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Abstract In presented study the capability of micro-
organisms isolated from the rhizosphere of sweet flag
(Acorus calamus) to the atrazine degradation was
assessed. Following isolation of the microorganisms
counts of psychrophilic bacteria, mesophilic bacteria
and fungi were determined. Isolated microorganisms
were screened in terms of their ability to decompose a
triazine herbicide, atrazine. Our results demonstrate
that within the rhizosphere of sweet flag there were
3.8 x 107 cfu of psychrophilic bacteria, 1.8 x 10 cfu
of mesophilic bacteria, and 6 x 10° cfu of fungi per
1 g of dry root mass. These microorganisms were
represented by more than 20 different strains, and at
the first step these strains were grown for 5 days in
the presence of atrazine at a concentration of 5 mg/l.
In terms of the effect of this trial culture, the bacteria
reduced the level of atrazine by an average of about
2-20%, but the average level of reduction by fungi
was in the range 18-60%. The most active strains
involved in atrazine reduction were then selected and
identified. These strains were classified as Steno-
trophomonas maltophilia, Bacillus licheniformis,
Bacillus megaterium, Rahnella aquatilis (three
strains), Umbelopsis isabellina, Volutella ciliata and
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Botrytis cinerea. Culturing of the microorganisms for
a longer time resulted in high atrazine degradation
level. The highest degradation level was observed at
atrazine concentrations of 5 mg/l for S. maltophilia
(83.5% after 15 days of culture) and for Botrytis sp.
(82% after 21 days of culture). Our results indicate
that microorganisms of the sweet flag rhizosphere can
play an important role in the bioremediation of
atrazine-contaminated sites.
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Introduction

Herbicides are widely used in modern agricultural
practices in many countries around the world. There
are currently billions of tons of chemicals that are
passing through the soil, from where they can
pollute the environment (soil, water, air).

Atrazine (2-chloro-4-ethylamino-1,3,5 triazine) is
a herbicide widely used in weed control, especially in
corn cultivation. The long life of this herbicide and
good water solubility (33 ppm) makes atrazine a
relatively mobile compound. It can migrate into
deeper layers of the soil profile and further into
groundwater. Atrazine is the most common herbicide
that persists in groundwater and surface water (Pang
and Close 2001; Tasli et al. 1996; Liu et al. 1999).

@ Springer



294

Biodegradation (2008) 19:293-301

Atrazine shows high toxicity in populations of fish,
amphibians, and phytoplankton. There are also
increasing numbers of reports indicating a relation-
ship between environmental atrazine contamination
and increased incidence of many human diseases
(Fan 1999; Whalen et al. 2003). Atrazine is the most
commonly detected pesticide in food and drinking
water. According to WHO regulations, the upper
limit for atrazine concentration in water is 2.00 pg/l
(EU Directive 80/778/EEC 1980). Thus, it is very
important to find efficient methods of detoxication of
this substance. Atrazine can be removed or degraded
in soil, sediments and water environment by either
biotic or abiotic processes, but bioremediation is
more effective and remains a very promising
approach (Hequet et al. 2001). A major role in the
process of biological degradation of this compound is
played by plants and microorganisms. The capability
of plants to degrade xenobiotics has been employed
to develop new technologies of environmental decon-
tamination known as phytoremediation. In the phy-
toremediation processes, plants are often supported
by rhizosphere microorganisms.

It is well known that organic contaminants com-
monly disappear more quickly from planted soils
(Anhalt et al. 2000). Plants have a significant effect
on an increase in the number and activity of the
microbial population. The substances produced by
plants and released to the rhizosphere increase the
biological activity of microorganisms, thus increasing
the degradation rate of xenobiotics. Plant metabolites
released to the environment also increase microbial
resistance to stress factors (Burken and Schnoor
1996; Glick 2003). It has also been demonstrated that
species with well-developed fibrous rooting systems
are most effective in terms of enhancing degradation
rates, effectively increasing the counts of microor-
ganisms within their rhizosphere (Fang et al. 2001).

