two-member consortium by combining the cooperative degradation capacities of the
diuron-degrading organism Arthrobacter globiformis strain D47 and the linuron-mineralizing organism Vari-
ovorax sp. strain SRS16. Neither of the strains mineralized diuron alone in a mineral medium, but combined,
the two strains mineralized 31 to 62% of the added [ring-U-'*C]diuron to '*CO,, depending on the initial
diuron concentration and the cultivation conditions. The constructed consortium was used to initiate the
degradation and mineralization of diuron in soil without natural attenuation potential. This approach led to
the unexpected finding that Variovorax sp. strain SRS16 was able to mineralize diuron in a pure culture when
it was supplemented with appropriate growth substrates, making this strain the first known bacterium capable
of mineralizing diuron and representatives of both the N,N-dimethyl- and N-methoxy-N-methyl-substituted
phenylurea herbicides. The ability of the coculture to mineralize microgram-per-liter levels of diuron was
compared to the ability of strain SRS16 alone, which revealed the greater extent of mineralization by the
two-member consortium (31 to 33% of the added [ring-U-'*C]diuron was mineralized to "*CO, when 15.5 to
38.9 pg liter ' diuron was used). These results suggest that the consortium consisting of strains SRS16 and
D47 could be a promising candidate for remediation of soil and water contaminated with diuron and linuron

and their shared metabolite 3,4-dichloroaniline.

The phenylurea herbicides are an important group of pesti-
cides that are used predominantly in either pre- or postemer-
gence treatment of cotton, fruit, cereal, or other agricultural
crops. One of the most widely used members of this group,
diuron [N-(3,4-dichlorophenyl)-N,N-dimethylurea], is also
used in many parts of the world as a broad-spectrum herbicide
in urban and industrial areas, as an active ingredient in anti-
fouling boat paints, and in algaecide formulations used in foun-
tains and aquaculture. As a consequence, diuron has been
detected in lakes, rivers, and groundwater (18, 23, 30, 44), in
marine waters and sediments (43), and in rain collected at
urban and rural sites (37). Diuron is generally found at trace
concentrations (nanograms per liter to micrograms per liter),
but higher concentrations (milligrams per liter) have been
found in, for example, drainage water from agricultural soils
(47, 51) and in rainfall runoff from fruit orchards (34). Besides
diuron itself, the main metabolites 3,4-dichloroaniline (3,4-
DCA), N-(3,4-dichlorophenyl)urea (DCPU), and N-(3,4-di-
chlorophenyl)-N-methylurea (DCPMU) have been detected in
natural waters (9, 23, 30, 43, 44). These metabolites have been
reported to be much more harmful to nontarget organisms
than diuron itself (21, 34, 46). Consequently, diuron has been
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included on the European Commission’s list of priority sub-
stances for European freshwater resources (19) and on the
U.S. Environmental Protection Agency’s Second Drinking Wa-
ter Contaminant Candidate List (50).

Diuron has the unfortunate combination of being both mo-
bile and slowly degraded in the environment. The low tendency
of diuron to sorb to soil, combined with its relatively high water
solubility, is the likely explanation for its potential for leaching
into underlying or nearby water observed in several recent field
experiments (22, 24). Biodegradation has been described as
the primary mechanism for diuron dissipation in soils and
waters (34, 39), and half-lives ranging from weeks to years have
been measured and extrapolated from the results of laboratory
experiments with different soils and waters (7, 13, 21, 32-34).
Different metabolites resulting from partial degradation of
diuron have been identified, and the initial degradation steps
appear to follow the general pathways for N,N-dimethyl-sub-
stituted phenylureas involving either an initial N demethyla-
tion to DCPMU or a hydrolysis to 3,4-DCA (39). Another
major metabolite that has been measured in field and labora-
tory experiments is DCPU (22, 24), which is produced from N
demethylation of DCPMU (39). Mineralization of diuron in
environmental samples has rarely been studied, and in one of
the few cases where [ring-'*C]diuron has been used to monitor
degradation, mineralization half-lives of 444 days for previ-
ously untreated soil and 77 days for soil previously exposed to
diuron were reported (13). In a similar study using [carbonyl-
'“C]diuron the workers determined extrapolated half-lives of
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FIG. 1. Constructed pathway for mineralization of diuron by the two-member consortium combining the cooperative degradation capacities of
the diuron-degrading organism A. globiformis strain D47 and the linuron-mineralizing organism Variovorax sp. strain SRS16.

up to 4,000 days using data obtained from degradation exper-
iments with agricultural soil (33). Enhanced degradation has
been observed in studies of agricultural soil samples previously
exposed to diuron, indicating that microbial adaptation to di-
uron degradation is possible in soil (13, 35, 36).

Several diuron-degrading bacteria have been isolated from
different agricultural soils (10, 13, 16, 42, 53) and river waters
(1). Furthermore, it has been shown that different fungi, either
obtained from various culture collections or freshly isolated
from agricultural soils, are capable of degrading diuron (8, 20,
29, 52). However, neither the bacterial nor fungal diuron-
degrading strains have been shown conclusively to mineralize
the ring structure of diuron, and with the majority of the strains
potentially harmful metabolites, such as 3,4-DCA, accumulate.
The most efficient and well-characterized degraders of diuron
described so far are two closely related Arthrobacter strains,
strains D47 (48, 49) and N2 (46, 53), which were isolated from
British and French agricultural soils previously treated with
phenylurea herbicides. These strains are closely related to Ar-
throbacter globiformis, and they degrade broad spectra of
phenylurea herbicides, including both N,N-dimethyl- and N-
methoxy-N-methyl-substituted phenylureas, directly to the cor-
responding aniline metabolites without any further degrada-
tion (10, 45). 3,4-DCA is a common metabolite of linuron
[N-(3,4-dichlorophenyl)-N-methoxy-N-methylurea] and diuron,
and exchange of this metabolite between different members of
linuron-mineralizing bacterial consortia has previously been

suggested (6, 11, 17). 3,4-DCA has also been described as the
only intermediate during the mineralization of linuron by Vari-
ovorax sp. strain SRS16 (40) (Fig. 1). Neither strain SRS16 nor
any of the linuron-mineralizing consortia characterized so far
have been shown to degrade diuron or other N,N-dimethyl-
substituted phenylurea herbicides.

In the current study, we constructed a two-member linuron-
and diuron-mineralizing consortium by combining the cooper-
ative degradation capacities of the diuron-degrading organism
A. globiformis strain D47 (10, 48) and the linuron-mineralizing
organism Variovorax sp. strain SRS16 (40), as shown in Fig. 1.
The objective of this approach was to obtain diuron-mineral-
izing bacterial cultures for use in bioremediation processes
aimed at cleaning contaminated soils and water resources. The
degradative capacity of the consortium was compared to that
of each of the strains individually with regard to the ability to
degrade and mineralize diuron at ecologically relevant concen-
trations in both liquid media and soil.

MATERIALS AND METHODS

Diuron and metabolites. Analytical-grade diuron (CAS RN 330-54-01; purity,
99%; water solubility at 20°C, 42 mg liter '), linuron (CAS RN 330-55-2; purity,
99.8%; water solubility at 24°C, 64 mg liter '), 3,4-DCA (CAS RN 95-76-1;
purity, 99.0%), DCPU (purity, 98.0%), and DCPMU (purity, 99.5%) were pur-
chased from Dr. Ehrenstorfer GmbH (Augsburg, Germany). [phenyl-U-'*C]lin-
uron (16.24 mCi mmol ™~ !; radiochemical purity, >98%) and [phenyl-U-'*C]di-
uron (19.57 mCi mmol~!; radiochemical purity, >95%) were purchased from
International Isotope (Munich, Germany). We identified the radiochemical im-
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FIG. 2. Degradation of diuron (open symbols) and production of 3,4-DCA (filled symbols) by A. globiformis strain D47 in MS (A), MSN (B),
MSC (C), and MSCN (D). See Materials and Methods for details concerning the compositions of the four culture media. The initial cell density
was 10° cells ml~". The data are means (n = 3). The error bars indicate the standard deviations.