Sweet flag (Acorus calamus L.) is an example of
wetland species. These species are very effective in the
degradation of xenobiotics and have a great phyto-
remediation potential because of their high growth
rate, high level of biomass production, and well-
developed rooting systems, where organic compounds
can be cached (Wilson et al. 2000; Knuteson et al.
2000). Because of high atrazine toxicity to aquatic
organisms the ability of sweet flag and its rhizosphere
microorganisms to degrade this herbicide could be a
promising method of restoring lake and river quality.
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The objectives of this study were to determine the
efficiency of atrazine degradation by microorganisms
isolated from sweet flag rhizosphere.

Materials and methods
Chemicals and media

Atrazine (Fluka) used in these investigations was
98.0% pure. The pesticide was prepared as ethanol
stocks at the concentration of 10.0 mg/ml, sterilized
by filtering through a Millipore 0.22 pm filter unit,
and added to the growth media. For bacteria isolation
and growth, we used a nutrient broth containing
10.0 g/1 glucose. Malt broth (6°Blg) was used for the
isolation and growth of fungi.

Microorganism isolation, identification, and
culture

Roots of sweet flag were placed into 100 ml of
0.85% NaCl and shaken on a rotary shaker
(100 rpm) for 30 min. The obtained microorganism
suspension was diluted and inoculated into Petri
dishes. Incubation was performed for 5 days at
different temperatures: 15°C for psychrophilic bac-
teria, 20°C for fungi, and 2 days at 37°C for
mesophilic bacteria. The colonies were then counted
and different strains were evaluated on the basis of
their morphological properties.

Isolated strains of different microorganisms were
first tested for their ability to reduce atrazine contents.
They were grown in the presence of 5.00 mg/l of
atrazine for 5 days. Cultures were shaken on a rotary
shaker (100 rpm) at different temperatures for each
group of microorganisms. On the last day of cultur-
ing, the samples were taken off the shaker and the
level of atrazine was determined.

For the most effective strains, the growth rate and
atrazine reduction rate were evaluated. Cultures were
grown for 15 days (bacteria) and for 21 days (fungi)
at concentrations of 5.00 and 20.0 mg/l atrazine,
respectively. During this time, samples were col-
lected and atrazine levels and microbial counts were
determined. All the experiments were repeated twice
in triplicate.

The most effective microorganisms were identified
from microscopic observations (cell morphology,
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gram staining) and 16S RNA for bacteria or 18S
rRNA for fungi analysis. Total DNA from bacteria
was extracted using a Genomic Mini AX Bacteria Kit
(A&A Biotechnology, Gdansk, Poland) and from
fungi using a Genomic Mini AX Yeast Kit (A&A
Biotechnology, Gdarsk, Poland) after 1 h initial
incubation at 37°C in 40 mg/ml lysozyme (Sigma) or
chitinase solution (supplied by the manufacturer of
the Kkits), respectively. Sequences encoding small
subunits of rRNA were amplified in PCR reactions
using primers SDBact0008aS20 and SUniv1492bA21
for 16S rDNA (Suau et al. 1999) and NS1 and ITS4
for 18S-5.8S rDNA with an ITS spacer as described
by de Souza et al. 2004. PCR products were purified
using a Clean-Up Kit (A&A Biotechnology, Gdansk,
Poland) and sequenced at the Molecular Biology
Laboratory at the Faculty of Biology, Adam Mick-
iewicz University, Poznan, Poland with primers used
for PCR and additionally for inner sequences with
GTGCCAGCMGCCGCGGTAA (for 16S rDNA) and
CTTTTACTTCCTCTAAATGACC (for 18S rDNA).
Obtained sequences were arranged into contigs and
identified in the BLAST service of the GenBank
database (Altschul et al. 1990).

HPLC analysis

Determination of atrazine was carried out using a
MERCK-HITACHI system consisting of an auto-
sampler (model L-7250), a pump (model L-7100) and
a DAD L-7455 set at 220 nm. Analyses were per-
formed isocratically at a flow rate of 0.60 ml/min, at
30°C on a Lichrospher™ RP-18 250 x 4.60 mm
column (MERCK). Acetonitryle and 1 mM sodium
acetate (35:65) were used as a mobile phase. Samples
were filtered (0.22 pm, Millex-GS, Millipore) and
injected at 30.0 pl. A standard was used to identify
peaks in chromatograms, and a peak area was used to
determine sample concentrations. The identity of
each peak was confirmed by comparing the spectrum
of the standard with that of the positive peak in the
sample after normalization. This was accomplished
via computer integration (Chromatography Data
Station Software, MERCK-HITACHI) operated in
the mode of the external standard. A standard
calibration solution was prepared within the range
of 0.10-5.00 mg/1 and 0.10-20.0 mg/l and depended
on the variant of the experiment.