purities in the [ring-U-'*C]diuron stock as 1% DCPMU and 4% DCPU by the
thin-layer chromatography method described below. Radiochemical purity
greater than 98% was verified for [ring-U-'*C]linuron, but the nature of the '*C
impurities was not clarified in this study. ring-U-'*C-labeled 3,4-DCA was bio-
synthesized from [ring-U-*C]diuron by using the diuron-degrading organism
Arthrobacter sp. strain D47 (48), and then the '#C-labeled metabolite was purified
by extraction in analytical-grade dichloromethane (Sigma-Aldrich, Germany).
Bacterial strains and cultivation media. The diuron-degrading organism A.
globiformis D47 was kindly provided by A. Walker (48, 49). The linuron-miner-
alizing organism Variovorax sp. strain SRS16 was isolated and characterized in
our laboratory previously (40), and it has been deposited in the Pasteur Collec-
tion under accession number CIP108393. Both strains were stored in 50% glyc-
erol stock solutions at —80°C. Before each experiment the strains were thawed,
and then D47 was grown in Luria-Bertani medium (LB) (Difco Detroit, MI)
supplemented with 25 mg liter ! diuron and strain SRS16 was grown in a
mineral salt solution with 1 g liter ™! succinate as the carbon source and 25 to 50
mg liter ! linuron as the sole nitrogen source, as described by Sgrensen et al.
(40). The strains were harvested in the late exponential growth phase and washed
twice in a sterile phosphate buffer before initiation of the experiments. The initial
cell densities of strains SRS16 and D47 in the degradation experiments were
approximately 10° cells ml~!. Different variations of the mineral medium (MS)
(38) were prepared. MSN contained added (NH,),SO, (238 mg liter ') and
KNOj; (50 mg liter ") as nitrogen sources, and MSC contained succinate (0.5 g
liter ') and glucose (0.5 g liter ') as carbon sources. MSCN contained a com-
bination of the carbon and nitrogen sources in MSN and MSC. Complex growth
medium was prepared by adding 1 g liter ! LB (MS-LB), 1 g liter ! Casamino
Acids (MS-CAS) (Difco Laboratories), or 1 mg liter ™! yeast extract (Difco
Laboratories) to MS. All liquid media had a final pH of 6.9 to 7.0.
Degradation and mineralization experiments. For the degradation experi-
ments with liquid media, diuron was added from stock solutions in acetone or
acetonitrile to sterilized 100-ml glass flasks. The solvent was allowed to
evaporate, and the media and bacterial strains were added to obtain a final
volume of 25 ml. Quantification of the degradation and the amounts of
metabolites in the liquid media was performed using a Hewlett-Packard
series 1050 high-performance liquid chromatography (HPLC) system
equipped with a UV detector (Phenomenex, Chire, United Kingdom) as
described by Juhler et al. (27). Prior to the HPLC analysis, 750-wl subsamples
of the media were filtered using a 17-mm 0.2-pm polytetafluoroethylene
membrane syringe filter (Titan Filtration Systems, Sun SRI, Wilmington,

NC), and the last 250 wl was collected for analysis. In the mineralization
experiments, known amounts of '“C-labeled tracers (50,000 to 100,000 dpm)
were added along with the unlabeled stock solutions, and each flask was
equipped with a 10-ml glass tube containing 2.0 ml of 0.5 M NaOH to trap the
14CO, resulting from mineralization. The NaOH was replaced at regular
intervals in a laminar flow bench and mixed with 10 ml of Wallac OptiPhase
HiSafe 3 scintillation cocktail (Turku, Finland), and the radioactivity was
counted for 10 min with a Wallac 1409 liquid scintillation counter.

Soil microcosm experiment. Subsoil obtained from the C horizon 200 to 230
cm below the surface at the Fladerne Creek agricultural site (31) was used for a
mineralization experiment with diuron. Ten grams (wet weight) of soil was
transferred into sterile 100-ml flasks, and an acetone stock solution containing
14C-labeled and unlabeled diuron was added to portions of the soil samples to
obtain a final concentration of 2 mg kg~ ' and a radioactivity of approximately
100,000 dpm per flask. The flasks were left open in a laminar flow bench for 1 h
to allow the solvent to evaporate before the soil was mixed. The natural moisture
of the soil samples was reestablished during addition of the strains suspended in
sterile tap water. The final densities of strains D47 and SRS16 were approxi-
mately 1 X 10® cells g soil ~!. The mineralization of [**C]diuron to *CO, was
monitored by inserting a base trap as described above. At the end of the exper-
iment, the 'C residue remaining in the soil was extracted by adding 10 ml
methanol to each flask and shaking the flasks for 24 h. Samples (1 ml) of the
methanol extracts were then centrifuged (1,200 X g, 10 min), and 20 wl of each
supernatant was spotted on a Silica Gel 60 thin-layer chromatography plate
(Merck, Darmstadt, Germany), eluted with a mixture of dichloromethane
and methanol (95:5, volivol) in a CAMAG horizontal developing chamber
(CAMAG, Berlin, Germany), and analyzed by autoradiography with a Cyclone
scanner (Packard Instrument Company, Meriden, CT). The chromatograms
were analyzed using the OptiQuant image analysis software (Packard Instrument
Company) integrating the different bands, and the R, values of diuron and its
metabolites were as follows: DCPU, 0.21; DCPMU, 0.28; diuron, 0.36; and
3,4-DCA, 0.60. The '“C associated with the methanol-extractable humic fraction
had an R, of <0.01.

RESULTS

Degradation and mineralization of diuron by strains D47
and SRS16. The degradation of diuron by A. globiformis D47
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FIG. 3. Mineralization of '*C-labeled diuron (**C-diuron) to '*CO,
by A. globiformis strain D47 (®) or Variovorax sp. strain SRS16 (H)
individually or by these two strains combined in a coculture (0) in
liquid MS. The initial diuron concentration was 10 mg liter ', and the
initial cell density was approximately 10° cells ml~'. The data are
means (n = 3). The error bars indicate the standard deviations, and
some of the error bars are smaller than the symbols.