Statistical analysis

Data from each experiment were analyzed via
analysis of variance (ANOVA) to detect significant
differences between treated groups and the control.
Standard deviations and standard errors were also
calculated. The probability of « (type I error) was
5.00% (P < 0.05).

The rate of atrazine degradation was described by
the one-phase exponential decay equation:

y=a-exp(—k-t)+b

where y is the concentration of atrazine (mg/l), ¢ is
time (days), a is the coefficient which represents the
distance from the starting point to the bottom plateau,
b is the bottom plateau value, and k is the rate
constant (days™"). For each experiment, the half-life
(t;,2) of atrazine was also calculated. The half-life is
the time required for half of the atrazine concentra-
tion to decay. The half-life and decay rate constant
are related by the equation:

N In(2) 0.693
1/2 = K

Statistical analysis was carried out using STAT-
ISTICA (data analysis software system), version 6.0,
by Statsoft Inc. (2004).

Results
Microorganism isolation and identification

Microorganisms were isolated from the sweet flag
rhizosphere to evaluate their role in the degradation
of atrazine. We recorded 3.8 x 107 cfu of psychro-
philic bacteria, 1.8 x 107 cfu of mesophilic bacteria,
and 6.0 x 10° cfu of fungi per 1 g of dry root mass.
Following macroscopic observations, seven strains of
psychrophilic bacteria (BP), nine strains of meso-
philic bacteria (BM), and six strains of fungi (GR)
were selected for further analysis from the grown
microorganisms. All these strains were tested for
their atrazine degradation ability (Figs. 1-3).

The highest atrazine reduction level was observed
for fungi (Fig. 3), with levels varying from 18%
to almost 60% of initial atrazine concentration.
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Fig. 1 Atrazine degradation level after 5 days of psychrophilic
bacterial growth in medium supplemented with 5 mg/l of
herbicide
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Fig. 2 Atrazine degradation level after 5 days of mesophilic
bacterial growth in medium supplemented with 5 mg/l of
herbicide
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Fig. 3 Atrazine degradation level after 5 days of mold’s
growth in medium supplemented with 5 mg/l of herbicide
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Psychrophilic (Fig. 1) and mesophilic bacteria
(Fig. 2) reduced much less atrazine than fungi, with
reduction levels below 20%. Among all the three
groups, the most active microorganisms within each
group were selected by statistical analysis for further
examination on the basis of their greatest impact on
atrazine removal. The chosen strains were as follows:
psychrophilic bacteria BP3, BP4, and BP5; meso-
philic bacteria BM4, BM11, and BM12; and fungi
GR1, GR2, and GR6. The strains coded as BP3, BP4,
BP5, and BM4 were evaluated as Gram-negative,
non-lactose fermentating bacteria, while BM11 and
BMI12 were Gram-positive bacillus strains. In addi-
tion, appropriate molecular analyses were performed
and respective species were identified (Table 1).

Atrazine degradation rate in batch culture of
selected microorganisms

Selected strains (Table 1) were tested for their ability
to decompose atrazine at different concentrations
(5.00 and 20.0 mg/1) during 15 or 21 days of culture
(molds were grown for 21 days because of their
slower growth rates). The rate of atrazine reduction
was evaluated for each strain, and the results are
shown in Figs. 4-6.