and the presence of the metabolites DCPMU, DCPU, and
3,4-DCA in different media were determined by HPLC anal-
ysis. Degradation of diuron by strain D47 to equivalent
amounts of 3,4-DCA was measured in a mineral medium with
diuron as the sole source of nitrogen and carbon (MS) (Fig.
2A) and in a medium with diuron as the sole source of carbon
(MSN) (Fig. 2B). A reduced degradation rate and a lower
concentration of 3,4-DCA were observed when diuron was the
sole nitrogen source in a medium supplemented with succinate
and glucose as carbon sources (MSC) (Fig. 2C). Rapid degra-
dation of diuron was observed in a medium based on MSC
supplemented with a mixture of nitrate and ammonium as
nitrogen sources (MSCN), and lower levels of 3,4-DCA were
again detected following diuron degradation (Fig. 2D). Due to
the low level of 3,4-DCA produced compared to the extent of
diuron degradation in MSC and MSCN (Fig. 2C and 2D), we
examined the potential for mineralization of [**C]diuron to
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14C0O, by strain D47 in all four mineral media, and no '*CO,
was detected in any of the preparations during 20 days of
incubation (data not shown).

Neither strain D47 nor strain SRS16 was capable of per-
forming extensive mineralization of diuron in pure culture in
MS (Fig. 3), and only SRS16 mineralized '*C-labeled 3,4-DCA
to **CO, (data not shown). Combining strains D47 and SRS16
resulted in rapid mineralization of diuron, and 61.8% = 1.0%
of the added ['*C]diuron was metabolized to '*CO, within 5
days (Fig. 3).

Degradation and mineralization of diuron in soil inoculated
with strains D47 and SRS16. The effects on the degradation of
diuron in soil (2 mg kg™ ') after inoculation of strains D47 and
SRS16 individually or in a coculture were determined using a
microcosm setup that was incubated for 26 days (Fig. 4). At the
end of the experiment, the distribution of the *C initially
added in the form of ['*C]diuron was estimated (Table 1).
Without any inoculum, 78.8% = 0.9% of the added diuron
remained in the soil, and only 1.2% of the added ['*C]diuron
was mineralized to '*CO, during the experiment (Fig. 4 and
Table 1). The diuron metabolites DCPMU and DCPU were
both detected in soil extracts, but no 3,4-DCA was found in soil
that was not inoculated (Table 1). Inoculation with strain D47
resulted in greater diuron degradation (16.6% * 3.2% of the
initial amount remained at the end of the experiment) and
greater diuron mineralization (5.9% * 0.5% of the added
[**C]diuron was degraded to '*CO, in the experiment). The
metabolite 3,4-DCA was detected only in the samples inocu-
lated with strain D47, and the amounts were equivalent to
3.9% * 1.5% of the initially added '*C from ['*C]diuron. The
amount of '*C associated with the humic fraction and the
amount constituting the nonextractable '*C residues were el-
evated following D47 inoculation compared to the other treat-
ments (Table 1). As expected from the liquid culture experi-
ments, inoculation with the coculture resulted in rapid diuron
mineralization, and 59.9% = 2.3% of the added [**C]diuron

15 20 25 30
Time (d)

FIG. 4. Mineralization of "*C-labeled diuron (**C-diuron) in soil amended with diuron (2 mg kg~ ') and inoculated with either 4. globiformis
strain D47 (M), Variovorax sp. strain SRS16 (), or both strains (A). Natural soil was used as an uninoculated control (®). Final densities of
approximately 10° cells g soil ' were used for the strains. The data are means (n = 3). The error bars indicate the standard deviations, and some

of the error bars are smaller than the symbols.
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TABLE 1. Distribution of *C residues from [**C]diuron in agricultural soil inoculated with Variovorax sp. strain SRS16 or A. globiformis D47
or with an SRS16-D47 coculture as estimated by thin-layer chromatography and autoradiographic quantification, including
detection of the demethylated diuron metabolite DCPMU, the didemethylated metabolite DCPU, and 3,4-DCA

14C recovery (%)”

Prepn
P [*“C]diuron  [*“C]DCPMU  ["“C]DCPU  ['“C]3,4-DCA 4co, 14C-labeled humic fraction ~ Nonextractable *C
Soil + SRS16 23.1(5.5) 1.8 (0.5) 1.5(0.1) 0.0 36.6 (4.1) 5.4(0.4) 31.5(1.5)
Soil + D47 16.6 (3.2) 1.6 (0.1) 1.7 (0.3) 3.9 (1.5) 5.9 (0.5) 14.9 (0.8) 554 (3.2)
Soil + SRS16 + D47 1.1 (0.6) 0.2 (0.1) 0.6 (0.2) 0.0 59.9 (2.3) 4.4 (0.5) 33.7(0.9)
Soil 78.8 (0.9) 3.0 (0.5) 1.7 (0.2) 0.0 1.2 (0.0) 0.0 153 (1.2)

“ The values are means and standard deviations (in parentheses) for triplicate experiments expressed as percentages of the initial amount of ['*C]diuron.

was metabolized to **CO, during the experiment (Fig. 4). Only
1.1% = 0.6% of the added diuron and minor amounts of
DCPMU and DCPU (0.2% = 0.1% and 0.6% = 0.2% of the
added '*C) remained in the soil inoculated with the coculture
(Table 1). Unexpectedly, inoculation with strain SRS16 alone
resulted in increased diuron degradation in the soil; 23.1% *
5.5% of the initial amount of diuron remained after 26 days,
and 36.6% = 4.1% of the added [**C]diuron was mineralized
to "*CO,. The degradative activity of SRS16 with diuron was
also shown by a comparison of the level of diuron remaining in
soil inoculated with D47, in which 16.6% = 3.2% of the initial
amount was detected, with the level in soil treated with both
D47 and SRS16, in which only 1.1% = 0.6% of the initial
amount of diuron was still present (Table 1). Based on these
results, we studied the ability of Variovorax sp. strain SRS16 to
mineralize diuron under different culture conditions in more
detail.

Enhanced diuron mineralization by strain SRS16 in pure
culture. The ability of Variovorax sp. strain SRS16 to mineral-
ize ['**C]diuron to '*CO, was initially tested using liquid media
with and without different growth substrates. Representative
mineralization curves are shown in Fig. SA and 5B. The extents
of mineralization in media supplemented with complex sub-
strates were between 64.5 and 77.1% of the added ['*C]diuron
metabolized to *CO, within 30 days (Fig. 5A). Similar effects
were observed when yeast extract was added (Table 2) and
when mineral media amended with 0.1, 1.0, and 10.0% LB
were used (data not shown). Stimulation of mineralization of
diuron by strain SRS16 was also observed in the mineral me-
dium MSCN supplemented with defined carbon and nitrogen
sources (Fig. 5B). HPLC analysis of the liquid media supple-
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mented with complex substrates (Fig. 5A) or MSCN (Fig. 5B)
showed that there was no diuron, DCPMU, DCPU, or 3,4-
DCA at the end of the mineralization experiments (data not
shown). Clear differences in the growth of SRS16 in MSCN
with and without diuron were observed. When SRS16 was
grown in MSCN without diuron, the distribution of this strain
in the liquid phase was homogeneous, which allowed, for ex-
ample, representative sampling of the medium for measure-
ment of growth. In contrast, when the strain was cultivated in
MSCN with diuron (10 mg liter '), it formed bright yellow
biofilms on the sides of the cultivation flasks in a zone between
the liquid and gas phases, and it subsequently produced flocs
that eventually precipitated to the bottom of the flasks. Al-
though the results were not as clear as in MSCN, this phenom-
enon was also observed in the media supplemented with com-
plex substrates. No extensive mineralization above the level of
'4C impurities was apparent without substrate addition (Fig.
5B and Table 2). Strain SRS16 uses linuron as a source of
carbon and nitrogen (40), but this substrate appeared to be the
only substrate that did not support extensive mineralization of
diuron (Table 2). Previous results have shown that there is
enhanced mineralization of linuron by SRS16 when succinate
is used as an additional carbon source and linuron is the sole
nitrogen source (40). The same phenomenon was not evident
for diuron mineralization, and there was no indication that
diuron was used as either a carbon source or a nitrogen source
by SRS16 in media to which appropriate growth substrates
were not added (Fig. 5B and Table 2). Strain SRS16 mineral-
ized 65.1% = 6.4% of the added ["*C]linuron in MS, and in the
presence of 1 mg liter ' diuron the mineralization of linuron
was slightly reduced (57.8% = 0.7% of the added [**C]linuron
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FIG. 5. Mineralization of '*C-labeled diuron (**C-diuron) to '*CO, by Variovorax sp. strain SRS16 in MS supplemented with either Casamino
Acids (CAS) or LB (A) or in MS, MSN, MSC, or MSCN (B). The initial diuron concentration was 10 mg liter ', and the initial cell density was
approximately 10° cells ml~'. The data are means (n = 3). The error bars indicate the standard deviations, and some of the error bars are smaller

than the symbols.
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TABLE 2. Mineralization of diuron (1 mg liter ') or linuron
(10 mg liter ") by Variovorax sp. strain SRS16 in liquid mineral
medium (MS) following incubation for 30 days
% of initial ['*C]diuron
or [*C]linuron
mineralized to '*CO,