The highest reduction level was observed for fungi
and mesophillic bacteria (Figs. 5-6). During 21 days
of fungi culture, on average 73.4 + 13.2% of atrazine
was removed from the medium at the concentration
of 5.00 mg/l, and 47.7 + 6.16% removed at the
concentration of 20.0 mg/l. The most effective strain
was Botrytis cicerea. Mesophillic bacteria (Fig. 5)

Table 1 Identification results of the most effective atrazine-
degrading bacteria strains

Strain names Names of identified microorganisms

abbreviations strains

BM4 Stenotrophomonas maltophilia
BM11 Bacillus licheniformis

BM12 Bacillus megaterium

BP3 Rahnella aquatilis strain 1
BP4 Rahnella aquatilis strain 2
BP5 Rahnella aquatilis strain 3
GRI1 Umbelopsis isabellina

GR2 Volutella ciliata

GR3 Botritis cinerea
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Fig. 4 Atrazine degradation model in selected psychrophilic
bacteria culture. (A) Concentration of atrazine 5 mg/l, (B)
Concentration of atrazine 20 mg/l. Symbols: @Rahnella
aquatilis strain 1, B Rahnella aquatilis strain 2, A Rahnella
aquatilis strain 3
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Fig. 5 Atrazine degradation model in selected mesophilic
bacteria culture. (A) Concentration of atrazine 5 mg/l, (B)
Concentration of atrazine 20 mg/l. Symbols: @Bacillus
licheniformis, B Bacillus megaterium, A Stenotrophomonas
maltophilia

were also effective in this process, with the highest
reduction level being 83.5 + 3.60% for Stenotroph-
omonas maltophilia grown at 5.00 mg/l atrazine
concentration. Psychrophilic bacteria (Fig. 4) were
less active, with an average of 10.0 = 2.35% degra-
dation level at atrazine concentration of 5.00 mg/l.
A statistical model, represented by the equation
y = a - exp(-kt) + b, was used to compare the rate,
constant k, and half-life of atrazine degradation
recorded for each of the tested strains. The shortest
atrazine degradation time was observed for Bacillus
megaterium, grown in the presence of 5.00 mg/l
atrazine. Half of the total degraded xenobiotic was

10
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10
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Fig. 6 Atrazine degradation model in selected molds culture.
(A) Concentration of atrazine 5 mg/l, (B) Concentration of
atrazine 20 mg/l. Symbols: A Botritis cinerea B Volutella
ciliata ® Umbelopsis isabellina

removed after 3.5 days (Fig. 5). Similar results were
observed for Botrytis cinerea, where half of the total
reduced atrazine was removed from the medium after
3.7 days (Fig. 6). Generally, for mesophilic bacteria
and molds the higher atrazine concentration
(20.0 mg/1) resulted in a slower degradation process
(Figs. 5-6). Only for Volutella ciliata grown on a
medium containing atrazine at a concentration of
20.0 mg/l was a shorter half-life of herbicide
degradation recorded (4.2 days instead of 5.8 days),
although in this case the final level of degradation
was low (47.7 = 6.16%; Fig. 6).

Comparing all the tested strains, only the psychro-
philic bacteria were less active in the process of
atrazine degradation, with low k values and low
degradation levels recorded for all tested strains
regardless of atrazine concentration (Fig. 4).

Anyhow, no full mineralization of atrazine was
found in any of the treatments, although it was
converted into metabolites (data unpublished). How-
ever, the lowest levels of deetylatrazine, deisopropy-
latrazine and hydroxyatrazine were observed in the
Stenotrophomomas maltophilia culture, which may
suggest that this strain is able to perform the
mineralization of atrazine.

Growth rate in batch cultures of selected
microorganisms

We also evaluated the impact of atrazine presence

and concentration on the growth rate of selected
strains. Every 3 days of culture samples were
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extracted and the number of cells was calculated
using the pouring plate method; results are shown in
Figs. 7-9.

There were no statistical differences between
growth rates of different strains of fungi and bacteria
in the presence of 5 mg of herbicide. In most cases
the number of growing cells was identical as in the
control culture. Only for the mesophilic bacteria
strain (Bacillus megaterium) lower counts of cells
were observed (Fig. 8A).

Increased atrazine concentration (20.0 mg/l) re-
sulted in a significantly reduced growth rate of fungi: a
50% reduction in cell numbers was observed for all
three strains of molds. However, some bacterial strains,
e.g. Stenotrophomonas maltophilia, Bacillus licheni-
formis, and Rahnella aquatilis (strain 2) were posi-
tively affected by the higher atrazine concentration. In
these cases, the number of cells was greater than 4 X
10'°, 1 x 10", and 6 x 10" cfu/ml, respectively. In any
case, the larger number of cells did not significantly
influence the atrazine reduction level (Figs. 7-9).

Discussion

Microorganisms are of great importance in environ-
mental cleaning and herbicide degradation. In micro-
bially active soil, the mean half-life of atrazine is
2.4 times lower than in sterile soil (Accinelli et al.
2001). In case of atrazine, several strains of bacteria
and fungi have been identified as atrazine degrading
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Fig. 7 Growth kinetics of selected psychrophilic bacteria
strains culture in the presence of atrazine. (A) Concentration of
atrazine 5 mg/l, (B) Concentration of atrazine 20 mg/l.
Symbols: @Rahnella aquatilis strain 1, B Rahnella aquatilis
strain 2, ® Rahnella aquatilis strain 3
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atrazine 5 mg/l, (B) Concentration of atrazine 20 mg/l.
Symbols: B Bacillus licheniformis, ® Bacillus megaterium,
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Fig. 9 Growth kinetics of selected molds strains culture in the
presence of atrazine. (A) Concentration of atrazine 5 mg/l, (B)
Concentration of atrazine 20 mg/l. Symbols: @Botritis cinerea
B Volutella ciliata ® Umbelopsis isabellina

microorganisms. Many of these microorganisms may
perform atrazine dealkylation, deamination or
dechlorination, but not complete mineralization. In
this way atrazine is converted to hydroxyl atrazine
(HA), deetyl atrazine (DEA), deisopropyl atrazine
(DIA), deethyl deisopropyl atrazine (DEIA) or dethyl
deisopropyl hydroxyl atrazine (DEIHA). These deriv-
atives of atrazine conversion are still hazardous for
the environment, and harmful for human health
(Gosh et al. 2004; Seffernick et al. 2000).
Pseudomonace species have been described as
bacteria capable of utilizing hundreds of different
compounds as their source of carbon and energy.
Pseudomonas sp. ADP strain is one of the best-
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known bacteria which show the ability to metabolize
atrazine. Pseudomonas sp. ADP strain can use
atrazine as a sole nitrogen source, but for growth
require the addition of a carbon source. This strain of
bacteria contains the plasmid-borne genes afzA, atz B,
and atzC, which encode the aminohydrolase enzymes
useful for the complete biodegradation of atrazine to
ammonia, chloride and carbon dioxide. This Pseudo-
monas strain mineralized 63% of atrazine after 72 h
of culture (Clausen et al. 2002). This kind of
Pseudomonas activity could be helpful in explaining
the results obtained in our study, as Stenotropho-
monas maltophilia, which is very effective in the
atrazine degradation process (83.5 + 3.60% of
atrazine reduction level), was previously taxonomi-
cally classified as Pseudomonas maltophilia (Schrec-
kenberger 1995). Genes which are homologues to
atzA, atz B, atzC present in Pseudomonas sp. ADP
strain have also been isolated from Ralstonia picketti
D, Rhizobium strain PATR, Pseudoaminobacter
strains C147, C195 and Alkaligenes strain SGI,
Agrobacterium radiobacter, which may suggest that
these genes are widespread in the world of microor-
ganisms (Struthers et al. 1998; Seffernick et al. 2000;
Rousseaux et al. 2001; Clausen et al. 2002).

The atrazine degradation level depends on the kind
of used microorganisms and the other abiotic factors
or supplements. Struthers et al. (1998) tested Agro-
bacterium radiobacter in the presence of atrazine as
the only source of nitrogen. A 94% reduction in
atrazine was observed after 72 h of culture. Up to
48% of atrazine degradation level was recorded by
Ghosh et al. (2004). This degradation level was
reached in wastewater containing 5 mg/l of atrazine
and 300 mg/l of dextrose under anaerobic culture of
mixed microbial cosortium. However, Pseudomonas
sp. ADP strain could also degrade atrazine under
anaerobic conditions, but the degradation level was
lower (55%) than under aerobic conditions (63%)
(Clausen et al. 2002). Acinelli at al. (2001) observed
that under anaerobic conditions, atrazine degradation
was markedly slower than under aerobic conditions,
with half-life of 124 and 407 days in surface soil and
subsoil, respectively.