Compound(s) added
to medium

Mineralization of diuron
[MCIAIUTON e eees 1.4+08

[**C]diuron + linuron 34+1.4
[**C]diuron (10 mg liter ").oceeecernecn. 1302
[**C]diuron (10 mg liter ') + linuron .. 1.3 +0.1
[**C]diuron + succinate (1 mg liter™1).... . 08=0.1
[**C]diuron + yeast extract (1 mg liter ™) .cocorvenne. 653 = 1.4
Mineralization of linuron
[ CTHNUTON oot sees 65.1 = 6.4
[**CJlinuron + diuron 578 £0.7
[**CJlinuron + diuron (10 mg liter ™) ovveerreererrennn. 10.3*53

was mineralized to '*CO,). Diuron was mineralized to a minor
extent during linuron mineralization; 3.4% * 1.4% of the
added ['*C]diuron was metabolized to '*CO,. Increasing the
diuron concentration to 10 mg liter ~* inhibited the mineral-
ization of linuron significantly, and only 10.3% = 5.3% of the
[**C]linuron was metabolized to '*CO, (Table 2). During this
mineralization of linuron, only 1.3% * 0.1% of the added
[**C]diuron was measured as '*CO,, which is below the level at
which the occurrence of diuron mineralization can be deter-
mined conclusively.

Mineralization of microgram-per-liter concentrations of
diuron by a pure culture of SRS16 or the D47-SRS16 cocul-
ture. The mineralization activity of the coculture was com-
pared to that of strain SRS16 in pure culture when prepara-
tions were challenged with microgram-per-liter concentrations
of diuron (Fig. 6A and 6B). The coculture metabolized
33.3% = 3.8% of the lowest ["*C]diuron concentration tested
(15.5 pg liter 1) to **CO, within 30 days (Fig. 6A). Increasing
the diuron concentration to 38.9 pg liter ' had no significant
effect on the mineralization of diuron by the coculture, and
31.0% = 3.7% of the diuron was metabolized to '*CO, (Fig.
6B). Strain SRS16 mineralized only 8.0% =+ 0.9% and 14.6% =
0.9% of the added ['*C]diuron to '"*CO, when it was grown in
LB-supplemented medium containing 15.5 pg liter ' diuron
(Fig. 6A) and 38.9 g liter ' diuron (Fig. 6B), respectively.
When the medium was not supplemented with LB, SRS16
mineralized 5.9% = 3.2% of the added [**C]diuron to *CO,
when the [**C]diuron concentration was 15.5 pg liter ' (Fig.
6A) and 5.2% =* 0.7% when the ['*C]diuron concentration was
38.9 pg liter ' (Fig. 6B).

DISCUSSION

Diuron and its metabolites are frequently encountered water
contaminants in areas around the world where diuron is used
extensively. Diuron and to an even greater extent its metabo-
lites are suspected of having unwanted effects on nontarget
organisms, and techniques for remediating contaminated wa-
ter and soil are needed. With the aim of obtaining degradative
microorganisms, in the last few years our laboratory has
screened a range of agricultural soils from Denmark and the
United Kingdom for diuron mineralization activity. In contrast
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to similar efforts with the related compounds isoproturon (4,
42) and linuron (40), we have not been able to pinpoint soils
harboring diuron-mineralizing microorganisms. Reports of ex-
tensive mineralization of diuron in environmental samples are
limited, and combined with the frequent detection of diuron
and its residues in natural waters, this suggests that effective
diuron-mineralizing microorganisms are rare in the environ-
ment. Based on the similarity between the degradation path-
ways for linuron and diuron, we initiated the current study by
constructing a diuron-mineralizing consortium by combining
the linuron-mineralizing organism Variovorax sp. strain SRS16
and the diuron-degrading organism A. globiformis strain D47.

The key enzymatic step in the mineralization of diuron in the
present study was the hydrolysis of the amide bond, leading to
the production of 3,4-DCA. Strain D47 performs this hydro-
lysis step very efficiently in soil (Table 1) and in different liquid
media (Fig. 2A and 2B). The reason for the lack of equivalent
amounts of 3,4-DCA following diuron degradation by D47 in
MSC and MSCN (Fig. 2C and 2D) remains to be determined.
No mineralization of the diuron ring structure by strain D47
was observed in any of the four media tested in our study.
However, the possibility that there are unknown metabolites
not detectable using our HPLC method that originate from
incomplete degradation of 3,4-DCA in MSC and MSCN can-
not be excluded. The metabolite 3,4-DCA is a problematic
compound based on its greater potential toxic effect than di-
uron itself. Tixier et al. (45) used a Microtox test and found
that the hydrolysis of diuron to 3,4-DCA increased the toxicity,
expressed as the concentration having an effect on 50% of the
population, from 68 + 5 mg liter " for diuron to 0.48 * 0.08
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—A— SRS16 + D47
—&— SRS16

50% - A.
40%
30%
20%

10%

Mineralization to "*CO2
(in % of added "*C-diuron)

0%

0 20
Time (d)

—m—SRS16 + LB
—aA— SRS16 + D47
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(in % of added **C-diuron)
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FIG. 6. Mineralization of 15.5 pg liter ' (A) or 38.9 pg liter !
(B) '*C-labeled diuron (**C-diuron) to "*CO, by Variovorax sp. strain
SRS16 (#) in MS or in MS supplemented with LB (H) or by Variovorax
sp. strain SRS16 combined with A. globiformis strain D47 (A) in MS.
The initial cell density was approximately 10° cells ml~' of each strain
in pure culture or in the coculture.