Strains isolated and identified in our experiments
are not commonly described in the papers as atrazine
degrading microorganisms; however, but some of
them could degrade other xenobiotics. Stenotropho-
monas maltophilia is mentioned in terms of the

degradation of xenobiotics such as 2,4-dichlorophen-
oxyacetic acid (2,4-D), hexachlorocyclohexane
(HCH), polycyclic aromatic hydrocarbons (PAHs),
cyclotrimethylenetrinitroamine derivatives (RDX),
and oil product derivatives (Binks et al. 1995;
Rousseaux et al. 2001; Samanta et al. 2002; Tesar
et al. 2002; Osterreicher-Cunha et al. 2003). Other
bacterial strains evaluated in our study exhibited
lower atrazine degradation capabilities, although
Texier et al. (1999) found that Bacillus megaterium
could support the photodegradation process of atra-
zine. These strains are also known as bioremediation
tools for other xenobiotics. Bacillus megaterium
efficiently degrades trifluralin (o,o,0-trifluoro-2,6-
dinitro-N,N-dipropyl-p-toluidine): after 30 days of
incubation, a 21% reduction in the herbicide level
was observed (Bellinaso et al. 2003). Pentachloro-
phenol is also degraded by this species, with a 99%
reduction level observed after 6 weeks of incubation
(McGrath and Singleton 2000).

The mechanism of atrazine degradation by fungi is
not so well known. The ability of fungi to degrade
atrazine and other xenobiotics such as dioxins,
polychlorinated biphenyls (PCBs) could be due to
the action of enzymes involved in the lignine
degrading system (LDS). Extracellular peroxidas-
es—lignin peroxdases (LiPs) and manganese depen-
dent peroxidases (MNPs) and laccases are key
components of the LDS (Reddy 1995). White-rot
fungi are the most active degraders of a wide variety
of toxic xenobiotics. Phanerochaete chrysosporium is
capable of degrading 48% atrazine after four days of
incubation (Reddy 1995). A similar effect was
observed for white-rot fungi Pleurotus pulmonarius.
In this case atrazine transformation was enhanced by
the addition of manganese [Mn(I[)]. Up to 98%
decrease in atrazine concentration was recorded in a
culture of soil mycelial fungus INBI 2-26 (-). The
presence of atrazine in the medium of this culture at a
concentration of 20 and 50 mg/l increased fungal
growth and the synthesis of the degrading enzyme
(cellobiose dehydrogenase) (Khromonygina et al.
2004).

Among the fungi isolated from the sweet flag
rhizosphere in our experiment, Botrytis cinerea was
identified as most active in the atrazine degradation
process. Even if according to the published data fungi
are considered to be less important in the degradation
of xenobiotics, atrazine reduction recorded in our
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experiments was 82% for Botrytis cinerea. Previously
Bordjiba et al. described the positive role of Botrytis
cinerea in the degradation of triazine herbicides. A
50% reduction in metribuzine at a concentration of
100 mg/l was found after 5 days culture of this fungi
(Bordjiba et al. 2001).

Other fungi (Umbelopsis isabellina and Vollutella
ciliata) isolated in our study are seldom mentioned as
xenobiotic degraders, although Umbelopsis isabellina
is able to degrade syntetic dyes and exhibits enzy-
matic activity of manganese-dependent peroxidase
(Yang et al. 2003). These strains of fungi could also
enhance phytoremediation processes by the degrada-
tion of phytotoxins in the rhizosphere (Voughan et al.
1993).

Conclusion

The positive effect of microorganisms in the process
of xenobiotic degradation can be explained in terms
of a variety of different species and a broad
spectrum of produced enzymes. Microorganisms
can therefore use different sources of carbon and
nitrogen to adapt to different environments. The
process of microbial atrazine degradation is con-
ducted via the detachment of chlorine, N-dealkilation
of the lateral chain, dissociation of the triazine ring,
and then mineralization to NHy, CO,, and Cl. These
processes can be carried out by one microorganism or
by a mixture of different species of microorganisms
adapted to an environment contaminated by triazines
and able to perform herbicide degradation (Struthers
et al. 1998; Seffernick et al. 2000). Introduction of
selected microbial communities to atrazine contam-
inated sites (bioaugumentation) could be a helpful
method of enhancing environment remediation.

Acknowledgements This study was supported by the State
Committee for Scientific Research (KBN), Poland, under Grant
No. 2 P04G08527.

References

Accinelli C, Dinelli G, Vicari A, Catizone P (2001) Atrazine
and metachlor degradation in subsoils. Biol Fertil Soil
33:495-500

Altschul SF, Gish W, Miller W, Myers EW (1990) Lipman DJ.
Basic local alignment search tool. J Mol Biol 215:403—
410

@ Springer

Anhalt JC, Arthur EL, Anderson TA, Coats JR (2000) Degra-
dation of atrazine, metolachlor, and pendimenthalin in
pesticide-contaminated soils: Effects of aged residues on
soil respiration and plant survival. J Envoron Sci Heal B
35(4):417-438

Bellinaso MDL, Greer CW, Peralba MC, Henriques JAP,
Gaylarde CC (2003) Biodegradation of the herbicide tri-
fluralin by bacteria isolated from soil. FEMS Microbiol
Ecol 43:191-194

Binks PR, Nicklin S, Bruce NC (1995) Degradation of hexa-
hydro-1,3,5-trinitro-1,3,3-triazine (RDX) by Stenotroph-
omonas maltophilia PB1. Appl. Environ. Microbiol
61(4):1318-1322

Bordjiba O, Steiman R, Kadri M, Semadi A, Guiraud P (2001)
Removal of herbicides from liquid media by fungi iso-
lated from contaminated soil. J Environ Qual 30:418-426

Burken JG, Schnoor JL (1996) Phytoremediation Plant uptake
of atrazine and role of root exudates. J Environ Eng
122(11):958-963

Clausen GB, Larsen L, Johnsen K, Lipthay JR, Aamand J (2002)
Quantification of the atrazine-degrading Pseudomonas sp.
strain ADP in aquifier sediment quantitative polymerase
chain reaction. FEMS Microbiol Ecol 41:221-229

de Souza FA, Kowalchuk GA, Leeflang P, van Veen JA, Smit
E. 2004. PCR-denaturing gradient gel electrophoresis
profiling of inter- and intraspecies 18S rRNA gene se-
quence heterogeneity is an accurate and sensitive method
to assess species diversity of arbuscular mycorrhizal fungi
of the genus Gigaspora. Appl Environ Microbiol
70(3):1413-1424

EU Directive 80/778/EEC 15 July (1980) Commision of the
European Union

Fan AM (1999) Public health goal for atrazine in drinking
water. EPA, PHG California. February, 25-32

Fang C, Radosevich M, Fuhrman JJ (2001) Atrazine and
phenanthrene degradation in grass rhizosphere soil. Soil
Biol Biochem 33:671-678

Ghosh PK, Philip L (2004) Atrazine degradation in anaerobic
environment by a mixed microbial consortium. Water Res
38:2277-2284

Glick BR (2003) Phytoremediation: synergistic use of plants
and bacteria to clean up the environment. Biotechnol Adv
21:383-393

Hequet V, Gonzalez C, Le Cloirec P (2001) Photochemical
process for atrazine degradation : methodological ap-
proach. Water Res 35(18):4253-4260

Khromonygina VV, Saltykova Al, Vasilchenko LG, Kozlov
YuP, Rabinovich ML (2004) Degradation of the herbicide
atrazine by the soil mycelial fungus INBI 2-26(-), a pro-
cedur of cellobiose dehydrogenase. Appl Biochem
Microbiol 40:285-290

Knuteson SL, Wilson PC, Whitwell T, Klaine SJ (2000)
Constructed wetlands using ornamental plants to remedi-
ate golf course pesticides. SNA Res Conference 45:375

Liu C, Bennett WE, Kastenberg WE, McKone TE, Browne D
(1999) A multimedia multiple pathway exposure assess-
ment of atrazine: fate, transport and uncertainty analysis.
Reliab Eng Syst Safe 63:169-184

McGrath R, Singleton I (2000) Pentachlorophenol transfor-
mation in soil: a toxicological assessment. Soil Biol
Biochem 32:1311-1314