2338 SORENSEN ET AL.

mg liter ' for 3,4-DCA. In comparison, the corresponding
values for the diuron metabolites DCPMU and DCPU were
reported to be 18 = 0.9 and 15 + 1 mg liter !, respectively
(45). This strongly indicates that efforts aimed at remediation
of contaminated soil and water should focus on the mineral-
ization of diuron and avoid extensive accumulation of 3,4-
DCA, DCPU, and DCPMU.

Our D47-SRS16 coculture mineralized diuron in a mineral
medium due to the cooperative degradative capacities of A.
globiformis strain D47 (which hydrolytically cleaved diuron to
3,4-DCA) and Variovorax sp. strain SRS16 (which completed
the mineralization by metabolizing '*C-labeled 3,4-DCA to
'4CO,). Similar cross-feeding with 3,4-DCA has been pro-
posed by Dejonghe et al. (11) and Breugelmans et al. (6) for
different multispecies linuron-mineralizing consortia enriched
from various agricultural soils. 3,4-DCA-degrading bacteria
without any degradation activity with diuron have been iso-
lated from the linuron-mineralizing consortia, and one of the
strains has recently been used by Bazot et al. (2) to prepare a
diuron- and 3,4-DCA-degrading coculture by combining the
strain with a diuron-degrading Arthrobacter sp. The Arthrobacter
sp. used by Bazot et al. (2) performed a one-step degradation of
diuron to 3,4-DCA similar to the degradation by A. globiformis
strain D47. The ability of this constructed coculture to degrade
diuron and 3,4-DCA was monitored using a sterile soil extract
liquid medium (2). Although mineralization of diuron to CO, was
not measured in this study, the authors concluded that the deg-
radation of 3,4-DCA was the limiting step in the mineralization of
diuron by their coculture.

Augmentation with the D47-SRS16 coculture increased the
degradation and mineralization of diuron in soil (Fig. 4), and
the smallest amounts of residual diuron metabolites were ob-
served following inoculation of the coculture (Table 1). In
contrast, the natural potential for attenuation of diuron in the
soil seemed to be minor, and the extent of mineralization
measured was small. A. globiformis strain D47 has previously
been shown to enhance the dissipation of diuron in augmented
soils (10, 49), but these studies did not include detection of
metabolites or mineralization. We found that besides stimu-
lating the degradation of diuron in soil, strain D47 also in-
creased both the mineralization of diuron and the amount of
'“C in the humic and nonextractable soil fractions. The in-
creased mineralization could have been due to the activity of
an indigenous population of microorganisms capable of min-
eralization of 3,4-DCA, as the presence of 3,4-DCA degraders
in agricultural soils without previous exposure to 3,4-DCA has
been reported (12). Another possibility is that D47, under the
influence of substrates naturally occurring in the soil, is capa-
ble of slowly mineralizing 3,4-DCA. The larger fractions of '*C
immobilized in the soil inoculated with D47 were probably the
result of the production of 3,4-DCA, followed by strong or
even irreversible binding of this metabolite to organic soil
components, as described previously by Bollag et al. (5) and
recently by Albers et al. (C. N Albers, P. E. Hansen, G. T.
Banta, and O. S. Jacobsen, unpublished results) for the same
soil used in our study. Similar results have been described for
the related herbicide isoproturon and the corresponding ani-
line metabolite, 4-isopropyl-aniline, by several authors who
reported high levels of nonextractable residues following lab-
oratory experiments with agricultural soils (3, 26).

APPL. ENVIRON. MICROBIOL.