Biodegradation (2008) 19:293-301

301

Osterreicher-Cunha P, Langenbach T, Torres JPM, Lima ALC,
Campos TMP, Vargas EA, Wagener AR (2003) HCH
distribution and microbial parameters after liming of a
heavily contaminated soil in Rio de Janeiro. Environ Res
93:316-327

Pang L, Close ME (2001) A field tracer study of attenuation of
atrazine, heksazinone and procymidone in a pumice sand
aquifer. Pest Manag Sci 57:1142-1150

Reddy CA (1995) The potential for white-rot fungi in the
treatment of pollutants. Curr Opin Biotechnol 6:320-328

Rousseaux S, Hartman A, Soulas G (2001) Isolation and
characterisation of new Gram-nagative and Gram-positive
atrazine degrading bacteria from different French soils.
FEMS Microbiol Ecol 36:211-222

Samanta SK, Sinh OV, Jain RK (2002) Policyclic aromatic
hydrocarbons: environmental pollution and bioremedia-
tion. Trends Biotechnol 20(6):243-247

Schreckenberger PC (1995) Update of taxonomy of nonfas-
tidious, glucose-nonfermenting Gram-negative bacilli.
Clin Microbiol Newslett 17(6):41-48

Seffernick JL, Johnson G, Sadowsky MJ, Wackett LP (2000)
Substrate specificity of atrazine chlorohydrolase and
atrazine-catabolizing bacteria. Appl Environ Microbiol
66(10):4247-4252

Struthers JK, Jajychandran K, Moorman TB (1998) Biodeg-
radation of atrazine by Agrobacterium radiobacter J14a
and use of this strain in bioremediation of contaminated
soil. Appl Environ Microbiol 64(9):3368-3375

Suau A, Bonnet R, Sutren M, Godon JJ, Gibson GR, Collins
MD, Dore J (1999) Direct analysis of genes encoding 16S
rRNA from complex communities reveals many novel

molecular species within the human gut. Appl Environ
Microbiol 65(11):4799-4807

Tasli S, Patty L, Boeti H, Vachaud G, Scharf C, Favre-Bonvin
J, Kaouadji M, Tissut M (1996) Presistance and leaching
of atrazine in corn culture in the experimental site of La
Cote Saint André (Isére, France). Arch Environ Contamin
Technol 30:203-212

Tesar M, Reichenauer TG, Sessitsch A (2002) Bacterial rhi-
zosphere populations of black poplar and herbal plants to
be used for phytoremediation of diesel fuel. Soil Biol
Biochem 34:1883-1892

Texier I, Ouazzani J, Delaire J, Giannotti C (1999) Study of the
mechanisms of the photodegradation of atrazine of two
photocatalysts: TiO, and NayW;¢O3z,. Tetrahedron
55:3401-3412

Voughan D, Jones D, Ord BG (1993) Amelioration by Volu-
tella ciliata of the phytotoxicity of vanilic acid towards
the growth of Pisum sativum L. Soil Biol Biochem 25:11—
17

Whalen MM, Loganathan BG, Yamashita N, Saito T (2003)
Immunomodulation of human natural killer cell cytotoxic
function by triazine and carbamate pesticides. Chem Biol
Interactions 145:311-319

Wilson PC, Whitwell T, Klaine SJ (2000) Phytotoxicity, up-
take, and distribution of "*C-simazine in Acorus grame-
nius and Pontederia cordata. Weed Sci 48(6):701-709

Yang Q, Yang M, Pritsch K, Yediler A, Hagn A, Schloter M,
Kettrup A (2003) Decolorization of synthetic dyes and
production of mamganese-dependent peroxidase by new
fungal isolates. Biotechnol Lett 25:709-713

@ Springer



	Atrazine degradation by aerobic microorganisms isolated from the rhizosphere of sweet flag (Acorus calamus L.)
	Abstract
	Introduction
	Materials and methods
	Chemicals and media
	Microorganism isolation, identification, and culture
	HPLC analysis
	Statistical analysis

	Results
	Microorganism isolation and identification
	Atrazine degradation rate in batch culture of selected microorganisms
	Growth rate in batch cultures of selected microorganisms

	Discussion
	Conclusion
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