Strains belonging to the genus Variovorax have been found
to degrade a broad range of different compounds, including the
pesticides atrazine (15), 2,4-dichlorophenoxyacetic acid (28),
carbofuran (14), linuron, and metobromuron (6, 17), and the
current results expand this list. Unexpectedly, Variovorax sp.
strain SRS16 stimulated both the degradation and the miner-
alization of diuron when it was inoculated into soil (Table 2),
and we therefore chose to study its ability to mineralize diuron
in simple liquid medium. A general feature of other known
phenylurea degraders is their exclusive preference for either
N,N-dimethyl-substituted phenylurea herbicides, such as di-
uron and isoproturon, or N-methoxy-N-methyl-substituted
phenylurea herbicides (for example, linuron and metobrom-
uron) (39). The only described exceptions to this generaliza-
tion so far are the phenylurea-degrading organisms Arthrobacter
sp. strains N2 and D47, which are capable of hydrolyzing both
N,N-dimethyl- and N-methoxy-N-methyl-substituted phenylurea
herbicides to the corresponding aniline metabolites (46, 48, 49,
53). However, none of the phenylurea-mineralizing strains or
bacterial consortia described so far have been shown to mineral-
ize representatives of both groups of phenylurea herbicides. In
contrast to the conclusions reached by Breugelmans et al. (6) for
linuron-degrading Variovorax spp. related to strain SRS16, our
Variovorax strain is not restricted to the N-methoxy-N-methyl-
substituted compounds linuron and metobromuron. Some of the
linuron-mineralizing Variovorax spp. described by Breugelmans et
al. (6) were obtained from the same agricultural soil as strain
SRS16 by employing a similar enrichment strategy, and these
Variovorax strains appear to be very similar taxonomically based
on a comparison of 16S rRNA gene sequences. El-Fantroussi et
al. (17) also reported no apparent or only very slow degradation
of the N,N-dimethyl-substituted phenylurea herbicides diuron,
chlorotoluron, and isoproturon by a linuron-mineralizing consor-
tium in which a Variovorax strain closely related to strain SRS16
was the key degrader. Both Breugelmans et al. (6) and El-Fan-
troussi et al. (17) tested their linuron-mineralizing Variovorax
isolates or Variovorax-containing consortia in liquid media con-
taining diuron as a carbon and nitrogen source. Therefore, we
cannot completely exclude the possibility that these workers
might have overlooked an ability to degrade and mineralize di-
uron after inoculation into soil or stimulation after addition of
growth substrates similar to what we here report for Variovorax
sp. strain SRS16.

The low level of diuron mineralization that occurs during
linuron mineralization by SRS16 (Table 2) suggests that there
is a lack of a cometabolic type of diuron degradation, where
the hydrolase involved in degrading linuron to 3,4-DCA also
acts on diuron. This suggests that the first enzymes of the
phenylurea herbicide degradation pathways may be specific for
either N, N-dimethyl- or N-methoxy-N-methyl-substituted
compounds, as previously reported for other degraders (6, 17).
The stimulation of the mineralization of diuron by SRS16
during growth in various complex and defined media (Fig. SA
and 5B) suggests that a broad-spectrum hydrolase active dur-
ing general growth is involved. This hypothesis and the possi-
bility of stimulating other closely related linuron-mineralizing
Variovorax spp. strains to mineralize diuron are currently being
studied in our laboratory.

In line with other reports on toxic effects of diuron on dif-
ferent bacteria (2, 46), our results indicate that the linuron
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mineralization activity of Variovorax sp. strain SRS16 is signif-
icantly repressed by high diuron concentrations (Table 2).
Growth in flocs and biofilms is a known response of bacterial
populations to toxic compounds (25), and a toxic effect of
diuron on SRS16 could explain the difference in growth pat-
terns observed in the complex growth media with and without
diuron, where the presence of diuron resulted in biofilm
growth on the sides of the culture flasks or flocs in the media
or in the bottom of the flasks. Lowering the diuron concentra-
tion to levels realistic for water contamination increased the
extent of mineralization of diuron by strain SRS16 slightly
when it was grown without strain D47 or an added growth
substrate (Fig. 6). However, with the D47-SRS16 coculture and
with SRS16 supplemented with growth substrates the extent of
4CO, production from the mineralization of [**C]diuron was
less than the extent observed with higher diuron concentra-
tions. The same pattern was recently observed in a study fo-
cusing on nanomolar degradation and mineralization of the
pesticide residue 2,6-dichlorobenzamide (BAM) by Ami-
nobacter sp. strains (41). This study confirmed that there was
extensive degradation of BAM despite the low extent of min-
eralization measured using **CO, from [ring-'*C]BAM. It ap-
pears that the D47-SRS16 coculture mineralizes microgram-
per-liter concentrations of diuron more efficiently than SRS16
supplemented with growth substrates, and further studies are
needed to address the possibility of mineralization to an even
greater extent with prolonged incubation periods and following
additional optimization of the cultivation process.

In conclusion, a constructed coculture consisting of 4. globi-
formis strain D47 and Variovorax sp. strain SRS16 appeared to
be highly efficient in mineralizing realistic diuron concentra-
tions in the range detected in different contaminated soil and
water resources. The mineralization of both linuron and diu-
ron suggests that this coculture could be ideal for remediation
of soil and water affected by these herbicides, as well as their
shared metabolite 3,4-DCA. Finally, Variovorax sp. strain
SRS16 is the first described bacterium capable of mineralizing
both an N,N-dimethyl-substituted phenylurea herbicide and an
N-methoxy-N-methyl-substituted phenylurea herbicide and the
first strain conclusively shown to mineralize the ring structure
of diuron.
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